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Summary. Puccinia striiformis f. sp. tritici causes the important disease, yellow rust of
wheat (Triticum aestivum). Montmorillonite nanoclay (MNC) is naturally occurring
and biodegradable. This study assessed in vitro anti-germination effects of MNC on P
striiformis uredospores. Application of MNC at 150 mg L! completely inhibited ure-
dospore germination, and MNC at 100 mg L reduced yellow rust severity in wheat
plants by 89%. Expression of defense-related genes was increased after MNC treatment
at 100 mg L}, by 5.23-fold for jasmonate and ethylene-responsive factor 3 (JERF3),
4.89-fold for chitinase class II (CHI II), and 2.37-fold for pathogenesis-related protein
1 (PR1I). Applying MNC at 100 mg L also activated the antioxidant enzymes POD to
62.1 unit min! g fresh wt, PPO to 21.6 units min! g! fresh wt, and CAT to 36.6 units
min! g! fresh wt. MNC also enhanced phenolic content in wheat leaves (to 1489.53
mg 100 g! f. wt), and reduced lipid oxidation levels (to 5.6 pmol MDA g fresh wt).
MNC at 100 mg L! also mitigated damaging effects of P. striiformis infections on host
leaf cell ultrastructure, increased leaf photosynthetic pigments, and increased wheat
plant growth. These results show that MNC has potential as a natural control agent for
yellow rust of wheat, although field testing of MNC is necessary before this material
can be recommended for wheat production.
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INTRODUCTION

Nanoclays are clay minerals consisting of particles
in nanometer size ranges (1 to 100 nm). These miner-
als are classified as phyllosilicates, and are composed of
stacked layers of aluminum and silicon oxides (Nazir
et al., 2016). Nanoclays are known for their widespread
presence in different environments, their high cation
exchange capacity, affordability, and overall non-toxic
nature. These properties allow them to form polymer
nanocomposites which are carriers for active compounds
and bioagents. These polymer nanocomposites have
extensive applications in medicine, agriculture, and oth-
er technological applications, forming the nanoclay tech-
nology (Hafez et al., 2022).

Nanoclay research has focused on harnessing poten-
tial of materials in several fields (Merino et al., 2021).
Agricultural uses of different nanoclay types, includ-
ing montmorillonite, have been studied mainly for their
antimicrobial activities (Yousef et al., 2023) and aflatox-
in Bl detoxification potential in animal feeds (Soltan et
al., 2022). Rashad et al. (2021a) reported effective spray-
ing of silica nanoparticles (at 150 ppm) against downy
mildew of grapevines, caused by Plasmopara viticola.
A reduction (82%) in the disease severity and induction
in the plant defense responses were recorded. Guilger-
Casagrande et al., (2024) found that nanoparticles of
iron oxide and titanium dioxide had high insecticidal
potential on larvae of the crop pests Helicoverpa armig-
era and Spodoptera frugiperda, recording up to 76%
mortality of these insects.

Montmorillonite is a clay mineral (smectite catego-
ry), and consists of a layer of alumina enclosed between
two layers of silica. Montmorillonite nanoclay (MNC) is
widely used as a nanocomposite to form nano antimicro-
bials and pesticides against several plant diseases (Hos-
sain et al., 2023). Oliveira-Pinto et al. (2022) reported
effective potential of MNC alone or supplemented with
Satureja montana essential oil, for control of bacterial
spot in tomato, caused by Xanthomonas euvesicatoria.
Antimicrobial, antioxidant, and defense triggering activi-
ties of MNC have been discussed as disease management
strategies. Sundaresha et al. (2022) found that spraying
potato plants with multigene-targeted dsRNA molecules
carried on nanoclay particles reduced severity of late
blight and inhibited growth and sporulation of Phytoph-
thora infestans. In general, nanoparticles can be used to
control different plant diseases, either as alone as protect-
ants (Rashad et al., 2021a) or as carriers for fungicides or
other antimicrobial substances (Worrall et al., 2018).

Wheat (Triticum aestivum) is the main staple diet
for much of the world population. However, this crop
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is adversely affected by many fungal pathogens that are
production threats. Puccinia striiformis Westend. f. sp.
tritici Eriks, which causes stripe rust (yellow rust) of
wheat, is a destructive pathogen that threatens wheat
production (Chen et al., 2014). This obligate biotroph-
ic basidiomycete fungus) is a heteroecious pathogen,
infecting two alternate hosts (wheat and Berberis spp.)
during its life cycle (Zhao et al., 2011). Under suitable
climatic conditions, stripe rust infections can result
in a severe wheat grain yield reduction of up to 100%.
Fast growth, sporulation intensity, variability, and long-
distance dispersal of air-borne P. striiformis uredospores
are key properties that enable the fungus to cause severe
yield damage (Chen et al., 2014).

Control of stripe rust has been widely studied using
different agents to overcome development of P. strii-
formis race variability and rust resistance in wheat. El-
Sharkawy et al. (2023a) achieved 88% reduction in yel-
low rust of wheat when sprayed with the endophyte
Epicoccum nigrum Link (HE20). However, studies are
lacking on impacts of MNC against wheat stripe rust.
The present research was designed to investigate: 1) the
inhibitory potential of MNC on P. striiformis uredospore
germination; 2) disease control potential of MNC in
greenhouse tests; 3) effects of MNC on transcriptom-
ic profiles of defense genes in wheat plants; and 4) the
effects of MNC applications on physiology, ultrastruc-
ture, and development of wheat plants.

MATERIALS AND METHODS
Fungal and plant materials

For the greenhouse experiment, infection of wheat
plants was carried out using fresh uredospores of P. strii-
formis race 174E191. These spores were obtained from
the Plant Pathology Research Institute, Agricultural
Research Center (ARC), Giza, Egypt. To prepare inocu-
lum, uredospores were suspended in sterilized water
and adjusted to concentration of 10* spore mL"! using a
haemocytometer. Tween 80 (Sigma-Aldrich) was added
at 0.3%, and gum Arabic (Stanton) was added to stand-
ardized uredospore suspensions at 35 g L. The wheat
cultivar Gemmaza 11 was used in experiments, and was
obtained from ARC in Egypt.

Montmorillonite clay (MNC) preparation
The MNC used in this study was purchased from

Egypt Bentonite and Derivatives Co., Alexandria,
Egypt. To prepare MNC, montmorillonite clay parti-
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cles were firstly modified with the organic surfactant
CETAB (Sigma Aldrich) as described by Bujdakova et
al. (2018). The modified MNC was ground using a plan-
etary mill (PM 100, Verder Scientific) for 5 h at 300 rpm
(reverse rotation), followed by 600 rpm (vial rotation)
with nine zirconia grinding balls (35 mm diam.) and 12
(12 mm) (9:1 mass:mass) to obtain nano-scale particles
(Soltan et al., 2022).

Characterization of MNC

To determine shape and size of MNC particles, dry
nanoclay particles were put on a brass holder, coated
with gold, and examined using a scanning electron
microscope (SEM, JEOL-JSM-6360-LA), under vacuum
and at accelerating voltage 20 Kv. To determine the ele-
ment content of MNC, nanoclay particles were coated
with gold and examined using an energy-dispersive
X-ray spectroscope (EDX-Max), at a working voltage of
30 Kv. Functional groups in the MNC were identified
using a Fourier-transform-infrared spectrophotometer
(FTIR) (Shimadzu FTIR-8400S) equipped with a deuter-
ated triglycine sulfate detector.

Assessment of the suppressive potential of MNC

Suppressive potential of MNC was tested against
uredospore germination using the agar plate method
in vitro. Petri plates (8 cm diam.) containing water agar
(Merck) supplemented with MNC to obtain final con-
centrations of 10, 8, 6, 4, or 2% were each inoculated
with 200 uredospores. Water agar plates without added
MNC served as experimental controls. Three biological
replicates and three technical replicates were applied for
each treatment. The plates were incubated at 9°C for 1 d,
and uredospore germination was assessed, and percent-
age of germination suppression was calculated.

Evaluation of MNC for wheat rust control

Plastic pots (20 cm diam.), each containing 10 kg
sterile soil, were each planted with ten wheat seeds that
had been previously surface sterilized by soaking in
hypochlorite solution (0.05%) for 1.5 min, then in ethyl
alcohol (75%) for 1.5 min. The pots were fertilized twice,
first at seed sowing and then 7 weeks later. For each fer-
tilization, nitrogen, (1 g per pot) phosphorus (1.5 g) and
potassium (1 g) were applied. At 60 d after sowing, the
resulting wheat plants were sprayed with MNC solution
(at 100, 150, or 200 mg L! water) until run-off. A set
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of plants sprayed with Crwan fungicide (El-Helb Pest.
and Chem., Egypt) at 3 mL L™ served as positive con-
trols. For inoculations, suspensions of P. striiformis ure-
dospores were sprayed onto the plants (at booting growth
stage) 3 d after the experimental treatments were applied.
For negative controls, a set of plants were sprayed with
water. Fifteen pots per treatment were used, and all pots
were irrigated twice each week. All plants were arranged
in a completely randomized experimental design in
a greenhouse (20°C/17°C, 14 h light/10 h dark daily
regime, and 75-90 % humidity). Treatments assessed
were: untreated uninoculated (control; C), untreated plus
P. striiformis inoculated (P), fungicide treated plus inocu-
lated (F + P), MNC at 100 mg L plus inoculated (N1 +
P), MNC at 150 mg L plus inoculated (N2 + P), or MNC
at 200 mg L plus inoculated (N3 + P).

Stripe severity was assessed in the plants at 14 d
after inoculation (dai), according to the scale of Peterson
et al. (1948). Average disease severity coefficients were
calculated by multiplying severity percentages by values
according to disease type: resistant = 0.2, moderately
resistant = 0.4, moderately susceptible = 0.8, and suscep-
tible = 1 (Johnston and Browder, 1966).

Impact of MNC on wheat gene expression

Wheat leaves (second upper leaf) from the assessed
treatments were sampled at 3 d after inoculation (dai)
(booting stage). Total RNA was extracted from sampled
leaves using a RNA extraction kit (Qiagen), following
the manufacturer’s instructions. The reverse transcrip-
tion mixture contained RNA (30 ng, 2.5 uL), 10x buffer
solution (3 pL), oligo (dT) primer (8 pmol uL™}, 5 uL),
dNTPs (13 mM, 2.5 puL), RT enzyme (Biolabs, (0.4 uL),
and sterile RNase-free water (7.6 pL). The reaction was
carried out at 42°C for 1.5 h, then at 85°C for 10 min.
cDNA was prepared using a thermocycler (Sure-Cycler
8800, Agilent Technologies). The quantitative real-time
PCR (qPCR) contained ¢cDNA (55 ng; 2.5 pL), SYBR
Green Mix (13 pL, Bioloine), forward and reverse prim-
ers (10 pmol uL™!, 1.5 uL for each), and sterile water
(1.5 pL). Triplicate qPCR reactions (biological and tech-
nical) were carried out as follows: one cycle at 95°C for
3 min, 40 cycles, each of 95°C for 15 s, 56°C for 30 s,
and 72°C for 30 s. -actin was used as the reference
gene. The primer sequences used are indicated in Table
1. The Rotor-Gene-6000-system (Qiagene) was used for
the qPCR. The comparative CT method (244¢T, Livak
and Schmittgen, 2001) was used to calculate the gene
expression, using triplicate samples (biological and
technical).
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Table 1. Primer sequences used in quantitative real-time PCR to study transcriptional expression of the defense-related genes jasmonate and
ethylene-responsive factor 3 (JERF3), chitinase class II (CHI II), and Pathogenesis-related protein 1 (PRI) in wheat leaves after application

of montmorillonite nanoclay at 100 mg L.

Gene name Abbreviation Sequence (5°-3’)

Jasmonate and ethylene-responsive factor 3 JERES-F GCCATTTGCCTTCTCTGCTTC
JERF3-R GCAGCAGCATCCTTGTCTGA

Chitinase class 11 CHI II-F GCGTTGTGGTTCTGGATGACA
CHI II-R CAGCGGCAGAATCAGCAACA

Pathogenesis-related protein 1 PRI-F ACTTGGCATCCCGAGCACAA
PRI-R CTCGGACACCCACAATTGCA

B-actin p-actin-F GTGGGCCGCTCTAGGCACCAA
B-actin-R CTCTTTGATGTCACGCACGATTTC

Effects of MNC on the biochemical indicators in wheat leaves

At 3 dai, wheat leaves from each treatment (sec-
ond upper leaf from each plant) were sampled for bio-
chemical analyses. Total phenolic compounds were esti-
mated as described by Malik and Singh (1980), using
the Folin-Ciocalteu reagent. Peroxidase (POD) activity
was determined as described by Maxwell and Bateman
(1967), and polyphenol oxidase (PPO) was determined as
described by Galeazzi et al. (1981). Catalase (CAT) activ-
ity was determined as described by Chance and Maehly
(1955). Lipid peroxidation, expressed as malondialdehyde,
was estimated at 14 dai in wheat leaves, as described by
HongBo et al. (2005). The method of Harborne (1984)
was used to measure photosynthetic pigments. Four sam-
ples were used for assessments of each treatment.

Transmission electron microscopy (TEM)

Wheat leaves were sampled from the different experi-
mental treatments at 7 dai. The samples were cut into
small segments (1 cm?) and dehydrated using serial dilu-
tions of ethyl alcohol (10 to 100%) for 10 min at each
concentration). The samples were treated with propylene
oxide for 15 min, and then put into gelatin capsules con-
taining Araldite® for 1 h. The samples were then incubat-
ed at 65°C for 62 h. A Reichert ultramicrotome was used
for the ultrathin sectioning. The obtained sections (thick-
ness 70 to 90 nm) were stained by uranyl acetate (2%)
then lead citrate (3%). Examination of the samples was
carried out using a trans-mission electron microscope
(JEM-1230, JEOL Ltd), as described by Hayat (2000).

Effects of MNC on the plant growth

From each treatment, ten plants were randomly
selected at 30 dai (ripening stage), and were uprooted,

washed with tap water, then measured for plant heights
(cm), dry weights (g) of shoots and roots, and leaf areas
(cm?). Leaf areas were measured using Image] software,
while plant heights were determined using a flexible
graduated tape measure. Plant weights were measured
after the plants had been sampled were oven-dried (80°C
for 48 h).

Statistical analyses

Normality of raw data was assessed by Shapiro tests
before analysis of variance. One-way analysis of vari-
ance was applied to raw data. The experimental design
was completely randomized (y; = y; +&;). Comparisons
of means were carried out using Tukey’s HSD test (P <
0.05) with CoStat package version 6.4) (CoStat, 2005).

RESULTS
Characterization of MNC

The MNC used in this study was characterized using
different techniques to elucidate its structure and phys-
icochemical features. SEM observation showed glomera-
tions of MNC particles with layered surfaces, showing
that the material had normal form of montmorillonite
clay (Figure 1).

Figure 2 shows the FTIR analysis of MNC. The
FTIR spectrum revealed existence of interlayer —~OH
peaks at wavenumbers 3693 and 3626 cm™, which is
characteristic for vibrations of OH in montmorillon-
ite. Additionally, the absorption band at wavenumber
of 1633 cm'! is attributed to —OH bending in adsorbed
H,O, and the peak at wavenumber 1089 cm™ is charac-
teristic for Si—-O-Si vibration (out-of-plane). Further-
more, the peak at wavenumber of 992 cm™ is character-
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Figure 1. Scanning electron micrograph of the montmorillonite
nanoclay used in this study. The cracked and rough particle surface
morphology and agglomerations of particles with layered surfaces
indicate normal form of the montmorillonite clay.
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Figure 2. Fourier transformed infrared spectrum showing the func-
tional groups in used montmorillonite nanoclay used in this study.
The spectrum shows existence of the interlayer —OH peaks at 3693
and 3626 cm™!. The absorption band at 1633 cm is due to —OH
bending. The peak at 1089 cm™ is characteristic for the Si-O-Si
vibration. The peak at 992 cm is characteristic of in-plane Si-O-Si
vibration. The area at 900 cm™ is attributed to stretching of Si-O-
Al Vibration of Si-O-Al is also represented by the peak at 531
cm’!, while that of Si-O-Si is represented by the peak at 472 cm™.
The peak at 512 cm™ is characteristic to vibration of Si-O-Al, while
that at 462 cm'! is characteristic to Si-O-Si vibration.

istic of in-plane Si-O-Si vibration, and the area at wave-
number 900 cm™! is attributable to stretching of Si-O-
Al. Bending vibration of Si-O-Al was represented by the
peak at wavenumber of 531 cm!, while that of Si-O-Si
was indicated by the peak at wavenumber of 472 cm.
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Figure 3. The energy-dispersive X-ray spectrum showing the elemen-
tal composition of the montmorillonite nanoclay used in this study.
Element analysis showed presence of Na, Mg, Al, Si, K, and Ca. Oth-
er elements (S, Cl, Fe, Ti, Cu and Zn) were presented as traces.

Moreover, the peak at wavenumber of 512 cm™ is charac-
teristic of bending vibration of Si-O-Al, while the peak
at wavenumber 462 cm™ is characteristic to Si-O-Si
bending vibration.

EDX analysis also showed that the major elements in
the MNC were Na, Mg, Al Si, K, and Ca, and other ele-
ments such as S, Cl, Fe, Ti, Cu and Zn were present as
traces. The EDX spectrum is shown in Figure 3.

In vitro assessment of suppressive potential of MNC

Potential of MNC to suppress germination of P.
striiformis uredospores was investigated in vitro (Table
2). Untreated uredospores exhibited normal germination
(94.5 £ 2.44%). Treating uredospores with MNC at 150
or 200 mg L' completely suppressed germination, while
treating them with MNC at 100 mg L! suppressed ger-
mination (89.2 + 1.58%) compared to the untreated ure-
dospores.

Assessments off disease severity

Table 3 shows effects of application of MNC on
stripe rust at 14 dai. The pathogen caused 93.3% sever-
ity of stripe rust. Application of the fungicide reduced
(by 96.5%) severity of the disease. Application of MNC
at 100, 150, and 200 mg L' considerably reduced the
disease severity leading, respectively, to reductions of
82.1, 82.1, and 78.6%, when compared with the control
inoculated treatment (P). No differences (P < 0.05) were
recorded between the three tested concentrations of
MNC. Treatment (P) gave an average of 93.3% average
coeflicient of infection. The lowest average coefficient of
infection (0.66%) was recorded from the F + P treatment
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Table 2. Mean in vitro proportions of germination and inhibition of
Puccinia striiformis f. sp. tritici uredospores treated with montmoril-
lonite nanoclay (MNC) at different concentrations®.

Treatment Germination (%) Inhibition (%)
Control 945+24a 0.0c
MNC 100 102+13b 89.2+1.6Db
(mg L) 150 0.0 ¢ 100.0 a

200 0.0 ¢ 100.0 a

P-value < 0.05

aMeans accompanied by different letters in each column are sig-
nificantly different, according to Tukey’s HSD test. Each value is
the mean of three replicates + SD. Anova significance values were
as follows: germination (df = 5, F = 672.1); inhibition (df = 5, F =
1753.5).

Table 3. Mean stripe rust severity, reduction proportions and aver-
age coefficients of infection, after spraying wheat plants with mont-
morillonite nanoclay (MNC) at 14 days after inoculation with the
pathogen®.

Disease severity ~ Reduction Average coefficient

Treatment

(%) (%) infection (%)
C 0c 0c 0d
P 933+23a 0c 933+23a
F+P 33+£07c¢ 96.5+3.1a 0.66 + 0.1 d
N1 +P 16.7+1.1b 82.1+2.0b 6.68+1.1c
N2 +P 165+ 1.1b 82.1+1.8Db 6.68 £1.0c
N3 +P 204+12Db 786+ 1.1b 160+ 1.7b

P-value < 0.05

2Means accompanied by different etters in each column are sig-
nificantly different according to Tukey’s HSD test. Each value is
the mean of ten replicates + SD. Anova significance values were as
follows: disease severity (df = 5, F = 640.2), reduction (df = 5, F =
1735.9), and average coefficient infection (df = 5, F = 1742.3). Non-
sprayed and uninfected plants (C), non-sprayed and infected plants
(P), plants sprayed with fungicide and inoculated (F + P), plants
sprayed with MNC at 100 mg L! and inoculated (N1 + P), plants
sprayed with MNC at 150 mg L' and inoculated (N2 + P), and
plants sprayed with MNC at 200 mg L! and inoculated (N3 + P).

while application of MNC at 100, 150, or 200 mg L! led,
respectively, to mean average coeflicients of infection of
6.68, 6.68, and 16.0%

Effects of MNC on gene expression in wheat leaves

Transcriptional expression of JERF3, CHI II, and
PRI in plant leaves following application of MNC at 100
mg L7 is illustrated in Figure 4. Stripe rust infections
did not affect the relative expression of JERF3 and CHI
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(=}
)

BC =P EN1I+P

h
1

-
L

L]
1

Relative Expression Level
)

-

==
=
=
| ==

CHI NI PRI

=
4 =
=

0

JERF3

Figure 4. Mean relative transcriptional expression levels of the
defense-related genes jasmonate-ethylene-responsive factor 3
(JERF3), chitinase II (CHI II), and the pathogenesis-related protein
1 (PR1) in wheat leaves in response to infections with Puccinia strii-
formis f. sp. tritici and application of the montmorillonite nanoclay
(MNC) at 100 mg L. The different coloured histograms indicate
means for non-treated and uninfected plants (C), non-treated and
infected plants (P), and plants sprayed with MNC at 100 mg L™!
and infected (N1 + P). Histograms for each gene which were super-
scripted with different letters are significantly different according to
Tukey’s HSD test (P < 0.05). For each treatment, three biological
and three technical samples were used. Bars indicate the standard
errors of the means.

II, while it led to a downregulation of PRI, compared to
the control treatment (C). In contrast, spraying of the
infected plants caused increased expression of the defen-
sive genes JERF3 (5.23-fold increase), CHI II (4.89-fold
increase), and PRI (2.37-fold increase) when compared
with the control plants.

Effects of MNC on plant defense biochemicals

Spraying the infected wheat plants with MNC affect-
ed production of several anti-oxidative stress enzymes,
phenolic compounds, and lipid oxidation, at 3 dai
(Table 4). Biochemical analyses showed that infections
reduced activity of the enzymes POD, PPO, and CAT,
and reduced phenolic contents, while infection increased
lipid peroxidation, compared to the control treat-
ment. Application of the fungicide activated POD and
CAT, and enhanced the phenolic contents of the treat-
ed plants. Activity of PPO was not affected, and lipid
oxidation was reduced by inoculation compared with
treatment (P). MNC at most of the assessed concentra-
tions activated POD, PPO, and CAT, (except for POD at
MNC, 200 mg L), and also increased wheat phenolic
contents, while MNC reduced lipid oxidation, compared
with treatment (P). The greatest enzymes activities and
phenolic contents were recorded for the MNC treatments
at 100 and 150 mg L. The lowest mean lipid peroxida-
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Table 4. Mean concentrations of enzymes, phenolic contents, and lipid peroxidation in wheat plants 3 d after inoculation with Puccinia strii-
formis f. sp. tritici and application of treatments with montmorillonite nanoclay (MNC) 2.

Treatment Peroxidase Polyphenol oxidase Catalase Phenolic content Lipid peroxidation
(Unit min~'g™! f. wt) (Unit min~'g™! f. wt) (Unit min~'g™! f. wt) (mg.100 g™! f. wt) (umol MDA g f. wt)
C 456 £ 3.6 b 80x07c 16.2+23c 862.6 £13.3 ¢ 37+03e
P 265+22c 58+0.6d 126 +21d 763.1 £10.2d 132+09a
F+P 40.0 £2.5b 69+08d 152+15¢ 8243 +99c 9.8+09b
N1+P 62.1 +4.7a 216 +14a 36.6+4.1a 1489.5 £ 24.1 a 56+1.0d
N2 +P 60.1 +39a 19.8 £ 1.1 ab 379+39a 14639 £ 224 a 72+04c
N3 +P 49.1+15b 182+ 18b 28.7+38b 1232.5+21.8b 9.6+ 1.0b

P-value < 0.05

aMeans accompanied by different sletters in each column are significantly different according to Tukey’s HSD test. Each value is the mean of
ten replicates + SD. Anova significance values were as follows: peroxidase (df = 5, F = 10.5), polyphenol oxidase (df = 5, F = 165.7), catalase
(df = 5, F = 40), phenolic content (df = 5, F = 31.9), and lipid peroxidation (df = 5, F = 59.6). The treatments were: non-sprayed and unin-
oculated (C); non-sprayed and inoculated (P); sprayed with fungicide and inoculated (F + P); sprayed with MNC at 100 mg L' and inocu-
lated (N1 + P); sprayed with MNC at 150 mg L' and inoculated (N2 + P); or sprayed with MNC at 200 mg L and inoculated (N3 + P).

Figure 5. Transmission electron micrographs showing the cellular ultrastructure of wheat leaves which were infected with stripe rust and
treated or not treated with montmorillonite nanoclay at 100 mg L 7 d after the inoculation with the pathogen. a) an untreated inoculated
leaf, and b) an infected leaf which was sprayed with montmorillonite nanoclay. H, haustoria; Hw, haustorium wall; Hn, haustorium nucleus;
Dcw, decomposed cell wall; DC, degenerated chloroplast; V, vacuole; Tew, thick cell wall; N, nucleus; C, chloroplast; Gey,: granulated cyto-
plasm. Narrow arrows indicate intercellular fungal mycelium, while the broad arrows indicate electron dense bodies.

tion level (5.60 umol MDA g fresh weight) in the infect-  ure 5. Transmission electron micrographs showed that
ed plants was recorded from MNC at 100 mg L. untreated inoculated leaves leaf contained large haus-
toria penetrating the mesophyll cells and growing
between them. Host stress effects were also observed in
the infected cells, including disorganization of the cells,

Effects of MNC (100 mg L) application on ultras-  degeneration of many chloroplasts, presence of electron
tructure of infected wheat cells are illustrated in Fig-  dense bodies, and decomposition of some cell walls (Fig-

TEM observations
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ure 5a). In contrast, tissue of the infected plant which
had been treated with MNC did not show these disrup-
tions. Cells from this tissue had normal organization
and were enclosed by thick walls surrounding normal
chloroplasts, and had large vacuoles, granulated cyto-
plasm, and normal nuclei (Figure 5b).

Effects of MNC on wheat photosynthetic pigments

Spraying MNC affected photosynthetic pigments in
the infected wheat leaves at 14 dai (Table 5). Treatment
(P) reduced chlorophyll a and b contents, and carot-
enoids, compared with treatment (C). Treatment (F +
P) led to increases in all assessed pigments, compared
with treatment (P). Application of MNC at all concentra-

Younes M. Rashad et alii

tions also increased contents of chlorophyll a and b, and
carotenoids content, compared with treatment (P). The
greatest amounts of total pigments were in the infected
wheat sprayed with MNC at 100 or 150 mg L, with
both treatments resulting in means of 4.62 mg MNC g!
fresh weight.

Effects of spraying MNC on plant growth

Treatment (P) (treatment of wheat plants with
MNC) reduced all the assessed plant growth parameters,
compared to treatment (C) (Table 6). Application of the
fungicide enhanced all these growth parameters, com-
pared to treatment (P), while spraying the infected wheat
by MNC at 100, 150, or 200 mg L increased all the

Table 5. Mean photosynthetic pigment contents in wheat leaves 14 d after inoculation with Puccinia striiformis f. sp. tritici and application

of treatments with montmorillonite nanoclay (MNC) 2.

Chlorophyll a Chlorophyll b Carotenoids Total pigments
Ireatment (mg g fresh weight) (mg g! fresh weight) (mg g! fresh weight) (mg g! fresh weight)
C 23+02b 1.0+02b 0.3 £0.06 c 35+04c
P 14+02d 08+0.1c 0.1+0.05d 23+05d
F+P 1.9+0.1c¢ 1.0+0.1b 0.3+£0.02b 31£02c¢
NI +P 29+04a 14+02a 0.3+0.04b 46+06a
N2 +P 29+04a 1.3+0.1a 0.4 +£0.08 a 46+0.6a
N3 +P 2.8+02ab 1.0+02b 0.5+0.05a 42+05b

P-value < 0.05

2 Means accompanied by different letters in each column are significantly different, according to Tukey’s HSD test. Each value is the mean of
ten replicates + SD. Anova significance values were: Chlorophyll a (df = 5, F = 14.9), Chlorophyll b (df = 5, F = 1.6), caroteniods (df = 5, F
= 3.2), and total pigments (df = 5, F = 13.2). Treatments applied were: non-sprayed and uninoculated (C), non-sprayed and inoculated (P),
sprayed with the fungicide and infoculatted (F + P), sprayed with MNC at 100 mg L! and inoculated (N1 + P), sprayed with MNC at 150
mg L' and inoculated (N2 + P), or sprayed with MNC at 200 mg L! and infected (N3 + P).

Table 6. Mean wheat plant parameters 30 d after inoculation with Puccinia striiformis f. sp. tritici and application of treatments with fungi-
cide or montmorillonite nanoclay (MNC) 2.

Treatment Plant height (cm) Shoot dry weight (g) Root dry weight (g) Leaf area (cm?)
C 564+ 1.6 b 2.1 +0.4 bc 0.4+0.01c 183+09Db
P 451+13¢ 1.2+02d 0.2+0.04 e 11.1+1.1c
F+P 60.0 + 3.6 ab 21+03c 0.3+0.01c 180+ 1.1b
N1 +P 51.1 +4.0b 23+03b 0.5+ 0.07 a 356+t45a
N2 +P 69.0+3.1a 32+07a 0.5+ 0.08 b 322+t41a
N3 +P 533 +2.6b 22+0.6b 0.3+0.07d 182+1.2b

2Means accompanied by different letters in each column are significantly different, according to Tukey’s HSD test (P < 0.05). Each value
represents the mean of ten replicates + SD. Anova significance values were as follows: mean plant height (df = 5, F = 7.2); mean shoot dry
weight (df = 5, F = 7.8); mean root dry weight (df = 5, F = 75.5);,mean leaf area (df = 5, F = 13).Non-sprayed and non-inoculated leaves
(C); non-sprayed and inoculated leaves (P); leaves sprayed with fungicide and inoculated (F + P); leaves sprayed with MNC at 100 mg L*!
and inoculated (N1 + P); leaves sprayed with MNC at 150 mg L' and inoculated (N2 + P); leave sprayed with MNC at 200 mg L! and
inoculated (N3 + P).
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growth parameters. However, MNC at 150 mg L' gave
the greatest increases in plant height, shoot dry weight
and leaf area. Spraying P. striiformis infected plants with
MNC at 150 mg L' usually improved the plant growth,
and more so than the fungicide.

DISCUSSION

Several previous studies have focused on potential
solutions for control of stripe rust in wheat, due to the
importance of this disease which can cause up to com-
plete yield losses in disease-conducive climatic condi-
tions (El-Sharkawy et al., 2023 a and b). In the present
study, the wheat stripe rust control potential of MNC
was evaluated. Direct suppressive effects of MNC on
uredospore germination was demonstrated in vitro,
where applications of MNC at 150 or 200 mg L™ com-
pletely suppressed germination, while MNC at 100 mg
L' led to a strong germination inhibition (89.2 %). This
anti-germination activity is consistent with the results
of Iconaru et al. (2019), who reported antifungal poten-
tial of montmorillonite against growth of Candida albi-
cans. This inhibitory potential was attributed to silicon
and aluminum ions released from montmorillonite clay.
However, due to nano size of the MNC particles assessed
in this study, their contents of metal ions were greater
than that in the micro sized particles of montmorillonite
layer which led to increased antifungal activity.

Inhibitory potential of aluminum ions has been
previously reported, and is causes imbalance of cellular
ionic contents and inhibits messenger calmodulin pro-
tein (Kolaei et al., 2013). Reductions in spore germina-
tion caused by silicon ions were attributed to disruption
of fungal spore plasma membranes, leading to leakage
of cell contents (Liu et al., 2010). This may have been
the cause of reductions in uredospore germination after
MNC treatments observed in the present study. Ure-
dospores germinate rapidly (within 3 h) before stomatal
penetration, so suppression of germination is likely to
control P. striiformis tritici by reducing inoculum loads.
Direct inhibitory effects of MNC on uredospores played
an important role in controlling rust in wheat plants.

Data obtained in the present study showed that
spraying MNC at 100 mg L' gave greater than 80%
reductions in stripe rust, compared to the untreated-
inoculated control treatment [treatment (P)]. To investi-
gate the mechanisms of disease control caused by MNC,
expression profiles of JERF3, CHI II, and PRI were
assessed in infected wheat leaves which were treated
with MNC at 100 mg L. Results showed that applica-
tion of MNC at 100 mg L' gave overexpression of these
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genes. The response factor JERF3 activates defense-relat-
ed and stress-responsive genes in plants (Zhang et al.,
2010). Rashad et al. (2021b) found that banana plants
exhibiting upregulation of JERF3 had increased toler-
ance to biotic and abiotic stresses. These plants also
overexpressed multiple stress-responsive genes. CHI II
is a defensive gene encoding for chitinase, and activates
hydrolysis of chitin. This compound is a major compo-
nent of fungal cell walls, and chitinase degrades glyco-
side bonds (Poria et al., 2021). Production of chitinase
has potential for protection of wheat plants against inva-
sion by P. striiformis, by degrading cell walls of penetrat-
ing haustoria and impairing their function. PRI encodes
for the pathogenesis-related protein 1, a stress respon-
sive protein which accumulates against various stress-
es, and is used as a marker for triggered plant defense,
particularly within the salicylic acid pathway (Li et al.,
2021). This protein has multiple functions, including
signal transduction, cell wall rigidification, and fungi-
toxic potential. Farrakh et al. (2018) recorded overex-
pression of PRI in P. striiformis-infected wheat. They
found that the PRI gene affected race-specific immunity
regulated by Yr genes. In contrast, results obtained in
the present study showed that stripe rust did not affect
relative expression of JERF3 and CHI II, while it led to
downregulation of PRI, compared to control plants. This
result is similar to those of Rashad et al. (2024), who
reported downregulation of six of 13 polyphenol genes
in response to stripe rust. Breakdowns of immunity to P.
striiformis have been reported in different wheat varie-
ties (Gultyaeva et al., 2022).

Spraying MNC on the infected wheat plants acti-
vated the antioxidant enzymes POD, PPO, and CAT,
and increased phenolic contents, while this material also
lowered lipid oxidation levels. Reactive oxygen species
have important roles in virulence of P. striiformis. This
pathogen produces superoxide radicals, hydrogen perox-
ide, and hydroxyl radicals through infection processes,
which are important for uredospore germination and
fungal development in plants (Wang et al., 2020). There-
fore, induction by MNC of these antioxidant enzymes
mitigate infection impacts on plant cells, and reduce
pathogen virulence. This result was supported by the
TEM observations (Figure 5b), which showed mitigation
of stress in infected plants that were sprayed with MNC.

POD and CAT enzymes catalyze oxidative reactions
by breaking down hydrogen peroxide (Vidossich et al.,
2012). The enzyme PPO catalyzes oxidation of phenols to
quinones, that are more toxic to P. striiformis than phe-
nols (Zhang, 2023). Phenolic compounds such as phenol-
ic acids, flavonoids, and flavonols have defense functions
in plants through multiple antifungal effects (Rashad et
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al., 2020a), and are used as markers for induced resist-
ance in plants (Rashad et al., 2018). Rashad et al. (2020b)
reported that induced resistance against garlic white
rot (caused by Sclerotium cepivorum) , was accompa-
nied with increases in total phenols. In addition, lignin
deposition is an important host defense mechanism for
restricting penetration of P. striiformis into plant cells
and limiting nutrient intake by haustoria (El-Sharkawy
et al., 2023b). These observations demonstrated the
induction of immunity responses by MNC applications
to in the infected wheat plants.

Spraying MNC onto wheat plants increased all the
evaluated growth parameters, while high rate of MNC
reduced some parameters. Most nanoparticles have
cytotoxic and genotoxic effects at high concentrations,
which may negatively affect plant physiological process-
es (Rashad et al., 2021a). Reduction of infection due to
application of MNC mitigated effects of P. striiformis on
plant growth. Spraying with MNC enhanced contents of
chlorophyll a and b, and carotenoids. These photosyn-
thetic pigments are essential for plant growth, and they
are indicators of host physiological status under envi-
ronmental stresses (Al-Askar et al., 2014; Esteban et al.,
2015). Rust diseases destroy chloroplast ultrastructure
in wheat leaves, as was observed from the TEM obser-
vations in the present study (Figure 5a). This leads to
decreased chlorophyll a and b, and carotenoids, and
reduced photosynthetic activity. Furthermore, thylakoid
membranes and proteins are also destroyed (Chen et al.,
2015). El-Sharkawy et al. (2023a) found that wheat rust
adversely affects photosynthetic contents in host leaves.
Analysis of MNC in the present study indicated that it
contained plant nutrient including Mg, Na, S, K, Ca, Fe,
Cu, and Zn. Mg ions are the central components of chlo-
rophyll molecules, and activate plant enzyme system in
plants and are involved in protein synthesis. The other
elements have growth-enhancing effect on plants, and
are also involved in cell wall rigidity, enzymes activa-
tion, protein synthesis, and other important plant meta-
bolic processes (Ishfaq et al., 2022).

CONCLUSIONS

This study has demonstrated the suppressive effects
of MNC on P. striiformis tritici uredospore germina-
tion, and ability of this nanoclay to induce wheat defen-
sive responses against stripe rust. The study showed that
overexpression of JERF3, CHI II, and PRI followed MNC
treatments. Additionally, spraying MNC activated POD,
PPO, and CAT enzymes, increased plant phenolic con-
tents, and reduced lipid oxidation in wheat leaves. MNC
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applications also reduced the damaging effects of the
pathogen on the leaf cell ultrastructure, and enhanced
contents of photosynthetic pigments and plant growth.
MNC is biodegradable and naturally occurring, so is
environmentally “friendly”. Based on these results,
MNC has promise as a natural control agent against yel-
low rust of wheat. However, further evaluation of MNC
under field conditions is necessary before practical dis-
ease control can be recommended.
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