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Abstract

Background and Objective: Cereal Cyst Nematodes (CCNs) Heterodera avenae are from the most critical nematode pests that restrict
the production of cereals worldwide. These nematodes alone are savage pests that harm wheat and reduce their production by 10(%)
globally. This study was done to study the changes in the physiological and biochemical activity of wheat plants infected with nematodes.
Materials and Methods: The pot experiments were conducted in the greenhouse of the National Research Centre, Dokki, Cairo, Egypt.
Wheat seeds variety Misr-1 was used. Treated pots were infested with nematode cysts to give a population density of 8000 j, and eggs
1 kg™ soil. The roots and shoots of seedlings were processed for physiological and biochemical analysis. The mean comparisons among
treatments were determined by Duncan’s multiple range tests at a 5(%) level of probability. Results: Our results proved the promotion
effects of CCN on Reactive Oxygen Species ROS as Malondialdehyde MDA production that concomitant with the inhibitory effects on
photosynthetic pigment contents, altering endogenous phytohormones, Indole-3-Acetic Acid (IAA), Abscisic Acid (ABA), Gibberellic Acid
(Gas), Zeatin and reconstructing the production of assimilates (Total Soluble Solids (TSS), total carbohydrates and protein). These
variations stimulate the production of enzymatic antioxidants, Superoxide Dismutase (SOD), Catalase (CAT) and Peroxidase (POX) and
non-enzymatic antioxidant, phenol. The infection also affects the absorption and translocation, production of minerals, P, K, Fe, Zn, Mn
and Cu. All of these changes reflected on the yield production and the nutritional values of yielded grain grown under such conditions.
Conclusion: Most nutritional values, physiological and biochemical aspects of wheat decreased in the infected plants as compared with
non-infected plants.
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INTRODUCTION

Wheat (7riticum aestivum L.), seeds are full of nutritional
values as carbohydrates, minerals, proteins and vitamins.
Cereals provide about 20 (%) of the consumed calories
worldwide. So, they are considered the essential source of
energy for humans worldwide. In developing countries, the
expenditure rate surpassed the productivity'. The present
production rates will not be adequate to satisfy the projected
global request due to the huge increase in population density.
For wheat, global production must be increased by 60 (%) to
satisfy the population density in 20502,

The Cereal Cyst Nematodes (CCNs) Heterodera avenae
woll. has been detected in many countries with different
climate types throughout the world**. It causes considerable
yield losses of several economic yielded grains®®. So, it is
considered a major limiting factor of wheat in many parts of
the world”8, H. avenaewas 1st reported on wheatin northwest
Egypt and northeast Egypt®°.

Invading host roots with cyst nematodes leads to the
initiation of the formation of different creatures, multicellular
cells called Syncytium which become the main radix of
nutrients for nematodes during their lifecycle' 2. Formation
of these Syncytia was found to be associated with profound
physiological and biochemical changes involved in water and
nutrients relations and the phytohormones originating in
roots that concern not only the infection site but the whole
plant’®. The plant's uptake of nutrients and water is
considerably lowered due to its impaired root system,
which leads to fragility and low yield™. They added that
nematode infection causes alterations in morphological and
physiological processes in host plants, including inhibiting
growth, promoting chlorosis and lowering photosynthetic
rates.

So, this study aimed to evaluate the changes in the
physiological and biochemical activity of wheat plants
infected with Heterodera avenae to the quantity and quality
of grain yield. Such information is important for more
understanding of host nematode interactions and nematode
sustainable management.

MATERIALS AND METHODS

Experimental design: The pot experiments were conducted
in the greenhouse of the National Research Centre, Dokki,
Cairo, Egypt, during the winter season of 2018/2019 (from
25th November-5th May,). The daytime temperature ranged
from 14.5-30.2°C with an average of 23.2+3.8°C, whereas
temperature at night was 12.4£1.8°C, with minimum and
maximum of 8.0 and 17.6°C, respectively. Daily relative

humidity averaged 57.7£9.6 (%) in arange from 38.1-78.7 (%).
Seeds of 7riticum aestivum variety Misr-1 were obtained from
Agricultural Research Centre, Ministry of Agriculture and Land
Reclamation, Egypt. The experiment was carried out in the
twenty plastic pots 30 cm diameter containing sterilized loamy
soil each filled with about 8 kg.

Methodology: The experimental soil was analysed according
to the method described by De Rooij'® (Table 1).
Fertilization was done with the recommended dose i.e., (5 g
phosphorous/pot as triple phosphate, 6 g nitrogen/pot as urea
and 5 g potassium/pot as potassium sulphate) during the
preparation of pots and after sowing. Watering was carried out
according to the usual practice. The selected grains were
washed with distilled water, sterilized with 1 (%) sodium
hypochlorite solution for about 2 min and thoroughly washed
again with distilled water. Five uniform air-dried wheat grains
were sown in each pot. Ten pots were infested with nematode
cysts of H. avenaeto give a population density of 8000 j, and
eggs 1 kg~ soil, other 10 pots were left without nematodes
(control). About 55 days after seed germination, wheat
seedlings from 10 pots (5 infected+5 controls) were gently
extracted from the soil and washed with tap water. The roots
and shoots of seedlings were processed for physiological and
biochemical analysis. The remaining (5 infected+5 controls) of
pots were left for assaying grain yield and quality at harvest (in
May, 2019).

Nematode population: The population of Heterodera avenae
was collected from a wheat-growing area heavily infected with
nematodes from Ismailia Province. Nematode cysts were
extracted from soil according to the previously described
method'®. Nematode Cysts were dried at room temperature
(20%£2°C) and kept at 7°C until further use. Ten cysts were
quashed according to the previous method' and the total
number of eggs and second-stage juveniles (J,) per cyst was
counted. The average of eggs and J, was 80 per cyst.

Table 1: Chemical analysis of the experimental soil

pH 774
EC (ds m~) 0.29
mLL™

Ca** 0.30
Mg+ 0.20
Na* 1.10
K* 0.40
CO;- 0.60
HCO,~ -
Ccl= 1.00
SO,~ 0.40
ppm

N 21.00
P 240
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Physiological and biochemical studies

Photosynthetic pigments: Both chlorophyll a and b
and carotenoids contents in fresh leaves were estimated
using the previously described method', using a
spectrophotometer (Shimadzu UV-1700, Tokyo, Japan). The
values of photosynthetic pigments were expressed in
pg/100 g FW.

Endogenous phytohormones: Extraction, separation and
determination of phytohormones: The method of hormone
extraction was done according to the previous method
adopted by Zhang et a/' and the Methylation process was
carried out according to the previously described method?.
Identification and determination of auxins, gibberellins and
abscisic acid were carried out by Hewlett Packard gas-liquid
chromatography (5890) with a flame ionization detector?'.
Cytokinin fractions (zeatin and benzyl adenine) were detected
by HPLC isocratic UV analyzer according to the method
described by Tarkowski et a/?.

Total phenolic compounds: The total phenolic compound
was determined using a spectrophotometer as previously
described method?®.

Total soluble sugars, total carbohydrates and total protein:
Total sugar and total carbohydrate concentrations were
determined by using the phenol sulphuric acid method
according to Mecozzi**. Total protein was estimated according
to the previously described method?.

Lipid peroxidation: Lipid peroxidation was determined by
measuring the amount of produced Malondialdehyde (VIDA)
by the Thiobarbituric Acid (TBA) reaction as previously
described method?®.

Assay of enzymes activity: Enzyme extracts were collected
following the previously described method?.

Peroxidase: (POX, EC 1.11.1.7) the activity was assayed
spectrophotometrically by the previously described method?.

Superoxide dismutase: (SOD, EC 1.12.1.1) the activity was
spectrophotometrically assayed at 560 nm by Nitro-Blue-
Tetrazolium (NBT) reduction as previously described method?.

Catalase: (CAT, EC 1.11.1.6) the activity was determined
spectrophotometrically following the decrease in absorbance
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at 240 nm?. The enzyme activities were calculated as
previously described method?®.

Mineral contents: The oven-dried samples of wheat shoots,
roots and yielded grains (at 70°Cfor 72 hrs (were powdered. N,
P,K,Zn,Mn, Fe and Cu were determined. The nitrogen content
of plant leaves was measured by Kjeldahl protocol according
to Paul et a/*°. The phosphorus percentage was estimated by
the colorimetric method according to Paul et a/*°. The
potassium content of the plants was measured by using a
flame photometer method according to Paul et a/*°. Zinc,
manganese, iron and copper were determined using atomic
absorption spectrophotometer, D. P. 3300 Parken Elmer
according to Paul et a/*.

Grain yield and quality determination: The weight of grain
(g/pot) was determined in infected and non-infected plants.
Then grain total protein was calculated by multiplying
Nitrogen (%) in 6.25 as the method previously described by
Maehre et a/,?. Gluten content (%) was determined using a
non-destructive grain analyser, Model Infratec TM 1241, 15W
5.00valid from S/N 12414500, 1002 5017/Rev.1, Foss analytical
AB, Hoganas, Sweden. Glutenin was prepared by the
previously modified method?'.

Statistical analysis: The experiment was conducted in a
completely randomized design with 5 replicates. Data on
physiological and yield characters and seed quality were
subjected to conventional methods of analysis of variance
according to Snedecor and Cochran32 The mean comparisons
among treatments were determined by Duncan’s multiple
range test at a 5% level of probability.

RESULTS

Photosynthetic pigments: Data presented in (Fig. 1a-e)
presented that, infected plants with nematodes decreased
photosynthetic pigment contents (chlorophyll a, chlorophyll b,
carotenoids and total pigments) compared to control plants.
The percent of reduction reached 38.60, 40.86, 29.50 and
36.6% in chlorophyll a, chlorophyll b, carotenoids and total
pigment levels of the plant leaves, respectively.

Changein endogenous phytohormones:Results in (Fig. 2a-e)
showed that endogenous phytohormones (IAA, ABA, GA and
Zeatin) contents induced regarding Cereal Cyst Nematodes
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Fig. 1(a-e): Photosynthetic pigment contents (mg/g fresh weight), (@) Chlorophyll a, (b) Chlorophyll b, (c) Carotenoids,
(d) Total pigment and (e) Increase or decrease percentages of wheat (Masr-1) leaves infected with the nematode

(CCN (infection onto the wheat plant. Generally, ABA
surpassed other hormones in percent of increment. This
percent increase reached 91.04 (%), 164.286 and 114.028 (%)
of IAA, ABA and GA of infected roots, respectively. While, the
percent of endogenous hormonesincreasesin leavesreached
15.62 (%) in I1AA, 177.89 (%) in ABA. GA contents in leaves of
the wheat plant showed a significant decrease by
about14.40 (%). Infection with nematodes induced a
significant decrease in zeatin contents of both roots and
leaves. The maximum reduction percent was 32.50 (%) in root
followed by 16.66 (%) in leaves.
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Total soluble sugars, total carbohydrates, total proteinsand
phenolic contents: The results in (Fig. 3a-e) showed the
variation in total soluble sugar, total carbohydrates, total
proteins and total phenolic contents in fresh leaves and roots
of the wheat plant in response to the nematode. The results
exhibited that, the infection with nematode promote a
significantincrease in all tested parameters of roots and leaves
as compared with the corresponding non-infected plant.
Wheat leaves have the percent of increases 139.79, 84.121,
29.310 and 9.446% in TSS, total phenolic compounds, total
proteins and total carbohydrates, respectively as compared
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Fig. 2(a-e): Endogenous phytohormone contents (ug/100 g fresh weight), (a) IAA, (b) ABA, (c) GA, (d) Zeatin and (e) Increase or

decrease percentages of wheat (Masr-1) roots and leaves infected with the nematode

with the corresponding non-infected wheat leaves.
While, the percent of the increase in roots recorded
10.446 and 53.437 (%) in TSS and phenolic compounds
respectively as compared with the corresponding non-

infected wheat roots.

Lipid peroxidation: The results appeared that infection with
nematodes induced significantly Malondialdehyde (MDA) in
roots and leaves compared to control plants (Fig. 4a). The
highest percentage of increase in the Malondialdehyde (MDA)
was recorded in roots (61.217 (%)) followed by (18.237 (%)) in
leaves.
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Enzyme activities: According to the impact of infection with
nematodes on some oxidative enzymes activities of wheat
plants, (Fig. 4b-e) showed that, the infection-induced
significant increases in SOD activity in both wheat roots and
shoots as compared to the non-infected plant. However, the
infection-induced increase in POX activity in roots and
exhibited a little reduction in shoots.

The infection limited the CAT activity of roots while,
the opposite effect was recorded on wheat leaves as
compared to the control plant. The highest stimulation
percent was recorded by POX activity (164.506 (%)) in the
infected root. At the same time, the maximum percent of
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Fig. 5(a-h): Mineral contents of wheat (Masr-1) roots and leaves infected with the nematode, (a) Nitrogen, (b) Phosphorous,
(c) Potassium, (d) Iron, (e) Zinc, (f) Manganese, (g) Cupper and (h) Their increase and decrease percentage

decrease was recorded by CAT activity (-75.086 (%)) in the
infected root.

Mineral composition of plant: The results in (Fig. 5a-h)
showed the mineral contents of the root and shoot of wheat
plants infected with nematodes. The results cleared that
the contents of all studied minerals (P, K, Fe, Mn, Zn and
Cu) were decreased with infection as compared with non-
infected plants. Nitrogen content exhibited the opposite
trend in infected plants with an increase percent of
26.316 (%) in the wheat shoot as compared with the infected
plant.

Yield and yielded grain quality: Results presented in
(Fig. 6a-d) showed that infection with nematodes decreased
significantly grain yield (g/pot), seed protein (%) and
gluten (%) as compared with the non-infected plant. The
percent of reduction reached 30.30, 9.30 and 16 (%) of tested
parameters, respectively. The results also indicated that most
of the studied minerals (N, P, Mn and Cu) were decreased in
yielded grains with infection. On the other hand, the other
minerals (K, Fe and Zn) were increased in response to
infected plants as compared with non-infected plants. The
percent of increments reached 10.60, 57.00 and 1.40 (%),
respectively (Fig. 7a-h).
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in wheat (Masr-1) infected with the nematodes
DISCUSSION

Our results revealed that physiological and biochemical
operations were disturbed in wheat plants infected with the
cyst nematodes Heterodera avenae compared to healthy
plants (Fig 1-5). Cyst nematodesinvade host roots and initiate
the formation of syncytia, which become the only source of
nutrients for nematodes throughout their entire lifecycle. The
wheat cyst nematodes (CCN) Heterodera avenae like other
sedentary endoparasites nematodes parasitize their hosts
causing damage at the feeding sites, as they break down the
cell structure of the roots inducing cells to form permanently
modified structure: multicellular cells could Syncytium which
become the main radix of nutrients for nematodes during
their life cycle''2. The formation of these Syncytia was found
tobeassociated with profound physiological and biochemical
changes that may concern not only the infection site but the
whole plant also®. In this regard, photosynthetic pigment
contents (chlorophyll a, chlorophyll b, carotenoids and total
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pigment) were significantly decreased in the infected plants
with nematodes as compared with non-infected plants (Fig. 1).
Similar results were also obtained by previous results333> they
reported that, infestation with RKN markedly decreased
photosynthetic pigment contents and altered several
photosynthetic traits (WUE and photosynthesis rate). They also
revealed that the pictures of photosynthetic pigments,
content and composition, are considered the poignant
markers for nematode infection. Moreover, the decrease in
photosynthetic values in plants infected with nematodes was
also accompanied by proteolytic enzyme activities®.

Plant endogenous hormones have a pivotal role in
mediating plant defence against several environmental biotic
and abiotic stresses. Our results showed that, IAA, ABA and
GAS increased in both root and leaves of wheat plants
infected with nematodes, while cytokinins as zeatin showed
a marked decrease in both root and leaves of wheat infected
plants as compared with healthy plants (Fig. 2). These
findings may be a result of activating systemic defense versus
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nematodes through altering antioxidant systems, hormone
pathways (Fig. 4) and redox homeostasis (Fig. 3 and 5). In this
regard Fraire-Velazquez®’ concluded that, the hormones actas
part of a complicated network of synergistic and antagonistic
interactions to overcome biotic stress conditions. Also,
phytohormones such as IAA and ABA act as signalling
molecules and alternate the protection response to biotic
stress,

Accordingly Guo et a/* reported that, there is a close
relationship between the hormone profiles, increase IAA
content significantly in the leaf tissues, which trigger auxin
synthesis and increase lower hypocotyl elongation in a plant
grown under biotic stress conditions. Also, nematode infection
increases root elongation as a result of auxin increments
which are accompanied with enhances nutrient demand for
cell division and differentiation at the early stage of nematode
infection®”. Moreover, Gheysen and Mitchum*' proved that,
infection with nematodes principally up-regulate auxin
biosynthesis and auxin-responsive genes, encouraging the
role of auxin at infected plants.

Regarding ABA, it interacts antagonistically with other
hormones in plant defence against Meloidogyne graminicola
and ruffles nematode-caused disease symptoms*. Also,
inoculation with nematodes enhanced ABA content in leaves
of watermelon and it has a little role in vindication of plants
against RKN infection. GA isimportant for the susceptibility of
the plantto M. graminicola®.On the other hand, GA treatment
increases the resistance of plants against nematodes**.
Cytokinins have a role in the amelioration of plant growth in
response to biotic stresses and have a key role in plant-
pathogen interactions®. In this regard, Kyndt et a/*” reported
that, alteration in cytokinin contents due to RKNs could be
crucial for swelling of the root meristem and could be vital for
the altering of galls into nutrient sinks. In this connection,
Dowd et a/*® reported that, both plant- and nematode
produced cytokinins and added that, cytokinin signalling
mutants and plants that reduced cytokinin levels become
less susceptible to nematodes.

Invading of the plant by several pests leads to
accumulation for primary metabolites, mainly carbohydrates
and assumes the activation of a defense response necessitate
promote the production of secondary metabolites*. Our
results concluded that, TSS, total carbohydrate, total protein
and total phenolic compounds were promoted in both root
and leaves as a result of inoculation of wheat plants with CCN
(Table 3). These findings may be results of these metabolites
ameliorating the inhibitory effect of nematodes on the plant.
In this connection, Singh et a/>° reported that, plants under
stress conditions produce sugars which act as essential signs
for osmotic adjustment, carbon storage, osmoprotectantand
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scavenging of free radicals. Also, Korayem et a/°' concluded
that, total carbohydrate was significantly promoted in
sunflower seeds infected with M. arenaria. In addition,
Bali et a/'* showed that several osmolytes (glycine betaine,
proline and total carbohydrates) contents were stimulated
during nematode infection. Metabolic pathways and synthesis
of secondary metabolites were promoted in plants subjected
to infection with endophytic fungi®2.

Connectively, CCNs relate to the host root for nutrition,
altersin TSS contents demonstrate the survival requirements
of it at different growth stages®. So, the assembling of soluble
sugars in the plant leaves is parallel to the transport activity
from the source (leaves) to the sink (roots)**. Also, reported
that, a TSS increment was attributed to the induction of
metabolic activity in infected tissues. Consistently, the results
approved the value of TSS in fulfilling CCN energy
requirements throughout initial infection in infected tomato
plants>®. They also concluded that, the TSS was promoted
in tomato leaves and roots throughout initial infection by
RKNs as a result of the hydrolysis of starch promoted by
environmental changes, while an improvement in
carbohydrates in the roots could be parallel to carbohydrate
translocation from tissues of leaves to roots through
transporters.

The increase in protein contents of infected root and
leaves of the wheat plant may be attributed to the activation
of several enzymes and different metabolites to tolerate the
stress of CCN. This result was in agreement with those
recorded by Yang et a/.>> who reported that, proteinincreased
in biotic stressed plants due to improves redox homeostasis
by modulating the activities of several antioxidant enzymes.
Some proteins exempt naturally in the exudates of soybean
seeds were found to have nematocidal properties against
M. incognita®. These proteomic approaches and /in vitro
activity assays indicated the existence of 63 exuded proteins
that are related to plant defence and able to reduce the
hatching of nematode eggs and to cause 100 (%) mortality of
second-stage juveniles (J,). Recently, the results revealed that
alterations in nitrogen metabolism consequently protein
contents found in beet plants infected with the cyst
nematode¥’.

The stimulatory effect of nematode infection on the
phenolic compound of both root and leaves of the wheat
plant may be attributed to the regulatory role of these
compounds under biotic stress conditions. In this regard,
Yang et a/*® postulated that, phenolic compounds were
stimulated in grapevines plants infected with RKN and
consequently alter root physiology of infected plants. The
phenolic metabolism participates in obstructing pathogen
growth and promoting host cell tolerance under unfavourable
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stress conditions'. Additionally, some phenolic compounds
have nematicidal effects to manage up the infections with
RKN. Also, promotion in the phenols contents directly
paralleled to the stress degrees as it gets participates on the
cell wall to become more tougher against a pathogen attack
so triggered the immune responses of plants to combat the
mechanical injuries caused by pathogens>*%. Moreover, the
synthesis of phenolic compounds restricts the nematodes
movement and become the main reason for their morbidity®'.

It is worthy to mention that, ROS are included in several
nematode physiological processes®2. They have a role in cell
signaling, at lower levels, whereas at higher levels they can be
toxic via the promotion of oxidative stress causing oxidative
damage to the cell-building molecules. MDA is considered an
important stress trait for determining lipid peroxidation in
plants grown under biotic or abiotic stresses and is
accumulated due to the degradation of polyunsaturated fatty
acids®. Our results cleared that, infection with CCN increased
markedly Malondialdehyde (MDA) in both roots and leaves
compared to non-infected wheat plants (Fig. 4). The same
results were obtained at previous studies™%*. An
overabundance of TBARs (MDA) under stress conditions
indicates the damage caused as lipid peroxidation in leaves of
barley plants were invaded with RKN. These give a direct
impact on increased barley defense mechanisms against
RKN36,61_

Reactive oxygen species harm the plant tissues through
stimulating signalling pathways in the infected plants. These
ROS are affecting the membrane proteins, carbohydrates,
photosynthetic apparatus, lipids and causing severe damage
or even the death of cells. Plants have developed several
defence strategies that induce immune responses through
complex signalling networks and molecules, including
defence related genes, Reactive Oxygen Species (ROS) and
phytohormones3. Various antioxidative enzymes and non-
enzymatic antioxidants are activated in infected plants to
counteract the ROS effects. Antioxidative enzymes include
Peroxidase (POX), Catalase (CAT) and Superoxide Dismutase
(SOD)8". According to the impact of CCNs on the activities of
some oxidative enzymes of wheat plants, (Fig. 4) showed that,
the infection-induced significant increases in SOD activity in
both wheat roots and shoots as compared to the non-infected
plant. However, the infection-induced increase in POX activity
in roots and showed a little decrease in shoots. The infection
also decreased CAT activity in roots while, the opposite effect
was recorded on wheat leaves as compared to the non-
infected plant. In this study, the stimulation of the activities of
SOD in both root and leaves, POX in roots and CAT in leaves
are a good indication of the defence system of wheat plants
to infection with the nematode. The decrease in the activities
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of POX in shoot and CAT in the root may be as a result of
greater production of MDA at an infected plant which affects
protein assimilation under such conditions. In this connection,
the increases in the activities of different enzymes (APOX,
CAT, GPOX, GST, PPO and SOD) in seedlings infected with
M. incognita were reported by Gupta et a/%> who concluded
that, increase in the activity of SOD in infected plants, as
a result of the internal immune response activation
accompanied with the induction of systemic resistance. Also,
Khajuriaand Ohri®concluded that, the activities of CAT, GPOX,
POD and SOD, etc., were promoted in nematode infected
tomato plants.

In this connection, Lobna et a/®” stated that, resistant
cultivars have high POX and this increment may be related to
lignification. The activity of CAT was significantly acted as a
bifunctional enzyme, firstly, through catalysis decomposition
of H,0,, secondly it can oxidize phenolic molecules with
consumption of peroxides®, So, it can be summarized that
both described systems (peroxidase-flavonoids and catalase-
phenols) are involved in controlling MDA and H,0, levels in
barely leaves infected with the nematode. Moreover,
stimulation of the activities of CAT, GuPOX, PPO and SOD were
also found in tomato plants infested with nematodes®. These
results could be due to the stimulation of protein content in
plants after the augment of useful microbes, which leads to
up-regulation of defence enzymes in the infected plants.
Interestingly, the suggested function of the catalase-phenol
activity is responsible for the variation of lipid peroxidation in
infected plants that might partly be due to utilization of lipid
peroxides by CAT> .

The mineral nutrients were fused in defence response to
biotic stress generated by pathogen attack®’. Regarding the
mineral nutrition content of roots and leaves of the infected
wheat plant, our results cleared that, the contents of all
studied minerals (P, K, Fe, Mn, Zn and Cu) were decreased with
infection as compared with non-infected plants. While,
nitrogen content exhibited an opposite trend in the wheat
shoot as compared with the non-infected plant. These results
may be attributed to the unbalance of nutritional status due
to alteration in mineral absorption and translocation under
nematode conditions. Theincrease in N contents could be the
natural result of different assimilation processes that occurred
to ameliorate the stress of CCN. The same trend was observed
in several infected plants®, who concluded that, infection with
nematodes cause various plant damages as alterations in the
absorbent cells, with subsequent nutritional imbalance.
Several nutrients had a direct role on plant diseases than
others. K as Macro and Cu, Fe, Mn, Zn as micro-nutrients
assumed the host susceptibility to pathogens: K’ Cu’, Fe’?,
Mn’3 and Zn’*. Moreover, Haase et a/’® reported that, the
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nematode-infection has a considerable effect on unsteady
nutrients contents in roots via reducing the values of Cu, Fe, K,
Mg, Mn and Zn. They also added that, nematode infection
increased shoot biomass, N content of 4. wulgare. These
higher contents of N are thought to be related to nematode-
induced leakage of plant-derived metabolites from damaged
root cells. Moreover, the co-infection of pathogens reduced
significantly the concentrations of K, Cu, Zn, Mn and Fe in the
roots®’. During infection, the accumulation of nutrients around
the infection sites mineral was altered by which may be
affected by susceptibility and resistance to pathogens.
Recently, Abdel Sattar et a/’® proved that, M. incognita-control
treatments had significant effects on leaf petioles nutrient
contents, they generally increased N, however, leaf potassium
concentrations were below the optimum ranges.

Cereal cyst nematodes cause significant yield losses in
many crops and also affect yield nutritional values”. Grain
yields are often negatively correlated with the number of
cereal cyst nematodes in soil”®. Cereal cyst nematodesinduced
a reduction of yields in individual research trials or fields by
about 20 (%) in Pakistan, 50 (%) in Australia, 50 (%) in Turkey
and 90 (%) in Saudi Arabia”®°. Our results showed the infected
plants decreased grain yield per plant by about 30 (%)
compared to those of the control plant Table 6. Following our
result, Ali et a/®' reported that, nematodes induce 17-20 (%)
yield losses in rice. Moreover, Dababat® documented that
Egyptian populations of H. avenae are serious pests of
Egyptian wheat cultivars. The loss in the grain yield ranged
between 16-40 (%) under greenhouse conditions.

Our results also showed that, most nutritional values of
yielded wheat decreased under biotic stress of CCN as
compared with non-infected plants (Fig. 6). These results may
be due to the inhibitory effects of CCN on the plant which
start with the production of ROS as MDA (Fig. 4) that
affect photosynthetic pigment production, chlorophyll a,
chlorophyll b and carotenoids, (Fig. 1), altering endogenous
phytohormones, IAA, ABA, GAs and Zeatin (Fig. 2), reconstruct
the production of assimilates (TSS, Total carbohydrates and
Protein) (Fig. 3). These variations stimulate the production of
enzymatic antioxidants, SOD, CAT and POX (Fig. 4) and non-
enzymatic antioxidant, phenol (Fig. 3). The infection also
affects the absorption and translocation, production of
minerals, P, K, Fe, Zn, Mn and Cu (Fig. 5). All of these changes
reflected on the yield production and the nutritional values of
yielded grain. In this regard, the possibility of yield reduction
is attributed to the high population density of CCN attack root
of tomato plants and impaired nutrient uptake and water
absorption®. Also, wheat gall nematode causes significant
yield losses and affects grain quantity and quality®. Moreover,
Snider et a/® concluded that, the yield reductions are the
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result of anatomical and physiological changes that occur in
the cotton root system as the nematode progresses through
its lifecycle. In addition, Ali et a/% stated a strong correlation
between nematode population and yield reduction, this
correlation is affected by distribution and density of nematode
at a particular location, crop variety, cultural techniques,
prevailing climatic conditions and soil quality. Recently,
Atia et a/* proved that infested plants with RKN decreased
fruit yield and plant growth.

CONCLUSION

Generally, wheat plants infected with CCN exhibited
several physiological and biochemical responses reflected not
only on the yield production but also, lower the nutritional
values of yielded grain. These responses started with high
production of ROS and MDA in both roots and leave that
parallel with lower production of photosynthetic pigment
contents and alteration in the endogenous phytohormones,
alteration in assimilate production and enzymatic and non-
enzymatic antioxidant compounds. The infection also alters
the absorption, translocation and production of minerals.
Wheat plants use all of these responses to survive under these
biotic stress conditions.

SIGNIFICANCE STATEMENT

This study discovers the effect of nematodes on wheat
plants and several relations at physiological and biochemical
levels and their effects on yield and nutritional values on
produced grains. This can be useful in the biological control of
nematodes that could be achieved through many biological
and safe applications on the environment and on plants as
well.

ACKNOWLEDGMENT

The authors deeply acknowledge the financial support
provided by NRC (2016-2019 Project No. 11030134) entitled
"Geographical Distribution and Economic Importance of
Wheat Nematodes in Egypt and their management".

REFERENCES

Laskowski, W., H. Gérska-Warsewicz, K. Rejman, M. Czeczotko
and J. Zwolinska, 2019. How important are cereals and cereal
products in the average polish diet?. Nutrients, Vol. 11.
10.3390/nu11030679.



10.

11.

12.

13.

Asian J. Plant Sci, 21 (4): 613-628, 2022

Ackerman, F.and E.A. Stanton, 2008. Can climate change save
lives? A comment on economy-wide estimates of the
implications of climate change: Human health. Ecol. Econ.,
66: 8-13.

McDonald, A.H. and J.M. Nicol, 2005. Nematode Parasites of
Cereals. In: Plant Parasitic Nematodes in Subtropical and
Tropical Agriculture, Luc, M., R.A. Sikora and J. Bridge (Ed.).,
CABI Publishers, Wallingford, UK, pp:131-191.

Qiao, F., L. Luo, H. Peng, S. Luo and W. Huang et a/, 2016.
Characterization of three novel fatty acid- and retinoid-
binding protein genes (Ha-Far-1, Ha-Far-2 and Hf-Far-1)
fromthe cereal cyst nematodes Heterodera avenae
and H. Filipjevi. PLOS ONE, Vol. 11. 10.1371/journal.pone.
0160003.

Nicol, J.M. and R. Rivoal, 2008. Global Knowledge and its
Application for the Integrated Control and Management of
Nematodes on Wheat. In: Integrated Management and
Biocontrol of Vegetable and Grain Crops Nematodes,
CiancioK, A.and K.G. Mukerji (Eds.)., Springer, Netherlands,
pp: 251-294.

Qiao, F., LA. Kong, H. Peng, W.K. Huang and D.Q. Wu et al,
2019.Transcriptional profiling of wheat ( 7riticum aestivum L.)
during a compatible interaction with the cereal cyst
nematode Heterodera avenae. Sci. Rep., Vol. 9. 10.1038/
s41598-018-37824-9.

Smiley, RW. and JM. Nicol, 2009. Nematodes which
Challenge Global Wheat Production. In: Wheat Science
and Trade, Carver, B.F. (Ed)., Wiley-Blackwell, Hoboken,
New Jersey, United States, pp: 171-187.

Dababat, A.A. and H. Fourie, 2018. Nematode Parasites of
Cereals. In: Plant Parasitic Nematodes in Subtropical and
Tropical Agriculture, Sikora, R.A., D. Coyne, J. Hallmann and
P. Timper (Eds.)., CABI Publishers, Hoboken, New Jersey,
United States, pp: 163-221.

Korayem, AM. and M.M.M. Mohamed, 2019. Relative
susceptibility and tolerance of thirteen Egyptian wheat
cultivars to the cereal cyst nematode (Heterodera
avenaeWoll.). Middle East J. Agric. Res., 8: 1085-1090.
Korayem, AM. and M.M.M. Mohamed, 2015. Damage
potential of Heterodera avenae on wheat growth and yield
in relation to nitrogen fertilization in Egypt. Curr. Sci. Int,,
4:515-519.

Wyss, U, 2002. Feeding Behavior of Plant-Parasitic
Nematodes. In: The Biology of Nematodes, Lee D.L. (Ed.).,
Taylor and Francis Group, United Kingdom, pp: 233-260.
Labudda, M. E. Rézanska, E. Muszynska, D. Marecka,
M. Gtowienka, P. Rolinski and B. Prabucka, 2020. Heterodera
schachtiiinfection affects nitrogen metabolism in Arabidopsis
thaliana. Plant Pathol., 69: 794-803.

Melakeberhan, H.,S. Mennan, S. Chen, B. Darby and T. Dudek,
2007. Integrated approaches to understanding and
managing Meloidogyne hapla populations parasitic
variability. Crop Prot., 26: 894-902.

625

14.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Bali, S., P.Kaur, A. Sharma, P. Ohri and R. Bhardwaj et a/, 2018.
Jasmonic acid-induced tolerance to root-knot nematodes in
tomato plants through altered photosynthetic and
antioxidative  defense mechanisms.  Protoplasma,
255:471-484.

. De Rooij, G.H., 2004. Methods of soil analysis. part 4. physical

methods. Vadose Zone J.,, 3: 722-723.

Camacho, M.J.,, M. Mota, A. Lima, L. Rusinque and M.L. Indcio,
2018. Extraction of potato cyst nematodes from soil samples:
Cobb's decanting and sieving method vs. fenwick's method.
Rev. Cienc. Agrar., 41: 8-14.

Ingham, R.E., D.Kroese and I.A. Zasada, 2015. Effect of storage
environment on hatching of the cyst nematode Globodera
ellingtonae. ). Nematol., 47: 45-51.

Li, Y. and M. Chen, 2015. Novel chlorophylls and new
directions in photosynthesis research. Funct. Plant Biol.,
42:493-501.

Zhang, H,, S.N. Tan, C.H. Teo, Y.R. Yew, L. Ge, X. Chen and
JW.H. Yong, 2015. Analysis of phytohormones in
vermicompost using a novel combinative sample preparation
strategy of ultrasound-assisted extraction and solid-phase
extraction coupled with liquid chromatography-tandem mass
spectrometry. Talanta, 139: 189-197.

Urbanova, T., D. Tarkowska, O. Novak, P. Hedden and
M. Strnad, 2013. Analysis of gibberellins as free acids by ultra
performance liquid chromatography-tandem mass
spectrometry. Talanta, 112: 85-94.

Tarkowska, D., O. Novak, K. Flokova, P. Tarkowski and
V. Turec¢kova et al, 2014. Quo vadis plant hormone analysis?
Planta, 240: 55-76.

Tarkowski, P., L. Ge, JW.H. Yong and S.N. Tan, 2009. Analytical
methods for cytokinins. TrAC Trends Anal. Chem., 28:323-335.
Siddiqui, N., A. Rauf, A. Latif and Z. Mahmood, 2017.
Spectrophotometric determination of the total phenolic
content, spectral and fluorescence study of the herbal Unani
drug Gul-e-Zoofa (Nepeta bracteata Benth). J. Taibah Uni.
Med. Sci., 12: 360-363.

Mecozzi, M., 2005. Estimation of total carbohydrate amount
in environmental samples by the phenol-sulphuric acid
method assisted by multivariate calibration. Chemom. Intell.
Lab. Syst., 79: 84-90.

Maehre, HK., L. Dalheim, G.K. Edvinsen, E.O. Elvevoll and
|.J. Jensen, 2018. Protein determination-method matters.
Foods, Vol. 7. 10.3390/foods7010005.

Wang, Y.S., M.D. Ding, X.G. Gu, J.L. Wang, Y. Pang, L.P. Gao
and T. Xia, 2013. Analysis of interfering substances in the
measurement of malondialdehyde content in plant leaves.
Am. J. Biochem. Biotechnol., 9: 235-242.

Chen, J.X.and X.F.Wang, 2006. Plant Physiology Experimental
Guide. Higher Education Press, Beijing, pp: 24-25, 55-56.
Ngadze, E., D.Icishahayo, T.A.Coutinho and J.E.van der Waals,
2012. Role of polyphenol oxidase, peroxidase, phenylalanine
ammonia lyase, chlorogenicacid and total soluble phenolsin
resistance of potatoes to soft rot. Plant Dis., 96: 186-192.



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Asian J. Plant Sci, 21 (4): 613-628, 2022

Kong, X., H. Zhou and H. Qian, 2007. Enzymatic preparation
and functional properties of wheat gluten hydrolysates.
Food Chem., 101: 615-620.

Paul, V., K.V.Ramesh and R. Pandey, 2017. Analysis of mineral
nutrients: Sampling techniques and method of digestion for
plant samples. Manual of ICAR Sponsored Training
Programme on “Physiological Techniques to Analyze the
Impact of Climate Change on Crop Plants” 16-25 January,
2017, Division of Plant Physiology, IARI, New Delhi.

Vensel, W.H., CK. Tanaka and S.B. Altenbach, 2014. Protein
composition of wheat gluten polymer fractions determined
by quantitative two-dimensional gel electrophoresis and
tandem mass spectrometry. Proteome Sci, Vol. 8.
10.1186/1477-5956-12-8.

Snedecor, G.W. and W.G. Cochran, 1989. Statistical Methods.
8th Edn., lowa State University Press, Ames, 1A, USA,
ISBN-13:978-0813815619, Pages: 524.

Gillet, F.X.,, C. Bournaud, J.D.AD. de Souza Junior and
M.F. Grossi-de-Sa, 2017. Plant-parasitic nematodes: Towards
understanding molecular players in stress responses.
Ann. Bot., 119: 775-789.

Labudda, M., 2018. Ascorbate-glutathione pathway as an
important player in redox regulation in nematode-infested
plants: What we have learned so far. Physiol. Mol. Plant
Pathol., 103: 47-53.

Atia, M.AM., E.A. Abdeldaym, M. Abdelsattar, D.S.S. Ibrahim
and |. Saleh et al, 2020. Piriformospora indlica promotes
cucumber tolerance against root-knot nematode by
modulating photosynthesis and innate responsive genes.
Saudi J. Biol. Sci., 27: 279-287.

Labudda, M., K. Tokarz, B. Tokarz, E. Muszynska and
M. Gietler et a/, 2020. Reactive oxygen species metabolism
and photosynthetic performance in leaves of Hordeum
vulgare  plants co-infested with Heterodera filjpjevi
and Aceria tosichella. Plant Cell Rep., 39: 1719-1741.
Fraire-Velazquez, S., R. Rodriguez-guerra and L. Sanchez-
Calderon, 2011. Abiotic and Biotic Stress Response Crosstalk
in Plants. In: Abiotic Stress Response in Plants-Physiological,
Biochemical and Genetic Perspectives, Shanker, AK. and
B. Venkateswarlu (Eds.)., InTech Publisher, Rijeka, Croatia,
ISBN: 978-953-307-672-0, pp: 3-26.

Song, L.X., X.C. Xu, F.N.Wang, Y.Wang and X.J. Xia et a/, 2017.
Brassinosteroids act as a positive regulator for resistance
against root-knot nematode involving respiratory burst
oxidase homolog-dependent activation of MAPKs in tomato.
Plant, Cell Environ., 41: 1113-1125.

Guo, Z,, F. Wang, X. Xiang, G.J. Ahammed and M. Wang et al,
2016. Systemic induction of photosynthesis via illumination
of the shoot apex is mediated by phytochrome B, auxin and
hydrogen peroxide in tomato. Plant Physiol., 172:1259-1272.

626

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Shukla, N., R. Yadav, P. Kaur, S. Rasmussen and S. Goel et al,
2018. Transcriptome analysis of root-knot nematode
(Meloidogyne incognita)-infected tomato (Solanum
lycopersicum) roots reveals complex gene expression profiles
and metabolic networks of both host and nematode during
susceptible and resistance responses. Mol. Plant Pathol.,
19:615-633.

Gheysen, G. and M.G. Mitchum, 2019. Phytoparasitic
nematode control of planthormone pathways. Plant Physiol.,
179:1212-1226.

Kyndt, T., K. Nahar, A. Haeck, R. Verbeek, K. Demeestere and
G. Gheysen, 2017. Interplay between carotenoids, abscisic
acid and jasmonate guides the compatible rice-Meloidogyne
graminicola interaction. Front. Plant Sci., Vol. 8. 10.3389/
fpls.2017.00951.

Yimer, H.Z, K. Nahar, T. Kyndt, A. Haeck and L. Van
Meulebroek et a/, 2018. Gibberellin antagonizes jasmonate-
induced defense against Meloidogyne graminicolain rice.
New Phytol., 218: 646-660.
Moosavi,M.R.,2017.The effect of gibberellin and abscisic acid
on plant defense responses and on disease severity caused
by Meloidogyne javanica on tomato plants. J. Gen. Plant
Pathol., 83: 173-184.

Bauters, L., M. Hossain, K. Nahar and G. Gheysen 2018.
Gibberellin reduces the susceptibility of rice, Oryza sativato
the migratory nematode Hirschmanniella oryzae.
Nematology, 20: 703-7009.

Fu, J. and S. Wang, 2011. Insights into auxin signaling in
plant-pathogen interactions. Front. Plant Sci., Vol. 2. 10.3389/
fpls.2011.00074.

Kyndt, T, S. Denil, A. Haegeman, G. Trooskens and
L.Bauters etal, 2012. Transcriptional reprogramming by root
knot and migratory nematode infection in rice. New Phytol.,
196: 887-900.

Dowd, C.D., D. Chronis, Z.S. Radakovic, S. Siddique and
T. Schmiilling et a/, 2017. Divergent expression of cytokinin
biosynthesis, signaling and catabolism genes underlying
differences in feeding sites induced by cyst and root knot
nematodes. Plant J., 92: 211-228.

Blasi, E.AR, G. Buffon, AGS. Rativa, M.CB. Lopes
and M. Berger et al, 2017. High infestation levels of
Schizotetranychus oryzae severely affects rice metabolism.
J. Plant Physiol., 219: 100-111.

Singh, S., B. Singh and A.P. Singh, 2015. Nematodes: A
threat to sustainability of agriculture. Procedia Environ.
Sci,, 29:215-216.

Korayem, AM, M.M.M. Mohamed and S.M. El-Ashry, 2016.
Yield and oil quality of sunflower infected with the root-knot
nematode, Meloidogyne arenaria. Int. J. Chem. Tech. Res.,
3:207-214.



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Asian J. Plant Sci, 21 (4): 613-628, 2022

Rozpadek, P, M. Nosek, A. Domka, R. Wazny and
R. Jedrzejczyk et al, 2019. Acclimation of the photosynthetic
apparatus and alterations in sugar metabolism in response
to inoculation with endophytic fungi. Plant Cell Environ.,
42:1408-1423.

Caillaud, M.C., G. Dubreuil, M. Quentin, L. Perfus-Barbeoch and
P. Lecomte et a/, 2008. Root-knot nematodes manipulate
plant cell functions during a compatible interaction. J. Plant
Physiol., 165: 104-113.

Zhao, D., Y. You, H. Fan, X.Zhu and Y. Wang et a/, 2018.
The role of sugar transporter genes during early infection
by root-knot nematodes. Int. J. Mol. Sci., Vol. 19. 10.3390/
ijms19010302.

Yang, Y.X,, C. Wu, G.J. Ahammed, C. Wu, Z. Yang, C. Wan and
J. Chen, 2018. Red light-induced systemic resistance against
root-knot nematode is mediated by a coordinated regulation
of salicylic acid, jasmonic acid and redox signaling in
watermelon. Front.PlantSci., Vol.9.10.3389/fpls.2018.00899.
lbrahim, H.MM. EM. Ahmad, A. Martinez-Medina and
M.A.M. Aly, 2019. Effective approaches to study the plant-root
knot nematode interaction. Plant Physiol. Biochem.,
141:332-342.

Labudda, M., E. Rézanska, B. Prabucka, E. Muszynska and
D. Marecka et a/, 2020. Activity profiling of barley vacuolar
processing enzymes provides new insightsinto the plantand
cyst nematode interaction. Mol. Plant Pathol., 21: 38-52.
Yang, Y., X.Hu, P. Liu, L. Chen, H.Peng, Q. Wang and Q. Zhang,
2021. A new root-knot nematode, Meloidogyne vitis sp. nov.
(Nematoda: Meloidogynidae), parasitizing grape in Yunnan.
PLoS ONE, Vol. 16.10.1371/journal.pone.0245201.

Khanna, K, V.L. Jamwal, S.K. Kohli, S.G. Gandhi and
P. Ohri et a/, 2019. Role of plant growth promoting bacteria
(PGPRs) as biocontrol agents of Meloidogyne
incognita through improved plant defense of Lycopersicon
esculentum. Plant Soil, 436: 325-345.

Khanna, K, V.L. Jamwal, A. Sharma, S.G. Gandhi and
P. Ohri et al, 2019. Evaluation of the role of rhizobacteria in
controlling root knot nematode infection in Lycopersicon
esculentum plants by modulation in the secondary
metabolite profiles. AoB PLANTS, Vol. 11. 10.1093
/aobpla/plz069.

Sharma, N. K. Khanna, RK. Manhas, R. Bhardwaj and
P. Ohri et al, 2020. Insights into the role of streptomyces
hydrogenans as the plant growth promoter, photosynthetic
pigmentenhancerand biocontrol agent against Meloidogyne
incognitain Solanum lycopersicum seedlings. Plants, Vol. 9.
10.3390/plants9091109.

Miranda-Vizuete, A. and E.A. Veal, 2017. Caenorhabditis
elegans as a model for understanding ROS function in
physiology and disease. Redox Biol., 11: 708-714.

Wang, J., N. Rajakulendran, S. Amirsadeghi and
G.C.Vanlerberghe, 2011. Impact of mitochondrial alternative
oxidase expression on the response of Nicotiana tabacumto
cold temperature. Physiologia Plant., 142: 339-351.

627

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Korayem, A.M., HM.S. El-Bassiouny, A.A.A. El-Monem and
M.M.M. Mohamed, 2012. Physiological and biochemical
changesin different sugar beet genotypes infected with root-
knot nematode. Acta Physiol. Plant., 34: 1847-1861.

Gupta, R, A. Singh, P.V. Ajayakumar and R. Pandey,
2017. Microbial interference mitigates Meloidogyne
incognitamediated oxidative stress and augments bacoside
content in Bacopa monnieriL. Microbiol. Res., 199: 67-78.
Khajuria, A.and P.Ohri,2018. Exogenously applied putrescine
improves the physiological responses of tomato plantduring
nematode pathogenesis. Sci. Hortic., 230: 35-42.

Lobna, H., EM. Aymen, R. Hajer, M.B. Naima and
H.R. Najet, 2017. Biochemical and plant nutrient
alterations induced by Meloidogyne javanica and Fusarium
oxysporum f.Sp.radlcis lycopersici co-infection on tomato
cultivars with differing level of resistance to M. javanica.
Eur. J. Plant Pathol., 148: 463-472.

Chen, N, XL. Teng and X.G. Xiao, 2017. Subcellular
localization of a plant catalase-phenol oxidase, accatpo,
from Amaranthus and identification of a non-canonical
peroxisome targeting signal. Front. Plant Sci., Vol. 8. 10.3389/
fpls.2017.01345.

Curto, G.,2008. Sustainable Methods for Management of Cyst
Nematodes. In: Integrated Management and Biocontrol of
Vegetable and Grain Crops Nematodes, Ciancio, A. and K.G.
Mukerji (Eds.)., Springer, Cham, Netherlands, ISBN-13: 978-1-
4020-6063-2, pp: 221-237.

Prabhu, A.S., N.K. Fageria, R.F. Berni and F.A. Rodrigues, 2007.
Phosphorus and Plant Disease. In: Mineral Nutrition and
Plant Disease, Datnoff, L.E, W.H. EImer and D.M. Huber
(Eds.)., Amer Phytopathological Society, United States,
ISBN-13: 978-0890543467, pp: 45-55.

Evans, ., E. Solber and D.M. Huber, 2007. Copper and Plant
Disease. In: Mineral Nutrition and Plant Disease, Datnoff, L.E.,
W.H. Elmer and D.M. Huber (Eds.)., Amer Phytopathological
Society, United States, ISBN-13:978-0890543467, pp: 177-188.
Dorads, C., 2008. Role of nutrients in controlling plant
diseases in sustainable agriculture: A review. Agron.
Sustainable Dev., 28: 33-46.

Zimmermann, B, I ClaB-Mahler, M. von Cossel,
|. Lewandowski and J. Weik et a/, 2021. Mineral-ecological
cropping systems-a new approach to improve ecosystem
services by farming without chemical synthetic plant
protection.Agronomy, Vol. 11.10.3390/agronomy11091710.
Siddiqui, I.A., S.S. Shaukat and M. Hamid, 2002. Role of zinciin
rhizobacteria-mediated suppression of root-infecting fungi
and root-knot nematode. J. Phytopathol., 150: 569-575.
Haase, S., L. Ruess, G. Neumann, S. Marhan and E. Kandeler,
2007. Low-level herbivory by root-knot nematodes
(Meloidogyne incognita) modifies root hair morphology and
rhizodeposition in host plants (Hordeum vulgare). Plant Soil,
301:151-164.



76.

77.

78.

79.

80.

81.

Asian J. Plant Sci, 21 (4): 613-628, 2022

Abdel-Sattar, M. AM. Haikal and S.E. Hammad,
2020. Meloidogyne incognita population control and
nutritional status and productivity of thompson seedless
grapevines managed with different treatments. PLoS ONE,
Vol. 15.10.1371/journal.pone.0239993.

Ahmed, N., M\W. Abbasi, S.S. Shaukat and M.J. Zaki, 2009.
Physiological changes in leaves of mung bean plants
infected with Meloidogyne javanica. Phytopathol. Mediterr.,
4:262-268.

Kayani, M.Z., T. Mukhtar and M.A. Hussain, 2017. Effects of
Southern root knot nematode population densities and
plant age on growth and yield parameters of cucumber.
Crop Protect., 92: 207-212.

Ali, M.A, M. Shahzadi, A. Zahoor, A.A. Dababat and
H. Toktay et al, 2019. Resistance to cereal cyst nematodes in
wheat and barley: An emphasis on classical and modern
approaches. Int. J. Mol. Sci., Vol. 20. 10.3390/ijms20020432.
Smiley, RW., A.A. Dababat, S. Igbal, M.GK. Jones and
ZT. Maafi et al, 2017. Cereal cyst nematodes: A complex
and destructive group of heterodera species. Plant Dis.,
101:1692-1720.

Ali, Z, A. Abulfaraj, A. Idris, S. Ali, M. Tashkandi and
M.M.Mahfouz, 2015. CRISPR/Cas9-mediated viral interference
in plants. Genome Biol., Vol. 16. 10.1186/513059-015-0799-6.

628

82.

83.

84.

85.

86.

Dababat, A.A., 2019. Resistance and tolerance reactions
of winter wheat lines to Heterodera filipjevi in Turkey.
J.Nematol., Vol. 51.10.21307/jofnem-2019-031.

Strajnar, P., S. Sirca, G. Urek, H. Sircelj, P. Zeleznik and
D. Vodnik, 2012. Effect of Meloidogyne ethiopica parasitism
on water management and physiological stress in tomato.
Eur. J. Plant Pathol., 132: 49-57.

Tulek, A., 1. Kepenekci, T.H. Cifticigil, I. Ozturk and K. Akin et al,
2015. Effects of seed-gall nematode, Anguina tritici,on bread
wheat grain characteristics and yields in Turkey. Nematology,
17:1099-1104.

Snider, J.L,, R.F. Davis, H.J. Earl and P. Timper, 2019. Water
availability and root-knot nematode management alter
seedcotton yield through similar effects on fruit distribution
patterns. Field Crops Res., 233: 88-95.

Ali, M.A.,F.Azeem, A. Abbas, F.A. Joyia, H.Liand A.A. Dababat,
2017. Transgenic strategies for enhancement of nematode
resistance in plants. Front. Plant Sci, Vol. 8. 10.3389/
fpls.2017.00750.



	AJPS.pdf
	Page 1




