
����������
�������

Citation: Ndiate, N.I.; Zaman, Q.u.;

Francis, I.N.; Dada, O.A.; Rehman, A.;

Asif, M.; Goffner, D.; Kane, A.; Liqun,

C.; Haider, F.U. Soil Amendment

with Arbuscular Mycorrhizal Fungi

and Biochar Improves Salinity

Tolerance, Growth, and Lipid

Metabolism of Common Wheat

(Triticum aestivum L.). Sustainability

2022, 14, 3210. https://doi.org/

10.3390/su14063210

Academic Editor: Domenico Ronga

Received: 6 December 2021

Accepted: 28 February 2022

Published: 9 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Soil Amendment with Arbuscular Mycorrhizal Fungi and
Biochar Improves Salinity Tolerance, Growth, and Lipid
Metabolism of Common Wheat (Triticum aestivum L.)
Ndiaye Ibra Ndiate 1,2, Qamar uz Zaman 3 , Imade Nosakahre Francis 4 , Oyeyemi Adigun Dada 5,
Abdul Rehman 6, Muhammad Asif 7, Deborah Goffner 8, Aboubacry Kane 8, Cai Liqun 1,2,*
and Fasih Ullah Haider 1,2

1 Department of Agroecology, College of Resources and Environmental Sciences, Gansu Agricultural
University, Lanzhou 730070, China; ibra@st.gsau.edu.cn (N.I.N.); fasihullahhaider281@gmail.com (F.U.H.)

2 Gansu Provincial Key Laboratory of Arid Land Crop Science, Gansu Agricultural University,
Lanzhou 730070, China

3 Department of Environmental Sciences, The University of Lahore-Lahore, Punjab 54590, Pakistan;
qamar.zaman1@envs.uol.edu.pk

4 Plant Science and Biotechnology, Faculty of Life Sciences, Ambrose Alli University, University Road,
Ekpoma 310104, Edo State, Nigeria; imadefrancis@aauekpoma.edu.ng

5 Department of Crop Protection and Environmental Biology, University of Ibadan,
Ibadan 200132, Oyo State, Nigeria; oadada247@yahoo.com

6 Department of Agronomy, Faculty of Agriculture and Environment, The Islamia University of Bahawalpur,
Bahawalpur 63100, Pakistan; abdurehmanuaf@gmail.com

7 Institute of Horticultural Sciences, University of Agriculture, Faisalabad 38040, Pakistan;
roymasif@yahoo.co.in

8 Department of Plant Biology, Faculty of Sciences and Techniques, Cheikh Anta Diop University (UCAD),
Dakar-Fann, Senegal, Bel Air Research Center, International Common Laboratory for the Adaptation of Plants
and Microorganisms Associated with Environmental Stress, Dakar, Senegal, Bel Air Research Center,
IRD/Senegalese Institute of Agricultural Research (ISRA)/UCAD Common Microbiology Laboratory,
Dakar 12500, Senegal; deborah.goffner@gmail.com (D.G.); aboubacry.kane@ucad.edu.sn (A.K.)

* Correspondence: cailq@gsau.edu.cn; Tel.: +86-138-9327-3886

Abstract: Salt stress in soils impacts grain crop yield. Soil amendment with biochar and arbuscular
mycorrhizal alone has been analyzed to improve the growth of several crops under salinity stress.
However, the combined application of biochar and arbuscular mycorrhizal fungi for the remediation
of salinity and improvement of crop productivity in wheat are rarely discussed and have remained
unclear. Therefore, this experiment was performed to investigate the effect with biochar (150 g biochar
per each treated pot containing 3 kg soil) and/or arbuscular mycorrhizal fungi (20 g AMF inoculum
containing 80% mycorrhizal roots, 100–160 spores, and extraradical hyphae per each treated pot) on
the productivity of wheat (Triticum aestivum L.) under four salt stress gradients; 0, 50, 100, and 150 mM
NaCl. The results show salinity significantly reduced plant height (9.9% to 22.9%), shoot fresh weight
(35.6% to 64.4%), enzymatic activities (34.1% to 39.3%), and photosynthetic pigments—i.e., total
chlorophyll contents (75.0%) and carotenoids contents (56.2%) of plants—as compared with control.
Under exclusive biochar application, the plants were moderately tolerant to salinity stress, which
was evident in their growth, moderately reduced fatty acid content, partially impaired enzymatic
activity, and photosynthetic pigments, while under the exclusive AMF application, the wheat plants
were relatively sensitive to salinity stress, resulting in impaired growth rate, decreased unsaturated
fatty acid composition, enzymatic activity, and photosynthetic pigments. Conversely, under the
co-application of biochar and AMF, wheat plants partially increased plant height (14.1%), shoot
fresh biomass (75.7%), root fresh biomass (24.9%), partially increased enzymatic activity (49.5%),
and unimpaired photosynthetic pigments (30.2% to 54.8%) of wheat under salinity stress. Current
findings concluded that exclusive incorporation of biochar, and the synergistic application of AMF
and biochar, could be utilized as a promising way to reduce the deleterious effects of salinity stress in
wheat production.
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1. Introduction

Wheat is widely grown in the tropics and sub-tropics and is the third-highest cultivated
cereal after rice and maize [1,2]. Similar to all grains, wheat is enriched with proteins and
carbohydrates, which are classified as chief sources of energy in the human diet [3]. Wheat
contains the highest concentration of protein as compared with any cereal grain, as well
as lipids, minerals, vitamins, fiber, and other bioactive substances that are employed as
medication [4]. Moreover, it is also enriched with total antioxidant content and plays a
significant contribution in maintaining the health of consumers [5]. Industrially, wheat
grain is processed into starch, paste, alcohol, oil, gluten, ethanol, and biofuels [6].

In coastal regions, higher salinity stress is a significant restriction for sustainable
crop production, including cereals like wheat [7]. The negative influence of salinity on
plant physiology, growth, and productivity has prompted research attention on mitigation
strategies to counter its long-term effect on grain production [8]. Grain crop tolerance to salt
stress is a complicated biological process influenced by various genetic and physiological
characteristics, as evidenced by the effect of salinity and the level of sensitivity exhibited by
grain crops [9]. Furthermore, the severity of salt stress damage to crops is documented to
be dependent on salt toxicity levels as well as growing conditions [10].

Under extreme salt stress, cell membranes can sense osmotic pressure and initiate a
protective response by altering the stress rigidity and perception of the cell structure [11].
The content of fatty acids is required for the maintenance of membrane lipids as an en-
ergy reserve [12]. The composition of fatty acid concentration and lipids of plants has a
significant impact on membrane stability, function, and fluidity. Unsaturated fatty acids
have a critical role in cell membrane protection and membrane protein activity [13]. On the
other hand, one of the defensive mechanisms against abiotic stress in grain production is
the antioxidative enzyme system [14]. Antioxidants have the functionality to significantly
reduce the harmful impacts of abiotic stresses [15]. Superoxide dismutase (SOD) is located
in a variety of cell compartments, and it catalyzes the disproportion of two oxygen (O2)
radicals to hydrogen peroxide (H2O2) and O−. Additionally, H2O2 is eliminated by various
antioxidants enzymes, such as peroxidase (POD), which converts H2O2 to water [16].

Even though grain crops have established numerous defensive mechanisms to eradi-
cate or reduce stress-induced deterioration at different levels, arbuscular mycorrhizal fungi
(AMF) and biochar utilization are recognized as two of the most efficient soil amendment
materials for alleviating the impact of abiotic stress on grain crops [17].

AMF is a rhizosphere microflora component that can be utilized as an amendment to
boost nutrient uptake and crop development in salt-stressed situations [18]. Similarly, the
use of biochar, a carbon-rich substance produced by the combustion of biomass with no or
low oxygen supply, can alleviate the damaging impacts of salinity stress on grain crops [19].
Under salt stress, biochar decreases sodium ion (Na+) uptake, while potassium ion (K+)
uptake by plants is increased. Biochar application reduces oxidative stress in grain crops
by modifying the antioxidant enzyme activities [20]. Previous studies indicate that crops
under biochar and AMF amendments develop sophisticated mechanisms for minimizing
stress damage or re-establishing growth by modifying the fatty acids content and the
activities of antioxidant enzymes [21]. Nevertheless, research on the impact of using AMF
and biochar together on salt stress in wheat production is sparse. Therefore, the study’s
objectives were to examine the impact of salt stress on key growth parameters, antioxidant
enzyme activities, fatty acids content, and photosynthetic pigments of wheat and to assess
the probability of co-application of AMF and biochar to alleviate the detrimental impacts of
salinity stress on wheat production. The study assumed that the integrated application of
AMF inoculation and biochar synergistically impact nutrients uptake, antioxidant activity,
and plant growth in wheat by reducing Na uptake in plants cultivated in saline soil.
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2. Materials and Methods
2.1. Experimental Site

For this study, a pot experiment was conducted under greenhouse conditions (relative
humidity 50%; air temperature 30 ◦C) from April to July 2020 at the Dingxi experimental
station (Tangjiao Town, Dingxi city, 35◦350′ N, 104◦360′ E, 1970 m a.s.l), Gansu, China.

The average yearly rainfall of the study site was 415 mm, and the temperature was
nearly 32 ◦C. Pots having dimension (diameter 21 cm, height 16 cm) were used in the
experiment and were obtained from the local market of Anning District, Lanzhou, China.
Each pot was filled with 3 kg of sterilized soil.

The soil type in the research area is loess-like loam. The analysis in 20 cm topsoil
indicated that total organic carbon (TOC) content was 9.08 g kg−1, soil pH (in solution)
was 8.25, total nitrogen was 1.74 g kg−1, a soil bulk density of 1.25 g cm−3, and available
phosphorus 25.3 mg kg−1, as determined in our previous experiment [22].

2.2. Soil Analysis

For soil analysis, three soil samples were collected, air-dried, and sieved with a 2 mm
mesh sieve properly mixed to make a representative composite soil sample. TOC was
estimated by the wet oxidation method [23]. Total nitrogen and available phosphorus were
observed by the Kjeldahl method [24] and Olsen method [25], respectively. The exchange-
able K was evaluated by the ammonium acetate extraction method [24]. After equilibration
in distilled water, the pH of the soil was determined using a METTLER TOLEDO Desktop
pH meter (1:5). The soil test was performed in the laboratory of the College of Resources
and Environmental Sciences at Gansu Agricultural University, Lanzhou, China.

2.3. Plant Nutrient Uptake Analysis

The 12-week-old wheat nutrient uptake was estimated following Hashem et al. [15]. To
observe the contents of K and N in wheat shoot, dried and ground samples were digested
with H2SO4–H2O2 at 260–270 ◦C. N content was observed by an Auto-analyzer 3 digital
colorimeter (AA3, Bran + Luebbe, Hamburg, Germany), and K content was estimated
using flame photometry (FP6400, Shanghai Precision Scientific Instrument, Shanghai,
China). P content was determined using the Vanado-molybdophosphoric colorimetric
method after nitric–perchloric acid digestion. As a reference, each mineral’s standard curve
(10–100 µg−1 mL) was applied.

2.4. Experimental Plant Materials

Seeds of wheat were collected from Gansu Provincial Key Laboratory of Arid Land
Crop Science. The seeds were of uniform size and were kept at 4 ◦C for 24 h, and later in run-
ning water for 30 min. Eight imbibed seeds of wheat were sown in each pot. Germinations
were observed for three days; four uniform seedlings were chosen from each pot.

2.5. Biochar’s Production, Chemical Properties, and Soil Amendment

For the preparation of the biochar amendment, corn straws were collected from the
cornfields in Tangjiao Town and transported to the College of Resources and Environmental
Sciences, Gansu Agricultural University, Lanzhou, China. Biochar was produced following
the method of Mia et al. [26]. An oven-electric furnace (Heraeus MR 170, Meinerzhagen,
Germany) was used to produce the experimental biochar under oxygen-deficient conditions
at temperatures ranging from 350 to 500 ◦C. Produced biochar was sampled, ground, and
sieved with a 250 µm mesh. Total organic carbon (TOC) was determined after oxidization
with potassium dichromate following Nelson and Sommers [27]. The total K was measured
with a Jenway Flame Photometer, Bibby Scientific Ltd-Stone-Staffs-St15 0SA–UK. P was
estimated by a spectrophotometer as described by Sparks [28], and TN by the micro-
Kjeldahl method [29]. The biochar had 0.43% total N, 0.17% P, 0.46% exchangeable K, and
41.2% TOC [22]. Before sowing, 150 g biochar was applied in 3 kg soil in each treated pot.
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2.6. Arbuscular Mycorrhizal Fungi Source and Inoculum

The AMF strain used was a single genus of Glomus mosseae provided by Gansu Provin-
cial Key Laboratory of Arid Land Crop Science, Lanzhou, China. It was multiplied with
Zea mays (L.) as the host plant for four months in sterilized soil in the greenhouse of the Col-
lege of Resources and Environmental Sciences of Gansu Agricultural University, Lanzhou,
China. The methods previously described by Gerdemann and Nicolson [30] and Giovanetti
and Mosse [31] were used to determine AMF inoculum characteristics. Root mycorrhizal
colonization, soil spores content, arbuscules, and extraradical hyphae in the roots samples
were observed accordingly. Mycorrhizal roots (80% root mycorrhizal colonization) and
soil containing spores (50–80 per 10 g inoculum) and extraradical hyphae (2.5 m per 1 g
soil) were mixed with soil in the AMF inoculum. An amount of 20 g AMF inoculum was
applied and mixed with soil in each treated pot [22].

2.7. Experimental Design and Treatments

The study used a completely randomized design with five replications and 16 treat-
ments (Table 1). The seeds of wheat were sown in the pots and grown under greenhouse
conditions for 12 weeks. The concentration of NaCl in the pots was gradually increased
from 50 to 150 mM at the rate of 50 mM per 24 h to avoid osmotic shock and damage to root
until the maximum concentration was achieved for the respective treatment threshold [32].
The pots were fully irrigated (thrice a week) with an equivalent volume of various saline
solution to prevent water stress and to permit the salt concentrations in the pots to be main-
tained at a constant level [22]. A total of 80 pots were used for this greenhouse experiment.

Table 1. Treatment description.

Acronyms Significance

CK 0 mM NaCl without soil amendment
S1 50 mM NaCl alone
S2 100 mM NaCl alone
S3 150 mM NaCl alone
B0 biochar treatment alone
B1 50 mM NaCl + biochar
B2 100 mM NaCl + biochar
B3 150 mM NaCl + biochar
A0 AMF inoculation alone
A1 50 mM NaCl + AMF
A2 100 mM NaCl + AMF
A3 150 mM NaCl + AMF

AB0 AMF + biochar
AB1 50 mM NaCl + AMF + biochar
AB2 100 mM NaCl + AMF + biochar
AB3 150 mM NaCl + AMF + biochar

2.8. Measurement of Plant Growth Parameters

Wheat plant height, shoot fresh weight (SFW), and root fresh weight (RFW) of
12-week-old wheat were determined [22]. Plant height was measured using a tape meter
rule from the ground level to the base of the highest fully expanded leaf. Plants were
carefully removed from the soil and washed with running tap water, followed by distilled
water. After absorbing residual water using tissue paper, plants were manually separated
into the root and shoot. An electronic balance was used to determined SFW and RFW.

2.9. Determination of Free Fatty Acid Lipid Extraction and Analysis

An amount of 3 g 12-week-old wheat leaves were collected from different plants
grown on salt-affected soils and placed into 1.5 mL polypropylene reaction tubes. Fresh
leaves were flash-frozen in liquid nitrogen and stored at −80 ◦C. To each sample, 300 µL
extraction solvent composed of methanol, chloroform, and formic acid (20:10:1, v/v/v) was
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used. The mixture was then vigorously shaken (using a paint shaker) for 5 min. Briefly,
150 µL of 0.2 M phosphoric acid and 1 M potassium chloride were added, and samples
were centrifuged at 13,000× g at room temperature for 1 min [22].

Fatty acids were extracted following procedures of [33], followed by separation using
two-dimensional thin-layer chromatography (TLC) on silica gel plates (pre-coated silica
gel plates, Merck 5626). The first developing solvent was acetone/toluene/H2O (91:30:8),
and the second was chloroform/methanol/25% NH3/H2O (65:35:3:2). The plates were
briefly air-dried before being finely sprayed with 0.01% primuline and interpreted under
ultraviolet light.

The transesterification of individual lipids previously separated by TLC was per-
formed with 5% H2SO4 in MeOH at 85 ◦C for 1 h. A Hewlett-Packard 5890 gas chromatog-
raphy system equipped with a hydrogen flame ionization detector and a FFAP capillary
column (30 m; i.d. 0.53 mm) was used to separate the fatty acid methyl esters. The column
was run isothermally at 190 ◦C, while the detector was kept at 230 ◦C. The internal standard
was heptadecanoic acid, provided by Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
All other used chemicals were purchased from Merck (Darmstadt, Germany).

2.10. Antioxidant Enzyme Activities

Young fresh leaves of 12-week-old wheat plants were collected for protein extracts.
The leaves (1 g) were immediately frozen in liquid nitrogen, lyophilized, and homogenized
in 2 mL of 0.1 mM potassium phosphate (pH 7.8). Samples were centrifuged for 15 min at
4 ◦C at 12,000× g. The supernatants were collected into tubes and stored at −20 ◦C until
needed for enzymatic activity assays.

The SOD activity was measured spectrophotometrically by determining the inhibition
of blue diformazan formation in the presence of riboflavin/nitroblue tetrazolium (NBT) and
light. The modified assay solution was prepared with 1 mL of 50 mM sodium phosphate
(pH 7.8), 0.1 mM EDTA, 0.3 mM riboflavin, and 30 L of leaf extract. After 5 min at
room temperature, the solution was mixed with NBT to obtain a final concentration of
0.03 mM NBT. The reaction mixture was then illuminated for 3 min with a fluorescent light
(75 W, 20 cm above the mixture), and absorption was determined at 560 nm. The reaction
mixture without extract was used to calculate the control rate. The NBT absorption was
insignificant. The SOD activity is expressed as min−1 mg−1 protein; one unit is described
as 50% inhibition of blue diformazan formation [34].

The POD activity was determined by measuring the increasing rate in absorbance at
470 nm with o-dianisidine as the substrate [35]. The assay solution was 1 mL of 0.01 M
sodium phosphate (pH 6.0) containing 1.3 mM H2O2, 1 mM o-dianisidine, and 5 µL of
extract. The POD activity is expressed as min−1 mg−1 protein.

2.11. Photosynthetic Pigments

The determination of photosynthetic pigments was accomplished following the method
of [36,37]. Fresh leaves from the middle of 12-week-old wheat were sampled for pho-
tosynthetic pigments assessment. Leaves were finely cut into small sections (−0.1 g)
and ground to a powder in 80% acetone (10 mL) and then was centrifuged for 5 min at
5000–10,000× g rpm. After collecting the supernatant, the procedure was repeated until
the residue was colorless. The absorbance of the solution sample became red at 480, 645 nm,
and 663 nm when compared with a solvent (acetone) blank.

The photosynthetic pigments content in wheat leaves was estimated by (Equations (1)–(4)):

Chlorophyll a (mg g−1 FW) = (0.0127 ∗ A663) − (0.00269 ∗ A645) (1)

Chlorophyll b (mg g−1 FW) = (0.0229 ∗ A645) − (0.00468 ∗ A663) (2)

Total Chlorophylls (mg g−1 FW) = (0.0202 ∗ A645) + (0.00802 ∗ A663) (3)

Carotenoids (µg g−1 FW) = [A480 + (0.114 (A663) − (0.638 − A645)) × V/1000 ×W (4)
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2.12. AMF Colonization
Root staining was performed according to the method of Philips and Hayman [38]

to assess AMF colonization. The fresh roots of wheat were thoroughly rinsed with tap
water to remove soil particles. They were then placed in test tubes in a 10% w/v KOH
solution to discolor the roots and to empty the cytoplasmic contents. The tubes containing
the roots and KOH were heated in a water bath at 90 ◦C for 1 h. After heating, the roots
were then rinsed to remove KOH and placed in a 0.05% w/v Trypan blue solution. The
tubes containing the roots soaked in Trypan blue were placed again in a water bath at 90 ◦C
and heated for 30 min. For each sample, 20 root fragments of approximately 1 cm were
mounted between slides and coverslip; four slides were made for each sample. The roots
were crushed in glycerol and observed under the microscope. The presence of hyphae,
vesicles, or arbuscles in the root confirmed mycorrhizal colonization of the root sample.
The estimation of root colonization by arbuscular mycorrhizal fungi was carried out using
the method by Trouvelot et al. [39], while the AMF colonization was estimated according
to Equation (5).

AMF colonization = (95n5 + 70n4 + 30n3 + 5n2 + n1)/total number of fragments observed (5)

where;

n5 = number of fragments noted 5
n4 = number of fragments noted 4
n3 = number of fragments noted 3
n2 = number of fragments noted 2
n1 = number of fragments noted 1

2.13. Statistical Analysis

Data were analyzed by one-way analysis of variance (ANOVA) using Genstat statistical
software (ver.12). Significant differences among treatments were computed by Duncan’s
multiple range tests (p = 0.05).

3. Results
3.1. Treatment Impact on Some Growth Parameters

The impact of AMF and biochar on plant height, SFW, and RFW of wheat under
different levels of salinity amended with biochar and/or AMF is shown in Figure 1. The
results show a progressive decrease in plant height with increase in salt concentration
(50 mM (S1), 100 mM (S2), and 150 mM (S3), respectively—i.e., 9.9%, 19.9%, and 22.9%,
respectively lower as compared to control) (Figure 1A). Under the application of biochar
without NaCl and AMF (B0), plant height significantly increased by 14.1%, as compared
with plants treated with NaCl. However, there was no significant effect in height in plants
treated with 100 mM and 150 mM NaCl amended with biochar. Plants treated with AMF
alone showed a similar trend with biochar. However, under combined application of AMF
and biochar with different NaCl concentrations, the height in AB1 and AB2 were comparable
with B2 and S1, while AB3 was similar to CK and S1 (Figure 1A). Depending on the increase
in concentration of NaCl, SFW decreased from 50 to 150 mM, respectively—i.e., 35.6%,
57.5%, and 64.4% respectively lower as compared with control. The application of biochar
and AMF showed significant increase in SFW and RFW, i.e., 75.7% and 24.9% respectively
higher as compared with control (Figure 1B,C). However, no significant difference was
observed in S2, S3, A2, and A3. Regarding SFW, there was no significant difference between
AB2 and B1, while AB3 was similar to CK, B2, and A1 (Figure 1B). The plant treated with
AB3 had significant reduction in RFW when compared with S1 and B3 (Figure 1C).
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Figure 1. Impact of AMF and biochar on plant height (A), SFW (B), and RFW (C) of wheat under
different concentrations of salinity. Data are displayed as means ± standard deviation (n = 3).
Different letters above bars indicate significant differences (p < 0.05) among treatments by Duncan
multiple range test. The description of acronyms is mentioned in Table 1.

3.2. Effect of AMF and Biochar on Fatty Acid Composition

The effect of biochar and AMF amendment on fatty acid composition in salt tolerance
of wheat plants is shown in Table 2. The recorded concentration of saturated fatty acids
C14:0, C16:0, C18:0, C20:0, and C22:0 increased with salinity levels. However, C14:0 and
C18:0 contents were stable in the wheat plants treated with B0, B1, B2, B3, A0, A1, A2, AB0,
AB1, AB2, and AB3. Under A3 treatment, the quantity of C18:0 remained stable, while
C14:0 increased compared with CK. The content of C16:0 also increased under B1, B2, B3,
A1, A2, A3, AB2, and AB3 but was stable under B0, A0, AB0, and AB1 compared with CK.
Furthermore, the content of C20:0 was stable when plants were subjected to B0, B2, B3, A0,
and AB0 treatments compared with CK, but its content was significantly greater in B1, A1,
A2, A3, AB1, AB2, and AB3 treatments than CK. The application of B0, B1, B2, A0, AB0, AB1,
AB2, and AB3 treatments did not significantly affect the quantity of C22:0; however, the
application of B3, A1, A2, and A3 treatments were effective. Consistent with these results,
the unsaturated fatty acids C16:1, C18:1, C18:2, and C18:3 contents exhibited a gradual
decrease with increasing levels of salinity. Similarly, C16:1 decreased under B1, B2, B3, A1,
A2, A3, AB1, AB2, and AB3 treatments compared with CK. The concentration of C18:1,
C18:2, and C18:3 was increased in a stable manner under B1, B2, B3, A1, AB1, and AB2.
However, under A2 and A3 treatments, the composition of C18:2 and C18:3 decreased.
The content of C18:3 increased significantly under AB3, whereas there was no significant
difference between the composition of C18:1 and C18:2 compared with that of control.
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Table 2. Fatty acid composition in lipids of the wheat plant.

Treatment
Fatty Acids (mol %)

C14:0 C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 C20:0 C22:0

CK 1.51 ± 0.11 fg 11.32 ± 0.99 e 0.76 ± 0.09 a 11.01 ± 0.01 c 11.01 ± 0.004 abc 28.09 ± 1.02 ab 30.14 ± 0.26 cde 2.27 ± 0.07 e 2.17 ± 0.09 f

S1 2.21 ± 0.27 bc 14.36 ± 0.22 bc 0.67 ± 0.17 b 13.12 ± 1.10 b 10.76 ± 0.09 abcd 25.13 ± 1 d 23.86 ± 1.10 ghi 3.77 ± 0.1 d 3.68 ± 0.06 abcd

S2 2.30 ± 0.38 b 15.30 ± 0.05 ab 0.49 ± 0.05 bcd 12.67 ± 0.09 b 10.02 ± 0.01 d 24.34 ± 1 d 24.98 ± 4.26 fghi 3.44 ± 0.11 d 4.56 ± 1.19 a

S3 3.36 ± 0.22 a 16.29 ± 1.05 a 0.39 ± 0.04 cd 15.33 ± 0.98 a 9.13 ± 0.99 e 22.17 ± 1 e 22.59 ± 1.90 hi 5.22 ± 0.11 a 4.61 ± 0.78 a

B0 1.77 ± 0.05 def 12.26 ± 0.78 de 0.64 ± 0.05 ab 10.93 ± 0.95 c 10.77 ± 0.1 abcd 27.78 ± 0.67 ab 34.91 ± 4.10 bc 2.28 ± 0.05 e 2.26 ± 0.16 ef

B1 1.77 ± 0.2 defg 13.21 ± 0.19 cd 0.51 ± 0.09 bcd 11.24 ± 0.99 c 11.34 ± 1.01 a 26.36 ± 0.03 abcd 28.19 ± 1.06 defg 3.63 ± 0.90 d 2.23 ± 0.94 f

B2 1.86 ± 0.17 cdef 14.42 ± 0.88 bc 0.34 ± 0.02 d 11.34 ± 0.09 c 10.44 ± 0.11 bcd 26.33 ± 0.9 abcd 25.27 ± 0.94 efghi 2.66 ± 0.12 e 2.66 ± 1.09 def

B3 1.81 ± 0.29 cdef 15.17 ± 0.05 ab 0.49 ± 0.09 bcd 11.58 ± 0.07 c 10.40 ± 0.16 bcd 27.98 ± 1.99 ab 28.50 ± 0.15 defg 2.72 ± 0.24 e 3.51 ± 0.22 abcd

A0 1.56 ± 0.39 efg 12.17 ± 0.05 de 0.68 ± 0.09 ab 11.16 ± 1.01 c 11.20 ± 0.05 ab 28.40 ± 0.97 a 29.13 ± 0.17 def 2.40 ± 0.12 e 2.30 ± 0.08 ef

A1 1.20 ± 0.15 g 13.60 ± 0.05 c 0.51 ± 0.17 bcd 10.50 ± 1.11 c 11.19 ± 0.06 ab 27.37 ± 1.05 abc 27.25 ± 3.97 efgh 3.43 ± 0.14 d 3.44 ± 0.04 abcde

A2 1.47 ± 0.31 fg 13.74 ± 0.01 c 0.33 ± 0.02 d 10.35 ± 0.01 c 10.21 ± 0.05 cd 25.42 ± 0.99 cd 21.65 ± 0.99 i 4.11± 0.40 bcd 3.87 ± 0.96 abc

A3 2.08 ± 0.18 bcd 13.87 ± 0.11 c 0.51 ± 0.22 bcd 10.81 ± 0.05 c 10.32 ± 0.1 cd 24.42 ± 0.82 d 21.19 ± 0.39 i 4.52± 0.41 abc 4.29 ± 0.06 ab

AB0 1.97 ± 0.08 bcde 13.30 ± 1.39 cde 0.67 ± 0.001 ab 10.36 ± 0.14 c 10.66 ± 0.1 abcd 26.35 ± 0.61 abcd 29.72 ± 0.15 def 2.32 ± 0.11 e 2.29 ± 0.16 ef

AB1 1.97 ± 0.15 bcde 11.59 ± 0.56 e 0.51 ± 0.10 bcd 10.33 ± 0.11 c 10.37 ± 0.1 bcd 27.65 ± 1.52 ab 32.63 ± 2.93 bcd 3.84 ± 1.01 cd 2.28 ± 0.05 ef

AB2 1.86 ± 0.10 cdef 13.56 ± 0.008 c 0.48 ± 0.16 bcd 10.60 ± 0.24 c 10.38 ± 0.33 bcd 26.13 ± 1.52 bcd 34.45 ± 5.29 bc 3.69 ± 0.16 d 2.90 ± 0.08 cdef

AB3 1.56 ± 0.01 efg 14.32 ± 1.003 bc 0.57 ± 0.05 abc 10.36 ± 0.09 c 10.18 ± 0.94 cd 27.50 ± 1.16 abc 39.56 ± 3.27 a 4.65 ± 0.48 ab 3.33 ± 1 bcdef

Data are displayed as means ± standard deviation (n = 3). Different letters for each column indicate significant differences (p < 0.05) among treatments by Duncan multiple range test.
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3.3. Impact of AMF and Biochar on Antioxidant Enzyme Activities

In salinity-stressed wheat plant, SOD activity decreased by 34.1% compared with
CK. However, there was no significant effect with increase in NaCl concentration from
50–150 mM (S1–S3). The application of biochar to salt stress plant increased the activities of
SOD in different concentrations of NaCl. Biochar application at 150 mM NaCl (B3) had the
highest significant concentration of SOD—i.e., 48.6% higher as compared with CK, B1, and
B2. The amendment of salt stress plant with AMF (A1, A2, and A3) showed no significant
difference with S1, S2, and S3. Combined application of AMF and biochar (AB0, AB1, AB2,
and AB3 respectively) on salt-stressed wheat plant, significantly increased the activities
of SOD by 1.7%, 27.1%, 43.2%, and 49.5% respectively higher as compared with control
(Figure 2A). AB3 had the highest concentration of SOD when compared with AB2, AB1,
and AB0. S3 had the lowest significant concentration of POD—i.e., 39.3% as compared
with control in Figure 2B. The combined application of AMF and biochar significantly
ameliorated the effect of NaCl in various concentrations on wheat plants compared with
B1, B2, B3, A1, A2, and A3, which had no effect on POD activity. AB0 had the highest effect
on POD activity on wheat plant; however, no significant difference was observed in AB1-
and AB2-treated plants.
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Figure 2. Impact of AMF and biochar on the activity of SOD (A) and POD (B) in wheat under different
levels of salinity. Data are displayed as means ± standard deviation (n = 3). Different letters above
bars indicate significant differences (p < 0.05) among treatments by Duncan multiple range test. The
description of acronyms is mentioned in Table 1.

3.4. Influence of AMF and Biochar on Photosynthetic Pigments

The results in Figure 3 shows the effect of the individual and synergistic effects of
biochar, AMF, and NaCl stress on chlorophyll a, chlorophyll b, total chlorophyll, and
carotenoid content in wheat plant. The pigments tested were reduced with the increase in
the level of NaCl stress. However, biochar and AMF significantly increased the chlorophyll
a, chlorophyll b, total chlorophyll, and carotenoid contents by 46.7%, 80.0%, 75.0%, and
56.2% higher, as compared with 150 mM NaCl-contaminated soils. The effects of AMF and
biochar on chlorophyll were found to be statistically different (p < 0.05) in wheat under
the different levels of salt stress (Figure 3). In S1, B0, B1, B2, A0, A1, AB0, AB1, AB2, and
AB3 treatments, there was no significant difference observed in chlorophyll a, b, and total
chlorophyll relative to the control; whereas they were found to be lower in S2-, S3-, B3-, A2-,
and A3-treated plants than those of control. The decrease in chlorophylls content in biochar-
treated plants was lower than those in S3 and A3 in 150 mM NaCl-contaminated soils.
Amendment with exclusive biochar and co-application of biochar and AMF maintained the
photosynthetic machinery in wheat grown in high saline soils (Figure 3). The interacting
effect of biochar and AMF on NaCl-stressed wheat plants significantly ameliorated the
effect of stress induced by the different level of NaCl. The effect of treatments on carotenoid
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was found to be statistically different (p < 0.05) in wheat under different levels of salinity
stress (Figure 3). Carotenoids in control plants (CK) were statistically similar to carotenoids
found in B0, B1, B2, A1, AB1, AB2, and AB3 in wheat grown in saline soils. Carotenoids in
wheat treated with A0 and AB0 were significantly higher than those of the control (CK).
Conversely, carotenoids were significantly lower in S1, S2, S3, B3, A2, and A3 than those of
control. Carotenoids in leaves of wheat decreased by 30.2% under S1, 54.8% under S2, and
68.6% under A3 (Figure 3).
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Figure 3. Impact of AMF and biochar on photosynthetic pigments: chlorophyll a (A), chlorophyll b (B),
total chlorophyll (C), and carotenoid (D) in wheat under different levels of salinity. Data present
the mean ± standard deviation of three replicates. Different letters above bars indicate significant
differences (p < 0.05) among treatments by Duncan multiple range test. The description of acronyms
is mentioned in Table 1.

3.5. Nutrient Uptake of Wheat Plant

Application of biochar and AMF singly and in combination had a significant effect on
the concentration of total nitrogen, available phosphorus, and total potassium in wheat
plant. Mean comparisons showed that the uptake of N, and P were decreased with an
increase in the concentration of NaCl salinity. The amendment of biochar/or AMF resulted
in an increase in the uptake of N, P, and K under NaCl saline soil by 19.5%, 35.9%, and
33.9%, respectively, as compared with control (Figure 4). The combination of biochar and
AMF in their various levels significantly had the highest uptake across the nutrients tested
in the order of AB0, AB1, AB2, and AB3 treatments. The highest uptakes for nitrogen were
5.1%, 4.9%, 4.6%, and 4.5% for AB1, B0, AB3, and AB2, respectively, relative to control. The
highest uptake of P was under biochar + AMF amendment. AB1 had the highest P uptake,
which was not significantly different from AB2 and AB3. AMF and biochar amendment
significantly increased the concentration of total K. B1, A1, and A2 significantly had the
highest concentration of P.
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Figure 4. Impact of AMF and biochar on nutrient uptake of wheat plant: N uptake (A), P uptake (B),
and K uptake (C) of wheat under different levels of salinity. Data present the mean ± standard devia-
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3.6. Influence of AMF and Biochar on Soil Chemical Properties

The amendment with biochar and AMF on salinity-stressed wheat plants significantly
affected the soil total N, available P, and total K, with pH remaining almost constant in all
levels of amendment. Total N, available P, and total K decreased with increase in NaCl
salinity (Figure 5). Biochar amendment increased the availability of P, total K, and N in
NaCl salinity. Interaction of biochar + AMF on 50 mM NaCl recorded the highest total N
(0.54 g kg−1) and K (17.55 g kg−1); AB2 had the highest available P (28.87 g kg−1) in soil
after harvest. However, total N in A2 was not significantly different from S2; available P in
AB1 and A2B3 were not significantly different from S1, S2, and S3. There was an increase in
total K in all levels of biochar + AMF amendment, with AB3 not significant from S3. The
pH in the soil after harvest remained almost constant when compared with the initial pH.
pH ranged from 7.97 to 8.5 in all treatments.

3.7. AMF Colonization

AMF colonization measured in roots of wheat grown under salinity after treatment
with AMF and with/without biochar are shown in Figure 6. Our results indicate that
salinity stress negatively affected the AMF symbiosis with wheat plants. Conversely,
biochar induced an increase in the observed mycorrhization rate relative to the treatments
with AMF alone. For instance, AMF colonization was 44.35, 38.47, 14.73, and 13.64% for
single treatments with A0, A1, A2, and A3, respectively, which increased to 61.83, 47.27,
30.57, and 25.86% in the presence of biochar, respectively. For all the treatments, AB0
induced the largest increase of 17.48%, followed by AB2 (15.84%).
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4. Discussion

Soil amendments with biochar [40] and AMF [41] have been highlighted to enhance
crop morphological and physiological traits. Our study has evaluated and confirmed the
mitigating impact of co-application of AMF and biochar on salinity stress damage on wheat
plants. Through the measurement of growth parameters, fatty acids content, antioxidant
enzymes activity, nutrient uptake, and photosynthetic pigments, we evaluated the potential
of soil amendments with AMF and biochar in mitigating the detrimental effects of salinity
stress on wheat plants. Wheat plant height, SFW, and RFW were significantly reduced with
increased level of salinity. Growth retardations in plants subjected to salinity stress might
result after a water potential imbalance established by the chemical potential of the saline
soil, as reported by Bohnert et al. [42]. At 150 mM NaCl, the shoots were more sensitive to
salinity than roots, which agreed with the result of Ben et al. [43]. Because the plant acts as
an interconnected system in which metabolic stress-induced signals propagate throughout
the plant, this is most likely owing to a change in plant metabolism, even in places where
stress conditions are not present. There was an improvement in growth parameters in
B2- and B3-treated plants that could reflect the beneficial effect of biochar against high
salinity stress. Our result agrees with previous studies that reported beneficial changes
in plants due to biochar amendments [44]. A similar study was also mentioned by Ved
and Sukhbir [45] in eggplant. Similarly, a decrease in unsaturated fatty acids induced by
salinity stress was previously highlighted by Ben et al. [43] in tomato under metal stress.
Likewise, salt stress led to a deterioration in the activity of SOD. This is consistent with a
report by Na Sui et al. [46] in peanut under salinity stress.

Application of biochar to saline soils reduced salt stress and increased plant growth
directly through the release of important macro- and micronutrients such as Ca, K, N, P,
and Zn in soil to help counter the negative effects of salts, according to laboratory and
field research [47,48]. Because salt-stressed plants accumulate Na and have impaired K
nutrition [49], increasing the K/Na ratio via increasing K availability is thought to be
a valuable technique for increasing plant growth and yield in saline soils [50]. Biochar
may enhance K content in soils, depending on the feedstock, and such an increase in
salt-affected soils to counteract the negative effects of Na is regarded one of the key benefits
of biochar application [49]. In addition, biochar has been shown to improve plant growth
in salt-affected soils through a variety of indirect benefits, including (i) reduced availability
and uptake of toxic salts such as Na through adsorption onto biochar surfaces, or physical
entrapment of Na in fine pores of biochar, or improved leaching from the soil profile [51];
(ii) improvement in physical, chemical, and biological properties of salt-affected soils [52];
(iii) reduction in oxidation stress [53]; (iv) reduction in osmotic stress [54]; (v) lower
production of phytohormones [55]; (vi) improved stomatal density and conductance [56];
(vii) improved seed germination [57]; and (viii) promotion of microbial activities and a
bacterial community shift toward beneficial taxa in the rhizosphere [57].

Biochar amendment increased the photosynthesis and antioxidative system in
Malus hupehensis seedlings as a defense mechanism against biotic stress [58]. Biochar has
been cited as a crucial factor in the increased synthesis of photosynthesis pigments due to
its high mineral concentration [59]. Reduced unsaturated fatty acid content in membrane
lipids increase vulnerability to salt stress, whereas increased unsaturated fatty acid content
promotes salinity tolerance [60]. In this present study, C18:1 and C18:3 increased in wheat
plants amended with biochar. Application of biochar singly or in combination with AMF
in soil with excessive soluble Na+ level increased C16:1, C18:1, and C18:3 content of wheat.
Conversely, at moderate salinity (50 mM), C18:1 and C18:3 were both increased and later
decreased at high salinity (100–150 mM) under AMF application. This could be due to
biochar’s high adsorption capacity, which helps to alleviate the negative effect of salinity
by reducing the uptake of Na+ [61].

The antioxidant enzymes activity helps plants to mitigate salinity stress. Free radicals
predispose plant tissues to injuries, and antioxidant enzymes neutralize the harmful effects
of free radicals [21]. From our results, exclusive application of biochar or its combination
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with AMF increased antioxidant enzymes activity and photosynthetic pigments of wheat.
Rao et al. [44] described enhanced antioxidant enzymes activity and photosynthetic rate as
an antioxidative strategy in drought-stressed crop plants. Very few reports have discussed
the impacts of the combined application of AMF and biochar. Our results demonstrate
that co-application of biochar and AMF mitigated the negative impact of salinity stress in
wheat more than their individual applications. This may partly be ascribed to the protective
effect of biochar on fungi, making the co-application of AMF and biochar more effective
than exclusive AMF application. This agrees with a previous study by AbeerHashem
et al. [62] on chickpea under drought stress. The increased antioxidant enzyme activities
induced by the interactive actions of AMF and biochar may have enhanced the synthesis of
photosynthetic pigments and the production of unsaturated fatty acids for salinity stress
mitigation through maintenance of tissue osmolarity [63].

Furthermore, high salinity stress suppressed the beneficial effects of AMF, which was
consistent with the previous study on E. maackii seedlings [64]. This may have occurred
through the osmotic and toxic effects of salt on fungi species, as previously reported by
Juniper et al. [65]. Our results also corroborate the findings of Allakhverdiev et al. [66], who
established that AMF are no longer effective in minimizing the deleterious effect of high
salinity stress on plants. These may have accounted for the decline in mycorrhizal intensity
in salinity-stressed wheat plant roots. According to an earlier study by Alqarawi et al. [67],
AMF inoculation may have increased unsaturated fatty acid concentrations in cellular
membranes, allowing them to maintain functional and structural integrity.

High salinity had an inhibitory effect on POD activity in the wheat plants under either
individual or combined AMF and biochar amendments. These results indicate that under
varied soil amendments, plants respond differently to stressful conditions. This is in sharp
contrast with a study by Mohammad et al. [68] in Pisum sativum grown in elevated arsenic
soils. The sole application of AMF failed to mitigate the effect of high salinity stress on
the activity of SOD and the photosynthetic pigments. Our results contradict the report
of [69], which displayed that soil amendment with AMF increased the antioxidant enzymes
activity and photosynthetic pigments in Acacia gerrardii under salinity stress.

The detrimental effect of NaCl was mitigated by the application of biochar, which
reduced Na+ intake. This is consistent with the report of Akhtar et al. [63], who found
that biochar application was efficient in relieving salt stress in potatoes, resulting in in-
creased salinity-stressed potato production. Biochar has a high capacity for adsorption.
It adsorbs Na+ to prevent the plant from absorbing it. Under salt stress Farhangi-Abriz
and Torabian [53] discovered that biochar lowered Na+ levels in the roots. Plant growth
is aided by lower Na+ levels in the roots. As a result, biochar application promotes root
growth, which improves plant growth and yield under salinity stress. The increase in K
in the soil after harvest could be the result of the application of biochar. Furthermore, by
improving soil water availability, biochar application lowered osmotic stress. The inocula-
tion of AMF with biochar increased soil accessible P, indicating that biochar provided an
adsorption complex for cation and anion exchange required for plant growth, according
to Major [70]. Mau and Utami [71], who also reported a significant increase in total soil P,
indicated that such increase could be because of improved balance of soluble and adsorbed
P. Statistically, biochar and its interaction with AMF did not significantly increase soil pH
relative to that of the control (Figure 5D). This observation is consistent with the study of
Ndiate et al. [22], which showed no significant relationship for biochar or biochar-AMF
interaction with soil pH. The interaction of biochar and AMF that induced increase in
total soil P is a result of the large surface area provided by biochar that created a better
habitat for the activities of soil microbes [71–73]. The ability of biochar in combination with
AMF to ameliorate the harmful effects of salt stress is demonstrated in this study by an
improvement in photosynthetic rate. However, the possible influence of biochar and AMF
on agronomic crops and their production can vary depending on the unique impacts of
biochar on soil type. Depending on the soil composition and climatic conditions in specific
locations, the findings of this study could be applied to numerous species of AMF, such as
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Glomus fasciculatum, Glomus fasciculatus, Glomus monosporus, and Glomus deserticola. As a
result, further long-term field research is required to determine the synergistic potential of
biochar and AMF in promoting plant growth, as well as their effects on salinity in plants
affected by using brackish (low-quality) water in agricultural soils.

5. Conclusions

High salinity in soils induced oxidative stress in wheat and consequently decreased
unsaturated fatty acids and antioxidant enzymes activity along with reduced photosyn-
thetic pigments, which inevitably resulted in decreased growth parameters. However,
the synergistic effect of AMF and biochar was extremely effective in maintaining or in-
creasing unsaturated fatty acids C18:1, C18:2, and C18:3 and in improving the activity
of SOD, chlorophyll content, and carotenoids in wheat in soil treated with extreme Na+

concentration ranging from 50 to 150 mM NaCl. In addition, soil amendment with ex-
clusive biochar application enhanced or maintained antioxidant enzymes activity SOD;
unsaturated fatty acid content such as C18:1, C18:2, and C18:3; and photosynthetic pig-
ments and subsequently improved height, SFW, and RFW of wheat grown in saline soil
at 50 and 100 mM NaCl. It is recommended that high saline soils can be mitigated with
the co-application of AMF and biochar in wheat. Still, due of the specific impacts of
biochar on the soil type, the potential impact of biochar and AMF on agronomic crops
and their production can vary. The findings of the current study could be extended to
various strains of AMF—i.e., Glomus fasciculatum, Glomus fasciculatus, Glomus monosporus,
and Glomus deserticola—depending on the soil composition and climatic circumstances
of specific places. Therefore, more field research is needed on the sustainable basis for
identifying the synergistic potential of biochar and AMF in boosting plant growth, as well
as their impacts on salinity in plants that are simultaneously affected by the utilization of
brackish (poor quality) water in agricultural soils.
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