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Abstract: Wheat is one of the main staple cereal crops worldwide. However, drought-induced
stress is one of the factors limiting wheat productivity, especially in arid and semi-arid regions. The
present study aims to investigate the influence of arbuscular mycorrhizal fungi (AMF) on wheat
plant growth under water-deficit conditions. Three Algerian durum wheat varieties—Mohamed Ben
Bachir (MBB), Boussellem (BS) and Waha (W)—were grown with (+AMF) or without (−AMF) under
water-deficit and non-stress conditions. Morphological, physiological, and biochemical responses to
AMF inoculation under water deficit were quantified. The results showed improved morphological
parameters (height of the aerial part (HAP), internode length (LIN), aerial part dry weight (APDW),
root dry weight (RDW), length of the ear (LE)), and chlorophyll content in AMF-inoculated plants
under water-deficit conditions compared to control plants (−AMF). Moreover, soluble protein content
(SPC) and membrane stability index (MSI) significantly increased with AMF inoculation under water
deficit by 18% and 10%, respectively, while the proline content decreased after AMF inoculation. In
addition, the water deficit significantly increases peroxidase (POD), ascorbate peroxidase (APX), and
catalase (CAT), but +AMF decreases them considerably in all studied varieties. The results suggest
that AMF inoculation can lead to optimized durum wheat production under arid and semi-arid
conditions and provide a basis for further studies on its effects under field conditions.

Keywords: abiotic stress; chlorophyll content; enzymatic activity; proline content; symbiosis;
vegetative growth

1. Introduction

Durum wheat (Triticum durum Desf.) is an economically important cereal crop. Its
production is restricted geographically, especially in the Mediterranean basin (Southern
Europe, Middle East, and North Africa) and North America (Central Canada and the
North-West of the U.S.A.), where a quarter of the world’s wheat is produced. There is little
durum wheat production in central Europe (ex U.S.S.R.) and Argentina [1]. From 2013
to 2018, Italy, Algeria, Morocco, the United States, and Japan were the top five importing
countries of Canadian durum wheat [1]. In Algeria, durum wheat occupies an essential
place with a significant proportion in the whole agricultural system. In 2020 the harvest
area was 1.8 million ha with a yield of 1.68 t/h−1, i.e., a production of 3.1 million tonnes,
which is far from the standard needed to achieve self-sufficiency [2].

Low yields are associated with climate change, which affects durum wheat production
significantly [3]. Therefore, controlling the production of durum wheat is difficult since it
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remains confronted with several constraints (drought, poor control of the technical itinerary,
etc.) [4]. In Algeria, drought is the limiting factor in the production of durum wheat since
almost all cereal-producing areas are in arid and semi-arid zones [3].

The negative effect of drought stress on morphology, physiology, and biochemical pro-
cesses in plants has been reported in many studies. Under drought stress, the relative water
content decreases, thus affecting membrane stability and photosynthetic activity, causing
increased generation of reactive oxygen species (ROS), lesions membrane, and oxidative
damage to cellular biomolecules, such as lipids and proteins [5,6]. Therefore, the response
of a plant to drought stress results in a set of modifications that affects the morphological
characteristics as a reduction in leaf area, physiologically by reducing transpiration rate
and biochemical activities such as osmotic adjustment [7]. In addition, plants use efficient
ROS scavenging mechanisms such as enzymatic and non-enzymatic chemical antioxidant
systems. Enzymes such as superoxide dismutase, catalase, and peroxidase play an essential
role in maintaining the redox balance and defense response in plants exposed to abiotic
and biotic stresses [8,9].

In the previous works, several ways to deal with the water-stress deficit in durum
wheat have been reported, such as breeding programs, nutrient management, seed priming,
etc. [10–12]. Breeding for crop drought resistance has been a vital area of research in the
past several decades [13]. More so, agroecological models and some agricultural practices
are also applied to optimize the water use efficiency in the agroecosystems [14–18]. In
addition, arbuscular mycorrhizal fungi can be used as a sustainable way to mitigate the
negative effect of drought stress for many crops [19,20]. Indeed, arbuscular mycorrhizal
fungi (AMF) are associated with the roots of more than 80% of vascular plants [21]. Several
studies have shown that arbuscular mycorrhizal fungi (AMF) play a pivotal role in plant
adaptations, especially Poaceae, to survive in the event of severe biotic and abiotic stresses;
by providing their host plants with some beneficial characteristics (morphophysiological
and biochemical modifications; ability to develop under minimum nutritional conditions
(N, P), increase their absorption, tolerance to drought by the production of osmotica such as
proline and mannitol [22–24]. AMF improves the absorption of water and mineral elements
in the plant and increases the tolerance ability to salinity and many toxic elements through
the production of certain organic acids and other compounds [25,26].

In this study, the drought resistance of three Algerian durum wheat varieties (Mo-
hamed Ben Bachir, Boussellem, and Waha) was investigated. These varieties are the most
popular and widely cultivated in Algeria because of their agronomic potential and their
adaptation to arid and semi-arid conditions [27–29]. However, the association of these
varieties with arbuscular mycorrhizal fungi is poorly understood; thus, research related to
drought tolerance study of these varieties using arbuscular mycorrhizal fungi is a necessity
to learn about wheat farming management under arid and semi-arid conditions as well
as to determine potential sources of resistance to abiotic stress factors that can be incorpo-
rated in advanced breeding programs. Therefore, the objectives of the present study were
to study how these varieties show their morphological, physiological, and biochemical
responses under water deficit and to assess the effect of AMF inoculation on their drought
tolerance capacity.

2. Material and Methods
2.1. Plant Material

Three durum wheat varieties, Mohamed Ben Bachir (MBB), Boussalem (BS), and Waha
(W), were investigated in the current study. The harvest took place during the 2020/2021
season at the experimental station of the technical institute of field crops (Institut Technique
des Grandes Cultures, I.T.G.C.) situated in Sétif 36◦08′ N and 5◦20′ E (Eastern Algeria).
The varieties used are listed according to the official catalog of the ITGC and ICARDA
(International Center of Agricultural Research in Dry Areas) while the seeds were provided
by the experimental station of I.T.G.C.
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2.2. Soil Characteristics Used in the Experiment

The soil used for this experiment was sampled from a plot of durum wheat, on a
private farm located within a cereal-growing area with a semi-arid bioclimatic floor, at
geographical coordinates 35◦58′47′′ N and 4◦44′51′′ E and at an altitude of 862 m. The
samples were collected at a depth of 30 cm from the rhizosphere. The sampled soil was
characterized by a clayey texture and low organic matter (OM) content of 1.6%

The pH is alkaline with an average value of 8.35, the total nitrogen content was
1.6 g kg−1, and the phosphorus content was 155.6 mg kg−1. Dried in the open air and the
shade, the soil was placed in 1 kg pots (diameter: 14/15 cm and height: 9 cm) with four
treatments per variety and three repetitions, 36 pots.

2.3. AMF Soil Inoculation

The fungal inoculum used was Symbivit® PRO (Symbiom, Lanškroun, Czech Re-
public). The product contains spores and mycelial fragments of six different species of
arbuscular mycorrhizal fungi: Claroideoglomus etunicatum (W.N. Becker & Gerd.) C. Walker
& A. Schüßler; Glomus microaggregatum Koske, Gemma & P.D. Olexia; Rhizophagus in-
traradices (N.C. Schenck & G.S. Sm.) C. Walker & A. Schüßler; Claroideoglomus claroideum
(N.C. Schenck & G.S. Sm.) C. Walker & A. Schüßler; Funneliformis mosseae (T.H. Nicolson
& Gerd.) C. Walker & A. Schüßler and Funneliformis geosporus (T.H. Nicolson & Gerd.) C.
Walker & A. Schüßler, as well as very small fragments of mycorrhizal roots. These fungal
species are naturally present in European soils. Concentration: minimum number of fungal
propagules: (1000 propagules/g).

In addition, the product contains inert substrates: expanded clay at 500 g/kg (brown
particles, fraction: 0–1 mm); clinoptilolite clay (zeolite) at 500 g/kg (green particles, fraction:
0–1 mm); traces of keratin, dolomite, phosphates, patentkali and marine organisms. It is
formulated with a minimum concentration of 1000 propagules/g [30].

The inoculation was applied the same day as the transfer of the germinated seeds to the
pots carrying 1 kg of soil by introducing into 2/3 of its upper part, 2 g of inoculum/pot [31].

2.4. Wheat Seed Sterilization and Germination

Before the germination test, sterilization was carried out by soaking the seeds for
10 min in 1% sodium hypochlorite solution; seeds were then rinsed three times using
sterilized distilled water [32].

The seeds were germinated in boxes on damp absorbent paper using the between-
paper method, under a temperature of 27 ◦C [32]. After that, it was transferred to the soil
at five seeds per pot and placed in a greenhouse at the nursery.

2.5. Water Stress Application

The irrigation of plants was carried out regularly three times a week until the heading
stage. At this stage, the water stress is applied by stopping the irrigation until obtaining
a level of water stress of 40% after field capacity calculation. To carry out this effectively,
we weighed pots containing 1 kg of the dry soil used in the experiment, W1 (W1 = Weight
of dry soil). Furthermore, we irrigated them until saturation while covering the pots with
black plastic to prevent water evaporation from the surface. After 48 h of rest, the pots are
weighed again, W2 (W2 = Weight at saturation). The difference between W2 and W1 is
the amount of water retained by the soil. The Field Capacity (FC) was estimated by the
following Equation (1):

FC = 100 (W2 −W1)/W1 (1)

2.6. Measurements

To determine the effect of wheat inoculation by AMF under water stress, morpho-
logical and biochemical parameters were measured after eight weeks from the start of
the experiment.
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2.6.1. Plant Growth

The height of the aerial part (HAP/cm): was measured from ground level to the base
of the ear using a graduated ruler. The internode length (LIN/cm): was measured from the
last knot to the second knot using a graduated ruler. Aerial part dry weight (APDW/g):
Aerial part dry weight was measured after drying in an oven for 48 h at 60 ◦C. Root dry
weight (RDW/g): root dry weight was measured after drying the roots for 48 h in an oven
at 60 ◦C, to obtain the weight of plant material, the purpose of which was to see the amount
of dry matter storage. The length of the ear (LE/cm): was measured from the base of the
ear to the upper end of the ear, including the awns.

2.6.2. Chlorophyll Content Determination

The total chlorophyll content was determined according to Torrecillas et al., 1984 [33].
We placed 200 mg of cutting leaves in tubes to which 5 mL of concentrated acetone solution
(80%) was added. After 72 h in the dark at 4 ◦C, the optical density of the extract was
measured at 665 nm and 649 nm wavelengths. The total chlorophyll content was calculated
according to the following Equation (2):

Chl (mg/g MF (Fresh Material)) = 6.45 × (DO 665) + 17.72 × (DO 649) (2)

2.6.3. Proline Estimation

The proline content was determined using an acid ninhydrin reagent. A weighed of
200 mg was poured into 5 mL of distilled water and kept for 10 min in a water bath at a
temperature of 100 ◦C. Then, 2 mL of glacial acetic acid and 2 mL of ninhydrin reagent
were poured into a clean test tube, and 2 mL of the prepared extract was added. The
samples were incubated for 20 min in a water bath at a temperature of 100 ◦C. Then they
were quickly cooled to room temperature. The optical density of the reaction products was
measured at a wavelength of 520 nm using a spectrophotometer. Proline content values
were calculated using a calibration curve by analytically pure proline [34].

2.6.4. Membrane Stability Index Measurement

The membrane stability index (MSI) was measured according to Sairam et al., 2002 [35].
We washed 100 mg of leaf samples in double distilled water and placed this in two separate
tubes containing 10 mL of distilled water. One tube was kept at 40 ◦C for 30 min in boiling
water bath, then electrical conductivity was calculated (EC2). The second tube was heated
for 15 min at 100 ◦C in a water bath and electrical conductivity was measured (EC2). The
electrical conductivity of both tubes was calculated by using a conductivity meter. The
equation given below was used for calculating leaf MSI.

MSI (%) = [1 − (EC1/EC2)] × 100 (3)

2.6.5. Soluble Protein Concentrations Determination

The soluble protein contents were determined by incubating 50 mg of leaf fresh matter
in 5 mL of extraction buffer of sodium phosphate. Then, the mixture was centrifuged at
2000× g for 15 min. Bovine serum albumin was used as the standard and the absorbance
values were recorded spectrophotometrically at 595 nm [36].

2.6.6. Determination of Antioxidants Enzymes

The catalase activity was measured according to the method demonstrated by Goth,
1991 [37]. While, the ascorbate peroxidase activity was assessed according to methodologi-
cal recommendations of Nakano and Asada, 1981 [38]. However, peroxidase activity was
evaluated according to the method illustrated by Popov and Neykovskaya, 1971 [39].



Agriculture 2023, 13, 552 5 of 16

2.6.7. AMF Root Colonization Measurement

Roots were stained using the technique described by Phillips and Hayman 1970 [40]
to visualize the structure of AMF and to identify the taxa in the examined root tissues of
studied durum wheat plants. To detect root colonization by AMFs, three root systems from
each treatment were examined. The percentage of AMF colonization was measured by the
method of McGonigle et al., 1990 [41], using the Equation (4). The rate of arbuscules (A),
vesicles (V), and hyphae (H) was calculated using the Equations (5)–(7), respectively.

Root Colonization (%) = 100 × (G − p)/G (4)

Rate of arbuscules A (%) = 100 × (q + s)/G (5)

Rate of vesicles V (%) = 100 (r + s)/G (6)

Rate of hyphae H (%) = 100 × t/G (7)

p: no fungal structure, q: the presence of arbuscules, r: presence of vesicles, s: the presence
of arbuscules and vesicles, t: the presence of hyphae, G: number of intersections observed.

2.7. Statiscal Analysis

The height of the aerial part (HAP), the internode length (LIN), the aerial part dry
weight (APDW), the root dry weight (RDW), the length of the ear (LE), total chlorophyll,
proline contents, and enzymatic activity were determined in each variety according to the
applied treatment. Furthermore, the calculation of means, standard error of the mean (SEM),
and statistical analysis were performed using Statview 4.02 software (Abacus Concepts Inc.,
Berkeley, CA, USA). Values for each variable were expressed as the mean ± SEM. Variables
used for comparison purposes were the treatments according to the three tested varieties.
Consequently, the differences between treatments were assessed using one-way ANOVA,
followed by post hoc Fisher’s test. Values were considered significant when p < 0.05.

3. Results
3.1. Effect of the Tested Treatments on the Morphological Parameters

The obtained results showed that the highest value of morphological parameters was
achieved when the AMF inoculation was applied under water-deficit and non-water-deficit
conditions compared to the non-inoculated plants (Table 1).

The results showed that the tested treatments had a significant effect on the height
of the aerial part (HAP), the internode length (LIN), the aerial part dry weight (APDW),
and the length of the ear (LE) (p ≤ 0.005, p ≤ 0.001, p ≤ 0.005 and p ≤ 0.005), respectively.
However, the tested treatments did not have a significant effect on the root dry weight
(RDW) (p = 0.2). It has been shown that the variety affected only the internode length (LIN)
and the root dry weight (RDW) since the p-value was p ≤ 0.001, and p ≤ 0.001, respectively.
Furthermore, the analysis carried out revealed that the interaction “variety-treatments” was
significant only on the height of the aerial part (HAP) (p ≤ 0.001), internode length (LIN)
(p ≤ 0.001), and the length of the ear (LE) (p ≤ 0.005) (Table 1). The results showed that
under water-deficit conditions, AMF inoculation improve the morphological parameters
for all investigated varieties.

3.2. Effect of the Tested Treatments on the Chlorophyll and Proline Contents

Data in Table 2 shows the chlorophyll and proline contents in the three studied durum
wheat varieties according to the tested treatments. The obtained results showed that
the highest total chlorophyll contents under water-deficit conditions were observed with
the inoculated varieties. The higher values were recorded for the Mohamed Ben Bachir
variety (43.34 ± 6.42 mg/g MF), followed by Waha and Boussellem with 42.94 ± 1.21 and
42.67 ± 1.52 mg/g MF, respectively. However, the lower chlorophyll content was observed
under water-deficit conditions without AMF inoculation for all studied durum wheat
varieties. In addition, the treatment had a significant effect on the chlorophyll content
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(p ≤ 0.005), whereas no significant difference was observed regarding the investigated
varieties when the p value was p = 0.5 (Table 2).

Table 1. Morphological parameters variation of each durum wheat variety according to the different
studied treatments. Values represent the average of three replicates ± SE (standard errors). p-values
from ANOVA (treatment, variety and treatment × variety).

Varieties Treatments HAP
(Cm)

LIN
(Cm)

APDW
(g)

RDW
(g)

LE
(Cm)

MBB

NSNI 37.3 ± 2.31 a 19.6 ± 3.21 a 1.38 ± 0.06 b 0.78 ± 0.28 ab 12.8 ± 0.15 ab

NSI 39.6 ± 5.86 a 23.3 ± 2.08 a 1.63 ± 0.34 ab 0.93 ± 0.21 a 13.1 ± 0.76 a

SNI 19.6 ± 2.08 b 10.8 ± 0.76 c 1.04 ± 0.15 c 0.71 ± 0.16 ab 12.2 ± 1.21 b

SI 26.3 ± 2.52 b 13.6 ± 2.08 b 1.09 ± 0.30 c 0.75 ± 0.27 ab 12.7 ± 0.66 ab

BS

NSNI 33.6 ± 2.08 a 15 ± 1 a 1.71 ± 0.17 a 0.63 ± 0.09 b 12.6 ± 0.58 ab

NSI 35 ± 1 a 15.3 ± 2.08 a 1.76 ± 0.33 a 0.70 ± 0.16 ab 13.1 ± 0.76 a

SNI 25.6 ± 3 b 12 ± 1 c 0.97 ± 0.33 c 0.56 ± 0.08 b 12 ± 1.45 b

SI 30.2 ± 2.08 b 12.6 ± 2.65 b 1.48 ± 0.15 ab 0.64 ± 0.04 b 12.2 ± 0.58 b

W

NSNI 34.2 ± 3.51 a 14.6 ± 1.15 a 1.43 ± 0.09 b 0.53 ± 0.13 b 12.3 ± 0.3 ab

NSI 35.7 ± 5 a 15.2 ± 0.58 a 1.56 ± 0.38 ab 0.58 ± 0.15 b 12.6 ± 0.58 ab

SNI 30.6 ± 3.61 b 12.4 ± 0.58 c 1.21 ± 0.10 bc 0.46 ± 0.14 c 11.4 ± 02 c

SI 32.1 ± 2.52 b 13.7 ± 2 b 1.24 ± 0.11 bc 0.49 ± 0.06 c 11.9 ± 54 b

p-Value

Variety 0.5 ≤0.001 0.1 ≤0.001 0.2

Treatment ≤0.005 ≤0.001 ≤0.005 0.2 ≤0.005

Var × Treat ≤0.001 ≤0.001 0.6 0.2 ≤0.005

MBB: Mohamed Ben Bachir; BS: Boussellem; W: Waha; HAP: Height of the Aerial Part; LIN: Internode Length;
APDW: Aerial Part Dry Weight; RDW: Root Dry Weight; LE: Length of the Ear; NSNI: Non-Stress, Non-
Inoculation; NSI: Non-Stress with Inoculation; SNI: Stress Non-Inoculation; SI: Stress with Inoculation. Means
followed by different letters are significantly different according to the Fishers LSD test (p ≤ 0.05).

Table 2. Chlorophyll and proline content variation of each durum wheat variety according to the
different studied treatments. Values represent the average of three replicates ± SE (standard errors).
p-values from ANOVA (treatment, variety and treatment × variety).

Varieties Treatments Chl (mg/g MF) Prol (µM/g MF)

MBB

NSNI 44.65 ± 6.09 ab 2.22 ± 0.43 b

NSI 46.08 ± 3.68 a 1.67 ± 0.74 b

SNI 42.68 ± 7.37 b 6.28 ± 1.62 a

SI 43.34 ± 6.42 ab 3.87 ± 0.61 b

BS

NSNI 43.22 ± 1.46 ab 2.90 ± 0.59 b

NSI 44.65 ± 0.44 ab 1.33 ± 0.30 b

SNI 40.12 ± 2.13 c 9.02 ± 4.80 a

SI 42.94 ± 1.21 b 3.50 ± 2.02 b

W

NSNI 43.67 ± 3.51 ab 2.67 ± 1.15 b

NSI 44.03 ± 0.65 ab 1.67 ± 0.58 b

SNI 41.44 ± 1.61 bc 8.33 ± 0.58 a

SI 42.67 ± 1.52 b 4.97 ± 0.52 b

p-Value
Variety 0.5 0.1

Treatment ≤0.005 ≤0.005

Variety × Treatment 0.2 0.3
MBB: Mohamed Ben Bachir; BS: Boussellem; W: Waha; Chl: Chlorophyll content; NSNI: Non-Stress Non-
Inoculation; NSI: Non-Stress with Inoculation; SNI: Stress Non-Inoculation; SI: Stress with Inoculation. Means
followed by different letters are significantly different according to the Fishers LSD test (p ≤ 0.05).

The proline content is variable when the highest values were recorded with the non-
inoculated stressed treatments being 6.28, 9.02, and 8.33 Mm/g MF for Mohamed Ben Bachir,
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Boussellem, and Waha varieties, respectively, while the lowest values were registered with
the inoculated non-stressed treatments were 1,67 Mm/g MF with the Mohamed Ben Bachir
and Waha varieties and 1.33 Mm/g MF with the Boussellem variety. Under water-deficit
conditions, an important accumulation of leaf proline content was observed, which has
decreased by the AMF inoculation

The analysis of variance showed that the tested treatment had a significant effect
on proline content for all studied varieties p ≤ 0.005, while the effect of variety and the
interaction variety*treatment were not significant on proline content, since p-value was
0.1 and 0.3, respectively. The chlorophyll content with all studied varieties increases by
inoculating AMF under water-deficit conditions. However, proline content decreases, which
indicates that osmotic stress has decreased.

3.3. Effect of the Tested Treatments on the Soluble Protein Content and Membrane Stability Index

AMF inoculation increased soluble protein content (SPC) in wheat leaves under non-
stress and stress conditions. Under water deficit, the soluble protein content (SPC) increased
significantly with AMF inoculation by 9.4 mg/g for the MBB variety, 9.5 mg/g for the BS
variety and 9.6 mg/g for the Waha variety compared to non-inoculated plants (Figure 1).
Moreover, under water-deficit conditions and AMF inoculation, the membrane stability
index (MSI) of wheat leaves was improved by 9.1%, 9% and 8.8% for MBB, BS and Waha
varieties, respectively compared to treatment without AMF inoculation under the same
conditions (Figure 2). The results showed that AMF enhances soluble protein content and
membrane stability index under water-stress conditions.
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Figure 1. Effect of AMF inoculation on soluble protein content (SPC) in the three studied varieties
of durum wheat [Mohamed Ben Bachir (MMB), Boussellem (BS) and Waha] according to the tested
treatments [NSNI (Non-Stress Non-Inoculation), NSI (Non-Stress with Inoculation), SNI (Stress Non-
Inoculation) and SI (Stress with Inoculation)]. Means followed by different letters are significantly
different according to the Fishers LSD test (p ≤ 0.05).
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Figure 2. Effect of AMF inoculation on membrane stability index (MSI) in the three studied varieties
of durum wheat [Mohamed Ben Bachir (MMB), Boussellem (BS) and Waha] according to the tested
treatments [NSNI (Non-Stress Non-Inoculation), NSI (Non-Stress with Inoculation), SNI (Stress Non-
Inoculation) and SI (Stress with Inoculation)]. Means followed by different letters are significantly
different according to the Fishers LSD test (p ≤ 0.05).

3.4. Effect of the AMF Inoculation on the Enzymatic Activity of Wheat

Under water deficits, the peroxidase (POD), ascorbate peroxidase (APX), and catalase
(CAT) increased in all studied wheat varieties. However, Figure 3 demonstrated that the
AMF inoculation significantly decreased the enzymatic activity in the studied variety when
water deficit was applied. The peroxidase decreased by 32%, 27%, and 44% for Mohamed
Ben Bachir (MMB), Boussellem (BS), and Waha varieties, respectively. Ascorbate peroxidase
(APX) and catalase (CAT) also experienced a decrease upon inoculation with AMF.

The relationships between the enzymatic activity (peroxidase (POD), ascorbate peroxi-
dase (APX), and catalase (CAT)), soluble protein content (SPC), and membrane stability
index (MSI) were demonstrated in Figure 4. The results showed that the SPC and MSI
decreased with increased enzymatic activity, which is expressed by very strong negative
associations since R varied from −0.88 to −0.95.

3.5. Wheat Root Colonization Rate by AMF According to the Tested Treatments

The results of the current study showed that after 75 days, the roots were colonized by
AMF. The purpose of this was to confirm the presence of AMF in the root system of wheat
after their inoculation. The Figure 5 demonstrates the different structures (arbuscular and
vesicle) of arbuscular mycorrhizal fungi (AMF) by using an optical microscope.
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Figure 3. Bar chart showing the enzymatic activity [peroxidase (POD), ascorbate peroxidase (APX) and
catalase (CAT)] in the three studied varieties of durum wheat [Mohamed Ben Bachir (MMB), Boussellem
(BS) and Waha] according to the tested treatments [NSNI (Non-Stress Non-Inoculation), NSI (Non-Stress
with Inoculation), SNI (Stress Non-Inoculation) and SI (Stress with Inoculation)]. Means followed by
different letters are significantly different according to the Fishers LSD test (p ≤ 0.05).
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Figure 5. AMF arbuscule (left) and vesicles (right) observed in the studied durum wheat variety
Mohamed Ben Bachir (G 40×).

The highest AMF colonization rates were recorded with the inoculated stressed treat-
ments at 54.73%, 60.98%, and 50.30% for Mohamed Ben Bachir, Boussellem, and Waha
varieties, respectively. More so, the non-inoculated stressed treatments gave the lowest
values 15.04 registered by the Mohamed Ben Bachir variety, 16.43 by the Boussellem va-
riety, and 12.18 demonstrated by the Waha variety. These supports the morphological,
physiological, and biochemical results recorded on the different treatments.

The ANOVA analysis (Table 3) showed that the factor “treatment” had a highly
significant effect on all the variables measured, and the effect of the factor “variety” was
significant only for the TCR and the HGR. However, the interaction “variety*treatment”
was non-significant on all studied variables.

Table 3. AMF root colonization in the three varieties of durum wheat according to the different
studied treatments. Values represent the average of three replicates ± SE (standard errors). p-values
from ANOVA (treatment, variety and treatment × variety).

Varieties Treatments TCR % AR % VR % HGR %

MBB

NSNI 17.47 ± 3.28 d 0.6 ± 0.72 e 6.92 ± 2.42 d 11.56 ± 0.86 cd

NSI 46.56 ± 2.98 bc 3.92 ± 2.79 c 14.23 ± 4.97 b 30.04 ± 3.51 b

SNI 15.04 ± 3.69 d 0.25 ± 1.18 e 4.33 ± 0.58 d 9.72 ± 3.82 d

SI 54.73 ± 11.08 b 3.70 ± 1.04 c 16.44 ± 4.30 a 36.86 ± 14.47 a

BS

NSNI 19.17 ± 4.01 d 0.46 ± 1.31 e 8.75 ± 3.46 cd 13.66 ± 0.74 cd

NSI 35.69 ± 10.54 c 5.15 ± 4.62 b 14.70 ± 7.01 b 18.35 ± 8.21 c

SNI 16.43 ± 5.80 d 0.8 ± 2.45 e 3.32 ± 2.32 de 10.10 ± 3.50 cd

SI 60.98 ± 9.02 a 9.42 ± 6.71 a 15.39 ± 8.06 ab 37.96 ± 5.64 a

W

NSNI 14.90 ± 6.03 d 5.60 ± 2.86 b 5.60 ± 2.86 d 9.31 ± 3.52 d

NSI 25.94 ± 0.46 c 2.55 ± 1.18 cd 10.73 ± 1.94 c 12.66 ± 2.14 cd

SNI 12.18 ± 7.26 e 2.55 ± 6.32 cd 2.81 ± 5.24 e 6.67 ± 3.38 e

SI 50.30 ± 17.46 b 9.01 ± 8.26 a 14.47 ± 10.84 b 29.55 ± 14.10 b

p-Value

Variety ≤0.005 0.2 0.1 ≤0.005

Treatment ≤0.001 ≤0.001 ≤0.001 ≤0.001

Variety ×
Treatment 0.2 0.3 0.4 0.2

MBB: Mohamed Ben Bachir; BS: Boussellem; W: Waha; TCR: Total Colonization Rate; AR: Arbuscular Rate;
VR: Vesicular Rate; HGR: Hyphal Growth Rates; NSNI: Non-Stress Non-Inoculation; NSI: Non-Stress with
Inoculation; SNI: Stress Non-Inoculation; SI: Stress with Inoculation. Means followed by different letters are
significantly different according to the Fishers LSD test (p ≤ 0.05).

4. Discussion

Water stress is a limiting factor for plant development, especially in arid and semi-arid
regions where it leads to a significant reduction in plant biomass production [42]. It affects
total yield and plant distribution [43] by reducing plant height, shoot dry weight and
root dry weight, germination rate, and plant growth in various crops [44,45]. In wheat,
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water stress can lead to a reduction in several growth traits such as dry weight, leaf
number, leaf area, plant height, and stem diameter [46]. However, AMF–plant interaction
could alleviate water-stress-induced reduction in plant health, performance, leaf area,
and biomass together with improved root-to-shoot dry mass ratio [47–49]. In addition,
Gholamhoseini et al., 2013 [50] reported that morphological characteristics of plants, such
as root size, leaf area, and biomass, might be improved under drought by the symbiotic
relationship between plants and AMF.

Overall, our results indicate that AMF inoculation increases wheat growth potential
under water deficit. In fact, under drought stress conditions, AMF treatments improved
plant height, internode length, length of the ear, dry mass of the aerial part, and root dry
weight compared to the uninoculated treatments. Our results were similar to previous
studies which found that AMF increased plant growth [51,52]. Similarly, Rani et al., 2018 [53]
reported a significant improvement in AMF on wheat plant height, number of productive
tillers, spike length, number of spikelets, grain/spike, and grain weight/spike under both
irrigated and drought stress condition observed.

Total chlorophyll is considered an important indicator of plant tolerance to water
stress [54], and plant photosynthesis performance is directly affected by chlorophyll con-
tent [55]. However, many researchers have demonstrated that water deficit significantly
reduces the total chlorophyll content of different crops [56,57]. In the present study, the
results showed that AMF inoculation increased the chlorophyll content significantly in all
the studied durum wheat varieties under water-deficit conditions. It is probably due to the
effect of AMF on improving growth-related functions of the plant, such as PSII efficiency
and CO2 plant assimilation, stomatal conductance, leaf water potential, and relative water
content. Our results follow those obtained by Bhosale and Shinde in 2011 [58], who demon-
strated that chlorophyll content in mycorrhizal Zingiber officinale plants recorded more
than non-mycorrhizal plants under water-stress conditions.

Proline is an important molecule that serves as an osmoprotectant and a nutritional
source [59]. According to Dar et al., 2016 [60], excessive proline production is common in
stressed plants. Cochin et al., 2006 [61] demonstrated that the increase in proline content is
directly related to presence of water stress. Proline enables plant tolerance to water stress
by developing an antioxidant system, which can influence osmotic adjustment [62]. The
present study shows that proline level increased significantly when a water deficit was
applied. It proves and confirms that a water deficit has been established.

Furthermore, under osmotic stress caused by drought, plants undergo biochemical
changes that assist in the escalated secretion of osmolytes such as proline. Several re-
searchers, reported that proline content decreased in the plants inoculated with AMF under
water-stress conditions [63,64] which is due to the increased capacity for osmotic adjust-
ment compared to the non-inoculated plants, since AMF have shown promising effects in
enhanced water and nutrients uptake by host roots [65,66]. Our results agree with those
reported by Sebbane and Hafsa in 2020 [59], which found a lower proline content in three
durum wheat varieties experimentally inoculated by AMF.

Drought stress considerably decreases soluble protein content in the leaf [67]. In
the present study, the lower soluble protein contents, were found under water-deficit
conditions. Furthermore, the highest values, were registered with AMF inoculation in all
studied varieties. The improvement of soluble protein content by AMF under water-deficit
conditions has been reported in several reports [68,69].

Our results demonstrate that with AMF inoculum, the enzymatic activity of wheat
varieties exposed to water deficit decreases. This is probably due to the weak oxidative
damage that occurred in the inoculated plants, which can be explained by the absorption
of water through the AMF hyphae and its transfer to the host plant, then decreasing the
generation of reactive oxygen species (ROS). These findings are in accordance with those of
Caravaca et al., 2005 [70]. The authors found that non-inoculated plants of Myrtus communis
and Phillyrea angustifolia under drought conditions increased their enzymatic activity when
compared to inoculated plants because the latter had lesser oxidative stress. Moreover,
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under water deficit, we observed that the proline content decreased significantly with AMF
inoculation compared to non-inoculated plants, supporting the hypothesis of low oxidative
damage with AMF inoculation, since proline is a direct indicator of oxidative stress [71].

The root AMF colonization is an important index to assess its infection degree in host
plants [72]. In our study, the non-inoculated wheat plant recorded a notable reduction
of root AMF colonization under drought stress as compared to those cultivated under
non-water-stress conditions. These finding are in accordance with those reported in many
researches [73,74]. However, under water-stress deficit, the results showed that root col-
onization by AMF increased in the inoculated wheat plant compared to the inoculated
plants grown under normal conditions, which is explained by a better ability of AMF
species used in the present investigation to colonize wheat roots under water stress, since
some fungal species are able to adapt to water-deficit conditions more than others [75].
These findings are in accordance with the results of an experiment conducted by Jerbi et al.,
2022 [76]. The authors revealed that under water-stress conditions the native AMF species
such as Pacispora franciscana, Funneliformis mosseae, F. geosporum, Rhizophagus irregularis
and Glomus tenebrosum induced the higher colonization rates in barley plant compared
to other species. Similarly, F. mosseae, F. geosporum and Rhizophagus irregularis were used
in the current study. In addition, Marulanda et al., 2003 [77] investigated the effect of six
AMF species on the root colonization under water-stress conditions and explained that
the quantity of external mycelium generated by each AMF such as Funneliformis mosseae,
F. geosporum and Rhizophagus irregularis, allows them to use more soil volume, which leads
to better contact with plant roots.

Biotic and abiotic stresses are shown to affect wheat crops, causing critical dam-
age [78,79], and one of the strategies adopted was to enhance the resistance of wheat
cultivars, especially against drought, by developing continuously new wheat varieties
adaptable to the soil and specific climatic conditions in different regions [80]. The present
study investigated three durum wheat varieties to understand their responses to water
stress. The Mohammed Ben Bachir variety demonstrated a high tolerance level to water
stress expressed by morphological, physiological, and biochemical parameters. Many
authors previously reported this genetic performance. David, 2009 [81] wrote that the Mo-
hammed Ben Bachir variety revealed notable osmotic adjustment capacity, which affirms
that this variety can resist water stress. Furthermore, Merouche et al., 2014 [82] noted that
the Mohammed Ben Bachir variety was the most resistant to drought when investigating
the response of six Algerian durum wheat varieties to water in Algerian semi-arid condi-
tions. In the present study, under water-stress conditions and without AMF inoculation
MBB variety showed lower enzymatic activity, which allowed us to confirm that this variety
is more resistant to water deficit since antioxidant enzyme activities have been reported to
increase by increasing the generation of stress-induced ROS [83].

5. Conclusions

The present study demonstrated that AMF could be used as an effective and sus-
tainable agricultural practice in wheat farming under arid and semi-arid conditions for
increasing wheat tolerance to water deficits. The Algerian varieties Mohammed Ben Bachir,
Boussellem, and Waha with AMF inoculation showed interesting morphological, physio-
logical, and biochemical responses to water deficit expressed by the decrease in enzymatic
activity resulting from a lower generation of ROS. The results of the present investigation
provide crucial knowledge for further studies on the effect of these microorganisms on
wheat crops’ tolerance to water deficit in practical field conditions. In addition, this work
recommends the studied varieties as a potential source of resistance to abiotic stress factors
that can be used in an advanced wheat breeding program in Algeria.
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