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Abstract 
Aims  Salt stress presents a significant impedi-
ment to crop growth and development. However, the 
effects of indigenous arbuscular mycorrhizal fungi 
(AMF) and the addition of exogenous AMF on soy-
bean growth strategies under salt stress remain poorly 
understood. The purpose of this study was to exam-
ine the impact of different AMF sources on soybean 
growth strategies under salt stress conditions.
Methods  In this study, we established three differ-
ent salt stress gradients (1, 2, and 4 g NaCl kg−1 soil) 
along with two AMF treatments (indigenous AMF 

and added exogenous AMF) to evaluate soybean 
growth parameters, enzymes, and soil indicators.
Results  Under salt stress, exogenous AMF signifi-
cantly increased mycorrhizal colonization in soybean, 
resulting in a notable enhancement in phosphorus 
(P) and potassium (K) concentration while reduc-
ing nitrogen (N) absorption. Additionally, the addi-
tion of exogenous AMF demonstrated the capacity 
to enhance soybean salt tolerance by lowering soy-
bean sodium (Na) and malondialdehyde (MDA) con-
tent, catalase (CAT) activity, and increasing K+/Na+ 
ratio and acid phosphatase (A-Pase) activity. In con-
trast, in the indigenous AMF treatment, rhizosphere 
A-Pase activity in soybean exhibited predominantly 
positive correlations with each trait, and the K+/Na+ 
ratio relied more on mycorrhizal colonization and 
CAT activity. Soybean biomass was influenced both 
directly and indirectly, with the K+/Na+ ratio serving 
as a crucial pivot in the indirect pathway.
Conclusions  The addition of exogenous AMF can 
enhance soybean salt tolerance by regulating nutrient 
and sodium absorption, enzyme activity, and MDA 
content. Meanwhile, indigenous AMF promotes 
salt tolerance in soybeans by global regulating trait 
associations.
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Introduction

The salinization of land poses a significant challenge 
to agricultural development leading to soil structure 
degradation, reduced soil porosity, and compromised 
soil aeration and water retention capacity (Paeida & 
Das 2005). Consequently, these factors affect root 
respiration and water uptake efficiency. Elevated salt 
levels in the soil solution or irrigation water induce 
osmotic and ionic stress in plants, adversely affect-
ing various physiological and biochemical processes 
(Allah et  al. 2015; Hashem et al. 2015). Among the 
detrimental effects of high salinity is the disruption of 
critical cell structures, such as membranes, proteins, 
lipids, and nucleic acids. Salinity-induced membrane 
peroxidation compromises membrane integrity, lead-
ing to the leakage of essential cellular components 
and hindering plant growth (Ahanger et  al. 2014). 
Under salt stress, the rapid generation of harmful rad-
icals like superoxide, hydrogen peroxide, and perox-
ides under salt stress triggers chain reactions, result-
ing in an excessive production of peroxyl radicals. 
These radicals disrupt normal plant growth processes. 
Furthermore, the detrimental impacts of salt stress on 
plant growth and metabolism are linked to changes in 
the endogenous levels of phytohormones (Khan et al. 
2015). Secondary salinization not only reduces crop 
productivity but also negatively affects soil microbial 
diversity and disrupts ecosystem equilibrium, thereby 
diminishing the soil’s capacity to self-regenerate.

Arbuscular mycorrhizal fungi (AMF) can establish 
symbiotic associations with the majority of terrestrial 
plants, playing a crucial ecological role in enhancing 
plant growth. Typically found in the rhizosphere of 
saline soils, AMF extends delicate hyphae that increase 
root surface area (Anderson & Cairney 2007), aiding 
host plants in nutrient uptake (Allen 1982), ion bal-
ance regulation, enhancing water use efficiency (Auge 
et al. 2014; Klinsukon et al. 2021), and boosting anti-
oxidant activity (Feng et al. 2002; Chang et al. 2018). 
This symbiosis involes a proficient reactive oxygen 
species (ROS) scavenging mechanism, bolstering 
plants’ early defense and growth capabilities under salt 
stress (Evelin et al. 2009; Chandrasekaran et al. 2014). 
AMF contribute to enzymatic and non-enzymatic anti-
oxidant defense systems (Wu et al. 2014; Ahmad et al. 
2015), induce acquired systemic tolerance (Hashem 
et  al. 2015), and mitigate lipid peroxidation (Allah 
et al. 2015). Moreover, AMF improve nutrient uptake, 

particularly phosphorus (Pu et al. 2023), by extending 
mycelium extends beyond the rhizosphere, connecting 
roots with surrounding soil microhabitats, thus expand-
ing the root zone for enhanced nutrient absorption. 
This extensive hyphal network efficiently transport 
water and nutrients for plant absorption (Anderson & 
Cairney 2007). Presently, research primarily focuses on 
the effects of exogenous AMF addition on plants, leav-
ing the mechanisms by which indigenous AMF influ-
ence plant responses to salt stress largely unexplored.

Soybean (Glycine max) is a vital crop within the 
legume family, playing a pivotal role as a global oil-
seed crop and protein source, thus holding consider-
able significance in the food and agricultural sectors. 
Under salt stress, soybean plant growth, nodulation, 
nitrogen fixation, number of pods, and yield were 
reduced (Egamberdieva et al. 2016). Inoculating leg-
umes with AMF also improves salt stress tolerance, 
plant growth, nodulation, and nitrogen fixation in soy-
bean under saline conditions (Hashem et  al. 2019). 
However, the influence of indigenous AMF and add-
ing exogenous AMF on soybean growth responses 
under salt stress remains uncertain.

In this study, we comprehensively analyzed soy-
bean physiological parameters, enzymes, osmotic 
regulatory substances, and soil indicators by subject-
ing the plants to three levels of salt stress and two dif-
ferent AMF treatments involving indigenous AMF 
and added exogenous AMF. The primary aim of this 
research is to determine potential differences in the 
effects of indigenous and added exogenous AMF on 
soybean growth strategies under varying salt stress 
levels. Additionally, we aim to explore any potential 
correlations between the presence AMF and shoot/
root traits in soybeans.

Materials and methods

Soil, seeds and strains

Soil samples were collected from the Agronomy 
Experiment Station (117°09’E, 36°20’N) at Shan-
dong Agricultural University, located in the Daiyue 
district of Taian City, Shandong Province, China. 
They were air-dried, sieved through a 2-mm mesh, 
and thoroughly mixed. Two kilograms of dry soil 
were then transferred to each plastic flowerpot, meas-
uring 13.5 cm in height and 18.5 cm in diameter. The 
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soil properties were as follows: pH 7.52, electrical 
conductivity 300 µs cm−1, total nitrogen 1.64 g kg−1, 
available phosphorus 51.0  mg  kg−1, and available 
potassium 223.0 mg kg−1.

The soybean cultivar utilized in this study was 
"Wiliams 82" which is known to be salt-sensitive. The 
arbuscular mycorrhizal fungi (AMF) employed were 
Rhizophagus irregularis (R. irregularis) and Rhizo-
phagus intraradices (R. intraradices) (‘Jin Bei Lai’ 
Limited Co., Beijing, China). The AMF was screened 
in the saline-alkali land used for coastal corn cultiva-
tion. Compared with the dominant AMF community in 
experimental soil, the abundance of this AMF is less 
than 1%, so it has been selected as an exogenous AMF. 
The fungus was cultivated in a greenhouse using a 5:1 
(w/w) mixture of zeolite and silica sand with maize 
plants. There are 70 spores per gram.

Experimental design

This study was conducted in the greenhouse facilities 
of Shandong Agricultural University, located in Taian 
City, Shandong Province (117°12′E, 36°16′N). A ran-
domized complete block design was used consisting 
of three salt treatments (1 g kg−1—S1, 2 g kg−1—S2, 
and 4 g kg−1—S4) applied as NaCl solution and two 
AMF treatments (indigenous AMF and addition of 
mixed AMF inocula of R. irregularis and R. intrara-
dices. Each treatment was replicated three times. The 
soil was mixed well following being sifted through a 
sieve and filled into plastic pots (2 kg of dry soil per 
pot). The pot size was 13.5  cm height and 18.5  cm 
in diameter. The pots were arranged in a randomized 
complete block design, with plants within each block 
being re-randomized weekly to minimize the influ-
ence of plant location within blocks.

The experiment used NaCl to simulate the saline 
condition instead of using the natural coastal neutral 
saline soil to eliminate the effect of other forms of salt 
ions, such as SO4

2−, CO3
2−, HCO3−, which are often 

presented in the natural soils. The three salt stress 
concentrations were determined based on the salt tol-
erance of the experimental soybean variety (S1: ini-
tial salt stress concentration; S2: moderate salt stress 
level; S4: highest salt stress level) (Liu et  al. 2020). 
Soil salt stress was adjusted 7 days before the experi-
ment. A consistent amount of base fertilizer was 
added to each treatment: N = 0.521 g, P2O5 = 0.172 g, 
and K2O = 0.285  g per kg of soil. In the added 

exogenous AMF treatment, 5 g (dosage of each pot) 
of R. irregularis and R. intraradices microbial inocu-
lants were applied 1  cm below the seeds in the soil 
before sowing. In order to ensure that only indigenous 
AMF is present in the soil, only the 5 g of inactivated 
microbial inoculants were applied in the indigenous 
AMF treatment.

High-quality soybean seeds were selected, washed 
with deionized water, and surface-sterilized for 6  h 
in a 0.3% (v/v) H2O2 solution before rinsing with 
deionized water. These seeds were germinated in 
a Petri dish lined with wet absorbent cotton at 25℃ 
in the dark. When roots reached 3–5 cm, 5 plantlets 
were transplanted into each pot. After emergence and 
thinning, 3 healthy plants remained in each pot. To 
minimize the impact of the growth environment on 
exogenous AMF, all plants grew in the same environ-
mental conditions. During the plant growth period, 
soil moisture was kept at 18%–20% (w/w, i.e., 70% 
of water holding capacity) determined by weighing 
method. The ambient room temperature was main-
tained between 22–27 °C, with relative humidity kept 
at 45%-55%. The experiment commenced on Novem-
ber 26, 2023, and plants were harvested on January 
25, 2024, providing a total growth period of 60 days.

Photosynthetic index, root traits and mycorrhizal 
colonization

The net photosynthetic rate (Pn) and transpiration 
rate (Tr) of the third leaves from the main stem of 
soybean were measured using a portable photosyn-
thetic apparatus (Li-6800) from 9:00 to 11:00 a.m. 
under sunny weather conditions at harvest. Simulta-
neously, the chlorophyll content (SPAD value) of the 
leaves was determined using a portable chlorophyll 
analyzer (SPAD-502).Root samples were cleaned and 
dispersed in water within a transparent array measur-
ing 30 × 20 × 3 cm. They were then scanned using an 
EPSON scanner at a resolution of 400 dpi (Epson 
Expression 1600 pro, Model EU-35, Japan). Root mor-
phological traits such as length and diameter were ana-
lyzed from the scanned images using WinRHIZO Pro 
software (Regent Instruments Inc, Quebec, Canada).

Root samples were treated with 10% (w/v) KOH 
solution in a 90 °C water bath for 20 min, rinsed with 
water, acidified with 2% (v/v) HCl for 5 min at room 
temperature to make it transparent, and then stained 
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with 0.05% (w/v) nonvital Trypan blue in a 90 °C water 
bath for 30  min. Stained root fragments were placed 
in a lactic acid-glycerolwater (v/v/v, 1:1:1) solution 
overnight to remove excess stain. For each sample, 30 
stained root fragments of second-order roots with an 
average length of 1  cm were selected randomly and 
observed with light microscope after mounted on two 
slides. Colonization by AMF (%) was assessed using 
the method described by Trouvelot et al. (1986).

Acid phosphatase activity

Acid phosphatase (A-Pase) is primarily derived from 
plant roots and microorganisms (Spohn and Kuzyakov 
2013). A-Pase had maximal activities under acidic con-
ditions which is often a feature of farmland soils (Tazi-
song et al. 2015). So we measured the A-Pase activity. 
Roots were transferred into a 200-mL vials containing 
a measured amount of 0.2  mmol L−1  CaCl2  solution 
depending on root volume (Pearse et  al. 2007). Roots 
were repeatedly dunked (about 60 s in this study) into 
solution until as much rhizosphere soil as possible was 
removed. Care was taken to minimize root damage. Two 
0.5-mL aliquots of soil suspension were transferred into 
2-mL centrifuge tubes for measurement of acid phos-
phatase activity (Neumann 2006; Wen et al. 2017).

Plant traits

For malondialdehyde (MDA), 100  mg of mate-
rial was extracted in 1 ml 0.1% (w/v) TCA solution. 
The homogenates were centrifuged at 12,000 × g  for 

15  min at 4  °C. Five hundred microliters of super-
natant was then mixed with 1 ml 0.5% TBA solution 
(500  mg TBA dissolved in 100  ml of 20% TCA). 
Then the reaction mixture was placed in a boil-
ing water bath for 1  h and immediately kept on ice 
for 5 min. The absorption of the samples was meas-
ured at 532 nm, after centrifugation at 10,000 × g for 
10 min. The data were calculated from the extinction 
coefficient of MDA (155 mM-1 cm-1) after subtract-
ing the value of non-specific absorption at 600  nm. 
(Baryla et al. 2000).

For catalase (CAT) analysis, 1 g of shoot mate-
rial was ground with a small amount of phosphoric 
acid buffer solution at pH 7.8 to form a homoge-
nate. The homogenate was transferred to a 10-mL 
graduated test tube, and the mortar was rinsed with 
the buffer solution, which was then transferred into 
the same graduated test tube. After centrifugation 
at 4,000 rpm for 15 min using the same buffer solu-
tion, the absorbance of the supernatant was meas-
ured at 240-nm (Nakano & Asada 1981).

Both shoots and roots were collected and sub-
sequently dried at 75 °C until reaching a constant 
weight. The phosphorus (P) content in the plants 
was determined using the standard vanado-molyb-
date method (Murphy & Riley 1962), following 
the digestion of samples in an H2SO4-H2O2 mix-
ture at 360 °C for 2 h. Plant total nitrogen (N) was 
determined using the semi-micro Kjeldahl method. 
The potassium (K) and sodium (Na) content in 
the plants were determined by a flame photometer 
(Bao 2000).

Calculation of plant traits

Na translocation factor = SNa∕RNa(SNa and RNa are the Na content of shoots and roots, respectively).

K+∕Na+ = K content∕Na content

N concentration = N content × biomass

P concentration = P content × biomass

K concentrationK content × biomass

Root ∶ shoot ratio = root biomass∕shoot biomass
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Data analysis

We utilized a Two-way ANOVA method with a rand-
omized block design to assess the effects of salt stress 
and AMF treatment, as well as the interactions between 
these two main factors. Significant differences among 
means were determined using the t-test (P < 0.05). For 
multiple comparisons between treatments, we employed 
the Tukey test (P < 0.05). Principal component analysis 
(PCA) was conducted to investigate the relationship 
between plant traits and soil indices. Sperman’s corre-
lation analysis was used to evaluate pairwise relation-
ships among root traits. A multiple regression model 
was utilized to examine the relationship between soy-
bean traits and mycorrhizal colonization. To determine 
the tradeoff relationship between the K+/Na+ ratio of 
soybean in MDA, CAT, and mycorrhizal colonization 
under different treatments, we conducted a 3D model 
analysis. All statistical analyses were performed using 

SPSS 20.0 statistical software (IBM Corp., Armonk, 
NY, USA), and the figures were generated using Origin 
2024 (OriginLab, Northampton, MA, USA).

Furthermore, structural equation models were con-
structed to analyze the relationships between biomass, 
plant traits, mycorrhizal colonization, and K+/Na+ 
under different AMF treatments. The structural equa-
tion model plots were created using Amos 26.0 soft-
ware developed by IBM Corp. in Armonk, NY, USA.

Results

Salt stress and AMF influence on shoot traits and 
nutrient indices

Mycorrhizal colonization was significantly influenced 
by the interaction between salt stress and AMF treat-
ment (Table 1). Under various salt stress, the addition 

Table 1   Results of Two-
way ANOVA for soil and 
plant traits among salt stress 
and AMF treatments

* , P < 0.05; **, P < 0.01; ***, P < 0.001

Traits Salt stress (df = 2) AMF (df = 1) Salt 
stress × AMF 
(df = 2)

Plant high (cm) 82.325*** 34.275*** 5.885*
SPAD 21.57*** 43.423*** 4.688*
Transpiration rate (mol m⁻2 s⁻1) 34.935*** 98.973*** 0.748 ns
Photosynthetic rate (µmol m⁻2 s⁻1) 14.975*** 77.975*** 1.094 ns
Shoot biomass (g plant−1) 61.75*** 32.143*** 0.107 ns
Root biomass (g plant−1) 28.19*** 10.714** 0.571 ns
Shoot N concentration (mg g−1) 2916.35*** 299.109*** 76.037***
Root N concentration (mg g−1) 20.369*** 0.202 ns 5.465*
Shoot P concentration (mg g−1) 39.316*** 70.87*** 24.66***
Root P concentration (mg g−1) 43.188*** 21.803*** 1.612 ns
Shoot K concentration (mg g−1) 954.561*** 59.218*** 179.289***
Root K concentration (mg g−1) 251.502*** 67.172*** 87.4***
K content (mg g−1) 73.798*** 4.192 ns 4.469*
Na content (mg g−1) 139.389*** 124.18*** 20.835***
K+/Na+ 862.776*** 265.007*** 129.729***
TFNa 56.756*** 9.42*** 7.115**
Root: shoot ratio 2.556 ns 0.266 ns 0.86 ns
Root length (cm) 9.944** 13.8** 2.898 ns
Root diameter (mm) 32.475*** 91.145*** 7.004**
Rooot surface (cm2) 2.416 ns 178.713*** 0.038 ns
Root volume (cm3) 31.569*** 189.194*** 30.976***
Acid Pase (μmol PNP g−1 soil h−1) 48.81*** 1731.888*** 331.764***
MDA (μmol g−1) 904.794*** 184.462*** 77.446***
CAT (U g−1) 50.206*** 35.042*** 3.881*
Mycorrhizal colonization (%) 36.105*** 76.404*** 3.736*
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of exogenous AMF treatment increased mycorrhizal 
colonization in soybean. However, as soil salt stress 
increased, the enhancement of mycorrhizal coloniza-
tion decreased (Fig. 1).

Two-way ANOVA revealed that shoot biomass, 
root biomass, transpiration, and photosynthetic rates 
of soybean were not significantly affected by the 
interaction between salt stress and AMF treatment 
(Table 1). The increase in soil salt stress significantly 
inhibited soybean growth, but the addition of exoge-
nous AMF alleviated this phenomenon and increased 
the SPAD value of soybean (Fig. S1c and S1d).

Soybean N concentration and K concentration 
(both shoot and root) were influenced by salt stress 
and AMF treatments (Table 1). As depicted in Fig. 2a, 
with increasing salt stress, the shoot N concentration 
of soybean significantly decreased, and the addition 
of exogenous AMF exacerbated this phenomenon. 
Similarly, as soil salinity increased, the root N con-
centration of soybeans also significantly decreased. 
Root N concentration was significantly higher in 
AMF inoculation treatment under S2 salt stress, while 
higher in indigenous AMF treatment under S1 salt 
stress (Fig. 2b). Adding exogenous AMF significantly 
improved phosphorus (P) concentration in soybean. 
Under S2 salt stress, both shoot and root P concentra-
tions of soybean increased most significantly with the 
addition of exogenous AMF (Fig. 2c and 2d). Under 
S1 salt stress, the addition of exogenous AMF signifi-
cantly decreased shoot K concentration in soybean, 

Fig. 1   The responses of mycorrhizal colonization to salt 
stress, and AMF treatment. Each value is the mean (± SE) of 
three replicates. Lowercase letters indicate significant differ-
ences between different microbial treatments under the same 
salt stress and AMF treatment (based on Tukey’s post hoc 
analysis, P < 0.05). Abbreviations: S1, 1 g kg−1 NaCl; S2, 2 g 
kg−1 NaCl; S4, 4 g kg−1 NaCl; Exogenous AMF, the addition 
of exogenous AMF

Fig. 2   The responses of plant N concentration (a-b), plant P 
concentration (c-d) and plant K concentration (e–f) to soil salt 
stress and AMF. Each value is the mean (± SE) of three rep-
licates. Letter indicates significant difference between differ-

ent inoculant treatments (based on Tukey’s post hoc analysis, 
P < 0.05). Abbreviations: S1, 1 g kg−1 NaCl; S2, 2 g kg−1 NaCl; 
S4, 4 g kg−1 NaCl; Exogenous AMF, the addition of exogenous 
AMF



Plant Soil	

Vol.: (0123456789)

but increased root K concentration. However, with 
increasing salt stress, the addition of exogenous AMF 
only significantly increased shoot K concentration in 
soybean. The most significant increase was observed 
under S4 salt stress (Fig. 2e and 2f).

Salt stress and AMF influence on Na content

The salt stress significantly elevated the sodium (Na) 
content of soybean, while the addition of exogenous 
AMF treatment notably decreased the Na content of 
soybean. Under S2 salt stress, there was a significant 
reduction in the Na transport coefficient of soybean, 
resulting in a higher retention of Na+ in the root sys-
tem of soybean (Fig. 3a and 3b). Under S1 and S2 salt 
stress, the addition of exogenous AMF significantly 
increased the K+/Na+ ratio of soybean, with this effect 
being more pronounced at lower salt stress (Fig. 3c).

Salt stress and AMF influence on A‑Pase activity, 
MDA and CAT​

Two-way ANOVA revealed that the activity of 
A-Pase, as well as the levels of MDA and CAT 
in soybean, were significantly influenced by the 
interaction between salt stress and AMF treatment 
(Table 1). The addition of exogenous AMF treatment 
significantly increased the A-Pase activity in the 
rhizosphere under various salt stress, with the 
greatest increase observed under S2 and S4 salt 
stress conditions (Fig.  4a). Both MDA and CAT 
levels indicated that the addition of exogenous AMF 
treatment had no significant effect on these substances 
under S1 salt stress. However, under moderate and 
high salt stress, the addition of exogenous AMF 
treatment significantly reduced the levels of these 
substances (Fig. 4b and 4c).

Fig. 3   The responses of plant Na content (a), Na transfer coef-
ficient (b) and K+/Na+ (c) to soil salt stress and AMF. Each 
value is the mean (± SE) of three replicates. Letter indicates 

significant difference between different inoculant treatments 
(based on Tukey’s post hoc analysis, P < 0.05). Abbreviations: 
S1, 1 g kg−1 NaCl; S2, 2 g kg−1 NaCl; S4, 4 g kg−1 NaCl

Fig. 4   The responses of Acid Pase activity (a), MDA (b) and 
CAT (c) to soil salt stress and AMF. Each value is the mean 
(± SE) of three replicates. Letter indicates significant differ-
ence between different inoculant treatments (based on Tukey’s 

post hoc analysis, P < 0.05). Abbreviations: S1, 1 g kg−1 NaCl; 
S2, 2 g kg−1 NaCl; S4, 4 g kg−1 NaCl; Exogenous AMF, the 
addition of exogenous AMF
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Principal component analysis of plant traits in 
different salt stress

Principal component analysis (PCA) was employed to 
perform multivariate ordination of the soil and plant 
indices for peanuts under different salt stress (Fig. 5). 
In the three salt stress treatment, principal axis (prin-
cipal component 1 (PC1) and PC2) contributed more 
than 75% (Fig. 5a-c). Plant traits exhibited high scores 
on the first axis under three salt stress treatment. But 
root P concentration (S1 salt stress), root diameter (S2 
salt stress), root length and root K concentration (S4 
salt stress) scored high on the second axis.

Correlation analysis between soil and plant traits in 
different AMF treatments

The correlation results revealed that, compared 
to the indigenous AMF treatment, the addition of 
exogenous AMF treatment increased the correlation 
between above-ground potassium content and other 
indices of soybean under salt stress (Fig.  6). Under 
the indigenous AMF treatment, there was no correla-
tion between the Na transport coefficient of soybean 
and other indices. However, under the exogenous 
AMF treatment, the Na transport coefficient was 
positively correlated with shoot P concentration and 
negatively correlated with MDA and CAT. Addition-
ally, there was a negative correlation between A-Pase 
activity and other indices under the indigenous AMF 
treatment. Conversely, under the exogenous AMF 

treatment, A-Pase activity was positively correlated 
with other indices.

Correlation between plant traits and mycorrhizal 
colonization responsiveness

Across soybean, functional traits associated with 
biomass, root morphology, and exudates showed 
covariation with mycorrhizal colonization (Fig.  7). 
Mycorrhizal colonization was positively correlated 
with shoot biomass (P < 0.001, R2 = 0.742; Fig.  7a), 
root diameter (P < 0.001, R2 = 0.648; Fig.  7b), root 
length (P < 0.001, R2 = 0.531; Fig.  7c), root diam-
eter (P < 0.001, R2 = 0.799; Fig.  7d), P concentra-
tion (P < 0.001, R2 = 0.707; Fig.  7f), K concentra-
tion (P = 0.011, R2 = 0.344; Fig.  7g), and K+/Na+ 
(P < 0.001, R2 = 0.677; Fig. 7i).

Mycorrhizal colonization was negatively corre-
lated with Na content (P < 0.001, R2 = 0.648; Fig. 7h), 
MDA (P < 0.001, R2 = 0.558; Fig.  7j), and CAT 
(P < 0.001, R2 = 0.671; Fig. 7k). However, mycorrhi-
zal colonization was almost unrelated to N concentra-
tion (P = 0.076, R2 = 0.183; Fig. 7e) and A-Pase activ-
ity (P = 0.154, R2 = 0.123; Fig. 7l).

Strategy analysis between mycorrhizal colonization, 
K+/Na+, MDA and CAT​

The strategy analysis revealed that soybeans with 
added exogenous AMF exhibited a higher dependency 
on MDA and CAT for K+/Na+ regulation. Conversely, 
soybeans with indigenous AMF showed a higher 

Fig. 5   Principal component analysis (PCA) of soil indices 
and plant indices in response to the S1 stress (a), S2 stress (b) 
and S4 stress (c). Abbreviations: Transpiration rate (Tr); pho-
tosynthetic rate (Ph); shoot biomass (ShB); root biomass (RB); 
shoot N concentration (ShN); root N concentration (RN); shoot 
P concentration (ShP); root P concentration (RP); shoot K 

concentration (ShK); root K concentration (RN); Na content 
(NaC); K+/Na.+ (K/Na); Na translocation factor (TFNa); root 
length (RL); root diameter (RD); rhizosphere acid phosphatase 
activity (A-Pase activity); Propylene glycol (MDA); Catalase 
(CAT); mycorrhizal colonization (MC)
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reliance on mycorrhizal colonization and CAT (Fig. 8). 
Furthermore, as salt stress increased, soybeans with 
added exogenous AMF shifted their dependence from 
CAT to MDA.

Pathway analysis of plant traits and biomass

The direct effects of root length, root diameter, MDA, 
CAT, A-Pase activity, and mycorrhizal colonization on 
K+/Na+ and biomass were analyzed using a structural 
equation model for soybeans with indigenous AMF or 
those with added exogenous AMF (Fig. 9a and 9b).

Under saline soil conditions, indigenous AMF 
enhanced the correlation between soybean traits and 
K+/Na+ as well as biomass (Fig. 9a). Root diameter, 
CAT, mycorrhizal colonization, and K+/Na+ exhibited 
direct and significant effects on biomass. A decrease 
of 0.327 units in biomass was observed for each unit 
increase in root diameter, while an increase of 0.292 
units in CAT resulted in a decrement of 0.389 units 
in biomass. Conversely, an increase of 0.389 units in 
mycorrhizal colonization led to an increase of 0.843 
units in biomass. Additionally, for every unit increase 
in K+/Na+, there was an improvement of 0.843 units 
in biomass. Root length, A-Pase activity, and MDA 

indirectly affected soybean biomass through K+/Na+. 
Each unit increase in MDA led to a decline of 0.484 
units in K+/Na+, while each unit increase in A-Pase 
activity resulted in an increase of 0.389 units in K+/
Na+. Similarly, for every unit increase in root length, 
there was an improvement of 0.285 units in K+/Na+.

However, the addition of exogenous AMF dimin-
ished the impact of soybean traits on biomass (Fig. 9b). 
Only root diameter directly influenced biomass, with 
root length indirectly affecting biomass accumulation 
through root diameter. Notably, A-Pase activity and 
soybean K+/Na+ exhibited negative regulation in the 
presence of added exogenous AMF treatment.

Discussion

Soybean growth and nutrition traits response to 
variation in salt and AMF

We observed that the addition of exogenous AMF 
treatment significantly enhanced soybean mycorrhi-
zal colonization under salt-alkali stress but markedly 
suppressed soybean mycorrhizal colonization as soil 
salinity increased (Fig. 1). This suggests that high salt 

Fig. 6   Correlation analysis of soil indices and plant indices. 
On the lower left is for indigenous AMF and on the upper 
right is for adding exogenous AMF. Red represents the posi-
tive correlation, blue represents the negative correlation, and 
the depth of the color represents the strength of the correlation. 
The value is the correlation coefficient P, when P < 0.05, the 
two were significantly correlated. Abbreviations: Transpiration 
rate (Tr); photosynthetic rate (Ph); shoot biomass (ShB); root 

biomass (RB); shoot N concentration (ShN); root N concen-
tration (RN); shoot P concentration (ShP); root P concentra-
tion (RP); shoot K concentration (ShK); root K concentration 
(RN); Na content (NaC); K+/Na+ (K/Na); Na translocation fac-
tor (TFNa); root length (RL); root diameter (RD); rhizosphere 
acid phosphatase activity (A-Pase activity); Propylene glycol 
(MDA); Catalase (CAT); mycorrhizal colonization (MC)
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stress is unfavorable for mycorrhizal colonization in 
soybean roots (Hashem et al. 2019).

The addition of exogenous AMF did not facilitate 
the absorption of shoot N in soybean (Fig. 2a and 2b). 
There might be a competition for nitrogen between 
AMF and host plants, as demonstrated in grass-
land ecosystems (Helgason & Fitter 2009; Puschel 
et al. 2016). Therefore, adding exogenous AMF may 

exacerbate this competition, leading to reduced nitro-
gen uptake by soybean shoots. The increase in nitro-
gen content in the subsurface under S2 salt stress fur-
ther supports this notion (Fig. 2a).

Shoot P concentration serves as a vital indicator for 
assessing P nutrition in plants and can also indicate if 
crop yield is hindered by stress (Barry & Miller 1989; 
Bollons & Barraclough 1999). Under moderate and 

Fig. 7   Relationship between mycorrhizal colonization and (a) shoot biomass, b root biomass, c root length, d root diameter, e N con-
centration, f P concentration, g K concentration, h Na content, i K+/Na+, (j) MDA, (k) CAT, l A-Pase activity
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high salt stress, the shoot P concentration of soybean 
was inhibited; however, the addition of exogenous 
AMF significantly increased the shoot P concentra-
tion of soybean under S2 salt stress (Fig. 2c and 2d). 
This suggests that adding exogenous AMF can effec-
tively alleviate the decrease in P concentration caused 
by salt stress, consistent with previous findings (Allen 

1982; Smith et  al. 2011). AMF mycelium can pro-
vide mineral nutrients for plants, and plants nutrients 
absorbed through mycelium (Allen 1982; Smith et al. 
2011). Moreover, the addition of exogenous AMF 
treatment notably enhanced rhizosphere A-Pase activ-
ity under various salt stresses (Fig. 4a). A-Pase activ-
ity plays a crucial role in mobilizing bound P in the 
soil, thereby facilitating plant uptake of soil P (Hins-
inger 2001; Ryan et  al. 2001; Lambers et  al. 2008; 
Shen et al. 2011).

The K concentration in soybeans exhibited var-
ied patterns under different salt stresses (Fig. 2e and 
2f). Specifically, under low salt stress, root K con-
centration significantly increased with the addition 
of exogenous AMF treatment, while soybean shoots 
demonstrated a notable increase in K concentration 
with added exogenous AMF treatment under moder-
ate and high salt stress. This phenomenon is intrigu-
ing, as previous studies have indicated that AMF 
can enhance K uptake in plants (Smith et  al. 1994). 
However, there is a gap in the literature regarding the 
distinct mechanisms through which potassium enrich-
ment occurs under different salt stresses. The onset of 
salt stress in plants is primarily attributed to the high 
osmotic potential in saline environments, resulting 
in the initial accumulation of Na+ and disrupting the 
balance between Na+ and K+ within plant cells (Eve-
lin et al. 2009; Chandrasekaran et al. 2014). To main-
tain a harmonized Na+ and K+ equilibrium, plants 

Fig. 8   Under different AMF treatments, nutrient acquisition 
strategies with different salt stress (1, 2 and 4 g kg−1 NaCl) 
were defined by four root traits: K+/Na+, mycorrhizal coloni-
zation, MDA and CAT. Abbreviations: Exogenous AMF, the 
addition of exogenous AMF

Fig. 9   Mycorrhizal colonization, rhizosphere acid phos-
phatase activity in the rhizosphere (A-Pase), root diameter, 
root length, CAT, MDA and K+/Na.+ in path analysis for bio-
mass. a, indigenous AMF; b adding exogenous AMF. Red 

arrows indicate positive relationship, and green arrows indicate 
negative relationship. Line arrow indicates significant relation-
ships (P < 0.05)



	 Plant Soil

Vol:. (1234567890)

adjust their K distribution strategy in response to salt 
stress (Nejad et al. 2021; Santander et al. 2021).

Effect of AMF on salt tolerance of soybean

Our study demonstrated that adding exogenous AMF 
effectively reduces Na absorption in soybeans under 
salt stress (Fig.  3a). Moreover, adding exogenous 
AMF significantly elevated the K+/Na+ ratio in soy-
bean under both S1 and S4 salt stress (Fig. 3c). Altera-
tions in the K+ and Na+ uptake balance in plants, 
favoring a higher K+/Na+ ratio in roots and shoots, 
may represent a key mechanism for coping with high 
salt stress (Auge et  al. 2014; Klinsukon et  al. 2021; 
Wang et al. 2021; Huang et al. 2023). Therefore, the 
increased K+/Na+ ratio in AMF-inoculated plant tis-
sues under salt stress helps alleviate the impacts of 
high salinity, thus reducing osmotic stress caused by 
salt stress.

Furthermore, our findings revealed that adding 
exogenous AMF could significantly decrease the Na 
transport coefficient and enhance Na accumulation in 
soybean roots under S2 salt stress (Fig. 3b). This stra-
tegic response of soybean to different salt stress con-
ditions involves increasing local salt ion concentra-
tions to reduce ion stress in roots and enhance water 
uptake to directly confront the saline environment.

Under salt stress, plants tend to generate excessive 
reactive oxygen species (ROS) to combat the chal-
lenges posed by salt stress (Evelin et al. 2009; Chan-
drasekaran et  al. 2014). However, an overabundance 
of ROS can lead to oxidative damage in plant tissues, 
resulting in oxidative stress (Azmat & Moin 2019; 
Wu et al. 2019; Yilmaz et al. 2023). Our results indi-
cated significant reductions in MDA and CAT con-
tents at moderate and high salt concentrations (Fig. 4b 
and 4c). Interestingly, these findings differ from those 
of Pan et  al. (2020), who reported in a meta-analysis 
that AMF can mitigate salt stress-induced damage 
by enhancing CAT activity in mycorrhizal plants and 
reducing MDA levels. The variation in CAT outcomes 
could be attributed to the cumulative effects of ROS. In 
our experiment, the adding exogenous AMF treatment 
mitigated the oxidative stress induced by salt stress in 
soybeans, thereby reducing ion stress and diminishing 
the overall ROS accumulation, leading to a decline in 
CAT activity. This observation can be elucidated by 
the significant negative correlation between CAT activ-
ity and mycorrhizal infection rate (Fig. 7k).

Correlation of soybean index and effect of AMF on 
soybean growth strategy under salt stress

The study revealed a positive correlation between the 
Na transport coefficient and shoot P concentration 
under adding exogenous AMF treatment (Fig.  6). 
This finding is intriguing as it suggests that adding 
exogenous AMF treatment can enhance Na + enrich-
ment in the root system of soybeans by improving P 
absorption. Salt stress typically results in P loss in 
plants, yet AMF could enhance mineral P absorption 
(Kakabouki et  al. 2023; Pu et  al. 2023). This phe-
nomenon also indicates a P ion absorption strategy 
that enhances salt tolerance in soybeans (Xue et  al. 
2023). Adjusting the K + /Na + ratio mitigates ion 
stress, and the increase in P3 + inhibits the transfer 
of Na + above ground, thereby safeguarding the shoot 
and photosynthetic systems of soybeans (Zong et al. 
2023; Han et al. 2024). A-Pase activity under indig-
enous AMF treatment showed a significantly positive 
correlation with soybean traits, suggesting that soy-
beans employ varied nutrient absorption strategies 
under salt stress. Both modification of root morphol-
ogy and the association with AMF are P scaveng-
ing strategies, and they perform in a complementary 
manner to increase the exploration of soil for P (Yao 
et al. 2001a, b). By contrast, release of P-mobilizing 
exudates (e.g. carboxylates) represents a P-mining 
strategy, enhancing soil P availability through mobi-
lization by ligand exchange or chelating cations from 
precipitated phosphates (Hinsinger 2001; Ryan et al. 
2001; Shen et  al. 2011). The results showed that 
under indigenous AMF treatment, soybean relies 
more on the "P-mining" strategy.

PCA was utilized for dimension reduction of soy-
bean traits under varying salt stresses. Results indi-
cated that most parameters aligned along axis 1 under 
all salt stress, suggesting that soybeans tend to gravi-
tate towards axis 1 to alleviate salt stress (Fig. 5). This 
observation may signify a growth strategy adopted 
by soybeans under salt stress. The strategy analysis 
revealed that K+/Na+ of soybean with adding exog-
enous AMF exhibited a higher dependence on MDA 
and CAT. However, K+/Na+ of soybean with indig-
enous AMF exhibited a higher dependence on mycor-
rhizal colonization and CAT (Fig. 8). The results of 
the correlation analysis mutually confirm each other 
and further indicate that different growth strategies 
exist for soybeans in varying salt stress.
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Under indigenous AMF treatment, soybean exhib-
ited both direct and indirect pathways influencing bio-
mass accumulation. Results identified the tissue K+/
Na+ ratio as a key hub of indirect influence on soy-
bean biomass accumulation (Fig.  9a). Maintaining 
a balanced K+/Na+ ratio promotes water and nutri-
ent absorption in plants, thereby facilitating biomass 
accumulation (Auge et  al. 2014; Klinsukon et  al. 
2021; Huang et al. 2023). Thus, the indirect influence 
pathway centered on the K+/Na+ ratio may be cru-
cial in regulating salt stress in soybean. However, the 
influence of soybean parameters on biomass accumu-
lation was diminished under external AMF treatment 
(Fig.  9b). Unlike microbial activators (Sun & Shah-
rajabian 2023), the application of adding exogenous 
AMF might have led to microbial competition and 
reduced the impact of indigenous AMF (Martignoni 
et al. 2020; Yu & He 2022). Although the mycorrhi-
zal colonization increased, the effectiveness of other 
soil microorganisms decreased, suggesting that an 
excessive presence of microorganisms in field experi-
ments could disrupt indigenous microbial dominance.

Conclusion

Our results revealed notable differences in the impact 
of indigenous AMF and the addition of exogenous 
AMF on soybean growth strategies under varying lev-
els of salt stress. Specifically, we found that the addi-
tion of exogenous AMF increased mycorrhizal coloni-
zation in soybean, resulting in enhanced concentration 
of P and K, while significantly reducing N and Na 
absorption. This enhancement in salt tolerance was 
attributed to an increased K+/Na+ ratio in plant tis-
sues. Conversely, with indigenous AMF, we observed 
a regulated relationship among soybean traits, par-
ticularly with the K+/Na+ ratio being influenced by 
mycorrhizal colonization and CAT activity. Soybean 
biomass was both directly and indirectly affected, 
with the K+/Na+ ratio serving as a pivotal point in the 
indirect pathway. Notable, the addition of exogenous 
AMF weakened this relationship. Therefore, under salt 
stress conditions, the addition of exogenous AMF pri-
marily enhances soybean nutrient uptake and enzyme 
activity, reduces sodium absorption, and balances K+ 
and Na+ levels in soybean plants, ultimately improv-
ing soybean salt tolerance. In contrast, indigenous 
AMF enhances soybean salt tolerance by improving 

the correlation among soybean traits, altering regula-
tory strategies, and strengthening the influence path-
way. Given the complexity of the soil-soybean system, 
a comprehensive evaluation of the impacts of indige-
nous AMF and the addition of exogenous AMF on the 
soil-soybean ecosystem is essential. Future investiga-
tions will include the natural soils from various saline-
alkali origins with different saline-alkali level.
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