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 La sidra natural o sagardoa en euskera, es el producto resultante de la 

fermentación alcohólica total o parcial del mosto de manzana, y su contenido de 

azúcares y anhídrido carbónico es de origen endógeno, y posee un grado alcohólico 

igual o superior al 5 % (v/v). En el País Vasco se encuentran unas 100 sidrerías, y solo 

en Gipuzkoa se ubican en torno a 40 productores, que elaboran al año alrededor de 

8 millones de litros de sidra natural.  

 En la sidra natural del País Vasco, generalmente no se lleva a cabo ningún 

proceso de estabilización microbiológica antes del embotellado. Las bacterias lácticas 

constituyen la microbiota predominante, y son las responsables de defectos 

organolépticos que aparecen en la bebida, incluso después del embotellado. Estas 

alteraciones son: la acetificación, el picado acroleínico, el “carácter Brett” y el ahilado o 

aceitado. Éste último es el defecto más común, y es la consecuencia de la producción 

de exopolisacáridos (EPS) por algunas cepas de bacterias lácticas de los géneros 

Lactobacillus, Pediococcus y Oenococcus. La síntesis de EPS ocasiona un incremento 

en la consistencia de la bebida por lo que es rechazada por los consumidores, y su 

repercusión económica es más importante cuando el producto está embotellado. 

 Resultados previos del grupo en el que se ha realizado esta Tesis doctoral, han 

mostrado que la mayoría de las estirpes de bacterias lácticas aisladas de sidra ahilada 

sintetizan un característico homopolisacárido, el (1,3)(1,2)-β-D-glucano, y pertenecen a 

las especies P. parvulus, P. ethanolidurans, O. oeni, L. diolivorans y L. suebicus. 

Algunas cepas sintetizan junto a este homopolisacárido (HoPS) otros EPS de tipo 

heteropolisacárido (HePS). Además, se ha encontrado que algunas cepas de 

L. suebicus sintetizan únicamente HePS, y la estirpe L. mali CUPV271 un HoPS de 

tipo dextrano. Estos antecedentes junto con la diversidad de Lactobacillus productores 

de EPS, nos sugieren que existe una gran variedad de exopolisacáridos que modifican 

las características organolépticas de la sidra natural del País Vasco. 

Por otra parte, algunos EPS producidos por las BAL tienen efectos beneficiosos 

para la salud, ya que intervienen en la inmunomodulación mediada por 

microorganismos, son potencialmente prebióticos, poseen propiedades antioxidantes, 

o pueden regular los niveles de colesterol y glucosa en sangre. Otros exopolisacáridos 

tienen aplicaciones en la industria biotecnológica como: hidrocoloides, texturizantes, 

antioxidantes, agentes estabilizantes, agentes para el control de la cristalización, 

inhibidores de la sinéresis, y también se utilizan en procesos de encapsulación o en la 

formación de biopelículas. Por otro lado, ha sido probado su efecto positivo sobre las 

propiedades tecnofuncionales de diferentes alimentos fermentados por cepas 
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productoras de EPS, fundamentalmente productos lácteos, así como alimentos 

basados en cereales. 

 Teniendo en cuenta estos antecedentes, los objetivos generales de esta Tesis 

doctoral han sido:  

I)  Identificación de una colección de Lactobacillus productores de EPS y 

responsables de la alteración del ahilado en la sidra natural del País 

Vasco. 

II) Caracterización fisicoquímica de los heteropolisacáridos producidos por 

dos estirpes seleccionadas pertenecientes a las especies Lactobacillus 

collinoides y Lactobacillus sicerae, y evaluación de su potencial 

probiótico. 

III) Evaluación de la síntesis de la vitamina riboflavina en cepas productoras 

de EPS, y caracterización de la cepa mutante L. collinoides CUPV237 

con fenotipo superproductor de esta vitamina.  

 

Para abordar estos objetivos se han llevado a cabo los siguientes estudios: 

1. Identificación de cepas de Lactobacillus con fenotipo ropy que fueron aisladas de 

sidras ahiladas del País Vasco. 

2. Identificación de forma predictiva de genes eps en las estirpes productoras de 

exopolisacárido L. sicerae CUPV261T y L. collinoides CUPV237, mediante un 

análisis genómico in silico.  

3. Caracterización parcial de los exopolisacáridos producidos por CUPV261T y 

CUPV237, mediante el estudio de su composición, propiedades físico-químicas, 

estructura y su resistencia al estrés gastrointestinal en un modelo in vitro.  

4. Evaluación del efecto de los EPS producidos por CUPV261T, CUPV237, 

Bifidobacterium longum INIA P132 y Bifidobacterium infantis INIA P731, sobre la 

supervivencia de las larvas de pez cebra en un modelo in vivo de enfermedad 

inflamatoria intestinal inducida por el agente químico dextrano de sodio sulfatado 

(DSS). 
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5. Evaluación de características asociadas con el potencial probiótico en 

CUPV261T y CUPV237. 

6. Detección de la producción de riboflavina en bacterias lácticas productoras de 

exopolisacárido aisladas de sidra  

7. Estudio de la síntesis de riboflavina en la cepa mutante superproductora L. 

collinoides CUPV237. 
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1. Las bacterias del ácido láctico 

 El término “bacterias del ácido láctico” (BAL) hace referencia a un grupo de 

heterogéneo de bacterias unidas por sus capacidades metabólicas, siendo el ácido 

láctico el producto mayoritario de la fermentación de los diferentes nutrientes (Zhang & 

Cai, 2014). Orla-Jensen (1919) fue el primero en clasificar a las BAL de acuerdo a sus 

características morfológicas y fisiológicas. Son bacterias Gram-positivas, en forma de 

cocos, bacilos o coco-bacilos, catalasa negativas aunque pueden contener una 

pseudocatalasa, ácido tolerantes, y generalmente no esporuladas. Son 

microorganismos muy ubicuos, asociados a ambientes ricos en nutrientes debido a 

sus requerimientos nutricionales (aminoácidos, vitaminas, minerales, ácidos grasos, 

péptidos, ácidos nucleicos y carbohidratos) (Ruíz-Rodríguez et al., 2017). Por este 

motivo, algunos de sus hábitats son los alimentos, como la leche, la carne, las bebidas 

fermentadas, los encurtidos o los vegetales. Otras BAL forman parte de la microbiota 

normal de boca, del intestino en animales, o de la vagina de mamíferos (Axelson, 

2004).  

 Tradicionalmente, las relaciones filogenéticas de las BAL se han basado en la 

relación entre los genes ribosomales 16S (rRNA 16S). En la actualidad, el grupo de las 

BAL contempla especies de bacterias del filo Firmicutes, de la clase Bacilli, del orden 

Lactobacillales y de las familias: Aerococcaceae, Carnobacteriacea, Enterococcaceae, 

Lactobacillaceae, Leuconostocaceae y Streptococcaceae. Dentro de estas seis 

familias los géneros más importantes son Enterococcus, Lactobacillus, Lactococcus, 

Leuconostoc, Oenococcus, Pediococcus, Streptococcus, Vagococcus y Weisella. El 

género Bifidobacterium, aunque pertenece a otro filo (Actinobacteria), ha sido 

tradicionalmente incluido dentro del grupo de las BAL por tener características 

metabólicas comunes, la más importante es la producción de ácido láctico a partir de 

glucosa (Aznar & Zúñiga, 2011; Liu et al., 2014). Hoy en día, la secuenciación de los 

genomas de las BAL junto con su fisiología, capacidades metabólicas, genes clave y 

la capacidad de adaptación a diferentes nichos ecológicos, está permitiendo entender 

mejor las características de este grupo de especies. La disponibilidad de las 

secuencias de los genomas permite estudiar las relaciones filogenéticas y la historia 

evolutiva de las BAL (Zhang & Cai, 2014). 
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1.1 Metabolismo de carbohidratos 

 Las BAL se clasifican de acuerdo a las enzimas que emplean en su 

metabolismo de carbohidratos. Una importante característica utilizada para la 

diferenciación dentro de este grupo, es el modo en que fermentan la glucosa sin 

factores que limiten el crecimiento, como pueden ser la falta de aminoácidos, 

vitaminas, precursores de ácidos nucleicos, la propia glucosa o de la disponibilidad de 

oxígeno (Axelson, 2004). Este grupo de bacterias ha perdido la capacidad de sintetizar 

citocromos y porfirinas, que son componentes de la cadena respiratoria, y por lo tanto 

no pueden generar ATP por la creación de un gradiente de protones. En cambio, 

producen energía mediante fosforilación a nivel de sustrato, siendo la oxidación de 

azúcares su principal fuente energética. Así, las BAL utilizan diferentes vías para la 

obtención de energía (von Wright & Axelsson, 2012) (Figura I.1): 

I. Fermentación homoláctica u homofermentativa. En este proceso se utiliza 

la ruta Embden-Meyerhof-Parnas (EMP) para metabolizar la glucosa. De forma 

teórica, la fermentación homoláctica produce 2 moles de ATP, 4 moles de 

NADH y dos moles de lactato por mol de glucosa. Las bacterias que 

exclusivamente utilizan esta ruta para la obtención de energía se denominan 

homofermentativas.  

II. Fermentación heterofermentativa o heteroláctica. Para la obtención de 

energía se utiliza la ruta de las pentosas fosfato o ruta del 

6-fosfogluconato/fosfocetolasa. Las bacterias heterofermentativas que 

utilizan esta ruta, obtienen a partir de una molécula de glucosa una molécula 

de lactato y otra de CO2, además de cantidades variables de etanol y acetato. 

Energéticamente, el rendimiento es de un ATP si el acetil-fosfato es reducido a 

etanol, o de dos ATP si es transformado en acetato en presencia de aceptores 

de electrones alternativos. 

III. Existe otro grupo de bacterias denominadas heterofermentativas facultativas, 

que son capaces de consumir las pentosas D-xilosa, D-ribosa y L-arabinosa a 

través de la segunda parte de la ruta 6-fosfogluconato/fosfocetolasa. En ella se 

forman como productos de la fermentación cantidades equimolares de ácido 

láctico y acético.  
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1.2. Género Lactobacillus 

 El género Lactobacillus es uno de los géneros que más especies abarca dentro 

del orden Lactobacillales, ya que en la actualidad comprende más de 241 especies 

(DSMZ). La especie tipo del género es Lactobacillus delbrueckii (Leichmann, 1896). 

De forma general, son bacterias de tamaño variable, desde largos bastones hasta 

cocos, y algunos están dotados de movimiento por medio de flagelos perítricos; son 

microorganismos no esporulados, Gram-positivos, en ocasiones las células pueden 

exhibir polaridad o contener gránulos en su interior. Son anaerobios facultativos, ya 

que requieren un 5–10 % de CO2, aunque también podemos encontrar aerotolerantes, 

y generalmente una anaerobiosis estricta inhibe su crecimiento. La reducción de 

nitratos no es habitual, tampoco licuan la gelatina, ni producen indol o H2S; la reacción 

de la bencidina es negativa y la producción de pigmentos es rara (Schleifer, 2009). 

 Las bacterias de este género tienen requerimientos nutricionales complejos, y a 

menudo son específicos de la cepa en concreto. El rango de temperatura de 

crecimiento es de 2–53 °C, y la temperatura óptima es de 30–40 °C. Tienen 

preferencia por ambientes de naturaleza ácida, con pH óptimos de crecimiento entre 

5,5 y 6,2 (Schleifer, 2009), y su contenido en G+C (mol %) está dentro del rango de 

32–55 (Bd,Tm) (Axelsson, 2004).  

 Se pueden hallar lactobacilos en ambientes muy diversos, ya que participan en 

la elaboración de productos fermentados de origen lácteo, bebidas o encurtidos. 

También los podemos encontrar en suelos, agua de mar o formando parte de la 

microbiota normal de animales. Además, algunos son organismos alterantes, ya que 

afectan a las propiedades sensoriales de los alimentos a través del sabor, la textura, 

color, slime, enturbiamiento o por la formación de aminas biógenas (Vos et al., 2011). 
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Figura 1I. Metabolismo de las bacterias del ácido láctico. A, Fermentación homoláctica de la glucosa. 
1, hexoquinasa; 2, glucosa-fosfato-isomerasa; 3, fosfofructoquinasa; 4, fructosa-1,6 bisfosfato aldolasa; 5, 
gliceraldehído-3-fosfato deshidrogenasa; 6, 3-fosfo-glicerato quinasa; 7, fosfoglicerato mutasa; 8, enolasa; 
9, piruvato quinasa; 10, lactato deshidrogenasa. B, Fermentación heteroláctica de la glucosa. 1, 
hexoquinasa; 2, glucosa-6-fosfato deshidrogenasa; 3, 6-fosfo-gluconato deshidrogenasa; 4, 
ribulosa-5-fosfato epimerasa; 5, fosfocetolasa; 6, acetaldehído deshidrogenasa; 7, alcohol 
deshidrogenasa; 8, piruvato quinasa; 9, lactato deshidrogenasa; 10, acetato quinasa. 
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1.3 Estructuras de la superficie celular de las bacterias del ácido láctico  

 La envoltura celular de las BAL es un sistema multicapa, mayoritariamente 

compuesto por peptidoglicano con 30–50 nm de grosor (Figura 2I). A él se anclan 

ácidos teicoicos, proteínas y polisacáridos, que son esenciales para mantener la forma 

e integridad celular. Estas moléculas de la superficie bacteriana, decoran 

colectivamente la envuelta de una manera cepa- o especie-específica. La envoltura 

celular también facilita procesos importantes para la adaptación al estrés o al medio 

ambiente, o relacionados con la colonización de superficies y la adhesión. En muchas 

especies bacterianas, los constituyentes de la pared celular pueden estar cubiertos por 

capas superficiales adicionales. Estas capas pueden ser la denominada capa S, 

formada por conjuntos cristalinos regulares de glicoproteínas, o las cápsulas de 

polisacárido (Leeber et al., 2008; Remus et al., 2012; Tripathi et al., 2012). 

 

 
Figura 2I. Dibujo esquemático de la envuelta celular de las bacterias ácido lácticas tomado de 
Lebeer et al. (2010). LTA, ácido lipoteicoico (ácido teicoico anclado a la membrana plasmática); WTA, 
ácido teicoico de pared; CPS, polisacárido capsular. 

 Los polisacáridos son producidos por algunas bacterias, y se componen de 

pequeñas unidades repetitivas de monosacáridos, ramificadas o no, y pueden 

contener otros grupos funcionales de naturaleza no sacarídica (Leeber et al., 2008; 

Tripathi et al., 2012). Se denominan polisacáridos exocelulares (PE) a los 

polisacáridos capsulares (CPS) y a los polisacáridos liberados al medio extracelular o 

exopolisacáridos (EPS) (Figura 3I) (Zeidan et al., 2017). Los CPS forman una capa 

gruesa que envuelve a la célula, y a menudo está íntimamente asociada a la pared 

celular por uniones covalentes. Por el contrario, los EPS son los polisacáridos 

formados en la superficie celular que posteriormente se liberan al medio de cultivo 

(Vuyst et al., 2001; Korakli & Vogel, 2006; Lebeer et al., 2008).  
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pathogenic micro organisms, with respect to the surface 
molecules that are present and the interactions that they 
mediate. Finally, we address the dynamics of the bacterial 
cell surface impacting on probiotic–host interactions.

Host receptors for probiotic molecules
PRRs and MAMPs. The host cells that have the most 
interaction with probiotics are intestinal epithelial cells 

(IECs), provided the bacteria gain access through the 
mucus layer (FIG. 2). In addition to IECs, probiotics can 
encounter intestinal dendritic cells (DCs) that are cru-
cial players in innate and adaptive immunity. IECs and 
DCs interact with and respond to gut microorganisms 
by means of their pattern recognition receptors (PRRs). 
PRRs detect microorganism-associated molecular pat-
terns (MAMPs), which are widespread and conserved 

Figure 1 | The probiotic Gram-positive and 
Gram-negative surface macromolecules and 
glycobiome. a | Gram-positive bacteria. Peptidoglycan (PG) 
is the largest component of the Gram-positive cell wall in 
terms of dimension and molecular weight, although the 
sugar residues are usually not surface exposed15. Teichoic 
acids are the second major component of the cell walls  
of Gram-positive bacteria. These anionic polymers are 
generally made of repeating units of polyglycerol 
phosphate (Glc) or polyribitol phosphate covalently 
anchored to PG (wall teichoic acids; WTAs) or the 
cytoplasmic membrane (lipoteichoic acids; LTAs)113. Both 
WTAs and LTAs are often substituted with glycosyl residues 
or d-alanyl esters. In contrast to PG, LTA and WTA, the 
various cell wall-associated polysaccharide (CPS) molecules 
of Gram-positive probiotics do not have a common core 
structure. CPS molecules are generally long heteropolysac-
charides of repeating subunits with different sugar moieties 
but can also be homopolysaccharides114. Glycan chains can 
also occur on cell wall-associated proteins, but the 
occurrence of these glycoproteins is not yet well 
documented115. Some proteins are secreted, such as the 
lectin-like moonlighting proteins that bind to sugar residues 
on host surfaces116. Some probiotic bacteria have long 
surface appendages composed of different subunits, 
termed fimbriae or pili42 b | For Gram-negative probiotics, 
the main components of the cell wall macromolecules 
include lipopolysaccharides (LPS), CPS and various proteins, 
some of which are glycosylated. As in Gram-positive 
bacteria, the CPS molecules can be homo- or heteropoly-
saccharides with a highly variable structure. The best 
studied glycoproteins of Gram-negative bacteria are 
flagellins94 and fimbrial structural proteins115,117. c | The 
structures of some of the cell surface molecules of bacteria. 
LTA is composed of a glycolipid membrane anchor and  
a long polyglycerol or polyribitol phosphate chain with 
substituents. All LPS molecules are composed of a 
hydrophobic lipid A molecule and a hydrophilic 
polysaccharide moiety consisting of a core region  
and a variable O antigen polysaccharide of repeating 
oligosaccharide units16. As the outermost part of the LPS, the 
O antigen is the major antigen, whereas lipid A interacts 
with PRRs. PG has a similar basic structure in all bacteria, 
being composed of glycan chains of repeating β-1,4-linked 
N-acetylglucosamine and N-acetylmuramic acid residues 
that are extensively crosslinked by two pentapeptide side 
chains linked to N-acetylmuramic acid. In lactobacilli, the 
consensus sequence is l-Ala/d-Glu/(l-Lys or meso- 
diaminopimelic acid)/d-Ala/d-Ala. Additionally, d-Asn is 
often used as a cross-bridge between d-Ala and l-Lys,  
and this residue can also be amidated15. Although  
most variations in PG occur at the stem peptides, 
N-acetylglucosamine and N-acetylmuramic acid can 
undergo different modifications, such as O-acetylation15.  
A, d-alanine ester or glycosyl substitutions; Gro, glycerol;  
KDO, 3-deoxy-d-manno-2-octulosonic acid; MDP, muramyl 
dipeptide; P, phosphate.
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 Las BAL pueden sintetizar grandes macromoléculas de polisacáridos con 

pesos moleculares que llegan a alcanzar valores de 4,4 x 105 kDa (Zarour et al., 2017). 

Se conocen al menos 30 especies de BAL para las que se ha descrito cepas 

productoras de polisacáridos exocelulares. En bacterias Gram-positivas, los PE 

pueden ser sintetizados mediante tres mecanismos, los cuales pueden coexistir o no 

en una misma bacteria (Ates, 2015; Zeidan et al., 2017):  

I. Vía Wzy-dependiente. Esta vía implica la participación de diferentes enzimas 

codificadas por genes agrupados en clusters, y ejercen su función de forma 

secuencial para producir la cadena de polisacárido.   

II. Producción de PE mediante una proteína sintasa. En este caso, el proceso de 

polimerización y transporte lo lleva a cabo una única proteína transmembrana, 

y utiliza azúcares activados del interior celular como sustrato. 

III.  Vía de producción de polisacárido mediante una enzima glicosilhidrolasa (GH). 

Una única enzima lleva a cabo la síntesis extracelular del polímero utilizando 

principalmente sacarosa como sustrato. Del disacárido obtiene el 

monosacárido que incorpora a la cadena y la energía necesaria para ello.  

 

 

 

 

 

 

 

 
Figura 3I. Microfotografías de tres lactobacilos productores de polisacáridos exocelulares, 
tomadas mediante microscopía electrónica de transmisión. En A, se observa la envuelta de 
polisacárido capsular producida por Lactobacillus sakei MN1 (Nácher, 2015); en B, Lactobacillus 
collinoides CUPV237 y su EPS (este trabajo); y en C, Lactobacillus plantarum CIDCA 8327 y su EPS 
(Gangoiti et al., 2017). Barra de escala, 500 nm. 
 

 La función fisiológica de los PE no está completamente entendida, aunque se 

piensa que podrían intervenir en la protección del microorganismo frente a las 

condiciones adversas de su entorno, tales como la deshidratación, el estrés ácido o 

temperaturas desfavorables (Baruah, Das & Goyal, 2016). Además, la presencia del 

polisacárido puede proteger a la bacteria frente a antibióticos o contra agentes 

patógenos, enzimas gástricas y pancreáticas. Los PE también pueden contribuir a la 

formación de biopelículas, intervenir en las interacciones hospedador-patógeno o en el 

A B C 

CPS 

EPS 

EPS 



Introducción General 

	

	 23 

reconocimiento celular. Se ha descrito que estos polisacáridos pueden jugar un papel 

importante en la adhesión a la superficie de células eucariotas y en la modulación del 

sistema inmune del huésped (Baruah, Das & Goyal, 2016; Torino, Valdez & Mozzi, 

2015). Por otro lado, se ha planteado la hipótesis de que los PE pueden desempeñar 

un papel de reservorio de energía extracelular, sin embargo, la mayoría de las estirpes 

productoras carecen de los genes relacionados con su propia degradación (Torino, 

Valdez & Mozzi, 2015).  

 

2. Clasificación de los polisacáridos exocelulares producidos por las 

bacterias del ácido láctico 

Las BAL sintetizan dos tipos de polisacáridos extracelulares: 

(1) Homopolisacáridos (HoPS): estos polímeros están compuestos por un único tipo 

de monosacárido, su cadena puede estar ramificada o no, y contener uno o varios 

tipos de enlaces entre los monómeros. 

(2) Heteropolisacáridos (HePS): sus cadenas están compuestas por unidades 

repetitivas, formadas por diferentes tipos de monosacáridos y enlaces, y además, 

pueden contener otros radicales de naturaleza no sacarídica. 

 

2.1 Homopolisacáridos.  

 Los HoPS producidos por las BAL contienen un solo tipo de monosacárido 

neutro, y dependiendo de éste reciben el nombre de glucanos, cuando están 

compuestos por glucosa, fructanos por fructosa, poligalactanos por galactosa, o 

polimananos por manosa (Tabla 1I). Los HoPS son polímeros de tamaño considerable, 

de entre 0,4 a 44,1×105 kDa (Badel et al., 2011; Zarour et al., 2017), y se clasifican de 

acuerdo a su composición y estructura. En las BAL se ha establecido una clasificación 

dentro de cada tipo de HoPS. Los glucanos, dependiendo del tipo de enlace pueden 

ser clasificados en α- y β-glucanos; y los fructanos, en levano e inulina, con 

configuración beta en sus enlaces (Torino, Valdez & Mozzi, 2015).  
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2.1.1 Alfa-glucanos y beta-fructanos 

 La producción de HoPS es llevada a cabo por glucosiltransferasas y 

fructosiltransferasas que catalizan la escisión de un residuo sacarídico de la sacarosa 

y lo unen a la cadena de α-glucano o β-fructano en formación, respectivamente. 

Además, estas enzimas pueden transferir una glucosa o fructosa a otra molécula 

aceptora (p. ej. maltosa o rafinosa) llevando a cabo la formación de oligosacáridos 

(Remaud-Simeon et al., 2000; Torino, Valdez & Mozzi, 2015). Estas reacciones 

ocurren cuando las concentraciones del sustrato y de los glicosil-aceptores 

alternativos son altas (Gänzle, 2009). 

 
Tabla 1I. Estructura de los homopolisacáridos producidos por bacterias del ácido láctico. 

L., Lactobacillus; Lc., Lactococcus; Leuc., Leuconostoc; S., Streptococcus; y W., Weissella. 

 Las glucosiltransferasas, también denominadas glucansucrasas, son 

glicosilhidrolasas (GH) que pertenecen a la familia 70, Estas enzimas catalizan la 

síntesis de una gran variedad de α-glucanos, y la proporción entre los tipos de enlaces 

α-glucosídicos, la frecuencia y la longitud de las ramificaciones, ocasiona una amplia 

Especies productoras Enlaces 
mayoritarios 

Enlaces 
minoritarios Tipo Procedencia Referencia 

Glucano α–D–glucosa    
L. curvatus; Leuc. lactis  (1,6)   

 
dextrano 

- Palomba et al., 2012 
Leuc. mesesenteroides  (1,6) (1à4,6) - Leemhuis et al., 2013 
L. sakei  (1,6) (1à3,6) embutido Nácher, 2015 
L. diolivorans (1,6) (1à2,6) sidra alterada Dueñas et al., 1998 
Leuc. mesenteroides (1,6) y (1,3) (1à3,6) alternano - Patel et al., 2012;  

Leemhuis et al., 2013 

Leuc. mesenteroides; L. reuteri; 
S. downei; S. mutans; 
S. salivarius y S. sobrinus 

(1,3) (1,6) y (1à3,6) mutano - Leemhuis et al., 2013 

L. reuteri (1,4) y (1,6) (1à4,6) reuterano - van Hijum et al., 2006 
Leemhuis et al., 2013 

L. plantarum (1,4) (1à3,4) - kéfir Gangoiti et al., 2015 

 β–D–glucosa    
P. parvulus, O.oeni, L. suebicus y 
L. diolivorans. 
 
 
L. brevis 
L. fermentum  

 

(1,3) (1à3,2) 

- 

sidra alterada y 
 vino 

 
 

cerveza 
queso 

Werning et al., 2006 
Lonvaud-Funel et al., 
1993 
 
Fraunhofer et al., 2018 
Vitlic et al., 2019 
 

Fructano  β–D–fructosa    
L. reuteri; Leuc. mesenteroides 
W. confusa 

(2,6)  levano masa madre 
leche 

fermentada 

Ni et al., 2018a 
Malang et al., 2015 

L. gasseri  
L. johnsonii L. reuteri, Leuc. 
citreum, S. mutans 

(2,1)  inulina origen humano 
- 

Ni et al., 2018b 

Manano α–D–manosa    
L. crispatus  (1,2) (1,6), (1,3) y (1à2,6) - secreción 

vaginal 
Donnarumma et al., 2014 

Galactano galactosa    
L. plantarum  α–D–(1,4)–Gal y 

β–D–(1,4)–Gal 
α–D–(1,6),  
β–D–(1,6) y 
β–D–(1à2,3) 

- 
vegetales 
encurtidos 

Wang et al., 2014 

Lc lactis subsp. cremoris  β–D–(1,4)–Gal y 
β–D–(1,3)–Gal 

α–D–(1,3) - - Gruter et al., 1992 



Introducción General 

	

	 25 

variedad de polímeros diferentes (Leemhuis et al., 2013, Malang et al., 2015; Torino, 

Valdez & Mozzi, 2015) (Tabla 1I). Se ha descrito la producción de α-glucano en los 

siguientes géneros de BAL: Leuconostoc, Lactobacillus, Streptococcus, Pediococcus, 

Weisella y Oenococcus (Leemhuis et al., 2013; Torino, Valdez & Mozzi, 2015; 

Dimopoulou et al., 2016). 

 Las fructansacarasas o fructosiltransferasas son GH de la familia 68 (Torino, 

Valdez & Mozzi, 2015). La producción de β-fructano se ha descrito en cepas 

pertenecientes a los géneros Leuconostoc, Lactobacillus, Streptococcus, Weissella; y 

Oenococcus (Tabla 1I) (Hugenholtz & Smid, 2002; Tieking et al., 2005; Di Cagno et al., 

2006; Malang et al., 2015; Dimopoulou et al., 2016). 

 

2.1.2 Beta-glucano 

 Una única proteína glicosiltransferasa (GTF) es la responsable de la producción 

del (1,3)(1,2)-β-D-glucano. Este polisacárido es sintetizado por cepas de las especies 

P. parvulus, P. ethanolidurans, O. oeni, L. diolivorans, L. suebicus y L. brevis, ligadas a 

la producción de sidra, vino o cerveza (Dueñas et al. 1997; Werning et al., 2006, Dols-

Lafargue et al., 2008, Garai-Ibabe et al., 2010, Fraunhofer et al., 2018, Llamas-Arriba 

et al., 2018), y L. fermentum aislada de queso (Vitlic et al., 2019) (Tabla 1I). La enzima 

GTF es una proteína transmembrana que pertenece a la familia COG1215. A 

diferencia de otras sintasas productoras de glucano, no tiene función glicosil-hidrolasa 

(Werning et al., 2006) sino que utiliza UDP-glucosa de origen intracelular para 

sintetizar el polímero (Dols-Lafargue et al., 2008; Velasco et al., 2007). El resultado es 

un β-glucano con un peso molecular del orden de 4×103 kDa (Lambo-Fodje et al., 

2007; Velasco et al., 2007; Garai-Ibabe et al., 2010; Werning et al., 2012). 

 

2.1.3 Poligalactanos y polimananos 

 Es poco frecuente encontrarnos con especies de BAL productoras de 

polimananos o poligalactanos, y por el momento se desconocen los mecanismos para 

su producción (Torino, Valdez & Mozzi, 2015). Los poligalactanos contienen unidades 

pentaméricas de galactosa, y se han observado en dos cepas de Lactobacillus 

plantarum y Lactococcus lactis subsp. cremoris (Wang et al., 2014; Gruter et a., 1992). 

En el caso de los polimananos, sólo se ha descrito un único polímero producido por 
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una cepa de Lactobacillus crispatus, al cual se le atribuyen efectos beneficiosos contra 

patógenos vaginales (Donnarumma et al., 2014). 

 

2.2 Heteropolisacáridos 

 Los HePS contienen combinaciones de monosacáridos formando una unidad 

estructural, la cual se repetirá a lo largo de la cadena para formar la molécula de 

polisacárido. Los distintos HePS producidos por las BAL, muestran gran variabilidad 

en su estructura y en las proporciones de sus monómeros (Patten & Laws, 2015). En 

su composición encontramos unidades de D-glucosa, D-galactosa y L-ramnosa, 

aunque también se han observado residuos de D-fructosa, D-manosa o L-fucosa, y 

aminoazúcares acetilados (N-acetil-D-glucosamina y N-acetil-D-galactosamina). De 

manera menos frecuente, en las cadenas de HePS se han observado unidades de 

naturaleza no sacarídica, como son el ácido glucurónico, el sn-glicerol-3-fosfato, 

grupos fosfato, acetilo o piruvato. Estos polímeros muestran tamaños moleculares de 

10 a 6×103 kDa (Vuyst et al., 2001; Polak-Berecka et al., 2015; Patten & Laws, 2015). 

 

2.2.1 Organización genética de los clusters eps/cps  

 Las proteínas implicadas en la síntesis de HePS están codificadas por genes 

contenidos en los clusters eps/cps, localizados tanto en plásmidos como en el 

cromosoma bacteriano (Cagganiello et al., 2016). Los clusters frecuentemente 

muestran un alto nivel de conservación, e incluso, los genes eps/cps se orientan en la 

misma dirección y son transcritos en un único mRNA (Vuyst & Degeest, 1999; Jolly 

and Stingele, 2001; Lebeer et al., 2008; Cagganiello et al., 2016). Estos clusters 

incluyen genes que codifican tanto factores reguladores, como enzimas implicadas en 

la biosíntesis de EPS, en la polimerización y en la secreción, incluyendo 

glicosiltransferasas responsables del ensamblaje de la unidad estructural característica 

de cada exopolisacárido (Figura 4I) (Zeidan et al., 2017). 
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2.2.2 Proceso de síntesis del HePS. 

 Previamente al proceso de inicio de la síntesis, se debe producir el transporte 

de carbohidratos al interior de la célula y la activación de las unidades sacarídicas 

(NDP-azúcares) en el citoplasma (Figura 5I). En este paso intervienen proteínas del 

metabolismo central de carbohidratos, además de otras que están codificadas por 

genes localizados dentro de los clusters eps/cps (frecuentemente colocados en uno de 

los extremos del operón, Figura 4I). Un ejemplo son los genes rml, que intervienen en 

la formación de dTDP-Ram. (Stingele et al., 1996; Laws et al., 2001).  

 El proceso de síntesis de los HePS por la vía dependiente de Wzy puede 

dividirse en cinco etapas (Figura 4I): 

I. Activación del lípido de membrana undecaprenil-P (C55-P) cuando una 

glicosiltransferasa de membrana (WelE, EpsE o CpsE) le añade el primer 

azúcar activado mediante un enlace fosfodiéster (Zeidan et al., 2017).  

II. Diferentes enzimas glicosiltransferasas (desde WelF/EpsF/CpsF en adelante, p. 

ej., WelG, WelH) se coordinan para formar la unidad repetitiva del polisacárido. 

Son proteínas altamente específicas que incorporan cada componente de la 

unidad estructural, y liberan una molécula de UDP o TDP al espacio intracelular. 

Generalmente, los genes que codifican estas enzimas se sitúan en la parte 

central del operón, habiendo tantos genes de glicosiltransferasas como 

residuos diferentes incorporados en la unidad repetitiva (Stingele et al., 1996; 

Laws et al., 2001; Zeidan et al., 2017). 

III. Una vez formada la unidad repetitiva y todavía unida al C55-P, es transportada 

a través de la membrana por una proteína flipasa (Wzx). En la cara externa de 

la membrana celular, cada unidad estructural se añadirá al polisacárido 

exocelular en formación mediante un enlace O-glicosídico catalizado por una 

polimerasa (Wzy), quedando libre el C55-P (Zeidan et al., 2017). Tanto el gen 

de la flipasa como el gen de la polimerasa son genes poco conservados, y 

generalmente se sitúan dentro del cluster eps/cps, en el lado opuesto a los 

genes de las proteínas moduladoras del proceso (Stingele et al., 1996; Laws et 

al., 2001). 

IV. Después de completarse la polimerización, el polisacárido puede unirse al 

peptidoglicano de la pared celular por la acción de la proteína Wzr (CpsA, EpsA 
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o LytR-CpsA-Psr), o puede ser liberado al espacio extracelular (Toniolo et al., 

2015; Zeidan et al., 2017).  

Figura 4I. Ruta Wzy-dependiente para la biosíntesis de heteropolisacáridos en bacterias 
lácticas (Zeidan et al., 2017). El locus genético muestra los genes involucrados en la síntesis y 
exportación de polisacárido exocelular. Como ejemplo se muestra el ensamblaje y polimerización del 
polisacárido de L. lactis subsp. cremoris NIZO B40. Arriba a la izquierda, se representa un cluster 
eps/cps genérico y abajo el cluster eps de la estirpe B40; cada cuadrado representa un gen: en verde, 
genes de polimerización y transporte; en amarillo, genes del sistema fosforegulador; en naranja, 
genes de glicosiltransferasa; y en rosa, genes relacionados con la formación de NTP-azúcares. 
Abajo y a la derecha, las proteínas de la ruta Wzy-dependiente están representadas en el esquema-
dibujo. Las reacciones catalizadas por las proteínas correspondientes a cada gen glicosiltransferasa 
se indican en el recuadro gris de la izquierda. Estas reacciones ocurren en el citoplasma y en la 
membrana citoplasmática. 

 

 Las proteínas moduladoras Wzd (también denominadas EpsC o CpsC) y Wze 

(EpsD o CpsD) constituyen una “tirosina kinasa activa (BY)” que podría ser la 

responsable de determinar la longitud de la cadena del polisacárido en formación. 

La proteína Wzd posee dos hélices transmembrana y ejerce una labor de andamio 

para la maquinaria de síntesis, manteniendo unidas las proteínas WelE, la flipasa, 

la polimerasa y Wzr (EpsA o CpsA). Este modelo de síntesis de PE propone que el 

ciclo entre la forma fosforilada y no fosforilada de la kinasa BY es requerido para la 

adecuada síntesis y exportación del polisacárido; y que la desfosforilación está 

catalizada por la proteína fosfotirosina fosfatasa metalodependiente Wzb (CpsB, 

EpsB) (Zeidan et al., 2017). 

 

Zeidan et al. 9

Figure 5. Proposed model for biosynthesis of polysaccharides via the Wzy-dependent pathway. This model is inspired in the findings from S. pneumoniae and adapted
from the model proposed by Nourikyan et al. (2015). The genetic locus shows the genes involved in the synthesis and export of exocellular polysaccharidess in LAB.
As an example, assembly and polymerization of the polysaccharide produced by L. lactis ssp. cremoris NIZO B40 is shown. In the eps gene clusters (generic and B40),
the genes coding for the polysaccharide assembly machinery, glycosyltransferases, the EpsBCD phosphoregulatory system and synthesis of NDP-sugars are shown in
green, orange, yellow and pink, respectively. The same color scheme is used for representing the proteins in the Wzy-dependent pathway. The reactions catalyzed by
each GT gene product are indicated in the upper-left corner gray box. These reactions occur in the cytoplasm CM, cytoplasmic membrane.

S. pneumoniae (Bentley et al. 2006; Henriques et al. 2011; Yother
2011; Schaffner et al. 2014; Nourikyan et al. 2015; Grangeasse
2016), but are poorly characterized in LAB, with only a few
functional studies described so far (Minic et al. 2007; Nierop
Groot and Kleerebezem 2007; Cefalo, Broadbent and Welker
2011a; Dertli et al. 2013; Suzuki, Kobayashi and Kimoto-Nira
2013). Considering the importance and value of LAB exocellular
polysaccharides, this is fairly surprising. Indeed, except for the
extracellularly synthesized glucans and fructans, CPS and EPS
are presumably the products of this pathway. Furthermore, CW-
PS, such as the pellicle in L. lactis (Chapot-Chartier et al. 2010),
the rhamnose-glucose polysaccharides in S. thermophilus (Hols
et al. 2005) and the recently described lactobacilli CW-PS (Vino-
gradov et al. 2013, 2015, 2016) might also be synthesized via the
Wzy-dependent pathway. However, the absence of several typ-
ical pathway components in some CW-PS biosynthetic clusters
and the presence in others of geneswith homology to ABC trans-
porters (vide supra) raises the question towhich pathway is used:
the Wzy-dependent or the ABC transporter-dependent pathway
(reviewed in Mistou, Sutcliffe and van Sorge 2016). Thus, for the
synthesis of CW-PS, more work needs to be performed in order
to firmly ascertain the biosynthetic routes.

Homologs of the key functions characterizing the Wzy-
dependent pathway are ubiquitously present in the modular
gene clusters for the synthesis of exocellular polysaccharides

in LAB (Fig. 3). Some of the more recent and interesting find-
ings concerning the functions of these genes arise from studies
of capsule biosynthesis in the human pathogen S. pneumoniae
(Bentley et al. 2006; Henriques et al. 2011; Yother 2011; Eberhardt
et al. 2012; Schaffner et al. 2014; Nourikyan et al. 2015; Grange-
asse 2016). Considering the relatively close genetic proximity be-
tween the pathogenic streptococci and LAB, the LABWzy protein
functionswill herein be surmised as similar to those reported for
the pneumococcal proteins. The current model for polysaccha-
ride synthesis by the Wzy-dependent pathway starts with the
cytoplasmic en bloc synthesis of single-repeat units by sequen-
tial addition of the activated sugar precursors (Fig. 5). The first
committed step consists of the activation of undecaprenylphos-
phate (Und-P), the lipid carrier, by transfer of the first residue
from an activated sugar precursor via the priming GT. The sec-
ond step comprises the assembly of the repeating unit by se-
quential addition of sugar nucleotides in reactions catalyzed by
soluble and/or membrane-bound GTs. The repeating units are
subsequently transported or flipped across the cytoplasmic
membrane via a flippase (Wzx, CpsJ). Polymerization is cat-
alyzed by theWzy polymerase (CpsH), which adds single repeat-
ing units via generation of new glycosidic bonds to the reduc-
ing terminus of a growing polymer building up the exocellular
polysaccharide structure. In Gram-negative bacteria, polysac-
charide co-polymerase (PCP) proteins are postulated to be
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2.3 Biosíntesis de azúcares activados, aminoazúcares y otros precursores. 

 Para la síntesis de los EPS o CPS son necesarias moléculas precursoras 

proporcionadas por diferentes rutas metabólicas de la célula bacteriana (Figura 5I). 

Estas rutas son llevadas a cabo por enzimas housekeeping necesarias para el 

mantenimiento de la vida celular, y por tanto, las bacterias deben asegurarse la 

perdurabilidad de sus genes (Boels et al., 2001). A excepción de la síntesis de 

polisacárido por las glicosilhidrolasas, para la producción de polisacárido son 

necesarios azúcares activados (UDP/UTP-azúcar o azúcares-nucleótido), sintetizados 

mediante reacciones de interconversión de los azúcares: epimerización, 

descarboxilación o deshidrogenación. Estos azúcares activados se encuentran en el 

citoplasma y son captados por las glicosiltransferasas para su incorporación a la 

cadena de polisacárido en formación (de Vuyst et al., 2001). En ocasiones, aparecen 

genes que codifican enzimas que intervienen en la conversión de azúcares a azúcares 

activados dentro del cluster eps/cps o cerca de ellos (Lebeer et al., 2009; Remus et al., 

2012). 

 Otras rutas metabólicas también proporcionan moléculas no sacarídicas como 

el acetil-CoA, CDP-glicerol y piruvato presentes en determinados PE y que son 

indispensables para la confección de los componentes de la pared celular: 

peptidoglicano, ácidos teicoicos, lipopolisacáridos y antígenos de membrana en 

Gram-negativas. Cabe destacar la situación del C55-P, este lípido está comprometido 

en otros procesos para la formación de los componentes de la pared celular y puede 

limitar la producción de EPS/CPS (van Heijenoort, 2001). 

 

2.4 Aplicaciones de los exopolisacáridos 

 Los beneficios de los exopolisacáridos en el área de los alimentos fermentados 

son detectables a concentraciones bajas (<1 %). La presencia de EPS en un producto 

puede hacer que sea más atractivo para el consumidor, aportando brillo, y generando 

una textura cremosa o firmeza a la matriz en la que se encuentra (Jolly & Stingele, 

2001). La masa molecular de los EPS tiene especial relevancia en las características 

tecnológicas y funcionales de estos polímeros, influyendo en la viscosidad y en la 

textura de la matriz alimentaria (Badel et al., 2011; Torino, Valdez & Mozzi, 2015). En 

el caso de los productos fermentados lácteos, los EPS tienen la capacidad de unirse al 

agua, interactuar con las proteínas y aumentar la viscosidad de la fase sérica de la 
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leche. De esta manera, suavizan la textura y aportan cremosidad en los productos 

lácteos bajos en grasa y azúcares (Badel et al., 2011). Los EPS producidos por BAL 

no tienen un sabor intrínseco, pero pueden aumentar el tiempo de contacto de los 

alimentos que lo contienen con el paladar y con los receptores gustativos. Por lo tanto, 

el sabor del producto puede cambiar significativamente tras la texturización por el EPS 

(Jolly et al., 2002). En quesos, la presencia de los HePS liberados al medio 

promueven la retención de agua y mejoran la textura general del queso evitando la 

alteración de su estructura.  

 Con respecto a las aplicaciones de los HoPS, se utilizan dextranos industriales 

en la fabricación de productos de filtración en gel, así como extensores de volumen 

sanguíneo y mejoradores del flujo. También se emplean en los procesos de 

recubrimiento de papel y metales. En la industria alimentaria, el dextrano se utiliza 

actualmente como espesante para la elaboración de mermeladas y helados, o como 

estabilizador de jarabes alimentarios. Evita la cristalización del azúcar, mejora la 

retención de humedad y mantiene el sabor y la apariencia de diversos alimentos. Los 

levanos se utilizan en alimentación como biotexturizantes (Vuyst & Degeest,1999; 

Zannini et al., 2016). Así mismo, se ha descrito el uso de bacterias productoras de 

dextrano en la elaboración de masa ácida de panadería (Tieking et al., 2003; Galle et 

al., 2012) y de bacterias productoras de (1,3)(1,2)-β-D-glucano para la elaboración de 

productos basados en avena (Mårtensson et al., 2005; Pérez-Ramos et al. 2017). 

 Por otro lado, se ha descrito que algunos EPS tienen carácter prebiótico, que 

se define como: sustrato que es utilizado selectivamente por los microorganismos y 

que le confieren salud al huésped (Gibson et al., 2017). De esta manera, algunos EPS 

estimulan selectivamente el crecimiento de las bacterias en el tracto gastrointestinal 

para beneficiar la salud del huésped (Mårtensson et al., 2005; Parra, 2010; Baruah et 

al., 2016). La degradación de los EPS por la microbiota intestinal genera ácidos grasos 

de cadena corta (SCFA). Los SCFA proporcionan energía a las células epiteliales, y 

algunos podrían desempeñar un papel en la prevención del cáncer de colon (Jolly et 

al., 2002). Por lo tanto, el uso de bacterias probióticas que producen EPS beneficiosos 

para la salud in situ, es un enfoque muy prometedor para una nueva generación de 

alimentos funcionales (Jolly et al., 2002). 
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Figura 5I. Rutas metabólicas para la formación de 
los precursores necesarios para la síntesis de los 
polisacáridos exocelulares bacterianos y de los 
componentes de la pared celular. β-Gal, 
β-galactosidasa; NagB, glucosamina-6-P-epimerasa; 
NagC, fructokinasa; GlmS, Glucosamina-fructosa 
6-P-aminotransferasa; GlmM, fosfoglucosamina 
mutasa; GlmU, enzima bifuncional 
N-acetil-glucosamina-1-P-uridililtransferasa/glucosamin
a 1-P-acetiltransferasa; WecB, 
UDP-N-acetil-glucosamina-2-epimerasa; MnaA, 
UDP-N-acetilglucosamina-2-epimerasa; Pgi, 
glucosa-6-P-isomerasa; GlkA, glucokinasa; Pgm, 
fosfoglucomutasa; RmlA, glucosa-1-P 
timidililtransferasa; RmlB, dTDP-D-glucosa-4,6 
deshidratasa; RmlC, dTDP-4-ceto-6-deoxiglucosa 
epimerasa; RmlD, dTDP-6-desoxi-L-lixo-4-hexulosa 
reductasa; GalU, UTP-glucosa-1-P-uridililtransferasa; 
GalE, UDP-glucosa-4-epimerasa; Glf, 
UDP-galactopiranosa mutasa; GalT, 
galactosa-1-P-uridililtransferasa; GalK, galactokinasa; 
GalM, galactosa mutarotasa, MurA, 
UDP-N-acetilglucosamina 1-carboxiviniltransferasa; 
MurB, UDP-N-acetilenolpiruvoilglucosamina reductasa; 
MurC, UDP-N-acetilmuramato-L-alanina ligasa; MurD, 
UDP-N-acetilmuramoilalanina-D-glutamato ligasa; 
MurE, UDP-N-acetilmuramoilalanil-D-glutamato-2,6 
diaminopimelato ligasa; MurF, 
UDP-N-acetilmuramoil-tripéptido-D-alani-D-alanina 
ligasa; MraY, fosfo-N-acetilmuramoilpentapéptido 
transferasa; MurG, 
undecaprenil-difosfomuramoilpentapéptido 
beta-N-acetilglucosaminiltransferasa; Tpi, triosafosfato 
isomerasa; Gpsa, glicerol-3-P-deshidrogenasa; TagD, 
glicerol-3-P-citidililtransferasa. GTF, 
glucosiltransferasa; FTF, fructosiltransferasa; GOS, 
glucooligosacáridos; FOS, fructooligosacáridos (Boels 
et al., 2001; Degeest et al., 2001; van Heijenoort, 2001; 
Korakli & Vogel, 2006; Swoboda et al., 2010; González-
Rodríguez et al., 2013; Dimopoulou, 2013). 
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3. El proceso de elaboración de la sidra natural 

 La producción de sidra en España se concentra sobre todo en las regiones de 

Asturias y País Vasco. En Euskadi la producción de sidra natural es una actividad 

culturalmente muy arraigada, sobre todo en Gipuzkoa. La sidra natural se define como 

el producto resultante de la fermentación del mosto natural de manzana, cuyo 

contenido en gas carbónico y azúcares tiene origen endógeno exclusivamente. Su 

grado alcohólico volumétrico adquirido será igual o superior a 5 % (v/v) y su presión 

relativa en el interior de la botella será superior a 0,5 bares a 20 °C (Código de la Sidra, 

actualización del 8 de abril de 2019). 

 En el proceso de producción de la sidra la selección de las variedades de 

manzana y las proporciones en que éstas se van a emplear es de suma importancia 

(Figura 6I). Tanto la variedad de manzana como el punto de maduración de ésta, 

influyen en la composición del mosto. Una vez recogidos los frutos, éstos se lavan, se 

mezclan, se trituran y se dejan macerando entre 2 y 4 días. Posteriormente, la pasta 

obtenida se prensa para la obtención del mosto, que se deposita en depósitos o 

kupelas. En ellas se lleva a cabo la fermentación alcohólica (por levaduras) y 

maloláctica (bacterias lácticas) por la microbiota indígena del fruto y de los útiles 

empleados en el proceso (Laplace et al., 1998; Herrero et al., 2010; Irastorza & 

Dueñas, 2010; Cousin et al., 2017). Además de los diferentes procesos físico-químicos 

y biológicos que conlleva la elaboración de la sidra, es en su maduración donde se 

redondean los sabores amargos y se conjugan los atributos sensoriales. El caldo ya 

hecho sidra se trasiega para separarlo de las borras de fermentación. Durante la 

permanencia de la sidra en el depósito, se incrementará la acidez volátil debido a la 

actividad de las BAL y las bacterias acéticas. Una vez que se alcanza la densidad 

adecuada, las cualidades aromático-gustativas y la turbidez del producto lo aconsejen, 

se procede al embotellado de la sidra 

(www.euskadi.eus/contenidos/informacion/calidad_diferenciada_dopigp/es_def/adjunto

s/PLIEGO%20DE%20CONDICIONES_euskalsagardoa.pdf; ://www.serida.org/pdfs/772

.pdf).  
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Figura 6I. Diagrama de flujo del proceso de elaboración de la sidra natural. (*) opcional (Herrero et 

al., 2010). 

 

3.1 Las bacterias del ácido láctico en el proceso de elaboración de la sidra 

 En el proceso de producción de la sidra natural del País Vasco, la población de 

bacterias lácticas en mostos está influida fundamentalmente por la tecnología del 

prensado y el estado sanitario de la manzana. Tras el prensado, es habitual la 

presencia en los mostos de niveles elevados de BAL, del orden de 105–107 unidades 

formadoras de colonias por mL (UFC mL–1). Incluso, en algunos casos se ha detectado 

que esta población es superior a la de las levaduras (Irastorza & Dueñas, 2010). Los 

microorganismos mejor adaptados a las condiciones posfermentativas son las BAL, 

mientras que las bacterias acéticas, al ser microorganismos aerófilos, tienen mayor 

dificultad para su desarrollo en este ambiente (http://www.serida.org/pdfs/772.pdf). Los 

géneros Lactobacillus, Leuconostoc, Oenococcus y Pediococcus son de especial 

interés por ser capaces de habitar en el ambiente de la sidra, caracterizado por un pH 

bajo (en torno a 3,7), una concentración alta de etanol (aprox. 6,5 % vol.) y bajo 

contenido de nutrientes (Suarez et al., 2007; Cousin et al., 2017).  

La Tabla 2I muestra las especies de BAL aisladas de mostos y sidras del País 

Vasco y de diferentes países. Las especies más abundantes son heterofermentativas 
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y pertenecen a los géneros Lactobacillus y Oenococcus. También se han aislado 

especies homofermentativas obligadas del género Pediococcus. 

 Las bacterias lácticas llevan a cabo la fermentación maloláctica (FML), que 

consiste en una descarboxilación del ácido L-málico para producir ácido L-láctico. La 

FML conlleva una disminución de la sensación de astringencia y un aumento del pH 

de la sidra. Esta transformación la realizan principalmente las especies de los géneros 

O. oeni y P. parvulus, además de algunas especies del género Lactobacillus (Sánchez 

et al., 2010; Irastorza & Dueñas, 2010; Dueñas et al., 1994). 

Tabla 2I. Especies de bacterias lácticas encontradas en sidra. 
Especie Metabolismo Referencia 
 

L. mali 

Homofermentativo  
 
Carr & Davies, 1970; Buron et al., 2011; 
Llamas-Arriba et al., 2019a. 

L. delbrueckii subsp. lactis    Marshall & Walkley, 1951; Weiss et al., 
1983. 

L. acidophilus  Laplace et al., 2001. 
L. sicerae  Puertas et al., 2014. 
P. parvulus  Garai-Ibabe et al., 2010a 
P. ethanolidurans  Llamas-Arriba et al., 2018 

 
 
 
L. plantarum 

Heterofermentativo facultativo  

Kleynmans et al., 1989. 

 
 

L. collinoides   

Heterofermentativo  
 
Carr & Davies, 1972; Claisse & Lonvaud-
Funel, 2000; Sauvageot et al., 2000; Garai 
et al., 2007; Buron et al., 2011; Puertas et 
al., 2016. 
 

L. paracollinoides  Whiting & Carr, 1957. 
L. fermentum  Carr & Davies, 1972; Dellaglio et al., 2004 
L. viridescens  Carr & Davies, 1972 
L. hilgardii   
L. buchneri   
L. diolivorans  Garai-Ibabe et al., 2008 
L. brevis  Buron et al., 2011 
L. suebicus    Marieta et al., 2009; Ibarburu et al., 2015. 
O. oeni  Ibarburu et al., 2007; Buron et al., 2011. 
Leuc. mesenteroides  Buron et al., 2011 
L., Lactobacillus; Lc., Lactococcus; Leuc., Leuconostoc; y O., Oenococcus. 
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1. INTRODUCCIÓN 

 La fermentación del mosto de manzana es un complejo proceso microbiológico 

donde actúan levaduras, bacterias lácticas y bacterias acéticas. En la sidra natural del 

País Vasco, después de la fermentación maloláctica no se lleva a cabo ningún 

proceso de estabilización antes del embotellado, salvo si el enólogo o el productor 

detectan alguna alteración organoléptica.  

Las BAL constituyen la microbiota predominante de la sidra madura, y en 

ocasiones son responsables de producir defectos organolépticos en el producto, como 

son: (i) el “carácter Brett”, que es consecuencia de la alteración del contenido 

polifenólico y de la aparición de fenoles volátiles que ocasionan olores desagradables 

en la bebida (Buron et al., 2012); (ii) el amargor o picado acroleínico, causado por la 

presencia de acroleína, que proviene directamente del 3-hidroxipropionaldehído, 

compuesto producido durante el metabolismo del glicerol (Garai-Ibabe et al., 2008); 

(iii) la producción de aminas biógenas (Garai-Ibabe et al., 2007); y (iv) la alteración 

más común en sidra es el ahilado, que es la consecuencia de la producción de 

exopolisacáridos (EPS) por algunas especies de bacterias del género Lactobacillus 

(Dueñas et al., 1995; Dueñas et al., 1998), Pediococcus parvulus (Dueñas-Chasco et 

al., 1997) y Oenococcus oeni (Ibarburu et al., 2007). La síntesis de EPS ocasiona un 

incremento de la consistencia de la bebida, por lo que es rechazada por los 

consumidores. 

El objetivo de este capítulo fue el estudio de los Lactobacillus productores de 

EPS aislados de sidra natural ahilada del País Vasco, y pertenecientes a la colección 

CUPV. Se abordó la identificación y la diferenciación genotípica de 41 aislados 

recogidos entre los años 1992 y 2009, que permitió realizar el seguimiento de la 

incidencia de sus especies como organismos alterantes en la bebida. Los resultados 

obtenidos permitieron la descripción de la nueva especie Lactobacillus sicerae y se 

asignó como cepa tipo el aislado CUPV261T(=CECT8227T). Los resultados de este 

capítulo se recogen en las publicaciones Puertas et al., (2014) y Puertas et al., (2018). 
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2. MATERIAL Y MÉTODOS 

2.1 Cepas bacterianas y condiciones de cultivo. 

En este trabajo se han utilizado 41 cepas de Lactobacillus sp. aislados de sidra 

natural guipuzcoana alterada (Puertas et al., 2018). Sus nombres, origen y año del 

aislamiento se recogen en la Tabla 1.1. Algunas de estas estirpes fueron previamente 

caracterizadas, y son: L. diolivorans G77 (CUPV218) (Dueñas et al., 1998); 

L. suebicus (CUPV221, CUPV225 y CUPV226) (Garai-Ibabe et al., 2010b; Notararigo 

et al., 2013; Ibarburu et al., 2015); y L. sicerae (CUPV261T y CUPV262) (Puertas et al., 

2014, este trabajo de tesis). Además, con fines comparativos se incluyeron 12 cepas 

de referencia de 11 especies diferentes de Lactobacillus sp. (a parte de L. sicerae). 

Los aislamientos se realizaron entre los años 1992 y 2009 a partir de sidra 

ahilada procedente de diferentes sidrerías. Los lactobacilos incluidos en este estudio 

fueron seleccionados en base a su fenotipo ropy, mostrando la formación de largos 

hilos o filamentos al tocar la colonia con el asa de siembra, y una apariencia viscosa al 

ser cultivados en caldo MRS (Figura 1.1). Las bacterias se cultivaron en medio MRS 

(Anexo I), durante 48 h y a 28 °C, en una estufa de incubación de CO2 5 % (v/v) y se 

conservaron congeladas a –80 °C en el mismo medio de cultivo suplementado con 

glicerol 20 % (v/v). 

 
Figura 1.1. Imagen de un cultivo con fenotipo ropy. 

 

 



Identificación de cepas de bacterias lácticas aisladas de sidra natural y descripción de la especie Lactobacillus sicerae 

	53 

Tabla 1.1. Cepas utilizadas en este estudio. 
Especie Colección  Origen Sidrería de 

procedencia 
Año de 

aislamiento 
Lactobacillus brevis     

CECT 4121T CECT Heces humanas   
L. collinoides     

CECT 922T CECT 
Zumo de 
manzana 

fermentado 
  

CUPV238, CUPV239, CUPV2311, 
CUPV2312, CUPV2371 

EE Sidra ahilada D 2009 

CUPV236 CUPV Sidra K 2003 
CUPV231, CUPV232, CUPV234, CUPV235, 
CUPV2119, CUPV2328 

CUPV Sidra alterada G 2000 

CUPV2313, CUPV2315 EE Sidra ahilada H 2009 
CUPV2317, CUPV2320, CUPV2322, 
CUPV2323, CUPV2324 

EE Sidra ahilada I 2009 

L. diolivorans     

LMG19667T LMG Ensilado de 
maíz 

  

CUPV213 CUPV Sidra ahilada A 1992 
CUPV211, CUPV219, CUPV2112 CUPV Sidra B 1992 
CUPV212, CUPV214, CUPV215, CUPV216, 
CUPV217, CUPV218=aG77, CUPV2110, 
CUPV2111, CUPV2113 

CUPV Sidra ahilada C 1992 

CUPV2117, CUPV2118 CUPV Sidra alterada E 2003 
CUPV2114, CUPV2115 CUPV Sidra K 2003 

L. hilgardii     
CECT 4786T CECT Vino   

L. mali     
CECT 4149 CECT Mosto de uva   

L. paracollinoides     
CECT 5926, 
DSM15502T 

CECT 
DSMZ 

Industria 
cervecera 

  

L. satsumensis     
CECT 7371T CECT Mosto de uva   

L. sicerae     
dCUPV 261T=CECT 8227T, 
dCUPV 262 

EE Sidra ahilada F 2009 

L. suebicus     

CECT 5917T CECT Manzana 
triturada 

  

cCUPV225 CUPV Sidra ahilada E 2003 
bCUPV221 CUPV Sidra ahilada F 2003 
cCUPV226 CUPV Sidra ahilada J 2003 

L. uvarum     
CECT 7335T CECT Mosto de uva   

L. vini     

CECT 5924T CECT Mosto de uva 
fermentado   

CUPV, Colección de cultivos de la Universidad del País Vasco UPV/EHU; CECT, Colección Española de Cultivos Tipo 
(Universidad de Valencia, Burjassot); DSMZ, Leibniz Institute DSMZ-German Collection of Microorganisms and Cell 
Cultures (Braunschweig, Alemania); LMG, BCCM/LMG Belgian Coordinated Collection of Microorganism (Bruselas, 
Bélgica). EE (=Este estudio), cepas estudiadas durante este trabajo y procedentes de la colección CUPV. (a) Dueñas-
Chasco et al.,1998; (b) Garai-Ibabe et al., 2010b; (c) Ibarburu et al., 2015; (d) Puertas et al., 2014. 
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2.2 Caracterización fenotípica de las BAL aisladas de sidra 

 Para realizar una caracterización fenotípica de los aislados, se utilizaron 

diferentes pruebas de acuerdo a los criterios establecidos en el Bergey's Manual of 

Systematics of Archaea and Bacteria (Whitman, 2015). 

 

2.2.1 Características fenotípicas de los aislados 

 Para elaborar una descripción de la morfología de las colonias, cada bacteria 

se creció en el medio MRS-agar (Anexo I) a 28 °C, en una atmósfera con el 5 % (v/v) 

de CO2 y durante 48 h. 

 Para la determinación de la actividad catalasa, se depositó una gota de una 

solución de H2O2 al 10 % (v/v) sobre una colonia crecida en el medio MRS-agar. Se 

observó la formación de burbujas (O2), que indicaría un resultado positivo. 

 La producción de gas carbónico a partir de glucosa y gluconato se determinó 

mediante el cultivo de los aislados en caldo MRS, sin extracto de carne y 

suplementado con un 2 % (p/v) del carbohidrato. Para observar la formación de gas, 

se introdujeron campanas Durham en los cultivos y se incubaron a 28 °C, durante 

7-10 días (Mañes-Lázaro et al., 2008). 

Para las pruebas de fermentación de diferentes carbohidratos, se utilizó el test 

comercial API 50CH (bioMérieux). A partir de un cultivo realizado en el medio MRS e 

incubado durante 24 h, se recogieron las células por centrifugación (15.680 × g, 2 min) 

y se lavaron dos veces con solución Ringer®. Se preparó un inóculo con una densidad 

óptica a 600 nm (DO600) de 0,6 en el medio API 50CHL (Anexo I) para ser introducido 

en cada galería. Los cultivos se cubrieron con una gota de aceite de vaselina estéril y 

se incubaron a 28 °C durante 48 h. Una vez finalizado el tiempo de incubación se 

anotaron los cambios de color. 

 Para detectar la capacidad de producir fenotipo ropy a partir de glucosa, 

fructosa, sacarosa, lactosa, galactosa, maltosa, rafinosa, manitol, sorbitol, trehalosa, 

xilosa o ramnosa, las bacterias se cultivaron en 5 mL del medio MRS suplementado 

con el indicador de pH rojo de clorofenol (Anexo I). Los medios fueron inoculados a 

una DO600 del orden de 0,6, y se incubaron durante 7 días a 28 °C. Diariamente se 

anotaron los cambios de color. Para la detectar la capacidad de producción de 
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dextrano a partir de sacarosa, se realizaron cultivos en MRS-agar donde la glucosa 

fue reemplazada por un 5 % (p/v) de sacarosa. 

 

2.2.2 Cuantificación de sustratos y productos de fermentación 

 Para realizar el estudio del metabolismo de carbohidratos, los diferentes 

aislados fueron cultivados en el medio semidefinido MSD (Anexo I). El medio fresco se 

inoculó con células procedentes de un cultivo en el medio MRS y lavadas dos veces 

con solución Ringer® (15.680 × g, 10 min), para obtener una DO600 inicial de 0,2. Los 

cultivos se incubaron durante 65 h, a 28 °C y en atmósfera con un 5 % (v/v) de CO2. 

Posteriormente, se centrifugaron (15.680 × g, 30 min y 20 °C), y los sobrenadantes se 

filtraron en un filtro de acetato de celulosa, con un diámetro de poro de 0,2 µm. Las 

concentraciones de glucosa, ácido láctico, ácido L-málico, etanol y ácido acético, se 

determinaron mediante un sistema de HPLC, con 20 µL de volumen de inyección. Este 

sistema estaba compuesto por dos columnas de intercambio iónico Aminex HPX-87H 

(Bio-Rad) y termostatizadas a 65 °C. Como fase móvil se empleó una solución de 

H2SO4 5 mM, a una velocidad de flujo de 0,6 mL min–1 (Palmfeldt et al., 2004). El 

equipo estaba dotado de un detector de índice de refracción (IR) y otro de 

ultravioleta-visible (UV-Vis) a una longitud de onda de 210 nm.  

Para la determinación del ácido L-láctico se utilizó el kit enzimático L-LACTATE 

ACID (Biosystems), siguiendo las instrucciones indicadas por el fabricante.  

 

2.2.3 Composición celular de ácidos grasos 

 Los análisis de la composición celular de ácidos grasos se llevaron a cabo 

mediante el protocolo descrito por Lucena et al. (2012b), y se realizaron	 bajo la 

dirección del profesor David R. Arahal de la Universidad de Valencia, en la Colección 

Española de Cultivos Tipo. 
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2.3 Microscopía electrónica de transmisión 

 La preparación de la muestra y las fotografías se realizaron en los servicios 

generales de la UPV/EHU, SGIKER, y su visualización se realizó mediante las 

siguientes técnicas: 

Tinción negativa 

 Para la preparación de la muestra, se utilizó un rejilla de cobre recubierta de 

carbono (AGAR S-160-3) y sometida a una descarga eléctrica en vacío (glow 

discharge) que provoca una conversión hidrófila temporal. En la rejilla se depositaron 

10 µL de cultivo y se mantuvieron a temperatura ambiente durante 1 min. A 

continuación, se retiró el exceso de muestra con papel Whatman, y se depositaron 

10 µL de una solución de acetato de uranilo 2 %. Transcurridos 30 s, se retiró el 

exceso de acetato de uranilo con papel de filtro y se dejó secar a temperatura 

ambiente. Las muestras se visualizaron en un microscopio electrónico de transmisión 

Philips CM120 BioTwin. Las imágenes se capturaron con una cámara digital (Modelo 

Morada, Olympus SIS). 

 

Crio-Microscopía electrónica de transmisión 

 Las bacterias fueron vitrificadas y visualizadas mediante crio-microscopía 

electrónica de transmisión. Para ello, una gota de un cultivo bacteriano crecido en el 

medio MRS durante 48 h, fue vitrificada por congelación rápida en etano líquido 

mediante un dispositivo Vitrobot Markt IV (FEI) y automatizado para la vitrificación 

(congelación por inmersión) de muestras acuosas. La muestra se transfirió a través de 

una bomba 655 Turbo Pumping Station (Gatan) a un 626 DH Single Tilt Liquid 

Nitrogen Cryo-holder (Gatan), donde se mantuvo en torno a –180 °C. La rejilla de 

cobre (300 mesh Quantifoils) se hidrofilizó mediante un tratamiento de glow discharge. 

La muestra se examinó en un microscopio electrónico de transmisión, TECNAI G2 20 

TWIN (FEI), bajo un voltaje de 200 KeV en el modo de imagen de campo luminoso y 

de dosis baja. 
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2.4 Aislamiento y cuantificación del EPS 

2.4.1 Producción de EPS en el medio semidefinido 

 Para el aislamiento y la cuantificación del EPS producido en el medio 

semidefinido MSD (Anexo I), las bacterias se cultivaron tal y como se describe en el 

apartado 2.2.2. El EPS contenido en el sobrenadante se precipitó con 3 volúmenes de 

etanol frío, a 4 °C y durante 2 días. El EPS se recuperó por centrifugación (15.680 × g, 

4 °C, 10 min) y se realizaron dos lavados con etanol al 70 %. Posteriormente, el EPS 

se recolectó por centrifugación, se resuspendió en agua ultrapura y se dializó en una 

membrana de un diámetro de poro de 3,5 kDa (Medicell, International, Ldt.). La 

membrana permaneció en agitación durante 72 h, y se realizaron dos cambios diarios 

de agua. El contenido de la membrana se congeló a –80 °C y se liofilizó. 

 La cuantificación del EPS en el medio de cultivo se llevó a cabo en 0,5 mL del 

sobrenadante libre de células y por triplicado. El EPS se precipitó añadiendo tres 

volúmenes de etanol frío al 99 % (v/v), y se mantuvo a 4 °C durante toda la noche. 

Posteriormente, las muestras se centrifugaron (32.967 × g, 15 min y 4 °C) y el 

precipitado se resuspendió en agua destilada, para volver a ser precipitado con 3 

volúmenes de etanol frio. Este proceso se repitió tres veces, y el precipitado final se 

secó en una estufa a 40 °C para eliminar los restos de etanol. Finalmente, el EPS 

desecado se resuspendió en 0,6 mL de agua ultrapura. Para la cuantificación del EPS 

se utilizó el método del fenol-sulfúrico (F-S) descrito por Dubois et al. (1956), utilizando 

la D–glucosa como estándar (Figura 1.2). Aplicando este método, el azúcar se 

transforma fundamentalmente en hidroximetilfurfural o furfural, y la solución adopta 

una coloración anaranjada. La reacción se llevó a cabo en un tubo de vidrio al cual se 

añadió 0,5 mL de la suspensión de EPS y 0,5 mL de fenol 5 % (v/v), se mezcló 

mediante vórtex y se añadieron 2,5 mL de ácido sulfúrico 95,5 % (v/v). La mezcla se 

agitó y se incubó en un baño a 100 °C durante 5 min. Finalizado este tiempo, los tubos 

se enfriaron en un baño de hielo antes de medir la absorbancia a 490 nm (A490). Para 

obtener la concentración del EPS de las muestras, los datos de absorbancia obtenidos 

se compararon con la curva de calibrado que se muestra en la Figura 1.2, y se 

multiplicaron por el factor de dilución 1,2. 



CAPÍTULO 1 

	 58 

  
Figura 1.2. Curva de calibrado para la cuantificación de la concentración de EPS utilizando 
glucosa como estándar. Esta curva fue realizada mediante el método espectrofotométrico del 
fenol-sulfúrico descrito por Dubois et al. (1956). 

 

2.4.2 Aislamiento del EPS a partir de biomasa 

 Las bacterias se cultivaron en placas de MRS-agar inoculadas con 

107-108 UFC mL−1, y se incubaron durante 6 días, a 28 °C y en una atmósfera con un 

5 % (v/v) de CO2. Las colonias se recogieron con un asa de siembra y se depositaron 

en un matraz que contenía agua ultrapura estéril. La suspensión se homogeneizó y se 

añadió un volumen de NaOH 2 M, permaneciendo en agitación suave durante toda la 

noche. Posteriormente, el contenido del matraz se centrifugó (15.680 × g, 5 min), y el 

EPS contenido en el sobrenadante se precipitó con 2 volúmenes de etanol frío (99,9 %, 

v/v), a 4 °C y durante 2 días. El EPS se recogió por centrifugación (15.680 × g, 4 °C, 

10 min) y se resuspendió en agua ultrapura. Para eliminar las proteínas y los restos 

celulares se añadió ácido tricloroacético 80 % (v/v) hasta alcanzar una concentración 

final del 12 % (v/v), y se mantuvo en agitación suave a 4 °C durante 30 min. La 

muestra se centrifugó (15.680 × g, 4 °C, 10 min) y posteriormente se descartó el 

precipitado. El EPS en suspensión se precipitó con dos volúmenes de etanol frio y se 

centrifugó. Finalmente, la muestra se dializó con una membrana de un diámetro de 

poro de 3,5 kDa (Medicell, International, Ldt.), con dos cambios diarios de agua y 

durante 72 h. Finalizada la diálisis, el contenido de la membrana se congeló y se 

liofilizó. 
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2.5 Determinación del tamaño de los EPS por HPSEC 

Se determinó el peso molecular (Mw), la polidispersidad (IP, parámetro que 

refleja cómo es la distribución de pesos moleculares de cada fracción, IP= Mw/Mn),  el 

número de fracciones que componen el EPS y el porcentaje relativo de cada una. Para 

ello, se suspendieron 1,5 mg de EPS (apartados 2.4.1 y 2.4.2 ) en 2 mL de eluyente 

(NaNO3 0,1 M y NaN3 0,02 % (p/v), pH 7), se centrifugó (15.680 × g, 2 min) y el 

sobrenadante se filtró (0,2 µm) para su análisis mediante HPLC. Se analizaron 100 µL 

de muestra en un equipo Agilent 1100 Series (Hewlett-Packard, Germany), equipado 

con un detector de índice de refracción. Para la separación de las fracciones se 

utilizaron 3 columnas de cromatografía de exclusión molecular PL-aquagel-OH 40, 50 

y 60 (15 µm, Agilent Technologies) más una columna de guarda PL-aquagel-OH (8 µm, 

Agilent Technologies), termostatizadas a 35 °C. El flujo utilizado en el ensayo fue de 

0,8 mL min−1 y con una duración del método de 50 min. Los resultados obtenidos se 

compararon con la curva de calibrado mostrada en la Figura 1.3, que fue elaborada 

utilizando patrones de dextrano comercial con los siguientes pesos moleculares 

(Sigma-Aldrich): 1, 5, 12, 50, 80, 150, 270, 410, 670, 1400 y 2000 kDa. Para el 

tratamiento de los datos se utilizó el programa informático ChemStation (for LC 3D 

systems, Rev. B.04.03 [16], Agilent), en combinación con ChemStation GPC (Rev. 

B.01.01). Para la detección de contaminantes (proteínas) se utilizó un detector DAD a 

una longitud de onda de 280 nm. 

	
Figura 1.3. Curva de calibrado construida con patrones de dextrano comercial. R2= 0.999. 

 

 

     GPC Addon Calibration Report

File: C:\Chem32\GPC\calib\MIXED_MAR_2013_POLINOMICA 2000KDa a manitol.cal
Comment:

310

410

510

610

M
ol

ar
 M

as
s 

[D
]

7.5 8.0 8.5 9.0 9.5 10.0 10.5

Elution Volume [ml]

Calibration Parameters:
Calibration Fit:          Polynomial 4
Regression coeff. R: 0.999178
Chi squared :            0.002776
Calibration by:          
on column: 

Mark-Houwink Coefficients:
a = 0.000   K = 1.0000

Internal standard Information:
Name:    at: 50.00 ml

Regression Parameters:
Coeff. 1: -272.77100
Coeff. 2: 132.20500
Coeff. 3: -23.10260
Coeff. 4: 1.77074
Coeff. 5: -0.05061
Coeff. 6: 0.00000
Coeff. 7: 0.00000
Coeff. 8: 0.00000

Calibration Table:

Print Date: 03-21-2013  Signature: 

Elution Volume [ml] Molar Mass [D] Sample Name Slope Deviation [%]
7.28 2000000.00 2 10E6 -0.73 9.08
7.68 1223000.00 49297 -1.02 -21.89
8.04 401300.00 896 -1.10 -1.96
8.15 276500.00 895 -1.10 7.30
8.26 196300.00 894 -1.09 15.17
8.45 123600.00 893 -1.06 16.17
8.82 66700.00 31421 -0.96 -9.99
9.02 43500.00 31420 -0.92 -10.03
9.73 9890.00 31418 -0.91 -6.37

10.02 4440.00 269 -1.06 9.09
10.48 1080.00 31416 -1.57 15.00
10.69 594.51 Rafinosa -1.96 -12.71
10.78 378.30 Trehalosa -2.14 -8.72
10.88 182.17 Manitol -2.39 10.04

7,5$ 8,5$ 9,5$ 10,5$10,0$9,0$8,0$

Volumen$de$elución$(mL)$

M
as
a$
M
ol
ec
ul
ar
$(D

a)
$

$

103$

106$

105$

104$



CAPÍTULO 1 

	 60 

2.6 Identificación y caracterización genotípica 

2.6.1 Extracción del DNA 

 La purificación del DNA cromosómico se realizó mediante el kit comercial 

DNeasy®  Blood & Tissue (Qiagen) utilizando el protocolo descrito para bacterias 

Gram-positivas. Para ello, las células de 1 mL de cultivo bacteriano se recogieron por 

centrifugación (17.159 × g, 10 min), y se suspendieron en 180 µL de solución de lisis 

enzimática suplementada con lisozima 30 mg mL–1 y mutanolisina 2 U µL–1 (Anexo I). 

La mezcla de lisis se mantuvo a 37 °C durante 30 min, y se continuó siguiendo las 

instrucciones descritas en el manual del fabricante.  

 La concentración del DNA se determinó mediante electroforesis en un gel 

teñido con bromuro de etidio, comparando las intensidades de las bandas obtenidas 

en las muestras con las halladas en el marcador	λ DNA Hind III (Promega). Para ello, 

1 µL de la muestra del DNA se mezcló con 2 µL de tampón de carga (Anexo I) y 8 µL 

de agua ultrapura. La mezcla se introdujo en un pocillo del gel (agarosa 0,8 % (p/v) en 

tampón TAE (Anexo I), y bromuro de etidio 0,2 µg mL−1), el cual fue sometido a un 

voltaje de 100 V, durante 60 min. Tras la migración del DNA, las bandas se 

visualizaron por exposición a luz ultravioleta, y se analizaron en un dispositivo GelDoc 

(BioRad) utilizando el programa informático Image LabTM 3.0.1 (Beta 2). Finalmente, 

las muestras del DNA se ajustaron a una concentración de 40 ng µL–1 con agua 

ultrapura. 

 

2.6.2 Identificación de las cepas mediante secuenciación génica 

 La identificación de las BAL aisladas de sidra de la campaña del 2009 se 

realizó mediante la amplificación parcial del gen rRNA 16S por PCR. Se emplearon los 

oligonucleótidos 616V (5´-AGA GTT TGA TYM TGG CTC AG-3´, Tm 55,3 °C) y 699R 

(5´-RGG GTT GCG CTC GTT-3´, Tm 51,9 °C) (Arahal et al., 2008; Ehrman et al., 

2003) y se obtuvieron fragmentos del orden de 1000 pb. La mezcla de reacción se 

preparó en 50 µL y contenía: 1x del tampón de PCR, 100 µM de cada dNTP (dATP, 

dCTP, dTTP y dGTP), MgCl2 0,5 mM, 2 µM de cada cebador, 1 U de DNA polimerasa 

de alta fidelidad Phusion® (Thermo ScientificTM) y 200 ng de DNA diana. Se utilizaron 

las siguientes condiciones: una etapa de desnaturalización de 5 min a 95 °C; 35 ciclos 

de 1 min a 95 °C, 1 min a 55 °C y 30 s a 72 °C; y una extensión final de 10 min a 72 °C. 
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Cuando fue necesario la amplificación completa del gen, se utilizaron los cebadores 

616V y 630R (5´-CAK AAA GGA GGT GAT CC-3´), y el cebador interno 699R (Ehrman 

et al., 2003). 

La identificación de las cepas aisladas en los años 1992, 2000 y 2003 había 

sido llevada a cabo previamente por el personal del laboratorio. Para ello, se amplificó 

un fragmento de 530 pb del gen rRNA 16S mediante PCR, con los cebadores PA (5 ́-

AGA GTT TGA TCC TGG CTC AG-3 ́) y UP1R (5 -́TAC CGC GGC TGC TGG CAC-3 ́). 

La mezcla de reacción se preparó en 50 µL, y estaba compuesta por: 1x del tampón 

de PCR, 200 µM de cada dNTP, MgCl2 1,5 mM, 0,5 µM de cada cebador, 2,5 U de 

Taq DNA polimerasa (Sigma) y 5 µL de DNA diana. Se utilizaron las siguientes 

condiciones: una primera etapa de desnaturalización de 5 min a 94 °C, 25 ciclos de 

1 min a 94 °C, 1 min a 55 °C y 2 min a 72 °C y una etapa final de 10 min a 72 °C.  

 Los productos de la PCR se visualizaron mediante una electroforesis en un gel 

de agarosa 0,8 % (p/v) en tampón TAE (Anexo I) y teñido con bromuro de etidio 

0,2 µg mL–1, al cual se le aplicó un voltaje de 100 V durante 40 min. Las bandas de 

DNA se documentaron en un equipo GelDoc (Bio-Rad) y se analizaron con el 

programa Image LabTM 3.0.1 (Beta 2), utilizando para la estimación del peso molecular 

el marcador 1 Kb Plus DNA (Invitrogen). 

 La banda con el peso molecular esperado se extrajo del gel y se purificó 

utilizando el kit comercial QIAquick Gel Extraction (Qiagen), para su posterior 

secuenciación en la Unidad de Secuenciación y Genotipado (SGIKER, Universidad del 

País Vasco UPV/EHU).  

Las secuencias de los amplímeros se compararon con las secuencias de 

rRNA 16S depositadas en las bases de datos del NCBI (National Center for 

Biotechnology Information) mediante el algoritmo BLASTn 

(https://BLAST.ncbi.nlm.nih.gov/BLAST.cgi), y con la base de datos EzBioCloud 

mediante EzTaxon (http://www.ezbiocloud.net/eztaxon) (Kim et al., 2012). Las 

secuencias correspondientes a L. sicerae CUPV261T se analizaron adicionalmente 

utilizando el paquete de programas de ARB (Ludwig et al., 2004; http://www.arb-

home.de) con métodos de árbol alternativos (matriz de máxima parsimonia, máxima 

verosimilitud y distancia) y subconjuntos de datos. Los alineamientos automatizados 

de las secuencias se corrigieron manualmente utilizando el editor de secuencias 

ARB_EDIT, y también se usaron como referencias los alineamientos recuperados de 

SILVA y las últimas actualizaciones de LTP (Pruesse et al., 2007; Yarza et al., 2010). 
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La secuencia del gen rRNA 16S de CUPV261T fue depositada en la base de datos del 

NCBI con el número de acceso (Reference Sequence, RS) HG794492. Los datos de la 

secuencia cruda del genoma generados en este estudio para esta cepa, están 

disponibles públicamente en el deposito de lectura de secuencia de archivo (SRA) 

bajo el número de acceso del estudio PRJEB5073 y del ejercicio ERR385820. 

 

2.6.3 Tipificación 

 Para el genotipado de los aislados, se combinaron 4 perfiles RAPD-PCR 

(Random Amplified Polymorphic DNA-PCR) con los cebadores M13 

(5′-GAA ACA GCT ATG ACC ATG-3′) (Pinto et al., 2005), M13V 

(5´-GTT TTC CCA GTC ACG AC-3´) (Ehrman et al., 2003), P1 (5´-ACG CGC CCT-3´) 

y P2 (5´-ATG TAA CGC C-3´) (Simpson et al., 2002). Además, en este análisis 

también se tuvo en cuenta la amplificación de la región ISR 16S-23S, obtenida con la 

pareja de cebadores LA2-ITSMR (5´-GTT CTC GGC TTA ATT ACT G-3´) y 

LA2-16S1F (5´-CAC CCA AAG TCG GTT CGG-3´) para diferenciar entre L. collinoides 

y L. paracollinoides (Suzuki et al., 2004). Las amplificaciones y electroforesis se 

realizaron por duplicado.  

La mezcla de reacción se preparó en 50 µL, y estaba compuesta por: 1x del 

tampón de PCR, 200 µM de cada dNTP (Takara Bio), MgCl2 5 mM, 1 U de DNA 

polimerasa KAPA (KapaBiosystems), 200 ng de DNA diana, y un cebador por reacción 

a una concentración de: 5 µM de M13, 2 µM de M13V, 1 µM de P1 o de P2. Las 

condiciones para la amplificación con cada cebador fueron las siguientes:  

- M13: un ciclo de 5 min a 94 °C, 5 min a 40 °C y 5 min a 72 °C; 33 ciclos 

de 20 s a 94 °C, 30 s a 45 °C, y 45 s a 72 °C.  

- P1 o P2: 5 min a 94 °C, 5 min a 40 °C y 5 min a 72 °C; 33 ciclos de 

1 min a 94 °C, 1 min a 40 °C y 1 min a 72 °C.  

- M13V: 3 ciclos de 3 min a 94 °C, 3 min a 40 °C y 5 min a 72 °C; 35 

ciclos de 1 min a 94 °C, 1,5 min a 55 °C y 3 min a 72 °C.  

 Para la obtención del perfil de bandas RAPD-PCR, las electroforesis se 

realizaron con 20 µL de cada amplificado y 2 µL de tampón de carga (Anexo I), en un 

gel de agarosa 1,9 % (p/v) en tampón TAE y con bromuro de etidio (0,2 µg mL–1. Se 
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aplicó un voltaje de 80 V durante 90 min, y en el caso de M13V de 90 V durante 

75 min.  

En la amplificación con la pareja de cebadores LA2-16S1F & LA2-ITSMR, se 

utilizó una mezcla de PCR compuesta por: 1x tampón de PCR, 200 µM de cada dNTP, 

0,2 µM de cada cebador, 1 U de Ex Taq polimerasa (Takara) y 200 ng de DNA 

muestra. Las condiciones para la amplificación fueron las siguientes: una etapa de 

desnaturalización de 2,5 min a 94 °C; seguida de 35 ciclos de 54 s a 94 °C, 1,5 min a 

52 °C, y 2 min a 72 °C. Los productos de la PCR se visualizaron mediante una 

electroforesis en un gel de agarosa 1,5 % (p/v) en tampón TAE y con bromuro de 

etidio 0,2 µg mL–1, al cual se le aplicó un voltaje de 90 V durante 60 min.  

Para facilitar el análisis y la asignación del peso molecular a las bandas 

obtenidas en cada carril y para cada aislado, los geles de electroforesis se prepararon 

intercalando cada cinco pocillos con muestra, un pocillo con el marcador 1 Kb Plus 

DNA Ladder (Invitrogen). Éstos se visualizaron y se digitalizaron utilizando un equipo 

GelDoc y el programa Image LabTM 3.0.1 (Beta 2) (Bio-Rad), y se almacenaron como 

archivos Tiff. Para el análisis de genotipado se empleó el programa informático 

Bionumerics 2.5 (Applied Maths), mediante el cual se combinaron y se compararon los 

diferentes perfiles de bandas obtenidos a partir de los diferentes aislados de sidra y de 

las cepas de referencia (Tabla 1.1). Para ello, se utilizó el coeficiente de Pearson y se 

realizó un análisis de agrupamiento con el algoritmo UPGMA (Unweighted Pair Group 

Method With Arithmetic Averages (Sneath & Sokal, 1973). 

 

2.6.4 ANI (Average Nucleotide Identity) 

 El análisis ANI se realizó a partir de una pirosecuenciación parcial al azar del 

genoma de CUPV261T (Lucena et al., 2012a) utilizando un secuenciador GS-Junior 

(Roche) en el Servicio Central de Soporte a la investigación Experimental (SCSIE) de 

la Universidad de Valencia. Para ello se utilizó DNA extraído con el kit comercial Real 

Pure kit (Durviz S.L., Roche) con el fin de incrementar el rendimiento total de las 

lecturas. Se obtuvieron 1,73 Mb (978 cotings), que representan un 66 % del tamaño 

estimado genoma. El cálculo del ANI de acuerdo al MUMmer (ANIm) y a BLAST 

(ANIb) entre Lactobacillus vini DSM 20605T (AHYZ01000001-AHYZ01000220) y los 

datos ensamblados de CUPV261T, se llevó a cabo en JSpecies tal y como se describe 

en Richter & Rosselló-Móra (2009) y en las referencias citadas en él. 
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 El valor predictivo de hibridación DNA-DNA (DDH) se obtuvo a partir de 

BLAST+ y la fórmula recomendada (identidades/máxima puntuación de la longitud de 

las secuencias apareadas) del programa “genome-to-genome distance” (GGDC2.0). 

Se considera que dos cepas pertenecen a la misma especie si este valor es igual o 

superior al 70 % (Meier-Kolthoff et al., 2013). 
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3. RESULTADOS 

 Los 41 aislados con fenotipo ropy incluidos en este estudio forman parte de la 

colección de la Universidad del País Vasco UPV/EHU (CUPV), y fueron aislados de 

sidra natural guipuzcoana con la alteración del ahilado (Tabla 1.1). De todas las 

estirpes, 6 habían sido previamente identificadas y 35 corresponden con aislados de 

las campañas 1992, 2000, 2003 y 2009.  

 

3.1 Caracterización de los aislados del año 2009 

 A partir de 4 botellas de sidra alterada procedentes de la campaña de 2009 se 

seleccionaron 14 aislados y se incluyeron en este estudio. Todos ellos presentaron 

morfología bacilar, con células dispuestas en cadenas, formando parejas o en solitario. 

Doce mostraron un metabolismo heterofermentativo, y los aislados CUPV261T y 

CUPV262 un metabolismo homofermentativo estricto (no forman gas a partir de 

glucosa y no utilizan el gluconato de sodio). Las enzimas lactato deshidrogenasa 

(LDH) de las cepas homofermentativas producen una mezcla racémica de D:L-lactato 

con un ratio de 1:0,85 para CUPV261T y 1:0,78 en el caso de CUPV262. Además, se 

estudió la capacidad de cada cepa para utilizar diferentes azúcares mediante el kit 

comercial API® CH (bioMérieux), y los resultados obtenidos se muestran en la 

Tabla 1.2. 

 

3.1.1 Crecimiento y estudio del metabolismo  

 Los 14 aislados se cultivaron en el medio MSD suplementado con ácido 

L-málico (Tabla 1.3). Finalizadas las fermentaciones, las cepas CUPV261T, CUPV262 

y CUPV2371 mostraron los valores de DO600 más altos, y en el resto se observaron 

dificultades para su crecimiento en este medio semidefinido. Las cepas CUPV261T y 

CUPV262 presentaron un metabolismo homoláctico con una transformación de la 

glucosa a lactato. En los demás aislados se observó un metabolismo heteroláctico con 

una producción mayoritaria de lactato y acetato. Por otro lado, las 14 estirpes 

realizaron la fermentación maloláctica (transformación del ácido L-málico a L-láctico), y 

solo en las fermentaciones de tres aislados se consumieron más de 4 g L–1 de este 

compuesto. 
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 Tabla 1.2. Resultados de las pruebas API® CH (bioMérieux).  
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CUPV261T     + + + + +   + + w +  + w  +     DL 

262     + + + + +   + + w   + +  +     DL 

238 + + +  + + + + + + w + + + + + +  w +   +   

239 + + +  + + + +  + +  + +  + +  w    +   

2311 + + +  + + + + + + + + + +  + +  w +   +   

2312 + + +  + + +   + w   +  +       +   

2371 + + +  + + +    w  + +  +       +   

2313 + + +  + +    + + w  +  + w  w    + w  

2315 + + +  + +    + +   +  + w  w    w   

2317 + + +  + + +   + + w  +  + +  +    +   

2320 + + +  + +    + +   +  + w  w    +   

2322 + + + + + + +   + +   +  + +  +    + +  

2323 + + +  + +    + +   +  + w  w    +   

2324 + + +  + +    + +   +  + w  w    +   

L. collinoides + + +  w + +    w   w  w        w  

L. suebicus + + + +  +               +     

L. diolivorans + + + + + + +       +  +     + +  +  

(+) fermentan; (w) viraje débil; (LDH) lactato deshidrogenasa. Los resultados de L. collinoides, L. suebicus y L. diolivorans corresponden al perfil fermentativo representativo  
de cada grupo de cepas previamente identificadas para cada especie de la colección CUPV. 
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3.1.2 Producción de exopolisacárido y determinación del peso molecular 

 Los 14 aislados se cultivaron en el medio MRS-agar, y sus colonias 

presentaron fenotipo ropy ya que formaron largos hilos o se desprendían 

completamente quedando adheridas al asa de siembra. Estas características indicaron 

una posible producción de exopolisacárido. Se descartó aislar el EPS a partir de 

cultivos realizados en caldo MRS, dado que algunos de sus componentes tales como 

el extracto de levadura presentan polisacáridos en su composición. Tras aplicar el 

protocolo de aislamiento del EPS a este medio fresco, se obtuvo un liófilo cuyo análisis 

mediante HPSEC mostró un pico de un peso molecular de 12,9 kDa con un índice de 

polidispersidad de 4,89.  

 Teniendo en cuenta estos resultados, las cepas se cultivaron en el medio 

semidefinido MSD. En éste solo manifestaron el fenotipo ropy los aislados CUPV261T, 

CUPV262 y CUPV2371, y en sus sobrenadantes se cuantificaron entre 38 y 68 mg L–1 

de EPS (Tabla 1.3). Por este motivo las cepas se cultivaron en MRS-agar, y el EPS se 

aisló a partir de la biomasa, a excepción de CUPV262 (Tabla 1.3). El análisis de los 

EPS mediante HPSEC reveló la presencia de tres picos con diferente peso molecular, 

a excepción del producido por CUPV262: i) una fracción de alto peso molecular 

superior a 103 kDa, ii) otra de peso molecular intermedio en torno a 10 kDa, y iii) una 

tercera de menor peso molecular cercana a 1 kDa. Las proporciones entre las 

fracciones variaron según la cepa, y en la mayoría de los EPS la fracción más 

abundante fue la de peso molecular intermedio, a excepción de los EPS procedentes 

de CUPV261T y CUPV2311. Sin embargo, el EPS producido por CUPV262 estaba 

compuesto mayoritariamente por una fracción en torno a 10 kDa, y en él no se detectó 

la fracción de peso molecular superior. 
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Tabla 1.3. Estudio del perfil de fermentación de los aislados del año 2009 y peso molecular de los EPS.  

(a) Datos procedentes de fermentaciones en el medio MSD durante 65 h. Los cultivos se realizaron por duplicado. Los resultados representan la media aritmética ± desviación estándar. 
(b) EPS aislados a partir de biomasa. 
(c) EPS aislado del sobrenadante de un cultivo en el medio MSD. 

Cepa 
aDO600 

 
aGlucosa  

( g L–1) 
aMalato  
( g L–1) 

aLactato 
( g L–1) 

aAcetato  
( g L–1) 

aEtanol  
( g L–1) 

apHfinal 
aEPS 

(mg mL-1) 

bMw (kDa)	
Ratio 

×103 ×10 ×1 

L. sicerae                           

CUPV261T 1,36±0,06 8,46±0,02 1,01±0,01 14,04±0,00 3,75±0,00 0,00±0,00 4,48 64,11±4,66 >2 1,69 4,99 4,9: 3,0: 2,0 

262 1,72±0,06 10,42±0,01 1,63±0,03 10,67±0,03 3,82±0,00 0,00±0,00 4,21 68,69±3,65 		 c2,77 c4,1 c0,0: 3,0: 2,0  
L. collinoides                         

  CUPV2371 1,13±0,07 10,47±0,01 0,00±0,00 6,33±0,01 5,14±0,00  1,70±0,01 4,88 37,98±2,75 1,07 1,95 4,35 1,6: 6,5: 1,8 

238 0,37±0,01 17,02±0,02 1,04±0,00 2,89±0,01 4,88±0,00 0,03±0,01 5,44 7,91±3,97 1,22 1,93 4,85 3,6: 4,7: 1,6 

239 0,33±0,01 17,85±0,02 1,33±0,60 2,75±0,01 4,83±0,01 0,02±0,00 5,52 7,14±1,95 >2 2,1 4,79 4,5: 4,6: 0,8 

2311 0,28±0,01 17,76±0,08 2,90±0,03 2,44±0,01 4,39±0,01 0,09±0,13 5,66 8,28±3,83 1,76 2,07 4,93 5,0: 4,0: 1,0 

2312 0,51±0,01 16,59±0,17 1,93±0,01 2,98±0,03 4,56±0,05 0,05±0,00 5,59 7,91±2,28 >2 2,05 5,13 3,6: 4,8: 1,6 

2313 0,26±0,07 16,61±0,01 4,09±0,03 2,45±0,00 4,34±0,00 0,00±0,00 5,55 11,65±3,57 1,41 2,26 5,03 2,5: 6,5: 0,9 

2315 0,45±0,03 17,78±0,02 3,08±0,01 3,03±0,06 4,76±0,00 0,01±0,01 5,60 10,84±3,08 1,58 2,01 4,74 2,1: 6,9: 1,0 

2317 0,76±0,01 17,17±0,03 0,31±0,01 3,04±0,00 5,02±0,00 0,12±0,17 5,54 10,77±2,00 1,65 2,02 4,86 2,5: 6,3: 1,2 

2320 0,44±0,05 16,31±0,05 0,36±0,04 3,03±0,00 4,83±0,00 0,07±0,01 5,43 10,91±3,12 1,21 2,02 4,96 3,2: 5,8: 1.0 

2322 0,45±0,01 17,12±0,046 1,50±0,03 2,83±0,00 4,83±0,14 0,04±0,00 5,39 9,36±5,44 1,29 2,05 4,75 4,0: 5,0: 1,0 

2323 0,49±0,05 16,08±0,01 2,69±0,01 2,85±0,00 4,43±0,01 0,07±0,00 5,56 8,72±2,28 1,36 2,02 4,81 3,8: 5,2: 1,0 

2324 0,32±0,05 16,22±0,06 3,83±0,01 2,60±0,00 4,49±0,00 0,00±0,01 5,51 8,62±2,25 1,89 2 4,48 2,7: 6,5: 0,8 

Medio MSD - 20,85±0,03 4,46±0,03 0,00±0,00 3,70±0,00 0,00±0,00 5,50 2,77±2,43 - - - - - 
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3.2 Identificación genotípica 

 Este estudio abarca 41 aislados (Tabla 1.1), de los cuales 4 fueron 

identificados previamente por nuestro grupo de investigación como Lactobacillus 

diolivorans CUPV218=G77, y Lactobacillus suebicus CUPV221, CUPV225 y 

CUPV226. Para la identificación de los 14 aislados procedentes del año 2009 se 

amplificó y se secuenció una fragmento del gen rRNA 16S de aproximadamente 

1000 pb; el resto de las cepas (23) fueron identificadas de manera preliminar a partir 

del análisis de una secuencia parcial de unas 500 pb. Una vez comparada cada 

secuencia en la base de datos del NCBI, se observó que 35 aislados compartían una 

similitud superior al 98 % con las especies L. diolivorans (RS: HM218248.1) 16 

aislados de los años 1992 y 2003) y L. collinoides/paracollinoides (19 de 2000, 2003 y 

2009). 

 
Figura 1.5. Árbol filogenético realizado a partir de la secuencia casi completa del gen rRNA 16S de 
la cepa CUPV261T  y con las especies estrechamente relacionadas. Las secuencias de referencia del 
NCBI o números de acceso del GenBank están indicados entre paréntesis. Los valores de confianza de 
Bootstrap >70 % se muestran en las ramificaciones (1000 re-muestreos). Los círculos blancos y los 
círculos negros indican nodos coincidentes en los árboles de máxima verosimilitud y máxima parsimonia, 
respectivamente. Barra de escala, 0,01 sustituciones por posición. 

 BLAST (ANIb) between Lactobacillus vini DSM 20605T

(AHYZ01000001–AHYZ01000220) and assembled data of
strain CUPV261T was performed on JSpecies as described in
Richter & Rosselló-Móra (2009) and references therein. The
low values obtained (ANIb 87.50–87.65 % and ANIm
88.69–88.71 %) were well-below the proposed boundary
(96 %) for genomic species definition. The same conclusion
can be obtained from the predicted DDH value (37.7 %,
well-below the 70 % threshold) using BLAST+ and the
recommended formula (identities/high-score segment
pair’s length) of the genome-to-genome distance calculator
(GGDC2.0) (Meier-Kolthoff et al., 2013). The genomic
assembled sequence of strain CUPV261T also allowed the
determination of its DNA G+C content, which was
37.5 mol%.

Colonies grown on MRS agar plates at 28 uC, 5 % CO2

after 6–7 days, were rubbery and bright, slightly convex,
sometimes displayed a faint halo around, and measured
just over 1 mm in diameter. Cells were rods occurring
singly, in couples or in short chains. Bacterial suspensions
were vitrified and imaged by cryo-transmission electron
microscopy (cryo-TEM) and rods with a mean size of
0.52±0.1062.71±0.72 mm and an apical flagellum were
observed (Fig. 3). One drop of the 48 h culture in MRS
broth was vitrified by rapid freezing in liquid ethane using a
Vitrobot Mark IV (FEI). This vitrified sample grid was
transferred through 655 Turbo Pumping Station (Gatan) to
a 626 DH Single Tilt Liquid Nitrogen Cryo-holder (Gatan),
where it was maintained at approximately 2180 uC.
Copper grid (300 mesh Quantifoils) was hydrophilized by
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Fig. 1. Neighbour-joining phylogenetic tree based on almost complete 16S rRNA gene sequences of strain CUPV261T

(5CECT 8227T) and closely related species. GenBank accession numbers are given in parentheses. Bootstrap values
.70 % confidence are shown at branching points (percentage of 1000 resamplings). Open circles and filled circles
indicate nodes coincident in the maximum-likelihood and maximum-parsimony trees, respectively. Bar, 0.01 substitutions per
position.

A. I. Puertas and others
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 Para las estirpes CUPV261T y CUPV262 aisladas en 2009, se obtuvo una 

secuencia parcial del gen rRNA 16S con una longitud de 1466 pb y fueron idénticas 

entre sí, por lo que para los resultados que se muestran a continuación nos referimos 

a la secuencia de la cepa CUPV261T (RS: HG794492.1). El análisis comparativo 

realizado en Ez-Taxon mostró una similitud del 99,1 % con el gen rRNA 16S de 

Lactobacillus vini CECT 5924T (NR_042196.1), del 96,4 % con el de Lactobacillus 

satsumensis NRIC 0604T (NR_028658.1) y del 96,2 % con el de Lactobacillus 

oeni 59b (NR_043095.1). Además, la secuencia del gen  rRNA 16S de CUPV261T 

formó un par muy estable con la secuencia de Lactobacillus vini CECT 5924T, y 

ambos con el par formado por las cepas tipo de Lactobacillus ghaenensis y 

Lactobacillus nagelii (Figura 1.5, Anexo II.I y II.II). Otras especies que aparecieron 

próximas con un alto nivel de confianza son: Lactobacillus satsumensis, Lactobacillus 

oeni, Lactobacillus cacaonum, Lactobacillus mali, Lactobacillus hordei, Lactobacillus 

capillatus, Lactobacillus sucicola, Lactobacillus aquaticus y Lactobacillus uvarum. 

 

3.2.1 Genotipado de cepas 

 Muchas especies de BAL presentan similitudes elevadas entre sus genes 

rRNA 16S, p. ej., L. collinoides y L. paracollinoides, y por tanto una adecuada 

identificación requiere de otras pruebas adicionales.  

 Respecto a las estirpes CUPV261T y CUPV262, el análisis comparativo de los 

perfiles RAPD realizados con los cebadores M13, P1 y P2, reveló un 83,17 % de 

similitud entre ellas (Figura 1.6 A), sugiriendo que pertenecen a la misma especie sin 

ser clones. Además, estos dos aislados se unieron a algunas cepas de referencia 

pertenecientes a las especies Lactobacillus satsumensis, Lactobacillis nagelii, 

Lactobacillus vini y Lactobacillus uvarum con un 20,51 % de similitud. Este valor 

confirmó que CUPV261T y CUPV262 pertenecen a una especie diferente. El valor de 

correlación cofenética global calculado para el análisis general fue 92, indicando un 

buen nivel de fiabilidad.  
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Figura 1.6. Dendrograma derivado del análisis de agrupamiento de UPGMA. A, dendrograma basado 
en la matriz de similitud combinada obtenida de los perfiles digitalizados RAPD M13, P1 y P2. Se 
muestran los patrones de banda procesados correspondientes a RAPD M13, P1 y P2 después de la 
conversión, normalización y sustracción del background (Puertas et al., 2014). B, dendrograma basado en 
la matriz de similitud combinada, obtenida a partir de los perfiles de la amplificación de la región ISR 
16S-23S, los RAPD-PCR M13, P1, P2, M13 y los resultados API® CH (bioMérieux) de las cepas de 
Lactobacillus sp. estudiadas de la colección CUPV junto con las cepas de referencia. La escala indica el 
porcentaje de similitud. Los perfiles muestran las bandas representativas para cada cluster o especie. Los 
clusters están numerados. 

 

 Para el genotipado de los 41 aislados se tuvo en cuenta la combinación de los 

perfiles de la amplificación de la región ISR 16S-23S y los RAPD-PCR utilizando 

cuatro cebadores universales (M13, P1, P2, M13V), así como la sidrería de 

procedencia, el año de aislamiento y los resultados obtenidos en las pruebas 

bioquímicas API (Figura 1.6 B y Anexo II.III). Como se muestra en la Figura 1.6 B, la 

mayor diferenciación intraespecífica fue obtenida combinando los RAPD, ISR-PCR y 
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los perfiles API. En este análisis los aislados de sidra se diferenciaron en 4 grupos o 

clusters a un nivel de similitud del 50 %: 

- El cluster I incluye 17 aislados junto con la cepa tipo L. diolivorans LMG19667T, 

y este resultado confirma la identificación realizada mediante el análisis de la 

secuencia del gen rRNA 16S (99 % de similitud). 

- El cluster II incluye las 2 cepas de L. sicerae. 

- El cluster III agrupa 19 aislados junto con la cepa tipo L. collinoides CECT 922T. 

Este resultado corrobora su pertenencia a esta especie, y además los perfiles 

ISR-PCR permitieron su diferenciación de la especie L. paracollinoides.  

- El cluster IV agrupa a tres aislados junto con la cepa de referencia L. suebicus 

CECT 5917T. Estas estirpes habían sido previamente identificadas como L. 

suebicus, y además CUPV225 y CUPV226 como productoras de 

heteropolisacárido, y CUPV221 como productora de β-glucano (Tabla 1.1) 

 El análisis de la diversidad intraespecífica realizada mediante RAPD mostró 

diferencias entre los aislados de L. suebicus, que fueron recogidos en diferentes 

sidrerías (Figura 1.7). Los aislados de L. collinoides se agruparon en tres grupos y 

separados de la cepa de referencia. Uno de ellos incluye dos cepas aisladas en el año 

2000 y una en 2003, un segundo grupo compuesto por 11 cepas recogidas en el 2009, 

y un tercer grupo con 4 cepas del 2000 y una del 2009.  
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Figura 1.7. Dendrograma derivado del análisis de agrupamiento de UPGMA, basado en la matriz de 
similitud combinada, obtenida a partir de los perfiles de amplificación 16S-23S ISR y los resultados 
RAPD-PCR utilizando los 4 cebadores universales (M13, M13V, P1 y P2), junto con los resultados API® 
CH (bioMérieux), correspondientes con las cepas de Lactobacillus sp. productoras de EPS y de las cepas 
de referencia. Los perfiles con las bandas no se muestran. La escala mide el porcentaje de similitud. El 
dendrograma también incluye el año de aislamiento y la sidrería de donde fueron aislados. 

 

3.3 Descripción de la especie Lactobacillus sicerae  

 Aunque los resultados de la huella genética RAPD fueron claros y situaron a 

las dos cepas CUPV261T y CUPV262 alejadas genéticamente del resto de especies 

próximas, se quiso reforzar la evidencia genética de que la cepa CUPV261T y la cepa 

tipo de L. vini pertenecen a especies diferentes, a pesar de compartir el 99,12 % de 
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similitud entre la secuencia de sus genes rRNA 16S. Para confirmar este resultado, se 

realizaron los siguientes ensayos adicionales, que dieron lugar a la descripción de la 

nueva especie Lactobacillus sicerae en el manuscrito de Puertas et al. (2014).  

 

3.3.1 Análisis de identidad nucleotídica media ANI (Average Nucleotide Identity) 

y contenido en G+C 

 La determinación de la hibridación DNA-DNA (DDH) utilizada durante años 

para clasificar a una cepa dentro de un taxón determinado en especies procariotas, 

puede ser sustituida por una comparación entre genomas secuenciados de las cepas 

estudiadas, utilizando el promedio de la identidad entre nucleótidos (ANI) aplicado a 

un mínimo del 20 % del genoma secuenciado al azar (Richter & Roselló-Mora, 2009).  

 El cálculo de los parámetros del ensayo ANI se llevó a cabo utilizando las 

secuencias genómicas de CUPV261T (66 % del tamaño estimado del genoma) y el 

genoma de Lactobacillus vini CECT 5924T (AHYZ01000001–AHYZ01000220). Se 

obtuvieron los valores de 87,50-87,65 % para el índice ANIb, y de 88,69-88,71 % para 

ANIm. Se considera que dos cepas pertenecen a la misma especie si el valor del ANI 

es igual o superior al 95 %. Por lo tanto, ambos valores están muy por debajo del 

límite propuesto para la definición genómica de especies, permitiendo la diferenciación 

en dos especies diferentes. La misma conclusión se obtuvo a partir del valor predictivo 

de DDH, que fue del 37,7 %, muy por debajo del valor umbral del 70 %.  

 La secuencia parcial del genoma de CUPV261T, también posibilitó la 

determinación de su contenido en G+C, el cual fue del 37,5 mol %. 

 

3.3.2 Identificación fenotípica 

 Los cultivos de CUPV261T y CUPV262 en caldo MRS presentaron una 

apariencia viscosa, y sus colonias crecidas en el medio MRS-agar mostraron el 

fenotipo ropy. Estas colonias presentaron una textura gomosa, de aspecto brillante, 

ligeramente convexas, a veces rodeadas por un halo, y con un diámetro de poco más 

de 1 mm (Figura 1.8 A). Mediante microscopía se observaron bacilos con unas 

dimensiones de 0,52 ± 0,10 × 2,71 ± 0,72 µm (Figura 1.8 B), no esporulados, solitarios, 
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en parejas o en cadenas cortas, con un flagelo apical (Figura 1.8 D), y envueltos en 

una red de EPS (Figura 1.8 C). 

 
Figura 1.8. Microfotografías de la cepa CUPV261T realizadas mediante diferentes técnicas: A, 
fotografía de colonias cultivadas en MRS-agar; B, microfotografía tomada mediante crio-TEM (barra de 
escala, 1 µm); C y D, microfotografía tomada mediante TEM a partir de una muestra sometida a una 
tinción con acetato de uranilo 2 % (barra de escala, 500 nm). La flecha indica el flagelo apical. 
 

 Para complementar el análisis genómico y diferenciar las cepas CUPV261T y 

CUPV262 de las especies filogenéticamente cercanas, se realizaron las pruebas 

fenotípicas que se muestran en la Tabla 1.4. Las colonias cultivadas en MRS-sacarosa 

mostraron el fenotipo ropy, aunque no se observó un cambio en su apariencia 

respecto a las cultivadas en MRS-glucosa, lo que indicaría que no sintetizan dextrano.  

 Las cepas CUPV261T y CUPV262 crecieron en el medio MRS a los valores de 

pH de 3,7, 4,5 y 8 (28 °C) y a las temperaturas de 15-45 °C, pero no a 5 °C (pH 5,5). 

Las células pudieron crecer y en el medio suplementado con un 10 % (v/v) de etanol, 

pero no lo hicieron con un 5 % (v/v) de NaCl. Así mismo, se cultivaron en el medio 

MSD, y los sobrenadantes se analizaron mediante HPLC. Estos aislados poseen un 

metabolismo homofermentativo estricto, con una producción exclusiva de ácido 

DL-láctico a partir de la glucosa, y además no utilizaron el gluconato de sodio. Son 

capaces de realizar la fermentación maloláctica, transformado el ácido L-málico en 

ácido L-láctico, y pueden consumir citrato. 

A B 

C 
D 



CAPÍTULO 1 

	 76 

Tabla 1.4. Características diferenciales de la cepa CUPV261T y las cepas de las especies 
estrechamente relacionadas. 1, CUPV261T; 2, Lactobacillus vini CECT 5924T; 3, Lactobacillus 
ghanensis L489T; 4, Lactobacillus nagelii CECT 5983T; 5, Lactobacillus satsumensis CECT 7371; 6, 
Lactobacillus oeni CECT 7334T; 7, Lactobacillus uvarum CECT 7335T; y 8, Lactobacillus mali CECT 4149. 
Todos los datos proceden de este estudio, a excepción de los indicados. Todas las cepas son móviles, 
catalasa-negativa y producen ácido a partir de D–manosa. La cepa CUPV262 mostró el mismo resultado 
que CUPV261T, a diferencia de la fermentación de la lactosa (negativo para CUPV262). +, positivo; -, 
negativo; w, débilmente positivo; ND, dato no disponible. 

Característica 1 2 3† 4 5 6|| 7 8 
EPS a partir de sacarosa  + - - + + + + + 
Isómero del ácido láctico DL DL* DL DL‡ L§ L L¶ L# 
Crecimiento con/a:          

NaCl 5 % - + ND + + + + - 
15 °C + - w + + + ND + 
45 °C + + + + + + ND - 

Producción de ácido a partir de:         
L–Arabinosa - + - - - - - - 
D–Ribosa - + - + - - - - 
D–Galactosa + - + + + - - - 
L–Sorbosa - - + + - + - - 
L–Ramnosa - - + + - - - - 
D–Manitol - - + + + + + + 
D–Sorbitol - - - + + + - + 
Metil α–D–manopiranósido + - ND - - - - - 
Metil α–D–glucopiranósido - - - + + + + - 
N–Acetilglucosamina - + + + w + w + 
Amigdalina - + + + + - + + 
Citrato férrico de esculina  - + + + + - + + 
Celobiosa - + + + + - + + 
Maltosa w + - + - - - + 
Lactosa + - - - - - - + 
Melibosa - - - + - - - - 
Melezitosa - - - - - - - + 
β–Gentiobiosa - + - + + - + + 
Turanosa - - - - + - + - 
D–Tagatosa + - - + + - - - 
D–Arabitol - + ND - - - - - 

Contenido de G+C en el DNA (mol %) 37,5 39,4* 37,8 37,7† 40,0§ 37,2 36,1¶ 32,5# 
Datos procedentes de: (*) Rodas et al. (2006); (†) Nielsen et al. (2007); (‡) Edwards et al. (2000); (§) Endo & Okada 
(2005); (||) Mañes-Lázaro et al. (2009); (¶) Mañes-Lázaro et al. (2008); (#) Kaneuchi et al. (1988). 
 

 Además, en las cepas CUPV261T y CUPV262 y en las cepas tipo de las 

especies próximas filogenéticamente, se valoró la capacidad de fermentar diversos 

carbohidratos mediante la utilización de las galerías API® 50CH (Tabla 1.4). A 

diferencia de L. vini (la especie filogenéticamente más próxima), no fueron capaces de 

fermentar las pentosas. El crecimiento en el medio MRS-rojo de clorofenol provocó un 

aumento de la viscosidad en los medios suplementados con glucosa, trehalosa, 

fructosa y sacarosa, pero no con galactosa, maltosa o lactosa.  

 Los perfiles de ácidos grasos de las cepas CUPV261T y Lactobacillus vini 

CECT 5924T contenían los mismos ácidos grasos, pero con diferente abundancia 

relativa, permitiendo su diferenciación (Tabla 1.5). Las diferencias fueron más 
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acusadas para los ácidos grasos C16:0, C19:1
ω7c/C19:1

ω6c, C18:1
ω9c y C14:0. Así mismo, la cepa 

CECT 5924T contiene una fracción mayor de ácidos grasos saturados que CUPV261T. 

 
Tabla 1.6. Comparación del contenido de ácidos grasos celulares (%) de la 
cepa CUPV261T y Lactobacillus vini CECT 5924T (células crecidas en el medio 
MA, durante 48 h y a 28 °C). 

Ácido graso celular Lactobacillus sicerae 
CUPV261T 

Lactobacillus vini 
CECT 5924T 

Saturados   

C12:0
 1,1 1,0 

C14:0 5,3 10,0 

C16:0 12,4 26,4 

C18:0 2,8 2,0 

Insaturados   

C18:1
ω9c 40,0 30,7 

C16:1
ω7c/C16:1

ω6c 3,9 5,1 

C19:1
ω7c/C19:1

ω6c 29,9 17,2 

C18:1
ω7c/C18:1

ω6c
 4,6 7,6 
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4. DISCUSIÓN 

 Los lactobacilos son microorganismos nutricionalmente muy exigentes y 

requieren medios complejos como el MRS para su cultivo. Algunas bacterias lácticas 

son capaces de producir exopolisacárido durante su crecimiento, lo que está 

relacionado con el fenotipo ropy. Su producción está influida por varios factores, tales 

como el pH, la temperatura y el contenido de compuestos nitrogenados en el medio de 

cultivo (Kimmel et al., 1998). Las 41 cepas incluidas en este estudio presentan el 

carácter ropy y pertenecen a la colección de la Universidad del País Vasco (CUPV). 

Todas ellas fueron aisladas de sidra natural ahilada, y producida en el País Vasco 

entre los años 1992 y 2009. Esta alteración está ocasionada por la presencia de 

exopolisacárido de origen bacteriano en la bebida (Dueñas et al., 1995). 

 La identificación de los aislados se realizó mediante la secuenciación parcial 

del gen rRNA 16S, y se apoyó en los resultados obtenidos en los agrupamientos 

realizados a partir de los perfiles de amplificación RAPD e ISR 16S-23S, debido a la 

elevada identidad encontrada entre los genes ribosomales 16S de especies próximas 

p. ej., L. collinoides y L. paracollinoides (Figura 1.6 B). Se concluyó que 19 de ellos 

pertenecen a la especie Lactobacillus collinoides; 17 cepas, a la especie Lactobacillus 

diolivorans, entre las que se encuentra la cepa G77, identificada como productora de α 

y β-glucano (Dueñas et al., 1998); y las 3 cepas ya identificadas como L. suebicus se 

agruparon con su cepa de referencia. L. suebicus CUPV225 y CUPV226 son estirpes 

productoras de heteropolisacárido (Ibarburu et al., 2015), y CUPV221 produce el 

homopolisacárido (1,3)(1,2)-β-D-glucano (Garai-Ibabe et al., 2010b). Los aislados 

CUPV261T y CUPV262 con un metabolismo homofermentativo, se situaron en un 

mismo cluster y no se asociaron a una cepa de referencia, aunque su análisis 

filogenético basado en las secuencias del gen rRNA 16S mostró una similitud muy 

elevada con las cepas tipo de Lactobacillus vini (99,12%), seguida de Lactobacillus 

satsumensis (96,4 %) y Lactobacillus oeni (96,2 %). Además, se llevó a cabo una 

pirosecuenciación parcial del genoma la cepa CUPV261T con el fin de compararlo con 

el genoma de Lactobacillus vini CECT 5924T y calcular los índices ANI entre ellos. 

Estos resultados permitieron llegar a la conclusión de que las cepas CUPV261T y 

CUPV262 representan una nueva especie del género Lactobacillus, y se propuso el 

nombre Lactobacillus sicerae sp. nov. La cepa tipo es CUPV261T 

(=CECT 8227T=KCTC 21012T). Por otro lado, el análisis combinado de RAPD-PCR, 

ISR-PCR, el perfil de fermentación de carbohidratos, la sidrería de procedencia y el 

año de producción de la bebida, permitió la diferenciación intraespecífica de los 

aislados (Figura 1.7 y Anexo II.I). 
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 Con respecto a la incidencia de las especies responsables de la alteración del 

ahilado en la sidra, se observó que en el año 1992 la especie alterante fue 

Lactobacillus diolivorans; en el 2000, L. collinoides; en 2003, L. diolivorans, L. 

collinoides y L. suebicus; y en 2009, L. collinoides y L. sicerae. Los aislados 

analizados fueron recogidos de sidras ahiladas bajo petición de las sidrerías, y 

únicamente la sidrería F fue muestreada en 2003 y 2009, y en este último año se 

recogieron los aislados de la nueva especie Lactobacillus sicerae. Por lo tanto, no hay 

posibilidad de conocer la incidencia de las especies de lactobacilos alterantes en cada 

sidrería. Sin embargo, L. collinoides y L. diolivorans fueron los aislados mayoritarios 

que se recogieron en tres y dos años, respectivamente. Estas dos especies 

frecuentemente se asocian con defectos organolépticos en la sidra, como es el 

amargor (Garai-Ibabe et al., 2008). Además, la especie L. collinoides se relaciona con 

la producción de fenoles volátiles (4-etilfenol, 4-etilguayacol y 4-etilcatecol) causantes 

del “carácter Brett” (Buron et al., 2012), y la producción de aminas biógenas en sidras 

(Coton et al., 2010; Garai-Ibabe et al., 2007).  

 Con respecto a las cepas aisladas en el año 2009, tanto las cepas 

heterofermentativas de la especie L. collinoides, como las estirpes  homofermentativas 

obligadas de L. sicerae, realizaron la fermentación maloláctica. Esta transformación 

del ácido L-málico a ácido L-láctico es habitual en la sidra natural del País Vasco 

(Dueñas-Chasco et al., 1994; del Campo et al., 2008). 

 Los 14 aislados fueron seleccionadas debido a que presentaron fenotipo ropy 

cuando fueron cultivadas en el medio MRS. Debido a la interferencia de algunos 

componentes de este medio para la cuantificación y aislamiento de polisacárido, los 

aislados se cultivaron en el medio de cultivo semidefinido MSD, que fue utilizado 

previamente por nuestro grupo para determinar la producción de EPS por otros 

aislados de sidra (Dueñas-Chasco et al., 1997; Dueñas-Chasco, et al., 1998; Ibarburu 

et al., 2007; Ibarburu et al., 2015). Sin embargo, en este medio solo crecieron las 

estirpes L. sicerae CUPV261T y CUPV262, y L. collinoides CUPV2371. La 

concentración del EPS encontrada en sus sobrenadantes fue de entre 35-70 mg L–1 

(Tabla 1.3), del orden de las producciones descritas para bacterias lácticas aisladas de 

vino (Dimopoulou, 2013), aunque inferiores a las observadas en estirpes aisladas de 

sidra de las especies L. suebicus (heteropolisacárido, 130 mg L-1; Ibarburu et al., 2015) 

Pediococcus parvulus (β-D-glucano, 233 mg L-1; Garai-Ibabe et al., 2010a) y 

Lactobacillus mali (dextrano, 11 g L-1; Llamas-Arriba et al., 2019). 
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 Por otro lado, los EPS producidos por las BAL presentan pesos moleculares de 

hasta 6×103 kDa (Vuyst & Degeest, 1999, Ruas-Madiedo et al., 2002), e incluso se han 

descrito homopolisacáridos que alcanzan los 4,4×105 kDa (Zarour et al., 2017). En el 

presente estudio, el análisis de las muestras del EPS aislado a partir de la biomasa de 

cultivos en medio MRS-agar de las cepas de L. collinoides y L. sicerae, reveló que 

estaban compuestos por tres fracciones con pesos moleculares del orden de 1, 10 y 

otra mayor de 103 kDa (Tabla 1.3). En general, la más abundante fue la fracción de 

peso molecular intermedio, y las proporciones entre unas y otras variaron 

dependiendo de la cepa. La presencia de varios polímeros en los EPS han sido 

también descrita en otros lactobacilos (Baruah et la., 2016; Ibarburu et al., 2015). Es 

también el caso de los aislados de sidra L. diolivorans G77 y O. oeni I4, los cuales 

además de β-glucano, sintetizan (1,6)(1,2)-α-D-glucano (Dueñas et al. 1998), y dos 

heteropolisacáridos (Ibarburu et al., 2007), respectivamente. En vino, la producción de 

HePS y β-glucano ha sido descrita para estirpes de O. oeni, así como la síntesis de 

HoPS a partir de sacarosa (dextranos o levanos) (Dimopoulou et al., 2014; 

Dimopoulou et al., 2016). Estos autores mostraron que los EPS (HePS o dextranos) 

unidos a la célula ejercen un efecto protector durante la liofilización en cultivos 

iniciadores malolácticos de cepas de O. oeni, y sugirieron que estos EPS podrían 

ayudar a mejorar su supervivencia durante la producción y conservación. 
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5. CONCLUSIONES 

 En este estudio se ha realizado un profundo análisis del conjunto de 

Lactobacillus con fenotipo ropy, que fueron aislados de sidra natural ahilada del País 

Vasco, y pertenecientes a la colección de la Universidad del País Vasco. Se incluyeron 

un total de 41 aislados recogidos entre los años 1992 y 2009, y procedentes de 

diferentes sidrerías. 

 La identificación mediante el análisis combinado de la secuenciación parcial del 

gen ribosomal 16S, las características bioquímicas (API), RAPD-PCR utilizando cuatro 

cebadores universales (M13, M13V, P1 y P2) y los perfiles de amplificación ISR-PCR, 

reveló que las especies alterantes fueron L. collinoides (19), L. diolivorans (17), L. 

suebicus (3) y L. sicerae (2). La incidencia de estas especies varió en función del año 

de aislamiento, identificándose L. diolivorans como responsable de la alteración en el 

año 1992,  L. collinoides en el 2000; éstas dos especies junto con L. suebicus en 

2003; y L. collinoides y L. sicerae en 2009. 

 Los resultados de los análisis fenotípicos y genotípicos llevados a cabo en las 

cepas homofermentativas CUPV261T y CUPV262, permitieron la descripción de una 

nueva especie del género Lactobacillus, y se propuso el nombre Lactobacillus sicerae 

sp. nov., cuya cepa tipo es CUPV261T (=CECT 8227T=KCTC 21012T). 

 El estudio fenotípico de los 14 cepas de Lactobacillus collinoides y 

Lactobacillus sicerae procedentes del año 2009, mostró que son capaces de realizar la 

fermentación maloláctica. El análisis de sus EPS aislados a partir de la biomasa, 

reveló que estaban compuestos por tres fracciones con pesos moleculares del orden 

de 1, 10 y mayor de 103 kDa. Finalmente, las estirpes L. sicerae  CUPV261T y 

CUPV262, y L. collinoides CUPV2371 fueron seleccionadas por presentar una 

producción de EPS superior al resto de cepas en el medio semidefinido MSD.  
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1. INTRODUCCIÓN  

En el presente capítulo se describe el estudio realizado sobre la detección de 

genes implicados en la síntesis de exopolisacárido (HoPS y HePS) en las cepas de L. 

collinoides y L. sicerae procedentes de los aislamientos de 2009, y estudiadas en el 

capítulo 1. Los resultados obtenidos nos sugirieron que las cepas de L. collinoides y L. 

sicerae aisladas en la campaña 2009 sintetizan heteropolisacáridos. Así mismo, 

durante el desarrollo del presente trabajo, se aisló la cepa L. collinoides CUPV237 

productora de exopolisacárido, que es un mutante espontáneo superproductor de 

riboflavina de la cepa L. collinoides CUPV2371 (ver detalles en capítulo 5). Con estos 

antecedentes, se seleccionaron las cepas L. collinoides CUPV237 L. sicerae 

CUPV261T para realizar mediante un análisis genómico in silico, una identificación de 

forma predictiva de sus genes eps. Los resultados de este capítulo se recogen 

parcialmente en las publicaciones Puertas et al., (2016, y 2018). 

 Para la síntesis de HePS se requieren proteínas localizadas en la membrana o 

en el espacio periplásmico, y son codificadas por los clusters eps/cps (Jolly & Stingele, 

2001). En el apartado 2.2.1 de la introducción general se ha descrito la organización 

genética de los clusters eps, así como el proceso de síntesis de HePS. En resumen, 

estos clusters incluyen genes que codifican factores reguladores y enzimas 

involucradas en la síntesis de la unidad repetitiva, polimerización y secreción de los 

HePS, incluidas las glicosiltransferasas (GT), que son responsables del ensamblaje de 

la unidad de repetición característica de estos polímeros (Caggianiello et al., 2016). La 

biosíntesis de disacáridos, oligosacáridos y EPS/CPS implica la acción de múltiples 

GT, y su composición es cepa específica. Estas enzimas, catalizan la transferencia de 

azúcares activados desde moléculas donadoras específicas a moléculas aceptoras, 

formando enlaces glicosídicos (Campbell et al., 1997), y dan lugar a diferentes 

combinaciones de monosacáridos y enlaces que componen la unidad estructural. La 

elongación de la cadena se lleva a cabo en la cara extracelular de la membrana 

plasmática. Para ello, son necesarias las proteínas flipasas que exportan la unidad 

repetitiva al exterior, y las polimerasas que las unen al polisacárido en formación (Jolly 

& Stingele, 2001; Ruas-Madiedo et al., 2002; Lebeer et al., 2009). 

Los resultados mostrados en este capítulo, junto con la caracterización de los 

HePS sintetizados por L. collinoides CUPV237 y L. sicerae CUPV261T (capítulo 3), 

contribuyen al conocimiento de los Lactobacillus productores de EPS implicados en la 
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elaboración de la sidra natural del País Vasco, y en la modificación de la 

características organolépticas de la bebida.  
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2. MATERIAL Y MÉTODOS 

2.1 Cepas bacterianas y condiciones de cultivo 

  Las cepas analizadas proceden de los aislamientos del año 20019 (cap´çitulo 

1) y fueron las siguientes: 12 pertenecientes a la especie L. collinoides (CUPV238, 

CUPV239, CUPV2311, CUPV2312, CUPV2371, CUPV2313, CUPV2315, CUPV2317, 

CUPV2320, CUPV2322, CUPV2323, CUPV2324), 2 de la especie L. sicerae 

(CECT 8227T=CUPV261T y CUPV 262), además de P. parvulus 2.6 y L. diolivorans 

G-77 como controles positivos del gen gtf (apartado 2.2). La cepa Lactobacillus 

collinoides CUPV237 productora de exopolisacárido es un mutante espontáneo 

superproductor de riboflavina de la cepa CUPV2371. En el capítulo 5 se describe 

como fue aislado, así como el cambio ocurrido en su genoma que explicaría su 

fenotipo superproductor. 

Los cultivos se llevaron a cabo de forma rutinaria en el medio MRS (pH 5,5) con 

un 2 % de inóculo, a 28 °C y hasta que alcanzaron la mitad de la fase exponencial de 

crecimiento.  

 

2.2 Detección de genes implicados en la síntesis de HoPS y HePS en BAL 

  Para detectar la presencia de genes relacionados con la síntesis de 

homopolisacárido (genes gtf, deg y lev) y de heteropolisacárido (epsD/E, epsA, epsB y 

epsE-G), se realizaron PCR dirigidas utilizando los cebadores descritos en la Tabla 2.1. 

Para ello, se utilizaron las extracciones de DNA de dos cultivos independientes 

realizadas según lo descrito en el capítulo 1 (apartado 2.6.1). 

La mezcla de reacción se preparó en un volumen final de 20 µL, y que 

contenía: 0,075 U µL–1 de la DNA polimerasa ExTaq (Takara), 1x del tampón de PCR 

(Takara), 2,5 mM de MgCl2 ó 4,5 mM para las parejas de cebadores de los genes deg 

y lev; 6,25 µM de cada uno de los oligonucleótidos, 100 µM de cada uno de los cuatro 

dNTP, y 200 ng de DNA molde por reacción. Por cada cepa se realizaron dos PCR 

independientes con cada pareja de cebadores. La reacción de amplificación se realizó 

en un equipo 7300 Real Time PCR System (Applied Biosystem Inc.) y se utilizaron las 

siguientes condiciones según la pareja de cebadores empleada: 
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- GTFF/GTFR: 1 ciclo de desnaturalización de 5 min a 95 ºC; 30 ciclos de 95 ºC 

durante 1 min, 55 ºC durante 1 min y 72 ºC durante 30 s; y una extensión de 

72 ºC durante 10 min. 

- PG-F/PG-R: 1 ciclo de desnaturalización a 94 ºC; 5 ciclos de 94 ºC durante 

30 s, 62 ºC durante 31 s y 72 ºC durante 32 s; seguido de 40 ciclos de 94 ºC 

durante 30 s, 52 ºC durante 31 s; y una extensión final de 72 ºC durante 10 min.  

- eps A-F/eps A-R: 1 ciclo de desnaturalización de 5 min a 94 ºC; 35 ciclos de 

94 ºC durante 15 s, 40 ºC durante 31 s y 72 ºC durante 1,5 min; y una 

extensión final de 72 ºC durante 10 min.  

- eps B-F/eps B-R: 1 ciclo de desnaturalización de 5 min a 94 ºC; 35 ciclos de 

94 ºC durante 45 s, 46 ºC durante 1 min y 72 ºC durante 1 min; y una extensión 

final de 72 ºC durante 10 min.  

- epsEFG-F/epsEFG-R: 1 ciclo de desnaturalización de 5 minutos a 94 ºC; 

40 ciclos de 94 ºC durante 30 s, 49 ºC durante 45 s y 72 ºC durante 90 s; y una 

extensión final de 72 ºC durante 10 minutos.  

- GSF/GSR y FS-F/FS-R: 1 ciclo de desnaturalización de 5 min a 95 ºC; 35 ciclos 

de 95 ºC durante 30 s, 42 ºC durante 45 s y 72 ºC durante 1 min; y una 

extensión final de 72 ºC durante 2 min. 

Tabla 2.1. Cebadores empleados para la amplificación de genes implicados en la síntesis de 
exopolisacárido. 

Cebador Secuencia (5´à3´) 
Tamaño 

amplicón 
(pb) 

Gen 
diana Referencia 

PGF TCATTTTATTCGTAAAACCTCAATTGAYGARYTNCC 189 epsD/E 
Provencher et al., 2003 

PGR AATATTATTACGACCTSWNAYYTGCCA Mozzi et al., 2006 

epsA-F TAGTGACAACGGTTGTACTG 784 epsA Low et al., 1998 
epsA-R GATCATTATGGACTGTCAC Mozzi et al., 2006 

epsB-F CGTACGATTCGTACGACCAT 1150 epsB Deveau et al., 2003 epsB-R TGACCAGTGACACTTGAAGC 

EpsEFG-F GAYGARYTNCCNCARYTNWKNAAYGT 1600 epsE-G Mozzi et al., 2006 Eps EFG-R TGCAGCYTCWGCCACATG 

GTTF CGGTAATGAAGCGTTTCCTG 417 gtf Werning et al., 2006 GTTR GCTAGTACGGTAGACTTG 
GSF GAYAAYWSNAAYCCNRYNGTNC 660 deg Krajl et al., 2003 GSR ADRTCNCCRTARTANAVNYKNG 

FSF GAYGTITGGGAYWSITGGC 800 lev Tieking et al., 2005 FSR TCITYYTCRTCISWIRMCAT 

 

Los productos de PCR se visualizaron mediante electroforesis (100 V, 50 min) 

a partir de 10 µL de producto, con 1,5 µL de tampón de carga (Anexo I), en un gel de 

agarosa al 1 %, ó 2 % para la amplificación parcial del gen epsE (100 V, 70 min). Los 

geles fueron teñidos con 0,2 µg mL−1 de bromuro de etidio y visualizados por 
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exposición a luz ultravioleta. La comparación y normalización de los geles se realizó 

de acuerdo al marcador 1 Kb Plus DNA (Invitrogen), utilizando el equipo GelDoc para 

documentar los geles.  

 

2.3 Secuenciación del genoma de Lactobacillus collinoides CUPV237. Análisis 

de las posibles secuencias proteicas de los genes eps en CUPV237 y 

CUPV261T 

La secuenciación del genoma completo de CUPV237 se realizó utilizando la 

plataforma Illumina GAllx en el CREA Genomics Research Centre, (Fiorenzuola d’Arda, 

Italia). Para la preparación de la biblioteca se partió de una muestra de 2 µL de DNA 

extraída con el kit TruSeq FC-121-1001, y se siguieron las instrucciones del fabricante. 

El análisis de la librería fue realizado en colaboración con los Drs. Giuseppe Spano 

(Universidad de Foggia, Italia) y Luigi Orrú (Agricultural Research and Economics 

(CREA)-Genomics Research Centre, Fiorenzuola d’Arda, Italia) (Puertas et al., 2016). 

 Se obtuvieron un total de 8.107.203 lecturas pareadas (paired-ends), de una 

longitud de entre 90 y 115 pb, las cuales se ensamblaron de novo utilizando CLC 

Genomics Workbench v 7.0. Esto dio como resultado 127 contigs con una longitud N50 

de 70.285 pb. El contig más pequeño contenía 203 pb y el mayor 243.224 pb. El 

genoma consta de 3.707.616 pb y fue anotado utilizando NCBI Prokariotic Genome 

Annotation Pipeline (http://www.ncbi.nlm.nih.gov/genome/annotation_prok). La 

secuencia fue depositada en la base de datos GenBank con el número de acceso 

JYDC00000000. 

 Por otro lado, en este ensayo se tuvo en cuenta la información obtenida de la 

secuenciación parcial del genoma de L. sicerae CUPV261T (ensayo ANI, capítulo 1, 

apartado), la cual contiene 978 lecturas o contigs que abarcan una porción del 

genoma de 1.727.988 pb. 

 Las secuencias de cada contig se depositaron en la plataforma RAST para una 

anotación rápida (Rapid Annotation using Subsystem Technology, 

http://rast.nmpdr.org/rast.cgi; Aziz et al., 2008; Overbeek et al., 2014; Brettin et al., 

2015). Para determinar la función posible de los genes relacionados con la síntesis de 

HePS, éstos se compararon con secuencias depositadas en las bases de datos del 

NCBI mediante el algoritmo BlastX (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Para la 
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predicción de segmentos o hélices transmembrana (HTM) y su orientación, se 

utilizaron los programas TopCons (http://topcons.cbr.su.se/pred/; Tsirigos et al., 2015), 

TMpred (http://embnet.vital-it.ch/software/TMPRED_form.html), y SACS MEMSAT 2 

(http://www.sacs.ucsf.edu/cgi-bin/memsat.py; Jones et al., 1994). Para la localización 

de aminoácidos (serina, tirosina y treonina) susceptibles de ser fosforilados por 

kinasas, se utilizó el programa NetPhos 3.1 server 

(http://www.cbs.dtu.dk/services/NetPhos/; Blom et al., 2004) y annie (http://annie.bii.a-

star.edu.sg/annie/home.do; Ooi et al., 2009). Los alineamientos entre las secuencias 

de las proteínas con la misma función posible y codificadas por los genes eps, se 

realizaron mediante ClustalW (https://www.genome.jp/tools-bin/clustalw), y T-Coffee 

(http://tcoffee.crg.cat) para alinear las secuencias de las proteínas transmembrana. 

Finalmente, el programa mfold (http://unafold.rna.aLany.edu/?q=mfold/RNA-Folding-

Form; Zuker, 2003) se utilizó para detectar y modelar las secuencias de mRNA que 

pudieran corresponderse con terminadores de la transcripción en los transcritos de 

RNA. 

 

2.4 Asignación de la nomenclatura  

 En este trabajo se utilizó el sistema de nomenclatura indicado por Bacterial 

Polysaccharide Gene Nomenclature (BPGN) 

(www.microbio.usyd.edu.au/BPGD/default.htm) y utilizado por otros autores (Reeves et 

al., 1996; Pèant et al., 2005; Dimopoulou et al., 2014). Es un sistema aplicable a todas 

las especies, el cual distingue diferentes clases de genes y aporta un único nombre 

para todos los genes con una misma función. Así, con el prefijo “we-“ se referenciaron 

los genes de exopolisacárido y ”wel-“ los descritos en el género Lactobacillus. El 

prefijo “wz-” se asignó en genes homólogos cuya función predicha fue la de regular la 

síntesis del EPS, y se acompañó de “-r” en los genes identificados como regulador 

transcripcional, o de “-b, -e o -d”, cuando son genes del sistema fosfo-regulador; de “-y” 

en los genes de polimerasa; y de “-x” en los de transporte transmembrana o flipasa. 

Finalmente, los genes implicados en la biosíntesis de los precursores azúcares-

nucleótido se nombraron de acuerdo a la ruta a la que pertenecen. Además, para 

distinguir el cluster de procedencia se añadió una última cifra del 1 al 4. 
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3. RESULTADOS 

3.1 Detección de genes implicados en la síntesis de EPS. 

 Las cepas procedentes de los aislamientos del 2009 pertenecientes a las 

especies L. collinoides y L. sicerae sintetizan EPS (Tabla 1.2). La detección de genes 

específicos para la síntesis de HoPS y HePS se realizó mediante PCR. En ninguna de 

las cepas estudiadas se detectaron los genes implicados en la síntesis de HoPS: 

β-glucano (gtf), dextrano (deg) o levano (lev), y tampoco para los genes relacionados 

con la síntesis de HePS: epsA (o según la nomenclatura que hemos utilizado en este 

trabajo, wzr), epsB (wzb) o epsEFG (welE-G).  

 
 

 Aislado Tamaño 
(pb) 

Cepa de referencia ORF Cobertura 
(%) 

aIdentidad 
(%) 

Valor-e 

CUPV261T 197 L. helveticus CRL1176 EpsE 94 81 2,0e−29 

262 161  EpsE 88 77 1,0e−20 

2371 146 L. fermentum TDS030603 EpsF 96 66 2,0e−9 

238 142  EpsF 99 68 6,0e−17 

2311 142  EpsF 97 70 3,0e−25 

2312 145  EpsF 99 67 5,0e−17 

2317 144  EpsF 89 72 3,0e−16 

2320 139  EpsF 99 70 9,0e−17 

2322 96  EpsF 90 83 2,0e−7 

2323 143  EpsF 94 71 1,0e−16 

2324 138  EpsF 100 67 6,0e−16 

2313 120  EpsF 100 75 2,0e−15 
2315 144  EpsF 78 71 2,0e-16 

(a)  Identidad máxima de la secuencia respecto a la ORF de referencia. 

Figura 2.1. Detección del gen de la glicosiltransferasa iniciadora relacionada con la síntesis de 
HePS. Panel superior, alineación de las secuencias de aminoácidos deducidas a partir de la 
secuenciación de los productos de PCR con los cebadores PG de Provencher et al. (2003). La letra X 
indica un aminoácido indeterminado; sombreado oscuro, aminoácidos idénticos; sombreado claro, 
aminoácidos conservados (solo dos aminoácidos diferentes entre distintas cepas); flecha negra, indica un 
residuo catalítico posible; las líneas oscura y clara sitúan dos de los bloques en los que se divide la 
enzima (van Kranenburg et al., 1999). Panel inferior, tabla resultante de la comparación de las 
secuencias de DNA obtenidas en las amplificaciones, con las secuencias de proteínas contenidas en las 
bases de datos mediante BlastP. 
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Sin embargo, en las 14 cepas se obtuvo el amplicón esperado para el gen de la 

glicosiltrasferasa iniciadora (pGT). Los fragmentos se secuenciaron y se compararon 

mediante el algoritmo BlastP (Tabla de la Figura 2.1). 

 Las secuencias de aminoácidos de las pGT posibles de L. sicerae CUPV261T y 

CUPV262 mostraron similitud con la secuencia de la proteína EpsE de la cepa 

productora de HePS L. helveticus CRL1176 (RS: ABB59702.1, Mozzi et al., 2006). 

Mientras que las secuencias de L. collinoides presentaron similitud con la secuencia 

de la proteína EpsF de la cepa productora de EPS L. fermentum TDS030603 

(BAI67356.1, Dan et al., 2009). Mediante el análisis de los dominios conservados, se 

observó que estas secuencias pertenecerían a proteínas de la familia Bac_transf 

(pfam02397), la cual se compone de proteínas azúcar-transferasas bacterianas, y se 

incluyen en la superfamilia cl27431. 

 

3.2 Genes relacionados con la síntesis de heteropolisacárido en el genoma de 

Lactobacillus collinoides CUPV237 

Mediante la secuenciación del genoma de la cepa CUPV237 se obtuvieron 

116 contigs, cuyas secuencias se depositaron en la plataforma bioinformática RAST. 

En la lista de genes previamente anotados por RAST se realizó una búsqueda in silico 

de genes que pudieran estar relacionados con la síntesis de polisacárido. Se 

encontraron 38 orf predichas distribuidas en 4 clusters, de las cuales 8 se relacionan 

con la síntesis de precursores (Tabla 2.2 y Figura 2.2).  

 En los clusters eps-1, -2 y -3, predictivamente se encontraron genes 

relacionados con funciones de regulación, de síntesis de la unidad repetitiva, de 

exportación y polimerización. Se observó un cuarto cluster (eps4), que además, podría 

estar relacionado con la formación de dNDP-azúcares. 

 De forma general, los posibles genes eps encontrados en el genoma de 

CUPV237 codificarían las siguientes proteínas necesarias para la síntesis de HePS: 

tirosina kinasas (5 genes), fosfatasas (2), glicosiltransferasas iniciadoras de la síntesis 

(3), glicosiltransferasas (12), flipasas (2), polimerasas (2) y reguladores 

transcripcionales (3) (Tabla 2.2). Así mismo, se buscaron secuencias relacionadas con 

enzimas implicadas en la síntesis de HoPS, glicosil-hidrolasas (dextranos y levanos) y 

la sintasa responsable de la producción de (1,3)(1,2)-β-D-glucano, pero no se detectó 
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ninguna de ellas. Para la descripción de los clusters eps de CUPV237, se comienza 

por el extremo próximo a los genes fosforeguladores (Figura 2.2 y Tabla 2.2). 

 

 
Figura 2.2. Representación esquemática de los posibles clusters eps localizados en el genoma de 
L. collinoides CUPV237. Las flechas representan los genes, y su color o trama indica la función posible 
de las proteínas codificadas. Las bandas de color gris claro conectan genes que codificarían proteínas 
con una actividad similar, y las líneas negras terminadas en círculo sitúan a los posibles terminadores de 
la transcripción. 
 

 

Cluster eps1 

 Este cluster está codificado por la hebra complementaria, tiene un tamaño de 

8,172 pb y predictivamente contiene 10 orf. Está flanqueado en el extremo 5´ por un 

gen incompleto relacionado con la transposasa tnp_IS153 de Streptococcus 

thermophillus eps X tipo 0 (RS: AAN63776.1). En el extremo 3´, se sitúa el gen galU 

relacionado con la síntesis de precursores para la biosíntesis de EPS. Corriente arriba, 

se detectaron cuatro genes reguladores wzr, wzd, wze y wzb, seguidos de los genes 

implicados en la formación de la unidad repetitiva: welE, welF, welG y welH. Corriente 

arriba del cluster, se identificó un gen codificante de una polimerasa (wzy), además de 
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un posible terminador transcripcional ρ-independiente 

(5´ AGGAGGCUGUUUAUGUUUUUU 3´). 

 El análisis de las secuencias del cluster eps1 realizados con BlastX mostró 

identidades del 100 % entre las GT de este cluster con GT de L. parabuchneri, entre  

el 75 y el 91 % con las proteínas reguladoras de las especies L. brevis, L. buchneri y L. 

paracollinoides, y un 63 % con la polimerasa de L. plantarum (Tabla 2.2). Por otro lado, 

en RAST se observó que corriente arriba del gen galU1 se sitúrían los genes znuA 

(COG0803, pfam01297), znuC (COG1121, pfam00005) y znuB (COG1108, 

pfam00950) que codificarían una permeasa de membrana tipo ABC. 

 
 
Cluster eps2 

 El cluster eps2 se compone predictivamente de 11 orf codificadas en la hebra 

sentido que comprenden una secuencia de 11.246 pb (Tabla 2.2). Se encontraron dos 

genes reguladores, wzd y wzr,  localizados en el extremo 5´ y 3´, respectivamente. 

Este cluster también contiene el gen galE relacionado con la formación de azúcares 

activados, situado entre el gen welE (pGT) y un grupo con 5 genes consecutivos de 

GT (welF, welG, welH, welI y welJ). Corriente abajo se observó un gen wzy de 

polimerasa,  seguido de un gen wzx de flipasa (transportador de membrana). Cercano 

al extremo 3´ entre los genes wzx y wzr, apareció una secuencia que podría 

corresponderse con un terminador transcripcional ρ-independiente 

(5´AGCUGAUGUGCUGAGUCAGUU 3´). 

 Los análisis de las secuencias del cluster eps2 realizadas con BlastX mostraron 

identidades entre el 99 y el 100 % con proteínas de la cepa L. collinoides DSM20515 

(Tabla 2.2). 
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Tabla 2.2. Organización génica predicha de los clusters eps en la estirpe Lactobacillus collinoides CUPV237.  

Cluster 
y genes 

Tamaño 
(aa) 

aFunción predicha,  
secuencia de referencia (RS) 

bNúmero 
de HTM 

cDom. cons.(valor-e)/ 
S-Fam 

dBacteria / Proteína con la mayor 
identidad, 

RS (valor-e) 

dIdentidad de los 
aminácidos 

(%) 
Cluster eps1     

wzy 379 Polimerasa  
WP_063285235.1 

11 -/- L. plantarum 
WP_076632965.1 (4e

-164
) 

63 

welH 251 Glicosiltransferasa  
KZL42808.1 

0 Gly_Tranf_sug pfam04488 (3,2e
-7

)/ 
Gly_trans_sug cl19952 

L. parabuchneri 
WP_084975616.1 (2e

-141
) 

77 

welG 163 Glicosiltransferasa 
KZL42809.1 

0 COG5017 (6,63e
-15

)/ 
Glycosyltransferase_GTB cl10013 

L. parabuchneri  
WP_063285224.1 (4e

-116) 
100 

welF 150 Glicosiltransferasa  
KZL42810.1 

0 Alg14 pfam08660 (3,76 e-14)/ 
Glycosyltransferase_GTB cl10013 

L. parabuchneri 
WP_063285225.1 (1e

-106
) 

100 

cwelE 234 Glicosiltransferasa iniciadora 
KZL42819.1 

1 Bac_trans pfam02397 (1,26e-56)/  
Bac_trans cl27431 

L. buchneri CD034 
AFS01453.1 (1e

-138
) 

100 

wzb 255 Tirosina fosfatasa 
KZL42811.1 

0 YwqE COG4464 (9,75e-66)/ 
PHP cl23724 

L. buchneri CD034 
AFS01452.1 (3e

-173
) 

91 

wze 243 Tirosina kinasa autokinasa 
KZL42812.1 

1 eps_fam TIGR1007 (1,40e-44)/ 
P_loop_NTPase cl21455 

L. brevis 
ARQ94399.1 (1e

-166
) 

97 

wzd 286 Determinación de la longitud de la cadena 
KZL42813.1 

2 Yvek COG3944 (9,28e-25)/ 
GNVR cl26080 

L. paracollinoides 
WP_054711923.1 (3e–128) 

70 

wzr 325 Regulador transcripcional 
KZL42814.1 

1 LytR PKK09379 (6,66e
-53

)/ 
LytR_CpsA_psr cl00581 

L. paracollinoides 
ANZ65373.1 (3e–166) 

75 

galU 309 UTP–glucosa–1–fosfato urudiltransferasa  
KZL42815.1 

 

0 GalU COG1210 (7,55e
-111

)/ 
Glyco_tranf_GTA cl11394 

L. collinoides DSM20515 
KRM74556.1 (0,0) 

89 

Cluster eps 2     

wzd 251 Determinación de la longitud de la cadena 
WP_063285778.1 

2 Yvek COG3944 (4,93e-09)/ 
GNVR cl26080 

L. collinoides DSM20515 
KRM77917.1 (2e-147) 

99 

welE 216 Glicosiltransferasa iniciadora 
 KZL35798.1 

1 Bac_transf pfam02397 (2,55e
-46

)/ 
Bac_transf cl27431 

L. collinoides 
KRM77916.1 (1e–155) 

99 
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Cluster 
y genes 

Tamaño 
(aa) 

aFunción predicha,  
secuencia de referencia 

bNúmero 
de HTM 

cDom. cons.(valor-e)/ 
S-Fam 

dBacteria / Proteína con la mayor 
identidad, 

RS (valor-e) 

dIdentidad de los 
aminácidos 

(%) 
galE 328 Epimerasa–deshidratasa NAD– dependiente 

WP_056995942.1 
3 UDP_AE_SDR_e cd05256 (3,81e

-72
)/ 

Epimerase superfamily cl25660 

L. collinoides DSM20515 
KRM77915.1 (0,0) 

100 

welF 256 Glicosiltransferasa 
KZL35799.1 

0 Glycos_transf_2 pfam00535 (2,14e
-19

)/ 
Glyco_tranf_GTA cl11394 

L. collinoides DSM20515 
KRM77914.1 (0,0) 

100 

welG 246 Glicosiltransferasa 
KZL35800.1 

0 OCH1 COG3774 (9,42e-11)/ 
Caps_synth cl26275  

L. collinoides DSM20515 
KRM77913.1 (0,0) 

100 

welH 376 Glicosiltransferasa 
KZL35801.1 

0 GT1_WabH_like cd03811 (2,06e
-32

)/ 
glycosyltransferase_GTB_type cl10013 

L. collinoides DSM20515 
KRM77912.1 (0,0) 

100 

welI 326 Glicosiltransferasa 
 KZL35802.1 

0 Stelth_CR2 pfam11380 (2,71e
-24

)/  
Stealth_CR2 cl15596 

L. collinoides DSM20515 
KRM77911.1 (0,0) 

100 

welJ 328 Glicosiltransferasa  
WP_056995931.1  

0 Glyco_tranf_GTA_type cd00761 (4,05e
-14

)/ 
Glyco_tranf_GTA_Type cl11394 

L. collinoides DSM20515 
KRM77910.1 (0,0) 

100 

wzy 409 Polimerasa 
KZL35803.1 

12 -/- L. collinoides DSM20515 
KRM77909.1 (0,0)  

100 

wzx 511 Flipasa  
WP_056995929 

12 MATE_WZX_ like cd13128 (1,35e
-12

)/ 
MATE_ like cl09326 

L. collinoides DSM20515 
KRM77908.1 (0,0) 

100 

wzr 405 Regulador transcripcional  
KZL35804.1 

1 LytR PKK09379 (4,66e
-59

)/  
LytR_CpsA_psr cl00581 

L. collinoides DSM20515 
KRM77907.1 (0,0) 

99 

Cluster eps3     

welF* 131 Glicosiltransferasa  
WP_063285809.1 

0 GT2_AmsE_like cd4195 (1,70e
-27

)/ 
 Glyco_tranf_GTA  cl11394 

L. rennini 
SFZ87057.1 (1e–40) 

61 

welE 169 Glicosiltransferasa iniciadora 
KZL35613.1 

1 Bac_trans pfam02397 (1.33e
-50

)/ 
Bac_transf cl27431  

L. collinoides 
WP_082620226.1 (2e–141) 

100 

galE 284 Epimerasa–deshidratasa NAD– dependiente  
KZL35614.1 

0 UDP_AE_SDR_e cd05256 (1,44e
-56

)/ 
SDR cl25409 

L. collinoides 
WP_056996466.1 (0,0) 

100 
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Cluster 
y genes 

Tamaño 
(aa) 

aFunción predicha,  
secuencia de referencia 

bNúmero 
de HTM 

cDom. cons.(valor-e)/ 
S-Fam 

dBacteria / Proteína con la mayor 
identidad, 

RS (valor-e) 

dIdentidad de los 
aminácidos 

(%) 
wze 244 Tirosina kinasa autokinasa 

KZL35615.1 
0 Eps_fam TIGR01007 (1,80e

-32
)/ 

P_loop_NTPase cl21455 

L. collinoides  
WP_054762722.1 (3e

-172
) 

99 

wzd* 287 eDeterminación de la longitud de la cadena 2 Yvek COG3944 (1,29e
-13

)/ 
GNVR cl26080 

L. similis DSM 23365 
KRN23810.1 (2e

–90
) 

72 

wzr 338 Regulador transcripcional 
KZL35622.1 

1 LytR PRK09379 (2,46e
-60

)/ 
LytR_cpsA_psr cl00581 

L. collinoides DSM20515 
KRM76450.1 (0,0) 

100 

wzb 260 Tirosina fosfatasa  
KZL35616.1 

0 YwqE COG4464 (5,08
-67

)/ 
PHP cl23724 

L. collinoides DSM20515 
KRM76451.1 (0,0) 

100 

glkA 327 Glucokinasa  
KZL35617.1 

0 ROK_glcA_fam TIGR00744 (6,23e
-55

)/ 
NDB sugarkinase HSP70_actin cl17037 

L. collinoides DSM20515 
KRM76452.1 (0,0) 

100 

Cluster eps4     

tagB 300 Glicosiltransferasa 
WP_082820869.1 

1 TagB COG1887 (3,15e
-21

)/ 
GlyTranf_GTB cl10013 

L. collinoides 
KRM76464.1 (0,0) 

99 

welF 333 Glicosiltransferasa 
KZL41392.1 

0 GT2 COG1216 (5,32e
-5

)/ 
Glyco_tranf_2_3 cl26112 

L. collinoides 
KRM76465.1 (2e–134) 

99 

orf1* 374 eProteína hipotética 9 EpsG pfam14897 (4,89e
-9

)/ 
EpsG cl22544 

L. collinoides DSM20515 
KRM75026.1(2e

-179
) 

100 

rfbF 287 Glicosiltransferasa  
KZL41393.1 

0 GT2_RfbF_like cd02526 (2,06e
-28

)/ 
Glyco_tranf_GTA cl11394 

Lactobacillus brevis 
WP_024526586.1 (6e–114) 

57 

wzx 515 Flipasa  
KZL41497.1 

12 RfbX COG2244 (4,24e
-8

)/ 
MATE_like cl09326 

L. pentosus 
WP_120768212.1 (0,0) 

71 

rmlA 290 Glucosa–1–fosfato–timidilil–transferasa 
KZL41394.1  

0 rmlA TIGR01207 (1,49e
-142

)/ 
Glyco_tranf_GTA cl11394 

L. collinoides DSM20515 
KRM74284.1 (0,0) 

100 

rmlC 193 dTDP–4–deshidroramnosa–3,5-epimerasa  
KZL41395.1 

0 rmlC TIGR01221 (4,43
-58

)/ 
cupin_like cl21464 

L. collinoides DSM20515 
KRM74283.1 (4e

-141
) 

100 

rmlB 345 dTDP–D–glucosa–4,6–deshidratasa 
KZL41396.1 

1 RfbB COG1088 (5,91e
-104

)/ 
SDR cl25409 

L. collinoides DSM20515 
KRM74282.1 (0,0) 

100 

rmlD 286 dTDP–4–deshidroramnosa–reductasa 
KZL41397.1 

0 RfbD COG1091 (3,43e
-63

)/ 
NADB_Rossmann cl21454 

L. collinoides DSM20515 
KRM74281.1 (0,0) 

100 
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Cluster 
y genes 

Tamaño 
(aa) 

aFunción predicha,  
secuencia de referencia 

bNúmero 
de HTM 

cDom. cons.(valor-e)/ 
S-Fam 

dBacteria / Proteína con la mayor 
identidad, 

RS (valor-e) 

dIdentidad de los 
aminácidos 

(%) 
galU* 251 

eUTP–glucosa–1–fosfato–uridililtransferasa  0 UGPasa prokariotic cd02541 (0,0)/ 
Glyco_tranf_GTA cl11394 

Lactobacillus sp. 
WP_005688890.1(1e–66) 

75 

(a) Función predicha en base a los resultados obtenidos en las comparaciones de los genes eps en la base de datos NCBI con la función BlastX y el análisis de los dominios conservados, además 
de la información derivada por la anotación de RAST. 

(b) HTM, indica el número de hélices transmembrana predichas en los modelos bioinformáticos obtenidos en los programas TopCons, TMPred, TMHMM y SACs MEMSAT. 
(c) La secuencia de WelE1 depositada en NCBI está incompleta en el extremo NH3-terminal, la secuencia de WelE3 correcta es “MQTERRSGGDPKYGHP + KZL42819.1”. 
(d) Resultados obtenidos utilizando la función BlastX. 
(*) Secuencias incompletas o con la pauta de lectura alterada. 
(aa) aminoácidos. 
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Cluster eps3 

 El cluster eps3 está localizado en la hebra complementaria, tiene una longitud 

total de 6.091 pb y se compone predictivamente de 7 genes eps posibles. En este 

cluster encontramos dos genes relacionados con la formación de precursores de la 

síntesis de EPS, uno es el gen de la glucokinasa (glkA) en el extremo 3´ y el segundo 

es galE, situado en la porción media del cluster. Corriente arriba de glkA se sitúa un 

grupo de 4 genes reguladores: wzb, wzr, wzd (con la pauta de lectura alterada) y el 

gen wze. En este cluster solo se detectaron dos genes que podrían corresponderse 

con GT, uno es el gen de la pGT (welE) y el otro un gen de GT incompleto (welF). Por 

último, en el extremo 3´ se observó una secuencia parcial de la integrasa ISLp11 de 

Lactobacillus kefiranofaciens ZW3 (RS: CP002764.1). 

 Los análisis de las secuencias del cluster eps3 realizados con BlastX, 

mostraron similitudes del 100 % con proteínas reguladoras de L. collinoides 

DSM20515, a excepción de Wzd y WelF cuyas pautas de lectura aparecen 

predictivamente alteradas (Tabla 2.2). 

 

Cluster eps4 

 El cluster eps4 está codificado en la hebra molde, se compone predictivamente 

de 10 orf que abarcarían 9.840 pb. En él se encontraron genes relacionados con la 

síntesis de precursores, galU (con varias interrupciones en su marco de lectura), 

además de los cuatro genes necesarios para la biosíntesis de dTDP-L-ramnosa (rmlA, 

rmlC, rmlB y rmlD). En este cluster no se detectaron genes reguladores, pero sí tres 

genes de GT (tagB, welF y rfbF), además de orf1 que podría estar relacionado con 

una GT de membrana. También se localizó en el extremo 5´ del cluster, un gen de 

flipasa (wzx) y parte de un gen relacionado con la transposasa 1187 de L. fermentum 

IFO3956 (RS: AP008937). 

 Los análisis de las secuencias del cluster eps4 realizadas con BlastX mostraron 

identidades de entre el 99-100 % con las proteínas TagB, WelF, Orf1 y RmlA, -C, -B y 

-D de L. collinoides DSM20515, y entre 57-75 % de similitud con proteínas GalU, Wzx 

y RfbF de otras especies de lactobacilos (Tabla 2.2). 
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3.2.1 Proteínas implicadas en la regulación de la síntesis de polisacárido 

 Los genes eps que codifican las proteínas reguladoras Wzr, Wzd, Wzb y Wze, 

están altamente conservados, probablemente debido a que juegan un papel 

fundamental y necesario para llevar a cabo la síntesis de polisacárido exocelular. 

Estos genes se relacionan con la producción, procesado y regulación de su biosíntesis 

(Bender & Yother, 2001).  

Wzr 

 Estas proteínas son miembros de la familia Lytr_CpsA_Psr (LCP) y están 

relacionadas con el mantenimiento de la envoltura celular (Hübscher et al., 2008; 

Lebeer et al., 2009). En el genoma de la cepa CUPV237 se localizaron tres posibles 

genes wzr distribuidos en los clusters eps1, -2 y -3. En el estudio predictivo del perfil 

de hidrofobicidad de sus secuencias de aminoácidos, se observó que podrían 

contener: una hélice transmembrana compuesta por 18 ó 20 aminoácidos, una porción 

corta de entre 21-34 residuos en el citosol, y el resto de la proteína quedaría expuesta 

al espacio extracelular (Figura 2.3). Y es en esta porción extracelular donde 

encontramos predictivamente un mayor número de residuos y de regiones 

conservadas entre sí. La proteína Wzr1 tiene una similitud con Wzr2 y Wzr3 del 42 % 

(valor-e de 2e–80) y del 72 % (1e–163) respectivamente, y entre Wzr2 y Wzr3 del 45 % 

(7e–81). Además, Wzr1 y Wzr3 presentaron similitudes con reguladores 

transcripcionales de L. paracollinoides (RS: ANZ65373.1) y L. pentosiphilus 

(WP_089088798.1) superiores al 70 %, y Wzr2 con otros de L. paracollinoides 

(WP_065901133.1) del 92 %. 

 
Figura 2.3. Estudio predictivo de las secuencias de aminoácidos de las proteínas reguladoras 
transcripcionales Wzr, encontradas en los clusters eps de L. collinoides CUPV237 (Wzr_237) y L. 
sicerae CUPV261T (Wzr_261). Los residuos sombreados de azul están altamente conservados, y los 
sombreados en gris, aquellos residuos conservados en el 80 % de las secuencias. La flecha azul indica 
predictivamente la posición de las hélices transmembrana predichas en las secuencias Wzr de CUPV237, 
situando la punta de la flecha hacia el espacio extracelular. 

40	
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Wzd 

 Las proteínas Wzd realizan la función de tirosina quinasa, y se encargan de 

determinar la longitud de la cadena del polisacárido que se está sintetizando en una 

acción conjunta con Wze (Péant et al., 2005, Lebeer et al., 2009). En el genoma de la 

cepa CUPV237, se encontraron dos genes posibles wzd localizados en los clusters 

eps1 y eps2. Se identificó un tercer gen wzd3, cuya pauta de lectura aparece 

interrumpida en una región rica en adeninas. Esta mutación altera el marco de lectura 

generando una proteína truncada.  

240	

 

Wzd1:& Wzd2:& Wzd3:&

 
Figura 2.4. Estudio predictivo de las secuencias de aminoácidos de las proteínas tirosina kinasas 
Wzd, encontradas en los clusters eps de L. collinoides CUPV237 y L. sicerae CUPV261T. A, 
Alineamiento de las secuencias (CLUSTALW) de: Wzd_237 (CUPV237), Wzd_261, (CUPV261); RW-
9595M, (Lactobacillus rhamnosus RW-9595M, RS: AAW22487.1; Kang et al., 2015); GG (L. rhamnosus 
GG, CAR87948.1; Lebeer et al., 2009); y D39 (Streptococcus pneumoniae D39, ABJ55335.1; Morona et 
al., 2006). Sombreados en azul se muestran los residuos altamente conservados, y en gris los residuos 
que comparten al menos el 80 % de las secuencias. De manera predictiva: la flecha azul indica la posición 
de las hélices transmembrana predichas en las secuencias Wzd de CUPV237, situando la punta de la 
flecha hacia el espacio extracelular; los triángulos rojos muestran dos tirosinas conservadas 
fundamentales para la función tirosina kinasa (Kang et al., 2015); y la línea verde sitúa el dominio Yvek. B, 
Modelado de las secuencias de aminoácidos de las proteínas Wzd1, Wzd2 y Wzd3 mediante SACS 
MEMSAT para la detección de posibles fragmentos transmembrana. 
 

B 
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 La comparación entre sí de las secuencias de las proteínas Wzd halladas en el 

genoma de CUPV237 mediante BlastP, indicó que Wzd1 y Wzd2 tienen una similitud 

entre sí del 49 %, entre Wzd1 y Wzd3 de 72 %, y entre Wzd2 y Wzd3 de 55 %. 

Además, Wzd1 y Wzd3 parecen contener una región citosólica cercana al extremo 

carboxílico más extensa que Wzd2 (55, 54 y 17 aminoácidos respectivamente, 

Figura 2.4 A). Estas proteínas también mostraron una identidad del orden de 70 % con 

proteínas de otras especies, Wzd1 y Wzd2 con L. paracollinoides (RS: 

WP_054711923.1), y Wzd3 con L. hokkaidonensis (WP_041092315.1). 

 La predicción del perfil de hidrofobicidad predicho a partir de la secuencia de 

aminoácidos, mostró que estas proteínas Wzd podrían contener dos HTM 

(Figura 2.4 B). El alineamiento de las tres posibles proteínas sugirió que el dominio 

conservado Yvek presente en este tipo de enzimas, predictivamente se sitúa en la 

región que está orientada hacia el entorno extracelular (Figura 2.4 A).  

 

Wze 

 Aparecen dos posibles genes wze localizados en los clusters eps1 y eps3 

(Tabla 2.2). Estos genes suelen estar altamente conservados y codificarían proteínas 

implicadas en la regulación de la producción de EPS junto con Wzd (Zeidan et al., 

2017). Los análisis predictivos realizados mediante BlastX de los genes wze, indican 

que podrían codificar proteínas tirosina kinasas pertenecientes a la superfamilia P-

loopNTPasa, y que contienen un posible dominio autokinasa PRK09841 (valor-e de 

1,75e-37) en el extremo carboxilo.  

 La identidad entre las secuencias de proteínas Wze1 y Wze3 fue del 66 % 

(valor-e de 2e-112). Wze1 presentó similitudes por encima del 95 % con proteínas 

implicadas en la biosíntesis de exopolisacárido de especies como L. brevis, L. 

buchneri, P. damnosus, L. kisonensis, L. parabuchneri y L. sunkii. Sin embargo, 

cuando se analizó la secuencia de Wze3, se encontró una identidad del 99 % con 

proteínas de cepas de L. collinoides, y desciende al 80 % con las de L. paracollinoides, 

y al 74 % con las de L. similis. 

 Por otro lado, no se detectaron HTM ni péptido señal en las secuencias de 

Wze1 y Wze3, indicando que estas proteínas podrían situarse en el citosol. En ambas 

secuencias de aminoácidos se observó una región poli-Glu-Tyr localizada en el 

extremo carboxilo de la proteína (Figura 2.5, en amarillo). El residuo de lisina (K) 
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coloreado en gris (K66 de Wze1, y K65 de Wze3) se relaciona con un motivo de unión 

del ATP denominado Walker A. Este motivo confiere la capacidad auto-fosforilativa a 

Wze, por la cual se auto-adicionaría fosfatos en las tirosinas de su región C-terminal 

de manera dependiente de Mg2+. El recuadro azul muestra el motivo de unión del Mg2+ 

o Walker B (Walker et al., 1982, Péant et al., 2005). Dicha región estaría implicada en 

la coordinación del Mg2+ en el lugar de unión a nucleótidos, y se cree que es esencial 

para la actividad ATPasa (Figura 2.5, banda verde) situada a 21 residuos de Walker A 

(Horn et al., 2013).  

 
Figura 2.5. Estudio predictivo de las secuencias de las proteínas tirosina autokinasas Wze 
encontradas en los clusters eps de L. collinoides CUPV237 y L. sicerae CUPV261T. Se realizó un 
alineamiento (CLUSTALW) de las secuencias de: Wze_237 (CUPV237); Wze_261 (CUPV261T); CpsD 
(Streptococcus agalactiae A909, RS: Q3K0T0); y RW-9595M (L. rhamnosus RW-9595M, AAW22488.1). 
Sombreados en azul se muestran los residuos altamente conservados, y en gris los residuos que 
comparten al menos el 80 % de las secuencias. El triángulo rojo indica un residuo catalítico de Lys (K); en 
amarillo, la región fosfo-aceptora C-terminal (GY)X (Toniolo et al., 2015); las bandas azules señalan la 
posición del motivo de unión del ATP, Walker A [(AG)X4GK(ST)], y el motivo de unión del Mg2+, Walker B 
(hhhD, donde “h” representa aminoácidos de naturaleza hidrófoba) (Walker et al., 1982, Péant et al., 
2005); y la banda verde muestra el motivo hhhDxD relacionado con la actividad ATPasa (Horn et al., 
2013). 

 

 Wzb 

 Wzb es una proteína tirosina fosfatasa implicada en la síntesis de 

exopolisacárido mediante el mecanismo Wzy-dependiente (Kang et al., 2015). En este 

estudio se encontraron dos tirosinas fosfatasas en los clusters eps1 y -3, las cuales 

comparten un 67 % de identidad (valor-e de 8e-130). La secuencia de Wzb1 mostró 

identidades del 90 % o superiores con proteínas de las especies L. buchneri, L. 

parabuchneri, L. parafarraginis o P. damnosus. Sin embargo la proteína posible Wzb3, 

presentó identidades del 85 % con cepas de L. paracollinoides (RS: 

WP_054711925.1), del 77 % con L. similis (WP_054735993.1), o del 74 % con L. 

wasatchensis (WP_044009825.1). 

WALKER	A	

WALKER	B	
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 En el alineamiento de la secuencia de aminoácidos predicha, se localizaron de 

manera predictiva los siguientes motivos y residuos destacados en la bibliografía 

(Figura 2.6). Kim et al., (2011) describe los bucles flexibles loop I y loop II alrededor 

del sitio activo, y que en este tipo de proteínas (YwqE) son responsables de la 

conformación abierta o cerrada de la misma (Figura 2.6, recuadros negros). El loop I 

se situaría entre los residuos M43 y H51 de Wzb1, y M46 y H54 de Wzd3. Éste es un 

sitio activo que contiene el motivo conservado [(G/P)X(Y/F)], donde la tirosina Y es la 

encargada de controlar el acceso al sitio catalítico (Figura 2.6, β). El loop II podría 

situarse desde V169 a K175 en Wzb1, y desde V172 a K178 en Wzb3. Este motivo 

contiene la secuencia [(G/P)X1-2FG0-1(K/R)] con el residuo conservado F (Figura 2.6, β), 

que también podría tener funciones de control de acceso al sitio catalítico. Las 

secuencias de Wzb contienen los residuos necesarios para coordinar iones metálicos 

(dos hierros y un magnesio), necesarios para realizar la actividad fosfatasa (Kim et al., 

2011) y están marcados en azul. La arginina (R) del motivo III corresponde con el 

residuo R139 de la proteína CpsB de Streptococcus pneumoniae, esencial para la 

actividad catalítica de esta proteína (Kim et al., 2011), y también observada en las 

Wzd de CUPV237 (Figura 2.6, α). 

	

 
Figura 2.6. Estudio predictivo de las secuencias de las proteínas tirosinas fosfatasas Wzb 
encontradas en los clusters eps de L. collinoides CUPV237 y L. sicerae CUPV261T. En la figura se 
muestra el alineamiento (CLUSTALW) de: Wzb_237 (CUPV237); Wzb_261 (CUPV261T); ATCC9595 (L. 
rhamnosus ATCC9595, RS: AAW22448.1); YwqE (Bacilus subtilis, P96717); TIGR4 (Cps4B de 
Streptococcus pneumoniae TIGR4, AAK74520.1). Se representa con sombreado azul los residuos 
altamente conservados, y en sombreado gris los residuos conservados en el 80 % de las secuencias; las 
bandas azules localizan los cuatro motivos conservados en las proteínas histidinol fosfatasas (PHP) 
(Lapointe et al., 2008); los triángulos rojos indican los residuos que predictivamente coordinan los iones 
metálicos; los rectángulos negros enmarcan los motivos descritos para los loops I y II; α, indica un residuo 
catalítico de arginina; y β, los aminoácidos que podrían ser responsables de la configuración “abierta” o 
“cerrada” de la proteína (Kim et al., 2011). 
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3.2.2 Proteínas implicadas en la síntesis de la unidad estructural, transporte a 

través de la membrana y polimerización de la cadena de EPS 

Glicosiltransferasas iniciadoras 

 Las pGT se caracterizan por ser proteínas incluidas en la membrana celular y 

tienen función de glicosiltransferasa. Se encargan de catalizar la unión del primer 

monosacárido de la unidad estructural del EPS al lípido de membrana C55-P mediante 

un enlace fosfodiéster (van Kranenburg et al., 1999; Videira et al., 2005; Provencher et 

al., 2003; Lebeer et al., 2009). En el genoma de CUPV237, predictivamente se 

localizaron tres genes posibles de pGT distribuidos en los clusters eps1, -2 y -3. 

Predictivamente, las tres proteínas pertenecen a la familia pfam02397, de la 

superfamilia Bac_trans cl27431 (Dimopoulou et al., 2017; Horn et al., 2013). La 

homología obtenida a partir del alineamiento entre las secuencias de aminoácidos de 

Wel1E con Wel2E y Wel3E, fue del 33 % (valor-e de 1e–33) y del 38 % (5e–36), 

respectivamente, mientras que entre estas dos la homología fue del 58 % (4e–82). 

 Por otro lado, se compararon las secuencias predichas de las proteínas WelE 

de CUPV237 con algunas de las pGT caracterizadas en la bibliografía (Provencher et 

al., 2003; Dan et al., 2005; Remus et al., 2012; Horn et al., 2013; Dimopoulou, 2013). 

En este análisis se encontró una identidad del 63 % (valor-e de 2e-100) entre Wel1E y la 

proteína undecaprenil-fosfato galactosafosfotransferasa (RS: WP_012846316.1) de L. 

johnsonii FI9785; un 53 % de identidad de Wel2E (4e-56) y Wel3E (1e-75) con la 

proteína Cps1E (CCC78588.1) de L. plantarum WCFS1. El análisis filogenético de las 

pGT de CUPV237 mostró a Wel1E con un alto grado de conservación (pequeñas 

distancias de evolución) con las proteínas de L. sicerae, L. helveticus, L. fermentum y 

L. johnsonii FI9785 (Figura 2.7 A). Mientras que las Wel2E y -3E fueron próximas a la 

pGT de WCFS1. 

 Las predicciones realizadas en base a los perfiles de hidrofobicidad de las tres 

WelE mostraron una HTM próxima al extremo N-terminal, además de una segunda 

región hidrófoba en Wel1E y Wel3E. En el gráfico de la representación de la predicción 

del incremento de la energía libre de Gibbs podemos observar la posición de las HTM 

(Figura 2.7 B).  
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  Además, se estudió mediante NetPhos qué residuos (serina, treonina o 

tirosina) tienen una mayor probabilidad de ser fosforilados (Anexo II.IV), y se 

encontraron los siguientes:  

- WelE1: T3, S7, Y13, S138, S154 y Y169. 

- WelE2: Y15, T17, T27, S166, T205 y T211. 

- WelE3: T39, T95, 145T Y154, T157, Y167 y T184. 

 Sin embargo, el servidor annie solo encontró un motivo de fosforilación de 

tirosina kinasa ([RK]-x(2,3)-[DE]-x(2,3)-Y) en las posiciones 164-172 de WelE1.  

 
Figura 2.7. Estudio predictivo de la secuencia de la glicosiltransferasa iniciadora WelE. A, análisis 
filogenético deducido mediante el método UPGMA (Sneath, 1973) y elaborado con MEGA a partir de los 
alineamientos realizados con CLUSTALW. Las distancias filogenéticas (en unidades de número de 
aminoácidos sustituidos por sitio Kumar et al., 2006) fueron obtenidas con el método de correlación de 
Poisson (Zuckerkand & Pauling, 1965). B, predicciones de la energía libre de Gibbs (ΔG) de las 
secuencias de WelE obtenidas con el programa TopCons. Las flechas indican la localización de las HTM.  

 

Búsqueda in silico de los motivos catalíticos de las pGT 

 Para identificar y analizar de una manera más exhaustiva las proteínas pGT, 

hemos analizado sus secuencias de acuerdo a lo descrito por otros autores 

(Figura 2.8). En las secuencias de WelE se pueden diferenciar tres bloques, de los 

cuales A y B podrían estar implicados en la interacción con el lípido carrier C-55P, y 

el C estar relacionado con labores de tipo transferasa (Wang et al., 1996; van 

Kranenburg et al., 1999). Para este tipo de proteínas, van Kranenburg et al. (1999) 

propusieron 4 aspartatos (D) y 2 glutamatos como residuos conservados en bacterias 

Gram-positivas. De estos 4 aspartatos, dos podrían formar un motivo catalítico DxD 

encontrado en diversas GT (Jolly & Stingele, 2001; Provencher et al., 2003; van 

Kranenburg et al., 1999). Estos aminoácidos son esenciales para la actividad 
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priming-glicosiltransferasa (Videira et al., 2005), y se localizaron en el bloque B 

(Figura 2.8, línea roja). Además, las pGT poseen un aspartato y un glutamato ambos 

conservados, consecutivos y con carga negativa (Figura2. 8, α), los cuales están 

implicados en la coordinación del catión divalente (Mg2+) necesario para la adición 

del primer residuo al lípido C55-P (Patel et al., 2010). Por otro lado, se ha descrito 

que en las enzimas galactosiltransferasas iniciadoras aparece de manera 

conservada en el bloque C un residuo de tirosina (Y), y localizado en la posición 

Y214 en la estirpe NIZO D35 (van Kranenburg et al., 1999), el cual no se detectó en 

las WelE de CUPV237. Sin embargo, próximo al extremo C-terminal aparece una 

tirosina altamente conservada implicada en la fosforilación y en la regulación de la 

síntesis del EPS (Figura 2.8, triángulo amarillo) (Minic et al., 2007). En el 

alineamiento mostrado en la Figura 2.8, se observó que estos residuos no fueron 

propuestos como sitios de fosforilación en los análisis de NetPhos. Aunque, en el 

análisis con annie se localizó un motivo de fosforilación de tirosina kinasa  

([RK]-x(2,3)-[DE]-x(2,3)-Y) en la proteína Wel1E entre las posiciones R164-Y172.  

 

Glicosiltransferasas  

 Las glicosiltransferasas forman la región variable de los clusters eps. En los 

clusters eps de CUPV237 encontramos un total de 12 GT posibles (Tabla 2.2). Cuatro 

GT pertenecen a la superfamilia GTB (cl10013) y otras cuatro a la superfamilia GTA 

(cl11394). Una de las proteínas GTA es WelF3, cuyo gen parece estar incompleto. El 

resto de GT pertenecen a las superfamilias Gly_tranf_sug (cl19952), Stealth_CR2 

(cl15596),  Caps_synth (cl26275) y Glyco_tranf_2_3 (cl26112). 

 Las proteínas GTA y -B catalizan la transferencia de un residuo de azúcar a 

una molécula aceptora (lípido, proteína, u otro carbohidrato) formando un enlace 

O-glicosídico (https://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl11394). El 

resto de GT pertenecerían a las superfamilias Gly_tranf_sug (cl19952), Stealth_CR2 

(cl15596),  Caps_synth (cl26275) y Glyco_tranf_2_3 (cl26112). La Gly_tranf_sug 

(cl19952),  contiene un dominio conservado con el motivo DxD, relacionado con la 

adición de carbohidratos a otros carbohidratos, grupos fosfato u otras proteínas 

(https://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl19952). Las proteínas 

Stealth_CR2 (cl15596) se vinculan a la existencia de grupos fosfato en los 

polisacáridos, principalmente de bacterias patógenas debido a que son 

D-hexosa-1-fosforil transferasas, y también catalizan enlaces fosfodiéster 
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interglicosídicos (Sperisen et al., 2005). Las proteínas de la superfamilia Caps_synth 

(https://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl26275) y Glyco_tranf_2_

3 (https://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cl26112) están 

relacionadas con polisacáridos capsulares. 

 
Figura 2.8. Estudio predictivo de las secuencias de las proteínas glicosiltransferasas iniciadoras 
WelE encontradas en los clusters eps de L. collinoides CUPV237 y L. sicerae CUPV261T. Se 
muestra el alineamiento de las pGT (CLUSTALW) de: WelE_237 (CUPV237); WelE_261 (CUPV261T); 
NIZO_D35, (EpsD de Lactococcus lactis subsp. cremoris NIZO D35, RS: AAD22526.1); NIZO_B40, (EpsD 
de Lactococcus lactis subsp. cremoris NIZO B40, NP_053030.1); sfi6 (EpsE de Streptococcus 
thermophilus sfi6, AAC44012.1); IST432, (BceB de Burkholderia cenocepacia IST432, ABC71344.1). Con 
una franja negra están marcados los tres bloques funcionales (A, B y C) (van Kranenburg et al., 1999); la 
flecha azul indica la posición aproximada de las hélices transmembrana predichas en las secuencias 
WelE de CUPV237, situando la punta de la flecha hacia el espacio extracelular; α, indica el sitio de 
interacción con el catión divalente Mg2+ (Patel et al., 2010); β, enmarca a la región conservada del bloque 
B; los triángulos rojos indican los residuos conservados de aspartato (D), los verdes los de glutamato (E), 
y el amarillo, una tirosina conservada y sitio de fosforilación (Minic et al., 2006); DxD corresponde con un 
motivo catalítico (Videira et al., 2005).  
 
 

Wzx  

 Se encontraron dos posibles genes wzx en los clusters eps2 y eps4, que 

podrían codificar proteínas flipasas con una función de transporte de la unidad 

repetitiva a través de la membrana.	Actualmente, se conoce que Wzx es una proteína 

multitransmembrana con una enorme diversidad en su secuencia, y exporta 

oligosacáridos con diferentes grados de preferencia (Hong et al., 2018). 

 La comparación entre las secuencias de Wzx mostró un 32 % de identidad 

entre ellas (valor-e de 1e–65). Según el programa informático utilizado para realizar las 
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predicciones en base a la hidrofobicidad de sus secuencias de aminoácidos predichos, 

cada una podría contener de 12 a 14 HTM (Figura 2.9).  
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Figura 2.9. Estudio predictivo de las secuencias de la proteína flipasa Wzx. A, modelado de las 
posibles proteínas Wzx2 y Wzx4 de L. collinoides CUPV237, mediante SACs MEMSAT; B, perfil de las 
energías libres de Gibbs (ΔG) de la secuencia de aminoácidos obtenidas con TopCons, las flechas 
indican la predicción de la posición de la hélice transmembrana. 
 

Wzy 

 La proteína de membrana Wzy se encarga de polimerizar la unidad repetitiva 

en la cadena naciente de EPS y se sitúa en la cara externa de la membrana (Wang et 

al., 1996). El genoma de CUPV237 contiene dos posibles genes relacionados con 

proteínas polimerasas. Estos genes están localizados en los clusters eps1 y -2, y no 

se detectaron en ellos dominios conservados (Tabla 2.2). 

 Los resultados obtenidos en BlastP, mostraron que Wzy1 presenta una 

identidad en torno al 63 % con proteínas polimerasas de las especies L. plantarum, L. 

helveticus, L. kefiranofaciens o L. sakei entre otras. El mismo análisis en Wzy2 mostró 

una similitud del 100 % con L. collinoides DSM20515, además del 38 % con la 

proteína hipotética de L. hokkaidonensis (RS: WP_041092334.1), y del 24 % con una 
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polimerasa de Streptococcus pneumoniae (WP_061388839.1). Por otro lado, los 

modelos de predicción del perfil hidrofóbico de la proteína predicha Wzy1, exhibieron 

hasta 11 posibles HTM (Figura 2.10), además de un péptido señal en el extremo 

amino, mientras que en la secuencia de Wzy2 se identificaron hasta 12 HTM.  

 

 

 
 

 
Figura 2.10. Estudio predictivo de las proteínas Wzy1 y -2, basada en sus perfiles de 
hidrofobicidad. A, modelado de las posibles proteínas Wzy de L. collinoides CUPV237, mediante SACs 
MEMSAT; B, representación gráfica del perfil de las energías libres de Gibbs (ΔG) de la secuencia de 
aminoácidos obtenidas con TopCons, las flechas indican la predicción de la posición de la hélice 
transmembrana. 

 

ORF desconocida  

 Encontramos un posible gen de función desconocida en el cluster eps4 con la 

pauta de lectura alterada. Esta ORF1 podría contener entre 9 y 11 HTM, mostrándola 

como una proteína de membrana (Figura 2.11). Además, su secuencia presenta una 

identidad de entre el 56 y el 60 % con proteínas hipotéticas sin función anotada de L. 

pentosus, L. brevis o L. plantarum. El análisis de los dominios conservados la 

relacionó con proteínas de la familia EpsG (pfam14897), identificadas como 

glicosiltransferasas de membrana.  
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Figura 2.11. Estudio predictivo de la proteína ORF1 del cluster eps4 basada en su perfil de 
hidrofobicidad. A, modelado de la secuencia de aminoácidos de ORF1 de L. collinoides CUPV237, 
mediante SACs MEMSAT; B, representación gráfica del perfil de las energías libres de Gibbs (ΔG) de la 
secuencia de aminoácidos obtenidas con TopCons, las flechas indican la predicción de la posición de la 
hélice transmembrana. 
 

 

3.3 Genes precursores de la síntesis de EPS en CUPV237  

 Con respecto a los precursores de la síntesis de EPS, encontramos 

compuestos de diferente naturaleza entre los que se encuentran: UDP-Glc, UDP-Gal, 

dTDP-L-Rha, UDP-N-acetilglucosamina UDP-N-acetilgalactosamina y 

UDP-N-acetilmanosamina, así como el ácido UDP-galacturónico, acetil-CoA, piruvato, 

CDP-glicerol o el lípido C55-P (Figura 2.12). L. collinoides CUPV237 utiliza para su 

crecimiento los azúcares arabinosa, ribosa, xilosa, galactosa, glucosa, fructosa, 

salicina, maltosa, melibosa y gluconato (Tabla 1.2). Probablemente, a partir de todos 

estos carbohidratos, CUPV237 no sintetiza azúcares nucleótido para la biosíntesis del 

EPS, sino que pueden destinarse a la biosíntesis de componentes de membrana, y 

son considerados esenciales para el crecimiento de la bacteria (Boels et al., 2001). 

Predictivamente, en el genoma de L. collinoides se encontraron diferentes genes que 

corresponderían con proteínas implicadas en la formación de UDP-azúcares y que se 

indican a continuación: 

 Se encontraron dos copias del gen posible de la glucosa-6-fosfato mutasa Pgm 

(EC 5.3.1.9), la cual cataliza la transformación reversible de Glc-6-P a Glc-1-P 

(Figura 2.12). También se detectaron los genes necesarios para completar la ruta 
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metabólica de las pentosas fosfato. En esta la ruta se produce entre otras moléculas 

acetil-CoA, que es el donador del grupo acetilo utilizado en la formación de los UDP-

acetil aminoazúcares. 

 Por otro lado, la glucosa-6-fosfato isomerasa Pgi (EC 5.3.1.9), convierte la 

Glc-6-P en Fru-6-P (Figura 2.12). Se encontraron dos genes pgi con una identidad del 

87 % entre sí. En la formación de UDP-N-acetil-glucosamina intervienen las enzimas 

GlmS (EC 2.6.1.16), GlmM (EC 5.4.2.10), GlmU (EC 2.7.7.23 y EC 2.3.1.157), cuyos 

genes se encontraron en el genoma de CUPV237, y además se necesita Acetil-CoA. 

Esta UDP-N-acetilglucosamina puede ser utilizada para producir tanto polisacáridos 

exocelulares, como componentes de la pared celular, ácidos teicóicos o peptidoglicano. 

En el genoma encontramos una copia del gen que codificaría la 

UDP-N-acetilglucosamina 4-epimerasa NagE (EC 5.1.3.14) para la conversión a 

UDP-N-acetilgalactosamina y la UDP-N-acetilglucosamina 2-epimerasa MnaA, 

(EC 5.1.3.14) para producir UDP-N-acetilmanosamina. 

 También se localizaron los genes relacionados con el metabolismo de la 

galactosa, la ruta Leloir o galactogénesis, y que codifican las proteínas GalT 

(EC 2.7.7.10), GalK (EC 2.7.1.6) y (GalE EC 5.1.3.2) (Figura 2.12). Estos genes se 

agruparían en un mismo cluster, con una copia en el genoma de L. collinoides. 

Además, se hallaron cuatro genes homólogos de GalU (EC  2.7.7.9), dos de estos se 

encontraron en el eps4 muy próximos entre sí, aunque una de las secuencias contiene 

varias interrupciones en su marco de lectura. Por otro lado, también se encontró tres 

copias de los genes necesarios para la formación de UDP-Galp a partir de UDP-Glc 

(GalE, EC 5.1.3.2), y para la formación de UDP-Galf a partir de UDP-Galp (Glf, EC 

5.4.99.9).  

 En el genoma de CUPV237 se detectó una copia de cada gen posible 

necesario para la formación de CDP-glicerol a partir del 3-fosfoglicerato (GAP) 

(Figura 2.12). En esta ruta, la actividad secuencial de las proteínas Tpi (EC 5.3.1.1), 

GpsA (EC 1.1.1.94) y TagD (EC 2.7.7.39) da lugar a CDP-glicerol.  

 Por último, para la formación del intermediario dTDP-L-Rha interviene la 

transferasa RmlA (EC 2.7.7.24), la deshidratasa RmlB (EC 4.2.1.46), la epimerasa 

RmlC (EC 5.1.3.13) y la reductasa RmlD (EC 1.1.1.133) (Graninger et al., 1999). En el 

genoma de CUPV237 se observó una copia de cada posible gen relacionado con cada 

una de estas enzimas localizadas en el cluster eps4. 
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Figura 2.12. Rutas para la formación de los precursores necesarios en la síntesis de EPS, 
deducidas a partir del análisis genómico de Lactobacillus collinoides CUPV237. Pgi (RS: 
KZL38943.1, KZL40223.1); Pgm (KZL35972.1); GlmS (KZL39182.1), GlmM (KZL39183.1), GlmU 
(KZL41703.); GalT (KZL35969.1), GalK  (KZL35971.1), GalE (KZL35970.1; KZL35614.1 
(WP_056995942.1); GalU (WP_082820862.1, KZL41498.1, KZL42815.1; KRL79635.1); GalM 
(KZL41063.1, KZL43334.1, KZL37607.1); Glf (KZL41075.1); NagE; MnaA (KZL41455.1); RmlA 
(KZL41394.1); RmlB (KZL41396.1); RmlC (KZL41395.1); RmlD (KZL41397.1); Tpi (KZL41520.1); GpsA 
(KZL41535.1); TagD (KZL41459.1).  
 

 

3.4 Genes relacionados con la síntesis de EPS en L. sicerae CUPV261T 

 Para el análisis in silico de los genes eps en CUPV261T se utilizaron los contigs 

de DNA obtenidos a partir de la secuenciación parcial del genoma, realizada para el 

ensayo ANI descrito en el capítulo 1. Predictivamente, se detectaron genes eps en 8 

de los contigs (Tabla 2.3), los cuales codificarían las proteínas: regulador 

transcripcional (1), tirosina quinasa (4), tirosina fosfatasas (2), glicosiltransferasa 

iniciadora de la síntesis (3), glicosiltransferasa (9), flipasa (1) y precursores de la 

síntesis (1), además de genes de transposasa (3). No se detectaron genes eps de 

polimerasas (wzy), aunque podrían situarse en la porción no secuenciada del genoma. 

En la anotación rápida del genoma parcial realizada por RAST, tampoco se 

encontraron genes correspondientes con enzimas sintasas o glicosil-hidrolasas. 

 El análisis mediante Blast de las secuencias de las proteínas predichas de los 

posibles genes eps encontrados en CUPV261T (Tabla 2.3), mostró proteínas 

relacionadas con genes reguladores en los contigs 3 y 225, con identidades de entre 
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el 70 y el 98 % con proteínas de L. collinoides, L. paracollinoides, L. buchneri y L. 

sunkii, y L. vini, respectivamente. Se encontraron posibles genes de pGT en tres 

contigs diferentes, una de ellas relacionada con una proteína de L. sunkii (99 % de 

identidad), y dos con L. vini (93 %). Por otro lado, se encontraron identidades 

superiores al 87 % entre las GT predichas y GT de las especies L. plantarum y L. 

nuruki (contig 6), L. buchneri (contig 52), L. vini (contigs 189 y 229), e inferiores al 

55 % de identidad con L. satsumensis y L. murinus (contig 232). También se localizó 

un gen wzy con un 99 % de identidad con una flipasa de Pediococcus damnosus, y un 

gen galU con un 99 % con una proteína de L. nuruki. Además, se detectaron tres 

transposasas en tres contigs (6, 52 y 146), con identidades superiores al 95 % con 

proteínas de L. sakei, L. hordei y L. plantarum. 

 Las secuencias de las proteínas correspondientes con los posibles genes eps 

encontrados en CUPV261T, se compararon con las proteínas posibles de los clusters 

eps1, -2, -3 y -4 de L. collinoides CUPV237 (Tabla 2.3). Se observó una identidad 

entre el 99,5 y el 70 % con las secuencias del contig 3 de L. sicerae y las posibles 

proteínas del cluster eps1 de L. collinoides. Además, en RAST se observó que aguas 

arriba del gen galU1 se situarían los genes znuB (COG1108, pfam00950), znuC 

(COG1121, pfam00005), tpn ISL3 (COG3464, pfam13542) y znuA (COG0803, 

pfam01297), y que estarían relacionados con una permeasa de membrana tipo ABC y 

una transposasa. Los tres genes znu mostraron una identidad superior al 99 % con los 

genes znu encontrados aguas arriba del cluster eps1 de CUPV237.  
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Tabla 2.3. Relación de genes encontrados en la secuenciación parcial y no ensamblada del genoma de L. sicerae CUPV261T.  

Contig y 
genes 

Longitud 
proteína 

(aa) 
aFunción predicha 

bNúmero 
de HTM 

Dominio conservado (valor-e) / 
Superfamilia 

 

Bacteria / Proteína con la 
mayor identidad, 

RS (valor-e) 

Identidad de los 
aminoácidos 

(%) 

c Identidad 
con CUPV237 

(%) 
3        

galU 310 UTP–glucosa–1–fosfato 
uridiltransferasa 

0 GalU (4,13e–169) COG1210/ 
Glyco_tranf_GTA_Type cl11394 

L. collinoides DSM20515 
KRM74556.1 (0,0) 

89 GalU1 (99,03) 

wzr 325 Regulador transcripcional 1 LytR (3,10e–76) PRK09379/  
LytR_CpsA_psr cl00581 

L. paracollinoides 
WP_083224292.1 (2e–165) 

75 Wzr1 (97,85) 

wzd 286 Determinación de la longitud de 
la cadena 

2 Yvek (2,96e-40) COG3944/ 
GNVR cl26080 

L. paracollinoides 
WP_054711923.1 (6e–145) 

70 Wzd1 (97,20) 

wze 247 Tirosina kinasa autokinasa 0 eps_fam (6,61e–61) TIGR01007/ 
P_loop_NTPasa cl21455 

L. buchneri  
WP_003561315 (3e–174) 

98 Wze1 (96,93) 

wzb 254 Tirosina fosfatasa 0 YwqE (9,27e-71) COG4464/  
PHP cl23724 

L. sunkii 
WP_070368065 (5e–175) 

92 Wzb1 (87,29) 

welE 232 Glicosiltransferasa iniciadora 1 Bac_transf (4,12e-84) pfam02397/ 
Bac_Transf cl27431 

L. sunkii 
WP_070368066 (1e-167) 

99 WelE1 (71,37) 

6        
welF 358 Glicosiltransferasa 0 GT1_cap1E_like (6,36–61) cd03808/ 

Glycosyltransferase_GTB_type cl10013	
L. plantarum 

WP_105316413.1 (0,0) 
99 - 

welG 371 Glicosiltransferasa 0 GT1_cap1E_like (1,62e–117) cd03808/ 
Glycosyltransferase_GTB_type cl10013 

L. plantarum 
 WP_103851980.1 (0,0) 

99 - 

welH 361 Glicosiltransferasa 0 GT1_capH_like (3,61e–110) cd03812/ 
Glycosyltransferase_GTB_type cl10013 

L. nuruki 
 WP_102197015. 1 (0,0) 

99 - 

orf1 384 - 7 - L, nuruki  
WP_102197010.1 (0,0) 

98 - 

welI 335 Glicosiltransferasa 0 Glycos_transf_2 (2,17e-32) pfam00535/ 
Glyco_transf_GTA cl11394 

L, nuruki  
WP_102197009.1 (0,0) 

98 - 

Tpn 251 Transposasa 0 Transposase_mut (2,08e-75) pfam00872/ 
Transposase_mut cl27632 

L. plantarum WHE 92 
EYR70495.1(2e–175) 

98  

52        
welF 327 Glicosiltransferasa 0 Stealth_CR2 (5,92e–48) pfam11380/ 

Stealth CR2 cl15596 
L. buchneri 

 WP_003561329.1 (0,0) 
99 - 

tpn 93 Transposasa IS30 0 Tra8 (4.27e–26) COG2826/ 
Tra8 cl28104 

L. sakei 
WP_004271217 (2e-63) 

99 - 
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Contig y 
genes 

Longitud 
proteína 

(aa) 
aFunción potencial 

bNúmero 
de HTM 

Dominio conservado (valor-e) / 
Superfamilia 

Bacteria / Proteína con la 
mayor identidad, 

RS (valor-e) 

Identidad de los 
aminoácidos 

(%) 

c Identidad 
con CUPV237 

(%) 
wzx 516 Flipasa 12 MATE_Wzx_like (8,86e–08) cd13128/ 

MATE_like cl09326 
Pediococcus damnosus 
WP_100078227.1 (0,0) 

99 Wzx4 (40,97) 

146        
welF 290 Glicosiltransferasa 0 Glycos_transf_2 (1,16e–23) pfam00535/ 

Glyco_transf_GTA cl11394 
L. vini 

WP_034992479.1 (2e–162) 
74 - 

tpn 456 Transposasa familia IS4 0 DDE_5 (3,70–10) pfam13546/ 
DDE_5 cl17874 

L. hordei DSM19519 
KRL03996.1 (0,0) 

95 - 

189        
welF* 122 Glicosiltransferasa 0 DUF4422 (4,01e–49) pfam14393/ 

DUF4422 cl16851 
L. vini 

WP_034992922.1 (1e–66) 
88 - 

welE 215 Glicosiltransferasa iniciadora 1 Bac_transf (6,11e-83) pfam02397/ 
Bac_Transf cl27431 

L. vini 
WP_010581115.1 (1e-147) 

93 - 

225        
wzd* 57 Determinación de la longitud de 

la cadena 
- - L. vini 

WP_034994003.1 (6e–26) 
89 Wzd3 (39,62) 

wze* 253 Tirosina kinasa autokinasa 0 eps_fam (3,88e–58) TIGR01007/ 
P_loop_NTPasa (cl21455) 

L. vini 
WP_034994000.1 (6e-178) 

95 Wze3 (50,86) 

wzb 267 Tirosina fosfatasa 0 YwqE (2,50e–60) COG4464/ 
 PHP cl23724 

L. vini 
WP_010579464.1 (1e–180) 

92 Wzb3 (46,06) 

229        
welF 233 Glicosiltransferasa 0 GT1_amsD_like (1,23e–26) cd03820/ 

GTB cl10013 
L. vini 

WP_010579590.1 (7e–148) 
87 - 

232        
welG 284 Glicosiltransferasa 0 Glycos_transf_2_4 (2,60e-17) pfam13704/ 

Glyco_transf_GTA cl11394 
L. satsumemsis 

WP_056960644.1 (9e–78) 
47 - 

welF 254 Glicosiltransferasa 0 DUF4422 (1,66e-97) pfam14393/ 
DUF4422 cl16851 

L. murinus 
WP_112194069.1 (5e–95) 

55 - 

welE* 216 Glicosiltransferasa iniciadora - Bac_transf (1,28e-72) pfam02397/ 
Bac_transf cl27431 

L. vini  
WP_057870782 (1e–147) 

93 - 

(a) Función predicha en base a los resultados obtenidos en las comparaciones de los genes eps en la base de datos NCBI con la función BlastX y el análisis de los dominios conservados, además 
de la información derivada por la anotación de RAST. 

(b) HTM, indica el número de hélices transmembrana predichas en los modelos bioinformaticos obtenidos en los programas TMPred, TMHMM y SACs MEMSAT. 
(c) Comparación entre las secuencias de las proteínas predichas de CUPV237 y CUPV261T mediante RAST. 
(*) Secuencias incompletas o con la pauta de lectura alterada. 
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4. DISCUSIÓN 

 Los exopolisacáridos producidos por las bacterias lácticas muestran una gran 

variedad en su composición (HoPS o HePS), que está directamente relacionada con 

su mecanismo de producción (Zeidan et al., 2017). La presencia de genes eps en las 

cepas de L. sicerae (2) y L. collinoides (12) procedentes de los aislamientos del 2009, 

fue estudiada mediante PCR. A partir de los resultados obtenidos, se descartó la 

presencia de los genes de HoPS relacionados con la glicosiltransferasa GTF 

responsable de la síntesis de (1,3)(1,2)-β-D-glucano (Werning et al., 2006), con 

dextransacarasas (deg) o levansacarasas (lev) (Puertas et al., 2018).  

La detección de la presencia de genes implicados en la síntesis de HePS, se 

llevó a cabo utilizando varias parejas de cebadores (epsD/E, epsA, epsB, epsEFG, 

epsF) previamente descritos (Ibarburu et al., 2015). Se obtuvo una banda de 200 pb 

aproximadamente, que corresponde con una porción el gen de la pGT (Provencher et 

al., 2003) (Figura 2.1, panel inferior). Esta enzima es fundamental en el inicio de la 

biosíntesis del oligosacárido estructural de la cadena de EPS, anclando el primer 

residuo de la unidad repetitiva al lípido C55-P en la cara citoplásmica de la membrana 

(Lebeer et al., 2009). Las secuencias parciales de la proteína WelE presentaron 

identidades entre el 83 y el 66 % con secuencias parciales de proteínas pGT descritas 

por los autores Mozzi et al. (2006) y Dan et al. (2009). Las secuencias de las proteínas 

pGT se caracterizan por diferenciarse en bloques funcionales, donde los bloques A y B 

participan en la interacción con el lípido carrier C55-P, y el bloque C con labores de 

glicosiltransferasa en Salmonella entérica (Wang et al., 1996). Las secuencias de 

aminoácidos predichas a partir de los productos de PCR, mostraron parte de los 

bloques conservados B y C (Figura 2.1), que se localizan en el extremo carboxilo de la 

pGT, similar a lo descrito en bacterias productoras de HePS de los géneros 

Lactobacillus y Bifidobacterium (Provencher et al., 2003; Ruas-Madiedo et al., 2007). 

 Los resultados anteriores sugieren que las cepas de L. collinoides y L. sicerae 

aisladas en la campaña 2009 sintetizan heteropolisacáridos. Con estos antecedentes, 

se realizó posteriormente un estudio in silico de los genomas de L. collinoides 

CUPV237 y L. sicerae CUPV261T para la detección de genes eps y la descripción de 

sus secuencias predichas de proteína, implicadas en la síntesis de HePS. 

 La capacidad de formación de HePS está habitualmente mediada por clusters 

genéticos cuya organización está muy conservada (Zeidan et al., 2017). En el genoma 

no ensamblado de Lactobacillus collinoides CUPV237 se describieron predictivamente 



CAPÍTULO 2 

	 126 

cuatro posibles clusters relacionados con la síntesis de polisacárido. Estos clusters 

albergarían enzimas relacionadas con la síntesis de HePS características de una ruta 

biosíntetica Wzy-dependiente. En ellos se encontraron genes relacionados con 

funciones de regulación, de síntesis de la unidad repetitiva, de exportación y 

polimerización, además, de genes relacionados con la formación de dNDP-azúcares, 

todos ellos son fundamentales para la biosíntesis de HePS en las BAL (Stingele et al., 

1996; Laws et al., 2001; Berger et al., 2007; Lebeer et al., 2009; Horn et al., 2013; 

Zivkovik et al., 2015; Hidalgo-Cantabrana et al., 2015; Caggianiello et al., 2016; Zeidan 

et al. 2017).  

 Los clusters eps2 y -3 contienen genes que codificarían proteínas con una 

identidad cercana al 100 % con proteínas de L. collinoides DSM20515 y que incluso 

mantienen el mismo orden génico, aunque no se ha descrito la producción de HePS 

en esta bacteria. Por otro lado, los clusters eps1 y -4 mostraron una similitud elevada 

con proteínas relacionadas con la síntesis de HePS de lactobacilos 

heterofermentativos (L. parabuchneri, L. buchneri, L. paracollinoides, L. plantarum o L. 

pentosus). En vista de lo encontrado en CUPV237 y DSM20515, estas proteínas 

parecen estar altamente conservadas entre cepas de la misma especie o próximas 

filogenéticamente, como se observó en la especie Lactobacillus paracasei (Noda et al., 

2018).  

 Los clusters eps de CUPV237 por separado no contienen todos los genes 

necesarios para la síntesis de polisacárido exocelular. Sólo los clusters eps1 y -3 

poseen todos los genes reguladores (wzr, wzd, wze y wzb, Figura 2.2), y solo en los 

eps1, -2 ó -4 se encontraron los genes predichos de flipasa o polimerasa. La 

producción de EPS podría explicarse entonces, si aparece una función cooperativa 

entre estos clusters eps, tal y como se ha sugerido para los clusters responsables de 

la síntesis de HePS de L. paracasei IJH-SONE68 (Noda et al., 2018) y de 

Lactobacillus plantarum TMW 1.1478 (Prechtl et al., 2018). Además, es habitual 

encontrar secuencias de inserción o transposasas formando parte de los clusters eps 

de CUPV237 (Tabla 2.2) o en las proximidades de ellos, como ha sido descrito por 

otros autores (Bentley et al., 2006; Berger et al., 2007; Lebeer et al., 2009; Remus et 

al., 2012; Noda et al., 2018). La presencia de estas secuencias nos sugiere una 

posible fragmentación de estos clusters a causa de fenómenos de transposición. 

 Por otro lado, predictivamente se han podido identificar y relacionar los genes 

eps posibles de CUPV237 con las proteínas predichas que corresponden, no solo por 
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la identificación realizada en Blast o RAST, sino también por contener los motivos 

catalíticos o característicos de dichas proteínas que han sido descritos en otros 

trabajos. El gen wzr es ortólogo del gen epsA, el cual funciona como un regulador 

positivo o activador de la síntesis de HePS (Dertli et al., 2013; Cieslewicz et al., 2001), 

y codifica proteínas pertenecientes a la familia LytR-Cps2A-Psr (Eberhardt et al., 2012). 

En Streptococcus aureus, a estas proteínas se les ha atribuido una función de anclaje 

de un glicopolímero a la pared celular (Chan et al., 2014; Schaefer et al., 2017), sin 

encontrar evidencias de que funcione como un regulador transcripcional en 

Streptococcus agalatiae (Toniolo et la., 2015). En las posibles proteínas Wzr2 y -3 

predictivamente se encontró una HTM próxima al extremo N-terminal, situándolas en 

la membrana celular al igual que ocurre en la proteína Cps2A de Streptococcus 

pneumoniae (Morona et al., 2000; Eberhardt et al., 2012). Las dos proteínas Wzr de 

CUPV237 mostraron una identidad elevada (en torno al 70 %) con reguladores 

transcripcionales de otras especies de Lactobacillus. El efecto de la proteína Wzr en la 

biosíntesis del EPS de CUPV237 no está claro, ya que su proteína ortóloga CpsA de 

Streptococcus pneumoniae tiene una implicación directa en la formación de cápsula 

mediante la unión del EPS al peptidoglicano (Eberhardt et al., 2012). Sin embargo, en 

CUPV237 no se observó la formación de cápsula como se aprecia en la 

microfotografía de la Figura 3I B. 

 Con respecto a las proteínas fosforreguladoras, se han descrito en L. 

rhamnosus tres proteínas que desempeñan un papel de control de la producción de 

HePS: Wzb (tirosina fosfatasa), Wzd (modulador transmembrana de la tirosina 

proteína quinasa) y Wze (fosfotirosina quinasa) (Kang et al., 2015). Predictivamente, 

en el caso de CUPV237, los genes que las codifican se han localizado en los clusters 

eps1 (Wzd, -e y –b), eps2 (Wzd) y eps3 (Wzb, -d y –e). Encontramos identidades 

elevadas (>70 %) entre sus secuencias predichas de aminoácidos y las de otras 

especies de Lactobacillus. Tal y como han descrito otros autores, los genes 

reguladores permanecen muy conservados en diferentes especies de BAL (Zeidan et 

al., 2017, Prechtl et al., 2018). En las dos posibles proteínas Wze de CUPV237 se han 

podido localizar predictivamente los motivos Walker A y B, así como una región 

C-terminal rica en glicinas y tirosinas (GY)7 (Figura 2.5). Estas tres regiones se han 

observado en la proteína CpsD de St. pneumoniae (Morona et al., 2000), y son 

necesarias para una actividad autokinasa (Mijakovik et al., 2003). Las proteínas Wzd 

de CUPV237 contienen predictivamente 2 HTM (Figura 2.6), y son identificadas en 

Blast y RAST como tirosinas kinasas implicadas en la determinación de la longitud de 

la cadena, al igual que se ha descrito en la Wzd de L. rhamnosus (Lebeer et al., 2009). 
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Sin embargo, en las secuencias de Wzd1, -2 y -3, no encontramos correspondencia 

con la tirosina conservada Y266 del extremo C-terminal de L. rhamnosus RW-9595M, 

importante para la fosforilación de Wzd (Kang et al., 2015). Se ha sugerido que parece 

estar implicada más de una tirosina en la función asignada a esta proteína (Kang et al., 

2015). En las secuencias predichas de Wzd de CUPV237 se encontraron los residuos 

de tirosina que corresponden con Y33 e Y77 de Streptococcus pneumoniae, cuya 

mutación provocó una disminución de la cantidad de CPS total producido por la 

bacteria (Morona et al., 2006). 

 Por último, en CUPV237 se observaron dos posibles tirosinas fosfatasas Wzb1 

y -3 pertenecientes a la superfamilia de las histidinol fosfatasas-2 (PHP), en cuyas 

secuencias predichas se localizaron los motivos que darían funcionalidad a la misma y 

que han sido descritos por otros autores (Lapointe et al., 2008; Kim et al., 2011). Estas 

proteínas, fueron identificadas en los análisis de Blast como proteínas kinasas 

fosfatasas con una identidad superior al 85 % con fosfatasas de otras especies de 

lactobacilos (Wzb1: Lactobacillus buchneri, Lactobacillus parabuchneri y Lactobacillus 

parafarraginis; Wzb3: Lactobacillus paracollinoides). Mediante el alineamiento de 

Wzd1 y -3 con la proteína de B. subtilis YwqE se reconocieron predictivamente 

(Figura 2.6): (i) los residuos de arginina (R) correspondientes con la actividad catalítica 

(Kim et al., 2011; Hagelueken et al., 2009), (ii) los cuatro motivos presentes en las 

proteínas de la superfamilia PHP, (iii) las histidinas necesarias para la actividad 

fosfatasa localizadas en los motivos I y III (Lapointe et al., 2008) y (iv) se localizaron 

los bucles flexibles loop I y loop II alrededor del sitio activo, que en este tipo de 

proteínas (YwqE) son responsables de la conformación abierta o cerrada de la misma 

(Kim et al., 2011). 

 La producción de la unidad estructural del HePS se lleva a cabo en el interior 

de la célula debido a la disponibilidad de precursores y de GT (Wang et al., 1996). El 

análisis de los dominios conservados de las posibles proteínas Wel1E, -2E y -3E de 

CUPV237 permitió clasificarlas como proteínas pfam02397, al igual que las pGT de 

Oenococcus oeni y de otras bacterias, que han sido catalogadas como 

poliisoprenil-fosfato-hexosa-1-fosfato transferasas (PHPTs) (Dimopoulou et al., 2017). 

Como se ha descrito en las pGT de Oenococcus oeni, estas WelE son proteínas de 

menor tamaño (169-234 aminoácidos) que las encontradas en las especies patógenas 

Streptococcus pneumoniae, Salmonella enterica o Escherichia coli (>400) 

(Dimopoulou et al., 2017). En el estudio de las secuencias predichas de aminoácidos 

de las tres WelE, se localizaron los tres bloques funcionales (A, B y C) conservados, 
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descritos en Salmonella enterica (Wang et al., 1996) (Figura 2.8). El análisis de los 

perfiles de hidrofobicidad indicó la presencia de una HTM próxima al extremo 

N-terminal, y que sitúa a las pGT de CUPV237 en la membrana plasmática, tal y como 

se ha descrito en cepas de L. rhamnosus (Lebeer et al., 2009) u Oenococcus oeni 

(Dimopoulou et al., 2017). Además, en el extremo C-terminal de Wel1E y -2E, se 

identificó una segunda región de carácter hidrófobo observada en WbaP de 

Salmonella enterica (Wang et al., 1996). Las WelE de CUPV237 poseen el motivo 

catalítico DxD esencial para la actividad priming-glicosiltransferasa (Videira et al., 

2005), además de un aspartato y un glutamato consecutivos relacionados con la 

coordinación del ion divalente, que es necesario para la adición del primer residuo de 

azúcar activado al lípido carrier C55-P (Patel et al., 2010) (Figura 2.8). Por otro lado, el 

trabajo de Minic et al. (2007) propone que el inicio de la síntesis puede implicar la 

activación de la pGT mediante la fosforilación de una tirosina conservada, cuyos 

residuos corresponden predictivamente con las tirosinas Y180, Y189 e Y168 de Wel1E, 

Wel2E y Wel3E, respectivamente.  

 La pGT inicia la construcción de la unidad repetitiva y le siguen de manera 

secuencial y ordenada las GT para añadir el resto de residuos que la constituyen. En 

los clusters eps de CUPV237 se localizaron predictivamente 12 GT. Se ha observado 

de manera habitual dentro de los clusters eps de diferentes cepas de Lactobacillus, e 

incluso de Pseudomonas aeruginosa, genes relacionados con GT de las superfamilias 

GTA y GTB como ocurre en CUPV237 (Friedman & Kolter, 2004; Lebeer et al., 2009; 

Horn et al., 2013; Zivkovic et al., 2015). Además, se encontró una glicosiltransferasa 

Stelth_CR2, estas enzimas están implicadas en la síntesis de polisacárido y se han 

descrito en bacterias con la función D-hexosa-1-fosforil transferasa. Estas GT también 

se han detectado en algunas BAL productoras de HePS: Lactobacillus plantarum 

WCFS1 (Cps2G), Oenococcus oeni PSU-1 o Streptococcus thermophillus NCFB 2393  

(Cps5J) (Sperisen et al., 2005). Por otro lado, Wel1H y Wel2G de CUPV237 

pertenecen a las superfamilias de glicosiltransferasas Gly_trans_sug y Caps_synth, 

que no han sido relacionadas hasta el momento por otros autores con la producción 

de EPS en bacterias. Aunque, Wel1H contiene el motivo DxD encontrado en múltiples 

GT de procariotas y de eucariotas (Wiggins & Munro, 1998; Jolly & Stingele, 2001). 

 Por otro lado, se han identificado en el genoma de CUPV237 posibles genes 

que codificarían enzimas relacionadas con funciones de exportación y polimerización. 

Entre ellas están dos polimerasas (Wzy1 y -2) que muestran identidades del 63 % o 

inferiores con otras Wzy de Lactobacillus depositadas en la base de datos del NCBI. 
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En ellas no se han detectado dominios conservados y las predicciones indican que 

poseen 11 ó 12 HTM. El alto número de dominios transmembrana es típico de 

proteínas Wzy (Jolly & Stingele, 2001), y pese a la falta de una clara similitud, se 

asume que actúan como polisacárido polimerasas y que pertenecen a una familia aún 

desconocida de Wzy homólogos (Prechetl et al., 2018). Aún menos conservadas se 

encuentran las proteínas flipasas de CUPV237, con un 53 % de identidad con flipasas 

de L. hokkaidonensis. Estas proteínas de CUPV237 contienen el dominio 

MATE-Wzx-like característico de estos transportadores transmembrana y que se ha 

observado en la flipasa EpsN de L. kefiranofaciens (Wang et al., 2016).  

 En algunas BAL se han descrito los genes responsables de las rutas 

metabólicas para la producción de los precursores necesarios para la síntesis de 

HePS (Dimopoulou et al., 2014, Zeidan et al., 2017). En ocasiones, estos genes se 

localizan alejados de los clusters eps, pero en otros casos se han visto asociados a 

ellos (Dimopoulou et al., 2014; Zeidan et al., 2017; Prechtl et al., 2018). Esto último 

ocurre con los genes GalU, GalE y RmlA, -B, -C y D de L. collinoides CUPV237, que 

fueron encontrados en los clusters eps1, -3 y -4.  Además, también localizamos los 

genes necesarios para la producción de UDP-galactosa, UDP-glucosa, dTDP-ramnosa, 

UDP-N-acetil-glucosamina, UDP-N-acetil-galactosamina, UDP-N-acetil-manosamina y 

CDP-glicerol. 

 Con respecto al trabajo in silico realizado en Lactobacillus sicerae CUPV261T, 

en el análisis de la parte del genoma secuenciado (1.727.988 pb) se encontraron 

posibles genes relacionados con la producción de EPS en 8 de los contigs. Estos 

genes eps codificarían proteínas típicas de un mecanismo de producción de EPS 

Wzy-dependiente, entre las que encontramos proteínas reguladoras, GT y proteínas 

de exportación, además de otros genes relacionados con transposasas. Sin embargo, 

no se detectaron genes de polimerasa que son necesarios para la producción del 

HePS, y que podrían encontrarse en la porción no secuenciada del genoma. Las 

posibles proteínas codificadas por los genes eps detectados en L. sicerae y L. 

collinoides CUPV237, predictivamente comparten los dominios conservados, la 

superfamilia y además poseen las mismas HTM. Cabe destacar, que las posibles 

proteínas codificadas en el contig 3 de CUPV261T, comparten unas identidades 

superiores al 71 % con las proteínas ortólogas reguladoras, GalU y WelE  del cluster 

eps1 de CUPV237. También RAST mostró similitud entre las posibles proteínas 

codificadas en el contig 225 y las posibles proteínas del cluster eps3 de CUPV237, 

aunque con unos porcentajes de identidad que no superaron el 62 % (Wzd, Wze y 
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Wzb). Estas coincidencias podrían explicarse por ser dos cepas que comparten nicho 

ecológico (sidra natural), ya que pertenecen a especies separadas filogenéticamente 

dentro del género Lactobacillus sp. Por otro lado, las posibles proteínas codificadas en 

el contig 6 presentaron unas similitudes muy elevadas (próximas al 100 %) con 

Lactobacillus plantarum y Lactobacillus murinus. Además, las proteínas codificadas en 

cuatro de los contigs con genes eps, mostraron identidades superiores al 74 % con 

proteínas ortólogas de L. vini, especie muy próxima a L. sicerae, y en la que no se ha 

descrito hasta el momento la producción de HePS. 
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5. CONCLUSIONES 

 En este trabajo se ha abordadado la localización de genes eps en las cepas 

productoras de exopolisacárido pertenecientes a las especies L. collinoides y L. 

sicerae aisladas en la campaña 2009. La detección mediante PCR de genes eps 

sugiere que todas las cepas sintetizan heteropolisacáridos. 

 El análisis in silico del genoma completo de L. collinoides CUPV237 mostró 4 

posibles clusters eps; y en L. sicerae CUPV 261T, se identificaron genes eps en 8 de 

los contigs obtenidos de la secuenciación parcial del su genoma. En ambas cepas, 

estos genes codificarían proteínas propias de la ruta biosintética Wzy-dependiente 

para la producción de HePS en BAL: proteínas relacionadas con funciones de 

regulación, de síntesis de la unidad repetitiva, de exportación y polimerización, 

además de otras relacionadas con la formación de dNDP-azúcares. Sin embargo, no 

se detectó el gen de proteína GTF implicada en la síntesis de (1,3)(1,2)-β-D-glucano, 

ni genes de dextran- o levansacarasas, todas ellas relacionadas con la biosíntesis de 

homopolisacáridos. 
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1. INTRODUCCIÓN  

 En sidras ahiladas del País Vasco se han aislado con frecuencia bacterias 

lácticas productoras de EPS. La mayoría de las cepas sintetizan el característico 

homopolisacárido (1,3)(1,2)-β-D-glucano, este biopolímero es sintetizado por cepas 

de las especies P. parvulus, P. ethanolidurans, O. oeni, L. diolivorans y L. suebicus 

(Dueñas-Chasco et al., 1997; Dueñas-Chasco et al., 1998; Ibarburu et al., 2007; 

Garai-Ibabe et al., 2010; Llamas-Arriba et al., 2018). Algunas estirpes aisladas de 

sidra sintetizan junto a este HoPS otros heteropolisacáridos. Además, se ha 

encontrado que algunas cepas de L. suebicus sintetizan únicamente HePS (Ibarburu 

et al., 2015), e incluso la estirpe de L. mali CUPV271 sintetiza un HoPS de tipo 

dextrano (Llamas-Arriba et al., 2019). Estos antecedentes, junto con la diversidad de 

Lactobacillus productores de EPS (capítulo 1), nos sugieren que existe una gran 

variedad de exopolisacáridos producidos por estirpes de BAL aisladas de sidra, que 

contribuyen a la modificación de las características organolépticas de la sidra natural 

del País Vasco y a la alteración del ahilado. 

 A partir de los resultados obtenidos en el capítulo 1 y 2 se seleccionaron el 

par de cepas L. collinoides CUPV237 y L. sicerae CUPV261T para el estudio de la 

estructura y de las características físico-químicas de sus EPS, debido a que 

presentaron una mayor producción y que en sus genomas se encontraron genes 

relacionados con la síntesis de HePS.  

 Algunos EPS producidos por bacterias son un importante componente 

biológico de interacción entre los microorganismos y el hospedador a través de su 

capacidad mediadora en la adhesión a superficies y de reconocimiento celular (Laiño 

et al., 2016). Por otro lado, se han descrito sus efectos beneficiosos sobre la salud de 

los consumidores, ya que algunos EPS pueden regular en la sangre los niveles de 

colesterol (Nakajima, Suzuki & Hirota, 1992; Lindström et al., 2012) y de glucosa 

(Maeda et al., 2004), inhibir la adipogénesis (Zhang et al., 2016), actuar como 

agentes anticancerígenos (Liu et al., 2011; Deepak et al., 2016), poseer un carácter 

antiinflamatorio (Notararigo et al., 2014) o actividad antiviral (Nácher-Vázquez et al., 

2015). A ciertos EPS se les atribuyen efectos inmunomoduladores, particularmente 

en el ambiente intestinal, los cuales han sido observados tanto en ensayos in vivo 

como in vitro (Liu et al., 2011; Murofushi et al., 2015; Castro-Bravo et al., 2018).  

 En los últimos años el modelo animal del pez cebra está siendo una 

herramienta muy útil para realizar estudios en la biología del desarrollo de los 
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órganos o sistemas del pez, o como un modelo animal para estudiar los mecanismos 

implicados en la evolución de enfermedades. Se debe a su elevada fecundidad, a la 

transparencia de sus larvas y a que éstas poseen un tiempo de desarrollo corto 

(Fleming et al., 2010). En el contexto del estudio de enfermedades intestinales, dado 

que el pez cebra tiene un tracto digestivo homólogo al de mamíferos (Marjoram & 

Bagnat, 2015), se ha propuesto como un buen modelo para el estudio de la 

enfermedad de inflamación intestinal (IBD, Inflamation Bowel Disease) (Sartor, 2006).  

 El trabajo mostrado en este capítulo tuvo como objetivo la caracterización 

parcial de los exopolisacáridos producidos por Lactobacillus sicerae CUPV261T y 

Lactobacillus collinoides CUPV237, mediante el estudio de su composición, 

propiedades físico-químicas, estructura y resistencia al estrés gastrointestinal en un 

modelo in vitro. Además, se evaluó el efecto de los EPS producidos por CUPV261T, 

CUPV237, Bifidobacterium longum INIA P132 y Bifidobacterium infantis INIA P731, 

sobre la supervivencia de las larvas de pez cebra en un modelo in vivo de 

enfermedad inflamatoria intestinal inducida por el agente químico dextrano de sodio 

sulfatado (DSS). 
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2. MATERIAL Y MÉTODOS 

2.1 Cepas bacterianas y condiciones de cultivo 

 Las cepas L. collinoides CUPV237 y L. sicerae CUPV261T fueron cultivadas 

de forma rutinaria en el medio MRS. Además, se incluyeron las cepas 

Bifidobacterium longum INIA P132 y Bifidobacterium infantis INIA P731 (origen 

humano) procedentes del Instituto Nacional de Investigación Agroalimentaria (INIA), 

que fueron cultivadas en el medio RCA-agar (Difco). 

 

2.2 Microscopía electrónica de transmisión 

 La observación de las bacterias y de los exopolisacáridos. se realizó con 

tinción negativa mediante microscopía electrónica de transmisión (TEM), aplicando el 

protocolo descrito en el capítulo 1 (apartado 2.3).  

 

2.3 Aislamiento, purificación y cuantificación de los exopolisacáridos  

 La producción y el aislamiento del EPS a partir de las cepas de L. collinoides 

y de L. sicerae se realizó en el medio MSD, y se aplicó el protocolo descrito en el 

capítulo 1 (apartado 2.4.1), mediante el cual se obtuvo el EPS en forma de liófilo 

(EPS crudo). 

 Para la cuantificación del EPS en el medio de cultivo se utilizó el 

sobrenadante libre de células. El contenido en azúcares neutros se analizó mediante 

el método del fenol-sulfúrico descrito del capítulo 1 (apartado 2.4.1). 

 Con el fin de reducir la contaminación de proteínas, DNA y RNA en el EPS, la 

solución acuosa obtenida tras la diálisis se concentró (con fuerte agitación, 50 °C, 

5 h) y se le aplicó el tratamiento enzimático descrito por López et al., (2012): El EPS 

fue suspendido en una solución tampón (Tris-HCl 0,05 M, MgSO4·7H2O 0,1 M a 

pH 7), con 0,25 µg mL−1 de DNasa I de páncreas bovino (Sigma) y 0,2 µg mL−1 de 

RNasa (Sigma), y se incubó durante 6 h (150 rpm, 37 °C). Posteriormente, se 

añadieron 50 µg mL−1 de Pronasa E de Streptomyces griseus (Sigma), preparada 

previamente en una solución de Tris-HCl 50 mM y EDTA 2 % (p/v; pH 7,5), y se 

incubó a 37 °C durante 18 h. Las proteínas y péptidos de la mezcla se precipitaron 
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con ácido tricloroacético (TCA) a una concentración final del 12 % (p/v), con agitación 

suave, a temperatura ambiente y durante 30 min. El pH de la suspensión se ajustó a 

5,5 con NaOH y se centrifugó (15.680 × g, 4 °C, 10 min) para descartar el precipitado. 

Finalmente, el EPS se dializó y liofilizó. 

 La cuantificación de los contaminantes en el liófilo (proteínas, DNA y RNA) se 

realizó utilizando los kits fluorescentes específicos para el fluorímetro Qubit® 2.0 

(Invitrogen), siguiendo las indicaciones aportadas por el fabricante.  

 

2.3.1 Determinación del contenido del EPS en el liófilo 

 La cuantificación del EPS se llevó a cabo en una suspensión de 0,5 mg mL–1 

de liófilo mediante cromatografía de exclusión molecular (HPSEC), y aplicando el 

protocolo descrito en el capítulo 1 (apartado 2.5). Para el análisis cromatográfico, se 

empleó una columna PL-aquagel-OH MIXED-H (8 µm, Agilent Technologies) y una 

columna de guarda PL-aquagel-OH (8 µm, Agilent Technologies), termostatizadas a 

35 °C. La duración del método fue de 20 min, con un flujo de 1 mL min−1. Los 

resultados correspondientes a las áreas de los picos (Ap) se sustituyeron en la 

ecuación: mg de EPS mL–1=(Ap+12.586)/3×105. Esta ecuación se obtuvo a partir de 

la curva de calibrado mostrada en la Figura 3.1, que fue elaborada con un patrón de 

dextrano de peso molecular 12 kDa (Sigma). 

 
Figura 3.1. Curva de calibrado para la cuantificación del EPS en el liófilo. nRIU, unidades 
aportadas por el detector índice de refracción. 
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2.4 Caracterización de los exopolisacáridos 

2.4.1 Determinación del peso molecular, de la composición de monosacáridos 

y análisis de metilación 

 Para la determinación del peso molecular del EPS y visualización de las 

fracciones que lo componen, se aplicó el protocolo descrito en el capítulo 1 

(apartado 2.5). 

 

  El EPS crudo fue separado en dos fracciones mediante un sistema Amicon® 

(diámetro de poro de 50 kDa). Las muestras se disolvieron en una solución de 

NaOH 0,2 M, se centrifugaron (15.680 × g, 15 min) y el sobrenadante se filtró por 

centrifugación de acuerdo a las indicaciones del fabricante. La fracción eluída y la 

retenida fueron dializadas con una membrana de un diámetro de poro de 14 kDa 

(Medicell International, Ltd.), y liofilizadas. 

 Para la determinación de la composición de monosacáridos, los EPS fueron 

hidrolizados con ácido trifluoroacético (TFA) 3 M y convertidos en sus 

correspondientes acetatos de alditol, mediante su reducción con NaBH4 y posterior 

acetilación, de acuerdo al método descrito por Notararigo et al. (2013). La 

identificación y la cuantificación de los monosacáridos se realizó mediante 

cromatografía de gases. 

 Con el fin de determinar el tipo de sustitución de los monosacáridos, los EPS 

se permetilaron siguiendo el método descrito por Ciucanu & Kerek (1984). 

Posteriormente, las muestras se hidrolizaron con TFA 3 M (120 °C, durante 1 h), se 

redujeron y se acetilaron para su conversión en acetatos de alditol (Laine et al., 

1972). Finalmente, los polisacáridos se analizaron mediante cromatografía de 

gases-espectrometría de masas (GC-MS), en un equipo Agilent, 6890A/5975C 

(Hewlett-Packard), utilizando helio como fase móvil. El inyector split/splitless se 

programó a 250 °C, y se analizó 1 µL de muestra con una relación de split de 1:50. 

La columna utilizada fue una Agilent J&W HP-5ms (30 m x 0,25 mm I.D. x 0,2 µm de 

espesor de película). El método comenzó a 160 °C durante 1 min, y después se 

aplicó un incremento de temperatura de 2 °C min-1 hasta alcanzar los 200 °C. Se 

utilizó un rango de m/z entre 40 y 450 amu. La identificación se realizó en base a los 

tiempos de retención y al espectro de masas, y la cuantificación teniendo en cuenta 

las áreas de los picos. Tanto este análisis como la determinación de la composición 
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del EPS, fueron realizados por la doctora Alicia Prieto en el Centro de 

Investigaciones Biológicas (Madrid). 

 

2.4.2 Análisis mediante espectroscopía infrarroja con transformada de Fourier 

(FT-IR) 

 Para detectar la presencia de grupos N-acetilo, carboxilo, fosfato o sulfato, así 

como la configuración α- o β- del carbono anomérico	de los monosacáridos, los EPS 

se analizaron mediante espectroscopía FT-IR. Los espectros de infrarrojos se 

obtuvieron en un espectrómetro de infrarrojos con transformada de Fourier Nicolet 

6700 (Thermo Scientific), a partir de 64 barridos, con una resolución de 4 cm–1 y en el 

rango de 4000-400 cm–1. La preparación de las muestras se llevo a cabo mediante la 

técnica del KBr, por la cual las pastillas se prepararon con 1-3 mg de EPS. 

 

2.4.3 Análisis mediante Resonancia Magnética Nuclear (RMN)  

 Los espectros de RMN 1H se obtuvieron a partir de una suspensión de 

1 mg mL–1 de EPS en agua deuterada	 (óxido de deuterio, 99 atom % D, Sigma). Los 

análisis se realizaron a 500,13 MHz en un espectrómetro Bruker DRX-500, 

registrando los espectros a 303 K. Los desplazamientos químicos son dados en 

partes por millón utilizando como referencia la señal del agua semipesada (HDO) a 

4,23 ppm. El tratamiento de datos se realizó con el programa MestReNova (versión 

10.0.2-15465, © Mestrelab Research S.L.). 

 

2.4.4 Análisis de la estabilidad térmica 

 La degradación térmica de los EPS se estudió en un analizador 

termogravimétrico (TGA) Q500 (TA instruments).  Para ello, 10 mg de EPS se 

sometieron a un rango de temperatura de 40-600 °C en presencia de oxígeno, con 

una velocidad de calentamiento de 10 °C min–1, y se determinó la correspondiente 

pérdida de peso. También, se obtuvo la curva elaborada a partir de la primera 

derivada de la curva de la pérdida de peso obtenida en el análisis TGA (DGT). 
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 Por otro lado, se analizó el efecto que produce un proceso de esterilización en 

un autoclave sobre el EPS. Para ello, una suspensión de 0,75 mg mL-1 del EPS 

disuelto en el eluyente (NaNO3 0,1 M y NaN3 0,02 % (p/v), pH 7) se calentó hasta 

120 °C, permaneciendo a esta temperatura durante 20 min, y posteriormente se 

enfrió a temperatura ambiente. El EPS se analizó mediante HPSEC (capítulo 1, 

apartado 2.5), y se comparó el peso molecular y la polidispersidad de las fracciones.  

 

2.4.5 Reología de las fermentaciones 

 La viscosidad de los cultivos realizados en el medio MSD (capítulo 1, 

apartado 2.2.2), y de sus sobrenadantes libres de células, se midió en un reómetro 

Physica Rheolab MC 100 (Anton Paar). El equipo estaba dotado con una geometría 

de cilindros concéntricos de diámetro interior de 27,00 mm y exterior de 28,92 mm. 

Además, este equipo tiene un dispositivo de control de temperatura Peltier, que 

estabilizó la muestra a 4 °C desde los 5 min previos al comienzo de la toma de datos. 

Se aplicó una velocidad de cizalla creciente desde 1,01 a 1000 s−1, durante 5 min. 

Las medidas se realizaron por duplicado y en dos cultivos independientes. 

 Los resultados obtenidos se ajustaron al modelo Newtoniano, en el cual el 

esfuerzo de cizalla aplicado (τ) es directamente proporcional a la velocidad de 

deformación ( ), y ηo es la viscosidad newtoniana. La siguiente ecuación relaciona 

estos parámetros: 

τ = ηo  

 
2.5 Comportamiento del EPS bajo un modelo in vitro de estrés 

gastrointestinal 

 Para el análisis del comportamiento de los EPS bacterianos bajo el estrés 

gástrico (G) y el estrés gastrointestinal (GI), se utilizaron 7,5 mg del EPS 

suspendidos en 10 mL de la solución electrolítica estéril (6,2 g L−1 de NaCl, 2,2 g L−1 

de KCl, 0,22 g L−1 de CaCl2, y 1,2 g L−1 de NaHCO3). Para simular el estrés gástrico 

se añadieron las enzimas lisozima y pepsina, y para el ensayo gastrointestinal se 

añadieron además, sales biliares y pancreatina (Figura 3.2). La incubación se realizó 

en un incubador-agitador orbital (150 rpm, 37 °C). Se tomaron 2 mL de muestra en 

los tratamientos G1, G5, G6, y GI5, y se centrifugaron a 15.680 × g durante 10 min. 

γ
•

γ
•
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Para recuperar el EPS se añadió al sobrenadante 3 volúmenes de etanol frío, 

manteniéndose a −20 °C durante 48 h. El precipitado se recogió por centrifugación, 

se dializó en una membrana con un diámetro de poro de 3,5 kDa (Medicell 

International, Ltd.) y se liofilizó. Finalmente, se analizó la variación del peso 

molecular y la polidispersidad mediante HPSEC (capítulo 1, apartado 2.5). 

  

Figura 3.2. Representación del modelo in vitro del estrés gástrico y del estrés gastrointestinal 
(Fernández de Palencia et al., 2009). 

 

2.6 Aplicación de un modelo in vivo de larvas de pez cebra  

2.6.1 Obtención de los embriones 

 Los embriones de pez cebra se obtuvieron por fecundación natural a partir de 

individuos adultos de una estirpe salvaje (Danio rerio, Hamilton 1822), en las 

instalaciones de AZTI (REGA nº ES489010006105; Derio, Bizkaia). Los peces 

adultos se criaron a 27 °C en tanques de 60 L de agua dulce, con aireación, y se 

mantuvieron bajo protocolos estándar. Los tanques disponían de tres sistemas de 

filtración (biológico, químico y físico), además de una lámpara de luz ultravioleta, y se 

iluminaron en ciclos de 12 h de luz y 12 h de oscuridad. Los peces se alimentaron 

diariamente con una cantidad aproximada del 5 % del peso del animal, con un 

alimento comercial en escamas (Gemma Micro 300, Skretting) (Russo et al., 2015). 

Además, para mejorar la eficiencia reproductiva, se les suministró Artemia sp. tres 

veces a la semana. Los embriones se recogieron a primera hora de la mañana, se 

lavaron con solución para embriones (EW: 294 mg mL−1 de CaCl2, 123,3 mg mL−1 de 

MgSO4 7H2O, 63 mg mL−1 de NaHCO3, 5,5 mg mL−1 de KCl), y permanecieron hasta 

su utilización en EW suplementada con azul de metileno 0,01 % (p/v) a 27 °C. 

G1: pH 5 (muestra en la solución electrolítica) 
Lisozima 0,01 % 

G2 

Pancreatina 0,1 %, Sales biliares 0,45 %, 120 min, 37 °C 
Pepsina 0,3 % 
20 min, 37 °C 

G6: pH 2,1 

GI3 

G7: pH 1,8 

G5: pH 3 

G4: pH 4,1 

G3 
20 min, 37 °C 

20 min, 37 °C 

20 min, 37 °C 

20 min, 37 °C 

GI5 

GI4 Pancreatina 0,1 %, S. biliares 0,45 %, 120 min, 37 °C 

Pancreatina 0,1 %, S. biliares 0,45 %, 120 min, 37 °C 
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2.6.2 Modelo in vivo de enterocolitis inducida por DSS y tratamiento con EPS 

  Los EPS fueron producidos por L. sicerae CUPV261T (EPS-CUPV261T), L. 

collinoides CUPV237 (EPS-CUPV237), B. longum INIA P132 (EPS-P132) y B. 

infantis INIA P731 (EPS-P731) (Llamas-Arriba et al., 2019), y se suspendieron en 

EW a una concentración de 150 µg mL–1 (37 °C, 30 min, agitación fuerte) 

(Figura 3.3). Grupos de 20-30 huevos de pez cebra de 1 día posfecundación (dpf) se 

transfirieron a microplacas de 12 pocillos (Corning), y fueron expuestos por 

inmersión en las suspensiones de EPS hasta los 4 dpf, a 27 °C y con ciclos de 12 h 

de luz-oscuridad. Para la inducción química de la enterocolitis (larvas IBD), las 

soluciones de EPS se suplementaron con dextrano de sodio sulfatado 0,8 % (p/v) 

(DSS) (Mw 6,5-10 kDa, Across Organics) desde los 4 dpf hasta el final del ensayo 

(Marjoram & Bagnat (2015) y Oehlers et al. (2012), con modificaciones). Los 

tratamientos se renovaron diariamente, y se contabilizaron las larvas que iban 

muriendo hasta los 7 dpf. Además, se incluyeron grupos de larvas no tratadas 

(larvas EW), y como control positivo, larvas tratadas exclusivamente con DSS desde 

los 4 dpf. Los ensayos se realizaron por triplicado.  

 Para determinar el efecto dosis-dependiente de los EPS sobre la atenuación 

de la mortalidad de las larvas IBD, se utilizó el protocolo anterior, con las 

concentraciones de 50, 100 y 150 µg mL−1 (Oyarbide, Rainieri & Pardo, 2012), y con 

un tratamiento simultáneo de 0,8 % (p/v) de DSS (Figura 3.3). 

 
Figura 3.3. Esquema de los diferentes tratamientos utilizados en el modelo in vivo de larvas IBD 
de pez cebra. EW, huevos conservados en solución para embriones con azul de metileno; A, individuos 
conservados en EW; B, larvas tratadas con DSS 0,8 % (p/v); y C, embriones expuestos al EPS, y larvas 
tratadas con EPS más DSS a partir de los 4 dpf. 
 

 

 

Tiempo	de	desarrollo	(días	posfecundación)	

EW	 A		

0	dpf	 1	dpf	 4	dpf	 7	dpf	

C		EPS	 EPS	+	DSS	

B		 DSS	
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2.7 Análisis estadístico  

 Los datos se expresan como la media ± desviación estándar. Los análisis 

estadísticos se realizaron utilizando el programa informático SPSS (Versión 24.0). 

Para detectar las diferencias significativas, se aplicó un análisis de la varianza 

(ANOVA) de un factor, seguido de un test de Dunnett T3.  
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3. RESULTADOS 

 Las cepas L. sicerae CUPV261T y L. collinoides CUPV237 fueron 

seleccionadas en este estudio por manifestar fenotipo ropy, presentar un mayor 

rendimiento en la producción de EPS y por pertenecer a especies no descritas 

anteriormente como productoras de EPS (capítulo 1). Las colonias de estas estirpes 

forman hilos largos cuando son tocadas con el asa bacteriológica, y los cultivos en 

medio líquido adoptan una apariencia viscosa (Figura 1.1). 

 Los cultivos de las bacterias en el medio líquido MRS fueron observados a 

nivel celular mediante microscopía electrónica de transmisión (TEM) (Figura 3.4). En 

las microfotografías se observa el EPS distribuido alrededor de las células en forma 

de red. 

 
Figura 3.4. Microfotografías de L. collinoides CUPV237 (A) y L. sicerae CUPV261T (B) en cultivo 
líquido, tomadas mediante TEM. La flecha roja indica el EPS. Barra de escala, 500 nm. 

 

3.1 Producción de exopolisacárido 

 La producción de EPS se ensayó mediante el cultivo de las bacterias en el 

medio líquido semidefinido MSD durante 48 h (Tabla 3.1). Tras la fermentación, el 

crecimiento de CUPV261T fue 3,75 veces inferior al observado en CUPV237, y 

aunque el rendimiento de EPS fue superior en L. sicerae, en ningún caso se 

alcanzaron los 100 mg L–1. Las diferencias observadas en la cuantificación del EPS 

por los dos métodos (fenol-sulfúrico y HPSEC) podrían deberse a que los furfurales e 

hidroxifurfurales de los monosacáridos obtenidos por el método del F-S, presentan 

diferencias en su absorbancia a 490 nm (Dubois et al., 1956; Masuko et al., 2005; Le 

& Stuckey, 2016).  

 Además, se determinó la viscosidad de los cultivos y de los sobrenadantes 

libres de células (Tabla 3.1). En todas las muestras, la viscosidad se mantuvo 

BA
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constante independientemente del aumento de la velocidad de cizalla (datos no 

mostrados); por lo tanto, los cultivos y sobrenadantes presentaron un 

comportamiento reológico de tipo newtoniano. Los valores de la viscosidad fueron 

ligeramente superiores en la estirpe CUPV237 que en CUPV261T.  

Tabla 3.1. Cultivo de L. collinoides CUPV237 y L. sicerae CUPV261T en el medio MSD. 
 

DO600 
aEPS F-S 
(mg L−1) 

bEPS  
(mg L–1) 

Viscosidad η0 [mPa s] 
 Cultivo Sobrenadante 

CUPV261T 0,893 ± 0,071 57,11 ± 7,45 86,65 ± 7,52 2,248 2,215 

CUPV237 3,022 ± 0,096 30,26 ± 6,57 49,67 ± 13,13 2,956 2,474 

Medio MSD - - - - 1,799 

(η0) Viscosidad newtoniana. 
(a) Concentración de exopolisacárido en el sobrenadante, obtenida mediante el método fenol-sulfúrico. 
(b) Producción del EPS teniendo en cuenta la cantidad de liófilo aislado en los cultivos (EPS crudo), y posterior 

análisis del contenido de polisacárido mediante HPSEC. 
 

 Se analizó la pureza de los EPS que iban a ser posteriormente utilizados en el 

ensayo del modelo in vivo de inflamación intestinal en larvas de pez cebra 

(apartado 3.5). El EPS crudo de L. sicerae presentaba un 6,55 ± 0,05 % de proteína, 

un 0,03 ± 0,02 % de DNA y un 0,14 ± 0,06 % de RNA; y el de L. collinoides un 

7,38 ± 1,87 % de proteína, un 0,03 ± 0,01 % de DNA y un 0,07 ± 0,02 % de RNA. Las 

muestras se trataron enzimáticamente y se redujo su contenido a valores inferiores al 

límite de detección del método. 

 

3.2 Análisis de los exopolisacáridos 

 Los EPS fueron sometidos a diferentes análisis. Para la determinación de la 

estructura se utilizó la espectrometría infrarroja de la transformada de Fourier (FT-IR), 

la resonancia magnética nuclear RMN 1H, análisis de metilación y cromatografía de 

gases-espectrometría de masas. Además, se analizó el peso molecular mediante 

cromatografía de exclusión por tamaño de alta resolución (HPSEC). 

 

3.2.1 Análisis FT-IR y RMN 1H 

 Los EPS crudos de L. sicerae CUPV261T y L. collinoides CUPV237 fueron 

analizados mediante FT-IR para obtener información acerca de sus principales 

grupos estructurales. Ambos EPS presentaron unos espectros típicos de 

carbohidratos (Figura 3.5 A). Aparecieron bandas estrechas entre 1200 y 950 cm−1 



Caracterización de los exopolisacáridos producidos por Lactobacillus collinoides y Lactobacillus sicerae 

159 

que corresponden a enlaces C−O−C (O–glicosídico), C−O (Xu et al., 2011), C−C y 

vibraciones de deformación de la estructura CH2OH del anillo (Grube et al., 2006). La 

banda en la región de 1080−1030 cm−1 indicó un estiramiento del polisacárido o de 

compuestos similares a polisacáridos (Grube et al., 2006). El espectro comprendido 

entre 950−700 cm−1 pertenece a la región anomérica (Xu et al., 2011), y en este 

intervalo solo se observó una banda a 860 cm−1 que no indicó claramente la 

configuración del carbono anomérico (α–anomérica: 915 y 850 cm−1; β−anomérica: 

890 cm−1) (Notararigo et al., 2013). Las bandas en la región 3600−3200 cm−1 se 

deben a las vibraciones de estiramiento de los grupos –OH del polisacárido (Xu et al., 

2011). Apareció un pico de absorción en torno a 2944 cm−1 provocado por las 

vibraciones de flexión del grupo C−H (Xu et al., 2011; Shao et al., 2014) o –CH2– 

(Ibarburu et al., 2015). La banda a 1450 cm−1 corresponde con la deformación 

asimétrica de los grupos –CH3 y CH2 de las proteínas contenidas en las muestras 

(Wang et al., 2010), y una banda a 1379 cm−1 provocada por la vibración de flexión 

del grupo C−H (Shao et al., 2014). La banda de absorción a 1551 cm−1 corresponde 

a la amida I, ya que está ocasionada por la vibración de estiramiento del grupo C=O. 

Además, se observó a 1655 cm−1 la banda de la amida II, debida a la flexión del 

enlace N–H y a la vibración de estiramiento del enlace C–N. Estas dos últimas 

bandas, indicarían la presencia de aminoazúcares en las muestras (De Giacomo et 

al., 2008; Ibarburu et al., 2015).  

El espectro de RMN 1H de los EPS de ambas cepas presenta un conjunto de 

señales en la región entre 4,5–5,5 ppm que están relacionadas con el C1, e indican 

la presencia de configuraciones α- y β-anomérica (Figura 3.5 B). En el caso de L. 

collinoides aparece una señal en torno a 2 ppm que corresponde con la presencia de 

grupos acetilo.  
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Figura 3.5 Análisis de los EPS mediante técnicas espectrométricas. A, espectros FT-IR; B, 
espectros de  RMN 1H del EPS producido por (1) L. sicerae CUPV261T y (2) L. collinoides CUPV237. En 
el cromatograma se omitió la señal producida por el agua semipesada (//). 
 

 

3.2.2 Lactobacillus sicerae CUPV261T 

 Para determinar el peso molecular del EPS, el liófilo fue analizado mediante 

HPSEC (Figura 3.6). Los cromatogramas obtenidos mostraron que el EPS estaba 

compuesto por 3 fracciones: (i) una de alto peso molecular, superior a 2,000 kDa 
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(límite del calibrado); (ii) otra del orden de 20 kDa (la más abundante); (iii) y una 

fracción de inferior peso molecular, del orden de 4 kDa.  

El análisis de la composición de azúcares neutros se realizó a partir de una 

hidrólisis ácida del EPS y derivatización a acetatos de alditol. El posterior análisis 

mediante CG reveló la presencia de glucosa, galactosa y ramnosa (Figura 3.7 A).  

 El EPS crudo fue tratado con una solución alcalina (NaOH 0,2 M) para 

favorecer su disolución. Se obtuvo una porción insoluble correspondiente al 41 % de 

la muestra cruda, y el resto fue separado mediante un sistema Amicon®. Se 

obtuvieron dos fracciones, una >50 kDa y otra <50 kDa, que representaron el 14 y 

44 % del EPS crudo, respectivamente. Con el fin de investigar el tipo de enlaces 

O-glicosídicos presentes, las diferentes fracciones fueron sometidas a un análisis de 

metilación (Figura 3.7 B y Tabla 3.7 C).  

 

Fracción 
L. sicerae CUPV261T  L. collinoides CUPV237 

EPS 
 

EPS 
(autoclave) 

 EPS 
 

EPS 
(autoclave) 

a: 103 kDa >2 >2  >2 >2 
Polidispersidad 1,57 1,45  1,74 1,60 

b: 10 kDa 2,23 1,97  3,12 2,59 
Polidispersidad 1,18 1,18  1,29 1,17 

c: 1 kDa 4,84 5,06  5,61 5,69 
Polidispersidad 1,08 1,04  1,03 1,03 

Ratio 106:104:103 3,8: 7,4: 1.0 3.6: 7,2: 1,0  5,5: 8,0: 1.0 5,2: 6,6: 1,0 

Figura 3.6. Análisis del EPS mediante cromatografía de exclusión molecular (HPSEC). A, 
cromatogramas de los EPS sintetizados por L. sicerae CUPV261T (línea azul) y L. collinoides CUPV237 
(línea roja); a, b y c marcan la posición de las fracciones. B, valores de los pesos moleculares e índice 
polidispersidad (Mw/Mn) de cada fracción observada en el EPS y en el EPS sometido a 120 °C durante 
20 min en un autoclave.  

 

 El análisis del EPS crudo mostró la complejidad de esta muestra, en la que se 

detectaron todos los tipos de enlace encontrados en las tres fracciones obtenidas a 
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partir de ella. La porción insoluble en sosa se compone principalmente de restos de 

galactosa y glucosa, en una proporción aproximada de 2:1, respectivamente. 

Estructuralmente, la presencia del 15 % de unidades de 3,6)-Galp-(1 y de 11 % de 

galactopiranosa terminal indican la existencia de una cadena ramificada. Los 

restantes componentes de esta fracción son unidades lineales de glucopiranosa 

enlazada en (1→3) y (1→4), y una gran cantidad (34 %) de (1→3) galactopiranosa. 

Estos componentes difieren notablemente de los encontrados en las dos fracciones 

solubles obtenidas a partir de la muestra inicial, que muestran muchas similitudes 

entre sí. Ambas contienen importantes cantidades de unidades de ramnosa unidas 

en cadena lineal mediante enlaces (1→3) y (1→4), siendo particularmente relevante 

la presencia de un 18 % de (1→3) ramnosa en la fracción <50 kDa. En cuanto a la 

galactosa contenida en ellas, hay que destacar su abundancia en unidades lineales 

de (1→3) galactofuranosa (19 %). La identificación de unidades de galactosa 

sustituidas en sus posiciones 2 y 3 sugiere que el esqueleto de (1→3) 

galactofuranosa se ramifica parcialmente en sus posiciones 2, aunque existen otras 

posibilidades estructurales que expliquen estos datos. Otros componentes de estas 

fracciones son unidades de (1→3) y (1→6) galactopiranosa, que aparecen 

representadas en las dos muestras en diferente proporción, y cantidades muy bajas 

de glucosamina y galactosamina unidas mediante enlaces (1→4). 
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TRa (min) Enlace deducido Fragmentos característicos (m/z) 
Proporción relativa de EPS (%) 

Crudo Insoluble > 50 kDa < 50 kDa 
5,64 →2)-Ramp-(1→ 89, 115, 131, 190 10,2 0,6 10,5 9,2 
5,91 →3)-Ramp-(1→ 89, 101, 118, 131, 202, 234 8,1 0,0 7,1 18,4 
6,38 Glcp-(1→ 87, 88, 102, 118, 129, 161, 205 11,7 3,7 5,2 4,3 
6,53 Galf-(1→ 89, 102, 118, 162, 205, 278 0,0 0,0 2,4 4,0 
6,78 Galp-(1→ 87, 88, 102, 118, 129, 161, 205 7,3 11,6 1,2 0,7 
7,21 →2,3)-Ramp-(1→ 89, 131, 202, 262 2,0 0,0 1,3 0,0 
8,19 →2)-Galp-(1→ 87, 88, 101, 129, 130, 161, 190 0,0 0,8 0,0 0,0 
8,19 →3)-Galf-(1→ 118, 306 16,8 0,0 19,8 19,4 
8,28 →3)-Glcp-(1→ 101, 118, 129, 161, 234 2,9 19,7 2,1 1,4 
8,55 →4)-Glcp-(1→ 87, 102, 113, 118, 129, 131, 162, 173, 233 0,0 13,2 0,0 1,7 
8,75 →3)-Galp-(1→ 101, 118, 129, 161, 234 21,8 34,8 15,6 9,1 
9,56 →6)-Galf-(1→ 88, 101, 102, 117, 118, 127, 159, 233 3,5 tr.b 6,8 10,3 

10,46 →2,3)-Galp/f-(1→ 101, 129, 161, 202, 262 10,3 tr.b 16,6 20,4 
12,28 →3,6)-Galp-(1→ 118, 129, 189, 174, 234 4,4 15,1 0,9 0,0 
16,43 →4)-GlcpNH2-(1→ 117, 159, 233 0,7 0,0 1,0 1,0 
17,27 →4)-GalpNH2-(1→ 117, 159, 233 tr.b 0,0 1,0 0,8 

aTiempo de retención 
bMenos de 0,2 % 

Figura 3.7. Cromatogramas resultado del análisis de monosacáridos (A) y de metilación (B) del 
EPS sintetizado por L. sicerae CUPV261T. La tabla refleja el tipo de unión entre monosacáridos y sus 
porcentajes relativos, deducidos del análisis de metilación. 
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3.2.3 Lactobacillus collinoides CUPV237  

 Para determinar el peso molecular del EPS crudo, el liófilo fue analizado 

mediante HPSEC (Figura 3.6 B). Los cromatogramas mostraron que el EPS estaba 

compuesto por 3 fracciones: (i) fracción de alto peso molecular, superior a 2,000 kDa 

(límite del calibrado); (ii) fracción del orden de 30 kDa (la más abundante); (iii) y una 

fracción en torno a 5 kDa (en una proporción de 6 y 5 veces inferior a las otras dos, 

respectivamente). 

 El análisis de la composición de azúcares neutros reveló la presencia de 

glucosa, galactosa y glucosamina (Figura 3.8 A). Posteriormente, el EPS crudo fue 

solubilizado completamente en una solución alcalina y fue separado mediante un 

sistema Amicon® en dos fracciones de >50 kDa (58,5 %) y <50 kDa (41,5 %). Con el 

fin de investigar el tipo de enlaces O-glicosídicos presentes en la muestra, las 

diferentes fracciones fueron sometidas a un análisis de metilación (Figuras 3.8 B 

y Tabla).  

 Al igual que en el caso anterior, el EPS crudo mostró una mezcla de los tipos 

de enlace detectados en las dos fracciones solubles separadas. Los resultados del 

análisis del polímero de mayor masa molecular (>50 kDa) indican que se trata de una 

molécula ramificada. El esqueleto principal parece estar formado por unidades 

lineales de glucosa y unidas mediante enlaces (1→4) y/o tal vez (1→5) en el caso de 

la galactosa. Presumiblemente, algunas de estas unidades se ramifican en sus 

posiciones 6, tal y como se deduce de la presencia de dos tipos diferentes de 

hexosas unidas en (1→4,6). Sin embargo, en esta muestra, la proporción registrada 

para el total de puntos de ramificación es muy superior a la de residuos terminales. 

Esto puede deberse bien a una metilación deficiente del polímero analizado, asunto 

que no pudo resolverse tras sucesivas metilaciones del producto, o bien a la 

presencia en este EPS de sustituyentes no detectados en el análisis realizado. El 

polímero de menor masa molecular contiene, además de los mismos componentes 

encontrados en la fracción >50 kDa (en proporciones mucho menores), una cantidad 

relevante de glucosamina, principalmente con uniones (1→4,6), es decir, en puntos 

de ramificación de la cadena. Otros componentes de estas fracciones son unidades 

de (1→3) y (1→6) galactopiranosa, que aparecen representadas en las dos muestras 

en diferente proporción, y pequeñísimas cantidades de glucosamina y galactosamina 

unidas mediante enlaces (1→4). Es también reseñable la alta cantidad de unidades 

terminales de glucopiranosa detectadas en esta fracción. 
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   Proporción relativa de EPS (%) 
TRa (min) Enlace deducido Fragmentos característicos (m/z) Crudo >50 kDa < 50 kDa 

6,38 Glcp-(1→ 87, 88, 102, 118, 129, 161, 205  8,2 9,0 51,1 
6,78 Galf-(1→ 89, 102, 118, 162, 205, 278 0,0 1,2 0,0 
8,16 →2)-Manp-(1→ 87, 88, 101, 129, 130, 161, 190  2,4 0,0 1,8 
8,36 →4 ó 5)-Gal-(1→ 87, 102, 113, 118, 129, 131, 162, 173, 233  40,3 17,9 5,5 
8,53 →4)-Glcp-(1→ 87, 102, 113, 118, 129, 131, 162, 173, 233  9,1 25,8 8,0 
8,96 →6)-Glcp-(1→ 87, 88, 102, 118, 129, 162, 189  tr.b 0,0 2,1 

10,11 →3,4)-Glcp-(1→ 118, 129, 305  1,55 2,5 0,0 
11,32 →4,6)-Hexp-(1→ 118, 201, 261  8,0 22,4 6,9 
11,53 →4,6)-Hexp-(1→ 118, 201, 261  28,2 22,1 6,2 
13,92 GlcpNH2-(1→ 117, 129, 145, 159, 161, 203, 205  tr.b 0,0 2,6 
16,43 →4)-GlcpNH2-(1→ 117, 159, 233  tr.b 0,0 2,4 
18,20 →4,6)-GlcpNH2-(1→ 117, 159, 189, 233 1,0 0,0 11,0 

aTiempo de retención 
    bMenos de 0,2 % 
    Figura 3.8. Cromatogramas resultado del análisis de monosacáridos (A) y de metilación (B) del 

EPS sintetizado por L. collinoides CUPV237. La tabla refleja el tipo de unión entre monosacáridos y 
sus porcentajes relativos, deducidos del análisis de metilación. 

SN6. EPS completo 

SN6. EPS mayor 50 kDa 

SN6. EPS menor 50 kDa 

Tiempo de retención (min)
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3.2.4 Análisis de la estabilidad térmica de los EPS 

 El análisis termogravimétrico es un análisis simple y preciso para el estudio 

del patrón de descomposición y estabilidad térmica de los polímeros. En él se 

registra la pérdida de peso del EPS al aplicarle un aumento progresivo de 

temperatura. La degradación termogravimétrica de los EPS crudos de L. collinoides y 

L. sicerae ocurrió en tres fases (Figura 3.9): La primera se localiza entre los 

45-120 °C, en la cual se observa una disminución del peso inferior al 10 %; la 

segunda entre los 170-400 °C, donde los dos EPS pierden en torno al 50 %; y una 

tercera etapa hasta los 600 °C, con una disminución del peso de entre el 5-14 %.  

 Las curvas obtenidas en el análisis TGA del EPS de L. sicerae muestran una 

temperatura de inicio de la descomposición (To) a 237 °C; y dos temperaturas a las 

que se degrada la mayoría de la muestra (Tmax), una de ellas a 252 °C y otra menos 

intensa a 308 °C. En la última fase de degradación hay una pérdida de peso del 5 %, 

y permanece el 34 % del residuo carbonáceo al alcanzar los 600 °C. Sin embargo, en 

el análisis termogravimétrico del EPS de L. collinoides se observa una To a 244 °C y 

una Tmax a 284 °C, notablemente más alta que en el EPS de CUPV261T (Figura 3.9). 

Por último, la pérdida de peso en la última fase de degradación es del 14 %, y el 

residuo carbonáceo final es menor que el encontrado en el análisis del EPS de L. 

sicerae.  

 
Figura 3.9. Análisis termogravimétrico de los EPS. Curvas de termodegradación del EPS de L. 
sicerae CUPV261T (en negro) y L. collinoides CUPV237 (en azul), donde la línea continua representa 
el % del peso restante, y la línea discontinua la primera derivada de la curva del peso (DTG). 

 Los EPS fueron también sometidos a 120 °C durante 20 min mediante un 

autoclave, y el posterior análisis por HPSEC no reveló cambios importantes en el 

peso molecular de las fracciones (Figura 3.6). Los perfiles cromatográficos fueron 

similares a los obtenidos en los EPS que no recibieron el tratamiento térmico.  
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3.3 Tolerancia del EPS al estrés gastrointestinal en un modelo in vitro  

 Los EPS producidos por L. sicerae CUPV261T y L. collinoides CUPV237 

fueron sometidos a tratamientos enzimáticos junto con una disminución progresiva 

del pH, siguiendo un modelo in vitro de estrés gástrico y gastrointestinal (Figura 3.2). 

La tolerancia de los EPS al estrés fue evaluada en las fracciones de >2000 kDa y de 

peso molecular intermedio (en torno a 10 kDa). Para ello, se tomaron muestras en 

los tratamientos G1 (control, pH 5), G6 (pH 2,1), G7 (pH 1,8) y GI5 (pH 3,0), y se 

determinó el peso molecular de las fracciones mediante HPSEC (Figura 3.10). Se 

estudió la variación del área del pico en G1 y después del tratamiento (cantidad 

relativa), así como el índice de polidispersidad (IP).  

 

 

 

 

 

 
 

Figura 3.10. Tolerancia al estrés gástrico (G) y gastrointestinal (GI) de los EPS producidos por L. 
sicerae CUPV261T (A) y L. collinoides CUPV237 (B). Las barras representan la cantidad relativa; las 
líneas indican el valor del índice de polidispersidad (IP) de cada fracción. De color gris oscuro se 
muestra la fracción de un peso molecular >2000 kDa, y de gris claro la fracción próxima a 10 kDa. Los 
resultados representan la media aritmética ± desviación estándar. No se han encontrado diferencias 
significativas para un nivel de significación p<0,05. 

 

 Con respecto al efecto del estrés gastrointestinal sobre el EPS de CUPV261T 

(Figura 3.10 A), después del tratamiento G6 (pH 2,1) se recuperó el 100 % de la 

fracción de alto peso molecular, mientras que tras el G7 (pH 1,8), se detectó una 

disminución del 19 % en su cantidad relativa. El índice de polidispersidad se mantuvo 

constante durante todo el ensayo. Sin embargo, el área de la fracción de inferior 

peso molecular se redujo un 19 % en G6 y un 31 % en G7. En ningún caso se 

detectaron cambios en ambas fracciones después del tratamiento gastrointestinal 

(GI5, pH 3).  

 En el caso del EPS de CUPV237 (Figura 3.10 B), las dos fracciones sufrieron 

cambios en su cantidad relativa, que fueron inferiores al 10 % tras los tratamientos 

de estrés G y GI. El IP de la fracción de peso molecular intermedio se mantuvo 

constante durante todo el ensayo. 
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3.4 Efecto de los EPS en un modelo in vivo de inflamación intestinal en larvas 

de pez cebra  

 Se analizó el efecto de los EPS producidos por L. sicerae CUPV261T, L. 

collinoides CUPV237, B. longum INIA P132 y B. infantis INIA P731, sobre la 

mortalidad de las larvas tratadas con el agente químico DSS (larvas IBD) para inducir 

la enfermedad inflamatoria intestinal (Figura 3.3).  

 Los embriones se trataron exclusivamente con 150 µg mL−1 de EPS hasta los 

4 días posfecundación (dpf) (Figura 3.11 A). Durante este periodo no se observaron 

efectos negativos de los polisacáridos sobre la supervivencia de los embriones 

(p<0,05). La exposición de las larvas IBD a los EPS produjo un efecto paliativo en la 

mortalidad, en comparación al grupo tratado exclusivamente con DSS (p<0,05 y 

p<0,01). Además, a los 6 dpf no se detectaron diferencias significativas entre las 

mortalidades de las larvas no tratadas (EW) y las co-tratadas con DSS-EPS (p<0,05). 

Este comportamiento se mantuvo hasta los 7 dpf en el grupo co-tratado con el EPS 

de CUPV261T. 

 Además, se evaluó el efecto dosis-dependiente de los EPS producidos por L. 

sicerae CUPV261T, L. collinoides CUPV237 y B. infantis INIA P731. Para ello, se 

utilizaron las concentraciones de 50, 100 y 150 µg mL−1, y se siguieron las 

condiciones del ensayo anterior (Figura 3.11 B). De nuevo, los resultados mostraron 

que la presencia del EPS favoreció la supervivencia de los individuos respecto al 

control positivo (DSS). La mortalidad se redujo significativamente (p<0,05) en las 

larvas de 6 dpf co-tratadas con los EPS producidos por las cepas de Lactobacillus, y 

fue inferior en las expuestas a 150 µg mL−1 con el EPS de L. sicerae, y a 100 µg mL−1 

con el de L. collinoides. A los 7 dpf, se mantuvieron las diferencias significativas entre 

el grupo de larvas tratadas exclusivamente con DSS y el de las co-tratadas EPS-DSS, 

para las tres concentraciones y EPS (p<0,01 y p<0,05). La dosis más efectiva en los 

EPS producidos por los lactobacilos fue de 100 µg mL−1, y de 150 µg mL−1 con el 

EPS de la bifidobacteria INIA P731. 
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Figura 3.11. Efecto de los exopolisacáridos en el modelo de enterocolitis de larvas de pez cebra. 
El gráfico muestra la mortalidad (%) observada en los grupos de larvas expuestas a: 0,8 % (p/v) de DSS 
(n); y co-tratadas con DSS más el EPS producido por L. sicerae CUPV261T (n), L. collinoides CUPV237 
(n), B. infantis INIA P731 (n), B. longum INIA P132 (n); y sin tratamiento (n). En A, se muestra el 
ensayo realizado con las larvas tratadas con 150 µg mL−1 de EPS; y en B, el efecto dosis-dependiente 
de los diferentes EPS, donde no se observó ninguna muerte en el grupo sin tratamiento (control 
negativo). La textura de las barras indica la concentración utilizada: líneas inclinadas, 50 µg mL−1; 
puntos, 100 µg mL−1; y barra sólida, 150 µg mL−1. Los resultados representan la media 
aritmética ± desviación estándar; y las diferencias significativas entre el grupo DSS y el resto de 
tratamientos se indican como ** (p<0,01) y * (p<0,05).  
 

* 

* 

* 

* 

* 

** 

* 

** 

0 

20 

40 

60 

80 

100 

4 dpf 5 dpf 6 dpf 7 dpf 

M
or

ta
lid

ad
 a

cu
m

ul
ad

a 
(%

) 

Tiempo de experimentación 

* 

* 

* 

* 

* 

* 

* 

** 

* 

** 

* 

** 
** 

** ** 

0 

20 

40 

60 

80 

100 

5 dpf 6 dpf 7 dpf 

M
or

ta
lid

ad
 a

cu
m

ul
ad

a 
(%

) 

Tiempo de experimentación 

B 

A 



CAPÍTULO 3 

	 170 

4. DISCUSIÓN  

 Las aplicaciones de los exopolisacáridos en diferentes áreas industriales se 

deben principalmente a sus propiedades reológicas, que permiten la formación de 

soluciones viscosas a bajas concentraciones (0,05–1 %), y además, presentan 

estabilidad en un amplio rango de temperatura, pH y fuerza iónica (Baruah, Das & 

Goyal, 2016). Las diferentes características de los polisacáridos, tales como su unión 

a la célula (CPS vs. EPS), composición y peso molecular, conformación y tamaño, 

rigidez, grado de ramificación y existencia de grupos funcionales cargados, pueden 

influir en sus propiedades reológicas (Zeidan et al., 2017). Las cepas L. sicerae 

CUPV261T y L. collinoides CUPV237 estudiadas en este trabajo mostraron un 

fenotipo ropy, y un incremento de la viscosidad (newtoniana, η0) de los cultivos 

líquidos y de los sobrenadantes libres de células. 

 Los polisacáridos bacterianos pueden quedar adheridos a la superficie celular 

formando una cápsula o ser liberados al medio en forma de exopolisacáridos, como 

ocurre con los EPS producidos por L. sicerae CUPV261T y L. collinoides CUPV237 

(Figura 3.3), y en otras especies de Lactobacillus aisladas de sidra pertenecientes a 

las especies L. diolivorans y L. suebicus (Dueñas et al., 1998; Ibarburu et al., 2015). 

En las bacterias lácticas, la producción de polisacárido y su rendimiento, dependen 

de varios factores, tales como las condiciones de cultivo, la composición del medio, 

el tipo de polímero (HoPS o HePS) y de la cepa en sí (de Vuyst & Degeest, 1999; 

Dueñas et al., 2003). Algunas bacterias productoras del HoPS dextrano, pueden 

alcanzar rendimientos de hasta 14 g L−1 en presencia de 50 g L−1 de sacarosa 

(Korakli et al., 2001); sin embargo, la producción de HePS por BAL es sensiblemente 

menor (Patten & Laws, 2015). En este estudio, las bacterias CUPV261T y CUPV237 

en el medio de cultivo semidefinido MSD han producido en torno a los 90 y 

50 mg mL–1 de EPS, respectivamente, similar a los niveles de producción descritos 

en otras estirpes aisladas de sidra de la especie L. suebicus (Ibarburu et al., 2015).  

 Por otro lado, el peso molecular de los exopolisacáridos tiene una gran 

influencia sobre las propiedades físico-químicas y biológicas de estos polímeros 

(Hidalgo-Cantabrana et al., 2012; Laiño et al., 2016; Zhou, Cui & Qu, 2019). El 

análisis mediante cromatografía de exclusión por tamaño HPSEC de los EPS 

producidos por las dos cepas estudiadas puso de manifiesto que están compuestos 

por tres fracciones, una de elevado peso molecular (>2000 kDa, límite de exclusión 

de la columna), otra de 20-30 kDa y una tercera en torno a los 5 kDa, siendo 

mayoritaria la fracción de peso molecular intermedio. Al igual que ocurre con estas 
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estirpes de Lactobacillus, es frecuente encontrar especies de BAL que producen más 

de un exopolisacárido con diferente peso molecular y composición (Mozzi et al., 

2009; Garai-Ibabe, 2010; Leivers et al., 2011; Ibarburu et al., 2015; Llamas-Arriba et 

al., 2018; Llamas-Arriba et al. 2019). Así mismo, se ha descrito que las proporciones 

de las diferentes fracciones dependen de la composición del medio de cultivo, en 

concreto del ratio carbono/nitrógeno (Degeest & De Vuyst, 1999), y del tipo de azúcar 

disponible en el medio (Ibarburu et al., 2015).  

  Con respecto a los EPS producidos por Lactobacillus, algunas estirpes 

pertenecientes a las especies L. reuteri o L. sakei sintetizan HoPS del tipo dextrano y 

levano (van Hijum et al., 2001; Nácher-Vázquez et al., 2015). Otros lactobacilos 

como L. plantarum o L. casei entre otros, sintetizan HePS, que están la mayoría 

constituidos por glucosa y galactosa, y de forma menos frecuente aparecen otros 

componentes (N-acetilglucosamina, N-acetilgalactosamina, ramnosa, manosa o 

grupos acetilo) (Baruah, Das & Goyal, 2016; Zhou, Cui & Qu, 2019). También se ha 

descrito en aislados de sidra la producción simultánea del HoPS β-glucano y HePS 

en L. suebicus CUPV221 (Garai-Ibabe, 2010), así como β-glucano y un dextrano en 

L. diolivorans G-77 (Dueñas et al. 1998). 

 La caracterización estructural de los EPS producidos por L. collinoides y L. 

sicerae se llevó a cabo mediante análisis de metilación, cromatografía de gases, 

espectroscopía infrarroja (FTIR) y RMN 1H. Con respecto al EPS producido por L. 

collinoides, los análisis de la composición de azúcares y de metilación, mostraron 

que las diferentes fracciones analizadas (EPS crudo, >50 kDa o <50 kDa), estaban 

compuestas por glucosa, galactosa y glucosamina (Figura 3.8). Los tres 

monosacáridos se hallaron en diferentes proporciones según la fracción analizada y 

sustituidos en distintas posiciones. El espectro RMN 1H del EPS crudo indicó la 

presencia de grupos acetilo, que podrían estar unidos al grupo amino en forma de 

N-acetil-azúcares (N-acetil-glucosamina), como se ha sido descrito en los EPS de L. 

acidophillus 5e2 (Laws et al., 2008) y en las estirpes L. suebicus CUPV225 y 

CUPV226 aisladas de sidra (Ibarburu et al., 2015), cuyos EPS tienen la misma 

composición que el de L. collinoides (Glc:Gal:NAcGlc).  

 En el caso de L. sicerae CUPV261T, los análisis de la composición de 

azúcares y de metilación de su EPS (Figura 3.7), mostraron que las diferentes 

fracciones (EPS crudo, > 50 Da, <50 kDa, e insoluble) están compuestas por glucosa, 

galactosa y ramnosa, y en menor proporción glucosamina y galactosamina. El 

análisis RMN 1H del EPS crudo, mostró una muy señal débil para el grupo acetilo. 
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Esta es la primera vez que se describe la presencia de ramnosa en exopolisacáridos 

producidos por aislados de sidra, aunque es muy común encontrar EPS de 

Lactobacillus compuestos por glucosa, galactosa y ramnosa, como en L. delbrueckii 

subsp. bulgaricus, L. rhamnosus, L. helveticus, L. fermentum o L. plantarum (De 

Vuyst & Degeest, 1999; De Vuyst et al., 2001; Badel, Bernardi & Michaud, 2011). 

 En cuanto a la caracterización físico-química de los EPS, una importante 

característica para ser utilizados en la sector alimentario es su estabilidad térmica, un 

ejemplo de ello es la temperatura para el procesado de la leche en la industria láctea, 

que raramente sobrepasa los 150 °C (Ahmed et al., 2013). Los análisis 

termogravimétricos y el estudio del perfil cromatográfico de los pesos moleculares de 

los HePS sometidos a un tratamiento térmico (120 °C, 20 min) revelaron una 

estabilidad térmica de los polímeros sintetizados por las dos cepas estudiadas 

(Figura 3.9). El estudio termogravimétrico mostró que la degradación de los 

polisacáridos se llevó a cabo en tres fases, tal y como ha sido descrito en el 

(1,3)(1,2)-β-D-glucano de P. parvulus 2.6 (Zamora et al. 2002). La temperatura (To) a 

la cual comienza la descomposición fue similar en ambos EPS (próxima a 240 °C). 

Sin embargo, la mayor parte del EPS-CUPV237 se degradó a 284 °C (Tmax), mientras 

que en el EPS-CUPV261T se observaron dos Tmax, a 252 y 308 °C. Los valores de las 

Tmax observadas fueron similares a las descritas para los EPS producidos por L. 

plantarum KF5 (Tmax de 278 °C, Wang et al., 2010), L. plantarum DM5 (292 °C, Das, 

Baruah & Goyal, 2014) y Bacillus sp. I-471 (307 °C, Kumar et al., 2004), cuyas 

variaciones pueden ser debidas a las diferencias en la composición y estructura de 

los EPS (Botelho et al., 2014). 

 Por otro lado, la síntesis de EPS por las bacterias podría suponer una ventaja 

frente a las células desnudas, ya que se ha observado un efecto beneficioso del 

exopolisacárido en la supervivencia celular durante su paso por el tracto 

gastrointestinal, y en condiciones in vitro (Boke, Alp & Aslim, 2010; Alp & Aslim, 

2010; Hongpattarakere et al., 2012, Darilmaz, 2013; Cagganiello et al., 2016). El 

análisis de la respuesta al estrés gástrico (pH 2,1) y gastrointestinal (pH 3, 

pancreatina y sales biliares) de los HePS de CUPV261T y CUPV237 reveló que la 

tolerancia de exopolisacárido de L. collinoides fue elevada, así como la del producido 

por L. sicerae al ser sometido al estrés gastrointestinal (Figura 3.10). Sin embargo, el 

EPS de L. sicerae se vio afectado durante el tratamiento de estrés gástrico. Este 

resultado fue similar a lo descrito por Mozzi et al. (2009), que observaron una 

degradación parcial de los HePS producidos por Streptococcus thermophillus CRL 
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1190 y por L. casei CRL 87 cuando fueron sometidos a las condiciones de estrés 

gástrico en un modelo in vitro. La tolerancia de los HePS al estrés gástrico y 

gastrointestinal nos sugiere que pueden tener un efecto beneficioso en la 

supervivencia de las bacterias productoras a su paso por el tracto gastrointestinal, tal 

y como se ha observado en la cepa productora de HePS B. animalis subsp. lactis 

(Hidalgo-Cantabrana et al., 2015) o de (1,3)(1,2)-β-D-glucano por L. casei (Stack et 

al., 2010). Los HePS producidos por CUPV261T y por CUPV237 podrían tener un 

efecto prebiótico dada su resistencia a las condiciones gastrointestinales, y ser 

potencialmente utilizados por la microbiota intestinal (Corzo et al., 2015).  

 En relación a la actividad biológica de los EPS y de las bacterias productoras, 

Şengül et al., (2006) sugirieron que el efecto antiinflamatorio de bacterias probióticas 

productoras de exopolisacáridos y de los propios EPS, pueden suponer una 

prometedora terapia para la enfermedad inflamatoria intestinal. La producción de 

HePS por bacterias lácticas puede constituir una ventaja, ya que podrían ser 

utilizadas en la elaboración de productos fermentados y así tratar de una forma 

amable este tipo de enfermedades intestinales. En el presente estudio se analizó el 

efecto de los HePS producidos por L. sicerae, L. collinoides, y por las bifidobacterias 

INIA P132 e INIA P731, en el modelo in vivo de enterocolitis inducida por el agente 

químico DSS en larvas de pez cebra (larvas IBD) (Oehlers et al., 2012). Los 

resultados obtenidos mostraron que los tratamientos con los EPS atenuaron 

significativamente la mortalidad de las larvas IBD. Además, se observó un efecto 

dosis-dependiente de los HePS. Así, la concentración más efectiva para disminuir la 

mortalidad de las larvas IBD fue de 100 µg mL−1 con los HePS los producidos por las 

cepas de Lactobacillus, y de 150 µg mL−1 con el EPS producido por INIA P731. No se 

han encontrado trabajos similares en la bibliografía, pero sí ensayos in vivo con el 

modelo murino de enterocolitis inducida por DSS o por la administración de ácido 

acético en el colon (Şengül et al. 2006; Hidalgo-Cantabrana et al., 2016). Estos 

trabajos describieron una atenuación de la colitis experimental con el tratamiento de 

las bacterias probióticas Bifidobacterium animalis subsp. lactis y Lactobacillus 

delbrueckii subsp. bulgaricus, además de un efecto dosis-dependiente del EPS que 

producen. La cepa ropy B. animalis subsp. lactis Balat_1410S89L posee una alta 

capacidad inmunomoduladora de las células T procedentes de los nodos linfoides 

mesentéricos, confiriéndole un efecto antiinflamatorio a nivel de la mucosa intestinal 

(Hidalgo-Cantabrana et al., 2016).  
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5. CONCLUSIONES 

 En el presente trabajo se han caracterizado los EPS producidos por las 

bacterias Lactobacillus sicerae CUPV261T y Lactobacillus collinoides CUPV237. 

Ambas cepas presentan un fenotipo ropy e incrementan la viscosidad del medio de 

cultivo provocado por la presencia de exopolisacárido. Las microfotografías de 

CUPV261T y CUPV237 tomadas mediante microscopía electrónica muestran la 

presencia de EPS alrededor de las bacterias  

 Los EPS de L. sicerae y de L. collinoides son una combinación de tres 

fracciones cuyos pesos moleculares están en torno a 1, 10 y superiores a 103 kDa. 

Son heteropolisacáridos y están compuestos mayoritariamente por glucosa y 

galactosa, además de ramnosa en el EPS de CUPV261T, o glucosamina y grupos 

acetilo en el EPS de CUPV237. Ambos presentan estabilidad térmica hasta los 

244 °C. 

 Estos heteropolisacáridos resisten las condiciones de estrés gástrico y 

gastrointestinal ensayadas en un modelo in vitro. Además, los HePS producidos por  

L. sicerae CUPV261T, L. collinoides CUPV237, B. longum INIA P132 y B. infantis 

INIA P731 poseen la capacidad de atenuar la mortalidad de las larvas de pez cebra, 

en el modelo in vivo de enfermedad inflamatoria intestinal inducido por el agente 

químico DSS. Este efecto es dosis-dependiente, y la concentración más efectiva es 

de 100 µg mL−1 con los HePS producidos por las dos estirpes de Lactobacillus, y de 

150 µg mL−1 con el EPS de INIA P731.  



Caracterización de los exopolisacáridos producidos por Lactobacillus collinoides y Lactobacillus sicerae 

175 

6. BIBLIOGRAFÍA  

Ahmed, Z., Wang, Y., Anjum, N., Ahmad, A., & Khan, S. T. (2013). Characterization 

of exopolysaccharide produced by Lactobacillus kefiranofaciens ZW3 isolated from 

Tibet kefir–Part II. Food Hydrocolloids, 30(1), 343-350. 

Alp, G., & Aslim, B. (2010). Relationship between the resistance to bile salts and low 

pH with exopolysaccharide (EPS) production of Bifidobacterium spp. isolated from 

infants feces and breast milk. Anaerobe, 16(2), 101-105. 

Badel, S., Bernardi, T., & Michaud, P. (2011). New perspectives for Lactobacilli 

exopolysaccharides. Biotechnology Advances, 29(1), 54-66. 

Baruah, R., Das, D., & Goyal, A. (2016). Heteropolysaccharides from lactic acid 

bacteria: current trends and applications. Probiotics & Health, 4(141), 2. 

Boke, H., Aslim, B., & Alp, G. (2010). The role of resistance to bile salts and acid 

tolerance of exopolysaccharides (EPSs) produced by yogurt starter bacteria. Arch. 

Biol. Sci, 62(2), 323-328. 

Botelho, P. S., Maciel, M. I., Bueno, L. A., Marques, M. F., Marques, D. N. & Silva, T. 

M. S. (2014). Characterisation of a new exopolysaccharide obtained from of 

fermented kefir grains in soymilk. Carbohydrate Polymers, 107, 1-6. 

Caggianiello, G., Kleerebezem, M., & Spano, G. (2016). Exopolysaccharides 

produced by lactic acid bacteria: from health-promoting benefits to stress tolerance 

mechanisms. Applied Microbiology and Biotechnology, 100(9), 3877-3886. 

Castro-Bravo, N., Wells, J. M., Margolles, A., & Ruas-Madiedo, P. (2018). Interactions 

of surface exopolysaccharides from Bifidobacterium and Lactobacillus within the 

intestinal environment. Frontiers in Microbiology, 9. 

Ciucanu, I., & Kerek, F. (1984). A simple and rapid method for the permethylation of 

carbohydrates. Carbohydrate Research, 131(2), 209-217. 

Corzo, N., González, A., Luis, J., Azpiroz, F., Calvo, M. A., Cirici, Leis, M., R., Lombó, 

F., Mateos-Aparicio, I., Plou, F. J., Ruas-Madiedo, P., Rúperez, P., Redondo-

Cuenca, A., Sanz, M. L. & Clemente, A. (2015). Prebiotics: Concept, properties 

and beneficial effects= Prebióticos; Concepto, propiedades y efectos 

beneficiosos. Nutrición Hospitalaria, 31(Supl.1), 99-118. 

Darilmaz, D. O. (2013). Relationship between gastrointestinal tolerance and 

exopolysaccharide production of propionibacteria strains under different pH and 

bile conditions. International Journal of Dairy Technology, 66(2), 194-201. 



CAPÍTULO 3 

	 176 

Das, D., Baruah, R., & Goyal, A. (2014). A food additive with prebiotic properties of an 

α-D-glucan from Lactobacillus plantarum DM5. International Journal of Biological 

Macromolecules, 69, 20-26. 

Deepak, V., Ramachandran, S., Balahmar, R. M., Pandian, S. R. K., 

Sivasubramaniam, S. D., Nellaiah, H., & Sundar, K. (2016). In vitro evaluation of 

anticancer properties of exopolysaccharides from Lactobacillus acidophilus in 

colon cancer cell lines. In Vitro Cellular & Developmental Biology-Animal, 52(2), 

163-173. 

Degeest, B., & De Vuyst, L. (1999). Indication that the nitrogen source influences both 

amount and size of exopolysaccharides produced by Streptococcus thermophilus 

LY03 and modelling of the bacterial growth and exopolysaccharide production in a 

complex medium. Appl. Environ. Microbiol., 65(7), 2863-2870. 

Dueñas-Chasco, M. T., Rodríguez-Carvajal, M. A., Mateo, P. T., Franco-Rodríguez, 

G., Espartero, J., Irastorza-Iribas, A., & Gil-Serrano, A. M. (1997). Structural 

analysis of the exopolysaccharide produced by Pediococcus damnosus 2.6. 

Carbohydrate Research, 303(4), 453-458. 
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1. INTRODUCCIÓN 

 Los alimentos fermentados forman parte de la dieta de los humanos debido a 

su gran interés nutricional. Estos alimentos, así como las bebidas fermentadas portan 

microorganismos vivos que ejercen un efecto beneficioso sobre la salud de los 

consumidores. La Food and Agriculture Organization of the Uniteded Nations y la 

Organización Mundial de la Salud definieron el concepto probiótico como: 

"Microorganismos vivos que administrados en adecuadas cantidades confieren efectos 

beneficiosos en la salud del hospedador” (FAO, 2001). Posteriormente, un nuevo 

comité de expertos reunidos por la International Scientific Association for Probiotics 

and Prebiotics revisó la definición de la FAO/WHO aceptándola con un pequeño 

cambio gramatical (Hill et al. 2014; Calatayud, Marcos & Margolles, 2016). Para ello, 

un microorganismo probiótico debe: (i) estar debidamente identificado y tipificado, (ii) 

no debe de poseer factores de patogenicidad, (iii) ser resistente a la acidez gástrica y 

a las sales biliares, (iv) poseer la habilidad de adherirse al epitelio intestinal, (v) y de 

colonizar el colon, (vi) aportar clínicamente efectos beneficiosos en la salud del 

hospedador, y (vii) debe ser seguro (Fric, 2007). Entre los microorganismos que se 

utilizan como probióticos encontramos cepas de las especies Lactobacillus rhamnosus, 

Lactobacillus reuteri, Lactobacillus casei, Lactobacillus acidophilus, ciertas 

bifidobacterias, Bacillus coagulans, algunos enterococos, especialmente Enterococcus 

faecium SF68, así como la estirpe Escherichia coli Nissle 1917, y la levadura 

Saccharomyces boulardii. Estos probióticos se añaden a los alimentos, 

particularmente a los productos lácteos, ya sea individualmente o en combinación de 

varios (Pandey et al., 2015). 

  Los efectos beneficiosos más importantes y documentados de los 

microorganismos probióticos sobre la salud del consumidor incluyen: la prevención de 

la diarrea, el estreñimiento, cambios en la conjugación de las sales biliares, actividad 

antibacteriana contra patógenos o actividad antiinflamatoria. Además, también 

contribuyen a la síntesis de nutrientes y mejoran su biodisponibilidad (Harish & 

Varghese, 2006). Algunas estirpes de bacterias son capaces de producir vitaminas en 

el alimento fermentado, como las del grupo B, y resisten las condiciones del tracto 

gastrointestinal (TGI) de los mamíferos llegando a colonizarlo (Capozzi et al., 2012; 

Bhushan et al. 2017; Panda et al., 2018; Chikkmath et al., 2018). En el TGI conviven 

bacterias, arqueas, hongos, protozoos y virus, que interactúan mutuamente, con el 

epitelio y con las células inmunes del propio hospedador (Sánchez et al., 2017). 

Algunos probióticos poseen actividad antioxidante en forma de células intactas o 
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lisados. Ciertas estirpes han mostrado efectos en el alivio de los síntomas de alergia, 

cáncer, SIDA, infecciones respiratorias o urinarias. También existen trabajos que 

evalúan el efecto beneficioso de los probióticos sobre el envejecimiento, la fatiga, el 

autismo, la osteoporosis, la obesidad y diabetes tipo 2 (Harish & Varghese, 2006).  

 Por otro lado, entre los ingredientes de los alimentos funcionales se incluyen 

cepas probióticas, prebióticos, vitaminas y minerales entre otros. En conjunto, son 

utilizados en la elaboración de alimentos como la leche fermentada y yogur, bebidas 

deportivas, comida infantil, fórmulas libres de azúcares, e incluso chicles. La 

funcionalidad de este tipo de alimentos está basada en sus componentes bioactivos, a 

menudo contenidos naturalmente en el producto, y en ocasiones son añadidos como 

ingredientes específicos con el objetivo de optimizar sus propiedades beneficiosas. 

Los microorganismos probióticos, así como los compuestos prebióticos son 

ingredientes fundamentales de la leches fermentadas y el yogur, que representan la 

fracción más importante del mercado global de alimentos funcionales (Figueroa-

González et al., 2011). 

La participación de L. collinoides CUPV237 y Lactobacillus sicerae CUPV261T 

podría tener un interés potencial para la elaboración de alimentos fermentados. Ambas 

cepas poseen la capacidad de producir heteropolisacáridos que incrementan la 

viscosidad del medio de cultivo MSD. Además, los resultados obtenidos en el 

capítulo 3 han demostrado que estos EPS tienen efectos paliativos sobre la mortalidad 

larvaria en el modelo IBD de larvas pez cebra inducido por agente químico DSS. Por 

otro lado, la estirpe CUPV237 fue seleccionada debido a que es una cepa 

superproductora de vitamina B2 (capítulo 5). Con estos antecedentes, este capítulo 

está dedicado a la evaluación en estas dos cepas de algunas características 

asociadas con el potencial probiótico, y al estudio de su comportamiento cuando son 

añadidas como cultivos iniciadores a un alimento.  
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2. MATERIAL Y MÉTODOS 

2.1 Cepas bacterianas y condiciones de cultivo  

 Las cepas estudiadas en este capítulo son L. sicerae CUPV261T y L. 

collinoides CUPV237, y se cultivaron de forma rutinaria en el medio MRS (pH de 5,5), 

con un 2 % de inóculo, a 28 °C. 

 La cepa CUPV2371NR infra-productora de EPS fue obtenida por la doctora 

Idoia Ibarburu, a partir de la cepa salvaje CUPV2371 productora de heteropolisacárido. 

Para ello, la cepa salvaje se cultivó sucesivamente en el medio MRS suplementado 

con novobiocina 40 µg mL−1 (Sigma) y durante 48 h, realizando tantos cultivos como 

fueron necesarios hasta no detectar el fenotipo ropy. Se sembró en MRS-agar, se 

seleccionó una colonia y se comprobó la ausencia de fenotipo ropy. Finalmente, este 

aislado se renombró como CUPV2371NR. Las colonias son rugosas, con bordes 

irregulares, a diferencia de las de la cepa salvaje CUPV2371, que son lisas y con 

bordes regulares (Figura 4.1). Se cuantificó la producción de EPS en los 

sobrenadantes de sus cultivos en el medio MSD (método del fenol-sulfúrico), 

obteniéndose valores inferiores a 10 mg mL–1. Así mismo, el análisis del EPS aislado a 

partir de la biomasa mediante HPSEC mostró tres fracciones de diferente peso 

molecular: superior a 103, 10 y 1 kDa, al igual que se observó en el caso de 

CUPV2371 (Tabla 1.3) 

	
Figura 4.1. Colonias de las estirpes L. collinoides CUPV2371 (A) y L. collinoides CUPV2371NR (B). 
El tamaño de las colonias es de 0,6 mm. 

 

2.2 Fermentación de matrices alimentarias	

 Se utilizaron tres tipos de bebidas: bebida de soja (pH de 6,54), y bebida de 

avena (pH 7,33) (Montsoy, Viladrau, Girona), y leche desnatada (10 %, p/v; pH 6,54, 

Sigma). Previamente, las bacterias se adaptaron a las diferentes bebidas mediante 

cultivos en medio MRS enriquecido con el alimento. Primero, se cultivaron en un 

A B 
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medio compuesto por MRS y matriz alimentaria (1:1), a continuación en otro medio 

con una mayor proporción del alimento (1:3), y tras 24 h de fermentación, este cultivo 

sirvió para inocular al 2 % las diferentes matrices alimentarias (suplementadas con un 

2 % de glucosa). Los cultivos se incubaron durante 72 h a 28 °C, y posteriormente se 

mantuvieron a 4 °C durante 2 d (avena y soja) o 7 d en el caso de la leche. Tras el 

periodo de refrigeración se midió de pH. El recuento de células viables se realizó a las 

0 y 72 h de incubación, y después del periodo a 4 °C, mediante la siembra en 

superficie en el medio MRS-agar.  

 

2.3 Características probióticas 

2.3.1 Supervivencia celular bajo un modelo in vitro de estrés gastrointestinal 

 Para el análisis de la supervivencia de las bacterias sometidas a estrés gástrico 

(G) y a estrés gastrointestinal (GI), se utilizaron suspensiones de células obtenidas a 

partir un cultivo crecido en el medio MRS con aproximadamente 109 UFC mL–1. Las 

células contenidas en 25 mL de cultivo, se recogieron por centrifugación (8000 x g, 

10 min) y se suspendieron en el mismo volumen de solución electrolítica estéril 

(apartado 2.5 del capítulo 3), leche, bebida de avena o bebida de soja. La solución 

electrolítica se preparó en el momento del ensayo y las matrices alimentarias se 

esterilizaron mediante un autoclave (120 °C, 4 min). 

 La simulación de las condiciones del tracto gastrointestinal humano se realizó 

utilizando el modelo in vitro del estrés gástrico y gastrointestinal descrito en el 

capítulo 3 (Figura 3.2). La evaluación de la supervivencia bacteriana se llevó a cabo 

mediante el recuento de células viables. Para ello se tomaron muestras en cada uno 

de los tratamientos, se realizaron diluciones sucesivas y se sembraron en MRS-agar 

(CO2 5 %, v/v, y 28 °C).  

 

2.3.2 Autoagregación e hidrofobicidad celular 

 Los ensayos de autoagregación e hidrofobicidad celular se realizaron a partir 

de una suspensión de células obtenidas a partir de un cultivo realizado en el medio 

MRS, que había alcanzado la fase estacionaria de crecimiento (DO600 aproximada de 

5). Las células se recogieron por centrifugación (8.000 x g, 10 min) y se suspendieron 
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en PBS (pH 7,2) (Anexo I) con el mismo volumen del cultivo inicial. Las 

determinaciones se llevaron a cabo a por triplicado y a partir de tres cultivos 

independientes. 

 En el caso de los ensayos de auto-agregación bacteriana, se dispensaron 

10 mL de la suspensión celular en tubos de vidrio estériles con un diámetro interior de 

13 mm, y fueron agitados vigorosamente. Inmediatamente después, se tomaron 

0,1 mL, se diluyeron en 2,4 mL de PBS, y se midió la densidad óptica a 600 nm (A0). 

Los tubos se mantuvieron a temperatura ambiente en un lugar apartado de 

movimientos y vibraciones, y trascurridas 2 y 4 h se midió la DO600 (At). Para calcular 

el % de autoagregación de la cepa se aplicó la fórmula: A %= [1–(At /A0)] × 100 (Kos et 

al., 2003).  

Para los ensayos de hidrofobicidad celular, las suspensiones celulares se 

diluyeron 5 veces con PBS y se midió la DO600 (H0). Posteriormente, se tomaron 4 mL 

de la dilución, se le añadió 0,64 mL de xileno (Panreac) y se agitó vigorosamente 

durante 120 s. Los tubos se mantuvieron en reposo durante 30 min y se midió la DO600 

de la fracción acuosa (H). El porcentaje de hidrofobicidad se obtuvo mediante la 

fórmula H %= [(H0 – H)/H0] x 100 (Pérez et., al. 1998). 

 

2.3.3 Actividad antioxidante 

 La capacidad anti-radicales libres de las células bacterianas se determinó con 

suspensiones celulares preparadas a partir de cultivos en el medio MRS (28 °C 

durante 29 h). Se tomaron 4 mL, se centrifugaron a 8.000 x g durante 5 min y las 

células se lavaron un par de veces con solución Ringer®. Finalmente, se suspendieron 

en agua destilada para obtener suspensiones celulares de 109, 108, 107 y 

106 UFC mL-1 (Wang et al., 2009). Las determinaciones se llevaron a cabo al menos 

por triplicado y a partir de tres cultivos independientes. 

 Para hallar la capacidad anti-radicales hidroxilo (HO�) de las células se tomó 

1 mL de una solución de 1,10–fenantrolina 0,75 mM, a la cual se le añadieron 2 mL de 

PBS (pH 7,4) y 1 mL de FeSO4 0,75 mM. A continuación, se añadió 1 mL de la 

solución bacteriana, 1 mL de H2O2 0,12 % (v/v) o 1 mL de PBS, y se incubó a 37 °C 

durante 90 min. Finalmente, se midió la absorbancia a 536 nm (A536). Para expresar la 

actividad anti-radicales hidroxilo, se sustituyeron los valores de absorbancia obtenidos 
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en presencia de la muestra (As), del control (H2O2) en ausencia de la muestra (Ac), y 

sin muestra ni H2O2 (Ab), en la siguiente fórmula (Wang et al., 2009):  

% Actividad anti-radicales hidroxilo = (As–Ac)/(Ab–Ac)x100 

  Para determinar la capacidad anti-radicales superóxido (𝑂!
–) de las células 

bacterianas, se mezclaron 400 µL de la suspensión celular o agua destilada (blanco), 

con 1200 µL de una solución tampón de Tris HCl 1 M (pH 8, incluyendo EDTA 0,1 mM), 

y se incubó 1 h a temperatura ambiente (Wang et al., 2009). A continuación, se 

tomaron 200 µL de la mezcla anterior y se añadieron 10 µL de pirogalol 0,45 mM 

(Sigma), se homogeneizó e inmediatamente, se tomaron las medidas de absorbancia 

(325 nm) a tiempo cero y cada minuto durante 4 min, en un lector de microplacas 

(Synology HT, BIOTEK). Se realizaron 6 réplicas por cada concentración de células, y 

el ensayo se llevó a cabo en placas de 96 pocillos (Corning). La actividad 

anti-radicales superóxido se obtuvo a partir de la velocidad de auto-oxidación del 

pirogalol (%), sustituyendo el incremento de la absorbancia medido en las mezclas de 

reacción con la suspensión celular (ΔΑ) o con el agua destilada (∆Α!), en la siguiente 

fórmula: % Actividad anti-radicales 𝑂!
– = [1 − (𝛥𝛢 ∕ 𝛥𝛢!)]×100. 

 La capacidad anti-radicales 1,1-difenil-2-picrilhidracilol (DPPH�) se determinó 

de acuerdo a la metodología descrita por Hafsa et al. (2016). Para ello se tomaron 

2 mL de una solución de DPPH� 0,2 mM preparada en metanol, y se mezclaron con 

1 mL de una suspensión de células en etanol (109, 108, 107 o 106 UFC mL–1), o con 

1 mL de etanol. Tras 30 min en completa oscuridad y a temperatura ambiente, las 

mezclas fueron centrifugadas a 8000 x g durante 2 min, e inmediatamente se midió la 

absorbancia a 517 nm. Para hallar el % de actividad se sustituyeron los valores de 

absorbancia obtenidos en las mezclas de solución de DPPH�, con la suspensión de 

células en metanol (AS), o con etanol (AB) en la siguiente fórmula:  

% Actividad anti-radicales DPPH� = [1 − 𝛢!/𝛢! ]×100 

Para cada muestra se realizaron 5 réplicas del ensayo. 
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2.4 Transferencia del plásmido pRCR12 a las bacterias y expresión de la 

proteína mCherry 

 Estos ensayos fueron realizados bajo la supervisión de la doctora Paloma 

López en el Centro de Investigaciones Biológicas (Madrid). 

 El plásmido pRCR12 (Figura 4.2) es portador del gen que codifica la proteína 

monomérica fluorescente mCherry (Russo et al., 2015). Y fue construido a partir del 

plásmido pRCR (Mohedano et al., 2015), el cual contiene el promotor fuerte Px del 

operón de la maltosa (malXCD) de Streptococcus pneumoniae corriente arriba del gen 

mrfp que codifica la proteína mCherry. Por esta razón, Px-mrfp se transcribe de forma 

constitutiva. Además, el plásmido contiene el gen cat, que codifica la proteína 

cloranfenicol acetiltransferasa, responsable de la resistencia al cloranfenicol (Russo et 

al., 2015). pRCR12 está optimizado para ser expresado en bacterias del ácido láctico 

(García-Cayuela et al., 2012), y contiene el replicón del plásmido pSH71 de 

Lactococcus lactis, que es de amplio espectro de huésped y funcional en cepas 

pertenecientes al género Lactobacillus (Nacher, 2015). 

 
Figura 4.2. Mapa físico del plásmido pRCR12 (Russo et al., 2015). 

 

2.4.1 Transformación de las células bacterianas con pRCR12 

 La transformación con el plásmido pRCR12 se llevó a cabo en las cepas L. 

sicerae CUPV261T, L. collinoides CUPV237 y en la cepa non-ropy L. collinoides 

CUPV2371NR, aplicando el protocolo descrito por Berthier et al. (1996).  

 El plásmido pRCR12 se aisló a partir de cultivos de Escherichia coli DH5α	

[pRCR12], mediante el kit comercial de purificación de plásmidos JetStar 2.0 

JNR7/87 (Bricker and Camilli 1999) as template and ForPx (5′-
GGAAGATCTCTTTTCAAGCATAATTGCAAGCG-3′) and
RevPx (5′-CTAGTCTAGACCTCCTAAAGAATAGCAAGT
TTTATTG-3′) primers. After digestion with BglII and XbaI,
the amplicon was introduced into the multicloning site of
pRCR, previously digested with the same restriction enzymes.
The ligation mixture was used to transform competent
Escherichia coli DH5α cells, and transformants, carrying the
pRCR12 plasmid, were selected by chloramphenicol resis-
tance and detected on Luria broth agar (Oxoid) by the red
colour of the colonies. The presence of the transcriptional fu-
sion in pRCR12 was confirmed by DNA sequencing with
ForPx and RevmRFP primers.

Transfer of pRCR12 to Lactobacillus strains

Competent L. plantarum Lp90, L. plantarum B2 and
L. fermentum PBCC11.5 bacteria were prepared as follows.
The cultures were grown until they reached an OD600=0.6,
cooled on ice for 15 min with shaking every 2–3 min and
centrifuged at 3000×g for 10 min at 10 °C. The recovered
pellet was washed with one volume of cold 1 mM MgCl2
and centrifuged as above. The pellet was washed with one
volume of cold 30 % polyethylene glycol (PEG) 1500 and,
after centrifugation, was resuspended in 1/100 volume of
30 % PEG 1500.

For the electroporation procedure, 50μl of the cell suspension
and 5 μl of pRCR12 plasmid DNA (100 ng μl−1) were mixed in
a previously cooled Gene Pulser 0.1-cm cuvette (Bio-Rad).

The electroporation was performed using a Gene Pulser
Xcell with ShockPod cuvette chamber (Bio-Rad) using the
following parameters: voltage 1500 V, resistance 400 Ω and
capacitance 25 μF. After the electrical pulse, 500 μl of MRS

containing 1 mMMgCl2 and 0.3 M sucrose was immediately
added and cells were incubated at 37 °C for 2 h. Transformant
cells containing plasmid pRCR12 were selected on MRS agar
containing chloramphenicol at 10 μg ml−1 and detected by the
red colour of the colonies.

Determination of plasmid copy number

Cultures of LAB strains carrying the pRCR12 plasmid were
grown to an OD600=1. In order to obtain a genomic (chromo-
somal and plasmidic) DNA preparation, 1 ml of each culture
was harvested by centrifugation at 14,000×g for 10min at 4 °C
and washed twice with phosphate-buffered saline (PBS) pH
8.0 (10 mM Na2HPO4, 1 mM KH2PO4, 140 mM NaCl and
3 mM KCl). The pellets were resuspended in 100 μl lysis
buffer (20 % sucrose, 10 mM EDTA, RNasel at 8 mg ml−1,
mutanolysin at 240 U μl−1 and lysozyme at 30 mg ml−1). After
15-min incubation at 37 °C, SDS was added to a final concen-
tration of 1 %. Then, crude extracts were passed through a
needle (25 G 5/8 0.5×16 mm) to reduce their viscosity.
Then, samples were deproteinated by two extractions with
100 μl of a mixture of phenol/chloroform (1:1 v/v) containing
4 % isoamyl alcohol. Afterwards, DNAwas precipitated in the
presence of 0.3 M sodium acetate pH 7.0 with 2.5 volumes of
absolute ethanol and finally resuspended in 100 μl of 10 mM
Tris-HCl, pH 8.0. The genomic DNA preparations were
fractioned in a 1.2 % agarose gel, the gel was stained with
ethidium bromide at 0.5 μg ml−1 for 1 h, and the intensity of
the DNA bands was quantified with a Gel Doc 2000 instru-
ment and the Quantity One 4.6.5 software (Bio-Rad).

The average plasmid copy number (from three determina-
tions) was calculated using the following equation developed
by Projan et al. (1983):

N ¼ 1:36 DP1ð Þ $Mc
Dc$Mp

where DP1 is the intensity value determined for the covalently
closed plasmid forms. Mc is the molecular weight of the
L. plantarum WCFS1 chromosome (3,308,274 bp) or the
L. fermentum CECT5716 chromosome (2,100,449 bp), and
Dc is the intensity value for the chromosomal DNA. Mp is
the molecular weight of the plasmid pRCR12 (4600 bp).
The coefficient 1.36 is introduced to correct for the differences
in fluorescence due to the efficiency of ethidium bromide to
intercalate with linear and supercoiled DNA.

Simultaneous determination of cell growth and fluorescence

The recombinant cultures were diluted in MRS containing
10 μg ml−1 of chloramphenicol to OD600=0.05, and 200 μl
of each culture was placed in triplicate in Costar 96-Well EIA/
RIA Plate stripwells (ImmunoChemistry Technologies,

Fig. 1 Physical map of pRCR12. The plasmid carries the following: the
mrfp gene encoding the mCherry protein under the control of the Px
promoter of S. pneumoniae and the cat gene, which confers
chloramphenicol resistance, and it contains the replicon of plasmid
pSH71 from L. lactis

Appl Microbiol Biotechnol (2015) 99:3479–3490 3481
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(Genomed), siguiendo las instrucciones indicadas por el fabricante. La concentración 

de plásmido se ajustó a 100 ng mL–1, y se conservó a –80 °C hasta el momento de su 

utilización. 

 Para la obtención de células competentes, se tomó un cultivo bacteriano 

crecido en el medio MRS hasta alcanzar 108 UFC mL–1 (fase exponencial de 

crecimiento). El cultivo se centrifugó (5.500 x g, 4 °C, 10 min), se retiró el 

sobrenadante, y las células se lavaron con PBS con una agitación vigorosa durante  2 

o 3 min con el fin de retirar el máximo de polisacárido adherido a las bacterias. La 

suspensión celular se centrifugó (5.500 x g, 4 °C, 10 min), se lavó con PBS, y se 

añadió 10 mL de una solución fría de MgCl2 10 mM. Las células se resuspendieron 

mediante movimientos suaves, se centrifugaron (3.300 x g 4 °C, 5 min), y se 

sometieron a un nuevo lavado con 10 mL de MgCl2 10 mM. Seguidamente se 

realizaron dos lavados con 10 mL de solución de electroporación (sacarosa 0,5 M y 

glicerol 10 %, v/v) mantenida en hielo. Por último, las células competentes fueron 

suspendidas en 500 µL de solución de electroporación fría, y se mantuvieron en hielo. 

 Para el proceso de electroporación, tanto las soluciones como el material se 

mantuvieron en hielo. Se comenzó mezclando cuidadosamente 50 µL de células 

competentes y 5 µL de DNA plásmídico (100 ng mL–1), y la mezcla se transfirió a una 

cubeta de electroporación estéril de 0,2 cm (Gene Pulser® Cuvette, BioRad). Las 

condiciones utilizadas en la electroporación fueron: una resistencia de 600 Ω, una 

capacitancia de 25 µF y un voltaje de 1,8 kV, aplicados en un equipo de 

electroporación “Gene Pulser” acoplado al “Pulse controller” (Bio-Rad). Las constantes 

de tiempo encontradas fueron 8,9 ms para L. sicerae CUPV261T, 11,2 ms para L. 

collinoides CUPV237 y 12,7 ms para CUPV2371NR. Se añadió 0,5 mL de MRS estéril 

(glucosa 3 %, p/v, y  MgCl2 80 mM) a la suspensión celular y se mantuvieron durante 

2 h a 30 °C. Transcurrido el periodo de incubación, las células se sembraron en 

MRS-agar suplementado con cloranfenicol, 7,5 µg mL–1 en el caso de L. sicerae 

CUPV261 [pRCR12], o con 5 µg mL–1 para las cepas de L. collinoides CUPV237 

[pRCR12] y CUPV2371NR [pRCR12], y se incubaron a 30 °C en microanaerobiosis 

(BD GasPakTM Ez Anaerobe Gas Generating Systems). Todas las colonias obtenidas 

presentaron una coloración magenta oscuro que está provocada por la expresión de la 

proteína mCherry (Figura 4.8 centro). 
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2.4.2 Detección de la expresión de la proteína fluorescente mCherry 

 Para la detección de la expresión de la proteína mCherry, los transformantes 

de L. sicerae y L. collinoides se cultivaron en medio MRS-cloranfenicol (apartado 

2.5.1). El crecimiento fue monitorizado mediante la medida de la DO600, y la 

fluorescencia fue cuantificada en un espectrofluorímetro (Spectometer RF-540, 

Shimazu), con unas longitudes de onda de excitación y emisión, de λex 587 nm y λem 

610 nm (Mohedano et al., 2015). 

 Para la visualización de los transformantes, se tomaron microfotografías in vivo 

en un equipo de microscopía laser confocal (Microscopio confocal Láser (CLSM) 

LEICA TCS SP5 AOBS) en los Servicios Científicos del Centro de Investigaciones 

Biológicas de Madrid. Para el procesado de imágenes se utilizó el software ImageJ 

v1.47 (National Institutes of Health) (Rasband, 1997). 

 

2.5 Ensayos de colonización y visualización de Lactobacillus sp. [pRCR12] en 

el modelo de larvas gnotobióticas de Danio rerio. 

 Estos ensayos se realizaron bajo la supervisión del doctor Miguel Ángel Pardo 

en el Centro Tecnológico AZTI-Tecnalia, Derio (Bizkaia). 

 

2.5.1 Obtención de larvas gnotobióticas de pez cebra 

 Los adultos progenitores de Danio rerio (Hamilton, 1822), se criaron y se 

mantuvieron en las instalaciones de AZTI tal y como se describe en el capítulo 3 

(apartado 2.6.1). 

 Para la obtención de larvas de pez cebra libres de gérmenes (axénicas o germ-

free), los huevos fertilizados y aclarados con solución para embriones (EW, apartado 

2.6.1 del capítulo 3), se sometieron a una serie de lavados para eliminar la microbiota 

que les acompañaba. Inicialmente, los huevos se depositaron en un tubo de centrifuga 

estéril de 15 mL, y se realizaron 10 lavados con la solución de antibióticos (Ab: 

solución EW suplementada con kanamicina 15 mg L–1, ampicilina 300 mg L–1 y 

anfotericina B 1,25 mg L–1), invirtiendo el tubo mediante movimientos suaves. Después 

se lavaron con solución EW suplementada con polivinilpirrolidona 0,02 % (v/v) durante 
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2 min. Inmediatamente después, los huevos se sumergieron en EW suplementada con 

lejía 0,005 % (v/v) durante 1 h. Se retiró el sobrenadante, se lavaron 10 veces con 

solución EW para eliminar los restos de lejía, y se mantuvieron durante 15 h en 

solución Ab. Tras este tiempo se realizaron nuevamente 10 lavados con solución EW. 

Los huevos se distribuyeron en placas Petri estériles, a razón de 10 embriones mL–1 y 

se aplicaron dos pulsos de luz de 1,8 kV. Tras una incubación a 27 °C durante 2,5 días, 

los huevos se lavaron 3 veces con PBS diluido 1:100, y permanecieron a 27 °C 

durante 24 h ( Oyarbide et al., 2015). 

 

2.5.2 Ensayos de colonización intestinal  

 Las estirpes L. sicerae CUPV261T p[RCR12], L. collinoides CUPV237 

p[RCR12] y L. collinoides CUPV2371NR p[RCR12] se cultivaron en el medio MRS 

suplementado con cloranfenicol a 28 °C, hasta alcanzar una concentración en torno a 

108 UFC mL–1. Las células se recogieron por centrifugación y se lavaron con PBS para 

eliminar los restos del medio de cultivo. 

  Grupos de 15 larvas axénicas de 4 días post-fecundación (dpf), fueron 

expuestas a concentraciones de 5×107 bacterias mL–1, con o sin EPS 150 mg L–1, 

durante 18 h, a 27 °C y con una agitación orbital de 90 rpm. Posteriormente, se 

lavaron tres veces con una solución de PBS suplementada con Tween 20 0,1 % (v/v), 

se mantuvieron a 27 °C y 90 rpm durante 6, 24 y 48 h antes de ser visualizadas 

(periodos post-exposición). Cada experimento se realizó por triplicado y una vez 

finalizados, los embriones fueron sacrificados mediante shock frio. 

 Para medir el grado de colonización bacteriana en el epitelio intestinal, se llevó 

a cabo el recuento en placa de las células viables a partir de una larva. Una vez 

finalizados los periodos post-exposición, cada larva se depositó en un microtubo estéril 

de 1,5 mL, se añadió 0,5 mL de PBS y se trituró utilizando el homogeneizador Pellet 

Pestle Cordless Motor (Kimble Chase, Vineland, NJ). Para el recuento de células 

viables, se sembró el contenido del microtubo en MRS-agar suplementado con 

cloranfenicol, y se incubó a 28 °C en una atmósfera con un 5 % (v/v) de CO2.  

 Para la visualización de las bacterias fluorescentes en el interior de las larvas 

se utilizó un estereomicroscopio Leica MZFL III con un rango de aumento de 8X a 

100X. El microscopio estaba equipado con luz visible y luz UV (100 W Hg), y las 
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condiciones para la detección de la fluorescencia fueron: un rango de longitudes de 

onda de excitación de 450-490 nm y de emisión de 540-580 nm. Las imágenes se 

tomaron con una cámara Leica DFC 360FX y se procesaron con el programa 

informático  ImageJ v1.47 (Russo et al., 2015) 

 

2.6 Análisis estadístico  

 Los datos se expresan como la media ± desviación estándar. Los análisis 

estadísticos se realizaron utilizando el programa informático SPSS (Versión 24.0). 

Para detectar las diferencias significativas, se realizó un análisis de la varianza 

(ANOVA) de un factor, seguido de un Post-hoc con el test DSM para varianzas iguales 

o un test T3 de Dunnett  para varianzas distintas. 
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3. RESULTADOS 

3.1 Fermentación de matrices alimentarias 

 Las matrices utilizadas (bebida de soja, bebida de avena y leche) se 

suplementaron con un 2 % (v/v) de glucosa, y se inocularon con las bacterias L. 

sicerae CUPV261T y L. collinoides CUPV237. La Figura 4.3 muestra los crecimientos 

observados tras los periodos de fermentación y de refrigeración a 4 °C (48 h para los 

cultivos en avena y soja, y 7 días en leche).  

 La estirpe CUPV261T creció en las tres bebidas (Figura 4.3 A), detectándose 

incrementos significativos de las poblaciones bacterianas al final del periodo de 

fermentación (p<0,001), que fueron acompañados de un descenso de los valores de 

pH, a 4,94 en leche, 3,8 en soja y 4,11 en avena. Así mismo, después del periodo de 

almacenamiento a 4 °C la población bacteriana disminuyó significativamente en los 

cultivos en leche (p<0,01). 

 Con respecto a las fermentaciones realizadas con la cepa CUPV237, se 

detectaron comportamientos diferentes en cada bebida (Figura 4.3 B). En la matriz 

leche no se observó crecimiento de la bacteria. Sin embargo, en los cultivos de soja y 

avena se observó un crecimiento significativo después de la incubación a 28 °C 

(p<0,001), y se registraron unos valores de pH de 3,92 y 4,7, respectivamente. En la 

matriz soja se detectó crecimiento durante el periodo de refrigeración, en cambio, en 

avena la población disminuyó significativamente (p<0,01).  

 

 

 

 

 

 

Figura 4.3. Fermentaciones en leche, avena y soja. Las gráficas representan el crecimiento de L. 
sicerae CUPV261T (A) y de L. collinoides CUPV237 (B) observado en las diferentes matrices alimentarias. 
Las barras muestran la media del log UFC mL–1 ± la desviación estándar cuantificadas a tiempo cero (n), 
tras la fermentación (n) y después del periodo a 4 °C (☐). Las diferencias significativas se indican con 
igual carácter para p<0,001 (mayúscula),  p<0,01 (minúscula). 
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3.2 Tolerancia al estrés gástrico y gastrointestinal 

 Se determinó la supervivencia de L. sicerae CUPV261T y L. collinoides 

CUPV237 al estrés gástrico y gastrointestinal utilizando un modelo in vitro  (Fernández 

de Palencia et al., 2009). Las células cultivadas en el medio MRS, se suspendieron en 

solución gástrica, leche, bebida de avena o de soja, y se sometieron a acidificaciones 

y a la acción de enzimas gastrointestinales durante el tratamiento (Figura 3.2). 

 

Figura 4.4. Tolerancia de L. sicerae CUPV261T (A) y L. collinoides CUPV237 (B) frente a 
condiciones simuladas de estrés gastrointestinal. Las bacterias se suspendieron en solución gástrica 
(n), leche (n), avena (n) y soja (n). Las barras representan la media del número de células viables tras 
cada tratamiento ± el error estándar de la desviación, y en cada tratamiento, las diferencias significativas 
se representan con la misma letra (p<0,05).  

 

 En los ensayos realizados con las cepas de L. collinoides y de L. sicerae se 

observaron que en ambas cepas el estrés gástrico y gastrointestinal afectó de forma 

drástica a las células suspendidas en solución gástrica y en las tres matrices 

alimentarias (Figura 4.3).  
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 En la estirpe CUPV261T, la supervivencia observada en el tratamiento G6 

(pH 2,1) fue significativamente mayor en la bebida de soja (Figura 4.4 A), aunque las 

poblaciones fueron inferiores a 5 unidades logarítmicas. Por otro lado, una vez 

concluidos los tratamientos del estrés gastrointestinal (GI5, pH 3), solo se detectaron 

células viables en avena y leche (log 1,8 ).  

 De la misma manera, en el tratamiento de estrés gástrico (G6, pH 2,1) en la 

cepa CUPV237 se redujo sensiblemente la viabilidad celular (Figura 4.4 B), aunque los 

niveles fueron significativamente mayores en soja (log 3,4), y a pH 1,8, sólo se 

detectaron células viables en soja y leche (concentraciones inferiores a log 1,8). Así 

mismo, una vez concluido el tratamiento de estrés gastrointestinal (GI5), los mayores 

recuentos se observaron también en soja y leche (del orden de log 3,5 y log 2,4, 

respectivamente). 

 

3.3 Evaluación de la actividad antioxidante 

 Para la determinación de la actividad antioxidante de las células de L. sicerae 

CUPV261T y L. collinoides CUPV237, se analizó su comportamiento frente a radicales 

de hidroxilo (OH�), superóxido y 1,1-difenil-2-picril-hidrazilo (DPPH�).  

 Con respecto a la evaluación del actividad anti-OH� (Figura 4.5 A), tanto 

CUPV261T como CUPV237 mostraron un efecto dosis-dependiente, y se registró una 

mayor actividad con la concentración de 109 UFC mL–1 (36 y 53 %, respectivamente). 

Sin embargo, los resultados obtenidos para la actividad anti-O2– mostraron en ambas 

cepas un valor similar para las 4 concentraciones celulares, que fue próximo a 25 % 

(Figura 4.5 B). Para la actividad anti-DPPH� se observó un comportamiento diferente 

dependiendo de la cepa (Figura 4.5 C). Para la estirpe CUPV261 los valores fueron 

similares en las suspensiones de 109 -107 UFC mL–1, en torno al 48 %, y la actividad 

desciende hasta el 18 % en 106 UFC mL–1. En el caso de CUPV237, la actividad de 

109 y 108 UFC mL–1 fue de en torno al 26 %, y con 107 y 106 UFC mL–1 del 18 %.  
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Figura 4.5. Actividad antioxidante de L. sicerae CUPV261T (n) y L. collinoides CUPV237 (n) 
observada en modelos in vitro. A, actividad antiradicales hidroxilo (OH�); B, actividad antiradicales 
superóxido (O2–); y C, anti-radicales 1,1–difenil–2–picril–hidracilo (DPPH�). Las líneas representan la 
media aritmética ± la desviación estándar.  

 

3.4 Capacidad de autoagregración e hidrofobicidad celular 

 La Figura 4.6 muestra la relación entre la capacidad de autoagregación y la 

hidrofobicidad celular de las suspensiones celulares de L. sicerae CUPV261T y L. 

collinoides CUPV237. 

 El xileno, solvente orgánico de naturaleza hidrófoba, fue utilizado para hallar el 

índice de hidrofobicidad de la superficie celular. El valor de hidrofobicidad de 

CUPV237 fue del 39 %, aproximadamente el doble que el obtenido en CUPV261T 

(16,49 %). Sin embargo, el porcentaje de autoagregación fue muy similar en ambas 
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estirpes, tras 2 horas de incubación se observaron valores en torno al 20 %, y a un 

49 % al final del ensayo (4 h). 

 

  
Figura 4.6. Hidrofobicidad y capacidad de autoagregación celular. En la gráfica se representa el 
porcentaje de autoagregación celular observado a las 4 h de reposo, respecto al porcentaje de 
hidrofobicidad encontrado en L. sicerae CUPV261T	 (n) y en L. collinoides CUPV237	 (n).	En las gráficas 
se representa la media ± la desviación estándar. 

	

3.5 Ensayos de colonización gastrointestinal en el modelo in vivo de larvas 

gnotobióticas de pez cebra 

 Las cepas L. sicerae CUPV261T, L. collinoides CUPV237 y la mutante non-ropy 

CUPV2371NR, fueron transformadas con el plásmido pRCR12. Este plásmido es 

portador del gen que codifica la proteína autofluorescente mCherry.  

 Como se aprecia en la Figura 4.7, los transformantes mostraron una coloración 

magenta durante los 11 días posteriores a la siembra en el medio MRS-agar 

suplementado con cloranfenicol. El rendimiento de transformantes fue bajo, 

únicamente se obtuvo un transformante para CUPV237 y CUPV2371NR, los cuales se 

nombraron como CUPV237 [pRCR12] y CUPV2371NR [pRCR12], respectivamente. 

En el caso de L. sicerae se obtuvieron 10 colonias rosadas y se seleccionó una de 

ellas que se denominó CUPV261T [pRCR12]. 

 Para el análisis de la expresión de la proteína mCherry en las estirpes 

CUPV261T [pRCR12], CUPV237 [pRCR12] y CUPV2371NR [pRCR12] se utilizaron 

cultivos en el medio MRS suplementado con cloranfenicol. En estas tres estirpes se 

observó que el crecimiento estaba acompañado de un incremento de los niveles de 

fluorescencia (Figura 4.7). Esto indicó que la presencia del plásmido p[RCR12] confirió 

fluorescencia a los transformantes de L. sicerae y L. collinoides. Por otro lado, se 

observaron mediante microscopía óptica cultivos en fase exponencial de células 
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concentradas y suspendidas en PBS. Las imágenes mostraron la expresión de la 

proteína mCherry en células individuales de las 3 estirpes. 

 Se estudió la capacidad de las cepas de L. sicerae y L. collinoides, 

acompañadas o no de 150 µg mL–1 del EPS que producen, de colonizar el epitelio 

intestinal de larvas axénicas de pez cebra. Para ello, se utilizaron los transformantes L. 

sicerae CUPV261T [pRCR12], L. collinoides CUPV237 [pRCR12] y la estirpe non-ropy 

L. collinoides CUPV2371NR [pRCR12], debido a su capacidad de producir la proteína 

fluorescente mCherry que facilitaría su localización dentro de las larvas transparentes. 

Una vez que las larvas se expusieron a los transformantes, se mantuvieron en PBS 

durante de 6, 24 y 48 horas (periodos post-exposición) antes de ser visualizadas 

mediante un estereomicroscopio (Figura 4.8). Las imágenes mostraron fluorescencia 

solo en un número muy reducido de larvas. Además, no se detectaron bacterias 

viables en aquellas en las que previamente se había visualizado fluorescencia, ni 

tampoco en el resto de las larvas tratadas. 
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Figura 4.7. Detección de la expresión de la proteína fluorescente mCherry en L. sicerae CUPV261T [pRCR12] (A), L. collinoides CUPV237 [pRCR12] (B) y L. 
collinoides CUPV2372 [pRCR12] (C). Arriba, se representan los valores de DO600 (n) y de fluorescencia (n) ± error estándar de la media. Centro, colonias cultivadas en el 
medio MRS-agar suplementado con cloranfenicol. Abajo, se muestran las imágenes de las células suspendidas en PBS y procedentes de cultivos en fase exponencial, 
obtenidas por microscopía de contraste de fases (parte inferior derecha), por microscopía de fluorescencia (parte superior derecha), y del solapamiento de ambas (izquierda). 

0,01 

0,1 

1 

10 

100 

1000 

0 10 20 30 40 50 

D
O

60
0 

nm
 

U
ni

da
de

s 
de

 fl
uo

re
sc

en
ci

a 
 

Tiempo de cultivo (h) 

0,01 

0,1 

1 

10 

100 

1000 

0 10 20 30 40 50 

D
O

60
0 

nm
 

U
ni

da
de

s 
de

 fl
uo

re
sc

en
ci

a 

Tiempo de crecimiento (h) 

0,01 

0,1 

1 

10 

100 

1000 

0 10 20 30 40 50 

D
O

60
0 

nm
 

U
ni

da
de

s 
de

 fl
uo

re
sc

en
ci

a 

Tiempo de cultivo (h) 



Caracterización biotecnológica de L. collinoides CUPV237 y L. sicerae CUPV261T 

	 205 

 

 
Figura 4.8. Detección de los transformantes de L. sicerae y L. collinoides en el intestino de larvas 
gnotobióticas de pez cebra. Los ensayos se llevaron a cabo con suspensiones celulares suplementadas 
o no con EPS (150 mg L–1). En A, L. sicerae CUPV261T [pRCR12] a las 24 horas post-exposición (hpe); B, 
L. collinoides CUPV2371NR [pRCR12] a las 48 hpe; C, L. collinoides CUPV237 [pRCR12] en presencia 
EPS a las 6 hpe; y D, L. collinoides CUPV2371NR a las 6 hpe. 
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4. DISCUSIÓN  

 La utilización de alimentos como vehículo para suministrar probióticos ha sido 

de interés para los científicos durante décadas, debido a sus beneficios en la salud de 

los consumidores (Trivedi et al., 2014). La dosis diaria recomendada para que un 

probiótico ejerza un efecto fisiológico o terapéutico debe de estar entre 108-1010 UFC 

(Fric, 2007). Tradicionalmente las bacterias lácticas son responsables de la 

elaboración de gran variedad de productos lácteos fermentados, aunque lo habitual 

para las especies del presente trabajo es encontrarlas en bebidas alcohólicas sin 

estabilizar (Carr & Davies, 1972; Fuji et al, 2005). Lactobacillus collinoides es una 

especie catalogada como QPS (Qualified Presumption of Safety) según la EFSA, 

además de otras especies de bacterias lácticas presentes en la sidra como son L. 

diolivorans o P. parvulus (EFSA, 2019). Las cepas L. sicerae CUPV261T y L. 

collinoides CUPV237 fueron capaces de fermentar las matrices bebida de soja y 

avena, ambas suplementadas con glucosa. Cabe destacar, que después de incubar 

los productos a 4 °C, las poblaciones bacterianas se mantuvieron por encima de 

108 UFC mL–1, y estas concentraciones son similares a las descritas en leches 

fermentadas por diferentes cepas probióticas de Lactobacillus (Li et al., 2014; Blaiotta 

et al., 2017). Además, se ha descrito que la matriz bebida de soja es apropiada para 

suministrar probióticos viables de L. reuteri (Roy et al., 2016). Con respecto al 

crecimiento en leche, L. collinoides no fue capaz de fermentar esta matriz; y sin 

embargo, L. sicerae alcanzó poblaciones de 108 UFC mL–1, y estos niveles se 

mantuvieron una vez concluido el periodo de refrigeración a 4 °C (7 días).  

 Uno de los requisitos para que una cepa sea considerada como probiótica es 

que debe de alcanzar su localización final en el hospedador (p. ej. el tracto 

gastrointestinal), y en un número suficientemente alto que permita ejercer su efecto 

beneficioso (Hill et al., 2014; Calatayud, Marcos & Margolles, 2016). Por este motivo, 

se decidió aplicar el modelo in vitro de estrés gástrico y gastrointestinal sobre 

suspensiones celulares de L. sicerae y L. collinoides. Los resultados mostraron un 

descenso importante de la viabilidad celular de CUPV261T y CUPV237, y aunque las 

matrices alimentarias ejercieron un efecto protector, se alcanzaron poblaciones 

inferiores a 104 UFC mL–1 debido a las agresivas condiciones ácido-enzimáticas de los 

tratamientos. El efecto protector de la matriz alimentaria sobre las células bacterianas 

sometidas a ensayos de estrés gástrico y gastrointestinal ha sido también observado 

en las cepas productoras de β-glucano P. parvulus CUPV22 y 2.6, cuando se 

incorporaron a yogur o zumo de naranja con leche (Elizaquível et al., 2011). Así mismo, 
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las estirpes L. acidophillus La5, L. plantarum CECT 8328 y L. fermentum CECT 8448 

mejoraron su tolerancia al estrés cuando se incluyeron en pasta (Arena et al., 2014).  

 

 En el intestino delgado y en el intestino grueso se dan condiciones oxidantes 

que fundamentalmente son ocasionadas por la presencia de especies reactivas de 

oxígeno (radicales ROS), y parecen ser producidas por la actividad mitocondrial. Estas 

especies oxidantes pueden ser las responsables de la aparición de enfermedades 

tales como el cáncer (Sanders et al., 2004). Los ensayos in vitro realizados para medir 

la actividad antioxidante de células intactas de L. sicerae y L. collinoides, mostraron 

una actividad anti-radicales libres frente a los aniones superóxido (36 y 53 %, 

respectivamente), radicales hidroxilo (en torno al 25 %) y DPPH� (48 y 26 %, 

respectivamente). Resultados similares se han descrito en trabajos donde se les 

atribuye a las BAL una potencial capacidad antioxidante (Lin & Chang, 2000; Wang et 

al., 2009; Das & Goyal, 2015; Tang et al., 2017), y podría deberse a los diferentes 

componentes de la envuelta celular, como son las proteínas o polisacáridos y los 

ácidos teicoicos, muy abundantes en la superficie bacteriana (Yi et al., 2009; Tang et 

al., 2017). 

 Una propiedad importante de muchas cepas bacterianas utilizadas como 

probióticos es la de adherirse a las células epiteliales y a superficies mucosas (Kos et 

al., 2003). Se ha observado que la capacidad de agregación bacteriana y la 

hidrofobicidad de las superficies celulares, son solo unos de los factores a tener en 

cuenta dentro del mecanismo complejo que permite a los microorganismos interactuar 

con el hospedador y ejercer su efecto beneficioso (García-Cayuela et al., 2014). Las 

estirpes L. collinoides CUPV2371 y L. sicerae CUPV261T presentaron valores de 

hidrofobicidad (16 y 39 %, respectivamente) y de autoagregación (en torno al 40 %) 

similares a los descritos por otros autores para ciertas estirpes de Lactobacillus 

(Lacerda et al., 2013; Tuo et al., 2013; García-Cayuela et al., 2014; Abdulla et al., 

2014). La presencia de heteropolisacárido en la superficie celular de estas estirpes 

aisladas de sidra, podría influir en sus propiedades de adhesión. Con respecto a esto, 

se ha observado en cepas probióticas de Lactobacillus y Bifidobacterium que los 

niveles de adhesión dependen del tipo de HePS que producen (Ruas-Madiedo et al., 

2006).  

 Para continuar el estudio sobre las características probióticas de las cepas de L. 

sicerae y L. collinoides, se utilizó el modelo animal alternativo de larvas gnotobióticas 

de pez cebra. Se analizó la habilidad de los transformantes de CUPV261T, CUPV237 y 
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su cepa isógenica non-ropy CUPV2371NR para colonizar el epitelio intestinal de larvas 

axénicas de Danio rerio. Para poder localizar a las bacterias dentro de las larvas, las 

estirpes se modificaron genéticamente introduciéndoles el vector plasmídico [pRCR12] 

que contiene el gen mrfp y que codifica la proteína fluorescente mCherry. Se ha 

comprobado que la presencia de este plásmido en Lactobacillus y en otras estirpes de 

bacterias lácticas, permite la detección de los transformantes y su expresión génica a 

tiempo real, debido a la valoración de la proteína fluorescente mCherry 

(García-Cayuela et al., 2012; Mohedano et al., 2015; Garai-Novillo et al., 2019). 

Inicialmente, se observó que todas las colonias de los transformantes L. sicerae 

CUPV261T [pRCR12], y L. collinoides CUPV237 [pRCR12] y CUPV2371NR [pRCR12] 

adoptaron una coloración magenta que indicó que expresaban el gen mrfp (Figura 4.7). 

Así mismo, las curvas de crecimiento mostraron que el aumento de la fluorescencia 

estaba relacionado con el incremento de la DO600. Además, mediante microscopía 

óptica de contraste de fases y de fluorescencia, se observó la fluorescencia individual 

de cada célula, aunque se detectaron variaciones en la intensidad entre los bacilos de 

un mismo cultivo. Las proteínas fluorescentes necesitan un tiempo de maduración 

postraduccional para la formación del cromóforo (Garai-Novillo et al., 2019). En 

concreto, se ha descrito en Lactococcus lactis que la proteína mCherry posee una 

velocidad de maduración lenta, con un valor máximo específico de fluorescencia de 

6 h (Garai-Novillo et al., 2019). Las imágenes de los transformantes mostraron 

diferencias en la intensidad de la fluorescencia emitida por los lactobacilos (Figura 4.7), 

que podrían ser explicadas por el diferente estado de maduración de la proteína 

mCherry entre las células de un mismo cultivo. Finalmente, los resultados obtenidos 

nos permiten concluir que el gen de la mCherry es funcional en las estirpes L. sicerae 

CUPV261T [pRCR12], y L. collinoides CUPV237 [pRCR12] y CUPV2371NR [pRCR12], 

y su presencia permite la detección de las células mediante fluorescencia. 

 Los ensayos de colonización bacteriana del epitelio intestinal se realizaron 

mediante el modelo de larvas gnotobióticas de pez cebra. Larvas axénicas fueron 

expuestas a suspensiones bacterianas de cada una de las estirpes transformadas de 

L. sicerae y L. collinoides, y suplementadas o no con 150 mg L–1 del EPS que 

producen. A diferencia de los resultados obtenidos con estirpes de bacterias lácticas 

de las especies L. plantarum, L. fermentum y Pediococcus parvulus (Russo et al., 

2015; Pérez-Ramos et al., 2018), únicamente se pudieron localizar bacterias 

fluorescentes en el interior del tracto intestinal de un número muy reducido de larvas, y 

no se detectaron células viables de las bacterias de este estudio a partir de las larvas 

tratadas. A pesar de ello, la perdurabilidad de la fluorescencia en larvas de 48 hpe y 
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que ésta esté concentrada en zonas de emisión definida dentro de las larvas, podría 

indicar que las células están intactas (sin roturas de membranas por muerte celular) 

(Figura 4.8). Éstas podrían encontrarse en un estado de viables no cultivables por las 

situaciones de estrés generadas por las condiciones del ensayo, pero no se han 

podido realizar ensayos adicionales que confirmen esta idea. El estado de viables no 

cultivables es una estrategia de supervivencia de las células expuestas a 

circunstancias ambientales adversas, como ha sido descrito L. lindneri y L. 

paracollinoides (Pinto et al., 2015; Suzuki et al., 2006).  
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5. CONCLUSIONES 

 En este trabajo se ha estudiado el potencial probiótico de las estirpes 

productoras de heteropolisacárido L. sicerae CUPV261T y L. collinoides CUPV237 

mediante ensayos realizados en modelos in vivo e in vitro.  

 Ambas cepas fermentan las matrices alimentarias de bebida de soja y avena, 

además de la matriz leche para la cepa de L. sicerae; y se mantuvieron en 

poblaciones superiores a 108 UFC mL–1 una vez concluido el periodo de refrigeración. 

Con respecto a los ensayos de tolerancia del estrés gastrointestinal llevados a cabo en 

un modelo in vitro, aunque las matrices alimentarias ejercieron un efecto protector, las 

severas condiciones ácido-enzimáticas provocaron un descenso importante de la 

viabilidad celular. Por otro lado, las células de estas estirpes presentaron una potencial 

capacidad antioxidante frente a los radicales hidroxilo, superóxido y DPPH, así como 

una hidrofobicidad de la superficie celular y un porcentaje de autoagregación similares 

a las descritas en otras estirpes de bacterias lácticas. 

 Para evaluar la capacidad de colonización intestinal en larvas de pez cebra de 

L. sicerae CUPV261T y L. collinoides CUPV237, así como el mutante non-ropy L. 

collinoides CUPV2371NR, las estirpes fueron transformadas con el plásmido 

p[RCR12], el cual contiene el gen mrfp que codifica la proteína fluorescente mCherry. 

Los resultados obtenidos nos permitieron concluir que el gen de la mCherry es 

funcional en los transformantes CUPV261T p[RCR12], CUPV237 p[RCR12] y 

CUPV2371NR p[RCR12], y su presencia permite la detección de las células mediante 

fluorescencia. Finalmente, no se observaron evidencias de que estas estirpes sean 

capaces de colonizar el tracto gastrointestinal de larvas axénicas de pez cebra. 
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1. INTRODUCCIÓN 

 La riboflavina (7,8-dimetil-10-(1-D-ribitil) isoaloxazina) (Figura 5.1), es una 

vitamina hidrosoluble del grupo B (vitamina B2) necesaria para el desarrollo de los 

seres vivos. Algunas plantas, hongos y bacterias tienen la capacidad de sintetizarla, y 

otros organismos dependen del aporte nutricional.  

 El requerimiento diario de riboflavina en humanos se estima en 1,3 mg en 

hombres y 1,1 mg en mujeres (Stahmann et al., 2000). Los humanos adquieren esta 

vitamina mediante la ingestión de hongos, levaduras, vegetales de hoja verde, carne, 

pescados grasos y en menor medida de los cereales debido al procesado del grano 

(Burgess et al., 2009). Un exceso de ingesta de riboflavina es inofensivo (Stahmann et 

al., 2000), ya que es eliminada por la orina. Una deficiencia de riboflavina afecta al 

metabolismo de la glucosa, ácidos grasos y aminoácidos provocando la 

arriboflavinosis, enfermedad que se caracteriza por una estomatitis angular, glositis, 

quelosis, dermatitis seborreica alrededor de la nariz y la boca, y cambios oculares que 

incluyen reducción del lagrimeo, fotofobia, vascularización corneal y formación de 

cataratas. La deficiencia subclínica de riboflavina ha sido encontrada en diabéticos, 

niños y familias con bajo nivel socioeconómico. Además, en niños con enfermedades 

cardiacas crónicas y bebés con una terapia prolongada contra la hiperbilirrubinemia 

(Kliegman et al., 2014). En la actualidad, y con el fin de incrementar el valor nutricional 

de alimentos y piensos, la riboflavina es sintetizada de forma industrial mediante 

procesos fermentativos, en los que se utilizan principalmente cepas del hongo Ashbya 

gossypii (niveles de producción de 15 g L–1) y de la bacteria Bacillus subtilis (Revuelta 

et al., 2017).  

 La riboflavina es modificada en el interior celular para producir flavinas activas 

biológicamente, la coenzima riboflavina-5’-fosfato, también denominada flavina 

mononucleótido (FMN), y el dinucleótido de flavina y adenina o flavina adenina 

dinucleótido (FAD). La síntesis de ambas coenzimas está catalizada por una enzima 

bifuncional flavoquinasa/FAD-sintasa (RibC), que convierte la riboflavina en FMN por 

fosforilación y en FAD por una posterior adenosilación (Vitreschat et al., 2002) 

(Figura 5.1). Tanto el FMN como el FAD actúan como portadores de electrones en las 

reacciones de óxido-reducción, funcionando como coenzimas para cientos de enzimas 

FMN- o FAD-dependientes, llamadas flavoproteínas. 

 Algunas cepas de BAL son capaces de producir, liberar o incrementar 

componentes específicos en los alimentos que aportan beneficios a la salud, 
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incluyendo la prevención o tratamiento de una enfermedad (LeBlanc et al., 2011). 

Entre estos ingredientes cabe destacar las vitaminas del grupo B, tales como la 

riboflavina, folatos o cobalamina (B12) (Thakur et al., 2016). Así, ciertas BAL son 

adecuadas para aumentar significativamente la concentración de riboflavina en 

productos fermentados (LeBlanc et al., 2011). Estas bacterias, aun produciendo 

pequeñas cantidades de riboflavina, son una mejor opción para ser utilizadas como 

cultivos iniciadores en la elaboración de productos fermentados en vez de los starters 

tradicionales, los cuales consumen riboflavina (Thakur, Tomar & De, 2015). Su 

utilización puede permitir obtener nuevos alimentos con un interés nutricional 

incrementado, y/o con propiedades beneficiosas para la salud (LeBlanc et al., 2011). 

Figura 5.1. Ruta de producción de Vitamina B2 y de sus vitámeros FMN y FAD en bacterias. La 
representación se ha realizado a partir de los trabajos de Webb et al. (2007), Capozzi et al. (2012), Thakur, 
Tomar & De (2015) y García-Angulo (2017). En rojo y azul se indican el gen y la proteína que codifica, 
respectivamente. 

 
 

Scheme 5 Pathway of riboflavin synthesis via lumazine. Reduction of
the ribose of 31 to generate a ribityl chain and deamination of the
pyrimidine ring can occur in either order to produce 32. In eubacteria
the deamination occurs first, in yeasts and fungi it is the second step.
Later in the pathway dismutation of two molecules of the product
of 6.7-dimethyl-8-ribityllumazine 29 by riboflavin synthase generates
one molecule of riboflavin 25 and one of 5-amino-6-ribitylamino-2,
4(1H,3H)-pyrimidinedione 28. Dimethylbenzimidazole 26 for incorpora-
tion into vitamin B12 2 is generated by degradation of riboflavin derivatives.

although it was not possible to differentiate the 7- and 8-methyl
positions.19

Both 14C labelling in vivo and 13C labelling in vitro were used
to define the regioselectivity of this incorporation21–23 and this
demonstrated that the precursor was a pentose phosphate, C-4 of
which was lost upon incorporation. All the pentose and pentulose
phosphates tested were well incorporated into lumazine, although
ribose 5-phosphate and xylulose 5-phosphate were incorporated
with slightly higher efficiencies than ribulose 5-phosphate 30
and arabinose 5-phosphate.23 The identification of ribulose 5-
phosphate as the true substrate for this was therefore not achieved
by labelling studies alone but was dependent upon the use of
genetic methods that are discussed further in section 4.3.

2.5 Summary

As can be seen, isotopic labelling remains a key element in
the elucidation of biosynthetic pathways. These approaches have
allowed workers to identify the starting materials for the majority
of these water soluble cofactors. To some extent they have also
revealed the route via which these molecules are incorporated into
the scaffold. Sometimes however this elucidation is dependent
upon quite serendipitous discoveries and observations, some of
which are illustrated in the following section.

3 Chemical logic and intuition

At certain points in the determination of these biosynthetic path-
ways a degree of chemical logic and intuition has been necessary
in order to determine the route by which these metabolites are
produced. The identities of some intermediates have remained
unknown until contemporary studies have been able to elucidate
the route taken. As mentioned in section 2.1 and in another review
in this issue by Marquet et al.,5 the example of the mechanism of
biotin synthase is one such example; there are, however, many
others.

3.1 The biosynthesis of the thiazole moiety of thiamine in yeast

The biosynthesis of thiamine 34 in all organisms that can make
it requires the condensation of hydroxymethylpyrimidine py-
rophosphate 35 (HMP-PP) with hydroxyethylthiazole phosphate
36 (HET-P) to generate thiamine monophosphate 37 (TMP)
(Scheme 6). In eubacteria, the hydroxyethylthiazole moiety is
synthesised from deoxy-D-xylulose 5-phosphate 16 through the
action of 5 different gene products, ThiF, IscS, ThiG, ThiH
(or ThiO) and Dxs in E. coli. However, most eukaryotes and
archaebacteria do not contain homologues of these enzymes,
although sequence similarity searches are complicated by the fact
that these genes show weak sequence similarity to genes involved
in molybdopterin 38, biotin 3 and pyridoxol 1 biosynthesis.
Instead the thiazole moiety appears to be synthesised via an
alternative route from NAD+ 39. This was first established in yeast,
where genetic mutations identified thi4 as essential for thiazole
biosynthesis.24,25 Mutation in this gene led to thiamine auxotrophy
that could be rescued by feeding with both thiamine 34 and 4-
methyl-5-hydroxyethylthiazole 40, suggesting that it was involved
in the formation of this latter molecule. However the gene was
not homologous to any of the known enzymes required for the
biosynthesis of the thiazole moiety in bacteria (Scheme 6).

Initial labelling studies indicated that the carbon skeleton of
thiazole was generated from an unidentified C5 sugar backbone,26
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Scheme 5 Pathway of riboflavin synthesis via lumazine. Reduction of
the ribose of 31 to generate a ribityl chain and deamination of the
pyrimidine ring can occur in either order to produce 32. In eubacteria
the deamination occurs first, in yeasts and fungi it is the second step.
Later in the pathway dismutation of two molecules of the product
of 6.7-dimethyl-8-ribityllumazine 29 by riboflavin synthase generates
one molecule of riboflavin 25 and one of 5-amino-6-ribitylamino-2,
4(1H,3H)-pyrimidinedione 28. Dimethylbenzimidazole 26 for incorpora-
tion into vitamin B12 2 is generated by degradation of riboflavin derivatives.

although it was not possible to differentiate the 7- and 8-methyl
positions.19

Both 14C labelling in vivo and 13C labelling in vitro were used
to define the regioselectivity of this incorporation21–23 and this
demonstrated that the precursor was a pentose phosphate, C-4 of
which was lost upon incorporation. All the pentose and pentulose
phosphates tested were well incorporated into lumazine, although
ribose 5-phosphate and xylulose 5-phosphate were incorporated
with slightly higher efficiencies than ribulose 5-phosphate 30
and arabinose 5-phosphate.23 The identification of ribulose 5-
phosphate as the true substrate for this was therefore not achieved
by labelling studies alone but was dependent upon the use of
genetic methods that are discussed further in section 4.3.

2.5 Summary

As can be seen, isotopic labelling remains a key element in
the elucidation of biosynthetic pathways. These approaches have
allowed workers to identify the starting materials for the majority
of these water soluble cofactors. To some extent they have also
revealed the route via which these molecules are incorporated into
the scaffold. Sometimes however this elucidation is dependent
upon quite serendipitous discoveries and observations, some of
which are illustrated in the following section.

3 Chemical logic and intuition

At certain points in the determination of these biosynthetic path-
ways a degree of chemical logic and intuition has been necessary
in order to determine the route by which these metabolites are
produced. The identities of some intermediates have remained
unknown until contemporary studies have been able to elucidate
the route taken. As mentioned in section 2.1 and in another review
in this issue by Marquet et al.,5 the example of the mechanism of
biotin synthase is one such example; there are, however, many
others.

3.1 The biosynthesis of the thiazole moiety of thiamine in yeast

The biosynthesis of thiamine 34 in all organisms that can make
it requires the condensation of hydroxymethylpyrimidine py-
rophosphate 35 (HMP-PP) with hydroxyethylthiazole phosphate
36 (HET-P) to generate thiamine monophosphate 37 (TMP)
(Scheme 6). In eubacteria, the hydroxyethylthiazole moiety is
synthesised from deoxy-D-xylulose 5-phosphate 16 through the
action of 5 different gene products, ThiF, IscS, ThiG, ThiH
(or ThiO) and Dxs in E. coli. However, most eukaryotes and
archaebacteria do not contain homologues of these enzymes,
although sequence similarity searches are complicated by the fact
that these genes show weak sequence similarity to genes involved
in molybdopterin 38, biotin 3 and pyridoxol 1 biosynthesis.
Instead the thiazole moiety appears to be synthesised via an
alternative route from NAD+ 39. This was first established in yeast,
where genetic mutations identified thi4 as essential for thiazole
biosynthesis.24,25 Mutation in this gene led to thiamine auxotrophy
that could be rescued by feeding with both thiamine 34 and 4-
methyl-5-hydroxyethylthiazole 40, suggesting that it was involved
in the formation of this latter molecule. However the gene was
not homologous to any of the known enzymes required for the
biosynthesis of the thiazole moiety in bacteria (Scheme 6).

Initial labelling studies indicated that the carbon skeleton of
thiazole was generated from an unidentified C5 sugar backbone,26
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Scheme 5 Pathway of riboflavin synthesis via lumazine. Reduction of
the ribose of 31 to generate a ribityl chain and deamination of the
pyrimidine ring can occur in either order to produce 32. In eubacteria
the deamination occurs first, in yeasts and fungi it is the second step.
Later in the pathway dismutation of two molecules of the product
of 6.7-dimethyl-8-ribityllumazine 29 by riboflavin synthase generates
one molecule of riboflavin 25 and one of 5-amino-6-ribitylamino-2,
4(1H,3H)-pyrimidinedione 28. Dimethylbenzimidazole 26 for incorpora-
tion into vitamin B12 2 is generated by degradation of riboflavin derivatives.

although it was not possible to differentiate the 7- and 8-methyl
positions.19

Both 14C labelling in vivo and 13C labelling in vitro were used
to define the regioselectivity of this incorporation21–23 and this
demonstrated that the precursor was a pentose phosphate, C-4 of
which was lost upon incorporation. All the pentose and pentulose
phosphates tested were well incorporated into lumazine, although
ribose 5-phosphate and xylulose 5-phosphate were incorporated
with slightly higher efficiencies than ribulose 5-phosphate 30
and arabinose 5-phosphate.23 The identification of ribulose 5-
phosphate as the true substrate for this was therefore not achieved
by labelling studies alone but was dependent upon the use of
genetic methods that are discussed further in section 4.3.

2.5 Summary

As can be seen, isotopic labelling remains a key element in
the elucidation of biosynthetic pathways. These approaches have
allowed workers to identify the starting materials for the majority
of these water soluble cofactors. To some extent they have also
revealed the route via which these molecules are incorporated into
the scaffold. Sometimes however this elucidation is dependent
upon quite serendipitous discoveries and observations, some of
which are illustrated in the following section.

3 Chemical logic and intuition

At certain points in the determination of these biosynthetic path-
ways a degree of chemical logic and intuition has been necessary
in order to determine the route by which these metabolites are
produced. The identities of some intermediates have remained
unknown until contemporary studies have been able to elucidate
the route taken. As mentioned in section 2.1 and in another review
in this issue by Marquet et al.,5 the example of the mechanism of
biotin synthase is one such example; there are, however, many
others.

3.1 The biosynthesis of the thiazole moiety of thiamine in yeast

The biosynthesis of thiamine 34 in all organisms that can make
it requires the condensation of hydroxymethylpyrimidine py-
rophosphate 35 (HMP-PP) with hydroxyethylthiazole phosphate
36 (HET-P) to generate thiamine monophosphate 37 (TMP)
(Scheme 6). In eubacteria, the hydroxyethylthiazole moiety is
synthesised from deoxy-D-xylulose 5-phosphate 16 through the
action of 5 different gene products, ThiF, IscS, ThiG, ThiH
(or ThiO) and Dxs in E. coli. However, most eukaryotes and
archaebacteria do not contain homologues of these enzymes,
although sequence similarity searches are complicated by the fact
that these genes show weak sequence similarity to genes involved
in molybdopterin 38, biotin 3 and pyridoxol 1 biosynthesis.
Instead the thiazole moiety appears to be synthesised via an
alternative route from NAD+ 39. This was first established in yeast,
where genetic mutations identified thi4 as essential for thiazole
biosynthesis.24,25 Mutation in this gene led to thiamine auxotrophy
that could be rescued by feeding with both thiamine 34 and 4-
methyl-5-hydroxyethylthiazole 40, suggesting that it was involved
in the formation of this latter molecule. However the gene was
not homologous to any of the known enzymes required for the
biosynthesis of the thiazole moiety in bacteria (Scheme 6).

Initial labelling studies indicated that the carbon skeleton of
thiazole was generated from an unidentified C5 sugar backbone,26
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Scheme 5 Pathway of riboflavin synthesis via lumazine. Reduction of
the ribose of 31 to generate a ribityl chain and deamination of the
pyrimidine ring can occur in either order to produce 32. In eubacteria
the deamination occurs first, in yeasts and fungi it is the second step.
Later in the pathway dismutation of two molecules of the product
of 6.7-dimethyl-8-ribityllumazine 29 by riboflavin synthase generates
one molecule of riboflavin 25 and one of 5-amino-6-ribitylamino-2,
4(1H,3H)-pyrimidinedione 28. Dimethylbenzimidazole 26 for incorpora-
tion into vitamin B12 2 is generated by degradation of riboflavin derivatives.

although it was not possible to differentiate the 7- and 8-methyl
positions.19

Both 14C labelling in vivo and 13C labelling in vitro were used
to define the regioselectivity of this incorporation21–23 and this
demonstrated that the precursor was a pentose phosphate, C-4 of
which was lost upon incorporation. All the pentose and pentulose
phosphates tested were well incorporated into lumazine, although
ribose 5-phosphate and xylulose 5-phosphate were incorporated
with slightly higher efficiencies than ribulose 5-phosphate 30
and arabinose 5-phosphate.23 The identification of ribulose 5-
phosphate as the true substrate for this was therefore not achieved
by labelling studies alone but was dependent upon the use of
genetic methods that are discussed further in section 4.3.

2.5 Summary

As can be seen, isotopic labelling remains a key element in
the elucidation of biosynthetic pathways. These approaches have
allowed workers to identify the starting materials for the majority
of these water soluble cofactors. To some extent they have also
revealed the route via which these molecules are incorporated into
the scaffold. Sometimes however this elucidation is dependent
upon quite serendipitous discoveries and observations, some of
which are illustrated in the following section.

3 Chemical logic and intuition

At certain points in the determination of these biosynthetic path-
ways a degree of chemical logic and intuition has been necessary
in order to determine the route by which these metabolites are
produced. The identities of some intermediates have remained
unknown until contemporary studies have been able to elucidate
the route taken. As mentioned in section 2.1 and in another review
in this issue by Marquet et al.,5 the example of the mechanism of
biotin synthase is one such example; there are, however, many
others.

3.1 The biosynthesis of the thiazole moiety of thiamine in yeast

The biosynthesis of thiamine 34 in all organisms that can make
it requires the condensation of hydroxymethylpyrimidine py-
rophosphate 35 (HMP-PP) with hydroxyethylthiazole phosphate
36 (HET-P) to generate thiamine monophosphate 37 (TMP)
(Scheme 6). In eubacteria, the hydroxyethylthiazole moiety is
synthesised from deoxy-D-xylulose 5-phosphate 16 through the
action of 5 different gene products, ThiF, IscS, ThiG, ThiH
(or ThiO) and Dxs in E. coli. However, most eukaryotes and
archaebacteria do not contain homologues of these enzymes,
although sequence similarity searches are complicated by the fact
that these genes show weak sequence similarity to genes involved
in molybdopterin 38, biotin 3 and pyridoxol 1 biosynthesis.
Instead the thiazole moiety appears to be synthesised via an
alternative route from NAD+ 39. This was first established in yeast,
where genetic mutations identified thi4 as essential for thiazole
biosynthesis.24,25 Mutation in this gene led to thiamine auxotrophy
that could be rescued by feeding with both thiamine 34 and 4-
methyl-5-hydroxyethylthiazole 40, suggesting that it was involved
in the formation of this latter molecule. However the gene was
not homologous to any of the known enzymes required for the
biosynthesis of the thiazole moiety in bacteria (Scheme 6).

Initial labelling studies indicated that the carbon skeleton of
thiazole was generated from an unidentified C5 sugar backbone,26
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Scheme 5 Pathway of riboflavin synthesis via lumazine. Reduction of
the ribose of 31 to generate a ribityl chain and deamination of the
pyrimidine ring can occur in either order to produce 32. In eubacteria
the deamination occurs first, in yeasts and fungi it is the second step.
Later in the pathway dismutation of two molecules of the product
of 6.7-dimethyl-8-ribityllumazine 29 by riboflavin synthase generates
one molecule of riboflavin 25 and one of 5-amino-6-ribitylamino-2,
4(1H,3H)-pyrimidinedione 28. Dimethylbenzimidazole 26 for incorpora-
tion into vitamin B12 2 is generated by degradation of riboflavin derivatives.

although it was not possible to differentiate the 7- and 8-methyl
positions.19

Both 14C labelling in vivo and 13C labelling in vitro were used
to define the regioselectivity of this incorporation21–23 and this
demonstrated that the precursor was a pentose phosphate, C-4 of
which was lost upon incorporation. All the pentose and pentulose
phosphates tested were well incorporated into lumazine, although
ribose 5-phosphate and xylulose 5-phosphate were incorporated
with slightly higher efficiencies than ribulose 5-phosphate 30
and arabinose 5-phosphate.23 The identification of ribulose 5-
phosphate as the true substrate for this was therefore not achieved
by labelling studies alone but was dependent upon the use of
genetic methods that are discussed further in section 4.3.

2.5 Summary

As can be seen, isotopic labelling remains a key element in
the elucidation of biosynthetic pathways. These approaches have
allowed workers to identify the starting materials for the majority
of these water soluble cofactors. To some extent they have also
revealed the route via which these molecules are incorporated into
the scaffold. Sometimes however this elucidation is dependent
upon quite serendipitous discoveries and observations, some of
which are illustrated in the following section.

3 Chemical logic and intuition

At certain points in the determination of these biosynthetic path-
ways a degree of chemical logic and intuition has been necessary
in order to determine the route by which these metabolites are
produced. The identities of some intermediates have remained
unknown until contemporary studies have been able to elucidate
the route taken. As mentioned in section 2.1 and in another review
in this issue by Marquet et al.,5 the example of the mechanism of
biotin synthase is one such example; there are, however, many
others.

3.1 The biosynthesis of the thiazole moiety of thiamine in yeast

The biosynthesis of thiamine 34 in all organisms that can make
it requires the condensation of hydroxymethylpyrimidine py-
rophosphate 35 (HMP-PP) with hydroxyethylthiazole phosphate
36 (HET-P) to generate thiamine monophosphate 37 (TMP)
(Scheme 6). In eubacteria, the hydroxyethylthiazole moiety is
synthesised from deoxy-D-xylulose 5-phosphate 16 through the
action of 5 different gene products, ThiF, IscS, ThiG, ThiH
(or ThiO) and Dxs in E. coli. However, most eukaryotes and
archaebacteria do not contain homologues of these enzymes,
although sequence similarity searches are complicated by the fact
that these genes show weak sequence similarity to genes involved
in molybdopterin 38, biotin 3 and pyridoxol 1 biosynthesis.
Instead the thiazole moiety appears to be synthesised via an
alternative route from NAD+ 39. This was first established in yeast,
where genetic mutations identified thi4 as essential for thiazole
biosynthesis.24,25 Mutation in this gene led to thiamine auxotrophy
that could be rescued by feeding with both thiamine 34 and 4-
methyl-5-hydroxyethylthiazole 40, suggesting that it was involved
in the formation of this latter molecule. However the gene was
not homologous to any of the known enzymes required for the
biosynthesis of the thiazole moiety in bacteria (Scheme 6).

Initial labelling studies indicated that the carbon skeleton of
thiazole was generated from an unidentified C5 sugar backbone,26

992 | Nat. Prod. Rep., 2007, 24, 988–1008 This journal is © The Royal Society of Chemistry 2007

Pu
bl

ish
ed

 o
n 

12
 S

ep
te

m
be

r 2
00

7.
 D

ow
nl

oa
de

d 
by

 U
N

IV
ER

SI
D

A
D

 D
EL

 P
A

IS
 V

A
SC

O
 o

n 
17

/0
1/

20
18

 1
1:

36
:4

5.
 

View Article Online

Scheme 5 Pathway of riboflavin synthesis via lumazine. Reduction of
the ribose of 31 to generate a ribityl chain and deamination of the
pyrimidine ring can occur in either order to produce 32. In eubacteria
the deamination occurs first, in yeasts and fungi it is the second step.
Later in the pathway dismutation of two molecules of the product
of 6.7-dimethyl-8-ribityllumazine 29 by riboflavin synthase generates
one molecule of riboflavin 25 and one of 5-amino-6-ribitylamino-2,
4(1H,3H)-pyrimidinedione 28. Dimethylbenzimidazole 26 for incorpora-
tion into vitamin B12 2 is generated by degradation of riboflavin derivatives.

although it was not possible to differentiate the 7- and 8-methyl
positions.19

Both 14C labelling in vivo and 13C labelling in vitro were used
to define the regioselectivity of this incorporation21–23 and this
demonstrated that the precursor was a pentose phosphate, C-4 of
which was lost upon incorporation. All the pentose and pentulose
phosphates tested were well incorporated into lumazine, although
ribose 5-phosphate and xylulose 5-phosphate were incorporated
with slightly higher efficiencies than ribulose 5-phosphate 30
and arabinose 5-phosphate.23 The identification of ribulose 5-
phosphate as the true substrate for this was therefore not achieved
by labelling studies alone but was dependent upon the use of
genetic methods that are discussed further in section 4.3.

2.5 Summary

As can be seen, isotopic labelling remains a key element in
the elucidation of biosynthetic pathways. These approaches have
allowed workers to identify the starting materials for the majority
of these water soluble cofactors. To some extent they have also
revealed the route via which these molecules are incorporated into
the scaffold. Sometimes however this elucidation is dependent
upon quite serendipitous discoveries and observations, some of
which are illustrated in the following section.

3 Chemical logic and intuition

At certain points in the determination of these biosynthetic path-
ways a degree of chemical logic and intuition has been necessary
in order to determine the route by which these metabolites are
produced. The identities of some intermediates have remained
unknown until contemporary studies have been able to elucidate
the route taken. As mentioned in section 2.1 and in another review
in this issue by Marquet et al.,5 the example of the mechanism of
biotin synthase is one such example; there are, however, many
others.

3.1 The biosynthesis of the thiazole moiety of thiamine in yeast

The biosynthesis of thiamine 34 in all organisms that can make
it requires the condensation of hydroxymethylpyrimidine py-
rophosphate 35 (HMP-PP) with hydroxyethylthiazole phosphate
36 (HET-P) to generate thiamine monophosphate 37 (TMP)
(Scheme 6). In eubacteria, the hydroxyethylthiazole moiety is
synthesised from deoxy-D-xylulose 5-phosphate 16 through the
action of 5 different gene products, ThiF, IscS, ThiG, ThiH
(or ThiO) and Dxs in E. coli. However, most eukaryotes and
archaebacteria do not contain homologues of these enzymes,
although sequence similarity searches are complicated by the fact
that these genes show weak sequence similarity to genes involved
in molybdopterin 38, biotin 3 and pyridoxol 1 biosynthesis.
Instead the thiazole moiety appears to be synthesised via an
alternative route from NAD+ 39. This was first established in yeast,
where genetic mutations identified thi4 as essential for thiazole
biosynthesis.24,25 Mutation in this gene led to thiamine auxotrophy
that could be rescued by feeding with both thiamine 34 and 4-
methyl-5-hydroxyethylthiazole 40, suggesting that it was involved
in the formation of this latter molecule. However the gene was
not homologous to any of the known enzymes required for the
biosynthesis of the thiazole moiety in bacteria (Scheme 6).

Initial labelling studies indicated that the carbon skeleton of
thiazole was generated from an unidentified C5 sugar backbone,26
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Scheme 5 Pathway of riboflavin synthesis via lumazine. Reduction of
the ribose of 31 to generate a ribityl chain and deamination of the
pyrimidine ring can occur in either order to produce 32. In eubacteria
the deamination occurs first, in yeasts and fungi it is the second step.
Later in the pathway dismutation of two molecules of the product
of 6.7-dimethyl-8-ribityllumazine 29 by riboflavin synthase generates
one molecule of riboflavin 25 and one of 5-amino-6-ribitylamino-2,
4(1H,3H)-pyrimidinedione 28. Dimethylbenzimidazole 26 for incorpora-
tion into vitamin B12 2 is generated by degradation of riboflavin derivatives.

although it was not possible to differentiate the 7- and 8-methyl
positions.19

Both 14C labelling in vivo and 13C labelling in vitro were used
to define the regioselectivity of this incorporation21–23 and this
demonstrated that the precursor was a pentose phosphate, C-4 of
which was lost upon incorporation. All the pentose and pentulose
phosphates tested were well incorporated into lumazine, although
ribose 5-phosphate and xylulose 5-phosphate were incorporated
with slightly higher efficiencies than ribulose 5-phosphate 30
and arabinose 5-phosphate.23 The identification of ribulose 5-
phosphate as the true substrate for this was therefore not achieved
by labelling studies alone but was dependent upon the use of
genetic methods that are discussed further in section 4.3.

2.5 Summary

As can be seen, isotopic labelling remains a key element in
the elucidation of biosynthetic pathways. These approaches have
allowed workers to identify the starting materials for the majority
of these water soluble cofactors. To some extent they have also
revealed the route via which these molecules are incorporated into
the scaffold. Sometimes however this elucidation is dependent
upon quite serendipitous discoveries and observations, some of
which are illustrated in the following section.

3 Chemical logic and intuition

At certain points in the determination of these biosynthetic path-
ways a degree of chemical logic and intuition has been necessary
in order to determine the route by which these metabolites are
produced. The identities of some intermediates have remained
unknown until contemporary studies have been able to elucidate
the route taken. As mentioned in section 2.1 and in another review
in this issue by Marquet et al.,5 the example of the mechanism of
biotin synthase is one such example; there are, however, many
others.

3.1 The biosynthesis of the thiazole moiety of thiamine in yeast

The biosynthesis of thiamine 34 in all organisms that can make
it requires the condensation of hydroxymethylpyrimidine py-
rophosphate 35 (HMP-PP) with hydroxyethylthiazole phosphate
36 (HET-P) to generate thiamine monophosphate 37 (TMP)
(Scheme 6). In eubacteria, the hydroxyethylthiazole moiety is
synthesised from deoxy-D-xylulose 5-phosphate 16 through the
action of 5 different gene products, ThiF, IscS, ThiG, ThiH
(or ThiO) and Dxs in E. coli. However, most eukaryotes and
archaebacteria do not contain homologues of these enzymes,
although sequence similarity searches are complicated by the fact
that these genes show weak sequence similarity to genes involved
in molybdopterin 38, biotin 3 and pyridoxol 1 biosynthesis.
Instead the thiazole moiety appears to be synthesised via an
alternative route from NAD+ 39. This was first established in yeast,
where genetic mutations identified thi4 as essential for thiazole
biosynthesis.24,25 Mutation in this gene led to thiamine auxotrophy
that could be rescued by feeding with both thiamine 34 and 4-
methyl-5-hydroxyethylthiazole 40, suggesting that it was involved
in the formation of this latter molecule. However the gene was
not homologous to any of the known enzymes required for the
biosynthesis of the thiazole moiety in bacteria (Scheme 6).

Initial labelling studies indicated that the carbon skeleton of
thiazole was generated from an unidentified C5 sugar backbone,26
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Scheme 5 Pathway of riboflavin synthesis via lumazine. Reduction of
the ribose of 31 to generate a ribityl chain and deamination of the
pyrimidine ring can occur in either order to produce 32. In eubacteria
the deamination occurs first, in yeasts and fungi it is the second step.
Later in the pathway dismutation of two molecules of the product
of 6.7-dimethyl-8-ribityllumazine 29 by riboflavin synthase generates
one molecule of riboflavin 25 and one of 5-amino-6-ribitylamino-2,
4(1H,3H)-pyrimidinedione 28. Dimethylbenzimidazole 26 for incorpora-
tion into vitamin B12 2 is generated by degradation of riboflavin derivatives.

although it was not possible to differentiate the 7- and 8-methyl
positions.19

Both 14C labelling in vivo and 13C labelling in vitro were used
to define the regioselectivity of this incorporation21–23 and this
demonstrated that the precursor was a pentose phosphate, C-4 of
which was lost upon incorporation. All the pentose and pentulose
phosphates tested were well incorporated into lumazine, although
ribose 5-phosphate and xylulose 5-phosphate were incorporated
with slightly higher efficiencies than ribulose 5-phosphate 30
and arabinose 5-phosphate.23 The identification of ribulose 5-
phosphate as the true substrate for this was therefore not achieved
by labelling studies alone but was dependent upon the use of
genetic methods that are discussed further in section 4.3.

2.5 Summary

As can be seen, isotopic labelling remains a key element in
the elucidation of biosynthetic pathways. These approaches have
allowed workers to identify the starting materials for the majority
of these water soluble cofactors. To some extent they have also
revealed the route via which these molecules are incorporated into
the scaffold. Sometimes however this elucidation is dependent
upon quite serendipitous discoveries and observations, some of
which are illustrated in the following section.

3 Chemical logic and intuition

At certain points in the determination of these biosynthetic path-
ways a degree of chemical logic and intuition has been necessary
in order to determine the route by which these metabolites are
produced. The identities of some intermediates have remained
unknown until contemporary studies have been able to elucidate
the route taken. As mentioned in section 2.1 and in another review
in this issue by Marquet et al.,5 the example of the mechanism of
biotin synthase is one such example; there are, however, many
others.

3.1 The biosynthesis of the thiazole moiety of thiamine in yeast

The biosynthesis of thiamine 34 in all organisms that can make
it requires the condensation of hydroxymethylpyrimidine py-
rophosphate 35 (HMP-PP) with hydroxyethylthiazole phosphate
36 (HET-P) to generate thiamine monophosphate 37 (TMP)
(Scheme 6). In eubacteria, the hydroxyethylthiazole moiety is
synthesised from deoxy-D-xylulose 5-phosphate 16 through the
action of 5 different gene products, ThiF, IscS, ThiG, ThiH
(or ThiO) and Dxs in E. coli. However, most eukaryotes and
archaebacteria do not contain homologues of these enzymes,
although sequence similarity searches are complicated by the fact
that these genes show weak sequence similarity to genes involved
in molybdopterin 38, biotin 3 and pyridoxol 1 biosynthesis.
Instead the thiazole moiety appears to be synthesised via an
alternative route from NAD+ 39. This was first established in yeast,
where genetic mutations identified thi4 as essential for thiazole
biosynthesis.24,25 Mutation in this gene led to thiamine auxotrophy
that could be rescued by feeding with both thiamine 34 and 4-
methyl-5-hydroxyethylthiazole 40, suggesting that it was involved
in the formation of this latter molecule. However the gene was
not homologous to any of the known enzymes required for the
biosynthesis of the thiazole moiety in bacteria (Scheme 6).

Initial labelling studies indicated that the carbon skeleton of
thiazole was generated from an unidentified C5 sugar backbone,26
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Scheme 5 Pathway of riboflavin synthesis via lumazine. Reduction of
the ribose of 31 to generate a ribityl chain and deamination of the
pyrimidine ring can occur in either order to produce 32. In eubacteria
the deamination occurs first, in yeasts and fungi it is the second step.
Later in the pathway dismutation of two molecules of the product
of 6.7-dimethyl-8-ribityllumazine 29 by riboflavin synthase generates
one molecule of riboflavin 25 and one of 5-amino-6-ribitylamino-2,
4(1H,3H)-pyrimidinedione 28. Dimethylbenzimidazole 26 for incorpora-
tion into vitamin B12 2 is generated by degradation of riboflavin derivatives.

although it was not possible to differentiate the 7- and 8-methyl
positions.19

Both 14C labelling in vivo and 13C labelling in vitro were used
to define the regioselectivity of this incorporation21–23 and this
demonstrated that the precursor was a pentose phosphate, C-4 of
which was lost upon incorporation. All the pentose and pentulose
phosphates tested were well incorporated into lumazine, although
ribose 5-phosphate and xylulose 5-phosphate were incorporated
with slightly higher efficiencies than ribulose 5-phosphate 30
and arabinose 5-phosphate.23 The identification of ribulose 5-
phosphate as the true substrate for this was therefore not achieved
by labelling studies alone but was dependent upon the use of
genetic methods that are discussed further in section 4.3.

2.5 Summary

As can be seen, isotopic labelling remains a key element in
the elucidation of biosynthetic pathways. These approaches have
allowed workers to identify the starting materials for the majority
of these water soluble cofactors. To some extent they have also
revealed the route via which these molecules are incorporated into
the scaffold. Sometimes however this elucidation is dependent
upon quite serendipitous discoveries and observations, some of
which are illustrated in the following section.

3 Chemical logic and intuition

At certain points in the determination of these biosynthetic path-
ways a degree of chemical logic and intuition has been necessary
in order to determine the route by which these metabolites are
produced. The identities of some intermediates have remained
unknown until contemporary studies have been able to elucidate
the route taken. As mentioned in section 2.1 and in another review
in this issue by Marquet et al.,5 the example of the mechanism of
biotin synthase is one such example; there are, however, many
others.

3.1 The biosynthesis of the thiazole moiety of thiamine in yeast

The biosynthesis of thiamine 34 in all organisms that can make
it requires the condensation of hydroxymethylpyrimidine py-
rophosphate 35 (HMP-PP) with hydroxyethylthiazole phosphate
36 (HET-P) to generate thiamine monophosphate 37 (TMP)
(Scheme 6). In eubacteria, the hydroxyethylthiazole moiety is
synthesised from deoxy-D-xylulose 5-phosphate 16 through the
action of 5 different gene products, ThiF, IscS, ThiG, ThiH
(or ThiO) and Dxs in E. coli. However, most eukaryotes and
archaebacteria do not contain homologues of these enzymes,
although sequence similarity searches are complicated by the fact
that these genes show weak sequence similarity to genes involved
in molybdopterin 38, biotin 3 and pyridoxol 1 biosynthesis.
Instead the thiazole moiety appears to be synthesised via an
alternative route from NAD+ 39. This was first established in yeast,
where genetic mutations identified thi4 as essential for thiazole
biosynthesis.24,25 Mutation in this gene led to thiamine auxotrophy
that could be rescued by feeding with both thiamine 34 and 4-
methyl-5-hydroxyethylthiazole 40, suggesting that it was involved
in the formation of this latter molecule. However the gene was
not homologous to any of the known enzymes required for the
biosynthesis of the thiazole moiety in bacteria (Scheme 6).

Initial labelling studies indicated that the carbon skeleton of
thiazole was generated from an unidentified C5 sugar backbone,26
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photooxidation of DMS to dimethyl sulphoxide and in
the case of FAD, the production of methanesulphonate,
formate, formaldehyde and sulfate, which the bacterium
can use as sulfur source (Hirano et al., 2003). Later, it
was postulated that Campylobacter jejuni, a human
intestinal pathogen, increases the bioavailability of iron
through the reduction of extracellular insoluble ferric
iron (Fe3þ) into soluble ferrous iron (Fe2þ) and riboflavin
biosynthesis enhances this assimilatory ferric reduction
activity (Crossley et al., 2007). Although the specific
mechanism through which flavins increase iron reduc-
tion in this species is not addressed, it is known that
bacterially secreted riboflavin acts as electron shuttle
for iron reduction during extracellular electron transfer.
Shewanella secretes riboflavin involved in the reduction

of Fe3þ oxides (von Canstein et al., 2008). In Shewanella
biofilms, riboflavin directly mediates electron transfer to
a poised electrode as electron acceptor (Marsili et al.,
2008). In these bacteria, flavin electron shuttling is the
main extracellular electron transfer mechanism over dir-
ect contact and nanowires and flavin secretion is
achieved through the bacterial FAD exporter (Bfe) pro-
tein (Kotloski & Gralnick, 2013). Besides Shewanella,
other bacteria can also secrete riboflavin as electron
shuttle for extracellular respiration. The Acidobacteria
Geothrix fermentans secretes riboflavin as a secondary
electron shuttle, accounting for 20–30% of the electron
transfer activity during Fe3þ reduction (Mehta-Kolte &
Bond, 2012). In addition, a recent study showed that an
alkaliphilic bacterial consortium is able to use

Figure 1. (A) Chemical structure of riboflavin and main flavin-derived cofactors. (B) Overview of riboflavin provision pathways in
bacteria. The riboflavin biosynthetic pathway (RBP) and known riboflavin transporters are represented.
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 La biosíntesis de riboflavina ha sido descrita tanto en bacterias Gram-negativas 

como en Gram-positivas, y es llevada a cabo a partir de los precursores guanosina 

5´-trifosfato (GTP) y ribulosa 5´-fosfato (Figura 5.1). El operón rib (Figura 5.2) está 

compuesto por cuatro genes (ribG, ribB, ribA y ribH), más el elemento RFN regulador 

localizado aguas arriba del primer gen (ribG) y un terminador en el extremo 3´ de ribH.  

En primer lugar, la enzima GTP ciclohidrolasa II (RibA) cataliza la formación de 

2,5-diamino-6-ribosilamino-4-(3H)-pirimidinadiona-5´-fosfato. En Bacillus subtilis, RibA 

es una proteína bifuncional que cataliza también la formación de 

3,4-dihidroxi-2-butanona-4-fosfato a partir de ribulosa 5´-fosfato, que es utilizado 

posteriormente por la enzima riboflavina sintasa subunidad β (RibH). En segundo lugar, 

ocurre una desaminación del anillo de pirimidina, seguida de la tercera transformación 

en la cual se reduce el grupo ribosil. Estas transformaciones, están catalizadas por 

RibG en su función pirimidina desaminasa y pirimidina reductasa, dando lugar a 

5-amino-6-ribitilamino-2,4-(1H,3H)-pirimidinadiona-5´-fosfato. Este compuesto pierde 

el grupo fosfato y por medio de la enzima riboflavina sintasa subunidad β (RibH), se 

produce la condensación de este intermediario con 3,4-dihidroxi-2-butanona-4-fosfato, 

para formar 6,7-dimetil-8-ribitil-lumazina. Finalmente, la enzima riboflavina sintasa 

subunidad α (RibB) cataliza la síntesis de riboflavina. En el citoplasma, la riboflavina es 

rápidamente y casi exclusivamente convertida a FMN y FAD por RibC.  

En la regulación de la síntesis y transporte de riboflavina interviene el elemento 

RFN (un aptámero del FMN riboswitch). Esta región reguladora está localizada en el 

extremo 5´ del operón rib y del gen transportador de riboflavina yapA/ribU. Es una 

secuencia no traducida del mRNA, cuya estructura secundaria se cree dependiente de 

los niveles de los productos biológicamente activos de la ruta de la riboflavina (FMN y 

FAD). El riboswitch tiene dos plegamientos alternativos: el ON (antiterminador) o el 

OFF (terminador) (Figura 5.2). Cuando los niveles de riboflavina o de sus cofactores 

son suficientemente altos, el FMN interactúa directamente con el aptámero de mRNA 

naciente. Se estabiliza entonces una estructura pentafoliada que permite la formación 

de un terminador transcripcional entre ella y el inicio del primer gen. Y de esta manera, 

se induce la disociación prematura de la RNA polimerasa que reduce la expresión del 

operón (Mack & Grill, 2006; Pedrolli et al., 2015). Por el contrario, cuando la bacteria 

se encuentra en un entorno con bajos niveles de riboflavina o de sus cofactores, se 

forma una estructura secundaria hexafoliada compleja que impide la formación del 

terminador y favorece la expresión de los genes localizados aguas abajo. Se han 

propuesto dos mecanismos de regulación post-transcripcional: (i) atenuación 

transcripcional (Figura 5.2 A); y (ii) atenuación traduccional (Figura 5.2 B). En el primer 
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caso, se formaría corriente abajo de la estructura pentafoliada una estructura tallo-lazo 

que actuaría como terminador transcripcional, generando un transcrito abortivo. En el 

segundo caso, aguas abajo de la estructura pentafoliada, se formaría una estructura 

tallo-lazo que secuestraría el sitio de unión a los ribosomas (RBS) del gen ribG 

impidiendo su traducción y, en consecuencia, la catálisis de una de las primeras 

etapas de la ruta biosintética (Vitreschak et al., 2002).  

 
Figura 5.2. Los determinantes genéticos de la producción y transporte transmembrana de 
riboflavina. Panel superior, organización del operón rib y genes implicados en la biosíntesis y transporte 
de riboflavina (Thakur, Tomar & De, 2015). Panel inferior, predicción de los posibles mecanismos de 
regulación mediados por un elemento RFN del mRNA; (A) mediante atenuación transcripcional y (B) 
mediante atenuación traduccional (Vitreschak et al., 2002). 
 

 Se ha abordado la superproducción de riboflavina en bacterias mediante la 

sobreexpresión de genes implicados en la biosíntesis de la vitamina. Así, la 

sobreexpresión del gen ribA en B. subtilis incrementó la producción de riboflavina 

hasta un 25 %, sugiriendo que esta enzima limita la velocidad de la biosíntesis de 

riboflavina. Sin embargo, en Lactococcus lactis, la sobrexpresión única de ribA no 

produjo un incremento en la producción de esta vitamina (Burgess et al., 2009). 

Diversos autores han seleccionado BAL mutantes superproductoras de riboflavina por 

resistencia al tratamiento con roseoflavina, que es un compuesto tóxico y un análogo 

estructural de la vitamina B2. Dichos mutantes contenían mutaciones en la región RFN 

Elemento	regulador	 Genes	estructurales	 Genes	de	transporte	

P RFN 

ribG	 ribB	 ribA	 ribH	

Proteínas	relacionadas	con	la	biosíntesis	de	riboflavina	 Proteínas	relacionadas	con	el	
transporte	
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que conduce a la sobreexpresión de los genes rib (Burgess et al., 2006; Russo et al., 

2014). 

 Con estos antecedentes, el trabajo experimental recogido en este capítulo 

estuvo enfocado a la verificación de la producción de riboflavina por BAL aisladas de 

sidra natural del País Vasco. El término riboflavina o B2, se utilizará para describir 

todas las formas de flavina biológicamente activas de la vitamina B2. Se optimizó un 

medio químicamente definido que permitió cultivar y mejorar el crecimiento de las 

cepas a estudio, así como cuantificar la riboflavina. Además, se estudió el operón rib 

de la cepa mutante superproductora de riboflavina L. collinoides CUPV237 y el 

mecanismo de regulación de la producción de vitamina B2. Finalmente, se ha 

cuantificado la concentración de riboflavina en sidra natural del País Vasco. 
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2. MATERIAL Y MÉTODOS 

2.1 Selección de cepas y medios de cultivo 

 Las bacterias utilizadas en estos ensayos proceden del análisis de las cepas 

productoras de exopolisacárido descritas en el capítulo 1, en concreto, 17 de ellas 

pertenecientes a la especie L. collinoides, una a L. sicerae, y 3 a L. suebicus 

(Tabla 5.5). Se incorporaron también en el estudio las estirpes productoras de 

(1,3)(1,2)-β-D-glucano P. parvulus 2.6 y P. ethanolidurans CUPV141 (Dueñas et al., 

1997; Llamas-Arriba et al., 2018), y la cepa control productora de riboflavina L. 

plantarum subsp. plantarum CECT 748T (Remagni, 2012). Las bacterias se cultivaron 

rutinariamente en MRS, y se almacenaron a –80 °C con un suplemento de glicerol al 

20 % (v/v). 

 La cepa superproductora de riboflavina y productora de EPS L. collinoides 

CUPV237 se obtuvo por mutación espontánea de la cepa salvaje L. collinoides 

CUPV2371.	Durante el crecimiento de la cepa salvaje en el medio semidefinido MSD 

se observó un cambio de color en el medio de cultivo, adoptando un fuerte carácter 

fluorescente amarillo-verdoso, y posteriormente se seleccionó en medio MRS-sólido 

una colonia amarilla (Figura 5.3). El genoma de CUPV237 está secuenciado y 

depositado en la base de datos del NCBI (Benson et al., 2006), con el número de 

acceso: JYDC00000000 (Puertas et al., 2016).  

 
Figura 5.3. Cultivos de la cepa superproductora de riboflavina CUPV237. Izquierda, sobrenadante 
libre de células de un cultivo en MSD; derecha, colonias de un cultivo en MRS-sólido. 

 

 Para comprobar la capacidad de las cepas de crecer en ausencia de riboflavina 

se realizaron hasta 8 cultivos consecutivos en el medio semidefinido Difco™ Riboflavin 

Assay Medium, apropiado para la detección de microorganismos productores de 

vitamina B2 por no contenerla en su composición. Este medio fue ajustado a pH 6 con 

HCl 6 M y suplementado con el indicador de pH púrpura de bromocresol 0,014 % (p/v). 
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 Para la determinación cuantitativa de la producción de riboflavina, se utilizaron 

los medios químicamente definidos, medio M5 (Tabla 5.1), medio CDM (Tabla 5.2) y 

medio PID (Tabla 5.3). 

Tabla 5.1. Composición del medio químicamente definido M5 (Poolman et al., 1988). 
Solución basal (pH 5,5) g L−1 Aminoácidos g L−1 

K2HPO4 3,0 Alanina 0,240 
KH2PO4 3,0 Arginina 0,120 
Citrato diamónico 4,0 Asparagina 0,352 
Acetato sódico 1,0 Aspartato 0,416 
Clorhidrato de cisteína 2,4×10−4 Glutamato 0,496 
Bases nitrogenadas 

 
Glutamina 0,384 

Adenina 0,010 Glicina 0,176 
Guanina 0,010 Histidina 0,152 
Uracilo 0,010 Isoleucina 0,208 
Xantina 0,010 Leucina 0,456 
Vitaminas 

 
Lisina 0,440 

Ácido p-aminobenzoico 0,005 Metionina 0,124 
D−Biotina 2,5×10−3 Fenilalanina 0,276 
Ácido Fólico 0,001 Prolina 0,676 
Clorhidrato de piridoxamina 2,5×10−3 Tirosina 0,261 
Clorhidrato de piridoxina 0,001 Micronutrientes 
Riboflavina 0,001 MgCl2 0,200 
Clorhidrato de tiamina 0,001 CaCl2 0,038 
Cianocobalamina 0,001 ZnSO4 5×10−4 
Ácido lipoico 0,001 Glucosa 20,0 
La esterilización se llevó a cabo mediante filtración, a excepción de la solución basal y la solución de 
glucosa que se realizó en un autoclave. 

Tabla 5.2. Composición del medio químicamente definido (CDM) (Terrade et al., 2009). 
Solución basal (pH 5,5) g L−1 Aminoácidos g L−1 

K2HPO4 1,0 Alanina 0,200 
MnSO4�7H2O 0,100 Arginina 0,750 
MgSO4�7H2O 0,100 Asparagina 0,150 
CaCl2 0,440 Aspartato 0,350 
CuSO4�5H2O 1,5×10−5 Glutamato 0,500 
FeSO4�7H2O 2×10−4 Glutamina 0,200 
ZnSO4�7H2O 1,35×10−4 Glicina 0,500 
Bases nitrogenadas  Clorhidrato de cisteína 0,200 
Adenina 0,010 Histidina 0,500 
Guanina 0,010 Isoleucina 0,200 
Uracilo 0,010 Leucina 0,200 
Citosina 0,010 Lisina 0,250 
Timina 0,010 Metionina 0,150 
Xantina 0,005 Fenilalanina 0,200 
Vitaminas  Prolina 0,500 
Ácido p-aminobenzoico 1×10−4 Serina 0,400 
D-Biotina 0,002 Treonina 0,350 
Ácido Fólico 0,002 Triptófano 0,200 
Clorhidrato de piridoxina 0,002 Valina 0,200 
Riboflavina 0,002 Tirosina 0,261 
Clorhidrato de tiamina 0,001 Glucosa 20,0 
Clorhidrato de colina 0,002   
Ácido nicotínico 0,002   
Ácido pantoténico 0,002   
Cianocobalamina 1×10−4   

La esterilización se llevó a cabo mediante filtración, a excepción de la solución basal y la solución de glucosa 
que se realizó en un autoclave. 
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 El medio PID se diseñó a partir del descrito por Teusink et al. (2005) y fue 

modificado con el objetivo de mejorar el crecimiento de las cepas (Tabla 5.3). 

Tabla 5.3. Composición y elaboración detallada del medio PID.  
Sales o medio base (pH 5,5) g L–1 Aminoácidos g L–1 

K2HPO4 1,0 Alanina 0,240 
KH2PO4 5,0 Arginina 0,125 
Acetato de sodio 1,0 Ácido  aspártico 0,420 
Citrato de amonio 0,6 Clorhidrato de cisteína 0,130 
aMgSO4�7H2O 0,1 Ácido  glutámico 0,500 
aMnS04�H2O 0,05 Glicina 0,175 
Vitaminas Histidina 0,150 
Ácido lipoico  0,001 (disuelto en etanol absoluto) Isoleucina 0,210 
D-Biotina  0,0025 (disuelto en NaOH 2 M) Leucina 0,475 
Ácido fólico  0,001 Lisina 0,440 
Ácido pantoténico 0,001 Metionina 0,125 
Ácido nicotínico 0,001 Fenilalanina 0,275 
Ácido p-aminobenzoico 0,010 Prolina 0,675 
Clorhidrato de piridoxamina 0,005 Serina 0,340 
Clorhidrato de piridoxina 0,002 Treonina 0,225 
Riboflavina  0,001 Valina 0,325 
Clorhidrato de tiamina 0,001 aAsparagina 0,350 
aCianocobalamina 0,001 aGlutamina 0,390 
Ácido ascórbico (Vit. C) 0,500  aTriptófano 0,050 
Bases nitrogenadas (disuelto en NaOH 0,1 M) aTirosina (disuelto en NaOH 0,05 M) 
Adenina 0,010 Glucosa 20,0 
Guanina 0,010   
Uracilo 0,010  

 
Xantina 0,010 

  
La esterilización se llevó a cabo mediante filtración, a excepción de la solución basal y la solución de glucosa que se 
realizó en un autoclave. 
(a) variaciones en la concentración de estos compuestos, respecto al medio descrito por Teusink et al. (2005). 

 

Condiciones de cultivo 

 Las bacterias se cultivaron por duplicado en los 3 medios definidos (completos 

y sin riboflavina). Los inóculos se obtuvieron a partir de cultivos en MRS en fase 

exponencial. Las células se recogieron por centrifugación (8.161 × g, 2 min) y se 

lavaron con solución Ringer®. La incubación se realizó en completa oscuridad a 28 °C 

durante 68 h y en atmósfera enriquecida con un 5 % de CO2. El crecimiento se 

monitorizó mediante la medida de la absorbancia a 600 nm (DO600). La producción de 

vitamina B2 se cuantificó en los sobrenadantes libres de células de los cultivos 

realizados en los medios CDM (Tabla 5.2) y PID (Tabla 5.3).  
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2.2 Producción de riboflavina por L. collinoides CUPV237 

 Los cultivos se realizaron en el medio MSD, partiendo de una DO600 inicial de 

0,2. Se incubaron en completa oscuridad a 28 °C, en atmósfera de CO2 al 5 % y 

durante 68 h. Las células se retiraron por centrifugación (15.680 × g, 20 °C), evitando 

la exposición a la luz. 

 Para la identificación de la riboflavina en el sobrenadante, se empleó un 

espectrofluorímetro (Spectrometer RF-540 Shimadzu), con el cual se realizaron 

barridos del espectro de luz ultravioleta-visible. Se obtuvo un valor máximo con unas 

longitudes de onda de excitación y emisión, de λex 450 nm y λem 525 nm, coincidiendo 

estos parámetros con los de la riboflavina (Homa et al., 2010). Este análisis se llevó a 

cabo junto con el profesor Iñaki Berregui, del departamento de Química Aplicada de la 

Facultad de Química de Donostia-San Sebastián (Universidad del País Vasco). 

 

2.3 Cuantificación de riboflavina 

 Para la cuantificación de la riboflavina, las muestras se filtraron por un filtro de 

acetato de celulosa con un diámetro de poro de 0,2 µm. La concentración de 

riboflavina se determinó en un equipo de HPLC Shimadzu-Prominence (USA), 

equipado con un detector de fluorescencia Shimadzu-RF 10AXL (USA), con las 

condiciones de λex 450 nm y λem 525 nm. La columna utilizada fue la EC 250/4.6 

Nucleosil 120-5 C18 (Macherey-Nagel) junto con la precolumna Teknokroma TRC-

160K1, ambas termostatizadas a 40 °C. El volumen de inyección fue de 20 µL. El 

método se llevó a cabo en condiciones isocráticas con un flujo de 0,8 mL min−1 y una 

fase móvil compuesta por acetato sódico 0,05 M:metanol, 60:40 (v/v), con un pH de 

6,0 ajustado con ácido acético glacial. 

 Para la construcción de las curvas de calibrado se empleó un estándar 

analítico de riboflavina (Supelco, Sigma-Aldrich, St. Louis, MO). El compuesto fue 

disuelto en NaOH 0,05 M e inmediatamente se ajustó el pH a 5,0 con ácido acético 

glacial. Las soluciones estándar se prepararon en el momento de su utilización, 

evitando su exposición a la luz. El parámetro ganancia del detector de fluorescencia se 

fijó en el valor 4. Se elaboraron 3 curvas de calibrado modificando el parámetro 

sensibilidad. Los rangos de concentración lineal fueron entre 1 a 50 µg L–1 para la 

sensibilidad alta (Figura 5.4); de 0,020 a 2 mg L–1 para la media, y de 0,5 a 10 mg L-1 

para la baja. Se obtuvo un límite de detección (LOD) de 1,19 µg L–1 y un límite de 
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cuantificación del método (LOQ) de 3,99 µg L–1, para la curva medida en sensibilidad 

alta. Los valores de LOD y LOQ se calcularon en base a la desviación estándar de la 

regresión (Sr) y al valor de la pendiente de la curva (m): LOD=3Sr/m; LOQ=10Sr/m 

(Hossain et al., 2019).  

 
Figura 5.4. Curva de calibrado para la cuantificación de riboflavina con sensibilidad alta. 

 

2.4 Fermentaciones de mostos de manzana 

Obtención y tratamiento de los mostos 

 Se utilizaron 6 mostos monovarietales que fueron cedidos por el profesor Iñaki 

Berregi (campaña 2013), y para su elaboración, se emplearon las variedades de 

manzana autóctona Berde garratza, Gezamina, Merabi, Mozoloa, Urtebi txiki y Urdin. 

Además, se empleó un séptimo mosto (mosto mezcla), que fue obtenido mediante la 

mezcla de diferentes variedades de manzana de sidra procedentes de Normandía 

(Francia), y fue proporcionado por la sidrería Etxeberria (Hernani, Gipuzkoa). Para 

evitar la fermentación espontánea, las muestras se enfriaron de inmediato a 4 °C, y 

una vez en el laboratorio, se mantuvieron a –20 °C hasta su utilización. 

 El pH de los mostos se ajustó a 5,0 con NaOH y se centrifugaron a 4 °C 

(15.680 × g, 30 min) para eliminar las partículas en suspensión. Los sobrenadantes 

fueron esterilizados mediante autoclave a 120 °C durante 6 min, para después 

añadirles un aporte extra de nitrógeno. El medio de cultivo (mosto modificado) constó 

de tres partes de mosto estéril y una parte de una solución de 12 g L–1 de ácidos 

casamino (BD™ Difco™, USA), esterilizada a 120 °C durante 15 min. Durante todo 

este proceso se minimizó el tiempo de preparación para evitar la oxidación de los 

zumos. 
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Cepas y condiciones de cultivo 

 Se utilizaron la cepa superproductora de riboflavina L. collinoides CUPV237 y 

la estirpe L. sicerae CUPV261T, además de la cepa control L. plantarum subsp. 

plantarum CECT 748T. Los precultivos se realizaron en medio MRS, y las bacterias se 

sedimentaron y lavaron con solución Ringer® antes de ser inoculadas en los mostos. 

Los cultivos se mantuvieron a 28 °C, durante 7 días en jarras con generadores de 

anaerobiosis GasPakTM EZ Anaerobe Pouch System (BD™) para evitar la oxidación de 

los caldos. 

 El crecimiento se monitorizó mediante la medida de la absorbancia a 600 nm 

(DO600). Para la cuantificación de la riboflavina, los cultivos se centrifugaron durante 

20 min a 15.680 × g (4 °C) y se filtraron (0,2 µm). El análisis se llevó a cabo mediante 

HPLC, tal y como se describe en el apartado 2.3, y se utilizó la curva de calibrado que 

se muestra en la Figura 5.4. 

 

2.5 Determinación de riboflavina en sidras 

 Se determinó el contenido de riboflavina en 44 muestras de sidra natural que 

habían sido elaboradas en Gipuzkoa. Los doctores Iñaki Berregi y Andoni Zuriarrain de 

la Universidad del País Vasco EHU/UPV proporcionaron muestras de sidras 

embotelladas pertenecientes a su estudio de la evolución del perfil polifenólico en 

sidras monovarietales del País Vasco (Zuriarrain, 2017). Estas bebidas habían sido 

elaboradas con las variedades de manzana Urtebi txiki, Urtebi haundi, Moko, Txalaka, 

Goiko y Gezamina (campaña 2012). Además, se analizaron 7 sidras con la marca 

Eusko Label y elaboradas con manzana del País Vasco; unas fueron proporcionadas 

por el doctor Juan Zuriarrain y otras se adquirieron en un comercio de Oiartzun 

(Gipuzkoa).  

 Así mismo, en una sidrería localizada en el municipio de Hernani (Gipuzkoa) se 

tomaron muestras de sidra en barrica (19 depósitos, campaña 2013) y elaboradas con 

una mezcla de variedades de manzana (procedentes o no del País Vasco). Las 

muestras se conservaron en hielo y alejadas de la luz hasta su análisis. Esta sidrería 

también proporcionó sidras embotelladas de diferentes años: 4 de 2011, 7 de 2012, y 

1 botella de 2013, que se incorporaron al estudio. 
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 La cuantificación de riboflavina en las bebidas se realizó mediante HPLC tal y 

como se describe en el apartado 2.3. 

 

2.6 Detección de genes implicados en la síntesis de riboflavina 

 La detección de genes implicados en la síntesis de vitamina B2 se realizó 

mediante el método descrito por Capozzi et al. (2011), y la extracción de los DNA 

mediante el protocolo descrito en el capítulo 1 (apartado 2.6.1). Se llevaron a cabo 

PCR con los DNA de dos cultivos independientes de 19 cepas de la colección CUPV, 

pertenecientes a las especies L. collinoides (12), L. suebicus (2), L. sicerae (2), L. 

diolivorans G77, P. parvulus 2.6 y O. oeni I4, más L. plantarum subsp. plantarum 

CECT 748T como control positivo. La mezcla de PCR se realizó en un volumen de 

reacción de 20 µL, y estaba compuesta por: 1x de tampón de PCR, 100 µM de cada 

dNTP, 0,25 µM de cada cebador ribF y ribR (Tabla 5.4), 1 U de DNA polimerasa 

Phusion® de alta fidelidad (Thermo ScientificTM) y 80 ng de DNA. El programa utilizado 

contenía un periodo de desnaturalización de 5 min a 94 °C; y 35 ciclos con 30 s a 

94 °C, 31 s a 52 °C y 2 min a 72 °C. El producto de la PCR se visualizó mediante 

electroforesis en un gel de agarosa al 0,8 % (p/v) en tampón TAE, teñido con bromuro 

de etidio 0,2 µg mL−1, y fue sometido a un voltaje de 80 V, durante 90 min.  

 Para la amplificación del operón rib se utilizaron los oligonucleótidos mostrados 

en la Tabla 5.4, que fueron diseñados a partir de la secuencia de DNA del operón rib y 

su región aguas arriba de la cepa CUPV237 (Puertas et al., 2016). El diseño de los 

cebadores se llevó a cabo con el software Primer3 web, versión 4.0 

(http://primer3.ut.ee). La reacción de amplificación (40 µL) contenía: 1x de tampón de 

PCR, 1 U de DNA polimerasa Phusion® de alta fidelidad (Thermo ScientificTM), 100 µM 

de cada dNTP, 1 pM de cada cebador y 160 µg de DNA purificado. Los programas de 

PCR utilizados para cada pareja de cebadores fueron los siguientes: 

 Con los cebadores 3Rib-F y 3Rib-R, las condiciones fueron: 1 ciclo de 5 min a 

94 °C; y 35 ciclos de 45 s a 94 °C, 35 s a 53 °C y 1 min a 72 °C. 

 Las amplificaciones con las parejas de cebadores Rib-FA y Rib-RA, RibA-F y 

RibA-R, RibH-F y RibH-R, RibB-F y RibB-R, y RibD-F y RibD-R se llevaron a cabo 

con: 1 ciclo de 5 min a 94 °C; y 35 ciclos de 1 min a 94 °C, 45 s a 50 °C y 1 min a 

72 °C. 
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Tabla 5.4. Relación de cebadores destinados a la amplificación parcial del operón rib. 

Cebador Secuencia (5´à3´) Amplicón (pb) Gen Diana Referencia 
ribF CTTCRGGGCAGG GTG 2300 RFN-ribA Capozzi et al., 2011 

ribR GGRAADABRTGNCCNGG 

RibA-F GTGCATGATTCACGACGTTT 1100 Secuencia RFN-ribG  

RibA-R ATCCGGTAGCGAGAAGTTGA    

3Rib-F GCAGGTCGGCATCAGTAGTC 991 Secuencia RFN-ribG  

3Rib-R AGGTGACTAAGCGCGTTGAT    

RibD-F TCTCGCTACCGGATATCACC 1062 ribG  

RibD-R TGTCGCCAACCTGACTATGA   Este estudio 

RibB-F CCAACTCACGATCGACACAA 1033 ribB  

RibB-R TCGCAGATGTAAGCAACTGG    

RibA-F ATACGGAAGCCGCTGTTGAT 850 ribA  

RibA-R AAATTGAGCGACAACGATCC    

RibH-F GAAGGGCTTGATACCGTTGA 819 ribH-terminador  

RibH-R GTTGACATTCCGGGAAGTTATT    

 

 Los productos de PCR se cargaron en un gel de agarosa al 0,8 % (p/v) en 

tampón TAE, con bromuro de etidio 0,2 µg mL−1, al que se le aplicó una corriente de 

100 V durante 60 min. Los geles fueron documentados mediante el equipo GelDoc 

(BioRad). El tamaño de los fragmentos de DNA se estimó bajo luz ultravioleta, por 

comparación con el marcador de pesos moleculares de 1 Kb de Invitrogen. Las 

bandas fueron recuperadas y purificadas con el kit PCR Clean-Up Gel Extraction 

(Macherey-Nagel) y enviadas al servicio de secuenciación SECUGEN S.L. (Madrid). 

 Para el alineamiento de las secuencias de DNA, se utilizó el programa 

Clustalw 2.0 (https://www.ebi.ac.uk/Tools/msa/clustalw2/). El tratamiento de las 

mismas se realizó combinando los resultados obtenidos en BLASTn, BLASTp y en la 

base de datos de dominios conservados (CDD) disponible en el sitio web NCBI. Para 

realizar una predicción de las estructuras secundarias en el mRNA, se utilizó el 

programa mfold The RNA Institute Collage of Arts and Sciences, Universidad de 

Albany, NY, USA (http://unafold.rna.aL.any.edu/?q=mfold/rna-folding-form) (Zuker, 

2003) y el servidor web PASIFIC (http://www.weizmann.ac.il/molgen/Sorek/PASIFIC/) 

que fue diseñado para la predicción de riboswitches (Millman et al., 2017). 
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3. RESULTADOS 

3.1. Producción de riboflavina por L. collinoides CUPV237  

 Este estudio se inició con la cepa productora de heteropolisacárido L. 

collinoides CUPV2371 debido a la aparición de forma espontánea de un fenotipo que 

coloreaba el medio semidefinido MSD de un color amarillo-verdoso. Se seleccionó una 

colonia amarilla a partir de un cultivo en MRS-agar, y esta cepa mutante 

superproductora de riboflavina se nombró como CUPV237. El genoma de esta 

bacteria fue secuenciado (Puertas et al., 2016). 

  Con el fin de determinar la producción de riboflavina, esta estirpe fue cultivada 

en el medio semidefinido MSD, y como se muestra en la Figura 5.5, tras 39 h de 

incubación, la concentración de riboflavina y de EPS en el sobrenadante libre de 

células fue de 1,79 ± 0,04 mg L-1 y de 47,37 ± 0,46 mg L–1, respectivamente. El 

aumento de los niveles de riboflavina y de EPS entre las 39 y las 48 h podrían ser 

debidos a la lisis celular.  

Figura 5.5. Cinética de crecimiento, de cuantificación de riboflavina y de EPS en el medio de 
cultivo de la cepa CUPV237. En verde se representa el crecimiento expresado como valores de 
densidad óptica medida a 600 nm; en violeta, el EPS producido (mg mL-1) y en rojo los niveles de 
riboflavina (mg L–1) presentes en el medio de cultivo. 

  

3.2 Determinación de la producción de riboflavina en cepas de la colección 

CUPV  

 Se seleccionaron para el estudio 24 cepas de la colección CUPV y 

representativas de diferentes especies: L. collinoides, L. sicerae, L. suebicus, P. 

parvulus y P. ethanolidurans (Tabla 5.5). Inicialmente, y con el fin de evaluar el 

crecimiento en un medio sin riboflavina, se cultivaron en el medio semidefinido Difco™ 

Riboflavin Assay Medium suplementado con el indicador de pH púrpura de 
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bromocresol. Las cepas fueron crecidas durante 8 cultivos consecutivos en el mismo 

medio sin riboflavina (inóculo 1 %), y su crecimiento se observó de manera cualitativa 

mediante la detección de un cambio de color del cultivo. La mayoría de las cepas 

fueron capaces de crecer y modificar el pH del medio en los 8 cultivos consecutivos, a 

excepción de L. sicerae CUPV262, L. collinoides CUPV2324 y P. parvulus 2.6, en las 

que no se observó crecimiento a partir del segundo cultivo. 

 Así mismo, todas las cepas se cultivaron en los medios químicamente definidos 

M5, CDM y PID para determinar los niveles de riboflavina liberada al medio y 

comparar su crecimiento (Tabla 5.5). La mayor parte de las estirpes fueron capaces de 

crecer en los tres medios de cultivo, a excepción de L. collinoides CUPV2313 y 

CUPV2324; y de forma general, se alcanzaron valores de DO600 superiores en el 

medio PID. En este medio, el valor de la DO600 fue superior a 1 en todos los casos a 

excepción de las cepas citadas, y de L. sicerae CUPV261T, L. collinoides CUPV2320, 

CUPV2322 y P. ethanolidurans CUPV141. 

 La concentración de riboflavina liberada al medio de cultivo (CDM y PID) fue 

estudiada mediante el análisis por HPLC de los sobrenadantes libres de células. En 

general, los niveles de riboflavina fueron ligeramente superiores en el medio CDM que 

en el medio PID. Sin embargo, este comportamiento fue distinto en las cepas L. 

plantarum subsp. plantarum CECT 748T y L. collinoides CUPV237, que mostraron en 

el medio PID un incremento en la concentración de riboflavina de 4,7 y 2,7 veces, 

respectivamente, y que está relacionado con un aumento notable de su crecimiento en 

este medio. La cepa silvestre CUPV2371 y la control L. plantarum subsp. plantarum 

CECT 748T secretaron niveles de riboflavina similares, 387,3 ± 16,7 y 

330,1 ± 13,9 µg L−1, respectivamente. Cabe destacar que en la estirpe mutante 

CUPV237 la acumulación de riboflavina en el medio fue del orden de 8 veces superior 

a la de la cepa silvestre. 
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Tabla 5.5. Crecimiento de las cepas de la colección CUPV en los medios definidos M5, CDM y PID, completos y sin vitamina B2, y concentración de riboflavina en 
el sobrenadante. 

Cepa 

Medio de cultivo 

aM5   b CDM   bPID 

Completo Sin riboflavina  Completo Sin riboflavina  Completo Sin riboflavina 
DO600 DO600  DO600 DO600 µg L−1  DO600 DO600 µg L−1 

L. plantarum subsp. plantarum CECT 748T 0,85±0,03 0,45±0,01  1,73±0,19 1,74±0,64 70,4±9,14  3,86±0,09 3,98±0,17 330,1±13,95 
L. sicerae CUPV261T 0,19±0,00 0,27±0,03  0,24±0,01 0,87±0,15 11,07±6,93  0,75±0,12 0,82±0,04 ND 

  L. collinoides CUPV2313 0,16±0,03 0,13±0,01  0,16±0,01 0,27±0,01 6,35±2,42  0,27±0,21 0,33±0,05 6,77±0,80 
2315 0,12±0,02 0,11±0,01  0,45±0,02 0,22±0,07 7,55±0,08  0,31±0,08 0,32±0,04 6,77±0,00 
2371 - -  - - -  1,86±0,16 2,26±0,17 387,33±16,74 

237 0,61±0,00 0,61±0,03  0,51±0,02 0,46±0,00 1097,25±0,64  1,63±0,80 2,67±0,06 3004,45±192,95 
238 0,14±0,01 0,07±0,01  0,52±0,01 0,21±0,02 4,40±0,63  1,43±0,21 1,06±0,29 6,77±0,00 
239 0,33±0,02 0,16±0,04  0,35±0,00 0,17±0,12 (c)2,78±0,04  1,08±0,26 1,25±0,12 4,09±0,28 

2311 0,54±0,01 0,46±0,02  0,76±0,01 0,41±0,02 6,02±0,16  1,41±0,25 1,02±0,06 ND 
2312 0,59±0,02 0,48±0,00  0,81±0,01 0,24±0,01 9,80±0,23  1,32±0,19 1,34±0,05 4,76±0,12 
2317 0,39±0,00 0,31±0,00  0,24±0,00 0,18±0,00 4,00±0,09  1,41±0,17 1,05±0,07 ND 
2320 0,40±0,00 0,37±0,01  1,10±0,05 0,21±0,00 11,15±0,08  0,64±0,41 0,61±0,10 7,61±0,40 
2322 0,87±0,01 0,73±0,05  0,54±0,02 0,21±0,03 8,44±0,02  0,72±0,07 0,65±0,04 6,48±0,40 
2323 0,34±0,00 0,26±0,02  1,24±0,11 0,96±0,01 21,74±0,86  0,68±0,07 1,25±0,07 ND 
2324 0,08±0,01 0,07±0,01  0,44±0,01 0,44±0,04 10,55±0,03  0,19±0,24 0,3±0,08 (c)2,93±0,08 

231 1,04±0,03 0,99±0,00  0,55±0,12 0,49±0,00 4,96±0,01  1,24±0,46 1,06±0,04 (c)3,24±0,68 
232 - -  0,49±0,03 0,52±0,03 (c)3,80±0,08  1,39±0,16 1,39±0,11 ND 
234 1,37±0,01 1,32±0,02  0,81±0,03 0,67±0,05 9,07±0,03  1,18±0,07 1,23±0,06 ND 
235 1,43±0,02 0,92±0,04  0,85±0,00 0,65±0,02 21,63±0,92  1,27±0,20 1,34±0,07 (c)3,04±0,16 

2328 - -  0,66±0,02 0,48±0,03 9,53±0,06  1,47±0,23 1,52±0,14 ND 
L. suebicus CUPV225 0,43±0,19 0,53±0,02  0,2±0,00 0,22±0,00 (c)3,03±0,14  1,29±0,20 1,08±0,23 (c)1,92±0,4 

226 0,90±0,06 0,87±0,08  0,91±0,02 0,53±0,03 (c)3,59±0,03  0,94±0,38 1,46±0,07 5,41±1,12 
221 - -  0,34±0,01 0,36±0,01 4,07±0,10  1,19±0,24 1,17±0,10 (c)3,47±0,20 

P. parvulus 2.6 0,18±0,01 0,22±0,02  0,27±0,00 0,27±0,01 (c)2,44±0,03  1,83±0,62 1,30±0,02 (c)2,68 ±0,0 
P. ethanolidurans CUPV141 0,80±0,09 0,73±0,03  0,45±0,01 0,38±0,00 (c)2,58±0,12   0,52±0,23 0,62±0,05 ND 

(a) 120 h de fermentación.  
(b) 65 h de fermentación. 
(c) Concentraciones comprendidas entre el LOD (1,19 µg L–1) y el LOQ (3,99 µg L–1). 
ND, no detectado. 
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3.3 Crecimiento y producción de riboflavina por L. collinoides CUPV237 y L. 

sicerae CUPV261T en mostos de manzana. 

 La cepa superproductora de riboflavina L. collinoides CUPV237 y L. sicerae 

CUPV261T fueron seleccionadas para evaluar la síntesis de la vitamina en mostos de 

manzana. Como control se incluyó la estirpe L. plantarum subsp. plantarum 

CECT 748T. La Figura 5.6 A muestra el crecimiento en 7 mostos, 6 elaborados a partir 

de una única variedad de manzana y un mosto mezcla, todos ellos suplementados con 

ácidos casamino. Las cepas fueron capaces de crecer en estos medios, ya que se 

observó un incremento en los valores de la DO600 tras 7 días de cultivo. El crecimiento 

varió en función de la variedad de manzana, y fue siempre superior para la cepa 

CUPV237.  

 

 

 
Figura 5.6. Fermentaciones en mostos modificados obtenidos a partir de diferentes variedades de 
manzana. En A, muestra el crecimiento de L. collinoides CUPV237 (n), L. sicerae CUPV261T (n) y L. 
plantarum subsp. plantarum CECT 748T (n), tras 7 días de cultivo. En la gráfica B, se representa el 
incremento en la concentración de riboflavina en los sobrenadantes de los cultivos. La concentración de 
riboflavina cuantificada en el sobrenadante de L. sicerae CUPV261T fue inferior al límite de detección del 
método. 
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 La Figura 5.6 B muestra la concentración de riboflavina en los sobrenadantes 

de los cultivos llevados a cabo por L. collinoides y L. plantarum subsp. plantarum, 

dado que en las fermentaciones con la estirpe L. sicerae no se detectó riboflavina en 

el medio. La concentración inicial de los mostos de manzana varió entre 4,59 µg L–1 

(mosto Merabi) y 20,72 µg L–1 (mosto mezcla). En ambas cepas, las concentraciones 

más elevadas se observaron en los mostos de las variedades Merabi, Urdin y Urtebi 

txiki, y destacó CUPV237 con una concentración del orden de 700 µg L–1 en Merabi. 

 

3.4 Análisis del contenido de riboflavina en sidra natural 

 Con el fin de conocer el contenido de riboflavina en la sidra natural del País 

Vasco, se tomaron 44 muestras de distinta procedencia y elaboradas en Gipuzkoa.  

 Se analizaron 13 sidras en botella que habían sido elaboradas con manzana 

autóctona: 6 monovarietales y 7 sidras comerciales (Euskolabel). Se detectó 

riboflavina en 8 bebidas (Figura 5.7), y destacaron las sidras monovarietales 

Gezamina y Txalaka por poseer las concentraciones más altas (en torno a 50 µg L−1). 

 
Figura 5.7. Concentración de riboflavina en sidras embotelladas elaboradas con variedades de 
manzana del País Vasco. Valores obtenidos en sidras comerciales elaboradas a partir de mezcla de 
mostos (n), y sidras monovarietales (n). a, detectada pero no cuantificable (valor comprendido entre los 
límites LOD y LOQ). 

Durante la campaña 2013, se analizó toda la producción de sidra de una sidrería 

localizada en Hernani (Gipuzkoa) (19 depósitos). Las muestras fueron tomadas 

directamente de las barricas y exhibían un color amarillo-pajizo claro, sin aspecto de 

haber sufrido oxidaciones. Como se puede observar en la Figura 5.8, se detectó 

riboflavina en 15 muestras, alcanzando los 44,5 µg L−1 en la barrica nº 27. Además, se 

analizaron 12 sidras embotelladas de diferentes campañas de producción (2011, 2012, 

2013). En este caso, sólo en una de las botellas de la cosecha de 2011 se 
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cuantificaron 5,3 ± 0,2 µg L−1 de riboflavina, mientras que en el resto no se detectó 

esta vitamina. 

Figura 5.8. Análisis del contenido de riboflavina en la sidra elaborada por una sidrería de Hernani 
(Gipuzkoa). La gráfica muestra la concentración de vitamina de la sidra en barrica. Se analizaron 19 
muestras numeradas según la sidrería. a, detectada pero no cuantificable (valor comprendido entre los 
límites LOD y LOQ). 

 

3.5 Detección de genes implicados en la síntesis de riboflavina 

 Inicialmente, se llevaron a cabo PCR dirigidas a la amplificación parcial del 

operón de la riboflavina con los cebadores descritos por Capozzi et al. (2011), en un 

total de 19 cepas de las especies L. collinoides, L. sicerae, L. suebicus, L. diolivorans, 

P. parvulus y O. oeni. Únicamente se detectó la banda esperada, utilizando como 

sustrato los DNA aislados de las cepas: L. plantarum subsp. plantarum CECT 784T 

(control) y L. suebicus CUPV225 y CUPV226.  

 El operón rib de L. collinoides CUPV237, se obtuvo a partir de su genoma 

(NZ_JYDC00000000; Puertas et al., 2016) depositado en la plataforma RAST (Brettin 

et al., 2015), y fue analizado utilizando el servidor BLASTn (Figura 5.9). Se observó un 

máximo de identidad del 75 % (valor-e de 0,0) con la secuencia comprendida desde la 

base 2.873.888 a la 2.877.233 del genoma de Lactobacillus paracollinoides 

TMW11994 (CP014915.1). El análisis de la secuencia de aminoácidos obtenida a 

partir de la secuencia de nucleótidos mostró que contenía los dominios: RibD 

(PRK10786, proteína bifuncional diaminodihidroxifosforibosilaminopirimidina 

deaminasa/5-amino-6-(5-fosforibosilamino) uracilo reductasa, valor-e de 2,38 e–54), 

PRK09289 (riboflavina sintasa subunidad alfa, valor-e de 2,2 e–52), RibH (PRK00061, 
6,7-dimetil-8-ribitil lumazina sintasa, valor-e de 5,17 e–47) y PRK09311 (proteína 

bifuncional 3,4-dihidroxi-2-butanona 4-fosfato sintasa/GTP ciclohidrolasa II, valor-e de 

9,83 e–108). 
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Figura 5.9. Operón rib perteneciente a la cepa L. collinoides CUPV237. Ha sido elaborado a partir de 
la secuencia (NZ_JYDC00000000) del genoma bacteriano descrito en Puertas et al. (2016). 
 

 Se seleccionaron las cepas L. collinoides CUPV2371, CUPV2313, CUPV2320, 

CUPV2323, CUPV231 y L. sicerae CUPV261T (procedentes de diferentes botellas de 

sidra), para detectar y comparar su operón rib entre ellas y con la cepa 

superproductora CUPV237. Para ello, se diseñaron cebadores dirigidos a los genes de 

este operón utilizando como plantilla la secuencia del operón rib de la cepa 

secuenciada (Puertas et al., 2016). En todas las cepas de L. collinoides se obtuvo la 

banda esperada, y la secuenciación de los amplicones permitió obtener la secuencia 

de nucleótidos de los genes ribG, ribB, ribA y de la secuencia RFN. Sin embargo, 

aunque en la amplificación del gen ribH se detectó la banda correspondiente, no se 

pudo obtener la secuencia de nucleótidos de este gen y del terminador del operón 

localizado en su extremo 3´, a excepción de la cepa CUPV2371, en cuyo caso se 

consiguió la secuencia del operón completo. En la cepa de L. sicerae CUPV261T, se 

observaron las bandas correspondientes a los genes ribG, ribA y ribH, pero mediante 

secuenciación sólo se obtuvo la secuencia parcial de los genes ribG y ribB. 

 Las secuencias de los productos de amplificación de las cepas de L. collinoides, 

se compararon con el operón rib de la cepa superproductora CUPV237. Los 

alineamientos mostraron que éstas son idénticas entre sí, a excepción de la secuencia 

de la cepa CUPV237 (Anexo II.IV). La secuencia de esta cepa presentó un cambio en 

la base en la posición –151 respecto a la adenina inicial de la secuencia codificante 

del gen ribG, en el extremo 3´ de la posible secuencia reguladora RFN (Figura 5.9). La 

mutación puntual en la cepa CUPV237 superproductora de riboflavina, es una 

transición consistente en el cambio de una guanina presente en la cepa silvestre, por 

una adenina (G153A).  

 

 

Terminador 

RFN 

3752 pb 

P 
Terminador 

ribH ribA ribB ribG 



Evaluación de la producción de riboflavina en bacterias lácticas aisladas de sidra y de su contenido en sidra natural del 
País Vasco 

	

	 241 

 
 
        
CUPV237       GATACTATGAGTTGAAATTTAAAAGTGCATGCTGTAACATGTCTTGTGACAACTGAATAG 
CUPV2371      GATACTATGAGTTGAAATTTAAAAGTGCATGCTGTAACATGTCTTGTGACAACTGAATAG 
              ************************************************************ 
 
CUPV237       ATTTCTTCGAGGCAGGGTGAAATTCCCGACCGACGGTGACAACCGAGTGTACCTCTCAGG 
CUPV2371      ATTTCTTCGAGGCAGGGTGAAATTCCCGACCGACGGTGACAACCGAGTGTACCTCTCAGG 
              ************************************************************ 
 
CUPV237       TTGAAGTCCGTAACCCGCGTTTTAGCGGTGGACCCAGTGCAAGTCTGGGACCGACAGTAA 
CUPV2371      TTGAAGTCCGTAACCCGCGTTTTAGCGGTGGACCCAGTGCAAGTCTGGGACCGACAGTAA 
              ************************************************************ 
 
CUPV237       TAGTCTGGATGGGAGAAAAAAAATGGACTCAATTTCGCATCGTTTTTAACGTGTTTATTT 
CUPV2371      TAGTCTGGATGGGAGAAGAAAAATGGACTCAATTTCGCATCGTTTTTAACGTGTTTATTT 
              ***************** ****************************************** 
 
CUPV237       TACGCACGCACTAACTCGGATGAGATCTCATTTAGCTTTCAAACTTCGGCCTCGCACTTA 
CUPV2371      TACGCACGCACTAACTCGGATGAGATCTCATTTAGCTTTCAAACTTCGGCCTCGCACTTA 
              ************************************************************ 
 
CUPV237       TGCGAGGCCTTTTTTGTGAGGTGAATCAAGATCAATGATCAACAACTGATGGCAAAAGCC 
CUPV2371      TGCGAGGCCTTTTTTGTGAGGTGAATCAAGATCAATGATCAACAACTGATGGCAAAAGCC 
              ************************************************************ 
 

Figura 5.10. Región reguladora del operón rib de L. collinoides. En la figura se muestran las 
secuencias de las cepas CUPV2371 y CUPV237, y en ellas se representan: con letras granates, la 
secuencia del RFN o aptámero; con letras azules, el terminador; el sombreado gris, el extremo 5´ del gen 
ribG; están subrayadas las regiones –35 y –10 del promotor; las bases subrayadas en la región P1 están 
implicadas en la formación del tallo del aptámero (predicción con mfold de la secuencia comprendida 
entre las flechas azules, Figura 5.10), y en rojo se indica la posición de la mutación. En base a las 
predicciones del riboswitch obtenidas con el servidor web PASIFIC de la secuencia comprendida entre el 
primer nucleótido del transcrito (cursiva) y el terminador, las bases sombreadas representan: en rosa, el 
anti-anti-terminador; en naranja, el anti-terminador; en verde, la secuencia del terminador que se conserva 
en los plegamientos ON/OFF; y en azul, la secuencia que participa en la formación del terminador en OFF.  

 

 La predicción del plegamiento del elemento RFN de la región reguladora del 

operón rib (aptámero), muestra 5 estructuras tallo-lazo (P2/L2-P6/L6) y un anillo 

central, que posee unas dimensiones ligeramente mayores en el plegamiento de la 

cepa CUPV2371 (Figura 5.11). Este modelo obtenido mediante mfold muestra que 

parte de la secuencia del mRNA que compone el tallo de esta estructura (P1) en su 

extremo 3´, es diferente en la cepa salvaje y en la superproductora; y ambas contienen 

la posición 153 que corresponde con la mutación en CUPV237. Por otro lado, la 

predicción con el programa PASIFIC muestra la formación de las cinco horquillas en el 

plegamiento OFF de la cepa salvaje y localiza las secuencias implicadas en los 

plegamientos OFF y ON del elemento regulador o riboswitch (Figuras 4.10 y 4.12). Sin 

embargo, la predicción del plegamiento OFF del riboswitch de la cepa superproductora 

CUPV237, no muestra las 5 estructuras tallo-lazo del aptámero (Figura 5.13), aunque, 

el plegamiento en ON es idéntico al que se forma en la cepa silvestre. 
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Figura 5.11. Predicción del plegamiento de la secuencia de mRNA del aptámero localizada en la 
región reguladora del operón rib en L. collinoides mediante el servidor web mfold. (A) CUPV2371 y 
(B) CUPV237. La flecha indica la posición de la base mutada. La estructura de lazo (L) y de tallo (P) se 
nombran de acuerdo a Serganov et al. (2009). 
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Figura 5.12. Plegamiento de la secuencia de mRNA de la porción reguladora del operon rib de L. collinoides CUPV2371. Se ha tenido en cuenta la secuencia 
comprendida desde la posición +1, hasta la secuencia de poliU del terminador (Figura 5.9). La predicción se realizó mediante el programa PASIFIC. A, no permite la 
transcripción del operón (OFF), y B, permite la transcripción (ON). La flecha indica la posición de la base mutada en CUPV237. 
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Figura 5.13. Plegamiento de la secuencia de mRNA de la porción reguladora del operon rib de L. collinoides CUPV237. Se ha tenido en cuenta la secuencia 
comprendida desde la posición +1, hasta la secuencia de poliU del terminador (Figura 5.9). La predicción se realizó mediante el programa PASIFIC. A, no permite la 
transcripción del operón (OFF), y B, permite la transcripción (ON). La flecha indica la posición de la base mutada. 
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4. DISCUSIÓN  

 Las BAL son bacterias utilizadas como cultivos iniciadores o adjuntos, algunas 

son probióticos naturales, y también pueden ser consideradas fábricas celulares 

ideales para producir un amplio rango de metabolitos denominados nutracéuticos, 

entre los que se encuentran las vitaminas del grupo B (Thakur, Tomar & De, 2015). 

Así, recientemente se ha propuesto el uso de ciertas BAL con capacidad de sintetizar 

estas vitaminas, y particularmente la riboflavina, para elaborar alimentos fermentados 

bio-enriquecidos en dichos compuestos (del Valle et al., 2014; Capozzi et al., 2011; 

Patel, Shah & Prajapati, 2013). En este campo de investigación, se han descrito cepas 

de Lactobacillus sp. cuyas producciones pueden alcanzar hasta 2,8 mg L−1 de 

riboflavina (Jayashree et al., 2010; Russo et al., 2014; Yépez et al., 2019). Además, 

varios grupos de investigación han obtenido cepas probióticas mutantes con fenotipo 

superproductor, utilizando roseoflavina (compuesto análogo de la vitamina B2), para 

ser aplicado en la fortificación de alimentos (Burgess et al., 2006; Capozzi et al., 2011; 

Yépez et al., 2019). 

 En este trabajo se ha analizado la capacidad de producción de riboflavina por 

24 cepas de la colección de la UPV/EHU pertenecientes a las especies L. collinoides, 

L. sicerae, L. suebicus, P. parvulus y P. ethanolidurans, en dos medios químicamente 

definidos. La dificultad que presentan las cepas estudiadas para crecer en un medio 

definido, se resolvió con la optimización del medio químicamente definido PID, 

elaborado a partir del medio descrito por Teusink et al. (2005). En este medio, los 

cultivos de lactobacilos y pediococos, alcanzaron DO600 superiores a las detectadas en 

los medios M5 (Poolman et al.,1988), CDM (Terrade et al., 2009) y en aquellas 

cultivadas en el medio MSD (Tabla 1.3). El análisis mediante HPLC de los 

sobrenadantes de los cultivos libres de células permitió la detección y la cuantificación 

de la riboflavina liberada al medio de cultivo. Las concentraciones más altas de 

vitamina B2 se registraron en las fermentaciones llevadas a cabo por las cepas L. 

collinoides CUPV237 y CUPV2371, y por la cepa control L. plantarum subsp. 

plantarum CECT 748T. En esta última estirpe de L. plantarum subsp. plantarum, 

Remagni (2012) describieron una producción de riboflavina próxima a 0,30 mg L–1 muy 

próxima a la obtenida en este trabajo (0,33 mg L–1) al ser cultivada en el medio PID. 

En el presente trabajo, se ha detectado y caracterizado el mutante espontáneo L. 

collinoides CUPV237 superproductor de riboflavina. Esta cepa, es capaz de sintetizar 

y secretar hasta 3 mg L–1 de riboflavina en el medio definido PID, que son 7,75 veces 

superiores a la observada en cepa silvestre CUPV2371. Cabe destacar que esta 
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producción es superior a la descrita hasta el momento para mutantes de BAL no 

seleccionados (del Valle et al., 2014).  

 Con el fin de comprobar la capacidad de las cepas estudiadas para sintetizar 

riboflavina en una matriz alimentaria, se realizaron fermentaciones en mostos 

monovarietales de manzana. La estirpe superproductora L. collinoides CUPV237 al 

igual que la cepa control L. plantarum subsp. plantarum CECT 748T, incrementaron la 

concentración de riboflavina en los 7 zumos modificados. Además, se observó que 

una misma cepa produce diferentes niveles de vitamina dependiendo del tipo de 

manzana que se ha empleado para elaborar el mosto, e independientemente del 

crecimiento alcanzado en cada uno de ellos. Por consiguiente, las diferencias en la 

composición de los medios de cultivo influyeron manera muy notable en la producción 

de riboflavina. Sin embargo, la estirpe L. sicerae CUPV261T presentó un 

comportamiento diferente dado que no se detectó vitamina en los sobrenadantes de 

estas matrices, aunque sí se observó crecimiento en todos los mostos. El contenido de 

riboflavina en los zumos modificados fue de entre 4 y 20 µg L–1, y al igual que ocurre 

con ciertas cepas utilizadas en la elaboración de productos fermentados tradicionales, 

L. sicerae consumió la riboflavina del medio (Thakur, Tomar & De, 2015). 

 Así mismo, en el presente trabajo se ha determinado la concentración de 

riboflavina en la sidra natural elaborada en Gipuzkoa. Se detectó la vitamina en 24 de 

las 44 sidras analizadas, con un valor máximo de 56 µg L–1 en una sidra monovarietal 

elaborada con la manzana autóctona Txalaka. En general, las sidras monovarietales 

presentaron concentraciones ligeramente superiores a las de las bebidas elaboradas 

con mezclas de variedades de manzana. Además, las concentraciones de riboflavina 

de las sidras en barrica fueron ligeramente superiores a las de la sidra en botella 

(Figuras 4.7 y 4.8). Las sidras analizadas en este trabajo muestran contenidos de 

vitamina B2 inferiores a los reportados por otros autores en esta bebida, entre 30 y 

500 µg L-1 (Buglass, 2015; Pérez-Bibbins et al., 2015; Hucker et al., 2011), que podrían 

explicarse por los diferentes tipos de manzana empleados y por las diferencias en el 

proceso de elaboración. Por otro lado, la sidra Gezamina presentó la segunda 

concentración más elevada de vitamina B2. Sin embargo, la fermentación de su mosto 

realizada con la cepa CUPV237 o CECT 748T, mostró unas de las producciones de 

riboflavina más bajas del ensayo. Esto puede indicar, que el contenido de riboflavina 

en sidra depende tanto de la variedad de manzana utilizada, como de la microbiota 

presente en la bebida. 
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 Con respecto a la detección de los genes implicados en la síntesis de 

riboflavina, en la amplificación parcial del operón rib realizada con los cebadores 

degenerados descritos por Capozzi et al. (2011), sólo se obtuvieron resultados 

positivos utilizando los DNA de las cepas de L. suebicus. Para los aislados de las 

especie L. collinoides y la estirpe L. sicerae CUPV261T, el operón rib fue detectado 

con los cebadores diseñados a partir de la secuencia de L. collinoides CUPV237. 

Además, se consiguió amplificar la región comprendida entre el RFN y el gen ribA de 

las 5 cepas de L. collinoides. Estas secuencias mostraron un operón altamente 

conservado a nivel de nucleótido para la especie L. collinoides (Figura II.II del 

Anexo II). 

 La organización del operón rib en las cepas estudiadas de L. collinoides 

aparece representada en la Figura 5.9. La comparación de la secuencia de la cepa 

superproductora L. collinoides CUPV237 con la secuencia de la cepa silvestre 

CUPV2371, mostró la existencia de una región RFN posible, y la presencia de una 

mutación puntual consistente en el cambio de una base (G153A) en la cepa CUPV237 

(Figuras 4.10 y 4.11). Además, en ambas cepas se detectó un terminador 

transcripcional ρ-independiente localizado entre la región RFN y el gen ribG 

(Figuras 4.12 y 4.13). Estos hechos indicarían que la expresión del operón rib en L. 

collinoides podría estar sometida a una regulación similar a la propuesta para otros 

lactobacilos (Figura 5.2, panel inferior A). La predicción de la localización del 

terminador transcripcional y la ausencia del sitio de unión a los ribosomas, revela que 

el mecanismo de regulación en la cepa silvestre correspondería a un mecanismo de 

atenuación transcripcional con una síntesis abortiva del mRNA. También, la 

localización de la mutación en CUPV237 en la región RFN, indicaba que podría ser 

responsable del fenotipo superproductor de riboflavina de la cepa, ya que este tipo de 

mutaciones han sido previamente descritas en BAL superproductoras de vitamina B2 

(Burgess et al., 2006, Russo et al., 2014). 

 Consecuentemente, pensamos que la mutación podría afectar a la formación 

de la estructura pentafoliada propuesta como sitio de unión del inhibidor 

transcripcional FMN en otras bacterias. Esta alteración podría impedir la unión del 

ligando al aptámero, lo que a su vez, repercutiría en el plegamiento a 3’ del RFN, 

promoviendo la formación de la estructura ON (antiterminador). Por ese motivo, se 

realizó una predicción de la estructura secundaria de la región RFN en el transcrito de 

las cepas CUPV237 y CUPV2371 (Figura 5.11). Inesperadamente, en ambos casos se 

observó una estructura secundaria compleja constituida por cinco estructuras tallo-lazo 
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con una energía libre (ΔG) similar (−45 kcal mol–1), y donde la mutación se localizó 

próxima al extremo 3´. En este plegamiento se detectó un ligero desplazamiento de la 

secuencia de mRNA que forma el tallo del aptámero (en el extremo 3´) (Figura 5.10 y 

4.11). Esta variación produce que la secuencia del RFN de la cepa silvestre sea más 

parecida a la secuencia consenso descrita por Serganov et al. (2009), y por tanto este 

plegamiento poseería mayor estabilidad que el de la cepa mutante. Este hecho indica 

que la mutación podría afectar al plegamiento de regiones más extensas del mRNA.  

 Así, procedimos a predecir el plegamiento de las estructuras ON (permite la 

síntesis de riboflavina) y OFF (no hay síntesis de riboflavina) del riboswitch. En el 

plegamiento OFF de la cepa silvestre (Figura 5.12 A) se observa la formación de 5 

horquillas (L2-L6) en el aptámero, mientras que en la cepa superproductora solo 

aparecen 4 (L2-L5) (Figura 5.13 A). Según estos modelos, se podría deducir que 

inicialmente en la cepa superproductora se formaría el aptámero pentafoliado y a 

medida que crece la molécula de mRNA, este plegamiento sería inestable obligando a 

adoptar la configuración ON que da lugar a la síntesis de vitamina B2. En cuanto al 

FMN, tendría que interaccionar con el aptámero para interrumpir la síntesis de 

riboflavina, pero podría ocurrir que no sea posible debido a que las dimensiones del 

anillo central han variado al igual que la secuencia de P1 (Figura 5.11), y/o a una 

posible variación de la estructura terciaria del aptámero debido a la variación del 

plegamiento OFF observado en la cepa mutante (Figura 5.13). 

 Mediante ensayos de cristalización, Serganov et al. (2009) estudiaron la 

estructura terciaria que adopta el elemento RFN de Fusobacterium nucleatum. 

Describieron que las mutaciones reguladoras G105U y G108A (localizadas en el tallo 

de la estructura pentafoliada del elemento RFN), previenen la formación y/o afectan a 

la estabilidad de la hélice reguladora P1 (del tallo) en la estructura terciaria. Al traducir 

estas posiciones a la secuencia del elemento RFN de CUPV237, se observa que la 

G108A del elemento RFN de Fusobacterium nucleatum, coincide exactamente con la 

mutación ocurrida en la estirpe superproductora de L. collinoides. De esta manera se 

podría explicar que la mutación en L. collinoides provoca una desestabilización en la 

formación de la estructura terciaria del elemento RFN en presencia o no de FMN, que 

podría permitir la traducción del operón rib. 
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5. CONCLUSIONES 

 En este capítulo se ha optimizado un medio de cultivo definido, denominado 

PID, que ha permitido mejorar el crecimiento de cepas de las especies Lactobacillus 

collinoides, L. sicerae, L. suebicus, L. plantarum subsp. plantarum, Pediococcus 

parvulus y P. ethanolidurans. Además, en este medio se obtuvieron las 

concentraciones de riboflavina más elevadas producidas por las estirpes L. collinoides 

CUPV237 y CUPV2371, y la cepa control L. plantarum subsp. plantarum CECT 748T.  

 El mutante espontáneo L. collinoides CUPV237 productor de 

heteropolisacárido es capaz de producir en un medio de cultivo químicamente definido 

hasta 3 mg L−1 de vitamina B2, que es una concentración 7,75 veces superior a la 

producida por la cepa silvestre en idénticas condiciones. Este fenotipo superproductor 

se puede justificar mediante la existencia de una mutación en el tallo de la estructura 

secundaria del elemento regulador RFN del operón rib. Por otro lado, se sugiere que el 

mecanismo de regulación para la producción de riboflavina en la cepa silvestre 

correspondería a un mecanismo de atenuación transcripcional con una síntesis 

abortiva del mRNA.  

Finalmente, en este trabajo se ha analizado por primera vez la presencia de 

riboflavina en la sidra natural producida en el País Vasco, y su concentración en las 

sidras analizadas alcanza los 57 µg L–1. La concentración de vitamina B2 en sidra, 

podría estar determinada tanto por la variedad de manzana utilizada para su 

producción, como por la microbiota presente en la bebida.  
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 En este trabajo, se ha profundizado en el estudio de las bacterias lácticas 

productoras de exopolisacárido del género Lactobacillus aisladas de sidra ahilada, y 

pertenecientes a la Colección de la Universidad del País Vasco (CUPV). De los 

resultados obtenidos se han extraído las siguientes conclusiones generales: 

1. El estudio genotípico y bioquímico llevado a cabo en un total de 41 aislados, 

recogidos de sidras ahiladas entre los años 1992 y 2009, permitió la 

identificación de las siguientes especies alterantes: L. collinoides, L. diolivorans, 

L. suebicus y L. sicerae. La incidencia de estas especies alterantes varió en 

función del año de aislamiento. 

2. Los análisis fenotípicos y genotípicos llevados a cabo en las cepas 

homofermentativas CUPV261T y CUPV262, permitieron la descripción de una 

nueva especie del género Lactobacillus, y se propuso el nombre Lactobacillus 

sicerae sp. nov., cuya cepa tipo es CUPV261T (=CECT 8227T =KCTC 21012T). 

3. El análisis de los exopolisacáridos sintetizados por 14 cepas aisladas en la 

campaña de 2009, y pertenecientes a las especies L. collinoides y L. sicerae, 

reveló que producen entre 7 y 68 mg L–1, y que están compuestos por tres 

fracciones de diferente peso molecular (1, 10 y en torno a 103 kDa). La 

detección mediante PCR de genes eps sugiere que todas las cepas sintetizan 

heteropolisacáridos.  

4. El análisis in silico del genoma completo de L. collinoides CUPV237 mostró 

predictivamente 4 clusters eps; mientras que en L. sicerae CUPV261T se 

identificaron genes eps en 8 de los contigs obtenidos de la secuenciación 

parcial del su genoma. En ambas cepas, estos genes codificarían proteínas de 

la ruta biosintética Wzy-dependiente para la producción de heteropolisacáridos.  

5. La caracterización estructural de los EPS ha confirmado que ambas cepas 

producen heteropolisacáridos, compuestos mayoritariamente por glucosa y 

galactosa, además de ramnosa en L. sicerae CUPV261T, o glucosamina en L. 

collinoides CUPV237. Estos EPS presentan estabilidad térmica hasta los 

244 °C. 

6. Se ha analizado el efecto del estrés gastrointestinal sobre las estirpes 

CUPV261T y CUPV237 y sus heteropolisacáridos, mediante el uso de un 

modelo in vitro de estrés gástrico y gastrointestinal. Las poblaciones 

bacterianas de L. sicerae y L. collinoides suspendidas en solución gástrica o en 



Conclusiones Generales 

	

	 260 

las matrices alimentarias de soja, avena y leche, se vieron profundamente 

afectadas por los tratamientos ácido-enzimáticos aplicados en este modelo. 

Los exopolisacáridos producidos por estas dos estirpes mostraron resistencia a 

la degradación frente al estrés gástrico y gastrointestinal. 

7. Los HePS producidos por L. sicerae CUPV261T, L. collinoides CUPV237, así 

como por las bacterias probióticas B. longum INIA P132 y B. infantis INIA P731 

poseen la capacidad de atenuar la mortalidad de las larvas de pez cebra, en el 

modelo in vivo de enfermedad inflamatoria intestinal inducido por el agente 

químico DSS. 

8. La transformación de CUPV261T, CUPV237 y de la estirpe non ropy 

CUPV2372  con el plásmido pRCR12 reveló que el gen de la mCherry es 

funcional en los transformantes CUPV261T p[RCR12], CUPV237 p[RCR12] y 

CUPV2371NR p[RCR12], y su presencia permite la detección de las células 

mediante fluorescencia. 

9. El mutante espontáneo L. collinoides CUPV237 productor de 

heteropolisacárido, y aislado durante la consecución de este trabajo, es capaz 

de producir en un medio de cultivo químicamente definido hasta 3 mg L−1 de 

vitamina B2, que es una concentración 7,75 veces superior a la producida por la 

cepa silvestre en idénticas condiciones. Este fenotipo superproductor se puede 

justificar mediante la existencia de una mutación en el tallo de la estructura 

secundaria del elemento regulador RFN del operón rib.  

10. Se ha optimizado un medio de cultivo definido que mejora el crecimiento de 

cepas de bacterias lácticas aisladas de sidra de las especies L. collinoides, L. 

sicerae, L. suebicus, Pediococcus parvulus y P. ethanolidurans; y permite la 

cuantificación de la riboflavina mediante el método de HPLC que ha sido 

puesto a punto en este trabajo. 
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Medio MRS de Man, Rogosa & Sharpe (1960) 

Glucosa, 20 g L–1; peptona bacteriológica, 10 g L–1; extracto de carne, 10 g L–1, 

extracto de levadura, 5 g L–1; Tween® 80, 1 g L–1; acetato de sodio, 5 g L–1; 

MgSO4·7H2O, 0,1 g L–1;  MnSO4·H2O, 0,05 g L–1 y K2HPO4, 2 g L–1; pH final de 5,5. 

Con agar bacteriológico, 2 g L–1. 

La esterilización se llevó a cabo a 120 °C durante 20 min en un autoclave. 

 

 

Medio MRS-rojo de clorofenol 

Glucosa, fructosa, sacarosa, lactosa, galactosa, maltosa, rafinosa, manitol, sorbitol, 

trehalosa, xilosa o ramnosa, 20 g L–1; peptona bacteriológica, 10 g L–1; extracto de 

levadura, 5 g L–1; Tween® 80, 1 g L–1; acetato de sodio, 5 g L–1; MgSO4·7H2O, 

0,1 g L-1; MnSO4·H2O, 0,05 g L–1 y K2HPO4, 2 g L–1; rojo de clorofenol, 0,4 g L–1; pH 

final de 4,8. La esterilización se llevó a cabo a 120 °C durante 20 min en un autoclave. 

 

 

Medio API® 50CHL 

Peptona bacteriológica, 10 g L–1; extracto de levadura, 5 g L–1; Tween® 80, 1 mL L–1; 

K2HPO4, 2 g L–1; acetato de sodio 3H2O, 5 g L–1; citrato diamónico 2 g L–1; 

MgSO4·7H2O, 0,2 g L–1;  MnSO4·H2O, 0,05 g L–1; púrpura de bromocresol, 0,17 g L–1; 

pH de 6,2. La esterilización se llevó a cabo a 120 °C durante 20 min en un autoclave. 

 

 

Medio MSD 

Glucosa, 20 g L–1; ácidos casamino (BD™ Difco™, USA), 5 g L–1; bacto yeast nitrogen 

base (Difco), 6,7 g L–1; Tween 80, 1 g L–1; citrato diamónico, 2 g L–1; MnSO4·4H2O, 

0,05 g L–1; K2HPO4,  2 g L–1; acetato de sodio, 5 g L–1; adenina, 0,005 g L–1; guanina, 

0,005 g L–1; xantina, 0,005 g L–1; uracilo, 0,005 g L–1; ácido L-málico, 4 g L–1; pH 5,5. 

La esterilización se llevó a cabo a 120°C durante 20 min en un autoclave, por un lado 

la glucosa, y por otro, el resto de compuestos, a excepción del bacto yeast nitrogen 

base y las bases nitrogenadas que se esterilizaron mediante filtración (0,45 µm). 
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Tampón TAE (50 x) 

Tris base    242 g L–1 

Ácido acético glacial    57 mL L–1 

Na2EDTA 2H2O 0,25 mM (pH 8) 200 mL L–1 

Esterilizar por filtración (0,45 µm) y guardar a 4 °C 

 

Tampón de carga 

Glicerol     50 % (v/v) 

Azul de bromofenol   0,25 % (p/v) 

Xileno-cianol    0,25 % (p/v) 

 

Solución de lisis 

Tris HCl (pH 8)   30 mM 

EDTA     2 mM 

Triton X-100    1,2 % (v/v) 

Esterilizar por  filtración y guardar a 4 °C. 

 

Solución de lisozima 

Disolver la lisozima en la solución de lisis a una concentración de 30 mg mL–1. 

Preparar en el momento de su utilización. 
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II.I 

 

 
Figura II.I. Árbol filogenético de máxima verosimilitud. Basado en las secuencias casi completas del gen 
rRNA 16S de la estirpe L. sicerae CUPV261T (=CECT 8227T) y las especies estrechamente relacionadas. 
Entre paréntesis se indican los números de acceso de las secuencias. Barra de escala, número de 
sustituciones por posición. 

Lactobacillus aquaticus IMCC1736T (DQ664203)
Lactobacillus uvarum 8T (AY681126)

Lactobacillus sucicola NRIC 0736T (AB433982)

Lactobacillus capillatus YIT 11306T (AB365976)

Lactobacillus hordei UCC128T (EU074850)

Lactobacillus mali KCTC 3596T (M58824)
Lactobacillus cacaonum LMG 24285T (AM905389)

Lactobacillus satsumensis NRIC 0604T (AB154519)
Lactobacillus oeni 59bT (AY681127)

Lactobacillus siceri CECT 8227T (HG794492)
Lactobacillus vini CECT 5924T (AJ576009)

Lactobacillus ghanensis L489T (DQ523489)

Lactobacillus nagelii NRIC 0559T (AB162131)

Lactobacillus acidipiscis FS60-1T (AB023836)

Lactobacillus pobuzihii NBRC 103219T (AB326358)
Lactobacillus aviarius subsp. aviarius DSM 20655T (M58808)

Lactobacillus saerimneri GDA154T (AY255802)

Lactobacillus ceti 142-2T (AM292799)

Lactobacillus hayakitensis KBL13T (AB267406)

Lactobacillus salivarius ATCC 11741T (AF089108)
Lactobacillus agilis DSM 20509T (M58803)

Lactobacillus equi YIT 0455T (AB048833)

Lactobacillus ruminis NBRC 102161T (AB326354)

Lactobacillus animalis NBRC 15882T (AB326350)
Lactobacillus apodemi ASB1T (AJ871178)

Lactobacillus murinus LMG 14189T (AJ621554)

Lactobacillus algidus JCM 10491T (AB033209)

0.01
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II.II 
 

 
Figura II.II. Árbol filogenético de máxima parsimonia basado en las secuencias casi completas del gen 
rRNA 16S de la estirpe L. sicerae CUPV261T (=CECT 8227T) y las especies estrechamente relacionadas. 
Entre paréntesis se indican los números de acceso de las secuencias. Barra de escala, 1 sustitución por 
100 posiciones de nucleótido. 

Lactobacillus aquaticus IMCC1736T (DQ664203)

Lactobacillus uvarum 8T (AY681126)
Lactobacillus sucicola NRIC 0736T (AB433982)

Lactobacillus capillatus YIT 11306T (AB365976)

Lactobacillus hordei UCC128T (EU074850)
Lactobacillus mali KCTK 3596T (M58824)

Lactobacillus cacaonum LMG 24285T (AM905389)
Lactobacillus satsumensis NRIC 0604T (AB154519)
Lactobacillus oeni 59bT (AY681127)

Lactobacillus siceri CECT 8227T (HG794492)
Lactobacillus vini CECT 5924T (AJ576009)
Lactobacillus ghanensis L489T (DQ523489)

Lactobacillus nagelii NRIC 0559T (AB162131)
Lactobacillus acidipiscis FS60-1T (AB023836)

Lactobacillus pobuzihii NBRC 103219T (AB326358)
Lactobacillus aviarius subsp. aviarius DSM 20655T (M58808)

Lactobacillus hayakitensis KBL13T (AB267406)

Lactobacillus salivarius ATCC 11741T (AF089108)
Lactobacillus saerimneri GDA154T (AY255802)

Lactobacillus ceti 142-2T (AM292799)
Lactobacillus agilis (M58803)

Lactobacillus equi YIT 0455T (AB048833)

Lactobacillus ruminis NBRC 102161T (AB326354)
Lactobacillus animalis NBRC 15882T (AB326350)

Lactobacillus murinus LMG 14189T (AJ621554)

Lactobacillus apodemi ASB1T (AJ871178)
Lactobacillus algidus JCM 10491T (AB033209)

0.01
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II.III.  
 

 

 

 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figura II.III. Dendrograma derivado del agrupamiento UPGMA basado en la matriz de similitud obtenida a 
partir de los perfiles RAPD (M13, M13V, P1 y P2), de la amplificación 16S-23S ISR, y junto con los 
resultados mostrados en la fermentación de carbohidratos API® 50CH (bioMérieux). La escala indica el 
porcentaje de similitud. 
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II.IV. 

 

 

 
Figura II.IV. Residuos con probabilidad de ser fosforilados en las glicosiltransferasa iniciadora de 
CUPV237. Predicciones se realizaron sobre los residuos de tirosina (azul), treonina (verde) y serina (rojo), 
de las proteínas Wel1E (A), Wel2E (B) y Wel3E (C), mediante el programa NetPhos. 

 

A 

B 
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II.V. 

Figura II.IV. Alineamiento múltiple (CLUSTALX 2.0) de 6 secuencias de nucleótidos que 
corresponden con las secuenciaciones parciales del operón rib de 5 cepas de Lactobacillus 
collinoides y Lactobacillus sicerae CUPV261T. Se indican los nucleótidos idénticos en todas las 
secuencias (*). Las secuencias de nucleótidos provienen de amplificaciones elaboradas a partir de DNA 
genómico de las cepas CUPV2323, CUPV231, CUPV2313, CUPV2371 y CUPV2320, amplificadas con 
los cebadores descritos en la Tabla 5.1 y diseñados en este estudio. Posteriormente, han sido 
comparadas con la secuencia del operón rib de CUPV237 (JYDC00000000). En azul, se localiza la región 
RFN, con la base que ha sufrido variación en rojo; en púrpura, la secuencia referente al gen ribB; en 
verde, ribA; y en azul, el inicio del gen ribH. 

 

Alineamientos de la región promotora 

CUPV2323   ------------------------------------------------------------ 
CUPV231   ------------------------------------------------------------ 
CUPV2313  ------------------------------------------------------------ 
CUPV2371   ----------------GTTTGATTNNNCTTAAATTTCGCAAAAAATCGCTGCAGGTCGGC 44 
CUPV2320   ----------------------------------------------CGCTGCAGGTCGGC 14 
CUPV237   GTGCATGATTCACGACGTTTGATTCGGCTTAAATTTCGCAAAAAATCGCTGCAGGTCGGC 60 
                                                                                       
 
CUPV2323  -----------------------------------------TCTGCACNTCAGCAATCCT 19 
CUPV231   --------------------------TAAGTTTCAAAA-CATCTGCACNTCAGCAATCCT 33 
CUPV2313  ------------------------------------------------------------ 
CUPV2371  ATCAGTAGTCTTGTTAAGAATACCAATAAGTTTCAAAAACATCTGCACATCAGCAATCCT 104 
CUPV2320  ATCAGTAGTCTTGTTAAGAATACCAATAAGTTTCAAAAACATCTGCACATCAGCAATCCT 74 
CUPV237   ATCAGTAGTCTTGTTAAGAATACCAATAAGTTTCAAAAACATCTGCACATCAGCAATCCT 120 
                                                                                       
 
CUPV2323  TAGTAATGTGGCAAAGGGTTTAACCAGCGCTTACTGATTCGGTTCGCCATAATCGTGCAC 79 
CUPV231   TAGTAATGTGGCAAAGGGTTTAACCAGCGCTTACTGATTCGGTTCGCCATAATCGTGCAC 93 
CUPV2313  ------------------------------------------------------------ 
CUPV2371  TAGTAATGTGGCAAAGGGTTTAACCAGCGCTTACTGATTCGGTTCGCCATAATCGTGCAC 164 
CUPV2320  TAGTAATGTGGCAAAGGGTTTAACCAGCGCTTACTGATTCGGTTCGCCATAATCGTGCAC 134 
CUPV237   TAGTAATGTGGCAAAGGGTTTAACCAGCGCTTACTGATTCGGTTCGCCATAATCGTGCAC 180 
                                                                                       
 
CUPV2323  TCATTCTTGCTGGCTGGACTTTGACGCGATATTCAGGCTCACATGCT 126 
CUPV231   TCATTCTTGCTGGCTGGACTTTGACGCGATATTCAGGCTCACATGCT 153 
CUPV2313  ----------------------------------------------- 
CUPV2371  TCATTCTTGCTGGCTGGACTTTGACGCGATATTCAGGCTCACATGCT 211 
CUPV2320  TCATTCTTGCTGGCTGGACTTTGACGCGATATTCAGGCTCACATGCT 181 
CUPV237   TCATTCTTGCTGGCTGGACTTTGACGCGATATTCAGGCTCACATGCT 227 
                                                                                       
 
CUPV2323  TAATCCAGCTCATGAACCATTACCAGCAGTCTTGACCACAGGTGTGCGCGATACACGATC 186 
CUPV231   TAATCCAGCTCATGAACCATTACCAGCAGTCTTGACNNCAGGTGTGCGCGATACACGATC 213 
CUPV2313  ------------------------------------------------------------ 
CUPV2371  TAATCCAGCTCATGAACCATTACCAGCAGTCTTGACCACAGGTGTGCGCGATACACGATC 271 
CUPV2320  TAATCCAGCTCATGAACCATTACCAGCAGTCTTGACCACAGGTGTGCGCGATACACGATC 241 
CUPV237   TAATCCAGCTCATGAACCATTACCAGCAGTCTTGACCACAGGTGTGCGCGATACACGATC 287 
                                                                                       
 
CUPV2323  ATTCACAATCTGGATTAGCTAGTTACAATATCATACAAATAACGGAACGTTGCTTTTAGC 246 
CUPV231   ATTCACAATCTGGATTAGCTAGTTACAATATCATACAAATAACGGAACGTTGCTTTTAGC 273 
CUPV2313  ------------------------------------------------------------ 
CUPV2371  ATTCACAATCTGGATTAGCTAGTTACAATATCATACAAATAACGGAACGTTGCTTTTAGC 331 
CUPV2320  ATTCACAATCTGGATTAGCTAGTTACAATATCATACAAATAACGGAACGTTGCTTTTAGC 301 
CUPV237   ATTCACAATCTGGATTAGCTAGTTACAATATCATACAAATAACGGAACGTTGCTTTTAGC 347 
                                                                               
 
CUPV2323  CAGTCTAAACCATTTGATCGTCGTAAAAAAAAATAAAAAAATCGCAAATCAACATGAAAG 306 
CUPV231   CAGTCTAAACCATTTGATCGTCGTAAAAAAAAATAAAAAAATCGCAAATCAACATGAAAG 333 
CUPV2313  ------------------------------------------------------------ 
CUPV2371  CAGTCTAAACCATTTGATCGTCGTAAAAAAAAATAAAAAAATCGCAAATCAACATGAAAG 391 
CUPV2320  CAGTCTAAACCATTTGATCGTCGTAAAAAAAAATAAAAAAATCGCAAATCAACATGAAAG 361 
CUPV237   CAGTCTAAACCATTTGATCGTCGTAAAAAAAAATAAAAAAATCGCAAATCAACATGAAAG 407 
  
 
 
CUPV2323  CATTCTACCGCAAGGGTTACCCCCATTTTTGAAAGCCATTTCATTTAATAATAATTTAAC 366 
CUPV231   CATTCTACCGCAAGGGTTACCCCCATTTTTGAAAGCCATTTCATTTAATAATAATTTAAC 393 
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CUPV2313  ----------------------------------GCCATTTCATTTAATAATAATTTAAC 26 
CUPV2371  CATTCTACCGCAAGGGTTACCCCCATTTTTGAAAGCCATTTCATTTAATAATAATTTAAC 451 
CUPV2320  CATTCTACCGCAAGGGTTACCCCCATTTTTGAAAGCCATTTCATTTAATAATAATTTAAC 421 
CUPV237   CATTCTACCGCAAGGGTTACCCCCATTTTTGAAAGCCATTTCATTTAATAATAATTTAAC 467 
                                                        ************************** 
 
CUPV2323  CGCCATAACCCCGTCACGACAGCCTGCAAGCAGCTTCAACGACCACCATTTGAATGATCG 426 
CUPV231   CGCCATAACCCCGTCACGACAGCCTGCAAGCAGCTTCAACGACCACCATTTGAATGATCG 453 
CUPV2313  CGCCATAACCCCGTCACGACAGCCTGCAAGCAGCTTCAACGACCACCATTTGAATGATCG 86 
CUPV2371  CGCCATAACCCCGTCACGACAGCCTGCAAGCAGCTTCAACGACCACCATTTGAATGATCG 511 
CUPV2320  CGCCATAACCCCGTCACGACAGCCTGCAAGCAGCTTCAACGACCACCATTTGAATGATCG 481 
CUPV237   CGCCATAACCCCGTCACGACAGCCTGCAAGCAGCTTCAACGACCACCATTTGAATGATCG 527 
                      ************************************************************ 
 
CUPV2323  GGTTATCAGATACTATGAGTTGAAATTTAAAAGTGCATGCTGTAACATGTCTTGTGACAA 486 
CUPV231   GGTTATCAGATACTATGAGTTGAAATTTAAAAGTGCATGCTGTAACATGTCTTGTGACAA 513 
CUPV2313  GGTTATCAGATACTATGAGTTGAAATTTAAAAGTGCATGCTGTAACATGTCTTGTGACAA 146 
CUPV2371  GGTTATCAGATACTATGAGTTGAAATTTAAAAGTGCATGCTGTAACATGTCTTGTGACAA 571 
CUPV2320  GGTTATCAGATACTATGAGTTGAAATTTAAAAGTGCATGCTGTAACATGTCTTGTGACAA 541 
CUPV237   GGTTATCAGATACTATGAGTTGAAATTTAAAAGTGCATGCTGTAACATGTCTTGTGACAA 587 
                      ************************************************************ 
 
CUPV2323  CTGAATAGATTTCTTCGAGGCAGGGTGAAATTCCCGACCGACGGTGACAACCGAGTGTAC 546 
CUPV231   CTGAATAGATTTCTTCGAGGCAGGGTGAAATTCCCGACCGACGGTGACAACCGAGTGTAC 573 
CUPV2313  CTGAATAGATTTCTTCGAGGCAGGGTGAAATTCCCGACCGACGGTGACAACCGAGTGTAC 206 
CUPV2371  CTGAATAGATTTCTTCGAGGCAGGGTGAAATTCCCGACCGACGGTGACAACCGAGTGTAC 631 
CUPV2320  CTGAATAGATTTCTTCGAGGCAGGGTGAAATTCCCGACCGACGGTGACAACCGAGTGTAC 601 
CUPV237   CTGAATAGATTTCTTCGAGGCAGGGTGAAATTCCCGACCGACGGTGACAACCGAGTGTAC 647 
                      ************************************************************ 
 
CUPV2323  CTCTCAGGTTGAAGTCCGTAACCCGCGTTTTAGCGGTGGACCCAGTGCAAGTCTGGGACC 606 
CUPV231   CTCTCAGGTTGAAGTCCGTAACCCGCGTTTTAGCGGTGGACCCAGTGCAAGTCTGGGACC 633 
CUPV2313  CTCTCAGGTTGAAGTCCGTAACCCGCGTTTTAGCGGTGGACCCAGTGCAAGTCTGGGACC 266 
CUPV2371  CTCTCAGGTTGAAGTCCGTAACCCGCGTTTTAGCGGTGGACCCAGTGCAAGTCTGGGACC 691 
CUPV2320  CTCTCAGGTTGAAGTCCGTAACCCGCGTTTTAGCGGTGGACCCAGTGCAAGTCTGGGACC 661 
CUPV237   CTCTCAGGTTGAAGTCCGTAACCCGCGTTTTAGCGGTGGACCCAGTGCAAGTCTGGGACC 707 
                      ************************************************************ 
 
CUPV2323  GACAGTAATAGTCTGGATGGGAGAAGAAAAATGGACTCAATTTCGCATCGTTTTTAACGT 666 
CUPV231   GACAGTAATAGTCTGGATGGGAGAAGAAAAATGGACTCAATTTCGCATCGTTTTTAACGT 693 
CUPV2313  GACAGTAATAGTCTGGATGGGAGAAGAAAAATGGACTCAATTTCGCATCGTTTTTAACGT 326 
CUPV2371  GACAGTAATAGTCTGGATGGGAGAAGAAAAATGGACTCAATTTCGCATCGTTTTTAACGT 751 
CUPV2320  GACAGTAATAGTCTGGATGGGAGAAGAAAAATGGACTCAATTTCGCATCGTTTTTAACGT 721 
CUPV237   GACAGTAATAGTCTGGATGGGAGAAAAAAAATGGACTCAATTTCGCATCGTTTTTAACGT 767 
                      ************************* ********************************** 
 
CUPV2323  GTTTATTTTACGCACGCACTAACTCGGATGAGATCTCATTTAGCTTTCAAACTTCGGCCT 726 
CUPV231   GTTTATTTTACGCACGCACTAACTCGGATGAGATCTCATTTAGCTTTCAAACTTCGGCCT 753 
CUPV2313  GTTTATTTTACGCACGCACTAACTCGGATGAGATCTCATTTAGCTTTCAAACTTCGGCCT 386 
CUPV2371  GTTTATTTTACGCACGCACTAACTCGGATGAGATCTCATTTAGCTTTCAAACTTCGGCCT 811 
CUPV2320  GTTTATTTTACGCACGCACTAACTCGGATGAGATCTCATTTAGCTTTCAAACTTCGGCCT 781 
CUPV237   GTTTATTTTACGCACGCACTAACTCGGATGAGATCTCATTTAGCTTTCAAACTTCGGCCT 827 
                      ************************************************************ 
 
CUPV2323  CGCACTTATGCGAGGCCTTTTTTGTGAGGTGAATCAAGATCAATGATCAACAACTGATGG 786 
CUPV231   CGCACTTATGCGAGGCCTTTTTTGTGAGGTGAATCAAGATCAATGATCAACAACTGATGG 813 
CUPV2313  CGCACTTATGCGAGGCCTTTTTTGTGAGGTGAATCAAGATCAATGATCAACAACTGATGG 446 
CUPV2371  CGCACTTATGCGAGGCCTTTTTTGTGAGGTGAATCAAGATCAATGATCAACAACTGATGG 871 
CUPV2320  CGCACTTATGCGAGGCCTTTTTTGTGAGGTGAATCAAGATCAATGATCAACAACTGATGG 841 
CUPV237   CGCACTTATGCGAGGCCTTTTTTGTGAGGTGAATCAAGATCAATGATCAACAACTGATGG 887 
                      ************************************************************ 
 
CUPV2323  CAAAAGCCATCGCGGCTGCCCGAAACGGAATCACCCACACGTGGACGAACCCCGTTGTTG 846 
CUPV231   CAAAAGCCATCGCGGCTGCCCGAAACGGAATCACCCACACGTGGACGAACCCCGTTGTTG 873 
CUPV2313  CAAAAGCCATCGCGGCTGCCCGAAACGGAATCACCCACACGNGGACGAACCCCGT-GT-- 503 
CUPV2371  CAAAAGCCATCGCGGCTGCCCGAAACGGAATCACCCACACGTGGACGAACCCCGTTGTTG 931 
CUPV2320  CAAAAGCCATCGCGGCTGCCCGAAACGGAATCACCCACACGTGGACGAACCCCGT----- 896 
CUPV237   CAAAAGCCATCGCGGCTGCCCGAAACGGAATCACCCACACGTGGACGAACCCCGTTGTTG 947 
                      ***************************************** *************      
 
CUPV2323  GCGCCGTCATCGTTAAAAATAATCAACTTCTCGCTACCGGATATCACCACCGATTTGGCN 906 
CUPV231   GCGCCGTCATCGTTAAAAATAATCAACTTCTCGCTACCGGATATCACCACCGAT---GCG 930 
CUPV2313  GCGC-------------------------------------------------------- 507 
CUPV2371  GCGCCGTCATCGTTAAAAATAATCA----------------------------------- 956 
CUPV2320  GTG--------------------------------------------------------- 899 
CUPV237   GCGCCGTCATCGTTAAAAATAATCAACTTCTCGCTACCGGATATCACCACCGATTTGGCG 1007 
                      * *                                                          
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Alineamientos de la región ribG 	

CUPV2323  ------------------------------------------------------CGCGGA 6 
CUPV261T  ------------------------------------------------------------ 
CUPV237   TAAAAATAATCAACTTCTCGCTACCGGATATCACCACCGATTTGGCGAAATGCACGCGGA 1020 
CUPV2371  -----------------------------------------------------ACGCGGA 7 
CUPV231   ----------------------------------------------------GCCGCGGA 8 
CUPV2320  -----------------------------------------------------CCGCGGA 7 
CUPV2313  --------------------------------------------------ATGCCGCGGA 10 
  
CUPV2323  GATCAACGCGCTTAGTCACCTTCAAAATATCGAGGATGCCCGTGATGCCACAATGTATGT 66 
CUPV261T  ------------------------------------------------------------ 
CUPV237   GATCAACGCGCTTAGTCACCTTCAAAATATCGAGGATGCCCGTGATGCCACAATGTATGT 1080 
CUPV2371  GATCAACGCGCTTAGTCNCCTTCAAAATATCGAGGATGCCCGTGATGCCACAATGTATGT 67 
CUPV231   GATCAACGCGCTTAGTCNCCTTCAAAATATCGAGGANGCCCGTGATGCCACAATGTATGT 68 
CUPV2320  GATCA-CGCGCTTAGTCACCTTCAAAATATCGAGGATGCCCGTGATGCCACAATGTATGT 66 
CUPV2313  GATCA-CGCGCTTAGTCNCCTTCAAAATATCGAGGANGCCCGTGATGCCACAATGTATGT 69 
                                                                                
 
CUPV2323  CACCCTCGAACCCTGCAGCCACTACGGCAAGACGCCACCGTGCGCCAAACGGCTTGTTGA 126 
CUPV261T  ------------------------------------------------------------ 
CUPV237   CACCCTCGAACCCTGCAGCCACTACGGCAAGACGCCACCGTGCGCCAAACGGCTTGTTGA 1140 
CUPV2371  CACCCTCGAACCCTGCAGCCACTACGGCAAGACGCCACCGTGCGCCAAACGGCTTGTTGA 127 
CUPV231   CACCCTCGAACCCTGCAGCCACTACGGCAAGACGCCACCGTGCGCCAAACGGCTTGTTGA 128 
CUPV2320  CACCCTCGAACCCTGCAGCCACTACGGCAAGACGCCACCGTGCGCCAAACGGCTTGTTGA 126 
CUPV2313  CACCCTCGAACCCTGCAGCCACTACGGCAAGACGCCACCGTGCGCCAAACGGCTTGTTGA 129 
 
CUPV2323  AGTCGGTATCAAGCGCGTCGTCATTGGGCAGCAGGACCCTAATCCTCAGGTAAGCGGTCA 186 
CUPV261T  ------------------------------------------------------------ 
CUPV237   AGTCGGTATCAAGCGCGTCGTCATTGGGCAGCAGGACCCTAATCCTCAGGTAAGCGGTCA 1200 
CUPV2371  AGTCGGTATCAAGCGCGTCGTCATTGGGCAGCAGGACCCTAATCCTCAGGTAAGCGGTCA 187 
CUPV231   AGTCGGTATCAAGCGCGTCGTCATTGGGCAGCAGGACCCTAATCCTCAGGTAAGCGGTCA 188 
CUPV2320  AGTCGGTATCAAGCGCGTCGTCATTGGGCAGCAGGACCCTAATCCTCAGGTAAGCGGTCA 186 
CUPV2313  AGTCGGTATCAAGCGCGTCGTCATTGGGCAGCAGGACCCTAATCCTCAGGTAAGCGGTCA 189 
  
 
CUPV2323  CGGTATCGCGATTCTAAAAGCCGCCAATATTGACGTGACCGTTTTAAACATCACGGACGA 246 
CUPV261T  ------------------------------------------------------------ 
CUPV237   CGGTATCGCGATTCTAAAAGCCGCCAATATTGACGTGACCGTTTTAAACATCACGGACGA 1260 
CUPV2371  CGGTATCGCGATTCTAAAAGCCGCCAATATTGACGTGACCGTTTTAAACATCACGGACGA 247 
CUPV231   CGGTATCGCGATTCTAAAAGCCGCCAATATTGACGTGACCGTTTTAAACATCACGGACGA 248 
CUPV2320  CGGTATCGCGATTCTAAAAGCCGCCAATATTGACGTGACCGTTTTAAACATCACGGACGA 246 
CUPV2313  CGGTATCGCGATTCTAAAAGCCGCCAATATTGACGTGACCGTTTTAAACATCACGGACGA 249 
                                                                                
 
CUPV2323  CCTCAACGTGGCCTACAACTTTTTTTACCGGCACAAACGGCCGCTCGTCACCCTCAAGTA 306 
CUPV261T  ------------------------------------------------------------ 
CUPV237   CCTCAACGTGGCCTACAACTTTTTTTACCGGCACAAACGGCCGCTCGTCACCCTCAAGTA 1320 
CUPV2371  CCTCAACGTGGCCTACAACTTTTTTTACCGGCACAAACGGCCGCTCGTCACCCTCAAGTA 307 
CUPV231   CCTCAACGTGGCCTACAACTTTTTTTACCGGCACAAACGGCCGCTCGTCACCCTCAAGTA 308 
CUPV2320  CCTCAACGTGGCCTACAACTTTTTTTACCGGCACAAACGGCCGCTCGTCACCCTCAAGTA 306 
CUPV2313  CCTCAACGTGGCCTACAACTTTTTTTACCGGCACAAACGGCCGCTCGTCACCCTCAAGTA 309 
                                                                                       
 
CUPV2323  TGCCATGAGTATTGACGGCAAGCTCAACGATGGGTCAGGTAAGCGAACCCTGCTGACCGG 366 
CUPV261T  ------------------------------------------------------------ 
CUPV237   TGCCATGAGTATTGACGGCAAGCTCAACGATGGGTCAGGTAAGCGAACCCTGCTGACCGG 1380 
CUPV2371  TGCCATGAGTATTGACGGCAAGCTCAACGATGGGTCAGGTAAGCGAACCCTGCTGACCGG 367 
CUPV231   TGCCATGAGTATTGACGGCAAGCTCAACGATGGGTCAGGTAAGCGAACCCTGCTGACCGG 368 
CUPV2320  TGCCATGAGTATTGACGGCAAGCTCAACGATGGGTCAGGTAAGCGAACCCTGCTGACCGG 366 
CUPV2313  TGCCATGAGTATTGACGGCAAGCTCAACGATGGGTCAGGTAAGCGAACCCTGCTGACCGG 369 
                                                                                       
 
CUPV2323  TAAACCCGCTTACCATGACAGTCAGAACCTGCGCCTGCATCAGCAAGCAATCCTTATTGG 426 
CUPV261T  ------------------------------------------------------------ 
CUPV237   TAAACCCGCTTACCATGACAGTCAGAACCTGCGCCTGCATCAGCAAGCAATCCTTATTGG 1440 
CUPV2371  TAAACCCGCTTACCATGACAGTCAGAACCTGCGCCTGCATCAGCAAGCAATCCTTATTGG 427 
CUPV231   TAAACCCGCTTACCATGACAGTCAGAACCTGCGCCTGCATCAGCAAGCAATCCTTATTGG 428 
CUPV2320  TAAACCCGCTTACCATGACAGTCAGAACCTGCGCCTGCATCAGCAAGCAATCCTTATTGG 426 
CUPV2313  TAAACCCGCTTACCATGACAGTCAGAACCTGCGCCTGCATCAGCAAGCAATCCTTATTGG 429 
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CUPV2323  TGAAACGACATTGGCAGTCGATGATCCGCAATTGACGGTGCGCGAAACCACCCCTGATTT 486 
CUPV261T  ------------------------------------------------------------ 
CUPV237   TGAAACGACATTGGCAGTCGATGATCCGCAATTGACGGTGCGCGAAACCACCCCTGATTT 1500 
CUPV2371  TGAAACGACATTGGCAGTCGATGATCCGCAATTGACGGTGCGCGAAACCACCCCTGATTT 487 
CUPV231   TGAAACGACATTGGCAGTCGATGATCCGCAATTGACGGTGCGCGAAACCACCCCTGATTT 488 
CUPV2320  TGAAACGACATTGGCAGTCGATGATCCGCAATTGACGGTGCGCGAAACCACCCCTGATTT 486 
CUPV2313  TGAAACGACATTGGCAGTCGATGATCCGCAATTGACGGTGCGCGAAACCACCCCTGATTT 489 
                                                                                       
 
CUPV2323  CCCACCGATTCGAATCGTGCTCGTCAATCGTGCCGACGATTTGGATTTCAGTTCAGCCCT 546 
CUPV261T  ------------------------------------------------------------ 
CUPV237   CCCACCGATTCGAATCGTGCTCGTCAATCGTGCCGACGATTTGGATTTCAGTTCAGCCCT 1560 
CUPV2371  CCCACCGATTCGAATCGTGCTCGTCAATCGTGCCGACGATTTGGATTTCAGTTCAGCCCT 547 
CUPV231   CCCACCGATTCGAATCGTGCTCGTCAATCGTGCCGACGATTTGGATTTCAGTTCAGCCCT 548 
CUPV2320  CCCACCGATTCGAATCGTGCTCGTCAATCGTGCCGACGATTTGGATTTCAGTTCAGCCCT 546 
CUPV2313  CCCACCGATTCGAATCGTGCTCGTCAATCGTGCCGACGATTTGGATTTCAGTTCAGCCCT 549 
                                                                                       
 
CUPV2323_  CTTTCAAACAACAACCCCAATCTGGCTTCTAACCCGCCACTCAACAGTTCGACAGGATTG 606 
CUPV261T  -----------CANCCCCAATNTGGCTTCTAACCCGCCNCTCAACAGTTCGACAGGATTG 49 
CUPV237   CTTTCAAACAACAACCCCAATCTGGCTTCTAACCCGCCACTCAACAGTTCGACAGGATTG 1620 
CUPV2371  CTTTCAAACAACAACCCCAATCTGGCTTCTAACCCGCCACTCAACAGTTCGACAGGATTG 607 
CUPV231   CTTTCAAACAACAACCCCAATCTGGCTTCTAACCCGCCACTCAACAGTTCGACAGGATTG 608 
CUPV2320  CTTTCAAACAACAACCCCAATCTGGCTTCTAACCCGCCACTCAACAGTTCGACAGGATTG 606 
CUPV2313  CTTTCAAACAACAACCCCAATCTGGCTTCTAACCCGCCACTCAACAGTTCGACAGGATTG 609 
                                 ** ******* **************** ********************* 
 
CUPV2323  GCCGGCCACGGTAAAAGTGTTCGTTGACGCACATTGGAAACCTGAAACCATTATGGAATT 666 
CUPV261T  GCCGGCCACGGTAAAAGTGTTCGTTGACGCACATTGGAAACCTGAAACCATTATGGAATT 109 
CUPV237   GCCGGCCACGGTAAAAGTGTTCGTTGACGCACATTGGAAACCTGAAACCATTATGGAATT 1680 
CUPV2371  GCCGGCCACGGTAAAAGTGTTCGTTGACGCACATTGGAAACCTGAAACCATTATGGAATT 667 
CUPV231   GCCGGCCACGGTAAAAGTGTTCGTTGACGCACATTGGAAACCTGAAACCATTATGGAATT 668 
CUPV2320  GCCGGCCACGGTAAAAGTGTTCGTTGACGCACATTGGAAACCTGAAACCATTATGGAATT 666 
CUPV2313  GCCGGCCACGGTAAAAGTGTTCGTTGACGCACATTGGAAACCTGAAACCATTATGGAATT 669 
                      ************************************************************ 
 
CUPV2323  TCTGTACCAGAAAGGTGTGCAATCGCTATTGGTAGAAGGCGGTGCGCATATTCAAGCGAC 726 
CUPV261T  TCTGTACCAGAAAGGTGTGCAATCGCTATTGGTAGAAGGCGGTGCGCATATTCAAGCGAC 169 
CUPV237   TCTGTACCAGAAAGGTGTGCAATCGCTATTGGTAGAAGGCGGTGCGCATATTCAAGCGAC 1740 
CUPV2371  TCTGTACCAGAAAGGTGTGCAATCGCTATTGGTAGAAGGCGGTGCGCATATTCAAGCGAC 727 
CUPV231   TCTGTACCAGAAAGGTGTGCAATCGCTATTGGTAGAAGGCGGTGCGCATATTCAAGCGAC 728 
CUPV2320  TCTGTACCAGAAAGGTGTGCAATCGCTATTGGTAGAAGGCGGTGCGCATATTCAAGCGAC 726 
CUPV2313  TCTGTACCAGAAAGGTGTGCAATCGCTATTGGTAGAAGGCGGTGCGCATATTCAAGCGAC 729 
                      ************************************************************ 
 
CUPV2323  CTTTAGCGCTGCTGATCTAGCTGATCGACTTATCGTGTATGTTTCGCCGCTATTGCTGGG 786 
CUPV261T  CTTTAGCGCTGCTGATCTAGCTGATCGACTTATCGTGTATGTTTCGCCGCTATTGCTGGG 229 
CUPV237   CTTTAGCGCTGCTGATCTAGCTGATCGACTTATCGTGTATGTTTCGCCGCTATTGCTGGG 1800 
CUPV2371  CTTTAGCGCTGCTGATCTAGCTGATCGACTTATCGTGTATGTTTCGCCGCTATTGCTGGG 787 
CUPV231   CTTTAGCGCTGCTGATCTAGCTGATCGACTTATCGTGTATGTTTCGCCGCTATTGCTGGG 788 
CUPV2320  CTTTAGCGCTGCTGATCTAGCTGATCGACTTATCGTGTATGTTTCGCCGCTATTGCTGGG 786 
CUPV2313  CTTTAGCGCTGCTGATCTAGCTGATCGACTTATCGTGTATGTTTCGCCGCTATTGCTGGG 789 
                      ************************************************************ 
 
CUPV2323  CGGAAATGGACTCCCCGCCGTTTCTGGTTCAGGCCGCACGCAGCCGCTTGCCTATCGGGT 846 
CUPV261T  CGGAAATGGACTCCCCGCCGTTTCTGGTTCAGGCCGCACGCAGCCGCTTGCCTATCGGGT 289 
CUPV237   CGGAAATGGACTCCCCGCCGTTTCTGGTTCAGGCCGCACGCAGCCGCTTGCCTATCGGGT 1860 
CUPV2371  CGGAAATGGACTCCCCGCCGTTTCTGGTTCAGGCCGCACGCAGCCGCTTGCCTATCGGGT 847 
CUPV231   CGGAAATGGACTCCCCGCCGTTTCTGGTTCANGCCGCACGCAGCCGCTTGCCTATCGGGT 848 
CUPV2320  CGGAAATGGACTCCCCGCCGTTTCTGGTTCAGGCCGCACGCAGCCGCTTGCCTATCGGGT 846 
CUPV2313  CGGAAATGGACTCCCCGCCGTTTCTGGTTCAGGCCGCACGCAGCCGCTTGCCTATCGGGT 849 
                      ******************************* **************************** 
 
CUPV2323  AACGGCCACCACTGCACTCGGAAAAGACACTCGTTTTGATTTAAGGAGGCAATGACATGT 906 
CUPV261T  AACGGCCACCACTGCACTCGGAAAAGACACTCGTTTTGATTTAAGGAGGCAATGACATGT 349 
CUPV237   AACGGCCACCACTGCACTCGGAAAAGACACTCGTTTTGATTTAAGGAGGCAATGACATGT 1920 
CUPV2371  AACGGCCACCACTGCACTCGGAAAAGACACTCGTTTTGATTTAAGGAGGCAATGACATGT 907 
CUPV231   AACGGCCACCACTGCACTCGGAAAAGACACTCGTTTTGATTTAAGGAGGCAATGACATGT 908 
CUPV2320  AACGGCCACCACTGCACTCGGAAAAGACACTCGTTTTGATT-AAGGAGGCAATGACATGT 905 
CUPV2313  AACGGCCACCACTGCACTCGGAAAAGACACTCGTTTTGATTTAAGGAGGCAATGACATGT 909 
                      ***************************************** ****************** 
CUPV2323  TCACAGGCATTATTCAAGACGTTGGCACGATTACCAGCCTGCATTGGCAAGCAGAGCACG 966 
CUPV261T  TCACAGGCATTATTCAAGACGTTGGCACGATTACCAGCCTGCATTGGCAAGCAGAGCACG 409 
CUPV237   TCACAGGCATTATTCAAGACGTTGGCACGATTACCAGCCTGCATTGGCAAGCAGAGCACG 1980 
CUPV2371  TCACAGGCATTATTCAAGACGTTGGCACGATTACCAGCCTGCATTGGCAAGCAGAGCACG 967 
CUPV231   TCACAGGCATTATTCAAGACGTTGGCACGATTACCAGCCTGCATTGGCAAGCAGAGCACG 968 
CUPV2320  TCACAGGCATTATTCAAGACGTTGGCACGATTACCAGCCTGCATTGGCAAGCAGAGCACG 965 
CUPV2313  TCACAGGCATTATTCAAGACGTTGGCACGATTACCAGCCTGCATTGGCAAGCAGAGCACG 969 
                      ************************************************************ 
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CUPV2323  CCCAACTCACGATCGACACAAACCTGACTAATCNAATTCNTAGTCNGGGNTTGGNNNACA 1026 
CUPV261T  CCCAACTCACGAT----------------------------------------------- 422 
CUPV237   CCCAACTCACGATCGACACAAACCTGACTAATCAAATTCATAGTCAGGTTGGCGACAGTA 2040 
CUPV2371  CCCAACTCACGATCGAC------------------------------------------- 984 
CUPV231   CCCAACTCACGANNNANACAAACCTGACTAATCAANTTCAT------------------- 1009 
CUPV2320  CCCAACTCACGATCGACACA---------------------------------------- 985 
CUPV2313  CCCAACTCACGATCGACACAAACCTGACTAATCAAATT---------------------- 1007 
                      ************                                                 

 

 
Alineamientos de la región ribB 

CUPV2323  ------------------------------------------------------------ 
CUPV231   ------------------------------------------------------------ 
CUPV237   CCCAACTCACGATCGACACAAACCTGACTAATCAAATTCATAGTCAGGTTGGCGACAGTA 2040 
CUPV2313  ------------------------------------------GTNNGGTTGGCGACNGTA 18 
CUPV2371  ---------------------------------AAATTCATAGTCAGGTTGGCGACAGTA 27 
CUPV2320  --------------------------------------TCTAGTCAGGTTGGCGACNGTA 22 
                                                                               
 
CUPV2323_parcial_1 --------------ATCTGTTTAACAGTTACTAACTTAACATCCNANNNTTNCACAGCCG 46 
CUPV2323_parcial_2 ------------------------------------------------------------ 
CUPV231   -----------------------------ACTAACTTAACATCCGATTCTTTCACAGCCG 31 
CUPV237   TCGCTGTTGATGGTATCTGTTTAACAGTTACTAACTTAACATCCGATTCTTTCACAGCCG 2100 
CUPV2313  TCGCTGTTGATGGTATCTGTTTAACAGTTACTAACTTAACATCCGATTCTTTCACAGCCG 78 
CUPV2371  TCGCTGTTGATGGTATCTGTTTAACAGTTACTAACTTAACATCCGATTCTTTCACAGCCG 87 
CUPV2320  NCGCTGTTGATGGTATCTGTTTAACAGTTACTAACTTAACATCCGATTCTTTCACAGCCG 82 
                                                   *************** *   ** ******** 
 
CUPV2323_partial_1 ATGTTATGCCAGAAACAGTACACCGGACAAATCTGATGTNACTTGGAGAAGGCAGTCATG 106 
CUPV2323_partial_2 ------------------------------------------------------------ 
CUPV231   ATGTTATGCCAGAAACAGTACACCGGACAAATCTGATGTCACTTGGAGAAGGCAGTCATG 91 
CUPV237   ATGTTATGCCAGAAACAGTACACCGGACAAATCTGATGTCACTTGGAGAAGGCAGTCATG 2160 
CUPV2313  ATGTTATGCCAGAAACAGTACACCGGACAAATCTGATGTCACTTGGAGAAGGCAGTCATG 138 
CUPV2371  ATGTTATGCCAGAAACAGTACACCGGACAAATCTGATGTCACTTGGAGAAGGCAGTCATG 147 
CUPV2320  ATGTTATGCCAGAAACAGTACACCGGACAAATCTGATGTCACTTGGAGAAGGCAGTCATG 142 
                      *************************************** ******************** 
 
CUPV2323_partial_1 TGAATCTGGAGNCTG--------------------------------------------- 121 
CUPV2323_partial_2 ------------------------------------------------------------ 
CUPV231   TGAATCTGGAGCCTGCTTTAGCTGTAACAGATCGATTAGACGGTCACTTTGTCCTGGGCC 151 
CUPV237   TGAATCTGGAGCCTGCTTTAGCTGTAACAGATCGATTAGACGGTCACTTTGTCCTGGGCC 2220 
CUPV2313  TGAATCTGGAGCCTGCTTTAGCTGTAACAGATCGATTAGACGGTCACTTTGTCCTGGGCC 198 
CUPV2371  TGAATCTGGAGCCTGCTTTAGCTGTAACAGATCGATTAGACGGTCACTTTGTCCTGGGCC 207 
CUPV2320  TGAATCTGGAGCCTGCTTTAGCTGTAACAGATCGATTAGACGGTCACTTTGTCCTGGGCC 202 
                      *********** ************************************************ 
 
CUPV2323_partial_2 ------------------------------------------------------------ 
CUPV231   ACATAGACGCAACGGCAACCCTCATCCGTCAGGTGCAAGATCAAACAGCAGTCACACTGA 211 
CUPV237   ACATAGACGCAACGGCAACCCTCATCCGTCAGGTGCAAGATCAAACAGCAGTCACACTGA 2280 
CUPV2313  ACATAGACGCAACGGCAACCCTCATCCGTCAGGTGCAAGATCAAACAGCAGTCACACTGA 258 
CUPV2371  ACATAGACGCAACGGCAACCCTCATCCGTCAGGTGCAAGATCAAACAGCAGTCACACTGA 267 
CUPV2320  ACATAGACGCAACGGCAACCCTCATCCGTCAGGTGCAAGATCAAACAGCAGTCACACTGA 262 
                      ************************************************************ 
 
CUPV2323_partial_2 ------------------------------------------------------------ 
CUPV231   CTTTCTCGTTTCCAACCCACTATCAACCCTACGTCATTGAAAAGGGGTCCGTGGCAATCA 271 
CUPV237   CTTTCTCGTTTCCAACCCACTATCAACCCTACGTCATTGAAAAGGGGTCCGTGGCAATCA 2340 
CUPV2313  CTTTCTCGTTTCCAACCCACTATCAACCCTACGTCATTGAAAAGGGGTCCGTGGCAATCA 318 
CUPV2371  CTTTCTCGTTTCCAACCCACTATCAACCCTACGTCATTGAAAAGGGGTCCGTGGCAATCA 327 
CUPV2320  CTTTCTCGTTTCCAACCCACTATCAACCCTACGTCATTGAAAAGGGGTCCGTGGCAATCA 322 
                      ************************************************************ 
CUPV2323_partial_2 ------------------------------------------------------------ 
CUPV231   ACGGTGTTAGTCTCACCATTACCGCCGTTTCTTCGGGTCAGTTCAGCGTTAGTCTCATCC 331 
CUPV237   ACGGTGTTAGTCTCACCATTACCGCCGTTTCTTCGGGTCAGTTCAGCGTTAGTCTCATCC 2400 
CUPV2313  ACGGTGTTAGTCTCACCATTACCGCCGTTTCTTCGGGTCAGTTCAGCGTTAGTCTCATCC 378 
CUPV2371  ACGGTGTTAGTCTCACCATTACCGCCGTTTCTTCGGGTCAGTTCAGCGTTAGTCTCATCC 387 
CUPV2320  ACGGTGTTAGTCTCACCATTACCNNCNNTTCTTCGGGTCANNTCAGCGTTAGNCTCATCC 382 
                      ***********************  *  ************  ********** *******  
 



ANEXO II 

	

	 280 

CUPV2323_partial_2 ------------------------------------------------------------ 
CUPV231   CCCACACCATGGCAGCCACCATGCTTGGCGATCTGCAAACTGGTGACCCAATTAATCTTG 391 
CUPV237   CCCACACCATGGCAGCCACCATGCTTGGCGATCTGCAAACTGGTGACCCAATTAATCTTG 2460 
CUPV2313  CCCACACCATGGCAGCCACCATGCTTGGCGATCTGCAAACTGGTGACCCAATTAATCTTG 438 
CUPV2371  CCCACACCATGGCAGCCACCATGCTTGGCGATCTGCAAACTGGTGACCCAATTAATCTTG 447 
CUPV2320  CCCACACCATGNCA---------------------------------------------- 396 
                      *********** ************************************************  
 
CUPV2323_partial_2 ------------------------------------------------------------ 
CUPV231_ribB  AAACCGACATTCTTGGTAAGTATCTTATCAACCAACAGGAGGTAAGCGCACATGACTAGT 451 
CUPV237   AAACCGACATTCTTGGTAAGTATCTTATCAACCAACAGGAGGTAAGCGCACATGACTAGT 2520 
CUPV2313_ribB  AAACCGACATTCTTGGTAAGTATCTTATCAACCAACAGGAGGTAAGCGCACATGACTAGT 498 
CUPV2371_ribB  AAACCGACATTCTTGGTAAGTATCTTATCAACCAACAGGAGGTAAGCGCACATGACTAGT 507 
CUPV2320_ribB  ------------------------------------------------------------ 
                      ************************************************************  
CUPV2323_partial_2 ------------------------------------------------------------ 
CUPV231   TCAGAATCAATTATTAAACGTGTAGAAAACGCCCTTGAAACATTGAAAAACGGCCAACTG 511 
CUPV237   TCAGAATCAATTATTAAACGTGTAGAAAACGCCCTTGAAACATTGAAAAACGGCCAACTG 2580 
CUPV2313  TCAGAATCAATTATTAAACGTGTAGAAAACGCCCTTGAAACATTGAAAAACGGCCAACTG 558 
CUPV2371  TCAGAATCAATTATTAAACGTGTAGAAAACGCCCTTGAAACATTGAAAAACGGCCAACTG 567 
CUPV2320  ------------------------------------------------------------ 
                      ************************************************************  
 
CUPV2323_ partial_2 ------------------------------------------------------------ 
CUPV231   ATCATTGTCACCGATGATGATCACCGGGAGGCCGAAGGTGACATGGTTGGTTTAGCGCAG 571 
CUPV237   ATCATTGTCACCGATGATGATCACCGGGAGGCCGAAGGTGACATGGTTGGTTTAGCGCAG 2640 
CUPV2313  ATCATTGTCACCGATGATGATCACCGGGAGGCCGAAGGTGACATGGTTGGTTTAGCGCAG 618 
CUPV2371  ATCATTGTCACCGATGATGATCACCGGGAGGCCGAAGGTGACATGGTTGGTTTAGCGCAG 627 
CUPV2320  ------------------------------------------------------------ 
                      ************************************************************  
 
CUPV2323_partial_2 ------------------------------------------------------------ 
CUPV231   TATGCAACTGGAGAAACCGTCCGGACAATGGTAACTAACGCCCGTGGCTTACTGTGCGTG 631 
CUPV237   TATGCAACTGGAGAAACCGTCCGGACAATGGTAACTAACGCCCGTGGCTTACTGTGCGTG 2700 
CUPV2313  TATGCAACTGGAGAAACCGTCCGGACAATGGTAACTAACGCCCGTGGCTTACTGTGCGTG 678 
CUPV2371  TATGCAACTGGAGAAACCGTCCGGACAATGGTAACTAACGCCCGTGGCTTACTGTGCGTG 687 
CUPV2320  ------------------------------------------------------------ 
                      ************************************************************  
 
CUPV2323_partial_2 ------------------------------------------------------------ 
CUPV2320_partial_2 --------ACAAACAANTGCTTNGCGTNTAGGAANGANGCANANGGTGACTAANGNGNNN 52 
CUPV231   CCCATGGCACAAACAATTGCTTCGCGTCTAGGAATGACGCCGATGGTGACTAATGCGACC 691 
CUPV237   CCCATGGCACAAACAATTGCTTCGCGTCTAGGAATGACGCCGATGGTGACTAATGCGACC 2760 
CUPV2313  CCCATGGCACAAACAATTGCTTCGCGTCTAGGAATGACGCCGATGGTGACTAATGCGACC 738 
CUPV2371  CCCATGGCACAAACAATTGCTTCGCGTCTAGGAATGACGCCGATGGTGACTAATGCGACC 747 
CUPV2320_partial_1 ------------------------------------------------------------ 
                                                                                       
 
CUPV2323_partial_2 ------------------------------------------------------------ 
CUPV2320_partial_2 GANGNGTNNGGCACNNCCTTCACCATCAGTACCGATGCAAAAACAACTTCCACTGGAATC 112 
CUPV231   GATGCGTACGGCACCGCCTTCACCATCAGTACCGATGCAAAAACAACTTCCACTGGAATC 751 
CUPV237   GATGCGTACGGCACCGCCTTCACCATCAGTACCGATGCAAAAACAACTTCCACTGGAATC 2820 
CUPV2313  GATGCGTACGGCACCGCCTTCACCATCAGTACCGATGCAAAAACAACTTCCACTGGAATC 798 
CUPV2371  GATGCGTACGGCACCGCCTTCACCATCAGTACCGATGCAAAAACAACTTCCACTGGAATC 807 
CUPV2320_partial_1 ------------------------------------------------------------ 
                                                                                       
 
CUPV2323_partial_2 -------------------------------------------------------CCGAC 5 
CUPV2320_partial_2 TCAGCGTTTGACCGGGCCGACACCATCCGCCAGCTCGCCGACCCGGAATCAAAACCCGAC 171 
CUPV231   TCAGCGTTTGACCGGGCCGACACCATCCGCCAGCTCGCCGACCCGGAATCAAAACCCGAC 811 
CUPV237   TCAGCGTTTGACCGGGCCGACACCATCCGCCAGCTCGCCGACCCGGAATCAAAACCCGAC 2880 
CUPV2313  TCAGCGTTTGACCGGGCCGACACCATCCGCCAGCTCGCCGACCCGGAATCAAAACCCGAC 858 
CUPV2371  TCAGCGTTTGACCGGGCCGACACCATCCGCCAGCTCGCCGACCCGGAATCAAAACCCGAC 867 
CUPV2320_partial_1 ------------------------------------------------------------ 
                                                                                       
CUPV2323_partial_2 GCCTTCTACCATCCTGGTCATATTTTTCCATTAATTGCCAAGAATCGCGGTGTGATGGCA 65 
CUPV2320_partial_2 GCCTTCTACCATCCTGGTCATATTTTTCCATTAATTGCCAAGAATCGCGGTGTGANGGCA 231 
CUPV231   GCCTTCTANCATCCTGGTCATATTTTTCCATTAATTGCCAAGAATCGCGGTGTGATGGCA 871 
CUPV237   GCCTTCTACCATCCTGGTCATATTTTTCCATTAATTGCCAAGAATCGCGGTGTGATGGCA 2940 
CUPV2313  GCCTTCTACCATCCTGGTCATATTTTTCCATTAATTGCCAAGAATCGCGGTGTGATGGCA 918 
CUPV2371  GCCTTCTACCATCCTGGTCATATTTTTCCATTAATTGCCAAGAATCGCGGTGTGANGGCA 927 
CUPV2320_partial_1 ------------------------------------------------------------ 
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CUPV2323_partial_2 CGAGGCGGGCATACGGAAGCCGC------------------------------------- 88 
CUPV2320_partial_2R CGAGGCGGGCATACGGAAGCCGCTGT-GAT---GCGAA---------------------- 266 
CUPV231   CGAGGCGGGCATACGGAAGCCGCTGTTGANTTGGCGAAACTCGCNAANGCTGCNC----- 926 
CUPV237   CGAGGCGGGCATACGGAAGCCGCTGTTGATTTGGCGAAACTCGCGAACGCTGCCCCAGTT 3000 
CUPV2313  CGAGGCGGGCATACGGAAGCCGCTGTTGATTTGGC------------------------- 953 
CUPV2371  CGAGGCGGGCATACGGAAGCCGCTGTTGATTTGGCGAAA--------------------- 966 
CUPV2320_partial_1 ------------------------------------------------------------ 
                                                                                       

	

	
Alineamientos de la región ribA	

CUPV231   --------------------NNCTGTTGATTTGGCGAAACTCGCGAACGCTGCCCCAGTT 40 
CUPV2320  ----------------------------------------------------CCCCAGTT 8 
CUPV2313  --------------------CGCTGTTGATTTGGCGAAACTCGCGAACGCTGCCCCAGTT 40 
CUPV2371  -----------------------TGTTGATTTGGCGAAACTCGCGAACGCTGCCCCAGTT 37 
CUPV237   CGAGGCGGGCATACGGAAGCCGCTGTTGATTTGGCGAAACTCGCGAACGCTGCCCCAGTT 3000 
CUPV2323  ---------------------------------------------------------GTT 3 
                      *** 
 
CUPV231   GCTTACATCTGCGAAATTTTGGCCAAGGACGGGCATATGGCGCGGCGGCATGAACTCAAA 100 
CUPV2320  GCTTACATNTGNGAAATTTTGGCCAAGGACGGGCATATGGCGNGGCGGCATGAACTCAAA 68 
CUPV2313  GCTTACATCTGCGAAATTTTGGCCAAGGACGGGCATATGGCGCGGCGGCATGAACTCAAA 100 
CUPV2371  GCTTACATCTGCGAAATTTTGGCCAAGGACGGGCATATGGCGCGGCGGCATGAACTCAAA 97 
CUPV237   GCTTACATCTGCGAAATTTTGGCCAAGGACGGGCATATGGCGCGGCGGCATGAACTCAAA 3060 
CUPV2323  GCTTACNTCTGCGAAATTTTGGCCAAGGACGGGCATATGGCGCGGCGGCATGAACTCAAA 63 
          ****** * ** ****************************** ***************** 
 
CUPV231   CCATTTGCTGAAGGCATCCAAATGCCGTTGATTTCAATTCAGGACA 146 
CUPV2320  CCATTTGCTGAAGGCATCCAAATGCCGTTGATTTCAATTCAGGACA 114 
CUPV2313  CCATTTGCTGAAGGCATCCAAATGCCGTTGATTTCAATTCAGGACA 160 
CUPV2371  CCATTTGCTGAAGGCATCCAAATGCCGTTGATTTCAATTCAGGACA 143 
CUPV237   CCATTTGCTGAAGGCATCCAAATGCCGTTGATTTCAATTCAGGACA 3106 
CUPV2323  CCATTTGCTGAAGGCATCCAAATGCCGTTGATTTCAATTCAGGACA 109 
   ********************************************** 
 
CUPV231   TCAAACAATACCGGTACATGAAAGATCGCGAAATTGCTGATTTAATCACCAGTGTTAAAC 206 
CUPV2320  TCAAACAATACCGGTACATGAAAGATCGCGAAATTGCTGATTTAATCACCAGTGTTAAAC 174 
CUPV2313  TCAAACAATACCGGTACATGAAAGATCGCGAAATTGCTGATTTAATCACCAGTGTTAAAC 220 
CUPV2371  TCAAACAATACCGGTACATGAAAGATCGCGAAATTGCTGATTTAATCACCAGTGTTAAAC 203 
CUPV237   TCAAACAATACCGGTACATGAAAGATCGCGAAATTGCTGATTTAATCACCAGTGTTAAAC 3166 
CUPV2323  TCAAACAATACCGGTACATGAAAGATCGCGAAATTGCTGATTTAATCACCAGTGTTAAAC 169 
   ************************************************************ 
 
CUPV231   TGCCCACCAAATATGGTGATTTCCAGCTTGAGGCTTATGACACACGTGATGGCCATGAAC 266 
CUPV2320  TGCCCACCAAATATGGTGATTTCCAGCTTGAGGCTTATGACACACGTGATGGCCATGAAC 234 
CUPV2313  TGCCCACCAAATATGGTGATTTCCAGCTTGAGGCTTATGACACACGTGATGGCCATGAAC 280 
CUPV2371  TGCCCACCAAATATGGTGATTTCCAGCTTGAGGCTTATGACACACGTGATGGCCATGAAC 263 
CUPV237   TGCCCACCAAATATGGTGATTTCCAGCTTGAGGCTTATGACACACGTGATGGCCATGAAC 3226 
CUPV2323  TGCCCACCAAATATGGTGATTTCCAGCTTGAGGCTTATGACACACGTGATGGCCATGAAC 229 
   ************************************************************ 
 
 
CUPV231   CTACCCTGTTAATTTCAAAGGGTTCTATTCAACCAAACGAACCACTGTTGTTACGAATGC 326 
CUPV2320  CTACCCTGTTAATTTCAAAGGGTTCTATTCAACCAAACGAACCACTGTTGTTACGAATGC 294 
CUPV2313  CTACCCTGTTAATTTCAAAGGGTTCTATTCAACCAAACGAACCACTGTTGTTACGAATGC 340 
CUPV2371  CTACCCTGTTAATTTCAAAGGGTTCTATTCAACCAAACGAACCACTGTTGTTACGAATGC 323 
CUPV237   CTACCCTGTTAATTTCAAAGGGTTCTATTCAACCAAACGAACCACTGTTGTTACGAATGC 3286 
CUPV2323  CTACCCTGTTAATTTCAAAGGGTTCTATTCAACCAAACGAACCACTGTTGTTACGAATGC 289 
   ************************************************************ 
 
 
CUPV231   ATTCTGAATGTCTCACCGGTGATATTTTGGGTTCAATTCGTTGCGATTGCGGCGAACAAT 386 
CUPV2320  ATTCTGAATGTCTCACCGGTGATATTTTGGGTTCAATTCGTTGCGATTGCGGCGAACAAT 354 
CUPV2313  ATTCTGAATGTCTCACCGGTGATATTTTGGGTTCAATTCGTTGCGATTGCGGCGAACAAT 400 
CUPV2371  ATTCTGAATGTCTCACCGGTGATATTTTGGGTTCAATTCGTTGCGATTGCGGCGAACAAT 383 
CUPV237   ATTCTGAATGTCTCACCGGTGATATTTTGGGTTCAATTCGTTGCGATTGCGGCGAACAAT 3346 
CUPV2323  ATTCTGAATGTCTCACCGGTGATATTTTGGGTTCAATTCGTTGCGATTGCGGCGAACAAT 349 
   ************************************************************ 
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CUPV231   TAGCAACTGCGCTGCGCACCATTGAAGCGGCCGGTCACGGCGCCGTGATCTATCTGCGAC 446 
CUPV2320  TAGCAACTGCGCTGCGCACCATTGAAGCGGCCGGTCACGGCGCCGTGATCTATCTGCGAC 414 
CUPV2313  TAGCAACTGCGCTGCGCACCATTGAAGCGGCCGGTCACGGCGCCGTGATCTATCTGCGAC 460 
CUPV2371  TAGCAACTGCGCTGCGCACCATTGAAGCGGCCGGTCACGGCGCCGTGATCTATCTGCGAC 443 
CUPV237   TAGCAACTGCGCTGCGCACCATTGAAGCGGCCGGTCACGGCGCCGTGATCTATCTGCGAC 3406 
CUPV2323  TAGCAACTGCGCTGCGCACCATTGAAGCGGCCGGTCACGGCGCCGTGATCTATCTGCGAC 409 
   ************************************************************ 
 
CUPV231   AGGAAGGCCGTGGCATTGGCCTGGCCAACAAGTTACGAGCCTACAAACTGCAGGAAGAAG 506 
CUPV2320  AGGAAGGCCGTGGCATTGGCCTGGCCAACAAGTTACGAGCCTACAAACTGCAGGAAGAAG 474 
CUPV2313  AGGAAGGCCGTGGCATTGGCCTGGCCAACAAGTTACGAGCCTACAAACTGCAGGAAGAAG 520 
CUPV2371  AGGAAGGCCGTGGCATTGGCCTGGCCAACAAGTTACGAGCCTACAAACTGCAGGAAGAAG 503 
CUPV237   AGGAAGGCCGTGGCATTGGCCTGGCCAACAAGTTACGAGCCTACAAACTGCAGGAAGAAG 3466 
CUPV2323  AGGAAGGCCGTGGCATTGGCCTGGCCAACAAGTTACGAGCCTACAAACTGCAGGAAGAAG 469 
   ************************************************************ 
 
CUPV231   GGCTTGATACCGTTGAGGCTAATGTGCATTTAGGCTTTGAACCGGACGAACGCG 560 
CUPV2320  GGCTTGATACCGTTGAGGCTAATGTGCATTTAGGCTTTGAACCGGACGAACGCG 528 
CUPV2313  GGCTTGATACCGTTGAGGCTAATGTGCATTTAGGCTTTGAACCGGACGAACGCG 574 
CUPV2371  GGCTTGATACCGTTGAGGCTAATGTGCATTTAGGCTTTGAACCGGACGAACGCG 557 
CUPV237   GGCTTGATACCGTTGAGGCTAATGTGCATTTAGGCTTTGAACCGGACGAACGCG 3520 
CUPV2323  GGCTTGATACCGTTGAGGCTAATGTGCATTTAGGCTTTGAACCGGACGAACGCG 529 
   ****************************************************** 
 
CUPV231   ATTATGGGTTGGTTGCAGCCATTTTGCATAAGAAAAAGGTCAGCGAAGTTACGCTGATGA 620 
CUPV2320  ATTATGGGTTGGTTGCAGCCATTTTGCATAAGAAAAAGGTCAGCGAAGTTACGCTGATGA 588 
CUPV2313  ATTATGGGTTGGTTGCAGCCATTTTGCATAAGAAAAAGGTCAGCGAAGTTACGCTGATGA 634 
CUPV2371  ATTATGGGTTGGTTGCAGCCATTTTGCATAAGAAAAAGGTCAGCGAAGTTACGCTGATGA 617 
CUPV237   ATTATGGGTTGGTTGCAGCCATTTTGCATAAGAAAAAGGTCAGCGAAGTTACGCTGATGA 3580 
CUPV2323  ATTATGGGTTGGTTGCAGCCATTTTGCATAAGAAAAAGGTCAGCGAAGTTACGCTGATGA 589 
   ************************************************************ 
 
CUPV231   CGAATAACCCAGATAAGGTTCATCAGCTAGAGGCTCTGGGCATCACCCTAGATGCGCGTG 680 
CUPV2320  CGAATAACCCAGATAAGGTTCATCAGCTAGAGGCTCTGGGCATCACCCTAGATGCGCGTG 648 
CUPV2313  CGAATAACCCAGATAAGGTTCATCAGCTAGAGGCTCTGGGCATCACCCTAGATGCGCGTG 694 
CUPV2371  CGAATAACCCAGATAAGGTTCATCAGCTAGAGGCTCTGGGCATCACCCTAGATGCGCGTG 677 
CUPV237   CGAATAACCCAGATAAGGTTCATCAGCTAGAGGCTCTGGGCATCACCCTAGATGCGCGTG 3640 
CUPV2323  CGAATAACCCAGATAAGGTTCATCAGCTAGAGGCTCTGGGCATCACCCTAGATGCGCGTG 649 
   ************************************************************ 
 
CUPV231   TGCCAATCGAAACAAAAGCTCGGCCCGAAAATCGGCACTATCTTGAAACCAAAAAGCACA 740 
CUPV2320  TGCCAATCGAAACAAAAGCTCGGCCCGAAAATCGGCACTATCTTGAAACCAAAAAGCACA 708 
CUPV2313  TGCCAATCGAAACAAAAGCTCGGCCCGAAAATCGGCACTATCTTGAAACCAAAAAGCACA 754 
CUPV2371  TGCCAATCGAAACAAAAGCTCGGCCCGAAAATCGGCACTATCTTGAAACCAAAAAGCACA 737 
CUPV237   TGCCAATCGAAACAAAAGCTCGGCCCGAAAATCGGCACTATCTTGAAACCAAAAAGCACA 3700 
CUPV2323  TGCCAATCGAAACAAAAGCTCGGCCCGAAAATCGGCACTATCTTGAAACCAAAAAGCACA 709 
   ************************************************************ 
 
CUPV231   AAATGCATCATCTACTCAAGGAGGTTCAATAACGATGAATACTTACACAGGAACGATCAA 800 
CUPV2320  AAATGCATCATCTACTCAAGGAGGTTCAATAACGATGAATACT--CACAGGAACGATCAA 767 
CUPV2313  AAATGCATCATCTACTCAAGGAGGTTCAATAACNATGAATACTTACACAGGAACGATCAA 814 
CUPV2371  AAATGCATCATCTACTCAAGGAGGTTCAATAACGATGAATACTTACACA----------- 786 
CUPV237   AAATGCATCATCTACTCAAGGAGGTTCAATAACGATGAATACTTACACAGGAACGATCAA 3760 
CUPV2323  AAATGCATCATCTACTCAAGGAGGTTCAATAACGANGAATACTTACACAG-AACGATCAA 768 
   ********************************* * *******  ****            
 
CUPV231   TGGCGAACATCAACGAATCGGGATCGNNNNNNNNNNAATTTNNNNN-------------- 846 
CUPV2320  TGGCGA------------------------------------------------------ 773 
CUPV2313  TGGCGAACATCAACNAATCNGGGNTCGTTG------------------------------ 844 
CUPV2371  ------------------------------------------------------------ 
CUPV237   TGGCGAACATCAACGAATCGGG-ATCGTTGTCGCTCAATTTAATGATCTCGTCACCAAAC 3819 
CUPV232   ------------------------------------------------------------ 
                                                                                       
 
CUPV231   ------------------------------------------------------------ 
CUPV2320  ------------------------------------------------------------ 
CUPV2313  ------------------------------------------------------------ 
CUPV2371  ------------------------------------------------------------ 
CUPV237   GCCTATTGGAAGGCGCCCTATCAGCTCTTAAACAGTTCGGCGTGCCCAATAATGCCATTA 3879 
CUPV2323  ------------------------------------------------------------ 
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Alineamientos de la región ribH	

CUPV237   ATTGGCCTGGCCAACAAGTTACGAGCCTACAAACTGCAGGAAGAAGGGCTTGATACCGTT 3480 
CUPV2371  ---------------------------------------------------------GTT 3 
                                                                               *** 
 
CUPV237   GAGGCTAATGTGCATTTAGGCTTTGAACCGGACGAACGCGATTATGGGTTGGTTGCAGCC 3540 
CUPV2371  GAGGCTAATGTGCATTTAGGCTTTGAACCGGACGAACGCGATTATGGGTTGGTTGCAGCC 63 
                      ************************************************************ 
 
CUPV237   ATTTTGCATAAGAAAAAGGTCAGCGAAGTTACGCTGATGACGAATAACCCAGATAAGGTT 3600 
CUPV2371  ATTTTGCATAAGAAAAAGGTCAGCGAAGTTACGCTGATGACGAATAACCCAGATAAGGTT 123 
                      ************************************************************ 
 
CUPV237   CATCAGCTAGAGGCTCTGGGCATCACCCTAGATGCGCGTGTGCCAATCGAAACAAAAGCT 3660 
CUPV2371  CATCAGCTAGAGGCTCTGGGCATCACCCTAGATGCGCGTGTGCCAATCGAAACAAAAGCT 183 
                      ************************************************************ 
 
CUPV237   CGGCCCGAAAATCGGCACTATCTTGAAACCAAAAAGCACAAAATGCATCATCTACTCAAG 3720 
CUPV2371  CGGCCCGAAAATCGGCACTATCTTGAAACCAAAAAGCACAAAATGCATCATCTACTCAAG 243 
                      ************************************************************ 
 
CUPV237   GAGGTTCAATAACGATGAATACTTACACAGGAACGATCAATGGCGAACATCAACGAATCG 3780 
CUPV2371  GAGGTTCAATAACGATGAATACTTACACAGGAACGATCAATGGCGAACATCAACGAATCG 303 
                      ************************************************************ 
 
CUPV237   GGATCGTTGTCGCTCAATTTAATGATCTCGTCACCAAACGCCTATTGGAAGGCGCCCTAT 3840 
CUPV2371  GGATCGTTGTCGCTCAATTTAATGATCTCGTCACCAAACGCCTATTGGAAGGCGCCCTAT 363 
                      ************************************************************ 
 
CUPV237   CAGCTCTTAAACAGTTCGGCGTGCCCAATAATGCCATTACGGTGACCTGGGTGCCAGGAG 3900 
CUPV2371  CAGCTCTTAAACAGTTCGGCGTGCCCAATAATGCCATTACGGTGACCTGGGTGCCAGGAG 423 
                      ************************************************************ 
 
CUPV237   CCTTAGAATTGCCACGGGCTGCCAAATTAATGGCTGGTTCCGGCAAGGTTGACGGAATCA 3960 
CUPV2371  CCTTAGAATTGCCACGGGCTGCCAAATTAATGGCTGGTTCCGGCAAGGTTGACGGAATCA 483 
                      ************************************************************ 
 
CUPV237   TCGCCTTAGGTGCAGTGGTCCGTGGGGAAACCTCACACTATGATTATGTTTGTGCTAACA 4020 
CUPV2371  TCGCCTTAGGTGCAGTGGTCCGTGGGGAAACCTCACACTATGATTATGTTTGTGCTAACA 543 
                      ************************************************************ 
 
CUPV237   CCGCCTCAGGCCTGGCGGAAGTTTCCTTAAACGGCCCAGTTCCTGTCATGTTTGGTGTCC 4080 
CUPV2371  CCGCCTCAGGCCTGGCGGAAGTTTCCTTAAACGGCCCAGTTCCTGTCATGTTTGGTGTCC 603 
                      ************************************************************ 
 
CUPV237   TAACGACTGATAACATGAATCAAGCCATGAACCGAGCCGGCGGAAAAGCCGGAAATAAAG 4140 
CUPV2371  TAACGACTGATAACATGAATCAAGCCATGAACCGAGCCGGCGGAAAAGCCGGAAATAAAG 663 
                      ************************************************************ 
 
 
CUPV237   GCAGCAAATGTGCCAGCGGCGTTCTTGAAATGATTCACTTGGCTGATT-GGATCACCGCC 4199 
CUPV2371  GCAGCAAATGTGCCAGCGGCGTTCTTGAAATGATTCACTTGGCTGATTTGGATCACCGCC 723 
                      ************************************************ *********** 
 
CUPV237   TAGGGCACCATACTGTGATGTTTGAGAGTCGACATTAATGTCGGCTCTTTTTTATGTATT 4259 
CUPV2371  TAGGGCACCATACTGTGATGTT-GAGAGTCGACATTAATGTCGGCTCTTTTTTATGTATT 782 
                      ********************** ************************************* 
 
CUPV237   AATAACTTCCCGGAATGTCAACTCAAGTGCAACAACCATGGAGCCAGGCCGTGAGCTAGC 4319 
CUPV2371  AATAACTTC--------------------------------------------------- 791 
                      *********                                                    
 
CUPV237   TTGCT 4324 
CUPV2371  -----
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Strains CUPV261T and CUPV262 were isolated from ropy natural ciders of the Basque Country,
Spain, in 2007. Cells are Gram-stain positive, non-spore-forming, motile rods, facultative
anaerobes and catalase-negative. The strains are obligately homofermentative (final product DL-
lactate) and produce exopolysaccharides from sucrose. Phylogenetic analysis based on 16S
rRNA gene sequences revealed that the highest similarity to both isolates corresponded to the
type strain of Lactobacillus vini (99.1 %), followed by Lactobacillus satsumensis (96.4 %), and
Lactobacillus oeni (96.2 %), and for all other established species, 16S rRNA gene sequence
similarities were below 96 %. The species delineation of strains CUPV261T and CUPV262 was
evaluated through RAPD fingerprinting. In addition, a random partial genome pyrosequencing
approach was performed on strain CUPV261T in order to compare it with the genome sequence
of Lactobacillus vini DSM 20605T and calculate indexes of average nucleotide identity (ANI)
between them. Results permit the conclusion that strains CUPV261T and CUPV262 represent a
novel species of the genus Lactobacillus, for which the name Lactobacillus sicerae sp. nov. is
proposed. The type strain is CUPV261T (5CECT 8227T5KCTC 21012T).

Lactic acid bacteria (LAB) of the genera Lactobacillus,
Oenococcus, Leuconostoc and Pediococcus are involved in the
cider making process (Beech & Carr, 1977; Dueñas et al.,
1994; Laplace et al., 2001). The fermentation of apple
juice is a microbiologically complex process involving the
activities of acetic acid bacteria, lactic acid bacteria and
yeasts. In Spain, especially in the Basque Country and
Asturias, natural cider is usually produced in small cider
factories by using traditional techniques, which implies,
among other practices, that yeasts and LAB starters are not

added (Salih et al., 1990; Dueñas et al., 1994). Malolactic
fermentation (MLF) occurs spontaneously by indigenous
LAB present in the musts (Dueñas et al., 1994). This
transformation has a great importance from an organo-
leptic point view, and most of the LAB isolated from cider
has this capacity (Beech & Carr, 1977; Dueñas et al., 1994).
Several species of the genus Lactobacillus have been isolated
from juice and apple cider of different countries. The obligate
homofermentative Lactobacillus mali (Carr & Davies, 1970),
Lactobacillus delbrueckii subsp. lactis (Marshall & Walkley,
1951; Weiss et al., 1983) and Lactobacillus acidophilus
(Laplace et al., 2001) are considerably rare. In contrast, the
species most frequently found are the heterofermenta-
tive lactobacilli: Lactobacillus collinoides (Carr & Davies,
1972; Dueñas et al., 1995; Claisse & Lonvaud-Funel, 2000;
Sauvageot et al., 2000; Garai et al., 2007), Lactobacillus para-
collinoides (Whiting & Carr, 1957), Lactobacillus fermentum
(Carr & Davies, 1972; Dellaglio et al., 2004), Lactobacillus
buchneri, Lactobacillus viridescens, and Lactobacillus hilgardii
(Carr & Davies, 1972), Lactobacillus diolivorans, Lactobacillus
plantarum and Lactobacillus suebicus (Kleynmans et al., 1989;

Abbreviations: ANI, average nucleotide identity; DDH, DNA–DNA
hybridization; EPS, exopolysaccharides; LAB, lactic acid bacteria; MLF,
malolactic fermentation; RAPD, randomly amplified polymorphic DNA;
UPMGA, unweighted pair group method with arithmetic averages.

The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene
sequence of strain CUPV261T (5CECT 8227T) is HG794492. Shotgun
genome raw sequence data generated for this strain in this study is
publicly available at the Sequence Read Archive (SRA) repository under
study accession PRJEB5073 and run accession ERR385820.

Two supplementary figures and a supplementary table are available with
the online version of this paper.
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Marieta et al., 2009). In natural cider from Basque Country,
microbiological stabilization is not performed after MLF or
before bottling. As a result, LAB becomes predominant in the
microbiota, being able to promote detrimental effects, such
as the alteration known as oiliness or ropiness (Dueñas et al.,
1995). This alteration is the consequence of exopolysacchar-
ides (EPS) produced by some Lactobacillus sp. (Dueñas et al.,
1995), Pediococcus parvulus (Dueñas-Chasco et al., 1997),
Lactobacillus diolivorans (Dueñas-Chasco et al., 1998), and
Oenococcus oeni strains (Ibarburu et al., 2007), increasing
the consistency of the beverage, which causes important
economic losses in the Basque Country cider industry.
However, EPS-producing LAB are becoming industrially
important micro-organisms for elaboration of functional
food products, since they provide thickening properties
and contribute to improve the texture and mouth-feel of
the resulting fermented products. In this context, we
have previously found that an EPS-producing strain of
Lactobacillus suebicus isolated from cider is a potential
candidate for the production of functional foods (Garai-
Ibabe et al., 2010). Moreover, certain EPS produced by
LAB have beneficial effects on human health (Ruas-Madiedo
et al., 2008).

Strains CUPV261T and CUPV262 were isolated from ropy
natural ciders according to the methods described by
Dueñas et al. (1994). We chose those colonies that showed
‘ropy’ phenotype in de Man, Rogosa and Sharpe (MRS)
agar (Pronadisa). The colonies formed long filaments after
being touched with the loop. The strains exhibited a ropy
appearance in liquid culture and the cell deposit formed
a long string upon agitation. Strains CUPV261T and
CUPV262 were preserved frozen at 280 uC in 20 % (v/v)
glycerol. Phenotypic characterization of strains was done
following standardized methods. Morphological, cultural
and biochemical testing according to standard techniques
were performed at 28 uC unless otherwise stated. Catalase
activity was assessed by bubble production after adding a
drop of 10 % (v/v) H2O2 solution. Gas production from
glucose and gluconate was determined in MRS broth
provided with 2 % (w/v) of the carbohydrate and Durham
tubes (Mañes-Lázaro et al., 2008). Production of dextran
from sucrose was assessed on MRS agar in which glucose
was replaced with 5 % (w/v) sucrose. The effects of tem-
perature and various initial pH levels were tested in MRS
broth for 5 days. Resistance to NaCl and ethanol was
examined after 5 days incubation at 28 uC in MRS
broth containing 5 % (w/v) NaCl or 10 % (v/v) ethanol.
Biochemical characteristics were determined with the
API 50CH, rapid ID32 STREP and API ZYM galleries
(bioMérieux) according to the manufacturer’s instructions.
An increase in the viscosity of the medium was observed
when cells were grown in a MRS-based broth (without
glucose and meat extract at pH 6.2 and containing 0.04 %
(w/v) chlorophenol red) supplemented with 2 % (w/v)
of glucose, trehalose, fructose or sucrose, but not with
galactose, maltose or lactose. Results are reported in the
species description and summarized in Table 1.

Genomic DNA of strains CUPV261T and CUPV262 was
extracted and purified with the DNeasy Blood & Tissue
kit (Qiagen) supplemented with mutanolysin 2 U ml21

(Sigma-Aldrich). DNA templates were amplified by PCR
using three primers: flanking primers 616V and 630R
(Ehrmann et al., 2003) and internal primer 699R (Arahal
et al., 2008) to obtain two large fragments (1466 pb and
1009 pb) of the 16S rRNA gene. The PCR products were
purified using a NucleoSpin Gel and PCR Clean-up kit
(Macherey-Nagel) according to the manufacturer’s instruc-
tions. Subsequent sequencing reactions were done on an
Abi Prism 3730 automated sequencer using the Big Dye
Terminator v3.1 cycle sequencing kit, premixed format.
Sequencing primers were the same ones used in the
amplification reaction but diluted ten-fold (5 pmol). The
new sequences were identical (100 % similarity) to each
other so for the rest of the text we refer only to the sequence
of strain CUPV261T. The isolates were identified using the
EzTaxon-e server (http://eztaxon-e.ezbiocloud.net/; Kim
et al., 2012) and the highest level of pairwise similarity
was obtained with the type strain of Lactobacillus vini CECT
5924T (99.1 %), followed by Lactobacillus satsumensis NRIC
0604T (96.4 %) and Lactobacillus oeni 59bT (96.2 %).

The new sequence was compared with public sequences
in the EMBL gene databases using the BLAST program
(National Center for Biotechnology Information; http://
www.ncbi.nlm.nih.gov/). Related sequences were further
analysed using the ARB program package (Ludwig et al.,
2004; http://www.arb-home.de) using alternative treeing
methods (maximum-parsimony, maximum-likelihood and
distance matrix) and data subsets. Automated sequence
alignments were corrected manually using the ARB_EDIT

sequence editor and alignments retrieved from SILVA and
LTP latest updates were also used as references (Pruesse
et al., 2007; Yarza et al., 2010). The analysis of the 16S
rRNA gene sequence showed that strain CUPV261T forms
a very stable pair with Lactobacillus vini CECT 5924T and
both of them with the pair formed by the type strains of
Lactobacillus ghanensis and Lactobacillus nagelii. Bootstrap
support to these nodes was maximal and the same topology
was retrieved in different reconstructions (Fig. 1 and Figs
S1 and S2, available in the online Supplementary Material).
Other related species placed in the vicinity with high con-
fidence are Lactobacillus satsumensis, Lactobacillus oeni,
Lactobacillus cacaonum, Lactobacillus mali, Lactobacillus
hordei, Lactobacillus capillatus, Lactobacillus sucicola,
Lactobacillus aquaticus and Lactobacillus uvarum.

In addition, genotypic differentiation was approached
by randomly amplified polymorphic DNA (RAPD) com-
paring the profiles with those of some reference strains:
Lactobacillus mali CECT 4149, Lactobacillus nagelii CECT
5983T, Lactobacillus satsumensis CECT 7371, Lactobacillus
uvarum CECT 7335T, Lactobacillus vini CECT 5924T,
Lactobacillus vini CECT 7072 and Lactobacillus vini CECT
7073. Analysis was performed using three universal primers:
M13 (59-GAGGGTGGCGGTTCT-39) (Pinto et al., 2005),
P1 (59-ACGCGCCCT-39) and P2 (59-ATGTAACGCC-39)
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(Simpson et al., 2002). The banding patterns of each strain
obtained after the three amplifications were combined, and
analysed with BioNumerics 2.5 software (Applied Maths)
using the Dice coefficient and the unweighted pair group
method with arithmetic averages (UPGMA) (Fig. 2). Strains
CUPV261T and CUPV262 clustered together at 83.17 %
similarity, suggesting they pertain to the same species but
are not clones; and joined with the reference strains at
20.51 % similarity, supporting they belong to a separate
species. The calculated global cophenetic correlation value
for the global analysis was 92 indicating a good level of
reliability.

Although the results of RAPD fingerprinting were clear,
we wanted to reinforce the genetic evidence that strain
CUPV261T and the type strain of Lactobacillus vini belong

to different species in spite of sharing 99.12 % 16S rRNA
sequence similarity. It has been recently proposed that
DNA–DNA hybridization (DDH) determinations, the
gold standard of prokaryotic species definition, may be
substituted by a comparison between sequenced genomes
of the case strains, by using the average nucleotide identity
(ANI) index applied to a minimum of 20 % of the randomly
sequenced complete genome (Richter & Rosselló-Móra,
2009). Therefore, a random partial genome pyrosequencing
approach was performed on strain CUPV261T as previously
reported (Lucena et al., 2012a) using a GS-Junior (Roche)
sequencing instrument at the Central Service of Support
to Experimental Research (SCSIE) of the University of
Valencia. Subsequent assembly produced 1.73 Mb (978
contigs); this represents 66 % of the estimated genome size.
Calculation of ANI according to MUMmer (ANIm) and

Table 1. Differential traits of strain CUPV261T and strains of closely related species

Strains: 1, CUPV261T; 2, Lactobacillus vini CECT 5924T; 3, Lactobacillus ghanensis L489T; 4, Lactobacillus nagelii CECT 5983T; 5, Lactobacillus

satsumensis CECT 7371; 6, Lactobacillus oeni CECT 7334T; 7, Lactobacillus uvarum CECT 7335T; 8, Lactobacillus mali CECT 4149. All data are from

this study unless otherwise indicated. All strains were motile, catalase-negative and produced acid from D-mannose. Strain CUPV262 gave the same

results as CUPV261T except for fermentation of lactose (negative for CUPV262). +, Positive; 2, negative; W, weakly positive; ND, no data available.

Characteristic 1 2 3* 4 5 6D 7 8

EPS formation from sucrose + 2 2 + + + + +

Lactic acid isomer DL DLda
DL DL

b
L

c
L L

d
L

e

Growth with/at:

5 % NaCl 2 + ND + + + + 2

15 uC + 2 W + + + ND +

45 uC + + + + + + ND 2

Acid production from:

L-Arabinose 2 + 2 2 2 2 2 2

D-Ribose 2 + 2 + 2 2 2 2

D-Galactose + 2 + + + 2 2 2

L-Sorbose 2 2 + + 2 + 2 2

L-Rhamnose 2 2 + + 2 2 2 2

D-Mannitol 2 2 + + + + + +

D-Sorbitol 2 2 2 + + + 2 +

Methyl a-D-mannopyranoside + 2 ND 2 2 2 2 2

Methyl a-D-glucopyranoside 2 2 2 + + + + 2

N-Acetylglucosamine 2 + + + W + W +

Amygdalin 2 + + + + 2 + +

Aesculin ferric citrate 2 + + + + 2 + +

Cellobiose 2 + + + + 2 + +

Maltose W + 2 + 2 2 2 +

Lactose + 2 2 2 2 2 2 +

Melibiose 2 2 2 + 2 2 2 2

Melezitose 2 2 2 2 2 2 2 +

b-Gentiobiose 2 + 2 + + 2 + +

Turanose 2 2 2 2 + 2 + 2

D-Tagatose + 2 2 + + 2 2 2

D-Arabitol 2 + ND 2 2 2 2 2

DNA G+C content (mol%) 37.5 39.4a 37.8 37.7* 40.0c 37.2 36.1d 32.5e

*Data from Nielsen et al. (2007).

DData from Mañes-Lázaro et al. (2009).

dData from: a, Rodas et al. (2006); b, Edwards et al. (2000); c, Endo & Okada (2005); d, Mañes-Lázaro et al. (2008); e, Kaneuchi et al. (1988).
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BLAST (ANIb) between Lactobacillus vini DSM 20605T

(AHYZ01000001–AHYZ01000220) and assembled data of
strain CUPV261T was performed on JSpecies as described in
Richter & Rosselló-Móra (2009) and references therein. The
low values obtained (ANIb 87.50–87.65 % and ANIm
88.69–88.71 %) were well-below the proposed boundary
(96 %) for genomic species definition. The same conclusion
can be obtained from the predicted DDH value (37.7 %,
well-below the 70 % threshold) using BLAST+ and the
recommended formula (identities/high-score segment
pair’s length) of the genome-to-genome distance calculator
(GGDC2.0) (Meier-Kolthoff et al., 2013). The genomic
assembled sequence of strain CUPV261T also allowed the
determination of its DNA G+C content, which was
37.5 mol%.

Colonies grown on MRS agar plates at 28 uC, 5 % CO2

after 6–7 days, were rubbery and bright, slightly convex,
sometimes displayed a faint halo around, and measured
just over 1 mm in diameter. Cells were rods occurring
singly, in couples or in short chains. Bacterial suspensions
were vitrified and imaged by cryo-transmission electron
microscopy (cryo-TEM) and rods with a mean size of
0.52±0.1062.71±0.72 mm and an apical flagellum were
observed (Fig. 3). One drop of the 48 h culture in MRS
broth was vitrified by rapid freezing in liquid ethane using a
Vitrobot Mark IV (FEI). This vitrified sample grid was
transferred through 655 Turbo Pumping Station (Gatan) to
a 626 DH Single Tilt Liquid Nitrogen Cryo-holder (Gatan),
where it was maintained at approximately 2180 uC.
Copper grid (300 mesh Quantifoils) was hydrophilized by
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Lactobacillus uvarum 8T (AY681126)

Lactobacillus sucicola NRIC 0736T (AB433982)
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Fig. 1. Neighbour-joining phylogenetic tree based on almost complete 16S rRNA gene sequences of strain CUPV261T

(5CECT 8227T) and closely related species. GenBank accession numbers are given in parentheses. Bootstrap values
.70 % confidence are shown at branching points (percentage of 1000 resamplings). Open circles and filled circles
indicate nodes coincident in the maximum-likelihood and maximum-parsimony trees, respectively. Bar, 0.01 substitutions per
position.
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glow-discharge treatment. The sample was examined in a
transmission electron microscope (TECNAI G2 20 TWIN;
FEI) operating at an accelerating voltage of 200 KeV in a
bright-field and low-dose image mode.

Strains CUPV261T and CUPV262 were Gram-stain positive,
facultatively anaerobic, non-spore-forming and catalase-
negative lactobacilli. The strains grew in MRS broth at
pH 3.7, 4.5 or 8.0 (28 uC). Growth occurred at 15–45 uC,
but not at 5 uC (pH 5.5). Cells could grow with 10 % (v/v)
ethanol, but not with 5 % (w/v) NaCl. The strains are
obligately homofermentative: they form DL-lactate from
glucose but not gas from glucose, and they do not ferment
gluconate. The isomers of lactic acid were determined by the

L-lactic kit (ENOLOGY; BioSystems) and by HPLC
(Velasco et al., 2009), with the molar ratios of D- : L-lactic
acid being 1 : 0.85. When malate and glucose were available,
the bacteria were able to transform L-malic acid into L-lactic
acid, and citrate utilization was also observed. In addition,
cellular fatty acid composition was obtained at CECT
following previously described procedures (Lucena et al.,
2012b). The fatty acid profiles of strains CUPV261T and
Lactobacillus vini CECT 5924T contained the same fatty
acids but with different relative abundance allowing their
differentiation (Table 2). Differences were pronounced for
C16 : 0, C19 : 1v7c/v6c, C18 : 1v9c and C14 : 0. In addition,
Lactobacillus vini CECT 5924T contained a larger fraction of
saturated fatty acids than strain CUPV261T.

P2P1M13RAPDs

1050
L. satsumensis CECT 7371

L. nagelii CECT 5983T

L. mali CECT 4149

L. vini CECT 7072 

Lactobacillus sicerae CUPV261T

L. vini CECT 7073

L. vini CECT 5924T

L. uvarum CECT 7335T

Lactobacillus sicerae CUPV262

Fig. 2. Dendrogram derived from UPGMA cluster analysis based on the combined similarity matrix obtained from the M13, P1
and P2 RAPD fingerprinting. The tracks show the processed band patterns corresponding to RAPD M13, P1, and P2 after
conversion, normalization, and subtraction of the background.

Fig. 3. Photographs taken by Cryo-TEM of strain CUPV261T cultured in MRS broth. Arrows indicate a long apical flagellum.
Bars, 500 nm.
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Unlike the closest phylogenetic neighbour, strains CUPV261T

and CUPV262 were unable to utilize pentoses when tested
in API 50 CHL galleries and in MRS-chlorophenol red
fermentation broth supplemented with 2 % (w/v) pentoses,
following incubation. Table 1 contains further descriptive
traits that permit a readily distinction of the novel isolates
from related species including, among others, the ability to
form EPS from sucrose, the isomer of lactic acid produced in
fermentation, and the profile of fermentative substrates.
In addition, strains CUPV261T and CUPV262 showed less
reactivity compared to Lactobacillus vini CECT 5924T in
miniaturized systems rapid ID32 STREP and API ZYM
(Table S1).

Based on the data provided, strains CUPV261T and CUPV262
represent a novel species of the genus Lactobacillus, for which
the name Lactobacillus sicerae sp. nov. is proposed.

Description of Lactobacillus sicerae sp. nov.

Lactobacillus sicerae (si9ce.rae. L. fem. gen. n. sicerae of
cider).

Cells are Gram-stain positive, non-spore-forming rods
measuring 0.52±0.1062.71±0.72 mm. Cells are found
singly, in pairs and in short chains, and are motile with
polar flagella (Fig. 3). Facultatively anaerobic and catalase-
negative. Colonies on MRS agar after 6 days incubation at
28 uC are rubbery and bright, slightly convex, white,
sometimes surrounded by a faint halo, and measure just
over 1 mm in diameter. Growth occurs from 15 to 45 uC,
at pH 3.7, pH 8.0, and with 10 % ethanol. Growth does not
occur at 5 uC, and 5 % NaCl inhibits growth. Produces EPS
from sucrose. Obligately homofermentative. DL-Lactic acid
is the sole product from glucose fermentation (ratio 1 : 0.85).
Both malic and citric acids are utilized in the presence
of glucose. Aesculin and arginine are not hydrolysed.
Acid is produced from D-galactose, D-glucose, D-fructose,

D-mannose, methyl a-D-mannopyranoside, arbutin, salicin,
maltose (weak), lactose (strain CUPV261T), sucrose, tre-
halose and D-tagatose, but not from glycerol, erythritol,
D-arabinose, L-arabinose, D-ribose, D-xylose, L-xylose, D-
adonitol, methyl b-D-xylopyranoside, L-sorbose, L-rham-
nose, dulcitol, inositol, D-mannitol, D-sorbitol, methyl a-D-
glucopyranoside, N-acetylglucosamine, amygdalin, aesculin,
cellobiose, melibiose, inulin, melezitose, raffinose, starch,
glycogen, xylitol, b-gentiobiose, turanose, D-lyxose, D-
fucose, L-fucose, D-arabitol, L-arabitol, potassium gluconate,
2-ketogluconate or 5-ketogluconate. Results in rapid ID 32
STREP and API ZYM tests are given in Table S1.

The type strain, CUPV261T (5CECT 8227T5KCTC
21012T), was isolated from a ropy natural cider of the
Basque Country, Spain, in 2007. The DNA G+C content
of the type strain is 37.5 mol% and the predominant
cellular fatty acids are C18 : 1v9c, C19 : 1v7c/v6c and C16 : 0.
An additional strain of the species is CUPV262.
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Glöckner, F. O. & Rosselló-Móra, R. (2010). Update of the All-Species
Living Tree Project based on 16S and 23S rRNA sequence analyses.
Syst Appl Microbiol 33, 291–299.

Lactobacillus sicerae sp. nov.

http://ijs.sgmjournals.org 2955



	



Draft Genome Sequence of Lactobacillus collinoides CUPV237, an
Exopolysaccharide and Riboflavin Producer Isolated from Cider

Ana Isabel Puertas,a Vittorio Capozzi,b María Goretti Llamas,a Paloma López,c Antonella Lamontanara,d Luigi Orrù,d Pasquale Russo,b

Giuseppe Spano,b María Teresa Dueñasa

Department of Applied Chemistry, University of Basque Country (UPV/EHU), San Sebastián, Spaina; Department of Agriculture, Food and Environment Sciences, University
of Foggia, Foggia, Italyb; Department of Molecular Microbiology and Infection Biology, Centro de Investigaciones Biológicas (C.S.I.C), Madrid, Spainc; Council for
Agricultural Research and Economics (CREA)-Genomics Research Centre, Fiorenzuola d’Arda (PC), Italyd

Lactobacillus collinoides CUPV237 is a strain isolated from a Basque cider. Lactobacillus collinoides is one of the most frequent
species found in cider from Spain, France, or England. A notable feature of the L. collinoides CUPV237 strain is its ability to pro-
duce exopolysaccharides.

Received 29 April 2016 Accepted 2 May 2016 Published 9 June 2016

Citation Puertas AI, Capozzi V, Llamas MG, López P, Lamontanara A, Orrù L, Russo P, Spano G, Dueñas MT. 2016. Draft genome sequence of Lactobacillus collinoides CUPV237,
an exopolysaccharide and riboflavin producer isolated from cider. Genome Announc 4(3):e00506-16. doi:10.1128/genomeA.00506-16.

Copyright © 2016 Puertas et al. This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International license.

Address correspondence to María Teresa Dueñas, mariateresa.duenas@ehu.es.

Lactobacillus collinoides CUPV237 is a strain isolated from a
Basque cider at the Department of Applied Chemistry, Faculty

of Chemistry (University of the Basque Country UPV/EHU, San
Sebastián, Spain). In the Basque Country (Northern Spain), nat-
ural cider is produced in small factories using traditional tech-
niques, normally using juices obtained from many varieties of
fresh cider apples (bitter, bittersweet, and sweet) to obtain a bal-
anced content of sugars, acids, and polyphenols, without the ad-
dition of extra sugar or CO2. Alcoholic and malolactic fermenta-
tions occur spontaneously due to the indigenous yeasts and lactic
acid bacteria present in the musts (1–3). The microbial decarbox-
ylation of L-malic acid into L-lactic acid is of great importance
from an organoleptic point of view, and most of the lactic acid
bacteria isolated from cider have this capacity (1, 4–7). Lactoba-
cillus collinoides is one of the most frequent species found in cider
from Spain, France, or England (5, 8–10). A notable feature of the
L. collinoides CUPV237 strain is its ability to produce exopolysac-
charides.

Using the TruSeq DNA sample prep kit FC-121-1001 accord-
ing to the manufacturer’s instructions, 2 �g of genomic DNA of
L. collinoides was subjected to library preparation. Whole-genome
sequencing was performed using the Illumina GAIIx platform at
the CREA Genomics Research Centre (Fiorenzuola d’Arda). A
total of 8,107,203 paired-end reads ranging from 90 to 115 bp in
length were de novo assembled using CLC Genomics Workbench
v7.0. The assembly resulted in 127 contigs with an N50 length of
70,285 bp. The shortest contig was 203 bp and the longest was
243,224 bp. The draft genome consists of 3,707,616 bp. The
genome sequence was annotated using the NCBI Prokaryotic
Genome Annotation Pipeline (http://www.ncbi.nlm.nih.gov
/genome/annotation_prok).

Nucleotide sequence accession numbers. This whole-genome
shotgun project has been deposited at DDBJ/ENA/GenBank un-
der the accession number JYDC00000000. The version described
in this paper is version JYDC01000000.
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A B S T R A C T

Lactic acid bacteria (LAB) are naturally occurring bacterial populations in traditional cider from the Basque
Country (Spain), which is spontaneously fermented without starters. Some LAB are able to produce exopoly-
saccharides (EPS) thus causing viscosity, a cider spoilage called “ropiness” or “oilness”. A total of 41 isolates
recovered between 1992 and 2009 from ropy ciders of different cider factories were included in the present
study. Identification by 16S rRNA gene sequencing, biochemical traits (API), RAPD-PCR using four universal
primers (M13, M13V, P1 and P2) and 16S-23S ISRs amplification profiles revealed that the spoiler species were
L. collinoides, L. diolivorans, L. sicerae and L. suebicus. EPS production in L. collinoides and L. sicerae strains
approached by PCR amplification of eps genes encoding for homopolysaccharide and heteropolysaccharide re-
vealed that these strains synthesize heteropolysacccharides and in addition, L. collinoides CUPV231 synthesizes a
2-branched (1,3)-β-D-glucan. The molecular weight of their EPS determined by HP-SEC revealed the presence of
three polymers with average molecular weights (MW) of around 106 g/mol, 104 g/mol and 103 g/mol. The
middle-weight fraction was the most abundant except in L. sicerae CUPV261 which mainly produced the high
Mw polymer.

1. Introduction

Natural cider from the Basque Country (Spain) is usually produced
in small cider factories by using traditional techniques, and it is spon-
taneously fermented by indigenous LAB present in the musts (Del
Campo et al., 2008; Dueñas, Irastorza, Fernández, Bilbao, & Huerta,
1994; Sánchez et al., 2010). Microbiological stabilization is not per-
formed after malolactic fermentation (MLF) or before bottling and as
result, LAB becomes predominant in the cider microbiota. Certain LAB
isolated from cider and wine are able to produce exopolysaccharides
(EPS), and their release to the culture medium strongly modifies the
beverage rheological characteristics that might render products un-
pleasant to the palate. This alteration, called “ropiness” or “oilness”, has
also been described in red and white wines from the Bordeaux region in
France. It was reported that Pediococcus parvulus, Oenococcus oeni,
Lactobacillus suebicus, and Lactobacillus diolivorans strains isolated from
ropy cider and wine (Dols-Lafargue et al., 2008; Dueñas-Chasco et al.,
1997; Garai-Ibabe et al., 2010a; Ibarburu et al., 2007) synthesize a

characteristic homopolysaccharide (HoPS) 2-substituted-β-D-glucan.
This β-glucan accumulates around the cells and forms a protective
barrier, which confers to the ropy P. parvulus strains resistance to wine
stress conditions (low pH, high ethanol or SO2 concentrations) (Dols-
Lafargue et al., 2008) and lysozyme treatment (Coulon, Houlès,
Dimopoulou, Maupeu, & Dols-Lafargue, 2012). The β-glucan also in-
creases the adhesion of the β-glucan producing strains to abiotic and
biotic surfaces (Dols-Lafargue et al., 2008; Fernández de Palencia et al.,
2009; Garai-Ibabe et al., 2010b) and could provide a selective ad-
vantage for adhesion to fruit surfaces and beverage making equipment.
LAB cider isolates can also synthesize other types of EPS [hetero-
polysaccharides (HePS) or other HoPS such as dextrans, which are α-
glucans] (Dueñas et al. 1998; Ibarburu et al., 2015). Despite of spoilage,
LAB EPS can also contribute to sensory characteristics such as mouth-
feel and foaming of cider, in addition to the polysaccharides from raw
material and yeasts (Mangas, Moreno, Rodríguez, Picinelli, & Suárez,
1999).

The aim of this work was to disclose the EPS-producing Lactobacillus
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isolated from cider which, despite causing spoilage in this beverage,
might contribute to enhance organoleptic characteristics of cider or be
useful for other food applications. On one hand, identification and
genotypic differentiation was approached to trace the occurrence of
spoiler strains. On the other hand, characterization of EPS produced by
newly detected naturally occurring LAB species in ropy cider was car-
ried out aiming at deeply analyzing the structural polysaccharides and
genes associated with EPS synthesis.

2. Material and methods

2.1. Bacterial strains and culture conditions

The bacterial strains used in this work included 41 isolates from
Spanish natural ciders and they belong to the genus Lactobacillus. Some
of them were previously characterized: L. diolivorans G-77 (CUPV 218)
(Dueñas et al. 1998); L. suebicus (CUPV 221, CUPV225, and CUPV226)
(Garai-Ibabe et al., 2010a; Notararigo et al., 2013; Ibarburu et al.,
2015); and L. sicerae (CUPV 261T and CUPV 262) (Puertas et al., 2014).
In addition, 12 reference strains representing 11 species (apart from L.
sicerae) were also included for comparative purposes. Table 1 reports
the species names and their sources. The isolates were recovered be-
tween 1992 and 2009 from ropy ciders of different factories that
showed occurrence of spoilage. Lactobacilli included in this study were
selected on the basis of the ropy phenotype exhibited by using the
method described in Puertas et al. (2014); their colonies formed long
filaments when touched with the loop, and also exhibited a ropy ap-
pearance in MRS broth. Strains were routinely cultured in de Man,
Rogosa and Sharpe broth (MRS, De Man, Rogosa, & Sharpe, 1960) at pH
5.5 for 48 h at 28 °C in an atmosphere containing 5% CO2, and stored in
growth liquid medium containing 20% (v/v) glycerol at −80 °C.

For EPS isolation and quantification, strains were grown in a semi-
defined-medium (SMD) at an initial pH of 5.5, according to Ibarburu
et al. (2015). Batch fermentations without pH control were carried out
in fully filled 250mL screw-cap flasks for 65 h at 28 °C in an atmosphere
containing 5% CO2. Growth was monitored spectrophotometrically at
600 nm (OD600). Analysis of the fermentation products was carried out
by HPLC as described by Ibarburu et al. (2015).

2.2. Identification and genotypic characterization

LAB strains were characterized by biochemical tests and PCR-based
techniques. Carbohydrate utilization was determined with the API
50CH system (API bio-Mérieux, Marcy l’Etoile, France). API galleries
were incubated for up to 7 days at 28 °C. Gas production from glucose
and gluconate was determined in a modified MRS broth without citrate
or meat extract and provided with 2% (w/v) of the carbohydrate and
Durham tubes (Mañes -Lázaro et al., 2009).

Identification of isolates was approached by 16S rRNA gene partial
sequencing as previously described in Ehrmann, Muüller, and Vogel
(2003). Genomic DNA was extracted and purified with the DNeasy®

Blood & Tissue kit (Qiagen, Hilden, Germany) supplementing the en-
zymatic lysis buffer with lysozyme (30mg/mL) and mutanolysin 2 U/
μL (Sigma-Aldrich). The PCR products were purified using the QIAquick
PCR purification kit (Qiagen, Hilden, Germany), according to the
manufacturer's instructions. Sequences were obtained at the Sequen-
cing and Genotyping Service (SGIker) of the University of the Basque
Country (UPV/EHU) and they were analyzed using the EzTaxon-e
server (http://eztaxon-e.ezbiocloud.net/; Kim et al., 2012).

Genomic diversity of the strains was analyzed by the randomly
amplified polymorphic DNA (RAPD) method using four universal pri-
mers: M13 (5′-GAA ACA GCT ATG ACC ATG-3′) (Pinto, Chenoll, &
Aznar, 2005), P1 (5′-ACG CGC CCT-3′) and P2 (5′-ATG TAA CGCC-3′)
(Simpson, Stanton, Fitzgerald, & Ross, 2002), and M13V (5′-GTT TTC
CCA GTC ACG AC-3′) (Ehrmann et al., 2003). In addition, amplification
of 16S-23S ISRs with primers LA2-16S1F (5′-CACCCAAAGTCGGTT
CGG-3′) and LA2-ITSMR (5′-GTTCTCGGCTTAATTACTG-3′) was per-
formed (Suzuki, Koyanagi, & Yamashita, 2004) to differentiate between
L. collinoides and L. paracollinoides. PCR amplifications were conducted
in duplicate with a final volume of 50 μL. Amplification products
(20 μL) were electrophoresed on 1.9% (w/v) agarose gels at 80 V for
90min. Gels were stained with ethidium bromide and photographed
under U.V. light. Gel images were recorded using a Gel-Doc system
(Bio-Rad) and stored as TIFF files.

The banding patterns of each strain obtained after the five

Table 1
Strains used in the study.

Species Source Origin Cider
producer

Year of
isolation

Lactobacillus brevis
CECT 4121T CECT Human

faeces
L. collinoides
CECT 922T CECT Fermenting

apple juice
CUPV238, CUPV239,
CUPV2311,
CUPV2312, CUPV2371

This study Ropy cider D 2009

CUPV236 CUPV Cider K 2003
CUPV231, CUPV232,
CUPV234, CUPV235,
CUPV2119, CUPV2328

CUPV Spoiled cider G 2000

CUPV2313, CUPV2315 This study Ropy cider H 2009
CUPV2317, CUPV2320,
CUPV2322, CUPV2323,
CUPV2324

This study Ropy cider I 2009

L. diolivorans
LMG 19667T LMG Maize silage
CUPV213 CUPV Ropy cider A 1992
CUPV211, CUPV219,
CUPV2112

CUPV Cider B 1992

CUPV212, CUPV214,
CUPV215, CUPV216,
CUPV217, CUPV
218=G77, CUPV2110,
CUPV 2111, CUPV2113

CUPV Ropy cider C 1992

CUPV2117, CUPV2118 CUPV Spoiled cider E 2003
CUPV2114, CUPV2115 CUPV Cider K 2003

L. hilgardii
CECT 4786T CECT Wine

L. mali
CECT 4149 CECT Wine must

L. paracollinoides
CECT 5926,
DSM 15502T

CECT
DSMZ

Beer
Brewery
environment

L. satsumensis
CECT 7371T CECT Grape must

L. sicerae
CECT
8227T=CUPV261T,
CUPV262

CUPV Ropy cider F 2009

L. suebicus
CECT 5917T CECT Apple mash
CUPV225 CUPV Ropy cider E 2003
CUPV221 CUPV Ropy cider F 2003
CUPV226 CUPV Ropy cider J 2003

L. uvarum
CECT 7335T CECT Grape must

L. vini
CECT 5924 CECT Fermenting

grape must

CUPV, Colección de la Universidad del País Vasco (Spain); CECT, Colección Española de
Cultivo Tipo (Spanish Type Culture Collection, University of Valencia, Burjassot Spain);
DSMZ, Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany); LMG, BCCM/LMG Belgian Coordinated Collection of
Microorganism (Brussels, Belgium).
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amplifications were analysed with BioNumerics 2.5 software (Applied
Maths) using the Pearson coefficient and the unweighted pair group
method with arithmetic averages (UPGMA). Clustering of multiple data
sets, combining banding patterns (RAPD M13, P1, P2, M13V and 16S-
23S ISR) and API results on carbohydrate fermentations, was calculated
taking averaged similarity values from the individual experiments with
the aid of the “Composite data set” tool in BioNumerics.

2.3. PCR detection of the eps genes

Amplification reactions of the eps genes were performed using dif-
ferent primers targeting HoPS (gtf, deg, lev) and HePS (epsD/E, epsA,
epsB, epsEFG, epsF) coding genes as previously described (Ibarburu
et al., 2015). The PCR conditions were carried out according to the
literature. The amplified products were purified by using the QIAquick
Gel extraction kit (Qiagen, Hilden, Germany) in accordance with the
manufacturer's recommendations. Both DNA strands of amplicons were
sequenced and the predicted amino acid sequences were searched
against the National Center of Biotechnology Information (NCBI) da-
tabase by means of the BLASTP program available at the NCBI (http://
www.ncbi.nlm.nih.gov/). Amino acid alignments were done using the
ClustalW program (http://www.ebi.ac.uk/Tools/msa/clustalw2/).

2.4. Exopolysaccharide isolation and quantification

For quantification of EPS released to the culture media, Lactobacillus
strains were grown in the SMD medium under the conditions described
above. Bacterial cells were removed by centrifugation (12,000× g,
20 °C, 30min), and the EPS present in the supernatant was precipitated
and recovered as previously described in Ibarburu et al. (2015). The
concentration of EPS was estimated as neutral carbohydrate content
determined by the phenol-sulphuric method (Dubois, Gilles, Hamilton,
Rebers, & Smith, 1956), using glucose as standard. All determinations
were made in triplicate. In addition, to obtain the EPS attached to the
bacterial surface, strains were grown on agar-MRS for 7 days in an
atmosphere containing 5% CO2. The crude-EPS was collected from the
biomass and purified as previously described by López et al., 2012. The

EPSs were frozen at −80 °C and lyophilized.

2.5. EPS molecular weight

The weight-average molecular weight (Mw) of the crude-EPS was
determined by high-performance size exclusion chromatography (HP-
SEC) on an Agilent 1100 system (Hewlett-Packard, Germany) equipped
with a PL-aquagel-OH guard column (8 μm, Agilent Technologies) and
PL-aquagel-OH 40, 50, and 60 (Agilent Technologies) columns in series
as described in Ibarburu et al. (2015).

3. Results and discussion

3.1. Identification and characterization of EPS-producing Lactobacillus
strains

The ropy isolates included in this study are part of the CUPV col-
lection, and were recovered from Spanish natural cider producers that
suffered cider spoilage episodes (Table 1). Spoiled beverages from 2009
were additionally tested for the presence 2-substituted-(1,3)-β-D-glucan
producing bacteria in cider (Ibarburu et al., 2010). Four ropy ciders
gave a negative result, which indicated no β-glucan production, while
14 isolates showed ropy phenotype and are included in the present
study.

The 41 cider strains, 6 previously identified and 35 new isolates,
were obligate heterofermentative, producing CO2, DL-lactate, acetate
and ethanol from glucose. They were preliminarily identified by 16S
rRNA coding gene sequencing (500 pb), and the isolates showed se-
quence similarity above 98% with L. diolivorans (17) and L. collinoides/
L. paracollinoides (19). Since many LAB species have high 16S rRNA
gene sequence similarity, i.e. L. collinoides/L. paracollinoides, their
proper identification required additional tests. Therefore, 16S-23S ISRs
amplification profiles and RAPD-PCR using four universal primers
(M13, M13V, P1 and P2) were further approached to aid identification
as well as to analyze the intraspecific genetic diversity of Lactobacillus
isolates. The clustering analysis including reference strains and cider
isolates was calculated individually for each RAPD and ISR-PCR profile

Fig. 1. Dendrogram derived from UPGMA cluster analysis based on the combined similarity matrix obtained from 16S-23S ISRs amplification profiles and RAPD-PCR using four universal
primers (M13, M13V, P1 and P2) and API results corresponding to EPS-producing Lactobacillus isolates and reference strains. Strips show the combined representative profile for each
cluster or strain after conversion, normalization, and subtraction of the background. The scale measures the percentage of similarity. Clusters are numbered.
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and also by combining electrophoretic profiles and API results. The
highest intraspecies differentiation was obtained with the combined
RAPD, ISR-PCR and API profiles. Fig. 1 shows the dendrogram derived
from UPGMA clustering including ropy cider isolates and reference
strains. At 50% similarity four clusters were formed grouping cider
isolates. Cluster I includes 17 isolates and the type strain of L. dioli-
vorans LMG 19667T; they were confirmed as members of the species by
99% 16S rRNA gene sequence similarity. Cluster II includes 2 isolates of
L. sicerae, a new species described in another study (Puertas et al.,
2014). Cluster III groups 19 isolates together with the type strain of the
species L. collinoides CECT 922T. This result corroborates their ascrip-
tion to this species in addition to the ISR-PCR profiles, which allowed
differentiation from L. paracollinoides. Cluster IV includes 3 isolates, the
HePS-producing strains CUPV225 and CUPV226 (Ibarburu et al., 2015)
and the O2-substituted (1,3)-β-D-glucan producing strain CUPV 221
(Garai-Ibabe et al., 2010b) previously identified as L. suebicus, and the
reference strain L. suebicus CECT 5917T. The RAPD analysis assessed the
correct identification of isolates, which revealed that spoiler species
were L. diolivorans in 1992, L. collinoides in 2000, these two species and
L. suebicus in 2003, and L. collinoides and L. sicerae in 2009. The isolates
analyzed were recovered from spoiled cider under demand of cider
factories and only factory F was sampled in 2003 and 2009, the latter
rendering the new species L. sicerae isolates. Therefore, there is no
possibility to trace back the LAB species occurrence in each factory (Fig.
S1). Nevertheless, L. collinoides and L. diolivorans were the main isolates
recovered in three and two years, respectively, and they are the species
most frequently associated with alterations and organoleptic defects in
cider. Both species were related with bitterness production (via glycerol
dehydratase pathway), which is characterized for an unpleasant bitter
taste that is associated with the presence of acrolein combined to
polyphenols (Garai-Ibabe et al., 2008). L. collinoides species was also
implicated in phenolic off-flavour defects of ciders (Buron et al., 2012)
that are due to volatile phenols (4-ethylcatechol, 4-ethylphenol and 4-
ethylguaiacol). In addition, L. collinoides strains isolated from Spanish
and French ciders showed the ability to produce biogenic amines
(Coton et al., 2010; Garai-Ibabe, Dueñas, Irastorza, & Moreno-Arribas,
2007). Intraspecific diversity analyzed by RAPD revealed differences
between L. suebicus isolates, recovered from different cider factories,
and separated L. collinoides isolates in three groups that clustered apart
from the type strain; one included 2 isolates from 2000 and one from
2003, another 11 from 2009, and a third one, grouped 4 from 2000 and
one from 2009.

3.2. PCR screening for HoPS and HePS genes

The presence of EPS coding genes in the ropy L. collinoides (12) and
L. sicerae (2) isolates recovered in 2009 was assessed by PCR. No dex-
tran or levan producers could be detected using the primers targeting
glucansucrase (deg) or levansucrase (lev) genes. PCR was also used to
detect the presence of the gtf gene encoding the GTF glycosyl-
transferase, which catalyzes the synthesis of the 2-branched (1,3)-β-D-
glucan (Werning et al., 2006). The expected amplicon was only de-
tected in L. collinoides CUP V231, recovered in 2000. This strain ag-
glutinated in the presence of anti-serotype 37 antibodies targeting the
β-glucan (Garai-Ibabe et al., 2010a; Werning et al., 2014), suggesting
that it was a 2-substituted-(1,3)-β-D-glucan producer. NMR and me-
thylation analyses confirmed the β-glucan production (data not shown)
along with other polysaccharides.

In addition, the presence of genes implicated in an essential step of
bacterial HePS biosynthesis was sought using several sets of eps primers
(epsD/E, epsA, epsB, epsEFG, epsF) previously described (Ibarburu et al.,
2015). DNA from L. collinoides (12) and L. sicerae (2) isolates recovered
in 2009 yielded only a 189-bp PCR product with the epsD/E primers,
which amplifies the genes encoding the priming-glycosyltransferase (p-
GTF) (Provencher, LaPointe, Sirois, Calsteren, & Roy, 2003). This en-
zyme catalyzes the transfer of the first phospho-sugar residue from an
activated nucleotide sugar to the undecaprenyl phosphate-lipid carrier
on the cytoplasmic face of the membrane in the first step of repeating
unit synthesis of HePS (Lebeer et al., 2009). The predicted amino acid
sequences of PCR products from L. sicerae strains showed identities
above 77% (see Table S1 in the supplemental material) with respect to
the partial sequence of EpsE protein of the HePS producer Lactobacillus
helveticus CRL1176 (accession no. ABB59702.1, Mozzi et al., 2006).
Nevertheless, L. collinoides strains showed identities ranging from 66%
to 83% with EpsE protein of the HePS producer L. fermentum
TDS030603 (accession no. BAI67356.1, Dan et al., 2009).

Similar to that described in HePS-producers belonging to the genera
Lactobacillus and Bifidobacterium (Provencher et al., 2003; Ruas-
Madiedo et al., 2007), the predicted amino acid sequences of the PCR
products showed parts of two conserved blocks (Fig. 2), which are lo-
calized at the C-terminus of the p-GTF. Block B is involved in the in-
teraction with the lipid carrier (Wang, Liu, & Reeves, 1996), and all
sequences of block C of the HePS-producers isolated from cider contain
a glutamate residue, which has been proposed as one of the catalytic
residues in the p-GT of Lactococcus lactis (van Kranenburg, Vos, Van
Swam, Kleerebezem, & DeVos, 1999).

Accordingly, all these data suggested that L. collinoides and L. sicerae
strains recovered in 2009 synthesize HePS. In addition, L. collinoides
CUPV 231 recovered in 2000 synthesizes the 2-branched (1,3)-β-D-
glucan.

3.3. EPS production and molecular weight determinations

In previous studies, we described the EPS production by L. dioli-
vorans G-77 (CUPV 218) and L. suebicus strains isolated from cider. L.
diolivorans G-77 and L. suebicus CUPV221 synthesize the characteristic
O-2-substituted (1,3)-β-D-glucan. Besides β-glucan, L. diolivorans G-77
synthesizes a (1,6)(1,2)-α-D-glucan (Dueñas et al. 1998). More recently,
the HePS produced by two L. suebicus strains (CUPV 225 and CUPV226)
were characterized (Ibarburu et al., 2015; Notararigo et al., 2013).

In the present study, we screened the EPS production and molecular
weight of EPS produced by the ropy L. collinoides (12) and L. sicerae (2)
isolates recovered in 2009. The EPS-producing L. collinoides and L. si-
cerae strains showed the characteristic ropy phenotype in MRS broth.
However, some polysaccharide components of this complex medium,
such as glucomannans in yeast extract, interfere with the EPS isolation
procedure. Indeed, the analysis by HP-SEC of an extract from fresh MRS
broth obtained by ethanol precipitation showed a very broad peak with
a Mw of 1.29 104 g/mol and a polydispersity index of 4.89 (Mw/Mn,

Fig. 2. Alignment of deduced amino acid sequences of PCR products obtained with PG
primers. The letter X indicates an undetermined amino acid. Dark shading indicates
identical amino acids, and light shading indicates conserved amino acids (only two dif-
ferent amino acids between strains); black arrow indicates a putative catalytic residue;
dark and light line indicate two of the blocks in which the p-GT is divided (van
Kranenburg et al., 1999).
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where Mw is the weight-average molar mass and Mn is the number-
average molar mass). Due to this interference, the EPS producing ability
of the L. collinoides (12) and L. sicerae (2) strains was tested in a SMD
semi-defined-medium (Table 2) previously used to quantify EPS pro-
duction (Ibarburu et al., 2015). Three strains (L. sicerae CUPV 261T,
CUPV 262 and L. collinoides CUPV 2371) were able to grow (Table 2)
and to increase the viscosity of the medium as it was observed when
touched with the loop. These strains yielded between 68.7 and
38.0 mg/L of EPS determined by the phenol-sulphuric method. The
other strains exhibited a cell deposit that formed a long strip upon
agitation. Therefore, due to the interference of the components of the
MRS medium in the EPS-extraction, and the poor growth obtained in
the semi-defined medium for the majority of the L. collinoides strains
(Table 2), the EPSs were collected from cellular biomass harvested from
agar-MRS plates (surface EPS).

Analysis of the surface EPS samples by HP-SEC revealed the pre-
sence of three peaks of different molecular weights (Table 2). The
molecular weight distribution of the crude EPS was a high Mw-EPS with
average MW of around 106 g/mol, a second polymer with an inter-
mediate Mw (around 104 g/mol), and a low Mw-polymer of around
103 g/mol. In most of EPS the second fraction was the most abundant,
although L. sicerae CUPV261 produced mainly the high Mw polymer.

The presence of several polymers in EPS has also been reported in
other Lactobacilli (Baruah, Das, & Goyal, 2016; Ibarburu et al., 2015). It
is also the case of the cider isolates L. diolivorans G77 and O. oeni I4
which, besides β-glucan, synthesize a (1,6) (1,2)-α-D-glucan (Dueñas
et al. 1998), and two HePS (Ibarburu et al., 2007), respectively. In wine,
HePS and β-glucan production has been also described for O. oeni
strains as well as the HoPS synthesis from sucrose (dextrans or levans,
which are β-fructans) (Dimopoulou et al., 2014; 2016). These authors
showed the protective effect of either cell-linked HePS or dextrans
during freeze drying of the malolactic O. oeni strains, and suggested that
these EPS may help them to better survive during production and
conservation.

4. Conclusions

In the present study, a deeper analysis on ropy cider Lactobacillus
revealed diversity in species and EPS type of naturally occurring po-
pulations associated with cider spoilage in the Basque Country (Spain).
EPS production was screened in L. collinoides and L. sicerae strains and

molecular weight of their surface polysaccharides were determined.
The results of PCR screening to detect eps genes suggest that these
strains synthesize HePS. This study contributes to improve our current
knowledge about the EPS-producing Lactobacillus involved in the cider-
making process and opens a new research line for biological control
during cider manufacture. Further studies are in progress on the
structural analysis of novel HePS synthesized by selected L. collinoides
and L. sicerae strains and genes associated with HePS synthesis.
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Abstract: A (1→3)-β-D-Glucan produced by Lactobacillus suebicus CUPV221 strain was 

investigated by tapping mode atomic force microscopy (TM-AFM), to compare its 

supramolecular structure and conformation with two commercial polysaccharides: curdlan 

and scleroglucan. It was found that the β-D-Glucan was a (1→3)(1→2)-β-D-Glucan and at 

room temperature formed three-dimensional networks by entanglements between strands, as 

does scleroglucan. However, (1→3)(1→2)-β-D-Glucan strands seemed to be more stiff than 

those of scleroglucan. It was also observed that curdlan samples deposited from 5 mM NaOH 

aqueous solution showed supermolecular assemblies, recognized in the literature as micelles, 

which are controlled by hydrophobic hydration. The (1→3)(1→2)-β-D-Glucan in alkaline 

aqueous solutions produced different supramolecular structures depending on pH, and at  

0.4 M NaOH (pH 13.16), denaturation took place. After neutralizing the alkaline solution 

with HCl, the formation of short linear, circular, and hairpin structures was observed. 

Keywords: (1→3)-β-D-Glucans; curdlan; scleroglucan; atomic force microscope 
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1. Introduction 

(1→3)-β-D-Glucans from several bacteria and fungi constitute a group of natural polysaccharides 

with a main chain of (1→3)-linked β-glucopyranosyl units. They can be linear or branched with either 

(1→6) or (1→2)-linked side chains of varying length and distribution. In plants, (1→3)-β-D-Glucans 

exhibit a linear structure with mixed β-(1→3) and β-(1→4) glycosidic bonds [1]. These β-glucans have 

applications in food, pharmaceutical and other industries as emulsifiers, stabilizers, binders, gelling 

agents, lubricants, and thickening agents [2]. However, a better understanding of the structure-function 

relationship of these biopolymers remains a challenge to further improve applications and to better 

satisfy the consumer demand for appealing, tasty and even healthier products [3]. Moreover, these 

polysaccharides have been extensively studied in the last decade because they have potential as 

biological response modifiers. Numerous publications describe their biological activities and therapeutic 

uses [4], such as antitumor, antibacterial, antiviral, and anticoagulatory effects [5]. The biological 

activity of these macromolecules is strongly dependent upon chemical as well as physical properties 

such as conformation or structure, which in turn depend on the environmental conditions [4]. 

With respect to the industrial uses of (1→3)-β-D-Glucans, the strictly linear polysaccharide curdlan 

is the most studied [6], due to its unique rheological and thermal gelling properties [7] and its ability to 

form an elastic gel with strong bioactivity [8]. Additionally, its use as an inert dietary fiber is approved 

in Japan and is registered in the United States as a food additive. Although curdlan has been widely 

studied [7–9], it is possible to contribute to the characterization of this biomacromolecule since unusual 

and conflicting results can still be found, especially related to its structural analysis [10].  

Another (1→3)-β-D-Glucan of industrial importance is scleroglucan, which consists of a main linear 

chain of (1→3)-β-D-Glucopyranosyl units, with one β-D-Glucopyranosyl unit (1→6) linked to every 

third unit of the main chain [11]. The most important industrial application of this polymer is in oil 

recovery and drilling [2], and its use as an antitumor, antiviral, and antimicrobial compound is being 

investigated [12]. 

A new class of (1→3)-β-D-Glucans synthesized by some lactic acid bacteria (LAB) has been 

described. These polysaccharides have a primary structure consisting of a trisaccharide-repeating unit 

with two (1→3)-β linked glucose residues in the main chain, one of which is substituted in position 2 by 

a terminal glucose. Their gelling properties have also been reported. Since several LAB species have a 

“Generally Regarded As Safe” (GRAS) status by the American Food and Drug Association, these  

β-glucans could be an alternative to (1→3)–β-D-Glucans from non-GRAS microbiota. In addition, it has 

been shown that the (1→3)(1→2)-β-D-Glucan producing Pediococcus parvulus 2.6 exhibits probiotic 

properties [13] and assays on human ingestion of an oat-based product manufactured with this strain 

showed a decrease of serum cholesterol levels [14]. 

The objective of the work has been to study the supramolecular structure and renaturation of the  

2-branched (1→3)-β-D-Glucan produced by Lactobacillus suebicus CUPV221, and to compare the 

results with those exhibited by curdlan and scleroglucan, which are already of commercial interest. 
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2. Experimental Section 

The polymers used in the present study were as follows: curdlan C7821, which was supplied by 

Sigma-Aldrich, scleroglucan ActigumTM CS 11, kindly supplied by Cargill S.L.U. (Martorell, Spain), 

both polysaccharides were used without any treatment, and a (1→3)(1→2)-β-D-Glucan a 

exopolysaccharide from a Lactobacillus suebicus CUPV221, a bacterium isolated from a ropy Basque 

cider. Strain was routinely cultured at 28 °C in Man Rogosa Sharpe (MRS) broth (Pronadisa, Madrid, 

Spain), and stored in this medium with glycerol at 20% (v/v). For exopolysaccharide production a 

semidefined (SMD) broth was used without yeast extract, beef extract or peptone, as these ingredients 

interfere with the β-glucan purification; it contained (in grams per liter of distilled water): glucose 20, 

casamino acids (Difco) 10, sodium acetate 5, Bacto yeast nitrogen base (BYNB) (Difco) 6.7, K2HPO4 1, 

KH2PO4 1, Mg2SO4·7H2O 0.2, MnSO4·4H2O 0.1, KCl 0.45, di-ammonium citrate 3.5, Tween 80 1, 

adenine, uracil, thymine and guanine 0.005. Both glucose and BYNB were sterilized by filtering through 

a 0.22-μm-pore size Millex-GS filter unit (Millipore, Bedford, TX, USA) and added to the other, 

autoclaved ingredients. The pH of the SMD medium was adjusted to 4.8 prior to sterilization. The clear 

supernatant obtained by centrifugation for 30 min at 16,000 g was collected. Crude EPS was precipitated 

from the supernatant by addition of three volumes of cold ethanol, followed by storage overnight at  

4 °C. The polysaccharide was purified by precipitation with ethanol three times and the final precipitate 

was resuspended in distilled water, dialyzed (Mw cut-off 12,000–14,000 Da) against distilled water for 

48 h with water replacement twice a day, and finally lyophilized.  

The supramolecular structure and conformation of the polysaccharides were studied by tapping mode 

atomic force microscopy (TM-AFM) performed on a scanning probe microscope (SPM) (Nanoscope 

IVa, Multimode™ from Digital Instruments) operating in tapping mode (TM-AFM) at room 

temperature. Samples were placed on top of a “J” piezoelectric scanner, the maximum xy imaging range 

of which was ~100 µm, and scanned at a frequency of 0.2–1 Hz using the MPP-12100 silicon probes of 

Veeco. Several specimens were scanned in different regions and similar images were obtained, thus 

demonstrating the reproducibility of the results. All images are shown without any image processing 

except in some cases where horizontal leveling and contrast enhancement were used. The diameters of 

helical units and strands of the polysaccharide were measured with Digital Instruments Nanoscope IV 

Software version 5.12r5. 

The drop deposition method was used to prepare the TM-AFM samples, thus dissolutions of the 

biopolymers were required. Scleroglucan and the β-D-Glucan from a Lactobacillus suebicus were 

dissolved in water at 10 mg/L, and curdlan, which is not soluble in pure water, was dissolved in  

5 mM NaOH aqueous solution, at a concentration of 10 mg/L. 0.5 µL of the solutions were pipetted onto 

cleaved sheets of mica. The samples were air-dried in a desiccator at atmosphere pressure for 24 h. 

We found that at 0.4 M NaOH (pH 13.16) the strand separation of triplexes took place (denaturation). 

Some authors have documented the ability of the triple helices to spontaneously  

re-form upon restoration of the thermodynamic conditions (renaturation) [4]. To study the renaturation 

of the (1→3)-β-D-Glucan, a 1-mg/L solution in 0.4 M NaOH was neutralized with HCl and the salt was 

removed by dialysis. Then, the previous described drop deposition method was used to prepare the 

samples for TM-AFM. 
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3. Results and Discussion 

(1→3)-β-D-Glucan is produced by a lactic acid bacterium, Lactobacillus suebicus CUPV221 [15]. 

This biopolymer is a main linear chain of (1→3)-β-D-Glucopyranosyl units, with one  

(1→2)-β-D-Glucopyranosyl pendant unit attached to every two units of the main chain, as shown in 

Figure 1 [16]. 

Figure 1. Repeat unit of the polysaccharide produced by Lactobacillus suebicus CUPV221. 

 

At room temperature, this (1→3)(1→2)-β-D-Glucan forms a gel network structure, that we probed 

by TM-AFM, Figure 2a. 

Figure 2. TM-AFM height images of: (a) (1→3)(1→2)-β-D-Glucan; (b) scleroglucan. 

Images were obtained by depositing the glucans from 10 mg/L aqueous solutions onto mica 

and scanning in air. Height images of 1.5 μm × 1.5 μm. 

 
(a) (b) 

Additionally, we previously performed a study of an identical polysaccharide, a branched  

2-substituted (1→3)-β-D-Glucan, produced by P. parvulus 2.6, and the existence of a physical network 

in water solution at room temperature was proved by rheological measurements [17]. Furthermore, two 

facts demonstrated that it was a low-set gel or weak gel: (i) viscosity decreased above a certain shear 

rate, and (ii) the viscous modulus (G") was lower than the elastic modulus (G'), with a very slight 

dependence on frequency, behavior associated with weak gels [18]. Similar weak gel behavior has been 

200 nm
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described for scleroglucan [19]. Figure 2b depicts a TM-AFM image of a sample from a 10 mg/L aqueous 

solution of scleroglucan. The image shows a three-dimensional network formed by entanglements between 

strands like that of the (1→3)(1→2)-β-D-Glucan and scleroglucan (Figure 2a). 

Due to the rod like character of the (1→3)(1→2)-β-D-Glucan strands and their unwinding observed 

at 13.16 pH, a helical conformation was assigned [20]. The conformation of scleroglucan is also widely 

accepted as a rod-like triple helix [21,22]. However, in view of the TM-AFM images, Figure 2, and 

keeping in mind the repeating units of both biopolymers, it can be concluded that the strands of 

(1→3)(1→2)-β-D-Glucan are more stiff than those of scleroglucan. 

In its solid-state, commercial curdlan is insoluble in water at room temperature. Therefore, to carry 

out the study by AFM it was necessary to prepare a solution with a suitable solvent. Due to the ionization 

of hydrogen bonds, curdlan dissolves easily in dilute alkalinesolutions. When this solvent is used to carry 

out morphological and structural studies, curdlan shows different morphologies depending on pH, 

ranging from endless microfibrils to spindle-shaped fibrils of various lengths [23], or even thin lamellar 

hexagonal crystals [24], and the conformation varies from triple or single helix to random coil [25]. 

When a weak alkaline solution is used to prepare the AFM samples, the curdlan structure could almost 

be maintained [8]. Thus, 5 mM NaOH aqueous solution, pH 11.75, was chosen to develop the present 

study. Figure 3 shows the morphology of curdlan after the evaporation of the solvent at room 

temperature. A height image (left) reveals a fairly rough morphology with a high density of spike-like 

growth features. Observing the phase image (right), a homogenous color of the image is seen. This means 

that more curdlan exists between the spindle-shaped joined microfibrils forming the spike-like features. 

When a higher magnification of this area was made, 2.5 µm × 2.5 µm scan, an entanglement of fibrils 

composed of laterally associated strands were observed (Figure 3b). 

Figure 3. TM-AFM height (left) and phase (right) images of curdlan. Images were obtained 

by depositing the glucan from a 10 mg/L 5 mM NaOH aqueous solution, pH 11.75, onto mica 

and scanned in air: (a) images of 10 μm × 10 μm; (b) images of 2.5 μm × 2.5 μm. 

(a) (b) 

Trace analyses were also carried out to obtain quantitative information from AFM images. The 

diameter of the strands for curdlan was about 1.6 nm, slightly larger than that reported for the triple 

strand thickness by X-ray fiber diffraction, 1.56 nm [8,26]. Moreover, this discrepancy between values 

by AFM and those determined by other techniques has already observed by other authors, and they 

propose that the dissimilarity might result from the fact that the molecules were distorted by desiccation 

or by interaction with the mica substrate, or that the molecules were partially embedded in a layer of 



Fibers 2014, 2 260 

 

 

water adhering to the mica surface [27]. The diameter of the strands of the (1→3)(1→2)-β-D-Glucan 

was about 1.8 nm [20], similar to that found in the literature for scleroglucan [28]. 

The structure of the (1→3)(1→2)-β-D-Glucans in units of helical conformation is an important basis 

for their functional properties. Nevertheless, this helical conformation is not stable at high pH or by 

increasing the temperature above the helix melting temperature. Thus, breaking of intermolecular 

hydrogen bonds takes place and the multi-helical units dissociate into single stranded random coils 

(denaturation) [4]. However, the triple helix can be reformed by neutralizing. Different structures have 

been mentioned in literature for renatured species: linear, circular, hairpin, multichain (aggregated) 

structures, etc. [4,17]. The aim of the present work was to study the conformational transitions during 

the denaturation-renaturation for the (1→3)(1→2)-β-D-Glucan and to compare its behaviour with the 

scleroglucan behaviour from previous works found in the literature [4,29]. The denaturation of the 

(1→3)(1→2)-β-D-Glucan took place at 0.4 M NaOH aqueous solution (pH 13.16) and after the 

neutralization TM-AFM images were taken. 

As can be seen in Figure 4, a mixture of linear, circular and hairpin structures in addition to  

larger clusters with less well-defined morphology were found. Similar behavior was observed  

for scleroglucan [4] and schizophyllan [30]. However, it should be mentioned that, for the  

(1→3)(1→2)-β-D-Glucan, a great dispersion structure sizes was observed (scales are shown below each 

image), small linear and circular structures (Figure 4a) coexisted with strands of 5 μm of length (Figure 4b) 

and small circular structures (Figure 4a) with rod-like linear strands (Figure 4c). This behavior could be 

attributed to the more stiff character of the (1→3)(1→2)-β-D-Glucan biomacromolecules. The strand 

separation of triplexes was originally considered to be irreversible [4], but later extensive analysis of 

many micrographs using scleroglucan samples in five different ranges of molecular weight suggested 

that the reconstituted molecules, both rods and rings, are substantially triple helical [31]. 

Figure 4. TM-AFM height images of renaturated (1→3)(1→2)-β-D-Glucan. Images were 

obtained by depositing the glucan from the (1→3)(1→2)-β-D-Glucan neutralized solution. 

(a) Images of 10 μm × 10 μm; (b) image of 7.11 μm × 7.11 μm; (c) image of 1.5 μm × 1.5 μm. 

 
(a) (b) (c) 

4. Conclusions 

We have shown that the (1→3)(1→2)-β-D-Glucan from Lactobacillus suebicus CUPV221 forms 

three-dimensional network structures by entanglements between strands, as occurs with scleroglucan. 
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Due to the macromolecular structure and also possibly to the direction of the helical arrangement, 

(1→3)(1→2)-β-D-Glucan strands are more stiff than those of scleroglucan. Curdlan samples deposited 

from 5 mM NaOH aqueous solution showed supermolecular assemblies, which are recognized in the 

literature as micelles. 

(1→3)(1→2)-β-D-Glucan after exposure to a denaturation-renaturation cycle forms various 

molecular topologies: linear, circular and hairpin structures in addition to larger clusters with less  

well-defined morphology. 
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Many lactic acid bacteria synthesize extracellular polysaccharides (exopolysaccharides, EPSs) with a large
variation in structure and potential functional properties. Although EPS production can produce detrimental
effects in alcoholic beverages, these polymers play an important role in the rheological behavior and texture of
fermented products. In this work, EPS production by two Lactobacillus suebicus strains, which were isolated
from ropy ciders, was examined in a semidefinedmedium. The existence of priming glycosyltransferase encoding
genes was detected by PCR. In addition, the preliminary characterization of the polymers was undertaken.
Molecular masses were determined by size exclusion chromatography revealing the presence of two peaks,
corresponding to polymers of high- and low-molecular-weight in all fractions. The composition of the EPS
fractions was analyzed by gas chromatography–mass spectrometry after acid hydrolysis, revealing that
they contained glucose, galactose, N-acetylglucosamine and phosphate, although in different ratios, suggesting
that a mixture of polysaccharides is being synthesized. We also examined the influence of the sugar source
(glucose, ribose, xylose, or arabinose) and pH conditions on growth and EPS production.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Certain strains of lactic acid bacteria (LAB) produce exopolysaccharide
(EPS) with a large variation in composition, molecular mass, and struc-
ture. Thesemolecules are secreted into themedium playing an important
role in the rheology and texture of fermented foods, enhancing naturally
the texture and viscosity, but in addition to being a biothickener, it has
been reported that some EPSs can promote antitumoral, immunomodula-
tory and antimicrobial activity (Werning et al., 2012; Hidalgo-Cantabrana
et al., 2012). Additionally, prebiotic effects of several EPS have also
been demonstrated (Korakli et al., 2002). These properties generate
interest in the food industry due to several LAB species have a “Generally
Recognized As Safe” status by the American Food and Drug Association or
a “Qualified Presumption of Safety” status by the European Food Safety
Authority. However, extracellular polymers also produce deleterious
effects to the organoleptic properties of fermented alcoholic beverages,
as in cider (Dueñas et al., 1995) and in wine (Llaubères et al., 1990),
being the origin of an alteration named oiliness or ropiness characterized
by a viscous texture and oily feel. EPSs produced by Pediococcus parvulus
2.6 (Dueñas-Chasco et al., 1997), Lactobacillus sp. G77 (Dueñas-Chasco
et al., 1998) or Oenococcus oeni I4 (Ibarburu et al., 2007) isolated

from ropy ciders have been characterized. Depending on the chemical
composition, the bacterial EPSs are classified as homopolysaccharides
(HoPSs), consisting of only one type of monosaccharide and
heteropolysaccharides (HePSs) formed by two or more types of
monosaccharides. Heteropolysaccharides are usually produced in small
amounts by homofermentative and facultatively heterofermentative spe-
cies (De Vuyst and Degeest, 1999), nevertheless, LAB synthesized a wide
variety of HePSs composed of different sugarmoieties (glucose, galactose,
rhamnose, mannose, N-acetylglucosamine, N-acetylgalactosamine,
glucuronic acid), molecular mass and structure, whose production are
strongly influenced by culture conditions (De Vuyst et al., 2001; Mozzi
et al., 2003). To obtain high EPS production, it is necessary to optimize
growth conditions, which require an understanding of the different
production parameters involved (Velasco et al., 2006). Previous works
showed that physical (temperature, pH, oxygen tension) and chemical
(carbohydrate source, nitrogen source) factors determined the EPS
yield of lactic acid bacteria (Cerning et al., 1994; Degeest et al., 2002).
Further, studies for different LAB species conducted on the molecular
genetics of HePS biosynthesis suggested that the genetic diversity of
the eps cluster determinate the structural diversity of HePSs (De Vuyst
et al., 2011; Dimopoulou et al., 2014).

The genus Lactobacillus represents the largest groupwithin the lactic
acid bacteria and is also the predominant microbiota in natural
fermented products. Lactobacillus suebicus is an uncommon obligately
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heterofermentative organism found in ropy cider (Werning et al., 2006)
and in apple and pear mashes (Kleynmans et al., 1989). This species is
associated to particular flavors and ripening processes of apple mashes
(Nam et al., 2011).

In this work, two EPS-producing strains of L. suebicus isolated from
ropy ciders were studied to examine the influence of carbohydrate
source and pH of the culture medium on growth and EPS production.
Taking into account that the technological and biological effects of
polysaccharides depend on composition, sugar linkages, and molecular
mass, the preliminary characterization of exopolysaccharides was
undertaken.

2. Material and methods

2.1. Bacterial strains and growth conditions

The EPS-producing L. suebicus strains: CUPV225 (Notararigo et al.,
2013) and CUPV226 were isolated from two ropy natural ciders of
Basque Country (Spain). Strains were stored at −80 °C in MRS broth
containing 20% (v/v) glycerol. Before experimental use, bacteria were
propagated in Man Rogosa Sharpe (MRS) broth (Pronadisa, Madrid,
Spain) at 28 °C in an atmosphere containing 5% CO2. For EPS production,
strains were grown in a semi-defined (SMD) medium (Marieta et al.,
2009) containing (in grams per liter): glucose 20, Casamino Acids
(Becton Dickinson, Spain) 5, sodium acetate 5, Difco™ Yeast Nitrogen
Base (DYNB, Becton Dickinson, Spain) 6.7, K2HPO4 2, MnSO4·4H2O
0.05, di-ammonium citrate 2, Tween 80 1, adenine, uracyl, xantine and
guanine 0.005. Sugars and DYNB were sterilized by filtering them
through a 0.45-pore size Minisart (Sartorius Stedium Biotech,
Germany) and added to the medium (pH 5.5) after autoclaving.

2.2. Identification of EPS-producer strains

Strains CUPV225 (Notararigo et al., 2013) and CUPV226were identi-
fied by biochemical tests and 16S rRNA gene sequence analysis. The
homo- or heterofermentative characteristic was tested as described by
Dueñas et al. (1995). Carbohydrate utilization was determined with
theAPI 50CH system(API-BioMérieux,Marcy l'Etoile, France). Addition-
al assays to study the carbohydrate fermentation profiles were carried
out in MRS broth without glucose and meat extract, with 0.04% of
chlorophenol red as pH indicator, and supplemented with 2% (wt/v)
one of the sugars glucose, fructose, sucrose, lactose, galactose, or malt-
ose. Incubation was performed for up 7 days, at 28 °C in an atmosphere
containing 5% CO2. One-milliliter aliquots of MRS cultureswere used for
DNA extraction. Following centrifugation at 15,800 ×g for 5 min, pellets
were washed in 1 mL of Ringer's solution (Oxoid) and centrifuged at

15,800 ×g for 5 min. The resulting cell pellet was resuspended
in 180 μL of an enzymatic lysis buffer containing 20 g/L lysozyme,
and incubated for 30 min at 37 °C. DNA was purified by DNeasy Blood
and Tissue Kit (Qiagen GmbH, Hilden, Germany), according to the
manufacturer's instructions. DNA samples were stored at −20 °C until
use. For identification of the ropy strains based on 16S rRNA gene
sequencing, a fragment of the 16S RNA gene was amplified as previ-
ously described (Werning et al., 2006). 16S rRNA sequences were
identified with nucleotide identity at the species level higher
than 98% by using the BLAST tool of the GenBank DNA database
(http://www.ncbi. nlm.nih.gov/).

2.3. PCR detection of the eps genes

Amplification reactions of the eps gene were performed using
different primers that target homopolysaccharide (gtf, deg, lev) and
heteropolysaccharide (epsD/E, epsA, epsB, epsEFG, epsF) genes. The
primers used are shown in Table 1. The PCR conditions were carried
out according to the literature. The amplified products were purified
by using the QIAquick Gel extraction kit (Qiagen, Hilden, Germany)
in accordance with the manufacturer's recommendations. DNA
strands of amplicons were sequenced at the sequencing service
SGIker of University of Basque Country (UPV/EHU). Similarity
searches were performed with the BLAST algorithm available at the
National Center of Biotechnology Information (http://www.ncbi.
nlm.nih.gov/).

2.4. Fermentation conditions

Batch fermentation assayswere carried out in semi-definedmedium
(SMD)without pH control in fully filled 250mL screw-cap flasks during
72 h at 28 °C in an atmosphere containing 5% CO2. Overnight cultures
grown at 28 °C in MRS containing glucose (20 g/L) were inoculated
until an absorbance (at 600 nm) value of 0.2. The effect of pH on growth
and EPS production was analyzed at initial pH values of 4.8 and 5.5 at
28 °C in an atmosphere containing 5% CO2, for 111 h in L. suebicus
CUPV226 and for 72 h in CUPV225. Fermentations at controlled pH of
two independent cultures of the L. suebicus CUPV226 strain were
also performed in a 3 L fermenter (BIOFLO 110 Fermentor/Bioreactor,
New Brunswick Scientific). Cultures were carried out in SMD broth at
pH 5.5 that was adjusted with 5 N NaOH. The temperature was kept at
28 °C and agitation was set to 50 rpm. Samples from cultures were
taken at different times between 0 and 111 h. The plate dilutionmethod
was used tomonitor cell viability onMRS agar plates, incubated at 28 °C
for 5–6 days in an incubator with 5% CO2 and reported as CFU/mL.
To evaluate their influence on growth and EPS production, glucose,

Table 1
Primer pairs used to screen for HoPS and HePS genes.

Primer Sequencea (5′→3′) Gene target Expected fragment size (bp) Reference

gtf fw
gtf rev

CGGTAATGAAGCGTTTCCTG
GCTAGTACGGTAGACTTG

Glycoslyltransferase 417 Werning et al. (2006)

deg fw
deg rev

GAYAAYWSNAAYCCNRYNGTNC
ADRTCNCCRTARTANAVNYKNG

Glucansucrase 660 Kralj et al. (2003)

lev fw
lev rv

GAYGTI TGG GAYWSI TGGC
TCITYYTCRTCISWIRMCAT

Levansucrase 800 Tieking et al. (2003)

eps D/E fw
eps D/E rv

TCATTTTATTCGTAAAACCTCAATTGAYGARYTNCC
AATATTATTACGACCTSWNAYYTGCCA

Priming glycosyltransferase
(L. casei group and S. thermophilus)

189 Provencher et al. (2003)

eps A fw
eps A rv

TAGTGACAACGGTTGTACTG
GATCATTATGGACTGTCAC

EPS regulation/
(S. thermophilus)

784 Low et al. (1998)

epsB fw
epsB rv

CGTACGATTCGTACGACCAT
TGACCAGTGACACTTGAAGC

EPS chain length determination
(L. lactis)

1150 Deveau and Moineau (2003)

epsEFG fw
epsEFG rv

GAYGARYTNCCNCARYTNWKNAAYGT
TGCAGCYTCWGCCACATG

Priming glycosyltransferase
(L. delbrueckii subsp. bulgaricus, L. helveticus)

1600 Mozzi et al. (2006)

epsF fw
epsF rv

ACCAGATATTGTACATTGTC
TGTCATAGGCTGTCACAAC

Branching galactosyltransferase
(S. thermophillus)

571 Low et al. (1998)

a Y = C or T; R = A or G; W = A or T; K = G or T; S = C or G; M = A or C; V = A, C, or G; N = A, C, G, or T; I = inosine.
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arabinose, ribose, maltose and xylose, were added as carbon sources
to the medium (20 g/L) and cultured for 72 h at 28 °C in an
atmosphere containing 5% CO2. Samples from cultures were taken
daily, monitoring bacterial growth spectrophotometrically at 600 nm
(OD600). All experiments were performed in duplicate independently.
EPS production was quantified as described below.

2.5. Quantification of EPS, DNA, RNA and proteins

Lyophilized EPS preparationswere suspended inwater (0.1mg/mL).
EPS production was estimated from neutral carbohydrate content of
these solutions, determined by the phenol–sulfuric acid method using
glucose as the standard (Dubois et al., 1956). Proteins, DNA and RNA
were measured in the same solutions with the Qubit® 2.0 fluorometer.
This technique allows the core range detection of 1 ng/mL to 500 ng/mL
of DNA, 25 ng/mL to 500 ng/mL of RNA, and 1.25 μg/mL to 25 μg/mL
of proteins. Each reported value was the average of three independent
determinations.

2.6. Analysis of the fermentation products

For chemical analysis of the products, batch fermentations were
performed for 72 h at 28 °C, in an atmosphere containing 5% CO2, in
SMD broth with 20 g/L glucose, pH 5.5 (without pH control). Samples
were centrifuged (12,000 ×g, 30 min) and the supernatants filtered
through a 0.2 μm membrane filter (Minisart RC15, Sartorius). The
concentration of sugars, organic acids and ethanol in the fermenta-
tion broth was quantified by HPLC (Agilent 1100, Hewlett-Packard,
Germany) using an ion exchange column (Aminex HPX-87H, Bio-Rad,
Hercules, CA), protected by a guard column (Supelguard Pb HPLC
column, Supelco), coupled with an ultraviolet–visible (UV–vis) and
refractive index (RI) detector. The column was eluted with diluted
sulfuric acid (5 mM) at 65 °C, at a flow rate of 0.6 mL/min. The data
are means of two independent experiments.

2.7. EPS isolation and quantification

To examine EPS production, L. suebicus CUPV225 and CUPV226were
grown under the conditions described above. Bacterial cells were
removed from the fermented media by centrifugation (12,000 ×g,
4 °C, 30 min). The clear supernatant was collected, and the EPSs
precipitated by adding three volumes of cold ethanol, followed by over-
night storage at 4 °C. First, a floating fraction was recovered by spinning
and resuspended in ultrapure water (fraction F). Then, the remaining
cloudy ethanol mixture was maintained overnight at 4 °C and centri-
fuged at 12,000×g for 30min at 4 °C to collect the polysaccharide as a
precipitate. This fraction was washed 3 times with 70% (v/v) ethanol
and centrifuged (fraction P). Fractions F and P were suspended in ultra-
pure water, dialyzed for 3 days (changed twice each day) through a
12–14 kDa cutoff dialysis membrane (Medicell International, Ltd.,
London, U.K.), and lyophilized. The samples were redissolved to an-
alyze EPSs, protein, DNA and RNA content. In addition, samples
from cultures with a controlled pH of 5.5, with glucose, ribose
(72 h), or xylose (24 h) as the sole carbon source, were also analyzed.
For EPS quantification in different fermentation steps, 1-mL aliquots
were withdrawn from cultures and centrifuged (30 min, 12,000 ×g)
to remove cells. 0.5 mL of the clear supernatant were collected, and
the EPSs precipitated by adding three volumes of cold ethanol,
followed by overnight storage at 4 °C. The precipitate was recovered
by centrifugation (12,000 ×g, 20 min, 4 °C), dissolved in ultrapure
water, and the precipitation process repeated three times to clean
the preparations that were finally resuspended in purified water to
estimate the concentration of EPS.

2.8. EPS characterization

2.8.1. Molecular mass determination
The weight–average molecular weight (Mw) of the polysaccharides

was determined by high-performance size exclusion chromatography
(HPLC-SEC, Agilent 1100 Series System, Hewlett-Packard, Germany)
with refractive index (RI) detection. Data processing was performed
using the Agilent ChemStation with integrated GPC data analysis
software. The HPLC system was equipped with a guard column
(PL-aquagel–OH Guard, 8 μm, Agilent Technologies) and a PL aquagel–
OH Mixed-H column (8 μm, Agilent Technologies). The column was
eluted with 0.1 M NaNO3 and 0.02% NaN3 (pH 7), at 35 °C and at a
flowrate of 0.9mLmin−1. The polymer solutionswereprepared at 0.75-
mg/mL and 100 μLwere injected. The calibration curvewas obtained by
using dextran standards (103, 5 × 103, 1.2 × 104, 5 × 104, 8 × 104,
1.5 × 105, 2.7 × 105, 4.1 × 105, 6.7 × 105, 1.4 × 106 and 2 × 106 Da) ob-
tained from Sigma-Aldrich. Samples and standards were filtered
through 0.2 μm filters (Chromafil Xtra, Macherey-Nagel) prior to the
injection.

2.8.2. Determination of monosaccharide composition and phosphate content
Neutral sugar composition was determined after hydrolysis of

the polysaccharides with 3 M trifluoroacetic acid (121 °C, 1 h). The hy-
drolyzed monosaccharides were converted into their corresponding
trimethylsilyl-oxymes, and analyzed and quantified by gas chromatog-
raphy as previously described (Notararigo et al., 2013). Phosphate
content (from solutions 500 μg/mL in water) was deduced from
inorganic phosphate determination on a 5500 inductively coupled
plasma instrument (Perkin Elmer).

2.8.3. Fourier-transform infrared (FTIR) spectroscopy
The presence of N-acetyl, carboxyl, phosphate or sulfate groups

and the α- or β-anomeric configuration of the monosaccharides was
investigated by FTIR spectroscopy. The spectra were recorded on
KBr pellets of the samples in a FTIR 4200 type A instrument (Jasco
Corporation, Tokyo, Japan), with a light source in the middle infrared
range (400–4000 cm−1), and a triglycine–sulfate (TGS) detector,
with a resolution of 4 cm−1.

2.8.4. Methylation analysis
The polysaccharides (1–5 mg) were methylated according to

the method of Ciucanu and Kerek (1984). The permethylated poly-
saccharides were hydrolyzed with 3 M trifluoroacetic acid (TFA) at
121 °C for 1 h. The resulting partially methylated monosaccharides
were converted into their corresponding alditol acetates by reduction
with NaBD4 and subsequent acetylation with 250 μL of pyridine:acetic
anhydride (1:1) for 1 h at 100 °C, as described by Laine et al. (1972).
The partially methylated alditol acetates obtained were analyzed by
gas chromatography–mass spectrometry (GC–MS) on a 6890A/5975C
instrument from Agilent, with He as the carrier gas. The injector was
programmed at 250 °C. Samples (1 μL) were injected with a split ratio
of 1:50 and their components separated in a HP5MS (Agilent) fused
silica column (30m× 0.25mmI.D.× 0.2 μmfilm thickness),with a tem-
perature program starting at 160 °C (1min) and then rising 2 °Cmin−1

up to 200 °C. Anm/z range between 40 and 450 amuwas scanned. Iden-
tification was done on the basis of the retention time and mass spectra
of the compounds. Quantification was performed according to peak
area.

2.8.5. NMR analysis
The floating and precipitated EPS fractions were deuterium

exchanged several times by freeze drying from D2O and then exam-
ined as solutions (3 mg/mL) in 99.98% D2O. Spectra were recorded at
300 K on a Bruker AMX500 spectrometer operating at 500 · 13 MHz
(1H-nuclear magnetic resonance). Chemical shifts are given in parts
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per million using the HDO (semi heavy water) signal (4.75 ppm)
(1H) as reference.

3. Results and discussion

3.1. Characterization of the EPS-producing strains

In the present work, two LAB strains isolated from ropy ciders were
investigated for their ability to produce exopolysaccharide. They exhib-
ited a ropy phenotype when cultured in MRS broth and on MRS agar,
suggesting that they were exopolysaccharide producers. The colonies
formed long filaments after being touched with a loop. On the basis of
partial 16S rRNA gene sequence analysis, both strains were assigned
to L. suebicus species with 99% nucleotide identity to the type strain
DSM 5007, and named L. suebicus CUPV225 (Notararigo et al., 2013)
and CUPV226. Sugar fermentation patterns of both EPS-producer strains
were tested to detect the potential rawmaterials to be fermented. These
strains were able to ferment, and grow on D-glucose, L-arabinose,
D-ribose, D-xylose and D-arabitol, and after 6 days of incubation,maltose
was also fermented. Moreover L. suebicus CUPV225 fermented methyl-
β-D-xyloside. Both strains fermented few sugars regarding the type
obligately heterofermentative strain L. suebicus DSM 5007 described
by Kleynmans et al. (1989), that also fermented D-galactose, cellobiose,
melibiose and sucrose. Besides, the authors observed no slime
production from sucrose.

Extracellular polysaccharides are synthesized by strains of several
Lactobacillus species that are isolated mainly from fermented foods,
as dairy or meat products (De Vuyst and Degeest, 1999), or cereal
products (Van der Meulen et al., 2007). Heterofermentative lactobacilli
and pediococci were involved in the ropiness of cider and wine due to
the production of glucan homopolysaccharides (Llaubères et al., 1990;
Dueñas et al., 1995; Dueñas-Chasco et al., 1998). P. parvulus was the
predominant EPS-producer in the spoiled beverages (Garai-Ibabe
et al., 2010a; Dols-Lafargue et al., 2008). In our laboratory, several
strains of L. suebicus were isolated from spoiled ciders, but three of
them were capable to produce EPSs: CUPV226, CUPV225 and
CUPV221, a strain identified as β-(1,3)-D-glucan producer (Marieta
et al., 2009; Garai-Ibabe et al., 2010b; Notararigo et al., 2013). To our
knowledge, these are the unique exopolysaccharide-producer strains
of L. suebicus reported up to now.

3.2. PCR screening for HoPS and HePS genes

The presence of eps genes in the ropy strains L. suebicus CUPV226
and CUPV225 was assessed by PCR. The results revealed that any of
the strains possessed genes coding for HoPS-synthesizing enzymes
such as glucan- or fructansucrases (Table 1). One of the tested genes
was gtf that codifies for a glucosyltransferase involved in the synthesis
of the 2-branched (1,3)-β-D-glucan HoPSs by P. parvulus 2.6, whose
presence served for the specific detection of (1,3)-β-D-glucan producers
among several LAB species isolated from ropy ciders, such as O. oeni,
Lactobacillus diolivorans, L. suebicus and Lactobacillus collinoides
(Werning et al., 2006). Although HoPS-producing bacteria have mainly
been described in ropy ciders and wines, O. oeni I4 (Ibarburu et al.,
2007) and O. oeni IOEB 0205 (Dimopoulou et al., 2014) showed the un-
usual ability to synthesize both homo- and heteropolysaccharides.
Therefore, the absence of the expected amplicon for HoPSs in both
ropy strains suggested heteropolysaccharide production. The presence
of genes implicated in an essential step of bacterial HePS biosynthesis
was sought using several sets of eps primers previously described in
the literature (Table 1). Regarding the HePS eps primers, DNA of both
strains yielded only a 189-bp PCR product with the epsD/E primers,
which amplify the genes coding for the priming-glycosyltransferase
(p-GTF) (Provencher et al., 2003). This enzyme catalyze the transfer
of the first phospho-sugar residue from an activated nucleotide sugar
to the undecaprenyl phosphate–lipid carrier on the cytoplasmic face

of the membrane, at the first step of repeating unit synthesis of
HePSs (Werning et al., 2012). No PCR products were obtained with
any of the other primers used. The sequenced PCR products of
CUPV225 and CUPV226 strains (see Table S1 in the Supplemental
material) showed 79% and 81% identity, respectively, with the epsE
gene of the HePS producer Lactobacillus helveticus CRL1176 (accession
no. DQ222973). All these data suggested that both strains synthesize
heteropolysaccharides (Notararigo et al., 2013).

3.3. Effect of initial pH on growth and EPS production

Lactobacilli have a more favorable growth in culture media with a
slightly acidic pH of 6.4–5.4. Usually, bacterial growth decreases below
these pH values and stops at pH values around 3.6–4.0, depending on
the strains. However, L. suebicus strains isolated from fruit mashes
were able to grow even at pH 2.8 (Kleynmans et al., 1989). Based on
these premises, and since initial pH was reported as one of the factors
affecting the properties and amount of EPS produced by LAB (De
Vuyst and Degeest, 1999), the influence of different pH values (4.8,
5.5, 6) on growth and EPS production was analyzed. Incubations were
performed at 28 °C in a semi-defined medium, without adding yeast
extract, beef extract, or peptone, as these ingredients interfere with
EPS analysis. Samples were collected at various incubation times to
estimate bacterial growth and the amount of EPS produced.

The growth curves for both strains were similar at pH 5.5 and 6.0
(data not shown), whereas biomass production was lower at pH 4.8
(Table 2). The highest optical density value was detected at 48 h in
CUPV225 and 72 h in CUPV226. Velasco et al. (2006) reported the
maximum EPS production by the β-glucan producer P. parvulus 2.6 at
pH 5.2 and according to Torino et al. (2001), pH 5 was the optimal
value for general metabolism and EPS production in L. helveticus ATCC
15807. As shown in Fig. 2, EPSs were released to the culture medium
along the incubation period, and amounts close to 100mg L−1 were re-
covered at the end of exponential growth phase. Similar EPS concentra-
tions have been reported for most of the HePS-producing Lactobacillus
strains (De Vuyst and Degeest, 1999; Werning et al., 2012) as well as
the β-glucan producing LAB strains isolated from cider and wine
(Ibarburu et al., 2007; Garai-Ibabe et al., 2010a; Dols-Lafargue et al.,
2008). In addition, growth and EPS production by L. suebicus CUPV226
strain was compared under controlled pH (5.5) and a large incubation
period (Table 2). CUPV226 cells growing under controlled pH synthe-
sized and released EPSs into the growthmediummainly during the ex-
ponential growth phase and continued in the stationary phase, in
agreement with that found for EPS-producing Pediococcus, Lactobacillus
and Oenococcus strains isolated from cider (Velasco et al., 2006;
Ibarburu et al., 2007; Garai-Ibabe et al., 2010b). No significant differ-
ences in EPS accumulation were observed up to 88-h of incubation, as
compared with cultures grown without pH control. In the latter, the
increase in the amount of neutral carbohydrates observed at longer
incubation times occurred in parallel with a decrease in cell count and
optical density, and was probably due to cell lysis. However, when pH
was controlled, the cell viability decrease was slower andmore gradual,
and only a slight increase in the EPS concentration was detected after
111 h of incubation. In addition, Table 2 shows the EPS yield expressed
in mg/L EPS per cell number/L. The EPS yield profile between 15 and
48 h of fermentation without pH control, at pH values of 4.8 and 5.5,
showed that EPS⁄cell ratio is similar and higher than that with the
controlled pH. After 63 h of fermentation, the EPS yield became higher
with pH 5.5 due to the decreased cell number.

To check the EPS purity after ethanol precipitation, dialysis, and
lyophilisation, the concentration of neutral carbohydrates, protein,
DNA, and RNA was analyzed in aqueous solutions of the EPS prepara-
tions from cultures at pH 5.5. The results show that the proportion of
the EPSs was variable depending on the fraction, being higher in the
precipitated fractions (75.56 and 82.32%) of both strains (Table 4).
As discussed below, the EPSs produced by L. suebicus CUPV225 and
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CUPV226 are heteropolysaccharides composed of neutral sugars,
glucosamine and phosphate. Since the EPS amount was estimated by
the phenol–sulphuric acid method, which detects neutral sugars but
does not give positive reactionwith aminosugars, carbohydrate content
was underestimated. Protein contamination from 10 to 22%was detect-
ed in the EPS preparations (data not shown). Proteins and residual DNA
and RNA in the EPS preparations were presumably due to cell lysis.

3.4. Fermentative metabolism

The batch fermentation profiles of L. suebicus CUPV226 and CUPV225
were analyzed by HPLC. Incubations were performed without pH
control, at the optimal initial pH value of 5.5 (Table 3). Both strains me-
tabolized L-malic acid to L-lactic acid by malolactic fermentation (FML),
similar to that described for other LAB isolates from cider (Dueñas
et al., 1995). Apple juice, like grape juice, contains this C4-dicarboxylic
acid, and the FML is the physiological significance in cidermaking and
winemaking processes (du Toit et al., 2011). Themalic acid consumption
rate was higher for CUPV225 than CUPV226. Amounts close to 85%were
consumed by CUPV225 at 72 h of incubation, while malic acid was par-
tially consumed by CUPV226 strain (23%). Glucose was metabolized by
L. suebicus strains via the phosphoketolase pathway to mixtures of lactic
acid and ethanol and besides, EPS production occurred during the active
growth phase. At the end of the incubation period (72 h), the hexose
was practically consumed by L. suebicus CUPV226 and completely by
CUPV225, and traces of acetic acid (0. 2 g/L) were only detected in cul-
tures of L. suebicus CUPV226 strain. Similar to that found in other
heterofermentative LAB, the NAD(P)H released during conversion of
the hexose to a pentose was reoxided in the ethanol pathway yielding
ethanol instead of acetate (Zaunmüller et al., 2006). Similar concentra-
tions of lactic acid were found at the end of incubation.

3.5. Influence of the sugar source on growth and EPS production

Several studies have previously reported that medium composition
influence EPS production by Lactobacillus strains (Cerning et al., 1994;
Petry et al., 2000). In this work, the effect of several carbohydrate

sources on growth and EPS production was analyzed. Both strains
were grown in the semidefined SMD medium with glucose, arabinose,
ribose or xylose as these monosaccharides are both fermented and
contained in apple musts and ciders (Blanco et al., 2001; Arnous and
Meyer, 2008). Fermentations proceeded without pH control for 3 days
at 28 °C (Fig. 1). Although maltose was fermented in the complex
medium MRS, during the first 3 days of incubation the growth in the
semidefined medium was negligible (data not shown). As shown in
Fig. 1, both L. suebicus strains showed similar growth profiles on all
monosaccharides assayed. The growth with xylose and arabinose pro-
vided the highest and the lowest maximal biomass values, respectively.
Similar to that found in Lactobacillus brevis strains (Falck et al., 2013),
xylose stimulated growth to a higher degree than glucose, the maxi-
mum optical densities being detected after 24 h and 48 h incubation re-
spectively. EPS production was also influenced by the carbohydrate
source. In the presence of xylose, culture supernatants contained
about 100 mg/L after 24 h. The results represented in Fig. 1b show
that the cultures with arabinose produced the lowest EPS synthesis
after 48–72 h, which agrees with the growth curve tendency with this
sugar. However after 24 h proportionally more EPSs were obtained
when arabinose was used instead of ribose, and the same amount of
EPSs was obtained in glucose.

Instead, ribose seemed to be a favorable sugar source for growth, and
both biomass and EPS concentration increased along the incubation pe-
riod (EPS amounts close to 150 mg/L after 72 h). Ribose was previously
used as an additional carbohydrate source to increase EPS production by
Streptococcus thermophilus LY03 (Degeest et al., 2002), as this pentose is
the main component of the sugar nucleotides, the precursor molecules
in EPS biosynthesis; however, no significant increase of the EPS yield
was observed.

On account of cell lysis, analysis of the EPS preparation showed a
slight contamination by DNA and RNA, and between 10–12% protein
was also detected in the EPS fractions from cultures with xylose and
ribose, except in the floating fraction from fermentation with ribose
that did not contain protein (data not shown). Furthermore, as in
fermentations with glucose, the analysis of the chemical composition
of the EPS fractions underscored the carbohydrate content in these

Table 2
Microbial count and EPS production by L. suebicus CUPV226 in SMD medium with 4.8, 5.5 and controlled pH.

Incubation
time (h)

pH 4.8 pH 5.5 Controlled pH 5.5

Cell count
(CFU/mL)

EPS
(mg/L)

EPS yield
(mgEPS/cell)

Cell count
(CFU/mL)

EPS
(mg/L)

EPS yield
(mgEPS/cell)

Cell count
(CFU/mL)

EPS
(mg/L)

EPS yield
(mg EPS/cell)

0 2.62E+08 4.99 ± 0.44 – 2.76E+08 5.8 ± 1.06 – 1.62E+08 4.62 ± 0.89 –
15 2.31E+08 21.64 ± 0.10 9.39E−08 3.31E+08 33.46 ± 3.63 1.01E−07 3.16E+08 27.46 ± 2.72 8.69E−08
24 2.55E+08 28.88 ± 0.92 1.13E−07 4.56E+08 44.37 ± 2.53 9.73E−08 1.08E+09 41.23 ± 4.68 3.82E−08
39 5.53E+08 47.95 ± 1.38 8.68E−08 6.63E+08 68.34 ± 1.68 1.03E−07 2.85E+09 68.51 ± 2.43 2.40E−08
48 8.55E+08 58.75 ± 0.53 6.87E−08 1.17E+09 96.64 ± 1.17 8.26E−08 2.77E+09 79.63 ± 2.54 2.87E−08
63 1.04E+09 62.85 ± 2.67 6.06E−08 2.35E+09 92.29 ± 1.12 3.93E−08 2.34E+09 93.07 ± 1.84 3.98E−08
72 1.23E+09 91.78 ± 1.64 7.46E−08 1.16E+09 94.03 ± 0.19 8.11E−08 2.23E+09 92.20 ± 3.10 4.13E−08
88 8.68E+08 125.16 ± 1.01 1.44E−07 3.45E+08 124.77 ± 0.29 3.62E−07 1.49E+09 108.98 ± 1.70 7.31E−08
111 9.63E+08 130.71 ± 1.52 1.36E−07 2.07E+07 261.91 ± 2.63 1.27E−05 1.54E+09 102.01 ± 3.34 6.62E−08

Table 3
Batch fermentation profile of L. suebicus CUPV226 and CUPV225, grown in SMDmediumwith glucose (20 g L−1) at 28 °C, and without pH control (initial pH value of 5.5).

Incubation time (h) OD600 pH EPS
(mg/L)

Residual glucose
(g/L)

Malic acid
(g/L)

Lactic acid
(g/L)

Ethanol
(g/L)

L. suebicus CUPV226 0 0.198 ± 0.008 5.52 6.4 ± 1.7 20.75 ± 0 4.35 ± 0 0 0
24 1.190 ± 0.013 4.89 44.4 ± 2.5 15.28 ± 0.03 3.90 ± 0.03 2.41 ± 0.00 1.12 ± 0.00
48 2.784 ± 0.097 4.32 94.9 ± 3.2 3.59 ± 0.04 3.33 ± 0.00 8.03 ± 0.13 3.73 ± 0.02
72 2.924 ± 0.164 4.25 105.5 ± 13.6 0.57 ± 0.00 3.28 ± 0.02 9.92 ± 0.00 4.47 ± 0.01

L. suebicus CUPV225 0 0.268 ± 0.000 5.27 6.9 ± 1.6 20.75 ± 0 4.35 ± 0 0 0
24 2.871 ± 0.013 4.30 65.8 ± 4.1 9.11 ± 0.04 2.27 ± 0.04 5.35 ± 0.03 2.90 ± 1.24
48 3.563 ± 0.049 4.22 109.2 ± 4.0 0.12 ± 0.00 2.26 ± 0.00 9.15 ± 0.01 3.95 ± 0.06
72 2.031 ± 0.038 4.28 189.0 ± 5.0 0 0.67 ± 0.00 9.48 ± 0.24 3.87 ± 0.04

The results are presented as means ± standard deviations of two independent experiments. OD600, optical density at 600 nm.
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samples, whichwas estimated to be between 48 and 82% depending on
the fraction (Table 4).

3.6. Isolation and partial characterization of EPSs

Monosaccharide composition of EPSs from lactic acid bacteria
depends on the strain and can be influenced by media and culture
conditions. Cultures of L. suebicus CUPV226 and CUPV225 in SMD
broth supplemented with glucose and without pH control were grown

for 72 h to collect the EPSs. Moreover, EPSs were recovered from
cultures of L. suebicus CUPV226 in the same medium supplemented
with ribose or xylose, to test the effect of using pentoses as carbon
sources on EPS composition. When ethanol was added to the culture
media, two polysaccharide fractions were distinguished. One of them
was collected while floating in 25% ethanol (F) and the other fraction
was recovered as a precipitate after centrifugation (P). The composition
of fractions F and P was analyzed by GLC–MS and the relative propor-
tions of their components are gathered in Table 4, showing to have
the same components (glucose, galactose, N-acetylglucosamine, and
phosphate) but in different proportions. In glucose-fed cultures fraction
F showed higher glucose/galactose ratios and N-acetylglucosamine
content than fraction P. Nevertheless, when pentoses were used as the
carbon source, the glucose/galactose ratio and the N-acetylglucosamine
content were similar in F and P fractions.

In HePSs from lactic acid bacteria glucose and galactose are
both common sugars and, to a lesser extent, N-acetyl-glucosamine
(Werning et al., 2012). This amino-sugar was reported in the EPSs pro-
duced by LAB belonging to different species, such as Lactobacillus
rhamnosus (Shao et al. 2014; Landersjö et al., 2002), Lactococcus
lactis subsp. cremoris (Marshall et al., 1995) and S. thermophilus
(Almirón-Roig et al., 2000). In addition the HePSs from both
L. suebicus strains contain phosphate. This inorganic molecule has
been described in HePSs from Lactobacillus plantarum (Tallon et al.,
2003), L. lactis subsp. cremoris (van Casteren et al., 1998) and Lactobacillus
delbrueckii ssp. bulgaricus (Makino et al., 2006). On the other hand,
it has been shown the relevant role of PO4

− in immune stimulation
of polysaccharides synthesized by L. delbrueckii ssp. bulgaricus
(Makino et al., 2006).

Fig. 2 shows the infrared spectra of these fractions, synthesized with
D-glucose as carbon source, recorded in the transmissionmode between
3700 and 700 cm−1 and analyzed after Fourier transform. The bands in
the spectrum of the F fraction coincide to that previously reported by
Notararigo et al. (2013) for the same material. In fraction P, the spec-
trum was also comparable, with a broad stretching characteristic peak
around 3400 cm−1 from hydroxyl groups and a C–H stretching band
around 2920 cm−1. In the range between 1090–1030 cm−1, a band
characteristic of phosphoric esters was observed in all the spectra. The
presence of two bands at approximately 1550 cm−1 (amide I) from
C_O stretching vibration and 1650 cm−1 (amide II) fromN–H bending
and C–N stretching, confirmed that the glucosamine residues detected
by GCwereN-acetylated. Likewise, all spectra showed the bands typical
of polysaccharides in the region 1200–950 cm−1 (fingerprint region)
with an intense peak at 1038 cm−1 (Shang et al., 2013). An absorption
peak at 850 cm−1 was observed only in the IR spectrum of L. suebicus
CUPV225 floating fraction, suggesting α configuration of sugars
(Shang et al., 2013). This absorption peak or others regarding the
anomeric configuration of sugars were not observed in the other
samples analyzed, probably due to the presence of more than one
anomeric type in the EPS preparation.

The 1H-NMR analysis of P and F fractions from both strains re-
vealed a very complex set of signals that obstructed its resolution
(Fig. 3). 1H-NMR spectra were very similar, with several signals be-
tween 5.4 and 5.0 ppm, compatible with the presence of α-anomers,
and several signals between 5.0 and 4.4 ppm indicating the presence
of β-anomers. When comparing the anomeric regions, two sets of sig-
nals can be found: a set of five relatively narrow signals at approximate-
ly 5.2 ppm (two) and 4.6 ppm (three), and a second set of broad signals
close to 4.8 ppm. The relative intensity of both sets are different in these
fractions, which agrees with a mixture of polysaccharides. Moreover,
the intensity of signal around 2 ppm, characteristic of N-acetyl groups
from glucosamine increases with signals from broad set. These data
are compatible with the presence of a polysaccharide of relatively
low molecular weight (narrow signals) and a second polysaccharide
of high molecular weight (broad signals), which would contain
N-acetylglucosamine residues.

Fig. 1. Influence of carbohydrate source on growth (▲CUPV226; ◾CUPV225) and EPS
production (CUPV226, light gray; CUPV225, dark gray) grown, (a) glucose,
(b) arabinose, (c) ribose, and (d) xylose.
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To test this point, and for weight–average molecular weight
determination, size exclusion chromatography (SEC) was carried
out, revealing the presence of two peaks, corresponding to polymers
of high- (EPS H) and low-molecular-weight (EPS L) in all fractions
(Table 4). The high-Mw polymers of both strains ranged between
1.5 and 7.8 × 106 g/mol, except that in P fraction of CUPV226
grown in glucose (105 g/mol). The low-Mw polymer ranged between
1.90 and 2.63 × 104 g/mol, presenting polydispertity values lower
than those obtained from high-Mw polymers. EPS H and EPS L
polymerswere not completely separated through ethanol precipitation,
unlike two types of EPSs produced simultaneously by S. thermophilus
LY03 isolated from the fermentation broth separately (De Vuyst and
Degeest, 1999).

Monosaccharide analysis of the H fractions revealed the presence
of glucose and N-acetylglucosamine as their main components, while
the L fractions contained similar amounts of glucose and galactose,
and phosphate. The production of EPSs with these components

has not previously reported for lactobacilli, and then their structural
characterization merits further investigation.

It is interesting to note that in cultures grown with pentoses as
the carbon source, the low-Mw EPS (EPS L) was mostly recovered in P
fraction (ratios H:L of 1:18 with xylose and 1:8 with ribose), which
agrees with the monosaccharide composition detected for fractions F
and P. These results indicate that EPS L is preferably synthesized when
only C5-carbon sources were available, and then that the synthesis of
EPSs is dependent on the carbon source, as reported by Sánchez et al.
(2006) for a Lactobacillus pentosus strain.

HePS production by different Lactobacillus species is being studied in
the lasts years for food and human health applications (Ryan et al.,
2015), and it should be noted that both structure and molecular mass
depend on the EPS producing strain. In this work, the EPS synthesis by
two L. suebicus strains isolated from ropy ciders of different cidermaker
cellars and the apple juice sugars that could be potentially used for EPS
synthesis was studied. In addition to glucose, both strains were able to

Table 4
Composition and molecular masses of EPS fractions produced by L. suebicus strains grown on different carbohydrate sources.

L. suebicus strain Fraction Carbon
source

EPS (%)a Relative ratio of sugar composition Phosphoric acid (%) Mw, g/mol (polydispersity)b EPS H:EPS Lc

Gal Glc N-acetylglucosamine EPS H EPS L

CUPV225 F Glucose 53.5 1 2.8 1.9 2.4 1.67 × 106 (2.86) 2.53 × 104 (1.33) 1:1
P 75.5 1.1 1.8 1 4.5 7.80 × 106 (2.92) 2.17 × 104 (1.73) 1:1

CUPV226 F Glucose 66.3 1 5.1 5.4 1.7 1.51 × 106 (2.86) 2.51 × 104 (1.34) 2:1
P 82.3 1 2.8 1.1 8.8 4.20 × 105 (2.28) 1.90 × 104 (1.77) 1:3
F Ribose 48.2 1.2 1.6 1 n.d. 4.49 × 106 (2.63) 2.55 × 104 (1.29) 1:1
P 67.9 3.5 4.4 1 n.d. 1.98 × 106 (3.44) 2.04 × 104 (1.28) 1:8
F Xylose 66.7 1 1.5 1.1 n.d. 4.39 × 106 (2.66) 2.63 × 104 (1.51) 1:1
P 51.6 9.3 9.6 1 n.d. 1.52 × 106 (3.0) 2.17 × 104 (1.31) 1:18

F, floating fraction; P, precipitated fraction. H, high molecular weight polymer; L, low molecular weight polymer. n.d., not determined.
a Data obtained by phenol–sulphuric acid method.
b Mw/Mn is a measure of polydispersity.
c Data are ratio of peak area from EPS H and EPS L.

Fig. 2. Fourier-transform infrared spectra of EPS fractions synthesized by L. suebicus CUPV226 and CUPV225. Fractions: 226F (black), 226P (red), 225F (blue), and 225P (pink).
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produce EPSs from ribose and xylose. The crude-EPS analyses showed
that were constituted by two polymers of high- and low-molecular
weight. Both strains synthesized a mixture of complex HePSs, one of
them acidic, containing glucose, galactose, and phosphate, and
other composed of glucose and N-acetylglucosamine. However, the
relative proportion of both polysaccharides is different depending
on the monosaccharide source. Taking into account the relevant
role of PO4

− in immune stimulation of exopolysaccharides, their
structural characterization and immunological properties are cur-
rently under investigation.

Abbreviations
LAB lactic acid bacteria
MRS Man Rogosa Sharpe medium
EPS exopolysaccharide
HPLC high-performance liquid chromatography
SMD semidefined medium
HePS heteropolysaccharide
HoPS homopolysaccharide

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ijfoodmicro.2015.07.012.
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a b s t r a c t

A quantitative determination method of lactic and acetic acids in cider is proposed by means of the
proton nuclear magnetic resonance (1H NMR) technique. Lactic acid gives a doublet signal at 1.42 ppm in
the spectrum and acetic acid a singlet signal at 2.09 ppm, whose area is used to determine the con-
centration of these compounds. 3-(Trimethylsilyl)-2,2,3,3-d4-propionic acid sodium salt is added to the
cider with a double purpose: as a reference for 0.00 ppm and as an internal standard for 1H NMR
measurement. Enzymatic analysis methods are used to validate the method. Good correlations are found
between the lactic and acetic acids concentrations obtained by 1H NMR and those obtained by enzymatic
methods in different commercial ciders. For lactic acid, the 95% confidence interval for the slope is
1.05 ± 0.08 (includes 1) and for the intercept 0.27 ± 0.42 (includes 0). For acetic acid, these intervals are
1.01 ± 0.06 for the slope and 0.03 ± 0.08 for the intercept. The described method is fast and direct.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

L-Malic acid is the major organic acid in apples (Belitz, Grosch,&
Shieberle, 2009). In the Basque Country, cider is made from apple
juice as a result of two spontaneous fermentations, carried out by
indigenous microflora. The first one, called alcoholic fermentation,
is the conversion of sugar into ethanol by yeasts. The second, called
malolactic fermentation, involves the transformation of L-malic
acid into L-lactic acid by lactic acid bacteria (Due~nas, Irastorza,
Fern�andez, Bilbao, & del Campo, 1997). The malolactic fermenta-
tion is essential in Basque cider because it decreases the strong acid
perception given by malic acid into the smoother flavor given by
lactic acid. Therefore, it is crucial to have analytical methods to
monitor this fermentation.

On the other hand, as no control over lactic acid bacteria is
carried out after malolactic fermentation, a large number of lactic
acid bacteria is found (Due~nas, Irastorza, Fern�andez, Bilbao, &
Huerta, 1994) and these bacteria are a potential source of
different cider alterations. One of the most widespread cider al-
terations is the production of excess of acetic acid (Irastorza,
Munduate, Gonz�alez, Aierbe, & del Campo, 1993) by using resid-
ual sugars and other compounds such as glycerol or lactic acid.
Acetic acid is always present in cider, but an excess leads to spoilage
þ34 943 015270.
of the product. Spanish regulation allows a maximum content of
2.2 g L�1, which means that the acetic acid concentration needs to
be strongly controlled.

Different techniques are used for the determination of acids in
fruit juices and their fermentative derivates. Among them, HPLC is
more extensively used, permitting the quantification of the main
acids in 20e30 min (Shui & Leong, 2002; Zhang et al., 2008).
Enzymatic methods to determine lactic, acetic and other organic
acids are also used (R-Biopharm AG), their main advantages being
high selectivity and sensitivity. However, they require specific kits
for each individual organic acid, which are rather costly and time-
consuming.

The 1H NMR spectroscopy offers a high number of signals of
different molecules in a single spectrum. This means that many
chemicals might be simultaneously determined. It also offers ad-
vantages in terms of speed and simplicity of sample preparations
(Ko�sir & Kidri�c, 2002). We have already proposed determination
methods by means of 1H NMR spectroscopy for some compounds
found in apples and other fruits, specifically for chlorogenic acid
(Berregi, Santos, del Campo, Miranda, & Aizpurua, 2003), (�)-epi-
catechin (Berregi, Santos, del Campo, & Miranda, 2003), malic and
citric acids (del Campo, Berregi, Caracena, & Santos, 2006), and
formic acid (Berregi, del Campo, Caracena, & Miranda, 2007); also
for some important coffee compounds (del Campo, Berregi,
Caracena, & Zuriarrain, 2010) and recently for ethanol in ciders
(Zuriarrain, Zuriarrain, Villar, & Berregi, 2015).
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In this work, a new 1H NMR method is evaluated for the
simultaneous determination of lactic and acetic acids in fermenting
apple musts and ciders. The method proposed here will make it
possible to monitor the malolactic fermentation by 1H NMR, and
also to prevent the spoilage of cider due to the production of excess
of acetic acid.

Nord, Vaag, and Duus (2004) determined lactic and acetic acids
by 1H NMR, but in beers, not in ciders. In addition, they obtained
lower correlations with standard methods, specially for acetic acid.
The reason for this might be that they used CD3COOD to fix the pH,
and the signal of the residual CHD2COOD contained in it as an in-
ternal standard. We think that the choice of the internal standard is
not adequate, since its signal overlaps partially with that of acetic
acid. They also did not consider the possible presence of the iso-
mers L-lactic and D-lactic acid.

Monakhova et al. (2014) published recently an excellent work, in
where almost 30 compounds were determined in apple juices,
including lactic and acetic acids, by means of 1H NMR spectroscopy.
However, apple juice is a matrix very different from cider, as it has
different acid, sugar, alcohol and polyphenolic profile.

Godelmann et al. (2013) used the 1H NMR signals of lactic and
acetic acids (among others) in wine analysis, but not for deter-
mining them but to differentiate important parameters of the
wines, as grape variety, geographical origin and year of vintage.
Lachenmeier et al. (2005) used also the 1H NMR signals of lactic
acid, among many others, but this time the purpose was the quality
control and authenticity assessment of beers.

2. Material and methods

All chemicals used are of an analytical reagent grade. Solutions
are prepared with twice-distilled water (from this point on,
“water”).

2.1. Preparing the TSPeD2O solution

Exactly 0.2500 g of 3-(trimethylsilyl)-2,2,3,3-
tetradeuteropropionic acid sodium salt (TSP) are dissolved in
17.5 mL of D2O and made up to 25 mL with water. The final con-
centrations are 10.00 g L�1 of TSP and 70% (v/v) D2O.

2.2. Recording of 1H NMR spectra: general procedure

600 mL of the calibration standard or the must sample are placed
in a 5 mm outer diameter NMR tube and 100 mL of the TSPeD2O
solution are added. The final concentrations are TSP
1.426 ± 0.014 g L�1 and D2O 10% (v/v). D2O serves as the field fre-
quency lock and all the spectra are referenced to the signal from TSP
at d ¼ 0.00 ppm, which is also used as an internal standard.

The 500 MHz 1H NMR spectra are recorded at a temperature of
30 �C using a Bruker Avance 500 spectrometer. 64 scans of 32K data
points are acquired with a spectral width of 8012 Hz (16 ppm),
acquisition time of 4.0 s, recycle delay of 2.0 s, flip angle of 90� and
constant gain of 28.5, requiring about 8 min per sample. Water
suppression is achieved using the presaturation pulse sequence
used by Nord et al. (2004). As a comment, we have used a 500 MHz
NMR spectrometer, only because it is the one that we have in our
University. A simpler and cheaper one, as for example a 50 MHz
spectrometer, could have been used for the purpose of this article.

Preliminary data processing is carried out using Bruker soft-
ware, version 2.5. The Free Induction Decay signals are Fourier
transformed (1.0 Hz line broadening) and the spectra are phased
and the baseline corrected. The resulting spectra are aligned by
right or left shifting as necessary, using the TSP signal as a
reference. Data analysis is achieved with MestReNova 6.1.1-6384
software package.

2.3. Determination of the longitudinal relaxation time, T1

A solution is prepared by directly adding to an NMR tube
~1.6 mg of %98 lactic acid, ~1 mL of glacial acetic acid, 650 mL of D2O
and 50 mL of DCl (to ensure strong acidity). To measure the T1 of
lactic and acetic acids, the longitudinal relaxation delays of the
selected protons are determined by the inversion recovery pulse
sequence method, using T1 cal Bruker program which fits the data
to the exponential equation I ¼ I0 þ P exp (�t/T1) where I is the
intensity of each proton resonance at inversion delay t and I0 at the
equilibrium state and P is a constant. Inversion delays used are 0.10,
0.50, 1.00, 2.00, 3.00, 7.00, 10.00, 20.00, 30.00 and 45.00 s.

2.4. Calibration graph

A 32 g L�1 stock solution of lactic acid is prepared by dissolving
the appropriate quantity of %98 lactic acid in 50 mL water. By
diluting the stock solution, 10 standards are prepared with lactic
acid concentrations in the 0.5e5 g L�1 range. In the same way, a
20 g L�1 stock solution of acetic acid is prepared by diluting the
appropriate volume of glacial acetic acid to 50 mL with water, and
standardizing it with NaOH in order to know the exact concentra-
tion. By diluting the stock solution, 10 standards are prepared with
acetic acid concentrations in the range of 0.3e3 g L�1. The pH of all
the standards is adjusted at 1.0 by adding concentrate H2SO4. A
600 mL volume of each standard is placed in an NMR tube, 100 mL of
the TSPeD2O solution are added and 1H NMR spectra are recorded
following the general procedure.

The calibration graph is obtained by plotting the ratio between
the peak areas of lactic or acetic acid and the internal standard TSP
against lactic or acetic acid concentration.

2.5. Preparing the cider samples

10 Commercial ciders, previously degassed with a vacuum flask,
have been used in this study. 15 mL of each sample are placed in a
precipitate flask to adjust the pH at 1.0 with concentrate H2SO4, and
later diluted to 25 mL with pH-1.0-water. A fraction of the solution
(<2 mL) is immediately used for 1H NMR spectra recording and the
determination of lactic and acetic acid is performed by means of
this technique. The remaining solution is frozen until the deter-
mination of both acids by enzymatic methods is fulfilled.

2.6. Analysis of samples by enzymatic methods

After thawing the sample, commercial enzymatic methods
(BioSystems) are used to determine lactic and acetic acids. In
contrast to the NMR method, these methods difference L- and D-
lactic acids.

L-Lactic acid (as L-lactate) is quantitatively oxidized to pyruvate
by nicotinamide-adenine dinucleotide (NADþ) in the presence of L-
lactate dehydrogenase (L-LDH):

llactateþ NADþ
�!lLDH Pyruvateþ NADH

The amount of NADH formed, measured by its absorbance at
340 nm, is stoichiometric to the amount of L-lactic acid. D-Lactic
acid is determined by the same reaction, but in the presence of D-
lactate dehydrogenase.

Acetic acid (as acetate) reacts quantitatively with ATP, in the
presence of acetate kinase (AK), to yield acetylphosphate and ADP;
the latter reacts with phosphoenolpyruvate (PEP), in the presence
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of pyruvate kinase (PK), to produce ATP and pyruvate, which sub-
sequently reacts with NADH in the presence of D-lactate dehydro-
genase (D-LDH):

Acetateþ ATP!AK Acetylphosphateþ ADP

ADPþ PEP!PK ATPþ Pyruvate

Pyruvateþ NADH�!dLDH Lactateþ NADþ

The amount of NADH consumed, measured by its absorbance at
340 nm, is stoichiometric to the amount of acetic acid.
3. Results and discussion

3.1. 1H NMR spectra of ciders

Fig. 1 displays the 1H NMR spectrum of a commercial Basque
cider, with the working signals of lactic acid, acetic acid and TSP
indicated. Qualitatively similar spectra are obtained with other
ciders.

Lactic acid (CH3eCHOHeCOOH) gives a doublet signal at
1.42 ppm and acetic acid (CH3eCOOH) a singlet signal at 2.09 ppm,
both corresponding to the methyl group, CH3e. The carboxylic
protons of both acids, as well as those of the eCHOH group of lactic
acid, are not visible because they appear near the signal of water, at
~4.9 ppm, which is eliminated by the presaturation pulse sequence
used.

The two great signals observed in the spectrum are given by
ethanol (CH3eCH2OH): a triplet signal at 1.19 ppm, corresponding
to the protons from the methyl group, CH3e, and a multiplet signal
at 3.66 ppm, produced by the protons of methylene group, eCH2e.
They are not eliminated by the presaturation pulse sequence used.

We chose TSP as an internal standard in a previous work (del
Campo et al., 2006) because it is soluble in water, stable in the
sample media, available in high purity and has a very simple 1H
NMR spectrum consisting of a single nine proton singlet, which
never overlapswith any other signal of the cider. This singlet is used
simultaneously to fix the chemical shift at 0.0 ppm in the 1H NMR
spectra.

The chemical shift of lactic acid and acetic acid signals is hardly
influenced by pH, at values smaller than 5, while that of TSP signal
is not influenced at all. In any case, we have adjusted the pH at 1.0
with concentrate H2SO4, in order to reproduce theworking pH used
Fig. 1. 1H NMR spectrum of a commercial cider. Working signals of acetic acid, lactic
acid and TSP are indicated.
in the determination of malic acid (del Campo et al., 2006). This
potentially gives the chance to determine the three compounds in
the same analysis and to follow the malolactic fermentation by
both the increase of lactic acid and the decrease of malic acid.

The longitudinal relaxation time of the working protons, ob-
tained from the inversion recovery pulse sequence method, is
1.829 ± 0.044 s for lactic acid, and 5.640 ± 0.090 s for acetic acid.
The value for the nine protons of TSP, obtained in a previous work
(del Campo et al., 2010), is 3.769 ± 0.016 s. According to this, the
critical factor for the 1H NMR acquisition conditions is the relaxa-
tion time of the working protons of acetic acid. To obtain maximum
relaxation of the molecule after each data acquisition and so that
the registry times of the spectra are not excessively long, the con-
ditions selected are acquisition time 4.0 s, recycle delay time 2.0 s
and number of scans 64. The sum of acquisition time and recycle
delay time is 6.0 s, longer than the relaxation time of the working
protons of acetic acid, so, the protons involvedwill relax completely
and no loss of sensitivity will occur. Under these conditions the 1H
NMR spectra are recorded in 8 min, which we consider to be an
adequate value if we want the determination method to be
competitive with other techniques.

3.2. Calibration equation and limit of detection

The calibration graphs are obtained by plotting the ratio be-
tween peak areas of lactic or acetic acids (A) and the internal
standard TSP (ATSP) against lactic or acetic concentration (C, g L�1).
The general equation is A/ATSP ¼ a� C (g L�1)þ b. By processing the
experimental data with Excel 2007, the calibration equations listed
in Table 1 are obtained. The high correlation coefficients obtained
(>0.999) indicate a good linearity response within the concentra-
tion range studied. This is confirmed by the t test (Miller & Miller,
2005), which gives high t values (79.2 for lactic acid and 180.5 for
acetic acid) with a significance lower than 0.01. The limits of
detection, also listed in the table, are calculated from “3Sy/
x þ intercept”.

3.3. Precision

The precision of themethod is verified by an intra- and inter-day
repeatability test. Following the general procedure, we have ob-
tained the 1H NMR spectra of many samples prepared with a
2.57 g L�1 standard of lactic acid and a 1.68 g L�1 standard of acetic
acid, that is, the middle concentrations of the calibration ranges
used for each compound. Then, using the calibration equation, we
calculated the concentration of both compounds in each sample.
For five measurements taken in the same day e intra-day repeat-
ability e a coefficient of variation of 2.34% is obtained with lactic
acid, and 4.47% with acetic acid. For twenty measurements per-
formed throughout seventeen days e inter-day repeatability e, five
in the first day, five in the third, five in the seventh and five in the
seventeenth, a value of 2.76% is achieved with lactic acid, and 5.02%
with acetic acid.

3.4. Application to commercial ciders and fermenting musts

To validate the 1H NMR procedure described, we applied it to
determine lactic and acetic acids in ten commercial ciders. For
comparison purposes, we have determined the acids of the same
commercial ciders via standard enzymatic methods, which are
normally used for this purpose in the Basque Country. The results
obtained by the two techniques are listed in Table 2.

By plotting the results obtained by 1H NMR against those ob-
tained by enzymatic methods in the same samples and fitting the
data by least squares method (Miller & Miller, 2005), a Pearson



Table 1
Calibration data for the general equation A/ATSP ¼ a � C (g L�1) þ b.

Analyte a ± Sa b ± Sb R N Sy/x LOD (g L�1)

Lactic acid 0.4364 ± 0.0055 0.0216 ± 0.0175 0.9994 10 2.5674 � 10�2 0.18
Acetic acid 0.6184 ± 0.0034 �0.0097 ± 0.0071 0.9999 10 1.0428 � 10�2 0.05

Sa: standard error for slope; Sb: standard error for intercept; Sy/x: standard error for regression; R: regression coefficient; LOD: limit of detection; N ¼ number of experimental
points.

Table 2
Concentrationsa of lactic and acetic acids (g L�1) in real samples, obtained by 1H NMR and enzymatic standard methods.

Sample Lactic acid L Lactic acid D Lactic acid total Lactic acid total Acetic acid Acetic acid

Enzymatic Enzymatic Enzymatic 1H NMR Enzymatic 1H NMR

1 3.02 ± 0.04 3.19 ± 0.14 6.21 ± 0.14 6.86 ± 0.13 2.52 ± 0.05 2.56 ± 0.03
2 2.87 ± 0.05 2.84 ± 0.12 5.71 ± 0.13 6.18 ± 0.04 1.45 ± 0.07 1.55 ± 0.04
3 4.86 ± 0.17 0.29 ± 0.01 5.15 ± 0.17 5.88 ± 0.06 1.68 ± 0.10 1.78 ± 0.06
4 0.91 ± 0.03 0.96 ± 0.03 1.87 ± 0.05 1.98 ± 0.01 1.98 ± 0.01 2.06 ± 0.02
5 8.42 ± 0.29 0.31 ± 0.02 8.73 ± 0.29 9.45 ± 0.20 0.30 ± 0.06 0.33 ± 0.03
6 6.65 ± 0.26 0.32 ± 0.01 6.97 ± 0.26 7.29 ± 0.14 0.92 ± 0.03 0.97 ± 0.02
7 1.12 ± 0.02 0.83 ± 0.01 1.95 ± 0.02 2.39 ± 0.02 1.30 ± 0.05 1.24 ± 0.02
8 2.12 ± 0.04 2.30 ± 0.01 4.42 ± 0.04 5.09 ± 0.03 1.71 ± 0.04 1.75 ± 0.02
9 2.18 ± 0.04 1.97 ± 0.01 4.15 ± 0.04 4.85 ± 0.06 0.48 ± 0.09 0.55 ± 0.01
10 4.38 ± 0.12 0.33 ± 0.03 4.71 ± 0.13 4.93 ± 0.09 0.84 ± 0.02 0.87 ± 0.02

a Average of three measurements ± SD.
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correlation coefficient of 0.9958 is achieved for lactic acid and
0.9977 for acetic acid. Besides, 95% confidence interval for the slope
is 1.05 ± 0.08 for lactic acid and 1.01 ± 0.06 for acetic acid, including
the 1.0, and that for the intercept is 0.27 ± 0.42 for lactic acid and
0.03 ± 0.08 for acetic acid, including the zero. We conclude that 1H
NMRmethod is valid for the determination of lactic and acetic acids
in cider samples.

To check the usefulness of the method to analyze fermenting
ciders, we have obtained an apple juice made of Basque apples and
subjected it to fermentation conditions.We have then taken several
samples at different stages of the fermentative process and equally
determined the lactic and acetic acid content by the 1H NMR
method proposed here. We have also determined the malic acid
content from its multiplet signal at 2.88 ppm, as we proposed in a
previous article for different fruit juices (del Campo et al., 2006). In
that article the interference of citric acid was discussed but it does
Fig. 2. Evolution of malic, lactic and acetic acids during fermentation of an apple must,
followed by 1H NMR technique.
not apply here because its content in apple musts is very small. On
the other hand, the 1H NMR spectra recording conditions used for
malic acid are those described in the present article for lactic and
acetic acids, in order to obtain all the results from the same spec-
trum. This does not suppose any kind of problem because the
conditions described for malic acid in the previous article were very
similar.

Fig. 2 shows the evolution of the three acids. It can be seen that
the decrease in malic acid content is accompanied by a similar in-
crease in lactic acid content, indicating that the malolactic
fermentation is taking place. The concentrations are given in
mmol L�1 units, to facilitate the comparison. On the other hand,
acetic acid content increases during the fermentation at different
rates, which is a typical behavior in fermenting apple musts. We
can see in this figure that 1H NMR technique is appropriate for
monitoring themalolactic fermentation in ciders, and also to follow
the increase of acetic acid content, which is a frequent source of
problems in cidermaking.

Themethod proposed herewill be useful to all cidermakers who
have an NMR service nearby, which is the norm in almost all the
cider producers of the Basque Country. In this case, the method
proposed is more economical than the enzymatic method, because
the enzymatic reagents are quite expensive. Obviously, this will not
be the case if the cider producers have to buy the NMR
spectrometer.

On the other hand, enzymatic method distinguishes L and
D isomers of lactic acid and NMR technique does not. In most cases
this will not be a problem, because usually the total amount of lactic
acid is evaluated. This will be a disadvantage only if we have special
interest in D-lactic acid, because sometimes its presence is indica-
tive of a cider spoilage.
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Polyphenolic profile in cider
and antioxidant power
Andoni Zuriarrain, Juan Zuriarrain, Ana Isabel Puertas, María Teresa
Dueñas, Miren Ostra and Iñaki Berregi*

Abstract

BACKGROUND: The aim of this work was to find the effect of polyphenolic compounds in Basque ciders on the following parame-
ters: antioxidant activity, browning, protein-precipitating capacity, turbidity and reduction potential. These five parameters are
highly important, as they affect the taste, the visual aspect and the preservation of cider, and are mainly related to polyphenolic
compounds.

RESULTS: Procyanidin B1 and procyanidin B2 showed a significant positive effect on antioxidant activity. p-Coumaric acid,
(−)-epicatechin and hyperin had a significant positive effect on protein-precipitating capacity. Tyrosol had a significant negative
effect on reduction potential.

CONCLUSION: Procyanidin B1 and procyanidin B2 are the most powerful antioxidants in Basque cider, while p-coumaric acid,
(−)-epicatechin and hyperin are those with greatest capacity to precipitate proteins. Ciders with higher tyrosol concentration
will have less reduction potential and higher antioxidant reservoir.
© 2014 Society of Chemical Industry

Keywords: cider; polyphenolic compounds; antioxidant activity; antioxidant reservoir

INTRODUCTION
Cider apple varieties contain relatively large amounts of polyphe-
nolic compounds, which can be divided into four classes:
hydroxycinnamic acid derivatives, flavan-3-ols, either monomeric
(catechins) or oligomeric (procyanidins), flavonols and
dihydrochalcones.1

Polyphenolic compounds, particularly procyanidins, are
responsible for haze and sediment formation because of their
interaction with proteins.2,3 They are also involved in browning
processes because of the effect of polyphenol oxidases.4 From the
organoleptic point of view, polyphenols are related to bitterness
and astringency, whose balance defines the overall mouth feel of
the beverage.5

The aim of this work was to find correlations between the individ-
ual polyphenolic compounds in Basque ciders and the following
parameters: antioxidant activity, browning, protein-precipitating
capacity, turbidity and reduction potential. These five param-
eters are related mainly to polyphenols and are vital as they
affect the taste, the visual aspect and the preservation of the
cider.

Among the different methods available to measure the antiox-
idant activity,6 we have chosen the ferric-reducing antioxidant
power (FRAP) assay because it is simple and fast. It is based on
the reduction of the Fe3+ complex of 2,4,6-tripyridyl-s-triazine,
Fe(TPTZ)3+, to the intensely blue-coloured Fe2+ complex
Fe(TPTZ)2+ by antioxidants in acidic medium. Results are
obtained as absorbance increases at 593 nm and are usually
expressed as micromolar equivalents of an antioxidant standard
such as Trolox or ascorbic acid. The reaction is non-specific,
so the change in absorbance is directly related to the total

reducing power of the antioxidants present in the reaction
mixture.

Enzymatic browning is one of the most limiting factors when
fruits are cut or crushed, such as happens to apples in cider pro-
duction. The vegetal cells are broken, the enzymes are liberated
from tissues and they come into contact with their main sub-
strates, the polyphenolic compounds. The major enzyme involved
in the browning reaction is polyphenol oxidase (mixture of EC
1.14.18.1 and EC 1.10.3.1). In the presence of oxygen, this enzyme
catalyses the oxidation of phenol to ortho-quinones, which rapidly
polymerize to form brown pigments.7 Browning is measured as
the absorbance at 420 nm, the absorption maximum of these
pigments.8

Many polyphenolic compounds have the ability to precipitate
proteins. In fact, the interaction between polyphenolics and pro-
teins is the most frequent cause of haze in beverages.3 The method
we have chosen to quantify the protein-precipitating capacity
measures the amount of polyphenolic compounds precipitated
by a standard protein, bovine serum albumin. The precipitate
is dissolved at high pH in the presence of a detergent, and the
coloured iron–phenolate complex is determined by spectropho-
tometry. The method is robust and works well with virtually all
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Table 1. Calibration data for N = 5 and general equation: peak area = a × C (mg L−1) + b

Polyphenol Linear range (mg L−1) a b r LOD (mg L−1)

Hydroxycinnamic acids
Caffeic acid 2.0–10.0 346.0 −34.7 0.9998 0.2
Chlorogenic acid 23.8–237.5 158.3 −316.8 0.9998 5.4
p-Coumaric acid 0.5–6.1 432.0 2.7 0.9999 0.1
Hydrocaffeic acid 9.9–99.2 56.5 −389.5 0.9864 5.8
(trans)-Ferulic acid 1.3–5.0 242.8 24.3 0.9815 1.3
Flavan-3-ols
(+)-Catechin 4.7–18.7 39.0 −13.5 0.9998 0.4
(−)-Epicatechin 18.3–183.2 46.7 −63.7 0.9996 6.5
Dihydrochalcones
Phloridzin 2.0–20.1 120.5 11.7 0.9993 1.0
Flavonols
Avicularin 2.7–20.7 129.1 −69.2 0.9948 2.7
Hyperin 0.2–2.0 114.5 −2.5 0.9998 0.05
Isoquercitrin 2.0–20.0 121.8 −2.3 0.9985 1.4
Quercitrin 0.2–2.0 98.7 −3.9 1.0000 0.02
Benzoic acids
Gallic acid 2.2–10.5 164.2 −59.2 0.9990 0.5
p-Hydroxybenzoic acid 0.5–6.0 92.9 −1.9 1.0000 0.04
Protocatechuic acid 1.0–8.3 92.8 −0.8 0.9986 0.5
Volatile polyphenols
Catechol 1.6–7.8 67.2 −4.1 0.9868 1.6
Tyrosol 4.9–49.4 36.4 −8.0 0.9999 1.1

LOD, limit of detection.

Table 2. Calibration data for N = 1

Polyphenol
Standard
(mg L−1)

Response
factor

LOD
(mg L−1)

Hydroxycinnamic acids
4-p-Coumaroylquinic acid 104.2 71.7 2.3
Flavan-3-ols
Procyanidin B1 45.2 4.7 4.0
Procyanidin B2 113.4 7.8 6.4
Procyanidin B5 52.6 13.6 5.8
Dihydrochalcones
Phloretin 2′-O-xyloglucoside 98.6 22.7 3.3

LOD, limit of detection.

plant extracts.9 Besides, the turbidity caused by polyphenolics or
by other factors in the must (newly pressed apple juice) or the cider
can be measured with a conventional turbidimeter/nephelometer.

The reduction potential gives information on the ability of a
redox couple to be oxidized or reduced. The methodologies devel-
oped for the measurement of the antioxidant activity, including
FRAP, are kinetic methods that provide information about the most
reactive compounds. On the other hand, the reduction potential
is a thermodynamic quantity that accounts for all antioxidants
present in the must or the cider, including the slowest but most
efficient ones, as they represent the antioxidant reservoir of the
beverage.10

In this work, we have obtained six different musts by using
five different varieties of apples of the Basque Country (northern
Spain). Five are monovarietal and the sixth is obtained by mixing

the varieties used in the other five musts in equal weight pro-
portions. Monovarietal musts have been used mainly in order to
obtain polyphenolic profiles as different as possible. By sponta-
neous fermentation of these musts, six different ciders have been
obtained. The evolution of the ciders has been followed during
5 months, by measuring the concentration of polyphenolics and
the five parameters mentioned throughout five samplings, and a
multivariate linear regression study has been performed.

EXPERIMENTAL
All chemicals used were of analytical reagent grade. Solutions were
prepared with doubly distilled water (hereinafter ‘water’).

Obtaining musts and fermentation
Six musts were obtained from six 250 kg lots of cider apples har-
vested in October 2010 in an experimental orchard of Hondarribia
(Basque Country, Spain). Each lot was crushed separately and
pressed in a vertical press, and the must obtained was introduced
into a 250 L stainless steel tank where the fermentations took place.
The temperature was kept at 15 ∘C. Alcoholic and malolactic fer-
mentations took place spontaneously by indigenous microflora.
The tanks were kept uncovered for 38 days until the tumultuous
phase of fermentation had finished. Immediately afterwards, they
were hermetically sealed and connected to a CO2 cylinder, with
an overpressure of 0.2 atm, in order to protect the ciders from
oxidation. After 114 days of fermentation, the ciders were racked
to remove the sediments deposited at the bottom of the tanks.

Five musts were monovarietal, obtained from the indigenous
varieties Goikoetxea, Manttoni, Moko, Patzuloa and Txalaka, widely
used to elaborate cider in the Basque Country. These varieties are

wileyonlinelibrary.com/jsfa © 2014 Society of Chemical Industry J Sci Food Agric 2015; 95: 2931–2943
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Figure 1. Chromatogram obtained at 280 nm with pure standards: 1, ascorbic acid; 2, gallic acid; 3, catechol; 4, protocatechuic acid; 5, tyrosol; 6, procyanidin
B1; 7, p-hydroxybenzoic acid; 8, hydrocaffeic acid; 9, (+)-catechin; 10, procyanidin B2; 11, chlorogenic acid; 12, caffeic acid; 13, (−)-epicatechin; 14,
4-p-coumaroylquinic acid; 15, p-coumaric acid; 16, (trans)-ferulic acid; 17, procyanidin B5; 18, phloretin 2′-O-xyloglucoside; 19, phloridzin; 20, hyperin;
21, isoquercitrin; 22, avicularin; 23, quercitrin.
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Figure 2. Chromatogram obtained at 280 nm with a cider sample of Moko variety.

quite different regarding polyphenolic content and acidity, which
introduces variability in the study.

The sixth must, called Mixture, was obtained by crushing
together 50 kg of each of the five varieties (total 250 kg). Cider in
the Basque Country is always obtained from a mixture of varieties,
so we considered it convenient to also include a must like this one.

Sampling
Must or cider samples of about 250 mL were taken from the six
tanks during 5 months, from October 2010 to March 2011, at 0, 30,
60, 90 and 140 day intervals (there were minor differences in the
number of days for the different tanks).

Each sample was homogenized by shaking and then degasified
(except initial musts). Immediately afterwards, reduction potential
and turbidity were measured. A 100 mL portion was centrifuged at
10 000 × g for 20 min and used to measure Folin–Ciocalteu index,
FRAP, absorbance at 280 nm (total polyphenol index), absorbance
at 320 nm (hydroxycinnamic acid derivatives), absorbance at 420
nm (browning) and protein-precipitating capacity. A fraction of
the centrifuged sample was filtered through a 0.45 μm filter and
distributed into two vials for later determination of polyphenolic
compounds. The vials were stored in a freezer at −20 ∘C until anal-
ysis. The sampling procedure described was always performed
in 1 day to avoid oxidation of polyphenols and continuation of
fermentation.

J Sci Food Agric 2015; 95: 2931–2943 © 2014 Society of Chemical Industry wileyonlinelibrary.com/jsfa
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Table 3. Phenolic compound contents (mg L−1) and parameters in Goikoetxea musta

Fermentation days

Compound 0 30 63 98 140

Hydroxycinnamic acids
Caffeic acid 0.73 ± 0.08 1.03 ± 0.12 ND ND 0.24 ± 0.03
Chlorogenic acid 120.0 ± 0.6 124.5 ± 0.6 23.4 ± 0.1 9.21 ± 0.05 ND
p-Coumaric acid 1.47 ± 0.03 1.53 ± 0.03 0.31 ± 0.01 ND ND
4-p-Coumaroylquinic acid 61.3 ± 0.2 92.2 ± 0.3 85.8 ± 0.2 80.8 ± 0.2 74.7 ± 0.2
Hydrocaffeic acid 7.37 ± 0.01 29.29 ± 0.06 79.1 ± 0.2 84.2 ± 0.2 84.2 ± 0.2
(trans)-Ferulic acid ND 2.3 ± 0.2 2.6 ± 0.2 2.1 ± 0.1 2.2 ± 0.1
Flavan-3-ols
(+)-Catechin 1.9 ± 0.4 6.5 ± 1.2 ND ND 1.1 ± 0.2
(−)-Epicatechin ND 13.12 ± 0.09 10.95 ± 0.07 ND ND
Procyanidin B1 ND 20.9 ± 1.1 30.9 ± 1.6 36.4 ± 1.9 33.4 ± 1.7
Procyanidin B2 8.42 ± 0.01 4.99 ± 0.01 ND ND 43.84 ± 0.06
Procyanidin B5 ND ND ND ND ND
Dihydrochalcones
Phloretin 2′-O-xyloglucoside 52.2 ± 0.3 229.3 ± 1.3 36.9 ± 0.2 13.81 ± 0.08 15.09 ± 0.09
Phloridzin ND 13.4 ± 3.5 29.8 ± 7.7 26.4 ± 6.8 23.4 ± 6.0
Flavonols
Avicularin ND ND ND ND ND
Hyperin ND 0.15 ± 0.01 0.23 ± 0.01 0.19 ± 0.01 0.15 ± 0.01
Isoquercitrin ND ND ND ND ND
Quercitrin ND 0.58 ± 0.04 0.90 ± 0.07 0.78 ± 0.06 0.69 ± 0.05
Benzoic acids
Gallic acid ND ND ND ND ND
p-Hydroxybenzoic acid 0.13 ± 0.05 1.1 ± 0.4 1.5 ± 0.6 1.7 ± 0.6 1.7 ± 0.6
Protocatechuic acid ND 0.9 ± 0.2 1.8 ± 0.4 1.8 ± 0.3 ND
Volatile polyphenols
Catechol ND 3.2 ± 0.1 12.8 ± 0.2 ND 12.4 ± 0.2
Tyrosol 1.20 ± 0.01 22.6 ± 0.1 22.6 ± 0.1 23.5 ± 0.1 23.0 ± 0.1
Overall polyphenols
FCI (g tannic acid L−1) 1.37 ± 0.03 0.96 ± 0.01 0.97 ± 0.02 0.93 ± 0.02 0.80 ± 0.01
TPI (A280 nm) 31.0 ± 0.1 24.8 ± 0.1 21.6 ± 0.1 19.4 ± 0.1 18.4 ± 0.1
Hydroxycinnamics (A320 nm) 24.0 ± 0.1 17.7 ± 0.1 11.9 ± 0.1 9.4 ± 0.1 8.6 ± 0.1
Parameters
FRAP (mmol Trolox L−1) 2.8 ± 0.1 2.9 ± 0.1 3.5 ± 0.2 4.2 ± 0.1 4.1 ± 0.1
PPC (g tannic acid L−1) 0.551 ± 0.008 0.431 ± 0.005 0.425 ± 0.010 0.394 ± 0.009 0.397 ± 0.002
Turbidity (NTU) 610 ± 2 304 ± 1 58 ± 1 19.8 ± 0.2 16.6 ± 0.1
Browning (A420 nm) 3.38 ± 0.02 1.32 ± 0.01 1.02 ± 0.01 0.684 ± 0.001 0.221 ± 0.001
E (mV) 324 ± 2 235 ± 2 167 ± 1 166 ± 1 175 ± 1

FCI, Folin–Ciocalteu index; TPI, total polyphenol index; FRAP, ferric-reducing antioxidant power; PPC, protein-precipitating capacity; E, reduction
potential against Ag/AgCl reference; ND, not detected.
a Average of two measurements ± standard deviation.

Turbidity and reduction potential (E)
Turbidity was measured with a Hanna HI 83749-02 turbidime-
ter (Hanna Instruments SL, Eibar, Spain) and is given in nephelo-
metric turbidity units (NTU). Reduction potential was measured
with a Mettler Inlab® Redox Pro redox combination electrode
(Mettler–Toledo, S.A.E., Barcelona, Spain) against an AgCl/Ag ref-
erence and is given in mV.

Folin–Ciocalteu index (FCI)
This index gives an idea of the total polyphenolic content of
the must or the cider. All polyphenolic compounds are oxi-
dized by means of the so-called Folin–Ciocalteu reagent. This
reagent is available commercially and is formed from a mixture

of phosphotungstic acid (H3PW12O40) and phosphomolybdic acid
(H3PMo12O40), which, after oxidation of the phenols, is reduced
to a mixture of blue oxides of tungsten (W8O23) and molybde-
num (Mo8O23). The blue coloration produced has a maximum
absorption in the region of 750 nm and is proportional to the total
quantity of polyphenolic compounds originally present. The result
is expressed as an index, absorbance at 750 nm. It was determined
as follows according to the OIV method.11

Introduce into a 100 mL volumetric flask, strictly in the indi-
cated order, 1 mL of the sample, 50 mL of distilled water, 5 mL of
Folin–Ciocalteu reagent and 20 mL of sodium carbonate (200 g
L−1 solution), then make up to 100 mL with distilled water. Mix to
dissolve. Leave for 30 min for the reaction to stabilize. Determine
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Table 4. Phenolic compound contents (mg L−1) and parameters in Manttoni musta

Fermentation days

Compound 0 30 62 97 139

Hydroxycinnamic acids

Caffeic acid nd 0.25± 0.03 0.36± 0.04 nd nd

Chlorogenic acid 17.04± 0.06 34.5± 0.1 12.26± 0.04 nd nd

p-Coumaric acid nd 0.6± 0.3 nd nd nd

4-p-Coumaroylquinic acid nd 72.46± 0.05 65.73± 0.04 56.88± 0.04 57.42± 0.04

Hydrocaffeic acid 7.37± 0.04 19.4± 0.1 7.58± 0.04 35.0± 0.3 35.6± 0.3

(trans)-Ferulic acid nd nd nd nd nd

Flavan-3-ols

(+)-Catechin 1.3± 0.2 2.4± 0.2 nd 0.7± 0.1 2.3± 0.2

(–)-Epicatechin nd nd nd nd nd

Procyanidin B1 nd nd 18.4± 0.6 9.5± 0.3 6.6± 0.2

Procyanidin B2 19.0± 2.8 nd 16.9± 2.5 10.2± 1.5 nd

Procyanidin B5 nd nd nd nd nd

Dihydrochalcons

Phloretin 2’-O-xyloglucoside nd 20.78± 0.07 nd nd nd

Phloridzin nd 2.5± 0.5 5.0± 0.9 1.4± 0.3 1.2± 0.2

Flavonols

Avicularin nd nd nd nd nd

Hyperin nd nd nd nd nd

Isoquercitrin nd nd nd nd nd

Quercitrin nd nd 0.3± 0.1 nd nd

Benzoic acids

Gallic acid nd 0.6± 0.1 0.5± 0.1 nd 1.6± 0.2

p-Hydroxybenzoic acid 0.64± 0.03 0.56± 0.03 1.19± 0.06 1.03± 0.05 0.83± 0.04

Protocatechuic acid nd 0.9± 0.2 0.6± 0.1 nd nd

Volatile polyphenols

Catechol nd 4.35± 0.04 10.2± 0.1 9.68± 0.09 9.78± 0.09

Tyrosol nd 22.0± 0.8 23.9± 0.9 21.1± 0.8 21.7± 0.8

Overall polyphenols

FCI (tannic acid g L−1) 0.87± 0.02 0.72± 0.01 0.64± 0.02 0.54± 0.01 0.40± 0.01

TPI (A280nm) 19.8± 0.1 11.6± 0.1 11.4± 0.1 9.8± 0.1 9.0± 0.1

Hydroxycinnamics (A320nm) 13.7± 0.1 7.3± 0.1 6.5± 0.1 4.9± 0.1 4.2± 0.1

Parameters

FRAP (trolox mmol L−1) 1.56± 0.07 1.65± 0.06 1.61± 0.03 1.73± 0.04 1.88± 0.06

PPC (tannic acid g L−1) 0.657± 0.053 0.296± 0.008 0.292± 0.003 0.277± 0.001 0.269± 0.009

Turbidity (NTU) 717± 1 60.1± 0.1 29.2± 0.1 21.95± 0.07 8.44± 0.05

Browning (A420 nm) 3.012± 0.012 0.410± 0.001 0.491± 0.002 0.211± 0.001 0.000± 0.001

E (mV) 341± 3 204± 2 183± 2 183± 2 180± 2

FCI, Folin–Ciocalteu index; TPI, total polyphenol index; FRAP, ferric-reducing antioxidant power; PPC, protein-precipitating capacity; E, reduction
potential against Ag/AgCl reference; ND, not detected.
a Average of two measurements ± standard deviation.

the absorbance at 750 nm through a path length of 10 mm with
respect to a blank prepared with water in place of the sample.
Making use of the Folin–Ciocalteu index (FCI), we calculated the
total polyphenolic compounds in g tannic acid L−1 by reference to
a calibration curve prepared using tannic acid standards ((2–16)
× 10−3 g L−1).

Ferric-reducing antioxidant power
This parameter was measured according to the procedure of Ben-
zie and Strain12 but using Trolox as a standard instead of ascorbic
acid. To perform the assay, the following solutions are prepared.

• Acetate buffer 300 mmol L−1, pH 3.6: 3.1 g of sodium acetate
trihydrate, 16 mL of glacial acetic acid and distilled water until 1
L.

• 2,4,6-Tripyridyl-s-triazine 10 mmol L−1 in 40 mmol L−1 HCl.
• FeCl3·6H2O 20 mmol L−1.
• Working FRAP reagent: mixture of the above three reagents in

the ratio 10:1:1 prepared at the time of use.

The assay is achieved as follows. The sample (100 𝜇L) is mixed
with 3 mL of working FRAP reagent thermostated at 37 ∘C and the
absorption at 593 nm (A) is measured after 4 min. Trolox standards
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Table 5. Phenolic compound contents (mg L−1) and parameters in Mixture musta

Fermentation days

Compound 0 30 58 92 139

Hydroxycinnamic acids
Caffeic acid 1.0 ± 0.3 18.6 ± 5.9 6.1 ± 1.9 1.2 ± 0.4 0.9 ± 0.3
Chlorogenic acid 106.0 ± 2.0 208.4 ± 3.9 178.3 ± 3.4 107.2 ± 2.0 75.7 ± 1.4
p-Coumaric acid 1.0 ± 0.2 1.9 ± 0.3 1.6 ± 0.3 1.0 ± 0.2 0.8 ± 0.1
4-p-Coumaroylquinic acid 81.1 ± 1.3 205.6 ± 3.2 207.9 ± 3.2 199.9 ± 3.1 194.8 ± 3.0
Hydrocaffeic acid 11.48 ± 0.05 ND 14.25 ± 0.07 80.7 ± 0.4 92.7 ± 0.4
(trans)-Ferulic acid ND 1.4 ± 0.3 1.3 ± 03 ND ND
Flavan-3-ols
(+)-Catechin 3.4 ± 0.3 13.1 ± 1.1 10.1 ± 0.8 11.4 ± 0.9 8.2 ± 0.7
(−)-Epicatechin 32.7 ± 3.3 62.7 ± 6.4 69.4 ± 7.0 57.1 ± 5.8 31.5 ± 3.2
Procyanidin B1 5.8 ± 0.3 148.9 ± 7.1 149.4 ± 7.1 112.4 ± 5.3 87.6 ± 4.2
Procyanidin B2 281 ± 18 293 ± 19 313 ± 20 278 ± 18 176 ± 11
Procyanidin B5 ND 8.3 ± 0.8 9.0 ± 0.8 9.5 ± 0.9 ND
Dihydrochalcones
Phloretin 2′-O-xyloglucoside 20.8 ± 0.4 188.4 ± 3.9 201.1 ± 4.2 200.5 ± 4.1 162.2 ± 3.4
Phloridzin ND 15.1 ± 1.6 18.2 ± 1.9 19.0 ± 2.0 12.1 ± 1.3
Flavonols
Avicularin ND ND ND ND ND
Hyperin ND 0.31 ± 0.02 0.31 ± 0.02 0.27 ± 0.01 0.15 ± 0.01
Isoquercitrin ND ND ND ND ND
Quercitrin ND 1.07 ± 0.01 1.03 ± 0.01 0.84 ± 0.01 0.409 ± 0.004
Benzoic acids
Gallic acid ND 0.82 ± 0.03 1.07 ± 0.04 1.02 ± 0.04 1.00 ± 0.04
p-Hydroxybenzoic acid 0.08 ± 0.01 ND ND ND 1.4 ± 0.2
Protocatechuic acid ND 3.7 ± 0.2 2.4 ± 0.2 1.20 ± 0.08 1.27 ± 0.08
Volatile polyphenols
Catechol ND ND ND 2.8 ± 0.2 7.8 ± 0.6
Tyrosol ND 24.4 ± 0.7 26.0 ± 0.8 26.0 ± 0.8 26.7 ± 0.8
Overall polyphenols
FCI (g tannic acid L−1) 2.06 ± 0.04 1.83 ± 0.04 1.70 ± 0.02 1.63 ± 0.03 1.35 ± 0.03
TPI (A280 nm) 40.3 ± 0.1 36.2 ± 0.1 34.2 ± 0.1 32.2 ± 0.1 32.2 ± 0.1
Hydroxycinnamics (A320 nm) 29.5 ± 0.1 26.8 ± 0.1 22.8 ± 0.1 18.2 ± 0.1 17.0 ± 0.1
Parameters
FRAP (mmol Trolox L−1) 5.0 ± 0.2 5.4 ± 0.3 6.0 ± 0.4 5.8 ± 0.3 5.6 ± 0.3
PPC (g tannic acid L−1) 0.776 ± 0.017 0.662 ± 0.014 0.658 ± 0.012 0.627 ± 0.007 0.662 ± 0.007
Turbidity (NTU) 732 ± 4 486.5 ± 0.7 41.15 ± 0.07 17.85 ± 0.07 5.7 ± 0.1
Browning (A420 nm) 2.53 ± 0.03 1.14 ± 0.01 0.871 ± 0.004 0.615 ± 0.001 0.999 ± 0.001
E (mV) 328 ± 3 284 ± 2 228 ± 2 210 ± 2 200 ± 2

FCI, Folin–Ciocalteu index; TPI, total polyphenol index; FRAP, ferric-reducing antioxidant power; PPC, protein-precipitating capacity; E, reduction
potential against Ag/AgCl reference; ND, not detected.
a Average of two measurements ± standard deviation.

(0.2–1 mmol L−1), as well as a blank, are processed in the same
way to construct the calibration curve (A versus mmol Trolox L−1).
The results are given in mmol Trolox L−1.

Absorbances at 280, 320 and 420 nm
These were measured in 10 mm cuvettes against water by means
of an Agilent 8453 spectrophotometer (Agilent Technologies,
Santa Clara, CA, USA). The absorbance at 280 nm is proportional
to the total polyphenolic content and is called the total polyphe-
nol index (TPI). The absorbance at 320 nm is proportional to the
total hydroxycinnamic acid content.13 Dilutions, usually 1:50, were
made with water when necessary and the absorbance was cor-
rected by the dilution factor. In the case of absorbance at 420 nm

(browning), where dilutions are not allowed, cuvettes of smaller
optical paths were used and the value obtained was corrected to
a 10 mm optical path.11

Protein-precipitating capacity (PPC)
To measure this parameter, the following reagents are prepared.9

• Buffer A: 0.20 mol L−1 acetic acid, 0.17 mol L−1 NaCl, pH adjusted
to 4.9 with NaOH (11.4 mL of glacial acetic acid, 9.86 g of
NaCl dissolved in about 800 mL of water, adjust to pH 4.9 with
a solution of NaOH, make up to a final volume of 1 L with
water).

• BSA: 1 mg mL−1 bovine serum albumin (BSA) in buffer A.
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Table 6. Phenolic compound contents (mg L−1) and parameters in Moko musta

Fermentation days

Compound 0 30 58 92 142

Hydroxycinnamic acids
Caffeic acid 2.1 ± 0.2 3.4 ± 0.4 5.9 ± 0.6 7.1 ± 0.8 6.6 ± 0.2
Chlorogenic acid 396.1 ± 4.5 429.5 ± 4.9 398.5 ± 4.6 420.5 ± 4.8 400.9 ± 0.2
p-Coumaric acid 1.9 ± 0.4 2.3 ± 0.4 2.7 ± 0.5 2.7 ± 0.5 2.7 ± 0.4
4-p-Coumaroylquinic acid 96.3 ± 1.6 106.1 ± 1.8 134.3 ± 2.3 134.2 ± 2.3 133.7 ± 0.3
Hydrocaffeic acid 13.9 ± 0.1 12.8 ± 0.1 15.8 ± 0.1 12.9 ± 0.1 13.2 ± 0.1
(trans)-Ferulic acid 1.58 ± 0.08 ND ND ND ND
Flavan-3-ols
(+)-Catechin 18.9 ± 2.7 18.2 ± 2.6 25.9 ± 3.7 24.6 ± 3.5 10.6 ± 1.1
(−)-Epicatechin 114.5 ± 1.8 92.2 ± 1.5 145.0 ± 2.3 166.2 ± 2.6 152.9 ± 0.2
Procyanidin B1 87.8 ±1.8 90.4 ± 1.9 93.5 ± 2.0 104.0 ± 2.2 83.3 ± 2.9
Procyanidin B2 674 ± 12 856 ± 15 855 ± 15 843 ± 15 771 ± 10
Procyanidin B5 23.5 ± 0.8 18.2 ± 0.6 23.9 ± 0.5 26.2 ± 0.8 23.2 ± 0.7
Dihydrochalcones
Phloretin 2′-O-xyloglucoside 377 ± 15 460 ± 18 455 ± 18 452 ± 18 435 ± 6
Phloridzin 11.9 ± 0.7 11.2 ± 0.6 18.3 ± 1.1 28.5 ± 1.7 27.4 ± 0.2
Flavonols
Avicularin ND ND ND ND ND
Hyperin 0.60 ± 0.05 0.41 ± 0.03 0.54 ± 0.04 0.59 ± 0.05 0.58 ± 0.04
Isoquercitrin 0.33 ± 0.01 0.46 ± 0.02 0.56 ± 0.02 0.80 ± 0.03 0.30 ± 0.02
Quercitrin 1.25 ± 0.02 1.02 ± 0.02 1.47 ± 0.02 1.74 ± 0.03 1.64 ± 0.02
Benzoic acids
Gallic acid 0.58 ± 0.02 ND 0.54 ± 0.02 0.56 ± 0.02 0.57 ± 0.01
p-Hydroxybenzoic acid 1.38 ± 0.07 ND 1.17 ± 0.06 1.71 ± 0.09 1.68 ± 0.04
Protocatechuic acid ND 1.60 ± 0.01 2.73 ± 0.02 1.97 ± 0.02 2.01 ± 0.02
Volatile polyphenols
Catechol 1.8 ± 0.2 1.7 ± 0.1 2.0 ± 0.2 1.7 ± 0.1 ND
Tyrosol ND 12.2 ± 0.1 14.7 ± 0.3 14.6 ± 0.3 14.8 ± 0.2
Overall polyphenols
FCI (g tannic acid L−1) 3.37 ± 0.04 3.04 ± 0.02 3.12 ± 0.03 2.86 ± 0.03 2.64 ± 0.02
TPI (A280 nm) 58.4 ± 0.1 59.1 ± 0.1 59.2 ± 0.1 59.2 ± 0.1 58.2 ± 0.1
Hydroxycinnamics (A320 nm) 36.0 ± 0.1 37.3 ± 0.1 37.1 ± 0.1 36.9 ± 0.1 36.2 ± 0.1
Parameters
FRAP (mmol Trolox L−1) 9.8 ± 0.2 9.3 ± 0.2 10.0 ± 0.3 9.5 ± 0.3 9.3 ± 0.2
PPC (g tannic acid L−1) 1.055 ± 0.012 1.070 ± 0.009 1.121 ± 0.023 1.063 ± 0.004 1.079 ± 0.025
Turbidity (NTU) 432 ± 3 471 ± 3 138 ± 1 64.4 ± 0.2 15.1 ± 0.1
Browning (A420 nm) 1.56 ± 0.01 1.31 ± 0.01 0.953 ± 0.004 0.821 ± 0.001 0.959 ± 0.003
E (mV) 324 ± 2 275 ± 2 233 ± 2 214 ± 2 191 ± 1

FCI, Folin–Ciocalteu index; TPI, total polyphenol index; FRAP, ferric-reducing antioxidant power; PPC, protein-precipitating capacity; E, reduction
potential against Ag/AgCl reference; ND, not detected.
a Average of two measurements ± standard deviation.

• SDS/TEA: 50 mL L−1 triethanolamine (TEA), 10 g L−1 sodium
dodecyl sulfate (SDS) (50 mL of TEA, 10 g of SDS, make up to
1 L with water).

• FeCl3: 0.01 mol L−1 FeCl3 in 0.01 mol L−1 HCl. To make 0.01 mol
L−1 HCl, dilute 0.83 mL of concentrated HCl to 1 L with water.
Dissolve 1.62 g of FeCl3 in 1 L of the acid solution and allow it to
sit for several hours. Gravity filter through paper.

The assay is performed as follows. Dispense 2 mL of BSA into
a 15 mL centrifuge tube and add 1 mL of sample solution. The
solution cannot contain any acetone, since even traces of acetone
inhibit the precipitation reaction. Mix immediately and allow to sit
for 24 h at 4 ∘C. Centrifuge at 3000 × g for 15 min and pour off the

supernatant. Redissolve the pellet in 4 mL of SDS/TEA, add 1 mL
of FeCl3 and vortex immediately. After about 15 min, read the
absorbance at 510 nm (A). Tannic acid standards (0.2–1.4 g L−1 in
water), as well as a blank (FeCl3 in SDS/TEA), are processed in the
same way to construct the calibration curve (A versus g tannic acid
L−1), except that they need to sit for only 15 min at room tempera-
ture after mixing with BSA. The results are given in g tannic acid L−1.

Polyphenolic compounds
The determination of individual polyphenolic compounds was
performed by high-performance liquid chromatography (HPLC)
using the filtered samples. The method of Suárez et al.14 was
employed. An Agilent 1100 Series liquid chromatograph (Agilent
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Table 7. Phenolic compound contents (mg L−1) and parameters in Patzuloa musta

Fermentation days

Compound 0 30 58 92 134

Hydroxycinnamic acids
Caffeic acid 0.24 ± 0.06 2.3 ± 0.3 2.1 ± 0.4 1.2 ± 0.1 1.2 ± 0.1
Chlorogenic acid 180.2 ± 1.9 292.6 ± 3.2 197.1 ± 2.1 118.4 ± 1.3 72.3 ± 0.8
p-Coumaric acid 2.35 ± 0.09 2.88 ± 0.11 2.11 ± 0.08 1.37 ± 0.05 0.95 ± 0.04
4-p-Coumaroylquinic acid 218.6 ± 0.5 585.7 ± 1.4 545.5 ± 1.3 504.3 ± 1.2 481.7 ± 1.2
Hydrocaffeic acid 7.37 ± 0.04 55.9 ± 0.3 92.4 ± 0.4 149.4 ± 0.7 168.5 ± 0.8
(trans)-Ferulic acid ND 3.22 ± 0.08 3.19 ± 0.08 2.80 ± 0.07 2.41 ± 0.06
Flavan-3-ols
(+)-Catechin 2.5 ± 0.1 13.6 ± 0.7 18.1 ± 1.0 14.8 ± 0.8 12.2 ± 0.6
(−)-Epicatechin 30.1 ± 7.5 33.6 ± 8.4 36.6 ± 9.1 31.9 ± 8.0 26.5 ± 6.6
Procyanidin B1 ND 130.5 ± 7.8 151.9 ± 9.1 142.4 ± 8.5 137.9 ± 8.2
Procyanidin B2 100.1 ± 0.5 114.4 ± 0.6 109.7 ± 0.5 112.1 ± 0.6 112.3 ± 0.6
Procyanidin B5 ND ND ND ND ND
Dihydrochalcones
Phloretin 2′-O-xyloglucoside 5.01 ± 0.01 169.1 ± 0.5 160.2 ± 0.5 143.4 ± 0.4 120.6 ± 0.4
Phloridzin ND 4.07 ± 0.06 4.26 ± 0.06 3.11 ± 0.04 3.11 ± 0.04
Flavonols
Avicularin ND ND ND ND ND
Hyperin ND ND ND ND ND
Isoquercitrin ND ND ND ND ND
Quercitrin ND 1.25 ± 0.02 1.61 ± 0.03 0.87 ± 0.01 0.68 ± 0.01
Benzoic acids
Gallic acid ND 1.31 ± 0.01 1.38 ± 0.01 1.33 ± 0.01 1.39 ± 0.01
p-Hydroxybenzoic acid 0.64 ± 0.06 3.5 ± 0.3 ND ND 2.8 ± 0.3
Protocatechuic acid ND 1.9 ± 0.1 2.1 ± 0.1 1 .81 ± 0.09 1.76 ± 0.09
Volatile polyphenols
Catechol ND 4.3 ± 0.3 6.0 ± 0.4 4.2 ± 0.2 5.4 ± 0.3
Tyrosol ND 25.6 ± 0.1 25.2 ± 0.1 25.2 ± 0.1 25.4 ± 0.1
Overall polyphenols
FCI (g tannic acid L−1) 2.33 ± 0.03 1.90 ± 0.01 1.90 ± 0.02 1.77 ± 0.01 1.64 ± 0.01
TPI (A280 nm) 61.8 ± 0.1 44.1 ± 0.1 41.3 ± 0.1 37.8 ± 0.1 35.4 ± 0.1
Hydroxycinnamics (A320 nm) 60.7 ± 0.1 41.6 ± 0.1 36.4 ± 0.1 30.1 ± 0.1 26.2 ± 0.1
Parameters
FRAP (mmol Trolox L−1) 5.39 ± 0.04 5.28 ± 0.05 6.11 ± 0.07 6.17 ± 0.07 6.32 ± 0.06
PPC (g tannic acid L−1) 1.07 ± 0.01 0.65 ± 0.01 0.60 ± 0.02 0.56 ± 0.01 0.546 ± 0.007
Turbidity (NTU) 1023 ± 1 390 ± 6 155.5 ± 0.7 114.0 ± 0.5 38.8 ± 0.5
Browning (A420 nm) 6.11 ± 0.03 1.29 ± 0.01 0.963 ± 0.007 0.987 ± 0.007 0.550 ± 0.005
E (mV) 280 ± 2 255 ± 2 175 ± 1 163 ± 1 157 ± 1

FCI, Folin–Ciocalteu index; TPI, total polyphenol index; FRAP, ferric-reducing antioxidant power; PPC, protein-precipitating capacity; E, reduction
potential against Ag/AgCl reference; ND, not detected.
a Average of two measurements ± standard deviation.

Technologies) was used with a Nucleosil® 120-3 C18 column (250
mm ×4.6 mm, 3 μm; Macherey-Nagel, Düren, Germany). The flow
rate was 0.8 mL min−1, the column temperature 25 ∘C and the
injected volume 50 𝜇L. The elution solvents were aqueous 20
mL L−1 acetic acid (solvent A) and pure methanol (solvent B).
The samples were eluted according to the following gradient: a
linear increase from 0 to 45% solvent B in 55 min, followed by a
20 min isocratic step and finally a return to the initial conditions
(0% solvent B), allowing 5 min for stabilization. Column effluents
were monitored at four wavelengths: 280 nm for benzoic acids,
flavan-3-ols, dihydrochalcones, catechol and tyrosol, 313 nm for
hydroxycinnamic acids and 355 nm for flavonols. Phenolic com-
pounds were quantified by the external standard method from

peak areas. They were identified by means of their retention times
and their 190–900 nm spectra, which were previously recorded
by injecting the pure compounds.

The polyphenolic compounds determined are listed in Tables 1
and 2, where calibration data are also given. Polyphenols of Table 2
were calibrated to a single point owing to their high cost. Polyphe-
nols of Table 1 were dissolved in 900 mL L−1 ethanol containing
10 g L−1 ascorbic acid to avoid oxidation. By dilution of these
stock solutions with water, standards of appropriate concentra-
tions were obtained, in which ethanol was adjusted to 60 mL L−1

to avoid precipitation, and ascorbic acid to 10 g L−1 to avoid oxi-
dation. Polyphenols of Table 2 were dissolved in 60 mL L−1 ethanol
containing 10 g L−1 ascorbic acid.
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Table 8. Phenolic compound contents (mg L−1) and parameters in Txalaka musta

Fermentation days

Compound 0 30 64 98 139

Hydroxycinnamic acids

Caffeic acid 0.91 ± 0.02 8.5 ± 0.2 8.9 ± 0.2 2.6 ± 0.6 1.1 ± 0.2

Chlorogenic acid 54.6 ± 4.2 17.5 ± 1.4 45.2 ± 3.5 40.6 ± 3.1 36.3 ± 2.8

p-Coumaric acid 0.40 ± 0.04 0.32 ± 0.03 0.17 ± 0.02 0.37 ± 0.04 0.20 ± 0.02

4-p-Coumaroylquinic acid 89.9 ± 6.4 119.9 ± 8.5 128.1 ± 9.1 124.3 ± 8.9 117.9 ± 8.4

Hydrocaffeic acid 10.32 ± 0.02 ND 10.89 ± 0.02 18.77 ± 0.04 21.50 ± 0.04

(trans)-Ferulic acid ND ND ND ND ND

Flavan-3-ols

(+)-Catechin 4.3 ± 0.3 12.3 ± 0.9 4.6 ± 0.4 8.6 ± 0.7 5.1 ± 0.4

(−)-Epicatechin 23.5 ± 1.8 52.3 ± 4.0 63.9 ± 4.9 60.9 ± 4.6 49.6 ± 3.8

Procyanidin B1 27.5 ± 1.1 47.6 ± 1.8 62.5 ± 2.3 57.4 ± 2.2 57.2 ± 2.1

Procyanidin B2 130 ± 1 263 ± 3 266 ± 4 262 ± 3 230 ± 3

Procyanidin B5 ND 6.4 ± 0.6 7.4 ± 0.7 7.8 ± 0.7 6.0 ± 0.6

Dihydrochalcones

Phloretin 2′-O-xyloglucoside 17.5 ± 1.0 32.1 ± 1.9 35.9 ± 2.1 37.7 ± 2.2 32.6 ± 1.9

Phloridzin 1.4 ± 0.1 5.3 ± 0.4 7.9 ± 0.5 9.9 ± 0.7 6.2 ± 0.4

Flavonols

Avicularin ND ND ND ND ND

Hyperin ND 0.24 ± 0.01 0.29 ± 0.01 0.32 ± 0.02 0.17 ± 0.01

Isoquercitrin ND ND ND ND ND

Quercitrin ND 0.46 ± 0.03 0.63 ± 0.04 0.83 ± 0.05 0.49 ± 0.03

Benzoic acids

Gallic acid 0.55 ± 0.07 0.68 ± 0.08 0.78 ± 0.09 0.82 ± 0.09 0.82 ± 0.10

p-Hydroxybenzoic acid ND ND ND ND 2.4 ± 0.1

Protocatechuic acid ND 2.8 ± 0.2 2.2 ± 0.2 1.5 ± 0.1 1.6 ± 0.1

Volatile polyphenols

Catechol ND ND ND ND ND

Tyrosol ND 13.59 ± 0.04 15.62 ± 0.05 16.35 ± 0.05 16.34 ± 0.05

Overall polyphenols

FCI (g tannic acid L−1) 1.62 ± 0.01 1.29 ± 0.02 1.24 ± 0.01 1.13 ± 0.01 0.98 ± 0.01

TPI (A280 nm) 22.8 ± 0.1 22.3 ± 0.1 21.8 ± 0.1 21.2 ± 0.1 19.5 ± 0.1

Hydroxycinnamics (A320 nm) 12.1 ± 0.1 11.3 ± 0.1 11.2 ± 0.1 10.0 ± 0.1 8.4 ± 0.1

Parameters

FRAP (mmol Trolox L−1) 4.10 ± 0.09 3.47 ± 0.07 3.98 ± 0.08 3.95 ± 0.06 3.60 ± 0.06

PPC (g tannic acid L−1) 0.71 ± 0.02 0.56 ± 0.02 0.53 ± 0.01 0.520 ± 0.006 0.525 ± 0.008

Turbidity (NTU) 244 ± 4 544 ± 2 99.6 ± 0.4 36.8 ± 0.3 15.2 ± 0.1

Browning (A420 nm) 0.870 ± 0.007 0.585 ± 0.005 0.490 ± 0.005 0.493 ± 0.002 0.000 ± 0.001

E (mV) 308 ± 2 231 ± 2 173 ± 2 177 ± 1 164 ± 1

FCI, Folin–Ciocalteu index; TPI, total polyphenol index; FRAP, ferric-reducing antioxidant power; PPC, protein-precipitating capacity; E, reduction
potential against Ag/AgCl reference; ND, not detected.
a Average of two measurements ± standard deviation.

RESULTS AND DISCUSSION
The following calibration equations were obtained from n experi-
mental points for FCI, FRAP and PPC to calculate the concentration
of the standard used (C) from the absorbance (A) at the given wave-
length.

FCI ∶ A750 = 88.8393C + 0.0448, C = g tannic acid L−1
,

n = 8, R = 0.9999

FRAP ∶ A593 = 1.3564C + 0.1160, C = mmol Trolox L−1
,

n = 6, R = 0.9998

PPC ∶ A510 = −0.4982C2 + 1.8721C −0.3034,C = g tannic acid L−1
,

n = 7, R = 0.9997

J Sci Food Agric 2015; 95: 2931–2943 © 2014 Society of Chemical Industry wileyonlinelibrary.com/jsfa
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Table 9. Correlations between parameters and polyphenolics: Pearson coefficientsa

Polyphenolic compound FRAP PPC Turbidity Browning E

Hydroxycinnamic acids
Caffeic acid 0.347 0.313 0.086 −0.128 0.105
Chlorogenic acid 0.889 0.858 0.178 0.180 0.316
p-Coumaric acid 0.774 0.771 0.281 0.343 0.300
4-p-Coumaroylquinic acid 0.294 0.077 −0.058 −0.013 −0.241
Hydrocaffeic acid 0.065 −0.280 −0.417 −0.251 −0.546
(trans)-Ferulic acid 0.091 −0.201 −0.133 −0.120 −0.250
Flavan-3-ols
(+)-Catechin 0.840 0.658 −0.052 −0.148 0.042
(−)-Epicatechin 0.866 0.806 −0.068 −0.074 0.081
Procyanidin B1 0.594 0.283 −0.258 −0.279 −0.210
Procyanidin B2 0.876 0.835 0.008 −0.054 0.184
Procyanidin B5 0.809 0.748 −0.084 −0.116 0.124
Dihydrochalcones
Phloretin 2′-O-xyloglucoside 0.880 0.741 −0.070 −0.067 0.133
Phloridzin 0.448 0.227 −0.437 −0.298 −0.314
Flavonols
Hyperin 0.739 0.629 −0.177 −0.194 0.011
Quercitrin 0.774 0.494 −0.300 −0.270 −0.230
Benzoic acids
Gallic acid 0.151 −0.105 −0.409 −0.422 −0.385
p-Hydroxybenzoic acid 0.114 −0.017 −0.264 −0.172 −0.282
Protocatechuic acid 0.387 0.171 −0.242 −0.344 −0.327
Volatile polyphenols
Catechol −0.292 −0.511 −0.454 −0.353 −0.491
Tyrosol −0.096 −0.498 −0.710 −0.640 −0.768
Overall polyphenols
FCI 0.937 0.942 0.306 0.299 0.398
TPI 0.902 0.936 0.365 0.440 0.352
Hydroxycinnamics 0.719 0.810 0.514 0.617 0.378

FRAP, ferric-reducing antioxidant power; PPC, protein-precipitating capacity; E, reduction potential against Ag/AgCl reference; FCI, Folin–Ciocalteu
index; TPI, total polyphenol index.
a The significant correlations are indicated in bold type.

In the original description of the PPC assay, Hagerman and
Butler9 reported a straight line. However, we obtained a much
better fit with a second-order polynomial, hence we used it in all
calculations. Besides, in the original method the absorbance at 510
nm is plotted against mg tannic acid, while we considered it more
convenient to express tannic acid content in concentration units,
so we used g L−1 (mg mL−1).

The polyphenolic compounds determined were the most habit-
ual in Basque musts and ciders:15,16

• Hydroxycinammic acids: caffeic acid, chlorogenic acid,
p-coumaric acid, 4-p-coumaroylquinic acid, hydrocaffeic acid
and (trans)-ferulic acid.

• Flavan-3-ols: (+)-catechin, (−)-epicatechin, procyanidin B1, pro-
cyanidin B2 and procyanidin B5.

• Dihydrochalcones: phloretin 2′-O-xyloglucoside and phloridzin.
• Flavonols: avicularin, hyperin (or hyperoside), isoquercitrin and

quercitrin.

Besides, we determined the benzoic acids gallic acid,
p-hydroxybenzoic acid and protocatechuic acid as well as the
volatile phenols catechol and tyrosol, which are determined by
many authors.17,18

Figure 1 shows the chromatogram obtained with pure standards.
The overlapping of some peaks (e.g. peaks 13 and 14) was avoided
by measuring at three different wavelengths, as explained above.
Figure 2 shows a representative chromatogram obtained with one
of our cider samples.

Tables 3–8 show the concentrations obtained throughout the
five samplings for the individual polyphenolic compounds, as well
as the values for the parameters FRAP, PPC, turbidity, browning and
reduction potential. From these data, correlations between the
five parameters and the polyphenols were calculated as Pearson
coefficients at the 0.01 level. They are listed in Table 9.

As expected, FRAP and PPC parameters are significantly cor-
related with FCI and TPI. These two indices are related to total
polyphenolic content, and polyphenolic compounds have antiox-
idant and precipitating properties. Besides, FRAP and PPC are also
significantly correlated with hydroxycinnamics, and so are turbid-
ity and browning.

Regarding individual polyphenolics, multivariate analysis was
performed on data in order to explore the effect of the individual
phenol contents in a multivariate way. Separate multivariate
linear regression (MLR) models were built for parameters FRAP,
PPC, turbidity, browning and reduction potential as depen-
dent Y variable and individual phenol contents as predictor X

wileyonlinelibrary.com/jsfa © 2014 Society of Chemical Industry J Sci Food Agric 2015; 95: 2931–2943
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Table 10. MLR parameters for regression modelsausing significant phenol contents to estimate cider parameters and % estimation (mean± standard
deviation) obtained after applying MLR equations

MLR equation

Parameter Multiple correlation X variablesb B coefficients % estimation

FRAP 0.944 b0: 2.3568 106 ± 27
x1: Caffeic acid b1: −0.1435
x2: Procyanidin B1 b2: 0.0193
x3: Procyanidin B2 b3: 0.0076

PPC 0.964 b0: 0.5262 101 ± 12
x1: p-Coumaric acid b1: 0.1047
x2: (−)-Epicatechin b2: 0.0018
x3: Procyanidin B2 b3: 0.0007
x4: Procyanidin B5 b4: −0.0247
x5: Hyperin b5: 0.0388
x6: Tyrosol b6: −0.0105

Turbidity 0.787 b0: 625.93 210 ± 480
x1: Phloridzin b1: −16.6404
x2: Quercitrin b2: 167.5879
x3: Gallic acid b3: −211.6035
x4: Tyrosol b4: −12.6223

Browning 0.743 b0: 2.0655 127 ± 105
x1: p-Coumaric acid b1: 0.5001
x2: Gallic acid b2: −0.4566
x3: Protocatechuic acid b3: −0.2539
x4: Tyrosol b4: −0.0517

Potential 0.802 b0: 286.1248 102 ± 16
x1: p-Coumaric acid b1: 13.5755
x2: Tyrosol b2: −4.5877

a The regression models are significant at 0.01 level.
b Variables in bold type are significant at 0.01 level.

variables. Those phenols showing individual correlations higher
than 0.300 (absolute value) with the parameter under evaluation
were used to perform the MLR analysis. MLR models provided
information about phenols with a significant effect on the studied
parameter. Individual phenols showing a significant effect (P =
0.05) were selected to compute a final MLR model for each of
the parameters. The regression models were significant at 0.01
level in all cases and the variables shown in Table 10 are the
significant ones at 0.05 level. Finally, the value of the parame-
ter was predicted (PARAMETERpredicted) for all samples using the
MLR equation (Table 10) and compared with the observed value
(PARAMETERobserved) according to the expression19

% estimation =
(

PARAMETERpredicted∕PARAMETERobserved

)
× 100

MLR models provided high values for multiple correlation coeffi-
cients and good estimation percentages for FRAP and PPC. Lower
multiple correlation values were obtained for turbidity, browning
and potential. However, the last of these was quite well predicted,
with an average estimation value of 102%. Estimated values cor-
responding to turbidity and browning show that, even though
significant regression models are obtained when individual phe-
nol contents are used as predictor variables, these variables do
not provide enough information to predict these two parameters
properly.

Procyanidin B1 and procyanidin B2 show a significant positive
effect on FRAP, so they are the polyphenolic compounds which
most contribute to the antioxidant power in Basque ciders. On

the other hand, p-coumaric acid, (−)-epicatechin, procyanidin
B2 and hyperin have a significant positive effect on PPC, being
therefore the polyphenolic compounds which most contribute to
the precipitating capacity. With respect to reduction potential E,
only p-coumaric acid shows a positive effect on it.

It should be stressed that the main positive contribution to
antioxidant power, precipitating capacity or reduction potential
does not come necessarily from the most concentrated polyphe-
nols. Although chlorogenic acid, 4-p-coumaroylquinic acid, pro-
cyanidin B2 and phloretin 2′-O-xyloglucoside are the most con-
centrated polyphenols in the studied ciders, only procyanidin B2
shows a significant effect on antioxidant power and precipitat-
ing capacity, and none of them does on reduction potential. On
the other hand, less concentrated polyphenols such as p-coumaric
acid and (−)-epicatechin offer remarkable contributions to some
of these parameters. Even minor polyphenols such as hyperin con-
tribute.

Although some significant effects were found on turbidity and
browning, the regression models did not provide satisfactory pre-
dictions for these parameters. Some authors report a correlation
between initial chlorogenic acid content and final browning,20 but
we have not seen this in our results.

With respect to negative contributions, caffeic acid has a sig-
nificant negative effect on FRAP, and procyanidin B5 and tyrosol
on PPC. However, the most remarkable negative contribution is
that of tyrosol (a fermentation product) on reduction potential.
This is interesting because it means that ciders with higher tyrosol

J Sci Food Agric 2015; 95: 2931–2943 © 2014 Society of Chemical Industry wileyonlinelibrary.com/jsfa
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Figure 3. Cluster analysis: dendogram for last three samplings.

concentration will have less reduction potential, which indicates
higher antioxidant reservoir.

Tyrosol is a metabolite from tyrosine formed by yeasts during
alcoholic fermentation and is present in wine, olive oil and other
plant-derived products. Increasing interest has been focused
on this compound because of its antioxidant, anticarcinogenic,
cardioprotective and antimicrobial properties.21 It has been
determined in many beverages such as Spanish Jerez red wines
(20.38–44.46 mg L−1),21 Suavia ‘Le Rive’ white wine (17.06 mg
L−1),22 Spanish white wines (10.15–24.77 mg L−1)23 and Spanish
Merlot red wine (31.36 mg L−1).24 It has been suggested that white
wines can provide cardioprotection similar to red wines, although
containing lower quantities of polyphenols, if they are rich in
tyrosol.25 – 27 This is consistent with the negative effect of tyrosol
on reduction potential found in our work. As the tyrosol contents
in our ciders (14.8–26.7 mg L−1) and in white wines are similar,
ciders are supposed to provide similar health benefits to white
wines.

To conclude the study, we have used hierarchical cluster anal-
ysis in order to find patterns of clustering between the ciders
obtained, based on the individual polyphenol profile. The data
matrix included as objects the last three samplings (3, 4 and 5)
of the six ciders studied (18 objects). These samplings correspond
to ciders with completed alcoholic and malolactic fermentation,
which means that they are finished or almost finished. The vari-
ables were the 22 individual polyphenols determined. Data were
normalized by autoscaling. Square Euclidean distance was used as
similarity criterion and furthest neighbour as clustering method.
The results are presented in Fig. 3 as a dendogram. Six groups
are obtained, corresponding to the six ciders elaborated. Conse-
quently, ciders can be classified attending only to their polyphenol
composition. The smallest difference is obtained between Txalaka

and Mixture ciders. As Mixture cider was obtained by mixing the
other five, it is not surprising that it is similar to some of them.
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We report here the draft genome sequence of Pediococcus par-
vulus 2.6 (formerly Pediococcus damnosus), a lactic acid

bacterium isolated from ropy cider (1). This is the first strain of
P. parvulus whose genome has been characterized. The 2.6
strain produces the immunomodulatory exopolysaccharide
2-substituted (1,3)-�-D-glucan (2), which is synthesized by a lim-
ited number of bacteria and confers probiotic properties to the
producing strains. This polysaccharide differs from the �-glucans
produced by plants and other microorganisms. The synthesis of
2-substituted (1,3)-�-D-glucan by P. parvulus 2.6 is controlled by
a single heterotransmembrane glucosyltransferase (GTF), which
polymerizes glucosyl residues from UDP glucose (3–5). Some of
the conditions that influence the homopolysaccharide (HoPS)
synthesis by P. parvulus 2.6, as well as the enzymatic activities
involved in sugar metabolism in this strain, have been examined
(6, 7). The physicochemical properties of the HoPS have also been
determined, and nuclear magnetic resonance (NMR) analysis
showed that the same HoPS was synthesized, irrespective of the
sugar source used for growth (8). The molecular masses of these
�-glucans are high (�106 Da), and their rheological properties
showed that they have potential utility as biothickeners (8). An
oat-based product fermented by P. parvulus 2.6 showed improved
rheology (9), thereby decreasing the need for added stabilizers and
texturizers.

The potential of P. parvulus 2.6 as a probiotic strain has also
been examined; it resists gastrointestinal stress, adheres to Caco-2
cells, and its HoPS reduces the production of inflammatory cyto-
kines by polarized macrophages (10). We have also shown that
P. parvulus HoPS improves the growth and viability of probiotic
microorganisms, as well as their adhesion to human enterocytes
(11). The 2-substituted (1,3)-�-D-glucan increases in vitro the ra-
tio of interleukin 10 (IL10) (anti-inflammatory) to tumor necrosis
factor alpha (TNF�) (inflammatory) in human macrophages and
decreases the levels of the proinflammatory IL8 in human intes-

tine organ cultures (reference 12 and Notararigo S., Antolin M.,
Guarner F., López P., unpublished data).

An oat-based product fermented by P. parvulus 2.6 had a bifi-
dogenic effect and decreased serum cholesterol levels in humans
(13). Possibly, the 2-substituted (1,3)-�-D-glucan has a synergistic
effect with the hypocholesterolemic action of oat �-glucans. Fi-
nally, P. parvulus 2.6 displays antibacterial activity against several
bacterial species (14), including natural contaminants in oats, a
property that reduces the need for chemical preservatives and im-
proves the functionality of the final product.

Two micrograms of genomic DNA was subjected to library
preparation using the TruSeq DNA sample perp kit FC-121-1001,
according to the manufacturer’s instructions. Whole-genome se-
quencing used the Illumina GAIIx at the Genomics Research Cen-
tre (Fiorenzuolad’Arda, Italy). A total of 26,018,224 paired-end
reads (2 � 110-bp length) were assembled into 115 contigs. The
genome was calculated to be 2,236,754 long. The size of the short-
est contig was 206 bp, while the length of the longest contig was
171,226 bp. The genome sequence was annotated by the NCBI
Prokaryotic Genomes Annotation Pipeline. A total of 2,241 genes
were predicted to encode 2,069 proteins, three rRNAs, 60 tRNAs,
and four noncoding RNAs (ncRNAs), and 105 are pseudogenes.

Accession number(s). The complete genome of P. parvulus 2.6
has been deposited at DDBJ/EMBL/GenBank under accession
number LXND00000000.
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Lactobacillus  plantarum  CIDCA  8327  is an  exopolysaccharide  (EPS)-producer  strain  isolated  from  kefir  with
promising  properties  for  the  development  of functional  foods.  The  aim  of  the  present  study  was  to  char-
acterize the  structure  of the EPS  synthesized  by this  strain  grown  in skim  milk  or  semidefined  medium
(SDM).  Additionally,  genes  involved  in EPS  synthesis  were  detected  by PCR.  L.  plantarum  produces  an
EPS  with  a molecular  weight  of 104 Da  in both  media.  When  grown  in  SDM  produce  an  heteropolysac-
charide  composed  mainly  of  glucose,  glucosamine  and  rhamnose  meanwhile  the EPS  produced  in  milk
actobacillus plantarum
efir
xopolysaccharides
lucans

was  composed  exclusively  of glucose  indicating  the  influence  of  the  sugar source.  FTIR  spectra  of  this
EPS  showed  signals  attributable  to  an  �-glucan.  Both  by 1H  NMR  and  methylation  analysis  it  was  pos-
sible  to determine  that this  polysaccharide  is a branched  �-(1 →  4)-d-glucan  composed  of  80%  linear
�-(1  →  4)-d-glucopyranosyl  units  and  19%  (1 → 4)-d-glucopyranosyl  units  substituted  at  O-3 by  single
�-d-glucopyranosil  residues.

©  2017  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Among the “Food-Grade” biopolymers obtained from natu-
al sources, exopolysaccharides (EPS) synthesized by lactic acid
acteria (LAB) have focused the attention of researchers and
anufacturers since these EPS contribute to the rheology of the fer-
ented product and –on account of EPS potential health promoting

roperties- may  also contribute to the development of functional

oods (Das, Baruah, & Goyal, 2014; Patten & Laws, 2015).

EPS produced by LAB present a wide range of compositions,
tructures, molecular masses and conformations depending on the

∗ Corresponding author at: Centro de Investigación y Desarrollo en Criotecnología
e Alimentos (CIDCA), Facultad de Ciencias Exactas, Universidad Nacional de La Plata
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E-mail addresses: analiaabraham@yahoo.com.ar, aga@biol.unlp.edu.ar

A.G. Abraham).

ttp://dx.doi.org/10.1016/j.carbpol.2017.04.053
144-8617/© 2017 Elsevier Ltd. All rights reserved.
strain. The EPS can stay attached to the cell surface (capsular) or can
be released to the culture media (Patten & Laws, 2015). High molec-
ular weight polysaccharides are widely used in the food industry as
stabilizers, emulsifiers, and to improve texture and viscosity. The
functionality of these polymers is originated from the structural
differences in the sugar subunits, which is also the reason of the
great diversity among bacterial EPS and novel EPS structures among
LAB (Mozzi et al., 2006; Patten & Laws, 2015). Complex genetic
mechanisms of EPS production, carbohydrate source, incubation
temperature and time, or pH of the culture medium were reported
to affect in situ EPS production levels as well as their conformational
characteristics, sugar linkages, and molecular mass (Ibarburu et al.,
2015).

Many EPS synthesized by LAB have demonstrated to elicit some

biological effect (Patten & Laws, 2015). It has been reported that
some EPS can have immunomodulatory (Hidalgo-Cantabrana et al.,
2012; Medrano, Racedo, Rolny, Abraham, & Pérez, 2011; Notararigo
et al., 2014) and antitumoral activity in vivo (Wang et al., 2014), as
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ell as an antagonistic effect against some intestinal pathogens
n vitro (Medrano, Hamet, Abraham, & Pérez, 2009; Živković et al.,
016), among other health benefits. Aditionally, the prebiotic effect
f several EPS of LAB has been demonstrated in vitro (Korakli,
änzle, & Vogel, 2002) and in vivo (Hamet, Medrano, Pérez, &
braham, 2016).

Lactobacillus plantarum is a versatile microorganism that can be
ound in a wide range of habitats such as dairy, meat, and many
lant fermentations, and it can reach high cell densities which are
esirable for industrial applications. Different L. plantarum strains
re able to produce heteropolysaccharides after grown in glucose or
actose (Dilna et al., 2015; Tallon, Bressollier, & Urdaci, 2003; Wang
t al., 2010; Zhang et al., 2013; Zhang, Liu, Tao, & Wei, 2016) or
omopolysaccharides: galactanes when lactose is the unique sugar
ource (Wang et al., 2014) or glucans when sucrose is the sugar
ource (Das & Goyal, 2013).

Among the health benefits of EPS produced by some strains of
. plantarum it can be mentioned antioxidant activity (Zhang et al.,
013), antagonic activity against Bacillus cereus enterotoxin (Zhang
t al., 2016), and antitumoral activity (Wang et al., 2014).

Kefir is a traditional beverage obtained by fermentation of
ilk with kefir grains that contain a wide diversity of lactic and

cetic acid bacteria and yeasts immersed in a matrix composed of
rotein and the polysaccharide kefiran (Garrote, Abraham, & De
ntoni, 2001). Kefiran production was associated to Lactobacillus
efiranofaciens though another lactobacilli isolated from kefir were
escribed to produce EPS after growth in milk (Hamet, Piermaria,

 Abraham, 2015; Wang, Zhao, Tian, Yang, & Yang, 2015).
L. plantarum CIDCA 8327 is a facultative heterofermentative Lac-

obacillus isolated from kefir grains (Garrote et al., 2001). This strain
resents a hydrophilic surface and a moderate adhesion to intesti-
al cells (Caco-2 cell line), while it had a strong inhibitory activity
gainst Salmonella typhimurium, S. enterica, S. gallinarum,  S. son-
ei and Escherichia coli (Golowczyc et al., 2008). Besides, it is able
o grow in the presence of bile salts and survives after one hour of
xposure to pH 2.5 (Golowczyc et al., 2008). Moreover, some studies
emonstrate that this strain is able to produce organic acids such as

actic and acetic acid, and substances of low molecular weight with
ntifungal properties after growth in whey media (Londero et al.,
011). In addition this strain is able to grow in milk and produces

n situ an EPS of low molecular mass (Hamet et al., 2015).
The above mentioned characteristics, that turn L. plantarum

IDCA 8327 into a promising starter to be potentially included in
unctional foods, prompted us to study the production and chemical
omposition of the EPS synthesized in situ by this strain.

. Materials and methods

.1. Strains and growth conditions

L. plantarum CIDCA 8327 isolated originally from kefir grains
Garrote et al., 2001) was stored at −80 ◦C in sterile skim milk
nd reactivated in MRS  broth at 30 ◦C for 24 h (De Man, Rogosa,

 Sharpe, 1960). After that, L. plantarum was grown in UHT skim
ilk (Composition g/L: Protein 32, Fat 15, lactose 47; ashes 6.).

a Serenisima, General Rodriguez, Argentina or in a semidefined
edium (SDM) (Marieta, Ibarburu, Duen˜as, & Irastorza, 2009)

or 21 h or 96 h, depending on the determination. The SDM had
he following composition: glucose 20 g/L, Casamino Acids (Becton

ickinson, Spain) 5 g/L, DifcoTM Yeast Nitrogen Base (DYNB, Becton
ickinson, Spain) 6.7 g/L, MnSO4·H2O 0.05 g/L, K2HPO4 2 g/L, NaAcO

 g/ L, adenine 0.005 g/L, guanine 0.005 g/L, xanthine 0.005 g/L,
racil 0.005 g/L, and L-malic acid 4 g/L pH 5.0.
 Polymers 170 (2017) 52–59 53

2.2. Transmission electron microscopy

Analysis of the bacteria and the EPS by transmission electron
microscopy (TEM) (Tecnai G2 Twin) was  performed using samples
prepared as follows. Glow-discharged carbon-coated grids were
placed facedown over a droplet of each culture concentrated five-
fold in 0.1 M AcNH4, pH 7. After 1 min, each grid was  removed,
blotted briefly with filter paper, and without being dried, negatively
stained with 2% uranyl acetate for 30 s and then blotted quickly and
air dried.

2.3. DNA extraction and detection of genes

Genomic DNA was  prepared from late-logarithmic phase L.
plantarum CIDCA 8327 cells using the DNeasy Blood & Tissue Kit
(Qiagen GmbH, Hilden, Germany) according to the manufacturer’s
instructions, except that we preincubated the cells with 2 U/�L
mutanolysin (Sigma-Aldrich), and adjusted to a final DNA concen-
tration of 40 ng/�L with water-free DNase and RNase.

For detection of polymerase genes in L. plantarum CIDCA
8327 associated with polysaccharide production, PCR primers
were designed based on the predicted polymerase-cps genes
sequences of L. plantarum WCFS1 available in the GenBank database
(AL935263; Lp 1185, Lp 1204, Lp 1222, Lp 2101) (Table 1). Internal
primers were also used to determine the sequence of both strands
of genes. Primers were designed using the Primer V0.4.0 software
(http://prodo.wi.mit.edu/primer3/). PCR reactions were carried out
with Phusion High-Fidelity DNA Polymerase (Thermo Scientific,
163 Schwerte, Germany). Two annealing temperatures were used:
49 ◦C for cps1I, cps2H and cps4H,  and 53 ◦C for cps3F. The PCR prod-
ucts were subjected to electrophoresis using a 1% (w/v) agarose
gel. The amplicons were purified using NucleoSpin

®
Gel  and PCR

Clean-up kit (Macherey-Nagel, GmbH & Co., KG Düren, Germany),
according to the manufacturerı́s instructions. Sequencing of the
amplicons was  carried out by Secugen S.L. (Madrid, Spain). The
resulting sequences were analyzed by using the BLAST tool of the
GenBank DNA database (http://www.ncbi.nlm.nih.gov/).

2.4. EPSs isolation and purification

The EPSs were isolated and purified from SDM or milk inoculated
with L. plantarum CIDCA 8327. For the EPS produced in SDM, L.
plantarum was cultured for 21 h or 96 h at 30 ◦C. After that, cells
were removed by centrifugation for 30 min  at 12,000 x g. The clear
supernatant was collected, and the EPS was  precipitated by adding
3 volumes of cold ethanol, followed by storage overnight at −20 ◦C.
The precipitate was  recovered by centrifugation at 12,000 × g for
20 min  at 4 ◦C, dissolved in hot distilled water and dialyzed against
deionized water, using a membrane (Medicell International Ltd.,
London, UK) having a cut-off of 3.5 kDa, for 2–3 days (water changed
twice daily). Then, the retentate was  lyophilized.

In the case of the EPS produced in milk, L. plantarum was incu-
bated for 96 h at 30 ◦C. A volume of 1000 mL of fermented milk
was treated in boiling water for 30 min  with discontinuous stir-
ring. The mixture was  centrifuged at 10,000 × g for 20 min  at 20 ◦C
(Avanti J25 Beckman Coulter Inc. centrifuge, Palo Alto, California).
The polysaccharide in the supernatant was precipitated by addition
of two  volumes of cold ethanol and left at −20 ◦C overnight. The
mixture was centrifuged at 10,000 × g for 20 min at 4 ◦C. Pellets

were dissolved in hot distilled water and dialyzed using a mem-
brane (Spectra/Por, The Spectrum Companies, Gardena, CA, USA)
having a cut-off of 1000 Da for 48 h at 4 ◦C against four changes of
twice-distilled water (Rimada & Abraham, 2003).

http://prodo.wi.mit.edu/primer3/
http://prodo.wi.mit.edu/primer3/
http://prodo.wi.mit.edu/primer3/
http://prodo.wi.mit.edu/primer3/
http://prodo.wi.mit.edu/primer3/
http://prodo.wi.mit.edu/primer3/
http://prodo.wi.mit.edu/primer3/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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Table 1
Primers designed in this work to screen for CPS genes.

Gene name Locus tag Primer sequences (5′ → 3′) Expected fragment size (bp)

cps1I Lp 1185 F: GGAATTTTACATGCCCGTTG
R: ACATGAGCGTTGAAAGTGGA
I: TTATGCTCAGAACGATACTTCTTGT

1431

cps2H Lp 1204 F: AATACTGGTAAGCATAAGATGATTTG
R:CAAATACTATTCGCAATATAAAACTCA
I: TTGGAAACTCAAATGGCCTC

1415

cps3E Lp 1221 F: GCGTGAGACGAACGTGATT 1148
cps3F Lp 1222 R: CCGCGTACGTTGATACAAAA

I: TGTGTGCGGCGTATTTGTAT
cps4I Lp 2100 F: GCCTGGTTTATGCGAGTGAT 1531
cps4H Lp 2101 R: ACTCCCTCGGCAAATAGGTT
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I: TTGACCTG

: forward, R: reverse and I: intermediate primer.

The samples were tested for the absence of other sugars by quali-
ative thin layer chromatography (TLC) and of proteins the Bradford

ethod according to Rimada and Abraham (2003).

.5. Exopolysaccharides quantification and molecular mass
etermination

EPS produced in milk or SDM was quantified by the anthrone
ethod (Hamet et al., 2015). The molecular weight of the EPS

btained were determined by high-performance size exclusion
hromatography (HPLC-SEC, Agilent 1100 Series System, Hewlett-
ackard, Germany) associated to a refractive index (RI) detection
ystem, as described by Ibarburu et al. (2015), using as molecu-
ar mass dextran standards of molecular weight range from 103 to

 × 106 Da (Sigma-Aldrich).

.6. Sugar composition

The sugar composition of the EPSs was determined by a method
escribed by Notararigo et al. (2013) after hydrolysis of the polysac-
harides with 3 M trifluoroacetic acid (TFA) at 121 ◦C for 1 h.
he hydrolysed monosaccharides were converted into their cor-
esponding alditol acetates, and analyzed and quantified by gas
hromatography (GC 6890A, Agilent, Palo Alto, California, USA).

.7. Fourier-transform infrared (FTIR) spectroscopy

Fourier-transformed Infrared Spectroscopy (FTIR) studies were
erformed using a Nicolet 380 instrument (Thermo Fisher Scien-
ific) with a ZnSe single reflection ATR in the range 4000–650 cm−1.
he number of scans per experiment was 64, with a resolution of

 cm−1.

.8. Methylation analysis

The EPS obtained after grown in milk was methylated according
o the method described by Ciucanu and Kerek (1984). The perme-
hylated polysaccharide was hydrolyzed with 3 M TFA at 121 ◦C for

 h.
After hydrolysis, the partially methylated monosaccharides

ere reduced with deuterated NaBH4 and converted into their
orresponding alditol acetates with 500 �L of pyridine:acetic anhy-
ride (1:1) for 1 h at 100 ◦C, as described by Laine, Sweeley, Li,
isic, and Rapport (1972). Gas chromatography–mass spectrom-
try GC–MS analysis was carried out in a 6890A/5975C instrument
rom Agilent (Palo Alto, California, USA), with He as the carrier

as. The injector was programmed at 250 ◦C. Samples (1 �L) were
njected with a split ratio of 1:50 and their components sepa-
ated in a HP5MS (Agilent) fused silica column (30 m × 0.25 mm
.D. × 0.2 �m film thickness), with a temperature program starting
CTATGGAT

at 160 ◦C (1 min) and then rising 2 ◦C min−1 up to 200 ◦C. An m/z
range between 40 and 450 amu  was  scanned. Identification was
done on the basis of the retention time and mass spectra of the
compounds. Quantification was  performed according to peak area
(Ibarburu et al., 2015).

2.9. NMR  analysis

Purified EPS were deuterium exchanged several times by freeze
drying from D2O and then examined as solutions (3 mg/mL) in
99.98% D2O. Spectra were recorded at 60 ◦C on a Bruker AMX500
spectrometer operating at 500.13 MHz  (1H-nuclear magnetic res-
onance). Chemical shifts were given in parts per million (Ibarburu
et al., 2015).

3. Results

3.1. L. plantarum CIDCA 8327 contains polysaccharide
polymerase genes associated with surface/exopolysaccharide
production

L. plantarum strains that produce EPS contain several gene clus-
ters involved in the synthesis of the biopolymer (Remus et al.,
2012). To detect the presence of polysaccharide polymerase genes
in the EPS-producing L. plantarum CIDCA 8327 strain, several cps
primers were designed based on the L. plantarum WCFS1 complete
genome sequence (GenBank accession number AL93526) (Table 1).
In this strain 4 gene clusters (designated cps1, cps2, cps3 and cps4)
independently contribute to the overall surface-associated polysac-
charide. DNA of L. plantarum CIDCA 8327 yielded an 1148 bp PCR
product with the cps3E-F primers, covering the 3′-end of cps3E gene
and the cps3F gene. No PCR products were obtained with any of
the other primers used. Comparison with nucleotide sequences in
the database revealed that the sequenced fragment showed 98%
identity with the cps3E-F region encoding putative polysaccha-
ride biosynthesis proteins in L. plantarum WCFS1, ST-III, and ZJ316
strains (Accession Numbers: AL935263.2, CP002222.1, CP004082,
respectively). In addition, TEM analysis of L. plantarum CIDCA 8327
grown in a semidefined medium (SDM) revealed the presence
of extracellular material loosely attached to the bacterial surface
(Fig. 1).

3.2. The EPS produced by L. plantarum CIDCA 8327 depends on
the growth medium

EPS production was first quantified in SDM. Two  time points of

fermentation were sampled, 21 h (EPS 1) and 96 h (EPS 2), obtain-
ing 40 mg/L and 120 mg/L, respectively (Table 2). Both samples
lacked protein based on the negative responses for Bradford test
and absorption at 260 nm/280 nm spectra (data not shown). Differ-
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Table  2
Molecular weight distribution and sugar ratios of EPS produced by L. plantarum CIDCA 8327 in different growth conditions. EPS1: EPS produced at 21 h in semidefined medium
(SDM);  EPS2: EPS produced at 96 h in SDM; and EPS3: EPS produced after 96 h in milk.

EPS Medium Hours of culture pH Total EPS (mg/L−1) Molecular weight distribution (%) Monosaccharide ratio

105 Da 104 Da 103 Da Glc Gal GlcN Rha

1 SDM 21 3.9 40 – 61.2 38,8 10 0.6 6.6 2.7
2  SDM 96 3.6 120 5.9 87.4 6.6 10 0.5 7 1.4
3  milk 96 4.2 160 100 – 10 – – –

Fig. 1. Micrographs of L. plantarum CIDCA 8327 and its EPS obtained by Transmission
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Table 3
Results from the methylation analysis of the �-glucan produced by L. plantarum
CIDCA 8327 in milk.

Position of the O-methyl groups Deduced linkages %
lectron Microscopy. (A) Negative staining with uranyl acetate of whole cells of L.
lantarum surrounded of exopolysaccharide (x 9600). (B) Detail of the cells and EPS
x  14,500).

nt patterns of molecular weight distribution were observed for the
PS recovered at the two times of fermentation (Table 2). While in
PS 1 there were 61.2% of the 104 Da and 38.7% of the 103 Da frac-
ion, in EPS 2 most glucidic material (87.4%) appears as a 104 Da
raction accompanied to two minor fractions of 105 Da and 103 Da,
ndicating that incubation for longer period enables oligosaccha-
ides polymerization.

With these data in mind, sterile skim milk was inoculated with
. plantarum CIDCA 8327 and after 96 h of fermentation 160 mg/L
f an EPS (EPS 3) with a molecular mass of 104 Da was obtained
Table 1). Sugar composition of the three EPS obtained was ana-
yzed by HPAEC-PAD and it is presented in Table 2. The EPS 1 and
PS 2 produced in SDM were composed mainly of glucose, rham-
ose and glucosamine (Table 2). Galactose was also detected in both
PS at lower percentage. Moreover, trace amounts of galacturonic
cid were detected. On the other hand the EPS 3, produced in milk,
as composed exclusively of glucose (Table 2) indicating that the

ugar source influences the composition of the EPS produced by
his strain.

The FTIR spectra of the three EPS are presented in Fig. 2. They
how the typical signals of polysaccharides documented in lit-
rature, such as a broad band around 3260 cm−1 and a band
t 2933 cm−1, arising from O H stretching and C H stretching,
espectively, and a broad band located at 1000–1200 cm−1 assigned
o overlapped C O, C C stretching and C OH bending modes
Bremer & Geesey, 1991; Howe, Ishida, & Clark, 2002; Nataraj,
chomacker, Kraume, Mishra, & Drews, 2008). The spectra of
PS 1 and EPS 2 showed also two peaks around 1540 cm−1 and
639 cm−1, corresponding to C N and C O stretching, that are
elated to the amide linkage of aminosugars in the polysaccharides
tructure and a band at 1747 cm−1 typical of uronic acids (Kovács,
yerges, & Izvekov, 2008). These findings confirm the results from
onosaccharide analysis. Absorptions in the “anomeric region”

950–750 cm−1) contain weak bands that inform on the anomeric
onfiguration of the monosaccharides (Synytsya & Novak, 2014).

or these samples, the spectra presented a characteristic band
ocated at 835 cm−1 from the �-anomer of the glucose pyranoid ring
s well as a signal at 873 cm−1 from galactose units (Kačuráková,
apek, Sasinkova, Wellner, & Ebringerova, 2000).
1,5-diacetyl-2,3,4,6-tetramethyl-Glcp Terminal (non-reducing end) 4.7
1,4,5-triacetyl-2,3,6-trimethyl-Glcp  1 → 4 81.5
1,3,4,5-tetracetyl-2,6-dimethyl-Glcp  1 → 3,4 13.8

On the other hand, all the vibrational peaks of the EPS 3 sample
were similar to those obtained for �-glucans. The bands at 1155,
1022, 930, 850 and 760 cm−1 evidenced the presence of a polysac-
charide with �- linkages in the structure of this EPS (Kačuráková
et al., 2000; Synytsya & Novak, 2014). The absence of a band at
1745 cm−1 indicates that there are no carboxylic sugars in this EPS.
In addition, there is no band around 1650 cm−1, confirming that the
sample does not contain amino sugars. These observations are in
agreement with the sugar compositional analysis.

3.3. L. plantarum CIDCA 8327 produces an ˛-glucan during
fermentation of milk

Since L. plantarum CIDCA 8327 was  isolated from kefir and the
research was focused on the use of this strain as milk starter, fur-
ther studies were performed in order to elucidate the structure of
the EPS produced by this strain during milk fermentation (EPS 3).
Sugar linkages were determined and quantified upon analyzing by
gas-liquid chromatography (GLC) the partially methylated alditol
acetates (PMAAs) obtained from the sample (Table 3).

Methylation analysis showed the presence of 2,3,4,6-tetra-O-
methyl glucitol corresponding to the non-reducing ends in the EPS
chain, 2,3,6-tri-O-methyl glucitol indicating linear 1,4 glucosidic
linkages, and 2,6-di-O-methyl glucitol resultant from branching
points in glucose units attached through their positions 1,4, and
3.

The 1H NMR  spectrum of the EPS 3 (Fig. 3) showed resonances
of hydrogen corresponding to the glucosyl residue. The 1H NMR
spectrum of a polysaccharide can generally be divided into two
major regions: the anomeric region (� = 4.3–5.5 ppm), and the ring
proton region (� = 3.2–4.3 ppm).

As shown in Fig. 3, signals in the region between 5.3 and 4.5 ppm
related to H1-4 and H1-3 are well resolved and indicate �-d-
glucans (Synytsya & Novak, 2014). The main signals in the anomeric
region correspond to protons bound to C1 in the primary �1 → 4
glycosidic bond (� = 5.36 ppm), and C1 in the branching �1 → 3
(� = 5.32 ppm), and a small signal at � = 4.95 ppm, attributable to
�1 → 6 glycosidic bonds was  also observed (Cheng & Neiss, 2012;
Zang, Howseman, & Shulman, 1991; Zang, Rothman, & Shulman,
1990). The signals obtained in the spectrum in the ring proton
region were poorly resolved due to the overlapping chemical shifts.
However, it is possible to observe clearly the H4′ peak corre-
sponding to the protons bound to the free C4 non reducing ends
(� = 3.41 ppm) and other intense peaks from the H2 (� = 3.63 ppm),

H3 (� = 3.95 ppm), H4 (� = 3.62 ppm), H5 (� = 3.81 ppm) and H6a and
H6b (� = 3.86 and 3.79 ppm, respectively) (Cheng & Neiss, 2012;
Nilsson, Bergquist, Nilsson, & Gorton, 1996; Zang et al., 1990, 1991),
but better assignments will require more specific identifications.
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edium(SDM); EPS2: EPS produced at 96 h in SDM; and EPS3: EPS produced after 9

he intensities of the resonances contain information about the
ranched structure of the molecule. In this case, the ratio of the

ntegrated peaks of H1-4, H1-3, H1-6 and H4′ is 47:12:0.38:1.
Gathering all data collected for EPS 3, this polysaccharide can

e described as a branched �-(1 → 4)-d-glucan with a molecular
ass of around 9000 Da, composed of 80% linear �-(1 → 4)-

-glucopyranosyl units and 19% (1 → 4)-d-glucopyranosyl units
ubstituted at O-3 by single �-d-glucopyranosil residues or �-
1 → 4) disaccharidic side chains (Fig. 4A and B).

. Discussion

The functional aspects of fermented foods are mostly related to
he concept of probiotic bacteria however the microbial production
f functional molecules, such as bioactive EPS, is targeted (Leroy

 De Vuyst, 2016). Kefir grains are an interesting source of EPS-
roducing bacteria (Hamet et al., 2015; Moura de Paiva et al., 2016).
erein we demonstrated that L. plantarum CIDCA 8327 isolated

rom kefir is able to produce EPS in milk or SDM, whose composition
epends on the growth conditions. Otherwise, this is the first report
f the production of �-glucan by a strain of L. plantarum isolated
rom kefir after growth in milk. Accordingly, by amplification and
equencing of a PCR fragment with a high degree of homology with
he cps3 cluster of L. plantarum WCSF1, we are proving the pres-
nce of genes involved in the CPS/EPS polysaccharide synthesis in
he genome of L. plantarum CIDCA 8327.

It is noteworthy that L. plantarum CIDCA 8327 EPS remains
n part loosely bound to the surface of the bacteria and may  be
nvolved in the interactions with their environment playing an
mportant role in the communication between bacteria and the host
rganisms (Abraham, Medrano, Piermaria, & Mozzi, 2010; Chap.
0). Therefore, improved knowledge on these molecules is of great

mportance to understand the strain-specific and proposed benefi-

ial modes of probiotic action (Remus et al., 2012).

The EPS produced by L. plantarum CIDCA 8327 in SDM was  a
eteropolysaccharide composed mainly of glucose, glucosamine
nd rhamnose. Harvesting the EPS at two incubation times allowed
DCA 8327 in different growth conditions EPS1: EPS produced at 21 h in semidefined
 milk.

observing that the molecular mass of the EPS recovered was  higher
upon a longer period, but without relevant changes in monosac-
charide composition, suggesting that polymerization continues
even in the stationary growth phase. Analysis of previous reports
about characterization of EPS produced by different strains of L.
plantarum, allows concluding that most of the strains produce het-
eropolysaccharides when grown in media containing glucose or
lactose as the carbon source (Ismail & Nampoothiri, 2010; Remus
et al., 2012; Tallon et al., 2003; Wang et al., 2010; Zhou et al., 2016).
On the contrary, L. plantarum 70810 grown in a SD with lactose as
unique carbon source produce a galactan (Wang et al., 2014).

Biosynthesis of CPS/EPS inside the cell occurs by activation of the
precursor molecules by enzymes producing activated sugars/sugar
acids by three possible mechanisms: the Wzx/Wzy-dependent
pathway, the synthase-dependent pathway and the ATP binding
cassette (ABC) transporter-dependent pathway. Alternatively, the
extracellular synthesis by use of a single sucrase protein is used
for the polymer strand elongation (Schmid, Sieber, & Rehm, 2015).
Studies of the L. plantarum WCFS1 genome demonstrates that 4
gene clusters (designated cps genes), associated in two regions,
independently contribute to the overall surface-associated polysac-
charide. The first region has three cps gene clusters (1–3), and the
second region comprises the cps4 gene cluster and is conserved
in other L. plantarum strains (ST-III, ATCC14917). In L. plantarum
WCFS1, the polymerase genes implicated in the polymerization of
the polysaccharide repeating units were found in the 4 cps clusters
(Remus et al., 2012). DNA of L. plantarum CIDCA 8327 was ampli-
fied with the cps3E-F primers giving only one PCR product. At the
1112418 base position of the genome of WCFS1 strain, a guanine
breaks the reading frame of the cps3F gene, but this not is the case
in L. plantarum CIDCA 8327, like other strains sequenced (L. plan-
tarum subsp. plantarum ST-III, Accession Number CP002222.1 or L.
plantarum ZJ316, Accesion Number CP004082.1).

In L. plantarum WCFS1, Remus et al. (2012) reported that it was

unclear if a functional Wzy  protein can be composed of Cps3F and
CpsG. In L. plantarum CIDCA 8327, no putative conserved domains
were detected, although the predicted amino acid sequence of the
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Fig. 3. 1H NMR  spectra of EPS produced by L. plantarum CIDCA 8327 in milk (EPS3).
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t  O-3 by single �-d-glucopyranosil residues (A) or �-(1 → 4) disaccharidic side cha

CR fragment presented high identity with polysaccharide poly-
erase Wzy  proteins like L. rhamnosus GG strain that produces a

alactose-rich EPS (Lebeer et al., 2009).
When grown in milk, L. plantarum CIDCA 8327 produces a
omopolysaccharide of around 104 Da composed only of glucose.
he milk fermented with this strain presented a pseudoplastic
ehavior with a hysteresis loop that did not differ from the flow
 �-(1 → 4)-d-glucopyranosyl units and (1 → 4)-d-glucopyranosyl units substituted
).

curve of an acid gel obtained with D-gluconolactone (Hamet et al.,
2015) in concordance to the expected behavior of an EPS with low
molecular mass distribution. The FTIR spectrum of the EPS pro-
duced in milk showed typical polysaccharide signals, and all the

vibrational peaks were similar to those obtained for �-glucans.
Enzymes involved in �-glucans synthesis are glucansucrases that
catalyze the polymerization of the homopolysaccharide out of
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ucrose as donor of the corresponding monosaccharide, and trans-
er the molecule to the reducing end of the glucan (Leemhuis et al.,
013). L. plantarum CIDCA 8327 synthetize �- glucan from lac-
ose, in consequence the existence of another pathway involved
ould not be ruled out. According to the main glycosidic link-
ges, �-glucans are classified into dextrans (�-1,6), mutans (�-1,3),
euterans (�-1,4) and alternans (�-1,3 and �-1,6) (Leemhuis et al.,
013). Both 1H NMR  and methylation analysis allowed to deter-
ine that this polysaccharide consists of a �-(1 → 4)-d-glucan with

9% branching at positions O-3. Side chains could be made up of
 single �-d-glucopyranosil unit or of a �-(1 → 4)-glucopyranose
isaccharide.

Dextran-producer lactic acid bacteria belong to the genera Lac-
obacillus, Pediococcus, Leuconostoc and Weissella (Torino, de Valdez,

 Mozzi, 2015). Focusing on Lactobacillus isolated from sugary kefir,
oura de Paiva et al. (2016) demonstrated that L. kefiranofaciens

P3 and L. satsumensis 10P and 10P2 grown in the presence of
ucrose produced an �-glucan linked by �-(1,6) glycosidic bonds
∼90%).

Production of �-glucans by L. plantarum strains was reported
y Das and Goyal (2013). When grown in medium with sucrose,
. plantarum DM5  produces an �-glucan that contains 86.5% �-
1 → 6) linear linkages, with 13.5% �-(1 → 3) branched linkages. L.
lantarum CIDCA 8327 produces an �-glucan with �-(1 → 4) glyco-
idic linkages similar to reuteran, but in this case the main chain is
ranched at positions O-3 and not in O-6, which distinguishes the
PS described here from other �-(1 → 4)-glucans. To the best of our
nowledge, this is the first report of a polysaccharide from LAB with
his structure. Up to the moment, strains of L. reuteri were described
s reuteran producers (Patel, Majumder, & Goyal, 2012; Tieking &
änzle, 2005). It is noteworthy that L. plantarum CIDCA 8327 pro-
uces �-glucan after growth in milk and this fact may  contribute
o the probiotic properties of this strain.

Among � − glucans, dextran and dextran-derived oligosaccha-
ides have been reported to elicit some prebiotic effect in vitro
Das et al., 2014; Rao & Goyal, 2013). Sarbini, Kolida, Deaville,
ibson, and Rastall (2014) correlated this effect on intestinal micro-
iota elicited by dextran with obesity management. Recently, two
extrans synthesized by L. sakei MN1  and L. mesenteroides RTF10
emonstrated to have antiviral and immunomodulatory activity
gainst salmonid viruses (Nácher-Vázquez et al., 2015).Otherwise,
t was described that �-(1 → 4) glucans have a role in the induc-
ion of phagocytosis (Bittencourt et al., 2006; Nair, Melnick,
amachandran, Escalon, & Ramachandran, 2006), nevertheless the
bility to escape digestion of each EPS should be demonstrated.

It can be concluded that L. plantarum CIDCA 8327 isolated
rom kefir grain produces EPS with different sugar composition
epending on the growth medium. In a SDM with glucose as the
arbon source, several monosaccharides are released upon acid
ydrolysis of the obtained polymer, suggesting the presence of
eteropolysacharides, while when grown in milk an extracellular
-glucan was synthetized. The EPS remains loosely bond to the
acterial cell. Taking into account that these strains associate to
pithelial cells in vitro and exert a protective in vitro effect against
almonella invasion (Golowczyc et al., 2008; Londero et al., 2012)
he presence of this EPS could be a relevant factor in health pro-

oting properties. This is the first report of an �-glucan producer
train isolated from kefir after growth in milk. Further studies
o provide additional information on the structure of the glu-
an (periodate oxidation, Smith-degradation of oxidized products,
ore detailed NMR  characterization) will be performed in future
ork. Our results encourage further investigations about the role
f �-glucans produced by L. plantarum CIDCA 8327 that could con-
ribute to comprehend the potential probiotic properties of this
train.
 Polymers 170 (2017) 52–59
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Transparent and colorless citric acid-incorporated fish gelatin/chitosan composite films were prepared in
this work. The addition of citric acid into film forming formulations slowed down the swelling rate and
swelling values of the films, which maintained their integrity and resulted in flexible hydrated films.
Furthermore, citric acid acted as plasticizer, increasing the elongation at break of the films. Additionally,
films showed good UV barrier properties and the incorporation of citric acid and chitosan reduced the
E. coli growth, especially for the films prepared with 20wt % citric acid, highlighting the potential use of
these films as active food packaging. These results were related to the changes observed by Fourier
transform infrared (FTIR) analysis, which revealed the different protein structure achieved as a function
of citric acid and chitosan contents.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Functional properties, such as chemical and mechanical resis-
tance, make plastic films useful for a huge range of applications in
food and pharmaceutical industries, among others (Dormer, Finn,
Ward, & Cullen, 2013; Wang, Wang, & Liu, 2015). However, plas-
tic films are derived from non-renewable resources and lead to
environmental problems associated to their treatment after
disposal, especially when they are employed for short-term or
single-use applications (Gigli et al., 2013). Therefore, research on
alternative materials is needed to reduce the use of these non-
biodegradable and non-renewable films (Kovalcik, Machovsky,
Kozakova, & Koller, 2015; Narayanan, Loganathan, Valupa,
Thomas, & Barghese, 2017; Sanyang, Sapuan, Jawaid, Ishak, &
Sahari, 2016). In this context, fish gelatin can be extracted from
fish bones and skins, promoting the valorization of food processing
wastes. Fish gelatin is a protein that can provide materials with
good mechanical and UV and oxygen barrier properties and, thus,
represents an alternative raw material for a wide range of appli-
cations (Etxabide, Urdanpilleta, Guerrero, & de la Caba, 2015; Nur
Hanani, Roos, & Kerry, 2014). In particular, fish gelatin can be
untry (UPV/EHU), Escuela de
tia-San Sebasti�an, Spain.
aba).
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used to manufacture films for food packaging applications
(Etxabide, Uranga, Guerrero, & de la Caba, 2017; Fu et al., 2017).

Since microbial contamination is considered one of the main
causes of spoilage leading to food quality deterioration (Clarke
et al., 2017), the development of active films is attracting much
attention in the field of food science and technology. The active
compound used in this work was citric acid, whose antimicrobial
character has been reported in some recent works (Denghani,
Hosseini, & Regenstein, 2018; Kim & Rhee, 2015; Olaimat et al.,
2017). Citric acid is a bio-based polycarboxylic acid, commercially
available at low cost, which has nontoxic nature since it is produced
as a metabolic product of the body (Krebs or citric acid cycle) in all
living cells that use oxygen as part of the cellular respiration
(Rocha-García, Guerra-Contreras, Reyes-Hern�andez, & Palestino,
2017). In a previous work (Uranga, Leceta, Etxabide, Guerrero, & de
la Caba, 2016), citric acid-modified fish gelatin films were prepared
at basic conditions. This previous study reported that citric acid
contents higher than 20wt % did not provide further interactions
between gelatin and citric acid and, thus, 10 and 20wt % citric acid
concentrations were selected in this work to provide mild acidity
conditions and dissolve the chitosan used as antimicrobial
biopolymer, whose antibacterial activity is attributed to the posi-
tively charged amino groups that interact with the negatively
charged surface of bacteria (Bano, Arshad, Yasin, Ghauri, & Younus,
2017; Ganesan, 2017).
ted fish gelatin/chitosan composite films, Food Hydrocolloids (2018),

mailto:koro.delacaba@ehu.eus
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Like fish gelatin, chitosan is also extracted from food processing
waste, mainly shrimp shells (Muxika, Etxabide, Uranga, Guerrero,&
de la Caba, 2017). The development of fish gelatin/chitosan films
(BenBettaïeb, Karbowiak, Bornaz, & Debeaufort, 2015; G�omez-
Estaca, G�omez-Guill�en, Fern�andez-Martín, & Montero, 2011), as
well as the effects of the incorporation of active compounds, such as
plant extracts (Benbettaïeb et al., 2016; Bonilla & Sobral, 2016) and
essential oils (Hosseini, Rezaei, Zandi, & Farahmandghavi, 2015;
Kakaei & Shahbazi, 2016) into film forming formulations have
been recently documented. However, to the best of our knowledge
no manuscript has been focused on the effects of both citric acid
and chitosan on the functional properties of fish gelatin-based
films. Therefore, the combined effect of citric acid and chitosan
on the antibacterial activity of the films and on their physico-
chemical, thermal, optical, barrier and mechanical properties was
analyzed in this work.

2. Materials and methods

2.1. Materials

Type A fish gelatin with a 240 bloom value (Healan Ingredients,
UK) was used as the main component of film forming formulations.
Anhydrous citric acid (Panreac, Spain) and high molecular weight
chitosan with a deacetylation degree higher than 75% (Sigma-
eAldrich, Spain) were used as active compounds. Glycerol with a
purity of 99.01% (Panreac, Spain) was used as plasticizer. All
chemicals were food grade and they were used as received without
further purification.

2.2. Film preparation

Fish gelatin (FG) films were prepared by solution casting. Firstly,
10wt % and 20wt % (on gelatin basis) citric acid (CA) solutions
(0.026M and 0.052M, respectively) were prepared. These CA
concentrations were selected based on a previous work (Uranga
et al., 2016). Then, chitosan (CHI) was dissolved in 100mL of CA
solution and it was maintained under continuous stirring for
30min. After that, 5 g gelatinwere added and the resultant solution
was heated at 80 �C for 30min and stirred at 200 rpm. Finally, 20wt
% glycerol (on gelatin basis), used as plasticizer, was added, pH was
adjusted to 4.5 using 1 N NaOH, and the solution was stirred for
other 30min at 80 �C and 200 rpm. Film forming solutions were
poured into Petri dishes and allowed to dry for 48 h at room tem-
perature. The amount of CHI in films was 0, 3, 6 and 9wt % (on
gelatin basis) and films were designated as 10CAXCHI or 20CAXCHI
for the films prepared with 10 and 20wt % CA, respectively, as a
function of the CHI content (X). Furthermore, control films without
CA and CHI (0CA0CHI) were prepared. All films were conditioned in
a controlled environment chamber (ACS SU700V) at 25 �C and 50%
relative humidity before testing. The film thickness was measured
to the nearest 0.001mm with a hand-held QuantuMike digimatic
micrometer (Mitutoyo Spain, Elgoibar, Spain) and the obtained
values were 50 ± 2 mm.

2.3. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded on a Nicolet 380 FTIR spectrometer
with ATR Golden Gate. The measurements were recorded between
4000 and 800 cm�1. A total of 32 scans were performed at a reso-
lution of 4 cm�1. All spectra were smoothed using the Savitzky-
Golay function. Second-derivative spectra of the amide region
were used at peak position guides for the curve fitting, according to
the procedure described by Byler and Susi (1986), using OriginPro
9.0 software.
Please cite this article in press as: Uranga, J., et al., Citric acid-incorpora
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2.4. Moisture content (MC) and total soluble matter (TSM)

To determine the MC of films, samples were weighed (w0) and
then dried in an oven at 105 �C for 24 h. After that, samples were
reweighed (w1) and MC was calculated as:

MC ð%Þ ¼ w0 �w1

w0
100

TSM values were calculated using dried specimens. Immersion
of samples into 200mL of distilled water was performed for 24 h.
After this time, the films were dried in an oven at 105 �C for 24 h
and weighed (w2). TSM values were calculated as follows:

TSM ð%Þ ¼ w1 �w2

w1
100

2.5. Swelling

In order to study the swelling of films, first, film disks with a
diameter of 52mm were weighed (wh) and then, immersed into
distilled water. Samples were weighed after immersion into water
for specific times (wt), until getting constant values. The swelling
was calculated according to the following equation:

Swelling ð%Þ ¼ wt �wh

wh
100

2.6. Differential scanning calorimetry (DSC)

DSC was carried out in a Mettler Toledo DSC 822. Samples
(3.0± 0.2mg) were sealed in aluminum pans to avoid mass loss
during the experiment. Filled panswere heated from25 to 250 �C at
a rate of 10 �C/min under inert atmosphere conditions (10mL N2/
min) to avoid thermo-oxidative reactions.

2.7. Thermo-gravimetric analysis (TGA)

Thermal stability of films was analyzed by TGA. Measurements
were performed in a Mettler Toledo TGA SDTA 851 equipment. The
samples were heated from 25 to 800 �C at a heating rate of 10 �C/
min under inert atmosphere conditions (10mL N2/min) to avoid
thermo-oxidative reactions.

2.8. Color and gloss

Color was analyzed with a CR-400 Konica Minolta Chroma-
Meter. L*, a* and b* parameters were measured by placing the
films on the surface of a standard white plate. The CIELAB color
scale was used: L* ¼ 0 (black) to L* ¼ 100 (white), -a* (greenness)
to þa* (redness), and -b* (blueness) to þ b* (yellowness). Color
difference (DE*) was calculated referred to the control film
(0CA0CHI):

DE* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðDL*Þ2 þ ðDa*Þ2 þ ðDb*Þ2
q

Film gloss was determined using a Multi Gloss 268 Plus gloss
meter. Gloss values were measured at 60� incidence angle, ac-
cording to ASTM D523-99 (ASTM, 1999).

2.9. Ultravioletevisible (UVevis) spectroscopy

UV-vis spectroscopy was performed in the range from 200 to
ted fish gelatin/chitosan composite films, Food Hydrocolloids (2018),



Fig. 1. FTIR spectra of the control film (0CA0CHI), the films with 10 or 20wt % CA
without CHI (10CA0CHI and 20CA0CHI) and the films with 9wt % CHI (10CA9CHI and
20CA9CHI).
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800 nm using a UV-Jasco spectrophotometer, model V-630. Trans-
parency (T) values weremeasured at 600 nm (A600) and normalized
considering the film thickness (x):

T ¼ A600

x

2.10. Water contact angle (WCA)

WCA measurements were performed using a Dataphysic Con-
tact Angle System, Oca 20 model. For each measurement, a 3 mL
droplet of distilled water was placed on the film surface. The image
of the drop was taken using SCA20 software.

2.11. Water vapor permeability (WVP)

WVP values weremeasured in aW3/0120 tester. Film disks were
sealed to cups containing distilled water. Then, cups were placed
into the tester at 38 �C and 90% relative humidity, according to
ASTM E96-00 (ASTM, 2000). WVP was determined gravimetrically
as follows:

WVP
�

g cm�1 s�1 Pa�1
�

¼ w x
A t DP

where w is the weight change (g), x is the film thickness (cm), A is
the film area (cm2), t is time (s) and DP is the partial pressure dif-
ference of water vapor across the film (Pa).

2.12. Mechanical properties

Tensile strength (TS) and elongation at break (EB) were deter-
mined using MTS Insight 10 Electromechanical Testing System,
equipped with a tensile load cell of 250 N. According to ASTM
D1708-93 (ASTM, 1993), the cross-head speed was set at 1mm/min
and samples with 22.25mm length and 4.75mmwidth were used.

2.13. Antibacterial assessment

The antibacterial activity of fish gelatin films was tested against
the growth of a Gram-negative bacteria, E. coli DH5a, to analyze the
influence of CA and CHI. E. coli DH5a was grown overnight in Luria
Bertani (LB) broth (Sambrook, Fritsch, & Maniatis, 1989) at 37 �C
with shaking (160 rpm). Then, it was inoculated into fresh LB me-
dium and grown up to the mid-exponential phase at 37 �C and it
was used to inoculate 10mL media containing 0.04 g of film and
incubated for 24 h at 37 �C and 160 rpm. Samples from cultures
were taken at 5 h since E. coli DH5a had grown up actively after this
time. The plate dilution method was used to monitor cell viability
on LB agar plates incubated at 37 �C and results were reported as
CFU/mL.

2.14. Statistical analysis

Analysis of variance (ANOVA) was used to determine the sig-
nificance of differences among samples. The analysis was per-
formed with a SPSS computer program (SPSS Statistic 23.0) and
Tukey's test was used for multiple comparisons. All the assays were
done at least in triplicate. Differences were statistically significant
at the P< 0.05 level. This analysis was carried out separately for the
systems with 10wt % CA and 20wt % CA in order to estimate the
significant differences as a function of CHI content.
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3. Results and discussion

3.1. Physicochemical properties

The effect of CHI and CA in fish gelatin films was assessed by
FTIR analysis. As can be seen in Fig. 1, the most noticeable change
occurred in the relative intensity between the band corresponding
to amide I (C¼O stretching at ~ 1630 cm�1) and the one associated
to amide II (N-H bending coupled with C-N stretching
at ~ 1540 cm�1) (Muyonga, Cole, & Duodu, 2004). In particular, the
intensity of the amide I band was higher than that of the amide II
for the control film (0CA0CHI); however, the difference in the
relative intensity of these two bands became smaller for the films
with 10wt % CA (10CA0CHI and 10CA9CHI), similar for the films
with 20wt % CA without CHI (20CA0CHI), and the intensity of the
amide II band became larger with respect to that of amide I for the
films with 20wt % CA and 9wt % CHI (20CA9CHI).

According to Lagaron, Fernandez-Saiz, and Ocio (2007), the
band at ~ 1540 cm�1 can be related to the biocide activity of chi-
tosan associated to the protonated amino groups and, thus, a
relative increase of this band might indicate an increase of the
antibacterial capacity of the films, as corroborated below by the
antimicrobial assessment. Additionally, the band at ~1400 cm�1 has
been also associated to biocide activity related to carboxyl groups
(Lagaron et al., 2007; Leceta, Guerrero, Ibarburu, Due~nas, & de la
Caba, 2013). As can be seen in Fig. 1, the relative intensity of this
band with respect to the band at 1450 cm�1, corresponding to the
CH2 groups in proline, was lower for the films without CA and CHI
(0CA0CHI), became similar for the films with 10wt % CA (10CA0CHI
and 10CA9CHI) and larger for the films with 20wt% CA, especially
for the films with 9wt % CHI (10CA9CHI), in accordance with the
antimicrobial results shown in Fig. 7. Furthermore, the bands in the
1100-1000 cm�1 region became a single band for the 20CA9CHI
film.

These differences in the relative intensity of FTIR bands suggest
different interactions among the polar groups of the formulation
components (FG, CHI, CA and glycerol) depending on CHI, but
mainly on CA content. The interactions between gelatin and chi-
tosan aremainly produced by hydrogen bonding between carboxyl,
ted fish gelatin/chitosan composite films, Food Hydrocolloids (2018),



Table 2
Moisture content (MC) and total soluble matter (TSM) of FG films prepared with
different contents of citric acid (CA) and chitosan (CHI).

Film MC (%) TSM (%)

0CA0CHI 11.21± 0.33d 37.33± 1.05b

10CA0CHI 12.33± 0.05a 44.96± 1.97a

10CA3CHI 12.15± 0.06b 38.67± 0.87a

10CA6CHI 12.20± 0.06ab 45.78± 1.76a

10CA9CHI 11.93± 0.06c 42.71± 4.68a

0CA0CHI 11.21± 0.33c 37.33± 1.05c

20CA0CHI 13.46± 0.09a 44.73± 1.86a

20CA3CHI 13.32± 0.03ab 42.99± 2.01ab

20CA6CHI 13.41± 0.10a 41.34± 0.82ab

20CA9CHI 12.96± 0.24b 40.27± 1.30b

Two means followed by the same letter in the same section and column are not
significantly (P> 0.05) different through the Turkey's multiple range test.
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amino and hydroxyl groups of gelatin and amino and hydroxyl
groups of chitosan (G�omez-Estaca et al., 2011). These interactions
seem to be influenced by the CA content incorporated into the film
forming solutions; therefore, in order to further analyze the effect
of CA and CHI on the protein structure, the curve fitting of the
amide I band was carried out.

The amide I profile of gelatin contains three major components:
a band associated to the a-helix/random coil conformation at
1650 cm�1, and two bands corresponding to the b-sheet confor-
mation at 1615e1630 cm�1 and 1680e1700 cm�1 (Etxabide, Leceta,
Cabezudo, Guerrero, & de la Caba, 2016; Guerrero, Kerry, & de la
Caba, 2014). As can be seen in Table 1, no difference was observed
in the protein structure with respect to the control film (0CA0CHI)
when 10wt % CA was incorporated (10CA0CHI); however a
decrease in the content of the b-sheet conformation and an in-
crease of the a-helix/random coil conformationwas observedwhen
20wt % CA was incorporated (20CA0CHI), indicating the great in-
fluence of CA content in the protein structure. Furthermore, the
difference between the contents of b-sheet and a-helix/random coil
conformations was bigger for the films prepared with 20wt % CA,
which showed higher content of a-helix/random coil than the films
prepared with 10wt % CA. This behavior could be due to a partial
gelatin renaturation (Sow & Yang, 2015), which could be favored in
the presence of higher CA contents due to the plasticizing effect of
CA, as shown below when mechanical properties are analyzed.

The protein structure was also affected by the addition of CHI.
Specifically, the content of b-sheet decreased and the content of a-
helix/random coil increased with the incorporation of CHI. How-
ever, the changes observed when CHI content increased were
different for the films prepared with 10 or 20wt % CA. In particular,
b-sheet content decreased and a-helix/random coil content
increased when CHI content increased in the films prepared with
10wt % CA, while the opposite trend, increase of b-sheet content
and decrease of a-helix/random coil content, was observed for the
films with 20wt % CA. These results indicate the different extension
of hydrogen bonding and, as a consequence, the different network
formed as a function of the CA content in the film forming
formulations.

Themoisture content (MC) and total soluble matter (TSM) of the
films were also analyzed and values are shown in Table 2. On the
one hand, all films showedmeanMC values from 11.21 to 13.41%, in
agreement with the weight loss associated to the first step of TGA
curves (Fig. 3). On the other hand, TSM values were around 40%,
probably due to the dissolution of glycerol and CA, since the in-
teractions among these components and the biopolymers used in
this work (FG and CHI) occurred by hydrogen bonding, as indicated
Table 1
Protein conformations in FG films prepared with different contents of citric acid (CA)
and chitosan (CHI).

Protein conformation Film Content (%) Film Content (%)

b sheet
(1615-1630 cm�1)

0CA0CHI 42 0CA0CHI 42
10CA0CHI 43 20CA0CHI 29
10CA3CHI 41 20CA3CHI 22
10CA6CHI 36 20CA6CHI 23
10CA9CHI 35 20CA9CHI 25

a-helix/random coil 0CA0CHI 54 0CA0CHI 54
10CA0CHI 53 20CA0CHI 68
10CA3CHI 55 20CA3CHI 74
10CA6CHI 60 20CA6CHI 72
10CA9CHI 61 20CA9CHI 69

b sheet(1680-1700 cm�1) 0CA0CHI 4 0CA0CHI 4
10CA0CHI 4 20CA0CHI 2
10CA3CHI 4 20CA3CHI 4
10CA6CHI 4 20CA6CHI 5
10CA9CHI 4 20CA9CHI 5
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by FTIR analysis (Fig. 1). It is worth noting that all films maintained
their integrity. Although no significant (P> 0.05) change was
observed for the films with 10wt % CA, in the case of the films with
20wt % CA, the addition of CHI significantly (P< 0.05) decreased
film solubility, as also shown by other authors for gelatin-chitosan
films (G�omez-Estaca et al., 2011; Hosseini, Rezaei, Zandi, & Ghavi,
2013; Matiacevich, Cofr�e, Schebor, & Enrione, 2013).

Since the swelling behavior is indicative of crosslinking, the
swelling values of the films were measured. First of all, the effect of
CA was analyzed and the swelling curves are shown in Fig. 2. In
general, gelatin films swell rapidly at short times but the swelling
rate slows down at longer times (Gordon, Brooker, Chew, Wilson,&
York, 2010). In the case of the control film (0CA0CHI), the swelling
increased up to values next to 2000%, whereas the swelling values
for the films prepared with CA were below 600% after 24 h. The
increase of CA content from 10% to 20wt % decreased swelling
values. It is worth noting that the CA-incorporated films main-
tained their integrity up to the end of the swelling test and the
hydrated films obtained were flexible.

Regarding the effect of CHI addition, swelling curves for the
films preparedwith CHI are shown in Fig. 3, inwhich two stages can
be distinguished. The first stage until 420min showed a fast
swelling up to 460e620% for the films prepared with 10wt % CA
and up to 400e470% for the films prepared with 20wt % CA. In all
cases, the highest values were measured for the films without CHI,
suggesting that the incorporation of CHI promoted the interactions
with the polar groups of the formulation components, so less polar
Fig. 2. Swelling behavior of the control film (0CA0CHI) and the FG films prepared with
10wt % CA (10CA0CHI) or 20wt % CA (20CA0CHI) without CHI.
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Fig. 3. Swelling behavior of the films prepared with different CA and CHI contents.
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groups were accessible to interact with water molecules, leading to
a lower swelling degree. This trend was maintained for the films
prepared with 10wt% CA until the end of the swelling test, when
constant swelling values were reached. These final swelling values
decreased from 825 to 750% when CHI content increased from 0 to
9wt %. In contrast, this trend was reversed for the films prepared
with 20wt % CA. These results are in agreement with the different
protein structures developed in the films with 10 or 20wt % CA, as
previously shown by FTIR analysis in Table 1.

3.2. Thermal properties

In order to relate the physicochemical changes observed as a
function of CA and CHI content to thermal properties, DSC mea-
surements were carried out and the curves obtained are shown in
Fig. 4. As can be seen, the most noticeable change occurred when
CA or CHI was incorporated, regardless of the CHI content added. In
relation to the films with 10wt % CA (Fig. 4a), all films, except the
film with the highest CHI content (10CA9CHI), showed one single
band related to water evaporation. As can be seen, the maximum of
this band shifted from 83 to 95 �C when CA was incorporated into
the formulation, and from 95 to 107 �C when CHI content increased
from 0 to 9wt %. These results are indicative of the interactions of
CA and CHI with gelatin, which would hinder water evaporation.
Fig. 4. DSC thermograms of the films prepared with a) 10wt % CA and b) 20wt %
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Furthermore, the film with 9wt % CHI showed a second peak
around 220 �C, associated to CHI deacetylation (Almeida, Frollini,
Castellan, & Coma, 2010). In contrast, all the films prepared with
20wt % CA and CHI (Fig. 4b) showed two peaks. Moreover, the
maximum temperature corresponding to this second peak
decreased when CHI content increased, which can be related to the
decrease of a-helix/random coil conformation from 3 to 9wt % CHI
content, as shown in Table 1.

Regarding TGA, derivative thermo-gravimetric (DTG) curves are
shown in Fig. 5, with the weight loss curves in the inset. As can be
seen, there are three main weight loss steps. The first one around
100 �C is related to water evaporation, as also shown by DSC in
Fig. 4, and its value was around 10%, in accordance with the MC
values shown in Table 2. The second weight loss step appeared
around 250 �C and it is associated to the evaporation of glycerol
(Castell�o, Dweck, & Aranda, 2009) and the decomposition of CA
(Choppali & Gorman, 2008). The maximum temperature corre-
sponding to this second step appeared at lower temperatures for
the films prepared with 20wt % CA, which could be related to the
different structure of the network formed as a function of CA
content, as previously shown by FTIR results (Table 1); in contrast,
the highest value was observed for the control film (0CA0CHI).
Finally, the main weight loss step appeared at 310e320 �C and it
corresponds to FG (Mohajer, Rezaei, & Hosseini, 2017) and CHI
degradation (Corazzari et al., 2015). Films showed a residual mass
around 30%, except the control film, which showed a residual mass
around 20%.
3.3. Optical properties

In addition to the physicochemical and thermal behavior, the
properties related to the appearance of the films were analyzed, in
particular, color, gloss and transparency. As can be seen in Table 3,
CIELab color parameters were similar for the films regardless of CA
and CHI content. As a consequence, the total color difference was
lower than 1 for all the films, indicating that there was no visual
color difference produced by the incorporation of CA or CHI into the
formulations.

Regarding gloss values (Table 4), the most significant difference
occurred when CHI was incorporated into the formulations, which
caused a significant (P< 0.05) decrease in gloss values. In spite of
the gloss decrease, the films prepared with 10wt % CAmaintained a
glossy surface with values around 100 GU, regardless of CHI con-
tent, indicative of a smooth surface. In contrast, the surface of the
films preparedwith 20wt % CA changed from smooth to roughwith
CA and different CHI contents in comparison to the control film (0CA0CHI).
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Fig. 5. Weight loss and DTG curves of the films prepared with a) 10wt % CA and b)
20wt % CA and different CHI contents in comparison to the control film (0CA0CHI).

Table 3
CIELab color parameters (L*, a*, b*) and total color difference (DE*) for FG films
prepared with different contents of citric acid (CA) and chitosan (CHI).

Film L* a* b* DE*

0CAOCHI 96.81± 0.17a �0.05± 0.02b 2.36± 0.03b e

10CA0CHI 96.48± 0.07b 0.00± 0.02a 2.26± 0.04a 0.34± 0.07a

10CA3CHI 96.17± 0.22c �0.05± 0.01b 2.42± 0.11b 0.64± 0.12b

10CA6CHI 96.03± 0.14c �0.12± 0.02c 2.52± 0.06b 0.80± 0.09c

10CA9CHI 96.04± 0.05c �0.20± 0.02d 2.77± 0.08c 0.88± 0.06c

0CAOCHI 96.81± 0.17a �0.05± 0.02b 2.36± 0.03b e

20CA0CHI 96.69± 0.04a �0.06± 0.01a 2.27± 0.05a 0.15± 0.05b

20CA3CHI 96.51± 0.12ab �0.17± 0.01b 2.47± 0.05c 0.34± 0.11a

20CA6CHI 96.50± 0.19ab �0.19± 0.01c 2.58± 0.05d 0.41± 0.09a

20CA9CHI 96.12± 0.36b �0.28± 0.02d 2.79± 0.02e 0.84± 0.06b

Two means followed by the same letter in the same section and column are not
significantly (P> 0.05) different through the Turkey's multiple range test.

Table 4
Gloss and transparency values of FG films prepared with different contents of citric
acid (CA) and chitosan (CHI).

Film Gloss (GU) Transparency

0CA0CHI 145.5± 5.7a 0.66± 0.01a

10CA0CHI 155.0± 0.7a 1.18± 0.05b

10CA3CHI 100.5± 2.3b 1.38± 0.05bc

10CA6CHI 98.1± 3.4bc 0.85± 0.06a

10CA9CHI 96.3± 0.5c 1.63± 0.17c

0CA0CHI 145.5± 5.7a 0.66± 0.01a

20CA0CHI 127.8± 3.2b 0.71± 0.03a

20CA3CHI 38.5± 0.5c 1.63± 0.03bc

20CA6CHI 26.7± 3.7c 1.43± 0.16b

20CA9CHI 25.9± 1.1c 1.74± 0.08c

Two means followed by the same letter in the same section and column are not
significantly (P> 0.05) different through the Turkey's multiple range test.
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the incorporation of CHI, although CHI content did not significantly
(P> 0.05) affect the gloss values. These variations between the films
prepared with 10 or 20wt % CA are in accordance with the different
physicochemical properties shown in 3.1 section. Finally, concern-
ing transparency, fish gelatin films did not absorb light at 600 nm,
as can be seen by the low transparency values shown in Table 4, so
Please cite this article in press as: Uranga, J., et al., Citric acid-incorpora
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it can be said that films were transparent regardless of CA and CHI
content.
3.4. Light barrier and mechanical properties

Regarding light barrier properties, UV-vis spectra are shown in
Fig. 6. As can be seen, films provided UV light barrier from 200 to
250 nm, thanks to tyrosine and phenylalanine amino acid residues
in gelatin (G�omez-Guill�en et al., 2009; Nagarajan, Benjakul,
Prodpran, & Songtipya, 2015). Moreover, UV light absorbance in
the 250e280 range increased with the incorporation of CA and
with the increase of CHI content due to the carboxyl and hydroxyl
auxochrome groups of CA and CHI (Jadhav & Phugare, 2012).

Film hydrophobicity was analyzed by themeasurement of water
contact angles (Karbowiak, Debeaufort, & Voilley, 2006; Kokoszka,
Debeaufort, Lenart, & Voilley, 2010; Oymaci & Altinkaya, 2016). As
shown in Table 5, WCA values increased by the incorporation of CA
or CHI with respect to the control film, leading to hydrophobic
surfaces. These values did not significantly (P> 0.05) change with
CHI content for the films prepared with 10wt % CA, while WCA
values significantly (P< 0.05) increased for the films with 20wt %
CAwhen CHI increased from0 to 9%, reaching a similar value for the
films with 9wt % CHI, regardless of CA content. This increase in the
hydrophobic character of the films can be related to the interactions
among polar groups shown by FTIR analysis, which hinder the
orientation of polar groups towards the surface. Finally, regarding
WVP, similar values were found for all films, indicating that the
addition of CA and CHI did not unfavorably affect the film WVP.
Water vapor permeability is a two-step process that includes water
vapor sorption and water vapor diffusion (Roy, Gennadios, Weller,
& Testin, 2000). The latter depends on protein structure, which
changes as a function of the interactions of protein polar groups,
causing the depart from the expected behavior (Su et al., 2010), as
shown by WVP values in this work.

As displayed in Table 5, mechanical properties were also influ-
enced by the addition of CA. Since the residual free CA can act as a
plasticizer (Shi et al., 2008), TS significantly (P< 0.05) decreased,
while EB significantly (P< 0.05) increased when CAwas added. This
effect was more pronounced when CHI was incorporated into the
films with 10wt % CA. However, the effect of CHI on the films
preparedwith 20wt % CAwas different, since both TS and EB values
increased when CHI content was increased. This behavior is in
agreement with the different physicochemical properties shown in
3.1 section. The mechanical performance, especially for the films
prepared with 20wt % CA, was better than that observed for
gelatin/chitosan films with other organic acids, such as gallic acid
(Rui et al., 2017) or ferulic acid (Benbettaïeb, Karbowiak, Brachais,&
Debeaufort, 2015).
ted fish gelatin/chitosan composite films, Food Hydrocolloids (2018),



Fig. 6. UV-vis spectra of the films prepared with a) 10wt % CA and b) 20wt % CA and different CHI contents in comparison to the control film (0CA0CHI).

Fig. 7. Antibacterial activity of the films prepared with a) 10wt % CA and b) 20wt % CA
and different CHI content.

Table 5
Barrier properties (water contact angle, WCA; water vapor permeability, WVP) and
mechanical properties (tensile strength, TS; elongation at break, EB) of FG films
prepared with different contents of citric acid (CA) and chitosan (CHI).

Film WCA (º) WVP$1012 (g$cm�1$s�1$Pa�1) TS (MPa) EB (%)

0CA0CHI 71± 4a 1.9± 0.1a 68± 5a 8± 2a

10CA0CHI 112± 10b 1.8± 0.2a 39± 2b 23± 3b

10CA3CHI 100± 14b 2.5± 0.5b 35± 1b 18± 3c

10CA6CHI 125± 13b 2.6± 0.2b 30± 3c 15± 3c

10CA9CHI 118± 3b 2.6± 0.3b 28± 2c 5± 1a

0CA0CHI 71± 4a 1.9± 0.1a 68± 5a 8± 2a

20CA0CHI 78± 5b 2.1± 0.3a 29± 4b 17± 1b

20CA3CHI 64± 4a 2.3± 0.3a 33± 2c 22± 3c

20CA6CHI 86± 2b 2.5± 0.4a 35± 3c 18± 2b

20CA9CHI 114 ±1c 2.7± 0.5a 39± 3d 22± 2c

Two means followed by the same letter in the same section and column are not
significantly (P> 0.05) different through the Turkey's multiple range test.
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3.5. Antibacterial assessment

The antimicrobial activity of films was evaluated against E. coli
and results are shown in Fig. 7. Although free CA has been found to
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be active against some bacteria (Mahmoud, 2014), including E.coli
(Firouzabadi, Noori, Edalatpanah, & Mirhosseini, 2014), films pre-
pared with citric acid showed a slight (P< 0.05) reduction of
growth, probably due to the fact that CA interacted with gelatin, as
shown by FTIR results. The incorporation of CHI significantly
(P< 0.05) decreased the bacterial growth for the films with 10wt %
CA, regardless of CHI content. In contrast, the increase of CHI con-
tent promoted a further decrease (P< 0.05) of bacterial growth for
the films prepared with 20wt % CA, in accordance with the FTIR
analysis carried out (Fig. 1).

4. Conclusions

The incorporation of citric acid into gelatin film forming solu-
tions decreased the swelling of the resulting films, which were
flexible and easy to handle. This behavior could be explained by the
new interactions of citric acid with gelatin and glycerol, as shown
by FTIR analysis, which suggested the great influence of CA content
on protein structure and antibacterial activity. In particular, a
reduction in the growth of E. coli was shown especially for those
films prepared with 20wt % of citric acid and 9wt % of chitosan,
indicating the combined effect of citric acid and chitosan as natural
antimicrobial compounds. The resulting films were transparent,
colorless and showed good UV barrier properties and hydrophobic
surfaces, essential properties for food packaging applications,
highlighting the potential use of these films as active packaging.
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Pediococcus ethanolidurans CUPV141 is an exopolysaccharide (EPS)-producing lactic
acid bacterium, first isolated from Basque Country cider (Spain). Physicochemical
analysis of the EPS synthesized by the bacterium revealed that CUPV141 produces
mostly a homopolysaccharide (HoPS), characterized as a 2-substituted (1,3)-β-D-
glucan, together with a small quantity of a heteropolysaccharide (HePS) composed
of glucose, galactose, glucosamine, and glycerol-3-phosphate, this being the
first Pediococcus strain described to produce this kind of polymer. On the
contrary, an isogenic strain CUPV141NR, generated by chemical mutagenesis of
CUPV141, produced the HePS as the main extracellular polysaccharide and a barely
detectable amount of 2-substituted (1,3)-β-D-glucan. This HoPS is synthesized by the
transmembrane GTF glycosyltransferase (GTF), encoded by the gtf gene, which has
been previously reported to be located in the pPP2 plasmid of the Pediococcus parvulus
2.6 strain. Southern blot hybridization revealed that in CUPV141 the gtf gene is located
in a plasmid designated as pPE3, whose molecular mass (34.4 kbp) is different from that
of pPP2 (24.5 kbp). Analysis of the influence of the EPS on the ability of the producing
bacteria to adhere to the eukaryotic Caco-2 cells revealed higher affinity for the human
enterocytes of CUPV141NR compared to that of CUPV141. This result indicates that,
in contrast to the 2.6 strain, the presence of the HoPS does not potentiate the binding
ability of P. ethanolidurans. Moreover, it supports that the phosphate-containing bacterial
HePS improved the interaction between P. ethanolidurans and the eukaryotic cells.

Keywords: Pediococcus ethanolidurans, β-glucan, gtf, heteropolysaccharides, priming-glycosyltransferase,
plasmid, adhesion

INTRODUCTION

Some lactic acid bacteria (LAB) produce exopolysaccharides (EPS), extracellular polymers that
may remain tightly attached to the bacteria, constituting a capsule, or may be released to the
environment (De Vuyst et al., 2001). These polymers often possess useful properties, such as
improvement of the rheological properties of food and even beneficial effects for health as
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prebiotics and immunomodulators (Bajpai et al., 2016;
Caggianiello et al., 2016). The EPS can be homopolysaccharides
(HoPS) or heteropolysaccharides (HePS), constituted,
respectively, by one or various types of monosaccharides
(Werning et al., 2012). Only one protein is responsible for the
synthesis and the extracellular location of the HoPS, whereas the
HePS synthesis and secretion requires the joint action of several
proteins usually encoded by genes located in operons (Sanlibaba
and Aybige Çakmak, 2016). A priming-glycosyltransferase
(priming-GTF or p-GTF), which is phosphorylated by a
tyrosine kinase (Minic et al., 2007), catalyzes the first step of
the synthesis of HePS by the formation of a phosphoanhydride
bond between the first hexose-1-phosphate of the repeating unit
and an undecaprenyl phosphate lipid carrier anchored to the
membrane. Then, the repeating-unit is synthesized, by sequential
transfer of nucleotide sugar residues onto the growing chain by
other glycosyltransferases (Whitfield, 2006). HePS are mainly
composed of different ratios of glucose, galactose and rhamnose,
and occasionally, they can be substituted by amino-sugars
or polyols (glycerol) as well as by glucuronic acids and also
phosphates (Badel et al., 2011). For LAB and bifidobacteria,
genetic studies and characterization of the EPS produced by
them have shown that these bacteria are able to synthesize more
than one EPS. Characterization of these polymers has revealed
that some strains produce HoPS and HePS (Ibarburu et al., 2007,
2015; Puertas et al., 2018) or several HePS (Remus et al., 2012;
Salazar et al., 2012; Hidalgo-Cantabrana et al., 2013; Lee et al.,
2016). In addition, HePS-producing Streptococcus thermophilus
strains have been widely used for fermentations to generate
dairy products as cheeses and yogurts because of the rheological
properties their EPS confer to the final products (De Vuyst et al.,
2003; Ravyts et al., 2011; Wu et al., 2011; Kanamarlapudi and
Muddada, 2017). However, until now simultaneous production
of HePS and HoPS by a pediococcal strain has not been reported.
The most common EPS produced by strains belonging to this
genus is a 2-substituted (1,3)-β-D-glucan (β-D-glucan) (Llaubères
et al., 1990; Dueñas-Chasco et al., 1997) synthesized by the GTF
glycosyltransferase (GTF) (Werning et al., 2008, 2014). This
HoPS is produced by LAB isolated from alcoholic beverages:
Pediococcus damnosus or Oenococcus oeni strains in wines
(Lonvaud-Funel and Joyeux, 1988; Dols-Lafargue et al., 2008),
Lactobacillus and Pediococcus strains in ciders (Dueñas et al.,
1995; Fernández et al., 1995; Ibarburu et al., 2007; Garai-Ibabe
et al., 2010a; Puertas et al., 2018) and Lactobacillus strains in
beers (Fraunhofer et al., 2018). The GTF is encoded by the gtf
gene, which is generally present in plasmids (Lonvaud-Funel
et al., 1993; Werning et al., 2006), although a chromosomal
location has been observed in O. oeni (Werning et al., 2006;
Dols-Lafargue et al., 2008).

The interest in the identification and characterization of
new LAB producing the β-D-glucan is due to the fact that
this polymer immunomodulates human macrophages, and its
presence increases the adhesion capability to enterocytes of
the producing bacteria (Fernández de Palencia et al., 2009;
Garai-Ibabe et al., 2010b). Moreover, this EPS has prebiotic
activity (Russo et al., 2012; Pérez-Ramos et al., 2016b) and
confers resistance to both technological and gastrointestinal

stresses to lactobacilli upon heterologous expression (Stack et al.,
2010).

This work reports on the characterization of Pediococcus
ethanolidurans CUPV141, a novel strain isolated from
cider that produces the 2-substituted (1,3)-β-D-glucan and
a phosphorylated HePS. As far as we know this is the first
instance of detection of this species in cider and the first
characterized example of a Pediococcus producing HoPS and
HePS. Moreover, the presence of these two EPS seems to play a
role for adhesion of the bacteria to biotic surfaces.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
The EPS-producing P. ethanolidurans CUPV141 strain was
isolated from Basque Country (Spain) ropy cider (containing
6% ethanol and at pH 3.4–3.8) as previously described (Dueñas
et al., 1995) in Carr-agar medium (g/L; yeast extract, 4;
casaminoacids, 5; DL malic acid, 5; glucose, 20; KH2PO4,
0.5; KCl, 0.425; CaCl2·2H2O, 0.125; MgSO4, 0.125; MnSO4,
0.0025) supplemented with pimaricin at 50 mg/mL to avoid
the growth of yeasts and molds. The isogenic, non-ropy strain
P. ethanolidurans CUPV141NR was generated in this work by
chemical mutagenesis with the antibiotic novobiocin (Sigma-
Aldrich) at a final concentration of 50 µg/mL. The P. parvulus
2.6 strain (Dueñas-Chasco et al., 1997) was used for comparative
purposes. All strains were stored at −80◦C in MRS medium
(De Man et al., 1960) containing 20% glycerol. The experimental
assays were performed in MRS medium pH 5.5 at 28◦C and
under an atmosphere containing 5% CO2. For EPS isolation, a
semi-defined medium (SMD) was used (Dueñas-Chasco et al.,
1997).

Genomic and Plasmidic DNA
Preparations
For genomic DNA extraction, NucleoSpin R© Tissue kit
(Macherey-Nagel) was used according to the manufacturer’s
instructions and supplementing the lysis buffer with lysozyme
(Sigma-Aldrich) at 30 mg/mL and mutanolysin (Sigma-Aldrich)
at 2 U/µL. Once isolated, samples were stored at−20◦C until use.

Total plasmid DNA preparations of P. ethanolidurans
CUPV141 and CUPV141NR strains were obtained and purified
by isopycnic CsCl density gradient to eliminate non-supercoiled
forms of the plasmids as previously described (Pérez-Ramos et al.,
2017b). Plasmidic samples were maintained at−80◦C until use.

Fluorescent quantification of the DNA in genomic and
plasmidic DNA preparations was determined with a Qubit
fluorometer using the Qubit HS dsDNA Assay Kit (Molecular
Probes).

16S rDNA Amplification by PCR
The template for PCR amplification was genomic DNA from
P. ethanolidurans CUPV141. The flanking primers 616V and
630R (Ehrmann et al., 2003) and the internal primer 699R
(Arahal et al., 2008) were used to obtain two amplicons (1466
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and 1009 pb) of the 16S rRNA gene. The PCR products
were purified with a NucleoSpin R© Gel and PCR Clean-up kit
(Macherey-Nagel) according to the manufacturer’s instructions.
Subsequent sequencing reactions were performed at Secugen
(Madrid, Spain). The DNA sequences obtained were used as
templates for the identification of the strain in the public database
EZBioCloud1 (Kim et al., 2012).

Quantification of the 2-Substituted
(1,3)-β-D-Glucan Produced by
P. ethanolidurans Strains
A competition enzyme-linked immunosorbent assay (ELISA)
was performed for the specific detection of the EPS synthesized
by strains of P. ethanolidurans, based on S. pneumoniae serotype
37 antibody, as previously described (Werning et al., 2014). The
EPS of P. parvulus 2.6 was isolated according to Notararigo
et al. (2013) and immobilized in each well of a 96-Well Nunc-
Immuno MicroWell MaxiSorp plate (Thermo Fisher Scientific).
EPS quantification was performed using a standard curve of serial
dilutions of the purified P. parvulus 2.6 EPS dissolved in PBS,
generated by competition for the primary antibody.

To quantify the amount of EPS released to the growth medium
or attached to the bacteria, P. ethanolidurans strains were grown
in MRS medium (1 mL) to a final concentration of 1 × 108

colony forming units (cfu)/mL in 1.5 mL Eppendorf tubes. Then,
the cultures were centrifuged (9300 × g, 4◦C, 10 min), the
supernatants were transferred to another Eppendorf tube and
the bacteria were resuspended in 1 mL of phosphate buffered
saline (PBS) pH 7.2. Dilutions of the culture supernatants and
of the bacterial suspension in PBS were used for quantification,
measuring the OD at 415 nm in a microtiter plate reader model
680 (Bio-Rad). The determinations were performed in triplicate.

Characterization of the gtf and p-gtf
Genes
Plasmid DNA from the P. ethanolidurans CUPV141 strain was
used to determine the 1,704 bp nucleotide sequence of the gtf
gene by the dideoxy method at Secugen as previously described
for the gtf gene of P. parvulus strains (Garai-Ibabe et al., 2010b).

For detection of the priming-GTF coding gene (p-gtf ),
degenerate primers (Provencher et al., 2003) and genomic
DNA from the two P. ethanolidurans strains were used for
DNA amplification. The 20 µL reaction mixtures for each
sample contained: 1 U of Taq DNA polymerase (Sigma), 1X
PCR Buffer (Sigma), 2.5 mM MgCl2 (Sigma), 0.1 mM dNTP
mixture (TaKaRa), 6.25 mM of each primer, and 200 ng of total
template DNA. Conditions for the PCR were as follows. First, an
incubation at 94◦C for 9 min. Then, 5 cycles at 94◦C for 30 s, 62◦C
for 31 s and 72◦C for 32 s. Finally, 40 cycles at 94◦C for 30 s, 52◦C
for 31 s, and 72◦C for 32 s.

After fractionation in 2.5% agarose gels, the amplicons were
purified using the ‘NucleoSpin R© Gel and PCR Clean-up’ kit,
according to the manufacturer’s instructions, and the nucleotide
sequence determined at Secugen.

1https://www.ezbiocloud.net

Informatics Analysis of Genes and
Inferred Protein Sequences
The amino acid sequence of the GTF was inferred from the
nucleotide sequence of the gtf gene with EditSeq 15 software
(DNASTAR R© Lasergene 15). The sequences of the protein, the
gtf gene as well as of the DNA fragment of p-gtf and its
translated product were compared with those of other bacteria,
deposited at the National Center for Biotechnology Information
(NCBI) database2, using the Basic Local Alignment Search Tool
(BLAST3). Multiple sequence alignments (MSA) of the sequences
obtained in the search were performed with MegAling Pro 15
software (DNASTAR Lasergene 15) using the Clustal Omega
algorithm. In addition, phylogenetic trees were obtained using
Tamura-Nei (Tamura and Nei, 1993) or Kimura (Kimura, 1983)
metrics for DNA and protein sequences, respectively. Finally,
mutations in the amino acid sequence of the GTF of each
bacterium were gathered in a secondary structure model of the
P. parvulus 2.6 enzyme, previously inferred using the SOSUI
program (Werning et al., 2006).

Detection of the gtf Gene by Southern
Blot Hybridization
Genetic localization of the gtf gene was performed following
the protocol previously described (Pérez-Ramos et al., 2017b).
Briefly, samples of plasmid DNA preparations from Pediococcus
strains and from Escherichia coli V517 (Macrina et al., 1978) were
fractionated by electrophoresis in a 0.7% agarose gel and DNA
molecules were revealed by staining with ethidium bromide at
0.5 µg/mL. The gels’ images were obtained with Gel Doc 200
(Bio-Rad). Plasmids from E. coli V517 were used to generate a
standard curve in which their relative migration in the gel was
represented versus their known size (Macrina et al., 1978), which
was used to determine the molecular mass of the pediococcal
plasmids. The plasmidic DNA bands were transferred to a nylon
membrane prior to hybridization. The internal regions of the
gtf gene used as probes were generated by PCR amplification,
in a reaction catalyzed by Phusion High Fidelity Polymerase
(New England BioLabs), using as substrate total plasmid DNA
preparation of P. parvulus 2.6 and the previously described
primers GTFSF and GTFSR (Werning et al., 2006). Then, the
amplicon was labeled with digoxigenin-dUTP using the DIG high
prime DNA labeling and detection starter kit II (Roche). Each
DIG-labeled DNA probe (25 ng/mL) was used for hybridization
at 40◦C following the specifications of the kit’s supplier. The
hybridization bands were revealed with the chemiluminescent
substrate CSPD, and the signals were detected with the LAS-3000
imaging system (Fujifilm).

Agglutination Immunological Analysis
Agglutination tests were performed with S. pneumoniae type 37-
specific antisera according to the protocol previously described
(Werning et al., 2006). Briefly, cultures in late-exponential
phase (1 × 109 cfu/mL) from the two Pediococcus strains were

2http://www.ncbi.nlm.nih.gov/
3https://blast.ncbi.nlm.nih.gov/
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centrifuged at 8609 × g for 47 min at 4◦C and after removal
of the supernatants, the sedimented bacteria were concentrated
100-fold by resuspension in PBS pH 7.2 with vigorous vortexing.
Then, 10 µL of each bacterial suspension was mixed with 1 µL of
anti-type 37 antibody, and incubated for 2 h at 4◦C. Afterwards,
each sample (4 µL) was observed by phase contrast microscopy
using a Leica DM 1000 microscope.

Isolation of EPS
Pediococcus ethanolidurans CUPV141 and CUPV141NR were
grown in MRS broth for 24 h. Then, the volume of
bacteria corresponding to a 2% inoculum was sedimented by
centrifugation (18500 × g, 10 min, 4◦C), resuspended in fresh
MRS pH 5.5 medium and incubated at 28◦C in a 5% CO2
atmosphere for 24 h. Finally, a 2% inoculum was sedimented
again, in the same conditions, to inoculate the final fermentation
in SMD pH 5.5 medium (Dueñas-Chasco et al., 1997). When
the cultures reached the late-exponential phase of growth,
bacteria were sedimented by centrifugation of the cultures
(18500 × g, 20 min, 4◦C), and the EPS were precipitated from
the supernatants by addition of 3 volumes of cold absolute
ethanol and kept at −20◦C for 16 h. Afterwards, the polymers
were recovered by centrifugation (18500 × g, 10 min, 4◦C)
and the crude EPS were washed three times with 80% (v/v)
cold ethanol and dialyzed in 12–14 kDa MWCO membranes
(Iberlabo) against distilled water, freeze-dried and kept at room
temperature.

Lyophilized EPS were dissolved in ultrapure water
(0.1 mg/mL) and concentration was estimated from the neutral
carbohydrate content as determined by the phenol-sulphuric
acid method (Dubois et al., 1956) using glucose as standard.

Partial Characterization of the Crude
EPS
Pediococcus ethanolidurans CUPV141 and CUPV141NR
were incubated in MRS broth for 21 h. Then, the volume
corresponding to an OD600 of 1.0 was centrifuged (9600 × g,
10 min, 4◦C). Supernatants were discarded and the sediments
were resuspended in 0.5 mL of PBS pH 7.2. Then, in order
to visualize similarities or differences in the EPS production
between the two P. ethanolidurans strains, transmission electron
microscopy (TEM) was used following the protocol of Zarour
et al. (2017) with modifications. Briefly, a drop of each solution
was independently deposited on a carbon film copper grid,
previously hydrophylized by a glow discharge process of ca.
30 s, and the preparations were washed with water for 15 s.
Then, each grid was stained for 15 s with a uranyl acetate water
solution (0.5% w/v) in order to improve the image contrast, and
washed again with water. Finally, the samples were air-dried
and examined in a TECNAI G2 20 TWIN (FEI) microscope,
operating at an accelerating voltage of 200 kV in a bright-field
image mode, at the Microscopy Service of the University of
Basque Country (UPV/EHU). Monosaccharide composition of
the polymers, as well as methylation analysis for the elucidation
of the O-glycosidic linkages involved in the structure of the EPS
were developed following the protocols described by Notararigo

et al. (2013). Finally, proton nuclear magnetic resonance (1H
NMR) analysis of the EPS produced by the ropy strain was
performed as previously described (Dueñas-Chasco et al., 1997)
at the UPV/EHU NMR Service (SGIker).

Adhesion Properties
Self-Aggregation Assay
Pediococcus ethanolidurans CUPV141 and CUPV141NR strains
were grown in MRS medium pH 5.5 (1% inoculum) for 15 h.
Then, the volume corresponding to 1 × 108 cfu/mL was
centrifuged (12000 × g, 10 min, 4◦C) and after removal of the
supernatant, 1 mL of fresh MRS pH 5.5 medium was added.
Two tubes of each strain were incubated at 28◦C. Samples were
recovered at 5 and 24 h (one tube of each strain for each time)
as follows: the tubes were gently centrifuged (5000 × g, 3 min,
4◦C), and after removal of the supernatants the bacteria were
carefully resuspended in 50 µL PBS pH 7.2. Aliquots of 5 µL
of this suspension were visualized by phase contrast microscopy
using a Leica DM 1000 microscope.

Caco-2 Cell Culture Adhesion Assay
The Caco-2 enterocyte cell line was obtained from the cell bank
at the CIB. They were seeded and maintained as previously
described (Garai-Ibabe et al., 2010b). For adhesion assays,
exponential-phase cultures of the P. ethanolidurans strains
after sedimentation were resuspended in DMEM medium
(Invitrogen), to give a concentration of 1.25 × 106 cfu/mL, and
added to Caco-2 cells (ratio 10:1, bacteria:Caco-2 cells) in a final
volume of 0.1 mL per well. After incubation for 1 h at 37◦C
under a 5% CO2 atmosphere, unattached bacteria were removed
by three washes with 0.2 mL of PBS pH 7.2. Then, the Caco-2
cells were detached from the plastic surface by addition of 0.1 mL
of 0.05% trypsin–EDTA per well and incubation for 5 min at
37◦C. The detachment was stopped by adding 0.1 mL of PBS
pH 7.2. To determine the number of cell-associated bacteria,
appropriate dilutions were plated onto MRS-agar plates. The
experiments were performed in triplicate. Adhesion data were
analyzed by two-way analysis of variance (ANOVA) to determine
the significant differences between the variables at p ≤ 0.05. The
analysis was performed using the SAS 9.4 software (SAS Institute
Inc., Cary, NC, United States).

RESULTS AND DISCUSSION

P. ethanolidurans CUPV141 Produces a
HoPS
The mucosal (ropy) phenotype of some bacteria is related to
the production of EPS (Torino et al., 2015), and among others,
we have previously isolated the 2-substituted (1,3)-β-D-glucan-
producing P. parvulus 2.6 strain from cider due to its ropy
phenotype (Fernández et al., 1995). In the search for novel β-
D-glucan-producing bacteria, the CUPV141 strain was isolated
from a ropy cider and selected by its mucosal phenotype upon
growth in a medium containing glucose. Determination of the
nucleotide sequence of the 16S RNA coding gene (accession
number in GenBank: MH298647) identified this strain as
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P. ethanolidurans and, as far as we know, this is the first instance
of isolation of this species from a ropy cider.

A specific ELISA method developed in our group (Werning
et al., 2014) was used to test and quantify the production
of the 2-substituted (1,3)-β-D-glucan by P. ethanolidurans
CUPV141 cultures (OD600 nm = 1.0), which amounted to
59.8 ± 4.8 mg/L. Afterwards, we proceeded to characterize the
genetic determinant responsible for the β-D-glucan synthesis,
which is synthetized by the GTF enzyme. Previously designed
oligonucleotides (Werning et al., 2006) were used to amplify
the gtf gene of CUPV141, and to determine its nucleotide
sequence (accession number in GenBank: MH028492), which
was compared to those of the gtf genes from GenBank at

the NCBI site. The BLASTn analysis revealed a 99% identity
of the CUPV141 gtf with its homologs from Lactobacillus
suebicus CUPV221, Lactobacillus diolivorans G77 (CUPV218)
and P. parvulus CUPV22, CUPV1 and 2.6 strains isolated from
Spanish cider and from P. damnosus IOEB8801 isolated from
French wine, showing that these genes have evolved from a
common ancestor. Thirteen gtf nucleotide sequences encoded
by several LAB, belonging to the Pediococcus, Lactobacillus,
and Oenococcus genera, were compared to that of CUPV141
strain to obtain the MSA depicted in Supplementary Figure S1
and the phylogenetic unrooted tree shown in Figure 1A.
According to the phylogenetic tree, the gtf gene is highly
conserved among the species and genera studied, although the

FIGURE 1 | Phylogenetic trees pertaining to (A) the gtf genes and (B) the GTF protein of different lactic acid bacteria. The trees were obtained with the Tamura and
Nei (1993) and Kimura metrics, for DNA and proteins, respectively, from a MSA generated with the Clustal Omega algorithm. Complete names and details of the
strains are depicted in Table 1.
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MSA showed some nucleotide changes. Also, a high identity
was observed between the gtf genes of P. ethanolidurans
CUPV141 and P. parvulus 2.6, the reference bacterium for
this gene. Only four changes, located at positions 86, 217,
1291, and 1524, differentiate these strains. The last was a silent
mutation and the other three resulted in changes of the GTF
of P. parvulus 2.6 (Trp29Leu, Leu73Phe, and H43Y) Thus, two
divisions can be made according to the origin from which
the species were isolated. The bacteria isolated from cider and
P. parvulus IOEB8801 (from wine) are grouped together. All
of them contain a plasmid harboring the gtf gene, except
L. suebicus CUPV221 for which the location of the gene has
not been established. The second division mainly grouped
isolates from beer, besides two O. oeni strains isolated from
champagne and cider, both described as having the gtf gene
at a chromosomal localization. Taking into consideration this
classification, there are also some mutations to emphasize. For
instance, those having changes at positions 272, 1524, or 1548,
where the majority of gtf genes of bacteria isolated from cider
harbor two cytosines and one adenine, while the genes of
beer isolates carry two thymines and one guanine, respectively.
Moreover, the mutation in position 272 (a change Ala91Val)
only occurred in the GTF of the isolates from cider. The
other two were silent mutations. Although the physiological role
of the 2-substituted (1,3)-β-D-glucan production is unknown,
the high conservation of the gft gene could be due to
a bacterial adaptation to the alcoholic environment of the
different beverages. The plasmidic location of the gene in
the Pediococcus and Lactobacillus strains suggests a horizontal
transfer of the gene, which might have conferred an evolutionary
advantage.

The translated P. ethanolidurans CUPV141 gtf gene was used
as a template for a BLASTp search. Most of the high identity
hits coincided with those detected for the GTF enzymes, but
the search also revealed identities, not detected at the nucleotide
level, such as the GTF from Propionibacterium freudenreichii
(33%) or the Tts glycosyltransferase of S. pneumoniae (36%).
These results indicate a convergent functional evolution to
yield glycosyltransferases encoded from unrelated genes. Similar
results were reported for the GTF of S. pneumoniae Tts and
Propionibacterium freudenreichii (Deutsch et al., 2008), and for
those of P. parvulus 2.6, P. damnosus IOEB8801, and O. oeni I4
(Werning et al., 2006; Dols-Lafargue et al., 2008).

Moreover, the amino acid sequences of CUPV14 and 13
glycosyltransferases, encoded by related genes (Figure 1A) were
aligned (Supplementary Figure S2). A phylogenetic tree was also
generated (Figure 1B) disclosing a high degree of conservation,
with small evolutionary distances among the GTF of different
LAB species. Again, the species clustered according to the source
from which they were isolated, with a clear grouping of the
isolates from cider and beer, and high similarities in the active
center of all the enzymes compared.

In addition, the differences in amino acids of the fourteen
glycosyltransferases were assembled (Figure 2) in a previous
topological prediction of the GTF of P. parvulus 2.6 and
L. diolivorans G77 (CUPV218) (Werning et al., 2006). According
to this model, the translated polypeptide seems to have four

transmembrane regions at the C-terminal domain and two more
at its N-terminus flanking the catalytic domain. This suggests
that the enzyme synthesizes the EPS in the cytosol and that the
active protein could be an oligomer of the polypeptide, which
could form a membrane pore through which the polymer could
be secreted to the environment. The alignment (Supplementary
Figure S2) and superimposition (Figure 2) of the amino acid
sequences revealed that the main differences are located at
the transmembrane regions, which could be explained as an
adaptation for optimal insertion into the membrane of each
particular bacterium. Some variations were also observed in the
sequence of the active center of the proteins, especially in O. oeni
IOEB0205, but none of them affected the aspartic acid residues
(Asp143, Asp198 and Asp200 or Asp295) that seem to constitute
the essential catalytic tetrad (Werning et al., 2012). The GTF of
P. parvulus CUPV1 and CUPV22 only differ with the enzyme of
P. parvulus 2.6 in one amino acid (T489A), located at the loop
between the fifth and sixth predicted transmembrane regions
(Garai-Ibabe et al., 2010b). Finally, the four nucleotide mutations
present in CUPV141 gtf gene resulted in three changes in the
encoded polypeptide, L29W, F73L and Y431H, highlighted in
orange in Figure 2 and located at the first, second, and fourth
predicted transmembrane regions, respectively, and the fourth
change in the nucleotide sequence in position 1524 resulted in
a silent mutation.

Isolation and Partial Characterization of
the EPS From P. ethanolidurans
CUPV141
Culture media for routine growth often contain components
that interfere with the quantification of the EPS released to the
medium by bacteria, i.e., MRS medium (De Man et al., 1960). For
this reason, SMD medium was used for the isolation of the EPS
produced by CUPV141. As reported before (Velasco et al., 2006),
the production of EPS can be affected by growth conditions, as
well as by the growth media. Therefore the bacterial strain was
cultivated for 48 h at two different pHs in SMD medium, giving a
slightly higher production of EPS when the medium was adjusted
to pH 5.5 (58.9± 2.2 mg/L) rather than pH 4.8 (53.5± 1.2 mg/L).
Thus, for the subsequent isolation of EPS from the supernatants,
both Pediococcus strains were grown in SMD medium at pH 5.5
for 48 h at 28◦C in an atmosphere containing 5% CO2.

The yield of EPS recovered from the supernatant of CUPV141
was 69 mg per liter of culture. Among the cider isolates,
P. parvulus CUPV1 and L. suebicus CUPV221 produced similar
amounts of EPS, while P. parvulus 2.6 or P. parvulus CUPV22
have been reported to produce 193 and 243 mg per liter,
respectively (Garai-Ibabe et al., 2010a).

In order to elucidate the partial chemical structure of
the EPS, several analyses were carried out. The polymer
released to the medium by CUPV141 contained glucose as the
major monosaccharide, and small amounts of galactose and
galactosamine were also detected (less than 5%). In addition,
a peak was identified as glycerol-3-phosphate using the NIST
library included in the chromatographic software, which is an
uncommon component of EPS from Pediococcus strains.
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FIGURE 2 | Mutations of different lactic acid bacteria in the protein sequence of the GTF, pertaining to the secondary structure predicted for P. parvulus 2.6 and
L. diolivorans G77 (CUPV218) using the SOSUI program (http://harrier.nagahama-i-bio.ac.jp/sosui/). Each colored arrowhead represents a bacterial species: black
for O. oeni, blue for L. brevis, green for L. suebicus, yellow for Pediococcus clausenii, orange for P. ethanolidurans and red for P. parvulus.

Methylation analysis gave evidence of three main units of
partially methylated alditol acetates corresponding to terminal, 3-
O-substituted and 2,3-di-O-substituted glucopyranose in relative
proportions 1:1:1. In addition, the 1H NMR spectrum of
the EPS (Figure 3) showed the signals reported for the 2-
substituted (1,3)-β-D-glucan of P. parvulus 2.6 (Dueñas-Chasco
et al., 1997), which confirmed that P. ethanolidurans CUPV141
releases this β-D-glucan as the major extracellular polysaccharide.
However, other minor components were identified in this
EPS: (1,2)-galactopyranose, (1,6) and (1,3,6)-glucopyranose, and
(1,4)-glucosamine, suggesting that P. ethanolidurans CUPV141
produced also a HePS. To the best of our knowledge, the
production of both a HoPS and a HePS by Pediococcus strains
has not been previously reported.

The P. ethanolidurans CUPV141NR
Mutant Strain
Chemical mutagenesis of P. parvulus 2.6 resulted in the
generation of the 2.6NR isogenic strain that did not produce β-
D-glucan (Fernández et al., 1995). Therefore, with the aim of
abolishing the production of the HoPS for further studies on the
biological activity of the EPS, and for a better characterization
of the HePS synthesized, P. ethanolidurans CUPV141 was
subjected to chemical mutagenesis and the isogenic non-ropy
CUPV141NR strain was generated. The Tts glycosyltransferase
of S. pneumoniae serotype 37, which is homologous to the GTF
of P. parvulus 2.6 and P. ethanolidurans CUPV141, synthesizes
a capsular HoPS (Llull et al., 1999) very similar to the β-D-
glucan produced by the pediococcal enzyme. Thus, anti-serotype
37 antibodies are able to agglutinate 2-substituted (1,3)-β-D-
glucan-producing bacteria (Llull et al., 1999; Werning et al.,
2006). Therefore, an evaluation of the HoPS production of the
mutant and the parental strain by an agglutination immunoassay

with anti-serotype 37 antibodies was performed. The results
revealed a clear difference between the aggregation capabilities
of the two strains, showing, after a 24 h-incubation period,
that P. ethanolidurans CUPV141 formed huge aggregates in the
presence of the antibodies, while CUPV141NR strain produced
small aggregates (Figure 4). These results suggested that the
mutant strain still produced the β-D-glucan, although at very
low levels. Specific quantification of the 2-substituted (1,3)-β-
D-glucan with the ELISA immunoassay using anti-serotype 37
antibodies confirmed that, at an OD600 nm = 1.0, the non-ropy
CUPV141NR strain released 0.096 ± 0.002 mg/L of β-glucan
to the supernatant, whereas the wild-type CUPV141 strain
produced 42.40± 0.05 mg/L.

The recovery of EPS from the supernatant of CUPV141NR
yielded 29 mg per liter of culture, a quantity much lower than that
produced by the ropy strain. Acid hydrolysis of the EPS released
glucose, galactose and glucosamine in a molar ratio 2.4:1:0.9,
and the peak of glycerol-3-phosphate was observed again in the
chromatogram. The main linkage types in the EPS, deduced from
a methylation assay, revealed a polymer structurally different
from the major β-glucan produced by the ropy strain, but
with the same components detected in minor amounts in that
preparation, namely: O-2 substituted galactopyranose, terminal
glucopyranose, O-6, O-2,6, and O-3,6 substituted glucose, and O-
4 substituted glucosamine. The proportion of terminal residues
was far lower than that expected from the amount of branching
points, which suggests that the glycerol 3-phosphate units
detected in the hydrolysates may occupy terminal positions in
the side chains of this branched polymer. Further analyses are
needed to determine the structure of this polymer, but the current
data confirm that P. ethanolidurans CUPV141 synthetizes and
secretes at least two polysaccharides: the 2-substituted (1,3)-β-D-
glucan and a HePS with glycerol-3-phosphate. This is the first
instance of a Pediococcus strain producing both a HoPS and a
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FIGURE 3 | 1H RMN spectra of CUPV141 EPS recovered from the supernatant. A, B, and C signals correspond to the anomeric protons of terminal
β-D-glucopyranose units, 3-linked- β-D-glucopyranose residues and 2,3-linked- β-D-glucopyranose units, respectively, as described in Dueñas-Chasco et al. (1997)
for the 2-substituted (1,3)-β-D-glucan produced by P. parvulus 2.6.

FIGURE 4 | Immunoagglutination in the presence of anti-serotype 37 antibody of (1,3)(1,2)-β-D-glucan producing P. ethanolidurans strains CUPV141 and
CUPV141NR.

HePS, and the first report of a phosphorylated EPS in this genus,
although other HePS with phosphorylated glycerol have been
reported in Lactobacillus delbrueckii ssp. bulgaricus OLL 1073R-
1 (Kitazawa et al., 1998), Lactobacillus plantarum EP56 (Tallon
et al., 2003), and Lactobacillus johnsonii FI9785 (Dertli et al.,
2013).

Detection of the Plasmidic Location of
P. ethanolidurans gtf Gene
The gtf gene of P. parvulus 2.6 is located in the pPP2 plasmid,
which is not present in the 2.6NR strain (Fernández et al.,
1995; Werning et al., 2006; Pérez-Ramos et al., 2017b). Thus,
by homology, the gtf gene in P. ethanolidurans CUPV141 could
be located in a plasmid, and the reason for the non-ropy
phenotype of the isogenic CUPV141NR strain could be the loss

of this plasmid. To confirm this hypothesis, total plasmid DNA
preparations from P. ethanolidurans CUPV141, CUPV141NR
and P. parvulus 2.6 were purified by fractionation in a CsCl
gradient to eliminate open circles and linear forms of the
plasmids. Then, the purified plasmid DNA preparations were
fractionated in an agarose gel (Figure 5A). As expected,
three bands were detected in the preparation of P. parvulus
2.6 corresponding to the previously identified pPP1, pPP2,
and pPP3 plasmids with molecular weights of 39.1, 24.5,
and 12.7 kbp, respectively (Pérez-Ramos et al., 2017a and
molecular weight inferred in Figure 5B). A different plasmidic
pattern was detected in the P. ethanolidurans CUPV141 DNA
preparation, including four bands, which should correspond
to plasmids named pPE1, pPE2, pPE3, and pPE4 with an
inferred molecular weight of 45.6, 40.2, 34.4, and 33.4 kbp,
respectively (Figure 5B). Only three bands were observed in
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the preparations of the P. ethanolidurans CUPV141NR strain,
which lacked the pPE3 plasmid. Southern blot hybridization
gave evidence of the presence of the gtf gene in P. parvulus
2.6 and in the P. ethanolidurans wild-type strain and not in
the mutant (Figure 5A). Moreover, the hybridization bands
revealed that pPE3 harbors the gtf gene in CUPV141, whose
molecular weight differs from that of the pPP2 gtf -carrier
plasmid in P. parvulus 2.6. The non-detection of gtf in the
CUPV141NR strain correlated with its non-ropy phenotype,
however, as stated above, the immunodetection and specific
quantification of the (1,3)-β-D-glucan indicated that this
bacterium produces low levels of the HoPS. This could be
due to the presence of pPE3 in CUPV141NR with a low copy
number undetectable by Southern blot hybridization. Thus,
plasmidic DNA from both Pediococcus strains was used for
the detection of the gtf gene by the more sensitive PCR
amplification method. The reaction products were analyzed in
agarose gel (Figure 5C), and the analysis revealed that the
expected amplicon of 1.7 kbp had been generated with both
plasmidic DNA preparations. However, the intensity of the
band was very weak in the CUPV141NR DNA preparation
even though a fivefold higher reaction volume, compared to
that of CUPV141 DNA, was loaded in the gel (Figure 5C).
Consequently, the overall results support a drastic decrease
of the copy number of pPE3 as a consequence of the

novobiocin treatment of CUPV141 to generate the CUPV141NR
strain.

Genetic Determinant of the Initiation of
HePS Synthesis in Pediococcus Strains
HePS are synthesized by a more complex molecular mechanism
than HoPS, which requires the action of several proteins. It
is known that the first enzyme in the process is the p-GTF,
which transfers the first phospho-sugar residue from an activated
nucleotide sugar to the undecaprenyl phosphate-lipid carrier
embedded in the membrane (Lebeer et al., 2009). The pGTF
from O. oeni has been recently characterized (Dimopoulou
et al., 2017), but no studies in P. ethanolidurans have been
performed until now. Thus, the detection of the p-GTF coding
gene was approached by PCR amplification of the highly
conserved C-terminal sugar transferase domain of the enzyme,
using degenerate primers previously described (Provencher et al.,
2003). The nucleotide sequence of the obtained fragments was
the same for the ropy and non-ropy strains. Furthermore,
BLASTn analysis revealed 96, 85, and 74% identities with
regions of genes encoding putative proteins annotated as a
sugar transferase of Lactobacillus sanfranciscensis TMV1.1304,
a glycosylphosphotransferase of Vagococcus lutrae MIS7, and
a p-GTF of Lactobacillus plantarum 26.1, respectively. These
nucleotide sequences were aligned using the Clustal Omega

FIGURE 5 | Detection of plasmids of P. ethanolidurans CUPV141 and CUPV141NR strains and of P. parvulus 2.6. (A) Detection of the gtf gene by Southern blot
hybridization. Left, analysis in a 0.7% agarose gel of plasmids preparations of LAB strains and of E. coli V517. Right, hybridized membrane of samples transferred
from the agarose gel. (B) Depicts the calibration curve for plasmid size determination. Symbols: plasmids from E. coli V517 (♦), P. ethanolidurans (�) and P. parvulus
(�) strains. (C) Analysis in 0.7% agarose gel of gtf PCR amplicons obtained with genomic DNA from CUPV141 and CUPV141NR strains. Smart Ladder, molecular
weight standard.
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FIGURE 6 | Phylogenetic tree pertaining to the p-gtf gene nucleotide sequences of different lactic acid bacteria. The tree was obtained with the Tamura and Nei
(1993) metric from a MSA generated with the Clustal Omega algorithm. Complete names and details of the strains are depicted in Table 2.

FIGURE 7 | Aggregation of P. ethanolidurans CUPV141 and CUV141NR strains, incubated for 5 h and 24 h.

algorithm (Supplementary Figure S3) and a phylogenetic tree
was also obtained (Figure 6). In addition, the MSA included
a DNA sequence of a gene encoding a putative undecaprenyl-
phosphate galactosephosphotransferase from the genome of
P. parvulus 2.6 (Pérez-Ramos et al., 2016a), and the partial DNA

sequences of the p-gtf genes from different bacteria isolated
from cider in a previous work (Puertas et al., 2018). The MSA
showed a very poor conservation of the gene between different
species. For instance, P. parvulus 2.6 showed three triplets more
than the rest of the bacteria at position 125. However, the
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FIGURE 8 | Adhesion of P. ethanolidurans CUPV141 and CUPV141NR strains
to Caco-2 cells. Values are expressed as the percentage of cfu added to the
assay. The results are the mean of three independent experiments. The insets
show electron micrographs of the bacteria. The arrows mark the β-glucan
(EPS). Statistical significances are represented by different letters that mean a
p ≤ 0.05.

homology was very high among different strains of Lactobacillus
collinoides, as is also observed in the phylogenetic tree, except for
the CUPV231 strain, which has an identity of 63.4% (104 out
of 164 nucleotides) with the other L. collinoides p-gtf analyzed.
The evolutionary distances between different species, which are
depicted in the tree, would confirm this fact, being inexistent
between L. collinoides strains. For the CUPV141 p-gtf DNA
fragment, the amino acidic sequence of the encoded polypeptide
was inferred with the EditSeq program and it was subjected to
BLASTp analysis, where various hits were found. The amino acid
sequences, like their corresponding coding ones, showed a high
degree of identity among different strains of the same species,
and less conservation between different species (Supplementary
Figure S4). The C-terminal region of the LAB p-GTFs includes
two blocks, B and C related, respectively, to either the interaction
with the lipid carrier or conferring the specificity for sugar
recognition (Wang et al., 1996). All of the amino acid sequences

aligned have a Glu at position 5 of block C except for that of
P. parvulus 2.6, which carries a Phe (Supplementary Figure S4),
previously proposed to be a catalytic residue (Van Kranenburg
et al., 1999). In addition, two Tyr present in the C block had been
proposed to be implicated in the phosphorylation of the enzyme
in S. thermophilus (Minic et al., 2007). The one located at position
9 of the block is present in all of the sequences except for that of
the 2.6 strain, which carries a phenylalanine (F), substitution that
has no effect in the S. thermophilus p-GTF (Minic et al., 2007).
In addition, an in silico analysis to find the genomic location
of the P. parvulus 2.6 p-gtf gene revealed that it is included in
a cluster of 11 genes involved in HePS synthesis and secretion
(Supplementary Figure S5). Therefore, production of HePS by
Pediococcus does not seem to be limited to the P. ethanolidurans
species. However, we have never detected synthesis of HePS by
the 2.6 strain and this could be due to lack of functionality of its
p-GTF.

Analysis of the Adhesion Ability of the
P. ethanolidurans CUPV141 and
CUPV141NR Strains
To carry out this test, bacteria have to be sedimented and thus the
supernatant containing part of the EPS is removed. Therefore, the
concentration of the 2-substituted (1,3)-β-D-glucan bound to the
bacteria after sedimentation and resuspension was determined by
the specific ELISA immunoassay method prior to the analysis. As
expected, the results revealed differences between the two strains,
since CUPV141 and CUPV141NR carry 80.2 ± 6.0 ng/mL
and <0.30 ± 0.06 ng/mL HoPS, respectively. Consequently, a
comparative analysis of the two strains analyzed should provide
information on the contribution of the HoPS to adhesion.

First, the ability of the bacteria for self-aggregation was
investigated (Figure 7). After 5 h of incubation, the culture of
P. ethanolidurans CUPV141 showed some aggregates, whereas
fewer complexes appeared in the culture of CUPV141NR.
However, the differences at this incubation time were not very
appreciable. By contrast, after 24 h of incubation the aggregates
formed by the CUPV141 strain were bigger than those in the 5-
h culture. An increase of aggregation of the CUPV141NR strain
was not observed for the 5 h to 24 h incubation period. Thus,
these results indicated that bacterial cell-to-cell interactions are
mediated or potentiated by the 2-substituted (1,3)-β-D-glucan.

Secondly, the capacity of P. ethanolidurans CUPV141 and
CUPV141NR to interact with human epithelial cells was also
assessed using the enterocyte-like Caco-2 cell line (Figure 8).
Visualization of the two strains by TEM (inset in Figure 8)
showed differences in EPS production, which in CUPV141
formed a kind of net in the medium, while in CUPV141NR
appeared as small aggregates. The ability of both strains to bind
the enterocytes was significantly lower than that reported by
Fernández De Palencia et al. (2008) for the commercial probiotic
Lactobacillus acidophilus La-5 (7%). However, comparing the two
strains described in this work, the non-ropy bacterium showed
higher adhesion (1.95 ± 0.44%) to the eukaryotic cells than
the ropy strain (0.52 ± 0.03%), which can be attributed to the
presence of the phosphorylated HePS. Phosphate groups increase
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TABLE 1 | Bacterial strains used for the gtf MSA and their codes.

Code Strain gtf gene location Source of isolation Reference

Pediococcus

PeCUPV141 P. ethanolidurans CUPV141 Plasmid pPE3 Cider This work

Pp2.6 P. parvulus 2.6 Plasmid pPP2 Cider Werning et al., 2006

PpCUPV1 P. parvulus CUPV1 Plasmid Cider Garai-Ibabe et al., 2010a

PpCUPV22 P. parvulus CUPV22 Plasmid Cider

PdIOEB8801 P. damnosus IOEB8801 Plasmid pF8801 Red wine Gindreau et al., 2001

PcBAA-344 P. claussenii ATCC BAA-344 Plasmid Beer Pittet et al., 2012

Oenococcus

OoI4 O. oeni I4 Chromosome Cider Werning et al., 2006

OoIOEB0205 O. oeni IOEB205 Chromosome Champagne Dols-Lafargue et al., 2008

Lactobacillus

LsCUPV221 L. suebicus CUPV221 Unknown Cider Garai-Ibabe et al., 2010b

LdG77 L. diolivorans G77 = CUPV218 Plasmid pLD1 Cider Werning et al., 2006

LbTMV1.2108 L. brevis TMV1.2108 Plasmid pl12108-6 Beer Fraunhofer et al., 2018

LbTMV1.2111 L. brevis TMV1.2111 Plasmid pl12111-5 Beer Fraunhofer et al., 2018

LbTMV1.2112 L. brevis TMV1.2112 Plasmid pl12112-4 Beer Fraunhofer et al., 2018

LbTMV1.2113 L. brevis TMV1.2113 Plasmid pl12113-4 Brewery surface Fraunhofer et al., 2018

TABLE 2 | Bacterial strains used for the p-gtf MSA and their codes.

Code Strain Source of isolation Reference

PeCUPV141 P. ethanolidurans CUPV141 Cider This work

Pp2.6 P. parvulus 2.6 Cider Pérez-Ramos et al., 2016a

Lp26.1 L. plantarum 26.1 Dairy and cereals Van der Meulen et al., 2007

LsaTMV1.1304 L. sanfranciscensis TMV1.1304 Sourdough Vogel et al., 2011

LsiCUPV261 L. sicerae CUPV261 Cider Puertas et al., 2018

LsuCUPV226 L. suebicus CUPV226 Cider Puertas et al., 2018

LcCUPV238 L. collinoides CUPV238 Cider Puertas et al., 2018

LcCUPV2312 L. collinoides CUPV2312 Cider Puertas et al., 2018

LcCUPV2313 L. collinoides CUPV2313 Cider Puertas et al., 2018

LcCUPV2315 L. collinoides CUPV2315 Cider Puertas et al., 2018

LcCUPV2317 L. collinoides CUPV2317 Cider Puertas et al., 2018

LcCUPV2320 L. collinoides CUPV2320 Cider Puertas et al., 2018

LcCUPV2322 L. collinoides CUPV2322 Cider Puertas et al., 2018

LcCUPV2323 L. collinoides CUPV2323 Cider Puertas et al., 2018

LcCUPV2371 L. collinoides CUPV2371 Cider Puertas et al., 2018

LcCUPV231 L. collinoides CUPV231 Cider Puertas et al., 2018

OoI4 O. oeni I4 Cider Puertas et al., 2018

VlMIS7 Vagococcus lutrae MIS7 Fermented food Unpublished, GenBank: AGM39429.1

the net charge of the EPS and can be very important to mediate
the interactions between bacteria and their hosts, as reported for
several Lactobacillus strains (Kitazawa et al., 1998; Tallon et al.,
2003; Dertli et al., 2013). Similarly, chemical phosphorylation of
a dextran produced by Leuconostoc mesenteroides enhanced its
immunostimulatory capacity (Sato et al., 2004). For neutral EPS,
some authors have reported that their presence in the surface of
bacteria has a negative effect in their adhesive properties (López
et al., 2012; Castro-Bravo et al., 2017; Nácher-Vázquez et al.,
2017), while others described the production of these polymers as
useful for probiotics to interact with eukaryotic cells (Fernández
de Palencia et al., 2009; Garai-Ibabe et al., 2010b; Živković et al.,
2016).

The positive effect of the HoPS on binding to intestinal cells
was demonstrated for the β-glucan-producing P. parvulus 2.6
and CUPV22 strains, which showed adhesion capacities to Caco-
2 cells of 6.1 and 10.5%, respectively, that were reduced when
the EPS was removed by washing prior to the binding assay
(Fernández de Palencia et al., 2009; Garai-Ibabe et al., 2010b).
Thus, the different behavior of the CUPV141 ropy strain could
be due to its lower production of 2-substituted (1,3)-β-D-glucan.
The overall results obtained for P. ethanolidurans illustrate the
different roles of the two polysaccharides produced by this
species: there is an involvement of the 2-substituted (1,3)-β-D-
glucan in cell-to-cell adhesion, while the HePS would lead these
bacteria to interact with eukaryotic cells, for colonization of new
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environments. However, further research would be necessary for
the elucidation of the mechanism through which these kinds of
adhesions take place.

CONCLUSION

Bacterial EPS (especially from LAB) are currently exploited in
the food and beverage industries as the fermented products have
improved texture and flavor. There is evidence that consumption
of such products can have health benefits. This in turn has led
to research to specifically identify EPS that could be potentially
developed as medicines for human and animal use (Castro-Bravo
et al., 2017; Dimopoulou et al., 2018; Pérez-Ramos et al., 2017a,b,
2018). Therefore, in the search for novel bacterial producers
of the extracellular 2-substituted-(1,3)-β-D-glucan, we isolated
a P. ethanolidurans (CUPV141) strain for the first time from a
ropy cider of the Basque Country. In this work, we demonstrate
that this isolate secretes not only that β-glucan, but also a HePS
composed of glucose, galactose, glucosamine, and glycerol-3-
phosphate, being the first Pediococcus strain described to produce
this kind of polymer. However, our in silico analysis of priming-
glycosyltransferase coding genes involved in HePS synthesis
suggests that this is a general characteristic shared by different
pediococci. Southern blot hybridization allowed localizing the
GTF-coding gene responsible for the synthesis of the β-D-glucan
in a 34.4 kbp-pPE3 plasmid of this strain. The role of the
HoPS in bacterial self-aggregation, as well as the most relevant
role of the HePS in bacteria-eukaryotic cells interactions were
inferred from interactomic experiments using the ropy and the
non-ropy strains. Nevertheless, the molecular mechanisms by
which P. ethanolidurans performs biotic interactions, the detailed
structure of the HePS produced by this strain, and its existence in
other pediococci remain unknown and deserve further work.
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A B S T R A C T

Bifidobacterium longum INIA P132 and Bifidobacterium infantis INIA P731, isolated from infant-faeces, were in-
vestigated in this work. Regarding the probiotic and technological potential of the bifidobacteria, both were
resistant to gastrointestinal tract simulated conditions. B. longum showed high survival upon freezing and
thawing as well as lyophilisation and was able to grow in milk. B. infantis had higher adhesion capacity to human
Caco-2 cells than the commercial probiotic Bifidobacterium animalis BB12 strain. Moreover, both bacteria secrete
heteropolysaccharides (HePS) composed of rhamnose, galactose and glucose. In a dextran sodium sulphate-
induced enterocolitis model in zebra fish larvae, treatment with each HePS preparation resulted in a decrease of
the larval mortality. In addition, the HePS from B. longum immunomodulated in vitro human macrophages
treated with the inflammatory Escherichia coli O111:B4 lipopolysaccharide. Thus, both studied bifidobacteria
and their HePS have potential beneficial effects on health and thus, to their application in functional foods.

1. Introduction

Bifidobacteria are a predominant bacterial group present in the
human gastrointestinal tract. They have a long history of safe use in
food and as probiotics, because they can protect the host by acting as a
barrier against exogenous food-borne pathogens, promote nutrient
supply and contribute to maintain normal mucosa immunity (Alp &
Aslim, 2010; Ruas-Madiedo et al., 2007, 2009). Some of their beneficial
effects on the host's health (anti-tumour, cholesterol-lowering, im-
munomodulating activity, etc) have been attributed to the exopoly-
saccharides (EPS) that they produce (Hidalgo-Cantabrana et al., 2014a;
Inturri et al., 2017). Bifidobacteria synthesise heteropolysaccharides
(HePS) and a molecular approach to determine the mechanism of their
synthesis is under investigation (Ferrario et al., 2016; Hidalgo-

Cantabrana et al., 2014b; Inturri et al., 2017; Ruas-Madiedo et al.,
2007), but it still remains unclear and seems to differ from one strain to
another. Bifidobacterium genes involved in this synthesis are organised
in clusters, called eps clusters, but there is not a consensus in their
structural organization, their number and the role of their products. The
HePS protect bifidobacteria from the acidity and bile salts during their
passage through the gastrointestinal tract and can improve their ad-
herence to the intestinal mucosa (Alp & Aslim, 2010; Fanning et al.,
2012). Thus, bifidobacteria are currently used to directly produce their
EPS in fermented products to exert their probiotic role after ingestion.
However, Bifidobacterium strains have very stringent growth require-
ments. Some of them are very sensitive to oxygen, their growth in milk
is poor and not all can survive processes used in the food industry (Roy,
2005). Thus, these characteristics of the Bifidobacterium strains must be

https://doi.org/10.1016/j.lwt.2018.12.044
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taken into account when searching for a new probiotic. The aims of the
present work were to characterise the structure and functionality of the
EPS produced by two bifidobacteria, and to evaluate the bacterial
technological and probiotic properties.

2. Materials and methods

2.1. Bacterial strains and culture conditions

B. longum INIA P132 and B. infantis INIA P731, isolated from healthy
breast-fed infant faeces (Rodríguez et al., 2012), were selected to be
studied on the basis of their ropy phenotype. The commercial probiotic
strain B. animalis BB12 (Chr. Hansen A/S, Hørshom, Denmark) was
used for comparison. All bifidobacteria were routinely cultured on
Reinforced Clostridial Medium (RCM) broth (Becton, Dickinson and
Company), incubated at 37 °C for 48 h in an anaerobic atmosphere
(anaerobiosis generators, BD GasPak™), and conserved at −80 °C upon
addition of 10% glycerol.

2.2. Amplification by PCR of priming-glycosyltransferase genes (p-GTF)

p-GTF enzymes are involved in the synthesis of EPS and can be
encoded by different genes in different strains of Bifidobacterium
(Hidalgo-Cantabrana, Ordoñez, Ruas-Madiedo, & Margolles, 2015). To
detect the p-GTF coding genes of the two Bifidobacterium strains, their
genomic DNA was isolated using the ‘Wizard® Genomic DNA Purifica-
tion kit’ (Promega) following the manufacturer's instructions. Two sets
of degenerated primers previously designed by Hidalgo-Cantabrana
et al. (2015) were used: cpsD_F4-cpsD_R6 and rfbP_F5-rfbP_R5. PCRs
were performed with Taq polymerase (Invitrogen) and conditions were:
3 min at 94 °C, 30 cycles of 45 s at 94 °C, 30 s at 60 °C or 56 °C for
rfbP_F5-rfbP_R5 or cpsD_F4-cpsD_R6 and 50 s at 72 °C, with a 10min
final step at 72 °C. The DNA sequence of the resulting amplicons was
determined at Secugen (Madrid, Spain). Homologies of the DNA se-
quence of the amplicons and the inferred amino acid sequences with the
genes and proteins deposited in the data banks were searched with
BLAST (www.ncbi.nlm.nih.gov/) and Clustal Omega (www.ebi.ac.uk/
Tools/msa/clustalo/).

2.3. EPS isolation and purification

The bifidobacteria were seeded on RCM agar plates, collecting the
polymers from the biomass on the plates’ surfaces with ultrapure water
(1.5 mL/plate) according to López et al. (2012) with modifications.
Briefly, cell suspensions were mixed with one volume of 2M NaOH and
incubated overnight at room temperature (RT) with shaking at
180 rpm. Then, trichloroacetic acid was added at a final concentration
of 20% (v/v) and kept 1–2 h at 4 °C under stirring. Supernatants were
collected after centrifugation at 18566×g at 4 °C (20min) and pH was
adjusted to 6.5 by addition of NaOH. Then, the EPS were precipitated
with 3 vol of cold absolute ethanol, incubating overnight at −20 °C.
The precipitates were sedimented by centrifugation at 18566×g at 4 °C
for 10min and washed 3 times with 80% (v/v) cold ethanol. Finally,
EPS-preparations were dialyzed in 12–14 kDa MWCO membranes
(Iberlabo) against deionized water, and freeze-dried.

For further reduction of DNA, RNA and proteins, the freeze-dried
EPS were dissolved (1mg/mL) in a solution with 50mM Tris-HCl,
100mMMgSO4·7H2O, pH 7.5, and kept at 70 °C overnight. To eliminate
non-dissolved material, the preparations were centrifuged at 8609×g
for 15min at RT. Then, DNase I and RNase A (both from Sigma-Aldrich)
were added to the supernatants at a final concentration of 2.5 μg/mL
and 10 μg/mL, respectively, and enzymatic digestions were performed
at 37 °C for 6 h with shaking. Afterwards, the EPS-preparations were
deproteinized by: (i) treatment with proteinase K (Sigma) at 30 μg/mL
for 18 h at 37 °C with moderate stirring and (ii) two phenolization
processes. The latter were performed by addition of 1mL

phenol:chloroform:isoamyl alcohol (25:24:1) to each EPS solution,
vortex for 7min, centrifugation at 8609×g at RT for 5min and recovery
of the aqueous phases containing the EPS. Afterwards, the EPS pre-
parations were treated with one volume of chloroform:isoamyl alcohol
(24:1), vortexed for 7min and fractionated as indicated above. Finally,
samples were dialyzed and freeze-dried. Lyophilized EPS were dis-
solved in ultrapure water (0.1 mg/mL) and concentration was estimated
from the neutral carbohydrate content, determined by the phenol-sul-
phuric acid method (Dubois, Gilles, Hamilton, Rebers, & Smith, 1956)
using glucose as standard. Contaminant DNA, RNA and protein contents
were determined in EPS suspensions at 1mg/mL using specific fluor-
escent staining kits and the Qubit®2.0 fluorometric detection methods
(ThermoFisher Scientific).

2.4. Detection of EPS by electron microscopy

To detect EPS by transmission electron microscopy (TEM), the bi-
fidobacteria were grown in RCM broth. Aliquots (100 μL) of the cultures
were centrifuged (5min, 15700×g at 4 °C) and the sediments were
resuspended in 100 μL of deionized water. For visualisation, bacterial
suspensions (50 μL) were processed as previously described (Zarour
et al., 2017), with some modifications. Briefly, after the grids were
discharged, they were placed facedown over a droplet of each suspen-
sion for 15 s and in the negative staining step, the uranyl acetate con-
centration used was reduced to 1% (w/v). Samples were examined in
the Electron Microscopy Facility at the Biological Research Centre (CIB,
Madrid, Spain).

2.5. EPS characterization

Neutral sugar composition and linkage types were determined as
previously described (Notararigo et al., 2013). The presence of N-
acetyl, carboxyl, phosphate or sulphate groups and the α- or β-anomeric
configuration of the monosaccharides, as well as the average molecular
weight (Mw) of the EPS, were assessed by infrared (IR) spectroscopy
and high-performance size exclusion liquid chromatography (HPLC-
SEC), respectively, as previously described (Ibarburu et al., 2015).

2.6. In vivo protective effect of EPS in a dextran sodium sulphate (DSS)-
induced enterocolitis model of zebrafish larvae

Zebrafish embryos were obtained from wild-type adult zebrafish
(Danio rerio, Hamilton 1822), bred and maintained in the AZTI
Zebrafish Facility (REGA number ES489010006105; Derio, Spain) as
previously described (Russo et al., 2015) following standard conditions
(Sullivan & Kim, 2008). All experimental procedures were approved by
the Regional Animal-Welfare Body. Embryos were recovered and
cleaned with embryo water (EW; CaCl2 at 294mg/mL, MgSO4·7H2O at
123.3 mg/mL, NaHCO3 at 63mg/mL and KCl at 5.5mg/mL) and
maintained in EW supplemented with methylene blue 0.01% (w/v) at
27 °C. Pools of 20–30 embryos of 1-day post fertilization (dpf) were
distributed in Petri dishes containing EW supplemented with the cor-
responding EPS (150 μg/mL), and incubated at 27 °C. Co-treatment
with the EPS and 0.8% (w/v) of DSS (dextran sodium sulphate, Mw
6500−10,000 Da, Across Organics) extended from 4 dpf to 7 dpf.
Treatments were replaced daily, and the dead larvae were counted at 5,
6 and 7 dpf. Plates in which only DSS was added were used as positive
controls of mortality.

To evaluate if the attenuating effect was dose-dependent, the same
protocol was performed assaying three different concentrations (50,
100 and 150 μg/mL) of the EPS produced by B. infantis INIA P731
strain. Tests were done in triplicate in two independent experiments.

2.7. THP-1 cell line culture and immunomodulation assay

The human monocytic cell line THP-1, obtained from the CIB cell
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bank, was used for the immunomodulation assay. First, human mono-
cytic THP-1 cells were differentiated to macrophages by treatment with
phorbol-12-myristate-13-acetate (PMA), which results in their inability
to proliferate (Kohro et al., 2004). Then, PMA-THP-1 cells were treated
with the lipopolysaccharide (LPS) of E. coli O111:B4 to induce an in-
flammatory response and the EPS were tested as previously described
(Zarour et al., 2017). Each EPS was tested in triplicate in two in-
dependent experiments.

2.8. Survival to simulated gastrointestinal conditions

Bifidobacterial survival to gastric and intestinal (GI) conditions was
tested based on Haller et al. (2001) and consisted in consecutive ex-
posure of bacterial suspensions to phosphate-buffered saline to pH 3
(adjusted with HCl) and to bile salts (Oxoid) at 1.5 g/L. Each step was
performed over 1 h at 37 °C and anaerobic atmosphere. Experiments
were performed in duplicate and viable cell population variation was
determined by plate counting on RCM agar.

2.9. Biofilm formation

Bifidobacteria grown on RCM agar were resuspended in mTSB
(tryptic soy broth, (Biolife), supplemented with 20 g/L of bacto pro-
teose-peptone (Oxoid)). This suspension was used to inoculate (10%)
either mTSB or mTSB supplemented with 0.2% oxgall (Oxoid), and each
inoculated broth was loaded into the wells of polystyrene microtiter
plates (Nunc 167008) and incubated at 37 °C for 24 h under anaerobic
conditions. Biofilm formation was assessed by the crystal violet method
(Lebeer, Verhoeven, Perea Vélez, Vanderleyden, & De Keersmaecker,
2007). Control wells with non-inoculated broth were used as blanks and
negative controls. Each strain and treatment were tested in at least
three independent experiments, each with eight biological replicates.

2.10. Caco-2 cell culture and adhesion assays

The Caco-2 human enterocyte cell line, obtained from the cell bank
at CIB, was seeded in 96-well tissue culture plates (Falcon Microtest™,
Becton Dickinson) at a final concentration of 1.25×105 cells/mL and
grown as monolayers of differentiated and polarised cells for 15 days.
Cell concentrations were determined as previously described (Garai-
Ibabe et al., 2010).

For adhesion experiments, late exponential-phase cultures of the
bifidobacteria were diluted in a final volume of 1mL of DMEM
(Invitrogen), to give 1.25×105 colony forming units (cfu)/mL, and
added to Caco-2 cells (ratio 1:1) in a final volume of 0.1mL per well.
After incubation for 1 h at 37 °C and 5% CO2, un-adhered bacteria were
removed and the cell-associated bacteria quantified after platting onto
RCM plates, as previously described (Nácher-Vázquez et al., 2017). All
adhesion assays were conducted in triplicate, with two biological re-
plicates in each.

2.11. Technological properties

Survival of frozen bifidobacterial cultures was measured after 21
days of storage at −80 °C. The strains were grown in RCM for 48 h at
37 °C in anaerobic conditions and glycerol was added as cryopreservant
to a final concentration of 5% (w/v). Viable cell population was de-
termined by plate counting on RCM agar before and after the process.

For freeze-drying survival assays, bacteria were grown, collected
and resuspended in reconstituted skimmed milk (10% w/v; Central
Lechera Asturiana) as protective medium, aliquoted into cryotubes and
frozen at −80 °C for 24 h. Subsequently, aliquots were lyophilized and
stored at 5 °C for 21 days. Freeze-dried bifidobacteria were recon-
stituted using peptone water and viability was determined by plate
counting in RCM agar.

Growth and survival in milk was tested by inoculating the

bifidobacteria in reconstituted skimmed milk (10% w/v), incubating in
anaerobic conditions at 37 °C for 24 h. Changes in bifidobacteria levels
were assessed by plate counting on RCM agar.

Survival in milk under refrigerated conditions was performed by
collecting the bacteria grown on RCM agar, resuspending them in
skimmed milk and storing the suspensions at 5 °C. Viable cell popula-
tion was determined by plate counting on RCM agar and checked at 14
and 28 days.

2.12. Statistical analysis

The bacterial adhesion to Caco-2 cells was evaluated by two-way
analysis of variance (ANOVA). For tests of EPS immunomodulation of
THP-1 cells the SAS 9.4 software (SAS Institute Inc.) applying the T-
Student test to assess the significance of the addition of the lipopoly-
saccharide (LPS) from E. coli O111:B4 and then, Dunnett's test to
evaluate the significance of the differences between samples and con-
trols. The SPSS-PC 24.0 Software (SPSS Inc) was used for zebrafish
larvae experiments, subjecting data to a one-way ANOVA followed by a
post hoc Dunnett's T3 test. Results of survival to gastrointestinal con-
ditions and biofilm formation tests were subjected to ANOVA analysis
using a general linear model (GLM) and means' comparison was carried
out by Tukey's test, performed using SPSS Statistics 22.0 software (IBM
Corp.)

3. Results and discussion

3.1. Detection of EPS by electron microscopy

B. longum INIA P132 and B. infantis INIA P731 were selected for use
in a former work because of their mucous and ropy phenotype. This
characteristic has been related to the production of EPS (Ruas-Madiedo
& de los Reyes-Gavilán, 2005; Torino, Font de Valdez, & Mozzi, 2015).
Accordingly, analysis of bifidobacterial cultures by TEM revealed cells
with EPS attached to them as well as un-attached EPS (Fig. 1B). Re-
presentative examples of B. infantis INIA P731 suspensions are depicted
in Fig. 1A and B. Bifidobacteria are pleomorphic, thus, their shape
varies depending on the strain and the growth medium adopting con-
ventional rod or bifurcated ‘Y’/‘V’ morphologies (Biavati, Vescovo,

Fig. 1. Visualization of bifidobacteria and their EPS by TEM. B. infantis INIA
P731 (A) and its EPS (B). Detection of ‘Y’ morphology of B. infantis INIA P731
(C) and B. longum INIA P132 (D).
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Torriani, & Bottazzi, 2000; Hidalgo-Cantabrana et al., 2014b). As ob-
served in Fig. 1C and D, the two bifidobacteria analysed have the “Y”
morphology.

3.2. Detection of genes encoding the priming-glycosyltransferase

It has been reported that a p-GTF enzyme catalyses the first step of
the synthesis of the Bifidobacterium HePS, by transferring a sugar-1-
phosphate to a lipophilic carrier molecule embedded in the bacterial
membrane (Ferrario et al., 2016). Moreover, two genes included in eps
clusters, cpsD and rfbP, which encode putative p-GTF, have been de-
tected in bifidobacteria and are annotated in the data banks as ‘ga-
lactosyl-transferase’ and ‘undecaprenyl-phosphate sugar phospho-
transferase’, respectively. The two proteins only have homology at their
C-terminal region, which includes the catalytic domain, and are highly
conserved in bifidobacteria, which harbour one or both coding genes
depending on the strain. Thus, the differences between the amino acid
sequences of the p-GTF could be due to a domain responsible for the
sugar specificity of each enzyme, located at their N-terminal regions
(Hidalgo-Cantabrana et al., 2014b).

The PCR amplification of the 3′-region of the p-GTF coding genes
with two different pairs of oligonucleotides produced only a high yield
of one of the expected amplicons for each strain: the 373 bp DNA
fragment of rfbP for B. infantis INIA P731 and the 301 bp DNA fragment
of cpsD for B. longum INIA P132 (Fig. 2A). The determination of the
DNA sequence of the specific amplicons and the homology search with
the BLAST program confirmed that B. infantis INIA P731 harbours a
gene with 99%–90% identity to the rfbP of several Bifidobacterium breve
and B. longum strains as well as that B. longum INIA P132 carries a gene
with 100%–96% identity to the cpsD of other B. longum strains. Also, the
sequenced region of the genes from B. infantis INIA P731 and B. longum
INIA P132 showed between them an identity of 70.1% indicating that
the DNA region encoding the catalytic domain of the p-GTF protein has
evolved from a common ancestral gene. Finally, the alignment of the
predicted amino acid sequence of the two gene products (Fig. 2B)

revealed a fragment of the C-terminal region of the proteins highly-
conserved in p-GTF (73.9% identity) (Hidalgo-Cantabrana et al., 2015;
Ruas-Madiedo et al., 2007), with a glutamate (E) described as a prob-
able catalytic residue in the p-GTF of Lactococcus lactis, and a tyrosine
(Y) specific for galactosyltransferases (Ruas-Madiedo et al., 2007; Van
Kranenburg, Vos, Van Swam, Kleerebezem, & De Vos, 1999). These
data, together with the observation of mucoid colonies with ropy
phenotype on RCM-agar plates and the visualization of EPS by TEM,
encouraged us to isolate the EPS produced by the two strains.

3.3. Isolation and partial characterization of the EPS

The EPS were separated from biomass harvested from RCM-agar
plates, recovering 0.5–0.8mg and 0.2–0.3mg of the polymers per plate
for B. longum INIA P132 and B. infantis INIA P731, respectively. These
recoveries are much lower than those ranges obtained previously for
other bifidobacteria: 0.78–4.34mg EPS/plate for different
Bifidobacterium species (Salazar, Gueimonde, Hernández-Barranco,
Ruas-Madiedo, & de los Reyes-Gavilán, 2008) and 3.6–3.8 mg/plate
reported for Bifidobacterium longum NB667 (Salazar, Ruas-Madiedo,
Prieto, Calle, & de los Reyes-Gavilán, 2012). The isolation of the EPS
from cultures of bifidobacteria is complex and can lead to a different
recovery, and then to different yields, depending on the method used.
Therefore, it would be very difficult for these two EPS to be produced as
prebiotics by the food industry, due to the low amount recovered.
However, their synthesis in situ by the producing bifidobacteria in dif-
ferent fermented food would be more suitable to exert their beneficial
effects.

The crude EPS precipitates contained residual amounts of DNA
(0.01–0.03%), RNA (0.026–0.04%) and protein (1.5–2.5%) and, after
enzymatic elimination of nucleic acids and deproteinization these va-
lues were further reduced to<0.01%,< 0.02% and<1%. Higher
protein levels (1.9–8.9%) were reported for EPS preparations from
other intestinal Bifidobacterium strains (Ruas-Madiedo et al., 2010;
Salazar et al., 2008).

Fig. 2. Genetic analysis of EPS production by Bifidobacterium strains. (A) Detection by PCR of cpsD and rfbP in 1% agarose gel. Lanes: 1, BIORAD Ez Load 100 bp
Molecular Ruler; 2, Negative control (rfbP F5-R5); 3, INIA P731 DNA with rfbP F5-R5 primers; 4, INIA P132 DNA with rfbP F5-R5 primers; 5, Negative control (cpsD
F4-R6 primers); 6, INIA P132 DNA with cpsD F4-R6 primers; 7, INIA P731 DNA with cpsD F4-R6 primers. (B) Clustal omega alignment and consensus sequences of the
inferred amino acid sequences of CpsD from INIA P132 and RbfP from INIA P731 are depicted. Conserved glutamate (E) and tyrosine (Y) residues among p-GTF at the
putative catalytic centre are boxed.
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Both EPS preparations were partially characterised to analyse their
similarities and/or differences. IR spectra (Fig. 3A) showed the typical
profile of polysaccharides. Absorption bands in the region of 3400,
1400 and 1060 cm−1, correspond to the hydroxyl stretching vibration
(Salazar et al., 2012). Those around 2925-2930 cm−1 are due to C-H
stretching (Ahmad, Anjum, Zahoor, Nawaz, & Ahmed, 2010; Han et al.,
2014; Xu, Shen, Ding, Gao, & Li, 2011), and signals in the 1860-
1660 cm−1 region result from carbonyl stretching (Salazar et al., 2012;
Xu et al., 2011). Absorption between 1200 and 1000 cm−1 is due to the
stretching vibration of glycosidic linkage (C-O-C) and C-O or C-O-H
groups (Ahmad et al., 2010; Han et al., 2014). The fingerprint region
(< 1500 cm−1), characteristic of each molecule (Xu et al., 2011), pre-
sented a band around 1020 cm−1. In the anomeric region, 950-
700 cm−1 (Xu et al., 2011), a band at 895 cm−1 was observed in the
spectrum of the crude B. infantis INIA P731 EPS, indicating its pre-
dominance of β anomers (Ahmad et al., 2010), while no bands were
observed in this region for the EPS produced by the other strain studied,
highlighting a first difference between them.

Regarding monosaccharide composition, both strains contained
glucose, galactose and rhamnose, although in different proportions:
16:10:1 for B. longum INIA P132 and 28:10:8 for B. infantis INIA P731.
These results correlate with the fact that bifidobacteria synthesise
various HePS composed of these three monosaccharides (Hidalgo-
Cantabrana et al., 2015; Kohno et al., 2009; Mozzi et al., 2006; Salazar
et al., 2009). As several repeating units have been reported for bifido-
bacterial HePS, the types of O-glycosidic linkages in the two HePS
preparations were investigated by methylation analysis. The results,
depicted in Table 1, revealed the same seven predominant types of
residues in both of them. The majority of glucose molecules were pre-
sent as linear-chain units 1,4-linked, and at terminal positions of the
side-chains, and also low percentages of 1,6 and (1,4,6)-linked gluco-
pyranose were also detected. The relative proportion of the glucopyr-
anose residues in both samples was similar. On the contrary, as already
expected from monosaccharide analysis, the amount of rhamnose and
galactose units differed considerably in the two HePS analysed.
Rhamnose was exclusively attached to its adjacent residue in the
polysaccharide chain by 1,3 linkages, representing almost 20% in the
HePS from B. infantis INIA P731. Galactose was found in branching
points, as a pyranose substituted at O-3 and O-6, and as linear-chain

units 1,4-linked or 1,5-linked, representing about 30% of the HePS from
B. longum INIA P132. Unfortunately, this uncertainty could not be re-
solved with this methodology since both residues are transformed into
the same partially methylated alditol acetate: 1,4,5-tri-O-acetyl-2,3,6-
tri-O-methyl galactose. The presence of either 1,4-Galp and 1,5-Galf in
HePS from bifidobacteria has been reported (Hidalgo-Cantabrana et al.,
2014b). In addition, the backbone of the extracellular HePS from B.
longum JLB05 contains α-(1,4)-Galp, and no galactofuranose (Kohno
et al., 2009). Moreover, pyruvic acid was reported in these HePS, and
this or another organic acid could be present in the polymers analysed
in the current work, since a slight carbonyl band (1736 cm−1), more
evident in the sample from B. longum INIA P132, was observed in the IR
spectra (Fig. 3A). Analysis of the HePS preparations from the two bi-
fidobacteria by analytical HPLC-SEC (Fig. 3B) indicated that they
contained two fractions of different Mw, as reported before by other
authors (Ruas-Madiedo et al., 2010; Salazar et al., 2008; Xu et al.,
2011). B. infantis INIA P731 contained a major peak of Mw about
1.9×105 Da and a smaller one of 1.2× 104 Da. In B. longum INIA P132
the two polysaccharides were in similar amounts, with the peak of high
Mw being ca. 1.0×106 Da and the other of 1.3× 105 Da. These Mw are
in the range of those of other HePS produced by bifidobacteria (Kohno
et al., 2009; Xu et al., 2011).

Fig. 3. Physicochemical analysis of bifidobacterial EPS preparations. (A) IR spectra. Up, EPS from B. longum INIA P132. Down, EPS from B. infantis INIA P731.
(B) HPLC-SEC elugrams. Left, EPS fractions from B. infantis INIA P731. Right, EPS fractions from B. longum INIA P132.

Table 1
Linkage types and their proportions (%) in the crude EPS of each strain, de-
duced from a methylation analysis.

Linkage types Proportion (%)

B. infantis INIA P731 B. longum INIA P132

Rhap-(1–3) 10.3 1.6
Glcp-(1- 14.9 22.1
Galp-(1–4) 0.8 15.2
Glcp-(1–4) 59.3 39.9
Galp-(1–3) 1.6 0.0
Glcp-(1–6) 1.1 2.3
Glcp-(1–4,6) 1.2 3.4
Galp-(1–3,6) 10.0 15.7
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3.4. Immunomodulatory activity of HePS from bifidobacteria

The EPS seem to play a role in counteracting the inflammatory ef-
fect produced by probiotic strains, thus, preventing them from being
attacked by the immune system (Schiavi et al., 2016; Yasuda, Serata, &
Sako, 2008). Moreover, the EPS’ physicochemical differences (negative
charges, high or low molecular weight, etc) seem to affect their im-
munostimulation capacity.

Thus, we evaluated the immunomodulatory activity of the HePS of
the two bifidobacteria in vitro. To this end, human PMA-THP-1 mac-
rophages were treated with the HePS preparations and with E. coli LPS
to induce an inflammatory response. The levels of the TNF-α in-
flammatory and IL-10 anti-inflammatory cytokines secreted by treated
PMA-THP1 were compared to those secreted by macrophages either
untreated or exposed only to LPS, which were used as controls (Fig. 4).
All treatments induced the production of both cytokines (Fig. 4A and
B). The levels of the individual cytokines were similar for treatments

with LPS alone and in co-treatment with HePS from B. infantis INIA
P731, but in the presence of the HePS from B. longum INIA P132 a
significantly higher production of TNF-α and IL-10 (p < 0.05) was
observed. The TNF-α/IL-10 ratios calculated for the challenged mac-
rophages were consistent with an inflammatory response (Fig. 4C) but,
even though the differences among the ratios in the three treatments
were not statistically significant, an anti-inflammatory trend of the
HePS tested can be observed in this model (Fig. 4C). According to
Hidalgo-Cantabrana et al. (2014b), high molecular mass EPS show a
lower capacity to influence the release of anti- and pro-inflammatory
cytokines by macrophages. However, these results could also be ex-
plained by an over-stimulation of the eukaryotic cells provoked by the
LPS, which can mask the effect of the EPS.

Fig. 4. Evaluation of the cytokines production in the supernatants of THP-1-PMA macrophages after the co-treatment with LPS and the HePS produced by
bifidobacteria. Levels of TNF-α (A), IL-10 (B) and ratio TNF-α/IL-10 (C) are depicted. Data were analysed by the T-student's t-test. Then, Dunnett's test was
employed to assess the significant differences between the samples and the controls. When significance was p ≤ 0.05, it was indicated with *.
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3.5. Protective effect of bifidobacterial HePS in an in vivo zebrafish model
of enterocolitis

To assess the anti-inflammatory effect of the HePS preparations
isolated from the two bifidobacteria, we used an in vivo enterocolitis
model of zebrafish, induced by the chemical agent DSS. The data in
Fig. 5A show that both HePS reduce the negative effects caused by the
DSS. Around 80% of the larvae died upon 7 days of exposure to 0.8%
DSS, while a reduced mortality was observed in a co-treatment with the
B. longum INIA P132 HePS preparation (51.7 ± 3.6%, p < 0.05) and,
more notably, with that of B. infantis INIA P731 (26.7 ± 2.2%,
p < 0.05). Considering that polymers of B. infantis strain exerted the
highest protection against DSS damage, we used this mixture to test if
the effect was dose-dependent. Three different HePS concentrations
(50, 100 and 150 μg/mL) were evaluated and, as expected, the highest
reduction in larvae mortality (31.68 ± 1.32%, p < 0.01) was
achieved when 150 μg/mL of the EPS were administered, confirming a
dose-dependent effect (Fig. 5B). The mechanism by which these poly-
mers reduce mortality is still unknown. However, according to the ex-
periments performed in a DSS-induced colitis mouse model with the
strain B. animalis subsp. lactis Balat_1410S89L (Hidalgo-Cantabrana
et al., 2016), they could present an anti-inflammatory activity mediated
by the induction of Treg cells in mesenteric lymphoid nodes, rather
than acting as a physical barrier avoiding DSS action. However, further
immunological assays should be performed to confirm this hypothesis.

3.6. Survival of bifidobacteria to simulated gastrointestinal conditions

The probiotic potential of the two EPS-producing bifidobacteria was
first assessed by measuring their survival under in vitro GI conditions
(Table 2A). The two Bifidobacterium strains showed good stability to the
GI conditions, with reductions around 0.3 log cfu/mL, although their
survival was lower than that of B. animalis BB12. This tolerance to
acidic pH and bile salts exhibited by the two strains suggests their po-
tential to survive passage through the GI tract and to reach the intestine
at sufficient levels to exert their effects.

3.7. Biofilm formation by bifidobacteria

The HePS involved in biofilm formation can affect colonisation and
survival of bifidobacteria in the gut (Hidalgo-Cantabrana et al., 2014b).
In the present work, B. infantis INIA P731, in the absence of oxgall,
showed the better result for biofilm formation of the two EPS-producing
bifidobacteria (Table 2B). Neither of the two strains increased the
biofilm formation in the presence of oxgall, as has been described be-
fore for certain strains of bifidobacteria and lactobacilli (Ambalam,
Kiran Kondepudi, Nilsson, Wadström, & Ljungh, 2014; Lebeer et al.,
2007) and both new bifidobacterial strains showed lower biofilm for-
mation than B. animalis BB12 (Table 2B).

3.8. Analysis of the adhesion ability of the bifidobacteria

Adherence to human epithelial cells is one of the in vitro tests listed
in the guideline for the evaluation of probiotics in food (FAO/WHO,
2002). Thus, the adhesion capacity of B. longum INIA P132 and B. in-
fantis INIA P731 was assessed using the enterocyte-like Caco-2 cell line.
Some authors have reported that the presence of EPS in the surface of
bacteria has a negative effect on their adhesive properties (Castro-
Bravo, Hidalgo-Cantabrana, Rodríguez Carvajal, Ruas-Madiedo, &
Margolles, 2017; López et al., 2012; Nácher-Vázquez et al., 2017),
while others described the production of these polymers as useful for
probiotics to interact with eukaryotic cells (Fernández de Palencia
et al., 2009; Garai-Ibabe et al., 2010; Živković et al., 2016). In this
work, in accordance with the results obtained for the biofilm formation,
B. longum INIA P132 showed low binding capacity to the enterocytes,
whereas adhesion of B. infantis INIA P731 to the epithelial intestinal
cells was significantly high (p < 0.05), exceeding B. animalis BB12
levels (Table 2C).

3.9. Technological properties of Bifidobacterium strains

The development of a functional food containing live probiotic
cultures requires that the probiotic strain is able to survive both the
manufacturing process and during the shelf life of the product. A pre-
liminary technological characterization of the two bifidobacterial

Fig. 5. Protective effect in vivo of bifidobacterial
HePS in a DSS-induced enterocolitis zebrafish
model. (A) Analysis of the mortality of zebrafish
larvae treated with DSS 0.8% and HePS of B. longum
and B. infantis strains. (B) Evaluation of dose-de-
pendent effect of HePS produced by B. infantis INIA
P731 on survival of zebrafish larvae treated with DSS
0.8%. The results are expressed as mean ± standard
deviation (SD) and data were subjected to a one-way
ANOVA followed by a post hoc Dunnett's T3 test with
significances of p < 0.05 (*) and p < 0.01 (**).
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strains was performed by assessing their survival as frozen or freeze-
dried cultures, and their growth and survival in milk under refrigera-
tion conditions. B. longum INIA P132 showed better stability as frozen
and freeze-dried culture than B. infantis INIA P731 (Table 3). Moreover,
B. longum was able to grow in milk, while the levels of B. infantis INIA
P731 decreased in these conditions. This strain showed better stability
in milk under refrigerated conditions. According to these results, more
research is needed to improve the yield and survival of the strains under
the manufacturing conditions and to test their behaviour in different
food matrices.

4. Conclusions

The mucoid aspect and the ropiness of B. longum INIA P132 and B.
infantis INIA P731 colonies suggested them as EPS producers, which
was confirmed after obtaining EPS preparations from solid cultures. The
polymers were partially characterised as mixtures of HePS with dif-
ferent ratios of rhamnose, galactose and glucose. The same linkage
types were detected in both EPS preparations, although their propor-
tions varied. Additionally, the biological activity of these HePS mix-
tures was studied. Both EPS showed a protective effect to DSS-treated
zebrafish larvae. Although not conclusive, an anti-inflammatory ten-
dency was also observed in experiments performed with PMA-THP-1
macrophages. Along with the EPS activities, both strains showed good
survival under gastrointestinal conditions, and B. infantis INIA P731
displayed higher biofilm formation and adhesion capacity to en-
terocytes, which is a very remarkable property of probiotic strains. On
the other hand, B. longum INIA P132 showed better technological
suitability. Taken together, these findings suggest that the two strains
evaluated, might be used as adjuncts in the food industry and give an
added value to fermented products when synthesizing their HePS in situ.
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A B S T R A C T

The exopolysaccharide (EPS)-producing Lactobacillus mali CUPV271 and Leuconostoc carnosum CUPV411 were
isolated from Spanish ropy apple must and slimy ham, respectively. The polymers were purified from bacterial
cultures’ supernatants and subjected to physicochemical and rheological characterization with the aim to
evaluate their potential for future industrial utilization. Methylation analysis, Fourier-Transform Infrared
Spectroscopy (FT-IR) and Nuclear Magnetic Resonance (NMR) revealed that both polymers were dextrans,
partially branched at O-3 and O-4 positions of the main α-(1→ 6)-D-glucopyranose backbone. The molar masses
of the EPS of L. mali and Lc. carnosum were of 1.23×108 g/mol and 3.58×108 g/mol, respectively. The bac-
terial strains were tested for binding to the human Caco-2 cell line in the presence and absence of their respective
dextran, revealing that the EPS production by L. mali decreased the binding capacity of the bacterium while the
adhesiveness of Lc. carnosum did not change. As the structure and molecular mass of both dextrans were
comparable, other characteristics of the dextrans were studied to explain this behavior. Atomic force micro-
graphs showed some differences at the supramolecular level, suggesting that the different spatial distribution of
the dextrans might be on the basis of the results of the adhesion studies. Both polysaccharides resulted to be
amorphous materials with Tg around 226 °C and showed slightly different thermal degradation patterns.
Rheologically, they showed to have a pseudoplastic behavior, but very different critical concentrations: 3.8% for
the EPS of L. mali and 0.4% for that of Lc. carnosum.

1. Introduction

Lactic acid bacteria (LAB) can produce a variety of EPS, either
homopolysaccharides (HoPS), with a single type of sugar monomer, or
heteropolysaccharides (HePS), made up by two or more different
monosaccharides (Torino, Font de Valdez, & Mozzi, 2015). LAB are
considered good glucan-producers, and among these HoPS, specifically,
they synthesize α-glucans, which are composed of α-glucose. Dextrans
are classified within this group and are composed of a main chain of α-
(1→ 6)-linked glucopyranose units, which can be branched by α-(1→
2), α-(1→ 3) or α-(1→ 4) linkages, in a proportion lower than 50%.
Dextrans’ production by LAB is not always desirable, for example, when
they form the slime film that spoils meat products, although in general
dextrans help to obtain better products. For instance, they can improve
the texture, rheology and palatability of some beverages, and they serve
as cryoprotectants or moisture-increasers (Lakshmi Bhavani & Nisha,

2010). In addition, they can be produced in situ in fermented dairy food,
developing their prebiotic role, or during sourdough fermentation to
improve texture and storage life of bread (Hu & Gänzle, 2018; Kothari,
Das, Patel, & Goyal, 2014). Moreover, dextrans are applied in other
fields than food industry. They have been reported as having antiviral
activity in salmonids, to serve as plasma substitutes or as coating for
columns with separation purposes (Chang, Crawford, & West, 1980;
Lakshmi Bhavani & Nisha, 2010; Nácher-Vázquez et al., 2015; Pérez-
Ramos, Nácher-Vázquez, Notararigo, López, & Mohedano, 2015). In
1878, Van Tiehem described the first microorganism responsible for
dextran production and named it Leuconostoc mesenteroides (Meng et al.,
2016). Since then, a lot of different bacteria have been isolated as
dextran-producers, from other Leuconostoc to Lactobacillus, Weissella,
Streptococcus or Oenococcus species (Dimopoulou et al., 2014; Dueñas-
Chasco et al., 1998; Hu & Gänzle, 2018; Nácher-Vázquez et al., 2015;
Vuillemin et al., 2018; Zarour et al., 2017). Dextrans are synthesized
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from sucrose by dextransucrases, a type of glucansucrases mostly be-
longing to the glycoside hydrolase family 70 (Meng et al., 2016). De-
pending on the linkage specificity of the dextransucrase, dextrans are
different in branches and proportion. Thus, depending on each bac-
terium and its specific dextransucrase, dextrans can be different one
from another. Still nowadays, the most used dextran in industry is that
produced by Lc. mesenteroides NRRL Be512F, with a 95% of α-(1→ 6)
glucosidic linkages (Naessens, Cerdobbel, Soetaert, & Vandamme,
2005). However, the multiple applications of dextrans, as well as the
increasing demand on free-additive products, make necessary the
search for new dextran-producers. Thus, the aim of this work was the
isolation of dextran-producing bacteria from different food origins and
the characterization of the dextrans they produce.

2. Materials and methods

2.1. Bacterial strains and growth conditions

Two LAB strains were isolated, respectively, from the ropy slime of
the surface of a vacuum-packed sliced cooked ham and from an apple
must from a Spanish cider producer (Basque Country) as follows. Serial
dilutions in Ringer's solution of the slime and the apple must were
cultivated in MRS (De Man, Rogosa, & Sharpe, 1960) agar plates (pH
6.0), containing 2 μL/mL pimaricin and 5% sucrose, at 28 °C under a
microaerophilic atmosphere (CampyGen™, ThermoScientific) for 24 h.
These bacteria were identified as Leuconostoc carnosum CUPV411 and
Lactobacillus mali CUPV271 by sequencing a fragment of their 16 rRNA
coding genes at Secugen (Madrid, Spain). The data were deposited in
GenBank with accession numbers MH628089 and MH628046, respec-
tively. LAB were grown at 30 °C without shaking in MRS medium
containing either 2% glucose (MRSG) or 2% sucrose (MRSS). The media
were buffered at pH 6.8 or 5.5 for growth of either Lc. carnosum or L.
mali. The strains were stored in MRSG containing 20% (v/v) glycerol at
−80 °C. For EPS production, a semi-defined (SMD) medium containing
2% sucrose (SMDS) and no glucose (Dueñas-Chasco et al., 1997) was
used with the aim of avoiding the contamination with polysaccharides
present in the MRS medium.

2.2. Production, purification and quantification of EPS from LAB

First, L. mali and Lc. carnosum were grown in MRSS for 24 h and the
bacterial cultures were used as inoculum for further growth in SMDS
medium at pH 5.5 and 6.8 respectively, for 48 h at 28 °C in a 5% CO2-
atmosphere. Then, the bacteria were sedimented by centrifugation
(18500×g, 4 °C, 10min) and the EPS were recovered from the super-
natants by precipitation with 1 volume of cold ethanol for 15 h at
−20 °C. Afterwards, EPS were sedimented by centrifugation (18500×g,
4 °C, 15min), dialysed in 12–14 kDa MWCO membranes (Iberlabo)
against distilled water for 3 days, freeze-dried and kept at room tem-
perature. Finally, lyophilised EPS were dissolved in ultrapure water
(0.1 mg/mL) and their concentration was determined from their neutral
carbohydrate content, quantified by the phenol-sulphuric acid method
(Dubois, Gilles, Hamilton, Rebers, & Smith, 1956) using glucose as
standard.

2.3. Monosaccharide composition, methylation and FT-IR analyses

With the aim of elucidating the type of EPS isolated from the two
strains neutral sugar composition and linkage types were determined as
previously described (Notararigo et al., 2013). Neutral sugars were
identified and quantified by gas chromatography, after hydrolysis of
polysaccharides’ samples with 3M trifluoroacetic acid (TFA) for 90min
and derivatization to alditol acetates. To determine linkage types, the
polysaccharides were methylated according to Ciucanu and Kerek
(Ciucanu & Kerek, 1984), hydrolyzed with TFA 3M for 1 h at 120 °C,
converted into partially methylated alditol acetates using sodium

borodeuteride as the reducing agent and analyzed by gas-chromato-
graphy/mass spectrometry. The linkages in the polysaccharides were
deduced from the mass spectra and retention time of the peaks, and
their relative amount from the area under each peak. For Fourier-
Transformed Infrared Spectroscopy (FTIR) analysis, KBr pellets of the
samples were first prepared, recording the spectra in a FTIR 4200 in-
strument (Jasco Corporation) in the range 4000-700 cm−1. The number
of scans per experiment was 50, with a resolution of 4 cm−1.

2.4. NMR spectroscopy analysis

Samples were weighted (ca. 1mg) and dissolved 1:1 (w/v) in D2O
and their spectra were recorded at 333 K on a Bruker Avance NEO
spectrometer operating at 500.13MHz (1H) and 125.75MHz (13C),
BBOF probe with z-gradients. Chemical shifts are given in ppm, using
the acetone signal (2.16 ppm) (1H) and (30.7 and 215.7 ppm) (13C) as
reference. To record the 1D spectra, solvent suppression (WATERGATE)
was used. The homonuclear COSY spectra were recorded using a pre-
saturation to remove the residual signal of solvent (3K x 512 incre-
ments) with 8 scans. The heteronuclear single quantum coherence
spectroscopy (HSQC) with solvent suppression was performed (2K x
256 increments) with 128 scans. The heteronuclear multiple bond
correlation (HMBC) experiment was performed (4K x 256 increments)
with 128 scans. To improve the sensitivity, a BBI with z-gradient probe
was used to record the HSQC and HMBC spectra.

2.5. Detection of dextrans’ production at cellular level

For phenotypic determination at cellular level, LAB cultures were
grown in MRSG liquid medium to A600= 1.0. Then, 100 μL of appro-
priate dilutions were streaked on MRSS- and MRSG-agar plates and
incubated for 11 days. The detection of EPS in the LAB colonies was
performed by transmission electron microscopy (TEM). Three or four
colonies of each strain from MRSS- and MRSG-agar plates were care-
fully suspended in 50 μL of sterile distilled water to form a turbid sus-
pension, which was subjected to negative staining with uranyl acetate,
prior TEM analysis as previously described (Zarour et al., 2017).

2.6. Caco-2 cell culture and adhesion assays

The Caco-2 human enterocyte cell line, obtained from the cell bank
at Centro de Investigaciones Biológicas (CIB, Madrid, Spain), was
seeded in 96-well tissue culture plates (Falcon Microtest™) at a final
concentration of 1.25× 105 cells/mL, and grew as monolayers of dif-
ferentiated and polarized cells as previously described (Nácher-Vázquez
et al., 2017). Cell concentrations were determined as previously de-
scribed (Garai-Ibabe et al., 2010). For adhesion assays, LAB grown in
MRSG and MRSS to the middle of the exponential-phase cultures, were
diluted to a final volume of 1mL of DMEM (Invitrogen) supplemented
with 0.5% of glucose or 0.5% sucrose, to give 1.25× 106 colony-
forming units (cfu)/mL, and added to Caco-2 cells (ratio 10:1, bacter-
ia:Caco-2 cells) in a final volume of 0.1mL per well. After incubation
for 1 h at 37 °C in a 5% CO2 atmosphere, unattached bacteria were re-
moved by washing three times with 0.2 mL of phosphate buffered saline
(PBS) solution at pH 7.2 and then, Caco-2 cells were detached from the
plastic surface by incubating for 5min at 37 °C with 0.1mL of 0.05%
trypsin–EDTA per well. The detachment reaction was stopped by
adding 0.1mL of PBS pH 7.2. To determine the number of cell-asso-
ciated bacteria, appropriate dilutions were plated onto MRSG-agar
plates. All adhesion assays were conducted in triplicate, with two bio-
logical replicates in each.

2.7. Physicochemical characterization of the isolated dextrans

2.7.1. Determination of the molar mass distribution by SEC-MALLS
The molar mass distribution of the purified dextrans was analyzed
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by means of size exclusion chromatography coupled with multiangle
laser light scattering detection (SEC-MALLS) as previously described
(Nikolic et al., 2012). In short, each lyophilized sample was re-
suspended in 0.1M NaNO3 at a concentration of 5mg/mL, kept over-
night under gentle stirring and centrifuged (10,000×g, 10min) before
analysis. The HPLC system (Waters, Milford, MA) consisted of a se-
paration module Alliance 2695 connected with two detectors: a re-
fractive index (RI 2414, Waters) to determine the amount of dextran
using calibration curves obtained from standards of dextran (Fluka-
Sigma, St. Louis, MO), ranging from 5×103 to 4.9× 106 Da (Salazar
et al., 2009), and the MALLS Dawn Heleos II (Wyatt Europe GmbH,
Dembach). The quantification of dextrans was achieved with the Em-
power software (Waters) and the molar mass distribution analysis with
the Astra 3.5 software (Wyatt Europe GmbH). Two SEC columns placed
in series were used: TSK-Gel G3000 PWXL+TSK-Gel G5000 PWXL pro-
tected with a TSK-Gel guard column (Supelco-Sigma) and the separa-
tion was carried out at 40 °C with a flow rate of 0.45mL/min using
0.1 M of NaNO3 as mobile phase.

2.7.2. Thermal analysis
Thermogravimetric analysis (TGA) was carried out using a ther-

mogravimeter Q-500 (TA Instruments), under dynamic nitrogen and air
atmospheres (90mL/min) at a heating rate of 10 °C/min, within the
temperature interval from room temperature to 580 °C. Samples were
weighted (between 8 and 14mg) in a platinum pan.

2.7.3. Analysis by differential scanning calorimetry (DSC)
DSC curves were obtained from samples between 9 and 12 mg in

aluminum crucibles under a nitrogen atmosphere flowing at 3 mL/min,
in a differential scanning calorimeter DSC 3+ (Mettler Toledo).
Samples were first maintained at −30 °C during 3 min. Then, two
heating scans separated by a cooling stage at 10 °C/min were per-
formed. The first heating scan was performed to erase the thermal
history of the materials as reported previously (Fernández, Fernández,
& Cobos, 2016; Icoz & Kokini, 2007), and was raised from −30 °C to
210 °C, maintaining the temperature for 5min at the end. In the cooling
stage, the temperature fell to −30 °C and was maintained for 3min.
Finally, in the second scan 300 °C were reached.

2.7.4. X-ray diffraction (XDR) analysis
The identification of the crystalline and/or amorphous structure of

the purified dextrans was analyzed. The X-ray powder diffraction pat-
terns were collected by using a PHILIPS X’PERT PRO automatic dif-
fractometer operating at 40 kV and 40mA, in theta-theta configuration,
secondary monochromator with Cu-Kα radiation (λ=1.5418 Å) and a
PIXcel solid-state detector (active length in 2θ 3.347°). Data were col-
lected from 5 to 60° 2θ (step size= 0.026 and time per step= 90 s) at
room temperature, 0.04 rad soller slit and variable divergence slit
giving a constant 5mm area of sample illumination.

2.7.5. Atomic force microscopy (AFM) analysis
Aqueous solutions of the two dextrans were prepared at 1mg/mL

with filtered (0.45 μm) deionized water and kept ca. 16 h to assure
solubilization. Then, serial dilutions were made to obtain a final con-
centration of 1 μg/mL. About 5 μL of this solution were dropped onto a
cleaved mica substrate and allowed to dry at room temperature for 24 h
in a desiccator. AFM images were obtained with a NanoScope V mi-
croscope (Digital Instruments) operating in tapping mode, with
512×512 pixels, and TESP 0.01–0.025 ohm-cm Antimony (n) doped Si
tips (T=3,8 μm, f0= 320 kHz) (Bruker). As a contrast enhancement
technique (Corcuera et al., 2010), phase imaging extension was used.
Scan rates ranged from 1 to 2 Hz.

2.8. Rheological analysis

The rheological behavior of the two dextrans was determined as

previously described (Zarour et al., 2017). Briefly, the lyophilized EPS
were dissolved in ultrapure water at different concentrations, stirring at
room temperature and then allowing them to settle overnight before
each analysis. The viscoelastometer used was a Thermo-Haake Rheos-
tress I (ThermoFisher Scientific), equipped with a cone-plate (60mm
diameter, 2° cone angle) geometry. Each solution (2mL) was measured
in two steps: the first one consisted on 3min of resting without shear to
maintain the temperature at 20 °C. Then, an interval shear-rate range
was applied for 3min between 1 and 500 s−1. Each experiment was
repeated at least three times. Haake Rheowin Data Manager was used
for analyzing the continuous steady-state flow from the apparent visc-
osity and shear rate relationship. Viscosity at shear near zero (ƞo) was
extrapolated and regressed using the Cross model (Cross, 1965).

2.9. Statistical analysis

Adhesion data were analyzed by two-way analysis of variance
(ANOVA) to determine the significant differences between the variables
at p≤ 0.05. The analysis was performed using the SAS 9.4 software
(SAS Institute Inc).

3. Results and discussion

3.1. Elucidation of the type of EPS produced by L. mali CUPV271 and Lc.
carnosum CUPV411

The EPS produced by the two LAB were purified from the super-
natants of 48 h-cultures and analyzed to determine their composition
and structure. Both EPS contained glucose as the sole monosaccharide,
indicating that they produced a glucan-type HoPS.

Their FT-IR spectra were very similar (Fig. 1), with absorption
bands typical of polysaccharides (Salazar, Ruas-Madiedo, Prieto, Calle,
& de los Reyes-Gavilán, 2012), In the anomeric region, the bands at 917
and 844 cm−1, characteristic of α-anomers (Heyn, 1974), and the ab-
sence of bands characteristic of β-linkages, indicated that they are α-
glucans. The results from this analysis also confirmed the absence of
non-glucidic components (phosphates, sulphates, protein) in the poly-
saccharides analyzed.

Methylation analysis (Table 1) showed the predominance of linear
residues of (1,6)-glucopyranose in the structure of both polymers as
well as the presence of 3,6-di-O-substituted glucopyranose (branching
points) and terminal units of glucopyranose that amounted to 3.6% in
the polysaccharide from L. mali and to 6.8% in that of Lc. carnosum.
These data, together with the α-configuration of the linkages deduced
from FT-IR, suggest that these polysaccharides are dextrans.

Fig. 1. FT-IR spectra of isolated dextrans. Up, spectrum of the HoPS from L.
mali CUPV271 and down, the spectrum of the dextran isolated from Lc. car-
nosum CUPV411.
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Commercial dextrans have branching degrees around 5%, and the side
chains are mainly composed of single α-D-glucopyranosyl units (about
40%), or are two units long (about 45%), while only 15% of them
contain more than 2 units (BeMiller, 2003). Therefore, the small per-
centage of linear units of glucose (1,3)-linked detected in the methy-
lation analysis may belong to the short side-chains in the dextran
structure. Around 1.5% of substitutions at positions O-4 were also de-
tected in the two polysaccharides, which is more unusual, as this type of
dextrans, branched at positions other than O-3, have been reported in
few cases (Fraga Vidal, Moulis, Escalier, Remaud-Siméon, & Monsan,
2011).

For further confirmation of the methylation data, both poly-
saccharide samples were analyzed by NMR spectroscopy, revealing that
their 1H NMR and 13C NMR spectra were very similar. The anomeric
proton resonances for the 1H NMR spectra (Fig. 2) of the polymers
coincide with those reported for 1,3-branched dextrans as the B-1351
dextran (Cheetham, Fiala-Beer, & Walker, 1990). A main anomeric
signal at 4.91 ppm (coupling constant J= 3.7 Hz) attributable to the α-
(1→ 6)-glucopyranose linkages of the dextran backbone, and a small
anomeric signal at 5.25 ppm, were observed in the anomeric region.
Integration of the area of both peaks gave a ratio of 5.6/94.4, which
also supports the data deduced from methylation analysis. The signals
between 3.2 and 4.4 ppm correspond to the protons of the mono-
saccharides’ backbone (Polak-Berecka et al., 2015). The 13C NMR
spectra of the polysaccharides (Fig. 3) showed a single anomeric signal
from the α-(1→ 6)-glucopyranose backbone at 98.3 ppm (Miao et al.,
2016), confirming that the EPS contained α-anomeric carbons instead
of β-anomeric carbon atoms with resonances downfield from 102 ppm
(Seymour, Knapp, Chen, Jeanes, & Bishop, 1979), as we deduced from
the FT-IR analysis. However, the signals of the anomeric carbon of the
α-glucose branches were not observed in the 13C spectrum. The as-
signment of 1H and 13C resonances of the main monosaccharide
(Table 2) was performed on the basis of homonuclear COSY (Fig. 4A)
and heteronuclear HSQC (Fig. 4B) two-dimensional correlation NMR

experiments. The system with 1H anomeric signal at 5.25 ppm could not
be assigned, although analysis of various dextrans has shown that this
signal is characteristic of α-(1→ 3) branched dextrans, (Cheetham
et al., 1990; Dertli, Colquhoun, Côté, Le, & Narbad, 2018; Miao et al.,
2016; Seymour, Knapp, & Bishop, 1979), which also coincide with our
methylation results.

The HMBC spectrum (Fig. 5) confirmed the α-(1,6) linkage through
the correlation between H6 and H6′ signals (3.90 ppm and 3.72 ppm,
respectively) and C1 signal (98.3 ppm). In addition, the overlap of the
HSQC and HMBC spectra (data not shown) only gave information on
the (1→ 6) linkage through the correlation of H1eC1 signals
(4.91–98.3 ppm) with the two protons of C6 (H6: 3.90 ppm and H6’:
3.72), but signals from the minor components of the polysaccharide
were not observable in any of the spectra analyzed. Thus, the presence
of the α-glucopyranose side chains could not be confirmed with the
experiments performed, although the 1H NMR spectra (Fig. 2) showed a
signal that, according to the literature, could be interpreted as corre-
sponding to the O-3 branches.

Table 1
Linkage types and their percentages deduced from methylation analysis of
dextrans synthesized by L. mali CUPV271 and Lc. carnosum CUPV411.

Linkage type Rt (min) %

L. mali CUPV271 Lc. carnosum CUPV411

Glcp-(1→ 6.9 3.6 6.8
→3)-Glcp-(1→ 8.9 2.1 0.7
→6)-Glcp-(1→ 9.9 84.8 81.1
→4,6)-Glcp-(1→ 12.1 1.6 1.5
→3,6)-Glcp-(1→ 12.4 7.9 9.9

Fig. 2. 1H NMR spectra of CUPV411 strain (up) and CUPV271 strain (down).

Fig. 3. 13C NMR spectra of CUPV411 strain (up) and CUPV271 strain (down).

Table 2
1H and 13C NMR chemical shifts (ppm) for the main monosaccharide α-(1→ 6)-
glucopyranose.

H-1 H-2 H-3 H-4 H-5 H-6 H-6′

1H 4.91 3.51 3.61 3.44 3.85 3.90 3.72
13C 98.3 72.0 74.0 70.3 70.8 66.5 66.5

Fig. 4. 2D-NMR analysis of dextran produced by CUPV411 strain. (A) 1H-1H
COSY spectrum and (B) 1H-13C HSQC spectrum.
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The Scheme 1 represents the main linkage types in the Lc. carnosum
CUPV411 dextran.

3.2. Detection of dextran production by L. mali CUPV271 and Lc.
carnosum CUPV411

Dextrans are synthesized by dextransucrases using sucrose as sub-
strate (Kothari et al., 2014). Thus, for a macroscopic detection of the

dextrans synthesized by the two LAB, the bacteria were grown in MRSS-
agar plates. In addition, plates containing MRSG-agar were also in-
oculated as negative controls. As expected, after growth for 48 h in the
presence of sucrose the colonies of both strains were mucoid whereas
the colonies generated in MRSG medium did not show this phenotype.
Moreover, both LAB developed colonies with a larger size upon growth
in MRSS medium (Fig. 5). Finally, comparing the colonies of both LAB
grown in the presence of sucrose some differences were observed. The
CUPV271 strain presented convex colonies firmly adhered to the agar
even after 264 h of incubation. On the contrary, CUPV411 colonies
were flatter and with less adherence to the agar. This difference in
colonies’ morphology has also been described for other dextran-pro-
ducing LAB (Zarour et al., 2017).

Analysis of the two LAB by TEM (inset in Fig. 6) confirmed the
presence of the EPS attached or surrounding the bacteria in cultures
grown in MRSS and not MRSG.

3.3. Capacity of L. mali CUPV271 and Lc. carnosum CUPV411 to adhere
to Caco-2 cells

As we have previously observed in some dextran-producing bac-
teria, the differences in the colonies’ morphology correlate with dif-
ferent capacities to bind enterocytes in the presence or absence of EPS
(Nácher-Vázquez et al., 2017; Zarour et al., 2017). Therefore, we tested
the adhesion capacity of the LAB grown in media with or without su-
crose (MRSS or MRSG) in an in vitro assay, measuring the binding of the
bacteria to human epithelial Caco-2 cells (Fig. 6). The adhesion capacity
of Lc. carnosum CUPV411 (2.73 ± 0.15%) did not change regardless of
the presence or absence of dextran in the medium, which coincides with
the results reported for several Leuconostoc strains. On the other hand,
the adherence to eukaryotic cells of L. mali CUPV271 was significantly
reduced from 2.85% ± 0.14% to 0.86 ± 0.07% in conditions allowing
dextran synthesis. These results are in accordance with those reported
for the dextran-producing L. sakei MN1 (Nácher-Vázquez et al., 2017).
However, it should be stated that sometimes the HoPS produced by LAB
also enhance the bacterial binding capacity, as previously reported for
the β–glucan produced by Pediococcus parvulus strains (Fernández de
Palencia et al., 2009; Garai-Ibabe et al., 2010).

3.4. Physicochemical characterization of the dextrans

The results presented in sections 3.2 and 3.3 indicated differences
between the dextrans synthesized by L. mali CUPV271 and Lc. carnosum
CUPV411. However, the chemical analyses described in section 3.1
showed that both dextrans had similar primary structure and branching
degrees. Therefore, with the aim of elucidating whether some sig-
nificant differences existed between both dextrans, they were subjected
to a deeper physicochemical characterization.

3.4.1. Molar mass distribution
The weight average molar mass (Mw), weight average radius of

gyration (Rw), coefficient υ (logRw/logMw) and polydispersity index
(PDI, Mw/Mn) of the two isolated EPS were determined by SEC-MALLS.
Chromatograms are depicted in Fig. 7 and parameters are summarized

Fig. 4. (continued)

Fig. 5. HMBC spectrum of Lc. carnosum CUPV411.

Scheme 1. Representation of the main linkage types of the Lc. carnosum
CUPV411 dextran. The total number of α-(1→ 6)-glucopyranose units in the
main backbone is represented by n, and according to the quantitative data from
NMR, this value was 94.4%. Side chains (5.6%), mostly of a single α-gluco-
pyranose unit, partially substitute the α (1→ 6) backbone at O-3 and O-4.

Fig. 6. Detection of EPS production by LAB on solid media. Bacterial co-
lonies in MRSG and MRSS after 240 h of incubation.
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in Table 3. The chromatogram of the dextran produced by L. mali
CUPV271 (Fig. 7A) showed a Mw of 1.23× 108 g/mol, corresponding to
a low polydispersity (1.05), very close to monodispersity. The Mw of the
EPS of Lc. carnosum CUPV411 (Fig. 7B), was in the same log order,
3.58×108 g/mol, and showed a moderate polydispersity (1.25). This
peak is being considered as a sole distribution of Mw. However, the
presence of another slightly small distribution could have been assigned
by the deformation at the left side of the peak. Moreover, it could be
interpreted as a shoulder, which might be due to the mixture of ag-
gregates and single molecular structures co-eluting under the same
peak, as reported before (Maina et al., 2014). Nevertheless, this would
not be clearly stated unless a column with more resolution at higher Mw

levels is used.

3.4.2. Thermal degradation
The patterns of thermal degradation of the two dextrans in aerobic

and anoxic atmospheres were analyzed by TGA. Table 4 shows the

thermal decomposition temperatures for 5% and 50% weight loss (T5%
and T50%), the temperature of maximum loss rate (Tmax) and the frac-
tion of solid residue at 580 °C of the thermograms obtained in nitrogen
and air atmospheres.

The TGA curves presented in Fig. 8 indicate that degradation in
anoxic conditions of the polymers of Lc. carnosum CUPV411 (Fig. 8A,
black graph) and L. mali CUPV271 (Fig. 8B, black graph) took place in
three and two steps, respectively. In the first stage, weight loss was
observed at similar temperature range for both dextrans (between 25
and 115 °C) and amounted to ca. 5%. This loss might be due to the
evaporation of the water embedded in the polymers, which are very
hygroscopic. However, it could also be due to the evaporation of the
ethanol used for the precipitation of the dextrans, as previously re-
ported (Zamora et al., 2002). The second degradation stage corre-
sponded to the decomposition of the polymeric chain, accompanied by
the rupture of CeC and CeO bonds, generating CO, CO2 and water, as
reported before (Kenari, Imani, & Nodehi, 2013; Miao et al., 2015). It
was characterized by severe weight losses for both dextrans: 55% (from
226 to 333 °C) for CUPV411, and 78% (from 229 to 441 °C) for
CUPV271. A third stage of degradation was observed for the dextran of
CUPV411, which consisted of a 14% weight loss (from 333 to 465 °C).
In the end, a char residue from both dextrans was formed, corre-
sponding to a carbonaceous or polynuclear aromatic structure.

The thermal degradation of both dextrans in aerobic conditions
(Fig. 8A and B, grey graphs) was carried out in three and four steps for
CUPV271 and CUPV411, respectively. The first stage was again char-
acterized by a weight loss of 5% due to the evaporation of embedded
water and remaining ethanol (below 105 °C). A second stage where the
majority of the depolymerization was carried out, was outlined by
dramatic weigh losses of 51% (from 219 to 322 °C) for CUPV411 and
72% (from 221 to 401 °C) for CUPV271. At the end of this degradation
phase, a little shoulder was observed in the curve corresponding to the
dextran from L. mali, which was not considered as a whole stage itself,
and which implied a weight loss of around 8% (341–401 °C). On the
contrary, Lc. carnosum dextran experimented a third phase of thermal
degradation in which a 14% weight loss occurred (between 322 and
389 °C). Finally, the last phase of degradation for both dextrans, only
present in the aerobic atmosphere, was due to the oxidative degrada-
tion of the carbonaceous structure formed in the previous stages. It
caused 28% and 21% weight losses for CUPV411 and CUPV271 dex-
trans, respectively.

Therefore, the thermal degradation of the two dextrans was slightly
different, since an additional step was observed for that of Lc. carnosum
CUPV411 in both atmospheres which, according to the methylation
data (Table 1), has more branching points in α-(1,3). However, this is

Fig. 7. Adhesion of LAB strains to Caco-2 cells. Adhesion levels are expressed
as the percentage of cfu. Data were analyzed by ANOVA. Differences (a–c) were
significant with a *p ≤ 0.05.

Table 3
Physicochemical characteristics of the dextrans produced by Lc. carnosum
CUPV411 and L. mali CUPV271.

Mean ± SD (n= 2)

CUPV271 CUPV411

Elution time (min) 25.6 ± 0.04 24.9 ± 0.04
Amount (mg/50 μL) 223.4 ± 24.4 106.9 ± 6.7
Mw (g/mol) 1.23E+08 ± 2.6E+06 3.58E+08 ± 1.61E+07
Polydispersity (Mw/Mn) 1.05 ± 0.08 1.25 ± 0.02
Rw (nm) 63.55 ± 0.64 163.65 ± 2.19
υ (log Rw/log Mw) 0.22 ± 2.62E-04 0.26 ± 6.55E-05

Mw, weight average molar mass; Rw, weight average radius of gyration.

Table 4
TGA data for the dextrans isolated from Lc. carnosum CUPV411 and L. mali
CUPV271.

Sample
T5 (°C) T50 (°C) Tmax (°C) Residue (%)

In N2 In O2 In N2 In O2 In N2
a In O2 In N2 In O2

CUPV411 80 83 301 305 287 288 a 497 b 21.1 1.1
CUPV271 90 85 311 310 305 304 a 489 b 14.1 0.6

a Second or third stage for CUPV271 or CUPV411, respectively.
b Third or fourth stage for CUPV271 or CUPV411, respectively.

Fig. 8. Size exclusion chromatography (SEC) analysis of the EPS synthe-
sized by the studied strains. (A) EPS produced by Lc. carnosum CUPV411 and
(B) EPS isolated from L. mali CUPV271. The figure shows two chromatograms
where the continuous line corresponds to the multi-angle laser light scattering
(MALLS) detector, set at an angle of 90°, and the dashed line corresponds to the
refraction index (RI) detector.
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not sufficient to explain the results obtained in vivo with the producing
LAB. Nevertheless, the high degradation temperatures obtained for both
dextrans, either in anoxia or in the presence of oxygen, would mean an
advantage for application in the food industry.

3.4.3. Thermal properties
The degree of crystallinity of the dextrans was evaluated by differ-

ential scanning calorimetry. Fig. 9 depicts two heating scans of the
samples. The first one (Fig. 9A), shows a broad endothermal peak
around 115 °C for both dextrans, which is due to evaporation of the
water embedded in the polymers, as described by other authors (Zhang
& Chu, 2002). The glass transition temperature (Tg), measured in the
last scan, was taken as the inflection point of the heat capacity change
(Irague et al., 2012). The Tg values of the polysaccharides were 225.7 °C
(CUPV411) and 226.8 °C (CUPV271), which are close to those reported
for dextrans (Rosca et al., 2018). These high Tg are attributed to the
presence of strong hydrogen bonds in these polymers (dos Santos
Campos, Lopes Cassimiro, Spirandeli Crespi, Emília Almeida, & Daflon
Gremião, 2013; Zhang & Chu, 2002).

No exothermic peaks have been observed with these dextrans, thus
no melting temperature was obtained. In addition, no crystallization
peaks were seen in the cooling stage. Therefore, these results suggest an
amorphous behavior for the dextrans studied, as previously reported for
other dextrans (dos Santos Campos et al., 2013; Zhang & Chu, 2002).

3.4.4. X-ray diffraction of dextrans
Despite the fact that in the DSC analysis no exothermic peaks were

observed, there is a remote possibility for dextrans to form crystals in

their structure. The degradation temperature under nitrogen atmo-
sphere was ca. 220 °C for both dextrans, thus, if the melting tempera-
ture was higher than the degradation temperature, the exothermic peak
indicating the melting of the crystals would not be observed by DSC. X-
ray diffraction was carried out to check this possibility. Fig. 10 shows
the diffraction profiles of dextrans produced by L. mali CUPV271 and
Lc. carnosum CUPV411, confirming the amorphous structure of the
polymers. However, a blunt peak appears in the profile of both dextrans
in the 2θ range of 15-25°, indicating a small amount of the sample with
some level of crystallinity, as reported previously (Yuan et al., 2009).
Thus, no differences were found in the formation of crystals between
the two dextrans under study.

3.4.5. Atomic force micrographs of dextrans
Finally, atomic force was used to see if differences in the spatial

conformation of the dextrans existed. As also reported for the EPS
produced by other Lactobacillus species (Ahmed, Wang, Anjum, Ahmad,
& Khan, 2013; Wang et al., 2010), the AFM images (height and phase)
of the dextran produced by L. mali (Fig. 11A) revealed a mixture of
irregular rounded lumps with few random linear chains, which become
visible when saturating to the maximum the image. These fibrillary
structures were more evident in the phase micrograph, suggesting that
they were thinner than the aggregates and composed of less material.
The lumps were very different in shape and size, ranging from 0.13 to
0.54 μm, whereas the stretched material formed clusters of chains
yielding 0.033 ± 0.004 μm of width. On the contrary, irregular big
aggregates ranging from 0.35 to 0.67 μm, and spherical small lumps
with a diameter< 0.1 μm, were observed for the dextran isolated from
Lc. carnosum (Fig. 11B), as previously described for the dextran pro-
duced by Leuconostoc lactis KC117496 (Saravanan & Shetty, 2016).

Fig. 9. TGA curves. Thermal degradation of the EPS of (A) Lc. carnosum
CUPV411 and (B) L. mali CUPV721. Black lines correspond to nitrogen atmo-
sphere and grey lines correspond the oxidative degradation. Continuous line
refers to the weight loss expressed in percentage, and dashed line represents the
weight derivative, expressed in %/°C.

Fig. 10. DSC curves. Black lines for CUPV411 strain and grey ones for
CUPV271 strain. (A) First heating scan from −30 °C to 210 °C. (B) Second
heating scan in which the glass transition temperature (Tg) of each EPS is ob-
served.

Fig. 11. X-ray diffraction diagrams of dextran produced by L. mali CUPV271
(A) and by Lc. carnosum CUPV411 (B).
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Moreover, the molecules from both polymers seemed to be tightly
packed, suggesting a pseudoplastic behavior with strong affinity for
water molecules (Ahmed et al., 2013; Wang et al., 2010), which was
further confirmed with rheology assays.

Taking together the results obtained in the different characteriza-
tion assays, both dextrans present slight differences in their size or
percentage of ramifications, although atomic force micrographs showed
some differences at supramolecular level. Thus, the different spatial
distribution of the dextrans might be on the basis of the different be-
haviors observed in vivo.

3.5. Rheological properties of dextrans produced by LAB

Since atomic force microscopy suggested the possible pseudoplastic
behavior for the dextrans studied, we evaluated their flow behavior in
solution, under shear at a constant temperature. The performance of the
two dextrans was similar and coincided with that previously described
for these type of polymers (Vuillemin et al., 2018; Zarour et al., 2017).
Then, only the viscosity curves for the dextran of L. carnosum CUPV411
will be represented. An ideally viscous or Newtonian flow behavior was
observed at low concentrations (up to a 0.5%), in which the viscosity
remained constant over the entire shear rate range (Fig. 12). This
viscosity was the same as in resting conditions (zero-shear viscosity,
ƞo). However, at higher concentrations, a shear-thinning or pseudo-
plastic flow behavior was observed, in which the viscosity decreased
with increasing share rates. The hydrodynamic forces generated during
the shear could have led to the breakdown of the structural units and
the physical networks between the dextrans’ chains, as reported before
(Prasanna, Bell, Grandison, & Charalampopoulos, 2012; Zarour et al.,
2017). Pseudoplastic characteristics of a polymer are not uniform in the
whole range of shear rates. This behavior is characterized by showing a
plateau value of the zero-shear viscosity ƞo at low shear rates below 1
s−1. In this case, measures in the range of 0–1 s−1 were limited by the
characteristics of the instrument used. Therefore, an extrapolation by
the Cross model was applied in order to obtain the ƞo value with the
aim of comparing the viscosity of the two dextrans in a status near to
the rest. At a given concentration of 5%, a higher plateau value of zero-
shear viscosity was observed for dextran produced by Lc. carnosum
CUPV411 (19.56 Pas) than that for the one produced by L. mali
CUPV271 (0.09 Pas), indicating a higher average molar mass for the
former dextran, as confirmed by SEC-MALLS.

The critical concentration, defined as the concentration of a
polymer at which the equivalent sphere of a given polymer molecule
just touches the equivalent spheres of all of its nearest neighbor mo-
lecules (Kulicke & Clasen, 2004), was calculated for both dextrans
(Fig. 13). The data recorded suggested an increase in the Newtonian
viscosity with the polymer's concentration. The critical concentration
for the dextran from L. mali was 3.8%, while for that from Lc. carnosum
it was 0.4%. These values are very related to the entanglements oc-
curring both inside a single molecule and between different molecules.
Therefore, the less-branched dextran produced by L. mali CUPV271
(Table 1) would require more molecules to reach the same number of
entanglements than the polymer from Lc. carnosum CUPV411, which
justifies its higher critical concentration (see Fig. 14).

The shear-thinning data presented above suggest that the dextrans
studied would be very suitable to improve the texture or palatability of
new fermented products.

3.6. Dextran yield

As far as our knowledge is concerned, it is the first time that EPS are
isolated from L. mali and Lc. carnosum species. The isolation of the
dextrans from the culture supernatants was only possible when sucrose
and not glucose was present in the media, as it has been reported by
other authors for dextran-producing LAB (Nácher-Vázquez et al., 2017;
Zarour et al., 2017). The recovery of the EPS after 48 h of incubation in
SMDS (2% sucrose), measured by the phenol-sulphuric acid method,
was 3.65 ± 0.21 g/L for Lc. carnosum CUPV411, similar to the
1.25 ± 0.04 g/L described for Lc. mesenteroides RTF10 grown for 13 h
in CDMS (0.8% sucrose) (Nácher-Vázquez et al., 2017). For L. mali
CUPV271 the recovery was higher than for CUPV411 in the same
conditions, yielding 11.65 ± 1.15 g/L. This concentration exceeded
the 2.20 ± 0.09 g/L produced by L. sakei MN1 after 13 h of incubation
in CDMS (Nácher-Vázquez et al., 2017). Some species from Oenococcus
have also been reported to produce EPS. In particular, the strain O. oeni
S11, isolated from alcoholic beverages (sparkling white wine) in
France, produced 3.87 ± 0.02 g/L of dextran in SMDS (1% sucrose)
after a two-week incubation period (Dimopoulou et al., 2014). Thus,
the overall results indicate a potential industrial use of the dextrans
studied here, although their production levels are well below the 154 g/
L reported for Lc. mesenteroides NRRL Be512F at optimized conditions
for batch fermentation (Karthikeyan, Rakshit, & Baradarajan, 1996).
Considering that neither the medium nor the culture conditions have
been optimized in the current work, the perspective for production's
improvement is high, supporting the potential use of the L. mali

Fig. 12. Height (left) and phase (right) AFM planar images of dextrans syn-
thesized by L. mali CUPV271 (A) and Lc. carnosum CUPV411 (B). White arrows
in the phase micrograph of the dextran produced by CUPV271 indicates the
fibrillary morphology.

Fig. 13. Double logarithmic plot of viscosity curves of dextrans isolated
from LAB. Viscosity curves for dextran isolated from Leuconostoc carnosum
CUPV411 obtained by measuring aqueous solutions at different concentrations
in a viscoelastometer.
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CUPV271 dextran for industrial purposes.

4. Conclusions

As far as we know, the EPSs produced by Lc. carnosum and L. mali
strains have been purified and characterized for the first time. Chemical
and spectroscopic analyses revealed that both polymers are O-3- and O-
4-branched dextrans, whose presence affected differentially to the ad-
hesion capacity of the producing LAB. This differential pattern could be
due to differences in their supramolecular structures, as deduced from
AFM. In addition, these dextrans are amorphous and presented a
pseudoplastic behavior. This shear-thinning property may confer them
an advantage in the food industry for improving sensory properties as
mouth feel and flavor release. In addition, they would be very suitable
for mixing, pouring or pumping, very common processes in the in-
dustry. Moreover, L. mali CUPV271 produces a considerably higher
amount of polymer than Lc. carnosum CUPV411, thus, it might be a
strong candidate for optimization aimed to the future development of
food, producing the dextran in vivo, or being included in the product as
an additive.
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 Las bacterias del ácido láctico son un grupo heterogéneo de 
bacterias que intervienen habitualmente en la elaboración de alimentos y 
bebidas fermentadas. Producen un gran número de metabolitos que 
resultan beneficiosos para la salud de los consumidores, como son las 
vitaminas, ácidos, enzimas, péptidos bioactivos o exopolisacáridos (EPS).  

 En esta tesis se ha estudiado la diversidad de las bacterias lácticas 
del género Lactobacillus productoras de EPS y que son responsables de la 
alteración del ahilado en la sidra natural del País Vasco. El estudio in silico 
de los genomas de las cepas L. collinoides CUPV237 y L. sicerae 
CUPV261T reveló la presencia de genes relacionados con la ruta 
biosintética Wzy-dependiente, relacionada con la síntesis de 
heteropolisacárido (HePS). Los HePS producidos por estas estirpes están 
compuestos por glucosa y galactosa, además de ramnosa en el caso de L. 
sicerae, y de glucosamina en el de L. collinoides. Estos EPS al ser 
aplicados a un modelo de inflamación intestinal inducido por el agente 
químico DSS en larvas de pez cebra son capaces de disminuir 
significativamente la mortalidad larvaria. 

 Finalmente, se aisló un mutante espontáneo superproductor de 
riboflavina de la especie Lactobacillus collinoides, que produce hasta 
3 mg mL–1 de esta vitamina. El estudio genético mostró que este fenotipo 
estaba causado por una mutación localizada en el elemento regulador del 
operón rib responsable de la síntesis de esta vitamina.	
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