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KEYWORDS Abstract The presented experiments evaluated the symbiotic performance of soybean genotypes
Arbuscular mycorrhizal with contrasting salt stress tolerance to arbuscular mycorrhizal fungi (AMF) inoculation. In addi-
fungi; tion, the physiological stress tolerance mechanisms in plants derived from mutualistic interactions
Glycine max; between AMF and the host plants were evaluated. Plant growth, nodulation, nitrogenase activity
Auxins; and levels of endogenous growth hormones, such as indole acetic acid and indole butyric acid, of
Lipid peroxidation; salt-tolerant and salt-sensitive soybean genotypes significantly decreased at 200 mM NaCl. The
Nodulation

inoculation of soybean with AMF improved the symbiotic performance of both soybean genotypes
by improving nodule formation, leghemoglobin content, nitrogenase activity and auxin synthesis.
AMF colonization also protected soybean genotypes from salt-induced membrane damage and
reduced the production of hydrogen peroxide, subsequently reducing the production of TBARS
and reducing lipid peroxidation. In conclusion, the results of the present investigation indicate that
AMF improve the symbiotic performance of soybean genotypes regardless of their salt stress
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tolerance ability by mitigating the negative effect of salt stress and stimulating endogenous level of
auxins that contribute to an improved root system and nutrient acquisition under salt stress.

© 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Plants in nature are confronted by a variety of environmental
factors, resulting in adverse changes to growth and develop-
mental patterns. Among several environmental factors, salinity
is one of the most prevalent constraints hindering normal
growth and metabolism, especially under arid conditions
(Algarawi et al., 2014). Increased salt levels in the soil solution
or irrigation waters cause osmotic and ionic stress in plants,
resulting in an adverse negative impact on plant growth by
hampering several important physiological and biochemical
processes (Abd_Allah et al., 2015a,b; Hashem et al., 2015a).
One of the most harmful impacts of high salinity is the distur-
bance of important cell structures, including membranes, pro-
teins, and lipids, as well as nucleic acids. Membrane
peroxidation due to salinity results in the loss of membrane
integrity and causes the leakage of important cellular con-
stituents, thereby causing problems in plant growth
(Algarawi et al., 2014). The rapid production of toxic radicals,
such as superoxide, hydrogen peroxide, and peroxides, causes
alterations in normal plant growth by triggering chain reac-
tions and causing an excess production of peroxyl radicals. It
has also been documented that the toxic effects of salt stress
on plant growth and metabolism are also related to changes
in the endogenous levels of phytohormones (Khan et al.,
2014). Previous studies have shown that the inhibition of
endogenous levels of phytohormones by salinity stress resulted
in decreases root growth and development (Egamberdieva,
2009). Auxins, such as indole-3-acetic acid (IAA) and indole-
3-butyric acid (IBA), are the most important hormones
involved in growth processes and root development (Epstein
and Ludwig-Miiller, 1993; Egamberdieva et al., 2015a,b).

Arbuscular mycorrhizal fungi (AMF) usually form benefi-
cial symbiosis with many plants to modulate the growth of
host plants grown under biotic and abiotic conditions by direct
and indirect mechanisms, such as the mitigation of reactive
oxygen species (ROS) and oxidative damage via the mediation
of phytohormone synthesis (Rabie and Almadini, 2005),
enhancing the enzymatic and non-enzymatic antioxidant
defense system (Wu et al., 2014; Ahmad et al., 2015), the
induction of an acquired systemic tolerance (Hashem et al.,
2016) and lipid peroxidation (Abd_Allah et al., 2015¢). More-
over, AMF improve nutrient uptake, especially P (Tong et al.,
2009; Meng et al., 2015) because the mycelium can grow and
extend outside the rhizosphere, connecting roots with the sur-
rounding soil microhabitats and enlarging the root area to
absorb more nutrients. Thus, water and nutrients can be trans-
ported by the huge hyphae network to be absorbed by plants
(Liu et al., 2016).

Mutualistic interactions among AMF and host plants were
reported to increase plant growth and nutrient uptake of Med-
icago truncatula (de Varennes and Goss, 2007). The combined
inoculation of legumes with AMF and rhizobia also showed

improved salt stress tolerance, plant growth, nodulation and
nitrogen fixation in soybean under salinity conditions
(Elsheikh and Wood, 1995; Younesi et al., 2013). Despite the
beneficial association of AMF, studies concerning the response
of plant hormonal balance to the symbiotic interaction of
AMF with plants in hostile environmental conditions are
limited.

Soybean (Glycine max) is an important grain legume in
many countries in the world that is sensitive to salinity stress,
which reduces plant growth, nodulation, nitrogen fixation,
number of pods, and yield (Egamberdieva et al., 2015a). In
our study, an experiment was carried out to (i) elucidate the
alteration of the auxin balance in soybean genotypes with con-
trasting salt stress tolerance after AMF colonization and (ii) to
evaluate the mechanisms of physiological stress tolerance in
plants by mutualistic interactions of AMF and soybean.

2. Materials and methods

Seeds of soybean (Glycine max L. Merrill), with genotypes
Clark (salt tolerant) and Kint (salt sensitive), were obtained
from the Agricultural Research Center, Giza, Egypt.

2.1. Seed germination test

Seeds were surface sterilized with sodium hypochlorite (0.5%
v/v) for 5 min and washed with distilled water. Nine sterilized
seeds were placed in a Petri dish (9 cm diameter) containing
10 ml of 1.5% (w/v) autoclaved water agar medium (Sigma-
Aldrich Co., St. Louis, MO) supplemented with NaCl to get
a concentration of 100, 200 and 300 mM. Plates with distilled
water were used as the control. Petri plates were arranged in a
randomized complete block design and incubated at 27 °C
with 8 h light (40 mMolm™>S™") and 16 h dark photocycle
at a relative humidity of 70-75%. A Parafilm strip was
wrapped around the edge of each Petri dish to prevent evapo-
ration. Germination percentage and rate were recorded daily
for 10 days. A seed was considered germinated when its
emerged shoot was visible under twofold magnification
(McCarty and Dudeck, 1993), and the rate of germination
(% per day) was calculated according to an index of germina-
tion velocity (Timson, 1965).

2.2. Soil and microorganisms

The experimental soil used in the current study was a sandy
soil collected from the Derab Agricultural Research Station,
Riyadh, Saudi Arabia, with the following properties (%): sand,
73.6; moisture content, 4.15; organic carbon, 0.14; and total
nitrogen 0.006. The electrical conductivity (EC) was
7.12dS m~! and the soil pH was 7.8. The soil was autoclaved
for 3 h at 121 °C, cooled and then divided among plastic pots
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(1 kg capacity). The mycorrhizal fungi Funneliformis mosseae
(syn. Glomus mosseae), Rhizophagus intraradices (syn. Glomus
intraradices) and Claroideoglomus etunicatum (syn. Glomus etu-
nicatum) were previously isolated from a salt marsh habitat in
Alserw, Dakahlia, Egypt (Algarawi et al., 2014). The mycor-
rhizal inoculum was prepared as described by Hashem et al.
(2014b). The mycorrhizal inoculum was added to the experi-
mental soil as 10 g of trap soil culture (approx. 100 spores/g
trap soil, M = 80%) per pot (1 kg). Control pots were kept
without mycorrhizal inoculum. The soybean seeds were coated
with rhizobial inoculants at a rate of 2 g of inoculant/200 g
seeds and sown into the pots filled with soil.

2.3. Plant growth condition

Plants were grown for 60 days under greenhouse conditions
with an 11 h light (750 pmol m 2 S™') and 6 h dark photocycle
at 27 °C. Pots were arranged in randomized complete block
design with five replications. The relative air humidity was
adjusted to 70%. After plant emergence, plants were watered
as needed and salinity conditions were established by adding
NaCl (200 mM) to the irrigation water. At harvest, plant
shoots were separated from the roots, washed with distilled
water and used for further analysis.

2.4. Nodulation and nitrogenase activity

The number of nodules was recorded using a Leica MZF LIII
stereomicroscope. The fresh weight of the nodules was taken
instantly after harvesting, whereas the dry weight was deter-
mined after oven drying (70 °C) for two successive weights.
To estimate leghemoglobin, nodules (2.0 g fresh weight) were
macerated in liquid N, and then 50 mM of KPO, (pH 7.4) buf-
fer containing 1 mM EDTA was added. The mixture was stir-
red until it thawed to a homogenate at temperature 2 °C and
was subsequently centrifuged at 10,000g for 10 min at 4 °C.
The supernatant was collected and mixed with 50 mM of
KPO4 (pH 7.4) buffer containing 1 mM EDTA, and the color
intensity was recorded spectrophotometrically at 710 nm
(Keilin and Wang, 1945). Nitrogenase activity was extracted
from fresh nodules and measured using the method described
by Bergersen and Turner (1967). The concentration of NH,
was measured calorimetrically according to the methods of
Bergersen (1980). In this method, one milliliter of 5% phenol
containing 25 mg sodium nitroprusside was added to a known
volume of ammonia produced by nitrogenase and followed by
2% (v/v) sodium hypochlorite dissolved in 0.13 N sodium
hydroxide. The mixture was incubated at 37 °C for 15 min
and then diluted to a known volume, and the optical density
was recorded at 630 nm. A standard curve of ammonium
chloride (10-70 pg/ml) was used as a reference.

2.5. Determination of arbuscular mycorrhizal colonization

A wet sieving and decanting procedure was employed for the
determination of mycorrhizal spores (Daniels and Skipper,
1982; Utobo et al., 2011). Plant roots were washed carefully
in ice-cold water (4 °C) to remove the soil and were subse-
quently cleaned with KOH (10%) and followed by staining

with trypan blue in lactophenol as described by Phillips and
Hayman (1970). Stained root segments were then examined
under light microscope at a 400 x magnification. Fungal infec-
tion (mycelium, vesicles and arbuscules) and development
within the infected soybean roots were calculated according
to the following formula:

Total number of AM positive segments
Total number of segments studied

x 100

% Colonization =

2.6. Extraction and quantification of plant growth regulators

The endogenous levels of growth regulators were determined
by extracting plant tissue in 80% aqueous acetone (4:1, v/v)
containing butylated hydroxytoluene (10 mg/l) and were puri-
fied using EtOAc and NaHCO3;, as described by Kusaba et al.
(1998). For quantifying indole acetic acid (IAA) and indole
butyric acid (IBA), the purified extract residue was subjected
to HPLC wusing a PEGASIL ODS column (6 mm
i.d. x 150 mm, Senshu Kagaku, Tokyo, Japan), according to
the method of Kelen et al. (2004). The quantifications were
done from the standard curves of IBA ranging from 10 up
to 200 ng/ml.

2.7. Plant physiological parameters

2.7.1. Determination of photosynthetic pigments

To estimate photosynthetic pigments (chlorophyll a, chloro-
phyll b, chlorophyll a + b, carotenoids, and total pigments),
leaves were extracted in dimethyl sulfoxide (DMSO) as
described by Hiscox and Israelstam (1979). The absorbance
of the homogenate was determined spectrophotometrically at
480, 510, 645, 663 nm (T80 UV/VIS Spectrometer, PG Instru-
ments Ltd., USA). DMSO was used as a blank.

2.7.2. Determination of thiobarbituric acid reactive substances
(TBARS)

Thiobarbituric acid reactive substances (TBARS) were esti-
mated using the method of Dhindsa et al. (1981). Fresh leaf tis-
sue (200 mg) was macerated in 0.25% 2-thiobarbituric acid
(TBA) in 10% trichloroacetic acid (TCA) using a mortar
and pestle. After heating at 95°C for 30 min, the mixture
was quickly cooled in an ice bath and centrifuged at 10,000g
for 10 min. The absorbance of the supernatant was read at
532 nm and corrected for non-specific turbidity by subtracting
the absorbance at 600 nm. The blank was 0.25% TBA in 10%
TCA. An extinction coefficient of 155 mM ™" cm™' was used
for calculating TBARS.

2.7.3. Determination of hydrogen peroxide (H>0>)

The method described by Okuda et al. (1991) was used to mea-
sure hydrogen peroxide (H,O,) content. Leaf tissue was mac-
erated in ice cold perchloric acid and was centrifuged at
1200g for 10 min, and the supernatant was neutralized with
4 M KOH. The insoluble potassium perchlorate was elimi-
nated by centrifugation at 500g for 3 min. The reaction was
started with the addition of peroxidase, and the increase in
the absorbance was recorded at 590 nm for 3 min.
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2.7.4. Determination of malondialdehyde (MDA)

Fresh leaves were extracted in 1% TCA and the homogenate
was centrifuged at 10,000 rpm for 5 min. Next, 1.0 ml of super-
natant was taken and 4.0 ml of 0.5% (w/v) thiobarbituric acid
(TBA) was added and heated at 95°C for 30 min. Subse-
quently, samples were cooled on ice and centrifuged at
5000 rpm for 5 min for clarification. The supernatants were
read at 532 and 600 nm (Heath and Packer, 1968). The calcu-
lation of MDA was done using the following equation:

MDA equivalents (pg/g fresh wt)
= 1000[(Ab3523 — Ab%og)}/ISS

2.8. Statistical analysis

The experimental design was a completely randomized design.
The data were subjected to Duncan’s Multiple Range Tests
and one-way ANOVA using SPSS-21 software. Differences
in means were determined by the least significant difference
(LSD) (p = 0.05) test.

3. Results

3.1. Effect of salinity on seed germination

The effects of salinity on germination of Glycine max geno-
types are shown in Table 1. The results indicated that the soy-
bean genotypes differed in their response to different salinity
levels. The reduction in germination of the seeds, compared
to the control, was 1.02%, 4.1%, 10.9% for the salt-tolerant
variety Clark and 6.8%, 11.1%, 19.47% for the salt-sensitive
variety Kint at 100 mM, 200 mM and 300 mM NaCl, respec-
tively (Table 1). The germination rate decreased with increas-
ing salinity levels for Clark by 6.8% and Kint by 1.4%.

3.2. Nodulation, leghemoglobin content and nitrogenase activity

The results given in Table 1 show that the number and fresh
and dry weight of nodules of both soybean genotypes with
contrasting salt stress tolerance significantly decreased at
200 mM NaCl. The number and fresh and dry weight of nod-
ules were reduced by 45.2%, 37.8%, and 34.5% in the salt-
tolerant Clark variety and by 69.1%, 58.8%, and 43.8% in
the salt-sensitive Kint variety, respectively (Table 2). The inoc-
ulation of the soybean genotypes with AMF significantly
(p < 0.5) increased the number and fresh and dry weight of
nodules by 33.2%, 90.6%, and 43.6% for the salt-tolerant

Clark genotype and by 39.1%, 78.9%, and 47.9% for the
salt-sensitive Kint genotype, respectively. An increased content
of leghemoglobin (72.9-73.5%) in the nodules and nitrogenase
activity (45.9-54.9%) was recorded in the Clark and Kint
genotypes, respectively. In the salt-tolerant Clark genotype,
AMF treatment enhanced the number, fresh and dry weight
of nodules, and leghemoglobin content by 33.2%, 90.6%,
43.6%, and 54.4%, respectively, while in the Kint genotype,
the percent increase was 39.1%, 78.9%, 47.9%, and 53.1%,
respectively. The nitrogenase activity was higher (48.2%) in
the salt-sensitive genotype Kint inoculated with AMF com-
pared to the salt-tolerant genotype Clark (65.9%) (Table 2).

3.3. AMF colonization

Salinity reduced the AMF colonization efficiency in the soy-
bean genotypes. In the Clark genotype, mycelia, vesicles and
arbuscules were reduced by salt stress by 23.7%, 44.8% and
40.6%, respectively (Table 3). In contrast, the Kint genotype
showed a 69.8%, 70.2% and 84.5% reduction in mycelia, vesi-
cles and arbuscules, respectively (Table 3). Under the 200 mM
NaCl stress treatment, AMF colonization was higher in the
salt-tolerant compared to the salt-sensitive genotypes.

3.4. The correlation between AMF and nodulation under salt
stress

The results in Table 4 showed that salinity had a strong nega-
tive correlation for genotype Clark with nodule number
(—=0.9907), nodule fresh weight (—0.9961), nodule dry weight
(—=0.9752), leghemoglobin (—0.9961), nitrogen activity
(—0.9875) and mycelial growth (—0.9118). However, arbus-
cules showed a strong positive correlation with salinity
(0.99133), and vesicles activity was improved due to the
increase in salt stress conditions and showed a strong correla-
tion at the value (0.99915). The soybean genotype Clark
showed resistance against salinity and withstood the harsh
conditions and grew well. The vesicles and arbuscules activity
improved with the increasing trend of salinity. Moreover, the
results showed that salinity had a significant correlation with
vesicles and arbuscules. The number of nodules had a strong
significant effect on NFW (0.987), NDW (0.987), LG (0.95),
NA (0.9896) and M (0.9515), while strongly negatively corre-
lated with V and A. The arbuscules activity in soybean geno-
types (salt tolerant) showed a negative correlation for NN,
NFW, NDW, LG, NA, M, while a positive association was
recorded for vesicles. The nodulation activity was decreased
with the increase of salinity for soybean genotype in the

Table 1 Effects of NaCl concentrations on seed germination of two soybean genotypes with different salt stress tolerance. Values

denoted by different letters are significantly different at P < 0.05.

Salt concentration (mM NaCl)  Clark (salt-tolerant)

Kint (salt-sensitive)

Final germination (%)

Rate of germination/day

Final germination (%)  Rate of germination/day

Control 972a £ 192 478 a £ 1.81 98.6a + 2.14 36.2b £+ 1.64
100 mM NaCl 96.2 a £ 1.30 344 Db £ 1.58 91.8 b + 1.87 26.4c £+ 1.67
200 mM NacCl 932 b + 0.83 23.0c £+ 1.42 87.6 ¢ £ 1.04 16.4d + 1.34
300 mM NaCl 68.6 e £ 2.40 6.81 e £ 0.37 79.4d £+ 0.89 1.47 £ £ 0.54
LSD at: 0.05 0.78 1.41 1.68 1.00
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Table 2 Nodule number, nodule fresh and dry weight, leghemoglobin content and nitrogenase activity of soybean genotypes with
contrasting salt stress tolerance inoculated with AMF under salt stress. Values denoted by different letters are significantly different at
P < 0.05.

Treatments Clark (salt-tolerant) Kint (salt-sensitive)
NN NFW NDW LG NA NN NFW NDW LG NA
0 mM Control 50.5d 202.2d 298 ¢ 134 b 0.87 b 58.0 ¢ 2378 ¢ 24.4d 7.0d 0.47 ¢
NaCl + 2.04 + 10.3 + 1.76 + 0.71 + 0.04 == 1,75 + 7.35 + 1.27 + 0.24 + 0.06
AMF 67.4 385.1 428 a 20.7 a 1.29 a 80.7 a 424.0 a 36.1 b 10.8 ¢ 0.78 b
+206b £ 146b £ 1.56 + 0.69 + 0.14 == 2,73 + 11.63 + 2.68 + 0.92 + 0.07
200 mM Control 274 e 125.6 £ 195e 3.6 f 0.47 ¢ 17.9 f 97.6 g 13.7 f 18¢g 0.21d
NaCl + 143 + 6.84 + 1.07 + 0.15 + 0.06 + 0.96 + 2.04 +1.22 + 0.23 + 0.01
AMF 41.6d 209.6 d 295¢ 11.4c¢ 0.72b 27.7 e 188.2 ¢ 248 d 69 e 0.42 ¢
+ 1.87 + 4.69 + 1.28 + 0.47 + 0.05 + 1.25 + 6.41 + 1.78 + 0.58 + 0.07
LSD at: 1.92 7.28 1.09 0.78 0.04 1.97 7.27 1.09 0.78 0.03
0.05

NN: nodule number; NFW: nodule fresh weight (g); NDW: nodule dry weight (g); LG: leghemoglobin (mg/g nodule fresh weight); NA:
nitrogenase activity (mg ammonia/g nodule fresh weight/h).

Table 3 Mycorrhizal colonization (%) of soybean genotypes with contrasting salt stress tolerance under salt stress. Values denoted by
different letters are significantly different at P < 0.05.

Treatments Clark (salt-tolerant) Kint (salt-sensitive)

Mycelia Vesicles Arbuscules Mycelia Vesicles Arbuscules
0 mM NaCl 72.1 a £ 3.74 437 a £+ 2.01 30.7 a + 2.63 499 b + 3.74 8.1c =+ 037 7.0c £ 0.24
200 mM NacCl 55.0b £ 2.7 24.1b + 0.81 18.2b + 1.21 15.0 ¢ £ 1.73 54d £ 0.14 1.1d + 0.04
LSD at: 0.05 12.4 9.3 8.0 17.6 8.5 4.3

Table 4 Correlations (r) between salt, mycorrhiza, and bacteria with number of nodules, nodule fresh weight, leghemoglobin nodule
fresh weight, nitrate reductase, nitrite reductase, nitrogenase, total nitrogen content, and crude protein in soybean genotype Clark (salt-
tolerant).

Salinity NN NFW NDW LG NA M v A
Salinity 1.00000 —0.9907 —0.9961 —0.9752 —0.9600 —0.9875 —0.9118 0.99915 0.99133
NN 1.00000 0.98798 0.98701 0.95003 0.98960 0.95151 —0.9883 —0.9830
NFW 1.00000 0.98097 0.97653 0.99604 0.90178 —0.9958 —0.9831
NDW 1.00000 0.93801 0.98765 0.93515 —0.9696 —0.9552
LG 1.00000 0.97944 0.83847 —0.9640 —0.9445
NA 1.00000 0.91567 0.98689 —0.9732
M 1.00000 —0.9104 —0.9294
v 1.00000 0.99455
A 1.00000

NN: nodule number; NFW: nodule fresh weight (g); NDW: nodule dry weight (g); LG: leghemoglobin (mg/g nodule fresh weight); NA:
nitrogenase activity (mg ammonia/g nodule fresh weight/h); M: mycelia; V: vesicles; A: arbuscules.

experiment. The results showed a negative correlation for the
number of nodules, nodule fresh weight and nodule dry weight.
Nitrogenase activity was also affected by the increase of salinity
during the experiment. The vesicles showed a varied trend
(increasing or decreasing) during the experiment, and leghe-
moglobin showed a medium (0.8384) correlation with mycelia.

The correlation between salt, mycorrhiza and bacteria for
the soybean Kint genotype is presented in Table 5. The results

showed that salinity had a strong negative correlation for nod-
ule number (—0.9989), nodule fresh weight (—0.9986), nodule
dry weight (—0.9938), leghemoglobin (—0.9874), nitrogenase
activity  (—0.9882), mycelia growth (—0.992), vesicles
(—0.9980) and arbuscules (—0.9983). If we compare Kint with
Clark, the vesicles and arbuscules were positive and a signifi-
cant correlation against salinity was recorded during the exper-
iment. On the other hand, Kint (salt sensitive) behaved
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Table 5 Correlations (r) between salt, mycorrhiza, and bacteria with number of nodules, nodule fresh weight, leghemoglobin nodule
fresh weight, nitrate reductase, nitrite reductase, nitrogenase, total nitrogen content, and crude protein in soybean genotype Kint (salt-

sensitive).
Salinity NN NFW NDW LG NA M \ A

Salinity 1.00000 —0.9984 —0.9986 —0.9938 —0.9874 —0.9882 —0.9992 —0.9980 —0.9983
NN 1.00000 0.99967 0.98917 0.99370 0.98489 0.99610 0.99401 0.99887
NFW 1.00000 0.98875 0.99237 0.98777 0.99623 0.99462 0.99966
NDW 1.00000 0.97120 0.98893 0.99552 0.99694 0.98773
LG 1.00000 0.96780 0.98106 0.98005 0.98975
NA 1.00000 0.98743 0.99205 0.98823
M 1.00000 0.99797 0.99650
\ 1.00000 0.99420
A 1.00000

NN: nodule number; NFW: nodule fresh weight (g); NDW: nodule dry weight (g); LG: leghemoglobin (mg/g nodule fresh weight); NA:
nitrogenase activity (mg ammonia/g nodule fresh weight/h); M: mycelia; V: vesicles; A: arbuscules.

differently compared to the Clark genotype; arbuscules were
shown, and there was a significant effect with nodule number,
nodule fresh weight, nodule dry weight, leghemoglobin, nitro-
genase activity, and mycelia. Vesicle activity improved. On the
other hand, Clark showed a negative correlation with these
characters. Kint behaved as a salt-sensitive genotype and
showed a strong positive correlation with nodule number
(0.99401), nodule fresh weight (0.99462), nodule dry weight
(0.99694), leghemoglobin (0.98005), nitrogenase activity
(0.99205) and mycelial growth with vesicles. However, a nega-
tive correlation was recorded for the Clark genotype, which
showed salt tolerance for these characters.

3.5. Indole acetic acid (IAA) and indole butyric acid (IBA)
levels

Salinity reduced the endogenous levels of the hormones stud-
ied in both genotypes; however, AMF inoculation not only
enhanced levels but also alleviated the negative impact of salin-
ity to some extent (Fig. 1a and b). AMF treatment caused an
increase of 42.2% and 8.8% in indole acetic acid (IAA) and
indole butyric acid (IBA) levels in the Clark genotype, respec-
tively, while in the Kint genotype, the percent increase was
4.8% and 9.0% under non-saline conditions, respectively
(Fig. la and b). Relative to the control, the percent decrease
in IAA and IBA levels in the Clark genotype was 22.8% and
23.4% and was 52.5% and 40.2% in the Kint genotype,
respectively (Fig. la and b). However, in plants grown under
salt stress and inoculated with AMF, the level of IAA and
IBA was reduced by 14.5% and 12.5% in Clark and by
42.33% and 28.9% in the Kint genotype (Fig. la and b),
respectively, compared to the control. The ratio of IAA and
IBA was also altered due to salinity (Fig. Ic).

3.6. Chlorophyll pigments

The inoculation of non-stressed soybean genotypes with AMF
resulted in increased chlorophyll synthesis (Table 6). The per-
cent increase in chlorophyll a, chlorophyll b, total chlorophylls
and carotenoids was 39.1%, 42.2%, 45.92% and 90.89% for
the Clark genotype and 9.55%, 23.7%, 14.1% and 13.05%
for the Kint genotype, respectively, compared to the control

plants (Table 6). Under salt stress conditions, soybean exhib-
ited considerable reductions in chlorophyll a, chlorophyll b,
total chlorophylls and carotenoids by 32.7%, 34.7%, 35.2%
and 49.5% for Clark and 71.5%, 76.5%, 74.1% and 81.3%
for Kint, respectively (Table 6). However, AMF treatment
showed only a slight decrease of photosynthetic pigments by
12.5%, 11.6%, 12.9%, 17.9% and 48.7%, 55.07%, 53.2%,
69.9% in the Clark and Kint genotypes, respectively (Table 6).

3.7. Thiobarbituric acid reactive substances (TBARS),
hydrogen peroxide (H>0,) and lipid peroxidation

The effects of AMF on the production of TBARS, H,0, and
lipid peroxidation were measured in terms of MDA content
and are presented in Fig. 2a—c. The production of TBRAS,
H,0, and MDA in both genotypes inoculated with AMF
was reduced in comparison with the control plants. AMF
induced a reduction in the TBRAS, H,O, and MDA contents
by 5.9%, 10.5%, 34.5% in Clark and 6.25%, 4.3% and 11.2%
in Kint, respectively (Fig.2a—c). Salinity stress enhanced
TBRAS, H,0, and MDA production by 336.5%, 75.2% and
20.7% in Clark and by 418.4%, 124.6% and 113.3% in Kint,
respectively (Fig. 2a—c). However, the increase in TBRAS,
H,0, and MDA in AMF-inoculated, salt-stressed seedlings
was lower in comparison with the control plants (Fig. 2a—c).

4. Discussion

Previous studies have already shown that germination and
seedling growth of leguminous plants were reduced in saline
soils, with varying responses due to different cultivars
(Egamberdieva et al., 2013). Genotypic variation in legumi-
nous crops for traits affecting nodulation and N, fixation
was also found (Montealegre et al., 1995). We have also
observed a negative effect of salinity (200 mM NaCl) on the
germination of two soybean genotypes with contrasting salt
stress tolerance; however, the germination of the salt-tolerant
genotype was less affected by salt stress. Abiotic stresses, such
as salinity and drought, decrease rhizobial colonization, inhibit
the infection processes and nodule development, and reduce
N, fixation and nitrogenase activity in legumes (Severin
et al., 2012; Abd_Allah et al., 2015a, Egamberdieva et al.,
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Fig. 1

(A—C) Endogenous levels of (A) indole acetic acid, IAA, (B) indole butyric acid, IBA, and (C) the IAA/IBA ratio in soybean

(Glycine max L. Merr) genotypes with different salt stress tolerance inoculated with AMF under salt stress. Columns represent the means
for five plants (N = 5) with error bars showing standard deviation. Values denoted by different letters are significantly different at

P < 0.05.

2013, 2015a). In our study, salt stress inhibited nodulation and
nitrogenase activity of inoculated soybean. However, AMF
improved the symbiotic performance of soybean and increased
nitrogenase activity. Our results corroborate the findings of
Abd_Allah et al. (2015a) for Sesbania sesban and Hashem
et al. (2015a) for Panicum turgidum. Furthermore, Zarea
et al. (2011) demonstrated that AMF inoculation to Trifolium
alexandrinum L. and Trifolium resupinatum L. resulted in

enhanced growth associated with increased nitrogenase activ-
ity, as well as other attributes, such as nodule growth and num-
ber. The colonization ability of AMF in soybean, such as
mycelium, arbuscules and vesicles, was also inhibited by salt
stress. Hashem et al. (2014a) observed that higher salt levels
reduce the development of mycelium, arbuscules and vesicles
in Vicia faba plants, resulting in restricted growth. Stressful
environmental conditions reduce spore viability and affect root
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(A—C) Thiobarbituric acid reactive substances (TBARS) (A), H,O, (B) and malondialdehyde (MDA) (C) in soybean (Glycine max

L. Merr) genotypes with different salt stress tolerance inoculated with AMF under salt stress. Columns represent the means for five plants
(N = 5) with error bars showing standard deviation. Values denoted by different letters are significantly different at P < 0.05.

colonization (Ahanger et al., 2014). However, the salt-tolerant
genotype maintained higher colonization characteristics com-
pared to the salt-sensitive genotype.

AMF resulted in a considerable increase in the uptake of
mineral nutrients by plants, which ultimately promotes synthe-
sis of metabolically important metabolites and enzymes (Yuan
et al., 2010). Among these essential plant metabolites, plant
hormones have an intriguing role in plant growth mainte-
nance. Auxins play a major role in the signaling events
between AMF and host plants (Fernandez et al., 2014). Auxins
also play an important role in the development of nodule vas-
culature in leguminous plants (Mathesius, 2008).

The salt tolerance in soybean is modulated by a single dom-
inant allele of the tolerance-associated gene GmSALT3, which
is the dominant locus on soybean chromosome 3 in both cul-
tivated and wild soybean (Guan et al., 2014; Liu et al.,
2016). In the present study, a highly significant negative corre-
lation between salinity and nodulation (growth and activities
of nodules) as well as for all AMF incidences was detected
in the soybean genotype Kint (salt-sensitive); however, in the
soybean genotype Clark (salt tolerant), such a negative corre-
lation was less related, especially with mycorrhizal mycelia
(M). Nevertheless, a significant correlation with the resting
stages of wvesicles (V) and arbuscules (A) of AMF was
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Table 6 Chlorophyll a, chlorophyll b, chlorophyll a + b, carotenoids and total pigments of soybean genotypes with contrasting salt
stress tolerance inoculated with AMF under salt stress. Values denoted by different letters are significantly different at P < 0.05.

Treatments Clark (salt-tolerant) Kint (salt-sensitive)
Chl.a Chl.b a+b a/b Carot.  Total Chl.a Chl.b a+b a/b Carot. Total
0 mM Control 1.04c 044c 148 2.34 0.19d 1.67c¢ 1.24b 0.63b 1.88 1.96 0.26 ¢ 2.15b
NaCl +0.08 +£003 +0.12 =£0.17 +£002 £0.15 +£008 £008 +0.16 =+0.17 £0.07 =£0.18
AMF l.44a 0.63b 2.08 2.28 036a 245a 1.36a 078a 2.15 1.73 030ab 245a
+0.13 £007 016 =+£0.16 +£004 £0.17 £009 =£005 +0.18 +0.14 £0.02 =£0.19
200 mM Control 0.69e¢  029d  0.98 2.40 0.09f 1.08f 035f 0.14e  0.50 2.44 0.05¢g 0.55¢g
NaCl +0.04 +£002 +005 +£0.18 +£001 *£0.12 +£0.03 =£002 +0.07 +0.18 £0.02 =+ 0.03
AMF 091d 039c¢ 130 2.31 0.15¢ 1.46cd 0.63e 028d 092 2.23 0.08 f 1.00 e
+0.05 £003 +0.07 £0.15 +£002 =£0.13 +£0.07 =£001 +0.04 =+0.14 =£0.03 =+0.05
LSD at: 0.21 0.07 0.08 0.02 0.03 0.18 0.07 0.06 0.31 0.09 0.02 0.29
0.05

Chl. a: chlorophyll a; Chl. b: chlorophyll b; Carot: carotenoids (mg/g fresh weight).

observed, and consequently, the soybean genotype showed
resistance against salinity and could withstand the harsh con-
ditions and grow well. A significant correlation was reported
in our study between the structural colonization of AMF
and nodulation and was directly proportional with salt resis-
tance and the incidence of AMF. In this context, plants asso-
ciated with AMF had a greater phosphorus content and
derived more nitrogen from the atmosphere by rhizobium
(Tong et al., 2009) than plants grown in soil without AMF,
which is generally considered beneficial for nitrogen uptake
(Younesi et al., 2013; Meng et al., 2015).

Salt-stressed soybean genotypes exhibited a drastic decline
in the endogenous levels of growth regulators, such as indole
acetic acid (IAA) and indole butyric acid (IBA), while the inoc-
ulation of AMF promoted the synthesis of these growth regu-
lators. Endophytic fungi inhabiting plants are known to cause
an increase in the endogenous levels of IAA (Wagqas et al.,
2012). In salt-stressed Sesbania sesban, Abd_Allah et al.
(2015a) observed a reduction in the endogenous levels of
growth regulators, such as IAA, and the ameliorative role
of AMF in reversing the effect of salinity with the levels of
growth hormones. Maintaining the endogenous levels of
growth regulators is important for several physiological and
biochemical key functions, such as stomatal closure, growth
regulation and maintenance of developmental events in both
normal and stressed conditions (Wasilewska et al., 2008).

In the present study, both soybean genotypes subjected to
salinity stress exhibited a considerable reduction in the synthe-
sis of photosynthetic pigments, thereby resulting in the reduced
synthesis of photosynthetic products. AMF were able to miti-
gate the harmful impacts of salinity on chlorophyll content,
and similar results were observed by Algarawi et al. (2014)
for Ephedra aphylla and by Hashem et al. (2014a) for Vicia
faba. Recently, Khan et al. (2015) demonstrated in chickpea
genotypes subjected to saline stress that tolerant genotypes
maintain a relatively better photosynthetic efficiency compared
to sensitive genotypes. Under salt stress, normal functioning of
the oxygen evolving complex is also altered, as reflected in the
reductions of metabolic rates.

Tolerant soybean genotypes exposed to high salt concentra-
tions showed a lower production of thiobarbituric acid reactive
substances (TBARS), lower rates of lipid peroxidation mea-

sured in terms of malondialdehyde (MDA) formation, and a
lower production of hydrogen peroxide (H,O,) compared to
the sensitive genotype. An increased production of free radi-
cals, such as H,0,, induced the peroxidation of lipids and
resulted in the excessive formation of TBARS and MDA in
salt-stressed seedlings. During stressed conditions, the rapid
peroxidation of membrane lipids is an increasingly observed
effect of oxidative damage. Early reports published showing
increased production of H,O, and MDA and a subsequent
amelioration by AMF inoculation include Algarawi et al.
(2014) for Ephedra aphylla, Hashem et al. (2014a) for Vicia
faba, and Abd_Allah et al. (2015a) for Sesbania sesban. The
combined inoculation of soybean with AMF and rhizobium
reduced the production of H,O, and MDA, thereby strength-
ening the positive role of AMF in protecting biological mem-
branes from the toxic effects of free radicals. A reduction in
the peroxidation of membrane lipids and a lower accumulation
of free radicals in AMF of inoculated plants have been corre-
lated with increased activities of antioxidant enzymes and
improved production of non-enzymatic antioxidants, hence
mediating the quick removal of free radicals and enhancing
the protection of the stability of membranes (Alqarawi et al.,
2014; Wu et al., 2014; Hashem et al., 2015b).

5. Conclusion

The results of the present investigation indicate that salt stress
significantly decreased the growth and physiological parame-
ters of soybean; however, the salt-tolerant Clark genotype
showed a minimum reduction in all parameters compared with
the salt-sensitive Kint genotype. We observed that AMF
improved plant growth and symbiotic performance in both
soybean genotypes by stimulating the endogenous level of aux-
ins that contribute to improved root systems and nutrient
acquisition under salt stress. We found variable physiological
responses among the two genotypes, showing stress tolerance
and sensitive properties to AMF inoculation.
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