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ABSTRACT

This study aimed to evaluate the response of different maize
(Zea mays L.) genotypes to salinity stress under mycorrhizae
inoculation. The experiment was conducted in pots sand culture,
where plants were irrigated with modified Hoagland nutrient
solution. The main plot consisted of three maize genotypes:
Pioneer SC.3444, Hitech 2066, and Agrofood 168, while the sub-
plot factor comprised eight treatments: four salinity levels (0,
25, 50, and 75 mM NaCl) with mycorrhizae and four others
without mycorrhizae. Four weeks after sowing, plants were
harvested, and the salinity effects were evaluated. The results
demonstrated a significant reduction in plant growth,
germination, and physiological parameters across all genotypes
due to salinity stress. In cross-genotype comparisons, Agrofood
was the most promising genotype for saline conditions,
particularly when combined with mycorrhizae inoculation,
offering significant potential for improving maize productivity
in salt-affected areas due to superior water retention and
osmotic adjustment mechanisms. Pioneer SC.3444 showed
moderate tolerance, while Hitech 2066 was most affected by
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salinity. Mycorrhizae inoculation improved the highest salinity
tolerance and increase fresh weight, dry weight, shoot length,
and chlorophyll content. Mycorrhizae helped retain RWC
under stress. The enhanced performance with mycorrhizae
aligns with recent research demonstrating that arbuscular
mycorrhizae fungi improve plant growth and stress tolerance
through enhanced nutrient uptake, improved water relations,
and modulation of plant hormonal balance. For saline soils,
inoculation recommended, especially for resilient genotypes like
Agrofood. These findings emphasize the importance of
mycorrhizae fungi as a sustainable solution to mitigate salinity
stress and enhance crop performance in adverse environments.

Keywords: Germination Parameters, maize, salinity stress, mycorrhizae.
INTRODUCTION

Salinity is a pervasive environmental stressor that significantly
influences plant growth and development. It is estimated that over 20% of
the world's cultivated land and nearly half of all irrigated lands are affected
by salinity, which poses a serious threat to global food security (Munns
and Tester, 2008). The detrimental effects of salinity are observed at
various stages of plant development, from seed germination to maturity.
Salinity primarily affects plants through two main mechanisms: osmotic
stress and ion toxicity. Osmotic stress arises from high salt concentrations
in the soil, which reduce the soil water potential, making it difficult for
plants to absorb water. Ion toxicity occurs due to the excessive
accumulation of sodium (Na*) and chloride (CI") ions within plant tissues,
disrupting cellular homeostasis and enzyme activities (Shrivastava and
Kumar, 2015).

These stresses lead to various physiological and biochemical

changes in plants. Salinity stress significantly affects the germination of
seeds, high salt concentrations in the soil create an osmotic barrier that
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inhibits water uptake, delaying germination and reducing the germination
rate. Key germination parameters affected by salinity include the
Coefficient of Velocity of Germination (CVG), Final Germination
Percentage (FGP), Germination Index (GI), and Germination Time (GT).
Arbuscular mycorrhizae have the capacity to increase seedling growth and
germination by biosynthesizing and releasing hormones which stimulate
root growth (Li ef al., 2012; Han and Yang, 2015; Adeoyo et al., 2019;
Wang et al., 2022). Salinity stress negatively affects various growth
parameters of plants, including root and shoot growth, leaf area, and
biomass accumulation. Salinity reduces plant length due to impaired cell
division and elongation (Zhou et al., 2024) and decreases the number of
leaves due to reduced leaf initiation and expansion (Vennam et al., 2024).
Additionally, salinity adversely affects root branching, limiting the root
system's ability to absorb water and nutrients. Physiological parameters
such as photosynthesis, water relations, nutrient uptake, and oxidative
stress are also affected by salinity. High salt levels cause stomatal closure,
reducing CO: uptake and limiting photosynthesis (Xu et al., 2016).

Salinity can greatly impair the uptake of vital nutrients in plants,
resulting in nutritional imbalances and shortages. High salt levels in soil or
water present various obstacles to plant growth and nutrient absorption
(Marschner, 2011). Salinity interferes with the uptake of essential
nutrients, leading to nutrient imbalances and deficiencies (Acosta-Motos
et al., 2017). Salinity-induced oxidative stress generates ROS, damaging
cellular membranes (Munns and Tester, 2008). Maize (Zea mays L.) is
particularly sensitive to salinity, affecting its growth and productivity.
Salinity stress impairs seed germination and early seedling growth, leading
to poor stand establishment and weakened plant vigor (Farooq et al.,
2015).

Physiological stress caused by salinity leads to reduced
photosynthetic efficiency and overall plant growth (Gorham et al., 2016).
Given the negative impacts of salinity on maize, several strategies have
been proposed to mitigate these effects, including breeding for salinity
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tolerance, effective irrigation management, soil amendments, and the use
of mycorrhizae, which enhance nutrient uptake and resistance to
environmental stresses (Hashem et al., 2018). This research study aims to
determine the extent of the possibility of reducing the negative impact of
salinity on maize genotypes through mycorrhizae inoculation.

MATERIALS AND METHODS

A pot experiment under field conditions was conducted in the
Agriculture Faculty field experiments area (36R 255085 3436670). The
experiment commenced in April 2023. A randomized complete block
design (RCBD) in a split-plot arrangement with three replications was used.
The main plot factor comprised three maize genotypes (Pioneer SC.3444,
Hitech 2066, and Agrofood 168), while the sub-plot factor included eight
treatments: four salinity levels (0, 25, 50, and 75 mM NaCl) with
mycorrhizae (2 g/pot) and four others without mycorrhizae.

Arbuscular mycorrhizae fungi (AMF) (Glomus sp.) were obtained
from the Agricultural Research Center (ARC), Giza Governorate, Egypt.
Four seeds of each maize genotype were sown in pots (12 cm inside
diameter and 14 cm depth with drainage holes at the bottom) containing 0.9
kg of sand soil with a size fraction between 0.25 and 1 mm, as described by
Abdelraouf (2017). Each pot was irrigated three times per week with 150
mL of irrigation solution. The irrigation solution contained one-tenth
strength modified Hoagland and Arnon nutrient solution (Hewitt, 1966)
and the tested salt levels (0, 25, 50, or 75 mM NaCl).

The number of plants per pot was reduced to two after germination.
The experiment continued for four weeks from its beginning. The
experiment compared mycorrhizae-inoculated plants to non-inoculated
ones by assessing germination parameters, growth parameters,
physiological parameters, and plant nutritional status. Starting from the
beginning of the experiment and continuing until plant collection,
germination parameters were monitored through daily observations.
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Germination parameters as Coefficient of Velocity of Germination (CVG)
(Maguire, 1962), Final Germination Percentage (FGP) (Tanveer et al.,
2010), Germination Index (GI) (Scott et al., 1984), and germination time
(GT) (Irik and Bikmaz, 2024). Growth parameters (Shoot length, Root
length, and Leaf Area) (Radford, 1967). Physiological parameters as
Relative Water Content (RWC) (Silva et al., 2010). Total Chlorophyll was
measured spectrophotometrically (Wintermans and de-Mots, 1965). Plant
nutritional status through the analysis of nitrogen (N) (Bremner, 1965),
phosphorus (P) (Olsen and Sommers, 1982), potassium (K) and sodium
(Na) (Chapman and Pratt, 1961). The Infection rate of arbuscular
Mycorrhizae fungi calculated as reported by (Muta et al., 2022). The
results were statistically assessed by LSD at a 5% significance level
calculated using Costat software (version 6.4).

RESULTS AND DISCUSSION
Germination parameters

For Pioneer, the Coefficient of Velocity of Germination (CVG)
without mycorrhizae (Pio -) declines gradually from around 0.17 at 0 mM
NaCl to approximately 0.15 at 75 mM NaCl. With mycorrhizae inoculation
(Pio +), the CVG values are slightly higher, ranging from about 0.19 at 0
mM NaCl to 0.17 at 75 mM NacCl, indicating that mycorrhizae support
nutrient uptake and osmotic balance under salinity stress. Notably, at 25
mM NaCl, Pioneer with mycorrhizae shows the highest CVG
(approximately 0.21) compared to other genotypes at this level of salinity,
Fig (1). This is attributed to the synergistic effect of mycorrhizae fungi
enhancing phosphorus availability, ionic balance, and osmotic regulation
under moderate stress, coupled with the genotype's physiological
adaptability. The moderate stress at 25 mM NaCl may have triggered
adaptive mechanisms, such as improved root development and
accumulation of osmolytes, further supported by mycorrhizae symbiosis
(Evelin et al., 2019). In Hitech, CVG without mycorrhizae (Hit -) starts at
approximately 0.17 at 0 mM NaCl and decreases to around 0.14 at 75 mM
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NaCl, showing significant sensitivity to salinity. When inoculated with
mycorrhizae (Hit +), Hitech shows improved resilience, with CVG ranging
from about 0.19 at 0 mM NacCl to 0.13 at 75 mM NaCl, illustrating the
benefits of mycorrhizae association in mitigating salinity stress by
enhancing nutrient uptake and osmotic stability.

For Agrofood, CVG without mycorrhizae (Agr -) remains relatively
stable, starting around 0.19 at 0 mM NaCl and declining slightly to
approximately 0.16 at 75 mM NaCl. With mycorrhizae (Agr +) support,
CVG values are even more stable, from about 0.20 at 0 mM NaCl to 0.18
at 75 mM NaCl, highlighting both the genotype’s natural tolerance to
salinity and the additional resilience conferred by mycorrhizae inoculation.
AMEF inoculation can improve CVG under salt stress by increasing water
and nutrient intake, particularly phosphorus, necessary for early seedling
development. This results in faster and more coordinated germination.
AMF reduces the osmotic and ionic stress-induced salinity, allowing seeds
to absorb water more efficiently and begin the metabolic processes required
for germination (Evelin et al., 2009).

The current study confirms prior findings that Arbuscular
mycorrhizae can improve seedling development and germination. Increase
seedling growth and germination by producing and releasing hormones that
encourage root growth (Li et al., 2012; Han and Yang, 2015; Adeoyo et
al., 2019; Wang et al., 2022).
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Figure (1): The Coefficient of Velocity of Germination (CVQG) in different
genotypes with or without mycorrhizae under salinity stress.

Pioneer genotype without mycorrhizae (Pio -) shows a steady
decline in Germination Index (GI) from 1.0 at O salinity to 0.6 at 75 salinity
(Fig. 2). With mycorrhizae (Pio +), it exhibits a dramatic increase in GI,
peaking at 2.7 for 25 salinity, but then decreases to 0.7 at 75 salinity, still
outperforming the non-mycorrhizae condition. Hitech genotype without
mycorrhizae (Hit -) displays a gradual decrease from 1.0 to 0.7 as salinity
increases. With mycorrhizae (Hit +), it shows improved GI values,
maintaining around 1.2 up to 50 salinity before declining to 0.7 at 75
salinity. Agrofood genotype without mycorrhizae (Agr -) demonstrates the
highest initial GI of 1.4 at 0 salinity, increasing to 1.5 at 25 salinity, and
then declining to 0.8 at 75 salinity. With mycorrhizae (Agr +), it shows the
most stable performance across all salinity levels, maintaining GI values
between 2.2 and 1.5. Comparing genotypes, Agrofood exhibits the highest
overall salinity tolerance, especially when inoculated with mycorrhizae,
followed by Pioneer, while Hitech shows the least improvement with
mycorrhizae inoculation.
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AMEF usually enhances the GI, indicating a higher germination rate
and uniformity under salinity stress. This related to increased nutrient
availability and stress reduction. AMF increases the availability of
important minerals such as phosphorus and zinc, which are required for
enzyme activity during germination (Al-Karaki, 2006). The enhanced
performance with mycorrhizae aligns with recent research demonstrating
that arbuscular mycorrhizae fungi improve plant growth and stress
tolerance through enhanced nutrient uptake, improved water relations, and
modulation of plant hormonal balance (Chen et al., 2017; Evelin et al.,
2019).

The superior performance of Agrofood suggests it may possess
genetic traits for better osmotic adjustment and ion homeostasis under salt
stress (Yang and Guo, 2018). Recommendations include: prioritizing
Agrofood for breeding programs aimed at salinity tolerance, investigating
the specific mycorrhizae strains most effective for each genotype, and
conducting field trials to validate these results under diverse environmental
conditions. The current study verifies the previous finding that Arbuscular
mycorrhizae can boost seedling development and germination. Increase
seedling growth and germination by biosynthesizing and releasing
hormones that stimulate root growth. In conclusion, Agrofood emerges as
the most promising genotype for saline conditions, particularly when
combined with mycorrhizae inoculation, offering significant potential for
improving maize productivity in salt-affected areas. (Li et al., 2012; Han
and Yang, 2015; Adeoyo et al., 2019; Wang et al., 2022).
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Figure (2): The Germination Index (GI) in different genotypes with or without
mycorrhizae under salinity stress.

Figure (3) showed that the Pioneer demonstrated a notable response
to mycorrhizal inoculation. Without mycorrhizae, the Final Germination
Percentage (FGP) decreased from about 90% at 0 mM NacCl to 58% at 75
mM NaCl. This decline underscores how salinity negatively affects
germination, likely due to osmotic stress and ion toxicity. However, with
mycorrhizal associations, the FGP improved, ranging from 100% to 67%.
This improvement highlights the role of mycorrhizae in enhancing nutrient
uptake and maintaining plant vigor under saline conditions.

AMF frequently boosts FGP under salinity stress by counteracting
the inhibitory effects of salt on seed germination. The fungi improve the
plant's ability to withstand oxidative stress and preserve cellular balance.
AMF lowers harmful ion accumulation (Na* and Cl") and enhances
osmolyte production, such as proline, to protect cellular structures and
enzymes (Zuccarini and Okurowska, 2008). Mycorrhizae fungi play a
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critical role in improving plant resistance to salinity stress by facilitating
nutrient uptake and enhancing root development (Razvi et al., 2023).
Hitech exhibited an even sharper decline without mycorrhizae, with FGP
dropping from 90% to 58%. This significant reduction indicates its
sensitivity to salinity, which may be attributed to limited root development
and nutrient uptake capacity under stress. Conversely, when paired with
mycorrhizae, FGP started at 100% and decreased to 74%, confirming the
buffering effect of mycorrhizae in mitigating the adverse impacts of
salinity. This is supported by the findings of Hashem et al., (2016) who
noted that the presence of mycorrhizae could significantly buffer the
negative effects of salt stress on plant germination and growth. In contrast,
Agrofood emerged as the most tolerant genotype, with FGP decreasing
moderately from 100% to 74% without mycorrhizae. This relatively small
decline suggests inherent resilience to saline conditions, possibly due to
physiological and biochemical adaptations. Notably, with mycorrhizae, it
maintained high germination rates, ranging from 100% to 90%. This
resilience reflects both the genotype’s natural tolerance and the additional
enhancement provided by mycorrhizae inoculation.

According to Mardukhi ez al, (2011), Genetic variation in salt
tolerance among maize genotypes can be enhanced by beneficial
mycorrhizae associations, which improve water and nutrient uptake.
Overall, mycorrhizae improve FGP across all tested genotypes, particularly
in Pioneer and Hitech. Agrofood, in combination with mycorrhizae, is
particularly recommended for optimal performance in saline soils, as it
exhibits the highest salinity tolerance among the genotypes studied. The
current research confirms the same result that arbuscular mycorrhizae have
the capacity to increase seedling growth and germination. (Li et al., 2012;
Han and Yang, 2015; Adeoyo et al., 2019; Wang et al., 2022).
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Figure (3): The Final Germination Percentage (FGP %) in different genotypes
with or without mycorrhizae under salinity stress.

Pioneer showed a significant increase in germination time (GT)
with rising salinity levels, especially under non-mycorrhizae conditions,
but mycorrhizae inoculation helped reduce GT. AMF can reduce GT under
saline stress by speeding up the metabolic processes necessary for
germination. This accomplished by increased water absorption and nutrient
mobilization. AMF improves the plant's ability to maintain turgor pressure
and enzyme activity, which are necessary for breaking seed dormancy and
commencing growth (Porcel ez al., 2012). Hitech was highly sensitive, with
GT spiking at 75 mM NaCl arrived in 8 days without mycorrhizae, yet
mycorrhizae reduced GT across salinity levels, indicating improved ion
balance and water absorption (Hashem ez al., 2018; Zhu 2016).

Agrofood showed moderate GT increases under salinity without
mycorrhizae but remained stable with inoculation, reflecting resilience due
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to enhanced water and nutrient uptake (Al-Karaki et al, 2014;
Shrivastava and Kumar, 2015). Across genotypes, Agrofood (Fig. 4) had
the highest salinity tolerance, maintaining the lowest GT under stress with
and without mycorrhizae, followed by Pioneer with moderate tolerance,
while Hitech was most sensitive. These findings align with studies showing
genetic and symbiotic adaptations that enhance stress resilience (Evelin et
al., 2019; Saxena et al., 2019). For saline soils, integrating mycorrhizae
inoculation recommended, especially for resilient genotypes like Agrofood,
to boost salinity tolerance (Evelin et al., 2019). Research results confirmed
what scientists (Li et al., 2012; Han and Yang, 2015; Adeoyo et al., 2019;
Wang et al, 2022) had extended which shows that the increase in
germination is due to the production of hormones by mycorrhizae.

8
7
N
II
0 b

GT (day)
N w £y " o

-

Gz

0 25 50 75 0 25 S0 75 0 25 50 75 0 25 50 75 0 2550 75 0 25 50 75
Salinity Treatments (mM NacCl)
L ) L J ! J o\ ) L ) v J
T T T T T T
pio (4 Pio (+) Hit () Hit {+) Aagri agris)

Figure (4): The Germination Time (GT) in different genotypes with or without
mycorrhizae under salinity stress.
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Vegetative characteristics

For Pioneer, without mycorrhizae, fresh weight decreased from
4.145 g to 2.1 g and dry weight from 1.26 g to 0.56 g at 75 mM salinity as
presented in Table 1. It is also noted that there are no significant differences
between these weights in mycorrhizae inoculation treatments. Hitech
showed greater sensitivity, with fresh weight dropping from 4.622 g to
1.977 g and dry weight from 0.45 g to 0.089 g, but mycorrhizae increased
fresh weight from 4.958 g to 2.85 g and dry weight from 0.597g to 0.191g.

Agrofood performed best, with fresh weight declining from 5.181 g
to 2.963 g without mycorrhizae but improving from 6.476 g to 4.703 g with
mycorrhizae. Dry weight improved similarly, showing the highest salinity
tolerance, especially with mycorrhizae. Zare-Maivan et al., (2017) showed
that mycorrhizae plants had significantly higher dry and fresh weight than
plants grown in sterilized soil. This shows a moderate improvement under
mycorrhizae conditions, likely due to enhanced nutrient uptake (Al-Karaki
et al.,, 2014). Overall, mycorrhizae enhanced performance under salinity
stress, with Agrofood showing the greatest resilience, likely due to superior
water retention and osmotic adjustment mechanisms (Shrivastava &
Kumar, 2015).
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Table (1): The vegetative characteristics of the maize genotypes with or without mycorrhizae under different
salinity levels.

Pioneer Hitech Agrofood
Mycorrhizae Salinity Fresh weight Dry Fresh weight | Dry weight | Fresh weight | Dry weight
(® weight (g) ® ® ® ®
0 4.145¢0def 1.26* 4.622bcd 0.45 fehi 5.18° 0.796°¢d¢
Without - -
. 25 3.067¢f 0.6998cdef 4.112¢defe 0.2258hij 4.01bcde 0.612%f
Mycorrhizae — —
©) 50 2,517k 0.51feh 4.10¢df 0.211hi 3.9¢def 0.541¢f
75 2.1 0.56¢f 1.977" 0.089 2.963Mik 0.25"il
With 0 4.197¢df 1.21% 4.958b¢ 0.597¢f2 6.476" 0.845¢4
i -
M . 25 3.48167¢ 0.98b¢ 4.42¢cde 0.46 ¢hi 4.291bcde 0.597dfe
ycorrhizae _ _ _ _
) 50 2.727 hiiki 0.755¢2hi 4.2 cdef 0.408fehi 4.0444f2 0.4291ehi
75 2.08K! 0.443fehi 2.85 K 0.191 4.703bcd 0.473feh
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It was noted in Table (2) that the Pioneer experienced a notable
decline in shoot length under salinity stress, dropping from 20.27 cm at 0
mM salinity without mycorrhizae to 11.8 cm at 75 mM. However, when
treated with mycorrhizae, the reduction was less severe; with shoot length,
decreasing from 20.78 cm to 12.77 cm. AMF promotes shoot growth in
maize during salt stress by increasing nutrient uptake and water absorption.
These results to improved osmotic adjustment and lower oxidative stress,
which promotes shoot elongation. This highlights the potential of
mycorrhizae in mitigating the effects of salinity stress (Munns and Tester,
2008).

Hitech exhibited a range of shoot lengths, from 25.6 cm at 0 mM
salinity without mycorrhizae to 16.57 cm at 75 mM. When mycorrhizae
were present, shoot length remained higher, at 26.5 cm at 0 mM and 17.8
cm at 75 mM. In terms of root length, Hitech performed exceptionally well
but it is decreased with increasing soil salinity in the presence or absence
of mycorrhizae, showing the highest root length of 34.95 cm at 0 mM and
18.75 cm at 75 mM without mycorrhizae, with root length consistently high
when mycorrhizae were used (35.417 cm at 0 mM and 19.18 cm at 75 mM).
Pioneer showed a decrease in root length from 21.58 cm to 18.4 cm without
mycorrhizae, and from 29.25 cm to 19.7 cm with mycorrhizae. Agrofood
maintained moderate root lengths, ranging from 27.7 cm to 23.7 cm without
mycorrhizae, and from 29.58 cm to 26.5 cm with mycorrhizae. AMF greatly
improves root growth under salinity stress by improving root architecture
and increasing root surface area, resulting in greater nutrient and water
intake.

Fungi help maintain ion homeostasis, lowering the harmful effects
of Na* and CI " ions (Zhu et al., 2010). Regarding leaf area, Pioneer showed
a sharp decrease, from 14.73 cm? at 0 mM to 5.66 cm? at 75 mM without
mycorrhizae. With mycorrhizae, the leaf area ranged from 14.9 cm? to 2.86
cm?. Hitech also demonstrated a reduction in leaf area, from 17.8 cm? at 0
mM to 8.01 cm? at 75 mM without mycorrhizae, and from 18.5 cm? to 6.25
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cm? with mycorrhizae. Agrofood showed the best performance in leaf area,
maintaining the highest values, from 15.65 cm? to 9.1 cm? without
mycorrhizae, and from 19.45 cm? to 12.6 cm? with mycorrhizae. AMF
enhances leaf area in maize under salt stress by improving photosynthetic
efficiency and lowering harmful ion buildup in the leaves. This leads to
improved carbon assimilation and overall plant growth (Talaat and
Shawky 2014).

This indicates the plant's strong ability to maintain its
photosynthetic capacity under salinity stress (Porcel et al., 2012). The
Hitech variety is characterized by greater shoot and root length and leaf
area than Pioneer and Agrofood. However, with increasing salt
concentration, shoot and root length and leaf area decreased significantly.
Overall, Agrofood proved to be the most adaptable, thriving under high
salinity stress, especially when aided by mycorrhizae symbiosis. AMF
reduces the negative effects of salt stress in maize by increasing shoot
length, root length, and leaf area. These gains are mostly due to increased
nutrient intake, improved water relations, and decreased oxidative stress.

Table (2): The shoot length (Sh.L), root length (R.L), and leaves area (L.A) of the
maize genotypes with or without mycorrhizae under different salinity levels.

Salinit Pioneer Hitech Agrofood

Mycorrhizae Sh.L RL LA Sh.L RL LA Sh.L RL LA
Y (cm) (cm) (cm?) (cm) (cm) (cm?) (cm) (cm) (em?)
Without 0 202" 21587 | 1473 | 25.6° | 34.95° | 17.8° | 21429 | 27.7° | 15.65°
1thou 25 14°0 2109 | 928 | 2045% | 268% | 15.1° | 20.687 | 26.8" | 12.42°
Myw(r;hlzae 50 12.97% | 19.92% | 65° | 20.02° | 244% | 12.6° | 16.8% | 25.5° | 8.89
75 11.8° 18.4° | 5.66° | 1657% | 18.75% | 8.01° | 16.78% | 23.79 | 9.1
With 0 20.78° 2925° | 14.9° | 26.5° 35427 | 18.5° | 24.02° | 29.58' | 19.45°

. wr'rhizae 25 15.88° 27.0° | 117° | 226 | 294 | 16.2° | 23.47 | 29.28" | 18.4%
Y ) 50 13.78% | 2652 | 6.8 | 21% 2579 | 127° | 17.67 | 282™ | 11.18%
75 1277% | 19.7% | 2.86' | 17.8% | 19.18' | 625" | 23.712® | 265 | 12.6°
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Total chlorophyll content and RWC

Pioneer without mycorrhizae showed decreasing chlorophyll
content as salinity increased, with the lowest value at 75 mM NaCl (19.8
mg/g), but mycorrhizae increased chlorophyll content at each salinity level,
reaching 26.29 mg/g at 0 mM NaCl as found in Table 3. Zare-Maivan et
al. (2017) confirmed that mycorrhizae plants had chlorophyll content
significantly higher than plants grown in sterilized soil. AMF has been
proven to improve overall chlorophyll content in maize during salinity
stress.

Salinity stress normally reduces chlorophyll content due to
oxidative damage and poor nutrient uptake; however, AMF can counteract
these effects via a variety of mechanisms (Evelin et al, 2019). Pioneer
RWC was highest at 0 mM NaCl without mycorrhizae (94.79%), declining
with salinity, though mycorrhizae helped retain RWC under stress, aligning
with findings by Moreira ef al. (2020). Hitech also, exhibited declining
chlorophyll content without mycorrhizae, reaching 18.23 mg/g at 75 mM
NaCl, but mycorrhizae maintained higher chlorophyll contents, especially
at moderate salinity, indicating enhanced salinity tolerance, consistent with
the osmotic adjustments reported by Sheng et al. (2008). Hitech RWC was
highest at 0 mM NaCl without mycorrhizae (95.28%) and remained
relatively stable with mycorrhizae under moderate salinity. Agrofood
showed high baseline chlorophyll contents under all salinity levels without
mycorrhizae (23.69 mg/g at 75 mM NaCl), suggesting inherent tolerance,
which mycorrhizae further enhanced, and reaching 28.65 mg/g at 0 mM
NaCl. However, its RWC values were lower at high salinity, suggesting
limitations in water retention under extreme salinity stress (Molazem et al.,
2011). AMF has been demonstrated to increase the Relative Water Content
(RWC) of maize plants under salinity stress. Salinity stress often causes
osmotic stress, which limits plants' ability to absorb water, lowering RWC
(Porcel et al., 2012). In cross-genotype comparisons, Agrofood exhibited
the highest natural chlorophyll content under salinity, while Pioneer and
Hitech showed significant improvements in chlorophyll content and RWC
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with mycorrhizae inoculation, likely due to enhanced nutrient uptake and
osmotic stability (Begum et al., 2019).

Table (3): The total chlorophyll content (mg/g) and RWC (%) of the maize
genotypes with or without mycorrhizae under different salinity levels.

. .. Total Chlorophyll (mg/g) RWC (%)
Mycorrh Salinit
yeorriizae aumity Pioneer Hitech Agrofood | Pioneer | Hitech | Agrofood
0 2510 | 244200 | 2726 | 94.79* | 95.28° | 92.8°
MW“h‘;‘_“ 25 | 2400 | 22750k | 26450 | 94.87° | 94.26" | 89.96"
yc"(r; #ae 50 [ 2t 218390 | 242094 | 91,1 | 93.23% | 89.83b
75 | 19.8% 1823 | 23.69%% | 90.18> | 91.12> | 84.16¢
_ 0 26.29"0 | 26.620< | 28.65° 95.78" | 97.14* | 91.18*
With
. 25 | 24.817d | 25150de | 27.9% 95.03* | 96.99* | 86.71°
Mycorrhizae
) 50 | 21.5%% | 245700 | 26.43%<0 | 9292 | 942" | 88.13
75 | 2058 | 22.68%% | 27.43%¢ | 92.61" | 94.16 | 91.95

Nutrients content

The nutrients content (N, P & K) of three maize genotypes was
showed in Table (4). Among the three maize genotypes, Agrofood showed
the highest salinity tolerance, maintaining stable nitrogen (N), phosphorus
(P), and potassium (K) levels, particularly with mycorrhizae inoculation,
where N peaked at 7.9%, P at 2.79%, and K at 2.34 % under control
conditions. Pioneer displayed moderate tolerance, with mycorrhizae
improving nutrient retention, especially at 25-50 mM NaCl, where P and
K levels remained relatively high. Hitech was the most sensitive genotype,
with significant nutrient depletion under salinity stress but improved
resilience when inoculated with mycorrhizae, particularly in N and K
uptake.The nutritional content of maize under salt stress is significantly
increased by AMF. Because it disrupts nutrient uptake, causes ion toxicity,
and induces osmotic stress, salinity stress has a deleterious impact on plant
growth. AMF can counteract these effects, though, by enhancing the plant's
absorption of vital minerals like potassium (K), phosphorus (P), and
nitrogen (N) (Wahab et al., 2023).
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Table (4): The nutrients content (N, P & K) of three maize genotypes with or without mycorrhizae under
different salinity levels.

. Salinity Pioneer Hitech Agrofood
Mycorrhizae
treatments | N(%) | P(%) | K(%) | N(%) | P(%) | K(%) | N(%) | P(%) | K (%)
0 4.173ab | 1.163bc | 1.714c | 4.463c | 1.3bc | 1.45de | 6.53b | 1.42bc | 1.82cd
Without 25 2.83cd | 0.8lcd | 1.071gh | 3.86d | 095c | 9371 | 479¢ | 1.07¢ | 1298
Mycorrhizae -
© 50 1.47¢ | 0.553f | 094hi | 537. | 0.69cd | 0-28mN | 403¢d | 0.81ca | 098D
75 0.89f | 018h | 972K | 167 | 0317d | 013p | 2.3e | 0.437¢ | 0771
0 5632 | 253a | 2042 | Gosa | 2672 | 20338 | 7095 | 279a | 2.342
With 25 4.193ab | 1.73b | 175¢ | 4787¢ | 1870 | 149de | 63 | 1.99ap | 1.98¢
Mycorrhizae .
) 50 2.997cd | 1.09be | 1247 | 3570 | 123pc | 0731 | 56bc | 1.35be | 1724
75 0.697f¢ | 0.717d | 921hi | 1 67¢ | 0.613cd | 0-28mn | G | 177ap | 1.96c
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Overall, Agrofood emerged as the most salt-tolerant genotype and
is highly recommended for cultivation in saline soils, particularly with
mycorrhizae inoculation to maximize productivity. Hitech, given its high
susceptibility to salinity, requires further improvement through breeding
programs or agronomic interventions. By facilitating the plant's access to
nitrogen in the soil, AMF can improve maize's uptake of nitrogen while it
is under salt stress. Beyond the root zone, AMF hyphae provide the plant
with access to nitrogen sources that it would not otherwise have (Evelin et
al. 2019). AMFs are very effective at improving phosphorus uptake because
they secrete organic acids and phosphatases that dissolve fixed phosphorus
in the soil. AMF's vast hypha network also enables for investigation of a
larger soil volume, resulting in increased phosphorus acquisition (Porcel et
al., 2012).

Salinity stress can cause potassium shortage due to competing with
sodium (Na*) ions. AMF improves potassium uptake by regulating ion
transporters and decreasing sodium uptake, resulting in a balanced K*/Na*
ratio (Abdel Latef and Chaoxing, 2014). These findings emphasize the
importance of mycorrhizae fungi as a sustainable solution to mitigate
salinity stress and enhance crop performance in adverse environments
(Diao et al., 2021; Chandrasekaran, 2022). AMF inoculation enhances
the nutrient content (N, P, and K) of maize under salt stress by increasing
nutrient intake, maintaining ion homeostasis, and minimizing the negative
impacts of salinity. This makes AMF an exciting option for sustainable
agriculture in saline-affected soils.

The mycorrhizae infection rate

Figure (5) shows the effect of maize varieties under different
concentrations of salinity on the rate of infection with mycorrhizae. Starting
with Pioneer, the percentage of mycorrhizae inoculation was highest at 0
mM NaCl, around 60%, but it declined progressively with increasing
salinity, reaching its lowest point at 75 mM NaCl. Hitech followed a similar
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pattern, although it maintained slightly higher mycorrhizae inoculation
percentages at 25 mM NaCl compared to Pioneer. However, both genotypes
exhibited a sharp decrease in inoculation rates at higher salinity levels, with
the lowest at 75 mM NaCl. In contrast, Agrofood showed the highest
mycorrhizae inoculation rates across all salinity treatments. Its inoculation
percentage peaked at 0 and 25 mM NaCl, staying significantly higher than
that of the other genotypes, even under the 75 mM NacCl treatment. This
trend suggests that Agrofood is more resilient to salinity stress when
inoculated with mycorrhizae, which aligns with studies indicating that
mycorrhizae fungi enhance nutrient uptake and tolerance to stress
(Chandrasekaran, 2022). The sharp decline in inoculation percentages for
Pioneer and Hitech at higher salinity levels likely reflects their reduced
physiological adaptation under stress; whereas Agrofood is superior,
performance under salinity stress indicates its better tolerance.

Pio Pio Pio Pio Hit Hit Hit Hit Agr Agr Agr Agr
0 25 50 75 0 25 50 75 0 25 50 75

Salinity Treatments (mM NaCl)

100
80
60
4
2

o

Percentages (%0)

o

o

Figure (5) The Percentages of mycorrhizae inoculation in different genotypes
under different salinity levels.

CONCLUSION

Agrofood emerges as the most salt-tolerant genotype among the
three maize genotypes studied, followed by Hitech, with Pioneer showing
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the least tolerance. Mycorrhizal inoculation played a significant positive
role across all genotypes, particularly in enhancing salt tolerance. The
higher Growth Index (GI), improved Germination tolerance (GT), and
better nutrient uptake (especially P and K) in mycorrhizae-inoculated plants
under saline conditions evidence this. Mycorrhizae have the capacity to
increase seedling growth and germination. Mycorrhizae symbiosis appears
to have mitigated the negative effects of salt stress, likely through improved
water relations, enhanced nutrient acquisition, and possibly through
modulation of plant stress responses. For future research, it is
recommended to: (1) Conduct detailed transcriptomic and metabolomic
analyses of Agrofood to uncover the molecular mechanisms underlying its
superior salt tolerance ; (2) Investigate the specific mycorrhizal strains most
effective in enhancing salt tolerance in maize and optimize inoculation
methods for field applications; (3) Explore the potential of combining
mycorrhizal inoculation with other beneficial microorganisms or
biostimulants to further enhance salt tolerance ; and (4) Assess the long-
term effects of mycorrhizal inoculation on soil health, crop productivity,
and sustainability in salt-affected agricultural systems.
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