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ABSTRACT
To meet food security, commercial fertilizers are available to boost wheat yield,
but there are serious ill effects associated with these fertilizers. Amongst various
organic alternatives, inoculating crop fields with mycorrhizal species is the most
promising option. Although, mycorrhizae are known to enhance wheat yield, but
how the mycorrhizae influence different yield and quality parameters of wheat, is not
clear. Therefore, this study was undertaken to investigate the influence of indigenous
mycorrhizal species on the growth of wheat, its nutritional status and soil properties,
in repeated set of field experiments. In total 11 species of mycorrhizae were isolated
from the experimental sites with Claroideoglomus, being the most dominant one. Five
different treatments were employed during the present study, keeping plot size for each
replicate as 6 × 2 m. Introduction of consortia of mycorrhizae displayed a significant
increase in number of tillers/plant (49.5%), dry biomass (17.4%), grain yield (21.2%)
and hay weight (16.7%). However, there was non-significant effect of mycorrhizal
inoculation on 1,000 grains weight. Moreover, protein contents were increased to
24.2%. Zinc, iron, phosphorus and potassium concentrations were also increased to
24%, 21%, 30.9% and 14.8%, respectively, in wheat grains. Enhancement effects were
also noted on soil fertility such as soil organic carbon % age, available phosphorus
and potassium were increased up to 64.7%, 35.8% and 23.9%, respectively. Herein, we
concluded that mycorrhizal introduction in wheat fields significantly increased tillering
in wheat and this increased tillering resulted in overall increase in wheat biomass/yield.
Mycorrhizae also enhanced nutritional attributes of wheat grains as well as soil fertility.
The use of mycorrhizae will help to reduce our dependance on synthetic fertilizers in
sustainable agriculture.

Subjects Agricultural Science, Food Science and Technology, Mycology, Soil Science,
Biogeochemistry
Keywords Mycorrhizae, Wheat, Claroideoglomus lamellosum, Funneliformis mosseae

INTRODUCTION
Wheat is the staple food of populace in many countries. Annual production of wheat in
Pakistan was 25.2 million tons, during years 2019–20. Extensive use of synthetic fertilizers
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e.g., urea, phosphate and potash (NPK) to enhance the yield of wheat has beneficial
effects on one hand considering yield of wheat but on the other side, it also poses number
of ill effects Like environmental pollution and human health concerns (Lopes-Ferreira
et al., 2022). In recent years, there is increasing demand for nature friendly fertilizers
e.g., mycorrhizal formulations (Messa & Savioli, 2021; Delvian & Hartanto, 2021; Nasiyev
et al., 2021). Mycorrhiza plays a key role in nutrient cycling in ecosystem, and protects host
plant against environmental stress (Zhang et al., 2003; Huey et al., 2020).

Mycorrhizal biotechnology has become a major component of sustainable agriculture
(Srivastava, Johny & Adholeya, 2021; Schultz, Wu & Baumann, 2022). Plant symbiosis with
arbuscular mycorrhizal fungi (AMF) yields numerous benefits to host plant, including
enhanced nutrient uptake (Stahlhut et al., 2021). Themajority of land plants form symbiotic
mycorrhizal associations with AMF and a single plant species may be colonized by a wide
range of phylogenetically diverse AMF species (Säle et al., 2021). The major advantage of
mycorrhizae to crops is improved soil nutrients and water uptake (Noceto et al., 2021).
AMF are well documented to have enhancement effects on crop growth, especially in
phosphorus deficient soils. Mycorrhizal fungi increase soil phosphorus (P), nitrogen (N)
and soil organic carbon (Kilpeläinen et al., 2016; Nahar, Bovill & McDonald, 2021). These
mycorrhizal fungi also aid in N recovery from the nitrogen fertilizers (Ingraffia et al.,
2020; Ingraffia et al., 2021). The application of multiple moderate doses of phosphorus and
nitrogen acts as a stimulant for the maximum development of mycorrhizae in wheat plants
(Vidican et al., 2020). Thus, the use of mycorrhizae can be helpful in reducing the use of
synthetic fertilizers in the crops and this can help to overcome the hazardous effects of
these synthetic chemical fertilizers.

In an investigation, the application of Glomus fasciculatum resulted in 22% significantly
higher grain yield in wheat, but the increase in tillers/plant was less than control (Khan
& Zaidi, 2007). The 1,000 grains weight was not reported in that study, so there was no
conclusive evidence about the growth parameter that actually contributed to grain yield
or total wheat biomass. Another report showed the effects of mycorrhizae on growth of
wheat, in which mycorrhizae increased wheat yield by increasing various yield parameters
in wheat e.g., tillers/plant and 1,000 grains weight. Although they reported increase in
tillering as well as 1,000 grains weight of wheat, but that study could not provide conclusive
evidence because there was no treatment to compare the effects of mycorrhizal species
when inoculated in the presence of urea (Seyedlar et al., 2014). Although, mycorrhizal fungi
have shown promising results in terms of increase in biomass of wheat crop, but many
studies regarding effects of mycorrhizal inoculation were carried out under pot conditions.
Moreover, the exact growth parameter contributing to overall growth and grain yield in
field grown wheat is not clear. Therefore, this study was undertaken to investigate the
influence of indigenous mycorrhizal species on different growth parameters of wheat and
their contribution to overall increase in grain yield, nutritional status of wheat as well as
soil properties, in repeated set of field experiments.
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MATERIALS & METHODS
Mycorrhizal species of study areas
Mycorrhizal species were identified from two locations. One location was a farmer’s
(Muhammad Afzal) field at village Naka Kahut, Chakwal, Pakistan (32.9423◦N latitude,
72.4787◦E longitude, elevation 460 m), site-1 and the second location was a farmer’s
(Muhammad Arif) field at village Malakwal, Chakwal, Pakistan (32.9132◦N latitude,
72.3992◦E longitude, elevation 374 m), site-2. Earthen pots were filled with soil collected
from these study areas. Onion bulbs were grown in these pots and plants were watered as
per requirement. After three weeks, onion plants were harvested and mycorrhizal species
were identified with the help of spores. Spore isolation was done using the wet-sieving
and decanting method (Gerdemann & Nicolson, 1963). The morphological identification
of arbuscular mycorrhizal fungal spores was accomplished by adopting method described
by (Schenck & Perez, 1990).

Mass culturing of mycorrhizal strains
Spores of identified mycorrhizal species were collected. Then soil taken from experimental
areas was sterilized in an autoclave (Hirayama, HVE-50, Tokyo, Japan) at 121 ◦C for 30min
and filled into earthen pots @ 6 kg pot−1. Then onion bulbs were grown in these pots,
containing identified spores of mycorrhizae. Plants were watered as per plant requirements
based on visual observations of potted plants and pot soil. After three weeks, onion plants
were harvested. Fine roots of onion having mycorrhizal infections were collected and
these roots were used @ 16.57 kg ha−1, (≈ 22 mycorrhizal propagules gram−1 of soil) in
required treatment plots. Mycorrhizal dead inoculum was prepared by autoclaving the live
mycorrhizal inoculum at 121 ◦C for 30 min. Mycorrhizal dead inoculum treatments were
designed to investigate the effects of mycorrhizal biomass on the growth parameters of
wheat.

Selection of fertilizers and wheat variety
Inorganic fertilizers, NPK (8:23:18) and urea were purchased from the local market.
Recommended doses of N (120 kg ha−1), P (26.2 kg P ha−1) and K (33.2 kg ha−1) for
wheat were applied to all the plots according to treatments. N fertilizer was applied in
two split doses i.e., half at seedbed preparation and half at the flowering stage. Wheat
variety, Faisalabad-2008, as recommended by Agricultural Department, Punjab, Pakistan
was selected as test crop to investigate the effects of mycorrhizae on its growth.

Soil analysis
Soil samples were taken at pre-sowing (before addition of fertilizers and mycorrhizal
inocula) and post-harvest stages. Soil sampling was done for every replicate of every
treatment plot of experimental areas at the depth of 15 cm and mixed well to get composite
soil samples of each replica of each treatment. Analyses of the soil samples were done
by adopting standard soil tests for following characteristics, viz., soil texture, saturation
percentage, soil pH, electrical conductivity of the saturation extract (ECdsm−1), soil organic
carbon (SOC) % age, available phosphorus (P mg kg−1) and available potassium (K mg
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kg−1). The pH was measured with a pH meter, while electrical conductivity (EC) was
measured on a conductivity meter. The phosphorus was measured by following Olsen &
Sommers (1982). The SOC content was calculated by adopting standard procedure for SOC
(Bao, 2000).

Field preparation
Field trials (field study approval No. UOG/BOT/1) were conducted to investigate the effects
of mycorrhizae under reduced dose of NPK. The fields were prepared using moldboard
plow, disk and leveler. The furrows were formed by furrower to separate a plot from its
neighboring ones, keeping plot size as 6× 2 m. Experiments were repeated at two different
sites as mentioned above, following the randomized complete block design (RCBD). Five
treatments were investigated in the present study as followings: Control, where there was
no addition of fertilizers or mycorrhizal inocula; Wheat + NPK full dose (FD); Wheat +
NPK half dose (HD); Wheat + mycorrhizae alive + NPK half dose (MA+HD); Wheat +
mycorrhizae dead + NPK half dose (MD+HD). Proper sowing method including time of
sowing, depth of sowing (05 cm) andkernel rate@150 kg ha−1 and 22 cm row to row spacing
were adopted. In all treatments, weeds were controlled by recommended commercial
herbicides, fenoxaprop-P-ethyl and bromoxynil + 2-methyl-4-chlorophenoxyacetic acid
(MCPA).

Harvesting and data collection
Data regarding plant height and number of tillers/plant were recorded before harvesting.
Harvesting was managed manually at maturity, after 175 days of sowing. The harvested
wheat was sun-dried for one week, weighed with digital weighing machine and threshed
with a thresher. Following parameters were recorded after harvest viz., dry mass, grain
yield, hay weight and 1,000 grains weight. The chemical composition of wheat grains was
calculated following (AOAC, 1970). Concentrations of mineral elements were calculated
by atomic absorption spectrophotometer. At harvest, composite soil samples were taken
again from every replicate/treatment.

Statistical analyses
All the data were analyzed by ANOVA & Tukey’s Test by using Minitab-19 software. More
information about statistical analyses is given within description of each table/figure.

RESULTS
Diversity of mycorrhizal species in study areas
The following 11 species of mycorrhizae were identified from study areas: Acaulospora
spp., Ambispora fennica, Diversispora spp., Claroideoglomus etunicatum, Rhizoglomus
intraradices, Rhizophagus iranicus, Claroideoglomus lamellosum, Claroideoglomus luteum,
Funneliformis mosseae, Paraglomus spp., and Scutellospora spp. The mycorrhizal species,
Claroideoglomus lamellosum and Funneliformis mosseae were found to be the dominant
species in both experimental sites. The % age spore share of each species is presented in
Figs. 1–2.

Akbar et al. (2023), PeerJ, DOI 10.7717/peerj.15686 4/23

https://peerj.com
http://dx.doi.org/10.7717/peerj.15686


f-h
ef e-g

d
d

f-h

b

f-h

c

g-i f-i
hi i

f-h

cd
c

hi

a

i

cd

g-i
e

0
5

10
15
20
25
30
35
40

Acaulospora sp
p.

Ambisp
ora fe

nnica

Dive
rsi

spora sp
p.

Claroideoglomus e
tunica

tum

Rhizo
glomus in

tra
radices

Rhizo
phagus ir

anicu
s

Claroideoglomus la
mello

sum

Claroideoglomus lu
teum

Funnelifo
rm

is m
osseae

Paraglomus s
pp.

Scutellosp
ora  sp

p.
%

 a
ge

 sp
or

e 
sh

ar
e

Site-1 Site-2

Figure 1 Pre-sowing percentage occurrence of mycorrhizal species at site-1 and site-2.Vertical bars
represent standard error of means of three replications. Bars sharing same letter do not differ at P ≤ 0.05
as computed by ANOVA & Tukey’s test, using Minitab-19.

Full-size DOI: 10.7717/peerj.15686/fig-1
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Figure 2 After harvest percentage occurrence of mycorrhizal species at site-1 and site-2.Vertical bars
represent standard error of means of three replications. Bars sharing same letter do not differ at P ≤ 0.05
as computed by ANOVA & Tukey’s test, using Minitab-19.

Full-size DOI: 10.7717/peerj.15686/fig-2

Effects of mycorrhizae inoculation on height of wheat plants
The results of combined effects of mycorrhizal inoculation with reduced doses of
NPK fertilizers on height of wheat plants over non inoculated wheat (Control),
recommended/full dose of NPK (FD), and half of recommended dose of NPK (HD),
were found significant, at both experimental locations. At site-1, amongst all treatments,
maximum significant increase in height of wheat plants was observed in mycorrhizae alive
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Figure 3 Effect of mycorrhizae on height of wheat plants at site-1 and site-2.Vertical bars represent
standard error of means of three replications. Bars sharing same letter do not differ at P ≤ 0.05 as com-
puted by ANOVA & Tukey’s test, using Minitab-19. FD. Wheat with full/recommended dose of NPK; HD.
Wheat with half of recommended dose of NPK; MA+HD. Wheat with HD of NPK and mycorrhizal alive
inoculum; MD+HD. Wheat with HD of NPK and mycorrhizal dead inoculum.

Full-size DOI: 10.7717/peerj.15686/fig-3

+ half dose of NPK (MA+HD). There was 13.8% increase in plant height as compared to
plots where half dose of fertilizer was used with dead mycorrhizal inoculum (MD+HD).
MA+HD showed increase in height of plants by 12.22%, 2.4% and 20.6% over, HD, FD
and control respectively. At site-2, MA+HD showed increase in height of wheat plants by
13%, 12.3% and 8% over MD+HD, HD and FD, respectively (Fig. 3).

Effects of mycorrhizae inoculation on number of tillers/plant
The effects of different treatments on number of tillers/plant of wheat were found to be
the most promising effects recorded in the present study. At site-1, there was 10%, 10.8%,
53.6%, and 3.96% increase in tillers/plant of wheat in treatments viz. FD, HD, MA+HD
and MD+HD, respectively, as compared to plots where no NPK fertilizer as well as no
mycorrhizal inoculations was made (Control). Amongst all treatments, significant increase
in tillers was observed in MA+HD. There was 47.75% increase in tillers/plant as compared
to MD+HD. MA+HD also showed an increase of 38.6% and 39.5% in number of tillers
of wheat over, HD and FD, respectively (r2 = 96.21%, F = 65.52). At site-2, there was
17.5%, 14.5%, 52.8%, and 2.2% increase in tillers/plant of wheat in treatments viz. FD,
HD, MA+HD and MD+HD, respectively, as compared to control plots without NPK and
mycorrhizae. MA+HD showed increase in number of tillers/plant by 49.5%, 33.5% and
30% over MD+HD, HD and FD respectively (r2= 96.03%, F = 60.42) (Fig. 4).

Effects of mycorrhizae inoculation on dry mass of wheat
At site-1,MA+HD increased drymass of wheat by 17.4%, 10.4%, and 15.8% overMD+HD,
FD and HD, respectively. At site-2, MA+HD showed 14.2%, 10.5% and 16.98% increase in
dry mass over MD+HD, FD and HD, respectively. In the present study, MA+HD showed
16.98% and 25.5% increase in dry biomass over, HD and control, respectively, at site-2
(Fig. 5).

Effects of mycorrhizae inoculation on grain yield of wheat
The effects of various treatments on grain yield of wheat at both experimental locations are
shown in Fig. 6. Treatment where field was given inoculum with mycorrhizae alive and half
dose of commercial inorganic fertilizer NPK (MA+HD), maximum significant effects were
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Figure 4 Effect of mycorrhizae on number of tillers/plant of wheat plants at site-1 and site-2.Vertical
bars represent standard error of means of three replications. Bars sharing same letter do not differ at P ≤
0.05 as computed by ANOVA & Tukey’s test, using Minitab-19. FD. Wheat with full/recommended dose
of NPK; HD. Wheat with half of recommended dose of NPK; MA+HD. Wheat with HD of NPK and myc-
orrhizal alive inoculum; MD+HD. Wheat with HD of NPK and mycorrhizal dead inoculum.
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Figure 5 Effect of mycorrhizae on dry mass of wheat plants/plot at site-1 and site-2.Vertical bars rep-
resent standard error of means of three replications. Bars sharing same letter do not differ at P ≤ 0.05 as
computed by ANOVA & Tukey’s test, using Minitab-19. FD. Wheat with full/recommended dose of NPK;
HD. Wheat with half of recommended dose of NPK; MA+HD. Wheat with HD of NPK and mycorrhizal
alive inoculum; MD+HD. Wheat with HD of NPK and mycorrhizal dead inoculum.
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Figure 6 Effect of mycorrhizae on grain yield of wheat plants/plot wheat plants at site-1 and site-2.
Vertical bars represent standard error of means of three replications. Bars sharing same letter do not differ
at P ≤ 0.05 as computed by ANOVA & Tukey’s test, using Minitab-19. FD. Wheat with full/recommended
dose of NPK; HD. Wheat with half of recommended dose of NPK; MA+HD. Wheat with HD of NPK and
mycorrhizal alive inoculum; MD+HD. Wheat with HD of NPK and mycorrhizal dead inoculum.

Full-size DOI: 10.7717/peerj.15686/fig-6

recorded. There was 20.6%, 18.2%, 25.8% increase in grain yield as compared to MD+HD,
HD, control, respectively. Also, at site-2, treatment, MA+HD showed significant increase
in grain yield by 21.2%, 21.6% and 35.4% over MD+HD, HD, control, respectively.
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Full-size DOI: 10.7717/peerj.15686/fig-7

Effects of mycorrhizae inoculation on hay weight
In case of effects of mycorrhizal inoculation on hay weight of wheat, maximum significant
increase in hay weight of wheat was recorded in treatment, MA+HD. There was 15%,
14.5%, 11.5% and 31% increase in hay weight of wheat in mycorrhizal inoculated plots
(MA+HD) as compared to MD+HD, HD, FD and control, respectively. At site-2, MA+HD
showed increase in hay weight by 16.7% and 14.6% over HD and FD, respectively (Fig. 7).

Effects of mycorrhizae inoculation on 1,000 grains weight
Results at both sites indicated that there was non-significant effect of all treatments on 1,000
grains weight of wheat when compared with each other except, FD, where the maximum
significant increase in 1,000 grains weight was observed. Amongst all treatments, treatment
where field was inoculated with mycorrhiza, and half dose of NPK, an increase of 8.6% in
1,000 grains weight of wheat was recorded when compared with plots where there was no
inoculation of mycorrhizal fungi as well as no addition of NPK. The maximum increase in
1,000 grains weight was 18% as recorded in FD plots, when compared with control plots.
Almost similar results were recorded at site-2 where MA+HD showed only 11.2% increase
in 1,000 grains weight over control. Effect of mycorrhizal inoculation (MA+HD) did not
show any significant increase in 1,000 grains weight over MD+HD at both experimental
sites (Fig. 8).

Effects of mycorrhizae inoculation on nutritional status of wheat
Protein content was significantly increased to 13.95% and 24.2%when compared with plots
having half dose of synthetic fertilizers along with mycorrhiza dead (MD+HD), at site-1
and site-2, respectively. Zinc content also depicted a significant rise due to mycorrhizal
inoculation. There was 24% and 21.9% increase in the zinc contents when compared
with MD+HD, at site-1 and site-2, respectively. Iron, phosphorus and potassium also
showed significantly increased concentrations in response to mycorrhizal inoculation.
There was 21% and 15.6% rise in the concentration of iron and 21.7% and 30.9% rise in
the concentration of phosphorus, while there was 14.8% and 11% enhancement in the
concentration of potassium, at site-1 and site-2, respectively (Table 1).
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Table 1 Nutritional composition of wheat grains in different treatments at site-1 and site-2.

Treatments Proteins (g/100 g) Zinc (mg/100 g) Iron (mg/100 g) Phosphorus (mg/100 g) Potassium (mg/100 g)

Site-1 Site-2 Site-1 Site-2 Site-1 Site-2 Site-1 Site-2 Site-1 Site-2

Control 11± 0.5c 11.9± 0.8b 3.1± 0.4b 3.2± 0.3b 3.5± 0.2b 4.1± 0.2c 270± 13.2c 282± 7.2c 340± 13c 312± 7.2c
FD 13± 0.7b 13.4± 0.6b 3.3± 0.3b 3.3± 0.2ab 3.7± 0.17b 4.7± 0.2b 310± 17.1b 319± 5.6b 390± 15.6b 372± 12b
HD 12.8± 0.7b 13.0± 0.9b 3.2± 0.2b 3.1± 0.3b 3.8± 0.2b 4.5± 0.2bc 300± 9.5bc 298± 17.7bc 379± 20.1bc 360± 6.9b
MA+HD 14.7± 0.5a 15.9± 0.5a 4.1± 0.4a 4.1± 0.4a 4.6± 0.2a 5.2± 0.2a 365± 11.3a 390± 8.7a 435± 10.5a 400± 11.4a
MD+HD 12.9± 0.5b 12.8± 0.5b 3.3± 0.2b 3.2± 0.4b 3.8± 0.1b 4.7± 0.1b 306± 17.4bc 300± 14bc 379± 14bc 371± 12.3b

Notes.
Abbreviations: g, grams; mg, milli grams; FD, Wheat with full/recommended dose of NPK; HD, Wheat with half of recommended dose of NPK; MA+HD, Wheat with HD of NPK and mycorrhizal
alive inoculum; MD+HD, Wheat with HD of NPK and mycorrhizal dead inoculum.
Values are means of 3 replicates± standard deviation. Standard deviation values were rounded off to first decimal. Values sharing same letter do not differ at P ≤ 0.05 as computed by ANOVA & Tukey’s
test, using Minitab-19. Significance level was compared within each column.
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Figure 8 Effect of mycorrhizae on 1,000 grains weight of wheat plants at site-1 and site-2.Vertical bars
represent standard error of means of three replications. Bars sharing same letter do not differ at P ≤ 0.05
as computed by ANOVA & Tukey’s test, using Minitab-19. FD. Wheat with full/recommended dose of
NPK; HD. Wheat with half of recommended dose of NPK; MA+HD. Wheat with HD of NPK and mycor-
rhizal alive inoculum; MD+HD. Wheat with HD of NPK and mycorrhizal dead inoculum.

Full-size DOI: 10.7717/peerj.15686/fig-8

Effects of mycorrhizae inoculation on soil properties
Pre-sowing and after-harvest soil properties are given in Tables 2 and 3. After harvesting,
soil organic carbon (SOC), available phosphorus (P) & potassium (K) were increased up to
53.5%, 26% and 16%, respectively, in treatments where half dose of NPK was utilized with
mycorrhizal inoculum (MA+HD), at site-1, when compared with plots where half dose of
NPK was utilized with mycorrhizal dead inoculum (MD+HD). However, at site-2, 64.7%,
35.8% and 23.9% increase was recorded in SOC, available phosphorus and potassium
respectively, in corresponding treatments as in site-1. Besides these soil parameters, there
was positive influence of adding mycorrhizal inoculum on saturation % age, soil pH and
EC dSm−1 also, at both sites. Soil pHwas decreased to 6.3 and 6.1 inmycorrhizal inoculated
plots (MA+HD) when compared with MD+HD, having values of 6.9 and 7.2, at site-1
and 2, respectively. There was a significant effect of mycorrhizal addition in enhancing soil
fertility. There was an increase of 30.9% and 25.3%, in saturation % age at site-1 and site-2,
respectively, when MA+HD was compared with MD+HD. On the other hand, EC dSm−1

increased to 1.17 and 1.3 at site-1 and site-2, respectively, when MA+HD was compared
with MD+HD having values of 0.81 and 0.9, respectively. The increase in saturation %
age, with corresponding treatments was 25.3% at site-2. There was a significant decrease
in pH and a significant increase in EC dSm−1 of soil at both sites due to introduction of
mycorrhizal species.

DISCUSSION
Arbuscular mycorrhizal fungi (AMF) are considered as an optimal eco-friendly and
biological technique to increase crop yield to address food security (Jerbi et al., 2022; Khan,
Shah & Tian, 2022). Enhancing grain yield of cereals like wheat is vital in agriculture
(Zhang et al., 2019a; Zhang et al., 2019b). Use of AMF can increase the concentrations
of macro- and micro nutrients, thereby enhancing photosynthates leading to higher
biomass production (Chen et al., 2017; Mitra et al., 2019). In the present study, significant
enhancement effects were recorded in the growth of wheat at both experimental sites, by
the application of inorganic fertilizers as well as mycorrhizal inoculation. The application
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Table 2 Pre-sowing and post-harvesting soil properties in loam soil at site-1.

Treatments Soil texture Saturation% age Soil pH EC dSm−1 Soil organic carbon
(SOC)% age

Available phosphorus
(mg kg−1)

Available potassium
(mg kg−1)

P.S. P.H. P.S. P.H. P.S. P.H. P.S. P.H. P.S. P.H. P.S. P.H. P.S. P.H.

Control L. L. 39.3± 0.6a 36.7± 1.2c 7.2± 0.2a 6.9± 0.1a 0.75± 0.02a 0.70± 0.02c 0.79± 0.04a 0.63± 0.04c 4.9± 0.3a 4.4± 0.2c 120± 2.0a 110± 8.0c

FD L. L. 39± 1.7a 43± 1.7b 7.1± 0.2a 7.0± 0.2a 0.78± 0.02a 0.8± 0.03b 0.81± 0.01a 0.82± 0.02b 4.97± 0.06a 5.4± 0.2b 122± 2.1a 130± 3.1b

HD L. L. 41± 1.0a 41.3± 1.5b 7.1± 0.2a 7.0± 0.1a 0.77± 0.03a 0.8± 0.01b 0.79± 0.03a 0.79± 0.02b 4.7± 0.01a 5.0± 0.1b 123± 3.1a 127± 3.1b

MA+HD L. L. 41± 1.0a 55± 1.7a 7.2± 0.2a 6.3± 0.3b 0.78± 0.01a 1.17± 0.02a 0.81± 0.02a 1.32± 0.04a 4.8± 0.01a 6.3± 0.2a 118± 5.0a 145± 7.0a

MD+HD L. L. 40± 1.0a 42± 1.7b 7.0± 0.2a 6.9± 0.2a 0.76± 0.02a 0.81± 0.03b 0.8± 0.03a 0.86± 0.05b 4.9± 0.2a 5.0± 0.2b 119± 3.6a 125± 3.0b

Notes.
Abbreviations: P.S., Pre-sowing; P.H., Post harvesting; L, loam; NPK, Nitrogen, phosphorus, and potassium; EC dSm−1, Electrical conductivity units are deciSiemens per metre (dS/m); FD, Wheat
with full/recommended dose of NPK; HD, Wheat with half of recommended dose of NPK; MA+HD, Wheat with HD of NPK and mycorrhizal alive inoculum; MD+HD, Wheat with HD of NPK and
mycorrhizal dead inoculum.
Values are means of 3 replicates± standard deviation. Standard deviation values were rounded off to 1st and 2nd decimal, where considered appropriate. Values sharing same letter do not differ at P ≤
0.05 as computed by ANOVA & Tukey’s test, using Minitab-19. Significance level was compared within each column.
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Table 3 Pre-sowing and post-harvesting soil properties in loam soil at site-2.

Treatments Soil texture Saturation% age Soil pH EC dSm−1 Soil organic carbon
(SOC)% age

Available phosphorus
(mg kg−1)

Available potassium
(mg kg−1)

P.S. P.H. P.S. P.H. P.S. P.H. P.S. P.H. P.S. P.H. P.S. P.H. P.S. P.H.

Control L. L. 44.8± 0.6a 41± 1.0c 7.3± 0.3a 7.2± 0.2a 078± 0.03a 0.72± 0.03d 0.85± 0.03a 0.59± 0.01c 4.8± 0.2a 4.0± 0.17c 133± 4.3a 112± 4.4c

FD L. L. 45± 1.0a 48± 1.5b 7.4± 0.2a 7.3± 0.3a 0.8± 0.03a 0.82± 0.02bc 0.86± 0.04a 0.89± 0.05b 4.83± 0.2a 5.2± 0.3b 136± 3.6a 143± 4.4b

HD L. L. 43.7± 1.5a 42± 1.0c 7.3± 0.1a 7.1± 0.02a 0.8± 0.02a 0.81± 0.02c 0.86± 0.03a 0.85± 0.05b 5.1± 0.3a 5.3± 0.40b 131± 5.3a 133± 3.2b

MA+HD L. L. 43± 1.0a 61± 2.6a 7.2± 0.3a 6.1± 0.3b 0.8± 0.03a 1.3± 0.02a 0.85± 0.03a 1.40± 0.07a 5.0± 0.2a 7.2± 0.3a 134± 4.4a 166± 4.6a

MD+HD L. L. 45.3± 2.5a 48.7± 0.9c 7.3± 0.3a 7.2± 0.2a 0.79± 0.02a 0.9± 0.05b 0..85± 0.03a 0.85± 0.03b 5.1± 0.17a 5.3± 0.2b 129.3± 3.1a 134± 2.3b

Notes.
Abbreviations: P.S., Pre-sowing; P.H., Post harvesting; L., loam; NPK, Nitrogen, phosphorus, and potassium; EC dSm−1, Electrical conductivity units are deciSiemens per metre (dS/m); FD, Wheat
with full/recommended dose of NPK; HD, Wheat with half of recommended dose of NPK; MA+HD, Wheat with HD of NPK and mycorrhizal alive inoculum; MD+HD, Wheat with HD of NPK and
mycorrhizal dead inoculum.
Values are means of 3 replicates± standard deviation. Standard deviation values were rounded off to 1st and 2nd decimal, where considered appropriate. Values sharing same letter do not differ at P ≤
0.05 as computed by ANOVA & Tukey’s test, using Minitab-19. Significance level was compared within each column.
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of fertilizer and AMF, both increased the height and tillers/plant in wheat but in contrast
to increase in height of wheat, introduction of AMF conspicuously increased tillers/plant
in wheat. As the mycorrhizal inoculation triggered the tiller formation in wheat, but
1,000 grain weight was not affected by AMF inoculation which provided conclusive
evidence of tillering enhancement in wheat under the influence of mycorrhizal inoculation
in wheat. Mycorrhizal inoculation effect on tiller formation in wheat, but no effect
on 1,000 grain weight can be explained as AMF colonization in wheat can affect gene
expression/transcription profile of the plant growth (Moradi Tarnabi et al., 2020), but
it still remained to be investigated. Khan & Zaidi (2007) also reported that when the
inoculation of Glomus fasciculatum was made with wheat seeds, a significant increase of 2.6
folds in dry matter was observed. Al-Karaki, McMichael & Zak (2004), reported that there
was variable contribution of increase in number of heads in wheat to overall wheat biomass
as well as grain yield as compared to increase in grain yield of wheat, when inoculated
with Glomus etunicatum and Glomus mosseae. Moreover, there was also variable response
when the effectiveness of the two species of mycorrhizae was considered. G. etunicatum
inoculated wheat plants generally had higher biomass and grain yield than those wheat
plants inoculated with G. mosseae. Bangash et al. (2013), also indicated that inoculation
with biofertilizers having mycorrhizal fungi and plant growth promoting rhizobacteria
(PGPR) strains, Serratia and Aerococcus, improved the growth of wheat seedlings. There
was significant enhancement in the root and shoot length, root and shoot dry mass by
54%, 80%, 54%, and 95%, respectively, over un-inoculated control.

Moreover, nutritional status of wheat grains was significantly improved under the
influence of mycorrhiza. The application of N fertilizer can boost both yield and protein
% age (Fowler et al., 1990). The addition of P is well known to significantly increase
plant growth and grain yield in wheat (Li et al., 2005). AMF can also modify grain
nutrient concentrations in wheat (Watts-Williams & Gilbert, 2021; Yadav, Chakraborty
& Ramakrishna, 2022). In another investigation, there was 28, 50, and 30% increase
in tiller dry weight, grain yield/spike and protein % age of grains of wheat by the
inoculation of mycorrhiza in wheat (Allah et al., 2015). AMF have shown increased K
and P concentrations, resulting in increased crop growth (Balliu, Sallaku & Rewald, 2015).
AMF establish symbiotic relationship with roots to obtain nutrients from the host plant
and in return provide mineral nutrients e.g., P and K. AMF produce arbuscules, which
perform exchange of minerals and the compounds of carbon and phosphorus in plants (Li,
Zeng & Liao, 2016; Prasad et al., 2017). Grain yield (27%), protein (4%), Fe (8%), and Zn
(36%) were recorded in chickpea inoculated with mycorrhiza (Pellegrino & Bedini, 2014).
The enhancement effects on yield as well as nutritional attributes can be attributed to
various physiological processes carried out by mycorrhizae e.g., Glomus mosseae increased
chlorophyll contents, enzymes of N and P metabolism, and NPK in Triticum aestivum
(Rani, 2016). Rhizophagus intraradices inoculation resulted in higher grain yield, and
contents of Cu, Fe, Mn, Zn and gliadins (protein) in grains of Triticum durum (Goicoechea
et al., 2016). Claroideoglomus etunicatum increased plant growth, free α-amino acids, and
Na+ and K+ uptake in Aeluropus littoralis (Hajiboland, Dashtebani & Aliasgharzad, 2015).
Inoculation by G. mosseae in wheat increased uptake of P, K and Zn by 35%, 31.8%
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and 18%, respectively (Daei et al., 2009). AMF inoculation increased grain yield in wheat
genotypes by 24% and this increased grain yield resulted from increased number of spikes
per unit area. There was nonsignificant effect of AMF on wheat grain weight. There was a
16%, 44% and 30% increase in protein content, P and Fe in wheat grains. However, the
increase in nutritional contents in wheat was variety dependent (De Santis et al., 2022).

AMF are ubiquitous symbionts which increase plant nitrogen acquisition (Hestrin et
al., 2019). In a previous study, increase in the concentration of proteins in wheat was
also recorded due to inoculation of AMF. Moreover, significant improvements were also
recorded in relativewater content%age,membrane stability index%age, increased netCO2

assimilation rate, stomatal conductance and concentration of sodium, nitrogen,magnesium
and potassium. This increase can be attributed to increased chlorophyll contents, leading
to enhanced photosynthesis, enhanced metabolism of carbon and nitrogen, leading to
significantly higher grain yield in wheat by 75% and 47.6%, when compared with non
mycorrhizal wheat varieties Sids 1 and Giza 168, respectively (Talaat & Shawky, 2014). The
positive role ofmycorrhizae on nutrient uptake inwheat has beenwell documented (Ganugi
et al., 2019). A meta-analysis conducted on 38 field trials highlighted the beneficial effects
of mycorrhizal inoculation on wheat dry weight and uptake of P, N, and Zn (Pellegrino et
al., 2015). In another study, mycorrhizal fungi significantly increased N, P and K contents
in wheat shoot by 58.2%, 48.98% and 30.96%, respectively (Elgharably & Nafady, 2021).
Another study suggested that the mycorrhizal inoculated wheat had higher shoot P & Fe
concentrations than non-inoculated wheat plants (Al-Karaki, McMichael & Zak, 2004).

There is lack of host- and niche-specificity in AMF, indicating that AMF are feasible for
use in a wide range of ecological conditions (Huey et al., 2020). In the present investigation,
the effects of AMF inoculation on soil propertieswere also encouraging at both experimental
sites. AMF are key factors of the soil/plant system, influencing soil fertility and plant
nutrition, and contribute to soil aggregation and soil structure stability (Bedini et al.,
2009). Soil organic matter (SOM) acts as nutrition for plants. Furthermore, much of
the accumulated C originate largely from root-associated fungal hyphae. Mycorrhizal
colonization alters C allocation patterns within the host plant and changes the quantity
and quality of C entering SOM pools (Frey, 2019). AMF hyphae increase mineralization
on native SOM (Paterson et al., 2016). AM fungi can almost double soil carbon content
percentage in just one year, while no increase in soil organic carbon (SOC) was observed
with tall fescue grass without AM fungal inoculation (Amaranthus et al., 2022). AMF also
have a +ive effect on the soil by producing organic acids and glomalin, which protect from
soil erosion, improve carbon sequestration, and soil macro-aggregation. AMF also recruits
bacteria that produce alkaline phosphatase, associated with phosphorus availability (Fall et
al., 2022). In an investigation, after 150 days of AMF inoculation, the levels of SOC, in AMF
treatments were significantly enhanced by 52–61%, in comparison with control. These data
reveal that AMF infection increased organic matter and glomalin which can be linked with
the increase of SOC in soil (Wang et al., 2016). In another study, AMF inoculation increased
the total organic matter in soil by 24.97%, under drought stress, while under well-watered
conditions, this value was 13%. On the other hand, phosphorous increased up to 620.9%
and 166.4% under drought stress and well-watered conditions, respectively, in soil of
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quinoa plants, under field conditions (Benaffari et al., 2022). Rhizophagus irregularis and
Glomus versiforme increased easily extractable glomalin reactive soil protein (EE-GRSP)
contents, while G. versiforme had a greater effect of about 400%, in comparison with
control, in EE-GRSP accumulation in soil. Moreover, EE-GRSP/SOC %, in G. versiforme
treatment was about 300% (Zhang et al., 2019a; Zhang et al., 2019b). The mycorrhizal
external mycelia are the dominant pathway (62%) through which carbon enters the SOM
pool of soil, and this contribution exceeds the input through leaf litter and fine root
turnover (Godbold et al., 2006). Due to rapid turnover, dead microbial biomass can make
a disproportionately large contribution to total SOM relative to the amount of standing
microbial biomass (Grandy & Neff, 2008). Nitrogen availability is regarded as a limiting
factor in plant growth. In another investigation, mycorrhizae + vermicompost significantly
reduced soil pH by 5% and 6%, increased organic matter by 25% and 112%, total N by
41%, and P up to 200% (Hussain et al., 2018).

In the text, effect of mycorrhizal addition (MA+HD) was compared to plots where
mycorrhizal dead inoculum (MD+HD), considering the fact that better picture of the
experiment can be seen when these two treatments are compared with each other. On the
other hand, when we compare the effect of mycorrhizal addition with other treatments
e.g., control, FD, or HD, the effects of mycorrhizal addition can be seen much enhanced.
In previous investigations, this way to calculate the effect of mycorrhizal inoculation in
wheat crop has not been addressed, so, our study gives a better picture of effects of different
treatments on the growth parameters of wheat and effects on soil fertility indicators.

The results of the present research depict that mycorrhizal inoculations are the best for
organic farming, as these mycorrhizae not only improve the quantity of yield but quality
also, because mycorrhizal inoculation reduces the input of commercial inorganic fertilizer.
The role of mycorrhizae in maintaining and increasing soil fertility has also been described
by other workers (Reeve et al., 2016). The slight differences observed in wheat growth
parameters as well as soil fertility factors can be attributed to variations in the working
of AM fungi. Different wheat varieties show variable response to inoculation with AM
fungi isolated from organic and conventional agricultural fields. The use of AMF from
organic fields resulted in slightly taller plants. Pikker wheat cultivar exhibited relatively
higher yield and stronger growth when the organic AMF was used. Arabella wheat cultivar
showed relatively less yield and poor growth when the organic AMF was utilized (García
de León et al., 2020). Spiked levels of available P and K are very useful for the growth of
wheat plants in sustainable agriculture because the introduction of mycorrhizae not only
improves soil properties in current inoculated crop but enhanced SOC, available P and
K are beneficial for the next crop. In the present study, native mycorrhizal species were
investigated for their efficacy to boost wheat yield and the use of native mycorrhizal species
has been considered helpful for proper functioning of the ecosystem (Middleton & Bever,
2012; Koziol et al., 2018). Native plants depend on the native soil microbial communities
including AM fungi and any disturbance in native microbial composition may help the
non-native plants to invade that area (Wilson, Hickman &Williamson, 2012; Wilson &
Hartnett, 1998; Vogelsang & Bever, 2009). Loss of AMF symbiosis due to disturbance by
non-native plants may reduce AM diversity and fungal propagules available to native
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species, with resultant loss of native plant species that are dependent on locally adapted
AMF (Wagg et al., 2011). In addition, AMF improve soil carbon storage and aggregate
stability therefore, loss of AMF hyphae declines soil carbon storage and aggregate stability
(Wilson et al., 2009). Application of native AMF improves plant tolerance to abiotic factors
and promote activities of antioxidant enzymes, thereby increasing plant development
(Outamamat et al., 2021).

CONCLUSIONS
The predominant mycorrhizal species identified from the experimental areas belonged
to genus, Claroideoglomus. Bio-inoculation of consortia of different mycorrhizal species
showed a significant increase in growth parameters of wheat, especially, number of
tillers/plant (up to 49.5%) and grain yield (up to 21.2%). However, there was non-
significant effect of mycorrhizal inoculation on 1,000 grains weight, which provided
evidence that mycorrhizal species enhanced tillering in wheat at both sites, thereby showing
an increased wheat yield. Proteins, zinc, iron, phosphorus and potassium concentrations
in wheat grains were increased to 24.2%, 24.2%, 24%, 21%, 30.9% and 14.8%, respectively.
Moreover, notable effects were observed on soil fertility such as soil organic carbon,
phosphorus and potassiumwere increased up to 64.7%, 35.8% and 23.9%, respectively. The
present study recommends AMF as future alternative to synthetic fertilizers. Moreover, the
underlined mechanisms involved in increased tillering in wheat in response to mycorrhizae
need to be investigated.

ACKNOWLEDGEMENTS
The authors would like to pay gratitude to the anonymous reviewers for providing their
helpful comments for the improvements in our manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
The authors received no funding for this work.

Competing Interests
Nasim Ahmad Yasin is an Academic Editor for PeerJ.

Author Contributions
• Muhammad Akbar conceived and designed the experiments, prepared figures and/or
tables, and approved the final draft.
• Safeer A. Chohan conceived and designed the experiments, performed the experiments,
prepared figures and/or tables, and approved the final draft.
• Nasim A. Yasin analyzed the data, authored or reviewed drafts of the article, and
approved the final draft.
• Aqeel Ahmad performed the experiments, prepared figures and/or tables, and approved
the final draft.

Akbar et al. (2023), PeerJ, DOI 10.7717/peerj.15686 16/23

https://peerj.com
http://dx.doi.org/10.7717/peerj.15686


• Waheed Akram analyzed the data, authored or reviewed drafts of the article, and
approved the final draft.
• Abdul Nazir conceived and designed the experiments, performed the experiments,
authored or reviewed drafts of the article, and approved the final draft.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

Permission was granted by farmers (Muhammad Afzal, Muhammad Arif) to access field
sites.

Data Availability
The following information was supplied regarding data availability:

The raw data are available in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.15686#supplemental-information.

REFERENCES
Al-Karaki G, McMichael B, Zak J. 2004. Field response of wheat to arbuscular mycor-

rhizal fungi and drought stress.Mycorrhiza 14:263–269
DOI 10.1007/s00572-003-0265-2.

AllahM, El-BassiounyMSA, HMS , Bakray BA, SadakMS. 2015. Effect of arbuscular
mycorrhiza and glutamic acid on growth, yield, some chemical composition and
nutritional quality of wheat plant grown in newly reclaimed sandy soil. Research
Journal of Pharmaceutical, Biological and Chemical Sciences 6(3):1038–1054.

AmaranthusM, Perry D, Anderson J, Amaranthus Z. 2022. Building Soil Organic Mat-
ter Biologically: A powerul sing for the greenhouse gas CO2. 39:1. USA: Publication
Acres. Available at https://mycorrhizae.com/wp-content/uploads/2017/04/Building-
Organic-Matter-Biologically-PDF.pdf (accessed on 13 November 2022).

AOAC. 1970.Official methods of analysis. Washington D.C: Association of Official
Analytical Chemists.

Balliu A, Sallaku G, Rewald B. 2015. AMF inoculation enhances growth and improves
the nutrient uptake rates of transplanted, salt-stressed tomato seedlings. Sustainabil-
ity 7:15967–15981 DOI 10.3390/su71215799.

Bangash N, Khalid A, Mehmood T, SiddiqueMT. 2013. Screening rhizobacteria
containing acc-deaminase for growth promotion of wheat under water stress.
Pakistan Journal of Botany 45:91–96.

Bao SD. 2000. Soil and agricultural chemistry analysis. 3rd edn. Beijing: China Agriculture
Press.

Bedini S, Pellegrino E, Avio L, Pellegrini S, Bazzoffi P, Argese E, Giovannetti M. 2009.
Changes in soil aggregation and glomalin-related soil protein content as affected by

Akbar et al. (2023), PeerJ, DOI 10.7717/peerj.15686 17/23

https://peerj.com
http://dx.doi.org/10.7717/peerj.15686#supplemental-information
http://dx.doi.org/10.7717/peerj.15686#supplemental-information
http://dx.doi.org/10.7717/peerj.15686#supplemental-information
http://dx.doi.org/10.1007/s00572-003-0265-2
https://mycorrhizae.com/wp-content/uploads/2017/04/Building-Organic-Matter-Biologically-PDF.pdf
https://mycorrhizae.com/wp-content/uploads/2017/04/Building-Organic-Matter-Biologically-PDF.pdf
http://dx.doi.org/10.3390/su71215799
http://dx.doi.org/10.7717/peerj.15686


the arbuscular mycorrhizal fungal species Glomus mosseae and Glomus intraradices.
Soil Biology and Biochemistry 41(7):1491–1496 DOI 10.1016/j.soilbio.2009.04.005.

Benaffari W, Boutasknit A, Anli M, Ait-El-Mokhtar M, Ait-Rahou Y, Ben-Laouane
R, Ben Ahmed H, Mitsui T, BaslamM,Meddich A. 2022. The native arbuscular
mycorrhizal fungi and vermicompost-based organic amendments enhance soil
fertility, growth performance, and the drought stress tolerance of quinoa. Plants
11(3):393 DOI 10.3390/plants11030393.

Chen S, Zhao H, Zou C, Li Y, Chen Y,Wang Z, Jiang Y, Liu A, Zhao P,WangM,
Ahammed GJ. 2017. Combined inoculation with multiple arbuscular mycorrhizal
fungi improves growth, nutrient uptake and photosynthesis in cucumber seedlings.
Frontiers in Microbiology 8:25–16 DOI 10.3389/fmicb.2017.02516.

Daei G, Ardekani MR, Rejali F, Teimuri S, Miransari M. 2009. Alleviation of salinity
stress on wheat yield, yield components, and nutrient uptake using arbuscular my-
corrhizal fungi under field conditions. Journal of Plant Physiology 166(6):617–625
DOI 10.1016/j.jplph.2008.09.013.

De Santis MA, Giuliani MM, Flagella Z, Pellegrino E, Ercoli L. 2022. Effect of ar-
buscular mycorrhizal fungal seed coating on grain protein and mineral com-
position of old and modern bread wheat genotypes. Agronomy 12(10):2418
DOI 10.3390/agronomy12102418.

Delvian D, Hartanto A. 2021. Improved salt tolerance of Lamtoro (Leucaena leuco-
cephala) through the application of indigenous mycorrhiza. International Journal of
Forestry Research 2021:8100480 DOI 10.1155/2021/8100480.

Elgharably A, Nafady NA. 2021. Inoculation with Arbuscular mycorrhizae, Penicillium
funiculosum and Fusarium oxysporum enhanced wheat growth and nutrient uptake
in the saline soil. Rhizosphere 18:100345 DOI 10.1016/j.rhisph.2021.100345.

Fall AF, Nakabonge G, Ssekandi J, Founoune-Mboup H, Apori SO, Ndiaye A, Badji A,
NgomK. 2022. Roles of arbuscular mycorrhizal fungi on soil fertility: contribution
in the improvement of physical, chemical, and biological properties of the soil.
Frontiers in Fungal Biology 3:723892 DOI 10.3389/ffunb.2022.723892.

Fowler DB, Brydon J, Darroch BA, Entz MH, Johnston AM. 1990. Environment and
genotype influence on grain protein concentration of wheat and rye. Agronomy
Journal 82:666–664 DOI 10.2134/agronj1990.00021962008200040002x.

Frey SD. 2019.Mycorrhizal fungi as mediators of soil organic matter dynamics. Annual
Review of Ecology, Evolution, and Systematics 50(1):237–259.

Ganugi P, Masoni A, Pietramellara G, Benedettelli S. 2019. A review of studies from the
last twenty years on plant–arbuscular mycorrhizal fungi associations and their uses
for wheat crops. Agronomy 9(12):840 DOI 10.3390/agronomy9120840.

Gerdemann JW, Nicolson TH. 1963. Spores of mycorrhizal endogone species extracted
from soil by wet sieving and decanting. Transaction of British Mycological Society
235–244.

Godbold DL, HoosbeekMR, LukacM, CotrufoMF, Janssens IA, Ceulemans R, Polle A,
Velthorst EJ, Scarascia-Mugnozza G, De Angelis P, Miglietta F. 2006.Mycorrhizal

Akbar et al. (2023), PeerJ, DOI 10.7717/peerj.15686 18/23

https://peerj.com
http://dx.doi.org/10.1016/j.soilbio.2009.04.005
http://dx.doi.org/10.3390/plants11030393
http://dx.doi.org/10.3389/fmicb.2017.02516
http://dx.doi.org/10.1016/j.jplph.2008.09.013
http://dx.doi.org/10.3390/agronomy12102418
http://dx.doi.org/10.1155/2021/8100480
http://dx.doi.org/10.1016/j.rhisph.2021.100345
http://dx.doi.org/10.3389/ffunb.2022.723892
http://dx.doi.org/10.2134/agronj1990.00021962008200040002x
http://dx.doi.org/10.3390/agronomy9120840
http://dx.doi.org/10.7717/peerj.15686


hyphal turnover as a dominant process for carbon input into soil organic matter.
Plant and Soil 281(1):15–24 DOI 10.1007/s11104-005-3701-6.

Goicoechea N, Bettoni M, Fuertes-Mendiza’bal T, Gonzalez-Murua C, Aranjuelo I.
2016. Durum wheat quality traits affected by mycorrhizal inoculation, water avail-
ability and atmospheric CO2 concentration. Crop and Pasture Science 67:147–155
DOI 10.1071/CP15212.

Grandy AS, Neff JC. 2008.Molecular C dynamics downstream: the biochemical de-
composition sequence and its impact on soil organic matter structure and function.
Science of the Total Environment 404:297–307 DOI 10.1016/j.scitotenv.2007.11.013.

Hajiboland R, Dashtebani F, Aliasgharzad N. 2015. Physiological responses of halo-
phytic C4 grass, Aeluropus littoralis to salinity and arbuscular mycorrhizal fungi
colonization. Photosynthetica 53(4):572–584.

Hestrin R, Hammer EC, Mueller CW, Lehmann J. 2019. Synergies between mycorrhizal
fungi and soil microbial communities increase plant nitrogen acquisition. Communi-
cations Biology 2(1):1–9 DOI 10.1038/s42003-019-0481-8.

Huey CJ, Gopinath SCB, UdaMNA, Zulhaimi HI, Jaafar MN, Kasim FH, Yaakub
ARW. 2020.Mycorrhiza: a natural resource assists plant growth under varied soil
conditions. 3 Biotech 10(5):204 DOI 10.1007/s13205-020-02188-3.

Hussain S, Sharif M, AhmadW, Khan F, Nihar H. 2018. Soil and plants nutrient status
and wheat growth after mycorrhiza inoculation with and without vermicompost.
Journal of Plant Nutrition 41(12):1534–1546 DOI 10.1080/01904167.2018.1459687.

Ingraffia R, Amato G, Sosa-HernándezMA, Frenda AS, Rillig MC, Giambalvo D. 2020.
Nitrogen type and availability drive mycorrhizal effects on wheat performance,
nitrogen uptake and recovery, and production sustainability. Frontiers in Plant
Science 11:760 DOI 10.3389/fpls.2020.00760.

Ingraffia R, Saia S, Giovino A, Amato G, Badagliacca G, Giambalvo D, Martinelli
F, Ruisi P, Frenda AS. 2021. Addition of high C:N crop residues to a P-limited
substrate constrains the benefits of arbuscular mycorrhizal symbiosis for wheat P and
N nutrition.Mycorrhiza 31(4):441–454 DOI 10.1007/s00572-021-01031-8.

Jerbi M, Labidi S, Laruelle F, Tisserant B, Jeddi FB, Sahraoui ALH. 2022.Mycorrhizal
biofertilization improves grain yield and quality of hulless Barley (Hordeum vulgare
ssp. nudum L.) under water stress conditions. Journal of Cereal Science 104:103436
DOI 10.1016/j.jcs.2022.103436.

KhanMS, Zaidi A. 2007. Synergistic effects of the inoculation with plant growth-
promoting rhizobacteria and an arbuscular mycorrhizal fungus on the performance
of wheat. Turkish Journal of Agriculture 31:355–362.

Khan Y, Shah S, Tian H. 2022. The roles of arbuscular mycorrhizal fungi in influencing
plant nutrients, photosynthesis, and metabolites of cereal crops—a review. Agronomy
12(9):2191 DOI 10.3390/agronomy12092191.

Kilpeläinen J, Vestberg M, Repo T, Lehto T. 2016. Arbuscular and ectomycorrhizal
root colonisation and plant nutrition in soils exposed to freezing temperatures. Soil
Biology and Biochemistry 99:85–93 DOI 10.1016/j.soilbio.2016.04.025.

Akbar et al. (2023), PeerJ, DOI 10.7717/peerj.15686 19/23

https://peerj.com
http://dx.doi.org/10.1007/s11104-005-3701-6
http://dx.doi.org/10.1071/CP15212
http://dx.doi.org/10.1016/j.scitotenv.2007.11.013
http://dx.doi.org/10.1038/s42003-019-0481-8
http://dx.doi.org/10.1007/s13205-020-02188-3
http://dx.doi.org/10.1080/01904167.2018.1459687
http://dx.doi.org/10.3389/fpls.2020.00760
http://dx.doi.org/10.1007/s00572-021-01031-8
http://dx.doi.org/10.1016/j.jcs.2022.103436
http://dx.doi.org/10.3390/agronomy12092191
http://dx.doi.org/10.1016/j.soilbio.2016.04.025
http://dx.doi.org/10.7717/peerj.15686


Koziol L, Schultz PA, House GL, Bauer JT, Middleton EL, Bever JD. 2018. The plant
microbiome and native plant restoration: the example of native mycorrhizal fungi.
BioScience 68(12):996–1006 DOI 10.1093/biosci/biy125.

García de León D, Vahter T, Zobel M, Koppel M, Edesi L, Davison J, Al-Quraishy
S, HozzeinWN,MooraM, Oja J, Vasar M, ÖpikM. 2020. Different wheat
cultivars exhibit variable responses to inoculation with arbuscular mycor-
rhizal fungi from organic and conventional farms. PLOS ONE 15(5):e0233878
DOI 10.1371/journal.pone.0233878.

Li HY, Zhu YG, Marschner P, Smith FA, Smith SE. 2005.Wheat responses to arbuscular
mycorrhizal fungi in a highly calcareous soil differ from those of clover, and
change with plant development and P supply. Plant and Soil 277(1):221–232
DOI 10.1007/s11104-005-7082-7.

Li X, Zeng R, Liao H. 2016. Improving crop nutrient efficiency through root architecture
modifications. Journal of Integrative Plant Biology 58:193–202.

Lopes-Ferreira M, Maleski ALA, Balan-Lima L, Bernardo JTG, Hipolito LM, Seni-Silva
AC, Batista-Filho J, FalcaoMAP, Lima C. 2022. Impact of pesticides on human
health in the last six years in Brazil. International Journal of Environmental Research
and Public Health 19(6):3198 DOI 10.3390/ijerph19063198.

Messa VR, Savioli MR. 2021. Improving sustainable agriculture with arbuscular mycor-
rhizae. Rhizosphere 19:100412 DOI 10.1016/j.rhisph.2021.100412.

Middleton EL, Bever JD. 2012. Inoculation with a native soil community ad-
vances succession in a grassland restoration. Restoration Ecology 20:218–226
DOI 10.1111/j.1526-100X.2010.00752.x.

Mitra D, Navendra U, PanneerselvamU, Ansuman S, Ganeshamurthy AN, Divya J.
2019. Role of mycorrhiza and its associated bacteria on plant growth promotion and
nutrient management in sustainable agriculture. International Journal of Life Sciences
and Applied Sciences 1:1–10.

Moradi Tarnabi Z, Iranbakhsh A, Mehregan I, Ahmadvand R. 2020. Impact of
arbuscular mycorrhizal fungi (AMF) on gene expression of some cell wall and
membrane elements of wheat (Triticum aestivum L.) under water deficit using
transcriptome analysis. Physiology and Molecular Biology of Plants 26:143–162
DOI 10.1007/s12298-019-00727-8.

Nahar K, Bovill B, McDonald G. 2021.Mycorrhizal colonization in bread wheat varieties
differing in their response to phosphorus. Journal of Plant Nutrition 44(1):29–45
DOI 10.1080/01904167.2020.1793190.

Nasiyev B, Vassilina T, Zhylkybay A, Shibaikin V, Salykova A. 2021. Physicochemical
and biological indicators of soils in an organic farming system. The Scientific World
Journal 2021:9970957 DOI 10.1155/2021/9970957.

Noceto PA, Bettenfeld P, Boussageon R, HérichéM, Sportes A, van Tuinen D, Courty
PE,Wipf D. 2021. Arbuscular mycorrhizal fungi, a key symbiosis in the development
of quality traits in crop production, alone or combined with plant growth-promoting
bacteria.Mycorrhiza 31(6):655–669 DOI 10.1007/s00572-021-01054-1.

Akbar et al. (2023), PeerJ, DOI 10.7717/peerj.15686 20/23

https://peerj.com
http://dx.doi.org/10.1093/biosci/biy125
http://dx.doi.org/10.1371/journal.pone.0233878
http://dx.doi.org/10.1007/s11104-005-7082-7
http://dx.doi.org/10.3390/ijerph19063198
http://dx.doi.org/10.1016/j.rhisph.2021.100412
http://dx.doi.org/10.1111/j.1526-100X.2010.00752.x
http://dx.doi.org/10.1007/s12298-019-00727-8
http://dx.doi.org/10.1080/01904167.2020.1793190
http://dx.doi.org/10.1155/2021/9970957
http://dx.doi.org/10.1007/s00572-021-01054-1
http://dx.doi.org/10.7717/peerj.15686


Olsen SR, Sommers LE. 1982. Phosphorus. In: Page AL, ed.Methods of soil analysis
part 2 chemical and microbiological properties. Madison, WI: American Society of
Agronomy; Soil Science Society of America, 403–430.

Outamamat E, Bourhia M, Dounas H, Salamatullah AM, Alzahrani A, Alyahya HK,
Albadr NA, FeddyMNAl, Mnasri B, Ouahmane L. 2021. Application of native or
exotic arbuscular mycorrhizal fungi complexes and monospecific isolates from saline
semi-arid mediterranean ecosystems improved Phoenix dactylifera’s growth and
mitigated salt stress negative effects. Plants 10:2501 DOI 10.3390/plants10112501.

Paterson E, Sim A, Davidson J, Daniell TJ. 2016. Arbuscular mycorrhizal hyphae
promote priming of native soil organic matter mineralisation. Plant and Soil
408(1):243–254 DOI 10.1007/s11104-016-2928-8.

Pellegrino E, Bedini S. 2014. Enhancing ecosystem services in sustainable agri-
culture: biofertilization and biofortification of chickpea (Cicer arietinum L.)
by arbuscular mycorrhizal fungi. Soil Biology and Biochemistry 68:429–439
DOI 10.1016/j.soilbio.2013.09.030.

Pellegrino E, OpikM, Bonari E, Ercoli L. 2015. Responses of wheat to arbuscular
mycorrhizal fungi: a meta-analysis of field studies from 1975 to 2013. Soil Biology
and Biochemistry 84:210–217 DOI 10.1016/j.soilbio.2015.02.020.

Prasad R, Bhola D, Akdi K, Cruz C, Sairam KVSS, Tuteja N. Varma A. 2017. Introduc-
tion to mycorrhiza: historical development. In: Varma A, Prasad R, Tuteja N, eds.
Mycorrhiza. Cham: Springer, 1–7 DOI 10.1007/978-3-319-53064-2_1.

Rani B. 2016. Effect of arbuscular mycorrhiza fungi on biochemical parameters in wheat
Triticum aestivum L. under drought conditions. Doctoral dissertation, CCSHAU,
Hisar.

Reeve JR, Hogland LA, Villalba JJ, Carr PM, Atucha A, Cambardella C, Davis DR, De-
late K. 2016. Chapter six- organic farming, soil health, and food quality: considering
possible links. Advances in Agronomy 137:319–367 DOI 10.1016/bs.agron.2015.12.003.

Säle V, Palenzuela J, Azcón-Aguilar C. Sánchez-Castro I, Silva GAda, Seitz B,
Sieverding E, HeijdenMGvander, Oehl F. 2021. Ancient lineages of arbus-
cular mycorrhizal fungi provide little plant benefit.Mycorrhiza 31:559–576
DOI 10.1007/s00572-021-01042-5.

Schenck NC, Perez Y. 1990. A manual for identification of vesicular-arbuscular mycorrhizal
fungi. Gainesville: INAM University of Florida, 286.

Schultz CJ, Wu Y, Baumann UA. 2022. Targeted bioinformatics approach identifies
highly variable cell surface proteins that are unique to Glomeromycotina.Mycorrhiza
32:45–66 DOI 10.1007/s00572-021-01066-x.

Seyedlar SM, Habibi D, Sani B, Hasanpor H. 2014. Improving wheat yield and quality
through an integrated nutrient management system. International Journal of
Biosciences 5:273–281.

Srivastava S, Johny L, Adholeya A. 2021. Review of patents for agricultural use of arbus-
cular mycorrhizal fungi.Mycorrhiza 31:127–136 DOI 10.1007/s00572-021-01020-x.

Akbar et al. (2023), PeerJ, DOI 10.7717/peerj.15686 21/23

https://peerj.com
http://dx.doi.org/10.3390/plants10112501
http://dx.doi.org/10.1007/s11104-016-2928-8
http://dx.doi.org/10.1016/j.soilbio.2013.09.030
http://dx.doi.org/10.1016/j.soilbio.2015.02.020
http://dx.doi.org/10.1007/978-3-319-53064-2_1
http://dx.doi.org/10.1016/bs.agron.2015.12.003
http://dx.doi.org/10.1007/s00572-021-01042-5
http://dx.doi.org/10.1007/s00572-021-01066-x
http://dx.doi.org/10.1007/s00572-021-01020-x
http://dx.doi.org/10.7717/peerj.15686


Stahlhut KN, Dowell JA, Temme AA, Burke JM, Goolsby EW,Mason CM. 2021. Genetic
control of arbuscular mycorrhizal colonization by Rhizophagus intraradices in
Helianthus annuus (L.).Mycorrhiza 31:723–734 DOI 10.1007/s00572-021-01050-5.

Talaat NB, Shawky BT. 2014. Protective effects of arbuscular mycorrhizal fungi on wheat
(Triticum aestivum L.) plants exposed to salinity. Environmental and Experimental
Botany 98:20–31 DOI 10.1016/j.envexpbot.2013.10.005.
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