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Abstract: The potato leaf roll virus (PLRV) disease is a serious threat to successful potato produc-
tion and is mainly controlled by integrated disease management; however, the use of chemicals is
excessive and non-judicious, and it could be rationalized using a predictive model based on meteo-
rological variables. The goal of the present investigation was to develop a disease predictive model
based on environmental responses viz. minimum and maximum temperature, rainfall and relative
humidity. The relationship between epidemiological variables and PLRV disease incidence was de-
termined by correlation analysis, and a stepwise multiple regression was used to develop a model.
For this purpose, five years (2010-2015) of data regarding disease incidence and epidemiological vari-
ables collected from the Plant Virology Section Ayub Agriculture Research Institute (AARI) Faisal-
abad were used. The model exhibited 94% variability in disease development. The predictions of
the model were evaluated based on two statistical indices, residual (%) and root mean square
error (RMSE), which were <20, indicating that the model was able to predict disease develop-
ment. The model was validated by a two-year (2015-2017) data set of epidemiological variables
and disease incidence collected in Faisalabad, Pakistan. The homogeneity of the regression equa-
tions of the two models, five years (Y = —47.61 — 0.572x; + 0.218x; + 3.78x3 + 1.073x4) and two years
(Y =—28.93 — 0.148x; + 0.510x; + 0.83x3 + 0.569x4), demonstrated that they validated each other. Scat-
ter plots indicated that minimum temperature (5-18.5 °C), maximum temperature (19.1-34.4 °C), rainfall
(3-5 mm) and relative humidity (35-85%) contributed significantly to disease development. The foliar ap-
plication of salicylic acid alone and in combination with other treatments significantly reduced the PLRV
disease incidence and its vector population over control. The salicylic acid together with acetamiprid
proved the most effective treatment against PLRV disease incidence and its vector M. persicae.
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1. Introduction

Potato (Solanum tuberosum L.) is one of the most important foods and vegetable crops in
the world [1]. It is cultivated on 19.1 million hectares all over the world, with 381.7 million
tons of tuber production, whereas, in Pakistan, 2.9 million tons of potatoes are produced
from 0.15 million hectares of harvested area [2]. Its production is highly influenced by the
attack of two viroids and 40 viruses [3]. One of the most severe viral diseases is caused
by a potato leaf roll virus (PLRV), which is widely distributed in the potato growing
regions of the world [4]. The virus is the type species of genus Polerovirus; it belongs to
family Solemoviridae and was first identified by Somera et al. in 2021 [5]. It is efficiently
transmitted by aphid species, particularly the green peach aphid M. persicae, in a circulative
non-propagative manner and is restricted to the phloem tissues of infected plants [6]. The
pathogen is responsible for 50% yield reduction in individual plants and over 20 million
tons yield losses all over the world [7]. The primary symptoms of PLRV infections include
rolling and yellowing of leaves, which may later roll inward. The secondary symptoms in
the plant grown from infected tubers are the stunted growth of shoots and leaves rolling
upward, starting from the oldest leaves [8]. The PLRV also causes net necrosis in the tubers
and reduces crop quality. In Pakistan, 90% yield losses have been reported due to the PLRV
disease incidence [9].

Efforts have been made by the plant pathologists and breeders to control PLRV disease
incidence by adopting various techniques to ensure the production of virus-free seed potato
stocks. These methods include specific growth strategies for seed production and storage,
tissue culture and thermotherapy. The control of the virus vector by biopesticides, mineral
oils and insecticides has been implemented successfully [10]. None of the varieties/advance
lines have shown durable resistance against PLRV disease incidence in the country [11].
This is mainly due to the recurrent occurrence of the vector, continuous introductions of the
viruses through imported seeds and the presence of diverse virus strains [12]. As a result,
the use of insecticides to control the vector population has become an indispensable element
for farmers all over the world, particularly in developing countries. A comprehensive
study of the epidemiology of PLRV and its vector population is essential for justifying the
application of insecticides. As an analytical tool, a predictive model provides an advanced
prediction for vector populations and consequently helps in decisions making as to whether
there is a need for insecticide application or not.

Epidemiology deals with the pathogen population on host plants under the impact of
the environment at a particular time. Therefore, it is essential to investigate the influence
of all the epidemiological variables that are involved in the development of a disease
epidemic. For this purpose, detailed information regarding the pathogen, the host and the
epidemiological variables, which may lead to the build-up of an epidemic, is of fundamental
importance. Understanding the epidemiology of PLRV disease enables accurate prediction
of its epidemic and determining the precise timing of application of chemicals in the light
of most conducive environmental conditions. This would ultimately decrease pesticide use
and thus promote environmentally friendly disease management. Hence, the main goal
of the present study was to develop the epidemiological models based on environmental
conditions of Faisalabad to predict PLRV disease incidence and to test the plant extracts/bio-
pesticides/chemicals against PLRV disease incidence and Myzus persicae.

2. Materials and Methods
2.1. Development of Disease Predictive Model Based on Five-Year Data Set (2010-2015)

For the development of a disease predictive model, five years of data of PLRV disease
incidence on three potato varieties, namely Desiree, Cardinal and Diamont, continuously
cultivated for five years, and epidemiological variables data comprising minimum and max-
imum temperature, rainfall and relative humidity (RH) over six months, from November
2010 to April 2015, were collected from Plant Virology Section, Ayub Agriculture Research
Institute (AARI), Faisalabad.
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2.2. Model Evaluation

The model was evaluated based on a method described by Chatterjee and Hadi [13].
The following three steps were used during model evaluation: (i) comparison of physical
theory with dependent variables and regression coefficients; (ii) comparison between
observed and predicted values; and (iii) collection of new data to check predictions. The
assessment of predictions was conducted through the root mean square error (RMSE) and
error percentage as described by Chatterjee and Hadi [13]:

0.5
RMSE = [E?ﬂ(g—oi)z]

Error Percentage = (p; — 0;) 100

M

P; and O; are the predicted and observed values for the studied variables, respectively,
whereas 7 is the total number of observations.

2.3. Collection of New Data Set

For the collection of a new data set, an experiment was conducted in the research
field of the Department of Plant Pathology, University of Agriculture Faisalabad (UAF),
during the autumn and spring crop seasons of 2015-2017 following the same procedures
utilized in the preceding five years, as the soil type and environmental conditions of both
places are almost identical. Three susceptible potato varieties—Cardinal, Diamant and
Desiree—were sown during the winter planting in mid-October and spring planting in
mid-January periods on the 25 x 25 experimental plots under randomized complete block
design, with row-to-row and plant-to-plant distance of 75 and 20 cm, respectively. The crop
was maintained in good conditions by following the recommended agronomic practices.

The disease incidence in the PLRV-infected plants was determined through visual
inspection at every line in each plot after 15-day intervals during the 2015-2017 study
period [14]. In each row, 10 plants demonstrating PLRV disease symptoms were selected
and tagged, and the disease incidence was calculated using the expression given below.

Number of infected plants

Disease Incidence (%) = Total number of plants

x 100 )

2.4. Model Validation

For model validation, the PLRV disease incidence pertaining to the three potato
varieties sown at the UAF experimental site noted during the 2015-2017 study period was
used to develop a two-year model. This model was used to validate the five-year model by
comparing the regression coefficients (R?) yielded by the F-test [15]. The data related to
the epidemiological variables, namely minimum and maximum temperature, rainfall and
relative humidity for the period covering November to April 2015-2017, were collected
from UAF’s meteorological station (9610-B-1 Orion LX Weather Station).

2.5. Statistical Analysis

All obtained data were analyzed using Minitab V.17 (Minitab Inc., State College, PA, USA)
and SPSS V.17 commercial software tools. The PLRV disease incidence and epidemiolog-
ical variables were subjected to pairwise correlation and analysis of variance [16]. The
least significant difference (LSD) test was adopted for the means separation (at p < 0.05).
A predictive model for PLRV disease incidence was developed on the basis of the epidemi-
ological variables by performing stepwise multiple regression analysis [17]. Using the
expressions below, coefficient of determination (R?) was calculated along with Adj. R? to
determine the strength of the relationship between individual epidemiological variables
and the PLRV disease incidence and to test the model’s prediction accuracy [16]:
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R2 — Regression sum of square __ 1 Error sum of square
Total sum of square Total sum of square 3)
R2. —1_ (1-R?) (n—-1)
adj* (n—k—1)

where n denotes the sample size, and k is the number of independent variables. Mean square
error and Mallows’ C, were also calculated to evaluate the influence of the independent
variables included in the model using the following expressions [16]:

S duced
Gy = (n—p) [ 55D o]

n (4)

MSE = ,gl(yl —¥)

where p and 7 in the C, equation are the number of beta coefficients and sample size in the
model, respectively, whereas n and y; in mean square error (MSE) equation show the num-
ber of data values, observed values and predicted values, respectively. Average monthly
values of all epidemiological variables and the PLRV disease incidence values were graphi-
cally plotted, and critical ranges conducive for disease development were determined.

2.6. Management Strategies of PLRV Disease Incidence and Its Vector

For effective management of PLRV disease and its vector Myzus persicae, biopesti-
cides, mineral oils and insecticides namely SA (Salicylic acid) @ 200 mM or 27.4 g/L (Ty),
SA + Chemical (Acetameprid) @ 15 mL/20 L (Ty), SA + Biocontrol (Tracer) @ 8 mL/20 L
(T3), SA + Plant Extract (concentrated extract of Neem, a product from China) @ 5 mL/L
(T4), SA + Mineral Oil (Dicer) @ 125 mL/20 L (T5) were sprayed on all three suscepti-
ble potato varieties—Cardinal, Diamant and Desiree—cultivated in the Research Area of
Department of Plant Pathology, University of Agriculture Faisalabad (UAF), during the
autumn and spring crop seasons of 2015-2017 with the help of hand knapsack sprayer on
the PLRV-infested plants in the experimental area of UAF. The application of only distilled
water served as control treatment (T¢). The data on aphid population (apterae and alate
aphids) and PLRV disease incidence were recorded before and after the 7-day application
of treatments until the end of season by using the method described by Khan et al. [10].
The data were subjected to ANOVA, and the treatment means were compared with LSD
testat p < 0.05 [16].

3. Results
3.1. Development of PLRV Disease Predictive Model Based on Five-Year Data Set (2010-2015)

The data from five growing seasons (2010-2015) showed that all the epidemiological
variables significantly contributed to PLRV disease incidence (Table 1).

Table 1. Estimated Pearson’s correlation coefficients of the relationships between PLRV disease
incidence in potatoes in Pakistan and environmental variables during the 20102015 field seasons.

Epidemiological Variables 2010-2011 2011-2012 2012-2013 2013-2014 2014-2015

—0.937 ** —0.791 ** —0.686 * —0.666 * —0.625*
Minimum Temperature (°C)
0.001 0.002 0.014 0.018 0.030
0.965 ** 0.975 ** 0.961 ** 0.974 ** 0.964 **
Maximum Temperature (°C)
0.001 0.001 0.001 0.001 0.001
0.946 ** 0.972 ** 0.961 ** 0.976 ** 0.962 **
Rainfall (mm)
0.001 0.001 0.001 0.001 0.001
0.977 ** 0.894 ** 0.864 ** 0.794 ** 0.802 **
Relative Humidity (%)
0.001 0.001 0.001 0.001 0.001

Upper values show Pearson’s correlation coefficients, and lower values indicate the level of probability at p = 0.05;
* = Significant (p < 0.05); ** = Highly significant (p < 0.01).
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A stepwise multiple regression model (Y = —47.61 — 0.572x; + 0.218xp + 3.78x3 + 1.073x4)
based on a five-year data set exhibited 94% variability in the PLRV disease development
(Table 2). This model could be used for PLRV disease prediction.

Table 2. Summary of stepwise multiple regression model to predict PLRV disease incidence during

2010-2015.

Parameter No. in Model Model R? (%)  Mallows’ G Mean Square Error  F Value  Prb. >F
Minimum Temperature (°C) 1 0.94 15.17 5.11230 5.75 0.018 *
Maximum Temperature (°C) 2 0.94 9.57 5.02378 2.19 0.041 *

Rainfall (mm) 3 0.94 5.19 4.94970 7.76 0.006 *
Relative Humidity (%) 4 0.94 5.00 4.93306 68.48 0.001 *

* = Significant at p < 0.05.

3.2. Model Evaluation: Comparison of Physical Theory with Dependent Variables and
Regression Coefficients

The model exhibited higher R? (94.57%) and Adj. R? (94.44%) values with lower
standard error value < 20 (Table 3).

Table 3. Regression statistics of PLRV disease incidence during 2010-2015.

Regression Statistics

R? 94.57%
Adj. R? 94.44%
Pred. R? 94.23%
Std. Error 493
Total Observations 179

The F-distribution of the disease predictive model indicated significant regression
statistics (Table 4).

Table 4. ANOVA of PLRV disease predictive model based on five-year data set (2010-2015).

Source 2 DF bgg °<MS F-Value p-Value
Regression 4 74,114.8 18,528.7 761.40 0.001
Residual Error 175 4258.6 243
Total 179 78,373.5

2 Degree of freedom; ® Sum of square; © Mean sum of square

The minimum and maximum temperature, rainfall and relative humidity showed
significant association with the PLRV disease model at p < 0.05 (Table 5). The higher
coefficient of regression (R?) value, lower standard error value and the significance of
regression statistics exhibited that the model was able to predict PLRV disease incidence
(Tables 3-5).
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Table 5. Coefficients of estimates, their standard error, t Stat and significance of multiple regression
model during 2010-2015.

Parameters Coefficients Std. Error T-Value p-Value
Constant —47.61 3.37 —14.13 0.001
Minimum Temperature (°C) —0.572 0.239 —2.40 0.018
Maximum Temperature (°C) 0.218 0.148 1.48 0.031
Rainfall (mm) 3.78 1.36 2.79 0.006
Relative Humidity (%) 1.073 0.130 8.28 0.001

3.3. Model Evaluation

For the evaluation of the model, predictions were obtained using a regression model
and evaluated based on two criteria: error (%) and root means square error (RMSE). The
normal probability plot of the five-year model showed that most of the data points were
around the reference line, while only a few data points, both at the higher and lower sides,
deviated from the reference line, affecting the normal distribution of data. Overall, 15%
residual was recorded, indicating a fair degree of matching between the observed and
predicted data points (Figure 1).

Normal Probability Plot of Five Years
(Response is Observed PLRV DI)

-10 -5 0 5 10 15
Residual

Figure 1. Normal probability plot for five-year (2010-2015) model of potato leaf roll virus (PLRV)
disease incidence.

The higher R? values > 90% and smaller RMSE values < 20 of all three potato geno-
types showed the close conformation between observed and predicted data points, indicat-
ing that the model was good at predicting PLRV disease incidence (Figure 2).
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=l = Cardinal, N = 59, R-sq = 96.25%, RMSE = 2.85
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-10 0 10 20 30 40 50 60 70
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Figure 2. Comparison of observed and predicted data points of PLRV disease incidence of three
potato varieties—Desiree, Cardinal and Diamant—during years 2010-2015.

3.4. Model Validation

The stepwise multiple regression model based on a five-year data set was validated
on the two-year data set collected from the UAF. The coefficients of determination (R?) of
both models I and II indicated that environmental factors had significantly 94 and 89%
impact on PLRV disease incidence, respectively. The regression equations of the two models
demonstrated good proximity (Table 6).

Table 6. Comparison of two multiple regression models for validation of PLRV disease incidence.

No. of Model Regression Equations R? (%) Adj. R? (%) Prob. > F
I 47.61 — 0.572xq + 0.218x; + 3.78x3 + 1.073x4 94.57 94.44 <0.0001 *

vs.
I Y = —28.93 — 0.148x; + 0.510x + 0.83x3 + 0.569x4 89.31 88.67 <0.0001 *

Model (I) = five-year model; Model (II) = two-year model; Y = PLRV disease incidence; x; = minimum temperature;
Xp = maximum temperature; X3 = rainfall; x4 = relative humidity; * Sig. at p < 0.05.

3.5. Characterization of Environmental Conditions Conducive for PLRV Disease during 20152017

Three potato varieties, namely Desiree, Cardinal and Diamant, were employed for
regression analysis to characterize critical ranges of epidemiological variables conducive
for PLRV disease development. A significant relationship was observed between disease
incidence and all environmental variables during both rating seasons. The maximum
temperature contributed significantly to the development of PLRV disease on all potato
varieties during 2015-2017. It was observed that with an increase in maximum temperature
from 19.1-32.1 °C in 2015-2016 and 20.2-34.4 °C during 2016-2017, disease incidence also
increased. This relationship was best explained by the linear regression model, as indicated
by their correlation coefficient (r) values (Figure 3).
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Figure 3. Relationship between maximum temperature and PLRV disease incidence recorded

on potato varieties V1 (Desiree), V2 (Cardinal) and V3 (Diamant) during 2015-2016 (A) and
2016-2017 (B).

A negative linear relationship was observed between minimum temperature and PLRV
disease incidence on all three potato varieties during both rating seasons of 2015-2017, in-

dicating that with an increase in minimum temperature from 5 to 18.5 °C, disease incidence
decreased (Figure 4).

50
—o— V1 =5261-2910x; r = 0.96

—— Vi = - r=
—=— V2 = 6134- 3474 1 = 0.94 . B 2 OLT3- Adhy;r = 034
! N -4 = 7440 - 4345x;r =096
-4--V3=7029-3707x;r=089 \\‘\ —¢-\3 = T7.14-4365x 1= 091
40
=
@30
>
[=
E
- 2
g
2
10
0
10.0 125 15.0 175 20.0 6 8 1 2 1 1 18
Minimum Temperature (°C) Minimum Temperature (°C)

Figure 4. Relationship between minimum temperature and PLRV disease incidence recorded

on potato varieties V1 (Desiree), V2 (Cardinal) and V3 (Diamant) during 2015-2016 (A) and
2016-2017 (B).

The impact of rainfall was recorded as significant with the PLRV disease development.
The maximum disease was noted at 3-5 (mm) during both crop seasons; it demonstrated
that disease incidence increased with an increase in rainfall, as demonstrated by their

r values 0.74, 0.70 and 0.83 during 2015-2016 and 0.50, 0.48 and 0.69 during 2016-2017,
respectively (Figure 5).
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Figure 5. Relationship between rainfall and PLRV disease incidence recorded on potato varieties V1
(Desiree), V2 (Cardinal) and V3 (Diamant) during 2015-2016 (A) and 2016-2017 (B).
Relative humidity was positively correlated with disease incidence. During both
rating seasons, disease incidence increased with an increase in relative humidity from 35 to
85% (Figure 6).
50
I Ty A
8- =463+ 1043 ;7= 091 R | ~- V3= -3003 ¢ 1041x ;1= 035 A
-4- V3=-4895+1172x ;r=094 e 40 e
4 a A
= =
& L.
2 ¥ 2
= =
= =)
= =
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5 0 [=)
0 0
40 50 60 10 80 90 30 4 50 60 70 80
Relative Humidity (%) Relative Humidity (%)

Figure 6. Relationship between relative humidity and PLRV disease incidence recorded on potato
varieties V1 (Desiree), V2 (Cardinal) and V3 (Diamant) during 2015-2016 (A) and 2016-2017 (B).

3.6. Management Strategies for PLRV and Its Vector

The exogenous application of salicylic acid alone and its combination with other
treatments indicated a significant effect in controlling PLRV disease and its vector M.
persicae as compared to the control. The salicylic acid in combination with acetamiprid
proved the most effective in controlling PLRV disease incidence and its vector populations
during both crop seasons of 2015-2017, followed by SA in combination with biocontrol

(tracer), plant extract (neem), mineral oil, as compared to the salicylic acid alone and control
(Tables 7 and 8).
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Table 7. Comparison of treatments to control aphid populations during 2015-2017.

Sr. No. Treatments 1st Year 2015-2016 2nd Year 2016-2017
1 Control (Tg) 37.39 A 46.55 A
2 S.A. (Salicylic acid) (T;) 31.04 B 43.17 B
3 S.A + Mineral oil (Ts) 14.45€ 15.30 €
4 S.A + Plant extract neem (Ty) 9.79 D 895D
5 S.A + Tracer (T3) 7.88 D 7.35D
6 S.A + Acetamiprid (T5) 442E 344

Means that do not share a letter are significantly different.

Table 8. Comparison of treatments to control PLRV disease incidence during 2015-2017.

Sr. No. Treatments 1st Year 2015-2016 2nd Year 2016-2017
1 Control (Tg) 55.07 A 55.94 A
2 S.A (Salicylic acid (Ty) 23.38 B 29.17 B
3 S.A + Mineral oil (Ts) 17.28 € 10.83 €
4 S.A + Plant extract neem (Ty) 13.10P 10.06 ©
5 S.A + Tracer (T3) 8.33 E 8.44C
6 S.A + Acetamiprid (T5) 6.63F 5.52 D

Means that do not share a letter are significantly different.

4. Discussion

Environmental conditions played a significant role in the development of pathogens
on any crop; therefore, quantifying the relationship between PLRV disease incidence
and epidemiological variables is important in early warning of its onset [10]. PLRV is
significantly influenced by the epidemiological variables; however, the degree of correlation
changes greatly by varieties and years. A significant correlation between epidemiological
variables and PLRV disease incidence was observed in this investigation, in line with the
findings of Khan and Abbas [18], who demonstrated a significant correlation of temperature
(minimum and maximum), rainfall and relative humidity with PLRV disease incidence.

The significant correlation of temperature with PLRV disease incidence can be ex-
plained by the fact that it has a critical role in different aspects of disease development. The
expression of viral disease symptoms was delayed at low temperatures in several plant
species [19-22]. Szittya et al. (2003) described that temperature effect of plant—pathogen
interactions and high temperature can either increase or decrease the disease resistance [21].
This reflects the effects of the same temperature variation on various plant—pathogen
systems [23]. Virus resistance was compressed in plants at a higher temperature. For ex-
ample, Capsicum chinense plants carrying the Tsw gene and tobacco plants carrying the
N gene developed systemic infections of tomato spotted wilt virus (TSWV) and tobacco
mosaic virus (TMV) at above 28 and 32 °C, respectively [24,25]. The increasing temperature
alters the host plant physiology, phenology, morphology, nutritional status and metabolic
pathways [26,27]. The rising heat stress and mean temperature reduced the effectiveness of
temperature-sensitive single-gene resistance and increased general plant vulnerability to
virus infection. Increased temperature also changes the virus multiplication, seed transmis-
sion and systemic movement of individual viruses present in mixed infection [27]. Jones
(2014) showed that potato yellow vein virus (PYVV) and PLRV best adapted to hot regions;
conversely, potato mop-top virus (PMTV) and Andean potato latent virus are projected for
regions too cold for growth and development [28]. The significant relationship of relative
humidity and rainfall with PLRV disease incidence was due, in part, to its key role in the
survival, population growth, behavior and movement of virus vector [29]. Virus dispersal
in crops is favored by the soft tender leaves and lush plant growth that develop under
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conditions of high relative humidity. Such plants are more vulnerable to viral infection as
compared to the hard-leaved plants of low-humidity conditions. This is because wounds
develop more readily when growth is soft, and viruses have to penetrate a plant’s protective
cuticle through wounds before they can invade damaged cells [30].

The maximum temperature (19.1-34.4 °C), minimum temperature (5-18.5 °C), (rainfall
(3-5 mm) and relative humidity (35-85%) appeared to be the main contributing epidemio-
logical variables in the disease development, as these variables were retained after stepwise
regression. The present multiple regression model explained 94% variability in PLRV
disease development, whereas only 6% variability remained unexplained. The models that
explain >80% variability are considered reliable and provide relatively accurate predic-
tions [31]. The reason behind not explaining 100% variability might be due to the fact that
regression models are empirical models. Khan and Abbas (2008) developed the multiple
regression models and reported 60% unexplained variability in PLRV disease development
when only environmental variables were used [18]. However, by including the primary
source of virus inoculum and other biological factors as independent variables, the unex-
plained variability may be reduced [31]. Further, the present study was laid out under
natural environmental conditions where the amounts of inoculum and infection efficiency
were uncontrolled; an explanation of 100% variability was not possible. However, the cur-
rent investigation remained successful in predicting PLRV disease because the model, with
a large data set of five years, validated with a two-year data set, generated approximately
precise predictions. The high coefficient of determination (R?) value 0.94 of the model
indicated that it can be used in future for accurate prediction of PLRV disease.

Considering the management strategies of PLRV disease and its vector aphid, salicylic
acid (SA) alone and its combination with other treatments, such as biopesticides, chemicals,
mineral oils and neem extracts, significantly decreased the PLRV disease incidence and
aphid population over control. It means that the application of salicylic acid is effective in
controlling PLRV disease incidence by inducing systemic resistance in plants. Koo et al. [32]
showed that exogenous application of SA provides tolerance to plants against several plant
pathogens [33]. In tobacco, the foliar application of SA induced resistance against tobacco
mosaic virus (TMV) [34]. The pathogenicity-related proteins are activated by the foliar
application of SA against many plant viruses. After the application of SA, potato plants
develop systemic acquired resistance (SAR), which results in the activation of plant defense
mechanism [35]. The SA in combination with pesticide acetamiprid proved the most
effective in controlling PLRV disease incidence and M. persicae populations. Acetamiprid
has the ability to decrease the infection and dispersal rate of plant viruses during the
pre-mortality phase [36]. Acetamiprid is very selective and provides an effective control
against sucking pests, such as whiteflies and aphids, without negative impact on non-target
insects [37]. The tracer in combination with SA and azadirachtin extracted from the seeds
of the neem tree (Azadirechta indica) disturbs the feeding behavior of aphid and fecundity
through repellent and antifeedant activity [38]. Mineral oil, which was the least effective
in controlling PLRV disease incidence, does not kill aphids Myzus persicae but reduces the
transmission by altering its behavior. Yang et al. [38] described that after 30 min of oil
application, M. persicae was unable to transmit PVY in plants but could do so after 24 h,
although with diminished ability.

5. Conclusions

It was concluded that a five-year model validated with a two-year data set exhibited
94% variability in the PLRV disease development. All environmental variables indicated a
significant relationship with PLRV disease incidence. Regression analysis proved that there
was a significant effect of average seasonal minimum temperature (5-18.5 °C), maximum
temperature (19.1-34.4 °C), rainfall (3-5 mm) and relative humidity (35-85%) on PLRV
disease development. The study concluded that PLRV disease can be managed when its
vector is controlled. As the environmental conditions play crucial role in the development
of the disease, the disease predictive models would be helpful for farmers in the proper
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management of the disease. The disease forecast model helps them decide whether to spray
a crop right away or to wait for more days. Bio-pesticides, insecticides, oils, plant extracts
and other chemicals often provide only short-term virus disease control; these materials can
be more effectively utilized when the epidemiological components are understood. Thus,
understanding the epidemiology of PLRV disease will enable us to predict its development,
which will ultimately help farmers to improve plant protection measures more accurately.
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