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Abstract: Soil salinity is an emerging phenomenon threatening arid and semiarid areas due to
changing climatic events. Salinity, in combination with other elemental contaminants, can often
harm crop performance and productivity. This experiment was conducted to evaluate the mitigating
effect of Claroideoglomus etunicatum, an arbuscular mycorrhizal fungus (AMF), on combined boron (B)
toxicity and salt stress symptoms in maize plants. After the stress and AMF treatments, plants were
subjected to a wide range of analyses, such as AMF colonization rates, ion leakage, plant biomass, and
concentration of B, phosphorus, sodium, potassium, iron, zinc, copper, and manganese in root and
shoot tissues. The results showed that the combined stress did not affect the AMF colonization rate.
AMF inoculation significantly increased plant biomass, the K+/Na+ ratio, and shoot B, sodium, and
copper concentrations, but reduced root B concentrations and ion leakage. AMF inoculation slightly
increased root dry weight and the sodium, potassium, zinc, copper and Mn contents in shoots under
combined B and salinity stress, while AMF reduced the electrolyte leakage in leaves. It is inferred
that AMF can ameliorate B toxicity in maize by improving biomass and reducing B concentration in
plant tissues. Our research implies that C. etunicatum could be a valuable candidate for assisting in
the remediation of boron-contaminated and saline soils.

Keywords: arbuscular mycorrhizal fungi; AMF; boron toxicity; salinity stress; combined stress;
symbiont fungi

1. Introduction

At trace concentrations, boron (B) plays a vital role as an essential nutrient for plants,
serving various functions which are necessary for their growth and development [1]. How-
ever, although boron is indispensable at the adequate concentration, excessive levels can
lead to toxicity and potentially harm plant health and productivity [1]. An excess of
boron (B) and salinity can negatively impact plant growth by altering metabolic processes,
inhibiting root cell division, disrupting chlorophyll synthesis in leaves, and impairing
photosynthesis [1]. Boron toxicity represents a widespread issue that imposes limitations
on plant growth across various regions globally. This phenomenon is most notably ob-
served in North Africa, North America, southern Australia, the Middle East, western
Asia, Malaysia, and China, where elevated levels of boron in soils hinder the optimal
development of plants [1,2].
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Elevated concentrations of boron (10 to 100 mg per kg) frequently occur as a natural
phenomenon in soil environments. This accumulation of excess boron in topsoil is primarily
attributed to the evaporation of groundwater containing high levels of boron [3].

It is believed that approximately 10% of total soil boron is accessible to plants, and
that a bioavailability higher than 5 mg L−1 can cause toxicity to many agricultural crops [4].
Besides salinity and drought stress, excess boron is a prevalent issue in soils of arid and
semiarid regions [5]. Additional stresses, such as salinity, may aggravate B toxicity in plants,
presenting an obstacle to mitigating the adverse effects of excess boron. An effective strategy
for mitigating boron toxicity in plants could be the application of microorganisms associated
closely with plant roots [6]. Increasing evidence has proven that arbuscular mycorrhizal
fungi (AMF) can assist in the phytoremediation of metal contaminants by changing the
spectrum of metal/oids for plant uptake, which could potentially reduce metal toxicity in
the host plants [7]. Bacillus pumilus, a plant growth-promoting rhizobacterium (PGPR), was
effective in mitigating B toxicity in tomato (L. esculentum L.) and rice (Oryza sativa L.) [8].
Glomus clarum, which decreased the uptake of excess boron in wheat (Triticum durum), is
another AMF [9].

Maize (Zea mays L.) stands as a cornerstone crop globally and is crucial for ensuring
food security for both humans and animals. However, it faces potential threats from boron
toxicity and salinity stress, which can adversely impact its growth and yield, thereby jeopar-
dizing food production systems [10]. The predominant visible symptom observed in maize
plants subjected to excessive boron exposure is the development of burns, characterized
by chlorotic and/or necrotic patches that appear primarily on the margins and tips of
mature leaves [10,11]. Research on the effects of arbuscular mycorrhizal fungi (AMF) on
maize plants subjected to both boron toxicity and saline conditions is scarce. The global
enhancement of maize productivity hinges largely on effectively managing existing saline
soils and preventing the encroachment of salts and soils high in B content [12]. Given that
boron toxicity frequently co-occurs with salt stress, the goals of the current work were to
investigate whether AMF are able to alleviate B toxicity in maize plants under salt stress.
Thus, the key goal of this study was to develop environmentally friendly models, such as
plant inoculation with AMF, that may help to prevent the damages caused by B toxicity
and salinity stress in maize plants in calcareous soil.

2. Materials and Methods
2.1. Soil Preparation

The soil for this experiment was collected from the 0–30 cm surface horizon of the
Colibro series (fine-loamy, carbonatic, hyperthermic Typic Calciustepts) in the Sarvestan
region of Fars Province, Iran. The 2 mm sieved and air-dried soil was homogenized
by mixing to ensure uniformity. The soil was characterized by the determination of the
following mineral elements using the following methods: DTPA-extractable iron (Fe), zinc
(Zn), copper (Cu) and manganese (Mn) [13]; hot water-soluble B [14,15]; pH [16]; electrical
conductivity in saturated soil extract [17]; organic matter content with chromic acid [18];
total nitrogen with the Kjeldahl method [19]; P with the Olsen and Sommers method [20];
available potassium (K) with ammonium acetate [21]; and soil texture with the hydrometer
method [22] of silt loam. The physical and chemical properties of the soil are presented
in Table 1.

Table 1. Physicochemical analysis of the soil utilized for the inoculation experiment.

Soil Parameters Measurements

pH in (H2O) 7.68
EC (dS m−1) 0.6

Organic matter (%) 1.2
Total N (%) 0.05
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Table 1. Cont.

Soil Parameters Measurements

Available K (mg kg−1) 293
Available B (mg kg−1) 0.25
Available Fe (mg kg−1) 2.1
Available Mn (mg kg−1) 4.7
Available Zn (mg kg−1) 0.6
Available Cu (mg kg−1) 0.5

Clay (%) 21.8

2.2. Experimental Setup

This study was conducted in the greenhouse facilities of the Department of Soil Science,
Shiraz University, located in Shiraz, Iran (29◦43′37′′ N and 52◦35′16′′ E), in 2022. A factorial
experiment was conducted using a completely randomized design (CRD) with at least
three replications. The factorial combination of stress levels B and salt was as follows:
B = 0 and EC = 0, B = 30 mg kg−1 and EC = 0, B = 0 and EC = 8, and B = 30 mg kg−1 and
EC = 8 dS m−1. Boron was administered in the form of boric acid, which was introduced
concurrently with sodium chloride as a solution (Figure 1).
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Figure 1. Schematic illustration of the experimental design and the combined stress.

The AMF treatments were inoculation with C. etunicatum and noninoculation. Maize
seeds (SC 704 single cross) were kindly provided by the Plant Production and Genetics
Department of Shiraz University, Iran. This selected cultivar is a single-cross variety which
has been cultivated in the region for numerous years, consistently exhibiting significantly
higher yields compared to other cultivars. The seeds underwent surface sterilization by
immersion in a 0.1% (w/v) KMnO4 solution for 2 h to eliminate external contaminants.
Maize seeds were planted in pots filled with 3 kg soil, at a density of 2 plants per pot. The
day/night temperatures were 25–27 ◦C and 16–17 ◦C, respectively. The average relative
humidity was recorded to be 60–70% and a photoperiod of 16 (h) with a photosynthetic
photon flux of 800 µmol m−2 s −1 were assured for the entire experimental period. Daily
irrigation with distilled water was administered to keep the soil in the pots near field
capacity. Field capacity at 1/3 bar was determined using a pressure plate apparatus (ATS,
Tabriz, Iran) and estimated to be 20%.

The fungal inoculum was composed of sand, spore, mycelia, and colonized root
fragments that were obtained from the Department of Soil Science at Shiraz University,
Iran. The materials were prepared using a trap culture of S. vulgare L. The culture medium
consisted of autoclaved soil/sand (1:4, v/v) and a starter culture of C. etunicatum (150 g). It
was isolated from the rhizospheres of Veronica rechingeri growing in the Urumiah–Dokhtar
area of Zanjan province of Iran (36◦ 400′ N, 47◦ 200′ E). The fungus was characterized for its
morphology and genetic identity, which are described in an earlier study by Zarei et al. [23].
The inoculation extent of the AM fungus was approximately 15 spores g−1 substrate, and
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the root colonization rate was 95%. For the AMF treatment, 100 g of inoculation mixture
was applied to each pot.

2.3. Sampling and Analysis

After 8 weeks of growth, the plant shoots and roots were harvested individually and
washed with deionized water. Subsequently, shoot and root dry weight and chlorophyll
content (measured using a SPAD-502 m) were recorded. Fresh fine roots from the plants
were sampled, with equal amounts taken from each plant for assessing the percentage of
root colonization [24].

The samples were processed in 8% KOH followed by acidification in 2% HCl and
finally stained with lactic–glycerol–royal blue ink. The gridline intersect method was
employed to estimate the percentage of root colonization [25]. Electrolyte leakage from the
leaves was measured based on the method of Lutts et al. [26]. To determine the shoot and
root dry matter, the plant samples were oven-dried at 65 ◦C for 48 h. The dried samples
were pulverized into powder form and stored for subsequent analysis.

The total concentrations of selected nutrients in the plants were quantified using
the dry ash method. Prior to filtration, the samples were dissolved in 2 N HCl, after
which the concentrations of Fe, Zn, Cu, and Mn were determined by atomic absorption
spectrometry (AA-670 Shimadzu, Kyoto, Japan) [27]. The total potassium (K) and sodium
(Na) concentrations in the shoots were quantified using a flame photometer (CORNING
405, Gallenkamp, London, UK) [28]. Boron concentrations in shoot and root samples were
determined by the azomethine-H colorimetric method [14]. The calculation of elemental
uptake was performed according to Formula (1):

Uptake (µg pot−1) = Concentration (µg) × Dry weight (g) (1)

2.4. Statistical Analysis

Statistical analysis was conducted utilizing SAS 9.2 software (SAS Institute Inc.,
Madison, WI, USA). Two-way GLM tests were executed to assess the effects of various
factors, with all analyses conducted at a 95% confidence interval (α = 0.05). Multiple
comparison procedures were carried out using Duncan’s multiple range test at a signifi-
cance level of p < 0.05, while Pearson’s partial correlation was employed to examine the
relationships between the measured plant parameters, also at a significance level of p < 0.05.
GraphPad 9.5 software (GraphPad Software Inc., San Diego, CA, USA) was employed to
generate the charts.

3. Results
3.1. Plant Growth

The combined stress of B and salt significantly decreased root dry weight (RDW),
which was substantially increased by AMF inoculation (Figure 2b). However, shoot dry
weight (SDW) and chlorophyll (CL) did not significantly differ from those of the control
plants (Figure 2a,c). Under nonstress conditions, the AMF treatment significantly increased
SDW and CL (Figure 2a,c). In contrast, the AMF treatment had no significant effect on RDW
under the control (No B) condition (Figure 2b). Under combined stress, AMF significantly
increased RDW and CL (Figure 2b,c).

In response to combined stress, observable leaf symptoms emerged. Initially, the
leaves exhibited a yellow-green chlorosis. Subsequently, they progressively yellowed from
the tips and displayed signs of dehydration. Towards the end of the treatment period,
a substantial portion of the leaves turned yellow and wilted, consequently leading to a
notable reduction in shoot dry weight (Figure 3).
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3.2. Plant B Concentrations and Uptake

The combined B and salinity stress significantly increased B concentration in plant tis-
sue, and B concentration in shoots was much greater than that in roots (Figure 4a,b). Under
combined stress, shoot B concentration (SBC) and root B concentration (RBC) significantly
decreased in response to the AMF treatment. In contrast, shoot B uptake was significantly
lower in the AMF treatment group, but root B uptake was significantly greater in the AMF
treatment group than in the noninoculation treatment group (Figure 4c,d). These results
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indicate that the AMF treatment alone restricted B accumulation in plants. Excess B in the
fertigation solution caused a gradual increase in B accumulation in the leaves with time. A
greater B concentration was observed in the treatments with 30 mg L−1 B than in the control
plants, which received no B supplementation (Figure 4). AMF also played a fundamental
role in the accumulation of B in leaves. Under the B treatment alone, the noninoculated
plants had a lower concentration of B in leaf samples compared to the inoculated samples.
In contrast, RBC in the inoculated treatments decreased.
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3.3. Shoot Na and K Concentrations and Uptake

Under nonstress conditions, the AMF treatment did not affect shoot Na+ or K+ concen-
trations or uptake (Figures 5a,b and 6). In contrast, the K+/Na+ ratios in inoculated plants
increased (Figure 5c). Compared with the control plants, shoot Na concentration and uptake
in plants under the combined stress treatment significantly increased, whereas shoot K con-
tent and uptake decreased significantly (Figures 5 and 6). Under joint salinity and B stress,
the AMF treatment greatly increased shoot Na and K concentrations and uptake, although
the AMF treatment only had a significant effect in these conditions (Figures 5a,b and 6).
Under nonstress conditions, AMF did not significantly affect shoot K concentrations. When
compared with the control treatment, the combined stress significantly reduced shoot K
concentration, whereas AMF significantly increased shoot K concentration (Figure 5b). The
K/Na ratios in the shoots were determined based on the Na and K concentration data
(Figure 5c). Under nonstress conditions, the AMF treatment significantly affected shoot
K/Na ratios. The combined stress significantly influenced tissue K/Na ratio, with its lowest
values being detected in the shoots. The AMF treatment slightly enhanced the shoot K/Na
ratio, but this did not reach statistical significance (Figure 5c).
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3.4. Shoot Zn, Cu, Fe, and Mn Concentrations and Uptake

Under nonstress conditions, the AMF treatment did not affect shoot Zn, Fe or Mn
concentrations (Figure 7a,c,d). In contrast, shoot Cu concentration in the inoculated plants
increased (Figure 7a). Compared with those in the noninoculated treatment, Fe, Zn, Cu,
and Mn uptakes in the inoculated group significantly decreased (Table 2). Under the
combined stress treatment, shoot Fe concentration and uptake were significantly different
from those in the control plants, whereas Zn, Cu, and Mn concentrations in the shoots
were not significantly different from those in the control plants (Figure 7 and Table 2).
Under combined stress, the AMF treatment substantially increased shoot Zn, Fe, and Mn
concentrations, so the AMF treatment had a significant effect (Figure 7).
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Table 2. Effects of boron and salinity levels and fungal inoculation on Fe, Zn, Cu, and Mn uptake in
maize leaves.

Treatment Shoot Fe Uptake
(mg pot−1)

Shoot Zn Uptake
(mg pot−1)

Shoot Cu Uptake
(mg pot−1)

Shoot Mn Uptake
(mg pot−1)

EC B Microbial

0 0 No inoculation 0.739 ± 0.07 ab 0.35 ± 0.01 bc 0.0809 ± 0.003 b 0.984 ± 0.11 bc
0 0 Fungus 0.513 ± 0.07 ed 0.234 ± 0.03 de 0.0242 ± 0.004 e 0.802 ± 0.27 cd

EC B Microbial

8 0 No inoculation 0.56 ± 0.07 cd 0.405 ± 0.01 ab 0.495 ± 0.005 d 1.026 ± 0.04 b
8 0 Fungus 0.642 ± 0.08 bcd 0.454 ± 0.07 a 0.0671 ± 0.005 c 1.293 ± 0.003 a

EC B Microbial

0 30 No inoculation 0.597 ± 0.03 cd 0.3 ± 0.05 cd 0.0588 ± 0.01 cd 0.673 ± 0.05 d
0 30 Fungus 0.426 ± 0.09 e 0.241 ± 0.03 de 0.0355 ± 0.01 e 0.389 ± 0.06 e

EC B Microbial

8 30 No inoculation 0.678 ± 0.08 bc 0.337 ± 0.02 bc 0.115 ± 0.01 a 0.829 ± 0.07 bcd
8 30 Fungus 0.838 ± 0.01 a 0.202 ± 0.05 e 0.0315 ± 0.01 e 0.727 ± 0.02 d

Different letters in each column show significantly different values at p < 0.05 according to Duncan’s multiple
range test.
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Figure 7. Shoot zinc (Zn) concentration (a), shoot copper (Cu) concentration (b), shoot iron (Fe) con-
centration (c), and shoot manganese (Mn) concentration (d) under mycorrhizal and nonmycorrhizal
inoculation under combined boron (B) and salinity stress. NI, noninoculation; AMF, C. etunicatum; EC,
electrical conductivity (dS m−1). Bars with the same letter are not significantly different at p < 0.05
according to Duncan’s multiple range test.
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3.5. Ion Leakage

Under nonstress conditions, the AMF treatment did not affect ion leakage (Figure 8a).
Ion leakage (IL) did not significantly differ between the plants under the combined stress
treatment and the control plants. Under salt stress, IL increased significantly, while the
AMF treatment decreased the IL values significantly. Under combined stress, the AMF
treatment substantially decreased IL, which shows a significant and positive effect of the
AMF treatment (Figure 8a).
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under combined boron (B) and salinity stress. NI, noninoculation; AMF, C. etunicatum; EC, electrical
conductivity (dS m−1). Bars with the same letter are not significantly different at p < 0.05 according
to Duncan’s multiple range test.

3.6. Mycorrhizal Colonization

In the AMF inoculation treatment, the colonization rate of C. etunicalum roots ranged
from 3.12 (in noninoculated plants) to 83.72% (in inoculated plants), regardless of the
stress treatment. Combined stress did not significantly affect the colonized roots of maize
(Figure 8b). Mycorrhizal colonization was minimally detected in noninoculated plants due
to the presence of the fungus in the soil microbiota.

4. Discussion

The present study showed that combined B and salt stress significantly inhibited the
growth of maize. However, AMF inoculation significantly alleviated the adverse effects of
the applied stress.

4.1. Detrimental Effects of Combined B and Salt Stress on Maize Plant Growth and the Influence of
AMF Inoculation

The manner in which arbuscular mycorrhizal (AM) fungi colonize plant roots remains
poorly understood. It is believed that the excretion of compounds from plant roots signifi-
cantly enhances the colonization of roots by mycorrhizal fungi, making the identification of
these compounds crucial for understanding the mechanisms underlying root mycorrhizal
colonization [29]. Despite previous reports and speculations about the negative effects
of stress on colonization rates [30], combined B and salt stress did not affect the AMF
colonization rate in our experiment (Figure 7b). Under nonstress conditions (control),
the AMF treatment significantly increased SDW by 28.91%, while RDW did not change.
Liu et al. reported that under nonstress conditions, AMF significantly increased the SDW
of P. tenuiflora [31]. Under salt stress (8 dS m−1), the AMF treatment had no significant
effect on plant dry weight, which is consistent with the observations of Liu et al. [32].
The ameliorating effect of AMF on salt stress was mainly explained by the increase in
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nutritional element uptake, water status, osmotic regulation, and antioxidant systems in
the host plant [30]. In a study by Yermiyahu et al. [5], B alone reduced root and shoot
growth by 29.1 and 8.8%, respectively.

Under combined B and salinity stress, RWD decreased significantly, and the AMF
treatment increased RDW by 76.55%, which showed a similar trend to the observations
of Liu et al. [31]. Under the applied salinity stress (8 dS m−1), ion leakage (IL) in the
leaves of maize plants increased by 31.66%, which was significantly correlated with shoot
Na concentrations. Earlier reports showed that salinity stress markedly increased IL in
leaves compared with control plants [33]. This increase appeared to be due to plant cell
injury and member damage caused by salinity stress [34]. Under combined stress, the AMF
treatment significantly decreased the IL rate of leaves. Mycorrhizal inoculation significantly
reduced the IL of leaves compared with that of plants that had not been inoculated with
mycorrhizae [33]. This effect of mycorrhizae may be attributed to their ability to improve
nutrient uptake and reduce specific ion effects [34].

4.2. Role of AMF Inoculation and Determination of Plant Nutrient Concentrations

In the present study, high-level B significantly inhibited plant growth. In the 30 mg kg−1

B treatment, SBC and RBC significantly increased in comparison with the control (97.37%
and 91.67%, respectively). Root and shoot B concentrations (RBC and SBC) under combined
B and salinity stress were lower than those under B stress alone, and the AMF treatment de-
creased SBC and RBC significantly, by 31.65% and 24.02%, respectively, which is consistent
with the observations of Liu et al. [31]. These results indicate that B application increased
plant B concentrations and that salt decreased B concentrations in plants inoculated with
mycorrhizal fungi. The combined stress of B and salt inhibited the transport of B from the
roots to the shoots, indicating that the transpiration stream has an effect on B uptake in
plants. It is known that salinity has the potential to decrease the osmotic potential of soil
moisture, leading to stomatal closure. Also, Pan et al. reported a 0.25-unit decline in the pH
value of maize root tips after inoculation with C. etunicatum [35]. This can play a role in the
uptake regulation of certain elements or ions. This mechanism may primarily contribute
to the inhibition of boron uptake, associated with evapotranspiration, and the limitation
of boron transport from the roots to the shoots via the xylem [5,36,37]. Salt stress can also
induce ATPase protein production and ATPase activity, which may assist in resistance to
B and salt stress [38]. Previous studies have shown that salinity stress can increase Na+

accumulation and uptake but inhibits K+ accumulation [8]. Shoot potassium concentration
significantly decreased by 42.98% under the combined stress treatment in comparison with
the control treatment, while it increased in response to the AMF treatment (44.05%). An
improved K+ uptake under salt stress after AMF inoculation was also reported in rice [6].
Mycorrhizal inoculation enhances K+ uptake, which competes with Na uptake to facilitate
growth as a result of limited Na+ in shoots [39,40].

Under the combined stress of B and salt, the AMF treatment significantly increased
Zn, Cu and Mn concentrations but did not affect shoot Fe concentration. Abdar et al. [6]
reported greater concentrations of Zn, Cu, Na, and Fe in AMF-colonized plants than in
noninoculated plants. It is now quite widely accepted that mycorrhizae can promote
the growth of plants by increasing the bioavailability of essential nutrients such as Cu
and Zn [3,8,31].

5. Conclusions

The observed seventeen percent increase in total maize biomass following inoculation
with C. etunicatum implies that the applied mycorrhizal species possesses the ability to
ameliorate the challenges posed by boron or/and salinity stress. The mechanisms driving
this ameliorative effect primarily involve the regulation of boron uptake and accumulation
in the shoot and the mitigation of ion leakage in the leaf. With its demonstrated efficacy,
C. etunicatum emerges as a promising candidate for enhancing the remediation of soils
burdened with excessive levels of boron and salt. These findings not only underscore the
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potential of arbuscular mycorrhizal fungi in phytoremediation efforts but also contribute
substantial evidence towards the investigation of strategies aimed at alleviating plant
boron toxicity using this symbiotic relationship. The inoculation method applied in this
experiment can be considered for developing large-scale systems and utilization strategies
to harness the potential of AMF in agriculture.
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