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Abstract

Drought is one of the most important environmental stresses threatening wheat yield in the world. With global climate change, it is
predicted that the precipitation regime will change and dry periods will increase. The use of arbuscular mycorrhizal fungi (AMF)
increases drought tolerance in wheat, affecting the physiological and biochemical properties of the plant and may increase yield. An
experiment was conducted to examine the effects of nine different AMF, Glomus intraradices, Glomus aggregatum, Glomus
mosseage, Glomus clarum, Glomus monosporus, Glomus deserticola, Glomus brasilianum, Glomus tunicatum, Gigaspora margarita
on growth and physiology of wheat (Triticum aestivum L.) subjected to different water statues. The seeds were sown in pots
containing peat were placed in field. When the results of the study were evaluated, all traits were significantly affected by AMF
application in dry conditions, except the leaf area. The highest values of plant height, root length, shoot and root dry weight were
obtained by application of T3+AMF4. Shoot fresh weight, SPAD and relative water content reached the highest values under control
conditions with the highest water (200 ml). The Fv / Fm value gave better results in pots at T4+AMF1. Root fresh weight and leaf
area also increased with increasing water dose, and application of AMF to both seed and root gave the best results. The highest lipid
peroxidation level in leaves was obtained from T1 + AMF4 application. In addition, it was observed that the proline and flavonoid
content in both leaves and roots increased with AMF application in arid conditions.

Keywords: Arbuscular mycorrhizal fungi, Wheat, Fv / Fm, Chlorophyll, Drought, Stomata.

Arbuskiiler Mikorizal Funguslarin Kurak Kosullarda Bugdayin
Biiyiimesi ve Fizyolojisine Olumlu EtKisi

Oz

Kuraklik, diinyada bugday verimini tehdit eden en 6nemli gevresel streslerden biridir. Kiiresel iklim degisikligi ile yagis rejiminin
degisecegi ve kurak donemlerin artacagt ongoriilmektedir. Arbuskiiler mikorizal funguslarin (AMF) kullanimi, bugdayda kuraklik
toleransini artirarak bitkinin fizyolojik ve biyokimyasal 6zelliklerini etkilemekte ve verimi artirmaktadir. Farkli su dozlarina maruz
birakilan bugday (Triticum aestivum L.) bitkilerinin biiylimesi ve fizyolojisi lizerine Glomus intraradices, Glomus aggregatum,
Glomus mosseage, Glomus clarum, Glomus monosporus, Glomus deserticola, Glomus brasilianum, Glomus tunicatum ve Gigaspora
margarita dokuz farkli AMFnin etkilerini incelemek i¢in ¢aligma yiritiilmiistiir. Torf igeren saksilara ekilen tohumlar tarlaya
yerlestirilmistir. Caligmanin sonuglar1 degerlendirildiginde, kuru kosullarda AMF uygulamasindan yaprak alani hari¢ tim 6zellikler
onemli Olctide etkilenmistir. Bitki boyu, kok uzunlugu, siirgiin ve kok kuru agirliginin en yiiksek degerleri T3+AMF4 uygulamasi ile
elde edilmistir. Siirgiin taze agirlik, SPAD ve bagil su igerigi, en yiiksek su (200 ml) ile kontrol kosullarinda en yiiksek degerlere
ulasmistir. Fv / Fm degeri T4+AMF1'de potalarda daha iyi sonug¢ vermistir. Artan su dozu ile kok taze agirligi ve yaprak alani da
artmis ve hem tohuma hem de koke AMF uygulamasi en iyi sonuglar1 vermistir. Yapraklarda en yiiksek lipid peroksidasyon diizeyi
T1+AMF4 uygulamasindan elde edilmistir. Ayrica kurak kosullarda AMF uygulamasi ile hem yapraklarda hem de koklerde prolin ve
flavonoid igeriginin arttig1 gdzlenmistir.

Anahtar Kelimeler: Arbuskiiler mikorizal fungus, Bugday, Fv / Fm, Klorofil, Kuraklik, Stoma.
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Avrupa Bilim ve Teknoloji Dergisi

1. Introduction

1.1. Drought

Plants are frequently exposed to different environmental
stresses that negatively influence growth, development and
yield. Drought stress in the world is one of the most important
constraints of plant growth and productivity (Al-Karaki et al.,
2004). With the increase in climate change, it is expected that the
arid areas will increase even more. In the last 35 years, there has
been a 40% decrease in corn and a 21% decrease in wheat due to
drought worldwide (Daryanto et al., 2016).

Drought stress affects plant life in many ways, such as
creating a lack of water in the roots, reducing the transpiration
rate, and causing oxidative stress (Impa et al., 2012;
Hasanuzzaman et al., 2013). Drought stress also causes
detrimental effects on plant growth by affecting enzyme activity,
ion uptake and nutrient assimilation (Ahanger and Agarwal,
2017; Ahanger et al., 2017).

Drought stress damages the electron transport system in
photosynthesis and causes oxidative stress. In addition, it has
negative effects on mineral uptake and osmotic adjustment as a
result of dehydration in plants. Therefore, it is necessary to
improve the drought tolerance of plants in order to increase plant
growth and survival in arid and semi-arid regions (Tuo et al.,
2017).

The main effect of drought on plant development is related
to the permeability of the membranes and the change in active
transport and the restriction of water and nutrient intake due to a
decrease in the transpiration rate. As a result of the decrease in
water content in the soil, stomata are closed in plants and
photosynthesis decreases (Pavithra and Yapa, 2018). In many
semi-arid regions of the world, inefficient phosphorus content in
soils limit plant yield.

Mycorrhizal relationship with plant roots not only increases
growth and nutrient uptake but also provides more drought
resistance by causing more effective phosphorus uptake in
phosphorus-deficient soils (Al-Karaki and Al-Raddad, 1997).

Drought causes a decrease in transpiration rate, stomatal
conductivity and an increase in the abscisic acid ratio (ABA).
The rate of photosynthesis is negatively affected by the closure
of the stomata, membrane damage, especially the enzymes
involved in ATP synthesis. Acting as major osmoprotectants,
proline, glycine betaine, fructans, trealose, and polyols
accumulate at high levels to maintain cell turgor pressure and
normal physiological activities (Duc, 2017).

In case of lack of water, the stomata close with the reduction
of CO; intake. Severe drought stress affects plant physiology and
growth, causing significant losses in yield and decreasing quality
(Posta and Duc, 2020).

1.2. Arbuscular Mycorrhizal Fungus (AMF)

Mycorrhiza is the name given to a group of soil fungi called
arbuscular mycorrhizal fungi (AMF) that live in common with
the roots of some plants. AMF takes carbohydrates from the host
plant, while the plant provides more water and mineral
substances through the symbiotic relationship. Mycorrhizal
association increases the plant nutrients, water content, plant
growth and reproductive capacity and also increases the
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resistance of the plant against environmental
(Abdelmoneim et al., 2014; Duc, 2017).

The symbiotic relationship between AMF and the roots of
higher plants is quite common in nature. Some ecophysiological
studies show that AMF association in arid conditions is an
important factor in coping with stress (Rapparini and Pefiuelas,
2014).

Arbuscular mycorrhizal fungi are in symbiotic relationship
with the roots of 80% of terrestrial plant species and are the most
common fungi in the soil. It constitutes 5-36% of total soil
biomass and 9-55% of soil microorganism biomass (Olsson et
al., 1999).

Drought reduces grain Yyield, tillering, leaf growth,
transpiration, photosynthesis, water and nutrient intake. AMF
association against environmental stress factors increases the
water and nutrient content of the host plant. AMF allows plants
to retain their water content by closing their stomata. Osmotic
regulation leads to significant changes in plant physiology such
as gas exchange (CO,=0,), photosynthesis and leaf relative
water content. AMF improves the harmful effects of drought
stress by preventing the overproduction of ROS (Fouad et al.,
2014; Huang et al., 2017).

Most of the studies on the effect of AMFs on plants under
arid conditions indicate that it increases the performance of
plants. However, the studies conducted are on the effect of
drought in the short term (7-14) before harvest (Neumann and
George, 2009). AMF positively affected drought tolerance in
tomatoes by increasing water use efficiency in arid conditions.
Under severe water stress (-1.3 MPa) AMF application to tomato
significantly reduced ABA levels in roots and leaves. This is
because plants that do not apply AMF are exposed to more
intense drought stress and produce more ABA (Chitarra et al.,
2016).

Geochelone gigantea promotes the growth of some plants
such as corn, soybean, carrot and grape by living symbiotic life
with plant roots and plays an important ecological role by
contributing significantly to plant nutrition (Olawuyi et al.,
2014).

The symbiotic relationship between AMF and plants is one
of the adaptations that plants develop in coping with water stress
by enhancing their drought response and plant water relations. In
addition, AMF also reduces groundwater pollution by reducing
the use of chemical fertilizers and removing contaminants from
soil and irrigation water (Porcel and Ruiz-Lozano, 2004;
Olawuyi et al., 2014; Sharma et al., 2017; Pavithra and Yapa,
2018).

Water deficiency is an important abiotic stress factor that
increasingly limits plant growth and yield due to climate change
(Aliasgharzad et al., 2006; Sharma et al., 2017). Previous studies
(Allen, 1982; Hardie, 1985) highlight the possible roles of AMFs
in water uptake and transport to the host plant.

problems

Corn treated with AMF showed higher drought tolerance
and better plant growth (Olawuyi et al., 2014). It is observed that
barley treated with vesicular arbuscular mycorrhizal fungi
(VAM) cause high root colonization 60 days after planting. In
addition, it is revealed that there is 59 % root inoculation in
VAM plants 60-78 days after planting. VAM association protects
the host plants against the harmful effects of drought. The
application of mycorrhizal fungi in drought stress conditions
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increases the leaf water content and reduces the negative effects
of drought stress (Budak et al., 2017).

Mycorrhizal inoculation with Funneliformis mosseae and
Pyrodictium occultum significantly increased drought tolerance
of maple through improvement in proline, soluble protein,
flavonoid and nutrient intake. Seven weeks after the drought
application, root colonization with F. mosseae and P. occultum
decreased significantly. Higher root, shoot and total biomass
production was observed in the grafted plants. AMF application
in arid conditions caused significant accumulation of proline.
AMF also significantly increased the growth and drought
tolerance of Trifolium repens with better nutrient absorption and
accumulation of soluble protein, proline and flavonoids (Tuo et
al.,, 2017). AMF increased the growth, yield and drought
tolerance of soybean plant under drought stress (Pavithra and
Yapa, 2018).

Poplars inoculated with AMF grow better in drought stress
conditions due to their higher Chl content, Chl fluorescence
parameters and gas exchange capacity (Liu et al., 2015). In
soybean exposed to drought, shoot biomass increased, whereas
in plants inoculated with AMF, leaf water content, root and shoot
proline content increased (Porcel and Ruiz-Lozano, 2004).
Mycorrhizal fungi and potassium application improve
chlorophyll content, membrane stability, phosphotase activity
and leaf protein content in black lentil (Sharma et al., 2017). In
areas with limited water, the association of AMF positively
affected corn growth. This beneficial effect of AMF is associated
with lower lipid peroxidation, higher PSII activity and
membrane stability (Quiroga et al., 2017).

Arbuscular mycorrhizal fungi increase the performance
of the olive under drought conditions. AMF provides this by

increasing water absorption and nutrient uptake, as well as
antioxidant enzyme activities responsible for ROS removal
(Fouad et al., 2014). Symbiosis with AMF significantly
increases nutrient intake of cowpea under drought stress, but
does not affect water intake, plant growth, and
photosynthesis (Neumann and George, 2009).

AMF application to rice in arid conditions positively
affected chlorophyll fluorescence and Fv/Fm value (Ruiz-
Sanchez et al., 2011). Inoculation with AMF was also
effective in increasing production in arid conditions.
Colonization of roots by AMF increases the productivity of
plants under drought stress (Al-Karaki et al., 2004). The
association of plants with AMF not only increases the
growth of plants, but also provides mineral element uptake
and drought resistance (Ruiz-Lozano et al., 1995). This
study reveals that the adverse effects of drought conditions
on wheat morphology, physiology and biochemical
properties are alleviated by AMF application.

2. Material and Method

2.1. Experimental Details and Treatments

This study was carried out using Negev wheat (Triticum
aestivum L.) variety in plastic pots with a capacity of 4.5 L (18.5
cm X 17.0 cm) in Aydin Adnan Menderes University, Kogarli
Vocational School research and application areas. Before placing
peat in pots, all pots were washed with 0.1 % HCI and then
washed with pure water and the peat was placed. There are two
factors in the experiment as drought and AMF applications.
Detailed information about these applications can be found in
Table 1.

Table 1. Drought and AMF Applications

Drought Applications

AMF Applications

T1 —50 ml water
T2 —100 ml water
T3 —150 ml water

T4 — 200 ml water

Al — Control (No AMF application)
A2 — AMF application to root only
A3 — AMF application to seed only

A4 — AMF application both seed and root

For AMF 3 and AMF 4 applications, a total of 64 pots were
planted with AMF coated seeds. For this, moistened seeds are
covered with AMF with the help of natural glue, and then laid in
a layer about 3 cm below the seed bed within 2 hours and
covered with peat again. For AMF 2 and AMF 4 applications,
AMF suspensions diluted at the recommended level were
applied to the roots after emergence. AMF1, on the other hand,
was evaluated as a control group that was not applied. At first
10-15 seeds were placed in each pot, but dilution was carried out
in the period with 2-3 leaves. Before planting, 200 mg of 15-15-
15 fertilizer per kg of dry soil was applied to the pots. In the
experiment, seeds were sowed in each pot, then the surface of
the pots was irrigated slightly (Yiicel et al., 2009).

Commercial preparation containing nine different species of
arbuscular mycorrhizal fungi (Glomus intraradices, G
aggregatum, G. clarum, G. monosporus, G. deserticola, G
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brasilianum, G. etunicatum, G. mosseage, Gigaspora margarita),
Endo Roots Soluble (ERS) (Biogobal Ltd.) were used.

The experiment was carried out in 128 pots with 4
replications according to the "Completely Randomized Design”
with 2 factors. Eight weeks later, the plants were harvested at
Zadoks development period 33 (Zadoks et al., 1974).

With the help of ProCheck Decagon Devices, soil
humidifier, moisture levels were determined and irrigation was
completed.

During the 21 days, all plants were watered daily with 100
ml of water. Applications were initiated 3 weeks after sowing to
assess drought tolerance and sensitivity levels. After the twenty
one days, 50 ml, 100 ml, 150 ml and 200 ml of water
applications were carried out. No herbicides were used. Weed
control was carried out manually.
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2.2. Plant Analysis and Masurements

Eight weeks after the drought application, the plants were
harvested, root and shoot fresh weights were determined. Root
and shoot samples were stored in separate plastic bags at 4 °C
until observations were made within 24 hours.

Plant height (cm): The plant heights were measured 8
weeks after the application of drought stress and stated in cm.

Root length (cm): The root lengths were measured 8 weeks
after the application of drought stress and stated in cm.

Relative water content: Three leaf samples were taken
from the middle parts of the leaves from the plants selected at
the end of the eighth week, and their wet weights were
measured. These leaves were kept in distiled water in petri
dishes for 6 hours to become turgor and their turgor weights
were measured. Dry weight was determined after drying in the
oven at 70 °C for 72 hours. The relative water content of leaf
samples of each group was calculated in % according to the
formula below (Barr and Weatherley, 1962);

RWC(%) = [(WW — DW) / (TW — DW)] x 100

RWC= Relative Water Content; WW = Wet Weight; DW =
Dry Weight; TW = Turgor Weight

SPAD value: Measured with SPAD 502 device after
application of drought stress.

Shoot fresh weight (SFW) (g): The weight of 10 seedlings
of shoots was recorded and stated in g.

Shoot dry weight (SDW) (g): The weight of 10 seedlings
shoots was recorded and oven drying at 75 °C at 48 h.

Root fresh weight (RFW) (g): The weight of 10 seedlings
of roots was recorded and stated in g.

Root dry weight (RDW) (g): The weight of 10 seedlings of
roots was recorded and oven drying at 75 °C at 48 h.

Photosynthetic yield (chlorophyll fluorescence) (Fv/Fm):
Measurements were carried out in 4 replications before harvest.
Firstly, the upper surfaces of the middle parts of the leaves were
covered for 30 minutes. Variable fluorescence / Maximum
fluorescence induction (Fv / Fm) ratio was determined with the
aid of Hansatech Pocket Pea Chlorophyll Fluorimeter.

Leaf area (cm?: It was measured 8 weeks after the
application of drought stress.

Proline content in the leaf: At the end of eight weeks, the
amount of proline in the leaves was determined by taking
samples from the middle parts of the leaves and using the
ninhydrin method determined by Bates et al. (1973) at 520 nm
spectrophotometrically with two replicates. Leaf samples were
weighed at 0.5 g, then frozen quickly with liquid nitrogen and
stored under cold conditions. The amount of proline was
determined on the standard chart as mg.gFW-.

Proline content in root: At the end of eight weeks, the
amount of proline in the root was measured using the ninhydrin
method of Bates et al. (1973) at 520 nm spectrophotometrically
in two replicates. After the harvested roots were washed and
cleared from the soil, they were weighed at 0.25 g, quickly
frozen with liquid nitrogen and stored under cold conditions.
The amount of proline was determined on the standard chart as
mg.gFW-2.
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Flavonoid content in root: Total flavonoid content in the
root was determined spectrophometrically at 510 nm according
to Dewanto et al. (2002), which was based on aluminum
trichloride method, with two replications. It was determined
using 0.1 g of root from post-harvest shade-dried plants. The
plant material was sieved after being powdered with a grinder.
Results were calculated in quercetin equivalents using the
quercetin calibration curve. It is reported by taking the average
of the results.

Flavonoid content in the leaf: Total flavonoid content in
the leaf was determined to be two replicates at 510 nm
spectrophometrically according to Dewanto et al. (2002) based
on aluminum trichloride method. To determine the flavonoid
content, 0.5 g of shade dried leaves were used. The plant was
powdered with a material grinder and then sieved. Results were
calculated in quercetin equivalents using the quercetin
calibration curve. It is reported by taking the average of the
results.

Lipid peroxidation level in leaves: Determination of lipid
peroxidation level is based on the spectrophotometric
determination of malondialdehyde (MDA), which occurs as a
result of oxidative damage, by using thiobarbituric acid (TBA)
reagent. The resulting MDA was determined
spectrophotometrically using the method developed by Cakmak
and Horst (1991), which is based on the formation of a colored
complex with TBA. The spectrophotometric absorbances of the
samples were determined at 532 nm and 600 nm.
Malondialdehyde concentration (as uM) was calculated using
the extinction coefficient (155 mM-* cm™).

2.3. Statistical analysis

All the data were statistically analyzed with analysis of
variance (ANOVA) procedures using the SPSS software (SPSS
Inc.,1999).

The differences between the means were compared by the
least significant difference by employing the LSD Test (p<0 05).
Regarding the proline, flavonoid and lipid peroxidation amounts,
the averages of the data obtained were calculated using the SPSS
16.0 program. Differences were tested with one-way analysis of
variance (ANOVA) and compared with Duncan Multiple Ratio
Test at 0.05 significance level.

3. Results and Discussions

3.1. Plant Morphological Properties

Plant height and root length: The highest plant heights
were obtained from T4+AMF3 (80.01 cm), T3+AMF3 (78.02
cm), T4+AMF4 (76.01 cm) and T3+AMF4 (73.89 cm)
applications, respectively. This result shows that the AMF
application method may change depending on the drought. The
lowest data (52.05 cm) was obtained from pots not treated with
AMF at 50 ml water conditions. Maximum root length values
were obtained from 150 ml water application. This was followed
by T4, T2 and T1 water applications, respectively. The shortest
root length was obtained from pots without AMF under low
water conditions. Among the AMF applications, the highest
value was observed in the AMF3 application at different water
amounts. T1 and T2 water doses and AMF2 showed similar
results (Table 2).
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Table 2. Effect of AMF on plant height and root length of wheat
plants grown different water concentrations

increased the growth, nutrient intake and yield of wheat plants
(Al-Karaki et al., 2004).

Leaf area: In dry conditions the highest value was obtained
from T4 application and the lowest value was obtained from T1
application. In AMF3 application leaf area gave the highest
value (Table 3).

Table 3. Effect of AMF on leaf area of wheat plants grown
different water concentrations

Water Treatment

T1 T2 T3 T4
19.37 a 23.09a 2247a 3347a
Leaf Area AMF
(cm?) AMF1 AMF2 AMF3 AMF4
17.25b 1996ab 39.24a 21.95

ab

AMF Water Plant Root Length
Treatment Treatment Height (cm)
(cm)

T1 52.05dD 9.93dD

T2 55.12dC 10.93dC

T3 58.10 dB 12.48 dB

AMFL T4 61.96 dA 12.72 dA

T1 59.14 cD 12.93¢cC

T2 61.02 cC 13.11 cC

T3 64.77 cB 15.93cB

AMF2 T4 69.97 cA 16.37 cA

T1 66.87 aD 16.75aD

T2 69.16 aC 17.68 aC

T3 78.02 aB 18.96 aB

AMF3 T4 80.01 aA 20.17 aA

T1 66.03 bD 15.80 bD

T2 68.09 bC 16.49 bC

T3 73.89 bA 17.74 bB

AMF4 T4 76.01 bB 18.86 bA
Water treatment (A) ** *x
AMF treatment (B) ** *x
Water treatment x AMF (AxB) ** *x

LSD LSD
(Axe):0.45 (axg): 0.21

The sources of variance were as follows: four water treatments,
four AMF applications and interaction between water treatment
and AMF. Different lower case letters in the same line indicate
that the difference between AMF under water treatments and
different capital letters indicate that the difference between water
doses are significant. Least significant difference (LSD) of the
Water Treatment x AMF interaction **, significant at 1% levels
of probability.

This is in agreement with a study showing that when the
effects of eight AMF species (Gigaspora margarita,
Funneliformis mosseae, Rhizophagus irregulare, G. clarum, G.
deserticola, G. monosporum, G. brasilianum, G. aggregatum) on
wheat and legume plants are examined, root biomass, root
length, P, Fe and Zn intake has a positive effect on wheat, but the
same effect is not observed in legumes (Ingraffia et al., 2019). In
addition, in another study, Glomus mosseae application to maize
under drought conditions positively affected root weight, plant
height, stem length, root length, plant fresh weight, shoot dry
weight, root/shoot ratio, chlorophyll content, soluble protein,
phosphorus has been reported (Abdelmoneim et al., 2014). The
drought tolerant durum wheat genotype showed more
mycorrhizal colonization under arid conditions than the drought
sensitive genotype. Inoculation with AMF increased total root
length and dry matter yield in plants. Although the roots of the
drought-resistant genotype were more infected, the drought-
sensitive genotype benefited more from AMF infection (Al-
Karaki and Raddad, 1997). Inoculation with AMF is more
important for plant growth in dry conditions than in wet
conditions (Michelsen and Rosendahl, 1990). Mycorrhizal
colonization with AMF is more in aqueous plants than in arid
conditions. Therefore, inoculation with AMF in arid conditions
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Water treatment (A) ns; LSD (a): 24.61

AMF treatment (B) ns; LSD (g): 21.96
Water x AMF treatment ns
(AxB)

The sources of variance were as follows: four water treatments,
four AMF applications and interaction between water treatment
and AMF. Different lower case letters in the same line indicate
that the difference between AMF under water treatments are not
significant. Least significant difference (LSD) of the Water
Treatment x AMF interaction ns, not significant.

Unlike our results, it was determined that leaf area, nitrogen,
phosphorus, potassium and calcium contents increased in
tomatoes inoculated with AMF. Similarly, application of Glomus
deserticola to Antirrhinum majus L. in drought conditions
increased shoot and root diameter, shoot length, leaf area,
number of leaves per plant, water content, chlorophyll and
proline content (Asrar et al., 2012).

3.2. Yield Related Parameters

Shoot fresh and dry weight and root dry weight: Table 4
data showed that the highest shoot dry weight was obtained from
T4+AMF3 application. This was followed by T3+AMF3
application with 10.13 g. At the lowest water dose the lowest
shoot dry weight values were obtained from AMF2 application.
In terms of root dry weight it was determined that water and
AMF application significantly affected root dry weight. The
highest root dry weight (0.98 g) was obtained from T4 + AMF3
application. This was followed by the T4+AMF4 application.
The lowest value (0.630 g) was obtained from T1+AMF1 pots.

Similarly, under drought stress conditions, after the plants'
association with AMF, the proline content in the leaf,
photosynthesis, leaf area index, relative growth rate, fresh and
dry weight of seeds increased (Pavitra and Yapa, 2018).
Pedranzani et al. (2016) emphasized that inoculation of Digitaria
eriantha with Rhizophagus irregularis increased shoot dry
weight, stomatal conductivity, lipid peroxidation, and H,O>
content in shoots and roots. Treatment of maize with
Rhizophagus intraradices under arid conditions increased the N,
P, K and Mg uptake in shoots and plant dry weight (Zhao et al.,
2015). Inoculation of Pelargonium graveolens (Amiri et al.,
2015) and Robinia pseudoacacia L. (Yang et al., 2014) with
Rhizophagus intraradices and Funneliformis mosseae has been
observed to increase biomass, water use efficiency and net
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photosynthesis rate. Bernardo et al. (2019) stated that
inoculation of Triticum aestivum and Triticum durum with
Funneliformis mosseae under arid conditions significantly
improved biomass in plants, increased water use efficiency, and
reduced oxidative damage. Treatment of lettuce and tomato
plants Rhizophagus irregularis, Glomus intraradices in arid
conditions increased biomass production, photosystem 1l
activity, ABA accumulation and synthesis, and strigolactone
production has been reported (Ruiz-Lozano et al., 2015).

Boyer et al. (2014) reported that treatment of Fragaria
ananassa plants with F. mosseae BEG25 and F. geosporus
BEGL11 in arid conditions increased shoot and root fresh weight
and water use efficiency.

Table 4. Effect of AMF on shoot fresh and dry weight, root dry
weight of wheat plants grown different water concentrations

Table 5. Effect of AMF on root fresh weight of wheat plants
grown different water concentrations

Water Treatment
T1 T2 T3 T4
1.18d 1.25 1.38b 1.48
Root Fresh ¢ a
. AMF
Weight ()
AMF1 AMPF2 AMF3 AMF4
1.21c 1.28b 1.50a 1.30b

Water treat t
ater treatmen ns; LSD (A):0-027

(A)
AMF treatment

reatmen ns; LSD (g):0.029
(B)
Water x AMF ns
treatment (AxB)

AMF Water Shoot Shoot Root
Treatment Treatment Fresh Dry Dry
Weight Weight Weight
(9) (9) (9)
T1 10.35dB 7.23cC 0.63 bD
T2 10.40 dB 7.63 bB 0.70 bC
AMFL T3 11.14 dA 8.18 cA 0.74 cB
T4 11.18 dA 8.37 dA 0.80 cA
T1 11.19¢cB 7.63bD 0.68 aD
T2 11.20cB 7.89aC 0.73abC
AMF2 T3 13.82cA 9.16 bB 0.78 bB
T4 14.00 cA 9.77 cA 0.86 bA
T1 12.99 bC 7.94aC 0.68 aD
T2 12.87 bC 8.10aC 0.75aC
AMF3 T3 15.13bB 10.13aB 0.88aB
T4 15.85bA 10.62aA 0.98 aA
T1 14.03aD 8.01aB  0.65abD
T2 14.65aC 8.02 aC 0.70 bC
AMF4 T3 16.01aB  10.05aA 0.86 aB
T4 16.49aA 10.03aA 0.96 aA
Water treatment (A) *x ** **
AMF treatment (B) ** ** **
Water treatment x AMF o . .
(AxB)
LSD (AxB): LSD (AXB): LSD(AXB):
0.31 0.22 0.03

The sources of variance were as follows: four water treatments,
four AMF applications and interaction between water treatment
and AMF. Different lower case letters in the same line indicate
that the difference between AMF under water treatments and
different capital letters indicate that the difference between water
doses are significant. Least significant difference (LSD) of the
Water Treatment x AMF interaction **, significant at 1% levels
of probability.

Root fresh weight: When Table 5 is examined the highest
root fresh weight was obtained in T4 conditions, while the
lowest value was observed in T1 application. Among the AMF
applications, AMF3 gave the best root fresh weight, while
similar results were obtained in the AMF4 application.
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The sources of variance were as follows: four water treatments,
four AMF applications and interaction between water treatment
and AMF. Different lower case letters in the same line indicate
that the difference between water treatments and AMF are
significant, respectively. Least significant difference (LSD) of
the Water Treatment and AMF **, significant at 1% levels of
probability

Our results in Table 5 are consistent with the fact that under
arid conditions Glomus fasciculatum, Glomus intraradices and
Glomus mosseae fungi significantly affect leaf fresh weight, root
fresh and dry weight of the seedless white currant grape cultivar
(Aslanpour et al., 2019). According to Metwally et al. (2019),
the fresh and dry weights of mycorrhizal plants increased
significantly than non-mycorrhizal plants. Behrooz et al. (2019)
suggest that AMF improve walnut fresh weight. Previous report
indicated that drought stress reduced the total fresh weight in
barley, but this reduction occurred by a lesser extent in fungal
treatments (Funneliformis mosseae and Rhizophagus irregularis)
(Ehsan Mahdavi et al., 2018).

3.3. Plant Physiological Properties

SPAD and Relative Water Content: As the water dose
increased, the SPAD value increased in wheat (Table 6). At T1
and T2 water doses, AMF2 application gave similar results. The
highest SPAD value was obtained from the plants treated with
T4+AMF4, followed by T3+AMF4. Results of studies on
drought stress showed that plant biomass, chlorophyll content
and transpiration rate were higher in plants inoculated with AMF
than in control conditions.

The application of different amounts of water and AMF
significantly affected the relative water content. It was observed
that the application of AMF4 to wheat affected the relative water
content positively, and this effect was more pronounced
especially in T3 and T4 water applications. In the low water
application, the highest value was obtained from the AMF3
application (Table 6).

Likewise, under water deficiency conditions, the association
of wheat with Glomus mosseae increased osmotic potential,
chlorophyll content, antioxidant enzyme activity, N, P and K
content (Rani, 2016). The symbiotic relationship with AMF
delayed leaf aging in alfalfa under drought conditions
(Abdelmoneim et al., 2014). Similar results were reported by Pal
and Pandey (2016) that plants treated with Glomus mosseae,
Glomus fasciculatum and Gigaspora decipiens under drought
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stress increased growth parameters and total chlorophyll content.
Under water stress conditions, the combination of arbuscular
mycorrhizal fungus Glomus claroideum and wheat increased the
total dry weight, relative moisture content and leaf chlorophyll
content (Beltrano and Ronco, 2008). Mathur and Wyas (2000)
emphasized that arbuscular mycorrhizal root colonization
increases the amount of photosynthesis and chlorophyll
synthesis associated with plant growth.

Table 6. Effect of AMF on SPAD and relative water content of
wheat plants grown different water concentrations

Relative
Trg:/lmFent Tr\e/\;i:serz nt SPAD Water
Content (%)

T1 19.01 cC 65.00 dD

T2 29.73 cC 66.00 dC

AMFL T3 29.86 cB 68.00 cB

T4 30.78 dA 70.00 dA

T1 19.86 bD 73.67 bD

T2 30.03cC 75.00 cC

AMF2 T3 21.19dB 77.00 bB

T4 32.17cA 78.00 cA

T1 20.94 aD 90.00 ab

T2 36.70 aC 93.67 aC

AMF3 T3 37.67 bB 95.00 aB

T4 38.08 bA 96.00 bA

T1 20.99 aD 70.00 cD

T2 35.66 bC 90.00 bC

AMF4 T3 39.00 aB 95.00 aB

T4 40.93 aA 97.00 aA
Water treatment (A) *k *x
AMF treatment (B) *k *x
Water treatment x AMF (AxB) ** faled

LSD LSD
(AxB):O.45 (AxB)- 0.21

The sources of variance were as follows: four water treatments,
four AMF applications and interaction between water treatment
and AMF. Different lower case letters in the same line indicate
that the difference between AMF under water treatments and
different capital letters indicate that the difference between water
doses are significant. Least significant difference (LSD) of the
Water Treatment x AMF interaction **, significant at 1% levels
of probability

The most important of these is that the symbiotic
relationship with AMF increases drought tolerance (Augé, 2001;
Ruiz-Lozano, 2003). Application of mycorrhizal fungus to
Borago officinalis plant reduces the negative effects of drought
stress by increasing the leaf water content (Budak et al., 2017).
Earlier studies also suggest that the relationship of roots with
AMF increases the drought resistance of wheat (Al-Karaki and
Clark, 1998). Sanchez-Blanco et al. (2004) found that the
decrease in water content in mycorrhizal relationships was lower
under arid conditions.

A study conducted with Anthyllis cytisoides in arid
conditions showed that mycorrhizal inoculation does not cause a
change in relative water content (Goicoechea et al., 2005).
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Drought is one of the important abiotic stresses affecting the
growth, development and yield of plants. In dry conditions, there
is a decrease in wilting, photosynthesis, stomatal conductivity,
water use efficiency and relative water content in plants. In
addition, it adversely affects the electron transport system,
causing active oxygen formation and stomata closure, which
causes a decrease in CO, uptake. As a result, due to ROS
production, photosynthesis is adversely affected and secondary
metobilites (isoprenoids, phenols or alkaloids) are synthesized
(Ganugi et al., 2019). Bacillus sp., Klebsiella sp., Acinetobacter
sp. and arbuscular mycorrhizal fungus Rhizophagus intraradices
showed the ability to adapt to physiological parameters (relative
water content and stomatal conductivity), increased
photosynthetic pigments (chlorophyll and carotenoids) and
improved antioxidant enzyme levels (catalase, ascorbate
peroxidase, and glutathione reductase tolerance) (Duran et al.,
2016). Therefore, it is evident that the mycorrhizal fungal
association offers a number of benefits to the plants.

Fv/Fm: When water applications were evaluated, the
highest Fv/Fm values were obtained from T4 and T3
applications, respectively. Among the AMF treatments, the
lowest value was obtained under the control conditions, and the
highest value was obtained from the pots treated with AMF4
(Table 7).

Table 7. Effect of AMF on Fv/Fm of wheat plants grown different
water concentrations

Water treatment
T1 T2 T3 T4
0.66d 0.68 ¢ 0.72b 0.75a
Fv/iFm AMF
AMF1 AMF2 AMF3 AMF4
0.62d 0.66 ¢ 0.75b 0.79a
Water treatment (A) ns; LSD (a):0.026
AMF treatment (B) ns; LSD ():0.018
Water x AMF treatment ns
(AxB)

The sources of variance were as follows: four water treatments,
four AMF applications and interaction between water treatment
and AMF. Different lower case letters in the same line indicate
that the difference between water treatments and AMF are
significant, respectively. Least significant difference (LSD) of
the Water Treatment and AMF **, significant at 1% levels of
probability.

Proline content: As the water dose increased, the amount
of proline in the wheat leaves decreased. In terms of the amount
of proline in the leaf, the highest value was obtained from
T1+AMF4 application. This was followed by plants treated with
T2+AMF4. The lowest value was obtained from T4+AMF1
application. As can be understood from these results, the amount
of proline in the leaves increased with AMF application. In
AMF1 application, the lowest value was determined in T4 and
the highest value was determined in T1 application (Table 8).

With the drought, there is a 44% increase in the total proline
level. In AMF applications, the highest values were obtained in
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AMF4 + T1 application. When the amount of proline in AMF1 +
T1 application and the amount of proline in AMF4 + T1
application are compared, it is seen that there is an 86.6%
increase in AMF4 + T1 application. These results show us that a
significant increase in the amount of proline is achieved with
AMF applications. When the results obtained in terms of root
proline content are examined, it is seen that the highest proline
amount (7.20 mg.gFW-1) was obtained at T1+AMF1 application.
In AMF1 applications, the lowest amount of proline was
obtained in T4 application. Proline value in wheat increased by
165.68% in AMF1 application at low water dose compared to
high dose. There was an increase in the amount of proline with
drought. Similar to leaves, proline increased in roots with AMF
application. However, higher concentrations of proline were
observed in lower water concentration treatments such as T1 and
T2 compared to leaves.

Table 8. Average values for proline amounts in leaves and roots

AMF  Leaf Proline (mg.g FW?) Root Proline (mg.gFW-?)
T1 T2 T3 T4 T1 T2 T3 T4
AMF1 360 262 236 201 720 525 322 271
a ab b b a b c c
AMF2 460 425 351 207 522 460 346 272
a ab b c a a a a
AMF3 519 452 410 359 549 475 410 3.59
a a a a a ab ab b
AMF4 6.72 570 452 447 6.10 496 4.20 4.00
a ab b b ab a a a

Differences were compared by Duncan Multiple Ratio Test.
The same lower case letters indicate that the difference between
AMF applications at different water doses is not significant (P
<0.05).

It was reported by Pavitra and Yapa (2018) that the proline
content in the leaf increased after the plants were associated with
AMF under drought stress conditions. Zhu et al. (2011), in dry
conditions have observed high proline content after mycorrhizal
fungal application to the Zea mays. They also found that drought
increased the proline level in the root. Tuo et al. (2017)
emphasized that mycorrhizal inoculation in the Trifolium plant
increased the level of proline. In addition, these researchers have
been observed that the AMF has increased the growth of
Trifolium repens, drought tolerance, nutrient absorption, soluble
protein, proline and flavonoid content, and prevent drought
tolerance. Pavithra and Yapa (2018) has been emphasized that
Glycine max L are inoculated with AMF in water stress
conditions has a higher proline level. In addition, Begum et al.
(2019) emphasized that the Zea mays plant increases the prolin
level in the plants exposed to the AMF application, both
moderate and severe drought.

Flavonoid content: The research results showed that there
is a negative relationship between the water dose and the amount
of flavonoids. Among the AMF1 applications, the flavonoid
amount in T1 which is the lowest water dose has a higher value
than other water concentrations (Table 9). Due to drought
flavonoid content increased in both roots and leaves. An increase
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is also seen in all water applications, where AMF is applied.
Flavonoids increased in roots and leaves with AMF application.
At T4 water concentration flavonoid accumulation in roots and
leaves is lower than other concentrations. Inoculation with AMF
did not show a significant increase in flavonoid value in highly
irrigated T3 and T4 plants. However, in AMF1 application when
T4 irrigation application was compared with T1 irrigation
application it was determined that there was an increase of
160%. Likewise, in AMF4 application, when T1 irrigation
application is compared with T4 irrigation application, an
increase of 407% is observed. This result shows us that the
increase in flavonoids in high water dose is less than in low
water applications.

Table 9. Average values of flavonoids in leaves and roots

AMF Leaf Flavonoid Root Flavonoid
(mg.g DW) (mg.g DW)
T1 T2 T3 T4 T1 T2 T3 T4
AMF1 130 90 50 24 81 40 28 26
a b c c a b b b
AMF2 162 110 70 33 93 74 32 30
a b c d a a b b

AMF3 166 142 92 34 89 7.0 32 33

a ab bc c a b c c
AMF4 203 160 98 4.0 124 100 6.3 4.1
a a b c a ab bc c

Differences were compared by Duncan Multiple Ratio Test.
The same lower case letters indicate that the difference between
AMF applications at different water doses is not significant (P
<0.05).

Similar results to our findings on the effect of water
defiency on flavonoid accumulation are found by Abbaspour et
al. (2012), Pistachia vera L. also in their work, has been
achieved. The researchers investigated the inoculated plants with
Glomus etunicatum, well watered and arid conditions. They
stated that the flavonoid content of the leaves increased in both
applications. Similar results were obtained in a study conducted
by Tue et al. (2017).

Flavonoids are the main secondary metabolites found in
most vascular plants that can eliminate reactive oxygen species
to protect plant species from oxidative damage (Wu et al., 2014).
Therefore flavonoids are associated with the entire mechanism
that protects cells from oxidative damage, except that they act as
filters (Gould et al., 1995). As a result higher flavonoid content
means stronger resistance to oxidative stress. The results show
that AMF inoculation causes changes in the amount of
flavonoids and increases drought resistance.

Lipid peroxidation level in leaves: As a result of the
applications, the amount of lipid peroxidation in the leaves is as
indicated in Table 10. According to the MDA measurement
results, when the amount of lipid peroxidation is examined, the
highest value is 1.38 in AMF1 + T1 application. In addition,
when AMF 1 applications were evaluated, it was observed that
the amount of MDA increased with the increase in drought. In
the control group, AMF1+T1, lipid peroxidation increased 115%
compared to AMF1+T4 level. In all AMF applications, there was
a decrease in the amount of MDA. In terms of MDA amount,
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approximately 40% decrease was observed in MDA amount with
AMF application in T1 application.

Table 10. Average values for leaf lipid peroxidation content

Lipid peroxidation (umol MDA.g FW)

AMF treatment T1 T2 T3 T4
AMF1 1.38a 0.81hb 0.76 b 0.64b
AMF2 0.86a 0.75b 0.68b 0.46¢c
AMF3 091a 0.73b 0.69¢ 0.57d
AMF4 0.82a 0.64b 0.50¢c 0.39d

Similarly our findings on lipid peroxidation, Begum et al.
(2019) observed high MDA in maize crops in drought
conditions. Pedranzani et al. (2016) emphasized that the
inoculation of Digitaria eriantha with Rhizophagus irregularis
increases lipid peroxidation in arid conditions.

One of the by-products, MDA, is generally accepted as a
reflection of membrane degradation, dysfunction or membrane
lipid peroxidation (Lecan and Baccou, 1998; Ali et al., 2005).
ROS increase occurs with drought stress. In lipid peroxidation,
the increase of reactive oxygen species also causes an increase in
the amount of MDA. With AMF application, MDA level
decreased and reduced oxidative damage.

4. Conclusions and Recommendations

Water causes a significant decrease in crop production in the
world, especially in arid and semi-arid regions. Drought, which
is one of the most severe abiotic stresses that threatens plant
growth and yield, has significantly affected the morphological
and physiological characteristics and yield components of wheat.
AMF applied at different water doses, especially AMF3 and
AMF4, alleviated the negative effects on plant morphology,
physiology and yield components. In other words, it can be
concluded that the application of AMF significantly reduced the
detrimental effects of drought stress on wheat plants grown in
arid conditions.
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