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Abstract

Understanding legume symbiotic efficiency in response to phosphate (P) solubilizing microbes (PSM) is crucial, given
their ability to synergize with rhizobial strains and promote rhizosphere interactions that enhance soil P availability and
legume nodulation. However, the mechanistic understanding deciphering how PSM likely to influence legume symbiotic
efficiency, including rhizosphere microbial dynamics, remains not well known. This study assessed the ability of twenty-
four PSM (bacteria “PSB” and fungi “PSF”) to induce chickpea nodulation and identified key rhizosphere traits through
which PSM may enhance chickpea symbiotic performance under low P availability. Results demonstrated that only five
PSM inoculants enhanced symbiotic traits of Mesorhizobium-inoculated chickpea, including nodule biomass, leghemo-
globin content, intra-tissular P (Pi), and acid phosphatase (APase) activity, as well as plant biomass and nutrient uptake at
both flowering and reproductive growth stages. Notably, PSM consortia significantly outperformed single inoculants by
strengthening the link between above- and below-ground plant traits. This was supported by strong positive correlations
between nodule Pi content and both nodule APase activity (R=0.94**, p<0.01) and leghemoglobin content (R=0.95%%*,
p<0.01). The rhizosphere P-related traits, including P availability, rhizosphere and root APase activity, root Pi content, and
shoot P uptake were significantly higher than in uninoculated treatments. These responses were concomitant with specific
modifications in rhizosphere microbial communities that were significantly correlated with chickpea symbiotic traits and
overall growth parameters. At the flowering stage, bacterial community composition favored beneficial N,-fixing taxa
(Acetobactereaceae, Beijerinckiaceae, Rhizobiales), with Mesorhizobium showing strong correlations with plant growth
traits. At the reproductive stage, the fungal community was enriched in disease-suppressive genera (Trichoderma and Tal-
aromyces). Our findings reveal a stage-specific microbial cooperation that enhances symbiotic performance, plant growth,
and nutrient uptake in chickpea under low P availability.
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Introduction

Chickpea (Cicer arietinum) accounts for approximately
18% of global legume production, ranking as the second
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consumption (Calia et al. 2024). Its agronomic importance
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correspond to 50%—78% of N derived from the atmospheric
(Ndfa), although this contribution strongly depends on plant
and pedo-climatic factors, including phosphorus (P) avail-
ability, soil physicochemical properties, and the efficiency
of the nodulating rhizobial strains. These dependencies
highlight the importance of optimizing this symbiosis to
enhance N use efficiency while sustainably increasing soil
N inputs (Jensen et al. 2010; Hossain et al. 2016; Kour et al.
2020; Kebede 2021; Shome et al. 2022). Low soil P avail-
ability negatively affects a wide range of structural, molecu-
lar, and physiological processes involved in root-rhizobia
recognition, nodule formation, and nodule functioning.
Consequently, P deficiency impairs symbiotic efficiency
and plant growth, particularly under BNF-dependent condi-
tions (Chaudhary et al. 2008; Itelima et al. 2018; Li et al.
2019). Therefore, improving P availability and acquisition
is of paramount importance for enhancing BNF efficiency.
To address these challenges, several strategies have
been adopted, including appropriate P fertilization and the
selection of highly efficient Mesorhizobium cultivars with
superior nodulation capacity (Abd-Alla et al. 2023). More
recently, inoculation with functional microbial groups
such as P solubilizing bacteria (PSB) and fungi (PSF) has
emerged as a sustainable biological strategy to increase the
bioavailable P pool. When combined with Mesorhizobium,
these microorganisms can enhance nodulation and symbi-
otic N, fixation under P-limited conditions. Several studies
have demonstrated that PSB and PSF, applied alone or co-
inoculated with N-fixing microbes, improve P availability
and plant P uptake, which in turn positively impacts BNF.
The beneficial effects of combined rhizobia-PSM inocula-
tion have been attributed to synergistic improvements in N
and P cycling, stimulation of root development, and nodula-
tion, ultimately leading to improved plant growth perfor-
mance (Kaur et al. 2015; Benjelloun et al. 2021; Janati et al.
2021; Mansour et al. 2021). Despite the growing evidence
supporting the benefits of dual Mesorhizobium-PSM inocu-
lation, the underlying mechanisms driving enhanced BNF
under P-limited conditions remain insufficiently explored.
In particular, the role of PSF in shaping belowground inter-
actions and influencing Mesorhizobium-mediated symbio-
sis has received limited attention. Moreover, the effects of
microbial inoculation across different plant growth stages
remain poorly understood, especially regarding the extent to
which Mesorhizobium-PSF interactions shape the legume-
associated microbiome to enhance nodulation and BNF
efficiency. Microbial inoculants are known to significantly
modulate rhizosphere microbial communities, particu-
larly P-solubilizing and N, fixing taxa, thereby enhancing
soil nutrient cycling (Tagore et al. 2013; Wei et al. 2019;
Wang et al. 2020; Chen et al. 2021; Lagunas et al. 2023). In
addition, rhizobial inoculation can alter nodule-associated
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microbiota by increasing the relative abundance of efficient
N,-fixing rhizobial species, which is the case of inoculated
soybean with Bradyrhizobium japonicum and Bradyrhi-
zobium diazoefficiens showed high relative abundance of
Bradyrhizobium strains within the nodules, rather than in
the rhizosphere soil.

However, most of the available studies have been con-
ducted under sterilized soil conditions, which may over-
look the contribution of native soil microbiota and alter soil
physico-chemical properties. Consequently, such approach
may fail to capture the true effects of microbial inoculants
on the composition and functioning of soil- and nodule-asso-
ciated microbial communities. Uncovering the belowground
functional traits associated with Mesorhizobium-PSM inocu-
lation in chickpea is therefore essential for refining microbial
inoculation strategies, particularly the co-inoculation of thizo-
bia and PSM, in P-deficient soils, where microbial approach
can enhance chickpea productivity and support sustainable
legume-based cropping systems (Han et al. 2020; Lagunas et
al. 2023; Cangioli et al. 2025; Liu et al. 2025). Collectively,
available literature highlights the need for a comprehensive
understanding of the plant- and microbe-driven mechanisms
underlying chickpea responses to Mesorhizobium-PSM co-
inoculation under nutrient-limited conditions, particularly
low soil P availability. Therefore, the present study investi-
gates impacts of PSM on chickpea symbiotic performance by
first evaluating the functional diversity of PSM in promoting
nodulation. Subsequently, the study examines plant traits, rhi-
zosphere properties, and soil microbial community dynam-
ics to decipher the key mechanisms contributing to enhance
nodulation and overall plant growth. We hypothesize that the
application of PSM in combination with chickpea-nodulating
Mesorhizobium will directly enhance P use for both plant
growth and BNF, while indirectly reshaping soil bacterial
and fungal community composition in a plant growth stage-
dependent manner, ultimately improving chickpea symbiotic
efficiency under low P availability.

Materials and methods

In vitro biochemical and physiological
characterization of P solubilizing bacteria and fungi

P solubilizing microbial inoculants using single-strains and
consortia

Twenty-four microbial inoculants consisting of 18 PSB
(15 individual strains and 3 bacterial consortia “BC”) and
6 PSF (4 individual strains and 2 fungal consortia “FC”)
were tested for their plant growth promoting traits (Table
1 and Table S1). These microbial inoculants isolated from
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Table 1 Biochemical characterization of phosphate solubilizing bacteria (PSB), fungi (PSF) and consortia

Bacteria and fungi Molecular Solubilized P Dominant organic acid EPS Drought tolerance Salinity Acidity Temperature
identification (mg P20s L) Produced (g/L) (PEG 6000) [NaCl] pH (°C)
TCP RP TCP RP 10% 20% % 8 % 10 4 5 40 50
o o
Bis Pseudomonas 193.83% 11120 Citric acid Citric acid 0.38" 1.07° 0.65¢ . .. .
atacamensis
e itri R ab
Bus Arthrobacter 149 gy gg 42 Citric acid Citric and 0.34 roa %77
pascens gluconic acid
. . | . "
B ) Baml.lus 186270 04,134 Mgllc a..nd a Ke.toglutanc 0,190 0.96¢ 0.33% . .
siamensis gluconic acid acid
Bis Acinetobacter 185.68° 99.38 Citric acid Citric acid 0.37t 0.61 0.36¢ .. . .
lactucae
Bis Bacillus 15875 92.04% oKetoglutaric a-Ketoglutaric. — co. 106" 0.7
paramycoides and glutamic acid citric and gluconic acid
Bu Rahnella aceris 14739 89.20 Malic and o Ciltric and 1320 0.58¢ 0.53¢
Ketoglutaric acid gluconic acid
Bs Bacillus cereus 79.674 78.530 Ciric and Citric and 0.61¢¢ 0.97< 0.65¢
gluconic acid gluconic acid
L Malic. a-
Single PSB Bi7 Pseudomonas 71.84% 20.65' Mallc: cnnlc and Ketoglutaric and citric 0.20M 0.59¢ 0.27%
sp gluconic acid acid
Glutaric. o-
Bas Pantoea hericii 69.914 46.18¢ Citric acid ~ Ketoglutaric. ctric and 0.66¢ 1.07° 0.55¢ .
Gluconic acid
Bas Arthrobacter 63.75% 39.70" Glutamic and Citric acid 0.18' 0.36' 0.26¢
oryzae gluconic acid
Glutaric. a-
Beo Micrococcus 50.65¢ 18,80 glytam}c and Ketloglutarlc, shlkumc. 0.29% 036 0.29%
luteus citric acid citric and Gluconic
acid
L ” Citric and Glutaric. o-
Bao euconosioc 38.18" 14.98 e and g etoglutaric. citricand ~ 0.52¢ 047" 0.34%
mesenteroides gluconic acid R
Gluconic acid
. Glutaric. o-
Bss Pantoea 36.99 34.150 Glutamicand y o\ o lutaric and citric 0.16 0311 0.25¢
brenneri citric acid Lo
and gluconic acid
Bacillus Glutaric. a-
Bs3 T 30.42° 6.57" Citric acid ~ Ketoglutaric and citric 0.081 0.76° 0.54¢
altitudinis X
acid
B Bacillus 23.56° 46.06¢ Citric acid Citric acid 0278 0.70" 0.44¢ .. .
paranthracis
BC. BuBie B o315 1154 Citric acid Citric. gluconic ¢ 45 1190 0.86°
and Bi3 and glutamic acid
Comsortia BC. Bus, Beo, Bss 182.59" 99.51b° Citric acid Citric acid 0.59% 1.03b 0720
PSB and Bi3
Bis, Bss, Ba7 b b S S " be b
BC» 181.28! 98.85% glutamic acid Citric acid 0.59d 1.03 0.72%
and Bas
Fn Talaromyces. sp 170.64° 94.62¢ Gluconic and Gluconic and 1.52% 0.81¢ 0.554
citric acid citric acid
Fi2 Rh‘zzopu.v 167.49b 107.96 Mallc. and citric Cltrlci mal.lc and 0 1.00° 0.81¢
arrhizus acid gluconic acid
. Talaromyces " " Citric and Citric and . <
Single PSK F2 oumae 7443 63.63 gluconic acid gluconic acid 0 0.76 0.32
Py Talaromyces 1535 913 Cilric. malic Citric and 0.53¢ 0.55¢ 035¢
verruculosus and gluconic acid gluconic acid
Consortia FCi7 Fo and Fii 192.78° 11047 Citric and Citric. malic and 2,05 1170 0.87
PSF gluconic acid gluconic acid
FCu Fu and Fi2 188.18° 103.94% Citric and Ciuric. malicand 5. 1142 0.93*
gluconic acid gluconic acid
Different letters indicate mean values (n=3) that are statistically different at p < 0.05 according to Duncan’s test.
Abbreviations: B, Bacteria; BC, bacterial consortia; F, fungi; FC, Fungal consortia; TCP, tricalcium phosphate; RP, [ |
. Stress tolerance
rock phosphate; EPS, exopolysaccharide and PEG, polyethylene glycol. 0 2 3

the rhizosphere and rhizoplane of several crops grown in
Moroccan soils (wheat, maize, faba beans, and alfalfa
(Table S1) were obtained from the microbial collection of
Plant-Microbes Interaction Laboratory (AgroBioscience
department, UM6P) and were previously tested by our
research group for their P solubilizing ability using rock P
(Elhaissoufi et al. 2020, 2024; Benbrik et al. 2025) and poly-
phosphate fertilizers (Khourchi et al. 2022a) as well as plant
growth promotion.

The microbial inoculants were tested for their ability to
solubilize P using rock P (Table S1) as a natural insolu-
ble P and tricalcium P (TCP) as a synthetic insoluble P.

The National Botanical Research Institute’s Phosphate
(NBRIP) broth media (glucose: 10 g; MgCl, 6 H,O: 5 g;
MgSO, 7 H,0: 0.25 g; KCI: 0.2 g and (NH4),SO4: 0.1 g)
was used to grow PSM. After 7 days of incubation under
continuous agitation, microbial cultures were centrifuged
at 10,000 x g for 15 min and the resulted supernatant was
used to determine the available P following the ascorbic
acid colorimetric method as described by Benmrid et al.
(2025). Organic acids and pH were also determined in
NBRIP medium to assess the role of acidification in enhanc-
ing TCP and RP solubilization. The supernatants were fil-
tered using 0.22 pum and the cell-free filtrates were stored at
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20 °C before the organic acids content was determined by
LC-MS? (Shimadzu, Japan). These microbial isolates were
also characterized for their ability to produce exopolysac-
charides (EPS) following the phenol-sulfuric acid method
described by Karadeniz et al. (2021).

Out of 24 inoculants, 3 bacterial and 2 fungal consor-
tia were tested as described above. Consortia were con-
structed using a rational and trait-based approach. Before
PSB consortia are constructed according to Elhaissoufi
et al. (2024): individual PSB were first classified accord-
ing to their P solubilization capacity (classified as high,
moderate, or low) regardless of their ability to form halo
of solubilization, tested for multiple PGP traits including
their ability to induce plant growth at different growth
stages. Multiple bacterial consortia were constructed,
tested in-vitro and in-planta with each bacterial consor-
tium containing, synergistic and PGP isolates exhibiting
functional complementarity, with each isolate exhibiting
at least one distinct PGP trait than others (Elhaissoufi et
al. 2023). The two PSF consortia used in this study were
chosen among 28 wheat rhizoplane fungal consortia con-
structed and tested in-planta using a niche-conserved
consortium approach. These two PSF consortia (Table
S1) emerged as top candidates among several constructed
PSF consortia and were ultimately selected based on
their P solubilizing ability and consistent performance
based on in-planta experiments (Benbrik et al. 2025).

Growth conditions and in-vitro biochemical and
physiological characterization of microbial inoculants: P
solubilization and stress tolerance

Before testing the PSB and PSF for their PGP traits and
stress tolerance, individual PSF isolates were cultured in
potato dextrose broth (PDB) and incubated at 30 °C for
5 days. Similarly, individual PSB isolates were grown
in Luria-Bertani (LB) liquid medium at 28 °C for 48 h.
Each consortium was prepared by mixing equal volumes
of the individual isolates (103 CFU ml™! = OD =1.2) pre-
viously centrifuged at 12,000 % g for 10 min and rinsed
three times with sterile physiological water to remove
all traces of the culture medium. Finally, pellets were
suspended in 20 ml of sterile physiological water and
the OD was adjusted to approximately 1.2 (Elhaissoufi
et al. 2024; Benbrik et al. 2025).

The ability of PSM inoculants to tolerate drought and
salinity stress was evaluated in TSB and PDB media supple-
mented with PEG-6000 (10% and 20%, simulating moder-
ate and severe drought conditions) and with NaCl (8% and
10% NaCl, moderate and severe salt stress), respectively.
The growth media were inoculated with PSM inoculants
(108 CFU ml ! = OD=1.2) and incubated at 28 °C under
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continuous agitation at 150 rpm. Microbial growth was
quantified by measuring the OD at 600 nm after 48 h using
a FLUOstar® Omega spectrophotometer.

Heat stress tolerance of PSB and PSF isolates and con-
sortia was assessed by inoculating PSB onto TSA (Tryptic
Soy Agar) and PSF onto PDA (Potato Dextrose Agar) plates,
which were incubated at 40 °C and 50 °C for 48 h. Acidity
tolerance was evaluated on solid media (TSA for PSB and
PDA for PSF) adjusted to pH 4 and 5 and incubated at 28 °C.
Microbial growth was compared to the controls at 28 °C for
heat stress and pH 7 for acidity.

Microbial growth under abovementioned stress con-
ditions (salinity, drought, heat and acidity) was evalu-
ated using a semi-quantitative scoring system based on
comparison with unstressed conditions (Hoffmann et al.
2025). Microbial growth responses (compared to corre-
sponding controls) were grouped as follows: no growth
(0, non-tolerance), weak growth (score=1), moderate
growth (score=2) and strong growth (score=3) (Table
1). These scores (0-3) were used to assess the toler-
ance of PSM isolates and consortia to salinity, drought,
increasing temperatures and acidity stresses and were
visualized using heatmaps with a color scale ranging
from 0 (no tolerance) to 3 (strong tolerance).

Physiological evaluation of P solubilizing bacteria
and fungi to enhance chickpea symbiotic efficiency
and nodulation

The microbial inoculants were prepared as described above
and co-cultured with Mesorhizobium ciceri, a chickpea-
nodulating bacterium (Table S1), to co-inoculate the Moroc-
can winter chickpea variety namely Arifi (FLIP98-50 C,
medium-seeded) (Table S1). All tested PSM exhibited
synergistic growth with Mesorhizobium ciceri. The variety
was evaluated under two greenhouse experiments; the first
consists of studying the nodulation rate of 60-day old chick-
pea (flowering stage) in response to twenty-four PSB and
PSF inoculants, which allowed to retain only five potential
microbial treatments (based on nodulation and P-related
plant parameters) that were tested in a second experiment
on 80-day old chickpea plants (reproductive stage) under
rock P supply.

Plant inoculation experiments and growth conditions

Chickpea (Cicer arietinum, Arifi variety) seeds (Table S1)
were surface disinfected with sodium hypochlorite (6%,
3 min), followed by a thorough washing with sterile distilled
water. Subsequently, the disinfected seeds were pregermi-
nated in autoclaved sand for 7 days under dark conditions at
25 °C. Germinated seedlings were immersed separately in
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microbial inoculants before they were transplanted in pots
filled with non-sterile P deficient (4.96 mg/kg of Olsen P, pH
8.2) sandy loamy clay soil, containing 15.29 mg/kg NH,"
and 2% organic matter collected from the experimental farm
of Innovation and Technology Transfer Center for Agricul-
ture (AITTC, 32° 13" 11.5" N 7° 53"29.9") located at UM6P,
Morocco. Detailed physicochemical properties of used soil
were listed in Table S1.

The first inoculation experiment (60-day-old chickpea)
was conducted in small sized pots filled with 750 g of a
sterilized plant growth substrate consisting of a mixture of
P-deficient soil, sand and peat (2 V:0.5 V:0.5 V) to avoid
soil compaction and facilitate root-nodule development.
Each pot was supplied with rock P at a rate equivalent to
172 kg RPha !, ensuring a recommended P dose (21.85 kg
P ha™!) required for optimum chickpea growth and devel-
opment. The inoculated seedlings were transplanted, and
pots were placed in a greenhouse under controlled con-
ditions (28 °C, 70% relative humidity, 16/8 h photope-
riod, and an illumination intensity of 240 mmol m~ s}).
Besides microbial inoculant treatments described in Table
1, three uninoculated controls added with: RP at 21.85 kg
P/ha (recommended level), OrthoP (available P form) at
21.85 kg P/ha (recommended level), and P, with no P
added. For all treatments, N was added at a starter dose
equivalent to 10 kg N ha™!, and K was added at 33.20 kg
K/ha. In addition, micronutrients (including boron, man-
ganese, copper, zinc, molybdenum and iron) were sup-
plied every 15 days using Hoagland solution. Pots (one
seedling per pot) were arranged in a randomized complete
block design with six replicates per treatment, with each
pot considered as a replicate. Sixty days after transplanta-
tion coinciding with chickpea flowering stage, plants were
harvested to evaluate the ability of PSM to enhance chick-
pea symbiotic performance and growth under low P con-
ditions. Based on the results of nodulation and P-related
plant parameters, five potential microbial treatments (B,
Bss, BC,, F;; and FC,;) were selected to be tested in a
second experiment which was conducted in large-sized
plastic pots (diameter 25 cm, height 21 cm) filled with
8 kg of the same plant growth substrate mentioned above.
Two inoculated seedlings were transplanted per pot with
three replicates per treatment. The same controls used at
flowering stage were also used in this experiment. Macro-
and micronutrients were supplied as described above.
Eighty days after sowing, corresponding to the reproduc-
tive stage, the chickpea plants were harvested, and agro-
physiological parameters were measured particularly
yield-related parameters including pods number, pods dry
weight and pods nutrients content.

Physiological evaluation of above- and below-
ground plant parameters

Nodulation and root morphological traits

Sixty and eighty days after sowing, above- and below-
ground plant components were separated. Roots were care-
fully collected and separated from the rhizosphere soils that
were 2 mm sieved and stored at —20 °C for enzymatic and
microbial sequencing analyses. Roots were carefully washed
to remove adhered soil particles to facilitate collecting nod-
ules that were gently detached from roots and immediately
frozen at —20 °C. Before root biomass was determined, root
morphological traits; root length (RL), surface area (RSA),
diameter (RD) and volume (RV) were quantified using soft-
ware WinRHIZO™ (Regent Instruments Inc., Quebec City,
Canada). The Epson Perfection LA2400 scanner was used
to scan roots at a resolution of 300 dpi (Ammar et al. 2024;
Nkir et al. 2024).

Nodule physiological traits, notably leghemoglobin
(Leg), nodule Pi content and nodule APase activity were
measured. Leghemoglobin content was determined in fresh
nodules using the cyanmethemoglobin method (Eylenbosch
et al. 2018). Aliquots of fresh ground nodules (100 mg) in
liquid nitrogen were added to 0.6 mL of Drabkin’s solution.
The homogenate was centrifuged at 500 x g for 15 min at
4 °C, the supernatant was collected, and the solid phase was
re-extracted and centrifuged twice following the same steps.
The supernatants from different centrifugations were com-
bined and adjusted to a final volume of 2 mL using Drab-
kin’s solution. The total volume was centrifuged again at
20,000 x g for 30 min at 4 °C. The Leg content was mea-
sured spectrophotometrically at 540 nm using Drabkin’s
solution as a blank.

For nodule Pi measurement, aliquots of 100 mg fresh
weight were finely ground in 500 pL of cold sodium ace-
tate buffer (0.2 M, pH 5.6) at 4 °C. the extract was cen-
trifuged (12000 x g for 10 min at 4 °C) and supernatant
was used to determine Pi spectrophotometrically at 880 nm
using a microplate reader (FLUOstar® Omega) (Bargaz et
al. 2012). The nodules APase activity was measured using
the p-nitrophenyl P (p-NPP) method according to Bargaz et
al. (2017). Aliquots of the supernatants (125uL) were added
to cold acetate buffer (pH 5.6, 0.2 M) and p-NPP (10 mM)
as a substrate. After 1 h of incubation at 37 °C, the enzy-
matic reaction was stopped by adding NaOH (0.5 M) and
CaCl, (0.5 M). The APase activity, expressed as the amount
of APase required to release 1 nmol of pNP g! h™!, was
determined by measuring the absorbance at 405 nm using a
UV-Vis spectrophotometer.
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Measurement of plant biomass and nutrients (N, P, K, S, Mg
and Zn) content in shoots and pods

Before plants biomass were determined, shoot samples were
collected for biochemical analysis. Shoot dry weight (SDW)
and pods dry weight (PDW) were determined following
oven-dried of shoots and pods.

Shoots and pods were oven-dried for (3 days at 60 °C)
and finely ground to serve for the quantification of the total
nutrient (N, P, K, S, Mg, and Zn) content using the ICP-OES
(Agilent 5110 Inductively Coupled Plasma Optical Emission
Spectrometry, USA). Total N content was determined using
the Kjeldahl method (KjelMaster K-375, Netherlands). In
addition, inorganic P (Pi) contents in shoots and roots along
with root APase activity were determined as described above
for nodule Pi content and nodule APase activity.

Determination of available P, microbial biomass P and acid
phosphatases activities in rhizosphere soil

Available P content in rhizosphere soil was measured using
molybdenum blue method (Fernandez et al. 2007). A volume
of 20 mL of 0,5 M sodium bicarbonate was added to 1 g of
dried rhizosphere soil. After 30 min of shaking at 150 rpm,
the mixture was filtered and 1 mL of filtrate was used to
measure the available P fraction spectrophotometrically at
880 nm (Fernandez et al. 2007). In addition, measurement
of rhizosphere soil APase activity was determined using the
p-NPP as described above for nodule APase activity.

The soil microbial biomass P (MBP) was determined
using the chloroform fumigation-extraction method as
described by Corstanj et al. (2007). Fresh rhizosphere soil
was divided into two subsamples (2 g each) from the same
sample. The first sub-sample was fumigated with chloro-
form (CHCl,) under vacuum at 200 mbar for 18 h, while the
second sub-sample was treated in the same way (200 mbar
for 18 h) but without chloroform. Both fumigated and non-
fumigated samples were placed in centrifuge tubes where
40 mL of NaHCO; (0.5 M, pH 8.5) was added (soil: extract-
ant ratio 1:20). The suspensions were shaken for 30 min,
followed by centrifugation at 2683 x g for 20 min at 25 °C.
The supernatants were filtered (0.45 um) using a syringe and
collected in clean tubes. MBP was then measured spectro-
photometrically at 880 nm using the ascorbic acid method
as described above (Ibnyasser et al. 2024). MBP concen-
tration was calculated as the difference between NaHCOs-
extractable P in fumigated and unfumigated soils, divided
by the extraction efficiency factor (Kep=0.40), according to
the following equation:

PF - PNF
K

ep

MBP (ppm) =
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where MBP (ppm): soil microbial biomass P, PF (ppm):
NaHCO-extractable P from fumigated soil, PNF (ppm):
NaHCO-extractable from unfumigated soil and Kep=0.40
the extraction efficiency factor, according to previous stud-
ies (Brookes et al. 1982; Fan et al. 2021; Su et al. 2025).

Rhizosphere microbial community analysis: DNA
extraction, amplicon sequencing

Rhizosphere soil (~0.25 g) DNA was extracted using
DNeasy PowerSoil Pro DNA extraction kit (Qiagen, Hilden,
Germany) with the QIAcube Connect automated DNA
extractor, following the manufacturer’s instructions. DNA
concentration and purity were assessed using a Nanodrop
spectrophotometer (VWR® mySPEC). PCR was conducted
to amplify the bacterial 16S rRNA (V3-V4) and fungal
ITS2 rRNA regions with the bacterial (5‘CCTAYGGGRB-
GCASCAG-3" and 5‘-GGACTACNGGGTATCTAAT-3’)
and fungal (5-GCATCGATGAAGAACGCAGC-3’ and
5‘-“TCCTCCGCTTATTGATATGC-3’) primer sets, using a
PTC-100 Programmable Thermal Controller (MJ Research,
Inc., Canada) with the following program : 95 °C for 3 min,
followed by 25 cycles of 30 s at 95 °C for denaturation,
30 s at 55 °C for annealing, and 30 s at 72 °C for elonga-
tion, and a final extension step was performed at 72 °C for
5 min (Benmrid et al. 2024). Amplicons were sequenced
on the Illumina MiSeq platform using 250 bp paired end
reads. Demultiplexed FASTQ sequences were filtered and
analyzed using the DADA?2 pipeline (version 1.16.0, Cal-
lahan et al. (2016). Raw sequences were trimmed, stripped
of primers, and then filtered using maxN=0, maxEE=2,
and truncQ=2 where reads shorter than 250 bp, with more
than one primer mismatch and with an average quality score
lower than 25 were discarded. The sequences were then
clustered into amplicon sequence variants (ASVs) based
on the error rates estimation using the DADA2 algorithm.
For the fungal pipeline, adapters and low-quality ends
were initially trimmed using Cutadapt software. Taxonomy
assignments were then performed using the SILVA (V132)
database for bacterial identification and UNITE database for
fungi (Quast et al. 2013). Chloroplast and Streptophyta con-
tamination, as well as singleton ASVs, were removed and
the relative abundance recalculated. To avoid biases due to
the different sequencing depths, ASVs tables were rarefied
to the lowest number of sequences per sample.

Statistical analysis and data processing

Statistical data analysis was performed using R studio soft-
ware (version 4.1.1). The significance effects of microbial
treatment on morpho-, agro-physiological, and biochemi-
cal parameters were assessed using one-way analysis of
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variance (ANOVA) at significant levels of p<0.05, p<0.01,
and p<0.001. Duncan’s post hoc test was subsequently
applied to determine significant differences between means
at significance levels of p<0.05.

Microbial data analysis involved calculating alpha diver-
sity metrics, specifically the Shannon index, to assess within-
sample diversity. Heatmaps were generated using PRIMER
7 software (Primer-E Ltd., Plymouth, United Kingdom) to
visualize variations in microbial community composition at
the finest taxonomic resolution. These heatmaps displayed
the 80 most abundant bacterial and fungal taxa, with clus-
tering based on an association similarity index. To evaluate
community composition, a resemblance matrix was con-
structed using Bray-Curtis dissimilarity, followed by non-
metric multidimensional scaling (nMDS) performed with
the meta.mds function from the vegan package in R. Vec-
tor fitting was applied using the envfit function in vegan to
examine the influence of plant, nodule, and soil traits on
microbial community composition. Differences in bacte-
rial and fungal community composition were statistically
assessed using PERMANOVA (999 permutations), with P
type and inoculation as fixed factors. Relationships between
variables (plant, nodule, and soil properties) and microbial
diversity and composition were further explored using Man-
tel tests. Pearson correlation coefficients and Mantel test
results were visualized using the ggcor R package. In addi-
tion, co-occurrence network analyses were performed for
both bacterial and fungal communities, considering individ-
ual and combined applications (consortia) of bacterial and
fungal inoculants. Pairwise associations among ASVs were
evaluated using Spearman’s rank correlation in R with the
Hmisc package. To maintain analytical rigor, only correla-
tions with a coefficient greater than 0.6 or less than —0.6 and
a significance level of P<0.05 were retained. The result-
ing networks were visualized in Gephi (version 0.9.2; Bas-
tian et al. 2009), with nodes representing ASVs and edges
representing significant associations. Network modules or
subcommunities were highlighted through node and edge
color schemes. Various topological indices were calculated
and compared to characterize the structure and complexity
of the networks.

Results

Plant growth promoting traits and abiotic stress
tolerance of phosphate solubilizing microorganisms

Bacterial inoculants exhibited contrasting abilities to solu-
bilize RP and TCP, ranging from 23 mg/L (Bs; and Byg) to
193 mg/L (B,; and B,,), with the consortia BC, showed the
highest solubilization rate of RP (115.44 mg/L) and TCP

(203.15 mg/L) (Table 1). Fungal inoculants showed higher
RP and TCP solubilization (63 mg/L —170 mg/L) compared
to single-strain bacterial inoculants, with FC,,; showed the
highest TCP (192.78 mg/L) and RP (110.47 mg/L) solu-
bilization. In addition, only four inoculants; By, By; Fy;
and FC,, showed the ability to produce EPS. Moreover,
the tested microbial inoculants exhibited stress-resilience,
showing tolerance to various abiotic stresses, notably
drought (B3, B35, BC, and FC,,), salinity (B3, B4, and
BC,) and heat stress (B;;, BC, BC, and BC,).

Ability of PSM inoculants to enhance chickpea’s
symbiotic performance and plant growth under low
P conditions

Chickpea nodulation and nodule physiological traits

At the flowering stage, co-inoculation with Mesorhizobium
and PSM enhanced nodulation (biomass and number) under
limited P availability (RP supply). Specifically, co-inocu-
lation with By, Bgj, B3, B4, Byg, Bg, Bss, Bss, BC, and
BC, strongly induced chickpea nodulation, increasing nod-
ule biomass (from 62% to 284%) and nodule number (from
44% to 190%) compared to OrthoP treatment.

Single-strain PSF, notably F,; and F,,, enhanced nodule
biomass (294% and 126%) and number (40% and 20%)
compared to OrthoP treatment (Fig. 1a, b). Fungal consortia
FC,, and FC,; enhanced nodule biomass (73% and 128%)
and numbers (50% and 51%) compared to OrthoP treatment.

Inorganic P (Pi), APase activity and leghemoglobin in
nodules of chickpea increased in response to co-inoculation
with PSM (Fig. 2a, c¢). Regarding nodule Pi content, B;,,
B;s, and Bg isolates enhanced nodule Pi by 237%, 233%
and 215%, respectively, compared to RP treatment (Fig. 2a).
Similarly, BC, induced the highest nodule Pi content (more
than 3 times higher than RP treatment). Fungal isolates,
particularly F; and FC,,, significantly enhanced nodule Pi
content by 237% and 250%, respectively, compared to RP
treatment (Fig. 2a). Inoculation with B;s, Bg and BC_ stim-
ulated nodule APase by 73%, 53% and 53%, respectively,
compared to RP treatment. Similarly, F,; and FC,, enhanced
nodule APase by 73% and 95%, respectively, compared to
RP treatments (Fig. 2b). Additionally, the nodule leghemo-
globin content was significantly improved by 149% and
152% in response to Bg and BC,, respectively, compared to
RP treatment. Likewise, F,; and F,, increased significantly
the leghemoglobin content by 138% and 158%, respectively,
with FC,,; showed nodule leghemoglobin content more than
3 times higher as compared to RP treatment (Fig. 2c).

Both PSF and single PSB exhibited significant posi-
tive correlations between inorganic P, leghemoglobin and
APase activity in nodules. Specifically, nodule Pi content

@ Springer
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Fig. 1 Biomass (a) and number (b) of nodules of 60-days old chickpea
(Arifi variety) in response to co-inoculation of Mesorhizobium ciceri
with P solubilizing bacteria (PSB), fungi (PSF) and consortia under RP
supply. The results are means+ SD of six replicates. Statistical signifi-

significantly correlated with both nodule APase activity
(R=0.94** p<0.01) and leghemoglobin content (R=0.95%*,
p<0.01) in response to inoculation with PSF consortia
(Fig. 3a). Similarly, single-strain PSF exhibited the highest
significant correlations between leghemoglobin content and
nodule APase activity (R=0.99**, p<0.01) (Fig. 3b). These
correlations provide strong evidence linking the intracellular
P use efficiency and chickpea-symbiotic efficiency.
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cance indicated by different lowercase (PSB) and uppercase (PSF) let-
ters at p<0.05 according to Duncan’s test. Abbreviation: BC, bacterial
consortia; FC, fungal consortia; P, unfertilized; RP, rock phosphate
and OrthoP, orthophosphate

Chickpea growth parameters, root traits and nutrient
uptake

At the flowering stage, PSM significantly enhanced SDW
and RDW under limited P availability as compared to unin-
oculated plants. Specifically, Bs;, B35 and BC_ were the
best promoters for chickpea biomass, showing enhanced
SDW (22%, 11% and 33%) and RDW (17%, 4% and 26%)
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Fig. 2 Nodule Pi content (a), nodule APase activity (b) and nodule
leghemoglobin content (¢) of 60-days old chickpea (Arifi variety) in
response to co-inoculation of Mesorhizobium ciceri with P solubilizing
bacteria (PSB), fungi (PSF) and consortia under RP supply. The results

are means+ SD of six replicates. Statistical significance indicated by dif-
ferent lowercase (PSB) and uppercase (PSF) letters at p<0.05 according
to Duncan’s test. Abbreviation: BC, bacterial consortia; FC, fungal con-
sortia; P, unfertilized; RP, rock phosphate and OrthoP, orthophosphate
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Fig. 3 Correlation between nodule Pi
content and nodule APase Activity
and nodule leghemoglobin content
(a), between nodule APase activity
and nodule leghemoglobin content
(b) and between nodule biomass
and rhizosphere available P (¢) in
response to co-inoculation of Meso-
rhizobium ciceri with P solubilizing
bacteria (PSB), fungi (PSF) and
consortia under RP supply
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compared to OrthoP treatment. PSF inoculants, notably
F,;, Fy5, FC,, and FC,; significantly enhanced SDW (22%,
11%, 11% and 11%) and RDW (16%, 8%, 10% and 11%),
respectively, compared to OrthoP treatment (Fig. 4). Co-
inoculation with PSM significantly improved RL, RSA, RV
and RD, that were improved by at least 50% in response to
B3, B33, B35 and BC, compared to RP treatment. Similarly,
F,;, Fy5, FC,4 and FC,; enhanced RL by 67%, 23%, 69%,
and 35%, respectively, compared to RP treatment (Table 2).
Co-inoculation with B3, Bg, Bys and BC, significantly
enhanced root Pi (35%, 29%, 39% and 93%) and soil MBP
(233%, 230%, 257% and 282%), respectively, compared to
P, treatment. The same inoculants also enhanced rhizosphere
available P by 227%, 146%, 224%, and 307%, respectively,
compared to RP treatment. Regarding PSF inoculants, F,
and FC,, enhanced root Pi (89% and 100%) and soil MBP
(260% and 267%), respectively, compared to P, treatment,
while rhizosphere available P increased by 287% and 289%,
respectively, compared to RP treatment (Table 3). However,
rhizosphere soil available P was positively and significantly
correlated with nodule biomass, particularly in response to
single PSB inoculants (R=0.95**, p<0.01) (Fig. 3c).
Regarding shoot nutrients (N, P, K and S) content, co-
inoculation with Bg and BC, enhanced shoot N (230% and
200%), P (247% and 206%), K (189% and 71%), and S con-
tent (250% and 210%), respectively, compared to P treat-
ment. PSF inoculants, notably F,; and FC,; significantly
stimulated shoot N (226% and 208%), P (219% and 211%),

K (180% and 173%) and S contents (262% and 288%),
respectively compared to P, treatment (Table 4).

Based on PSM inoculants performance in terms of nodu-
lation and P-related parameters at the flowering stage, five
microbial inoculants including Bg, B;s, BC,, F,; and FC,;
were sorted out to further evaluate their ability to enhance
plant growth and P-use efficiency at the reproductive stage
under RP supply (Fig. 5).

Physiological performance of PSM inoculants to
enhance growth and yield of chickpea under low P
conditions

Chickpea growth parameters, root traits and nutrient
uptake

At the reproductive stage, shoot, root and pods dry weights
significantly enhanced in response to co-inoculation with
Mesorhizobium and PSM inoculants under rock P supply. Spe-
cifically, BC,, F;; and FC,, enhanced pods number (987%,
1056% and 1017%), PDW (987%, 1056% and 1017%), SDW
(67%, 88% and 80%) and RDW (76%, 80% and 104%),
respectively, compared to P, treatment (Fig. 6a, b). Moreover,
these treatments significantly increased RL by 121%, 94% and
100%, respectively, compared to RP treatment.

In addition, co-inoculation with BC_ F;; and FC,; sig-
nificantly stimulated root Pi and APase activity by at least
40% compared to RP treatment. These inoculants also
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Fig. 4 Shoot and root dry weights of 60-days old chickpea (Arifi vari-
ety) in response to co-inoculation of Mesorhizobium ciceri with P solu-
bilizing bacteria (PSB), fungi (PSF) and consortia under RP supply.
The results are means+SD of six replicates. Statistical significance

indicated by different lowercase (PSB) and uppercase (PSF) letters at
p=<0.05 according to Duncan’s test. Abbreviation: BC, bacterial con-
sortia; FC, fungal consortia; P, unfertilized; RP, rock phosphate and
OrthoP, orthophosphate
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Table 2 Morphological root traits of chickpea plant in response to co-inoculation with Mesorhizobium ciceri and P solubilizing bacteria (PSB),

fungi (PSF) and consortia under RP supply

P-solubilizing RL (cm) RSA (cm?) RD (mm) RV (ecm®) SRL(m RLD (cm  SRA (cm®
microbial g cm?) g
inoculants
Single PSB By, 109.23¢ 20.33% 0.60°°f 2.63% 4.44% 1.81° 829,68
B, 105.67° 20.82? 0.64*4 3.35 3.72¢%d¢ 1.63%° 730.89bd
B;s 105.83? 20.93° 0.63"° 3.33° 4.25% 1.70% 838.85%
By, 92.79° 19.05%¢ 0.71% 3.95 2.6607% 1.31°% 547.48°h
B,s 85.04% 15.15° 0.53%h 2.08° 4.10%d 1.58bd 729.07°4
By, 85.50 17.06°4 0.574°h 2.68%4 4.87% 1.5 971.04%
By, 75117k 14.33" 0.56°" 2.12¢ 3.60% 1.34°f 685.94%°¢
By 72.644 18.15 % 0.63>¢ 2.80% 3.34°f 1.1587 858.90%
Bs; 71.83% 15.75%f 0.60°* 253 3.83¢d 1.18f%" 847.19%
By 63.72¢¢ 8.32¢ 0.54%h 1.13f 2738k 1.178h 361.64Y
B;, 57.2f 9.84¢ 0.5947¢ 2.08° 2214 0.96" 381.211
By 55.3f 9.47¢ 0.584h 1.37F 3.8]¢de 0.95 646.66°"
By 55.3f 8.66° 0.55"h 1.13f 2.861¢ 1.2 446,568
By, 25.32 462" 0.584™D 0.672 1.90! 0.44% 343.50"
B, 9.928 21 0.67%¢ 0.34¢ 1.12m 0.15" 229.58
BC, 92.17% 17.895 0.64+¢ 2.82¢ 2,98t 1.420d 580.5547¢
Consortia PSB BC, 84.19% 18.06 0.70% 2.79% 2.3 1.21%f 495.99"1
BC, 70.841¢ 10.63¢ 0.51" 1.27° 2.641k 1.40" 398.77M
F,; 112.094 18.154B 0.548 2.484 4334 2.084 698.45ABC
Single PSF Fyy 102.958 14.44¢ 0.60* 284 3.78AB 1.728 516.17°
F, 17.79F 3.08P 0.594 0.688 1.93¢ 0.30° 333.608
F, 4.208 1.19° 0.604 0.298 0.47° 0.07% 133.27°
Consortia PSF FC,, 103.00® 17.9AB 0.624 2774 3.378 1.658 597.118¢P
FC,, 96.678C 16.278¢ 0.60" 2714 3.26" 1.628 546.70°P
OrthoP 83.72¢E 18.8220¢AB 0.63%A 2.84¢A 3.45°B 1.31°%C 7830854
Uninoculated RP 86.75°DE 19.64%A 0.518hB 2.69%4A 3.27¢hB 1.69%°B 744.8554AB
P, 91.47%CP 19.2730¢A 0.59978A 2.434eA 32598 1.56<48 686.09°¢ABC

Different letters indicate mean values that are statistically different at p<0.05 according to Duncan’s test. (n=6). Abbreviation: RL, root length;
RSA, root surface area; RD, root diameter; RV, root volume; SRL, specific root length; RLD, root length density; SRA, specific root area; BC,
bacterial consortia; FC, fungal consortia; PO, unfertilized; RP, rock phosphate and OrthoP, orthophosphate

enhanced rhizosphere available P (692-749%), soil MBP
(296-340%) and rhizosphere APase activity (125-169%),
respectively, compared to P, treatment (Table 5).

PSM significantly stimulated shoot and pods nutrients
(N, P, K, S, Mg, and Zn) content under RP supply (Table 6).
Particularly, FC,,, F,;, and BC, enhanced shoot N (46%,
124%, and 143%) and K contents (95%, 67%, and 66%),
respectively, compared to P, treatment. While FC,, and
BC, strongly improved pods N content by 974% and 769%,
respectively, compared to P, treatments. BC, also enhanced
pods P content, by 67%, 122%, and 497% compared to
OrthoP, RP, and P treatments, respectively. Moreover, FC,
substantially improved pod Mg (102% and 1422%) and Zn
content (73% and 1275%) compared to RP and P, treat-
ments, respectively (Table 6).

Principal component analysis (PCA) of chickpea above-
and below-ground parameters under five microbial inocu-
lants, explained 86% of the total variation (PC1: 78.5%,
PC2: 8%; Fig. S1). Most yield-related traits, including pods
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biomass, pods number and pods nutrients content were posi-
tively correlated with PC1. Treatments such as F,;, BC_, and
FC,; clustered on the positive side of PC1, indicating their
strong influence on productivity- traits.

Effect of PSM inoculants on the rhizosphere soil microbial
communities of chickpea

Beta-diversity revealed distinct clustering of the microbial
composition in terms of the growth stage. Microbial com-
munities at the reproductive stage formed distinct clusters,
clearly separated from those observed at the flowering
stage, particularly in the fungal treatments, highlighting a
marked shift in community composition across the growth
stage (Fig. S2a, b). The Shannon index exhibited that micro-
bial Alpha-diversity varied with the PSM inoculants and the
growth stage. For instance, at the reproductive stage for
bacterial community, the PSB consortia (BC,) showed more
diversity effect on bacteria compared to the PSF consortia



Biology and Fertility of Soils

Table 3 Shoot and root Pi, root APase activity, rhizosphere available P and APase activity and soil microbial biomass P ofchickpea plant in
response to co-inoculation with Mesorhizobium ciceri and P solubilizing bacteria (PSB), fungi (PSF) and consortia under RP supply

P-solubilizing Shoot Pi (ug  Root Pi (ug Root APase Rhizosphere Rhizosphere Soil
microbial gh g h activity (umol  APase activity available P microbial
inoculants g™ (mmol g 'h™h (ppm) biomass P
(ppm)
Single PSB Bj; 101.23%® 74.2597¢ 3.05¢0de 970 49° 20.00%
B 100.43%¢ 76.27°°¢ 3.47°d 860° 48.61° 21.46%
By 99.6820° 71.08¢h 3.09%f 1000 37.33% 19.79bd
By, 85.25"¢ 78.79¢f 3.75° 990 31.93¢h 17.08¢h
By, 84.46"¢ 60.91 2.248 5504 25.41Mi 16.04¢
By, 83.42°78 70.85¢0 2.96° 930 35.844f 17.92¢¢
By 8241478 50.20% 1.948 4109%f 29.501%" 16.255
Bs; 77.414h 41.13! 1.66M 420%f 31.47¢h 17.71¢h
B, 76.88°" 61.33¢N 1.54M 4009t 33.50°T 16.67°7
B,s 76.465h 65.54fh 1.83" 360° 25.92¢h 16.25"1
By, 75.58%h 89.98% 3.09%f 5804 39.00¢d¢ 20.00%
B, 71,7380 79.34¢d 3.55% 970 45.77% 18.54¢d¢
By 62.21hi 22.18! 2.268 410%f 18.43 14.79'
B, 49.00°% 26.60' 1.80 410%f 19.47k 15.63M
By, 44.47% 57,711 1.87" 390¢f 26.25¢h 16.048h
BC, 109.86° 106.74% 4.68° 1500° 61.08° 22.92°
ConsortiaPSB BC, 92.91%¢ 103.14* 2.92¢f 1420° 50.45° 21.04%
BC, 91.23%f 100.26° 3.04¢f 1090° 51.28° 20.00%
F11 115574 104.634 3.200 10204 58.264 21.60*
Single PSF Fy, 90.898 65.48°€ 2.878 940¢ 50.78B 19.388
F, 59.98¢ 60.32P 1.25¢ 440P 20.52P 17.10°P
F, 53.77¢ 62.73° 1.50¢ 360PE 18.58P 16.04P
Consortia PSF FC,, 117.154 110.294 3474 15304 58.114 22,024
FC,, 113.244 78.528 3214 12908 49.948 19.58"
OrthoP 94,1248 84.56%¢48 1.22€ 4204 41.24°C 18.33¢ MBC
Uninoculated RP 68.608hC 68.65hBC 2.34 310F 14.92KP 11.047
P, 56.059KC 55.301¢ 1.4715¢ 250 3.08"F 6.04F

Different letters indicate mean values (n=6) that are statistically different at p<0.05 according to Duncan’s test. Abbreviation: P, phosphorus;
APase, phosphatase acid; BC, bacterial consortia; FC, fungal consortia; PO, unfertilized; RP, rock phosphate and OrthoP, orthophosphate

(FC,;), while this difference was less evident at flowering
stage. In contrast, for the fungal community, PSF inoculants
(F,; and FC,) led to a slightly increased fungal diversity
compared to PSB inoculants (Bg, B35 and BC) (Fig. S2c, d).

Chickpea rhizosphere microbial composition shifted sig-
nificantly with PSM inoculants across plant growth stages.
Proteobacteria and Chloroflexi were the dominant bacterial
phyla ranging from 30% in P at the reproductive stage to
45% in BC, at flowering stage. BC, enhanced Proteobac-
teria more than PSF inoculants (F,; and FC,,) at flowering
stage while at the reproductive stage PSB consortia had a
stronger influence. Overall, consortium treatments gener-
ally induced greater shifts in both diversity and phylum rela-
tive abundance than single inoculants, with BC, and FC,,
had more effects than B;5 or F; (Fig. S3a). In fungal com-
munities, Ascomycota was clearly dominant across all treat-
ments and growth stages ranging from 60% to over 80%.
The flowering stage showed higher fungal diversity, with
notable presence of Mortierellomycota and Basidiomycota,

particularly in FC,,, whereas diversity declined during the
reproductive stage with Ascomycota becoming even more
dominant. PSF consortia (FC,,) promoted greater diversity
at flowering compared to single inoculants (F;;), but this
effect faded at the reproductive stage. Bacterial consortia
(BCc) had limited effect on fungal diversity. Uninoculated
treatments (P, RP) had the lowest diversity, confirming the
role of PSM inoculants. Interestingly, RP treatment had a
slightly better impact than P, at flowering (Fig. S3b).

At the lowest taxonomic level, the frequencies of bacte-
rial community range from 0 to 1000 and those of the fungal
community range from 0 to 10,000. Both bacterial and fun-
gal communities show distinct composition at the flowering
and reproductive stages. For example, at the reproductive
stage, bacterial taxa such as Mesorhizobial, Beijenncki-
aceae, and Rhizobial were more abundant. For fungi,
Trichoderma and Talaromyces were dominant at the same
stage. On the other hand, at the flowering stage bacterial
taxa like Alphaproteobacteria, Pseulabrys, Acidimicrobiia,
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Table 4 Shoot nutrients (N, P, K and S) content of chickpea plant in
response to co-inoculation with Mesorhizobium ciceri and P solubiliz-
ing bacteria (PSB), fungi (PSF) and consortia under RP supply

P-solu- Shoot nutrients content (mg plant ')
bilizing N P K S
microbial
inoculants
By 2539°  1.25%®  19.78° 5.01°
B;; 2435%  1.14%°  18.85% 3.99°
By, 24.16® 1.14*  18.80° 3.159
By, 2206  1.04°  16.02° 2.54°
B;, 21.87% 1047 1593 1.97%
B 17.05¢  0.84*F 1554° 228
Single PSB B4 16.49°  0.80°T 14.52% 1.97%
B,s 16.00°¢  0.80*° 12.74° 1.94fh
Bs; 15.03%¢  0.659°8  11.91%F 1.94%"
B, 14,98 0.63°¢  10.99¢ 1.70%h
By, 14.65¢  0.61°¢  10.23% .82
By 14.42¢%¢ 0.614¢ 10210 1.82F7
By 12.63%  0.619¢ 9577 169N
By 11077 0.56° 9.33F  1.5hi
By, 8.35% 0438 6948  1.15
BC, 23.02%  1.10%°  18.61° 4.44°
Consortia BC, 22.11% 105" 16.41° 3.76°
PSF
BC, 20.85°  0.95*¢ 15.74> 2.58°
Fy, 25.07%  1.15A  19.20% 5.18B
Single PSF  F, 22,138 1.095¢ 18524 6312
F, 7258 0358 6420  1.07°
F, 6725 0255 4680 0.84°
Consortia FC,, 23.68%B 1.124  18.71% 5558
PSF
FC,, 21465 0968 15918 2.84C
OrthoP 17.15¢  0.90°C 15.73%B 3.12%C
Uninoculated RP 12,579 0.56°¢C 9,55 1.9gfeP
P, 7688 03670 6,850 ] .430PF

Different letters indicate mean values (n=6) that are statistically
different at p<0.05 according to Duncan’s test. Abbreviation: BC,
bacterial consortia; FC, fungal consortia; PO, unfertilized; RP, rock
phosphate; OrthoP, orthophosphate; N, nitrogen; P, phosphorus; K,
potassium and S, sulfur

Microverga and Microtrichales corresponding to bacterial
community and the groups belonging to lodophanus, Didy-
mellaceae, Eurotiomycetes, Ascobolus, and Ascomycota
corresponding to fungal community were higher in the rhi-
zosphere soil of plants (Fig. S3a, d).

The figure presents PCA biplot illustrating multivari-
ate relationships between dominant bacterial and fungal
groups, studied treatments, plant, nodule and soil properties
across both growth stages. For bacterial communities, PC1
and PC2 explained 64.7% and 76.4% of the total variation
at flowering stage and reproductive stage, respectively. For
fungal communities, PC1 and PC2 of the flowering stage
explained 66.7% and 74.3% of the total variation at the
same stages (Fig. 7). The NMDS ordination showed that

@ Springer

plant growth and symbiotic traits were closely associated
with inoculated treatments (bacterial and fungal), either sin-
gle-strain or consortia, while uninoculated treatments were
clearly separated along the main ordination axes. In bacte-
rial NMDS plots, inoculation treatments were tightly asso-
ciated with plant growth traits. Mesorhizobium stands out as
a key driver of variation between treatments, as confirmed
by the SIMPER analysis (Fig. 7a, b). In fungal NMDS, the
F,, treatment showed strong alignment with multiple plant
traits, notably influenced by Trichoderma, which, although
not inoculated, appears in high relative abundance and cor-
relates positively with growth (Fig. 7c, d).

Network analyses illustrated the relationships between
plant and soil parameters with microbial diversity metrics
(species richness, diversity and composition) at flowering
(Fig. 8a) and reproductive (Fig. 8b) stages. For both plant
growth stages, Pearson’s correlation analysis revealed posi-
tive and significative correlations between most of the plant
and soil properties ranging from 0.25<r<1. For instance,
at the flowering stage, strong and positive correlations
were observed between nodular traits (biomass, number,
Pi, APase and leghemoglobin contents) and most above-
ground variables (SDW, shoot Pi, shoot Pt, shoot Nt, shoot
Kt) as well as soil rhizosphere properties (e.g., rhizo P and
SMBP) (#>0.75) (Fig. 8a). In contrast, most root and nod-
ule traits showed low correlations (r<0.5; Fig. 8a). At the
reproductive stage, significant positive correlations were
observed between pods nutrient content (N, P, K, Mg and
Zn) and plant physiological traits (e.g. root and shoot bio-
mass, root Pi and APase, and shoot NPK contents) and soil
properties (e.g. soil available, APase and MBP) (»>0.6).
However, root traits are low correlated with pods nutrients
contents (<0.5) and slightly correlated with plant and soil
properties (0.25<r<0.6; Fig. 8b). On the other hand, the
Mantel test revealed more significant correlations between
microbial communities and plant traits at the flowering
stage than at the reproductive stage.

At the flowering stage, fungal diversity was positively
correlated with nodule traits (number, P inorganic, APase
activity and leghemoglobin), aboveground traits (SDW,
shoot Pi, Nt, Pt and Kt) and rhizosphere properties (avail-
able P and MBP). In contrast, bacterial richness was sig-
nificantly correlated only with SMBP, whereas bacterial
community composition was positively correlated with nod-
ule leghemoglobin and shoot Pi content. Correlations coef-
ficients ranged from 0.2<r<0.4 with significance levels of
0.01<p<0.05.

Co-occurrence network analysis revealed substantial
changes in microbial connectivity, modularity, and com-
munity stability across single and consortia application
of inoculants for both bacterial and fungal ones (Fig. 9).
For bacterial communities, the network under the single
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Fig. 5 Principal component analysis based on above and belowground
parameters of chickpea plant (Arifi variety) in response to co-inocula-
tion of Mesorhizobium ciceri with P solubilizing bacteria (PSB), fungi
(PSF) and consortia under RP supply. Values represent the mean of six
replicates. Abbreviation: Nod. Biomass, Nodule biomass; Nod. Num-
ber, nodule number; Nod Pi, nodule inorganic phosphorus content;
Nod. APase, nodule APase activity; Nod. Leg, nodule leghaemoglobin
content; Root. P,root inorganic phosphorus content; SDW, shoot dry
weight; Sh.Pi, shoot inorganic phosphorus; Sh.Pt, shoot total phospho-

inoculant treatment showed a higher number of nodes (626)
and edges (16,226) compared to the consortia treatment
(408 nodes, 8,401 edges). The average degree, indicating the
number of connections per node, is also higher in the single
inoculant network (51.84) than in the consortia one (41.18).
In contrast, the bacterial consortia network displays greater
modularity (0.816 vs. 0.663) and a higher average clustering
coefficient (0.777 vs. 0.663), suggesting more tightly knit
and structured subcommunities. The average path length is
longer in the consortia network (3.647 vs. 2.644), indicat-
ing a more complex network topology. Regarding fungal
communities, the single inoculant network includes 500
nodes and 12,805 edges, while the consortia network con-
tains fewer nodes (439) and edges (9,071). In addition, the
average degree is higher in the single inoculant treatment
(51.22) compared to the consortia treatment (41.33). How-
ever, the fungal consortia network again exhibits slightly
higher modularity (0.814 vs. 0.787) and a comparable
clustering coefficient (0.76 vs. 0.769), along with a longer
average path length (3.469 vs. 3.037), indicating a compart-
mentalized structure.

PC1(67.6%)

rus; Sh.Nt, shoot total nitrogen; Sh.Kt, shoot total potassium; Sh.St,
shoot total sulfur content; PDW, pods dry weight; Pd.Nt, pods total
nitrogen; Pods.P, pods total phosphorus; Pd.Kt, pods total potassium;
Pd.Mgt, pods total magnesium; Pd.Znt, pods total Zinc; Pd.St,pods
total sulfur content; Rhizo.P, rhizosphere available P; Rhizo.APase,
rhizosphere APase activity; SMB.P, soil microbial biomass phospho-
rus; FC, fungal consortia; BC, bacterial consortia; RP, rock phosphate;
OrthoP, orthophosphate and P, unfertilized

Discussion

The present study demonstrated the functional physiological
potential of PSM inoculants, whether applied individually
or as consortia, to enhance chickpea-Mesorhizobium symbi-
otic efficiency under low P availability conditions. Through
inducing nodulation, enhancing rhizosphere P availability,
P acquisition, and modulating the rhizosphere microbiome,
PSM consortia significantly outperformed single-strain
inoculants in driving chickpea growth and yield performance
across both flowering and reproductive stages. These find-
ings suggest that combining PSM with Mesorhizobium sig-
nificanlty improves symbiotic efficiency leading to enhanced
BNF and chickpea productivity in P-deficient soils.

Symbiotic and growth traits of chickpea were
induced in response to P solubilizing inoculants
under low P availability

PSM inoculants enhanced chickpea-Mesorhizobium symbi-
otic efficiency at the flowering stage and improved overall
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Fig. 6 Shoot (a), root (b) and pods dry weights, (¢) and pods number
(d) of 80-days old chickpea (Arifi variety) in response to co-inocu-
lation of Mesorhizobium ciceri with P solubilizing microbe (PSM)
under RP supply. The results are means+SD of six replicates. Differ-

ent letters indicate mean values that are statistically different at p<0.05
according to Duncan’s test. Abbreviation: BC, bacterial consortia; FC,
fungal consortia; P, unfertilized; RP, rock phosphate and OrthoP,
orthophosphate

Table 5 Morphysiological traits of roots and rhizosphere of 80-days old chickpea plant in response to co-inoculation with Mesorhizobium ciceri

and P solubilizing microorganisms (PSM) under RP supply

P-solubilizing Root morphological traits

Root physiological traits

Rhizosphere traits

microbial RL (cm RSA (cm’> RD (mm Root Pi Root APase Rhizosphere Rhizosphere Soil
inoculants plant 1) plant 1) plant ) (ngg activity (umol APase activity available P microbial

g'hh (umolg 'h™h  (ppm) biomass

P (ppm)

Bis 685.38° 123272 0.62* 17.23¢ 0.88° 0.30¢ 23.469 19.70°
By 468.69% 120.61° 0.60* 16.08° 0.714 0.294 22.8¢ 20.37%
BC, 722.89° 131.35% 0.63 22.12¢ 1.11° 0.43° 28.93° 25.33°
Fy, 636.94° 123.30° 0.59° 21.28° 1.05° 0.36° 31.06° 22.79%
FC,, 627.17° 121.39° 0.62° 2137 1.17° 0.38" 30.13% 22.83%
OrthoP 637.34° 143.97% 0.59* 19.75° 0.64° 0.22f 27.53° 0.59°
RP 544.32% 106.71° 0.58% 14.34 0.744 0.26° 20.93¢ 0.584
P, 327.52° 56.47° 0.50° 11.68° 0.54 0.162 3.66" 0.50°

Different letters indicate mean values (n=06) that are statistically different at p<0.05 according to Duncan’s test. Abbreviation: RL, root length;
RSA, root surface area; RD, root diameter; BC, bacterial consortia; FC, fungal consortia; PO0,: unfertilized; RP, rock phosphate; OrthoP, ortho-

phosphate

plant physiological performance at both flowering and repro-
ductive stages. At the flowering stage, they induced nodulation
and stimulated key P-related physiological traits within nod-
ules, as evidenced by increased nodule Pi, APase activity, and
leghemoglobin contents. This is consistent with the findings
of Alamzeb et al. (2023), who reported that co-inoculation
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with Pseudomonas striata and rhizobium enhances chickpea
nodulation through increasing P availability from RP. In addi-
tion, the present study provides deeper insight into the mech-
anisms likely explaining the improved nodulation. In this
context, PSM inoculation can improve BNF efficiency not
only through optimizing P acquisition but also by enhancing
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Fig.7 SIMPER test performed on Non-metric multidimensional Scal-
ing (NMDS), presenting multiple comparison among the predominant
bacterial (a, ¢) and fugal groups (TAXA) (b, d) in the rhizosphere soil
and growth traits at flowering (a, b) and reproductive (¢, d) stages of
chickpea fertilized with rock phosphate and co-inoculated with Meso-
rhizobium ciceri and P solubilizing bacteria (PSB), fungi (PSF) and
consortia. Each data point represents dominant bacterial and fungal
communities. The red points represent plant growth traits. Abbrevia-
tion: Nod. Biomass, nodule biomass; Nod. Number, nodule number;
Nod Pi, nodule inorganic phosphorus content; Nod. APase, nodule
APase activity; Nod. Leg, nodule leghaemoglobin content; Root. P,

functional traits, which enabled rhizosphere optimization
and plant P acquisition, thereby promoting nodulation
efficiency and BNF.

Symbiotic and growth traits of chickpea were
mostly induced by consortia than single-strain
inoculants

At the flowering stage, PSF consortia (FC,; and FC,,) signif-
icantly enhanced chickpea nodulation and nodule physiolog-
ical parameters (e.g., nodule Pi, leghemoglobin and APase
activity contents) and such improvement can be attributed to
the significant enhancement of intra-nodular P use efficiency
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root inorganic phosphorus content; SDW, shoot dry weight; Sh.Pi,
shoot inorganic phosphorus; Sh.Pt, shoot total phosphorus; Sh.Nt,
shoot total nitrogen; Sh.Kt, shoot total potassium; Sh.St, shoot total
sulfur content; PDW, pods dry weight; Pd.Nt, pods total nitrogen;
Pods.P, pods total phosphorus; Pd.Kt, pods total potassium; Pd.Mgt,
pods total magnesium; Pd.Znt, pods total Zinc; Pd.St, pods total sulfur
content; Rhizo.P, rhizosphere available P; Rhizo.APase, rhizosphere
APase activity; SMB.P, soil microbial biomass phosphorus; FC, fungal
consortia; BC, bacterial consortia; RP, rock phosphate; OrthoP, ortho-
phosphate and P, unfertilized

and the subsequent positive impact on symbiotic N, fixation.
These observations are consistent with previous nodule-P
metabolism focused studies (Araujo et al. 2008; Bargaz et al.
2012) and on the key role of APase activity, nodule P content
and P availability on the P. vulgaris rhizobial symbiosis effi-
ciency under P-limited conditions. Furthermore, the present
study added a new knowledge that PSM consortia (particu-
larly BC, and FC,,) inoculation can advantageously influ-
ence nodule P metabolism while enhancing morphological
and symbiotic traits (Figs. la and b and 2a and c), which is
likely due to synergistic interactions within microbial strains
as compared to single PSM inoculants. This is consistent
with Mansotra et al. (2015), who reported that chickpea
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co-inoculated with Mesorhizobium and mixture of Pirifor-
mospora indica and different Pseudomonas spp improved
nutrient acquisition, nodule biomass and P uptake.

At the reproductive stage, PSM consortia significantly
enhanced chickpea growth and yield compared to single
PSM inoculants, increasing shoot, root, and pod biomass
as well as nutrients content (Fig. 6; Table 6). These results
are consistent with Pawar (2025), who demonstrated that
co-inoculation of PSB consortia with Rhizobium spp. can
enhance biomass, nutrient uptake and yield in chickpea
under field conditions more effectively than single inocula-
tion. These results suggest that microbial consortia provide
multiple plant-growth-promoting functions such as P- solu-
bilization, phytohormone production and enhanced root
physio-morphological traits that interact synergistically to
enhance nutrient uptake and allocation to pods, leading to
superior growth and productivity.

PSM inoculants enhanced rhizosphere P and MBP at
both growth stages under RP supply, which coincided with
improved nodulation. This soil microbial trait brings another
indicator that support the promoting effect of PSM consortia
(bacterial and fungal), on P use efficiency in chickpea nod-
ules and consequently maintains an efficient nodule func-
tioning for BNF under P-limited conditions. The soil MBP
is key parameter allowing to understand the contribution
of microbial immobilized P to understand belowground P
cycling and how it affects chickpea symbiotic performance,
however care should be taking in interpreting MBP varia-
tion across treatment which was calculated based on a con-
stant Kep (0.40) value (Fan et al. 2021; Su et al. 2025) that
provides robust and comparable estimates of MBP across
soils when NaHCO; is used as extractant.

Rhizosphere microbial communities significantly
influenced chickpea symbiotic performance with
distinct microbiome patterns along plant growth
stages

Our findings offer valuable insights into how PSM inocu-
lants influence indigenous rhizosphere microbial commu-
nities and induce chickpea nodulation. This study showed
that co-inoculation with Mesorhizobium and PSM differ-
entially influences microbial diversity and community
composition, positively impacting chickpea growth at both
flowering and reproductive stages.

This study demonstrated that PSM inoculation induced
significant shifts in soil microbial community composi-
tion across growth stages, with dominance of functionally
important bacterial phyla such as Proteobacteria and Chlo-
roflexi (Fig. S3a, b). Members of these phyla were reported
to play an key roles in N cycling, including BNF and nitrifi-
cation, suggesting that our bacterial inoculants may enhance

chickpea nodulation and growth performance by promoting
beneficial microbial taxa associated with N fixation (Rut-
ten and Poole 2019; Rahimlou et al. 2021). For instance,
Solanki et al. (2020) demonstrated that NFB (e.g., Brady-
rhizobium and Pseudacidovorax) and their symbionts can
stimulate Proteobacteria growth in legumes, consistent with
the increased Proteobacteria relative abundance observed
during the reproductive stage under PSB inoculation. The
persistence of Proteobacteria dominance at flowering stage,
under this inoculation align with Sugiyama et al. (2014),
who reported that Proteobacteria are frequently dominant
in the legume rhizosphere during growth. The increased
Chloroflexi relative abundance under PSF inoculation at the
reproductive stage is consistent with Liu et al. (2024), who
reported that members of this phyla are actively involved
in nutrient mobilization, especially under P and N limited
conditions. Chlorofiexi are also known for their role in N
cycling through organic matter decomposition and ammoni-
fication, which could contribute to increased N availability
for the plant (Mukherjee et al. 2022; Zhang et al. 2023).
Actinobacteria constitute a key phylum of beneficial bacte-
ria known for promoting plant growth and stimulating root
nodulation (Kucho et al. 2014; Pdlme et al. 2014; Ghodh-
bane-Gtari et al. 2019). Our results demonstrated that PSB
inoculation increased the relative abundance of Actinobac-
teria, where they comprised over 15% of total microbiota
at reproductive stage. These findings indicates that PSM
inoculation may indirectly enhance chickpea nodulation
by fostering synergies with indigenous NFB in the rhizo-
sphere of chickpea (Boukhatem et al. 2022). Additionally,
co-inoculation with PSM increased the relative abundance
of Ascomycota and Basidiomycota at the flowering stages,
while Basidiomycota relative abundance reduced at repro-
ductive stage. Ascomycota include many plant-beneficial
fungi previously reported as playing an important role in
nutrient cycling and potentially support root nodulation,
especially under nutrient-deficient conditions (Challacombe
etal. 2019; Li et al. 2022; Yao et al. 2023).

Indeed, PSF inoculants favored the relative abundance
of Trichoderma and Talaromyces genera, known as dis-
ease-suppressive. This positively impacted plant agro-mor-
pho-physiological traits at the reproductive stage. This is
consistent with Zhang et al. (2023), who reported that these
genera support legume root development and N, fixation.
Moreover, PSF inoculation also increased Basidiomycota
relative abundance during the flowering stage, potentially
inducing chickpea nodulation through improved nutri-
ent cycling. At this stage, fungal diversity and composi-
tion were clearly associated with nodulation, highlighting
the crucial role of PSF inoculants in inducing nodulation.
These observations align with Hartman and Tringe (2019),
who reported that microbial inoculation at early growth
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{ Fig. 8 Network analysis of Mantel correlations among bacterial and
fungal community richness, bacterial and fungal diversity, bacterial
and fungal composition (Shannon index), and agro-morphophysio-
logical parameters (morphological, biomass, and biochemical param-
eters); and Pearson correlation analysis among agro-morphophys-
iological parameters at flowering (a) and reproductive (b) stages of
chickpea fertilized with rock phosphate and co-inoculated with Meso-
rhizobium ciceri and P solubilizing bacteria (PSB), fungi (PSF) and
consortia (Arifi variety). The width of edges represents the size of the
correlation coefficient (Mantel’s r), while edge color represents the
statistical significance based on Mantel’s p. Abbreviation: Nod. Bio-
mass, nodule biomass; Nod. Number, nodule number; Nod Pi, nodule
inorganic phosphorus content; Nod. APase, nodule APase activity;
Nod. Leg, nodule leghaemoglobin content; Root. P, root inorganic
phosphorus content; SDW, shoot dry weight; Sh.Pi, shoot inorganic
phosphorus; Sh.Pt, shoot total phosphorus; Sh.Nt, shoot total nitro-
gen; Sh.Kt, shoot total potassium; Sh.St, shoot total sulfur content;
PDW, pods dry weight; Pd.Nt, pods total nitrogen; Pods.P, pods total
phosphorus; Pd.Kt, pods total potassium; Pd.Mgt, pods total magne-
sium; Pd.Znt, pods total Zinc; Pd.St, pods total sulfur content; Rhizo.P,
rhizosphere available P; Rhizo.APase, rhizosphere APase activity;
SMB.P, soil microbial biomass phosphorus; FC, fungal consortia; BC,
bacterial consortia; RP, rock phosphate; OrthoP, orthophosphate and
P, unfertilized

stages enhances symbiotic interactions, nutrient uptake and
overall plant performance. Moreover, the observed rela-
tionships between bacterial community composition and
nodule leghemoglobin content at flowering suggest that
microbial diversity can directly influence N, fixation effi-
ciency. These findings are consistent with Lagunas et al.
(2023), who demonstrated that rhizobial diversity directly
influences N, fixation efficiency in Medicago truncatula,
by promoting the formation of more effective nodules with
higher leghemoglobin and improving oxygen regulation
within nodules and supporting optimal nitrogenase activ-
ity. Our findings on the significant correlation between
fungal diversity and nodule traits are consistent with previ-
ous studies highlighting the role of fungal communities in
nutrient mobilization and symbiotic performance (Arrieta
etal. 2015; Li et al. 2016; Zhang et al. 2024Db).

At the reproductive stage (where nodule senescence likely
begins) the relative abundance of this phylum declined.
This trend aligns with recent study reported that inoculation
with Rhodotorula mucilaginosa JGTA-S1 (a Basidiomycota
member) improved N uptake through upregulating the genes
involved in N metabolism, N transporters, and nodule incep-
tion-like transcription factors (Paul et al. 2020). At the same
stage, bacterial diversity, fungal species richness, and specific
fungal compositions were significantly correlated with pods
Zn content, RL, and rhizosphere available P, respectively.
This is in agreement with reports demonstrating that micro-
bial community shifts across different growth stages and affect
micronutrients uptake (Richardson and Simpson 2011; Wang
et al. 2017). Notably, co-inoculation with PSM and rhizobia
enhances P availability improving root traits and overall plant
growth (Wani et al. 2007; Alori et al. 2017). In line with this,

our results show that co-inoculation with Mesorhizobium and
PSM under RP supply significantly increased P use efficiency,
leading to enhanced physiological performance.

Bacterial diversity was enhanced by PSB inoculation at
the reproductive stage, whereas fungal diversity was higher
at the flowering stage in plants inoculated with PSF, high-
lighting stage-specific effects of microbial inoculants on soil
microbial diversity (Fig S2c, d). These results are consis-
tent with previous research indicating that certain microbial
treatments can boost microbial diversity, particularly under
P-limited conditions (Rousk et al. 2010; Ambrosini et al.
2016; Zhang et al. 2021). Interestingly, the plant growth stage
strongly influences shifts in microbial community composi-
tion (Fig. S2a, b). Notably, fungal community exhibited dis-
tinct microbial clustering at the reproductive stage under PSM
inoculation, highlighting a stage-dependent orchestration
of rhizosphere microbial communities under PSM inocula-
tion. This reclustering can be attributed to nodule senescence
which usually began during the reproductive stage, poten-
tially altering microbial interactions and nutrients cycling.
These results are supported by recent study of Lahijanian et
al. (2025), who demonstrated that microbial inoculants and
co-inoculation strategies significantly reshape soil bacterial
and arbuscular mycorrhizal fungal diversity. The findings of
the latter study highlight that microbial community responses
to inoculation are strongly influenced by environmental con-
text (cropping season and geographical site). PSM inocula-
tion not only reshapes the rhizosphere microbial community
but also appears to orchestrate functional shifts that align with
the plant’s developmental stage, effectively supporting sym-
biotic functions and nutrient acquisition according to chang-
ing physiological needs. These results are in line with those
of Nuccio et al. (2020) and Xu et al. (2018), who found that
the rhizosphere microbial communities are mostly shaped
by plant growth stages. Furthermore, Hannula et al. (2017)
found that fungal species are highly responsive to plant phe-
nology and root exudate dynamics, and that these changes
in rhizosphere diversity are often transitory, which is consis-
tent with the temporary shifts observed in the fungal com-
munity across different chickpea growth stage. This in line
with Lan et al. (2024) highlighting that plants dynamically
adjust belowground strategies by modulating root traits, rhi-
zosphere microbial communities, and enzymatic activities to
mobilize organic and inorganic P. This study demonstrated
a temporal shift from inorganic P mobilization driven by
root morphological traits and organic acid exudation at early
stages to a stronger reliance on microbial-mediated organic P
mineralization and mycorrhizal associations at later growing
season. These findings highlight the combined effect of plant
growth stage and microbial inoculants in shaping rhizosphere
microbial communities, with plant phenology appears to be
the dominant factor driving microbial differentiation.
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Fig.9 Comparison of microbial
co-occurrence networks in chick-
pea (Arifi variety) fertilized with
rock phosphate and co-inoculated
with Mesorhizobium ciceri,
phosphate-solubilizing bacteria
(PSB), fungi (PSF) and consortia

Single inoculant

Nodes = 626

Edges = 16226

Average degree = 51.84

Modularity = 0.663

Average clustering coefficient = 0.663
Average path length = 2.644

Consortia

Nodes = 408

Edges = 8401

Average degree = 41.18

Modularity = 0.816

Average clustering coefficient = 0.777
Average path length = 3.647

Nodes = 500
Edges = 12805
Average degree = 51.22
Modularity = 0.787
Average clustering coefficient = 0.769
Average path length = 3.037

Co-occurrence network analysis revealed clear structural
differences in microbial community organization between
single and consortia inoculation treatments. Networks
derived from single inoculant applications exhibited greater
node and edge densities, along with increased average
degrees, indicating more extensive and uniform microbial
interaction among ASVs. This indicates that single inocu-
lants could stimulate more extensive, less compartmentalized
microbial interaction. Similar network expansion was noted
by Liu et al. (2021) in soybean rhizospheres inoculated with
individual strains of Bradyrhizobium, leading to more uni-
formly connected bacterial communities. These patterns are
consistent with their findings. Furthermore, core rhizosphere
taxa like Bradyrhizobium and other functionally significant
genera tend to maintain robust network centrality in single
inoculations, facilitating stable microbe-plant interactions
in field settings, according to recent research conducted in
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Nodes = 439

Edges = 9071

Average degree = 41.33

Modularity = 0.814

Average clustering coefficient = 0.76
Average path length = 3.469

established soybean fields by Sarao et al. (2024). In contrast,
consortia treatments, especially in bacterial communities,
produced networks with higher modularity and clustering
coefficients but fewer nodes and connections. These features
reflect a shift toward more compartmentalized and struc-
tured networks potentially indicating the formation of tightly
interacting subcommunities. A more intricate and maybe
specialized microbial architecture is further suggested by
the increased average path lengths observed in consortia net-
works. Zhang et al. (2024a, 2024b) showed how arbuscular
mycorrhizal (AM) fungus preferentially recruit various bac-
terial communities, such as Devosia sp. ZB163, into tightly
connected modules around the hyphal zone, demonstrating
how these network topologies are consistent with the con-
cept of modular microbiota. These modules enhanced nitro-
gen uptake, regulated bacterial-fungus interactions, and
increased plant resilience.
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Conclusion

The present study demonstrates that co-inoculation of
chickpea with Mesorhizobium and PSM significantly
improves symbiotic efficiency and overall plant growth,
which were significantly influenced by the rhizosphere-
associated microbiota. The positive effects of PSM inocu-
lants are closely related to the dynamics of soil microbiome
across plant growth stages, leading to improved nodulation,
nutrient uptake and productivity. At the flowering stage,
bacterial diversity, especially different taxonomic levels of
N,-fixing bacteria (e.g., Mesorhizobium, Beijerinckiaceae,
Rhizobiales, and Microvirga exhibited a strong correlation
with nodulation, shoot nutrient content, and rhizosphere
properties. At the reproductive stage, the fungal taxa with
disease-suppressive functions (7richoderma, Talaromyces,
and Dimorphiseta) played a more prominent role, alongside
a continued contribution of key bacterial taxa. Evaluating
more chickpea genotypes under different agro-ecological
conditions is needed to optimize microbial inoculation for
sustainable legume production. Furthermore, the determi-
nation of N-fixed derived from the BNF is a paramount
parameter needed to better understand the functional con-
tribution of PSM inoculants under both controlled and field
conditions. In parallel, particular focus should be paid to the
metabolomic aspect and relationships with the nodule- soil-
associated microbiome likely exhibiting a strong influence
on chickpea symbiotic efficiency.
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supplementary material available at https://doi.org/10.1007/s00374-0
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