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Abstract

Environmental stresses due to climate changes, such as high temperatures and land degradation, significantly impact crop
yield, making innovative strategies necessary to increase plant stress tolerance. This study investigates the potential of plant
growth-promoting rhizobacteria (PGPR) to enhance wheat resilience under multiple environmental stresses, such as high
salinity and temperature. For this, 15 bacterial strains were isolated from the rhizosphere and roots of Pancratium maritimum
and screened for their ability to withstand high salinity (50-600 mM NaCl) and elevated temperatures (up to 42 °C). The
isolates were identified by 16S rRNA sequencing and tested for their PGP traits under combined abiotic stresses. Most of
the strains exhibited PGP features, such as biofilm formation, phosphate solubilization, and phytohormone production. To
enhance the growth of wheat plants, used as a model crop of commercial interest, three different consortia were designed
and tested in vitro. The consortium (CONSIII), composed of Serratia marcescens ERA6, Enterobacter cloacae ERA9, and
Bacillus proteolyticus ESOB2, provided synergistic effects that led to an enhancement in plant growth and stress resilience
in vitro. This positive effect was confirmed in pot trials under double abiotic stress (37 °C, 132 mM NaCl), where CONSIII
was able to boost the root and shoot growth, increase chlorophyll and carotenoid content, and enhance antioxidant activity,
mitigating reactive oxygen species accumulation. These findings underscore the potential of PGPR consortia as bioinoculants
for sustainable agriculture, demonstrating their effectiveness in the simultaneous presence of salinity and heat stresses—a
challenging and under-investigated environmental scenario.

Key points

e PGPR strains isolated from Pancratium maritimum rhizosphere are able to grow and exhibit PGP traits under combined
salinity and heat conditions

o The formulated consortium of PGPR strains (CONSIII) significantly enhances wheat growth and stress resilience under
a multi-stress environment

o CONSII increases plant biomass, pigment content, and antioxidant activity, proving its value as a sustainable bioinoculant
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Introduction

Over the last decades, the cumulative impact of human activ-
ity on the planet has led to numerous extreme environmental
conditions being introduced into ecosystems and agricultural
lands (Grimm et al. 2008; Teuling 2018). These conditions
encompass climate change-driven extreme and fluctuating
weather events, such as heat waves and prolonged droughts,
in combination with adverse soil conditions (saline, alkaline,
and/or acidic soils) (Rosenzweig and Hillel 2000), anthropo-
genic contaminants (heavy metals, microplastics, pesticides,
antibiotics, and persistent organic pollutants) (Kallenborn
et al. 2012), radiation (UV) (McKenzie et al. 2011), limited
nutrient availability (Brouder and Volenec 2008), and ele-
vated levels of airborne molecules and gases (ozone, com-
bustion particles, CO,) (Chakraborty et al. 2000). Plants are
continuously exposed to these multi-stress factors, which
adversely affect their reproduction, survival, and resistance
to phytopathogens, ultimately contributing to ecosystem
deterioration and a reduction in crop yields (Hamann et al.
2021; Lee et al. 2023). Since the frequency and intensity of
these abiotic stress combinations are expected to rise in the
coming years (Alizadeh et al. 2020; Zandalinas et al. 2022),
there is a strong need to understand their combined effects
on plants. While previous studies have traditionally focused
on the impact of individual stressors, the scientific commu-
nity is increasingly shifting toward studying the complexity
of multiple stressors affecting plants in natural environments
and on the search for eco-friendly strategies to address the
problem (Coolen et al. 2016; Defo et al. 2019). In this con-
text, there is an increasing interest in endophytic microbial
communities as microbial-based strategies for enhancing
crop yield in multi-stress conditions. A specific group of
microorganisms known as plant growth-promoting rhizo-
bacteria (PGPR) have garnered attention for their beneficial
effects on plant growth. PGPR positively influences plant
growth and offers promising and sustainable solutions to
increase plant biomass production under multi-stress envi-
ronments (Lindemann et al. 2016; Umesha et al. 2018).
These microorganisms directly contribute to plant growth
by synthesizing phytohormones such as indole-3-acetic acid
(IAA), gibberellins, and cytokinins and performing func-
tions such as phosphate solubilization and nitrogen fixa-
tion. In addition, these beneficial bacteria release various
secondary metabolites and volatile compounds that inhibit
phytopathogen growth and alleviate abiotic stresses such as
high temperature and salinity (Semwal et al. 2025). High
salinity and elevated temperatures can severely impair plant
performance and crop productivity. Saline soils reduce seed
germination and inhibit root and shoot elongation. They also
alter biomass partitioning and accelerate leaf senescence,
ultimately leading to decreased growth and yield (Shilev
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2020; Zheng et al. 2022). Similarly, high temperatures alter
evapotranspiration and water balance, resulting in oxidative
stress, metabolic dysfunction, and reduced photosynthe-
sis (Chaves et al. 2003; Suzuki et al. 2016). Plants employ
multiple adaptive strategies, such as altering molecular
mechanisms involving proteins, antioxidants, metabo-
lites, regulatory factors, and membrane lipids (Kai and Iba
2014). However, these mechanisms often prove insufficient
in the face of the increasing frequency of combined heat
and salinity stress associated with climate change (Naylor
and Coleman-Derr 2018). In this context, we focused on
the isolation and characterization of halo- and thermotoler-
ant PGPR since, under ongoing climate change, agricultural
soils are increasingly exposed to both high temperatures and
salt accumulation, making their combined effect one of the
most pressing challenges for sustainable crop production
(Naylor and Coleman-Derr 2018). In line with this premise,
we analysed the microbiome associated with the sea daf-
fodil Pancratium maritimum L., a perennial species from
the Amaryllidaceae family that grows in the Mediterranean
coast’s nutrient-deficient, saline, sandy soils. This species
is adapted to withstand extreme environmental stresses
like high temperatures, severe sunlight, and extremely low
availability of freshwater (Defo et al. 2019). The fact that
plants can cope with such harsh conditions suggests that
it is, at least in part, mediated through interactions with
halotolerant PGPRs, making it a prime candidate for isolat-
ing stress-tolerant bacterial strains. To this aim, 15 PGPR
strains were isolated from the root-associated microbiome,
selecting those capable of withstanding high temperatures
and salinity. Their plant growth-promoting (PGP) activities
were assessed, and five top-performing strains were further
evaluated in vitro for their ability to enhance plant growth
under temperature and salinity stress using wheat (riticum
durum cv. Creso) as a model crop.

Material and methods

Sampling and isolation of bacteria from P.
maritimum roots

P. maritimum L. roots were collected from a beach in Dia-
mante (Cosenza, Italy) in sterile containers and stored in
sterile 1X PBS (phosphate saline buffer) at 4 °C until pro-
cessed. According to the International Union for Conserva-
tion of Nature (IUCN, Cambridge, UK), this plant is not
endangered, and the sampling method was non-destructive.
Exophytic bacteria were isolated from the 1X PBS storage
solution containing root material. To obtain endophytic
bacteria, roots were washed in 70%v/v ethanol for 5 min,
followed by several rinses with sterile water. The final rinse
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(0.1 mL) was plated on Luria—Bertani (LB: 8 g L-! NaCl,
10 g L' tryptone, 5 g L™! yeast extract) agar to confirm
surface disinfection. Surface-disinfected roots (1.0 g) were
homogenized in 10 mL sterile 1X PBS. To isolate bacteria,
serial dilutions (up to 10-%) of the homogenate roots and of
the roots’ storage solution were plated onto LB agar (15 g
L-! agar) supplemented with three different NaCl concen-
trations (50 mM, 132 mM, and 330 mM). In particular, the
concentration of 132 mM NaCl corresponds to an electrical
conductivity of approximately 12—13 dS m™! in solution, a
level that lies within the range typically used to define highly
to strongly saline conditions in soils (USDA NRCS 2014).
This salinity level is sufficiently high to impair germination
and plant growth, yet not so extreme as to cause immedi-
ate plant mortality, making it suitable for evaluating the
mitigating effects of PGPR under realistic and biologically
meaningful salt-stress conditions (Mosallanejad et al. 2025).
The plates were incubated at 25 °C, 37 °C, and 42 °C for
24-48 h. Colonies displaying distinct morphologies were
selected, purified by streaking on fresh LB agar, and char-
acterized by colony colour, shape, size, margin, and appear-
ance. Every isolate was also cultivated on DSM agar plates
(8 g L™! nutrient broth, 1 g L™ KCI, 1 mM MgSO,, | mM
Ca(NO;),, 10 uM MnCl,, 1 pM FeSO,, Sigma-Aldrich,
Darmstadt, Germany) (Vittoria et al. 2023a) at the three
temperatures to assess spore-forming ability (Nicholson and
Setlow 1990). Glycerol stocks (20%V/v) of all isolates were
stored at—80 °C.

16S rRNA sequencing and phylogenetic analysis

Chromosomal DNA was extracted using the DNeasy
PowerSoil kit (Qiagen, Hilden, Germany) following the

manufacturer’s protocol. The 16S ribosomal RNA (rRNA)
gene (~ 1500 base pairs) was amplified by polymerase
chain reaction (PCR) using chromosomal DNA as a tem-
plate and the primers 8 F (5'-AGTTTGATCCTGGCTCAG
-3', annealing at positions + 8 to+28) and 1517R (5'-ACG
GCTACCTTGTTACGACT-3', annealing at positions + 1497
to+1517). PCR reactions were performed as described
by Haiyambo et al. (2015) using an Esco Swift MaxPro
Thermal Cycler (Esco Lifesciences, Singapore). Ampli-
cons were purified with the QIAquick PCR Purification Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s
protocol and sequenced at the BMR Genomics sequencing
facility (Padova, Italy). Sequence quality was verified with
SeqTrace (minimum Phred score 30, minimum 20 consecu-
tive bases) (Stucky 2012). Trimmed paired sequences were
analysed via BLASTn (available at NCBI, Bethesda, MD,
USA https://blast.ncbi.nlm.nih.gov/Blast.cgi). The phylo-
genetic tree (Fig. S1, Supplementary Materials) was con-
structed using the neighbour-joining method (total branch
length =9.418, bootstrap = 1000 replicates). Evolutionary
distances were calculated with the Kimura two-parameter
model, rate variation among sites was modelled with a
gamma distribution (shape =1.00), and pairwise deletion
was applied. The final dataset comprised 1600 positions.
Analyses were conducted in MEGA12 (Kumar et al. 2024)
software (Arizona State University, Tempe, AZ, USA) using
up to seven parallel computing threads. The 16S rRNA
sequence of Aquifex aeolicus (AJ309733.1) served as the
outgroup. All 16S rRNA sequences were deposited in the
NCBI Sequence Read Archive and are identified by acces-
sion numbers listed in Table 1. All isolated and identified
strains are maintained in the Micralab bacterial collection,
Department of Biology, University of Naples Federico II,

Table 1 Taxonomical identification of the isolated strains throughout 16S rRNA blast analysis

Strain ID Accession number Nearest neighbour from NCBI with accession number Similarity (%)
ERA1 PV239528 Enterobacter hormaechei subsp. xiangfangensis (NR 126208.1) 99.67
ERA2 PV239529 Pseudomonas juntendi (NR 180457.1) 99.77
ERA3 PV239530 Bacillus paramycoides (NR 157734.1) 98.71
ERA4 PV239531 Kosakonia cowanii (NR 025566.1) 98.53
ERAS PV239532 Pseudomonas taiwanensis (NR 116172.1) 99.70
ERAG6 PV239533 Serratia marcescens (NR 114043.1) 99.40
ERA7 PV239534 Pseudomonas plecoglossicida (NR 114226.1) 99.55
ERA9 PV239535 Enterobacter cloacae subsp. dissolvens (NR 118011.1) 98.50
ESOA PV239540 Enterobacter cloacae subsp. dissolvens (NR 044978.1) 98.97
ESOBI1 PV239541 Enterobacter cloacae (NR 113615.1) 99.03
ESOB2 PV239542 Bacillus proteolyticus (NR 157735.1) 99.70
ERASI1 PV239536 Bacillus cabrialesii (NR 180419.1) 99.20
ERAS2 PV239537 Bacillus safensis (NR 113945.1) 99.34
ERAS3 PV239538 Bacillus stercoris (NR 181952.1) 99.42
ERAS4 PV239539 Rossellomorea aquimaris (NR 025241.1) 99.04
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under the supervision of Prof. Rachele Isticato. Strains are
stored as cryopreserved cultures at —80 °C in 20% v/v glyc-
erol and are publicly accessible upon request to Rachele
Isticato (isticato @unina.it).

In vitro assessment of plant growth promoting traits
Evaluation of the physiological properties

Swarming motility was tested using LB plates with 0.7%w/v
of agar by measuring the radius of the grown colony spot-
inoculated with 5 pL of fresh bacterial culture, after incu-
bation overnight at the three temperatures. Biofilm produc-
tion was tested using the Congo Red Agar (CRA) method
as reported in Lee et al. (2016). Five microlitres of fresh
bacterial culture was spot inoculated on CRA plates and
incubated at the respective temperature. A positive result
for biofilm formation was indicated by black colonies with
a dry crystalline consistency. Conversely, smooth orange to
red colonies and colonies that remained pink indicated non-
biofilm producers.

Phosphate solubilization

A modified Pikovskaya (PVK) medium (Schoebitz et al.
2013) was used to assess the phosphate-solubilizing capacity
of bacterial isolates through the dissolution of calcium phos-
phate (Ca;(PO,),). Five microlitres of exponential-phase
bacterial cultures was applied onto PVK agar containing
three NaCl concentrations (50 mM, 132 mM, and 330 mM)
and incubated for 10 days at 25 °C, 37 °C, and 42 °C. The
formation of a transparent halo zone surrounding the bacte-
rial colonies indicated phosphate solubilization.

Indole-3-acetic acid (IAA) production

Indole-3-acetic acid (IAA) production was quantified
using a modified method based on Gordon and Weber
(1951). Bacteria were grown in LB broth with or without
0.5 mg mL™! tryptophan (Sigma-Aldrich, Darmstadt, Ger-
many) and supplemented with three NaCl concentrations
(50 mM, 132 mM, and 330 mM) for 48 h at 25 °C, 37 °C,
and 42 °C with shaking at 150 rpm. After centrifugation
(7,000 rpm, 4 °C, 10 min), 67 puL supernatant were mixed
with 133 pL Salkowski reagent (H,0:H,SO,:FeCl; 0.5 M in
a 50:30:1 ratio) and incubated for 30 min at room tempera-
ture. Absorbance at 530 nm was measured using a Synergy
HTX Multi-Mode Microplate Reader (BioTek, Winooski,
VT, USA). Uninoculated medium with Salkowski reagent
served as a negative control. IAA production was quanti-
fied using a standard curve generated from serial dilutions
of IAA (Sigma-Aldrich, Darmstadt, Germany) (from 500 to
3.9 ug uL~!, eight stocks obtained with serial dilutions and
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tested in triplicate) (Gordon and Weber 1951; Tsavkelova
et al. 2006).

Detection of ammonia

Isolates were cultured in 1% w/v peptone broth supple-
mented with NaCl at concentrations of 50 mM, 132 mM, and
330 mM for 72 h at 25 °C, 37 °C, and 42 °C with shaking at
150 rpm. Cultures were centrifuged (7000 g, 4 °C, 10 min),
and 20 pL supernatant was added to 176 uL water+4 uL
Nessler’s reagent in a 96-well plate following a modified
Demutskaya and Kalinichenko (2010) protocol. Ammonia
production was quantified by measuring optical density
at 450 nm using a Synergy HTX Multi-Mode Microplate
Reader (BioTek, Winooski, VT, USA). The concentration
of ammonia was estimated based on a standard curve of
ammonium sulphate prepared with nine concentrations rang-
ing from 3.9 to 1000 ug L', obtained with serial dilutions of
the initial ammonium sulphate stock and tested in triplicate
(Demutskaya and Kalinichenko 2010).

DPPH assay

The a,a-diphenyl-B-picrylhydrazyl (DPPH) free radical
scavenging method was used to evaluate the potential pro-
duction of biomolecules with antioxidant activity of the
isolated strains as described by Xiang et al. (2018). Briefly,
0.2 mL of fresh bacterial culture, grown at the different con-
ditions of salinity and temperature (50 mM, 132 mM, and
330 mM, and 25 °C, 37 °C, 42 °C), were incubated in a final
volume of 1 mL of methanol containing 0.1 mM of freshly
prepared DPPH (dissolved in methanol). The reaction was
allowed to proceed for 30 min in the dark at room tempera-
ture. The DPPH free radical scavenging activity was then
monitored by determining the absorbance at 517 nm and
calculated according to the following equation:

. . .. bssample
DPPH radical scavenging activity (%) = [ 1 — ——— ) « 100

Abs

control

where Absg,,. is the absorbance of the reacted mixture of
DPPH with the extract sample and Abs, ., is the absorb-
ance of the DPPH solution (Vittoria et al. 2023b).

Screening for hydrolytic enzymatic activity

The hydrolytic enzyme assays (amylase, protease, and
cellulase) were performed on solid media. All enzymatic
activities were performed by growing the bacterial isolates
in LB broth for 24 h at 37 °C. After incubation, 5 uL of each
fresh bacterial culture was spot inoculated on the different
assay plates complemented with different salt concentrations
(50 mM, 132 mM, and 330 mM) and incubated at the three
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temperatures (25 °C, 37 °C, 42 °C). To detect the amylase
activity, starch agar plates were used as previously reported
(Nimisha et al. 2019). After 72 h of incubation, the plates
were flooded with Gram’s iodine solution, and the hydrolysis
of starch was observed as a colourless zone around grown
colonies. For the proteolytic activity, isolated bacteria were
spot inoculated on skimmed milk agar (SMA) plates. The
formation of clear halos around the colony was confirmed
as proteolytic activity (Morris et al. 2012). For the detec-
tion of cellulase and xylanase activities, xylanase production
medium (XPM) (Meddeb-Mouelhi et al. 2014) agar plates
were used with 0.5%w/v xylan from beechwood (Mega-
zyme, Bray, Ireland) and a minimal medium with 0.5%w/v
carboxymethylcellulose (CMC) (Hankin and Anagnostakis
1977) as sole carbon sources. After incubation for 3 days,
hydrolysis zones were visualized by flooding the plates with
0.1%w/v Congo Red aqueous solution for 30 min and then
destained by washing twice with 1 M NaCl. Plates without
carbon source were used as non-substrate controls. Trans-
parent-yellowish hydrolytic zones around the colonies were
considered positive.

Dual-culture method for the evaluation
of antifungal activity

The isolated strains were examined in vitro for antifungal
activity against pathogenic fungus Parastagonospora nodo-
rum (Ragucci et al. 2023) and Pyrenophora tritici-repentis
(Carmona et al. 2006). The two fungal strains used in this
study were kindly supplied by Prof. Marcelo Anibal Carmona
(Facultad de Agronomia, Catedra de Fitopatologia, Universi-
dad de Buenos Aires, Buenos Aires, Argentina) (Hafez et al.
2023). Pure cultures were grown for 5 days at 25+ 1 °C on
PDA (potato dextrose—BD DIFCO™ Becton, Dickinson
and Company, Franklin Lakes, NJ, USA—18 g L™! agar)
and deposited in the fungal culture collection of the Biol-
ogy Department of the University of Naples Federico II, Italy.
The in vitro antifungal bioassays were carried out based on
the dual-culture method as previously described by Khamna
et al. (2009) with some modifications. Fungal plugs, 5 mm
in diameter, were placed at the centre of PDA plates. On the
opposite side, 5 UL of bacterial strains grown overnight in LB
broth were added 1.5 cm from the fungal disc. Control plates
contained only fungal plugs without bacterial inoculation. All
plates were incubated at 28 °C for 5 days, and the experiment
was performed in triplicate. Inhibition of pathogenic fungal
growth by bacterial strains was assessed using a stereoscopic
microscope at 10X magnification (Castaldi et al. 2023).

Compatibility assay

Pairwise compatibility among isolates was evaluated by
a modified agar diffusion test. Each strain was cultured in

5 mL LB overnight at 37 °C (150 rpm), then diluted into
soft LB agar (0.7% w/v) to~ 108 cells mL ™!, solidified, and
then 10 pL of another strain’s overnight culture was spotted
on top. Plates were incubated at 37 °C and monitored daily
for 7 days. Compatibility was defined by colony overlap,
while incompatibility was defined by a clear inhibition zone
around the colony. Each combination was replicated three
times using the same bacteria as a control for compatibility.

Plant material and in vitro growth conditions

All experiments were carried out with wheat seeds (7.
durum cv. Creso) that were kindly provided by Prof. Sheri-
dan Lois Woo (Department of Pharmacy, University of
Naples Federico II) (Silletti et al. 2021). Seed sterilization
followed the protocol described by Barbulova et al. (2005).
Unsynchronized seedlings were removed 5 days after sow-
ing on H,O agar Petri dishes under sterile conditions.
Synchronized germinated seedlings were incubated with
bacterial suspension if necessary and transferred to Petri
dishes containing H,O agar (1%w/v) supplemented with
different NaCl concentrations. The plates were incubated
in the dark at 25 °C or 37 °C with different salt concentra-
tions for 7 days.

Effects of PGPR on the growth of wheat

Bacteria were grown overnight in LB broth at 37 °C at
150 rpm; the pellets were washed three times with sterile
1X PBS and then resuspended in a final volume of 10 mL
of sterile 1X PBS to be quantified with a Biirker chamber
(Sigma-Aldrich, Darmstadt, Germany, BR719505) under an
optical microscope (Olympus BH-2 with 100 X lens, Tokyo,
Japan) and diluted to 10® cells mL™" in 30 mL of 1X PBS
for seed-biopriming. Synchronized seedlings were incubated
with bacterial suspensions overnight at room temperature
with continuous shaking and then transferred to Petri dishes
with H,O agar (1%w/v) supplemented with different concen-
trations of NaCl (0 mM or 132 mM) and incubated at 25 °C
or 37 °C in the darkness.

Pot experiments

Sterilized seeds (as above) were inoculated with bacteria
(10% cells mL~" in 30 mL of 1X PBS) when needed while
controls were incubated in sterile 1X PBS; a schematic rep-
resentation of the experiment is described in Supplemental
Table S1. After the overnight incubations, ten seeds were
sown in each pot at a 1 cm depth in double autoclaved
horticulture soil (Compo Sana® Universal Potting Soil,
Compo GmbH, Miinster, Germany) and irrigated regularly
to prevent water stress. Plants were cultivated for 30 days
in a controlled growth chamber with a light intensity of
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200 pmol m~2 57! at 25 °C or 37 °C with a 16 h:8 h, light/
night cycle.

Evaluation of biochemical parameters in plants
Total chlorophyll and carotenoid content in leaves

Five leaves per treatment were collected to determine total
chlorophyll (a+ b) and total carotenoid (x+ c) concentra-
tions following the procedure reported by Petrillo et al.
(2022). Fresh samples (10 mg) were powdered in liquid
nitrogen and treated with ice-cold 100% acetone and centri-
fuged (Labofuge GL, Heraeus Sepatech, Hanau, Germany)
at 5000 rpm for 5 min. The absorbance of supernatants was
read using a spectrophotometer (Cary 100 UV-VIS, Agi-
lent Technologies, Santa Clara, CA, USA) at 470, 645, and
662 nm. The pigment concentration was determined through
the Lichtenthaler equations and expressed in mg g™ of fresh
weight (mg g~! FW) (Lichtenthaler 1987).

Antioxidant activity in leaves and roots

The antioxidant activity was determined in leaves and roots
on six replicates per treatment performing the DPPH free
radical scavenging activity assay, according to Castaldi et al.
(2024). Briefly, fresh samples (50 mg) were powdered in lig-
uid nitrogen and extracted in methanol overnight. Then, the
extracts were centrifuged at 14,000 rpm for 15 min at 4 °C,
mixed with a 6 x 10> M DPPH methanolic solution, and
incubated at 37 °C for 20 min. The absorbance was meas-
ured at 515 nm with a spectrophotometer (BioTek Synergy
HTX Multimode Reader, Agilent Technologies, Winooski,
VT, USA) and converted in percentage of DPPH radical
inhibition through the formula:

bs‘am ()
__sample )-100
Abs

DPPH radical scavenging activity (%) = <1 -

control

where Ao 18 blank absorbance on the DPPH methanolic

solution and A, is the sample absorbance.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism (GraphPad Prism 8.0.1 Software, San Diego, CA,
USA), and the data were expressed as the mean + SEM
(standard error of the mean). As indicated in figure legends,
differences among groups were compared with one-way
ANOVA test by Tukey’s test (¢ =0.05) or with unpaired
t-test (two-tailed @ =0.05). Statistical significance was
defined as p <0.05.
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Results

Root samples of P. maritimum L. were collected to isolate
bacteria capable of withstanding multiple stress conditions.
Exophytic bacteria were isolated by washing the roots in
1X PBS, while endophytic bacteria were obtained follow-
ing surface sterilization and subsequent root grinding. The
isolated bacteria were subjected to a gradual enrichment
process involving incubation under increasing temperatures
and salinity levels. Specifically, the temperatures tested
included 25 °C as a control and 37 °C and 42 °C, which
represent extreme summer temperatures commonly observed
in the Mediterranean region (Tejedor et al. 2024). Salin-
ity concentrations tested were 50, 132, 330, and 600 mM
of NaCl, corresponding to low-salinity conditions, typical
slightly saline environments, moderately saline environ-
ments, and high salinity environments, respectively (van
Zelm et al. 2020). Through this approach, 12 endophytic
(ERA strains) and three exophytic (ESO strains) isolates
were selected based on their unique cultural characteristics,
including colony size, shape, elevation, surface texture, con-
sistency, pigmentation, and growth response to varying salt
concentrations and temperatures (Supplemental Table S2).
As shown in Supplemental Table S2, 10 of the 15 strains of
bacteria were tolerant to up to 600 mM NaCl, while 9 strains
grew at temperatures of up to 42 °C. Notably, strains ERA3,
ESOB2, ERAS1, ERAS3, and ERAS4 were identified as
spore-forming bacteria. Amplification and sequencing of
the 16S rRNA gene were performed to achieve taxonomic
identification of all isolated bacteria. BLAST analysis of the
sequences against the NCBI database (Table 1) found strains
mainly belonging to three genera: Bacillus, Pseudomonas,
and Enterobacter (Table 1).

Analysis of the phylogenetic tree, constructed using the
neighbour-joining (NJ) algorithm, also clustered the strains
into three, representing Bacillus, Pseudomonas, and Entero-
bacter, as shown in Supplemental Fig. S1.

Screening for hydrolytic enzyme activity

Beneficial rhizobacteria can produce and secrete hydrolytic
enzymes in the soil, which can break down complex organic
macromolecules, increasing the availability of essential
nutrients for plant and soil bacterial communities. Given
the importance of these enzymes as plant growth-promoting
(PGP) factors, the ability of the 15 isolated strains to secrete
hydrolytic enzymes was therefore evaluated. Figure 1 shows
the positive results obtained from five bacterial strains (Bacil-
lus proteolyticus ESOB2, Bacillus stercoris ERAS3, Bacillus
cabrialesii ERAS1, Bacillus paramycoides ERA3, and Serra-
tia marcescens ERA6) out of the 15 tested, on 3 representative
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Fig. 1 Higher hydrolytic activ-
ity observed among 15 isolated
strains (only the 4 most efficient
strains are reported) under
temperature and salt stress.
Results of amylase production,
(a) cellulase production, (b)
and protease production (c) are
reported as means of at least
three replicates (p <0.05) and
are expressed as no activity
(-), hydrolysis zone diameter
(hzd) <5 mm (+), hzd >5 mm
(+4), hzd > 10 mm (++4),
hzd > 15 mm (++ ++),
hzd>20 mm (+++++)

a
[NaCl]
50 mM 132 mM 330 mM
ESCB2 Amylase
activity
+++++
ERAS3
++++
+++
++
ERAS1
ERA3
25°C 37°C 42°C 25°C 37°C 42°C 25°C 37°C 42°C
Temperature
b
[NaCl]
50 mM 132 mM 330 mM
RROBRS Cellulase
activity
4+t
ERAS3
4+t
+++
++
ERAS1 .
25°C 37°C 42°C 25°C 37°C 42°C 25°C 37°C 42°C
Temperature
C
[NaCl]
50 mM 132 mM 330 mM
ESRbE Protease
activity
++++
ERAS1
+++
++
ERA6 +
ERA3

25°C 37°C 42°C
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enzymatic activities (protease, amylase, and cellulase) asso-
ciated with PGPR. As illustrated in Fig. la, B. cabrialesii
ERASI and B. paramycoides ERA3 exhibited the strongest
amylase activity in all tested multi-stress conditions, under-
scoring their robust enzymatic potential. Meanwhile, B. pro-
teolyticus ESOB2 and B. stercoris ERAS3 showed moderate
to high activity levels. Cellulase activity, assessed through
the degradation of carboxymethylcellulose (CMC), revealed
similarly promising trends. As shown in Fig. 1b, B. proteo-
lyticus ESOB2, B. stercoris ERAS3, and B. paramycoides
ERA3 demonstrated medium-to-high cellulase activity under
all conditions. Notably, B. cabrialesii ERAS1 stood out as
the top-performing strain, exhibiting the highest cellulase
activity under the combined temperature and salinity stress
scenarios. Finally, the protease activity analysis, reported in
Fig. lc, revealed distinct trends. S. marcescens ERA6 and
B. paramycoides ERA3 exhibited strong protease activity at
25 °C in the presence of 50 mM NaCl, although their activity
declined under more extreme temperature and salinity condi-
tions. Remarkably, B. cabrialesii ERAS1 was the only strain
capable of maintaining a moderate activity level even under
the harshest tested conditions (42 °C).

Antagonistic activity of isolates against fungal plant
pathogen

Given the promising hydrolytic activities of the strains B. pro-
teolyticus ESOB2, B. stercoris ERAS3, B. cabrialesii ERAS],

S. marcescens ERA6, and B. paramycoides ERA3 (Fig. 1),
their biocontrol activity was also evaluated. A dual culture
assay was performed to evaluate their effectiveness against two
wheat-pathogenic fungi, P. nodorum (Carmona et al. 2006)
and P. tritici-repentis (Khamna et al. 2009) (Fig. 2). Both the
phytopathogenic fungi utilized in our experiment infect wheat,
the model plant used in this study, severely impairing photo-
synthesis and inducing necrosis in tissues, decreasing plant
growth and yield. Furthermore, the high evolutionary potential
of both fungi has allowed them to develop genetic resistance to
environmental stresses and commonly used pesticides, mak-
ing them significant threats in wheat cultivation worldwide
(Downie et al. 2021; Guo et al. 2020).

The dual-culture assays revealed variability in the
inhibitory effects of the selected strains against the
fungal pathogens, with some exhibiting strong anti-
microbial activity while others showing limited or
no effect. As illustrated in Fig. 2, strains B. proteo-
lyticus ESOB2 and B. stercoris ERAS3 demonstrated
slight inhibition against P. nodorum and showed more
pronounced activity against P. tritici-repentis. In con-
trast, B. paramycoides ERA3 and S. marcescens ERA6
exhibited minimal activity against both phytopathogens.
Interestingly, B. cabrialesii ERAS1, which showed
the strongest hydrolytic activities under multi-stress
conditions (Fig. 1), also exhibited notable antifungal
activity, as evidenced by the inhibition zones observed
between the bacterium and the fungal colonies (Fig. 2).

CTRL

P. nodorum

ERA3

.

oy 52 .
S C

ERAS3  ERAST
ERAS1 (10x)

ESOB2

P. tritici-repentis

ERAS3

oy

y

ERAS1

ERAS3

ERAS1 (10x)

Fig.2 Antagonism assays on PDA medium. Photographs of dual-
culture assay for in vitro inhibition of mycelial growth of P. nodo-
rum and P. tritici-repentis by selected bacterial strains. PDA plates
with only fungal inoculation (without bacteria) were used as controls
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(CTRL). Rectangles on the right represent the interaction zone of
strain ERAS1 and the two fungi acquired with a stereoscopic micro-
scope (10x magnification). All experiments were performed in tripli-
cate with three independent trials
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Fig.3 Observation of the effect of B. cabrialesii ERAS1 on the
hyphae of P. tritici-repentis: a control, fungus grown without bac-
teria; b hyphae infected with the bacteria. Effect on P. nodorum; c
control, fungus grown without bacteria; d hyphae infected with the

To further determine the inhibitory action of B. cabri-
alesii ERAS1, a microscopic analysis of the co-cultured
plates was performed to assess the morphology of the
fungal hyphae (Fig. 3).

The analysis revealed a visible impact of the bacteria
on the morphological characteristics of the hyphae. The
panels in Fig. 3b and d (P. tritici-repentis and P. nodorum
co-cultured with B. cabrialesii ERAS]1, respectively) show
that the bacteria caused alterations in comparison to the
control (Fig. 3a and c, P. tritici-repentis and P. nodo-
rum without B. cabrialesii ERASI1, respectively), while
the hyphae of the treated sample exhibited a less uniform
structure, with the presence of evident swellings in the
cells that may indicate the occurrence of autophagosome-
like structures, as previously described by Li et al. (2014).

In vitro characterization of potential PGPR

The 15 bacterial isolates were then assessed for their plant
growth-promoting traits under the selected multi-stress

bacteria. All the pictures are obtained with a phase contrast light
microscope with 40X magnification. Arrows indicate the potential
autophagosomes formed in the hyphae grown in the presence of the
strain ERAS1

conditions, including their abilities for swarming motility,
biofilm production, phosphate solubilization, and polymer
hydrolysis as previously described by Vasseur-Coronado
et al. (2021). Among these, only the strains Enterobac-
ter cloacae ESOA and B. proteolyticus ESOB2 demon-
strated swarming motility, suggesting their potential for
root colonization (Supplemental Table S2). Seven iso-
lates (Enterobacter hormaechei ERA1, B. paramycoides
ERA3, Kosakonia cowanii ERA4, S. marcescens ERAG6,
E. cloacae ERA9, E. cloacae ESOA, Enterobacter cloacae
ESOB1) were capable of biofilm production, a key feature
for adhesion to the root surface. Phosphate solubilization,
an important trait for improving nutrient availability (Sup-
plemental Table S3), was observed in five isolates, with
four strains (E. hormaechei ERA1, E. cloacae ERA9, E.
cloacae ESOA, and B. proteolyticus ESOB2) maintaining
activity even under high temperature and salinity condi-
tions. Eight bacterial strains produced indole-3-acetic acid
(IAA), but only E. cloacae ESOA, B. stercoris ERAS3,
and E. hormaechei ERA1 remained efficient under stress,
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Fig.4 PGP traits evaluation under temperature and salt stress of
top-performing strains. Results of IAA (a) and ammonia production
(b) are reported as means of at least three replicates (p <0.05). The
presented data of IAA production are obtained by growing the bac-

with TAA production ranging from 1.05 to 218.42 pg mL™!
(e.g., B. stercoris ERAS3 under 50 mM NaCl and 37 °C)
(Fig. 4a). Furthermore, ammonia production, used as an
indirect indicator of nitrogenase activity, was observed in
five strains (R. aquimaris ERAS4, B. stercoris ERAS3, B.
cabrialesii ERAS1, S. marcescens ERA6, and B. paramy-
coides ERA3) as shown in Fig. 4b.

The characterization identified five top-performing strains
based on their combined PGP traits:

— ERATI: biofilm formation, phosphate solubilization, and
IAA synthesis

— —ERAG6: biofilm formation, ammonia production, and
protease secretion

— —ERADO: biofilm formation, phosphate solubilization, and
antioxidant activity

— —ESOA: swarming, ammonia production, and IAA syn-
thesis

— ESOB2: swarming, ammonia production, and antioxidant
activity

No single strain displayed all tested PGP activities under
increasing stress, prompting the formulation of bacterial
consortia to combine complementary functionalities. Three
consortia were formulated:

— CONSI: ERA1+ESOA +ESOB2
— CONSII: ERA1+ESOA +ERA6
— CONSIII: ERA6+ERA9+ESOB2

Compatibility tests confirmed that the following consortia
could grow together without mutual inhibition.
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teria in the presence of tryptophan (0.5 mg mL™!) as reported above.
Blank spaces in the figure represent the strains that were not able to
grow in the defined media at 42 °C

Effect of salt-tolerant plant growth-promoting
bacteria on wheat growth under salt
and temperature stress

In vitro experiments

The five selected bacterial strains and the three consortia
were tested on wheat (7. durum cv. Creso), a staple crop sen-
sitive to environmental stresses, to assess their ability to pro-
mote plant growth under physiological (25 °C without salt)
and stress conditions (37 °C with 132 mM NaCl) (Canton
2021; Upadhyay et al. 2012). Wheat seeds inoculated with
bacterial strains (10% cells mL™") were grown on H,0-agar
plates, and growth was evaluated after 7 days by measuring
the combined root and shoot lengths (Fig. 5).

Under physiological conditions, all bacterial strains
enhanced wheat growth compared to the control, with E.
cloacae ERA9 showing the most pronounced effect in plant
height (Fig. 5a). Under stress, seed germination was com-
pletely inhibited without bacterial inoculation (Fig. 5b).
However, the inoculation of bacterial strains restored the
growth of wheat plants, with E. cloacae ERA9 once again
standing out for producing the most beneficial effect on
the plant. Interestingly, it primarily enhances root growth
under physiological conditions, while it significantly boosts
shoot growth under multi-stress conditions (Supplemental
Table S4, Supplemental Fig. S2). Consortia testing revealed
that CONSIII (composed of S. marcescens ERAG6, E. clo-
acae ERA9, and B. proteolyticus ESOB2) significantly
improved wheat growth in both physiological and stress con-
ditions (Fig. 5c, d, Supplemental Table S5, Supplemental
Fig. S3). CONSIII increased plant length by 60.3% under
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Fig.5 In vitro germination of
wheat seedlings in the presence
of PGPR. Wheat seedlings
were incubated overnight with
each strain or consortium and
deposited on water-agar plates
at 25 °C without salt (a, ¢)

and at 37 °C with 132 mM of
NaCl (b, d). The total plant
length is represented as the
sum of shoot and root length.
Results are reported as mean
(n=24)+ SEM (standard error
of the mean) of three independ-
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ent experiments. A one-way
ANOVA test was performed to
compare the groups of data, and
p-values are shown in the figure.
Asterisks indicate significant
differences with the control
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physiological conditions and 81.0% under stress. This syner-
gistic effect likely stems from the complementary PGP traits
of the constituent strains, including phosphate solubilization,
ammonia production, and antioxidant activity. In contrast,
CONSI and CONSII showed limited or moderate growth pro-
motion and were less effective than CONSIII; for this reason,
only CONSIII was used in subsequent experiments.

Pot experiments

Pot trials further validated the in vitro findings under more
realistic conditions. Wheat plants were grown in pots under
both physiological conditions and double abiotic stress
conditions (37 °C with 132 mM NaCl). Growth and some
biochemical markers were measured after 21 days from
germination, and the results are reported in Figs. 6 and 7,
respectively.

Wheat plants treated with CONSIII exhibited significant
growth improvement under both non-stress and stress con-
ditions, particularly in plant height. As shown in Fig. 6a,
wheat plants treated with CONSIII at 25 °C exhibited an
82% increase in height under normal conditions and a 95%
increase under salt stress. Similarly, at 37 °C (Fig. 6d),
CONSIII enhanced plant height by 49% in the absence
of salt stress and by 122% under osmotic stress, increas-
ing from 8.48 cm in the control to 18.86 cm. Even if no
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statistically significant differences were observed in terms
of germination rate and plant fresh weight (Fig. 6b, e, c, f),
a positive trend was observed, confirming the increase in
plant length treated with CONSIII and reinforcing the syn-
ergistic effect of the three PGPR strains in promoting wheat
growth and improving stress resilience in a more natural set-
ting. Biochemical analyses indicate that temperature influ-
ences chlorophyll and carotenoid production, as shown in
Fig. 7a.

As shown in Fig. 7a, carotenoids and chlorophyll levels
increase in all the conditions tested compared to the control,
especially in the physiological conditions (25 °C without
salt stress). Conversely, in Fig. 7b, the antioxidant activity
of roots and leaves is strongly affected by temperature and
salt concentration, while there are no significant differences
at 25 °C among the samples. These findings lead to further
interpretation of how bacterial inoculation modulates plant
physiological and biochemical responses under stress, as
discussed below.

Discussion
This work highlights the potential of halotolerant PGPR

strains isolated from P. maritimum roots to improve wheat
growth under combined stress, high temperature and salinity.
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Fig.6 Effect of CONSIII on morphological characteristics of wheat
plants under different salt concentrations and temperatures (a, b,
c 25 °C; d, e, f 37 °C). Wheat seeds were incubated overnight with
CONSIII and sown in sterile soil-filled pots and then incubated at the
respective temperatures with a 16 h:8 h, light/night cycle. The total
plant height (a and d) is represented as the sum of shoot and root
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Fig.7 Effect of CONSIII on biochemical markers of wheat plants
under different salt concentrations and temperatures. Chlorophyll
and carotenoid (a) contents are reported as mg of pigment per gram
of fresh weight (FW). The antioxidant activity is reported as a per-
centage of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scaveng-
ing activity observed in leaves and roots (b). Results are reported as
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Through selective enrichment, 15 bacterial strains both halo-
and thermotolerant have been isolated and identified, with
the majority of them belonging to the genera of Bacillus,
Pseudomonas, and Enterobacter, commonly associated with
stress-resilient PGPR in saline and arid soils. When tested
for their PGP activities, five bacterial strains (B. proteolyti-
cus ESOB2, B. stercoris ERAS3, B. cabrialesii ERAS1, B.
paramycoides ERA3, and S. marcescens ERA6) revealed
a strong hydrolytic activity. Commonly, PGPR possess
the ability to enhance plants’ rhizosphere environment by
modulating soil enzyme activity and improving its fertility.
The enzymatic activities of PGPR in the rhizosphere thus
represent a valuable indicator for assessing soil stress levels
(del Carmen Rivera-Cruz et al. 2008). Several studies have
shown that many rhizobacteria can synthesize extracellu-
lar hydrolytic enzymes that are involved in breaking down
complex macromolecules, thus degrading them into simpler
compounds, thereby accelerating nutrient mineralization and
indirectly increasing the availability of essential nutrients for
plant uptake (Pang et al. 2004; Shaikh and Sayyed 2014).
However, despite some progress in understanding the effects
of soil salinity on enzyme activity (Pan et al. 2020), few
studies have focused on the enzymatic responses of PGPR
under combined temperature and salinity stress conditions
(Pal et al. 2006; Ren et al. 2021). Our study fills this gap by
evaluating the hydrolytic potential of PGPR strains under
dual stress conditions. The results highlight the remarkable
resilience and enzymatic versatility of the isolates, able
to produce robust amylase, cellulase, and protease, active
even under combined high-temperature and salinity stress.
This characteristic is likely linked to their origin in the
rhizosphere of P. maritimum, a coastal plant exposed to an
environment characterized by high salinity, wide tempera-
ture variations, and nutrient scarcity. Under such selective
pressures, the associated rhizosphere may have developed
enzymes with exceptional stability and catalytic efficiency
to ensure nutrient turnover and support plant growth under
otherwise limiting conditions. This finding underscores the
high potential of extreme or marginal ecosystems as a source
of stress-resistant microbial strains and the usefulness of
applying enrichment strategies to select higher-performing
PGPR candidates. The production of hydrolytic enzymes
not only contributes to nutrient acquisition but also holds
potential antifungal properties by targeting the cell walls
of phytopathogenic fungi, as shown by the inhibition of P.
nodorum and P. tritici-repentis, two major fungal patho-
gens of wheat, by B. proteolyticus ESOB2 and B. sterco-
ris ERAS3 and mainly by B. cabrialesii ERAS1. Recent
genomic study on B. cabrialesii revealed the presence of
several biosynthetic gene clusters (BGCs) for lipopeptides
and other secondary metabolites with antifungal activity,
such as surfactine, fengicine, and bacillaene (Valenzuela-
Aragon et al. 2024). The microscopic alterations in the

fungal hyphae, observed when the pathogens are co-cultured
with B. cabrialesii ERAS1, may be the result of a synergis-
tic effect between the enzymatic degradation of fungal cell
walls and the secretion of diffusible antifungal compounds.
In addition, the swellings visible in the fungal cells suggest
a potential autophagosome-like structure (Li et al. 2014).
Further experiments should be carried out to confirm the
hypothesis and establish the mechanisms of fungal inhibi-
tion. This antagonistic capacity reinforces the multifunction-
ality of the isolated strains, which can enhance both plant
nutrition and health simultaneously, consistent with reports
describing the dual role of Bacillus-derived enzymes in
nutrient cycling and pathogen suppression (Pal et al. 2006;
Ren et al. 2021).

In addition to their enzymatic and antifungal properties,
the 15 bacterial isolates displayed different PGP properties,
which were stable under the selected multi-stress conditions.
Traits such as swarming motility and biofilm formation are
important for root surface colonization and adherence, intra-
cellular communication, and long-term survival in the rhizo-
sphere during stress conditions. Formation of biofilm, par-
ticularly, enhances osmotic and oxidative stress resistance
in bacteria by stimulating the production of extracellular
polymeric substances, which protect the cells from dehydra-
tion and ionic imbalance (Kasim et al. 2016). Moreover, IAA
production, stable also under combined stress, can promote
root elongation and nutrient uptake under adverse condi-
tions, while ammonia provides a readily available nitrogen
source that sustains chlorophyll synthesis and growth dur-
ing salinity and heat stress (Spaepen et al. 2007). Due to the
different traits of the strains, consortia were assembled to
enhance the PGP characteristics of the single strains. When
tested on wheat plants, the CONSIII, including S. marces-
cens ERAG, E. cloacae ERA9, and B. proteolyticus ESOB2,
emerged as the best performer under all experimental condi-
tions. The beneficial effects observed in in vitro and in pot
experiments may be due to the complementary functions
of its bacterial members. Performed analysis (Table S6)
revealed complementary PGP traits of the three strains,
including protease, cellulase, and chitinase activity, high
IAA and NH, production efficiency, phosphate solubiliza-
tion, and significant antioxidant activity even at 37 °C and
in the presence of salt. Recent study has established that S.
marcescens can induce wheat growth under salinity through
ACC (1-aminocyclopropane-1-carboxylic acid) deaminase
activity, siderophore production, and phosphate solubiliza-
tion, inhibiting ethylene synthesis and promoting root elon-
gation (Singh and Jha 2016). Similarly, E. cloacae subsp.
dissolvens strains with ACC deaminase activity have been
found to modulate wheat stress proteins and nutrient uptake
under high NaCl (Singh and Sharma, 2017). B. proteolyti-
cus, recently reported to be salt-tolerant PGPB, can pro-
duce IAA and gibberellins, phosphorus solubilization, and
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stimulate wheat shoot and root growth even under 500 mM
NaCl (Metoui Ben Mahmoud et al. 2020). Therefore, the
simultaneous presence of these taxa in CONSIII can give
rise to a multi-faceted protection strategy: hormonal regu-
lation (IAA, gibberellins, ACC deaminase) facilitating root
growth; enzymatic degradation of organic matter facilitat-
ing nutrient assimilation; and antioxidant defence lower-
ing oxidative and ionic stress. Interestingly, the CONSIII
demonstrates a more effective response than the control
(CTRL) in inducing a significant increase in carotenoids
at 37 °C, suggesting that the presence of bacteria reduces
plant stress, thereby supporting light harvesting, photosyn-
thesis, and plant growth even under unfavourable tempera-
ture conditions. The enhanced antioxidant activity at higher
temperatures, mainly in roots, could be due to the observed
increase of carotenoids, which are known to play an active
role in scavenging processes related to oxidative stress and
reactive oxygen species (ROS) removal (Zhang et al. 2012).
Conversely, in roots, the absence of pigments may contribute
to explaining the different response of antioxidant activity
compared to leaves. Indeed, roots being more exposed to salt
stress in the cultivation mean likely need to recruit higher
antioxidant defences (Bandeoglu et al. 2004). Notably, while
previous studies report either salinity or temperature stress
individually, our research presents the evidence that a care-
fully selected microbial consortia can enhance wheat resist-
ance to both heat and salinity simultaneously, thus repre-
senting a promising tool for sustainable agriculture under
changing climatic conditions.

Conclusions

The cumulative impact of human life on our planet over the
past few decades has led to the emergence of many extreme
environmental conditions affecting ecosystems and agricul-
tural land. Global warming, climate change, and pollution
expose plants to unique combinations of multiple abiotic
and biotic stresses simultaneously. This study highlights
the potential of PGPR isolated from P. maritimum in pro-
moting the growth of plants and their resilience under abi-
otic stress conditions, like salinity and high temperature.
Using an enrichment approach, a core group of halotolerant
and thermotolerant PGPR capable of maintaining multiple
PGP functions under abiotic stress conditions was isolated.
Five top-performing strains were combined in three con-
sortia and tested for their ability to promote wheat growth
under physiological and double abiotic stress conditions.
This study clearly demonstrates the importance of PGPR
in mitigating the harmful consequences of abiotic stress on
plants. The results observed with CONSIII-treated plants
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suggest that bacterial inoculation can sustain plant growth
and photosynthesis under adverse conditions, counteract-
ing the accumulation of ROS and supporting overall plant
health. These benefits are probably due to complementary
PGP traits of CONSIII, lying in the fact that phosphate solu-
bilization, ammonia production, and antioxidant activity act
together to promote plant growth and stress tolerance. In
conclusion, CONSIII represents a promising microbial con-
sortium for developing sustainable agricultural solutions to
improve crop productivity under challenging environmental
conditions.
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