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Abstract:

Watermelon mosaic virus (Potyvirus citrulli, WMV) is one of the most important
viruses infecting cucurbits in the world. In this study, the effect of zinc oxide
nanoparticles on the severity of disease symptoms, growth traits, plant pigments, and
total sugar in cucumber plants of the Super Dominus cultivar infected with WMV
was investigated. ZnO NPs were sprayed on two- to three-leaf seedlings at a
concentration of 250 and 500 mg/L twice, 24 hours apart. After 24 hours from the
second spray, WMV inoculum was mechanically inoculated into the designed
treatment groups. The experiment was conducted as a two-factor factorial
(nanoparticles and WMV) in a completely randomized design. One month after the
treatments, morphological characteristics, biochemical parameters, and severity of
disease symptoms were examined. Based on the results, the virus led to a decrease
in growth traits, plant pigments, and total sugar compared to the control. A
concentration of 250 mg/L of nanoparticles compared to 500 mg/L in the presence
of the pathogen reduced the severity of disease symptoms and improved growth
parameters, and plant pigments. Due to the reduction of disease damage and the
absence of destructive environmental effects of this nanoparticle, it is a suitable
option for the management of WMV. The use of a concentration of 250 mg/L of zinc
oxide nanoparticles is recommended to improve the performance of this cucumber
variety infected with WMV. This study is the first report of evaluating the effect of
zinc oxide nanoparticles in the management of WMV in cucumber plants.
Keywords: Cucurbitaceae, Disease Management, Nanoparticles, Plant Pigments,
Potyvirus.
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Extended Abstract
Introduction

Cucumber (Cucumis sativus L.) is a globally important
vegetable crop of the Cucurbitaceae family, native to Asia
and widely grown in tropical and temperate regions (Garg et
al., 2007; Paniagua-Zambrana et al., 2024). Cucumber is
highly susceptible to a range of biotic stresses. viral
infections are a critical factor limiting both the yield and
quality of cucumber production. Among, watermelon
mosaic virus (Potyvirus citrulli; WMV), a member of the
Potyviridae family, is a widespread pathogen infecting
cucurbits, causing severe stunting, leaf deformation, and
reduced fruit quality (Dong & Guan, 2017; Walters et al.,
2003; zitter et al., 1996). Thus, the use of growth elicitors
improves the performance of host plants against plant
viruses can be effective.

Nanotechnology has recently emerged as a promising
approach to mitigate plant viral stress (Cai et al., 2019). Zinc
oxide nanoparticles (ZnO NPs) have attracted attention for
their potential to enhance plant defense mechanisms. ZnO
NPs can stimulate enzymatic activity, antioxidant systems,
and secondary metabolite production, thereby reducing viral
impacts (Dimkpa et al., 2013; Sofy et al., 2021).

Materials and Methods

Sampling, isolation, and inoculum preparation of
watermelon mosaic virus

In autumn 2023, samples of Citrullus colocynthis showing
mosaic and yellowing symptoms were collected to detect
WMV. Total RNA was extracted using a commercial plant
RNA kit, followed by cDNA synthesis with WMV -specific
primers. RT-PCR was performed using specific primers
targeting the coat protein gene (Sharifi et al., 2008).

For purification of WMV isolate, inoculation was first
carried out on Chenopodium amaranticolor, and the
resulting chlorotic local lesions were isolated. The local
lesions were inoculated onto Cucurbita pepo as a
propagation host. This inoculum was used for subsequent

treatments.

plant cultivation and treatments

seeds of cucumber (Cucumis sativus L.), cv. Super Dominus
(Seminis, USA), were sown in sterilized soil and grown
under greenhouse conditions (25 +2 °C day/18 + 2 °C night,
60-70% relative humidity, 14 h photoperiod). Cucumber
seedlings were divided into six treatment groups to
investigate the effects of foliar-applied ZnO nanoparticles
(0, 250, and 500 mg/L) in the presence or absence of virus
infection.  Treatments included two nanoparticle
concentrations with or without virus inoculation, an
untreated control, and an infected control.

Inoculation with WMV isolate

0.2 g of fresh young pumpkin leaf tissue was homogenized
in 2 mL of 100 mM potassium phosphate buffer (pH 7). The
suspension was thoroughly ground in a sterile porcelain
mortar on ice and the cucumber plants were mechanically
inoculated. The plants were monitored until disease
symptoms appeared. One month after the treatments, disease
symptom severity was evaluated by comparing the
symptoms appearing in the different treatment groups.
Additionally, fresh weight of roots and shoots, seedling
length, number of leaves and flowers, chlorophyll a, b and
total chlorophyll, chlorophyll b/a ratio, carotenoids,
anthocyanins, and total sugars were measured according to
the previously described methods.

Statistical Analysis

This study was conducted as a two-factor factorial
experiment in a completely randomized design. Four pots
(replicates) were used for each treatment, with each replicate
containing four plants. For statistical analysis and to assess
correlations among the measured parameters, analysis of
variance (ANOVA) was performed using SPSS software.
Means were compared using Duncan’s multiple range test at
a significance level of p < 0.05.

Results

Sampling and Isolation of WMV Inoculum

The most prominent symptoms observed in the bitter
cucumber plants included mild to severe leaf mosaic and

chlorosis. Molecular detection of WMV in RT-PCR resulted
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in the amplification of the coat protein gene at the expected
size of 800 base pairs.

Assessment of WMV Symptom Severity in Plants

Ten days after the treatments, viral symptoms including
local spots, chlorosis, and leaf mosaic appeared. Symptom
severity was higher in the positive control cucumber plants
and was accompanied by necrosis. In cucumber plants
treated with zinc oxide nanoparticles (250 mg/L) and WMV,
symptoms were moderate and appeared later than in the
positive control, while at 500 mg/L and WMV, semi-severe
mosaic symptoms were observed.

Measurement of growth parameter and flower number
The presence of the virus alone, virus combined with zinc
oxide nanoparticles, and zinc oxide nanoparticles alone all
led to a reduction in shoot and root fresh weight compared
to the negative control. The lowest shoot and root fresh
weight, with a 69, and 78% reduction reported at with the
virus alone, respectively. Treatment with zinc oxide
nanoparticles at 250 and 500 mg/L in the presence of the
virus reduced these parameters by approximately 62-64%
compared to the negative control.

Plant length respectively decreased in the presence of the
virus alone, virus combined with zinc oxide nanoparticles,
and zinc oxide nanoparticles alone compared to the negative
control. The greatest reduction (43%) was observed in the
500 mg/L nanoparticle treatment combined with the virus,
while 250 and 500 mg/L nanoparticles applied alone reduced
plant height by approximately 11% and 30%, respectively.
Flower number decreased in the virus-only treatment,
showing the highest reduction (48%) compared to negative
control. The 500 mg/L nanoparticle treatment in the
presence of the virus also reduced flower number, while
other treatments showed no significant effect.
Photosynthetic Pigments

The interaction of zinc oxide nanoparticles and the virus
significantly affected chlorophyll a, chlorophyll b and total
chlorophyll, in cucumber plants. Chlorophyll a decreased in
the presence of the virus alone and in combination with
nanoparticles. The lowest chlorophyll a was observed in the

Super Dominus cultivar under virus alone treatment,

showing a 64% reduction compared with the healthy control.
Treatments with 250 mg/L nanoparticles also reduced
chlorophyll a, while in the presence of the pathogen, 250 and
500 mg/L nanoparticle treatments decreased it by
approximately 45% and 30%, respectively.

Chlorophyll b was also reduced by the pathogen alone,
showing the lowest value in the pathogen-only treatment
(67% reduction), whereas treatment with 250 mg/L
nanoparticles increased chlorophyll b compared with the
control. Chlorophyll b is considered an important indicator
of plant resistance. The pattern of changes in total
chlorophyll was generally similar to that of chlorophyll a.
Carotenoid content decreased in the presence of the
pathogen alone and in combination with zinc oxide
nanoparticles compared with the healthy control. The lowest
carotenoid level in the Super Dominus cultivar was observed
in the pathogen-only treatment, showing a 59% reduction
relative to the control. Combined treatment with the
pathogen and nanoparticles also reduced carotenoid content.
In the presence of the pathogen, treatments with 250 and 500
mg/L nanoparticles decreased carotenoids by approximately
25% and 20%, respectively, compared with the control.

The interaction of different concentrations of zinc oxide
nanoparticles and virus significantly affected anthocyanin
content in cucumber plants. Anthocyanin levels decreased in
the presence of the pathogen alone and in combination with
nanoparticles compared with the control. The lowest
anthocyanin content (77% reduction) was observed in plants
treated with 500 mg L™! nanoparticles alone. In the presence
of virus, 250 and 500 mg L' nanoparticle treatments
decreased anthocyanin content by approximately 58% and
48%, respectively, relative to the control.

Total sugar

The interaction of different concentrations of zinc oxide
nanoparticles and the virus did not significantly affect total
sugar content in cucumber plants. However, the virus alone
had a significant effect on total sugar, reducing its content
compared with the control. Treatment with 500 mg L™

nanoparticles in the presence of the virus decreased total
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sugar by approximately 9% relative to the control, while
other treatment levels had no significant effect.

Discussion

In general, biotic stresses are factors that affect plant growth
and performance, and by inducing the production of reactive
oxygen species, they reduce plant growth and development
(Devlin & Withman, 2002). In the present study, the effects
of zinc oxide nanoparticles on disease severity symptoms, as
well as the growth and physiological changes of cucumber
plants, were investigated. The results demonstrate the
ameliorative effect of zinc oxide nanoparticles on WMV-
induced damage in cucumber plants. The 250 mg/L
concentration showed the greatest efficacy in reducing
symptom severity, preserving chlorophyll content, and
supporting growth parameters. Reduction in photosynthetic
pigments under viral stress led to decreased photosynthesis
and carbohydrate accumulation, impairing growth. By
allocating resources to reproductive organs and accelerating
the life cycle, plants partially compensated for viral damage
(Tirani et al., 2019).

Considering the challenges in managing plant viruses and
the observed benefits of ZnO nanoparticles, foliar
application of ZnO represents a promising strategy to reduce
WMV impact in cucumbers. Due to their low environmental
risk and ability to enhance plant defense, ZnO NPs are a
viable option for integrated disease management.
Nevertheless, determining optimal concentrations requires

further research.
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Fig 1.A Bitter apple with mosaic symptoms and yellowing leaves infected with watermelon mosaic virus.1.B-Electrophoretic

patterns of RT-PCR reaction products of Bitter apple samples (800 bp fragment) using the specific WMV primer, well L corresponding

to 100bp DNA Ladder, wells 1 and 2 of Bitter apple samples infected with watermelon mosaic virus
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Fig 2. Severity of watermelon mosaic virus (WMV) symptoms in cucumber plants 30 days after inoculation with WMV inoculum: A:
Healthy plant, not treated with zinc oxide nanoparticles and not inoculated with WMV (no disease symptoms). B: Plant inoculated
with WMV and treated with 250 mg/L zinc oxide nanoparticles, showing moderate mosaic symptoms. C: Plant inoculated with WMV
and treated with 500 mg/L zinc oxide nanoparticles, showing semi-severe mosaic symptoms. D: Plant inoculated with WMV without

zinc oxide nanoparticle treatment, showing severe mosaic symptoms and necrosi
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Table 1-Mean comparison of the effects of different levels of zinc oxide nanoparticles on shoot fresh weight (FWS), root fresh

weight (FWR), ratio of fresh weight shoot to root (FWS/FWR), length shoot (LS), number of leaves (NO. Leaves) and number of flowers

(NO. Flowers) of cucumber cultivar Super Dominus infected with watermelon mosaic virus. Control- zero zinc oxide nanoparticles

(spraying solution with distilled water)

ZnO NPs Disease status FWS FWR ratio FWS FWR Ls NO. NO.

(ppm) (8) (g) (cm) leaves flowers

0 Non-infected 16.7+1.8° 8.1+0.42 2.0740.32b¢ 19.89+2.06 4.25+0.63% 5.56+1.182
Infected 5.1+0.3¢ 1.840.4¢ 2.98+0.75° 12.43+0.54¢ 3.42+0.50¢ 2.92+0.42°

250 Non-infected 9.4+0.9° 7.0+0.2° 1.33+0.11¢ 17.62+1.09° 4.22+0.28% 5.31+0.782
Infected 7.8+0.6" 5.1+0.4¢ 1.55+0.23< 13.95+1.87¢ 4.42+0.742 4.44+0.522

500 Non-infected 6.3+0.4¢ 2.9+0.3¢ 2.1840.27b 14.00£1.72¢ 3.42+0.32¢ 5.42+0.962
Infected 6.2+0.5¢ 2.740.5¢ 2.32+0.23% 11.35+0.53¢ 3.52+0.22% 4.25+1.00°
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Table 2- Results of analysis of variance mean comparison of the effects of different levels of zinc oxide nanoparticles on shoot fresh

weight (FWS), root fresh weight (FWR), shoot to root fresh weight ratio (FWS/FWR), plant length (LS), number of leaves (NO. leaves),

and number of flowers (NO. flowers) of cucumber cultivar Super Dominus infected with watermelon mosaic virus.

Mean Square (MS)

Sources of variance df FWS FWR ratio EWS LS NO. leaves NO. flowers
(8) (g) FWR

ZnO NPs 2 32.63" 16.43™ 1.90™ 18.01™ 1.61" 0.70"

Virus 1 85.33" 35.45" 129.01" 0.81" 0.46" 13.93™

ZnO NPsxVirus 2 58.79" 14.99" 0.27" 7.37" 1.16™ 3.18"

Error 18 0.80 0.15 0.14 1.65 0.19 0.45

B owa

Sl e Lljv\-gjw)scli‘MJJQJW\CEMJJ)!:JLMMJ” -

Yoo




Yor

03 gy gl Ul 5 05 e oll ol (ol LS s 5
S esls Gl 31 sl A3 ¥ oles 4 S sley (ol 05 5
Lo 53 Y7 1) s opl 2l @ 6o ST 350 2 S e YO
O gl s 30 DL (lsbne (3l sl sl ol a8
(R?) +/ADD sk [las OWLS L3 aley 5 alsa ol 5 055 o 3l

A dsda) ol 355 Cote | Sasen

YEF—Y55 Pl Jlo /¥ o0/ e wlo/ ool slos slou

S5 St o350 L pls 5 oles @ Solen s adyy 5 055

OB Ao 3 VA Laly ;s 5 055 (¢S 8k Al e dald 4 o
e 2y S 4 e ps Soled 05 S 4 Glate e dald 4 o
ol s 2l s ST 30 1Ye S Jee 00 5O Jles
e 35 2alS e dald 6 G A3 55 5 5 s | Lanls
Lo ades 505 2l @ o 4S5 50 2V 5 L Ore 5 YO

855 Al3kn SSlige g3 25 35 550 oS! SDIS S 4 Grasly 3 g g gm0 (55 Sl LS 0k (S I (Sl (Kinad il b Y Sy

NO.) [ slass «(NO. Leaves) & ,; aluss (LS) OlalS J b «(ratio FWS/FWR) «iy; 4 ol s» Pl 5 0)g Comd (FWR) aly; 5 055 (FWS) (ol 8 pltl 5

(Sugar) JS .5 4 (Antho) u&_d\,.a_,:ﬂ (Car) s g5, « (Total Chl.) s |55 ) (ChL.b) b [, 0 «(Chl.a)a [, )s . (Flowers

Table 3- Correlation coefficients between measured parameters of cucumber plant cultivar Super Dominus in response to zinc oxide

nanoparticles and watermelon mosaic virus. Shoot fresh weight (FWS), root fresh weight (FWR), shoot to root fresh weight ratio (FWS/FWR

ratio), plant length (LS), number of leaves (NO. Leaves), number of flowers (NO. Flowers), chlorophyll a (Chl. a), chlorophyll b (Chl. b), total

chlorophyll (Total Chl.), carotenoids (Car), anthocyanins (Antho) and total sugar (Sugar)

1 2 3 4 6 7 8 9 10
1.Shoot FW 1
2.Root FW 0.855™ 1
3.LS 0.846™ 0.823" 1
4.NO. leaves 0.620™ 0.788" 0.399 1
5.NO. flower 0.568" 0.578" 0.565™" 0.397
6.Chla 0.632"" 0.538" 0.601"" 0.249 0.835™ 1
7.Chlb 0.235 0.279 0.288 0.164 0.766™" 0.801™" 1
8.Total chl 0.521" 0.471° 0.518" 0.23 0.851"" 0.977™ 0.910™ 1
9. Car 0.438 0.269 0.328 0.236 0.826" 0.838™ 0.833" 0.876" 1
10. Antho 0.813™ 0.570" 0.572" 0.356 0.169 0.257 -0.234 0.093 0.105 1
11.Ghand 0.589" 0.708™" 0.715™ 0.436 0.816™ 0.690™ 0.579" 0.683" 0.544" 0.205
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Table 4- Mean Comparison of effects of different levels of zinc oxide nanoparticles on chlorophyll a (Chl. a), chlorophyll b (Chl. b),

total chlorophyll (Total Chl.) and the ratio of chlorophyll b to a (Ratio Chl. b/a) of cucumber cultivar Super Dominus infected with

watermelon mosaic virus. Control- zero zinc oxide nanoparticles (sprayed with distilled water).

ZnO NPs Disease status Chl.a Chl. b Total Chl. Ratio

(ppm) (mg g™ FW) (mg g™ FW) (mg g™ FW) Chl. b/a

control Non-infected 1.10+0.08? 0.42+0.02° 1.52+0.09° 0.38+0.024¢
Infected 0.39+0.09° 0.14+0.01¢ 0.53+0.10° 0.36+0.064e°

250 Non-infected 0.81+0.02¢ 0.39+0.04° 1.20+0.06° 0.48+0.033°
Infected 0.61+0.02¢ 0.39+0.02° 1.00+0.02° 0.65+0.050°

500 Non-infected 1.00+0.02° 0.55+0.03? 1.55+0.01° 0.55+0.048>
Infected 0.77+0.02¢ 0.40+0.02° 1.17+0.03b 0.53+0.031°
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Table 5- Results of analysis of variance comparing the means of effects of different levels of zinc oxide nanoparticles on chlorophyli

a (Chl. a), chlorophyll b (Chl. b), total chlorophyll (Total Chl.) and ratio of chlorophyll b to a (Ratio Chl. b/a), carotenoids (Car), ratio of

total chlorophyll to carotenoids (T. Chl./Car), anthocyanins (Antho) and total sugar (Sugar) of cucumber cultivar Super Dominus

infected with watermelon mosaic virus.

Mean Square (MS)

Sources of Ratio Chl. Ratio T.

df Chl. a Chl. b Total Chl. Car Antho Sugar
variance b/a Chl./ Car
ZnO NPs 2 0.052"" 0.060™" 0.189™ 0.066™" 0.034™" 0.385" 4542.4™ 0.007
Virus 1 0.653™" 0.091™" 1.232™ 0.007 0.075™ 1.261™ 336.4" 0.189™
ZnO NPsxVirus 2 0.122™" 0.029™ 0.257"" 0.017™" 0.07" 0.476" 3258.3" 0.025m
Error 18 0.003 0.001 0.004 0.002 0.002 0.092 38.3 0.008
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Fig 3- Mean comparison of the effects of different levels of zinc oxide nanoparticles on (A) carotenoid content and (B) total
chlorophyll to carotenoid ratio of green cucumber cultivar Super Dominus infected with watermelon mosaic virus. Control-zero zinc
oxide nanoparticles (sprayed with distilled water). The values presented are the average of three independent experiments and

different letters indicate significant differences between treatments in each parameter, at p<0.05 according to Duncan's range test.
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Fig. 4 Mean comparison of the average effects of different levels of zinc oxide nanoparticles on the amount of anthocyanins in

cucumber cultivar Super Dominus (infected with watermelon mosaic virus. Control - zero zinc oxide nanoparticles (sprayed with

distilled water). The values presented are the average of three independent experiments and different letters indicate significant

differences between treatments in each parameter, at p<0.05 according to Duncan's range test
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Fig 5- Mean comparison of the effects of different levels of zinc oxide nanoparticles on the total sugar content of cucumber cultivar

Super Dominus infected with watermelon mosaic virus. Control - zero zinc oxide nanoparticles (sprayed with distilled water). The

values presented are the average of three independent experiments and different letters indicate significant differences between

treatments in each parameter, at p<0.05 according to Duncan's range test
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