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Microbial-based biostimulants, functioning as biotic and abiotic stress
protectants and growth enhancers, are becoming increasingly important in
agriculture also in the context of climate change. The search for new products
that can help reduce chemical inputs under a variety of field conditions is the
new challenge. In this study, we tested whether the combination of two
microbial growth enhancers with complementary modes of action,
Azotobacter chroococcum 76A and Trichoderma afroharzianum T22, could
facilitate tomato adaptation to a 30% reduction of optimal water and nitrogen
requirements. The microbial inoculum increased tomato yield (+48.5%) under
optimal water and nutrient conditions. In addition, the microbial application
improved leaf water potential under stress conditions (+9.5%), decreased the
overall leaf temperature (-4.6%), and increased shoot fresh weight (+15%),
indicating that this consortium could act as a positive regulator of plant water
relations under limited water and nitrogen availability. A significant increase in
microbial populations in the rhizosphere with applications of A. chroococcum
76A and T. afroharzianum T22 under stress conditions, suggested that these
inoculants could enhance soil microbial abundance, including the abundance of
native beneficial microorganisms. Sampling time, limited water and nitrogen
regimes and microbial inoculations all affected bacterial and fungal populations
in the rhizospheric soil. Overall, these results indicated that the selected
microbial consortium could function as plant growth enhancer and stress
protectant, possibly by triggering adaptation mechanisms via functional
changes in the soil microbial diversity and relative abundance.
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1 Introduction

The global food demand is anticipated to increase from 35% to
56% in the period of 2010 to 2050, while the population at risk of
hunger is projected to increase to +8% over the same time frame
(van Dijk et al, 2021). To maintain a high quantity of crop
production and reduce yield loss, chemical products (fertilizers,
pesticides, herbicides, etc.), hormones and antibiotics are
commonly used in agriculture (Savci, 2012; Pathak, 2018;
Gangwar et al., 2023). Concerns over human and environmental
health and negative impacts arising from chemical residues in soil,
water, and food as well as exposure risks by farm workers have
received considerable attention. As a consequence, in the last two
decades, the scientific community is looking for innovative and eco-
sustainable strategies to increase agricultural production, meet food
needs, and reduce environmental impact (Comite et al., 2021;
Silletti et al.,, 2021). The use of microbial inoculants as
agricultural-probiotics, is an attractive environmental-friendly
alternative strategy to agro-chemical inputs to ensure crop yield
and quality (Fiorentino et al, 2018; Woo and Pepe, 2018).
Probiotics are living microorganisms that offer benefits to the
host plant by providing nutritional inputs, protection from
pathogen-pest attack, improved fitness, enhanced growth and
health also in stress conditions (Hossain et al., 2017; Van Oosten
et al, 2017; Romano et al,, 2020b). Biostimulant formulations
containing beneficial microorganisms and/or natural substances
(e.g., humic acids, seaweed and plant extracts, protein hydrolysate
and silicon) can stimulate plant vigor, growth, and yield, even under
sub-optimal growth conditions (Viscardi et al., 2016; Sheridan et al.,
2017; Di Stasio et al., 2020; Comite et al., 2021).

Among beneficial microorganisms, plant growth promoting
rhizobacteria (PGPR) emerge as key players in agricultural
microbial applications, noted for their positive effects on plant
growth, by favoring the absorption of nutrients, such as nitrogen
and phosphate (Ventorino et al.,, 2007; Reddy, 2013; Ahemad and
Kibret, 2014). These bacteria are commonly represented by genera
such as Bacillus, Pseudomonas, Azospirillum, Azotobacter, Alcaligens,
Arthobacter, Agrobacterium and Rhizobium. The nitrogen-fixer
Azotobacter is a free-living aerobic rhizobacterium, that can
stimulate plant growth through nutrient supplementation or
through the production of phytohormones such as auxins,
gibberellins, and cytokinins (Viscardi et al., 2016; Wani et al., 2016;
Van Oosten et al.,, 2018), as well as the production of large quantities
of exopolysaccharides (Ventorino et al., 2019a; Romano et al., 2020b).
Members belonging to this genus are involved in nutrient processes
such as nitrogen cycling, phosphate solubilization (Wani et al., 2013),
mobilization of iron (Rizvi and Khan, 2018) and the biodegradation
of many commonly used chemical pesticides (Gurikar et al., 2016).
Azotobacter chroococcum is a promising candidate for improvement
of plant growth and abiotic stress tolerance (Viscardi et al., 2016;
Silletti et al., 2021). Extending the biodiversity of beneficial
microorganisms, it has been proven that selected fungal strains of
Trichoderma also have PGPR-like effects, and establish positive
interactions with plants including biological control, plant growth
promotion, and induced plant resistance (Harman et al., 2004;
Shoresh and Harman, 2008; Raaijmakers et al., 2009; Woo et al.,
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2023). Trichoderma spp. and endophytic fungi have become
prominent on the agricultural scene, due to their multiple positive
effects and improvement in yield properties of given crops (Harman
et al.,, 2004; Lorito and Woo, 2015; Woo et al., 2023). Trichoderma
spp. produce over 250 metabolic products, including secondary
metabolites, peptides, proteins, and cell-wall-degrading enzymes
with biostimulant or protective effects on plants (Woo and Pepe,
2018; Vinale and Sivasithamparam, 2020). Furthermore, plants
inoculated with Trichoderma have also demonstrated effective
mitigation of the negative consequences of drought stress by
improving proline concentration in plant tissue and the synthesis
of growth hormones (Mona et al., 2017). Considering that diverse
microbial based-biostimulants are able to provide stress protection
via diverse mechanisms of action (Yakhin et al., 2017), the
combination of two or more selected strains can be proposed to
enhance their action (Rouphael and Colla, 2018; Gemin et al,, 2019).

Previous work has reported the use of microbial consortia
containing both rhizobacteria and fungi as a sustainable
technique for the maintenance of soil health and the increase of
crop productivity (Carneiro et al., 2023). One of the main benefits of
their integrated use includes the reduction in the need for water and
fertilizer applications, which provides a dual benefit: i) reduced
economic production costs through more efficient and resilient
farming systems; ii) decreased environmental impact, due to lower
contamination with biological products when compared to mineral
fertilizers (Carneiro et al., 2023). Innovative microbial consortia can
include Trichoderma strains in combinations with plant-beneficial
microorganisms such as Azotobacter (Woo and Pepe, 2018; Woo
et al,, 2023). Several studies highlighted the versatile and beneficial
effects of combined Azotobacter and Trichoderma inoculation on
improving crop performance across diverse environmental and
nutrient conditions. This synergistic interaction extends to the
formation of Trichoderma-Azotobacter biofilm, positively
impacting soil nutrient availability and overall plant growth in
wheat, cotton, and chickpea (Velmourougane et al., 2017;
Velmourougane et al., 2019). Despite their extensive use in
agriculture, microbial-based biostimulants have mainly been
tested with a focus on improving crop yield and quality aspects
(du Jardin, 2015), whereas their potential role on crops exposed to
biotic and/or abiotic stress needs to be further investigated. The
contribution of microbial-based biostimulants as abiotic stress
protectants and growth enhancers is becoming increasingly more
important, also in the context of climate change, which is
exacerbating the outbreak of pests and diseases (Rosenzweig et al.,
2001), as well as crop exposure to extreme temperatures, drought,
and soil salinization (Ahuja et al., 2010; Cirillo et al., 2018) which all
have a strong negative impact on crop yield and quality.

In this work, we assessed the function of the microbial
consortium containing the bacterium Azotobacter chroococcum
76A and the fungus Trichoderma afroharzianum T22 on tomato
(Solanum lycopersicum L.) crop subjected to water and nitrogen
deficiency. We hypothesized that co-inoculation of the tomato root
system with these two microorganisms could facilitate plant
tolerance to a combination of water and nutrient stress due to
their known complementary modes of action on the host crop.
Furthermore, the effects of this microbial consortium on tomato
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yield and fruit qualitative, as well as the influence on the
surrounding soil microbial community were also assessed. These
findings could help to understand the functional link between the
main components of this microbial-based biostimulant and the
modulation of tomato plant response to the combined
abiotic stressors.

2 Materials and methods
2.1 Experimental design and sampling

A field experiment with tomato (Solanum lycopersicum L.) was
conducted at the experimental farm of the University of Naples
Federico II, located at Bellizzi, Italy (lat. 43°31’N, long. 14°58’ E; alt.
60 m above sea level) on sub-alkaline soil (pH 7.5), silty-clay-loam
(Clay 334 gkg ', Silt 241 g kg !, Sand 425 g kg ') with low nitrogen
and soil organic matter (1.2 gkg ' and 18.4 g kg™, respectively). The
meteorological data during the experiment are reported in Figure
S1. Field plots for all treatments were moldboard plowed at 30 cm
depth, followed by secondary tillage with a soil grubber and harrow
for seedbed and transplanting preparation.

Tomato seeds cv. Vulcan F1 (Nunhems®—Bayer, Leverkusen,
Germany) were germinated in peat planting trays and grown in the

greenhouse until the 374"

true leaf. Plants were transplanted with
a plant density of 3.3 plants per m* and irrigated, starting with drip
lines with emitters of 1.5 L h™" flow, 0.3 m apart. The experiment
was arranged in a randomized block design in plots of 50 m* with
three replicates. Plants were treated with a microbial consortium
(T) as below described, and non inoculated plants were used as
controls. Nutritional input (I) included two levels of nitrogen (N)
fertilization (optimal: 100%; and sub-optimal: 70% of estimated
plant N requirements). Nutrients were supplied via fertigation
during the whole crop cycle, providing the plant with 104 N, 124
P,05 and 122 K,O units ha™* for the optimal N treatment, and 73 N,
124 P,O5 and 122 K,O units ha™' in the sub-optimal N plots. The
fertilizers used were ammonium nitrate and potassium
monophosphate. In order to impose water stress, plants were
irrigated with 70% (sub-optimal, moderate stress) of the optimal
water supply (100%), as estimated with the FAO-24 Pan method.

2.2 Microbial strains, inoculum preparation
and tomato treatments

The microbial biostimulant treatment (A+T) used two different
microorganisms: Azotobacter chroococcum strain 76A (Viscardi
et al, 2016; belonging to the microbial collection of the
Department of Agricultural Sciences, University of Naples
Federico II, Portici) and Trichoderma afroharzianum strain T22
(ex-Trichoderma harzianum; Cai and Druzhinina, 2021) isolated
from the commercial formulation of Trianum-P (Koppert
Biological Systems Rotterdam, the Netherlands) implemented at
final concentration of 10° spore mL ™. The inoculum preparation of
the bacterial strain A. chroococcum 76 A was performed according to
Van Oosten et al. (2018).
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Tomato seeds were surface-sterilized and coated with a microbial
cell suspension containing A. chroococcum 76A (1 x 10 CFU mL™)
and T. afroharzianum T22 (1 x 10° spores mL™) to uniformly cover
the seed surface. Treated seeds were air-dried and hand-seeded in
styrofoam planting trays containing a peat-based substrate for
germination (Tecno Grow Semina 80, TerComposti SpA, Brescia,
IT). At the time of transplant, one-month old tomato seedlings were
inoculated with the microbial inoculum by using a root dip method,
submerging the planting trays in the microbial liquid suspension for
15 min to completely wet the roots; drained of excess liquid, then the
plant-plug was removed and transplanted to pre-bored holes in the
soil at the field location. Further, at 15 and 45 DAT, each plant was
repeatedly inoculated at the base with 50 mL of microbial suspension
containing A. chroococcum 76A (1 x 10’ CFU mL™") and T.
afroharzianum T22 (1 x 10° spores mL") (A+T). Uninoculated
plants were treated only with water and served as control.

2.3 Plant growth and yield measurements

Plant growth parameters were evaluated at 45 Days After
Transplant (DAT), at the flowering stage. Aboveground and
belowground biomass was measured in terms of shoot fresh weight
and root length and width. Five plants per treatment were cut at the
soil surface, and the above-ground biomass was weighted on a
balance for the evaluation of shoot fresh weight (FW). Root length
and width were measured as previously described in Li et al. (2020),
with minor modifications. Briefly, a soil trench, 70 cm deep and
60 cm wide, was excavated beside the plots to expose the soil profile of
three plants per treatment, then maximum root length and width
were measured. Yield parameters were evaluated at the end of the
experiment (90 DAT; harvest). Tomato fruits were harvested for the
determination of the fresh biomass and the number of fruits per
plant. Brix degrees were measured with a bench refractometer
(ATAGO palette - ATAGO CO., LTD - Japan).

2.4 Physiological parameters

Leaf water potential was measured at 45 DAT using a dewpoint
psychrometer (WP4, Decagon Devices, Pullman, WA, USA) on
fully expanded leaves. At the same date, leaf temperature was
measured by thermometric measurements performed with a
thermal IR camera (Seek CompactPRO, Seek Thermal, Inc. 6300
Hollister Ave - Santa Barbara, CA), and soil plant analysis
development system (SPAD) with a portable SPAD-502
chlorophyll meter (Konica-Minolta, Tokyo, Japan).

2.5 Enumerations of microorganisms in the
tomato rhizosphere

Viable microbial counts were performed at time of flowering (45
DAT) and at harvest (90 DAT), to assess the impact of the
treatment with microbial consortia on the cultivable microbial
community. Soil rhizosphere samples, 9 replicates for each
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treatment, were collected as previously reported (Romano et al,
2020b). Ten grams of rhizosphere composite samples (n=3) were
suspended in 90 mL of quarter-strength Ringer’s solution (Oxoid,
Milan, Italy). After shaking for 30 minutes, a dilution series was
prepared in quarter strength Ringer’s solution, and aliquots were
used to inoculate different solid and liquid media. Total
heterotrophic aerobic bacteria were enumerated on Plate Count
Agar (PCA; Oxoid, Milan, Italy) plates and incubated for 2 days at
28°C; whereas fungi were counted on Dichloran Rose Bengal
Chloramphenicol Agar (DRBC, Oxoid) plates and incubated for 7
days at 28°C. To determine target microbial groups based on
inoculum characteristics, free-living (N,)-fixing aerobic bacteria
were counted on the Augier medium (Romano et al, 2020a),
detecting a brown patina on surface of the liquid medium of
positive tube after 15 days of incubation at 28°C; selective count
of Trichoderma was performed as described by Caruso et al. (2020).

All tests were carried out in triplicate. Microbiological data were
expressed as CFU or MPN g™ of soil.

2.6 Molecular analysis of
tomato rhizosphere

Total DNA was extracted from composite rhizosphere samples of
tomato plants using a Fast DNA SPIN Kit for Soil (MP Biomedicals,
Ilkirch, France) according to the manufacturer’s instructions.

The primers V3f and V3r (Muyzer et al,, 1993) were used to
analyze prokaryotic populations. The primers NL1 (Kurtzman and
Robnett, 1998) and LS2 (Cocolin, 2000) were employed for
eukaryotic Denaturing Gradient Gel Electrophoresis (DGGE)
analysis. A GC clamp was added to forward primers according to
Muyzer et al. (1993). The PCR mixture and conditions for both
amplifications were performed according to Di Mola et al. (2021).
DGGE analyses were performed using a polyacrylamide gel [8%
(wt/vol) acrylamide-bisacrylamide (37:5:1)] with a denaturing
gradient of 30-60% by a Bio-Rad DCode Universal Mutation
System (Bio-Rad Laboratories, Milan, Italy) as previously
described (Ventorino et al., 2018). All tests were carried out
in triplicate.

2.7 Statistical analysis

Agronomical and microbial counting data were analyzed by
one-way ANOVA followed by Duncan’s post hoc test for pairwise
comparison of means (at P < 0.05) using SPSS 21.0 statistical
software package (SPSS Inc., Cary, NC, United States).

DGGE bands were automatically detect by Phoretix 1 advanced
version 3.01 software (Phoretix International Limited, Newcastle
upon Tyne, England). After the matching bands confrontation, a
cluster analysis was performed as previously indicated by Ventorino
et al. (2013). The correlation matrix of the band patterns was
performed by using the method described by Saitou and Nei
(1987). Finally, the percentage of similarity (S) of the microbial
community was estimated by analyzing the resulting matrix using
the average linkage method in the cluster procedure of Systat 5.2.1.
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According to Dong and Reddy, the structural diversity of the
microbial community was examined by the Shannon index of
general diversity H (Shannon and Weaver, 1963).

H was calculated on the basis of peak height from the different
bacterial groups (16S rDNA bands) in the densitometric curve as
indicated in the equation for the Shannon index:

H=- E(Hi/N) log (n;/N)

where n; is the height of the peak and N the sum of all peak
heights of the densitometric curve. The analysis of band intensity
was performed with GelAnalyzer 23.1.

3 Results

3.1 Plant growth and
agronomic performance

Evaluations of the overall yield indicated that both the Input (I;
water and nitrogen fertilizer) and the Treatment (T; Azotobacter
and Trichoderma) factors had a significant impact, with relevant
differences (Table 1; Figure 1). Under optimal water and nutritional
input, the microbial inoculum of Azotobacter and Trichoderma
(A+T) increased by 48.6% and 50% tomato yield and number of
fruits per plants, respectively (Figure 1). In contrast, conditions in
water and nutrient shortage reduced the differences for both
parameters. The decrease in the water and nutrient factors
reduced plant above-ground and below-ground growth by about
10% (Table 2). Root treatments with the combined inoculum of
Azotobacter and Trichoderma (A+T) enhanced the shoot fresh
weight by about 15%, but resulted in a 16% and 20% decrease in
the root length and width, respectively (Table 2). No effects of the

TABLE 1 Productivity parameters of tomato plants grown under optimal
and sub-optimal input (I) and with or without the combined inoculum of
Azotobacter chroococcum 76A and Trichoderma afroharzianum T22
(treatment A+T).

Number of fruits

#
Input (1)
Optimal 3580 a 56.0 a
Sub-optimal 1940 b 345b
Treatment (T)
Control 2410 b 40.7
A+T 3110 a 49.8
Interaction
I ook .
T * ns
IxT * *

Asterisks indicate significant differences according to ANOVA (ns, not significant; * = 0.05;
** = p<0.01; *** = p<0.001). Different letters after values indicate significant differences
according to Duncan’s post-hoc test.
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Yield (A) and number of fruits (B) of tomato plants grown under optimal and sub-optimal input (1), with or without (Control) the combined inoculum
of Azotobacter chroococcum and Trichoderma afroharzianum (treatment A+T). Different letters indicate significant differences according to

Duncan'’s post-hoc test.

input regime (water and nitrogen) were observed on this parameter.
In contrast, a significant interaction “Input” x “Treatment” (IxT)
was found in terms of aboveground plant biomass as indicated by
shoot fresh weight (FW). Under optimal water/nitrogen conditions,
the aboveground plant biomass of A+T treated plants was similar to
untreated control plants (Figure 2). However, under sub-optimal
water/nitrogen conditions, A+T plants had a 60% greater shoot
biomass compared to untreated control plants (Figure 2).

In terms of fruit quality, as determined by the measurement of
Brix degree of sugar content, the low input regime increased by 28%
the Brix score (3.46 under optimal vs. 4.08 under sub-optimal
conditions), whereas no eftect of the microbial treatment variable
was detected (Table S1).

TABLE 2 Growth parameters of tomato plants grown under optimal and
sub-optimal input (1), with or without (Control) the combined inoculum
of Azotobacter chroococcum 76A and Trichoderma afroharzianum T22
(treatment A+T).

Root Root
maximum length maximum width
cm cm
Input (1)
Optimal 466.5 36.65 32.00
Sub- 4232 33.15
optimal 3525
Treatment (T)
Control 410.5 39.90 a 3775 a
A+T 479.2 3355 b 30.05 b
Interaction
I ns ns ns
T ns - o
IxT * ns ns

Asterisks indicate significant differences according to ANOVA (ns, not significant; * = 0.05;
** = p<0.01; *** = p<0.001). Different letters after values indicate significant differences
according to Duncan’s post-hoc test.
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3.2 Physiological measurements

The results obtained from the physiological measurements of
the plant water status were consistent with the trends observed in
the evaluation of the plant growth parameters, whereby, the leaf
water potential was similar in A+T treated vs control plants under
optimal input (water and nitrogen). In contrast, under reduced
input (water and nitrogen deficit) the leaf water potential was
slightly, however significantly, higher in A+T inoculated plants
compared to untreated plants (+9.5%; Figure 3A). These results
were consistent with the leaf temperature of A+T inoculated plants
such that under water and nitrogen deficit there was a significantly
lower value measured compared to untreated plants (-4.6%;
Figure 3B), and this corresponded to the aboveground biomass
production, which was 40% higher in A+T inoculated plants
compared to untreated control plants (Figure 2). In respect to the
SPAD values, representative of the leaf chlorophyll content, the low
input treatment (I) decreased the value by 10.7% compared to
optimal cultural conditions, whereas the microbial treatment
increased the SPAD value by 4.9% compared to untreated
control. No interaction between I and T factors was found (Table 3).

3.3 Enumerations of microorganisms in the
tomato rhizosphere

Significant differences in the total heterotrophic aerobic bacteria
were found between inoculated and non-inoculated plots at
flowering and harvesting phase (Table 4). In optimal conditions,
the microbial concentration was lower in inoculated plots compared
to non-inoculated plots at time of flowering, However, in sub-
optimal conditions, a significant increase (ca. 1 Log) in these
populations was noted. In this case, the microbial population in
the rhizosphere of inoculated plants (7.73+0.04 Log CFU g'') was
greater than the control (6.70+0.22 Log CFU g''). Suggesting that
the applied microbial inoculum may exert a positive effect on soil
microflora especially under stress conditions. By contrast, at the end
of experiment, total heterotrophic aerobic bacteria in the treated
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FIGURE 2

Shoot fresh weight of tomato plants grown under optimal and sub-
optimal input (1), with or without (Control) the combined inoculum
of Azotobacter chroococcum and Trichoderma afroharzianum
(treatment A+T). Different letters indicate significant differences
according to Duncan'’s post-hoc test

plots were significantly higher than in the non-inoculated control,
whereas no significant differences were found in sub-optimal
plots (Table 4).

Similarly, the microbial inoculum also affected the fungal
community. In fact, a significant increase in fungal counts was
detected in the rhizosphere of inoculated plants (in the range of
4.58+0.08 - 6.40+0.08 Log CFU g'), in respect to the non-
inoculated control (in the range of 3.74+0.04 - 4.82+0.01 Log
CFU g) in all conditions except for the condition in the sub-
optimal environment at harvesting stage (Table 4).

Finally, at flowering, a significant increase, almost 1 Log CFU g™,
in the free-living (N,)-fixing bacteria was revealed in the rhizosphere
of treated plants compared to non-inoculated plants subject to stress
conditions (Table 4). At the end of experiment, although a drastic
reduction was observed in all samples, N,-fixers were always
significantly higher in the inoculated plants cultivated under sub-
optimal conditions in respect to the non-inoculated samples
(Table 4). The CFU of Trichoderma showed a positive trend (> 1
Log CFU g) in the rhizosphere of plants treated with microbial

A
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FIGURE 3
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consortium compared to indigenous Trichoderma spp. of untreated
plants. Moreover, at harvest a consistent decrease in indigenous
Trichoderma spp. count was recorded from untreated plants, while
a significant increase of Trichoderma abundance was observed in
treated plants in sub-optimal conditions (Table 4).

3.4 Molecular characterization of soil
microbes in tomato rhizosphere under
optimal or stress conditions

PCR-DGGE was employed to obtain a qualitative fingerprint of
the bacterial and fungal communities in the tomato rhizosphere
receiving to the combined application effects of abiotic stress (water
and nitrogen) and microbial inoculation. The main results indicated
that the sampling time was the major determinant of the
composition and structure of the bacteria and fungi because it,
more than the cultivation conditions and inoculum, determined the
clustering into groups (Figures 4, 5).

The DGGE profiles of the bacterial populations in the tomato
rhizosphere were complex, producing 20-22 and 17-20 bands in
inoculated samples and non-inoculated controls, respectively.
Patterns indicated that microbial inoculum affected the richness
of bacterial populations since the number of DGGE bands was
significantly higher in the inoculated (A+T) than non-inoculated
(C) plants (Table S2). Furthermore, the interaction between the
sampling time and inoculum played a key role in affecting the
bacterial biodiversity demonstrating that the rhizosphere of tomato
plants co-inoculated with A. chroococcum 76A and T.
afroharzianum T22 showed a number of bands higher than non-
inoculated plants (Table S2).

Differences in the samples due to the position and intensity of
the bands were evaluated by statistical analysis. It was apparent that
sampling time was the main driver in determining the prokaryotic
diversity. Cluster analysis (Figure 4) identified four major groups
associated to the sampling time and cultivation conditions (cluster
1: samples cultivated in optimal conditions and collected at
flowering; cluster 2: samples cultivated in sub-optimal conditions
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Leaf water potential (A) and leaf temperature (B) measurements of tomato plants grown under optimal and sub-optimal input (I), with or without the
combined inoculum of Azotobacter chroococcum and Trichoderma afroharzianum (treatment A+T). Different letters indicate significant differences

according to Duncan'’s post-hoc test
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TABLE 3 Physiological parameters of tomato plants grown under
optimal and sub-optimal input (I) and with or without the combined
inoculum of Azotobacter chroococcum 76A and Trichoderma
afroharzianum T22 (treatment A+T).

Leaf Leaf
water potential SPAD temperature
MPa °C
Input (1)
Optimal -l.14 a 578 a 225b
opt?:]z—l 147 b 516b 273
‘ Treatment (T)
Control -1.32 534b 24.0 a
A+T -1.29 56.0 a 233b
‘ Interaction
I . - -
T s * -
IxT ootk ns *

Asterisks indicate significant differences according to ANOVA (ns, not significant; * = 0.05;
** = p<0.01; *** = p<0.001). Different letters after values indicate significant differences
according to Duncan’s post-hoc test.

10.3389/fpls.2023.1304627

and collected at flowering; cluster 3: samples cultivated in sub-
optimal conditions and collected at harvesting; cluster 4: samples
cultivated in optimal conditions and collected at harvesting).
Clusters 2 and 3, comprising the rhizosphere samples obtained
from tomato plants cultivated in stress conditions, were very
similar, demonstrating a similarity of 70%; while cluster 1 had a
similarity as low as 57% with the assembly of these two groups and
cluster 4 was only 45% similar to these groups (Figure 4). However,
within each of the major clusters, the sub-groupings of the bacterial
populations were always similar and determined by the microbial
inoculum applications with a high similarity level that ranged from
76% to 85% (Figure 4). The Shannon-Weaver index of bacterial
populations was significantly affected by input (I), microbial
treatment (T), and sampling time (ST), as well as by the
interaction of the input for the phenological stage (IxST; Table 5).
Specifically, this index was higher in sub-optimal conditions, in the
presence of the A+T inoculum, and during the flowering stage.
These findings were also observed in the interaction between input
and phenological stage, with a higher value in sub-optimal
conditions during the flowering stage (Table 5).

DGGE of the fungal populations showed a low complex profile
producing a number of bands ranging from 11 to 15. However,
fungal diversity was affected by several parameters. The number of
bands of fungal populations was significantly affected by microbial

TABLE 4 Enumerations (log CFU or MPN g~ %) of total heterotrophic aerobic bacteria, molds, free-living (N,)-fixing aerobic bacteria and Trichoderma
in the rhizosphere of tomato plants grown under optimal and sub-optimal input, without microbes (Control) or with the Azotobacter chroococcum
76A and Trichoderma afroharzianum T22 inoculum (treatment A+T) collected at phenological stages at time of flowering or harvest.

Input
Treatment Sampling
Optimal Sub-optimal
Flowering 7.72 £0.02 a 6.70 £ 0.22 de
Control
Total heterotrophic acrobic Harvest 638 +0.04¢g 6.88 +0.02 cd
bacteria Flowering 7.07 + 0.04 be 7.73 + 004 a
A+T
Harvest 6.59 + 0.0l e 6.87 £ 0.34 cd
Flowering 4.82+£0.01c 4.79 £ 0.01c
Control
Harvest 3.74 £ 0.04 e 4.58 +0.08 d
Moulds
Flowering 493 +£0.01b 6.40 + 0.08 a
A+T
Harvest 4.73 £ 0.00 ¢ 4.58 +0.08 d
Flowering 2.65 + 0.00 ¢ 2.98 + 0.00 bc
Control
Harvest 1.98 £ 0.00 e 1.98 £ 0.00 e
N,-fixers
Flowering 315+0.12b 382+0.16a
A+T
Harvest 2.32+0.09d 232+014d
Flowering 2.46 + 0.15 cd 259 +0.11¢
Control
Harvest 2.25 +0.24 de 220+0.17 e
Trichoderma
Flowering 3,57 +0.01b 3.74 +0.02 b
A+T
Harvest 371 +£0.01b 4.01 £0.01 a

The measurement of the various microorganisms was determined by growth on diverse selective solid substrates indicated in the methods. Different letters after values indicate significant

differences (p < 0.05) according to Duncan’s post-hoc test.
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Dendrogram showing the degree of similarity (%) of the PCR-DGGE profiles of bacterial populations in the rhizosphere of tomato plants grown

under optimal and sub-optimal input (I

), without (C) or with the combined inoculum of Azotobacter chroococcum 76A and Trichoderma

afroharzianum T22 (treatment A+T) collected at flowering or harvest stage, from three different replicates r1, r2 and r3. Different colors indicate

different major clusters

inoculum applications since the number of DGGE bands was higher
in the inoculated than non-inoculated plants (Table S2). The
number of fungal bands was significantly higher under optimal
than sub-optimal growth conditions. Finally, the sampling time also

affected fungal biodiversity showing higher values at harvesting
than flowering (Table 52).

As shown in the Figure 5, statistical analysis on the position and
intensity of the bands allowed the classification of two major

C-rl optimal flowering

C-r2 optimal flowering

C-r3 optimal flowering

A +T-r1 optimal flowering

A +T-r2 optimal flowering

A +T-r3 optimal flowering
C-r1 sub-optimal flowering
C-r2 sub-optimal flowering
C-r3 sub-optimal flowering

A +T-r1 sub-optimal flowering
A +T-r2 sub-optimal flowering
A + T-r3 sub-optimal flowering
C-r1 sub-optimal harvest

C-r2 sub-optimal harvest

C-r3 sub-optimal harvest

A + T-r1 sub-optimal harvest

A + T-r2 sub-optimal harvest
A + T-r3 sub-optimal harvest
C-r1 optimal harvest

C-r2 optimal harvest

C-r3 optimal harvest

A +T-r1 optimal harvest

A + T-r2 optimal harvest

A +T-r3 optimal harvest
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FIGURE 5
Dendrogram showing the degree of similarity (%) of the PCR-DGGE profiles of fungal populations in the tomato rhizosphere samples in the
rhizosphere of tomato plants grown under optimal and sub-optimal input (I), without (C) or with the combined inoculum of Azotobacter
chroococcum 76A and Trichoderma afroharzianum T22 (treatment A+T) collected at flowering or harvest stage, from three different replicates r1, r2
and r3. Different colors indicate different major clusters.
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TABLE 5 Means and standard deviations of the Shannon diversity index TABLE 5 Continued
(H) based on DGGE bands intensity of bacterial and fungal populations in
Fhe rhizosphere of t?mato plants grown unc?er optim.al anc_i st_lb-optimal Source Shannon Shannon
inputs (1), without microbes (C) or treated with the microbial inoculum of Variance Index Bacteria Index Fungi
(T) of Azotobacter chroococcum 76A and Trichoderma afroharzianum
T22 (A+T) collected at sampling times (ST) of flowering or at harvest. -optimal
Ping ? Sub-optimal x C 0.82 £ 0.10 0.62 £ 021
x harvest
Source Shannon Shannon .
. . . Sub-optimal x A
of Variance Index Bacteria  Index Fungi . 1.22 £ 0.03 0.90 + 0.08
+T x flowering
i + b +
Input (I) Optimal 0.91 +0.08 0.78 + 0.19 Sub-optimal x A
0.96 + 0.02 0.46 + 0.18
Sub-optimal 1.05 + 0.18° 0.61 +0.29 +T x harvest
ok ns ns ns
24/11/2023 4:20:45 pmAsterisks indicate significant differences according to ANOVA (ns, not
Treatment

0.94 + 0.17° 0.71 + 0.28 significant; * = 0.05; ** = p<0.01; *** = p<0.001). Different letters within each column indicate

(M c significant differences according to Duncan’s post-hoc test.
A+T 1.02 £ 0.13° 0.69 + 0.24
X clusters clearly associated to the two sampling times with a
" similarity level of 46% (cluster 1: all the samples collected at
Sampling 1.05 + 0.17° 073 + 027 flowering stage and non-inoculated plants cultivated in sub-

Time (ST Floweri . o .
ime (ST) owering optimal conditions and collected at harvesting; cluster 2: samples

Harvest 0.90 £ 0.09° 0.67 +0.25 inoculated with microbial strains and collected at harvesting and
. s non-inoculated control samples cultivated in optimal conditions
and collected at harvesting). It was interesting to note that within
xC Optimal x C 0.87 + 0.09 0.86 + 0.13 ) . L
each of the major clusters delineated by the sampling time, the sub-
Optimal x A+T 0.94 +0.04 070 +0.22 groupings of the eukaryotes were similar and firstly determined by
Sub-optimal x C 1.00 + 021 053 + 032 the stress conditions and then by microbial inoculum applications.

In fact, three sub-clusters, with a high similarity level ranging from

Sub-optimal . . . . .
ub-optimal x 1.09 + 0.15 0.68 +0.27 76% to 81%, were delineated by cultivation conditions (optimal or

A+T
suboptimal). Moreover, within these groups’ other sub-groupings of
e the fungi were always determined by the microbial inoculum
TxST C x flowering 1.03 +0.19 0.63 + 0.31%° (similarity level ranging from 90% to 95%; Figure 5).
C x harvest 0.85 + 0.09 0.81 £ 0.22° Nevertheless, the Shannon-Weaver index of fungal populations
was influenced by the interaction between microbial inoculum
A+T x flowering 107+ 0.17 084+ 0.17 and sampling time (Table 5); indeed, Shannon index values were
A+T x harvest 0.96 = 0.03 0.55 +021° higher with microbial inoculum at flowering.
ns *
Optimal 0.89 + 0.08" 0.77 +0.16 4 Discussion
IxST x flowering
Optimal x harvest 092 +0.08" 0.79 +0.23 4.1 Simultaneous application of
Sub-optimal 120+ 008" 069 + 035 Trichoderma and Azotobacter enhances
x flowering - o yield in tomato and alleviates combined
-opti water-nitrogen stress
Sub-optimal 0.89 + 0.10° 0.52+0.19 9
x harvest
- s Plant biostimulants, including microorganisms such as fungi
Onimal x and PGPR, have been increasingly used to help crops to tolerate
"
IXTxST xfk:ilerizg 0.87 0.1 077 +0.10 and/or adapt to environmental stress (Li et al., 2022; Gul et al,
2023). Microorganisms of diverse origin have been proven to
Sl;:::itx ¢ 0.97 + 0.05 0.94 +0.12 protect plants from water deficit (Silletti et al., 2021), temperature
extremes (Shaffique et al., 2022), salinity (Van Oosten et al., 2018),
O[f:ltlmal'x A+T 0.92 + 0.03 077 + 024 pathogens (Khan et al., 2020) and other biotic factors (Woo et al.,
X Howerin;
¢ 2023). However, most published literature refers to plant protection
Si:::tx A+T 0.97 + 0.05 0.63 + 0.23 upon exposure to single stress, whereas how microorganisms and/

or biostimulants in general could facilitate plant adaptation to
Sub-optimal x C
x flowering

L18 + 0.03 048 + 041 multiple abiotic stresses has rarely been addressed. Coexistence of

multiple stresses is a much more frequent occurrence both in nature

(Continued)  and agricultural systems (Kissoudis et al., 2014) and it may require
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the need of more complex formulations of biostimulants and
beneficial microorganisms, able to simultaneously potentiate
different physiological responses of the plant to specific stresses
(Paradikovic et al., 2019) or activate multiple resistance
mechanisms (Woo et al, 2023). In our previous work (Silletti
et al, 2021), it was demonstrated that although biostimulants
may be capable of enhancing growth and stress tolerance, the soil
nutrient availability and environmental conditions may heavily
influence these responses. Furthermore, it was also shown that T.
afroharzianum strain T22 acted mostly as a growth enhancer under
optimal irrigation and moderate drought stress (50% replenishment
of plant water requirements), whereas A. chroococcum strain 76A
improved plant water relations under stronger stress conditions
(25% replenishment of plant water requirements). Based on these
results, it was hypothesized that together T. afroharzianum strain
T22 and A. chroococcum strain 76A could reinforce the protective
action not only to single abiotic factors, but also to diverse
combinations of multiple stresses (water shortage and sub-
optimal N availability) since these two strains were likely acting
via different plant-microbe interaction mechanisms (Woo and
Pepe, 2018). Such microbial consortium could offer a strategy to
respond to the urgent challenges posed by sustainable agriculture
and global food demand (van Dijk et al., 2021). A reduced water and
nitrogen availability resulted in a 50% yield reduction in the
untreated control plants, confirming that these plants were
operating in sub-optimal water-nitrogen regime. The A+T
treatment increased yield by 48.6% under optimal conditions,
however the mixture was not able to compensate the effects of
water and nitrogen shortage (Figure 1A). Treatments with
Trichoderma spp. and A. chroococcum have been proven to have
variable effects from other general growth enhancers (Di Mola et al.,
2023), and to be more protectant to specific stress (Woo et al.,
2023). This may also be a consequence of multiple, variable and
complex interactions that plants establish with the surrounding
environment, and not only the microbial component (Del Buono,
2021; Silletti et al., 2021). The activation of various biosynthesis
functions in the plant have been attributed to Trichoderma
interactions with the host, such as the activation of the
antioxidant machinery (Mastouri et al., 2012), the regulation of
phytohormones (Illescas et al., 2021), and the solubilization of
phosphate and micronutrients (Li et al., 2015). Plant growth
promotion effects by Trichoderma spp. have been noted in the
increased root biomass in some crops (Macias-Rodriguez et al,
2018; Sehim et al., 2023). However, our results indicated that in
combination with A+T there was a reduction in the root length and
width (Table 2).

Similarly, Prajapati et al. (2008) have noted that a bacterial
treatment with A. chroococcum in rice caused a significant decrease
in root dry weight as compared to control plants. This limitation in
root architecture may serve to assist the plant in tolerating the
environmental stress conditions in the soil, that results in the
redistribution of necessary resources to other vegetative structures.
Most interestingly in our present work, the reduced root expansion
due to the A+T treatment did not affect yield under sub-optimal
conditions, and it was actually positively correlated to an improved
yield under optimal conditions (Figure 1). Similarly, the higher SPAD
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values in A+T treated plants compared to control plants (Table 3)
may indicate an improved nutritional status A+T plants, since SPAD
values are correlated with the nitrogen status of the plant (Ghosh
et al,, 2023). This suggests that the microorganisms may increase
nutrient availability in the rhizosphere, for example acting as
siderophores or biodegraders, working in the conversion of iron,
zinc or phosphorus elements into forms utilizable by the plant (Woo
and Pepe, 2018; Woo et al, 2023). A+T treatments are known to
improve plant tolerance to abiotic stress (Silletti et al., 2021), possibly
by increasing plant root efficiency in terms of water and nitrogen
uptake and/or enhancing the absorption and assimilation of water
and nitrogen in the root zone. Although the physiological basis of
these effects is unclear, it is at least consistent with the higher carbon
allocation to root expansion in response to nutrient and water
shortage (Bicharanloo et al., 2023; Wang L. et al,, 2023), which is
not sensed in A+T treated plants (Table 2). Moreover, an improved
leaf water potential of treated plants under sub-optimal growth
conditions was observed (Figure 3A) that corresponded to lower
leaf temperatures (Figure 3B), and higher shoot fresh weight
(Figure 2). This may indicate that the microbial consortium can act
as positive regulator of plant water relations, perhaps by cooling the
temperatures in the leaf reduces the physiological processes that limit
transpiration and the rate of water loss by the plant particularly under
limited water and nitrogen availability. Although this response was
not sufficient to ameliorate plant yield under sub-optimal conditions,
the positive A+T effect was clear under optimal conditions in terms of
yield and fruit number (Figure 1). This was likely associated to a
reallocation of plant biomass from roots to reproductive organs (Eziz
et al, 2017) that may have been triggered by the A+T treatment. The
higher SPAD of A+T treated plants under both input levels also
confirmed an improved nutritional status of these plants. Overall, the
effects of the microbial treatment appeared to have altered the
physiological mechanisms that mediate tomato yield and stress
adaptation in a fashion that deserves further investigation.

4.2 Rhizosphere microbial diversity is
improved by Trichoderma afroharzianum
T22 and Azotobacter chroococcum 76A
co-inoculation in agricultural soils

Due to the close interactions with the surroundings and the
high surface area to volume ratio, soil microbiota could be
particularly sensitive to environmental stresses and soil
perturbations compared to higher organisms (Karimi et al., 2017;
Gugliucci et al., 2023). By using cultural methods, it was possible to
monitor the significant impact of the inoculation with the T.
afroharzianum T22 and A. chroococcum 76A consortium on the
indigenous soil microbiota in the rhizosphere of tomato plants, that
included heterotrophic aerobic bacteria populations, free-living
(N,)-fixing bacteria, fungi including Trichoderma spp. A notable
increase in the microbial populations was observed in the combined
stress conditions, indicating the potential of microbial inoculants to
enhance the native soil microbiota abundance, possibly the
beneficial microorganisms. In line with this observation, it was
noted that the Shannon diversity index exhibited higher values in
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the rhizosphere inoculated with the microbial consortium
compared to the control, especially within bacterial populations.
Whereas, for the fungal community, the effect depended on the
interaction between microbial inoculum and sampling time. Similar
to findings in previous research, this work has demonstrated that
soil inoculation with selected microorganisms or microbial
consortia can induce significant alterations in both bacterial and
fungal communities (Fiorentino et al., 2018; Ventorino et al., 2018;
Chouyia et al, 2020). Furthermore, the application of a T.
afroharzianum T22 and A. chroococcum 76A consortium to
wheat plants cultivated under stress conditions has shown a
remarkable capacity to positively influence and improve the
microbial community effects on the agronomic characteristics of
the crop (Silletti et al, 2021). This evidence indicates a great
application potential for using a microbial consortium on various
crops in order to enhance microbial concentrations within the
rhizosphere that also includes augmenting the presence and
activities of the native beneficial microorganisms. In fact,
inoculated microorganisms may synergistically collaborate within
the rhizosphere, forming complex networks of interactions that
affect microbial community composition and structure, resulting in
beneficial outcomes for plant growth and development (Santoyo
et al.,, 2021). Unlike single microbial inoculants, microbial consortia
offer additional benefits through their wide range of functions (Ju
et al,, 2019) which could enhance the strength and productivity of
the whole microbiota (Santoyo et al., 2021). Thus, the application of
microbial consortia plays a key role in shaping and enhancing
microbial communities within agricultural ecosystems, which in
turn, have a significant impact on the fertility of agricultural soils
and influence ecosystem function and productivity (Ventorino
et al., 2019b). By harnessing the collective capabilities of
multidisciplinary interacting microorganisms, these consortia
promote sustainable agriculture by bolstering plant growth,
reducing the dependency on agrochemicals, and preserving the
health and equilibrium of the soil microbiota (Woo and Pepe, 2018;
Santoyo et al.,, 2021; Woo et al., 2023).

Our results also highlighted the impact of sampling time as an
important factor determining the composition and structure of
either bacterial or fungal communities in the tomato rhizosphere.
Several studies have demonstrated that the phenological stages of
plant development have a great influence on microbial communities
in plant-soil compartment niches (Xiong et al., 2021; Ajilogba et al.,
2022). DGGE analysis revealed that both bacterial and fungal
populations in the tomato plant rhizosphere exhibited differences
primarily attributed to the diverse sampling times at flowering or
harvest, followed by the effects of the water and nitrogen inputs, and
finally the influence by the microbial inoculum application. This
suggests that the impact of microbial consortium is modulated by
the existing stressors in the cultivation environment, highlighting
the need to understand the relationship between stress factors and
microbial communities in agricultural soils. The shifts of climatic
factors, such as temperature and precipitation, during seasons are
often the strongest factors influencing microbial composition and
dynamics (Cruz-Martinez et al., 2009; Xue et al., 2011). In open field
trials, both biotic and abiotic factors, such as the presence of
microbial antagonists (e.g., protists or nematodes) and the
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availability of a carbon source, could influence the soil microbial
community composition (Fierer, 2017). On the other hand, a
temporal shift in rhizosphere microbial community may be
attributed to the plant interactions with specific microorganisms
at a given moment, and these interactions will vary as the plant
grows, be influenced by compounds released by the host such as
root exudates that shape the surrounding microbiome (Santoyo
et al., 2021).

However, in the tomato rhizosphere, microbial diversity was also
related to nitrogen and water inputs. Nitrogen treatments have been
shown to exert distinct plant-mediated effects, leading to changes in
the microbial communities living in the rhizosphere (Ramirez et al,,
20105 Liu et al,, 2021). Different nitrogen levels have proven to have a
significant impact on the distribution and composition of bacterial
communities in plant monocultures such as lettuce and rocket (Li
et al,, 2016; Fiorentino et al,, 2018). Furthermore, N fertilization may
directly or indirectly alter the soil microbiome by decreasing bacterial
diversity and shifting toward a more active and copiotrophic
microbial community (Li et al, 2021). Wang X. et al. (2023)
revealed significant alterations in the soil microbiota structure due
to N fertilization likely due to the microbial adaptation to N-excess
although without significant effect on microbial richness and beta-
diversity. Furthermore, application of N fertilizers can stimulate the
production of plant root exudates that can enhance nutrient
utilization by microbiota, as previously suggested by Sorensen
(1997). However, the response of agroecosystem microbiota to N
fertilization can change, leading to unpredictable outcomes for
nitrogen-fixing activity in the rhizosphere, as emphasized by Saraf
et al. (2011).

Water input can also modify both the composition and activity
of soil microbial communities, since changes in soil water content
could affect the availability of soil nutrients (Li et al., 2021). Yuan
et al. (2016) observed that irrigation practices had a stronger effect
on the abundance, diversity, and structure of bacterial communities
than fertilization, confirming the driving effect of soil moisture on
shift of bacterial communities. Recently, Xu et al. (2020) observed
that microbial community composition was affected by changes in
water availability, showing that drought generally led to a decline in
microbial biomass, while enhanced irrigation resulted in an
increase, which might further translate into changes in microbial
community composition (Romano et al,, 2023).

5 Conclusions

Although the use of microbial-based biostimulants to aid crops
in overcoming and/or adapting to single environmental stresses
have been widely studied in recent years, little is known about how
microbial consortia could facilitate plant tolerance to multiple
stresses, a situation that is much more frequently encountered in
both natural and agricultural systems. The interactions among
microorganisms and between microorganisms and plants in the
soil environment are complex due to various factors that determine
the colonization and proliferation of these components, including
overlapping needs and competition effects, the variability of field
conditions, and/or other environmental stressors that may affect a
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functional agroecosystem equilibrium. The development of efficient
and stable multipurpose microbial consortia requires holistic
investigations that address such complexity under variable field
conditions, including the co-existence of multiple stresses to which
crops are generally exposed. This work advances our knowledge on
a new Azotobacter and Trichoderma-based inoculum, its effects on
the native microbial communities and on tomato plant responses to
combined water and nitrogen deficiency. The overall results
demonstrate this specific consortium had significant growth and
yield enhancing properties on tomato and suggest that, in low-input
cropping systems, it may help to cope with environmental
constraints and limited chemical fertilization.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

Author contributions

VC: Formal analysis, Writing - original draft. IR: Formal
analysis, Investigation, Writing — original draft. SW: Writing -
review & editing, Investigation. ED: Investigation, Writing — review
& editing. NL: Formal analysis, Writing - review & editing. EC:
Formal analysis, Writing — review & editing. OP: Writing - review
& editing, Investigation. VV: Conceptualization, Supervision,
Writing - review & editing, Investigation. AM: Writing — review
& editing, Investigation.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was carried out within the EU Horizon 2020 Research and
Innovation Program — ECOSTACK (grant agreement no.
773554), the MIUR - PRIN 2017 PROSPECT (grant number

References

Ahemad, M., and Kibret, M. (2014). Mechanisms and applications of plant growth
promoting rhizobacteria: current perspective. JKSUS 26, 1-20. doi: 10.1016/
jjksus.2013.05.001

Ahuja, I, de Vos, R. C. H,, Bones, A. M., and Hall, R. D. (2010). Plant molecular
stress responses face climate change. Trends Plant Sci. 15, 664-674. doi: 10.1016/
j-tplants.2010.08.002

Ajilogba, C. F., Olanrewaju, O. S., and Babalola, O. O. (2022). Plant growth stage
drives the temporal and spatial dynamics of the bacterial microbiome in the
rhizosphere of Vigna subterranea. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.825377

Bicharanloo, B., Salomon, M. J., Cavagnaro, T. R,, Keitel, C., Brien, C., Jewell, N, et al.
(2023). Arbuscular mycorrhizae are important for phosphorus uptake and root

biomass, and exudation for nitrogen uptake in tomato plants grown under variable
water conditions. Plant Soil. 490, 325-342. doi: 10.1007/s11104-023-06078-4

Frontiers in Plant Science

12

10.3389/fpls.2023.1304627

2017JLN833), National Biodiversity Future Center (NBFC —
D.D. n.1034, 17/06/2022) and Agritech National Research Center
and received funding from the European Union NextGenerationEU
(PTANO NAZIONALE DI RIPRESA E RESILIENZA (PNRR)—
MISSIONE 4 COMPONENTE 2, INVESTIMENTO 1.4—D.D.
1032 17/06/2022, CN00000022). This manuscript reflects only the
authors’ views and opinions; neither the European Union nor the
European Commission can be considered responsible for them.

Acknowledgments

The authors are grateful to Assunta Bottiglieri for the technical
assistance in the laboratory.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1304627/

full#supplementary-material

Cai, F., and Druzhinina, L. S. (2021). In honor of John Bissett: authoritative guidelines
on molecular identification of Trichoderma. Fungal Divers. 107, 1-69. doi: 10.1007/
s13225-020-00464-4

Carneiro, B., Cardoso, P., Figueira, E., Lopes, 1., and Venancio, C. (2023). Forward-
looking on new microbial consortia: Combination of rot fungi and rhizobacteria on
plant growth-promoting abilities. Appl. Soil Ecol. 182, 104689. doi: 10.1016/
j.apsoil.2022.104689

Caruso, G., El-Nakhel, C., Rouphael, Y., Comite, E., Lombardi, N., Cuciniello, A.,
et al. (2020). Diplotaxis tenuifolia (L.) DC. Yield and quality as influenced by cropping
season, protein hydrolysates, and Trichoderma applications. Plants 9, 697. doi: 10.3390/
plants9060697

Chouyia, F. E., Romano, I, Fechtali, T., Fagnano, M., Fiorentino, N., Visconti, D.,
et al. (2020). P-solubilizing streptomyces roseocinereus MS1B15 with multiple plant

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1304627/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1304627/full#supplementary-material
https://doi.org/10.1016/j.jksus.2013.05.001
https://doi.org/10.1016/j.jksus.2013.05.001
https://doi.org/10.1016/j.tplants.2010.08.002
https://doi.org/10.1016/j.tplants.2010.08.002
https://doi.org/10.3389/fmicb.2022.825377
https://doi.org/10.1007/s11104-023-06078-4
https://doi.org/10.1007/s13225-020-00464-4
https://doi.org/10.1007/s13225-020-00464-4
https://doi.org/10.1016/j.apsoil.2022.104689
https://doi.org/10.1016/j.apsoil.2022.104689
https://doi.org/10.3390/plants9060697
https://doi.org/10.3390/plants9060697
https://doi.org/10.3389/fpls.2023.1304627
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Cirillo et al.

growth-promoting traits enhance barley development and regulate rhizosphere
microbial population. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.01137

Cirillo, V., Masin, R., Maggio, A., and Zanin, G. (2018). Crop-weed interactions in
saline environments. Eur. J. Agron. 99, 51-61. doi: 10.1016/j.¢ja.2018.06.009

Cocolin, L. (2000). Direct profiling of the yeast dynamics in wine fermentations.
FEMS Microbiol. Lett. 189, 81-87. doi: 10.1016/S0378-1097(00)00257-3

Comite, E., El-Nakhel, C., Rouphael, Y., Ventorino, V., Pepe, O., Borzacchiello, A.,
et al. (2021). Bioformulations with beneficial microbial consortia, a bioactive
compound and plant biopolymers modulate sweet basil productivity, photosynthetic
activity and metabolites. Pathogens 10, 870. doi: 10.3390/pathogens10070870

Cruz-Martinez, K., Suttle, K. B,, Brodie, E. L., Power, M. E., Andersen, G. L., and
Banfield, J. F. (2009). Despite strong seasonal responses, soil microbial consortia are
more resilient to long-term changes in rainfall than overlying grassland. ISME J. 3, 738-
744. doi: 10.1038/ismej.2009.16

Del Buono, D. (2021). Can biostimulants be used to mitigate the effect of
anthropogenic climate change on agriculture? It is time to respond. Sci. Total
Environ. 751, 141763. doi: 10.1016/j.scitotenv.2020.141763

Di Mola, I, Ottaiano, L., Cozzolino, E., Marra, R., Vitale, S., Pironti, A., et al. (2023).
Yield and Quality of Processing Tomato as Improved by Biostimulants Based on
Trichoderma sp. and Ascophyllum nodosum and Biodegradable Mulching Films.
Agronomy 13, 901. doi: 10.3390/agronomy13030901

Di Mola, I, Ventorino, V., Cozzolino, E., Ottaiano, L., Romano, L, Duri, L. G., et al.
(2021). Biodegradable mulching vs traditional polyethylene film for sustainable
solarization: Chemical properties and microbial community response to soil
management. Appl. Soil Ecol. 163, 103921. doi: 10.1016/j.apso0il.2021.103921

Di Stasio, E., Cirillo, V., Raimondi, G., Giordano, M., Esposito, M., and Maggio, A.
(2020). Osmo-priming with seaweed extracts enhances yield of salt-stressed tomato
plants. Agronomy 10, 1559. doi: 10.3390/agronomy10101559

du Jardin, P. (2015). Plant biostimulants: Definition, concept, main categories and
regulation. Sci. Hortic. 196, 3-14. doi: 10.1016/j.scienta.2015.09.021

Eziz, A, Yan, Z., Tian, D., Han, W,, Tang, Z., and Fang, J. (2017). Drought effect on
plant biomass allocation: A meta-analysis. Ecol. Evol. 7, 11002-11010. doi: 10.1002/
ece3.3630

Fierer, N. (2017). Embracing the unknown: disentangling the complexities of the soil
microbiome. Nat. Rev. Microbiol. 15, 579-590. doi: 10.1038/nrmicro.2017.87

Fiorentino, N., Ventorino, V., Woo, S. L., Pepe, O., De Rosa, A., Gioia, L., et al.
(2018). Trichoderma-based biostimulants modulate rhizosphere microbial populations
and improve N uptake efficiency, yield, and nutritional quality of leafy vegetables.
Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00743

Gangwar, J., Kadanthottu Sebastian, J., Puthukulangara Jaison, J., and Kurian, J. T.
(2023). Nano-technological interventions in crop production - a review. Physiol. Mol.
Biol. Plants 29, 93-107. doi: 10.1007/s12298-022-01274-5

GelAnalyzer 23.1. Available at: www.gelanalyzer.com.

Gemin, L. G., Mogor, A. F., De Oliveira Amatussi, J., and Mogor, G. (2019).
Microalgae associated to humic acid as a novel biostimulant improving onion
growth and yield. Sci. Hortic. 256, 108560. doi: 10.1016/j.scienta.2019.108560

Ghosh, M., Roychowdhury, A., Dutta, S. K., Hazra, K. K, Singh, G., Kohli, A, et al.
(2023). SPAD chlorophyll meter-based real-time nitrogen management in manure-
amended lowland rice. J. Soil Sci. Plant Nutr. doi: 10.1007/s42729-023-01457-3

Gugliucci, W., Cirillo, V., Maggio, A., Romano, I, Ventorino, V., and Pepe, O.
(2023). Valorisation of hydrothermal liquefaction wastewater in agriculture: effects on
tobacco plants and rhizosphere microbiota. Front. Plant Sci. 14. doi: 10.3389/
fpls.2023.1180061

Gul, N, Wani, I. A., Mir, R. A., Nowshehri, J. A., Aslam, S., Gupta, R,, et al. (2023).
Plant growth promoting microorganisms mediated abiotic stress tolerance in crop
plants: a critical appraisal. Plant Growth Regul. 100, 7-24. doi: 10.1007/s10725-022-
00951-5

Gurikar, C., Naik, M. K., and Sreenivasa, M. Y. (2016). “Azotobacter: PGPR activities
with special reference to effect of pesticides and biodegradation,” in Microbial
Inoculants in Sustainable Agricultural Productivity (New Delhi: Springer India), 229-
244. doi: 10.1007/978-81-322-2647-5_13

Harman, G. E., Howell, C. R., Viterbo, A., Chet, 1., and Lorito, M. (2004).
Trichoderma species - Opportunistic, avirulent plant symbionts. Nat. Rev. Microbiol.
2, 43-56. doi: 10.1038/nrmicro797

Hossain, M. I, Sadekuzzaman, M., and Ha, S.-D. (2017). Probiotics as potential
alternative biocontrol agents in the agriculture and food industries: A review. Food Res.
Int. 100, 63-73. doi: 10.1016/j.foodres.2017.07.077

Illescas, M., Pedrero-Méndez, A., Pitorini-Bovolini, M., Hermosa, R., and Monte, E.
(2021). Phytohormone production profiles in Trichoderma species and their
relationship to wheat plant responses to water stress. Pathogens 10, 991.
doi: 10.3390/pathogens10080991

Ju, W., Liu, L, Fang, L., Cui, Y., Duan, C, and Wu, H. (2019). Impact of co-
inoculation with plant-growth-promoting rhizobacteria and rhizobium on the
biochemical responses of alfalfa-soil system in copper contaminated soil. Ecotoxicol.
Environ. Saf. 167, 218-226. doi: 10.1016/j.ecoenv.2018.10.016

Karimi, B., Maron, P., Chemidlin-Prevost Boure, N., Bernard, N., Gilbert, D., and
Ranjard, L. (2017). Microbial diversity and ecological networks as indicators of

Frontiers in Plant Science

10.3389/fpls.2023.1304627

environmental quality. Environ. Chem. Lett. 15, 265-281. doi: 10.1007/s10311-017-
0614-6

Khan, N., Bano, A., Ali, S., and Babar, M. A. (2020). Crosstalk amongst
phytohormones from planta and PGPR under biotic and abiotic stresses. Plant
Growth Regul. 90, 189-203. doi: 10.1007/s10725-020-00571-x

Kissoudis, C., van de Wiel, C., Visser, R. G. F.,, and van der Linden, G. (2014).
Enhancing crop resilience to combined abiotic and biotic stress through the dissection
of physiological and molecular crosstalk. Front. Plant Sci. 5. doi: 10.3389/
fpls.2014.00207

Kurtzman, C. P.,, and Robnett, C. J. (1998). Identification and phylogeny of
ascomycetous yeasts from analysis of nuclear large subunit (26S) ribosomal DNA
partial sequences. Antonie Van Leeuwenhoek 73, 331-371. doi: 10.1023/
2:1001761008817

Li, R.-X,, Cai, F,, Pang, G., Shen, Q.-R,, Li, R, and Chen, W. (2015). Solubilisation of
phosphate and micronutrients by Trichoderma harzianum and its relationship with the
promotion of tomato plant growth. PloS One 10, €0130081. doi: 10.1371/
journal.pone.0130081

Li, M., Schmidt, J. E., LaHue, D. G., Lazicki, P., Kent, A., Machmuller, M. B,, et al.
(2020). Impact of irrigation strategies on tomato root distribution and rhizosphere
processes in an organic system. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00360

Li, J. G, Shen, M. C, Hou, J. F, Li, L., Wu, J. X, and Dong, Y. H. (2016). Effect of
different levels of nitrogen on rhizosphere bacterial community structure in intensive
monoculture of greenhouse lettuce. Sci. Rep. 6, 25305. doi: 10.1038/srep25305

Li,J., Van Gerrewey, T., and Geelen, D. (2022). A meta-analysis of biostimulant yield
effectiveness in field trials. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.836702

Li, H,, Wang, H,, Jia, B,, Li, D., Fang, Q., and Li, R. (2021). Irrigation has a higher
impact on soil bacterial abundance, diversity and composition than nitrogen
fertilization. Sci. Rep. 11, 16901. doi: 10.1038/s41598-021-96234-6

Liu, J., Li, S, Yue, S., Tian, J., Chen, H., Jiang, H., et al. (2021). Soil microbial
community and network changes after long-term use of plastic mulch and nitrogen
fertilization on semiarid farmland. Geoderma 396, 115086. doi: 10.1016/
j.geoderma.2021.115086

Lorito, M., and Woo, S. L. (2015). “Trichoderma: A multi-purpose tool for integrated
pest management,” in Principles of Plant-Microbe Interactions (Cham: Springer
International Publishing), 345-353. doi: 10.1007/978-3-319-08575-3_36

Macias-Rodriguez, L., Guzman-Gomez, A., Garcia-Juarez, P., and Contreras-
Cornejo, H. A. (2018). Trichoderma atroviride promotes tomato development and
alters the root exudation of carbohydrates, which stimulates fungal growth and the
biocontrol of the phytopathogen Phytophthora cinnamomi in a tripartite interaction
system. FEMS Microbiol. Ecol. 94. doi: 10.1093/femsec/fiy137

Mastouri, F., Bjorkman, T., and Harman, G. E. (2012). Trichoderma harzianum
enhances antioxidant defense of tomato seedlings and resistance to water deficit. Mol.
Plant-Microbe Interact. 25, 1264-1271. doi: 10.1094/MPMI-09-11-0240

Mona, S. A., Hashem, A., Abd Allah, E. F., Alqarawi, A. A., Soliman, D. W. K., Wirth,
S., et al. (2017). Increased resistance of drought by Trichoderma harzianum fungal
treatment correlates with increased secondary metabolites and proline content. J.
Integr. Agric. 16, 1751-1757. doi: 10.1016/S2095-3119(17)61695-2

Muyzer, G., de Waal, E. C,, and Uitterlinden, A. G. (1993). Profiling of complex
microbial populations by denaturing gradient gel electrophoresis analysis of
polymerase chain reaction-amplified genes coding for 16S rRNA. Appl. Environ.
Microbiol. 59, 695-700. doi: 10.1128/aem.59.3.695-700.1993

Paradikovic, N., Teklic, T., Zeljkovi¢, S., Lisjak, M., and époljarevié, M. (2019).
Biostimulants research in some horticultural plant species—A review. Food Energy
Secur. 8, €00162. doi: 10.1002/fes3.162

Pathak, A. (2018). Intensive agriculture and its impact on environment. IJMRSET.
ISSN: 2582-7219.

Prajapati, K., Yami, K. D., and Singh, A. (2008). Plant growth promotional effect of
Azotobacter chroococcum, Piriformospora indica and vermicompost on rice plant.
Nepal J. Sci. Technol. 9, 85-90.

Raaijmakers, J. M., Paulitz, T. C., Steinberg, C., Alabouvette, C., and Moénne-Loccoz,
Y. (2009). The rhizosphere: a playground and battlefield for soilborne pathogens and
beneficial microorganisms. Plant Soil 321, 341-361. doi: 10.1007/s11104-008-9568-6

Ramirez, K. S., Lauber, C. L., Knight, R,, Bradford, M. A., and Fierer, N. (2010).
Consistent effects of nitrogen fertilization on soil bacterial communities in contrasting
systems. Ecology 91, 3463-3470. doi: 10.1890/10-0426.1

Reddy, P. P. (2013). Recent advances in crop protection (New Delhi: Springer India).

Rizvi, A., and Khan, M. S. (2018). Heavy metal induced oxidative damage and root
morphology alterations of maize (Zea mays L.) plants and stress mitigation by metal
tolerant nitrogen fixing Azotobacter chroococcum. Ecotoxicol. Environ. Saf. 157, 9-20.
doi: 10.1016/j.ecoenv.2018.03.063

Romano, I, Bodenhausen, N., Basch, G., Soares, M., Faist, H., Trognitz, F., et al.
(2023). Impact of conservation tillage on wheat performance and its microbiome.
Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1211758

Romano, I, Ventorino, V., Ambrosino, P., Testa, A., Chouyia, F. E., and Pepe, O.
(2020a). Development and application of low-cost and eco-sustainable bio-stimulant
containing a new plant growth-promoting strain Kosakonia pseudosacchari TL13.
Front. Microbiol. 11. doi: 10.3389/fmicb.2020.02044

frontiersin.org


https://doi.org/10.3389/fpls.2020.01137
https://doi.org/10.1016/j.eja.2018.06.009
https://doi.org/10.1016/S0378-1097(00)00257-3
https://doi.org/10.3390/pathogens10070870
https://doi.org/10.1038/ismej.2009.16
https://doi.org/10.1016/j.scitotenv.2020.141763
https://doi.org/10.3390/agronomy13030901
https://doi.org/10.1016/j.apsoil.2021.103921
https://doi.org/10.3390/agronomy10101559
https://doi.org/10.1016/j.scienta.2015.09.021
https://doi.org/10.1002/ece3.3630
https://doi.org/10.1002/ece3.3630
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.3389/fpls.2018.00743
https://doi.org/10.1007/s12298-022-01274-5
http://www.gelanalyzer.com
https://doi.org/10.1016/j.scienta.2019.108560
https://doi.org/10.1007/s42729-023-01457-3
https://doi.org/10.3389/fpls.2023.1180061
https://doi.org/10.3389/fpls.2023.1180061
https://doi.org/10.1007/s10725-022-00951-5
https://doi.org/10.1007/s10725-022-00951-5
https://doi.org/10.1007/978-81-322-2647-5_13
https://doi.org/10.1038/nrmicro797
https://doi.org/10.1016/j.foodres.2017.07.077
https://doi.org/10.3390/pathogens10080991
https://doi.org/10.1016/j.ecoenv.2018.10.016
https://doi.org/10.1007/s10311-017-0614-6
https://doi.org/10.1007/s10311-017-0614-6
https://doi.org/10.1007/s10725-020-00571-x
https://doi.org/10.3389/fpls.2014.00207
https://doi.org/10.3389/fpls.2014.00207
https://doi.org/10.1023/a:1001761008817
https://doi.org/10.1023/a:1001761008817
https://doi.org/10.1371/journal.pone.0130081
https://doi.org/10.1371/journal.pone.0130081
https://doi.org/10.3389/fpls.2020.00360
https://doi.org/10.1038/srep25305
https://doi.org/10.3389/fpls.2022.836702
https://doi.org/10.1038/s41598-021-96234-6
https://doi.org/10.1016/j.geoderma.2021.115086
https://doi.org/10.1016/j.geoderma.2021.115086
https://doi.org/10.1007/978-3-319-08575-3_36
https://doi.org/10.1093/femsec/fiy137
https://doi.org/10.1094/MPMI-09-11-0240
https://doi.org/10.1016/S2095-3119(17)61695-2
https://doi.org/10.1128/aem.59.3.695-700.1993
https://doi.org/10.1002/fes3.162
https://doi.org/10.1007/s11104-008-9568-6
https://doi.org/10.1890/10-0426.1
https://doi.org/10.1016/j.ecoenv.2018.03.063
https://doi.org/10.3389/fpls.2023.1211758
https://doi.org/10.3389/fmicb.2020.02044
https://doi.org/10.3389/fpls.2023.1304627
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Cirillo et al.

Romano, L, Ventorino, V., and Pepe, O. (2020b). Effectiveness of plant beneficial
microbes: overview of the methodological approaches for the assessment of root
colonization and persistence. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00006

Rosenzweig, C., Iglesias, A., Yang, X. B., Epstein, P. R., and Chivian, E. (2001).
Climate change and extreme weather events—implications for food production, plant
diseases, and pests. Glob. Change Hum. Heal. 2,90-104. doi: 10.1023/A:1015086831467

Rouphael, Y., and Colla, G. (2018). Synergistic biostimulatory action: Designing the
next generation of plant biostimulants for sustainable agriculture. Front. Plant Sci. 9.
doi: 10.3389/fpls.2018.01655

Saitou, N., and Nei, M. (1987). The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406-425. doi: 10.1093/
oxfordjournals.molbev.a040454

Santoyo, G., Guzman-Guzman, P., Parra-Cota, F. I, Santos-Villalobos, S. D. L.,
Orozco-Mosqueda, M. D. C,, and Glick, B. R. (2021). Plant growth stimulation by
microbial consortia. Agronomy 11, 219. doi: 10.3390/agronomy11020219

Saraf, M., Rajkumar, S., and Saha, T. (2011). “Perspective of PGPR in agro-
ecosystems,” in Bacteria in Agrobiology: Crop Ecosystems. Ed. D. K. Maheshwari
(Berlin: Springer-Verlag), 361-385. doi: 10.1007/978-3-642-18357-7s_13

Savci, S. (2012). Investigation of effect of chemical fertilizers on environment. Apcbee
Proc. 1, 287-292. doi: 10.1016/j.apcbee.2012.03.047

Sehim, A. E., Hewedy, O. A., Altammar, K. A., Alhumaidi, M. S., and Abd Elghaffar,
R. Y. (2023). Trichoderma asperellum empowers tomato plants and suppresses
Fusarium oxysporum through priming responses. Front. Microbiol. 14. doi: 10.3389/
fmicb.2023.1140378

Shaffique, S., Khan, M. A, Wani, S. H., Pande, A., Imran, M., Kang, S.-M,, et al.
(2022). A review on the role of endophytes and plant growth promoting rhizobacteria
in mitigating heat stress in plants. Microorganisms 10, 1286. doi: 10.3390/
microorganisms10071286

Shannon, A. E., and Weaver, W. (1963). The Mathematical Theory of
Communication (Urbana, IL: University Illinois Press).

Sheridan, C., Depuydt, P., De Ro, M, Petit, C., Van Gysegem, E., Delaere, P., et al.
(2017). Microbial community dynamics and response to plant growth-promoting
microorganisms in the rhizosphere of four common food crops cultivated in
hydroponics. Microb. Ecol. 73, 378-393. doi: 10.1007/500248-016-0855-0

Shoresh, M., and Harman, G. E. (2008). The relationship between increased growth
and resistance induced in plants by root colonizing microbes. Plant Signal. Behav. 3,
737-739. doi: 10.4161/psb.3.9.6605

Silletti, S., Di Stasio, E., Van Oosten, M. J., Ventorino, V., Pepe, O., Napolitano, M.,
et al. (2021). Biostimulant activity of Azotobacter chroococcum and Trichoderma
harzianum in durum wheat under water and nitrogen deficiency. Agronomy 11, 380.
doi: 10.3390/agronomy11020380

Serensen, J. (1997). “The rhizosphere as a habitat for soil microorganisms,” in
Modern Soil Microbiology. Eds. J. D. van Elsas, J. T. Trevors and E. M. H. Wellington
(New York, NY: Marcel Dekker, Inc), 21-45.

van Dijk, M., Morley, T., Rau, M. L., and Saghai, Y. (2021). A meta-analysis of
projected global food demand and population at risk of hunger for the period 2010-
2050. Nat. Food 2, 494-501. doi: 10.1038/s43016-021-00322-9

Van Oosten, M. J., Di Stasio, E., Cirillo, V., Silletti, S., Ventorino, V., Pepe, O., et al.
(2018). Root inoculation with Azotobacter chroococcum 76A enhances tomato plants
adaptation to salt stress under low N conditions. BMC Plant Biol. 18, 205. doi: 10.1186/
s12870-018-1411-5

Van Oosten, M. J., Pepe, O., De Pascale, S,, Silletti, S., and Maggio, A. (2017). The role
of biostimulants and bioeffectors as alleviators of abiotic stress in crop plants. Chem.
Biol. Technol. Agric. 4, 5. doi: 10.1186/540538-017-0089-5

Velmourougane, K., Prasanna, R., Chawla, G., Nain, L., Kumar, A., and Saxena, A. K.
(2019). Trichoderma-Azotobacter biofilm inoculation improves soil nutrient
availability and plant growth in wheat and cotton. J. Basic Microbiol. 59, 632-644.
doi: 10.1002/jobm.201900009

Velmourougane, K., Prasanna, R., Singh, S., Chawla, G., Kumar, A., and Saxena, A. K.
(2017). Modulating rhizosphere colonization, plant growth, soil nutrient availability
and plant defense enzyme activity through Trichoderma viride-Azotobacter

Frontiers in Plant Science

14

10.3389/fpls.2023.1304627

chroococcum biofilm inoculation in chickpea. Plant Soil 421, 157-174. doi: 10.1002/
jobm.201900009

Ventorino, V., Chiurazzi, M., Aponte, M., Pepe, O., and Moschetti, G. (2007).
Genetic diversity of a natural population of Rhizobium leguminosarum bv. viciae
nodulating plants of Vicia faba in the Vesuvian area. Curr. Microbiol. 55, 512-517.
doi: 10.1007/s00284-007-9024-5

Ventorino, V., Nicolaus, B., Di Donato, P., Pagliano, G., Poli, A., Robertiello, A., et al.
(2019a). Bioprospecting of exopolysaccharide-producing bacteria from different
natural ecosystems for biopolymer synthesis from vinasse. Chem. Biol. Technol.
Agric. 6, 18. doi: 10.1186/s40538-019-0154-3

Ventorino, V., Parillo, R,, Testa, A., Aliberti, A., and Pepe, O. (2013). Chestnut
biomass biodegradation for sustainable agriculture. BioResources 8, 4647-4658.
doi: 10.15376/biores.8.3.4647-4658

Ventorino, V., Pascale, A., Fagnano, M., Adamo, P., Faraco, V., Rocco, C,, et al.
(2019b). Soil tillage and compost amendment promote bioremediation and biofertility
of polluted area. J. Clean. Prod. 239, 118087. doi: 10.1016/j.jclepro.2019.118087

Ventorino, V., Romano, I, Pagliano, G., Robertiello, A., and Pepe, O. (2018). Pre-
treatment and inoculum affect the microbial community structure and enhance the
biogas reactor performance in a pilot-scale biodigestion of municipal solid waste. Waste
Manage. 73, 69-77. doi: 10.1016/j.wasman.2017.12.005

Vinale, F., and Sivasithamparam, K. (2020). Beneficial effects of Trichoderma
secondary metabolites on crops. Phytother. Res. 34, 2835-2842. doi: 10.1002/ptr.6728

Viscardi, S., Ventorino, V., Duran, P., Maggio, A., De Pascale, S., Mora, M. L., et al.
(2016). Assessment of plant growth promoting activities and abiotic stress tolerance of
Azotobacter chroococcum strains for a potential use in sustainable agriculture. J. Soil Sci.
Plant Nutr. 16, 848-863. doi: 10.4067/50718-95162016005000060

Wang, L., Chen, X,, Yan, X., Wang, C., Guan, P., and Tang, Z. (2023a). A response of
biomass and nutrient allocation to the combined effects of soil nutrient, arbuscular
mycorrhizal, and root-knot nematode in cherry tomato. Front. Ecol. Evol. 11.
doi: 10.3389/fev0.2023.1106122

Wang, X,, Feng, ., Ao, G., Qin, W., Han, M., Shen, Y., et al. (2023). Globally nitrogen
addition alters soil microbial community structure, but has minor effects on soil
microbial diversity and richness. Soil Biol. Biochem. 179, 108982. doi: 10.1016/
j.s0ilbio.2023.108982

Wani, S., Chand, S., and Ali, T. (2013). Potential use of Azotobacter chroococcum in
crop production: an overview. Curr. Agric. Res. J. 1, 35-38. doi: 10.12944/CARJ.1.1.04

Wani, S. A, Chand, S., Wani, M. A., Ramzan, M., and Hakeem, K. R. (2016).
“Azotobacter chroococcum - A potential biofertilizer in agriculture: an overview,” in
Soil Science: Agricultural and Environmental Prospectives (Cham: Springer
International Publishing), 333-348. doi: 10.1007/978-3-319-34451-5_15

Woo, S. L., Hermosa, R., Lorito, M., and Monte, E. (2023). Trichoderma: a
multipurpose, plant-beneficial microorganism for eco-sustainable agriculture. Nat.
Rev. Microbiol. 21, 312-326. doi: 10.1038/s41579-022-00819-5

Woo, S. L, and Pepe, O. (2018). Microbial consortia: Promising probiotics as plant
biostimulants for sustainable agriculture. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01801

Xiong, C., Singh, B. K., He, J.-Z., Han, Y.-L,, Li, P.-P., Wan, L.-H,, et al. (2021). Plant
developmental stage drives the differentiation in ecological role of the maize
microbiome. Microbiome 9, 171. doi: 10.1186/s40168-021-01118-6

Xu, S., Geng, W., Sayer, E. J., Zhou, G., Zhou, P., and Liu, C. (2020). Soil microbial
biomass and community responses to experimental precipitation change: A meta-
analysis. Soil Ecol. Lett. 2, 93-103. doi: 10.1007/s42832-020-0033-7

Xue, K., Serohijos, R. C., Devare, M., and Thies, J. E. (2011). Decomposition rates and
residue-colonizing microbial communities of Bacillus thuringiensis insecticidal protein
Cry3Bb-expressing (Bt) and non-Bt corn hybrids in the field. Appl. Environ. Microbiol.
77, 839-846. doi: 10.1128/ AEM.01954-10

Yakhin, O. I, Lubyanov, A. A, Yakhin, I. A., and Brown, P. H. (2017). Biostimulants
in plant science: A global perspective. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.02049

Yuan, X,, Knelman, J. E,, Gasarch, E., Wang, D., Nemergut, D. R,, and Seastedt, T. R.
(2016). Plant community and soil chemistry responses to long-term nitrogen inputs
drive changes in alpine bacterial communities. Ecology 97, 1543-1554. doi: 10.1890/15-
1160.1

frontiersin.org


https://doi.org/10.3389/fpls.2020.00006
https://doi.org/10.1023/A:1015086831467
https://doi.org/10.3389/fpls.2018.01655
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.3390/agronomy11020219
https://doi.org/10.1007/978-3-642-18357-7s_13
https://doi.org/10.1016/j.apcbee.2012.03.047
https://doi.org/10.3389/fmicb.2023.1140378
https://doi.org/10.3389/fmicb.2023.1140378
https://doi.org/10.3390/microorganisms10071286
https://doi.org/10.3390/microorganisms10071286
https://doi.org/10.1007/s00248-016-0855-0
https://doi.org/10.4161/psb.3.9.6605
https://doi.org/10.3390/agronomy11020380
https://doi.org/10.1038/s43016-021-00322-9
https://doi.org/10.1186/s12870-018-1411-5
https://doi.org/10.1186/s12870-018-1411-5
https://doi.org/10.1186/s40538-017-0089-5
https://doi.org/10.1002/jobm.201900009
https://doi.org/10.1002/jobm.201900009
https://doi.org/10.1002/jobm.201900009
https://doi.org/10.1007/s00284-007-9024-5
https://doi.org/10.1186/s40538-019-0154-3
https://doi.org/10.15376/biores.8.3.4647-4658
https://doi.org/10.1016/j.jclepro.2019.118087
https://doi.org/10.1016/j.wasman.2017.12.005
https://doi.org/10.1002/ptr.6728
https://doi.org/10.4067/s0718-95162016005000060
https://doi.org/10.3389/fevo.2023.1106122
https://doi.org/10.1016/j.soilbio.2023.108982
https://doi.org/10.1016/j.soilbio.2023.108982
https://doi.org/10.12944/CARJ.1.1.04
https://doi.org/10.1007/978-3-319-34451-5_15
https://doi.org/10.1038/s41579-022-00819-5
https://doi.org/10.3389/fpls.2018.01801
https://doi.org/10.1186/s40168-021-01118-6
https://doi.org/10.1007/s42832-020-0033-7
https://doi.org/10.1128/AEM.01954-10
https://doi.org/10.3389/fpls.2016.02049
https://doi.org/10.1890/15-1160.1
https://doi.org/10.1890/15-1160.1
https://doi.org/10.3389/fpls.2023.1304627
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Inoculation with a microbial consortium increases soil microbial diversity and improves agronomic traits of tomato under water and nitrogen deficiency
	1 Introduction
	2 Materials and methods
	2.1 Experimental design and sampling
	2.2 Microbial strains, inoculum preparation and tomato treatments
	2.3 Plant growth and yield measurements
	2.4 Physiological parameters
	2.5 Enumerations of microorganisms in the tomato rhizosphere
	2.6 Molecular analysis of tomato rhizosphere
	2.7 Statistical analysis

	3 Results
	3.1 Plant growth and agronomic performance
	3.2 Physiological measurements
	3.3 Enumerations of microorganisms in the tomato rhizosphere
	3.4 Molecular characterization of soil microbes in tomato rhizosphere under optimal or stress conditions

	4 Discussion
	4.1 Simultaneous application of Trichoderma and Azotobacter enhances yield in tomato and alleviates combined water-nitrogen stress
	4.2 Rhizosphere microbial diversity is improved by Trichoderma afroharzianum T22 and Azotobacter chroococcum 76A co-inoculation in agricultural soils

	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


