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Abstract: Potato virus Y (PVY) is a major tobacco (Nicotiana tabacum L.) pathogen that causes severe
crop losses. We studied the influence of meteorological factors and a population of twelve aphid
species on the development of PVY in field-grown tobacco from 1996 to 2010 in Poland. Three
PVY-susceptible tobacco varieties were used in the study. The mean virus incidence ranged from 18%
in 2010 to almost 99% in 1996, 2004, and 2009. For determining the relationship between tobacco
plant infection and meteorological conditions and aphid populations, logistic regression analysis was
used. It was found that the probability of PVY infection is significantly dependent on the average air
temperature, relative humidity, number of days with an average temperature of at least 25 °C, and
the abundance of Aphis fabae and Brachycaudus helichrysi. The probability of infection of tobacco plants
with potato virus Y decreased with increasing air temperature and relative humidity. In addition,
with each subsequent day with a temperature of at least 25 °C, the risk of infection decreased by 24%.
Furthermore, it was often observed that high populations of Aphis fabae and Brachycaudus helichrysi
were associated with a high incidence of virus infection in tobacco plants.

Keywords: potato virus Y; PVY; epidemiology; meteorological factors; aphid; logistic regression

1. Introduction

Virus disease epidemiology depends on the interactions among viruses, vectors, plants,
and the environment. Potato virus Y, a member of the family Potyviridae and the genus
Potyvirus [1], infects many solanaceous crops such as potato (Solanum tuberosum), tobacco
(Nicotiana tabacum), pepper (Capsicum annuumy), and tomato (Lycopersicon esculentum) [2,3],
as well as solanaceous weeds and ornamentals [4]. It is naturally transmitted by aphids in
a non-persistent manner, causing epidemics in crops [3].

PVY originated in South America which is where potatoes were first domesticated.
This pathogen was probably first taken from South America to Europe in the 16th century
in tubers of potatoes [5], while it was discovered in Europe in 1931 [6]. The PVYN strain was
first found in 1935 on tobacco [7] and, since then, has been reported worldwide, causing
significant yield losses [8,9] of up to 70% on potato [10,11] and almost 100% on susceptible
cultivars of tobacco [12]. The annual economic losses caused by PVY in potato production
in the UK alone is estimated at over GBP 30 million [13]. In the European Union, the annual
losses were estimated at EUR 187 million [14], and in Idaho (USA) at USD 19.5 million [15].
Unfortunately, there are no estimates of the economic losses caused by PVY in different
crops on a global scale.

The PVY genome contains a single strand of RNA of approximately 9700 nucleotides in
length, encoding a polyprotein of 3063 amino acids [16]. Inside the host cell, the polyprotein
is digested by viral proteases. This results in the formation of active viral proteins. The
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multifunctional Helper Component Protease (HC-Pro) protein plays a key role in the
transmission of the virus [17,18]. The C-terminal domain of the HC-Pro protein has been
demonstrated to exhibit protease activity [19]. In contrast, the N-terminal and middle part
of the protein forms the helper component (HC) domain [20,21]. Consequently, the HC-Pro
protein is involved in several processes during aphid feeding on infected plants [20,22,23],
including virus movement from cell to cell [24] and long-distance movement [25,26]. The
primary function of the coat protein (CP) is to safeguard the genomic RNA of the virus and
facilitate its transmission through the vector [27]. The capability of the aphid to transmit
the virus is accountable upon the DAG motif present in the N-terminal region of the
protein [23,28,29]. It should be noted that the PVY genome codes many proteins, including
those present in the cytoplasm of infected cells, such as the CI (Cylindrical Inclusion)
protein [30], as well as those present in the host cell nucleus such as Nla (Nuclear Inclusion
a) [31,32] and NIb (Nuclear Inclusion b) proteins [33]. Other proteins include 6K1, which
acts as a viroporin [34]; 6K2, which is engaged in viral particle long-distance movement and
viral genome replication [35,36]; P1 protein, which is an auxiliary element in viral genome
replication [37] and is associated with the movement of the virus from cell to cell [38]; and
P3 protein, which is part of the replication complex [39,40].PVY isolates can be divided
into several strain groups according to serological properties, host response, and resistance
gene interactions [41]. The strains include two main biological groups: ordinary strain
(PVY©), tobacco vein necrosis strain (PVYN), and several minor strains such as PVYS, PVYZ,
PVYE, and PVYP [42-44]. The origin of PVYN is Andean, but that of PVYC and PVYC is
unknown [5]. Mutations and recombination events between some of these strains led to the
formation of new important strains: PVYNC and PVYNWi which have a PVYN pathotype
but a PVY? serotype, and PVYN™N, which induces systemic vein necrosis on tobacco and
tuber necrotic ringspot disease (PTNRD) on susceptible cultivars of potato [2]. In tobacco,
PVY induces vein necrosis, which inhibits the transport of water and mineral salts to leaf
tissues, while leaf blade necrosis reduces the capacity for assimilation and gas exchange,
thus inhibiting plant growth [45,46]. Serological and molecular techniques are widely used
to detect infections with various PVY strains. Recently, metabolomic analyses based on the
gas chromatography-mass spectrometry (GC-MS) technique were used for this purpose. It
has been shown that infection with PVYNTN pyYN-Wi and PVYO strains causes changes
in the regulation of carbohydrate metabolism and the production of several common and
strain-specific metabolites in the host. As a result, infection caused by different strains of
PVY can be distinguished by metabolomic analysis [47].

The dissemination of PVY in the environment is markedly affected by meteorological
conditions; e.g., air temperature, humidity, and precipitation affect viral infections of plants.
For viral infections, the biggest impact is the air temperature and humidity. The optimal
temperature for the growth of different viruses can vary considerably. For example, the
optimal temperature for potato virus X is within the range of 2024 °C. A temperature
exceeding 25 °C resulted in a reduction in virus concentration within tissues and a decrease
in disease symptoms. However, a temperature above 34 °C was observed to completely
prevent the multiplication of the virus in the plant [48]. The temperature at which PVY
multiplication occurs in the plant and disease symptoms develop varies depending on the
virus strain. The optimal temperature for multiplication is between 22 °C and 26 °C with
PVYN, while it falls between 14 °C and 22 °C with PVYO [49]. Similar results were obtained
by Del Torro [50], studying the effects of growing N. benthamiana plants infected with PVY
at 25 °C or 30 °C on virus accumulation and symptom expression. PVY accumulation
decreased markedly at 30 °C and there were few or no symptoms.

The development of viral infections is also affected by the relative air humidity (RH).
The optimum RH is 80% both before and after infection by aphids. A high relative humidity
of 80% in both pre and post inoculation phases enhanced host susceptibility. The efficiency
of virus transmission was reduced by almost 50% when the relative humidity was 50% [51].

The impact of meteorological conditions on the incidence of PVY infection in the
field remains inadequately documented. It is widely acknowledged that air temperature
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is a significant factor that can influence the disease in infected plants [49,52]. In field
conditions, PVY is transmitted through the feeding of aphids, which act as vectors. The
efficiency of virus infection is dependent upon the temperature at which the aphids feed,
which must be within an optimal range. The efficiency of virus acquisition by aphids
and transmission to the host plant is optimal at 20 °C for the PVYO strain. An increase
in temperature to 25 °C has been demonstrated to result in a significant reduction in the
efficiency of virus acquisition [53]. Winged aphids are known to fly when conditions are
quite warm; however, temperatures that are too high can result in a reduction in certain
aphid populations [54]. Based on data from the meteorological station covering 152 years
(1871-2022), it was found that the mean air temperature in Pulawy, Poland, increased
in this period by 2.0 °C, and during last 100 years by 1.35 °C [55]. Models of climate
change indicate a gradual increase in global average temperatures to 4.6 °C by 2100 [56].
This, in conjunction with the direct consequences of climate change, such as increases in
temperature and, indirectly, the abundance and activity of vectors, could have a significant
impact on plant virus epidemics [53,57]. Aphids exhibit a pronounced response to minor
fluctuations in mean temperatures. It is anticipated that an additional five generations
of aphids will emerge in temperate zones with a warming of 2 °C. Consequently, the
probability of significant epidemics of aphid-transmitted viruses rises in tandem with
the expansion of their populations and activities. In temperate regions, the survival of
aphid vectors is anticipated to improve with more moderate mean winter temperatures,
while higher mean summer temperatures are likely to enhance their development and
reproductive rates. A reduction in the number of days with frost and the duration of
cold spells will enhance their capacity to survive the winter period, thereby enabling
them to expand their geographic range and extend the duration of their activity each
year [58]. Aphid flights are monitored in many countries. The risk of virus transmission is
frequently assessed in terms of vector pressure, which is determined by multiplying the
population of each aphid species by its associated relative transmission efficiency factor
(REF value) [59,60] and then adding the results together for all species [61-64]. While
species-specific REF values are obtained in laboratory experiments, they are inadequate
for capturing the full range of behavioural aspects of vectors that could impact virus
epidemics in the field [65]. In fact, it has been postulated that aphid species that are unable
to settle on potato or tobacco may play a more significant role as PVY vectors than is
currently considered based on REF values alone [66-68]. The aphid species that act as
the most significant PVY vectors may differ geographically. In the field, Aphis fabae [64]
has been identified as the primary vector in Finland, while Brachycaudus helichrysi and
Phorodon humuli [65] have been documented as the predominant vectors in Switzerland.
Surprisingly, Myzus persicae, considered the most efficient PVY vector, was not correlated
to virus infection in the field in any of these countries [65].

The creation of strategies to prevent and control PVY necessitates an understanding
of viruses, vectors, and plants and the interactions between them. The application of
pesticides is not advised for the control of PVY, given the brief period of time that aphids
require to transmit the virus [69-71]. Furthermore, in accordance with IPM (Integrated Pest
Management) principles, the usage of pesticides should be minimised in order to safeguard
the environment from contamination. An effective strategy for controlling the virus is to
employ the use of virus-resistant cultivars, physical barriers, oil sprays, and crop rotation
as an integrated approach [70-72]. The best strategy to manage diseases seems to be to
prevent PVY infections by breeding resistant cultivars. In the case of PVY on tobacco and
other plant species, the eukaryotic transcription initiation factor 4E (elF4E), critical for virus
replication, has been identified as a recessive resistance gene [73-75], although another
resistance/tolerance gene from the wild species Nicotiana africana is also known [76,77]. In
tobacco, the elF4E gene family comprises six members [78]. CRISPR/Cas9-based combina-
torial editing of elF4E1 and eIF4E2 genes enhanced resistance to PVY [78,79].

Currently, there are insufficient data in the literature on the effects of the meteorological
conditions on the tobacco PVY infection in the field. Prerequisite to undertaking this
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research was the progressing global climate change. This work takes the opportunity of
field tests in natural conditions grown at Pulawy, Poland, in which the PVY infection was
recorded, to investigate the relations between weather conditions, aphid populations, and
potato virus Y development.

2. Materials and Methods
2.1. Plant Material

In this study, three cultivars of tobacco susceptible to PVY were used: Burley 21,
K326, and NC 95. The experiment was conducted at the Institute of Soil Science and Plant
Cultivation—State Research Institute at Putawy, Poland, in the years 1996 to 2010 under
natural infection pressure. The production of seedlings was carried out in multi-pallets
in a glasshouse. Seedlings were grown in a greenhouse under appropriate phytosanitary
conditions. The planting of seedlings at the experimental field was performed in the second
half of May. The experiments were conducted using a completely randomised block with
4 replications of 32 plants per plot, giving a total of 128 plants of each cultivar with a row-
to-row spacing of 90 cm and plant-to-plant distance of 45 cm under standard conditions of
fertilisation, without the use of plant protection products. The final infection of the tobacco
plants was determined in the last week of August of each year when observations and
serological tests were carried out.

2.2. Meteorological Data

Meteorological factors, including mean value of air temperature, maximum value of
air temperature, sum of atmospheric precipitation, mean value of relative air humidity,
number of days with mean temperature higher than or equal to 20 °C, number of days
with mean temperature higher than or equal 25 °C, and interaction between mean value
of temperature and precipitation, were acquired from the meteorological station of the
Institute of Soil Science and Plant Cultivation—State Research Institute located in Putawy.
The data used for the analysis were averages from 10-day periods from 1995 to 2010. The
mean values of air temperature were transformed into the absolute scale expressed in
Kelvin degrees so that none of the temperature values would be negative.

2.3. Collection and Identification of Aphid Flight

From mid-May to the end of August, aphid flight activity was observed using yellow
traps (YPTs). The traps contained 1.5 litres of water with the addition of 0.03% Tween 20.
The size of the YPTs was 25 cm x 35 cm x 8 cm. Four traps were situated at the periphery
of the field, and the total yield of aphids captured in the traps was used for the subsequent
analysis. During the midpoint of the season, the traps were replaced with new ones due to
the fading of the yellow colour caused by sunlight [80], in order to prevent any alteration
in the aphids’ response to landing [81,82]. All captured aphids were identified using the
relevant taxonomic keys [83-89].

2.4. Serological Tests

All plants were serologically tested to confirm that they were infected with PVY.
Tobacco leaf samples were collected in the last week of August. The leaf extracts were tested
by a double-antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA) [90].
Monoclonal antibodies (PVY monoclonal cocktail IgG, Bioreba AG, Reinach, Switzerland)
were used according to the manufacturer’s instructions. The antibodies were able to
detect all PVY strains and, after improvement by the manufacturer in 2002, also atypical
isolates such as PVY©768 belonging to the PVYOP group. The absorbance of ELISA plates
at 405 nm was measured at 30 min using a Tecan Sunrise™ ELISA reader (Tecan Group
Ltd., Médnnedorf, Switzerland). The positive-negative result determination method was
taken from Bioreba’s ELISA data analysis instructions. The absorbance of each sample was
measured twice and the average of the two readings was calculated. The averages were
then sorted and a histogram was constructed. Data showing a small increase in optical
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density (OD) were considered as the background. A sudden increase in OD determined
the “step” that distinguished the potentially positive samples from the background. For
values less than the “step”, the mean and standard deviation (s) were determined, while
the cut-off value was calculated using Equation (1):

cut-off = (mean + 3s) x 1.1 (1)

2.5. Statistical Analysis

We conducted data analysis using Statistica 13.3 (Tibco Software, Santa Clara, CA,
USA). First, we examined the eventual differences in infection among the three susceptible
cultivars. In the analysis of variance for infection, the cultivar effect was non-significant
(p = 0.1876). Therefore, in a further analysis, these three susceptible varieties were analysed
jointly. The dependent variable was the average virus incidence per year in the last week of
August in a selected set of susceptible cultivars in all cases, with virus incidence defined
here as the number of plants infected with the virus out of 32 plants in each replicate. The
logistic regression model included the values of meteorological factors from 10-day periods
and abundances of the aphid species as predictor variables. The statistical significance
of individual regression coefficients was assessed using the odds ratio (OR) with 95%
confidence interval and Wald statistic [91,92]. The classification table was used to validate
the predictive accuracy of the logistic regression model [93]. For goodness-of-fit statistics,
the Hosmer-Lemeshow (H-L) test was used. The accuracy was evaluated by the size of the
area under the curve (AUC) using receiver operating characteristics (ROCs). AUC indicates
the ability to discriminate the plant infection status (0.9-1: excellent, 0.7-0.9: good, 0.5-0.7:
poor, <0.50: fail) [94]. The diagnostic sensitivity in the ROC curve is the actual number of
plants among those with infection. The diagnostic specificity is calculated by the number
of plants among those without infection.

The general prediction equation used was (2):

1

y =
T+ exp (_ ([30 + Bt + Bpp + Btptp + Brh + Braotao + Biastes + Brmaxtmax + BMpMp +ot BApAp)>

()

where 3p—intercept; t—mean value of air temperature from 10-day period; p—precipitation
during 10-day period; tp—interaction between mean value of temperature and precipita-
tion during 10-day period; h—relative humidity from 10-day period; tyo—number of days
with temperature greater than or equal to 20 °C; t)s—number of days with temperature
greater than or equal to 25 °C; tmax—vValue of max air temperature during 10-day period;
Mp—the sum of the Myzus persicae Sulz. aphids caught in the YPTs; An—the sum of the
Aphis nasturtii Kalt. aphids caught in the YPTs; Afr—the sum of the Aphis frangulae Kalt.
aphids caught in the YPTs; Af—the sum of the Aphis fabae Scop. aphids caught in the YPTs;
Bh—the sum of the Brachycaudus helichrysi Kalt. aphids caught in the YPTs; Hl—the sum of
the Hyperomyzus lactucae L. aphids caught in the YPTs; Cg—the sum of the Cryptomyzus
galeopsidis Kalt. aphids caught in the YPTs; Ca—the sum of the Cavariella aegopodii Scop.
aphids caught in the YPTs; Bb—the sum of the Brevicoryne brassicae L. aphids caught in
the YPTs; Ct—the sum of the Cavariella theobaldi Gill. Bragg aphids caught in the YPTs;
Rp—the sum of the Rhopalosiphum padi L. aphids caught in the YPTs; Ap—the sum of the
Acyrthosiphon pisum Harris aphids caught in the YPTs.

3. Results
3.1. Variation in Virus Incidence among Years

In the years 1996-2010, important and significant variations in the number of plants
with disease symptoms were observed. Generally, the first symptoms of PVY infection
were observed 8 weeks (late June and July) after planting in the field, showing as vein
clearing and then passing to vein necrosis. Vein necrosis was accompanied by chlorotic and
necrotic spots on the leaf lamina, often leading to drying out of the leaves, and sometimes
even stems. The increase in the number of infections was observed until the third week
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of August. The final observations were carried out in the last week of August and are
considered for this study. The mean virus incidence (percentage of plants with symptoms
caused by PVY) per year ranged from 18% and 23% in 2010 and 2003 to almost 99% in 1996,
2004, and 2009, respectively (Figure 1).
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Figure 1. PVY infection of susceptible varieties of tobacco plants and abundance of aphid vectors.
Values marked with different letters (a—i) for virus-infected plants are significantly different (Tukey’s
HSD, « = 0.05).

3.2. Effect of Weather Conditions and Aphid Population on Virus Infections Caused by PVY

The potential impact of meteorological factors in all months of the year was investi-
gated. The results from the tobacco plant infection were used in determining the relation-
ship with the meteorological conditions and aphid population. For this purpose, logistic
regression analysis was used. A total of thirty-six logistic regression models were tested.
The overall model evaluation was based on the Hosmer-Lemeshow goodness-of-fit test.
The results of the H-L test (p > 0.05) suggested that only one model (the first 10 days of
July) fitted well to the data (Table 1).

Table 1. Test of significance of Hosmer-Lemeshow goodness-of-fit statistics.

X df P
Goodness-of-fit test 3.325 9 0.853

The Wald statistic and odds ratio with 95% confidence interval (CI) were used to assess
the statistical significance of individual regression coefficients in the model (Table 2).

The probability of PVY infection is significantly dependent on the average air temper-
ature, relative humidity, the number of days with an average temperature of at least 25 °C,
and the abundance of Aphis fabae and Brachycaudus helichrysi (Table 2). The probability
of infection of tobacco plants with potato virus Y decreases with increasing average air
temperature and relative humidity (Figures 2 and 3). With each subsequent day with a
temperature of at least 25 °C, the risk of infection decreased by 24%. Based on the statistical
analyses (Table 2), a significant impact of two aphid species Aphis fabae and Brachycaudus
helichrysi on the infection of tobacco plants was found. Unexpectedly, M. persicae was not
significantly associated with virus incidence. The year-to-year variation in aphid abun-
dance was large. Cumulative counts ranged from 0 (2007) to 822 (1998) for A. fabae, and
from 1 (2003) to 333 (2008) for B. helichrysi (Figure 1). As the population of these aphids
increased, the virus infection of plants also increased.
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Table 2. Statistical tests of individual predictors.

95% CI for OR

Predictor B Wald Statistic df P OR
Lower Upper
intercept 1850.27 23.08 1 <0.001
mean temperature (t) —6.20 12.82 1 <0.001 0.002 0.000 0.004
precipitation (p) —60.90 2.20 1 0.138 0.000 0.000 315.661
relative humidity (h) —0.63 29.15 1 <0.001 0.535 0.426 1.000
max. temperature (max.t) 1.38 0.50 1 0.480 3.956 0.087 179
number of days t > 20 (tg) —2.13 0.08 1 0.774 0.119 0.000 242.013
number of days t > 25 (tp5) —1.42 12.67 1 <0.001 0.241 0.110 1.000
interaction temp. x prec. (tp) 0.21 2.24 1 0.134 1.233 0.937 2.000
Myzus persicae (Mp) —0.02 0.96 1 0.327 0.976 0.931 1.000
Aphis nasturtii An —0.06 0.09 1 0.763 0.943 0.644 1.000
Aphis frangulae Afr 0.03 0.22 1 0.984 1.030 0.055 19.000
Aphis fabae Af 0.20 7.69 1 <0.001 1.224 1.220 1.228
Brachycaudus helichrysi Bh 0.57 6.54 1 <0.001 1.773 1.708 1.841
Hyperomyzus lactucae Hl —0.18 1.32 1 0.148 0.832 0.629 1.101
Cryptomyzus galeopsidis Cg —0.01 0.39 1 0.516 0.799 0.745 1.313
Cavariella aegopodii Ca 0.03 2.84 1 0.251 0.192 0.187 0.196
Brevicoryne brassicae Bb —0.23 0.76 1 0.087 0.794 0.580 1.087
Cavariella theobaldi Ct 0.01 291 1 0.362 1.011 0.737 1.388
Rhopalosiphum padi Rp —0.12 3.56 1 0.060 0.886 0.781 1.005
Acyrthosiphon pisum Ap —0.01 1.74 1 0.862 0.989 0.879 1.114
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Figure 2. PVY infection of susceptible varieties of tobacco plants, mean value of air temperature, and
number of days with temperature greater than or equal to 25 °C (meteorological conditions from first
10 days of July). Values marked with different letters (a—i) for virus-infected plants are significantly
different (Tukey’s HSD, « = 0.05).

To evaluate the predictive accuracy of the logistic regression model, the classification
table method and discrimination with ROC curves were used. The overall correct prediction
was 81.68%. It shows an improvement over the chance level, which is 50% (Table 3). The
diagnostic sensitivity of the model, that is, the percentage of correctly classified occurrences
of plant infection, was 84.95%, while the diagnostic specificity, that is, the percentage
of correctly classified lack of plant infection with the virus, was 73.72%. The evaluated
logistic regression model classified 26.28% of false positive events and 15.05% of false
negative events.
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Figure 3. PVY infection of susceptible varieties of tobacco plants, precipitation, and relative humidity
(meteorological conditions from first 10 days of July). Values marked with different letters (a—i) for
virus-infected plants are significantly different (Tukey’s HSD, & = 0.05).

Table 3. A classification table of predictive accuracy of the logistic regression model.

ob d Predicted % C

serve Yes No o Correct
Yes 852 151 84.95
No 108 303 73.72

Overall % correct 81.68

Diagnostic sensitivity = 852/(852 + 151) = 84.95%; diagnostic specificity = 303/(108 + 303) = 73.72%; false
positive = 108/(108 + 303) = 26.28%; false negative = 151/(852 + 151) = 15.05%.

As a result of the statistical analyses, a ROC curve was plotted (Figure 4). The AUC
value was 0.8739, which indicates a good model fit [95].

AUC: 0.8739

1.0

08 r

o
N

Diagnostic Sensitivity
o
=

02

0.0 r

0.0 0.2 0.4 0.6 0.8 1.0
1 - Diagnostic specificity

Figure 4. The ROC curve of fit of the model.
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The final prediction equation used was (3):

1
Y= 1+ exp(—(1850.27 — 6.2t — 0.63h — 1.42tp5 + 0.2Af + 0.57Bh))

)

4. Discussion

The main aim of this study was to identify the most important weather conditions and
aphid species influencing PVY tobacco plant infections in Poland. The performed statistical
analysis has shown that the PVY infection of tobacco plants was dependent on weather
conditions. According to Koppen's classification, the area of Poland is located in a humid
continental climate zone (Dfb) [96,97]. The average summer daily air temperatures in the
analysed period (1996-2010) were 19.3 °C and 18.4 °C in July and August, respectively, but
there were days with the maximum temperature even reaching 35.0 °C, such as in July and
August 2010. The average winter temperature was —2.1 °C and —2.0 °C in January and
February, respectively, but there were days when the minimum temperature dropped to
—29.5 °C, such as in January 2006.

Temperature is an environmental parameter that differentially affects the interaction
of hosts with RNA viruses [50]. The weather conditions prevailing at the beginning of July
in Putawy had a significant impact on the infection of tobacco plants with the virus. Both
high average air temperature (p < 0.001), relative humidity (p < 0.001) and the number of
days with a persistent high average temperature above 25 °C (p < 0.001) resulted in lower
frequency of PVY symptoms on susceptible tobacco plants (Table 2). The reduction in the
ability of aphids to acquire PVY, the establishment of infection, and the accumulation of
the virus in plant tissues are the primary causes [53]. It has been proposed that elevated
temperatures may enhance the efficacy of gene-silencing-based antiviral defences. However,
in the case of infection of Nicotiana benthamiana by a PVY isolate, it was observed that, at
relatively elevated temperatures (30 °C), the antiviral silencing defence could be suppressed
by the virus [53,98,99]. In the study conducted by Choi et al., systemic PVY infection was
only observed at temperatures between 16 °C and 32 °C. An increase in temperature led
to a reduction in the time required to induce the systemic infection of plants. At 35 °C,
the complete inhibition of infection was observed [100]. Due to observed climate change,
temperature is one of the environmental variables expected to influence the severity or
prevalence of viral diseases [101-103]. For example, the incidence of viruses in the summer
months was associated with the average temperature in winter. Higher winter temperatures
increased the persistence of weeds, which are reservoirs for viruses and shelter for insects.
This resulted in the earlier establishment of larger aphid populations, leading to a higher
virus incidence [103-105]. The impact of weather conditions in January and February, the
coldest months in Poland, was also examined. It was shown that the average temperature
in this period was statistically significant, but it was not included in the final model due to
the insufficient goodness-of-fit of the model (Hosmer-Lemeshow test, p < 0.05).

Although meteorological conditions exert a considerable influence on PVY infection in
tobacco, our results suggest that only a portion of the observed variability in PVY infection
may be attributable to them. This is indicated by the results obtained, which show that
seven variables (meteorological factors) were initially entered into the regression analysis,
but only three of them were statistically significant. It is also important to consider other
factors that may influence the outcome, such as the initial source of the virus inoculum,
the efficiency of PVY transmission, the variable composition of virus strains, and the phe-
nomenon of mature plant resistance. A very important factor affecting the spread of PVY
to healthy plants is the initial source of inoculum in the field [106]. The source of inoculum
in the field may originate from PVY-infected potato seed tubers or weeds that subsequently
provide virus-infected foliage to the aphids [45,77]. In the field, a mixture of different
strains of PVY occurs. The optimal temperature for virus development varies depending
on the dominant strain, which affects the infection severity. The efficiency of PVY trans-
mission is determined by the specific strain of the virus. Previous research has indicated



Agronomy 2024, 14, 1725

10 of 15

that PVYN is more effectively transmitted than PVYO [107], and that PVYNW js more
efficient at transmitting the infection to progeny potato tubers than PVYNTN [108]. Our
additional research, conducted on tobacco, indicates a gradual increase in the proportion of
the PVYNTN strain in Poland. This strain has been observed to exhibit a greater ability to
overcome the resistance of many cultivars [109]. A similar situation has been observed in
Western Europe [110,111]. Furthermore, in the field, mixed infections involving various
strains of PVY are frequently observed. Additionally, the maturity of the infected plant
may influence the severity of the PVY infection. This specific phenomenon is referred to as
mature plant resistance and is characterised by the restriction of the cell-to-cell movement
of virus particles [112,113]. In the scenario of delayed aphid activity, the probability of
plant inoculation is decreased due to the development of mature plant resistance [67]. Nev-
ertheless, alterations in temperature have been observed to impact cell-to-cell movement,
systemic movement, and replication, which subsequently affects the dissemination of the
virus within the host [58,101,114].

A comprehensive understanding of the principal viral vectors is essential for the
development of a predictive system for viral infections in tobacco production. The strong
correlation between the annual incidence of the virus over 15 years and the abundance of
Aphis fabae and Brachycaudus helichrysi suggests that these species may be the most important
vectors of PVY on tobacco in Poland (Table 2). The abundance of Myzus persicae, typically
regarded as the most efficient vector of PVY [67,115], was not found to be associated with
the incidence of the virus. The highest numbers of M. persicae during the study period
were caught in 2003 and 2007—622 and 738 individuals, respectively—although the virus
prevalence was below average in both years (Figure 1). In these years, the emergence of
Myzus persicae was observed later—more than a month after tobacco was planted in the
field. This suggests that M. persicae was not the main PVY vector in our study. A similar
phenomenon has also been observed in other countries [71,116-119]. In Poland, tobacco
seedlings are planted in the field in the second half of May. The years 1998, 2002, 2004, 2008,
and 2009 were characterised by the highest numbers of two species of aphids: Aphis fabae
and Brachycaudus helichrysi. The high number of aphids of these two species coincided with
the high infection of tobacco plants by PVY. In these years, only in 2008 was the population
of B. helichrysi larger than that A. fabae.

The aphid species M. persicae had no significant effect on the PVY infection of tobacco
plants. A similarly insignificant effect of M. persicae on the infection of potato plants by
PVY was observed in the studies of Steinger [65]. They noted that B. helichrysi is a species
that regularly alights on potato crops, despite its inability to colonise potato plants, and
therefore concluded that non-colonisers can be efficient vectors of PVY because they engage
in repeated cycles of alighting and probing during host plant selection [65,67,120,121]. The
presence of A. fabae and B. helichrysi is already noticeable at the time of tobacco planting,
while the appearance of M. persicae in greater numbers occurs a few weeks later. It seems
reasonable to posit that the initial period after planting tobacco in the field may be crucial
for the emergence of virus outbreaks [64,122,123].

This study has demonstrated that meteorological data and count data of winged
aphids can be used to predict the risk of PVY infection in tobacco plantations.

5. Conclusions

A 15-year field study was conducted in south-eastern Poland to investigate the effects
of weather conditions and aphid populations on PVY infection in tobacco plants. A total
of three meteorological factors were identified as having a statistically significant impact
on the prevalence of PVY in tobacco plants. The mean air temperature, relative humidity,
and the number of days with a sustained temperature above 25 °C were found to have a
significant effect. It was determined that temperatures higher than 25 °C and high relative
humidity limit virus infection. Among the 12 aphid species, Aphis fabae and Brachycaudus
helichrysi were identified as having a significantly positive effect on PVY infections.
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