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ABSTRACT

Soybean root-peat interface is a dynamic zone where numerous bio-geochemical processes occur. This
study investigated the effects of water depth gradients on tripartite symbiosis of soybean-rhizobium-AM
fungi. Peat blocks measuring 30-cm x 30-cm x 55-cm (L x W x H) were collected from riparian wetlands
at the Arboretum of Universitas Sriwijaya and subjected to four different Water Depths (WD),
designated as WD1 = -20cm, WD2 = -30cm, WD3 = -40cm, and WD4 = -50cm, which was kept constant
throughout the study. Soybean was subjected to either single inoculation with Rhizobium japonicum (R)
or dual inoculation with Rhizobium japonicum and AMF (RF), then grown for 60d. Despite the narrow
range of pH, a significantly negative linear relationship between available Pi and pH was detected,
confirming that pH is an essential factor determining the availability of Pi in the peat soils. Soybeans
subjected to the RF treatment had more total nodules and more active nodules compared to those
subjected to the R treatment, thereby confirming the synergistic effect of Rhizobium and AMF in
soybeans. The findings also indicated that the colonization by the AMF was independent of the
inoculation and the WD. Soybeans subjected to the RF treatment exhibited higher shoot N and P
contents, as well as higher shoot dry weight compared to those treated with the R treatment. The
colonization of soybeans inoculated with the R treatment by the AMF indicated the presence of
indigenous AMF inoculum in the peat soils of the current study.
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INTRODUCTION

Managing peatlands for agricultural purposes is meant to uphold Indonesia's growing
population and food demand. However, converting peatlands into agricultural fields has also
been increasingly debated over the last century (McCarter et al., 2020; Putra et al., 2019; Wong
et al., 2025). The problems stem mainly from the fact that conversion of natural peatlands into
techno ecosystems, such as agricultural fields, require drainage to remove excessive water from
the root zone. Because hydrology is the most critical factor controlling the C balance of
peatlands, drainage through canalization, for example, exposes the peat to an aerobic condition,
which leads to peat oxidation, turns the peat into a net C emitter, and has also been associated
with severe and uncontrolled peat fires (Lastuti et al., 2016; Putra et al., 2019; Wong et al.,
2025; Zhang et al., 2023).

Despite the controversy, peatlands in Indonesia are still undergoing a rapid
transformation from natural forests to agriculture land (Basuki et al., 2019; Dohong et al.,
2018; Uda et al., 2020). The driving factors are the increasing need for arable land, particularly
for agriculture, the scarcity of appropriate unused uplands, and the attractiveness of peatlands'
availability and flat topography (Hergoualc’h ef al., 2018; Widyatmanti et al., 2022). Therefore,
large-scale canalization for agriculture or plantations has been identified as the most influential
interference for the water table decline in peatlands (Leifeld and Menichetti, 2018; Zhong et
al.,2024; Evans et al., 2021; Strack et al., 2022).

Peatlands are in fact intricate ecosystems defined by various interactions among their
essential components. Plants and microorganisms have been found as a strong regulator of the
peatland ecosystem. The intricate web of interactions occurring within the rhizosphere, the
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narrow zone of soil surrounding plant roots, plays a crucial role in plant health and nutrient
acquisition (Hamard et al., 2021; Korn et al., 2024; Robroek et al., 2015; Rintsona et al., 2021,
Vishwakarma et al., 2020). Two important groups of microorganisms in the rhizosphere are
Rhizobium, which form symbiotic relationships with legumes like soybean, and arbuscular
mycorrhizal fungi (AMF), which establish mutualistic associations with plant roots. The
interaction between these microorganisms can have significant impacts on plant nutrient
acquisition, stress tolerance, and overall productivity (Liu et al., 2020; Rintsona et al., 2021).
The Rhizobia are responsible for fixing atmospheric nitrogen, which is then made available to
the soybean plant. Similarly, the AMF have been found to play a crucial role in enhancing plant
adaptation to abiotic stresses. The AMF establish mutualistic associations with plant roots,
expanding the root system's ability to access water and nutrients, thereby improving the overall
nutrient status and stress tolerance of the plant. Even under certain circumstances, soybeans
highly depend on the AMF (Coft¢ ef al., 2020; Liu et al., 2020; Sefrila et al., 2023; Takacs et
al.,2018; Wen et al., 2023).

Despite numerous beneficial effects of dual inoculation of soybeans with Rhizobium
and AMF have been reported, the actual outcome of the tripartite symbiosis is also influenced
by soil environmental conditions (Cofré et al., 2020; Goss et al, 2017; Liu et al., 2020; Sefrila
et al., 2023; Takécs et al., 2018; Wen et al., 2023). Studies have shown that changes in water
table depth can affect the diversity and abundance of Rhizobium and mycorrhizae, as well as
their interactions in the soybean rhizosphere (Guo et al., 2022; Liu et al., 2020; Runnel ef al.,
2023; Xu et al., 2021). Imbalances in soil moisture and oxygen levels can disrupt the optimal
functioning of these microbial partnerships, potentially leading to sub-optimal plant growth
and productivity (McCarter ef al., 2020; Guo et al., 2022; Zhong et al., 2024).

Peat soils are unique ecosystems characterized by high water table, which can influence
the dynamics of rhizospheric microorganisms. The interplay between water table, Rhizobium,
and AMF in peat soils can have significant implications for soybean production. Fluctuations
in water table depth can affect the composition and activity of these microorganisms,
potentially impacting nutrient acquisition, plant growth, and overall yield. The soybean root-
peat interface is a dynamic zone where numerous biogeochemical processes occur. Modifying
the water table can also affect the performance of the tripartite symbiosis, soybean-Rhizobium-
AMF. The objective of this study was to evaluate the effect of water table gradients on the
Rhizobium-AMF interaction in soybean grown in peat soils.

MATERIALS AND METHODS

Sampling site description

Peat soils used in the current study were collected from riparian wetlands of the Arboretum of
the Faculty of Agriculture, Universitas Sriwijaya in Indralaya, South Sumatra, Indonesia. The
climate of Indralaya belongs to Type A with a ratio of dry month to wet month of <1.5. Despite
the seasonal shift, the rainy season usually starts from November to April with an average
annual precipitation of >2,500mm, while the dry season starts from May to October. Air
temperature is relatively similar all year long, with a mean annual temperature of 25°C. The
sampling site covers a plot of 10.0ha, consisting of upland (£3.0ha) and riparian wetland
(£7.0ha). Peat depths range from <50cm (1.6 ha), 50 to 75cm (2.8 ha), and >75cm (2.6
ha). Amongst crucial native tree species include Alstonia scholaris, Peronema canescens,
Schima wallichii, Fagraea fragrans, Melaleuca leucadendra, Parkia speciose, Shorea
leprosula, Michelia champaca L., and Swietenia macrophylla.
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Peat sampling and characterization

Sampling points were carefully determined based on the degree of peat decomposition. The
degree of peat decomposition was assessed using the von Post Humification Scale (Von Post,
1924). Precise assessment was crucial as both horizontal and vertical variability of peat
humification degree was discovered in the study area.

Peat blocks of sapric peats measuring 30-cm x 30-cm x 55-cm (LxWxH) were collected
from three sub-plots measuring 1m x Im. All peat blocks were placed in air-tight plastic
pouches and kept wet for transport to the plastic house. A small portion of disturbed peat
samples were also collected for physical and chemical characterization. Water from the
sampling site was also collected for watering the peat blocks during the experiment. Upon
arriving at the plastic house, the peat blocks were immediately transferred to a polybag
measuring 30-cm x 50-cm (DxH), while the small portions of peat samples were air-dried at
room temperature (25°C), ground and sieved through for physical and chemical
characterization. The peat soil was characterized by very low bulk density (0.16 g cm™), high
acidity (pH 4.20), very high content of organic C and total N (631.30 g kg! and 14.29 g kg!,
consecutively), low content of available inorganic phosphorus (Pi) (16.5 mg kg™!), and very
low to intermediate content of exchangeable bases (exch. K = 0.38 cmol (+) kg™!, exch. Na =
0.33 cmol (+) kg!, exch. Ca = 0.50 cmol(+) kg'!, and exch. Mg = 0.13 cmol (+) kg,
consecutively).

Preparation of planting media

Current experiment was to investigate the tripartite symbiosis of soybean-Rhizobium
Jjaponicum-AMF in riparian peat soil with constantly different water depths. The present study
employed soybeans (Glycine max L. Merrill Cult. Mutiara), Rhizobium inoculant (Rhizobium
Jjaponicum), and AMF inoculant (Glomus sp.) commercially available and registered in the
Ministry of Agriculture of Indonesia. The experiment used a factorial randomized complete
block design with 2 (two) factors and 3 (three) replicates. The first factor was the microbial
inoculation - single inoculation with Rhizobium japonicum (R) and dual inoculation with
Rhizobium japonicum and AMF (RF). The second factor was the water depths (WD) - WD=
-20cm, WD> = -30cm, WD3= -40cm, and WD4 = -50cm. In total, there were 24 experimental
units.

The planting medium was put into a prepared planting container (Figure 1). This
container consisted of plastic bucket (height, hi =55 cm, upper diameter, d; = 50cm, and lower
diameter, d> = 30cm), black polybag (height, h; = 55cm and diameter, d> = 30cm), and peat
height in the polybag (h2 = 50cm). The polybags were perforated (diameter, d3 = 3mm) along
the wall to enable water to flow constantly from the plastic bucket into the peat block.

Peat blocks, equivalent to 5.0kg of peat, were placed in the polybags. Liming material
(dolomite) was added at 12.5g per 5.0kg of peat. The liming rate was determined based on a
preliminary study. Four levels of liming (0; 0.5; 1.0; 1.5; and 2.0g of dolomite) were added to
100g of peat soils, mixed thoroughly, watered with deionized water, and incubated for
14d. During the incubation, water was added daily based on daily weight loss. After 14d, pH
was measured in a peat-to-water ratio of 1:1 (10g of peat in 10mL of deionized water). The
results of this preliminary study, as presented in Figure 2, were used to determine the liming
rate. Dolomite was diluted in 100mL of water and sprayed carefully and evenly at a depth of
Smm from the peat surface. After liming, the peat soils were incubated for 14d. Watering was
carried out daily using water from the sampling site.
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Figure 1. Planting container.
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Figure 2. Relationship between dolomite rates and pH of peat in the simulation trial.

After 14d, the WD in the planting media were adjusted to four different levels, WD=
-20cm, WD, = -30cm, WD3= -40cm, and WD4 = -50cm from peat surface (Figure 3). The WD
was kept constant during the experiment. A water gauge mark was printed on the inner walls
of each bucket. The WD was checked daily in the morning (at 9.00 AM). Once the WD
subsided, water from the sampling site was added as needed to keep the WD consistent with
each treatment. To avoid disturbance to the peat block in the polybag, especially physical
compaction, water was added carefully by spilling water from the left or right side of the
polybag in the bucket.
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Figure 3. Water depth adjustment.

Fertilization

Fertilizers consisting of 320mg of N (Urea), 240mg of P>Os (SP36), and 200mg of K>O (KCI)
per 5kg of peat were applied at planting time. The three fertilizers were mixed thoroughly with
200g of dry peat, then placed in four holes around planting holes at about 5-cm depth. The
holes were eventually covered with peat soils to avoid volatilization.

Surface sterilization of soybean seed, microbial inoculation, and seeding

Soybean seeds were surfaced-sterilized in 10% H2O: for 5 minutes, followed by three rinses
with sterile distilled water. After disinfestation, soybean seeds were subjected to either R or RF
treatment. Those subjected to the R treatment were mixed uniformly with Rhizobial inoculant
and directly sown into planting holes (about 3cm below the surface). As for those subjected to
the RF treatment, 9g of AMF inoculant was introduced into the planting holes, followed by the
sowing of soybean seeds that had been pre-inoculated with Rhizobium on top of the AMF
inoculant, which were then covered with peat. When the seeds germinated, the seedlings were
thinned to two plants per polybag, subsequently reduced to one plant for further growth. The
initial and subsequent thinning procedures were conducted successively, three and four days
post-germination.

Plant harvest

Soybeans were harvested at the R2 stage, corresponding to 60% flowering. The whole plant
and peat were removed from the polybag and subsequently immersed in water for 10 minutes,
with gentle shaking to loose the peat. The whole plants were placed on a sieve with 1-mm
openings, and the roots were rinsed with running tap water to collect the nodules. All fresh
nodules (including those removed from the soil) were enumerated and recorded, then immersed
in 70% alcohol for preservation.

Each nodule was bisected with a razor blade, and the cross-sections were examined
under a magnifying glass to ascertain whether they were active. Active nodules contained
leghemoglobin, a pigmented protein that resulted in a red coloration of the interior of nodules,
signifying the vitality of the rhizobia. On the other hand, the inside of aged, dead, and inactive
nodules was yellowish green or brown (Somasegaran and Hoben, 1994).

The assessment of AMF colonization was conducted following the methodology by
Brundrett et al. (1984) and McGonigle et al. (1990). The fresh roots were dissected into
approximately lcm segments, mixed thoroughly, and sub-sampled. Subsequently, the entire
root fragments were immersed in 8L of water and stirred thoroughly. Sub-sampling procedures
were replicated in triplicate, amounting to a total of ten grams of fresh root fragments. The root
specimens were preserved in a FAA solution (Formalin-Acetic-Alcohol) composed of a
mixture of 95% ethyl alcohol, glacial acetic acid, and 37% formaldehyde in an 18:1:1 ratio,
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before undergoing further processing for the assessment of AMF colonization. Root pieces
previously stored in the FAA solution were transferred to a sieve of 1-mm openings, rinsed
under running distilled water, placed in glass containers with 15mL of 10% KOH, and
autoclaved at 121°C for 15mins for bleaching.

After the root pieces had cooled down, they were carefully transferred to a sieve with
I-mm openings, thoroughly rinsed with running distilled water, and placed in a refrigerator for
45 minutes. Subsequently, the root pieces underwent another round of bleaching using an
NH4OH : H>0: solution (3mL NH4+OH : 30mL H>O> : 567mL H>0), manually shaken for
approximately 2 minutes, sieved, and then stained with Chlorazol Black E (100mL glycerin :
100mL 80% lactic acid : 100mL distilled water : 0.3g Chlorazol Black E) in an oven at 90°C
for 2 hrs.

The stained root pieces were rinsed with water and subsequently preserved in glycerin.
These stained root pieces were mounted onto microscope slides and examined using a light
microscope at a magnification of 200x. The graticule was accurately aligned with the roots,
and intersections with the root were counted. Scoring was conducted based on the observed
structures of arbuscules (A), vesicles (V), a combination of AV, mycorrhizal hyphae (MH),
hyphae without arbuscules or vesicles (H), or the absence of fungal structures (NS). The total
number of intersections was then calculated accordingly.

G = A+V+AV+MH+H+NS (Equation 1)

A minimum of 150 intersections from one sample was necessary to acquire a representative
count. The percentage of root length colonized by each structure was computed as follows:

Arbuscular Colonization (AC) = (4+G)x100% (Equation 2)
Vesicular Colonization (VC) = () - G)x100% (Equation 3)
Hyphal Colonization (HC) = (G — NS) +G)x100% (Equation 4)

Data analysis

The means of three replicates were calculated using WPS Spreadsheet 2019 (WPS Office 2019,
Kingsoft Office Software) and JASP statistical software, which is an open-source graphical
program for statistical analysis developed at the University of Amsterdam. Significant
differences among treatments were assessed using a t-test (P < 0.05) performed in JASP.
Additionally, regression and correlation analyses were conducted to examine the relationship
between two quantitative variables.

RESULTS AND DISCUSSION

Peat acidity and available Pi

The WD significantly affected the pH and the available Pi of the peat soils (Figure 4). The
decline in pH from 4.77 to 4.44 showed a significant correlation (r>=0.99; p=0.017) with the
decreasing WD from -20 to -50cm (Figure 4a). Peat soil used in the present study were
naturally acidic as a result of the accumulation of organic acids generated during the gradual
decomposition of plant material. As the WD decreased from -20cm to -50cm, the previously
anaerobic peat altered into an aerobic state. Such a condition accelerated microbial
decomposition releasing more of phenolic-OH and COOH groups and eventually decreased the
peat pH (Amesbury et al., 2019; Niu et al., 2024). The decline of the WD also triggered
oxidation reactions, transforming reduced ferrous iron (Fe?") and sulfide (S*") into oxidized
forms - ferric iron and sulfate, respectively. This oxidation process led to the release of H" and
SO4* ions. In contrast, the utilization of bicarbonate (HCO3") ions, which typically functioned
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as a natural buffer against acidification, was increased, thereby contributing to further
decreases in the pH of the peat soils (Amesbury ef al., 2019; Neina, 2019; Wei et al., 2019).
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Figure 4. Correlation analysis of the WD with (a) pH, (b) available Pi, and (c¢) pH with available Pi in the
peat soils.

A significant relationship (r>=0.98; p=0.02) was also found between the available Pi
and the WD (Figure 4b). A significant decrease in Pi availability was detected as the WD
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decreased from -20 cm to -30cm. Further decreases in the WD to -50cm did not significantly
change the available Pi (Figure 4b). The two main sources of Pi in our experiment were P
fertilizer and peat decomposition. Both sources were applicable only to the upper layer. In
contrast, the main source of Pi in the lower layer was only peat decomposition.

All treatments in our experiment received an equal quantity of P fertilizers upon
planting, specifically 240mg P»Os polybag™!, which was applied at a depth of 5cm beneath the
peat surface. Therefore, it resulted in a P-enrichment layer only in the first 5 to 20cm.
Furthermore, since no overhead watering was applied during the experiment, the accumulated
Pi within the peat upper layer (5 to 20 cm) did not percolate into the deeper layer (>20 cm).
Additionally, the high macroporosity within the upper 20cm layer likely restricted vertical
solute exchanges between this layer and the underlying layers of the peat in our study (Dom et
al.,2021; Kiuru et al., 2022; Mrotzek et al., 2020).

The acidic condition in the peat soils (Figure 4a) could significantly restrict the bio-
availability of the Pi. The natural Pi availability in the peat soils used in the current study was
notably low, only 16.50mg P,0Os kg!. Although the peat pH in the current study was within a
narrow range (from 4.44 to 4.77), it appeared to be a crucial factor in determining the
availability of the Pi. The current study demonstrated a significant correlation (r?=0.93;
p<0.001) between the available Pi and the pH; the available Pi increased from 9.77mg P>0Os
kg! to 37.05mg P»Os kg! as the peat pH increased from 4.14 to 5.67 (Figure 4c). Previous
studies demonstrated that in acidic environments, the Pi sorption index, a parameter showing
the sorptive capacity of soils for Pi, increased with decreasing pH and increasing concentrations
of Fe, thereby increasing the formation of insoluble Fe complexes (Maru et al., 2020; Gondal
et al., 2021). It was likely that peat pH co-varying with the WD in our study controlled the
abundance of Fe-oxyhydroxide, mainly Fe(IlI) oxyhydroxide (Maru et al., 2020; Gondal et al.,
2021).

In fact, the study on the microbial Pi cycle and acquisition in peat soils is still lacking
compared to that of other terrestrial ecosystems such as forests or agricultural soils (Hamdan
et al., 2012; Lin et al., 2014; Weedon et al., 2013). This knowledge gap is partly due to the
fact that research on peatlands over the past two decades has focused on peat degradation and
CO; emissions resulting from deforestation, land use and land use change (LULUC), fire, and
canalization in peatlands. The findings of the current study confirm that the availability Pi
remains one of the important issues in the management of peat soils for soybean cultivation.

Nodulation and AM colonization
Among all the treatments, only the WD showed a significant effect on both the total number of
nodules (p=0.005) and the number of active nodules (p=0.007). This study indicated a
significant correlation between the total number of nodules (r>=0.94; p=0.06) and the number
of active nodules (r?=0.99; p=0.04) with the WD. These results indicated that the WD exerted
significant effect on nodulation in soybeans. While the soybeans in this study did not
experience hypoxia, the swallow WD (-20cm) restricted the aerobic zone, which hindered root
growth and functionality in water and nutrient absorption, and inhibiting the formation of root
hairs. Consequently, this led to a decrease in the number of nodulation sites. Increasing the
WD to -50cm resulted in an expansion of the oxidative zone, which enhanced oxygen
availability, root respiration, root development, and the formation of nodulation sites. As a
result, the total number of nodules per plant increased to 52, with 34 of those nodules being
active, as shown in Figure 5.

The lack of a significant effect of microbial inoculation on nodulation indicates that
there was no competition between the Rhizobia and the AMF for root infection. Instead, these
symbionts could coexist and provide complementary benefits to the soybeans. Our study

338



Malaysian Journal of Soil Science 2025 Vol. 29: 331-347

~
S
]
1

@®Total Nodule OActive Nodule

D
=
1
T

)]
(e
—@—

s

o

53

(=¥

[}

= y=4.6667x2 - 14333x +33.5

R 17=0.98; p=0.02

g 30 1

fa)

E

Zz 20 +

B

j=1

S 10 1

~ 0 y=4.9583x2 - 18.842x +29.042
' T T09% p0 T '
-20 -30 240 -50

WD (cm)

Figure 5. Correlation analysis of the WD with the nodule number at the R2 stage.

found that soybeans treated with RF showed a 17% increase in total nodules and a 31% increase
in active nodules compared to those treated with R (Figure 6). This improvement could be
attributed to several factors due to the AMF colonization, including enhanced acquisition Pi,
mineralization of organic P (Po) by extracellular phosphatase (Liu et al., 2021; Vieira ef al.,
2020) and other essential nutrients (Jou et al., 2018; Hao et al., 2019; Machiani et al., 2021),
improved delivery of Pi to the nodules (Hu et al., 2022; Liu et al., 2020), and increased
resilience against various abiotic stresses in soybeans (Ashwin et al., 2022; Machiani et al.,
2021). Meanwhile the Rhizobia are responsible for fixing atmospheric N (Ashwin et al., 2022;
Igiehon and Babalola, 2021; Khaliq ef al., 2022; Liu et al., 2021).
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Figure 6. Effect of inoculation on the number of nodules in soybeans at the R2 stage.
The extensive network of hyphae formed by the AMF increases the depletion zone of

Pi around plant roots. This expansion allows the soybeans to access Pi that would otherwise be
unavailable (Shao et al., 2023; Van't Padje et al., 2021). Furthermore, it has been observed that
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rhizobia and AMF interact in the soil before colonizing the roots of the host plant. The extra-
radical mycelia produced by the AMF play a crucial role in facilitating the movement and
migration of rhizobia toward the host roots (de Novais et al., 2020; Gorgia and Tsikou, 2025).

The current results indicate that soybean roots were successfully infected and colonized
by the AMF across the inoculation treatments and the WD, as presented in Table 1. The
extensive root colonization, primarily by hyphae (>90%) and arbuscules (>30%), demonstrates
that soybeans grown in peat soils responded favorably to the AMF infection and colonization.
In contrast, colonization by vesicles was relatively low, ranging from 1% to 2%, suggesting
that the AMF were still actively growing and developing within the soybean roots.

Table 1: AMF colonization in soybeans at the R2 stage

AMF Colonization (% of root length)

WD (cm) Hyphae Arbuscule Vesicle
R RF R RF R RF
-20 98.1 99.7 30.9 31.9 2.1 2.1
-30 100.0 100.0 39.1 29.7 1.9 2.1
-40 99.4 98.6 352 33.7 1.5 1.5
-50 99.4 97.2 42.7 37.2 1.2 0.9

Current results also show that soybean roots subjected to the R treatment were
effectively colonized by the AMF across all levels of the WD. The extent of colonization was
similar to the soybeans subjected to the RF treatment as indicated in Table 1. These findings
indicate the presence of native AMF inoculum in the peat soils. The significant colonization
by native AMF - with over 90% hyphae and at least 30% arbuscules - suggests their crucial
role in establishing a tripartite symbiosis between the soybean, rhizobium, and AMF in the peat
soils examined in this study. Our findings confirm that the prevalence of native AMF has
increased over the years due to their high adaptability to the physico-chemical characteristics
of local soils. The native AMF persist because the sampling site from which the peat originated
experiences regular drought periods, allowing native plants, such as wild grasses and herbs, to
grow and serve as hosts for the native AMF.

N and P content, and soybean growth

Our findings indicate that inoculation had a significant effect (p = 0.01) on N and P content at
the pod-filling stage, as well as on the growth of soybeans. Soybeans that received the RF
treatment showed a significantly higher N content of 103.8 mg per plant, compared to 81.99
mg per plant for those that receiving the R treatment. This results in a 21% increase in nitrogen
content (Figure 7).

It is widely recognized that the acquisition and accumulation of N by soybeans depend
on two primary sources: biological nitrogen fixation (BNF) and the uptake of soil N. Previous
studies have shown that BNF can satisfy nearly all of the N requirements of soybeans (Maluk
et al.,2023; Peoples et al., 2021). While the current study did not quantify the proportion of N
derived from BNF, the number of active nodule was used as a proxy indicator of BNF
activity. As illustrated earlier in Figure 6, soybeans subjected to the RF treatment had a higher
number of active nodules compared to those subjected to the R treatment. Recent research by
Zhong et al. (2024) revealed that enhanced nodulation can optimize N fixation, and eventually
increase the yield of soybeans.
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Figure 7. Effect of inoculation on the N and P content of soybeans at the R2 stage.

The effectiveness of BNF can be influenced by several factors, including the availability
of Pi in the soil. As mentioned earlier, the peat soils used in this study had inherently low
available Pi. As a result, the RF treatment played a crucial role in enhancing the Pi-scavenging
ability of the soybeans, allowing them to meet their high P requirements for nodulation and N
fixation. Present study demonstrates that P uptake of soybeans subjected to the RF treatment
was higher (10.93mg plant™!) compared to those treated with the R treatment (9.29mg plant™!),
resulting in a notable increase of 15% (Figure 7). Such enhancement illustrates that the
coexistence of Rhizobia and AMF in the RF treatment could provide biological advantages to
soybeans by enhancing Pi uptake from the peat soils. The intensive mycorrhization allowed the
soybeans to access and absorb Pi beyond the root depletion zone, thereby increasing
nitrogenase activity and alleviating metabolic limitations of photosynthesis under low Pi
availability (Khaliq et al., 2022; Liu et al., 2021).

Despite the significant improvement in the nodulation brought about by the RF
treatment (Figure 6), the draw-down of the WD was followed by declines in both N and P
contents of soybeans the pod-filling stage. A significant correlation was observed between the
N content (r?>=0.88; p=0.01) and P content (r>=0.96; p=0.02) with the WD (Figure 8). These
results underscores the strong impact of the WD on the capacity of soybean roots to access N
pools in the soils and to optimize the function of the BNF, as well as on the ability of the AMF
to access Pi pools in the peat soils. In spite of the fact that soybeans did not exhibit water stress
symptoms throughout the experiment, even as the WD draw-downed from -20 to -50cm, it
might have limited water acquisition and absorption, which is eventually hindering N and P
absorption.

The findings of this study show that N and P contents, along with soybean growth
during the pod-filling stage, significantly decreased as the WD levels declined, particularly in
the range of -30 to -50 cm. This trend was observed regardless of the inoculation treatment
applied (Figure 9). Notably, there was a significant correlation between the WD and both N
(Figure 9a) and P (Figure 9b) contents, as well as the dry weight of soybeans (Figure 9c¢),
independent of the microbial inoculation treatments used. These results emphasize the negative
effects of the WD on the nutrient absorption and accumulation, the efficacy of BNF, and overall
soybean growth in peat soils. Additionally, it suggests that the WD of -30 c¢cm is a critical
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threshold for optimal soybean growth in this study. These adverse effects can be attributed to
several
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Figure 8. Correlation analysis of the WD with N and P content of soybean at the R2 stage.

factors, including impaired access to and utilization of N and P for biomass accumulation,
impaired nutrient transport, reduced photosynthetic activity, and accelerated senescence.
Collectively, these factors indicate that the impact of the WD outweighs the effects of microbial
interactions in the rhizosphere.

A tripartite symbiosis involving soybeans, Rhizobium, and AMF has long been
recognized as beneficial for growth and productivity, particularly under unfavorable conditions
(Ashwin et al., 2022; Liu et al., 2021; Wang et al., 2021). Our results indicate that the RF
treatment had a positive synergistic effect on N and P contents, as well as the dry weight of
soybeans at the pod-filling stage, regardless of the WD levels. Soybeans subjected to the RF
treatment exhibited higher N and P contents, and greater dry weight at the pod-filling stage
compared to those that received only the R treatment (Figures 9a to ¢). These findings
highlight the synergistic benefits of the symbiotic interaction between Rhizobium and AMF in
the rhizosphere. In conditions of limited P availability, such as those found in the peat soils
examined in this study, soybeans tend to allocate more P to their nodules. This allocation
strategy helps maintain optimal P levels, thereby supporting BNF and promoting soybean
growth (Cabeza et al., 2024; Liu et al., 2021; Machiani et al., 2021; Zhong et al., 2023).

Furthermore, previous studies have demonstrated that AMF significantly enhance plant
resilience against various abiotic stressors, such as limited water availability (Gorgia and
Tsikou, 2025; Igiehon and Babalola, 2021; Wang et al., 2024). In the current study, as the WD
decreased from -30 to -50 cm, the AMF mycelia were able to explore a larger volume of peat
soil compared to soybean roots. This capability improved water absorption, which
subsequently enhanced osmotic regulation, cellular functions, and physiological metabolism in
soybeans.

CONCLUSION
In summary, the WD significantly affected Pi availability and the soybean-rhizobium-AMF
symbiosis. Shallow WD (-20 cm) restricted root growth, root hair development, and nodulation
in soybeans, while deeper WD enhanced nodulation. Soybeans inoculated with both
Rhizobium and AMF exhibited greater nodulation compared to those inoculated with
Rhizobium alone, highlighting the benefits of this symbiotic relationship. The colonization of
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at the R2 stage under different inoculation treatments.

arbuscular mycorrhizal fungi (AMF) was uniform across all treatments, with high colonization
rates (hyphae over 90%, arbuscules at least 30%), highlighting the crucial role of AMF in peat
soils.The RF treatment improved N and P uptake and soybean growth across all WD levels.
This improvement demonstrates that the co-inoculation of rhizobium and AMF in the RF
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treatment provides biological advantages to soybeans by enhancing nutrient acquisition and
overall plant performance. The similar extent of AMF colonization on soybeans inoculated
with Rhizobium alone indicates the significance of native AMF in establishing a tripartite
symbiosis among soybean, rhizobium, and AMF in the peat soils. Investigating the potential
use of native AMF as a natural method to enhance soil fertility, promote carbon sequestration,
and improve overall ecosystem health and resilience in peatlands could represent an important
area for further research.
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