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In agricultural production, periods in which there is a lack of water can affect the productivity of 
soybean crops. One alternative is the use of arbuscular mycorrhizal fungi (AMF), which maximize 
water absorption, biochemical regulation, leaf elasticity and transpiration, and water use regulation. 
The present study aimed to analyze the morphological and physiological traits of soybean plants 
associated with Gigaspora margarita and Gigaspora gigantea submitted to water restriction in 
nonsterilized soil. The soybean plants received 31 g of the AMF Gigaspora margarita or 46 g of 
Gigaspora gigantea separately at sowing and were cultivated in a greenhouse under natural light 
conditions with controlled relative humidity and temperature. Water restriction was imposed when the 
plants reached the V3 stage and were divided into three levels: irrigated (80%), moderate (60%), and 
severe (40%) field capacity (FC). The experimental design was completely randomized in a 3 × 3 factorial 
design (three inoculation treatments × three water restriction levels). Physiological and morphological 
parameters, photosynthetic pigments, electrolyte leakage, root colonization of soybean plants, and 
percentage of fungal spores were evaluated. The inoculation of Gigaspora gigantea promoted the 
adaptation of physiological (photosynthesis rate, transpiration, stomatal conductance, Ci/Ca ratio, and 
carboxylation) and morphological traits (plant height and stem diameter), with greater colonization 
of soybean roots under conditions of water restriction, and maximized the tolerance of plants to 
drought, mitigating the negative effects of these conditions regardless of the level of water restriction. 
Mycorrhizal inoculation promoted better functioning of the photosynthetic apparatus and growth of 
soybean plants.
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Climatic conditions directly affect agricultural production and drought, one of the main abiotic factors, can limit 
plant growth and development and negatively affect grain production1,2. This unpredictability of the climate is 
a risk factor that accounts for a considerable part of the failure of some crops because climatic stresses reduce 
crop yield and seed quality, restricting production sites and sowing dates of the second crop2. The influence of 
climate change on crop production is manifested in several ways, including changes in seasonal temperature, 
water availability, and radiation incidence, which can have direct effects on crop growth and biomass production 
through their influence on crop physiological processes3–5.

Brazil, which is the largest producer and exporter of grain, has significant importance in global soybean 
production6. The maintenance of productivity, as well as the seed quality and grain yield of this crop, depends 
on weather conditions7–9, and water restriction can reduce the yield of this grain by approximately 40%10–12.

Drought affects a number of processes and can cause changes in plant metabolism, limiting the growth of the 
root system, leaf expansion13, and stomatal activity, inducing plant closure due to changes in the turgor pressure 
of guard cells, which consequently reduces CO2 assimilation, inhibits photosynthesis and restricts grain growth 
and production in the affected crops14–17. These processes range from the perception of stress by the plant to 
signal transduction, the regulation of gene expression, and possible changes metabolism18.
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The roots are the first parts of plants to face drought, making them sensitive and receptive to these deficit 
conditions and establishing a link associated with plant adaptation19. The rhizosphere, the region where soil and 
roots come into contact, can be colonized by various microorganisms, such as arbuscular mycorrhizal fungi 
(AMF). These AMF have become an alternative for maximizing plant tolerance to water restriction because they 
can form symbiotic associations with the majority of plant species. This symbiosis allows the AMF to extend 
the plant’s root system, thereby increasing the uptake of water and nutrients that are crucial plant survival and 
productivity during periods of drought stress20–23. In addition, the hyphae of AMF can bridge the gap between 
the soil and roots that occurs when the soil and roots shrink away from each other under dry conditions24.

The success of this symbiosis between AMF and plants is scientifically recognized because of the significant 
benefits it provides. The AMF association leads to an increase in root volume and leaf turgor, as well as a reduction 
in osmotic potential and oxidative damage. Additionally, AMF symbiosis induces changes in phytohormone 
levels, which in turn influence stomatal conductance and ultimately improve plant nutrition. These multifaceted 
effects are decisive factors that enable plants to overcome various biotic and abiotic stresses and adversities25–30. 
In addition to increasing the tolerance of plants to water restriction, the symbiotic association of plants with 
AMF is a tool that favors plant development and physiology31–33.

The present study aimed to analyze the morphological and physiological traits of soybean plants associated 
with Gigaspora margarita and Gigaspora gigantea submitted to water restriction in nonsterilized soil.

Results
Mycorrhizal colonization and spores density
Regarding mycorrhizal colonization (F2.27 = 4.303, p = 0.030), in soybean roots, higher values occurred at the 
severe water level (15.33%) (Fig. 1a), and there was a greater number of spores (F2.27 = 31.264, p < 0.0001). This 
was observed after inoculation with G. gigantea (100.67 100  g−1 soil) and G. margarita (99.56 100  g–1 soil) 
(Fig. 1b).

The microscopy images revealed a greater predominance of arbuscules after inoculation with G. gigantea 
(Fig. 2c) and a lower predominance in the control treatment (nonsterilized soil) (Fig. 2a).

Photosynthetic traits
In terms of physiological characteristics, the photosynthetic rate (A) (F2.27 = 17.333, p < 0.0001) (Fig.  3a), 
transpiration rate (E) (F2.27 = 18.719, p < 0.0001) (Fig.  3b), stomatal conductance (F 2.27 = 17.969, p < 0.0001) 
(Fig. 3c), Ci/Ca ratio (F2.27 = 5.565, p = 0.013) (Fig. 3d) and carboxylation rate (F2.27 = 14.432, p = 0.0002) (Fig. 3e) 
were influenced by the inoculation factor, where plants in symbiosis with the AMF Gigaspora gigantea obtained 
higher means (17.64 μmol CO2 m−2  s−1, 11.27 mol H2O m−2  s−1, 0.94 mol H2O m−2  s−1, 0.8808 and 0.0523, 
respectively).

In contrast, when the soybean plants were subjected to severe water restriction, the mean effective quantum 
efficiencies of photosystem II (YII) (F2.27 = 5.153, p = 0.017) (Fig. 4a) and chlorophyll b (F2.27 = 7.946, p = 0.003) 
(Fig.  4b) were highest when the soybean plants were exposed to severe restriction (0.15 and 8.35  μg cm−2, 
respectively).

Fig. 1.  Mycorrhizal colonization (A) and number of AMF spores (B) of soybean plants subjected to different 
levels of hydric restriction after reirrigation. The bars represent the mean ± standard error of the mean (SEM) 
(n = 4). Means followed by the same letter do not differ (p > 0.05) according to Tukey’s test.
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The highest carboxylation rate (F2.27 = 4.574, p = 0.025) of the soybean plants occurred under irrigated 
conditions (0.0494) and moderate water restriction (0.0486) (Fig. 4c), and the highest carboxylation rate of the 
carotenoids occurred under irrigated conditions (F2.27 = 3.692, p = 0.045). In plants under moderate restriction 
(5.51 μg cm−2) (Fig. 4d).

Photosynthetic pigments
Chlorophyll a (F4.27 = 3.431, p = 0.030) and the pheophytinization index (F4.27 = 2.999, p = 0.046) exhibited 
interactions between the water restriction and inoculation treatments. The plants that were not inoculated under 
severe conditions presented a relatively high chlorophyll a concentration (22.96 μg cm−2) (Fig. 5a), whereas the 
highest pheophytinization index occurred in the plants inoculated with G. gigantea in the same water treatment 
(1.29) (Fig. 5b).

Morphological traits
The greatest increase in soybean plant height (27.31 cm) (F2.27 = 9327, p = 0.002) (Fig. 6a) and stem diameter 
(5.39 mm) (F2.27 = 5766, p = 0.012) (Fig. 6b) occurred with the inoculation of G. gigantea.

Concerning water restriction levels, greater dry weights of roots (F2.27 = 6.688, p = 0.007) (6.94 g) (Fig. 7a) and 
total plants (F2.27 = 12.031, p = 0.0004) (14.53 g) (Fig. 7b) occurred at the severe level, whereas greater heights 
(F2.27 = 13.179, p = 0.002) were obtained at the moderate level of water restriction (27.54 cm) (Fig. 7c).

Electrolyte leakage
The greatest amount of electrolyte leakage (F2.27 = 12.999, p = 0.0003) was detected in plants inoculated with G. 
gigantea (68.52%) (Fig. 8).

Water relations
The water potential (Ψw) of soybean plants under water deficit (F2.27 = 6.639, p = 0.007) differed among the 
inoculation treatments. The presence of the AMF G. margarita resulted in greater Ψw values (− 0.253) (Fig. 9), 
whereas under reirrigation (F2.27 = 2.145, p = 0.146), the values under AMF inoculation did not differ from each 
other.

Principal components analysis
The first two components explained 44.1% (PC1 29.5% and PC2 14.6%) of the variance, demonstrating the 
variations in the parameters of the soybean plants and allowing us to observe the relationships between the 
variables, the inoculation treatments (Fig.  10a) and the water restriction levels (Fig.  10b). Most variables 
correlated significantly (p < 0.05) with the first axis of the PCA. In contrast, variables such as Clb, Cla, Carot, IF, 
Roots, and Total dry were negatively correlated with this axis in the inoculation treatments (Fig. 10a) and water 
restriction levels (Fig. 10b).

The other dimensions explained 55.9% of the variance as follows: PC3, 11.92%; PC4, 9.93%; PC5, 7.71%; 
PC6, 6.27%; PC7, 5.62%; PC8, 4.56%; PC9, 2.37%; PC10, 2.02%; PC11, 1.87%; PC12, 1.28%; PC13, 0.85%; PC14, 
0.64%; PC15, 0.40%; PC16, 0.30%; PC17, 0.099%; and PC18, 0.017.

Contributions of variables
Regarding the individual contributions of the variables in PC1, the following trend was observed: 
A > Carbox > gsw > E > Electro > Spores  >  Ci/Ca > Clb > PhiPS2 > Cla  > Height  >  Diam > PH. 
Before > Coloniz > Carot > Total Dry > Roots > IF (Fig.  11a). PC2 exhibited the following trend: total dry 
weight > roots > Carot > Cla > IF > Coloniz > Clb > Electro > Diam > PhiPS2 > Carbox > A > Spores > E > PH. 
Before > Height > Ci/Ca > gsw (Fig. 11b).

Fig. 2.  Root cortex of soybean plants indicating AMF colonization in the control (A), Gigaspora margarita (B), 
and Gigaspora gigantea (C) treatments. Ar = arbuscules.
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Effects of inoculation treatments and water restriction levels
Moreover, for the individual contributions of the inoculation treatments in PC1, the following trend was 
observed: Gigaspora gigantea > Control > Gigaspora margarita (Fig. 12a). In contrast, PC2 exhibited the following 
trend: Gigaspora margarita > control > Gigaspora gigantea (Fig. 12b).

Fig. 3.  Photosynthetic rate (A), transpiration (B), stomatal conductance (C), ratio between internal and 
external CO2 concentrations (D), and carboxylation rate (E) of soybean plants inoculated with AMF after 
reirrigation. The bars represent the mean ± standard error of the mean (SEM) (n = 4). Means followed by the 
same letter do not differ (p > 0.05) according to Tukey’s test.
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For the individual contributions of water restriction levels in PC1, the following trend was observed: 
severe > irrigated > moderate (Fig. 13a). The trend observed in PC2 was as follows: moderate > irrigated > severe 
(Fig. 13b).

Discussion
The connection between AMF and plants helps in the adaptation of plant physiological and morphological 
traits (biochemical and osmotic regulation, changes in plant water relationships, leaf elasticity, transpiration 
regulation, plant height, and dry weight of roots and plants) in environments with water deficit. This adaptation 
favours increased growth, plant productivity and plant tolerance to drought34–38.

This connection initially develops through attractive chemotaxis through mutual recognition of chemical 
signals between fungi and plant roots, with the latter being the first plant organ to be affected by water 
shortages. A chain of events is triggered, with the roots releasing molecules that stimulate hyphal expansion 
and the fungi releasing signals that induce symbiosis and, in association with the plant, adapt to mechanisms 
such as increased sporulation in water-restricted environments39, as observed in the present work (Fig. 1b) and 
corroborated by23,40–42, demonstrating that the plant seeks help from AMF to alleviate the adverse conditions of 
the environment in which they are35. In addition, higher colonization rates are observed in the roots of plants, as 
observed in the present work (Fig. 1a) and by43.

AMF penetrate the cortical cells of the roots, and in sequence, structures such as arbuscules (Fig. 2), vesicles 
and hyphae are formed44. With this, the degree of specificity, compatibility and symbiosis between the fungal 
species and the genetic characteristics of the host, the degree of colonization and the production of propagules 

Fig. 4.  The effective quantum yield of PSII (YII) (A), chlorophyll b (B), carboxylation rate (C), and carotenoids 
(D) and soybean plants subjected to different levels of hydric restriction after reirrigation. The bars represent 
the mean ± standard error of the mean (SEM) (n = 4). Means followed by the same letter do not differ (p > 0.05) 
among themselves according to Tukey’s test.
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(Fig.  1) are observed25,28,45–47. However, the success of mycorrhizal inoculation depends on fungus–plant–
soil relationships, and AMF species act differently according to the host plants and soil conditions48,49. The 
inoculation of the fungal species compatible with plants is crucial for the initiation of the infection process and 
the colonization of roots under drought conditions50–52.

Each host plant species has a different dependence53,54. Therefore, it is recommended to compare different 
AMF species, to determine which species effectively promote plant development55, since an efficient mycorrhizal 
colonization favors plants under stress56, as observed in the present work, where the inoculation of Gigaspora 
gigantea favored the physiological and morphological traits of soybean plants (Figs. 3 and 6), under the 
conditions of this work, and had a relatively high percentage of individual contributions among the inoculation 
treatments (Fig. 12a).

Fig. 6.  Plant height (A) and stem diameter (B) of soybean plants inoculated with AMF after reirrigation. The 
bars represent the mean ± standard error of the mean (SEM) (n = 4). Means followed by the same letter do not 
differ (p > 0.05) according to Tukey’s test.

 

Fig. 5.  Chlorophyll a (A) and phaeophytization quotient (B) of soybean plants inoculated with AMF after 
reirrigation. The bars represent the mean ± standard error of the mean (SEM) (n = 4). Means followed by the 
same capital letters among hydric restriction treatments and lowercase letters between inoculation treatments 
do not differ (p > 0.05) according to Tukey’s test.
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In the present study, after reirrigation, soybean plants inoculated with G. gigantea had higher photosynthetic 
rate, transpiration rate, stomatal conductance, Ci/Ca ratio and carboxylation rate (Fig.  3), indicating that 
inoculation with this species helped in the adaptation of the physiological traits of plants subjected to water 
restriction. These results can be explained by the fact AMF have a well-developed mycelial network, which 
improves the shape and distribution of roots in the soil, promotes the expansion of the absorption area and helps 
in the development of host plants, making them more metabolically active57, favoring photosynthesis (Fig. 1) 

Fig. 8.  Electrolyte leakage of soybean plants inoculated with AMF after reirrigation. The bars represent the 
mean ± standard error of the mean (SEM) (n = 4). Means followed by the same letter do not differ (p > 0.05) 
according to Tukey’s test.

 

Fig. 7.  Root dry matter (A), total plant dry matter (B), and plant height (C) of soybean plants subjected to 
different levels of water restriction after reirrigation. The bars represent the mean ± standard error of the mean 
(SEM) (n = 4). Means followed by the same letter do not differ (p > 0.05) according to Tukey’s test.
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under drought conditions due to water absorption, which can be proven with the water potential of soybean 
plants in deficit in the present work (Fig. 9), in addition to stabilizing the chloroplast (Fig. 3) and the structure of 
the cell membrane, as observed with the inoculation of G. margarita which reduces electrolyte leakage (Fig. 8), 
and promotes an increase in rubisco activity through carboxylation (Fig. 3).

Fig. 10.  PCA biplot of the first and second dimensions of soybean plants (Glycine max) inoculated with AMF 
(A) and subjected to different levels of water restriction (B) after reirrigation.

 

Fig. 9.  Water potential of soybean plants inoculated with AMF under water deficit conditions. The bars 
represent the mean ± standard error of the mean (SEM) (n = 4). Means followed by the same letter do not differ 
(p > 0.05) according to Tukey’s test.
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As a response mechanism to water deficit, plants maximize their root system, to seek better conditions for 
water absorption, but limit the growth of aerial parts58, as observed in soybean plants (Fig. 7a). A reduction 
in the leaf area of a plant under water stress aims to reduce transpiration and protect the plant from potential 
oxidative damage caused by a smaller surface area of light, but these changes almost always indicate lower 

Fig. 13.  Graphical illustration of the individual contributions of water restriction levels in soybean plants. (1) 
Irrigated; (2) Moderate; (3) Severe. First dimension (A) and second dimension (B).

 

Fig. 12.  Graphical illustration of the individual effects of inoculation treatments on soybean plants. (1) 
Control; (2) Gigaspora margarita; (3) Gigaspora gigantea. First dimension (A) and second dimension (B).

 

Fig. 11.  Contributions of variables in soybean plants (Glycine max) inoculated with AMF and subjected 
to different levels of water restriction after reirrigation. First dimension (A) and second dimension (B). 
A = Photosynthetic rate, Carbox = carboxylation rate, gsw = stomatal conductance, E = transpiration, 
Electro = electrolyte leakage, Spores = spore density, Ci/Ca = ratio between internal and external CO2 
concentrations, Cl b = chlorophyll b, PhiPS2 = effective photochemical efficiency of photosystem 
II, Cl a = chlorophyll a, height = plant height, Diam = stem diameter, PH. Before = Water potential, 
Coloniz. = mycorrhizal colonization, Carot = carotenoid, Total dry = total dry weight, Roots = Root dry matter 
and IF = phaeophytinization index.
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biomass production59. In addition to producing higher concentrations of carotenoids and chlorophyll b, as 
observed in the soybean plants of the present study (Fig.  4b and 4d, respectively), under stress conditions, 
these compounds are photoprotective pigments and, therefore, prevent the photooxidation of chlorophyll a 
during photosynthesis60,61, a result confirmed in the present study (Fig. 5b). The effects of water deficit on plant 
pigments (chlorophylls and carotenoids) can cause disturbances in osmotic balance, such as water loss, reduced 
turgor and growth, leading to the degradation of chlorophyll a, which directly affects chlorophyll fluorescence 
and net photosynthesis62–64.

However, the inoculation of AMF in plants subjected to drought environments results in increased 
concentrations of photosynthetic pigments. In the present study, the inoculation of G. margarita in soybean 
plants at a moderate water level favored a higher concentration of chlorophyll a (Fig. 5a), and the presence of 
G. gigantea at the same water level reduced the pheophytinization index (Fig. 5b), thus oxidizing the pigment, 
the results of which are corroborated by65,66. This occurs because plants under water deficit lose carbohydrates 
to AMF, but do not suffer damage from this loss, as it increases their capacity to produce photosynthesis and, 
consequently, light receptors for the assimilation and dissipation of light energy60.

In fungus-plant symbiosis, plants exhibit greater growth38, as observed in the morphological traits of the 
soybean plants in the present study, with greater shoot height and stem diameter (Fig. 6). The lack of water reduces 
the water potential, which results in a decrease in cell turgor and stomatal conductance, limiting photosynthesis 
and water use efficiency, reducing leaf expansion and stem elongation, and consequently, disfavoring growth, as 
observed in soybean plants with lower shoot height at severe water levels (Fig. 7c), and crop productivity67,68. 
Because of these negative effects, the importance of mycorrhizal inoculation and the selection of AMF species 
that favor the mitigation of the negative effects of water deficit on plants is justified. In the inoculant market, 63% 
of AMF-based products increase plant resilience to climate stresses, but these products have a predominance of 
some AMF species, making it necessary to include new species, and observe the degree of specificity and fungus-
plant compatibility69–71.

For plants, the presence of AMF alters their metabolism and protein synthesis, which maximizes plant 
growth and productivity, which is related to biochemical regulation, changes in the water relationship in plants 
and protection against abiotic stresses, such as water deficit34,72. Physiological traits can be used as positive 
indicators of the symbiosis between plants and AMF in situations of water scarcity. In the present work, in order 
of contribution, the photosynthetic rate (A), carboxylation (A/Ci), stomatal conductance (gsw) and transpiration 
(E) (Fig. 11a) were good evaluation indicators. In terms of morphology traits, the total dry weight of the plants 
and roots had the greatest individual contribution to the results (Fig. 11b). In addition, they are indicators for the 
selection of AMF species according to their compatibility with the plant and adaptations to drought conditions.

The inoculation of G. gigantea in soybean plants subjected to water restriction optimizes physiological traits, 
resulting in better functioning of the photosynthetic apparatus of the plants, maximizing the tolerance of this 
crop to water scarcity conditions and mitigating the negative effects of these conditions. These results provide 
information for the development of field research in regions subject to the impact of climate change with longer 
periods of drought using AMF species according to their compatibility with the plant and soil conditions.

Conclusion
The inoculation of Gigaspora gigantea promoted the adaptation of the physiological and morphological traits of 
soybean plants under conditions of water restriction.

The inoculation of Gigaspora gigantea maximized the tolerance of soybean plants to drought, mitigating the 
negative effects of this condition regardless of the level of water restriction.

Mycorrhizal inoculation promoted better functioning of the photosynthetic apparatus and growth of soybean 
plants.

Materials and methods
Plant growth conditions and inoculation with AMF
A soil mixture (Red Latosol—typical soil of the Brazilian Cerrado savanna) collected in an area of the IF 
Goiano—Campus Rio Verde, with average sand (2:1–soil: sand) was used. A sample of the mixture was removed 
for chemical analysis (Table 1S), and before sowing, liming was performed for 20 days with li. €mestone (Filler 
dolomitic limestone 100% PRNT) to increase the base saturation to 60%, which is suitable for soybean. The 
substrate was fertilized on the basis of chemical analysis (Supplementary Table 1S) and recommendations for 
Cerrado soils73.

After 20 days, soybean seeds (cv. BMX Flecha 6266, precocious, with an indeterminate growth habit) treated 
with an inoculant based on Bradyrhizobium japonicum to provide nitrogen (N), were germinated in 3 dm3 pots, 
and the plants were subsequently grown in a greenhouse (under natural conditions of light, a relative humidity 
of 65–85%, and an average temperature of 28 °C) of the IF Goiano—Campus Rio Verde.

The noncommercial AMF inoculants used are part of the collection of the Laboratory of Soil Microbiology 
UNESP, Ilha Solteira, which was donated to the IF Goiano – Campus Rio Verde. The multiplication method was 
performed according to23. Soybean seeds were inoculated in the sowing furrow and received 31 g of Gigaspora 
margarita (3.3 spores g−1) or 46 g of Gigaspora gigantea (2.2 spores g−1) separately. The control consisted of no 
inoculation.

Induction of water restriction levels in soybean plants
The plants were maintained at 80% field capacity (FC) until the V3 stage (40 days after sowing). Then, they were 
submitted to water restriction levels: control (80% FC), moderate (60% FC), and severe (40% FC). When the 
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plants reached their respective FC and showed symptoms of water deficit, they were reirrigated for 48 h until 
they reached 80% of the FC, after which the evaluations were performed.

The water content was controlled once a day using an irrigation sensor, model 10 HS (METER Group, Inc., 
USA) after the field capacity (FC) was measured via the gravimetric method.

Physiological measurements
The analyses of the parameters linked to photosynthesis were performed using an infrared gas concentration 
measurement system (IRGA, LI-COR-Li6800). Parameters such as the net photosynthetic rate (A, μmol CO2 
m−2 s−1), stomatal conductance (g s, mol H 2 O m−2 s−1), internal CO2 concentration (Ci, μmol CO2 mol −1) and 
transpiration (E, mmol m−2 s−1) were determined for all the treatments. An irradiance of 1000 μmol m−2 s−1 was 
used throughout the experiment. All the measurements were performed between 8:00 and 11:00 am.

The water potential (Ψw) was measured in the morning using a Scholander pump under deficit conditions 
and after reirrigation. The determination consisted of collecting fully expanded leaves, which were placed in the 
pressure pump chamber, where pressure was then applied until exudation occurred through a cut made in the 
leaf petiole, for reading the applied pressure.74.

Determination of chlorophyll concentration
The concentrations of carotenoids and chlorophyll a and b and the pheophytinization index were determined 
spectrophotometrically at 480 nm, 649.1 nm, 665.1 nm, 435 nm, and 415 nm. Pigment extraction was performed 
from leaf discs (~ 5 cm2) immersed in 5 mL of dimethyl sulfoxide (DMSO) with calcium carbonate (CaCO3) 
(50 g/L) at 65 °C in a water bath. The discs remained in the solution for 24 h. The values were transformed 
into chlorophyll a, b, and total contents in the leaves, expressed in area units (μg cm−2). Total chlorophyll was 
obtained by summing the Chl a and Chl b values.

Electrolyte extravasation rate
The methodology for determining the electrolyte extravasation rate (ETL) was described previously75,76. Fifteen 
leaf discs were collected for each replicate, placed in amber glass flasks with 30 mL of deionized water, and 
immersed for 24 h in the dark at room temperature. After this period, the free conductivity (CL, µS/cm) was 
measured with a portable digital conductivity meter, model CD-850. The flasks were subsequently placed in an 
oven for 1 h at 100 °C for subsequent measurement of the total conductivity (TC, µS/cm). The sensor was washed 
between each reading with deionized water. The following formula was used to express the result as a percentage: 
TLE (%) = CL/TC * 100.

Morphological characteristics
The average length of the aerial parts was obtained with the aid of a ruler. The stems, leaves, and roots were 
subsequently separately dried in an oven at 65 °C with forced air circulation until a constant mass was reached 
to obtain the dry mass of each plant separately.

Spore density
The spore density was evaluated using the wet sieving technique77. Then, 100 g of the soil was washed and sifted 
6 times, placed in a Falcon tube with water, and centrifuged at 3000 rpm for 3 min. Then, water was added, and 
a 50% sucrose solution was added and centrifuged for another 2 min. Subsequently, the liquid with the spores 
was poured into sieves with meshes of 710, 425, and 53 mm/µm to wash the samples. Then, the liquid containing 
the spores was poured into the sieve to wash the sample, which was subsequently stored in a container until 
analysis in the laboratory. The number of spores was determined on an acrylic plate with concentric rings under 
a SteREO Discovery. A V8 stereomicroscope (Zeiss, Göttingen, Germany) was used.

Mycorrhizal colonization in soybean roots
Fractions of the roots of the plants in each treatment group were separated and preserved in a 50% alcohol 
solution. To estimate root colonization by AMF, the roots were depigmented according to a modified method 
of78.

The roots (~ 0.4 g) were weighed, immersed in KOH (2%), and placed in an oven at 90 °C for 60 min. After 
removal from the oven, the roots were washed with distilled water and transferred to a solution of HCl (1%) for 
5 min. Then, the HCl was removed, and the dye trypan blue (0.05%) in lactoglycerol was added79. Microscopic 
slides were prepared with root fragments to visualize the structures and percentage of root colonization evaluated 
under a light microscope at 200 × magnification, according to80.

Statistical analysis
The experimental design was completely randomized in a 3 × 3 factorial design (three inoculation 
treatments × three water restriction levels), with 8 replicates of each treatment, each consisting of a pot containing 
3 plants. The homogeneity of variance was confirmed by Bartlett’s test. The numerical data were statistically 
evaluated by analysis of variance, and the means were tested by the Tukey test (5%) using the SISVAR software81.

Principal component analysis (PCA) was performed on the dataset using inoculation treatments and hydric 
restriction levels. These analyses used the FactoMineR82 and extrafact83 packages in R software84. First, the data 
were scaled using the scale function, and the analyses were performed using the PCA function. Eigenvalues were 
evaluated to determine the number of dimensions to be evaluated.
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Data availability
All data generated or analyzed during this study are included in this published article. The raw datasets are avail-
able from the corresponding author on reasonable request.
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