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Studies have shown arbuscular mycorrhizal fungi (AMF) enhance phosphorus (P) uptake and drought
tolerance in maize (Zea mays L.) grown in semiarid soils. However, little is known regarding the
contribution of AMF to maize treated with different levels of phosphorus and grown in different soil
moisture levels. This study was conducted to determine the effects of AMF (Glomus fasciculatum)
inoculation on growth and P uptake of maize treated with different levels of soil P and soil moisture.
Different P levels (0, 50, and 100 kg P ha™) were applied on maize grown in soils with and without
mycorrhizal fungi, and at different moisture levels producing -0.05, -0.4, -0.8, and -1.5 MPa of drought
stress. Increasing P rates significantly (p < 0.05) reduced mycorrhizal colonization. Mycorrhizal
colonization was higher under moderate than under lower soil moisture levels. Drought stress x soil P
content x AMF inoculation interaction had significant (p < 0.05) effect on maize shoot and root dry
weight and tissue P concentration. Overall, results of this study suggest that mycorrhizal inoculation
enhances P uptake and maximizes maize biomass under low, moderate, and high soil moisture
conditions without P applications. Except for the lowest soil moisture level (-1.5 MPa), mycorrhizal
plants produced higher biomass, with greater tissue P content than nonmycorrhizal plants at all soil P
and soil moisture levels. These results indicate that establishing efficacious AMF with maize could be
an efficient alternative for growers than relying on P fertilizer application and its associated costs and
environmental concerns.
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INTRODUCTION
Low levels of available phosphorus (P) and moisture limit crop productivity in many arid and semi-arid regions of
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the world (Mumtaz et al, 2014). Depleted water
resources also negatively affect food production (Yang
and Zehnder, 2002). Crops may suffer drought conditions
in these areas, especially if dependent on rainfall.
Irrigation brings additional concerns, such as salinity
stress (Albacete et al., 2014). This situation is worsening
due to climate change (Chaves and Oliveira, 2004). In
many areas, drought is considered the most important
abiotic factor restricting plant productivity (Bray, 2004).
Any intervention improving drought tolerance will
contribute to greater crop production in these areas (Al-
Karaki et al., 2004), many of which are projected to
experience more drought in coming years (Calvo-Polanco
et al., 2016).

A number of studies have investigated mycorrhizal
fungi interactions as one way to improve drought
tolerance in plants (Xu et al., 2018; Li et al., 2019). Stahl
et al. (1998) have reported mycorrhizal big sagebrush
(Artemisia tridentata Nutt. ssp. wyomingensis) seedlings
had greater survival than non-mycorrhizal seedlings in
dry soil conditions. There is also increasing interest in
drought tolerance using crops colonized with mycorrhizae
(Calvo-Polanco et al., 2016). Al-karaki et al. (2004),
determined mycorrhizal inoculation improves growth,
yield and nutrient uptake in wheat plant and reduces the
effect of drought stress under field condition in semiarid
areas. Furthermore, the evidence is strong for the ability
of AMF to alleviate drought stress in different crops such
as wheat, barley, maize, soybean, strawberry, and onion
((Mena-Violante et al., 2006; Ruiz-Lozano et al., 2015;
Yooyongwech et al., 2016; Moradtalab et al., 2019).
Arbuscular mycorrhizal fungi (AMF) are known to
increase nutrient and water uptake by host plants
(Michelsen and Rosendahl, 1990; Manjunath and Habte,
1991; Allen, 2007; Birhane et al., 2012; Kayama and
Yamanaka, 2014) but disparate species and geographical
isolates of AMF differ in their ability to influence host plant
uptake of materials (Rajan et al., 2000; Cavallazzi et al.,
2007). The productivity of numerous crop plants grown in
soils inhabited with AM fungi have improved under
drought stress (Al-Karaki and Al-Raddad, 1997; Al-Karaki
and Clark, 1998). AMF increases drought tolerance, in
part, by enhancing P uptake (Wu and Zou, 2009b) in soils
with low available P (Huang et al.,, 1985; Nelsen and
Safir, 1982).

AMF tends to benefit plants greatest in soils with low P
and decreases under increasing soil P (Schubert and
Hayman, 1986; Koide and Li, 1990). Many other studies
have demonstrated the role of mycorrhizal fungi in plant
nutrition, particularly increased P uptake (Marschner and
Dell, 1994; Smith et al., 2003, 2011; Liu et al., 2014; Mai
et al.,, 2018; Ping et al.,, 2014). Koide (1991) found
mycorrhizal fungal colonization may decrease at
extremely high or low soil P concentrations. In addition,
high soil P levels may contribute to low rates or
suppressed mycorrhizal plant colonization (Koide, 1991).
Additionally, the ability to influence drought tolerance
varies with mycorrhizal fungus and host plant (Stahl and
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Smith, 1984). For example, inoculation of winter wheat
plants by G. fasciculatum increased drought tolerance,
while inoculation by G. mosseae did not (Allen and
Boosalis, 1983). The objective of this study is to examine
the influence of an isolate AMF (G. fasciculatum [Thaxter
sensu Gred.] Gerdemann & Trappe) from Egypt on
biomass production and tissue P concentration of maize
grown under a range of soil P content and soil moisture
levels.

MATERIALS AND METHODS

Hypotheses were tested in a greenhouse experiment conducted at
Omar Al-Mukhtar University-Albida- Libya. The experimental design
was completely randomized (CRD) and arranged in 2*3*4 factorial
design with three replications, resulting in a total of 72 pots. Three
experimental factors included two different levels of AMF
inoculation (0, and 350 g), 3 P application rate (0 [P deficient], 50 [P
practical], and 100 [P excess]), and 4 moisture regimes (-0.05, -0.4,
-0.8, and -1.5 MPa). The arbuscular mycorrhizal fungus used in this
study was an isolate of G. fasciculatum obtained from the Faculty of
Agriculture at Alexandria University, Alexandria, Egypt. The fungus
was isolated from an agricultural soil and included in this study to
improve productivity of agricultural plants in libyan soil. There have
been very few studies screening AMF symbionts for libyan
agriculture.

Soil and seed preparation

Soil used in this study was collected from a depth of 0-20 cm from
an agricultural field used for wheat production in Albida, Libya. The
soil was air dried and sieved through a 2 mm sieve. Chemical and
physical characteristics of the soil are shown in (Table 1). Soil
samples were analyzed for pH and electrical conductivity on 1:1
soil: water paste (Hesse, 1971). Soil was extracted with NaHCO;
for determination of available P (Olsen and Sommers, 1982) and
organic matter was measured by rapid oxidation (Walkley and
Black, 1934). Soil texture analysis was performed by the
hydrometer method (Gee and Bauder, 1986), nutrients were
determined in soil extraction. Soil was subsequently autoclaved at
121°C for 1 h to determine AMF in preparation for treatments
(Powell and Bagyaraj, 1984). Phosphorus was applied as triple
super phosphate (46% P,0s). The ‘Gold’ variety of maize seeds
was obtained from Alkufra Production Project-Libya. Seeds were
surface sterilized with bleach (10% sodium hypochlorite) for 3 min
and subsequently rinsed three times with deionized water.

AMF inoculum

The arbuscular mycorrhizal fungus (G. fasciculatum) inoculum was
supplied by the Faculty of Agriculture at Alexandria University,
Alexandria, Egypt. Initially, AMF inoculum was propagated and
increased on sorghum plants in the collected soil for three months
prior to the experiment according to procedures described by
Walker (1999). Prepared inoculum was composed of soil, spores,
extraradical hyphae and infected sorghum root fragments. For AMF
positive treatments, soil was added to pots until they were twol/third
filled; a layer of G. fasciculatum inoculum 2 cm deep was placed on
top of the soil and then covered with soil until the pot was full (~10
kg pasteurized soils on a dry weight basis). For non-mycorrhizal
treatments, the same procedure was followed except
nonmycorrhizal sorghum roots and soil were not added to pots at
the time of planting. Approximately 7 seeds were planted by hand
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Table 1. Physical and chemical characteristics of soil used in the experiment.

Cation-exchange Electrical Filed Soluble Cations Organic _ Calcium Exchangeable Cations
i o i Available P
pH Texture capacity conductivity capacity Ca Mg Na K Matter CARBONATE cCca Mg Na K
meq 100g~! soil dSm™?! % mg kg1 % mg L1 % meq 100g~!soil
7.9 Clay loam 55 0.129 32.36 21 058 0.1 0.23 2.73 10.9 20.53 35 107 39 54

over the inoculum and covered with soil. Three weeks after
emergence, seedlings were thinned to two per pot.

Irrigation of pots

Water was supplied daily, if needed, to ensure the soil
moisture level was maintained at field capacity until
seedling emergence, and before drought stress treatments
to promote normal growth and allow for AMF infection.
Drought stress treatments began three weeks after
planting. Soil moisture content was 32, 20.5, 18.8, and
15.9% when soil was exposed to tension of -0.05 MPa, -
0.4 MPa, -0.8 MPa, and -1.5 MPa, respectively. Water
content was maintained at the target levels by using a
Moisture Meter Type HH2 device daily and adding the
suitable volume of water. All treatments were maintained
under experimental soil moisture conditions in a
greenhouse for 8 weeks before harvesting. Plants were
grown at ambient temperature (25-35°C) in a greenhouse
and day/night cycle of 14-10 h.

Parameter measurements

Plants were harvested eleven weeks after emergence.
Shoots and roots were oven dried at (70°C for 48 h) and
then weighed. The presence of AMF infection was
determined visually by examining plant roots under a
microscope using the methods in (Phillips and Hayman,
1970). Root samples were carefully washed, cut into 1 cm
long segments, cleared in 10% KOH overnight, acidified in
10% HCI for 1 min, washed three times with water and
stained with 0.066% Trypan blue lactophenol. Ten 1 cm
long pieces of fine roots were randomly selected and
arranged parallel to each other on a microscope slide.
From each root sample, the mycorrhizal root colonization
was determined microscopically at 100X. Three vision
fields were (ca. 1 mm root segments) examined in each 1

cm root section; therefore, 30 field visions were examined
for each slide and the infection by AMF was recorded when
AMF hyphae, vesicles, or arbuscules were observed. The
percentage of infection was calculated as a ratio of the
infected to the total number observed. To determine plant
tissue P content, plant tissue samples were dried and
powdered. For P concentration, dried tissue of 200 mg was
digested in a HCIO3-H,0; (v/v 7:3) mixture for 20 min in a
closed chamber. Water was added (25 ml) to digest
samples. After extraction, the colorimetric method was
used to determine P concentrations spectrophotometrically
using the ascorbic acid method (Walsh and Beaton, 1973).

Statistical analysis

To determine interaction effects, three-way analysis of
variance was performed in the R statistical language
version 3.5.1 (R Core Team, 2018). AMF, phosphorus, and
irrigation were fixed factors. For data on AMF root
colonization rates, One-way ANOVA was conducted to
determine influence of water potential and P rate. Post-hoc
treatment comparisons were performed at alpha of 0.05
using Tukey comparison method.

RESULTS
Mycorrhizal colonization

Uninoculated maize plants did not developed
mycorrhizal root systems, but maize plants
inoculated with 350 g of AMF inoculum formed
arbuscular mycorrhizal root systems with between
39 and 75% of 1 cm root segments inhabited by
G. fasciculatum. No evidence of AMF were found
in the nonmycorrhizal treatments. Mycorrhiza

formation by AMF was significantly impacted (p <
0.05) by phosphorus fertilization and soil water
potential levels (Figures 1 and 2). Maize plants
receiving no fertilizer P had the highest AMF root
colonization (Figure 1). Plants grown in soil with P
added at 50 and 100 kg ha™ had lower mean AMF
colonization rates than unfertilized plants (Figure
1). Also, soil water content significantly (p < 0.05)
affected mycorrhiza formation with the highest
rate of root AMF colonization developing at
moderate soil water content (-0.4 MPa) (Figure 2).
The lowest AMF colonization rate was 74%,
observed in the most negative water tension
treatment (-1.5 MPa). However, statistical analysis
indicates no significant interaction between P and
soil moisture tension in the influence on AMF
colonization.

Plant growth
Shoot dry weight

Mycorrhizal maize plants produced more
aboveground biomass than non-mycorrhizal
plants at all P levels except 50 kg P ha™ in very
dry soil (Figure 3). Statistical analyses indicated
shoot dry biomass production by maize was
significantly impacted by soil moisture content, P
fertilization and AMF, with a significant (p < 0.05)
interaction of these factors. Generally, the greatest
difference in shoot dry biomass production for
mycorrhizal vs. nonmycorrhizal plants occurred
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Figure 1. Maize root colonization by G. fasciculatum after 11 weeks of growth in soil with different levels of P
fertilization. Error bars represent +1 standard deviation. different lower-case letters indicate statistically significant

differences (p < 0.05).

when maize plants were grown in soil amended with 50
kg P ha®, except in very dry soil where the greatest
differences were found at 0 kg P ha™ added P.

Another significant difference was found between
growth of mycorrhizal and nonmycorrhizal maize in soil
with 0 kg P ha™ added P in very dry soil (- 1.5 MPa), but
no significant difference between growth of mycorrhizal
and nonmycorrhizal maize was found in soil amended
with 100 kg P ha’. Adding P increased biomass
production by nonmycorrhizal plants in the 3 least moist
soils. Mycorrhizal plants showed an inconsistent
response in terms of biomass production to increasing
soil P.

Under wet soil conditions (- 0.05 MPa), shoot dry
biomass production by mycorrhizal plants was
consistently higher than by nonmycorrhizal plants across
different P fertilizer treatments (Figure 3). A significant (p
< 0.05) difference was found between mycorrhizal
(greater) and nonmycorrhizal plants in shoot dry biomass
production when soil was amended with 50 kg P ha™.
Meanwhile, under 0 and 100 kg P ha™, there were no
significant  differences  between  mycorrhizal and

nonmycorrhizal plants (Figure 3). Mycorrhizal plants
grown in wet soil (-0.05 MPa) and without P produce
greater shoot dry biomass (158.1 g plant'l) than
mycorrhizal plants grown in soils treated with 50 (149 g
plant’) and 100 kg P ha® (91.3 g plant?). For
nonmycorrhizal plants, the highest shoot dry biomass
(115.5 g plant ™) was recorded in soil with no added P.

At moderate water potential of - 0.4 MPa, mycorrhizal
plants produced significantly (p < 0.05) higher shoot dry
biomass than nonmycorrhizal plants under 0 and 50 kg P
ha™, but there was no significant difference under 100 kg
P ha' (Figure. 3). Doubling the amount of fertilizer P
resulted in less shoot dry biomass production by
mycorrhizal plants, but it resulted in more shoot dry
biomass production by nonmycorrhizal plants.

In soil maintained at -0.8 MPa of water potential, there
was no significant difference in maize biomass production
between mycorrhizal and nonmycorrhizal plants at the
same P level. Plants grown in 100 kg P ha™ treatment
produced greater shoot dry weight compared to 0 and 50
kg P ha™* for both mycorrhizal and nonmycorrhizal plants.
At soil water tension -1.5 MPa and 0 kg P ha™, there was
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Figure 2. Maize root colonization by G. fasciculatum after 11 weeks of growth in soil with different soil moisture
contents. Error bars represent +1 standard deviation. different lower-case letters indicate statistically significant

differences (p < 0.05).

a significant (p < 0.05) difference in dry shoot biomass
between mycorrhizal and nonmycorrhizal plants, while
under 50 and 100 kg P ha® there was no significant
difference. The highest shoot dry biomass production
was 154.27 g plant™ by mycorrhizal maize at 0 kg P ha™.
Under 50 and 100 kg P ha™, no significant difference
between mycorrhizal and nonmycorrhizal plants under -
1.5 MPa soil water content were found.

Root dry weight

Mycorrhizal plants consistently produced at least as
much root biomass and often more than nonmycorrhizal
plants at all levels of soil P and soil moisture except in the
driest soil with highest P content (Figure 4). No conditions
in this study produced non-mycorrhizal maize plants with
significantly greater amounts of root biomass than
mycorrhizal plants. Statistical analyses indicated root
biomass production by maize was significantly impacted
by soil moisture content, P fertilization rates and AMF,
with significant (p < 0.05) interactions of these factors.
The greatest differences in root dry biomass production

for mycorrhizal vs nonmycorrhizal plants were observed
when soil was amended with 0 and 50 kg P ha™, except
in -0.8 MPa soil water content, where the greatest
differences were developed at 100 and 0 kg P ha™ added
P, respectively.

Under wet soil conditions (-0.05 MPa), root dry biomass
production by mycorrhizal plants was significantly (p <
0.05) greater than nonmycorrhizal plants in 0 and 50 kg P
ha™ levels, but when soil was amended with 100 kg P ha’
! the difference was not significant. The greater
difference in root dry biomass production by mycorrhizal
vs nonmycorrhizal plants in wet soil was observed when
plants were grown with 50 kg P ha™ added P, whereas no
significant  difference  between mycorrhizal and
nonmycorrhizal plants was observed in soil with 100 kg P
ha’ added P. Root dry biomass production by
mycorrhizal plants was 81.7 g plant™, while nonmycorrhizal
plants produced less than half as much root dry biomass
(40.1 g plant™) in soil fertilized with 50 kg P ha™.
Unexpectedly, the lowest root dry biomass production
was in soil amended with 100 kg P ha™ for both
mycorrhizal plants and nonmycorrhizal plants, which was
30.66 and 27.17 g plant™, respectively.
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Figure 3. Shoot dry weight (g plant %) of AM and non-AM maize at different levels of P fertilization and soil moisture content.

Error bars represent standard deviation of mean.

At moderate soil water content (-0.4 MPa), mycorrhizal
plants produced significantly (p < 0.05) more root dry
biomass than nonmycorrhizal plants in soil amended with
50 and 100 kg P ha™, while in soil with no added P the
difference was not significant. The greatest root dry
biomass production recorded in this study for both
mycorrhizal and nonmycorrhizal maize plants was in soll
with 50 kg P ha™ maintained at ca. -0.4 MPa soil water
potential. Doubling the amount of fertilizer P resulted in
less root biomass production by both mycorrhizal and
nonmycorrhizal plants.

In soil maintained at ca. -0.8 MPa water potential, there
was no significant difference in root dry biomass
production between mycorrhizal and nonmycorrhizal
plants when soil was amended with 50 kg P ha™.
However, soil with 0 and 100 kg P ha™* added P had a
significant (p < 0.05) difference. The highest root dry
biomass production at this soil moisture level (-0.8 MPa)
was observed for both mycorrhizal (130 g plant®) and

nonmycorrhizal plants (96.1 g plant™) in soil amended
with 100 kg P ha™, whereas the lowest root dry biomass
production for both mycorrhizal and nonmycorrhizal
plants was recorded under 50 kg P ha'added P. When
grown in very dry soil (-1.5 MPa), mycorrhizal plants
produced significantly (p < 0.05) greater root dry biomass
than nonmycorrhizal plants in soil with no added P.
However, in soil with 50 and 100 kg P ha™, no significant
differences between mycorrhizal and nonmycorrhizal
plants were found. In this dry soil (-1.5 MPa), doubling
the amount of fertilizer P from 50 to 100 kg P ha™ resulted
in significantly less root dry biomass production by
mycorrhizal plants.

Tissue P concentration

Mycorrhizal maize plants had higher tissue P
concentration than non-mycorrhizal plants at all P levels
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Figure 4. Root dry weight (g plant ) of AM and non-AM maize at different levels of P fertilization and soil moisture

content. Error bars represent standard deviation of mean.

except at 50 and 100 kg P ha™ in very dry soil (-1.5 MPa).
In most treatments, mycorrhizal plants had significantly
greater P concentration than nonmycorrhizal plants
(Figure 5). The only treatment in which nonmycorrhizal
plants had significantly greater P concentration (p < 0.05)
than mycorrhizal plants was the treatment with the driest
soil (-0.05 MPa) and greatest added fertilizer P (100 kg P
ha™). Statistical analyses indicate P concentration in plant
tissues was significantly affected by soil moisture content,
P fertilization rate and AMF, with significant (p < 0.05)
interactions between these three factors.

Under wet soil conditions (-0.05 MPa), P concentration
in mycorrhizal plant tissues was significantly (p < 0.05)
greater than nonmycorrhizal plants at 0 and 50 kg P ha™
P fertilizer rates. However, at 100 kg P ha™ and the same
soil water potential, there was no significant difference
between mycorrhizal and nonmycorrhizal plants. Tissue
P concentration in mycorrhizal plants was lower when
grown in soil fertilized with excess P than in soil to which
no fertilizer P was added. Mycorrhizal plants grown in soll
fertilized with recommended rates of P (50 kg P ha') had
greater tissue P concentration than mycorrhizal plants

grown in excess P fertilized soil, but less than mycorrhizal
plants grown in soil with no added fertilizer P. Adding P
fertilizer to wet soil did not result in greater tissue P
concentration in either mycorrhizal or nonmycorrhizal
plants. When mycorrhizal plants were grown with no
added P in wet soil (-0.05 MPa), mean P concentration
was 520 pg P g plant tissue™, while under 50 and 100 kg
P ha™ P concentration were 480 and 363 pg P g plant
tissue™, respectively. For nonmycorrhizal plants, the
highest tissue P concentration (320 ug P g plant tissue ™)
was recorded in soil with no added P.

At the moderate water potential of -0.4 MPa,
mycorrhizal plants had significantly (p < 0.05) higher
tissue P concentration than nonmycorrhizal plants in soil
fertilized with 0 and 50 kg P ha . Meanwhile, no
significant difference in tissue P concentration was found
between mycorrhizal and nonmycorrhizal plants in the
treatment with 100 kg P ha™. At this soil moisture level,
doubling the amount of fertilizer P resulted in lower tissue
P concentration in mycorrhizal plants and greater P
concentration in nonmycorrhizal plants.

In soil maintained at -0.8 MPa water potential condition,
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Figure 5. P concentration (ug P g plant tissue ) in AM and non-AM maize under different levels of P fertilization and soil
moisture content. Error bars represent standard deviation of mean.

no significant difference in P concentration between
mycorrhizal and nonmycorrhizal plants was observed in
soil with no added P, while in soil with 50 and 100 kg P
ha™ added P had significant (p < 0.05) differences.
Highest mean P concentration was observed for
mycorrhizal plants (847 ug P g 1pIant tissue™) when soil
was amended with 100 kg P ha™ and for nonmycorrhizal
plants (460 pg P g plant tissue™) when no P was added.
Lowest mean P concentration was observed for
mycorrhizal plants (510 pg P g plant tissue ™) when no P
was added and for nonmycorrhizal plant (200 pg P g
plant tissue™) when soil was amended with 100 kg P ha™.

When grown in dry soil (-1.5 MPa), nonmycorrhizal
plants had significantly (p < 0.05) greater tissue P
concentration than mycorrhizal plants in soil amended
with 100 kg P ha™, but in soil with 0 and 50 kg P ha™
added P, there were no significant differences between
mycorrhizal and nonmycorrhizal plants. The greatest P
concentration in this moisture level (-1.5 MPa) was
observed (570 pg P g plant tissue ™) in nonmycorrhizal
plants.

DISCUSSION

Data indicate AMF symbiosis (G. fasciculatum) was more
effective at increasing growth and tissue P content of
maize (Zea mays L.) under a range of soil moisture
conditions in a slightly alkaline (pH 7.9) agricultural soll
than fertilization with triple super phosphate (46% P,0s).
Results indicate a positive effect of mycorrhizal fungi on
host plant biomass production and tissue P content
except under the highest P fertilization rates and driest
soil moisture conditions. Greater effects of G.
fasciculatum on maize biomass were recorded at
moderate soil water content (-0.4 and -0.8 MPa) and
moderate P fertilization (Figures 3 and 4). Highest growth
of AM maize was recorded under moderate soil water
content (-0.4 MPa) and P fertilization levels (50 kg P ha
1y, Greatest growth of nonmycorrhizal maize occurred at
- 0.8 MPa and 100 kg P ha®. Bucher (2007)
demonstrated that AMF fungi enhanced plant growth by
increasing P uptake in low P soil. Mycorrhizal maize
produced at least as much biomass, often significantly
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more, under all soil moisture conditions tested.

Auge et al. (2001) found mycorrhizal maize plants and
non-mycorrhizal P-fertilized treatments grown under
highest and lowest soil water content had similar
biomass. High mycorrhizal plant growth may also be due
to enhanced nitrogen, micronutrient and water uptake
(Subramanian et al., 2006; Habibzadeh et al., 2013).
Improvement of biomass production in mycorrhizal plants
may be associated with enhanced photosynthesis related
with improved nutrition in the plants (Begum et al., 2019).
Previous studies have shown that maize inoculated with
arbuscular mycorrhizal fungi Glomus fasciculatum and
Intraradices sp. has enhanced water use efficiency under
drought conditions (Zhao et al., 2015). Mycorrhizal plants
in these treatments had higher tissue P content than
nonmycorrhizal  plants. Enhanced photosynthesis
increases carbon (C) assimilation and allocation to roots
of AMF plants (Koch and Johnson, 1984). This, in turn,
promotes mycorrhizal root growth with positive feedback
on P uptake (Smith et al., 2011). However, in this study,
high P applications (100 Kg P ha™) suppressed root
biomass production in both dry and very wet soils
compared with moderate soil water levels. This result
could explain the harmful effect of excess P content in
soil on the AMF by affecting the hyphal development and
length which is considered as an important functional part
of mycorrhizal symbiosis and main source of inoculum in
soil (Rubio, 2003) and eliminate mycorrhizal effect on
plant growth (Smith and Read, 2008; Campos et al.,
2018).

AMF are associated with proliferation of root growth
(Auge et al., 1994) in maize. This is especially important
for maize as it is the only grass know to produce less root
biomass than shoot biomass. The mycorrhizae enhancing
plant root biomass was consistent across different soil
moisture contents. Mai et al. (2018) also reported soil
water content had more significant effects on root and
hyphae growth than did P level effects. They further
found out that under well-watered soil conditions, P
fertilizer increased root length, while the root length was
unaffected by P fertilizer under low soil water content
(Mai et al., 2018) The fact that AMF increases host plant
water uptake in dry soil and improves host plant water
relations during drought is well documented (Stahl et al.,
1998; Campos et al., 2018).

In the present study, the lowest AMF maize P content
was recorded under the driest soil (-1.5 MPa) and the
highest level of P fertilization (100 kg P ha'l). The
greatest P tissue content of non-mycorrhizal maize
occurred at — 1.5 MPa and 100 kg P ha™, while the
lowest P tissue content was recorded at — 0.8 MPa and
100 kg P ha™. Mycorrhizal plants generally had higher
tissue P concentration than nonmycorrhizal plants,
except under high-water potential and practical and
excess soil phosphorus levels. The result of our study
agrees with findings from numerous studies
(Subramanian et al., 1997; Asmah, 1995; Bucher, 2007,

Nell et al, 2010) which have demonstrated plants
colonized by AMF absorb more soil P than non-
mycorrhizal plants, especially under phosphorus-limited
condition. In soils with low P contents, AMF improve
phosphorus supply to the infected roots of host plants
(Bucher, 2007). AMF consider bio fertilizers which are
very useful for plant growth and soil health (Sadhana,
2014). Therefore, AMF could be considered a good
alternative to replace or reduce chemical fertilizer use,
because mycorrhizal application can effectively reduce
the quantitative use of inorganic fertilizer input especially
of phosphorus (Ortas, 2012). Mycorrhizal fungi can
improve nutrient uptake by increasing the exploration of
the soil pore space and contact with soil solution (Bi et
al., 2003).

In drought-stressed plants (-1.5 MPa), tissue P content
was consistently lower in the mycorrhizal plants than in
the non-mycorrhizal under highest P fertilization rate. The
negative effect of increasing soil P concentration on
mycorrhiza  colonization was hypothesized and
demonstrated by the observation of a declining amount of
AMF formation with increasing soil P concentration
(Balzergue et al., 2011; Lekberg and Koide, 2005).
Previous studies have shown high P supply may inhibit
the exudation of strigolactones, which are plant
hormones that stimulate growth of AMF fungi (Balzergue
et al.,, 2011, 2013). Moreover, high P application led to
decreased AMF biomass per plant, including biomass in
root and soil by changes in characteristics of root
colonization (mainly reducing arbuscular development)
(Smith and Read, 2008).

These results show G. fasciculatum colonized the root
of maize plants under all soil water conditions tested
(Figure 1). Mycorrhizal maize colonization was lowest in
the driest soil (- 1.5 MPa), but still substantial (74% of
1cm root segments examined) (Oyetunji et al., 2007,
Bagheri et al., 2012). Beltrano and Ronco (2008) found
that AMF colonization was more negatively impacted by
highest and lowest soil water content than moderate soil
water potential. The results agree with this finding, water
stress reduced AMF root colonization (Osonubi, 1994;
Ruiz-Lozano and Azcon, 1995; Al-karaki et al., 2004).
Increasing water stress reduces AMF root colorization,
and our result suggests that moderate soil water content
changes exert a great effect on AMF inoculation
compared to findings by Smith and Read (2008). Poor
colonization of roots under soil water stress may result in
reducing spore germination (Daniels and Trappe, 1980;
Zang et al., 2018) or hyphal growth and survival in soil
(Walker, 1999).

Novel findings of the study include the observation that
at all levels of soil moisture and soil P content
mycorrhizal plants produce more biomass than
nonmycorrhizal plants, or in a few cases, at least as
much. Also, at all levels of soil moisture and soil P
content, mycorrhizal plants have higher P concentration
than nonmycorrhizal plants except in the driest soil (-1.5



MPa) with highest P content (100 kg P ha™). Another
unusual observation was that mycorrhizal plants grown in
wet soil (-0.05 MPa) and without P produce greater shoot
dry biomass (158.1 g plant™) in 8 weeks than mycorrhizal
plants grown in soils treated with 50 (149 g plant™) and
100 kg P ha-1 (91.3 g pIant'l). In this study, at high soil
moisture AMF always produce plants having higher P
concentration than nonmycorrhizal plants, which
indicated that G. fasciculatum is extremely efficient at P
uptake from soil and transfer it to plants. Remarkably, at
low soil moisture added P fertilizer did result in high
tissue P concentration by nonmycorrhizal plants,
indicating high levels of P uptake under these conditions
without a mycorrhizal symbiont. We would have
hypothesized, according the literature, that at high soil P
content, nonmycorrhizal plants would produce more
biomass than nonmycorrhizal plants and would have
higher tissue P concentration than mycorrhizal plants
(Grant et al., 2004). Our observations may be indicative
of slow uptake of soil P by nonmycorrhizal plants caused
by limiting amount of oxygen in very wet soil (Whitmore
and Whalley, 2009). Further experimentation is required
to determine the mechanisms involved.

Conclusion

The study demonstrates an efficacious mycorrhiza strain
of G. fasciculatum can have greater positive impacts on
Z. mays host plant growth and P uptake than fertilizing
with  phosphorus. AMF, being natural symbionts
relationship, provide essential plant inorganic nutrients to
host plants, thereby improving plant growth under
unstressed and stressed conditions. These results
indicate it may be more productive for farmers to optimize
efficacious AMF formation on their corn crops than use P
fertilizers. This data, as well as from other researchers,
shows can inhibit AMF formation under certain conditions
such as adding excess amount of P fertilizers.
Additionally, activity of AMF are known to have positive
impacts on soil health and quality, while use of P
fertilizers is known to cause environmental problems
under some circumstances.
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