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Abstract: Salt stress is one of the most significant abiotic stresses that substantially negatively impact
plant growth and productivity. However, a slew of research thus far has investigated the ameliorating
properties of arbuscular mycorrhizal (AM) symbiosis and their potential to improve plant tolerance to
salt stress. The present study aimed to evaluate and compare the role of mycorrhizal inocula obtained
from Sabkha (S-AMF) and non-Sabkha (NS-AMF) habitats of Saudi Arabia on the morphological,
physiological, and biochemical behaviors of the Lasiurus scindicus plant. For this reason, arbuscular
mycorrhizal fungi (AMF) isolated from Sabkha and non-Sabkha soils were treated with salinity-exposed
L. scindicus. The results revealed that the AMF-treated plants had higher growth metrics and increased
synthesis of photosynthetic pigments, which were reduced by salt stress. Furthermore, the application
of AM symbiosis induced an increase in the activities of the antioxidant system, which resulted in a
reduction of the plant oxidative damage. It was also found that the increased accumulation of proline
and phenols acted as a protective measure. Moreover, plants inoculated with S-AMF had the highest
ameliorating responses on all the studied parameters compared to NS-AMF. This could be attributed to
the presence of habitat-specific AMF, which may have induced adaptive plasticity in plants to tolerate or
resist extreme salinity. However, further study in exploring the S-AMF diversity is needed to make it an
ecofriendly choice for the restoration of salinity-affected ecosystems.

Keywords: arbuscular mycorrhizal fungi (AMF); Sabkha; salinity; restoration; Lasiurus scindicus

1. Introduction

Unique saline-beds or saline-plains known as Sabkhas are widely found in Saudi
Arabia’s dry and semi-arid terrain [1,2], and they range from a few hectares to hundreds
of square kilometers. Sabkhas are generally scarce of vegetation and mainly inhabit salt-
resistant halophytic species, derived through the variation in moisture and salinity [3,4].
Soil salinity (ECe > 4 dSm−1) is considered one of the most worrying abiotic stresses to
plants, especially in arid and semi-arid regions [5]. An approximate estimation suggests
that salinity affects more than a billion hectares of land all over the planet and counting [6].
Excessive salt concentrations in the soil result from natural processes and become aggra-
vated (10%/year) due to anthropogenic practices [5]. By the middle of the 21st century, half
of the earth’s cultivable land is prone to be engulfed by salinity [7,8]. Soil salinity inflicts
immense damage to plant functioning and growth by reducing water uptake capacity, dam-
aging root structure, inducing ionic toxicity, and causing osmotic stress [9–13]. Moreover,
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excessive amounts of Na+ and Cl− ions in salinity-inflicted soils can blight enzyme and
other biological activities, causing ionic leakage from cell membranes and hence their mal-
function, and enhancing the inhibition of chlorophyll biosynthetic pathway, thus reducing
photosynthesis in plants [14–16]. All the NaCl-induced ruinous effects collectively lead
to significant oxidative stress (the production of reactive oxygen species (ROS), such as
hydrogen peroxide (H2O2), etc.), resulting in a considerable reduction of plant growth and
productivity [17–19].

Over the years, various methods have been developed and adapted to overcome the
harmful effects of salinity stress on plants and have received paramount attention. One such
method is the application of symbiotic association of arbuscular mycorrhizal fungi (AMF) with
the plant roots. AMF belong to the subphylum Glomeromycotina (phylum Mucoromycota) [20],
whose survival depend upon the symbiotic association with the plant roots. They acquire the
essential carbohydrates and lipids from the plants and in return enhance the uptake of water
and nutrients (NPK) in the plants through increased root surface area [21,22]. Additionally,
AM symbiosis improves soil quality and increases plant resistance towards biotic and abiotic
stresses [23,24]. They are naturally found in association with the roots of halophytes in saline
habitats and colonize 80% of the terrestrial plants, with some exceptions from Brassicaceae
and Chenopodiaceae [23,25–27]. AMF–Plant interaction has been reported to enhance plant
resistance in salt-stressed environments [28–30]. For example, the formation of AM symbiosis
boosts the intake capacity of nutrients and water [28,31], increases the accumulation of
osmotic regulators, and upregulates the photosynthetic activities under salinity stress [31,32].
AM symbiosis plays a vital role in enhancing enzymes and antioxidant activities in plants,
thereby successfully reducing and/or detoxifying ROS [28,31–33].

Lasiurus scindicus Henrard (Poaceae) is a perennial, drought-resilient, and nutritiously
valuable forage grass [34–37], naturally found in the dry regions of Africa, Asia, and
Saudi Arabia [34,36,38]. This plant plays a vital role in rangeland stabilization [39] and is
considered a moderately salt-tolerant species [40]. However, the studies hitherto indicate
that increasing salt stress has a negative effect on its growth parameters, such as seed
germination, photosynthetic activities, etc. [41–44]. For all the facts, AM symbiosis performs
a crucial role in ameliorating the salt-induced stress in plants [28]. To our knowledge, hardly
any study has been put forward to investigate the potential effects of AM symbiosis in
improving the performance of L. scindicus against salt stress. Moreover, a few studies
suggest that using AMF species isolated from saline habitats have given promising results
in mitigating the salinity stress compared with those isolated from culture collections [45,46].
We hypothesized that: (1) Salinity can negatively affect the growth of L. scindicus plants
by altering the physiological and biochemical activities; (2) AMF inoculation will improve
the salt tolerance of plants by increasing the photosynthetic activities, the production of
proline and phenols, and by enhancing the antioxidant activities; (3) AMF isolated from
Sabkha habitats are more adapted to salinity stress and thus their symbiotic association can
potentially increase the salt stress ameliorating abilities of plants.

Therefore, the present study aimed to investigate whether the symbiotic association of
AMF isolated from highly saline Sabkha habitats can comparatively play a better role in
alleviating salinity stress effects on plants than AMF isolated from non-Sabkha habitats.
This study will help us understand the role of Sabkha AM symbiosis in helping the desert
vegetation adapt to extreme salinity, thus making it an alternate and easy tool for restoring
salinity-affected ecosystems.

2. Materials and Methods
2.1. Sampling, AMF Inoculum Production, and Identification

The soil sampling was conducted from two different habitats of Saudi Arabia, viz.:
Sabkha (highly saline) located in Aushazia, AlQasim (26◦03′58′′ N 44◦07′55.6′′ E) and
the non-Sabkha (non-saline) habitat of Thumama (26◦08′14.7′′ N 45◦31′00.9′′ E), Riyadh,
Saudi Arabia. All the soil samples were collected under the rhizosphere of dominant plant
species in both habitats.
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The collected soil samples were tested for AMF presence and further propagated in a trap-
culture with Maize (Zea mays L.) as a target mycotrophic plant. After twelve weeks of maize
cultivation in the Sabkha (S-AMF) and non-Sabkha (NS-AMF) soils, AMF spores were scrupu-
lously extracted by using the wet sieving and decanting method [47]. Spores were mounted
on slides with a mixture of polyvinyl alcohol-lactic acid-glycerol (PVLG) and Melzer’s reagent
(1:1, v/v) [48] for identification via already established literature [49,50]. The guidelines of
the International Culture Collection of (vesicular) arbuscular mycorrhizal fungi
(INVAM) were also followed. The species found in the Sabkha habitat were identified as
Claroideoglomus etunicatum, Funneliformis mosseae, Gigaspora margarita, and Scutellospora calospora
(Figure 1A–D). In contrast, Claroideoglomus etunicatum, Funneliformis mosseae, and
Gigaspora margarita were found in the non-Sabkha habitat (Figure 1E–G). The inocula
from both the habitats consisted of a relevant mixture of all the identified species, including
spores, mycelia, and colonized maize roots, and were referred to S-AMF (Sabkha AMF) and
NS-AMF (non-Sabkha AMF), respectively (Figure 1). Equal amounts of each inoculum were
added to the corresponding pots at sowing time just below L. scindicus seeds. To provide
a general microbial population free of AMF propagules, N-AMF (non-AMF)-inoculated
plants received the same amount of autoclaved AMF inoculum and filtrate (<20 m) of the
AMF inoculum.
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Figure 1. Showing arbuscular mycorrhizal fungi spores collected from the trap culture of Sabkha and
non-Sabkha soil. (A–D) Sabkha Spores; (E–G) non-Sabkha spores. (A) intact spores of Claroideoglo-
mus etunicatum; (B) crushed spore of Funneliformis mosseae; (C) crushed spore of Gigaspora margarita;
(D) crushed spore of Scutellospora calospora; (E) intact spore of Claroideoglomus etunicatum; (F) intact
spore of Funneliformis mosseae; (G) intact spore of Gigaspora margarita.

2.2. Collection of L. scindicus Seeds and Preparation of Soil Mixture

Lasiurus scindicus spikes bearing fully mature seeds were collected from the Thumama
National Park, Riyadh (25◦08′13.7′′ N 46◦36′00.9′′ E) and air-dried at room temperature
inside the laboratory, then stored until further use. Seeds collected from the dried spikes
were surface-sterilized in 5% sodium hypochloride (NaClO) solution for 3 min. The solution
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was rinsed off by washing seeds twice in distilled and sterilized water. The seed viability
(petri experiment) was checked and found to be >95%. The pots (14 cm diameter × 13 cm
height × 11 cm bottom) for the experiment were filled with autoclaved sand–soil (1:1 ratio)
mixture. Five seeds sown in each pot were thinned to two seedlings once they had been
established to avoid competition.

2.3. Experimental Design

The pot experiment was conducted under controlled conditions in the growth chamber
of the Plant Production Department, King Saud University, Riyadh. The average temper-
ature throughout the experiment was maintained at 35/25 ◦C (D/N), light duration of
14/10 h (L/D) with relative humidity ranging from 50–60%. A two-factorial pot experiment
in complete randomized design (CRD) was conducted having three inoculation treatments,
viz.: (1) non-AMF (N-AMF), (2) non-Sabkha (NS-AMF), and (3) Sabkha (S-AMF), as one
factor and three levels of salinity (0 mM NaCl (Control), 100 mM NaCl, and 200 mM
NaCl) taken as another factor. The experiment was repeated three times for all the factors.
Therefore, each inoculation treatment had nine replications, and a total of 27 pots were set
with two L. scindicus plants grown in each pot. The salinity was applied after one month
of the experiment to allow the better establishment of AM colonization and plant growth.
Pots were irrigated as and when required to maintain field capacity and salinity levels.
Hoagland’s solution (without Phosphorous) was applied thrice for the whole period of
experimentation.

2.4. Growth Parameters

The plants were harvested after three months of the experiment under salt stress. The
shoot and root systems of the plants were separated. The morphological measurements
such as shoot length and shoot and root biomass were measured before and after oven-
drying them for 48 h at 75 ◦C. In addition, the total root length (TRL), root surface area
(RSA), root diameter (RD), and root volume (RV) were measured by using WinRHIZO
software (v5.0, Regent Instruments, Quebec, QC, Canada) for scanned roots.

2.5. Symbiotic Development and Spore Count

The fine roots were carefully selected, separated, and washed with distilled water. The
cleaned roots were further processed in 10% KOH at 80 ◦C for 30 min, washed again, and
passed through H2O2 (3%) for 3 min before acidified with 1% HCl for 10 min and finally
stained in Trypan blue at 80 ◦C for a further 20 min [51].

The stained root segments were mounted on glass slides in a lactoglycerol solution.
Twenty stained root segments were mounted on each slide. The coverslip was carefully
placed and pressed to investigate different structures present in the root segment under
an optical microscope at 400×magnification. A minimum of 50 root segments from each
sample were observed to assess intraradical colonization. The presence of mycelium, vesi-
cles, and arbuscules was recorded. The percentage and intensity of intraradical arbuscular
mycorrhizal colonization (mycelium, vesicles, and arbuscular development) within the
roots were calculated by following the methods of [52,53]. From the substrate of each
treatment, the spores were isolated as per the methods mentioned earlier [47]. The total
spore population in each treatment was calculated based on 100 g dry soil.

2.6. Chlorophyll Contents and Carotenoids

Mashing 250–350 mg of leaf sample in 10 mL 80% acetone solution and centrifuged at
5000 rpm for 5 min yielded chlorophyll a, chlorophyll b, total chlorophyll, and
carotenoids [54,55]. The samples were then incubated in the dark for three hours before the
absorbance was measured at wavelengths 480, 510, 645, and 663.
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2.7. Estimation of Proline

Proline (µg/gFW) was estimated by homogenizing 0.5 g of fresh plant tissue in 10 mL
sulfosalicylic acid (3%) using mortar and pestle. The homogenate was centrifuged (Bench-
top Centrifuge-5810R, Eppendrof, Hamburg, Germany) at 5000 rpm for 10 min, and 2 mL
supernatant was extracted in a separate test tube. The extract (2 mL) along with glacial acetic
acid and ninhydrin (2 mL each) were incubated for 1 h in a boiling water bath (at 94–100 ◦C)
followed by an ice shock. To this, toluene (4 mL) was added, and the chromophore containing
toluene was collected in a separate tube after mixing for 20 s. The absorbance using UV–VIS
spectrophotometer (SHIMADZU, Kyoto, Japan, UV1800) was recorded at 520 nm [56]. A
standard curve was obtained using known concentrations of proline.

2.8. Total Phenolic Content in L. scindicus

According to Ainsworth’s procedure, the total phenolic content of L. scindicus was de-
termined using the Folin–Ciocalteu reagent [57]. The sample extract (0.5 mL of 100 µg/mL)
was combined with 2 mL Folin–Ciocalteu reagent (diluted 1:10 with de-ionized water)
and 4 mL aqueous Na2CO3 (7.5% w/v). For thirty minutes, the reaction mixture was in-
cubated at room temperature, and the absorbance was read at 765 nm using a UV–VIS
spectrophotometer (SHIMADZU, Kyoto, Japan, UV1800). The linear equation of a standard
curve produced with gallic acid was used to calculate the total phenolic content. The total
phenol value was expressed as milligrams of gallic acid equivalents per gram of dry weight
(mg GAE/g DW).

2.9. Determination of Hydrogen Peroxide (H2O2) Content

The H2O2 content of plants was determined by following the established procedure
of [58]. As per this procedure, the plant material (500 mg) was ground with 5 mL of 0.1%
(w/v) trichloroacetic acid (TCA) in ice-cold mortar and pestle, followed by centrifugation at
12,000× g in a (Benchtop Centrifuge-5810R, Eppendorf, Hamburg, Germany) for 20 min,
and the supernatant was separated. Subsequently, 0.5 mL of 10 mM potassium phosphate
buffer (pH 7.0) along with 1 M potassium iodide solution (1 mL) was added to the extracted
supernatant (0.5 mL), and the absorbance was measured at 390 nm after 1 h of dark
incubation. The content of H2O2 was quantified by using a standard curve prepared from
the known H2O2 concentration.

2.10. Protein Estimation and Antioxidant Enzyme Activity

The plant material (300 mg) was homogenized with liquid nitrogen and dissolved in
100 mM sodium phosphate buffer (pH 7.4) containing 1% PVP and 0.5% (v/v) Triton-X 100.
The mixture was then centrifuged for 20 min at 4 ◦C at 20,000 rpm. The supernatant was
collected and kept at −20 ◦C to determine protein and enzyme activity. Bradford’s method
was used to determine the total protein [59]. In a nutshell, 100 µL of protein extract was
combined with 100 µL of diH2O before being added to 2 mL of Bradford’s reagent. After
that, the sample was incubated for 5 min absorbance was measured at 595 nm. A bovine
serum albumin (BSA) standard curve was used to assess the protein level.

2.10.1. Superoxide-Dismutase (SOD, EC 1.15.1.1)

The activity was assayed using the method from [60]. The enzyme extract (100 µL) was
exposed to 0.25 mM pyrogallol (1 mL) and 0.1 M sodium phosphate buffer (1.9 mL, pH 7.4).
The absorbance at 420 nm of the reaction mixture was measured in a spectrophotometer.
The SOD activity was calculated as the quantity of enzyme required to inhibit pyrogallol
oxidation by 50%, represented as U/mg of protein.

2.10.2. The Catalase (CAT, EC 1.11.1.6)

The activity was estimated spectrophotometrically according to [61]. A volume of
0.5 mL H2O2 (75 mM), 1.5 mL buffer (phosphate 0.1 M, pH 7), and enzyme extract (50 mL,
diluted) were combined to make the reaction mixture. The decrease in absorbance was
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measured by monitoring the decomposition of H2O2 for 2 min at 240 nm. The CAT activity
was expressed as U/mg of protein.

2.10.3. Ascorbate-Peroxidase (APX, EC 1.11.1.11)

The activity was carried out according to [62] and expressed as U/mg of protein. The
reaction medium was as follows: 0.1 M sodium phosphate buffer (1 mL, pH 7.4), 1 mL
distilled water, 100 µL ETDA (0.1 mM), hydrogen peroxide (100 µL), and an enzyme extract
(100 µL). The absorbance was recorded at 290 nm with a spectrophotometer.

2.10.4. Glutathione-Reductase (G.R., EC 1.6.4.2)

The activity was measured according to the method of [63]. The reaction mixture
consisted of 0.15 mM NADPH (950 µL), 0.5 mM glutathione, 3 mM MgCl2 in 50 mM Tris
(pH 7.5) and 50 µL enzyme extract. The glutathione-dependent oxidation of NADPH was
spectrophotometrically measured at 340 nm, expressed as U/mg of protein.

2.10.5. Monodehydroascorbate-Reductase (MDHAR, EC 1.6.5.4)

The activity was determined by following the method of [64], where the protein
extract was mixed with NADH, ascorbate, and an excess of ascorbate oxidase to create
monodehydroascorbate and NADH oxidation. For 5 min at room temperature, the protein
extract (15 µL) was incubated with reaction buffer (85 µL) containing potassium phosphate
(0.1 M pH 7.5), NADH (0.25 mM,) 1.5 mM ascorbate, and ascorbate oxidase (0.02 U). The
absorbance was measured spectrophotometrically after every 30 s, and MDHAR activity
was expressed by monitoring the oxidation of NADH at 340 nm.

2.11. Statistical Analysis

The data were statistically analyzed using SAS® 9.2 Software. A two-way factorial
(levels of salinity × different types of AMF) was used to determine if AMF symbiosis
influenced different tolerance levels of salinity stress. Tukey (Tukey’s honestly significant
difference (HSD)) tests (p = 0.05) were used to compare the effects among treatment means
when interactions between salinity levels and different types of AMF were significant.

3. Results
3.1. Effect of Salinity Stress on AMF Colonization of L. scindicus Plants and Total Spore Count

After four months of cultivation under salt stress, a microscopic study of the mycor-
rhizal status of L. scindicus plants indicated the presence of all the predicted AMF structures
(mycelium, vesicles, arbuscules, and spores) in roots (Figure 2). The analysis of the mycor-
rhizal colonization showed that all the parameters (mycelium, vesicles, and arbuscules)
decreased with the increasing salinity stress in S-AMF- and NS-AMF-inoculated plants
(Figure 2, Table S1). However, plants inoculated with S-AMF revealed a higher colonization
percentage at both the salinity levels of 100 mM (Myc = 75.56%; Ves = 62.22%; Ar = 75.56%)
and 200 mM (Myc = 28.89%; Ves = 20%; Ar = 24.44%) compared to the plants inoculated
with NS-AMF. The highest colonization percentage was recorded in non-stressed S-AMF-
inoculated plants. The total spore count showed an increase at 100 mM NaCl stress in both
S-AMF- and NS-AMF-inoculated L. scindicus plants (Table 1). A drastic decline in spore
production was recorded at a salinity level of 200 mM, where S-AMF-inoculated plants
showed significantly higher spore count (76/100 g soil).
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Figure 2. Showing photomicrographs indicating the perfect abundance of arbuscular mycorrhizal
colonization in the roots of L. scindicus plants cultivated under salt stress. (A–C) the presence of
hyphopodium (HyP) indicated AMF colonization, which later propagated and developed various
structural forms. Extraradical intact spores (ES); intercellular hyphae (IH); germinating hyphae (GH);
arbuscular trunk (ArT); arbuscules (Ar). (D) salt stress on the root colonization of L. scindicus plants
inoculated with S-AMF and NS-AMF. Capital letters indicate the significance of the salinity effect,
while small letters indicate AM symbiosis status at p = 0.05 (Tukey’s HSD test).

Table 1. Effect of Salt stress on the spore count of Sabkha and non-Sabkha AMF.

Treatment Status Spores/100 g Dry Soil

Control
N-AMF 0.00

NS-AMF 211 ± 14.799 B,a

S-AMF 196.7 ± 14.495 B,a

100 mM NaCl
N-AMF 0.00

NS-AMF 292 ± 8.622 A,a

S-AMF 282.7 ± 11.865 A,a

200 mM NaCl
N-AMF 0.00

NS-AMF 35.3 ± 4.096 C,b

S-AMF 76 ± 7.371 C,a

The first line indicates mean value and the second line indicates ± SE. Capital letters indicate the significance of
the salinity effect, while small letters indicate the effect of AMF at p = 0.05 (Tukey’s HSD test).

3.2. Growth Parameters of S-AMF- and NS-AMF- Inoculated L. scindicus Plants under Different
Levels of NaCl Stress

The application of salt stress showed deleterious impacts on various morphological
parameters of L. scindicus (Table S1). When compared to non-inoculated (N-AMF) plants,
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inoculated plants (S-AMF and NS-AMF) considerably improved the growth of L. scindicus
cultivated at varying salt concentrations (Figures 3 and 4). The plants growing under salt
stress had considerably lower shoot biomass (Figure 3A) and shoot length (Figure 3C)
than plants growing under normal conditions. At both salinity levels, the application of
AMF-inoculants from Sabkha and non-Sabkha habitats showed no significance but resulted
in a slight increase in both parameters. Compared to N-AMF- and NS-AMF-inoculated
treatments, plants inoculated with S-AMF demonstrated a comparatively larger shoot
length at 200 mM salinity (Figure 3A). In addition, shoot biomass showed a similar pattern
for the same comparison.
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Figure 3. Showing the effect of AM symbiosis (S-AMF and NS-AMF) on the growth parameters such
as shoot biomass (A), root biomass (B), shoot length (C), and root length (D) of L. scindicus plants
cultivated under different salinity levels. Capital letters indicate the significance of the salinity effect,
while small letters indicate the effect of AM symbiosis at p = 0.05 (Tukey’s HSD test).

Under salinity stress, plants had considerably lower root length (Figure 3D), root biomass
(Figure 3B), and total root length (Figure 4A). Similarly, the root diameter (Figure 4A), root
surface area (Figure 4C), and root volume (Figure 4D) of plants grown under salinity stress
were less significant compared to unstressed plants. The symbiotic association of S-AMF and
NS-AMF with L. scindicus plants generally showed no significant effect on most of the root
parameters at both salinity levels. Still, it did result in a minor rise in all the studied root
parameters (Figures 3D and 4A—D). However, the total root length of S-AMF-inoculated
plants showed a considerable increase at salinity level 200 mM compared to its counterpart.
In addition, the root biomass and root length of both S-AMF- and NS-AMF-inoculated plants
showed a significant increase at 100 mM NaCl stress, while no significant difference was
recorded at control and 200 mM salt stress. The rest of the root indices showed the same
pattern except for the root surface area, which showed no significance for all salinity levels.
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Figure 4. Effect of AM symbiosis (S-AMF and NS-AMF) on growth parameters such as total root
length (A), root diameter (B), root surface area (C), and root volume (D) of L. scindicus plants cultivated
under different salinity levels. Capital letters indicate the significance of the salinity effect, while
small letters indicate the effect of AM symbiosis at p = 0.05 (Tukey’s HSD test).

3.3. Chlorophyll and Carotenoid Contents of L. scindicus

The salinity-stressed L. scindicus plants showed a significant decline in the concentrations
of chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid pigments (Figure 5A–D).
S-AMF and NS-AMF colonization counterbalanced the harmful effects of salt stress and
increased the pigment synthesis of chlorophyll and carotenoids. The most significant increase
in photosynthetic pigment contents among the salt-stressed plants were recorded in L. scindicus
plants inoculated with S-AMF. For example, at 200 mM NaCl stress, S-AMF-inoculated
L. scindicus plants had higher levels of chlorophyll a (17.9%), chlorophyll b (20.8%), total
chlorophyll (20.7%), and carotenoids (13.4%) than NS-AMF-inoculated and non-inoculated
plants.

3.4. Proline and Total Phenol Contents

The results of the salt stress on proline and total phenol of S-AMF- and NS-AMF-
inoculated L. scindicus plants are shown in (Figure 6A, B). The proline concentration was
increased significantly at a salinity stress level of 100 mM but showed a drastic decline
at higher stress (200 mM NaCl). At 100 mM NaCl stress, the application of AMF isolates
enhanced the proline concentration by 40.90% for S-AMF-inoculated plants and 33.89%
for NS-AMF-inoculated plants. However, at the maximum saline condition (200 mM
NaCl), the highest proline concentration was recorded for S-AMF plants. In contrast,
NS-AMF plants showed no change when compared to non-inoculated plants (Figure 6A).
Total phenol synthesis in plants was exposed to salt stress and different AMF treatments
followed a similar pattern (Figure 6B). The addition of NaCl (100 mM) induced a significant
increase in total phenol content, which was further enhanced via S-AMF (41.27%) and
NS-AMF (34.58%) inoculation. However, at the highest salinity stress (200 mM NaCl),
NS-AMF-inoculated L. scindicus had the lowest phenol content.
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Figure 5. Effect of AM symbiosis (S-AMF and NS-AMF) on chlorophyll a (µg/gFW) (A), chlorophyll b
(µg/gFW) (B), total Chlorophyll (µg/gFW) (C), and carotenoid (µ/gFW) (D) synthesis of L. scindicus
plants grown under salinity stress (0, 100, 200 mM NaCl). Capital letters indicate the significance of the
salinity effect, while small letters indicate the effect of AM symbiosis at p = 0.05 (Tukey’s HSD test).
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Figure 6. Influence of AM symbiosis (S-AMF and NS-AMF) on the proline (ug/gFW) (A), total phenols
(mg GAE/gDW) (B), hydrogen peroxide (H2O2 umol/gFW) (C), and protein (mg/gFW) (D) contents of
L. scindicus plants under different levels of salinity. Capital letters indicate the significance of the salinity
effect, while small letters indicate the effect of AM symbiosis at p = 0.05 (Tukey’s HSD test).
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3.5. Hydrogen Peroxide (H2O2) Content

The results showed H2O2 content increased sharply with increasing salinity levels
(Figure 6C). For example, the non-inoculated L. scindicus plants at 200 mM NaCl stress
showed the highest increase. However, the addition of S-AMF and NS-AMF resulted in a
significant decrease in H2O2.

3.6. Protein Content and Antioxidant Enzyme Activity

According to the results shown in Figure 6D, there was a significant difference in the
protein content of L. scindicus plants treated with different concentrations of NaCl and
amended with S-AMF and NS-AMF. When compared to non-stressed plants, salinity supply
had a negative effect on protein content, with the lowest recorded in N-AMF-inoculated
plants under 200 mM NaCl stress. At all salinity levels, AMF inoculation caused an increase
in protein content. L. scindicus plants inoculated with S-AMF had the highest increase in
protein content compared to plants inoculated with NS-AMF and N-AMF.

Antioxidant enzyme activity varied significantly in L. scindicus plants inoculated with
AMF under NaCl stress of 100 mM and 200 mM, as seen in Figure 7A–E. At a salinity level of
100 mM, L. scindicus plants demonstrated higher SOD, CAT, APX, GR, and MDHAR activity
than non-stressed plants, which was further enhanced by AMF inoculation. However, at the
highest salinity stress of 200 mM, antioxidant activity decreased abruptly. Plants inoculated
with S-AMF have produced significantly higher levels of SOD, CAT, APX, GR, and MDHAR,
particularly at salinity levels of 100 mM.
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protein) (B), APX (U/mg protein) (C), GR (U/mg protein) (D), and MDHAR (U/mg protein) (E) activities
of L. scindicus plants grown under different salinity stress levels. Capital letters indicate the significance of
the salinity effect, while small letters indicate the effect of AM symbiosis at p = 0.05 (Tukey’s HSD test).

4. Discussion

Soil salinity is one of the critical issues that retards plant growth, resulting in a sig-
nificant loss of plant production and thus necessitating better management for long-term
production [9,12,16,18]. Although L. scindicus is somewhat salt-tolerant, previous works
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have shown that salt restriction has deleterious effects on the seed germination, photosyn-
thetic activities, and growth of L. scindicus [41–43]. AM symbiosis play an important role in
the growth and tolerance improvement of plants grown in salinity-restricted environments,
as reported earlier [28,30,65]. Therefore, the present study was conducted to assess and
compare the impact of mycorrhizal inocula acquired from Sabkha and non-Sabkha envi-
ronments on the morphological, physiological, and biochemical properties of L. scindicus
plants grown under various saline stress levels. As shown in the results, salinity negatively
affected all the root colonization structures such as mycelium, vesicles, and arbuscules. The
sporulation of both S-AMF and NS-AMF was also reduced at the highest salinity. This
corresponds to the previous research, which found that salinity impeded the germination
of AMF spores, slowed extraradical hyphal elongation after colonization, and reduced
the quantity of vesicles and arbuscules due to the fact that higher salinity levels have an
inhibitory effect on root colonization and thus sporulation [23,24,30,66–68]. In contrast,
spore production in the roots of L. scindicus inoculated with S-AMF and NS-AMF increased
significantly at moderate salinity levels (NaCl:100 mM), which was in agreement with [69],
wherein it was reported that increasing salinity levels stimulate AMF’s spore-generating
capabilities. However, according to our findings, AMF isolated from Sabkhas increased the
growth characteristics of L. scindicus plants cultivated under NaCl stress, but AMF isolated
from non-Sabkha habitats had a weaker alleviating impact. As a result, our findings are
consistent with those of [45,68], where the authors stated that inoculating key crops, such
as maize and soybean, with AMF isolated from saline regions or pre-treated with salinity
conferred a higher salinity resistance and showed improved growth parameters than plants
inoculated with a model AMF strain.

The most prevalent morphological response to salt stress is growth suppression [13].
In the current research, the L. scindicus growth parameters such as shoot length, root length,
shoot, root biomass, total root length, root surface area, root diameter, and root volume
were negatively affected by the presence of high salinity stress in soil. On the other hand,
the inclusion of S-AMF and NS-AMF caused an increase in most of these parameters, as
evidenced in the previous investigations [70]. AM symbiosis-induced plant development
has been linked in part to increased P feeding, enhanced water uptake from the soil, and
increased osmotic potential of soil mediated by mycorrhizal fungi [70,71]. In this study,
L. scindicus plants inoculated with S-AMF (an AMF obtained from very salty habitats
known as Sabkhas) provided comparatively better results (Figures 3 and 4). This could be
because S-AMF became more accustomed to greater salt levels, as described in previous
investigations [45,46,68].

Many studies have reported a significant drop in chlorophyll and carotenoid con-
centrations when plants are exposed to salt, and varied perspectives on the impact of
salinity on these photosynthetic pigment contents have been reported [72–74]. The loss
of chlorophyll in salt-stressed plants has long been assumed to be a marker of oxidative
stress that occurs during chlorophyll production. The salt stress damages chloroplasts and
increases the activity of chlorophyll-degrading enzymes such as chlorophyllase [74,75].
In our study, under both saline and non-saline situations, AMF application from both
Sabkha and non-Sabkha sources increased chlorophyll pigment content. Many studies
have confirmed that AM symbiosis has a considerable ability to reduce the impacts of salt
stress on plant growth by enhancing the photosynthetic activity of plants [31]. The findings
were based on the fact that AM symbiosis may boost not only the intake of the nutritional
element Mg, but also release hormonal signals that stimulate chloroplast formation [46,76].
The S-AMF-inoculated L. scindicus plants showed the highest levels of chlorophyll and
carotenoids, implying a faster rate of photosynthetic activity and growth.

Proline is one of the compatible osmolytes that mediates osmotic adjustment in plants,
and its accumulation is regarded as an adaptive measure of stress in plants exposed to salin-
ity [77]. Proline accumulation under salt stress helps stabilize membrane lipids, proteins,
and other cellular structures, maintain cell turgor through osmotic adjustment, protect
plants against free radical damage, and maintain optimal NADP+/NADPH ratios [31,78].
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In the current study, salt stress caused proline buildup in L. scindicus plants, which was
further enhanced by AMF symbiosis. The increase was most significant in S-AMF plants,
particularly when they were exposed to a salinity level of 100 mM. This indicated that the
higher levels of salinity-induced ROS production were detoxified by the over accumulation
of proline in the AMF-colonized L. scindicus plants. Our findings were consistent with those
of [31,70], who found higher proline accumulation in Cucumis sativus L. and Ephedra aphylla
Forssk plants under AMF treatment. The same results were also reported by [68].

Furthermore, salt stress caused an increase in the concentration of total phenolic com-
pounds in L. scindicus plants. These findings were consistent with previous studies [79,80].
The inoculation of S-AMF and NS-AMF to L. scindicus plants increased the total phenolic
compound production even more, especially at moderate salinity. These results are linked
with the findings of [70]. Plants inoculated with S-AMF had the maximum phenolic ac-
cumulation. Increased phenolic compound accumulation improves plant tolerance to
salinity constraints through increasing antioxidant capacity. Phenols are good oxygen
radical scavengers as their electron reduction potential is lower than that of oxygen radicals,
and phenoxyl radicals are generally less reactive than oxygen radicals [81]. As a result,
phenolic compounds can scavenge reactive oxygen intermediates while preventing the
initiation of subsequent oxidative processes. Therefore, S-AMF-treated L. scindicus plants
with higher accumulations of proline and total phenol under higher salinity stress could be
more resistant than N-AMF- and NS-AMF-inoculated plants.

Moreover, in this study, high salinity induced an increase in H2O2 production in
L. scindicus. These results were in accordance with the earlier findings on melon lan-
draces [82] and date palm [83]. Hydrogen peroxide (H2O2), a reactive oxygen species
(ROS), is produced under a salinity constraint, which could lead to oxidative stress [84].
Damage to key cell components, such as proteins, nucleic acids, and lipids, occurs due to
oxidative stress. Therefore, the biomembranes’ selective permeability changes, resulting in
membrane leakage and changes in the activity of enzymes linked to the membrane [85].
However, the application of AMF from both saline (Sabkha) and non-saline sources caused
a significant decrease in the H2O2 content of L. scindicus grown under NaCl constraint. The
substantial increase in ROS-detoxification enzymes in the plants inoculated by AMF under
salinity constraint was most likely responsible for reducing H2O2 production [31]. Increas-
ing salinity negatively affected the protein content but its production was ameliorated by
the inoculation of AMF [86].

Plants up-regulate the intriguing antioxidant defense system, neutralize ROS, and
prevent oxidative damage to cells. The antioxidant enzyme activities (SOD, CAT, APX, GR,
and MDHAR) of L. scindicus were significantly increased at moderate salinity NaCl stress
(100 mM). These activities were further boosted in AMF-treated L. scindicus, particularly
those cultivated with the S-AMF inoculants. Similar findings have been observed in other
plant species [31,46,70,87]. SOD is one of the first defensive enzymes, allowing superoxide
radicals to be scavenged and converted to H2O2, which is then eliminated by CAT or APX
and GR in the ascorbate–glutathione cycle (AGC). Ascorbate-peroxidase (APX) reduces
H2O2 by oxidizing water-soluble ascorbate (AsA) to the monodehydroascorbate (MDHA)
radical, which is then reduced to AsA by NAD(P)H-dependent monodehydroascorbate
reductase (MDHAR) [31,88]. In the present study, AMF generally improved the antioxidant
activities of L. scindicus against the ROS stress induced by NaCl. However, all these enzymes
showed their best ameliorating tendencies in S-AMF-inoculated L. scindicus plants.

AMF populations have a greater ability to adapt to varying environmental situations.
When biotic and abiotic restrictions grow particularly severe, however, only a few fungal
strains can withstand the pressure and become endemic resources. As a result, their impor-
tance as biofertilizers for promoting soil fertility and plant growth in the soils influenced
by anthropogenic causes and global change is well understood [46].
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5. Conclusions

In conclusion, this study demonstrates that the physiological and biochemical char-
acteristics of L. scindicus exposed to salt stress were significantly reduced. Salinity caused
oxidative damage, which resulted in membrane dysfunction. The application of AMF from
both Sabkha and non-Sabkha habitats, on the other hand, contributed to the amelioration
of salt stress in L. scindicus and improved its growth, biomass, and root activity charac-
teristics. Furthermore, AMF symbiosis boosted physiological and biochemical markers
and antioxidant enzyme production. However, AMF acquired from the Sabkha habitat
confers more salinity tolerance to L. scindicus plants than AMF isolated from non-Sabkha
habitats. Our findings reveal that S-AMF-inoculated L. scindicus plants were more resistant
to salinity-induced damage and had a better tolerance for it. As a result of this research, we
can see how AMF from Sabkha habitats could be used to generate effective inocula for the
successful restoration of salinity-affected and disturbed habitats.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture12030337/s1, Table S1: Analysis of Variance (ANOVA)
on the effects of arbuscular mycorrhizal fungi (AMF) from Sabkha and non-Sabkha habitats on the
growth parameters of L. scindicus plants grown under different levels of salinity (S).
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