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ARBUSCULAR mycorrhizal fungi (AMF) are fungi that form symbiotic relationships
with the roots of higher plants. AMF can potentially be applied to enhance plant tolerance
to stress and thus minimize the deleterious effects of abiotic stress. Deficiencies in phosphorus,
an essential macronutrient for plants, can have negative effects. Our target was to determine
the mitigation effect of local AMF inoculum on the growth and metabolic activity of Zea mays
at different phosphorus levels (from 0 to 120mg P kg ™' soil). Phosphorus deficiency disturbed
physiological performance; however, AMF mitigated associated negative effects, enhanced dry
weight significantly (P< 0.05), and increased P and alkaline phosphatase levels in calcareous
soil compared with non-inoculated controls. The maximum H*-ATPase activity was 28.13umoL
Pi'ng P"'min in the leaves of Z. mays in AMF-inoculated soil treated with 60mg P kg™' soil.
AMF enhanced the activities of the antioxidant enzymes superoxide dismutase, catalase,
ascorbate peroxidase, and glutathione reductase together with their substrates glutathione and
ascorbic acid, with concurrent reductions in lipid peroxidation and hydrogen peroxide content.
The highest mycorrhizal colonization (88%) was recorded in maize grown with 60 mg P kg™
soil. Established data on morphological characteristics revealed that the local AMF isolates
contained four native spores related to the genera Glomus, Acaulospora, Scutellospora, and
Entrophospora. Analysis of genetic material confirmed that the spores were related to Glomus
mosseae and Acaulospora spinose. These findings demonstrate that root colonization via
local AMF inoculum could ameliorate phosphorus deficiency in calcareous soils from the
northwestern coast of Egypt.

Keywords: Alkaline phosphatase, AMF, Antioxidants, Calcareous soil, DNA, Lipid
Peroxidation, Zea mays.

Introduction

Under the Egyptian National Project for the
Reclamation and Development of 1.5 million
Feddans, which started in 2016, attention has
been focused on the southwestern coast of
Egypt, in the Nubaria and Borg El-Arab regions.
According to Ministry of Agriculture estimations,
calcareous soils constitute 25%—-30% of the total
area of Egypt. The highly calcareous soils in the

northwestern coastal zone offer great possibilities
for land reclamation and development to help
solve the problem of food production shortages
given the available rainfall in that area (Taalab et
al., 2019).

Maize (Zea mays L.) is one of the most
important cereal crops grown principally during
the summer season in Egypt. It ranks third among
cereal crops in Egypt after wheat and rice, both
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in terms of area and production (Khaffagy et al.,
2020). Maize is also important in the national
economy of Egypt as it is a multipurpose crop;
it provides human food, poultry and animal feed,
raw materials for some industries (such as the
starch industry), and is used in the preparation
of other products. Maize bread is a staple food in
most urban and rural areas of Egypt (Mohamed,
2020). In 2018, the total cultivated area of maize
was about 2.5 million Feddans (Agricultural
Statistics, 2019). Its production is predicted to
increase by 161 million tons to 1.2 billion tons by
2027 (OECD-FAO, 2018).

Phosphorus (P) is one of the 17 essential
nutrients required for plant growth and function;
it forms an integral part of the chemical structures
of adenosine triphosphate, phospholipids, and
nucleic acids. It is required in regulatory metabolic
pathways, including energy transfer, amino acid
synthesis, and protein activation (Dixon et al.,
2020).

Phosphorus is  the least accessible
macronutrient and the most frequently deficient
nutrient in most agricultural soils because of its
low bioavailability, especially in calcareous soil.
The low availability of P to plants is attributed to
the fact that the bulk of soil P is present in non-
soluble forms, and plants take up only soluble
forms of P, i.e., monobasic (H,PO,”) and/or
dibasic (HPO,*) forms (Kalayu, 2019).

Plant roots have a high degree of phenotypic
plasticity and their morphology is affected by
numerous factors, including soil microorganisms,
which play an important role in mediating the
forms of P available to plant roots. Phosphate-
solubilizing microorganisms prevail in soils;
these microorganisms exude phosphatases and
organic acids, which facilitate the conversion
of unavailable forms of P into available forms
(Kalayu, 2019). Phosphatases are good indicators
of soil fertility; they play a vital role in soil
structure and are responsible for the production of
anhydrides of phosphoric acid and the hydrolysis
of esters, which increases P availability for plants
(Cardoso et al., 2013).

To overcome P deficiency, about 80% of
plant species establish symbioses with arbuscular
mycorrhizal fungi (AMF) (Andrino et al., 2021).
AMF are among the most important endophytic
fungi that form arbuscular mycorrhizas with plant

Egypt. J. Bot. 62, No. 1 (2022)

roots. AMF can absorb mineral nutrients for plant
partners through extensive networks of hyphae
in the soil in exchange for photosynthates and
lipids (Wu et al., 2019). Among AMF, Glomus
spp. (local isolates) have been recorded in many
agricultural soils. These fungi play a clear role
in protecting plants from stress and the harmful
effects of pollution (Huang et al., 2020).

AMF have the potential to improve soil
characteristics, thereby promoting plant growth in
normal and stressful environments and enhancing
plant tolerance of biotic and/or abiotic stresses
(Hashem et al., 2018). AMF perform critical
roles in osmatic adjustment, improve respiration,
increase photosynthetic efficiency, and regulate
the hydraulic conductance of roots (Sharma et al.,
2017).

Phosphorus deficiency can negatively impact
plant development and severe deficiency can
lead to death. Such deficiencies can impact
plant metabolic processes, which may trigger
oxidative stress and the production of harmful
reactive oxygen species (ROS), including
superoxide anions (O,"), singlet oxygen ('O,),
hydroxyl radicals (HO"), and hydrogen peroxide
(H,0,) (Hashem et al., 2018). If not scavenged,
these ROS can easily damage the functional
and structural integrity of many important
macromolecules, including proteins, enzymes,
phospholipids, and nucleic acids (Dixon et al.,
2020). To counteract these harmful effects and
exert close control over ROS production, plants
utilize enzymes, including superoxide dismutase
(SOD), catalase (CAT), ascorbate peroxidase
(APX), and glutathione reductase (GR), together
with their non-enzymatic substrates glutathione
(GSH) and ascorbic acid (AA), in antioxidant
defense systems. These defense systems catalyze
redox reactions, which control levels of ROS in
cell membranes and prevent lipid peroxidation
(Miret & Munné-Bosch, 2015). H*-ATPase, a
“master enzyme” of the plant plasma membrane,
is involved in the correlation between nutrient
uptake and environmental stresses. Its activity is
closely linked with various essential processes
related to plant growth and development,
including cellular expansion, ion uptake and
homeostasis, changes in intracellular pH, and
stomatal responses (Liu et al., 2016).

Due to the increasing Egyptian population,
the need to produce larger quantities of quality
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cereals is currently an emergent challenge. Thus,
optimization of the use of P fertilizer is becoming
a significant topic for study. There is also a need
for extensive and consistent efforts to increase
cereal cultivation particularly along the coast
of Egypt, where the soils are calcareous. Thus,
the present study was conducted to evaluate
the influence of selected local isolates of AMF
inoculum (containing Glomus mosseae and
Acaulospora spinose) on the growth, physiological
performance, and biochemical attributes of maize
plants and the protective role of AMF colonization
against the deleterious effects of low P availability
in calcareous soil.

Materials and Methods

Soil sampling, analysis, and preparation

Samples of calcareous soil were collected from
the northwestern coastal region of Alexandria, in
Borg El-Arab city, Egypt. Soils were mixed in a
large container, air-dried, ground, and then bulked
up to obtain composite samples. The chemical and
biological properties of the soil were determined at
the Soil Testing Laboratory, Faculty of Agriculture,
Alexandria University, Egypt. The chemical
properties of the soil are outlined in Table 1.

TABLE 1. Biological and chemical properties of soil
used in this study

Soluble cations & anions (meq/L) in soil

paste
E.C (dS/m) in soil paste 1.1
Ca> 3.0
Mg 0.1
Na* 11
K* 1.3
HCO, 4.4
Cr 0.4
SO, 0.7
Number of spore (spore/gm soil) 200
pH 8.55
Available phosphorus (mg/kg) 7.00
Available potassium (mg/kg) 240
Available nitrogen (mg/kg)
NH,"-N 119
NO,-N 119
Total carbonate % 32,5
Organic matter/. 0.82

Isolation of AMF spores and inoculum preparation
Spores were isolated from soil using wet

filtering and decanting techniques according to
Pacioni (1992). The AMF spores were multiplied
on onion roots grown in sterilized calcareous soil
for 45 d. Soil samples containing hyphae, spores,
and root residue were dried in air for use as a
source of AMF spores (inoculum). Inoculum was
analyzed based on the number of spores per g of
air-dried soil.

Plant cultivation and experimental design

The pure grain variety of Z. mays L. cv Sakha
131 was kindly provided by the Agricultural
Research Center, Ministry of Agriculture, Giza,
Egypt. Maize grains were carefully chosen for
viability and homogeneity of size and form.
Grains were sterilized by immersion in sodium
hypochloride (1% available chlorine) for 10min,
then washed several times with sterilized water.
The experiment was conducted in a greenhouse
under normal light intensity, a temperature of about
30°C+2°C, a cycle of 14/10h light/dark, and 85%
relative air humidity.

Experiments were conducted in 40 plastic
pots with three holes each at the bottom that were
covered with two layers of filter paper before the
pots were filled with prepared calcareous soil.
Seven maize grains were sown in each pot and left
to germinate for 7 d, then the plants were thinned
to four seedlings. A completely randomized block
design with four replicates for each treatment was
used. The experiment combined two treatments:
a non-mycorrhizal control and Glomus mosseae
and Acaulospora spinose inoculated at five P
levels (0, 15, 30, 60, and 120mg P kg ' soil, added
as KH,PO,). The soil was sterilized at a high
temperature to ensure elimination of AMF, and the
same quantity of soil was used for each treatment.
AMF inoculation was achieved by thoroughly
mixing 50 g of inoculum consisting of sand, spores,
hyphal fragments, and pieces of mycorrhizal roots
with the soil in each pot.

Plants were given 250mL of half-strength
Hoagland solution (Hoagland & Arnon, 1950) per
pot every week and 100mL distilled water per pot
every 2 d. After45 d, Z. mays plants were harvested.
Two plants from each pot were used to determine
fresh and dry weights and the other two were used
to measure physiological parameters. Fresh roots
and shoots were harvested separately. Dry weights
were obtained by drying samples at 70°C in an
oven until they reached a constant weight.
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Half of the root samples were used to determine
the mycorrhizal colonization percentage. The
collected samples were rinsed thoroughly in
running water, cut into 1 cm pieces, then stained
with Trypan blue according to Phillips & Hayman
(1970). Stained root segments were examined
using a digital computerized microscope (model
DP-72, Olympus) at 20x magnification.

Percentage root colonization was determined
using the following equation:

1o of root segments colonized ;

Mycorrhizal colonization %=
no of root segments observed

Physiological parameters and plant analyses

Determination of phosphorus

Phosphorus was estimated using vanadium
phosphomolybdate method by digestion with an
acid mixture (di-acid or tri-acid). Phosphorus
content of plant sample is converted into
orthophosphate according to (United state
Environmental Protection Agency, EPA, 1983).

Oxidative damage signals

Lipid peroxidation expressed as the amount
of malondialdehyde (MDA) produced by the
thioburbituric acid (TBA) reaction (Wang et al.,
2009). Hydrogen peroxide production decided
according to Velikova et al. (2000).

Estimation of alkaline phosphatase activity, ALP
(EC3.1.3.1)

Plant sample (5.0g fresh weight) were broken
using a frozen mortar with acid - washed sand and
20mL of chilled 0.05M sodium carbonate buffer (pH
10). Filter the homogenate through dual levels of
cheesecloth then centrifuged at 20.000g for 20min.
The supernatant was used as the source of the crude
enzyme. Alkaline phosphatase activity assayed
using modified method described by Bowers &
McComb (1966).

Estimation of H*- ATPase activity (EC 3. 6.
1.35)

Plasma membranes  separated from maize
plant (roots or leaves) as modified method for high
purity plasma membrane isolation by Faraday &
Spanswick (1992). H'-ATPase activity assessed
according to the method described by Wu &Seliskar
(1998).

Estimation of antioxidant enzymes activity
Enzyme extract for superoxide dismutase
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(SOD, EC 1.15.1.1) activity was prepared from
sample of fresh shoots or roots (1g), homogenized
in 8mL potassium phosphate buffer (50mM,
pH 7.8) containing 0.1 mM Na, EDTA and 1%
polyvinylpyrrolidone (PVP) with a chilled pestle
and mortar. The homogenate centrifuged at 20.000
xg for 20min. The supernatant used for SOD assay
following the method of Beyer & Fridovich (1987).

Preparation of enzyme extract for estimation
catalase, ascorbate peroxidase and glutathione
reductase activities were determined as described
by Gossett et al. (1994); samples homogenate,
centrifuged at 10.000g for 10min at 4°C and
supernatants were collected.  Catalase (CAT,
EC1.16.1.6)activity assessed by determiningtherate
of H,O, disappearance using spectrophotometer at
25°C (Patterson et al., 1984). Ascorbate peroxidase
(APX, EC 1.11.1.11) activity assayed as described
by Nakano & Asada (1981). Glutathione reductase
(GR, EC 1.8.1.7) activity calculated by method of
Smith et al. (1988).

Estimation of non-enzymatic antioxidants

Samples of approximately 0.1g leaf fresh
weight were extracted by grinding in liquid
nitrogen and 1ml of 5% (w/v) trichloroacetic acid
was added. Centrifuged at 12.000 xg for 10min
at 4°C, the supernatant used for determination
the water-soluble antioxidant contents (GSH and
AA content). Reduced AA and oxidized DHA
was determined according to Pinto et al. (1999).
Reduced GSH and oxidized GSSG glutathione
levels decided according to Griffith (1980).

Identification of AMF spores

Morphological identification of spores was
carried out according to Walker & Schiiller (2004)
and culture database established by International
Culture Collection of Arbuscular Mycorrhizal
Fungi (INVAM, 2014).

Molecular  identification  of  arbuscular
mycorrhizal fungi

A preliminary rough molecular characterization
of AMF inoculum (propagules) using as a first step
the genus specific primers VAGLO, and VAACAU
in conjunction with VANS1 (Simon et al.,, 1993)
using to confirm the morphological identification
of local AMF inoculum. Genomic DNA extracted
from spores of AMF using SDS/CTAB lysis
protocol and phenol /chloroform extraction method.
The extracted DNA was purified by Gene JET
Genomic DNA Purification kit. PCR amplification
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reactions were performed with VAACAU primer
(5’-TGATTCACCAATGGGAAACCC-37)
and VAGLO primer
(5’-CAAGGGAATCGGTTGCCCGAT-3") which
as specific to the arbuscular mycorrhiza (SchiiB3ler et
al, 2001). VAACAU primer is considered specific
to classify AM belonging to the Enterophospora
or Acaulospora whereas, VAGLO primer used to
detect AM belonging to Glomus, Gigaspora and
Scutellospora. PCR was carried out using 25ng
of genomic DNA and 0.5 pM of each primer
(there is no primer paring) add to the master mix
(DreamTaq Green PCR Master Mix (2X), K1081)
to final volume of 25uL. The cycling profile was
as follows: 35 amplification cycles at 94°C for
60sec, 50°C for 45min and 72°C for 1min go along
by a final extension step, 10 min at 72°C in the
thermocycler (Creacon, Holand). PCR products
of SSU rRNA gene were run on a 1.5% agarose
gel at 80V for 100min and imagined by staining
with ethidium bromide (Simon et al, 1993).
PCR amplified product of interest was excised
from gel and was purified by using gel extraction
kit (PROMEGA, USA). After purification,
PCR product was sequenced using sequencing
primers (specific primer for each amplicon) on
an ABI PRISM 3730 x | DNA Analyzer System
at Macrogen (Seoul, Korea). Sequence data were
supported in CLUSTAL W (1.8) program. The
DNA sequences generated from the sample was
compared to sequence in the public database using
basic local alignment search tool (BLAST) on
the national center for biotechnology information
(NCBI) website. Homology of the sequence of the
isolate was analyzed by using BLAST program
(Thompson et al., 1997).

Statistical analysis

Statistical analyses were conducted according
to Duncan’s multiple range tests. Data were
analyzed by two-way ANOVA and the LSD at P<
0.01 was established after system of Sokal & Rohlf
(1995).

Results

The chemical and biological properties of
soil were recorded; the soil pH was 8.55 and the
electrical conductivity of soil paste was 1.1 dS/m.
The levels of available soluble cations (Ca*", Mg*’,
and K*) and anions (HCO,,, CI', and SO,’) in the
soil as well as soil organic matter were recorded
(Table 1).

Effect of AMF on growth of Z. mays plants

The effects of both external P levels and local
AMF inoculum (G. mosseae and A. spinosa) on
the growth of Z. mays plants, as measured in
terms of plant height and shoot and root traits,
are shown in Table 2. The highest value for
each parameter was detected in the presence
and absence of mycorrhizal treatments for all P
treatments.

The highest values of these parameters were
recorded in the presence of 60 and 120 mg P kg™
in both mycorrhizal treatments. A reduction all
values was recorded at phosphate levels below 60
mg P kg™'. All tested traits showed higher values
in mycorrhizal plants than in the corresponding
controls at all P levels tested. Application of
local isolates AMF inoculum (G. mosseae and
A. spinosa) under P deficiency resulted in a 20%
and 26% increase in root and shoot dry weight,
respectively.

P treatment caused a gradual decrease in root/
shoot ratio dependent on P concentration. This
ratio decreased with increasing P concentrations,
reaching 0.81 at P deficiency and 0.58 at 60 mg
P kg'. Insignificant differences in root/shoot
ratios between different P treatments and their
corresponding controls were recorded, indicating
that under P stress the root system of Z. mays
spreads out in the soil.

Colonization with AMF

As shown in Fig. 1, there was an
approximately =~ constant  percentage  of
mycorrhizal root colonization (about 29%-31%)
in maize plants under P treatments without
external mycorrhizal inoculation. The highest
percentage of mycorrhizal root colonization was
about 88% in inoculated plants at 60mg P kg™'.
As the P concentration increased to 120mg K™,
the colonization percentage decreased by about
31%.

Effects of AMF on the status of the biochemical
reactions of Z. mays

In general, maize H*-ATPase activity was
higher in leaves than in roots under all treatment
conditions. Under P deficiency and mycorrhizal
treatment, maize leaves exhibited 1.2-fold
higher H'-ATPase activity than roots. Under P
sufficiency and mycorrhizal treatment, maize
leaves exhibited 1.4-fold higher H'—ATPase
activity than roots.

Egypt. J. Bot. 62, No. 1 (2022)
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TABLE 2. Effect of five phosphorus levels (0, 15, 30, 60, and 120mg P kg™ soil) on plant height (cm), fresh weight (g
plant?) and dry weight (g plant™) of Zea mays plant in presence (+M) and absence (-M) of mycorrhizal

inoculum

Plant Fresh wei_lght Dry Weig_lht
Treatments height (g plant) (g plant’)

(cm) Shoot Root Shoot Root

system system system system

-P-M 20.67 +1.274 6.511+0.248 4.11%0.291 1.55+0.115 1.31=:0.114
+P+M 20.83+1.305 8.04¢+0.438 4.33+0.379 1.95%0.217 1.57%+0.295
+15mg P kg! soil-M 23.839+0.572 11.5440.435 5.85£0200 2.68%+(.324 1.76%0.242
+15mg P kg! soil+M 24.339+40.281 11.90+0.200 6.76£0.226 2.57°+0.268 1.83%+0.266
+30mg P kg! soil-M 24.834+0.285 14.34°+0.485 9.73°+0.580 3.19%4+0.493 2.00 ©+0.382
+30mg P kg! soil+M 25.50°+0.791 15.224+£0.621 9.02¢+0.531 3.41¢+0.501 2.32¢4£0.487
+60mg P kg! soil-M 26.33°+0.563 18.15°+0.637 10.07°+0.527 4.29+0.4334 2.45+0.392
+60 mg P kg'! soil+M  28.00°+ 0.432 20.90*+0.406 10.812+0.440 4.91+0.284 2.83*%+£0.276
+120mg P kg™' soil-M 31.00°+1.216 23.19%+ 0.477 11.312+0.252 5.12*4+0.355 2.95*%+0.168
+120mg P kg!' soil+M  31.17°+0.175 23.70°+0624 11.40°+0529 5.35%:0.132 3.07*+ 0.061

Data are the means of four replicates (+SD).

Means indexed by the same superscript are not significantly different from control as evaluated by Duncan’s multiple comparison test.
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Fig. 1. Effect of phosphorus levels on root

colonization percentage of Zea mays plant
in presence (+M) and absence (-M) of
mycorrhizal inoculum [Data are the means
of four replicates (+SD). Means indexed by the
same superscript are not significantly different
from control as evaluated by Duncan’s multiple

comparison test]

With AMF inoculation, H'—ATPase activity
was higher than in the corresponding controls.
The H*-ATPase activity in maize leaves at 0 and
60 mg P kg™! was significantly increased by about
28.4% and 18.7%, respectively, compared to
controls. The corresponding values for roots were
15.9% and 30.7%, respectively (Fig. 2).

Effects of AMF on the P content and alkaline

phosphatase activity of Z.mays
Under control conditions at all P concentrations,
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maize showed higher P content in its roots than
its shoots. As the concentration of P increased,
intracellular P was significantly increased in the
root and shoot systems in the presence and absence
of AMP (Fig. 3A).

N Leaves B Roots

100 4 ;
90 4 a
£ 80 b
sEn
]
8% 60 . b
g5 50
é’% n{ ¢ 4 ¢
g £ 304
iy,
10 -
0 4
P-M- P+M- -M M
Control 60 mg P kg™ soil
Treatments

Fig. 2. Effect of P-sufficient (60 mg P kg' soil) and
P-deficient (0mg P kg' soil) conditions on
activity of H+-ATPase (umol Pi'ngP'min)
of Zea mays grown in calcareous soils in
the presence (+M) and absence (-M) of
mycorrhizal inoculum [Data are the means
of four replicates (+SD). Means indexed by the
same superscript are not significantly different
from control as evaluated by Duncan’s multiple

comparison test]
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The influence of phosphate fertilization
on alkaline phosphatase (ALP) activity was
investigated as a prospective indicator of efficiency
of AMF symbiosis. In general, inoculated plants
exhibited higher ALP activity than control plants
regardless of P availability. Under P deficiency, ALP
activity in the leaves and roots of non-mycorrhizal
plants reduced by 12.2% and 11.1%, respectively,
compared to mycorrhizal plants (Fig. 3B). The
ALP activity in mycorrhizal roots at 60 mg P kg™
was 2.6-fold higher than that under P deficiency.
Maize exhibited elevated ALP activity in the roots
compared to the leaves at all P concentrations
studied.
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Fig. 3. Effect of different phosphorus levels on
phosphorus contents (mg g' DW) and
alkaline phosphatase activity (ALP), pmol
PnP released gm™' F.W. of Zea mays plant
grown in calcareous soils in the presence
(+M) and absence (-M) of mycorrhizal
inoculum [Data are the means of four replicates
(£SD). Means indexed by the same superscript
are not significantly different from control]

Effects of AMF on oxidative damage signals in Z.
mays

Oxidative damage was measured based on
MDA content, and was higher in non-inoculated

than inoculated plants at all P levels. Results also
indicated that P deficiency caused a significant
increase in MDA content (Fig. 4A). The MDA
level was decreased significantly by increasing
P concentration; at 60mg P kg'', mycorrhizal
treatment led to 44.4% and 53.7% decreases in
MDA content in leaves and roots, respectively,
compared to 30mg P kg™'.

Analysis of the production of H,O, in maize
leaves and roots (Fig. 4B) showed that mycorrhizal
plants exhibited lower production of H,O, than
non-mycorrhizal plants. Under P deficiency,
mycorrhizal maize leaves exhibited a 26% decrease
in H,O, production compared to controls. At 30mg
P kg', the H,O, content in mycorrhizal leaves and
roots was decreased by 37% and 35%, respectively,
relative to controls. Hydrogen peroxide production
was significantly decreased as P increased to 60
or 120 mg P kg™ with a particularly remarkable
decrease in mycorrhizal plants (Fig. 4B).
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Fig. 4. Effect of different phosphorus levels on (A)
Malondialdehyde (MDA) concentrations
and (B) Hydrogen peroxide (umole g' FW)
production of Zea mays plant grown in
calcareous soils in the presence (+M) and
absence (-M) of mycorrhizal inoculum
[Data are the means of four replicates (£SD).
Means indexed by the same superscript are not
significantly different from control as evaluated by
Duncan’s multiple comparison test]
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Effects of AMF on the activity of antioxidant
enzymes in Z. mays

The SOD activity in both the roots and leaves
of inoculated plants was significantly higher than
that in non-inoculated plants under P deficiency.
Mycorrhizal treatment under P deficiency
decreased SOD activity by 12.4% and 7.0% in
Z. mays roots and leaves, respectively, compared
to corresponding controls. Meanwhile, the leaves
and roots of non-inoculated plants exhibited
higher SOD activity than those of inoculated
plants under moderate or sufficient P conditions
(Fig. 5A).

Significant reductions in the SOD activity
of maize roots and leaves were associated with
increased P concentrations. SOD activity in
mycorrhizal maize leaves was significantly
decreased by about 14% and 37% at 15 and
30mg P kg!, respectively, compared to that in
P-deficient plants. The same trend was observed
for mycorrhizal maize roots, in which the
corresponding values were 26.6% and 60.8%,
respectively. The SOD activity of non-mycorrhizal
leaves and roots decreased with the addition of P
to the soil. The percentage decrease in the SOD
activity of inoculated plants was clearly higher
than that in non-inoculated plants.

The CAT activity of non-inoculated maize
was lower than that of inoculated plants under
sufficient P conditions. Under P stress, the CAT
activity of inoculated plants was low compared
to that of non-inoculated plants. At all studied
P concentrations, CAT activity in both roots
and leaves showed insignificant differences
between mycorrhizal treatments. At the lowest
and moderate P concentrations used, the CAT
activities of mycorrhizal Z. mays leaves were
1.1-fold higher than those of the corresponding
controls. Also, at high P concentrations (60 and
120mg P kg™"), CAT activities were about 1.1- and
1.2-fold higher than those of the corresponding
controls. CAT activity in leaves decreased
significantly with increasing P concentrations
under both mycorrhizal treatments. This decrease
in activity was observed even at the maximum P
level used in non-mycorrhizal plants. The lowest
CAT activity was found at 60 and 120mg P kg™ in
mycorrhizal plants (Fig. 5B).

APX activity was always higher in inoculated

than in non-inoculated maize roots and leaves.
In mycorrhizal plants, APX activity was lower

Egypt. J. Bot. 62, No. 1 (2022)

in roots than in leaves at all P levels. Phosphorus
stress increased the APX activity of leaves in the
presence and absence of mycorrhizal treatments
compared with sufficient P conditions (Fig. 5C).
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(CAT), (C) Ascorbate peroxidase (APX)
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Zea mays plant grown in calcareous soils
in the presence (+M) and absence (-M) of
mycorrhizal inoculum [Data are the means
of four replicates (£SD). Means indexed by the
same superscript are not significantly different
from control as evaluated by Duncan’s multiple
comparison test.]

Under P deficiency, APX activities in the
roots and leaves of inoculated plants decreased
by about 95% and 6%, respectively, compared to
corresponding controls. Treatment with 15 and
30mg P kg' decreased APX activity significantly
in both roots and leaves by different degrees (Fig.
5C). APX activity sharply decreased when maize
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plants were supplemented with sufficient P under
both mycorrhizal treatments.

GR activity was higher in inoculated than in
non-inoculated maize at all P levels used (Fig.
5D). GR activity in the leaves of maize plants
under mycorrhizal treatment and P deficiency was
7% higher than in non-mycorrhizal treatment.
GR activity was highest under P deficiency, but
a significant decline in GR activity was observed
as P concentrations increased. With mycorrhizal
treatment, GR activity in the roots of maize at 15
and 30mg P kg™ increased by about 7% and 9%,
respectively, relative to corresponding controls
(Fig. 5D). At the highest P concentration used, GR
activity decreased by about 61% in mycorrhizal
maize leaves relative to P-deficient leaves. These
values were 50% and 53% in the roots of inoculated
and non-inoculated plants, respectively.

Effects of AMF on the non-enzymatic antioxidant
status of Z. mays

GSH content in plant leaves and roots decreased
as P concentrations increased in the presence and
absence of mycorrhizal treatments. At all P levels
tested, GSH contents were higher in non-inoculated
plants than in inoculated plants. Under P deficiency,
GSH accounted for 68.8% and 56.6% of the total
glutathione pool in leaves and roots, respectively,
in non-mycorrhizal maize. The corresponding
values at P sufficiency were 50% and 38.5% (Fig.
6A). The concentration of GSSG remained largely
unchanged in both mycorrhizal treatments (Fig.
6B). The ratio GHS/GSSG (redox state) decreased
with increasing P levels, but the rate of increase in
both leaves and roots in non-inoculated plants was
greater than that in inoculated plants (Fig. 6C).

Contents of ascorbic acid in its reduced (AA)
and oxidized (DHA) forms as well as the AA/DHA
ratio of maize at all P levels in the presence and
absence of AMF are represented in Fig. 7A, B, and
C. Mycorrhizal maize leaves and roots contained
higher amounts of AA under P deficiency than
under P sufficiency. As P concentration increased,
AA content decreased in both leaves and roots
in the presence and absence of AMF. Under P
deficiency, AA accounted for 48.6% and 45.0%
of the total ascorbate pool of leaves and roots,
respectively, in non-mycorrhizal plants. The
equivalent values at P sufficiency were 32.8%
and 29.2%. Meanwhile, the DHA concentration
remained largely unchanged in maize leaves under
both mycorrhizal treatments (Fig. 7B). The ratio of

AA/DHA (redox state) decreased with increasing
P levels; the rate of increase in both the leaves and
roots of non-inoculated plants was greater than that
in AMF-inoculated plants.
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calcareous soils in the presence (+M) and
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[Data are the means of four replicates (£SD).
Means indexed by the same superscript are not
significantly different from control as evaluated by
Duncan’s multiple comparison test.]

Morphological and molecular identification of
AMF

Morphological variation among spores was
observed depending on the species. Four native
dominant AMF genera were separated from the
rhizosphere of Z. mays grown on calcareous
soils. Based on the morphological features of the
spores (size, color, and cell wall structure), these
genera were identified as Glomus, Acaulospora,
Scutellospora, and Entrophospora, belonging to
the families Glomaceae, Acaulosporaceae, and
Gigasporaceae, respectively (Fig. 8).
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C. Entrophospora sp.

Fig. 8. Different spors seperated from the calcareous
soil in Borg EL-Arab
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Molecular identification of family-specific
amplifications

Fungal identification using two taxon-specific
primers (VAACAU and VAGLO) generated two
different PCR products of 150 and 200 bp, which
corresponded to different AMF families. The
presence or absence of an amplified fragment
in the two separate amplification reactions
performed could be used to discriminate between
Glomaceae, Acaulosporaceae, and Gigasporaceae.
Positive PCR results for Glomaceae and
Acaulosporaceac were obtained in the tested
sample. No PCR product bands were generated
for Gigasporaceae. Purified PCR products of
the expected size were sequenced with the same
primer (VAACAU, VAGLO) using an Applied
Biosystems 3730X-1DNA Analyzer (Fast Smack
Inc., Division DNA Synthesis, Kanagawa, Japan).

Sequence analysis of PCR products

A search for sequences similar to found in
the isolate was performed with the BLAST tool
(http://www.ncbi.nlm.nih.gov/webcite) provided
by GenBank. A homology sequence of the
isolate was analyzed using the BLAST program.
Sequences with high similarity and a wide
selection of AMF taxa, including representatives
of the major clades, were analyzed. The obtained
sequence of 184 bp scored 97% identity with
G. mosseae isolate BEG99. Meanwhile, the
sequence of 195 bp scored 97% identity with A.
spinose strain FO316.

Sequence of Acaulospora spinose

gataagtaat gtgaattgca gaattccgtg aatcatcaaa tctttgaacg caaattgcac 60
tctttggtat tccgaagagt atgettgett gagggttgtt caaataaatc gtaaattttt 120
tgeggacctg agttttaaaa ttttggtaac taaggtaacg attttaaatt taagttttcc 180
aatctttgaa aatgt 195

Sequence of Glomus mosseae

gtcacgggaa atcaaccttt tgagttcgtg ggtttgaaga gtttcaaage ctteggattt 60

gtgagattgg gatctcttgg tGaagtgtta tagectttgg tagatgtgat gtttgagacc 120

gaggattgea acggttacce ttcagggeta ttcgtctgat ctctgatacg ttgecttgat 180

sttg 184
Discussion

Phosphorus is a main constituent element of
many biologically important compounds, such
as nucleic acids and phospholipids. It is also
required for photosynthesis, energy storage and
transfer, carbohydrate transport, and regulation of
the activity of some enzymes (Dixon et al., 2020).
AMF symbiosis is a stoichiometric relationship
between the roots of vascular plants and fungi
of the phylum Glomeromycota. A key feature
of this symbiosis is bidirectional exchange of
carbohydrates and nutrients, whereby phosphates
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and possibly other nutrients are transported
through the fungal hyphae into plant roots
(Gaude et al., 2015). The data obtained in the
present study show a reduction in the maize
traits tested (height and fresh and dry weights of
shoots and roots) as phosphate levels decreased.
This may be due to iron deficiency in calcareous
soils (Ferreira et al., 2019), as iron is important
in photosynthesis and carbohydrate synthesis.
Phosphorus stress causes a reduction in stomatal
conductance and non-stomatal limitations, which
leads to severely reduced leaf growth (Singh et
al., 2013). Phosphorus stress also increases root
biomass, which causes substantial alterations
in root morphology and architecture, including
total root system size and lateral root number and
length, leading to an altered root/shoot ratio (Li et
al., 2012).

We also noticed that values for the above traits
were higher in inoculated than in non-inoculated
plants, suggesting the formation of external
mycelium around maize roots by AMF, which
would increase the absorption and utilization of
phosphate. These results may support the theory
that AMF symbiosis evolved to balance nutrient
levels in both mycorrhizal fungi and plants
with mutualistic C, N, and P exchange. This is
because of the following findings: (a) At low
water potential, inoculated roots induced higher
hydraulic conductivity (Kapoor et al., 2008); (b)
Demand for transpiration is increased by higher
stomatal conductance (Sheng et al., 2008); (c)
AMEF accumulate solutes and improve osmotic
adjustment processes (Abdel Latef & Chaoxing,
2014). Therefore, mycorrhizal colonization
improves the ability of the host plant to use water
more efficiently.

In the present study, root/shoot ratios decreased
with increasing P concentrations. Mycorrhizal
treatment had no obvious effect on this trait. This
growth retardation in maize could partially be
ascribed to severely reduced leaf growth under
P stress, which is a result of diminished leaf
assimilates and translocation of photosynthetic
metabolites to the root system to prioritize root
growth. This improves the ability of stressed
plants to take up more P from the surrounding
environment in response to P stress. Our result
is comparable to the observations of Nguyen
& Stangoulis (2019), who reported differences
in root morphology and structure in two wheat
genotypes as a response to P deficiency. They

attributed these differences to changes in root/
shoot ratios.

Earlier studies revealed that AMF colonization
decreased in soils with high phosphate
concentrations (Kaeppler et al., 2000). Here, we
recorded highest colonization at 60mg p kg,
and then significantly reduced colonization at
120mg p kg'. Therefore, the amount of available
phosphate could be the major factor influencing
mycorrhizal colonization in the calcareous soil
used in the current study. This result demonstrates
the inhibitory effect of P on AMF colonization of
maize roots at high P concentrations. It is possible
that plants are able to weigh up the costs of
providing assimilates to fungi vs. the benefits that
the fungi will provide (P supply) in a symbiotic
relationship; if the balance is unfavorable, then
formation of fungal colonization will be inhibited
in the plant roots. With a high exogenous
phosphate supply (120mg P kg'), maize
plants can obtain sufficient P directly from the
surrounding environment without the aid of fungi.
Under these conditions, it could be considered a
good strategy for the plant to conserve its own
energy by inhibiting AMF colonization. Breuillin
et al. (2010) reported that high P concentration
markedly inhibits symbiotic P transporters and
some symbiosis-linked genes, and concluded that
P transporters and the effect of high P levels may
participate, at least in part, in some overlapping
plant processes.

The data in the present study indicate that
P levels in maize plants (shoots and roots)
under both mycorrhizal treatments increased
significantly when P was applied to the soil.
Higher uptake of P was recorded in mycorrhizal
maize compared to the control. This may be
ascribed to the release of inorganic phosphate
from AMF to plant root tissues causing high
phosphatase activity (Fig. 2), which eventually
leads to enhanced growth rates (Table 2). Smith
et al. (2011) explained that improvements in the
stress tolerance of mycorrhizal maize plant come
from direct phosphorus supply by external fungal
hyphae, enhanced nutrient status, and improved
antioxidant levels in plants. After mycorrhizal
colonization of plant roots, ALP is usually present,
and this is an indicator of the symbiotic efficiency
of root colonization (Hu et al., 2015).

The present results reveal that the activities of
ALP were higher in mycorrhizal maize compared
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with non-mycorrhizal maize at the P levels
examined. Given that ALP activity increased
as the concentration of P increased, it may be
concluded that ALP participates in some way in
P assimilation by AMF, which ultimately results
in an enhanced growth response in Z. mays.
Abdel-Fattah et al. (2014) recorded higher ALP
activities in mycorrhizal root extracts than in non-
mycorrhizal root extracts when soybean plants
were grown either in the presence of absence of P.

Plasma membrane H'-ATPase plays an
essential role in plant responses to nutrient
and environmental stresses. Nutrient transport
through the plant cell membrane is driven by
an electrochemical proton gradient, which is
established by the plasma membrane H'-ATPase
proton pump (Wang etal.,2014). The present study
shows that plants inoculated with G. mosseae and
A. spinosa exhibited better H'-ATPase activity
than non-inoculated plants. Lower H*-ATPase
activity under P starvation may be explained by
the fact that P is a key factor in plasma membrane
H*-ATPase, where it enhances nutrient uptake
and transport and thereby increases growth. We
propose that nutrient uptake and H*-ATPase
activity are closely associated in maize. Smith &
Read (2008) reported that H*-ATPases facilitate
active P uptake by activating plant membranes
surrounding intracellular fungal structures.

The peroxidation of phospholipids in plant
plasma membranes leads to the production of
MDA, which affects most physiological processes
that are associated with producing ROS under
stress conditions (Bernstein et al., 2010). The
present results indicate that P deficiency led
to significant increases in the MDA content of
maize (leaves and roots) due to oxidative damage.
This can pose a threat to cells by affecting cell
membrane permeability and integrity. The data
also indicate that inoculation with AMF under P
deficiency decreased MDA content. We suggested
that AMF symbiosis could ameliorate the negative
effects of P deficiency in maize and improve
membrane stability by enhancing P uptake and
increasing antioxidant production. Beltrano et al.
(2013) reported an increase in the cell membrane
integrity of pepper with AMF treatments under
low P levels and salinity stress.

Hydrogen peroxide is continuously produced

as a product of oxidative metabolism during
plant anabolism. It plays a role in the regulation
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of plant metabolism and cellular signaling in
response to environmental stresses (Slesak et al.,
2007). The present data shows that H,O, levels
were increased by P stress both in the presence
and absence of mycorrhizal treatments, but were
significantly higher in the absence of mycorrhizal
treatment. This shows that AMF can lower plant
membrane permeability, alleviate damage to
the cell membrane caused by P stress, improve
uptake of mineral nutrients from the soil under
phosphorus stress, and reduce adverse stress
responses. Our results also showed a correlation
between CAT activity and the production of
H,O, and MDA in maize plants under P stress,
indicating enhancement of oxidative stress. H,0,
levels were lower in roots than in leaves under
all treatments, which implies that the antioxidant
mechanism of Z. mays roots quenches H,0O, more
efficiently. Yang et al. (2015) recorded higher
H,O, production in non-mycorrhizal Robinia
pseudoacacia L. plants than in mycorrhizal plants.

Oxidative stress modifies the activity of
antioxidant enzymes, which reflects a strategy
for overcoming deleterious effects in plants
subjected to salt stress (Ahmad et al., 2010). The
current study shows elevated SOD activity in
the leaves and roots of non-mycorrhizal Z. mays
plants compared to mycorrhizal plants under P
deficiency. This possibly reflects the capacity of
plants to scavenge superoxide radicals. Therefore,
SOD is important for tolerating P stress and
could be considered essential for mycorrhizal
colonization of maize plants grown in calcareous
soil. These results corroborate the observations
of Singh et al. (2018), who found enhanced SOD
activity under P deficiency in wheat (Triticum
aestivum L.) cultures. Singh (2015) reported that
SOD activity in non-mycorrhizal tomato plants
was higher than in mycorrhizal plants cultivated
under appropriate water levels. In contrast,
Giannakoula et al. (2010) found that SOD activity
in inoculated maize leaves was higher than in
non-inoculated leaves under phosphorus levels.

Similarly, CAT and APX are important for
detoxifying H,O, (Gill & Tuteja, 2010). The
results of the present study show that CAT
and APX activities in both roots and leaves
were significantly higher in inoculated than in
non-inoculated maize at the P levels tested. A
considerable decline in CAT activity was also
recorded with increasing P content in AMF-
treated plants. These results suggest that CAT and
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APX play an essential role in providing different
degrees of protection against oxidative stress
caused by P deficiency in maize. Induction of
SOD activity coincided with an increase in the
H,0,-scavenging activity of CAT and APX (Fig.
5). This is of special interest due to the increase
in H,O, production resulting from higher SOD
activity, necessitating a rise in the enzymatic
decomposition of H,O,. The increase in APX
activity of maize roots and leaves with P decrease
was lower than the increase in CAT activity,
suggesting that catalase is more efficient under the
prevailing experimental conditions. These results
agree with those of Singh (2015), who stated that
CAT activity in non-inoculated tomato plants
was lower than in inoculated plants. Rahmaty &
Khara (2011) reported a slight induction of APX
activity in inoculated maize roots compared to
non-inoculated roots. Kumar et al. (2009) stated
that transient induction of CAT and APX in maize
plants colonized with Piriformo spora indicates
a defense mechanism against stress during
symbiosis development.

GR is required for the reduction of GSSG to
GSH by NADPH (Ahmad et al., 2010). The results
of the current study show an increase in GR activity
in AMF-inoculated maize compared to non-
inoculated plants under P deficiency stress; this
increase may be connected to the preservation of
intracellular GSH required for scavenging H,O, in
the ascorbate-glutathione cycle. Jiang et al. (2016)
reported that GR activity was markedly higher
when Lonicera japonica plants were inoculated
with G. versiforme. Several studies have reported
that mycorrhizal association helps plants to
overcome the deleterious effects of high salinity
by improving the activity of antioxidant enzymes
(Hajiboland et al., 2010; Tian et al., 2013; Singh,
2015).

The oxidized form of GSSG is reduced to
GSH, which acts as an antioxidant agent (Shu
et al., 2011). AA is an important antioxidant that
gives an electron to APX for H,O, detoxification.
AA provides electrons to photosystem II in
the thylakoid membrane to protect the system
from damage when electron flow from water is
disturbed (Liu et al., 2007). The results obtained
in the present study suggest the function of GSH
and AA in the defense against P deficiency in
maize plants. This conclusion was based on the
following observations: (a) A greater increase in
glutathione pool concomitant with the formation

of GSSG in maize plants (leaves and roots)
when maize grown under P deficiency, (b) An
increase in GR activity resulting in stimulation of
GSH regeneration, leading to an increase in the
glutathione pool, (¢) Increases in AA concentration
in P-deficient maize (leaves and roots) could
result from increased synthesis of AA, and (d) AA
content was higher in maize inoculated with G.
mosseae and A. spinose than in non-inoculated
maize, while GSH was lower in AMF-inoculated
than in non-inoculated maize at the P levels tested.
The enhancement of AA contents in mycorrhizal
plants suggests that mycorrhizal colonization
helped to relieve oxidative stress in maize plants.
This result agrees with the findings of Jiang et al.
(2016), who observed higher AA contents and
lower GSH in inoculated mycorrhizal L. japonica
plants than in non-inoculated plants. Wu & Zou
(2009) reported higher AA and GSH contents in
the leaves and roots of mycorrhizal grafted citrus
trees than in non-mycorrhizal citrus trees under
drought stress. Kandlbinder et al. (2004) reported
that AA and GSH levels in Arabidopsis thaliana
leaves increased under P deficiency.

Conclusion

The results of the present study indicate that
local isolates of G. mosseae and A. spinose
could increase the tolerance of maize plants to
P deficiency. AMF colonization appeared to
have strongly synergistic effects on the ability
of maize to withstand P deficiency because
of morphological and architectural changes,
including alterations to the root/shoot ratio and
total biomass, as well as physiological changes
such as antioxidant production and membrane
transport by H'-ATPase; therefore, enhanced
nutrient uptake enabled the maize plants to
survive under P stress. AMF inoculation showed
promising effects in ameliorating the deleterious
effects of ROS metabolism in phosphate-stressed
maize plants, related mainly to increased activity
of certain antioxidant enzymes (SOD, CAT, APX,
and GR) and increased levels of non-enzymatic
antioxidants (GSH and AA) that provided
protection to maize cell membranes under P
deficiency by lowering MDA and ROS. This may
result in greater membrane stability, maintenance
of ion balance, and increased photochemical
reactions, which all enhance P stress tolerance
in maize plants grown in calcareous soil. This
study strongly suggests that local isolates of AMF
inoculum containing G. mosseae and A. spinosa
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are an effective and environmentally friendly
biofertilizer that could improve maize cultivation
in calcareous soils (Fig. 9).
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