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Abstract

Arbuscular mycorrhizal fungi (AMF) confer both positive and negative effects on
the plant symbionts, depending on the prevailing growth condition. We
investigated the effect of concurrent variations in phosphorus and soil moisture
on percentage root colonization (%RC), mycorrhizal growth response (MGR) and
drought response index (DRI) of SAMMAZ-16 maize variety in timescale. The
experimental factors were AMF inoculation (addition or no addition), P,0s
applications (30, 60 or 90 kg ha™) and water regimes (100% and 50% of the soil’s
field capacity introduced after 4WAS). The result shows that the overall %RC
was 62.22% at 8 weeks after sowing (WAS) and 71.33% at 12 WAS. With 30 and
60 kg P,0s ha™ application a rate, %RC was significantly higher at 12 WAS than
that of similar application rates at 8 WAS. However, %RC was not different
between 8 WAS and 12 WAS in 90 kg P,0s ha® application. AMF inoculation
tended to equilibrate the shoot growth of the inoculated plants to that of non-
inoculated plants that received 50% higher doses of P,Os under amply watered
conditions. Increasing phosphorus application progressively alleviated the
negative mycorrhizal response of the plants at the early stage of growth (week 4)
and in 50% FC category at the other sampling times. Higher doses of P,0s
application improved the DRI of the maize in both samplings but the trend was
more consistent in AMF-inoculated plants. We conclude that AMF inoculation
would be detrimental to the growth of SAMMAZ-16 when there is combined
phosphorus and water stress factors.
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Introduction

Mycorrhizal symbiosis has the ability to

Arbuscular mycorrhizal fungi source and
deliver resources beyond the root depletion
zone to plant symbionts in return for
photosynthates they obtain from the plants
(Smith and Read, 2008; Ishaq et al., 2021).
Usually, AMF-colonized plants show
improved adaptation or resilience to abiotic
stresses and better growth. It is widely
believed that the enhanced physiological
and growth response of AMF-colonized
plants is due to additional nutrients and
water absorption through AMF hyphae
(Aliyu et al., 2019; Li and Cai, 2021; Cheng
et al., 2022; Qi et al., 2022). Arbuscular
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alleviate water stress in plants (Cheng et al.,
2022) by improving plant tissue hydration
either through drought avoidance or drought
tolerance.

The mycorrhizal status of a plant is often
quantified by examining the degree of root
colonization (RC) by the AMF. Root
colonization is considered as the presence of
at least, one of the features including
arbuscule, vesicle or hyphae), or AMF-
specific biochemical marker in the root of a
host plant (Vierheilig et al.,, 2005). The
percentage of root colonization is more
often reported to decrease with an increase
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in P availability (Aliyu et al., 2019; Ishaq et
al., 2021). However, there are studies where
mycorrhizal effects are observed even with
high soil P nutrients (Chu et al., 2013).
Although  convincing evidence  from
research suggests that RC is largely
modulated by P availability in maize, this
does not exclude the possibility of the plant
resisting colonization or being colonized
due to growth factors other than the P status
of the growing media. Root Colonization
was found to decrease with an increase in
the severity of water stress in AMF-
colonized plants (Abdel-Salem et al., 2017,
Cheng et al., 2022) and increased with
prolonged drought (Bitterlich et al., 2018).
In a similar study, species richness of AMF
was observed to improve with progressive
drier Agro-ecology (Tchabi et al., 2008).

The degree of root colonization and
mycorrhizal responsiveness to growth
parameters are closely related to the genetics
of the symbionts, the soil characteristics and
Argo-ecology. Even plants that can form
mycorrhizal ~ symbiosis may become
facultative symbionts under certain edaphic
and climatic conditions (Walder, 2014;
Pysek et al.,, 2019). Based on growing
conditions, plants have demonstrated a
spectrum of mycorrhizal responses to
growth parameters including negative,
neutral and positive (Yin et al., 2021; Séle et
al., 2022). Aliyu et al. (2019) observed a
decrease in the mycorrhizal responsiveness
of cassava to root biomass with an
increasing phosphorus application rate in the
Northern Guinea Savanna (NGS) of Nigeria.
The fact that AMF confers both benefits and
costs on its plant symbionts presents a
challenge that requires critical evaluation of
the multifactor effects of growth conditions
on mycorrhizal associations, and in time
scale. Phosphorus and water are growth-
limiting factors in the semi-arid ecology of
the (NGS) of Nigeria. The soils are rich in
ferrous oxide which easily forms complexes
with phosphorus and constraint its uptake by
the crops. Growers are, therefore, compelled
to apply high amounts of phosphorus
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fertilizer in order to compensate for this
inherent P fixation. Recently, the rainfall
pattern of the region is characterized by late
onset and erratic diurnal distribution with a
mid-season drought episode that usually
occurs in August-September and affects the
productivity of moisture-sensitive crops
such as maize which is the major crop
grown in the region. Although research has
reported the benefit of AMF in resource
acquisition and growth responses of the
plant symbionts in the region (Aliyu et al.,
2019), whether or not this benefit is
sustained at all levels of phosphorus
application under both sufficient and deficit
moisture regimes of the soil is not known.
This is particularly important considering
the role of phosphorus and moisture
availability in root colonization by AMF.
The knowledge of the temporal dynamics of
mycorrhizal response under combined
phosphorus and water availability in the soil
for specific productivity determinants may
be useful to synchronize AMF-inoculated
maize growth with the growing conditions
that best benefit the maize in this ecosystem.
This study, therefore, was designed to
answer the following research question:
Would a functional mycorrhizal association
be beneficial to maize plants at all
phosphorus and moisture status at any
moment of growth in the Alfisols of the
NGS? To address this question, a screen
house experiment was set up to determine
the per cent root colonization of maize and
mycorrhizal responsiveness of the plants to
growth parameters in the Alfisols of the
NGS of Nigeria at 4 weeks’ frequency.

Materials and Methods
Soil Sample Collection and Preparation

The soil, classified based on USDA Soil
as Acrisols in FAO-UNESCO Legend
(Uyovbisere et al., 2000), was collected
from the Institute for Agricultural Research
(IAR) experimental field located in NGS of
Nigeria. The sampling plot has a coordinate
of 11° 09’ 96.5” N, 7° 37° 96.2” E, and an
altitude of 684 m above sea level. The
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antecedent available phosphorus of the soil
is 1.7 mg kg*. Because of the role of
phosphorus availability in mycorrhizal
development, the low phosphorus content
was desirable to ensure that the phosphorus
nutrient of the soil can be conveniently

maintained at a deficient level for maize
plants to assess the response of maize roots
to colonization by AMF under inadequate
phosphorus availability. The soil properties
are shown in Table 1 below.

Table 1. Hydro-physical and Chemical properties of the Soil used for the Experiment

Physical Properties
Soil Texture (%) BD Ps F
Sand | Silt | Clay Textural Class (Mg m?) (Mg m?) (cm:cm'
)
56.8 28.3 | 14.9 Sandy Loam 1.440 2.54 0.321
Hydraulic Properties
Ks Osc Orc Opyp PAWC
(cms™y | (em®em?®) | (cm®cm?) (cm®cm®) | (cm*cm?®)
0.98 0.321 0.270 0.173 0.097
Chemical Properties ‘
SOC pH pH Avail. P TN EC Exch K Exch Na
(@kg™h) | (H0) (CaCly) (mg kg™) (9kg™) (@dsm*) | (cmolkg | (cmolkg™)
1
)
6.8 6.07 5.63 1.70 1.12 0.4 0.62 0.4

BD = bulk density, ps = particle density, F = total porosity, Ks = hydraulic conductivity, 6SC = moisture at saturation capacity, eFC = moisture at field

capacity, 0PWP, moisture at permanent wilting point, PAWC = plant available water capacity, SOC = soil organic carbon, TN = Total nitrogen, Avail. P =

available phosphorus, Exch K = exchangeable potassium, Exch Na = Exhangeable exchangeable Sodium, EC = electrical conductivity.

The same quantities of disturbed soils
were collected from 6 random points in a 15
m x 15 m plot at 0 - 0.15 m depth. The
soils were mixed thoroughly to form a
composite  sample, after which the
homogenized soil was air-dried and sieved
through a 4 mm mesh sieve. The 4 mm soil
was sterilized at about 110° ¢ for 90 minutes
in an electric sterilizer.

Experimental Design and Procedure

The experiment was laid in a randomized
complete block design (RCBD) in the screen
house at the Department of Soil Science,
Ahmadu Bello University Zaria. The
average temperature of the greenhouse
ranged between 37°C — 38.6°C during the
experimentation. The experiment has three
factors; Arbuscular Mycorrhiza Fungi (AM)
at two levels (inoculated or not-inoculated),
Irrigation (I) at two levels (50% FC and
100% FC) and Phosphorus (P) application at
three levels (30, 60 and 90 kg P.Os ha™)
making a total of 12 treatment
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combinations. This was replicated 9 times to
give a total of 108 experimental units. The
test crop was maize plant (SAMMAZ-16
variety sourced from the IAR seed unit).
The sterile 4 mm sieved soil was packed
into cylindrical 9 L pots. Each pot held 7 kg
of soil repacked at the bulk density of the
field (1.44 Mg m™) which was pre-
determined from undisturbed cores collected
from the field by the oven-drying method.

For pots with mycorrhiza treatments, 40 g of
mycorrhiza fungi inoculum of G. mosseae
obtained from Soil Microbiology
Laboratory, University of Ibadan was mixed
with the soil that filled the uppermost 0.08-
0.1m layer. The repacked soil was assigned
to treatment combinations accordingly. Four
seeds per hole were sown and were thinned
to two seedlings stand per pot 10 days after
germination by removing the weaker
seedlings. The same doses of N in form of
urea (46% N) and K in form of Muriate of
Potash (60% K,O) were given to each pot
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based on the fertilizer recommendation of
maize (120:60:60 kg NPK ha™). Nitrogen
was split into 3 parts and applied at sowing,
week 2 and week 6 at the rate of 20 kg ha™
per application. Potassium was applied only
at sowing. Phosphorus in form of single
superphosphate (20% P,0Os) was applied
according to the treatments (i.e. 30, 60 and
90 kg P,Os ha™). All pots were watered to
the moisture at field capacity (FC) of the
soil on the first day of sowing and
maintained at the soil FC in the first 2 weeks
to ensure proper seedling development. The
pots were maintained at either 100% FC or
50% FC after the two weeks by applying
volume equivalents of water. A moisture
probe was used to measure the moisture of
the soil (0) at two depths (0-0.05 m and
0.07-0.12 m) at instants just before any
irrigation. The access tube installed from the
depth of 7 cm to the surface of the soil
allowed for the 0.05 m long sensory prongs
of the probe to reach 0.07-0.12 m depth of
the soil. Irrigation scheduling was at 3 days
intervals with water sourced from boreholes.

Data Collection

Three (3) replicates or 36 experimental units
were destructively sampled at 4, 8 and 12
weeks after sowing. The following
parameter was measured with the plant and
soil samples collected:

Measurement of Plant biomass
MGR =

RC =

Above- and below-ground biomasses were
collected by destructive harvests on the 4th,
8th and 12th week, and oven-dried to
constant masses. The biomasses were
weighed. Root bits were also collected and
stored in 50% ethanol in vials at 8 and 12
weeks after sowing for determination of root
colonization by AMF.

Percentage Root Colonization

The degree of colonization of roots by
AMF was quantified according to the
procedure described by Brundrett et al.
(1994). Washed root bits collected on the
8th and 12th week were cleared with 10%
KOH at 90°C for 30 min. The cleared roots
were washed under running tap water before
the addition of 5% hydrogen peroxide. The
root bits were stained with a mixture of
Trypan Blue containing lactoglycerol and
water for 48 hrs. The stained roots were
distained in 50% glycerol to improve stain
quality. Percentage root colonization was
estimated as follows:

Number of root bits colonized

*100 ... (1)

Number of root bits observed

Mycorrhizal Growth Response of Plants
(MGR)

Mycorrhizal

responsiveness of plants to

growth parameters was calculated as thus
(Hetrick et al., 1996):

(parameter of the mycorrhizal plant)—( parameter non—mycorrhizal plant) 100

Mean growth parameter of mycorrhizal plant

Drought Response Index (DRI)

The drought response index was estimated as thus (Osonubi et al., 1991):

DRI =

Total Weight of plants under water stress condition

Based on the definition in egn. (3), DRI can
assume values in the following range: 0 <
DRI < 1, such that the higher the value of
DRI, the lesser the effect of water stress on
the plants at a designated deficit soil
moisture regime.

" Total Weight of plants under well-watered condition
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Statistical Analyses

All data collected for each sampling phase
were subjected to Analysis of Variance
(ANOVA). The means of the determined
parameters were compared within sampling
phases using Duncan’s Multiple Range Test
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(DMRT) at o = 0.05. Windows-compatible
Statistical Analysis System (SAS, 1996) was
used for all the statistical analyses.

Results and discussion

Effect of Inoculation, Phosphorus and
Irrigation on Root Colonization by AMF

Figures 1 (a-c) show %RC across
sampling durations: as influenced by
inoculation (1 a); as influenced by
phosphorus addition (1 b); and as influenced
by irrigation regimes (1 c). The percent root
colonization (%RC) due to AMF inoculation
was 62.22% at 8 WAS, which is
significantly lower than the 71.33%
observed at 12 WAS (Figure 1a). These high
%RC demonstrates that G. mosseae and
maize plant (SAMMAZ-16) can establish a
functional AM symbiosis in the Alfisols
used for this trial. AMF-inoculated plants
supplied with 30 and 60 kg P,Os ha™ had
statistically similar, but higher %RC at 12
WAS than they do at 8 WAS (Figure 1 b).
This can be ascribed to P nutrient deficiency
at 30 and 60 kg P,Os ha™ rates likely
intensified by higher plant demand for P
with increasing growth. It is expected under
such circumstances that plants would invest
more in arbuscular mycorrhizal fungi
proliferation as a mechanism to maximize P
uptake. However, when plants were
supplied with 90 kg P,Os ha™, there was no
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significant difference between %RC of
AMPF-inoculated plants sampled at 8 WAS
and at 12 WAS (Figure 1 b). It is widely
known that plants resist colonization by
AMF under high phosphorus availability
where uptake by roots alone could meet
their P demands. This way, the plants could
optimize the returns of their investment by
shifting resources to developing other
structures rather than AMF hyphae which
would have little or no impact on their P
uptake. The roots of inoculated plants were
more severely colonized by AMF at 12
WAS than at 8 WAS in both irrigation
regimes (Figure 1 c). Our experiment was a
screen house trial with the possibility of
more severe and frequent water depletion
with increasing plant size, especially under
the scheduled 3 days’ irrigation during the
growth episode. Therefore, it is not unlikely
that the plants partitioned more energy into
the development of mycorrhizal association
in order to scale up water absorption to meet
their water requirement as the plants grew
bigger. However, this morphological
adjustment may sometimes be at the
expense of the biomass accumulation of the
plants. In a similar study, Bitterlich et al.
(2018) noticed an increase in %RC with
prolonged drought stress in tomatoes. There
was no root colonization by AMF in non-
inoculated soils.

8 12
Weeks After Sowing

Figure 1. (a) Percentage Root Colonization of AM-roots across sampling times as influenced by
inoculation

Means +SE are shown (t-test, p < 0.05, n=18).
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Figure 1. (b) Percent Root colonization by AMF across sampling times as influenced by Phosphorus

Values with the same letter are not significantly different (DMRT, o = 0.05, n = 6)
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Figure 1. (c) Percentage Root colonization (%RC) by AMF across sampling times as influenced by
Irrigation regimes

Values with the same letter(s) across sampling times are not significantly different (DMRT, a = 0.05, n = 4).

Effect of AMF inoculation, Phosphorus
and Soil Moisture Levels on the
Allometric Scaling of the Maize Plants

Dry biomass

Table 2 shows the effects of AMF
inoculation, phosphorus and irrigation
treatments on plant biomass. A slightly
suppressed, though invariable host's growth
is noticed at the early stage of development
which is captured in the sampling at 4 WAS,
pointing to the tendency that AMF was
taking more resources than they could
supply to the plant symbionts via hyphal
pathway. However, shoot growth was
improved  significantly due to the
inoculation with AMF at 8 WAS by 11% (P
= 0.022) and 12 WAS by 22% (P < 0.001)
despite the growth suppression noticed at 4
WAS. The practical implication of this
result is that the aerial growth of G.
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mosseae-inoculated SAMMAZ-16 growing
in Alfisols of NGS of Nigeria could be
suppressed at an early stage upon their
association but may gradually improve with
time. AMF inoculation suppressed root
growth after 8 WAS as revealed by the
examination of the samples conducted at 12
WAS but the negative impact of AMF on
the root development translated to the
improvement in shoot growth observed in
the sampling at 12 WAS. This would have
been a paradox except that the function of
the roots was substituted by the fungal
hyphae which appear to have played a better
role than the replaced roots in the shoot
development. On the premise that plants
would allocate more resources to the
structures that acquire their most limiting
growth materials (Zheng et al., 2015), it is
logical to infer that the presence of AMF
might have prompted the plants to invest
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more resources in developing hyphae mass
rather than the root mass in consonant with

the availability of the resources during the
plants’ growth.

Table 2. Effect of AMF, Phosphorus and Irrigation on Biomass Accumulation and Water
Use Efficiency

Dry shoot mass (g pot™) Dry root mass (g pot™)
Treatment 4 8 12 4 WAS 8 WAS 12 WAS
WAS WAS WAS
Mycorrhiza (AM)
AM* 3.60 23.99a 40.83a 1.104 5.69 10.41b
AM’ 4.39 21.52b 33.48b 1.187 5.57 12.33a
LOS NS * Fkk Ns Ns *
SE+ 0.33 0.71 1.08 0.13 0.38 0.60
Phosphorus (P)
30 kg P,Os ha™ 2.56¢ 17.62c 27.31b 0.95 3.87b 7.07b
60 kg P,Os ha™ 3.97b 24.03b 40.71a 1.06 5.98a 13.41a
90 kg P,0s ha™ 5.46a 26.62a 43.43a 1.42 7.05a 13.65a
SE+ 0.402 0.871 1.280 0.15 0.46 0.72
Irrigation (I
100% FC - 28.04a 43.56a - 6.33a 12.09
50% FC . 17476 | 30.74b . 494b | 10.66
SE+ - 0.71 1.04 - 0.38 0.59
AM x P NS * *x NS NS NS
AM X | - o * . NS NS
PxI - NS NS - NS NS
AM XP x| - * NS . NS NS

Means followed by the same letter(s) within the same column are not significantly different at 0.05 level of probability as determined by DMRT, * = Significant

at 0.05 level of probability, ** = Significant at 0.01 level of probability, *** = Significant at 0.001 level of probability NS = Not significant at 0.05 level of

probability, MWD = Mean weight diameter, SE = Standard Error, WAS = weeks after sowing.

As expected, the incremental P,0s
application rate significantly improved shoot
and root growth progressively, across the
sampling times except for root growth at 4
WAS. Conversely, irrigating the samples at
half of the moisture at field capacity reduced
the shoot and root mass across the sampling
phases except for the root mass at 12 WAS
which was not affected. In this study,
variation in irrigation was introduced after 4
WAS. If root mass can be reduced by AMF
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under water stress as suggested by Zheng et
al. (2015), one may argue that a statistically
significant  reduction in  belowground
biomass by AMF was not detected at 4 and
8 WAS but was obvious at 12 WAS because
of the time frame.

The interaction between AMF inoculation,
phosphorus application rates, and irrigation
regimes on shoot mass was significant at 8
WAS (Figure 2). For samples under 100%
FC, AMPF-inoculated plants had



Diyala Agricultural Sciences Journal, 2023, Vol. (15) No. 1: 56-71

significantly higher dry shoot mass than the
non-inoculated counterparts in the 30 and 90
kg P,Os ha™ applications. In the 100% FC-
irrigated category, 30 kg P,Os ha®
application to AMF-inoculated plants
produced the same shoot biomass as 60 kg
P,Os ha™ application (whether or not they
were inoculated) and 90 kg P,Os ha®
application to non-inoculated plants. When
samples were maintained at 50% FC, AMF-
inoculated plants produced statistically
similar shoot mass to non-inoculated plants
in all the levels of P,Os application although
shoot mass generally increased significantly
with an increase in the P,Os application
level. There was a significant interaction
between AMF inoculation and phosphorus
treatment on dry shoot mass at 12 WAS (P =
0.002) (Figure 3). AMF-inoculated plants
consistently had higher shoot mass than
non-inoculated plants for any designated
P,Os level. The difference in shoot mass

50 -

40 -

da
b bb b
30 - I I
o - d
1
10
0_ T T

between AMF-inoculated and the non-
inoculated counterpart ~ was more
pronounced in samples that received 60 kg
P,Os ha™ application. The shoot mass of
AMF-inoculated plants that received 30 kg
P,Os hal, and that of non-inoculated plants
that received 60 kg P,Os ha' were
statistically ~ similar. However, AMF-
inoculated plants that were supplied with 60
kg P,Os ha™ had significantly higher shoot
mass than the plants that were supplied with
90 kg P,Os ha™ regardless of whether or not
they were inoculated. AMF-inoculated
plants accumulated higher dry shoot mass
than non-inoculated plants in the samples
that were irrigated at 100% FC at 12 WAS
(Figure 4). Also, the samples that were
irrigated at 100% FC had significantly
higher shoot mass than those maintained at
50% FC in both inoculated and non-
inoculated groups.

m AMF-moculated
Non-inoculated

d d c%
Fef I
B '

Dry shoot biomass

30/100 60/100 90/100

30/50 60/50 90/50

Phosphorus (kg P,O5ha!)/ Irrigation (%FC)

Figure 2. Interaction of AMF, phosphorus and irrigation on dry shoot biomass of plants at 8
WAS

Means (+SE) are shown and values with the same letter(s) are not significantly different (three-way ANOVA, DMRT, P < 0.05, n = 36).

60 -
50
40 - ¢

~30 - d

0
20 -
10 -

m AMF-moculated Plants

Non-inoculated Plants

Dry shoot biomass
H

0 I T T
30 60

90

Phosphorus (kg P,Osha)

Figure 3. Interaction of AMF and phosphorus on dry shoot biomass of plants at 12 WAS
Means (£SE) are shown and values with the same letter(s) are not significantly different (two-way ANOVA, DMRT, P < 0.05, n = 36)
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Figure 4. Interaction of AMF and Irrigation on Dry shoot biomass (g pot™) at 12 WAS
Means (£SE) are shown and values with the same letter are not significantly different (two-way ANOVA, DMRT, P < 0.05, n = 36).

The similar or even higher performance of
the dry shoot biomass of the AMF-
inoculated plants that received 50% lower
doses of P,0Os compared to the non-
inoculated plants under the amply watered
condition in this study highlights the dual
economic and ecosystem benefit of AMF
inoculation. It indicates that not only would
a 50% reduction in P fertilizer application in
Agricultural production systems be feasible
if AMF is used to complement the resource
uptake of plants, but that environmental
degradation associated with P application
can be avoided or mitigated.

It is apparent that AMF became less
responsive, mostly detrimental, to the
growth of the plants at the water stress level.
One reason for a reduction in biomass
accumulation in plants is a reduction in
stomatal conductance at the leaf surface to
cope with the current water status of the soil
(Blum, 2009). Even though plants showed
higher root colonization at 12 WAS or in the
50% FC — irrigated plants at 8 WAS (Figure
1 c), the presence of AMF did not garner
any benefit to the plants under this water-
limiting condition (Figure 2); rather, it
tended to depress the shoot growth. Veiga et
al. (2011) observed that highly colonized
plants showed a high degree of negative
mycorrhizal responsiveness in a similar
study. It has been proposed that interaction
between environmental and growing
conditions and the symbionts involved in
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AM symbiosis can shift the association
along a parasitism-mutualism continuum
(Johnson et al., 1997).

Mycorrhizal Responsiveness to Biomass
Accumulation as Influenced by Irrigation

Mycorrhizal growth response (MGR) to
biomass  accumulation  expressed in
percentage is shown in Figure 5. The shoot
mass response to mycorrhizal inoculation
was negative in all application rates of P,Os
at 4 WAS, with -72, -59 and -45% in the
experimental units that received 30, 60 and
90 kg P,Os ha™ respectively (Figure 5 a). At
8 WAS, the shoot mass of the samples that
were irrigated at 100% FC of the growing
media expressed a positive response to
mycorrhizal inoculation in all P,Os rates
while those that grew on media maintained
at 50% FC showed negative mycorrhizal
responsiveness to shoot mass in all the P,Os
rates (Figure 5 b). The shoot responses at 8
WAS were 50.05% in the application of 30
kg P,Os ha!, 7.62% in the application of 60
kg ha® and 5.81% in the application of 90
kg P,Os ha™ for plants that were amply
watered at 100% FC while the experimental
units that were susceptible to water stress
indicated responsiveness to shoot mass of
about -19% in 30 kg P,Os ha™ application
rate and 8% in 60 and 90 kg P,Os ha™
application rates. In the amply watered
category, shoot mass showed a positive
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mycorrhizal response of 17.9%, 35.7% and
8.0% in the application rates of 30, 60 and
90 kg P,Os ha™ respectively, at 12 WAS
(Figure 5 c¢). The responsiveness of shoot
mass to mycorrhizal inoculation, however,
showed a downward negative trend of -
26.9%,-9.88% and -0.16% in the application
rates of 30, 60 and 90 kg P,Os ha™
respectively, for samples that were
maintained at 50% of the soil moisture at
field capacity at this sampling stage.

At 4 WAS, the mycorrhizal
responsiveness of plants to root mass was
negative in all the designated P,Os rates
(Figure 5 d). However, an increase in the
application rate of P,Os tended to decrease
the negativity of the root response to the
AMEF inoculation at the 4 WAS. At 8 WAS,

magnitude increased with a decrease in P,0s
rate i.e., the negativity increased with an
increase in P,Os rate (Figure 6e). For plants
in 50% FC group, the responses of the root
to the mycorrhizal inoculation were negative
across the P,Os application rates. The roots
of the plants showed a negative mycorrhizal
response at 12 WAS in all P,Os rates
regardless of the irrigation status except in
fully irrigated plants in 90 kg P,Os ha™
application where mycorrhizal
responsiveness to root mass was slightly
positive (Figure 6 f). The negative response
of the mycorrhizal association on root mass
was particularly noticeable in the 30 kg
P,Os ha' application rate under amply
watered condition and also, increasing P,Os
application rate generally improved the

the plants that were watered at 100% FC had  shoot growth response to the AMF
a positive mycorrhizal response to root mass  inoculation at this sampling stage.
in all the levels of P,Os application and the
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0.00%

(b)
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—
—
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-30.00% -20.00% -10.00% 0.00%

SHOOT MGR AT 8 WAS
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|
—
-
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(©) SHOOT MGR AT 12 WAS
M Positive shoot MRG B Negative shoot MRG
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Figure 5. Mycorrhizal growth responses (%) of the (a) shoot mass at 4 WAS, (b) shoot mass at 8 WAS, (c)
shoot mass at 12 WAS, (d) root mass at 4 WAS, (e) root mass at 8 WAS and (f) root mass at 12 WAS in
the three phosphorus application rates (30, 60 and 90 kg P205 ha-1) under the two moisture regimes (100
and 50% FC). Bars are means of three replicates. Bars in green indicate samples with a positive mycorrhizal
growth response while bars in red indicate samples with a negative mycorrhizal growth response. Asterisks
represent significant differences (alpha = 0.05) in total biomass between the AMF-inoculated treatment and the
non-inoculated control for each phosphorus application rate
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Generally, the mycorrhizal responsiveness
became less negative in 50% FC-irrigated
samples as higher doses of P,Os were given
to the plants probably due to the role of
phosphorus in root development which is
key to moisture extraction from soils.
Specifically, decreasing the phosphorus
application rate increased the negative
mycorrhizal response of the plants only at
the early stage of growth (week 4) or in
samples that were maintained at 50% FC at
8 WAS. This suggests that AMF hyphae
were not compensating for the carbon cost
provided by the maize plants for hyphal
development at the initial stage of the
association, and even when AMF became
functionally useful to the maize plants at the
later stage, the enhanced root colonization
was detrimental under water deficit. This
indicates an  alternating  parasitism-
mutualism continuum along the growth
cycle of the association depending on the
prevailing status of the growth resources.
Wang et al., (2018) provided evidence of
the possibility of parasitism in a mycorrhizal
association. They noticed a lower N
acquisition and subsequent lower grain yield
in AMF-colonized maize compared to the
non-colonized counterparts grown in N-
deficient soil. Although the level of root
colonization at week 4 was not measured,
we supposed that the level of colonization of
the roots by AMF would have the same
trend as was observed at 8 and 12 WAS;
relatively higher percent root colonization
was noticed with decreasing doses of
phosphorus application rate.

Drought Response Index of plants (DRI)
and percentage reduction in yield due to
water stress

AMPF-inoculated plants had significantly
lower DRI than non-inoculated plants at 8
WAS (Table 3). The lowest DRI was
observed in the AMF-inoculated plants that
received 30 kg P,Os ha™ while the highest
DRI was observed in non-inoculated plants
that received 30 kg P,Os ha™ or 90 kg P,Os
ha® (Figure 6). Table 4 shows the
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percentages by which the total biomass of
plants was reduced under the designated
P,Os rates due to their exposure to water
stress when the samples were irrigated at
50% FC. The total biomass reduction ranged
between 11 — 59%. The water stress
condition in the AMF-inoculated maize
plants resulted in a yield reduction of 59, 43
and 31% at 8 WAS, and 22, 26 and 32% at
12 WAS in 30, 60 and 90 kg P,Os ha™
application  rates  respectively.  The
detrimental effect of AMF inoculation on
the biomass of the plants signifies a possible
deficit imbalance on the return of the carbon
investment of the plant in the mycorrhizal
association under the water stress condition.
However, higher phosphorus application
tended to play an ameliorative role in the
adaptation of the inoculated plants to the
water stress. It was suggested that
phosphorus nutrients can improve the
drought resistance of plants through various
mechanisms including an improved root
system that facilitates water uptake, and up-
regulation of osmolytes and antioxidants
(Begum et al., 2020). However, in the non-
inoculated plants, the highest yield reduction
was observed in plants supplied with 60 kg
P,Os ha' at 8WAS (34%), and in plants
supplied with 30 kg P,Os hat at 12 WAS
(33%) although no particular trend was
noticeable. The non-inoculated plants may
have shown a non-specific trend in yield
reduction because the plants were largely
deficient in P nutrient even at the highest
phosphorus application rate (90 P,Os ha™)
since there was an absence of hyphae to
complement the P uptake. The soil used for
this experiment was highly deficient in P
nutrient (1.7 mg kg™).
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Table 3. Effect of inoculation and phosphorus on drought response index (DRI)

Treatment 8 WAS 12 WAS
Mycorrhiza (AM)

AM* 0.56a 0.72
AM 0.79b 0.77
LOS Fhk NS
SE+ 0.036 0.035
Phosphorus (P)

30 kg P,0s ha™ 0.65 0.68
60 kg P,Os ha™ 0.62 0.79
90 kg P,Os ha™ 0.76 0.76
LOS NS NS
SE+ 0.045 0.043
AM x P * NS

Lower values are ranked higher to indicate the severity of the effect of water stress with decreasing DRI. Values with different

letters within the same column are significantly different (DMRT, a = 0.05, n = 6).
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0.6 -

DRI
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SE =0.063
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Non-Inoculated

b
. I
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Figure 6. Interaction of AMF inoculation and phosphorus levels on drought response index (DRI) at 8

WAS

Lower DRI values are ranked higher to indicate the severity of the effect of water stress with decreasing DRI. Values with the same letter(s)
are not significantly different (DMRT, o = 0.05, n = 6)

Table 4. Percentage reduction in total biomass due to 50% water stress

8 WAS 12 WAS
Phosphorus (kg P,Os ha™) Inoculation Status Inoculation Status
AM* AM’ AM* AM’
30 59 11 32 33
60 43 34 26 16
90 31 17 22 21
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Conclusion

We assessed the root colonization
percentage and the biomass partitioning of
AMF-inoculated maize crops under
phosphorus and water variations in time
scale and found that the maize crop

exhibited both positive and negative
responses to mycorrhizal inoculation.
Phosphorus and  moisture  deficiency

encouraged root colonization by AMF.
Although AMF suppressed the growth of the
maize at 4 WAS, it enhanced biomass
accumulation at the later stages as revealed
by the examinations carried out at 8 and 12
WAS. While the exposure of the plants to
water stress increased the chance of negative
mycorrhizal responsiveness of the crops to
biomass accumulation, higher phosphorus
application rates alleviate this negative
response. The AMF-inoculated plants that
received 50% lower doses of P produced
similar or in some cases, higher dry shoot
biomass compared to the non-inoculated
counterparts under the amply watered
condition. The mixed responses of the crops
to the AMF inoculation under phosphorus
nutrient and soil moisture variations present
the need for caution in harnessing the
benefits of AMF in maize production in the
NGS of Nigeria. As demonstrated by the
results of this study, AMF inoculation
would rather be detrimental to SAMMAZ-
16 maize variety for example, when there is
a concurrent shortage of phosphorus
nutrients and soil moisture. It is, however,
not very clear in this study how the
combined factor effects can garner benefits
or costs for the AMF-inoculated crop.
Further research should explore the
possibility of complementarity, additivity,
antagony or synergy in multi-factor effects
on the AMF-inoculated crops by involving
molecular and biochemical assays. That
way, the combined effects of abiotic stress
on the responses of SAMMAZ-16 would be
demystified.
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