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Abstract: In forest nurseries, intensive use of non-renewable substrates such as peat and high applica-
tion rates of chemical synthesis fertilizers lead to environmental problems and high susceptibility to
biotic and abiotic stresses. This work aims to seek more sustainable crop management to help mitigate
these problems, combining the substitution of peat by compost and the use of growth-promoting
microorganisms (PGPs) as a fertilization tool. For this purpose, a trial was carried out to test the
effectiveness of an agricultural waste compost and a biostimulant based on PGP microorganisms in
the production of Castanea sativa plants in a forest nursery. This trial assessed the growth of plants,
with both inputs separately and combined, and then studied the tolerance of chestnut seedlings to
water deficit. The results showed that partial substitution of peat by compost is possible, but not
complete, as the high levels of conductivity and pH generated by a high proportion of compost
negatively affected plant growth. It was also noted that the application of the biostimulant enables
the complete substitution of mineral fertilization. Moreover, at the end of the nursery phase, chest-
nut seedlings treated with the biostimulant showed the same or even better quality than chestnut
seedlings obtained with conventional fertilization, also resulting in greater resistance to water deficit,
based on the increase in root volume and the improvement of the physiological status. Changes
observed in both quantity and composition of microbiota associated with chestnut rhizosphere
after inoculation with PGPs were related to the improvement observed. In relation to water deficit
resistance, a positive synergy was also observed with the combination of both inputs, since plants
with full substitution of peat by compost combined with PGP-based fertilization showed the greatest
drought resistance.

Keywords: sustainable plant production; efficient microorganisms; plant quality; drought stress
tolerance

1. Introduction

European chestnut (Castanea sativa Mill.) is a deciduous species widely distributed in
the Mediterranean regions of Europe and Asia, highly valued and traditionally cultivated
for timber and fruit production. At the end of the XIX century, its cultivation suffered a
significant regression by the decline in the use of chestnut as a diet basis and by the onset
of ink and canker diseases. However, nowadays, many factors help raise awareness of
the value of chestnut trees as a multifunctional landscape element [1]. Among them, the
revaluation of chestnut as a food of high nutritional value, the development of improved
forest breeding materials, and the possibility of using them for the cultivation of edible
fungi, coupled with the need to seek alternatives to exotic conifer populations (severely
affected by various fungal diseases), promotes chestnut tree cultivation as a competitive
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alternative in reforestation projects. The success of reforestation will depend largely on
seedling quality at the time of planting. After transplanting to the field, the seedlings will
be subjected to both abiotic and biotic stresses, mainly water deficit [2], so it is essential
to produce seedlings with a high morpho-physiological quality in the nursery in order to
obtain a higher survival rate, faster growth, and greater stability of future trees.

In the nursery management, substrate and fertilization are the most important factors
influencing the final characteristics of container-grown seedlings [3]. The most commonly
used substrate is peat [4], since peat generally tends to possess excellent physical, chemical,
and biological properties for plant growth and development [5], and widespread reserves
of peat have so far been available in the northern hemisphere, making it an available and
relatively cheap resource [6]. However, peat is a limited resource, and its intensive use will
eventually deplete reserves and have negative impacts on the environment [7]. In fact, peat
extraction has been limited by peat-exporting countries in northern and central Europe [8].
On the other hand, conventional fertilization applied in virtually all forest nurseries is
based on the use of chemically-synthesized fertilizers, which can generate environmental
problems such as eutrophication processes, increases in greenhouse gaseous emissions,
substrate acidification, or increased plant susceptibility to pathogenic organisms [9]. In ad-
dition, the uptake of nitrogen easily available from mineral fertilizer may have unfavorable
effects by causing morphological imbalances due to greater development of shoots with
respect to roots [10], which may favor susceptibility to water deficit.

In this context, one of the modern forestry challenges is to propose alternatives to the
use of mineral fertilization and peat as non-renewable substrates, fitting with the concept
of the circular economy. In this line, the use of compost as an alternative to peat in forest
nurseries is attractive because of its high organic matter and nutrients content [11]. The
term compost generally refers to organic matter subjected to aerobic and thermophilic
stabilization processes for an extended period obtaining a stable sanitized product with
humic characteristics. Many studies have shown the benefits of compost in greenhouses
and nurseries [12], although plant response depends on the species [13], the feedstock
material, the compost properties, and the functionality of the composting method [14].

On the other hand, biostimulants (BS) are proposed as an alternative to conventional
fertilization. The term BS refers to those substances stimulating biological processes by
increasing nutrient availability and optimizing their absorption, so improving the quality
of the plant and increasing its tolerance to stress [15]. Within the different BS categories
described in the literature, this work focuses on the use of microbial inoculum. Micro-
bial inocula use in agriculture began three decades ago [16], although its use so far is
not widespread. Within beneficial microorganisms known as plant growth promoters
(PGPs), there are countless species of both bacteria (PGPB) and fungi (PGPF). They colonize
the extracellular or intracellular rhizosphere environment of plants in search of a carbon
source [17], competing for space, water, and nutrients and often improving their compet-
itive capacity by developing associations with the plant. These associations can benefit
plant growth and health in different ways [18]. Mechanisms that benefit the plant growth
include phosphate solubilization, nitrogen fixation, and phytohormone secretion [17]. In
addition, several studies have shown that root-associated microorganisms can increase
the plant’s resistance to abiotic stresses such as drought [19]. However, plant species and
variety (releasing different types of root exudates), soil type, environmental conditions,
and commercial formulation are crucial determinants of the efficient action of inoculated
PGPs [20].

The objective of this work was to assess the use of a plant-based compost as an
alternative to peat in chestnut seedling production. This work also aimed to assess the
effectiveness of a PGPs-based BS as an alternative fertilization tool, also influencing plant
tolerance to water deficit during the nursery phase.
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2. Materials and Methods
2.1. Compost and Biostimulant

The compost was produced using forest pruning waste mixed with 15% horse manure.
The BS was obtained after aerobic fermentation for 4 days at room temperature (22 ± 2 ◦C)
of a compost of exclusively plant origin (mainly cabbage, kale, red cabbage, pumpkin, and
tomato from large producers, mixed with 10% garden waste) and water in a proportion
1:10 w/v as described Otero et al. (2019) [21]. The physicochemical characteristics of the
compost and BS are stated in Table 1. In the BS, neither plant hormones (gibberellins,
cytokinins, and auxins) nor vitamins, except B1 (1.21 mg kg−1), were detected, quantifying
2.5 × 106 CFU g−1 of aerobic mesophiles.

Table 1. Physicochemical characteristics of compost and biostimulant (n.m., not measured; nd, not
detected; MPN, most probable number).

Compost Biostimulant (BS)

Dry matter (%) 87.74 0.91
Moisture (%) 12.26 99.09

Organic matter (%) 69.3 nd
Total N (%) 2.85 0.1449

Ammonium (mg/L) 71.2 0.0183
Nitrate (mg/L) <1.0 nd
Organic C (%) 40.2 n.m.

C/N 14.1 14.1
pH (1/5 v/v) 7.59 7.84

Conductivity (mS/cm) (1/5 v/v) 11.2 14.3
Density (g/cm3) 0.35 1.011

Total calcium (mg/L) 233 0.0131
Sulphate (mg/L) 402 0.0634

Phosphate (mg/L) 35.7 nd
Magnesium (mg/L) 60.40 0.0508
Carbonate (mg/L) <5.0 n.m.

Bicarbonate (mg/L) 1740 n.m.
Chloride (mg/L) 2140 n.m.

Potassium (mg/L) 3170 0.457
Sodium (mg/L) 349 2.037
Humic acids (%) 18.40 nd
Fulvic acids (%) 3.82 nd

Total humic extract (%) 22.2 nd
Escherichia coli (MPN/g) <10 nd

Salmonella (25 g) nd nd

Metabarcoding analysis of BS was performed by SGIKER (UPV/EHU) following the
protocol 16S metagenomics Sequencing Library Preparations of Illumina® using MiSeq
sequencer. Bacterial microbial community was composed by Euryarchaeota (1.37%), Acti-
nobacteria (1.70%), Tenericutes (3.60%), Synergistetes (4.47%), Spirochaetes (4.60%), Fir-
micutes (11.93% in Class Clostridia and 3.53% in Class Bacilli), Bacteroidetes (15.60%),
and Proteobacteria (47.09%). In this last phylum, the main classes were α-Proteobacteria
(13.73%), β-Proteobacteria (14.53%), δ-Proteobacteria (11.60%), ε-Proteobacteria (2.80%),
and γ-Proteobacteria (4.43%). The remaining 6.11% belonged to other groups. Cultivable
microorganisms present in BS were also analyzed using Sanger sequencing and included
bacterial species (Ochrobactrum tritici (24.5%), Pseudomonas aeruginosa (17.4%), Gordonia
terrae (15.8%), Bacillus subtilis (14.2%), Bacillus licheniformis (11.9%), Bacillus pumilus (5.5%),
Bacillus safensis (4.7%), Bacillus velezensis (4.0%), Serratia marcescens (1.6%), Pseudomonas fluo-
rescens (0.1%), and Pseudomonas putida (0.1%)), and fungal species (Rhodotorula mucilaginosa,
Cladosporium ramotenellum, Penicillium concentricum, Penicillium daelae, Aspergillus terreus,
Penicillium brevicompactum, Rhyzopus oryzae, Fusarium equiseti, Penicillium atroveneretum, and
Mucor moelleri), which represent around a 0.04% of the whole community.
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2.2. Experimental Design

Chestnut seedlings were grown for 8 months under plastic cover in the forest plant
nurseries of BASALAN (Provincial Council of Bizkaia). Seeds were sown in plastic trays
of 6 alveoli filled with 1000 cc of substrate in each one. The trial consisted of two factors,
substrate and fertilization, with four replications (trays). The first factor, substrate, included
5 percentage levels of peat and compost mixture: peat/compost mixture 80/0 (treatment
0%), 60/20(treatment 25%), 40/40 (treatment 50%), 20/60 (treatment 75%), and 0/80 (treat-
ment 100%). A 20% perlite inert substrate used to improve aeration in forest cultivation
was added to each mixture. The second factor, fertilization, included two treatments:
irrigation with NPK (14:7:14) mineral fertilizer vs. irrigation with BS. The fertilization
treatment was applied once a month for six consecutive months. NPK was applied at a rate
of 23.33 mg N/plant in each application, while BS was applied at a rate of 1 L of BS/tray,
diluted 1/20. A control treatment consisting of plants grown in the peat/compost mixture
80/0 (0%) being irrigated only with water was included. As a result, 10 treatments plus the
control were established, with 24 seedlings each (four trays of six alveoli/tray). The trays
were placed in an open plastic tunnel with daily irrigation to field capacity by a sprinkler
system for 8 months. After the nursery phase, 12 plants for each treatment were selected
for morpho-physiological and biochemical parameters characterization. In addition, the
rhizosphere substrate (the substrate in direct contact with root surface) of each plant was
collected for analysis of cultivable microorganisms. The remaining 12 plants were kept to
perform the water deficit experiment.

2.3. Morpho-Physiological Parameters of Seedlings

Before the onset and at the end of the experiment, pH and electrical conductivity
of the substrate mixture was analyzed. The substrate was mixed with distilled water
at a ratio of 1:5 (v/v), stirred 30 min at 100 rpm, and left to decant for another 30 min.
The measurements were taken in the supernatant once the particulate matter had been
filtered off.

Six plants selected per treatment were used for morphological characterization and
six plants for physiological and biochemical measurements. The biometric description of
the plant consisted of determining the plant height and root diameter at neck level, and
total leaf area of each plant was also measured using image analysis (ImageJ Software
1.52a, National Institutes of Health, Bethesda, MD, USA). Afterwards, roots, stems, and
leaves were dried at 80 ◦C for 48 h and weighed separately. Specific leaf area (SLA)
was calculated as the ratio between leaf area and leaf dry weight. The Dickson quality
index (DQI) was calculated as total dry weight (g)/((height (cm)/diameter (mm)) + (shoot
dry weight (g)/root dry weight (g))) [22]. Dry foliar material was used to determine
nitrogen concentration using an elemental analyzer. Analysis of stomatal conductance was
performed in six seedlings per treatment using a leaf porometer (Decagon Devices).

2.4. Water Deficit Assay

With the remaining plants (12 plants/treatment) a water deficit tolerance trial was
carried out. For this purpose, irrigation of six plants was suppressed, and the water
condition of the substrate was monitored by means of TDR (time domain reflectometry,
Eijkelamp), which measures the soil impedance proportional to the soil water potential.
When each alveolus under drought condition reached the TDR value of 0.05 θv (soil
moisture volumetric content, m3·m−3), previously defined as the point close to permanent
wilting point for the plants under these conditions, daily irrigation was re-established for
a week. The water potential (Ψw) of the plants was determined at the beginning of the
drought experiment, at the moment of maximum stress (TDR = 0.05 v) and at the moment
of recovery (1 week after starting rehydration). A Scholander pressure chamber was used
for this purpose. Two leaves of each plant (6 plants per treatment and water condition)
were measured.
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2.5. Cultivable Microorganisms

In order to isolate and count cultivable microorganisms, samples of 10 g of rhizosphere
soil were diluted in 90 mL of sterile isotonic saline solution (0.9% NaCl, pH 7.2), vigorously
shaken, and left to rest for 15 min to prepare 1:10 serial dilutions until dilution 10−5. From
each dilution, 100 µL were spread in Petri dishes with different media. To isolate fungi,
Rose Bengal (RB) was used; for general bacteria, Luria–Bertani medium (LB) was used;
and to discriminate the genus Pseudomonas, Cetrimide agar was used. For each treatment,
dilution, and culture medium, six dishes were prepared and left to incubate in darkness for
14 d at 28 ◦C. The dishes were observed every 2 days to differentiate the main morphotypes
and to determine the number of colony-forming units (CFU g–1) for each morphotype.

2.6. Statistical Analysis

Statistical analyses were carried out using SPSS v.24.0 software (Chicago, IL, USA).
The normality of the data and the homogeneity of the variances were checked. The results
were compared using ANOVA variance analysis, using Duncan’s test for comparison of
mean values at a significance level p < 0.05. Student’s t-test was also used to compare BS vs.
NPK within each substrate mixture, and the Pearson correlation index was used to check
the correlation between different parameters. To analyze the cultivable microbiota com-
munities PRIMER 7 [23] was used, with square root overall transformed data. Regarding
microbial communities, the effect of fertilization and substrate factors was assessed with a
permutational multivariate analysis of variance (PERMANOVA), based on a Bray–Curtis
dissimilarity matrix. To visualize the similarity of the cultivable microbial communities of
the different treatments, multidimensional scaling (MDS) using bootstrap averages analysis
was performed. The Shannon diversity index was also calculated for each treatment.

3. Results
3.1. Chemical Characteristics of the Substrate

Both substrate composition and fertilization management exerted a strong and sig-
nificant effect on the physicochemical parameters of the substrate (Table 2). The starting
conditions of the substrate were influenced by compost addition, with a significant increase
in both pH and electric conductivity (EC) as the proportion of compost in the mixture
increased (Figure 1, yellow bars). The application of NPK slightly acidified the substrate
by the end of the experiment, whereas it increased EC by 10 times in the 0% mixture, main-
tained EC values at 25% and 50% compost doses, and decreased EC values at high compost
doses (75% and 100%). BS-treated substrate slightly increased/maintained substrate pH,
and strongly decreased EC values by the end of the experiment at whatever compost dose.

Table 2. Significance (sig) and size effect determined as partial eta-squared (

1 
 

ɳ 2p) of each factor (substrate and fertilizer
management) and their interaction of the different variables measured. * p < 0.05; ** p < 0.01; *** p < 0.001; ns, non-significant.
SLA, specific leaf area; DW, dry weight; RMR, root mass ratio; DQI, Dickson quality index; SC, stomatal conductance; EC,
soil electrical conductivity.

Root
Volume Height

Root-
Collar

Diameter
Canopy Area SLA Leaf DW Stem DW Root DW Total DW

sig

1 
 

ɳ 2p sig

1 
 

ɳ 2p sig

1 
 

ɳ 2p sig

1 
 

ɳ 2p sig

1 
 

ɳ 2p sig

1 
 

ɳ 2p sig

1 
 

ɳ 2p sig

1 
 

ɳ 2p sig

1 
 

ɳ 2p

substrate *** 0.381 *** 0.792 *** 0.96 *** 0.716 ns 0.158 *** 0.843 *** 0.679 *** 0.377 *** 0.723
fertilization ns 0.044 *** 0.320 ns 0.002 ns 0.002 ns 0.028 ns 0.054 ** 0.118 ns 0.06 ns 0.024

substrate × Fert ** 0.214 *** 0.485 *** 0.309 ns 0.119 ns 0.121 *** 0.421 *** 0.345 ns 0.110 ** 0.260

RMR DQI Root/Shoot Leaf N (%) N Canopy SC Soil pH Soil EC
sig

1 
 

ɳ 2p sig

1 
 

ɳ 2p sig

1 
 

ɳ 2p sig

1 
 

ɳ 2p sig

1 
 

ɳ 2p sig

1 
 

ɳ 2p sig

1 
 

ɳ 2p sig

1 
 

ɳ 2p

substrate *** 0.449 *** 0.337 *** 0.581 *** 0.403 *** 0.798 ** 0.297 *** 0.842 *** 0.935
fertilization *** 0.199 ns 0.004 ** 0.147 *** 0.543 *** 0.211 ** 0.186 *** 0.884 *** 0.983

substrate × Fert ns 0.107 * 0.181 * 0.215 * 0.246 *** 0.468 ns 0.063 *** 0.284 *** 0.916
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highest compost concentrations, plant dry weight decreased significantly, being equal or 
even lower than that of the control plants. BS-treated plants showed higher leaf dry weight 
values than NPK-fertilized plants when no compost was added to the substrate, although 
the contrary was observed in 25%, 50%, and 75% mixtures (Figure 2). Similarly, BS-treated 
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Figure 1. Substrate pH (A) and electric conductivity (B) values. Yellow bars, initial substrate conditions; green bars,
NPK-treated substrate at the end of the experiment; brown bars, BS-treated substrate at the end of the experiment. Different
letters indicate significant differences using Duncan’s test (p < 0.05; n = 6) within each condition: initial (Yellow lowercase
letters), NPK-treated (green uppercase letters) and BS-treated (brown uppercase bold letters).

3.2. Plant Growth

Most of the effects on biometric parameters were due to substrate composition, as
indicated by partial η2 values (Table 2), although the significant interaction between both
factors (substrate and fertilization) revealed that changes in biometric parameters were also
conditioned by the fertilization strategy. Lower root, stem, and leaf biomass production
was observed when increasing compost in the substrate mixture (Figure 2). At the highest
compost concentrations, plant dry weight decreased significantly, being equal or even
lower than that of the control plants. BS-treated plants showed higher leaf dry weight
values than NPK-fertilized plants when no compost was added to the substrate, although
the contrary was observed in 25%, 50%, and 75% mixtures (Figure 2). Similarly, BS-treated
plants obtained lower stem dry weight values than NPK-treated plants at medium compost
concentrations (25%, 50%, and 75%), with no differences in root dry weights between
treatments (Figure 2). The application of BS, in comparison to NPK, significantly increased
root volume when no compost was added.

Chestnut plants developed longer stems in the absence of or at low–medium com-
post concentrations (0%, 25% and 50%). In these low–medium compost concentrations,
NPK-treated plants developed significantly longer stems than did BS-treated plants. The
specific leaf area (SLA) of NPK-treated plants remained constant whatever the substrate
composition, while BS-treated plants showed a trend to increase this parameter with re-
spect to control plants and to NPK-treated plants, this difference being significant only for
75% compost treatment.

From the recorded biometric data, Dickson quality index and root mass ratio (RMR)
were calculated (Figure 3). Substrate composition exerted a stronger effect on these two
parameters than the fertilizer management (Table 2), although BS application also induced
significant changes in RMR (Figure 3). When peat was completely replaced by compost,
DQI was equal to control plants, while the application of BS led to a significant increase of
DQI in this substrate mixture. The addition of compost favored the increase in the RMR. In
25% and 50% mixtures, BS-treated plants showed significantly higher RMR values than in
NPK-treated ones.
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Figure 2. Biometric parameters ((A) Root DW, (B) Root Volume, (C) Stem DW, (D) Height, (E) Leaf DW, (F) SLA) of chestnut
seedlings cultivated with the different substrate mixtures (compost: 0%, 25%, 50%, 75% and 100%) supplied with NPK
(green bars) or BS (brown bars). Blue bars represent control substrate 0% supplied only with water. SLA, specific leaf area.
Different letters indicate significant differences (p < 0.05; n = 6) between each substrate mixture (green lowercase letters for
NPK and brown uppercase letters for BS). Asterisk means significant differences using t-tests between NPK and BS within
each substrate mixture.

The stomatal conductance of NPK-treated plants remained constant in all substrate
mixtures (Figure 4). On the contrary, BS-treated plants showed progressively increasing
stomatal conductance values with the addition of compost to the substrate. Plants growing
in 75% and 100% mixtures showed significantly higher stomatal conductance when BS
was applied with respect to NPK. In addition, when no compost was added, BS-treated
plants tended to extract more N than those treated with NPK. However, the contrary was
observed when including compost in the substrate mixtures, the N extraction in BS-treated
plants being significantly lower in NPK-treated ones. It must be highlighted that the effect
size of fertilizer management in N extraction and stomatal conductance was higher than
that observed in biometric variables (Table 2).
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3.3. Plant Tolerance to Water Stress

Monitoring of the substrate TDR values during the experiment of plant tolerance to
water stress revealed that the speed of desiccation was different for each substrate mixture
(Figure S1). When a linear model was adjusted between TDR values and days of drought,
more accused slopes were observed in the substrate without compost. Mixtures with
compost showed less marked slopes, the substrate with the highest percentage of compost
having the lowest slope. No difference was observed between substrates with different
fertilization management. When soil moisture reached the value established as the limit
around which plants would reach the permanent wilting point (TDR = 0.05), the plant Ψw
values were determined and, as expected, plants subjected to water stress showed much
more negative values than irrigated control plants (Figure 5A). BS-treated plants showed
in all cases significantly less negative water potentials than plants fertilized with NPK, the
less negative being the substrate containing higher compost concentration.
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After one week of rehydration, BS-treated plants recovered Ψw values similar to
those of the irrigated control plants in all the substrate mixtures (Figure 5B). In the case
of NPK-treated ones, despite the recovery of Ψw values, these values were slightly more
negative than those of the irrigated control. Moreover, Ψw was also more negative in the
100% treatment. In the case of BS-treated plants, they recovered initial Ψw values whatever
the substrate composition.

3.4. Rhizosphere Microbiota Analysis

The cultivable rhizosphere microbiota was quantitated and classified into different
morphotypes. Within all the treatments, 21 morphotypes of fungi (MFH), 22 of bacteria
(MFB), and 10 of Pseudomonas (MFP) were distinguished (Figure 6). Fungi morphotypes
were identified up to genera by means of microscopic observations: Aspergillus (MFH 1
and 2), Acremonium (MFH3), Cladosporium (MFH 4 and 5), Fusarium (MFH 6–8), Penicillium
(MFH 9–13), Scopulariopsis (MFH14), Trichoderma (MFH 15–18), and yeasts (MFH19–21).
The PERMANOVA models revealed an effect of fertilization and substrate composition
on the culturable Fungi and Bacteria, as well as in the genus Pseudomonas (Table 3). To
visualize the effect of different substrate compositions and fertilizer treatments on the cul-
tivable microbial communities, a multidimensional scaling (MDS) using bootstrap averages
analysis was generated based on the Bray–Curtis similarity index and using fourth-root
transformed species data (Figure 7). Substrate composition influenced microbial commu-
nities to a higher extent in the case of fungi, showing stress values ≤ 0.17, which denote
a good representation of the data in reduced dimensions. The fertilization treatment led
to higher dissimilarities between NPK- and BS-treated substrate microbial communities,
with stress values even lower than those observed for substrate composition, in the case
of Bacteria, and in particular in the Pseudomonas genus (Figure 7). In fact, PERMANOVA
results indicated that both fertilization and substrate composition exerted a highly signifi-
cant effect on the soil microbiota. The effect of fertilization was more significant in Bacteria,
including the genus Pseudomonas, while the substrate composition showed a lower p value
for Fungi (Table 3).
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1 
 

 
Figure 6. Cultivable fungi (A), bacteria (B) and bacteria from Pseudomonas genus (C) isolated from rhizosphere soil
of chestnut seedlings grown for 8 months on different substrate mixtures (compost: 0%, 50% and 100%). Bars show
microorganism quantity in colony formation units per gram of soil (CFU/g) as the sum of the quantity of all morphotypes
found in each treatment (represented with different colors within each group. MFH, fungal morphotypes; MFB, bacterial
morphotypes; MFP, Pseudomonas morphotypes). Dotted line graphs show changes in Shannon diversity index (H′) for each
treatment. Values represent mean ± SE (n = 6).
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Table 3. Results of the PERMANOVA analysis to test the effect of fertilization and substrate on the cultivable microbial communities (Fungi, Bacteria, and the genus Pseudomonas).

Fungi Bacteria Pseudomonas

Fertilization Fertilization Fertilization

Source Df Sum Sq Pseudo-F p (perm) Source Df Sum Sq Pseudo-F p (perm) Source Df Sum Sq Pseudo-F p (perm)
Fertilization 1 9589.4 2.6385 0.017 Fertilization 1 9579 5.0969 0.001 Fertilization 1 27,036 12.376 0.001
Residuals 34 1.24 × 105 Residuals 16 30,070 Residuals 34 74,274

Total 35 1.33 × 105 Total 17 39,649 Total 35 1.01 × 105

Substrate Substrate Substrate

Source Df Sum Sq Pseudo-F p (perm) Source Df Sum Sq Pseudo-F p (perm) Source Df Sum Sq Pseudo-F p (perm)
Substrate 2 43,984 8.1383 0.001 Substrate 2 9682.6 2.4234 0.016 Substrate 2 14,683 2.7968 0.004
Residuals 33 89,175 Residuals 15 29,967 Residuals 33 86,627

Total 35 1.33 × 105 Total 17 39,649 Total 35 1.01 × 105

Df: degrees of freedom; Sum Sq: sum of squares; Pseudo-F: F value by permutation; p (perm): p-values based on 999 permutations (statistically significant p-values are shown in bold).
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Figure 7. Multidimensional scaling (MDS) using bootstrap averages of the different biota communities ((A) Fungi, (B) Bac-
teria, (C) Pseudomonas) based on Bray–Curtis index. Metric MDS ordination employed (100 per group) bootstrap averages
of the centroid of each sample to show where 95% of the centroid averages lay within multivariate space. Figures on the left
represent cultures compared regarding fertilization: NPK (green) vs. BS (brown). Figures on the right represent cultures
compared regarding substrate composition: 0% (grey), 50% (light purple) and 100% (dark purple).

The differences observed in the multidimensional scaling become more explicit in
Figure 6, which shows the quantity and composition of each microbial community, reflect-
ing the diversity by means of the Shannon diversity Index (Figure 6). When comparing the
NPK-treated substrate with the BS-treated one in the absence of compost (0%), a general
increase in biodiversity was observed with BS application in both fungal and bacterial
populations. Regarding fungi, the presence of MFH6, identified as Fusarium sp., decreased
from the 70% of the identified cultivable fungi in NPK substrate to 16% in BS-treated
substrate (Figure 6A). On the contrary, species such as Penicillium sp. (MFHs 9 to 13)
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or yeasts (MFHs 19–21) increased from 14% to 71% and from 3% to 7%, respectively, in
BS-treated substrate in relation to NPK-treated ones. The highest fungal development,
up to 7 × 104 CFU g−1 soil, was observed in NPK-treated substrate without compost
(0%), this high quantity being due to the dominance of Fusarium. The mixture of peat
and compost in the same proportion (50%) decreased the total CFUs but showed higher
fungal diversity, with a Shannon index around 1.8. On the contrary, by increasing compost
up to 100%, both diversity and fungal presence decreased drastically in the NPK-treated
and BS-treated rhizosphere. In BS-treated plants, the fungal presence was equal between
the different substrates, also showing higher morphotype richness in the 50% compost
treatment. Penicillium was the most abundant genus when no BS was added to the substrate
0%, while yeasts were dominant in 100% BS-treated substrate.

Regarding bacterial abundance, in NPK-treated rhizosphere (Figure 6B), compost
addition to substrate increased both quantity and diversity of bacteria in the rhizosphere.
BS-treated substrate revealed lower bacterial abundances but higher diversity than NPK-
treated ones, with changes not being observed between the different substrates. Finally, in
relation to the genus Pseudomonas (Figure 6C), it should be noted that the abundance in
BS-treated plants was two orders of magnitude lower than in NPK-treated plants. However,
the richness in terms of total morphotypes differentiated was much higher in BS-treated
substrates, increasing indeed with the addition of compost to the mixture.

4. Discussion
4.1. Use of Compost as a Substitute for Peat in Chestnut Tree Cultivation

The beneficial effects of compost utilization on plant growth has been reported in
many green house and nursery-crop production systems [24,25], although some studies
also show that plant response depends on the plant species, the compost properties, and the
composting method [14]. In our study, substrate mixtures with higher amounts of compost
generally showed significantly lower values in all biometric parameters (excepting SLA)
than substrates with higher amounts of peat. The Dickson quality index, which integrates
almost all the biometric parameters, providing us with a complete overview, showed that
plants grown only with compost had lower quality in terms of robustness and needed
to cope with the field conditions after transplanting. These negative effects observed
in the growth of chestnut seedlings at high compost doses would be a consequence of
the increase in substrate pH and electric conductivity. When plants do not grow in an
acceptable pH range, the solubility of micronutrients such as Fe or Mn can decrease, leading
to deficiency symptoms, chlorosis, and necrosis [26,27]. On the other hand, the electrical
conductivity is an indirect measure of the level of soluble salts in the substrate, which
was increased with the amount of compost. This could exert a negative effect on plant
growth, as suggested by the significant negative correlations between initial substrate
EC and plant total biomass (r = −0.665) and root volume (r = −0.469). The high levels of
Na, K, and Cl present in the compost could lead to osmotic problems through increasing
substrate osmotic potential, limiting the availability of water to plants and generating toxic
conditions [28], depending on the quantity of compost in the mixture. Although Yadav
et al. (2012) [29] considered that compost with EC values > 3.0 mScm−1 are suitable for
agricultural use, our data, with values around 1 mScm−1, suggested a slight negative effect
on biomass production at high compost rates in the case of chestnut seedlings. Despite
decreasing root volume, the substitution of part of the peat by compost favored the increase
of the root mass fraction, which would result in a better balance between the root and
the aerial part in order to obtain more resistant plants for transplanting to the field. At
this time, plants must face environmental changing conditions and are more susceptible
to potential abiotic stresses, mainly water deficit. In this sense, it has been proven that
the root architecture of the forest plant, in particular the degree of branching and the
size, amount, and distribution of fine roots, is one of the major factors helping to resist
this stress [30]. Our results suggest that although the use of compost cannot completely
replace peat, incorporating it into the chestnut growth substrate in mixtures up to 50%
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is possible. At this rate, the effect of pH around 8, and EC around 0.8 mScm−1 is not
detrimental o chestnut growth and can provide the plant with greater resistance to water
deficit, both at the nursery stage and in the rooting and initial phases of growth in the
field after transplanting. In addition, compost addition also significantly influenced the
rhizosphere microbial composition, especially the fungal composition. In fact, the highest
fungal and bacterial diversity was observed in 50% substrate mixtures, with a decrease in
potential pathogenic species such as Fusarium sp., and an increase in two genera designated
as PGPFs such as Trichoderma sp. and Aspergillus sp., the former being described as a typical
inhabitant of a properly produced compost [31].

4.2. Use of PGP-Based Biostimulant as an Alternative to Mineral Fertilization

There is some work describing seedling growth increase after inoculation with PGP
bacteria in Pseudotsuga menziesii (Mirb.) Franco [32], Pinus pinea authority. [33] or Pinus
radiata D. Don [21]. However, to our knowledge, apart from few works related to pest
biocontrol, this is the first work reporting data on PGPs’ effects on chestnut growth.
Fertilizer application in the nursery is a key factor affecting the chemical properties of
the seedling rhizosphere, EC, pH, redox potential, and, thus, nutrient availability [34],
which influences seedling growth, nutrient storage, root growth potential, and tolerance of
adverse growth conditions [3]. The low mineral nutrient content of the BS compared to NPK
fertilizer changes this pattern in fertilization management. However, the growth promoting
capacity of the BS was reflected in the biometric and plant quality parameters, where the BS
fertilized plants obtained better values than the unamended control plants. This means that
chestnut growth was improved without addition of any mineral fertilization. Moreover, in
the absence of compost (0%), the application of BS promoted growth that reached that of
NPK-fertilized plants and even significantly exceeded it in parameters such as root volume
and leaf biomass. So, in terms of seedling growth without compost, BS can maintain or
even improve the growth obtained applying NPK, although attending to its composition,
BS does not provide nutrients as directly as NPK does, and the microorganisms present
in BS can mobilize some nutrients that would not be available for plants in the soil. The
most important mobilization processes described are nitrogen fixation and solubilization of
other nutrients, such as phosphate and potassium [35]. In this sense, free-living N2-fixing
bacteria, including some strains of Pseudomonas [36] and Bacillus [37], can make atmospheric
nitrogen available to the plant [38]. This nitrogen, together with nitrogen coming from the
soil organic matter mineralization, will be available for plants. Therefore, even if nitrogen
is not directly supplied as in mineral fertilization, plants get the same level of nitrogen
when fertilized with BS instead NPK.

Bacteria with growth-promoting capacities are also characterized by the production
of organic compounds, such as phytohormones, affecting the plant growth and develop-
ment [17]. Related to this, both Pseudomonas aeruginosa and Pseudomonas putida, present
in the BS used in this work, have been described to produce auxins. Auxins are capable
of promoting root growth by stimulating cell division and elongation [39] and also pre-
vent ethylene production by increasing ACC deaminase activity. As a consequence of the
decrease in ethylene synthesis, root elongation is favored, provided that the potentially
inhibitory high concentrations of auxins are not reached [40]. Bacillus is another genus
with abundant representation in BS, also present in the rhizosphere of chestnut seedlings
treated with the BS. This genus has also been described to produce auxins [37,39,41]. Thus,
the higher bacterial diversity could explain differences in root volume between BS- and
NPK-treated plants. However, the microorganisms involved in promoting plant growth
are not only bacteria, since some fungi can also play an important role. The application of
BS increased the presence of Trichoderma in the rhizosphere, a free-living fungus classified
as beneficial for plant growth, since it stimulates the lateral root development by means of
auxin-like compound production [42]. This has been associated with significant improve-
ments in photosynthetic efficiency and biomass yield [43], as well as with an increased
tolerance to abiotic stress and nutrient use efficiency [44].
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In the case of fungi, in addition to the higher abundance of Trichoderma, the most re-
markable feature of BS treatment was the drastic reduction of the incidence of Fusarium spp.,
a facultative pathogenic fungus, therefore reducing the pathogen inoculum pressure in
comparison to NPK fertilization. It is known that biostimulants based on microorganism
consortia instead of a single PGP strain can reach most of the niches because of their
increased genetic diversity, colonizing the root zone much faster than a single strain and
competing spatially with a broader range of potential pathogens under different plant
growth and environment conditions [45]. In this study, BS application led to changes
in functional groups, with an increase of around 60% in the contribution of Penicillium,
common saprophytic fungus, or a moderate rise in the contribution of yeasts to the total
fungi morphotypes identified. Related to this, the role of yeasts as growth promoters has
been widely described [46,47], including their biocontrol capability [48]. Moreover, some
Penicillium strains have been identified as antagonist to phytopathogens [49].

With respect to the response of chestnut seedlings to water shortage, a better water sta-
tus of BS-treated plants with respect to those fertilized with NPK under drought conditions
was observed. This allowed us to verify that the application of BS effectively conferred
chestnut plants a greater capacity to tolerate water stress, which is in agreement with the
results obtained in other works with PGPs [50,51]. In this experiment, the most drought
resistant chestnut seedlings were those combining compost with BS, which together with
the fact that BS-treated plants showed higher values of stomatal conductance when both
inputs were applied suggests a positive synergy through an improvement in the plant
water status. In fact, the least negative water potential was achieved with the complete
replacement of peat by compost combined with PGP-based fertilization.

Different mechanisms have been proposed and demonstrated to explain the ability of
some microorganisms to induce plant resistance to drought [52]. This induction would be
related to higher root development [30], as was observed in this study, where BS induced
higher root mass fraction, while other indirect mechanisms should be also considered.
Pseudomonas and Bacillus have been reported to stimulate plant growth under dry con-
ditions, increasing root biomass and plant water content [20], and partially eliminating
the effect of drought stress by decreasing ethylene production in pea [53]. Arzanesh et al.
(2011) [54] demonstrated that hormones secreted by PGPRs altered plant root morphology,
allowing greater water uptake. In our study, the volumetric difference observed in roots
between NPK and BS fertilized chestnut trees, although only significant in substrates with-
out compost, suggests a key role in resisting water stress. The higher stomatal conductance
observed in BS-treated plants would indicate higher transpiration rates and, therefore, a
better water status. Related to this, the increasing incidence of Trichoderma spp. would be
associated with the better physiological status under drought conditions, the alleviation of
ROS in plants [55,56] and the release of metabolites analogous to phytohormones [42,57]
being reported as mechanisms enhancing plant growth under drought stress conditions. In
addition, it is well known that osmolytes secreted by microorganisms act together with
plant-generated osmolytes, improving plant water status [51]. Through these mechanisms,
the application of BS based on PGPs would have conferred to chestnut plants a greater
resistance to drought, maintaining less negative water potentials than those treated with
NPK. Hence, our results demonstrate that the application of this PGP-based BS in chestnut
nursery is an effective alternative to traditional mineral fertilization, since seedlings with
equal or improved biometric characteristics compared to NPK are obtained, together with
a greater resistance to the possible drought stress after transplanting to field conditions.

4.3. Compost–Biostimulant Synergy

Although this work has not demonstrated that the joint application of both compost
and BS favors chestnut growth, the application of BS could replace NPK at all compost
levels, obtaining plants with similar development or with slightly less canopy, but more
balanced in terms of root development. In the study by Arif et al. (2017) [58], it was
shown that an N-enriched compost together with an inoculum of PGPs favored sunflower
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growth through an increase in the availability of nitrogen in the substrate. In our case,
the combination of these two inputs resulted in a significantly lower N extraction, so we
could deduce that our PGP-based BS was not able to utilize so efficiently the N of the
compost, making it more available to the chestnut seedlings. Thus, despite achieving higher
root mass fractions when both inputs were combined, the aerial part of BS-treated plants
extracted less quantity of N than NPK-treated plants, regardless of the level of compost
in the substrate. However, a compost concentration up to 50% allowed the chestnut trees
to maintain similar quality with BS or NPK, although aerial biomass and height were
higher under NPK application. The amendment of a PGP-based BS seemed to partly
counteract the negative effect of an excess of compost in the substrate, as suggested by the
low EC values after BS application, regardless of the substrate composition. Moreover, less
fluctuations were observed in rhizosphere microbial populations sizes in terms of CFUs
between BS-treated substrate mixtures in comparison to NPK amended ones. Thus, BS
amendment appeared to be exerting a buffer effect, avoiding the compost-induced changes,
decreasing fungal population, and increasing bacterial ones when NPK was applied. These
facts, together with the higher bacterial diversity observed when both inputs were jointly
applied would be related to the chestnut quality improvement/maintenance with respect
to NPK application, although not having applied mineral nutrients.

5. Conclusions

Compost can be used for chestnut seedling production in forest nurseries, replacing
peat by up to 50%, which would reduce the use of peat, yielding plants with practically the
same size and quality for field production. PGP-based biostimulants can be considered
as alternatives to the use of mineral fertilization in the production of chestnut seedlings
in nurseries, since these microorganisms provide multiple benefits to the plants, yielding
similar or better chestnut quality than applying mineral fertilization. In addition, biostim-
ulant significantly improves plant tolerance to water deficit, the joint application of both
compost and biostimulant being recommended when peat substitution by compost does
not exceed 50%.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f12070850/s1, Figure S1: Linear adjustments between substrate TDR values and days under
drought conditions for each substrate composition (0% blue, 25% green, 50% yellow, 100% brown)
for NPK-treated substrate (A) and BS-treated substrate (B). (n = 6).
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