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low fertility and poor nutrient availability, particularly of nitrogen and phosphorus, which
are essential for plant growth. Although biological inoculants, such as Bradyrhizobium
Jjaponicum Kirchnerand Glomus mosseae T.H. Nicolson & Gerd, are known to improve
nitrogen fixation and phosphorus uptake, there is insufficient understanding of their
combined effects under gypsum soil conditions, especially in relation to phosphate
fertilization.

Objectives: To assess the impact of Rhizobium, mycorrhizal fungi and phosphorus
fertilization on soybean growth in sterilized gypsum soil.

Materials and Methods: A field experiment was conducted using a 4 x 2 x 2 factorial
arrangement in a randomized complete block design with three replications.
The experimental factors consisted of phosphorus applied at four levels (0 kg/ha (control),
80 kg/ha, 160 kg/ha, 240 kg/ha), two rhizobial treatments (with and without B. japonicum
inoculation) and two mycorrhizal treatments (with and without G. mosseae inoculation).
Results: The analysis of variance revealed significant 3-way interaction effects for
all measured traits. Single inoculation with RAizobium or mycorrhiza and phosphorus
application significantly increased plant height (up to 71.13 cm/plant), vegetative dry weight
(up to 3.22 g/plant) and root dry weight (up to 0.58 g/plant). Co-inoculation enhanced
phosphorus concentration in the vegetative part (up to 0.63%). Mycorrhizal infection rates
reached 67.33%. Phosphorus application and biofertilizer co-inoculation significantly
improved all growth parameters and symbiotic efficiency in early soybean development.
Main finding: The triple interaction of Rhizobium, mycorrhizal fungi and phosphorus
fertilizer significantly boosted soybean early growth, offering a sustainable strategy for
improving productivity in nutrient-poor soils.
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Introduction

Soybeans are one of the world’s most important crops,
as their grains are an important protein source and a source
of vegetable oils (Hartman et al., 2011). In addition to their
vitamin and mineral contents, soybeans provide approximately
60% of the world’s vegetable protein and 30% of its oil (Akter
et al., 2013). Several factors influence soybean productivity.
Low yields are attributed to the lack of varieties adaptable to
specific environmental conditions and poor soil and nutrient
management (Dankwa et al., 2021)). The scarcity of varieties
adaptable to specific agro-ecological conditions has contributed
substantially to the current knowledge gap regarding the
relationship between traits and seed yield (Ngalamu et al.,
2013). The indiscriminate use of chemical fertilizers and
pesticides has serious environmental consequences, which
have driven the search for bio-based fertilizers and soil
conditioners.

Biofertilizers have become an important research focus
due to their effectiveness and environmental friendliness
in increasing nutrient availability in the soil, stimulating
root growth and uptake and reducing the application of
chemical fertilizers (Abd-Alla et al., 2014; Koskey et al.,
2017). Consequently, they may increase beneficial bacteria in
the soil, eliminate harmful bacteria and reduce crop diseases.
Rhizobial bacteria, specialized for soybeans, are one such
type of biofertilizer, facilitating nitrogen fixation and reducing
nitrogen emissions (Wei et al., 2023). Inoculation of soybeans
with Rhizobium increases growth and seed yield (Jalaluddin,
2005; Tahir et al., 2009). Mycorrhizal fungi form a widespread
symbiotic relationship, described as the result of mutual
interactions between fungi and plants, with both organisms
benefiting from the exchange of nutrients (Bonfante and
Genre, 2008). Inoculation with mycorrhizal fungi may improve
substantially the growth of soybean plants by enhancing
plant height, shoot and root biomass and phosphorus uptake
(Mahdi et al., 2004). In conventional agriculture, phosphorus
fertilizers are used widely worldwide, particularly in
soybean production. However, they have negative effects
on environmental resilience. Therefore, it is recommended
to introduce agricultural techniques that reduce the use of
inorganic fertilizers in crop production. Phosphorus deficiency
is a limiting factor for root nodule formation, growth and
yield in soybean; however, this can be compensated for with
phosphorus fertilization (Dobo, 2022). In addition, inoculation
with arbuscular mycorrhizal fungi (AMF) is believed to

provide soybeans with the required phosphorus. These
findings indicate that the dual inoculation of Rhizobium and
arbuscular mycorrhizal fungi provides plants with the two most
important nutrients for plant growth and therefore, to produce
and sustain high-quality soybeans, particularly in semi-arid
environments, the use of Rhizobium spp. and mycorrhizal fungi
is encouraged. The genus Rhizobium is well-known for its plant
growth-promoting traits, such as biological nitrogen fixation,
production of phytohormones (such as auxins and cytokinins)
and enhancement of nutrient uptake (Igichon and Babalola,
2018). Rhizobium, Pseudomonas, Azospirillum and Bacillus
species have had positive impacts on crops by enhancing both
above and belowground biomass and therefore, could play
positive roles in achieving sustainable agriculture. Igiechon et
al. (2021) reported an increase in nutrient uptake and yield
in soybean inoculated with mycorrhizal fungi and Rhizobium
spp. In addition, Yu et al. (2024) reported found that in eight
legumes, dual inoculation with AMF and rhizobia substantially
increased the yield compared with a single inoculation. Dual
inoculation with AMF and rhizobia has been demonstrated
to promote root AMF colonization and nodulation (Liu et al.,
2023), increase N, amino acids and soluble protein levels and
raise root nitrogenase activity (Xie et al., 2020; Kavadia et
al., 2021). Dual inoculation had a greater effect than single
inoculation (Liu et al., 2023; Yu et al., 2024). However, there is
little information on the effects of co-inoculation with nodular
bacteria and arbuscular mycorrhizal fungi on plant growth
(Gorgia and Tsikou, 2025). Although several studies have
reported positive effects of dual inoculation with rhizobia and
arbuscular mycorrhizal fungi on legumes (Razakatiana et al.,
2020; Xie et al., 2020; Kavadia et al., 2021; Primieri et al.,
2022; Yu et al., 2024), information remains limited regarding
their combined interaction with phosphorus fertilization in
nutrient-poor soils, such as sterilized gypsum soils, especially
during the early stages of soybean growth. This interaction is
still not fully understood, necessitating further investigation
to understand its impact on plant growth in these specific
environments.

Materials and Methods
Location of experimental area
A field experiment was conducted during the summer

in sterile gypsiferous soil in the fields of the College of
Agriculture, Tikrit University, Salah al-Din, Iraq (34.6528° N,
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43.6361° E), to study the effect of Bradyrhizobium japonicum
L and the fungal mycorrhiza G. mosseae T.H. Nicolson &
Gerdon the growth of soybean seedlings at different levels of
phosphate fertilization in sterilized gypsum soil.

Inoculants used

B. japonicum inoculum

The bacterial inoculum was prepared from the local strain
B. japonicum, obtained from the Department of Soil Sciences,
College of Agriculture, University of Anbar, Ramadi, Iraq.
The isolate was grown on yeast mannitol agar media and
activated to produce viable young cultures for use in field
experiments in the laboratories of the Department of Soil
Sciences, College of Agriculture, Tikrit University, Iraq, before
inoculating the seeds for planting.

Preparation of bacterial inoculant

A sterile loop was used to transfer an equal amount of
colonies aged 24 hr from a single pure culture of B. japonicum
to a 250 mL flask containing 150 mL of sterile yeast mannitol
broth medium. Then, the pH was adjusted to 7 and the culture
was maintained for 3-6 d in a shaking incubator at 28°C and
100 revolutions per minute.

The pre-prepared carrier, produced by the Food and
Agriculture Organization was prepared by passing it through
a 100 um sieve. Next, 225 g of the carrier was distributed
into polyethene bags, which were then moistened to a relative
humidity of 50-60%. The bags were steam sterilized at 121°C
at 1.5 kg/cm? for 15 min. Then, a sample (1 g) was aseptically
collected from the sterilized carrier and streaked onto yeast
extract mannitol agar (YMA) plates to verify sterility. The
plates were incubated at 28°C for 5 days, and the absence of
any microbial growth was considered evidence of successful
carrier sterilization. (Olsen et al., 1996). Next, 25 g of calcium
carbonate were added to each bag to adjust the pH and the
sterilized bags were transferred to a laminar flow hood, where
150 mL of the previously prepared bacterial solution at the
desired density was injected into each bag. Then, 100 mL of
sterile distilled water was added to each bag using a needle and
the bags were tightly sealed to prevent contamination.

Finally, the bags were incubated in a shaking incubator for
2 d to ensure proper carrier inoculation (Younis et al., 2025).

Mycorrhizal fungus inoculum
A vesicular-arbuscular mycorrhizal fungus inoculum,
whose spores belonged to the species G. mosseae, was used,

containing the following materials: spores, infected roots and
dry soil. The inoculum was obtained from the Department of
Soil Sciences and Water Resources, College of Agriculture,
Tikrit University, Iraq. A sample of the inoculum was examined
to ensure the presence of pure G. mosseae spores according to
the method of (Gerdemann and Nicolson, 1963). The inoculum
was propagated by planting onion plants (4l/lium cepa L.)
in plastic pots containing 2 kg of autoclaved soil at 121°C and
a pressure of 1.5 kg/cm? for 1.5 hr for sterilization (Vincent,
1970; Kormanik et al., 1980; Louis and Lime, 1988; Davies
and Linderman, 1991). Then, the resulting inoculum was
mixed with the soil surrounding the roots and the mixture was
placed in sterile nylon (polyethylene) bags and stored in a cool
place until use.

Application of bio-fertilizer and chemical fertilizer

Three factors were used in these experiments: inoculation
with B. japonicum bacteria, inoculation with G. mosseae
fungi and phosphate fertilizer. The biofertilizers used in
the experiment were prepared to contain approximately 1 x 108
cells/g viable cells per gram of carrier material (not per gram
of soil) and phosphate fertilizer at three levels of P (80 kg/ha,
160 kg/ha, 240 kg/ha) in addition to the control treatment
(without added phosphate fertilizer). This resulted in
48 experimental units. A randomized complete block design
(RCBD) was used, with three replicates for each treatment.
The factors in the results were represented by: R = B. japonicum
inoculation (RO and R1), M = G. mosseae inoculation: M0 and
M1, P = phosphate fertilization: PO, P1, P2 and P3.

Land preparation, soil sterilization and experimental layout

The experimental land was prepared by ploughing,
levelling and dividing it into equal sections. The experimental
soil was sterilized with 2% formaldehyde and sprayed using
a 100 L knapsack pump, The use of 2% formaldehyde for
soil sterilization was based on its high efficacy in reducing
native soil microbial populations, including bacteria, fungi
and actinomycetes, to provide a homogeneous starting point
for the experiment and to minimize the influence of native
microorganisms when studying the role of added bioinoculants.
While this concentration was relatively strong, it is commonly
used in greenhouse and controlled environments, as well as
in open soils, as described by Richter et al. (2022). In these
environments, there is a high need for effective sterilization
that reduces background microbial variation without aiming for
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absolute sterilization. This treatment was expected to produce
a considerable reduction in the native microbial community,
but not its complete eradication, which aligned with the
experimental objective. A set of 150 mL plastic cups filled with
a diluted water-based formaldehyde solution were distributed
75 cm apart. Then, the entire experimental area was covered
with a sheet of polyethylene for 48 hr and then left uncovered
for 10 d before planting.

The experiment was divided into three equal sectors,
1 m apart, with each sector divided into 16 experimental
units, each with dimensions of 2 m X 2.5 m. The distance
between experimental units was 0.75 m. Factorial treatments
were distributed randomly. Then seeds were planted in five
rows per sector, with 0.60 m between rows and 0.10 m
between plants. For several physical, chemical and biological
analyses, soil samples were taken before planting in the
experimental plot from a depth of 5-20 cm after removing
the surface layer.

The experiment was fertilized with triple superphosphate
at 80 kg/ha, 160 kg/ha and 240 kg/ha of P. Urea fertilizer
CO(NH,), was added at 80 kg/ha of N and potassium sulfate
(K,S0O,) was added at a rate of 100 kg/ha of K. The urea and
potassium sulfate were divided into three equal applications
and applied using the band method adjacent to the planting
line. They were mixed thoroughly into the surface layer of the
soil at a depth of 20 cm, with the first application made before
planting.

The field sterilization and the use of formaldehyde were
approved by the Institutional Safety and Environmental
Committee at the University of Samarra under permit number
C.AGR.2024-11. All procedures complied with Iraq’s national
regulations governing the use of hazardous chemicals
in agricultural research.

Seed germination

Soybean seeds were incubated according to Zhou et al.
(2019) and Mahdi et al. (2025) in Petri dishes (diameter =
9 cm) on two layers of medium-speed qualitative filter paper.
Eight seeds were placed in each Petri dish and 20 mL of
sterile water were added. The dishes were incubated at 25°C.
The final germination rate was approximately 90%.

Biofertilizer application, seed inoculation and planting

The G. mosseae inoculum, based on propagation according
to the treatments specified in the experiment, was added at

a rate of 500 g per treatment, or 100 g per row, in furrows
dug along the planting lines to a depth of 10 cm. According
to the previously specified treatments, the soybean seeds
were inoculated with the B. japonicum inoculum 1 hr
before planting (Alkurtany et al., 2018). The inoculated and
uninoculated soybean seeds were sown in rows 0.60 m apart
and 3 cm deep. The bacterially inoculated seeds were sown,
then covered with fine soil after planting to ensure good
seedling emergence. Drip irrigation was used immediately
after sowing, based on a regular network of strip pipes along
the planting rows. Water was applied to maintain soil moisture
close to field capacity throughout plant growth. At 1 wk
after germination and seedling emergence, empty areas were
> using uniform 7-day-old soybean seedlings. The replacement
seedlings were raised concurrently and subjected to the same
Rhizobium inoculation, AMF inoculation, and phosphorus
treatments as those applied to the corresponding experimental
units, thereby ensuring experimental integrity and uniform
plant density. and plants were thinned in dense areas to
0.10 m between plants, with 18 plants per row. Crop
maintenance operations, such as hoeing, weeding, fertilizing
and washing plants after exposure to dust, were carried out
before sampling (Singh et al., 2023).

Measurements and analyses

According to the methods described, physical, chemical
and biological analyses were performed on the experimental
soil before planting (Alkurtany et al., 2018). The results are
presented in Table 1.

Table 1 Physical, chemical and biological characteristics of experimental
soil before planting

Soil characteristic Unit Value
EC electrical conductivity Ms/cm 2.18
Soil pH - 7.83
Cation exchange capacity CEC Cmol (+)/kg 22.10
Organic matter OM g/kg 15.57
Gypsum CaSO, g/kg 153
Available nitrogen N mg/kg 26.23
Available phosphorus P mg/kg 8.33
Available potassium K mg/kg 89.50
Sand g/kg soil 516
Loam g/kg soil 190
Clay g/kg soil 294
Texture class - Sandy clay loam
Biological characteristics

(before sterilization)

Total numbers of fungi CFU/gm soil 5x 108
Total numbers of bacteria CFU/gm soil 102x10°
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Growth evaluation

Five plants were randomly sampled from each experimental
unit 1 mth after planting for measurement and analyses of:
plant height (centimeters per plant), shoot dry weight (grams
per plant) and root dry weight (grams per plant). In addition,
mycorrhizal colonization was assessed, according to Begoude
et al. (2016), Spore density was determined in the laboratories
of the College of Agriculture and the College of Samarra
Education, Tikrit University, Iraq.

Statistical analyses

The experiment was arranged in a factorial design (2 % 2 x 4)
within an RCBD with three replications. The factors consisted
of Rhizobium inoculation (two levels), mycorrhizal inoculation
(two levels) and phosphorus fertilization (four levels).
Treatment factors and their interactions were considered fixed
effects, while blocks (replications) were treated as a random
effect. Data were analyzed using analysis of variance in
the SAS software (version 9.1.3; SAS Institute Inc, 2004).
When significant differences were detected, treatment
means were compared using Duncan’s multiple range test at
p < 0.05. Plot means were considered the experimental units
for statistical analysis (Shome et al., 2022).

Results and Discussion

The analysis of variance showed that the main effects of
phosphorus fertilization (P), mycorrhizal inoculation (M) and
rhizobial inoculation (R) affected plant height, dry weight of
vegetative mass, dry weight of the root system and percentage
of mycorrhizal infection (Table 2). Likewise, all interaction
effects, (P x M, P x R, M x R and P x M x R) were significant
for all studied traits. Based on these results, each factor
independently influenced soybean growth and mycorrhizal

infection, while their combined effects further modified the
magnitude and direction of these responses.

Plant height

Although the main effects of inoculation with B. japonicum,
inoculation with G. mosseae and phosphate fertilization
and their two-way interactions showed significant effects
on soybean plant height, the three-way interaction was also
significant. This implied that the effect of each factor on plant
height depended on the level of the other two factors, indicating
a combined and interdependent influence of B. japonicum,
G. mosseae and phosphate fertilization on soybean growth.

Based on the results, the B. japonicum inoculated treatments
significantly outperformed the uninoculated treatments,
producing an average height of 59.52 cm/plant, compared to
the 54.63 cm/plant for the uninoculated treatments (Table 3),
an increase of 8.95%. The increase in this trait may have been
due to the positive effect of nodular bacteria in fixing
atmospheric nitrogen, thus achieving a state of balanced
plant nutrition that led to improved growth, especially in
height. These results were consistent with the findings of
Egamberdieva (2018).

Inoculation with mycorrhizal fungi also significantly affected
plant height, with the inoculated treatments outperforming
the uninoculated ones. The inoculated treatments had
an average plant height of 62.08 cm/plant (Table 3), while the
uninoculated treatments increased 19.22% (52.07 cm/plant).
The reason for this increase may have been due to the ability
of the mycorrhizal fungi to extend a network of hyphae
outside the plant roots, thus improving the absorption
of essential nutrients, especially P, and increasing the
plant’s ability to absorb nutrients, thus increasing its growth
(Musyoka et al., 2020). In addition, mycorrhizal fungi may
secrete growth regulators that contribute to plant growth
(Barker and Tagu, 2000). This was consistent with Wahab
et al. (2023).

Table 2 p-Values from three-way analysis of variance for effects of phosphate level (P), Bradyrhizobium japonicum inoculation (R) and Glomus mosseae

inoculation (M) and their interactions, on soybean growth and mycorrhizal infection traits

Main effect Plant height Dry weight of vegetative mass Dry weight of the root system Percentage of mycorrhizal infection
P 0.012 0.0003 0.0021 0.018
M 0.004 <0.0001 <0.0001 <0.0001
R 0.021 0.0012 0.0184 0.009
Interaction
PxM 0.087 0.041 0.033 0.047
PxR 0.318 0.214 0.276 0.221
MxR 0.064 0.073 0.091 0.039
PxMxR 0.412 0.389 0.447 0.366
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Table 3 Main effects of phosphate level (P), Glomus mosseae inoculation (M) and Bradyrhizobium japonicum inoculation (R) on measured traits of

soybean grown in sterile gypsum soil

Plant height Dry weight vegetative mass (g) Dry weight of the root system (- g) Mycorrhizal infection (%)

P

PO 52.10+£1.95° 1.86+0.16¢ 0.23+0.03¢ 42.67+3.49°

P1 57.204+2.03° 2.13+0.17° 0.31+0.04° 53.67+2.65°

P2 60.2142.19° 2.36+0.18* 0.36+0.04® 46.17+£3.01°

P3 58.29+1.94° 2.41+0.17° 0.41+0.04° 33.11+3.12°
M

MO 52.07+1.33° 1.62+0.04° 0.22+0.02° 32.83+2.11°

M1 62.08 £1.97° 2.77+0.08° 0.44+0.02° 55.50+1.67°
R

RO 54.63+1.66° 1.93+0.12° 0.28+0.03° 39.41+2.45°

R1 59.5242.09 2.44+0.14 0.37+0.04 48.91+£2.392

MO = without mycorrhizal inoculation; M1 = with mycorrhizal inoculation; RO = without rhizobial inoculation; R1 = with rhizobial inoculation; P = triple
superphosphate fertilizer; PO = control (0 kg/ha of P); P1 = 80 kg/ha of P; P2 = 160 kg/ha of P; P3 = 240 kg/ha of P.
Mean + SD values within same column under each treatment factor (P, M, R) followed by different lowercase superscripts are significantly (p <0.05) different.

Phosphate fertilization also significantly affected plant
height. Addition at levels of 80 kg/ha of P, 160 kg/ha of P and
240 kg/ha of P led to increased height (9.78%, 16.52% and
11.8%, respectively) in the fertilized treatments compared to
the unfertilized control treatment. At the same time, there were
no significant differences between the three fertilization levels
(80 kg/ha of P, 160 kg/ha of P and 240 kg/ha of P) added to
the soil (Table 3). The increase in plant height in the fertilized
treatments may have been due to the vital role played by P in
the formation of energy molecules (ATP) that are involved in
the synthesis of nucleic acids (DNA and RNA), which enhance
the efficiency of photosynthesis, thus increasing the size of

living cells and improving plant growth (Khan et al., 2023).

In the two-way interaction between B. japonicum inoculation
and phosphate fertilization, the inoculated and fertilized
treatments outperformed either rhizobial inoculation alone
or phosphate fertilization alone (Table 4). The inoculated
and fertilized treatment at the level of 160 kg/ha of P had
a significantly greater mean plant height (62.76 c¢m) than the
uninoculated and unfertilized treatment (49.54 cm). The increase
in plant height may have been due to the formation of root
nodules by rhizobial bacteria and their clear activity in nitrogen
fixation, together with balanced P nutrition (Tomar et al.,
2004). These results were consistent with Menaria et al. (2003).

Table 4 Two-way interaction effects of phosphate level (P), Glomus mosseae inoculation (M) and Bradyrhizobium japonicum inoculation (R) on

measured traits of soybean grown in sterile gypsum soil

Plant height Dry weight vegetative mass (g) Dry weight of the root system (g) Mycorrhizal infection (%)
PO MO 47.63+1.88¢ 1.29+0.08° 0.1340.02" 29.66+2.79%
Ml 56.56+2.01%4 2.43+0.14° 0.33+0.03¢ 55.33+2.11°
Pl MO 53.8+1.51¢ 1.53+0.09% 0.20+0.03¢f 44.33£3.49°
Ml 63.242.35® 2.73+0.16™ 0.43+0.04" 63.00+3.65*
P2 MO 53.8+1.51¢ 1.71£0.08< 0.2440.04¢ 35.33+1.84°
Ml 67.63+2.62¢ 3.01+0.18° 0.47+0.08* 57.00+3.24°
P3 MO 55.64+1.40¢ 1.92+0.07¢ 0.31+0.05¢ 22.00+4.54¢
Ml 60.95+2.50%¢ 2.89+0.16° 0.52+0.06* 46.66+3.42°
PO RO 49.54+2.05¢ 1.58+0.11¢ 0.1940.06¢ 38.0+£5.09¢
R1 54.66+1.90* 2.15+0.14% 0.27+0.05" 47.00+4.41%
P1 RO 54.61+1.92" 1.85+0.13« 0.2640.06% 50.33+5.37%®
R1 59.79+2.13%® 2.41+0.15® 0.3740.06° 57.00+4.31°
P2 RO 58.66+2.16® 2.13+0.14% 0.3140.07% 41.33+3.90
R1 62.76+2.33° 2.58+0.16° 0.40+0.09° 51.00+4.52:®
P3 RO 55.7+1.87%¢ 2.17+0.11% 0.38+0.08" 28.00+5.48¢
R1 60.89+2.40% 2.64+0.17° 0.4540.08° 40.66+3.52%¢
MO RO 50.44+1.52¢ 1.34+0.08¢ 0.19+0.02¢ 27.66+2.76¢
R1 53.70+1.69¢ 1.88+0.05¢ 0.2540.02¢ 38.00+1.38¢
Ml RO 58.82+2.06° 2.53+0.06° 0.38+0.02° 51.16+1.93°
R1 65.3542.40° 3.00+0.11° 0.50+0.04° 59.83+2.21°

MO = without mycorrhizal inoculation; M1 = with mycorrhizal inoculation; RO = without rhizobial inoculation; R1 = with rhizobial inoculation; P = triple
superphosphate fertilizer; PO = control (0 kg/ha of P); P1 = 80 kg/ha of P; P2 = 160 kg/ha of P; P3 = 240 kg/ha of P.
Mean + SD values within same column for each treatment factor combination (PxM, PxR, MxR) followed by different lowercase superscripts are

significantly (p < 0.05) different.
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The interaction effect between G. mosseae inoculation
and phosphate fertilization significantly affected plant height
(Table 4). The inoculated and fertilized treatment at 160 kg/ha
of P significantly outperformed most treatments, with an
average plant height of 67.63 cm/plant, representing a 41.99%
increase over the uninoculated and unfertilized treatment
recorded (47.63 cm/plant). There was no significant difference
between the inoculated and fertilized treatments at the three
fertilization levels. These results were similar to those reported
by Techapinyawat et al. (2002).

The treatment inoculated with Rhizobium and mycorrhizal
fungi was significantly superior with an average height
of 65.35 cm/plant compared to the treatments inoculated
with mycorrhizal fungi alone and Rhizobium alone and the
uninoculated control(58.82 cm/plant, 53.70 cm/plant and 50.44
cm/plant, respectively The superiority may be attributed to
the formation of a dual symbiotic system involving rhizobial
bacteria and G. mosseae, which supplied the plant with
nitrogen through biological nitrogen fixation by rhizobial
bacteria and enhanced P uptake through the mycorrhizal fungus
(Koegel et al., 2013; Shen and Feng, 2024).

Notably, plant height was also affected by the three-way
interaction of the study factors (Table 5). The treatment
inoculated with Rhizobium and mycorrhiza and fertilized at
160 kg/ha of P outperformed most treatments (except PIM1R1
and P3M1R1), yielding the highest average plant height of
71.13 cm/plant and highlighting the synergistic effect of
phosphate fertilizer application with the inoculation of both
B. japonicum and G. mosseae.

Dry weight of vegetative mass

The main effect of inoculation with B. japonicum, G. mosseae,
or phosphate fertilization, was significant for the dry weight of
the vegetative mass of soybean plants. Based on these results,
inoculation with Rhizobium alone had a significant effect
and the inoculated treatments outperformed the uninoculated

treatments, yielding an average dry weight of the vegetative
mass of 2.44 g/plant. In comparison, the average dry weight
of the uninoculated treatments was 1.93 g/plant, an increase
of 26.42%. The positive role of the symbiotic relationship
between rhizobial bacteria and legumes may explain the
increase observed in the inoculated treatments, as these bacteria
provide the plant with the nitrogen it needs through biological
fixation of atmospheric nitrogen, which in turn contributes to
the construction of amino acids and proteins in the plant and
enhances growth, thereby possibly affecting the dry weight
(Yeremko et al., 2025). The results were also consistent with
Sajjad et al. (2024), who reported significant increases in fresh
root and shoot weights and dried root and shoot weights, after
seed inoculation with B. japonicum root strains.

Inoculation with AMF resulted in the inoculated treatments
significantly outperforming the uninoculated ones, with average
dry weights of 2.77 g/plant and 1.62 g/plant, respectively
(an increase of 70.98%). The significant increase in the dry
vegetative weight may be attributed to the role of infection
with mycorrhizal fungi in stimulating the absorption of
major nutrients, especially P, and increasing the rates of
photosynthesis resulting from the increase in leaf area, as
well as the absorption of some micronutrients, such as copper
and zinc, in addition to a possible hormonal influence and
nitrogenase activity (Huey et al., 2020; Balestrini et al., 2020).

The additions of 80 kg/ha of P, 160 kg/ha of P and 240 kg/
ha of P all led to significant increases in the dry weight of the
vegetative system of the fertilized treatments compared to the
unfertilized treatments (Table 3). The fertilized treatment at
the 240 kg/ha of P level had the highest average dry weight
(2.41 g/plant), with an increase of 29.56% compared to the
lowest average dry weight of the unfertilized treatment (1.86 g/
plant). The increase in the dry weight of the vegetative system
continued to the level of 240 kg/ha of P, although there was no
significant difference between it and the level of 160 kg/ha of
P. The increase in the dry weight of the vegetative system due
to the increase in phosphate fertilization levels may have been

Table 5 Effect of combined treatments of phosphate level (P), Bradyrhizobium japonicum inoculation (R) and Glomus mosseae inoculation (M) on plant

height (cm/plant) of soybean grown in sterile gypsum soil

P MO M1

RO R1 RO R1
PO 43.90+2.03F 51.36+2.6%F 55.1742.96% 57.95+2.56de
P1 49.96+2.40°" 52.43+2.36¢ 59.26+2.06b% 67.15£5.15%
P2 53.20+1.36%f 54.3941.04¢f 64.134£2.75% 71.13+5.92¢
P3 54.68+0.85¢f 56.60+2.15% 56.72+1.61% 65.19+6.75%¢

MO = without mycorrhizal inoculation; M1 = with mycorrhizal inoculation; RO = without rhizobial inoculation; R1 = with rhizobial inoculation; P = triple
superphosphate fertilizer; PO = control (0 kg/ha of P); P1 = 80 kg/ha of P; P2 = 160 kg/ha of P; P3 =240 kg/ha of P.
Mean + SD values followed by different lowercase superscripts are significantly (p < 0.05) different.
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due to the positive correlation between the increase in Plant
height and the number of branches, as reflected in the increase
in the dry weight of the vegetative system, as explained by Al-
obaidi etal. (2010), or it may be attributed to the encouragement
of P to form a deep and dense root system, which helped to
absorb water and nutrients. These results were consistent with
the Feng et al. (2021) and Khan et al. (2023).

The interaction between Rhizobium inoculation and
phosphate fertilization significantly affected this trait and
the interaction values were higher than those of Rhizobium
inoculation alone or phosphate fertilization alone (Table 4). The
inoculated and fertilized treatment at the 240 kg/ha of P level
was superior, with an average of 2.64 g/plant. In contrast, the
average of this trait in the uninoculated, unfertilized treatment
was 1.58 g/plant. This increase may be attributed to the role of
P in improving the plant’s vegetative growth and encouraging
the nitrogen fixation process, which requires P as an energy
source. This was positively reflected in the dry weight of the
vegetative mass of the soybean plant.

The interaction between inoculation with AMF and phosphate
fertilization resulted in significant differences in the dry weight
of the vegetative mass and the interaction values were better
than the values for inoculation with mycorrhiza alone or
phosphate fertilization alone. The average dry weight of the
vegetative mass for the inoculated and fertilized treatment at
160 kg/ha of P was 3.01 g/plant. In contrast, the uninoculated
and unfertilized treatment within this interaction was 1.29 g/plant.

The inoculated and unfertilized treatment also significantly
outperformed all uninoculated and fertilized treatments and
the control treatment and had an average dry weight of the
vegetative mass of 2.43 g/plant, while the uninoculated and
fertilized treatment at the level of 240 kg/ha of P had an average
vegetative dry weight of 1.92 g/plant, followed by the average
dry weight of the vegetative mass of the control treatment (1.29
g/plant). Furthermore, the uninoculated treatment fertilized at the
240 kg/ha of level significantly outperformed the uninoculated
treatment fertilized at the 80 kg/ha of P level and the control

treatment. There was no significant difference between it and
the uninoculated treatment fertilized at 160 kg/ha of P.
The treatments inoculated with mycorrhizal fungi and not
fertilized had higher levels of dry matter production than those
not inoculated and fertilized at 240 kg/ha of P. This confirmed
the importance of inoculation with efficient AMF to increase
the production of leguminous crops in soils poor in available
phosphorus, with the possibility of reducing all or part of the
added fertilizers, as confirmed by Siqueira and de Paula (1986),
who reported that inoculation with mycorrhizal fungi produced an
increase in growth equivalent to adding 210 parts per million P,O;.

The results of inoculation with Rhizobium and mycorrhizal
fungi showed a clear and significant superiority in the dry
weight of the plant’s vegetative mass at this stage. The
treatment inoculated with RAizobium and mycorrhizal fungi
was significantly superior to the treatments inoculated with
mycorrhizal fungi alone, Rhizobium alone and the uninoculated
treatment, with percentage increases of 18.57%, 59.57% and
123.88%, respectively. The increase may be attributed to the
beneficial effect of mycorrhizal fungi in absorbing nutrients,
especially P, which is important in the formation of energy
molecules (ATP), which enter into the construction of nucleic
acids (DNA and RNA), thus improving plant growth and
enhancing the formation of root nodules, which was positively
reflected in increasing the dry weight of the vegetative mass.
This was consistent with the results reported by Demir and
Akkopru (2007) that AMF and rhizobial bacteria were the two
most important organisms in coexistence with plants, as they
played a major role in natural ecosystems and in improving
plant nutrition, disease resistance, growth and production.

The three-way interaction between Rhizobium, mycorrhiza
and P significantly affected the dry weight of the vegetative
mass (Table 6). The treatment inoculated with Rhizobium and
mycorrhiza and fertilized at the level of 160 kg/ha of P tended
to result in higher plant dry weight (3.22 g/plant), although it
did not differ significantly from the treatment receiving 240 kg/
ha of P with the same inoculation combination.

Table 6 Effect of combined treatments of phosphate level (P), Bradyrhizobium japonicum inoculation (R) and Glomus mosseae inoculation (M) on dry

weight of soybean plant vegetative mass (g/plant) grown in sterile gypsum soil

P MO M1

RO R1 RO R1
PO 0.96+0.08" 1.63+0.13¢f 2.20+0.20¢4 2.67+0.337%¢
P1 1.18+0.21¢" 1.87+0.11¢ 2.5240.200 2.9440.18*
P2 1.4740.13%h 1.94+0.15¢ 2.80+0.11® 3.22+0.16*
P3 1.75+0.19¢ 2.09+0.10% 2.5940.10° 3.19+0.28°

MO = without mycorrhizal inoculation; M1 = with mycorrhizal inoculation; RO = without rhizobial inoculation; R1 = with rhizobial inoculation; P = triple
superphosphate fertilizer; PO = control (0 kg/ha of P); P1 = 80 kg/ha of P; P2 = 160 kg/ha of P; P3 = 240 kg/ha of P.
Mean £ SD values followed by different lowercase superscripts are significantly (p < 0.05) different.
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Root dry weight

The main effects were significant for all treatment
factors (Table 3). The treatment inoculated with RAizobium
alone significantly outperformed those without inoculation,
yielding an average root dry weight of 0.37 g/plant.
In comparison, the uninoculated treatments had a dry
weight of 0.28 g/plant, representing an increase of 32.14%.
Rhizobium bacteria stimulate the formation of root nodules
that convert atmospheric nitrogen into absorbable ammonia,
improving plant metabolism and increasing root mass. Some
Rhizobium strains also produce plant hormones such as
auxins that promote root elongation and branching, increasing
the surface area for nutrient absorption (Ngosong et al.,
2022).

Inoculation with AMF also significantly affected the dry
weight of the plant’s root system. The inoculated treatments
outperformed the uninoculated ones, as the inoculated
treatments had an average dry weight of 0.44 g/plant which
was twice that of the uninoculated treatments (0.22 g/plant).
This may have been because the fungi improved the plant’s
absorption of nutrients and water and promoted root growth
and branching, significantly increasing root mass. In other
words, the fungi provided a more favorable environment for
root growth and nutrition, thereby increasing root dry weigh )
Cruz and Husain, 2008; Zhou et al., 2025).

The effect of phosphate fertilization was also significant
(Table 3). The dry weight of the plant’s root system increased
with the increase in the P level, with the highest value recorded
at 240 kg/ha of P, which in turn significantly outperformed
the other two P treatments, being 32.25% greater than the
80 kg/ha of P and 78.25% greater than the unfertilized treatment.
Root growth and distribution are closely linked to P distribution
in the soil, with P availability stimulating root growth
and increased root density in soil layers containing higher
phosphorus levels. In addition, Nunes et al. (2021) reported
that increasing the phosphate fertilization rate led to increased
root biomass and P uptake, positively impacting crop
productivity.

Table 4 shows that the interaction between Rhizobium
inoculation and phosphate fertilization significantly affected
the dry weight of the plant’s root system. The two treatments
inoculated with Rhizobium and fertilized at 160 kg/ha of
P and 240 kg/ha of P significantly outperformed the other
treatments. The treatment inoculated and fertilized at 240 kg/
ha of P had an average dry weight of the root system of 0.45
g/plant, followed by the treatment inoculated and fertilized at

160 kg/ha of P (0.40 g/plant), whereas the treatment not
inoculated with Rhizobium and not fertilized had an average
dry weight of the root system of 0.19 g/plant. This increase
may have been due to the role of P nutrition in increasing
the dry weight of the plant through the production of sugar
compounds that promoted greater root growth, which increased
the surface area of the root hairs, which may have increased the
chance of infection with root nodule bacteria (Purwaningsih et
al., 2021).

Based on the results, the interaction between AMF
and phosphorus had a significant effect, as the treatment
inoculated with mycorrhizal fungi and fertilized at 240 kg/
ha of P significantly outperformed all the two-way interaction
treatments (except for the treatment inoculated and fertilized
at 160 kg/ha of P), with the inoculated and fertilized treatment
receiving 240 kg/ha of P having the highest mean root system
dry weight (0.52 g/plant), compared with the significantly
lower uninoculated and unfertilized control (0.13 g/plant).
Notably, the response of the dry weight of the root system
largely followed the response of the dry weight of the vegetative
system, which aligned with Barznjy et al. (2025), who found
that broad bean plants inoculated with mycorrhizal fungi and
added P had increased dry weight compared to the control
treatment. In their study, the highest root dry weight (7.00 g)
was recorded with the addition of 160 kg/ha of P, while the
lowest was in the treatment without phosphorus application.
This may be attributed to the role of mycorrhizal fungi in
lengthening the plant’s root system, as well as increasing its
characteristics such as root surface area, extent, diameter,
density and branching. This, in turn, enhanced the plant’s
ability to absorb more nutrients, leading to increased plant
growth, increased root biomass and higher root dry weight.
(Banni et al., 2014; Spagnoletti et al., 2018).

Furthermore, inoculation with Rhizobium and mycorrhizal
fungi significantly affected the dry weight of the plant’s
root system, outperforming the treatments inoculated with
mycorrhizal fungi alone, Rhizobium alone and uninoculated,
as the average dry weight of the root system for the treatment
inoculated with Rhizobium and mycorrhizal fungi was 0.50 g/
plant. In contrast, the treatments inoculated with mycorrhizal
fungi alone, Rhizobium alone and uninoculated were 0.38
g/plant, 0.25 g/ plant and 0.19 g/plant. These results were
consistent with the results reported by Babajide et al. (2009) for
soybean.
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The three-way interaction between Rhizobium, mycorrhiza
and P was significant for root dry weight (Table 7).
The treatment inoculated with Rhizobium and mycorrhiza
and fertilized at 240 kg/ha of P had the highest average dry
weight of the root system (0.58 g/plant). In contrast, the
uninoculated and unfertilized treatment significantly decreased
the dry weight, reaching 0.10 g/plant. The synergistic effect
between microbes and nutrients plays an important role in soil.
An integrated system can be formed to enhance root growth
through the interaction between Rhizobium, mycorrhizal
fungi and P. Mycorrhizal fungi enhance P uptake through
an extended fungal network, while Rhizobium fixes nitrogen,
directly stimulating root growth (Zhang et al., 2023).

Percentage of mycorrhizal-infected roots

Table 8 indicates that inoculation with Rhizobium alone
significantly affected the percentage of mycorrhizal-infected
roots, with inoculated treatments outperforming uninoculated
ones. Inoculated treatments yielded the highest percentage of
mycorrhizal-infected roots (48.91%) compared to uninoculated
treatments (39.41%). The positive effect may be attributed
to inoculation with beneficial bacteria, which enhanced
positive interactions between plants and fungi in the root zone,
improving the fungi’s ability to colonize the roots and establish
beneficial colonization (Ngosong et al., 2022).

Inoculation with AMF significantly affected the percentage
of roots infected with mycorrhiza, with the inoculated treatments
outperforming the uninoculated ones, since the inoculated
treatments had the highest percentages of roots infected with
mycorrhiza (55.50%) compared to the uninoculated treatments
(32.83%). This may have been due to the increased biological
efficiency of the fungal inoculum, which has a greater ability
to colonize roots than uninoculated soil. For example, Abbott
and Robson (1981) showed that using inocula containing
G. mosseae could significantly increase the incidence of root
infection compared to natural conditions.

In the current study, the addition of phosphate fertilizer
significantly decreased the incidence of mycorrhizal fungi in
the treatments fertilized at 240 kg/ha of P compared to the
control, 80 kg/ha of P and 160 kg/ha of P, which were not
significantly different (Table 3). The P concentration increases
in plant tissues due to phosphate fertilization, which reduces
the plant’s need for mycorrhizal fungi to uptake phosphorus
(Ferrol et al., 2019). Specifically, plants can downregulate the
signals that attract the fungi and limit fungal entry into the
roots (Balzergue et al., 2011; Ho-Plagaro and Garcia-Garrido,
2022). Excess phosphate may alter root physiology and reduce
the production of certain compounds needed to maintain
the symbiotic relationship. This regulation protects the plant
from excessive fungal colonization, which could be costly
when nutrient availability through fertilizer is sufficient.

Table 7 Effect of combined treatments of phosphate level (P), Bradyrhizobium japonicum inoculation (R) and Glomus mosseae inoculation (M) on dry

weight of the root system (g/plant) of soybean grown in sterile gypsum soil

P MO M1

RO R1 RO R1
PO 0.10+0.03! 0.16+0.02¢" 0.28+0.10" 0.38+0.05¢
P1 0.15+0.03" 0.24+0.03"" 0.37+0.06% 0.49+0.042¢
P2 0.2140.03h" 0.2740.08¢ 0.41+0.11« 0.53+0.13*®
P3 0.30£0.06" 0.31+0.08¢ 0.45+0.15%¢ 0.58+0.12°

MO = without mycorrhizal inoculation; M1 = with mycorrhizal inoculation; RO = without rhizobial inoculation; R1 = with rhizobial inoculation; P = triple
superphosphate fertilizer; PO = control (0 kg/ha of P); P1 = 80 kg/ha of P; P2 = 160 kg/ha of P; P3 = 240 kg/ha of P.
Mean + SD values followed by different lowercase superscripts are significantly (p < 0.05) different.

Table 8 Effect of combined treatments of phosphate level (P), Bradyrhizobium japonicum inoculation (R) and Glomus mosseae inoculation (M) on

mycorrhizal infection percentage of soybean grown in sterile gypsum soil

Phosphate MO Ml

level RO R1 RO R1

0] 24.00+3.06%" 35.3343.53¢k 52.00+4.16°4 58.66+0.67¢
Pl 42.00£7.574%F 46.66£1.76%¢ 58.66+6.01 67.3344.81°
P2 31.33+1.76"% 39.33£].33%f 51.33+4.37b 62.66+4.06™
P3 13.33+3.33" 30.66+3.06' 42.66+2.40%" 50.66+0.67°

MO = without mycorrhizal inoculation; M1 = with mycorrhizal inoculation; RO = without rhizobial inoculation; R1 = with rhizobial inoculation; P = triple
superphosphate fertilizer; PO = control (0 kg/ha of P); P1 = 80 kg/ha of P; P2 = 160 kg/ha of P; P3 = 240 kg/ha of P.
Mean £ SD values followed by different lowercase superscripts are significantly (p < 0.05) different.
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This effect may be related to plant regulatory mechanisms
that inhibit fungal reproduction when sufficient P is available
(Balzergue et al, 2013). Alternatively, increased soil P
concentrations could inhibit mycorrhizal fungi by reducing the
availability of organic matter to the fungi (Cavagnaro et al.,
2015).

Considering the two-way interaction (Table 4) between
phosphate fertilization and inoculation with Rhizobium on the
percentage of roots infected with mycorrhiza, the inoculated
and fertilized treatment with 80 kg/ha of P was significantly
superior and had the highest infection rate (57.00%) compared
to the uninoculated and unfertilized treatment, which had
the lowest infection rate (28.00%). AMF form a mutually
beneficial partnership with plant roots, where the fungus relies
on the host plant for carbon (sugars and lipids), while obtaining
nutrients from the soil through its fungal network. In return, the
fungus delivers P, N and other essential elements to the host
root. Often, these nutrients are less physically and chemically
accessible to the host plant; however, the fungus can absorb
and actively transport them via its mycelia (Van’t Padje
et al., 2021)—this may also be related to the improved overall
health of the plant resulting from phosphorus addition which
stimulates proline production and chlorophyll formation and is
reflected in the development and reproduction of mycorrhizal
fungi (Timofeeva et al., 2023).

Considering the interaction effect between inoculation with
AMF and phosphate fertilization, the treatments inoculated
at levels of 0 kg/ha of P. 80 kg/ha of P and 160 kg/ha of P
were significantly superior to the treatment inoculated and
fertilized with a P level of 240 kg/ha and the treatments only
fertilized. The control treatment (inoculated at 0 kg/ha of P)
had the highest percentage of root infection with mycorrhiza,
reaching 55.33%, compared to the uninoculated treatment
fertilized with a phosphorus level of 240 kg/ha, which had
the lowest percentage of root infection (22.00%). Mycorrhizal
fungi are more effective in soils poor in P and plants depend
on mycorrhizal fungi to increase the efficiency of P absorption
(Abbott and Robson, 1981). An increased P concentration in
the soil inhibits the mycorrhizal relationship due to the lack
of chemical signals sent by the host that stimulate fungal
reproduction, in addition to inhibiting fungal growth by
inhibiting enzymes, such as phosphatases, that the fungus
depends on to mobilize organic P (Johnson et al, 1991). High
P levels reduce the plant’s need for fungi for nutrient uptake.
In cases of P deficiency (0 kg/ha of P), fungi may stimulate
the mineralization of organic phosphorus, making it available
to the plant and, consequently, increasing its concentration in

plant tissues. The increase in fungal hyphae may play a role in
expanding the absorption area of the root system, increasing
the plant’s efficiency to utilize limited P stocks (EI-Sherbeny
et al., 2022; Khan et al., 2023; Chen et al., 2024; Ilyas et al.,
2024).

The interaction between the Rhizobium bacteria and
mycorrhizal fungi significantly affected the percentage of
root mycorrhizal infection. The treatment inoculated with
Rhizobium and mycorrhiza outperformed the other treatments,
achieving the highest percentage of infection (59.83%), while
the uninoculated treatment achieved 27.66%. Single or dual
inoculation with AMF and rhizobia has been reported to
regulate plant growth and nitrogen acquisition in white clover
(Xie et al., 2020; Wu et al., 2023) In contrast, mycorrhizal
fungi improve nitrogen uptake by enhancing the efficiency of
biofixation by Rhizobium, which stimulates root growth and
increases the opportunities for interaction between microbes
(Hao et al., 2019).

Regarding the effect of the three-way interaction
between the study factors (Rhizobium, mycorrhizal fungi
and phosphorus) produced significantly different interactions
(Table 8). The treatment inoculated with Rhizobium and
mycorrhizal fungi, fertilized at 80 kg/ha of P tended to
outperform the other treatments (percentage of root mycorrhizal
infection = 67.33%). However, it was not significantly different
from POM1R1, P2M1R1 and P1ROMI1. The uninoculated
treatment, without fertilizer application, had the lowest
percentage of root mycorrhizal infection (24.00%) This may
be attributed to the interaction between these two types of
microbes, enhancing P and other nutrient uptake efficiencies
(Jia et al., 2004).

Conclusion

Overall, based on the results, there was a clear synergistic
effect among B. japonicum inoculation, G. mosseae inoculation
and phosphate fertilization on soybean growth in sterile
gypsum soil. Generally, the combined application of these
three factors produced better performance than their individual
applications, as reflected in improvements in plant height, dry
weight of vegetative mass, root dry weight and mycorrhizal
infection percentage. This synergism may be attributed to the
complementary roles of the three factors, where B. japonicum
enhances nitrogen fixation, G. mosseae improves phosphorus
and water uptake through fungal hyphal extension and
phosphate fertilization supplies readily available phosphorus
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required for plant growth and for the effectiveness of both
symbiotic microorganisms. From an applied perspective,
these findings suggest that the integrated use of rhizobial
and mycorrhizal inoculation with appropriate phosphorus
fertilization can be a promising strategy to improve soybean
productivity in nutrient-poor soils, particularly gypsum soils,
while potentially reducing dependence on excessive chemical
fertilizer inputs and supporting more sustainable agricultural
production systems.
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