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Introduction: Canola (Brassica napus L.) is one of the most important crops

worldwide. Turnip yellows virus (TuYV), transmitted by aphids, is one of the most

damaging viruses affecting canola crops and is challenging to control. With the

prediction of more intense and prolonged drought events due to future climate

change, an additional factor may extensively impact the epidemiology of plant

diseases. This study aimed to understand the impact of drought on canola plants

infected with TuYV and to explore the relationship between virus infection

and drought.

Methods: Two glasshouse experiments were conducted: 1. Competition: Four

plants (two infected, two non-infected) were grown in the same pot. 2. No

Competition: One plant was grown per pot. In both experiments, infected and

non-infected canola plants were exposed to well-watered conditions, water

stress (simulated drought), and terminal drought. Various plant traits were

recorded, including biomass, leaf area, height, number of leaves, chlorophyll

content, water use efficiency, and virus symptom expression.

Results: Both virus infection and water stress reduced dry biomass, leaf area, and

height. Virus infection alone reduced canola biomass by up to 49% compared to

non-infected, well-watered controls. Under water stress or terminal drought, the

biomass of TuYV-infected plants was further reduced by up to 71% and 65%,

respectively. Virus infection also reduced the number of leaves, although water

treatment alone did not. Chlorophyll content was higher in water-stressed and

terminal drought plants compared to well-watered ones, while virus infection

reduced chlorophyll content. The impact of drought and virus infection was

more pronounced when plants were under competition.
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Discussion: Given the expected increase in prolonged and frequent droughts in

many canola-growing regions due to climate change, a significant detrimental

effect on canola production due to the combined influence of drought and TuYV

is anticipated. This study underscores the need for developing mitigation

strategies to protect canola production in a changing climate.
KEYWORDS

plant virus epidemiology, water stress, competition effect, plant virus interaction,
phenology, potyvirus, aphid borne virus disease
1 Introduction

The Earth’s environment currently faces a critical challenge due

to persistent greenhouse gas emissions, amplifying several climatic

threats. Since the industrial revolution, carbon dioxide (CO2)

concentrations have surged to alarming levels, surpassing 400

mmol/mol, with projections anticipating a potential escalation

beyond than double by the end of this century. This surge in

greenhouse gas emissions triggers a cascade of events, not only

impacting heat retention, but also increasing the frequency and

intensity of extreme weather events, such as heatwaves, floods, and

droughts. These factors exert a profound impact not only on the

global climate but also on all living organisms (IPCC, 2023).

In this intricate framework, understanding the potential

challenges that climate change might induce, along with the

damage caused by plant diseases, becomes of paramount

importance, as climate change directly impacts host plants,

pathogens, insect vectors and the interactions between them

(Trębicki, 2020). This urgency is driven by the need to ensure

food security as the global population rises, while the capacity for

increasing food production is projected to decline, undermining the

human capacity for achieving global food security (Jones and

Barbetti, 2012). Despite the efforts to implement control

strategies, up to 40% of global crop yields are annually lost due to

pests and plant diseases, costing around $220 billion to the global

economy (FAO, 2021).

Several studies have explored how key climate change factors

such as elevated temperatures, increased CO2 levels, and altered

water availability, will impact plant pathogens across landscapes

and crops (e.g. Chakraborty and Newton, 2011; Daugherty et al.,

2017; DeLucia et al., 2012). Whether acting simultaneously or

sequentially, plants may encounter multiple stresses from both

combined abiotic factors (e.g. high temperatures, drought,

elevated CO2) and biotic agents (pathogenic infections),

noticeably, many epidemics represent scenarios where multiple

stresses occur.

Among abiotic stressors predicted to intensify under climate

change, droughts have emerged as a major threat to agriculture (Ebi

et al., 2020; IPCC, 2023). Drought is characterized by a deficiency in

precipitation and an imbalance between water supply and demand
02
resulting in a deficiency in water availability for plants (Farooqi and

Srinivasappa, 2012; Schulze et al., 2019). Drought is a major cause of

yield losses, posing a great threat to food production worldwide (El-

Badri et al., 2021). The plant stress hypothesis predicts that abiotic

stresses by impacting plant physiology may reduce plant defence

response towards pests and diseases (Joern and Mole, 2005).

Drought reduces plant growth and affects plant physiology which

can make plants more susceptible to pathogens, including viruses

(Chaves et al., 2009). However, while some studies show that viruses

have a detrimental impact on water stressed plants, others suggest

that virus infection primes plants to cope better with drought. These

contrasting results illustrate the complexity of the relationships

between virus infected plants and drought stress. For example,

Manacorda et al. (2021) observed that despite turnip mosaic virus

(TuMV) induced stomatal closure on Arabidopsis thaliana,

reducing water losses in infected plants, plant mortality was

higher in TuMV-infected plants when subjected to drought stress.

Similarly, Price et al. (2010) explored the impact of wheat streak

mosaic virus (WSMV) on susceptible and resistant cultivars of

Triticum aestivum subjected to three water regimes (30, 60 and 80%

of soil saturation capacity). Root biomass and water use efficiency of

inoculated susceptible plants was significantly lower than the

noninoculated control plants in all water treatments. On the

contrary, in the resistant cultivar, significance was only found in

the 30 and 60% water regimes for root weight and water use

efficiency, respectively. Furthermore, significant reductions in

forage, grain yield, and crop water use efficiency were observed in

the inoculated susceptible plots compared with the non-inoculated

plots. In this context, it is worth mentioning that aphid performance

was negatively affected under any level of plant water stress, but the

correlated changes in plant quality are reliant on the intensity of

water stress. Under mild levels of water stress, poor aphid

performance was correlated with increased plant defences, but no

change in plant nutritional quality (Kansman et al., 2022). Under

high levels of water stress, poor aphid performance was correlated

with lower amino acid concentrations, high sugar concentrations,

and increased plant defences (Kansman et al., 2022).

On the contrary, other studies show neutral or even positive

effects of viruses under drought stress. For example, Bergès et al.

(2020) show that cauliflower mosaic virus (CaMV) was neutral or
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enhanced the survival rate of droughted Arabidopsis thaliana

seedlings in comparison to well-watered controls. Furthermore,

González et al. (2021) reported that TuYV-infected A. thaliana

plants evolved under drought conditions were able to survive at a

much higher rate than noninfected plants, suggesting that virus

infection made plants more tolerant to drought. Similarly, Aguilar

et al. (2017) observed that Nicotaniana benthamiana and A.

thaliana improved drought tolerance when they were infected

with plum pox virus (PPV) and potato virus X (PVX) on both,

single and mixed infected plants.

Among oilseeds, canola (Brassica rapus L.) is a major crop

cultivated worldwide (Friedt et al., 2018). Canola is highly

susceptible to drought which reduces its growth, resulting in

lower crop yields (Ahmar et al., 2019; Khanzada et al., 2020).

Turnip yellows virus (TuYV) is an aphid-borne, circulative, non-

propagative, and phloem-restricted virus that severely affects

canola crops (Juergens et al., 2010), resulting on leaf yellowing

and reduced growth (Coutts et al., 2010; Jones et al., 2007;

Schwinghamer et al., 2009; Stevens et al., 2008). Considering

the individual impacts of drought stress and TuYV infection on

canola crops, and the complexity of the relationships between

viruses and abiotic stresses, the combination of drought and

TuYV in a climate change context may challenge canola

crop production.

Therefore, the aim of the present work was to explore the effect

of drought on canola plants previously infected with TuYV by

measuring several traits of canola plants on isolated potted plants

and plants growing together in the same pot.
2 Materials and methods

In this study, we investigated the impact of drought on canola

plants infected with turnip yellows virus (TuYV). Two experiments

were conducted to assess the effects of different irrigation regimes

and virus infection on various growth factors of canola plants: A

competition experiment and a no competition experiment. Both

experiments were carried out under controlled conditions in a

glasshouse with a temperature of 20°C and natural daylight. The
Frontiers in Agronomy 03
experiments were conducted from 14th of December 2022 to 2nd

February of 2023 in Horsham, VIC, Australia.
2.1 Experimental design for the
competition and no
competition experiments

2.1.1 Competition experiment
For this experiment, four canola plants were grown together in

each pot (42 × 16 cm), with two plants inoculated with TuYV and

two non-inoculated plants (Figure 1A). Each pot was divided into

four sectors, and three canola seeds were sown in each sector. After

germination, one seedling per sector was maintained, and the extra

seedlings were removed (four plants per pot). A total of 40 pots were

used in this experiment, 15 pots were maintained under well-

watered conditions (100% capacity), 15 pots were subjected to

water stress (60% capacity), and 10 pots to terminal drought

(watering stopped after maintaining the plants at 100%

capacity) (Figure 1A).

2.1.2 No competition experiment
For this experiment, one canola plant was grown in each pot

(15x15cm) (Figure 1B). Two seeds were sown per pot, and after

germination, one seedling was maintained per pot and the other one

was removed. A total of 90 pots were used in this experiment, with

36 pots maintained under well-watered conditions, 36 pots under

water stress, and 18 pots subjected to terminal drought. Half of the

plants in each water treatment were inoculated with TuYV, while

the other half remained non-inoculated (Figure 1B).
2.2 Soil and plants

The substrate used consisted of an oil cereal potting mix,

comprising various components, including osmoform (2 kg ICL

group, Telaviv, Israel), osmocote (2 kg 8–9 ICL group, Telaviv,

Israel), Macrocote Coloniser Plus (1 kg 3–4 Langley fertilizers,

Western Australia), trace elements Micromax premium (225 g ICL
FIGURE 1

Experimental design (A) competition conditions and (B) no competition conditions.
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group, Telaviv, Israel), iron Lib Fer SP (225 g BASF Ltd), soil

saturator (2 kg Yates, DuluxGroup, Australia), lime, (10 kg Sibelco,

Australia) and soil (1 m3). Canola seeds (Bonito Cultivar) were

directly sawn into the potting mix. Bonito cultivar was selected since

it is widely used in Australia and is susceptible to TuYV (Congdon

et al., 2020). Pots were watered daily to maintain a humidity level of

75–80% until the initiation of the water treatments.
2.3 TuYV inoculation

Canola plants were inoculated with TuYV at the one-true-leaf

stage (13 days after sowing) (Figure 2). The treatments included

TuYV-inoculated plants and non-inoculated control plants. For the

non-inoculated treatment, plants were covered with cups. In the

inoculation treatment, five viruliferous aphids (Myzus persicae

Sulzer) were placed on each plant. The plants were immediately

covered with cups (as in non-inoculated treatment) to contain the

aphids and prevent contamination of nearby plants. In the

competition experiment, aphids were kept on the plants for an

inoculation access period (IAP) of 72h. After removing the cups

some seedlings died. Therefore, for the no competition experiment

aphids were kept on the plants for an IAP of 48h. In both

experiments, after the IAP the cups were removed, and all the

plants were sprayed with pyrethrum (0.65 liters/ha Multicorp SL)

and confidor (Dose: 200 g/L; Bayer ®) to eliminate the aphids. At

harvest (Figure 2), three steams of each plant were randomly

collected and tested for TuYV infection using tissue blot

immunoassay (TBIA) as described by (Freeman et al., 2013).
2.4 Irrigation regime treatments

Three irrigation treatments were employed: 1) well-watered

(control), maintaining plants at 100% field capacity since day 27;

2) water stress, maintaining plants at 60% field capacity since day 27;

and 3) terminal drought, maintaining plants at 100% field capacity

until day 42 (latest irrigation date) of the assay, after which watering

was ceased (Figure 2). To determine the field capacity, paper bags

filled with 500 g of potting mix were dried in an oven at 60°C until
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weight stabilization (72 h). The dry soil weight was recorded as the

0% mark. Water was added until saturation when liquid percolated

and the wet saturated soil was weighed. By using dry and saturated

weight, the final weights required to achieve 100% and 60% field

capacity in each pot were calculated. The irrigation treatments

commenced on day 27 of the assay, and the frequency of irrigation

was adjusted to prevent plants from losing more than 20% of the

required water for the specific irrigation regime (e.g., control plants

always had water available above 80% of field capacity, and water-

stressed plants had water above 40%).
2.5 Variables measured

Two types of measurements were recorded, continuous

measurements and destructive measurements. The continuous

measurements were recorded in all the plants twice a week from

day 26 (one day before starting the irrigation treatments, see

Figure 2) until the harvest (continuous measurements

were evaluated a total of seven days), except for transpiration,

which was recorded 3–4 times a week (transpiration was evaluated a

total of 20 days). The following continuous measurements

were recorded:
‐ Plant height: The height of each plant was measured from the

ground to the top part of the uppermost leaf.

‐ Number of leaves: The number of true leaves was counted.

‐ Chlorophyll: Leaf chlorophyll content was measured using a

SPAD-502 device. The SPAD index was measured in three

fully expanded leaves from day 26 until day 41. Subsequently,

chlorophyll measurements were taken on three newly

expanded leaves and three old expanded leaves until harvest.

‐ Flowering: The number of flowers and inflorescences

were recorded.

‐ Evaluation of TuYV symptoms: Plants were inspected

visually for TuYV symptoms: i.e yellow or purple colors at

the ends or edges of older leaves; yellowing in the middle of

the leaf; petioles and leaf veins green or pale. Symptoms of

TuYV infection were quantified using a visual scale ranging
FIGURE 2

Timeline of experimental procedures.
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Fron
from 0 to 100 as a percentage of infected leaves and a

percentage of infection per leaf.

‐ Transpiration: Pots were weighed each time plants were

watered, and transpiration was calculated as the weight

difference between two successive dates.
The destructive measurements were taken twice over the

duration of the experiments. In the competition experiment, four

pots of water stress and control treatments were selected for the first

destructive sampling on day 42, resulting in eight non-inoculated

and eight TuYV-inoculated plants per treatment. In the no

competition experiment, ten plants of water stress and control

treatments, half TuYV-inoculated and half non-inoculated, were

selected for the first destructive sampling on day 43, resulting in five

plants per treatment. In both assays, the remaining plants were

subjected to destructive measurements at the end of the assay

(Figure 2). The following destructive measurements were recorded:
‐ Leaf area: Leaves were removed from the plants and placed on

a whiteboard containing a scale. Photos of excised leaves were

taken using a camera mounted on a tripod at a fixed distance

to the whiteboard. The leaf area was calculated from the

photos using Fiji-Image J software (version: 1.54b 08).

‐ Dry biomass: The above-ground parts of the plants were cut

and placed inside paper bags. The plants were dried in an

oven at 60 °C until their weight stabilized (72 h).

Subsequently, the dry plants were weighed.
2.6 Data analyses

We used SPSS 21.0 software (IBM Statistics SPSS Inc) to fit

statistical models for the experimental sources of variation, virus

treatment, water regime and their interaction for all plant traits:

total dry biomass (g), and total leaf area (cm2), for plants harvested

at the first and second destructive samplings; number of

inflorescences, and flowers at the end of the assay; and plant

height (cm), number of leaves, and chlorophyll (SPAD) measured

during the experiment seven times. In the competition experiment

Linear Mixed Models (LMMs) and Generalized Mixed Models

(GLMMs) were fitted for all plant traits including infection and

water treatment as fixed factor and pot as a random factor. We

calculated the percentage change of dry biomass and leaf area per

treatment using control (well water noninfected) as reference. For

continuous measurements sampling date was included as fixed

factors, also LMMs were fitted for each evaluation date. For the

no competition experiments Linear Models (LMs) were fitted for all

plant traits including infection and water treatment as fixed factors.

For continuous measurements, sampling date was included as fixed

factor and also LMs were fitted for each evaluation date. In both

experiments, pairwise comparisons between treatments were

assessed using t-tests and Kruskal Wallis pairwise comparisons.

We analyzed statistically the relationship between virus and water

treatment by considering the p-value for water-virus interactions by

ANOVA (Sadras, 1997; Sadras et al., 2023). In addition, we
tiers in Agronomy 05
calculated the actual-to-additive ratio (ATAR) by propagating the

errors and calculated the 95% confidence interval for the ATAR for

some relevant plant traits (dry biomass, leaf area, number of

inflorescences and number of flowers) (Grace, 1995; Sadras,

1997). The actual-to-additive ratio, indicates the type of

relationship between the two interacting factors (water stress and

virus infection as follows: Ratio >1, synergistic; Ratio = 1, additive;

Ratio <1, antagonistic (Sadras et al., 2023).
3 Results

3.1 Effect of water treatments on canola
plants infected with TuYV under
competition conditions

Out of the initial 160 seedlings, 13 plants (nine TuYV-

inoculated and four non-inoculated) did not survive before the

initiation of water treatments. Additionally, four pots contained two

or more dead plants, leading to their exclusion from the analysis.

Furthermore, based on TBIA virus testing, six non-inoculated

plants tested positive for TuYV, while 13 TuYV-inoculated plants

showed negative results. Consequently, these plants were excluded

from further analyses. A total of 124 plants were considered for

statistical analyses (well water (−)=22; well water (+)=24; water

stress (−)= 28; water stress (+)= 20; terminal drought (−)= 16;

terminal drought (+)= 18).

Under competition conditions, both water treatments and virus

infection exhibited significant effects on several analysed factors.

Overall, the growth of canola plants was substantially impaired

when subjected to combined drought stress and viral infection. It is

important to highlight that plants under terminal drought were

watered until 100% of the field capacity, as well as the well-watered

plants, until day 42 of the experiment, when plants were

stop watered.

3.1.1 Impact of water treatments and virus
infection on dry biomass and leaf area
3.1.1.1 Plants harvested during the first destructive
sampling (day 42)

We calculated the reduction of dry biomass and leaf area

(expressed as the percentage change) induced by water treatment

and viral infection using control (well water noninfected) as

reference: there was no substantial change in infected well water

plants (−4.91%), but reduction in plant biomass in noninfected

plants under water stress 17.33% and for infected plants under

water stress 61.52% was recorded (Supplementary Figure 1). The

percentage change of leaf area in infected well water plants was not

recorded (0.29%), but reduced across noninfected plants under

water stress 36.42% and in infected plants under water stress 66.92%

(Supplementary Figure 1). When plants were under water stress,

dry biomass and the leaf area were significantly lower on infected

plants compared to noninfected plants (Figures 3A, B). In contrast,

no significant differences were found between infected plants

compared to noninfected plants under well-water conditions

(Figures 3A, B). Furthermore, on infected plants, the dry biomass
frontiersin.org
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and the leaf area were significantly lower on plants under water

stress compared to well-watered ones (Figures 3A, B). At the same

time no differences were observed in noninfected plants between

water-stressed and well-watered plants (Figures 3A, B). In addition,

the effect of the water regime and virus inoculation was additive, i.e.

p-value ≥ 0.05 for the interaction and ATAR values showing

additivity (Supplementary Table 1). All the models are reported

in Supplementary Table 1. No plants from terminal drought

treatment were collected at this point of the experiment.

3.1.1.2 Plants harvested during the second destructive
sampling (day 50)

There was a substantial reduction in plant biomass, expressed as

the percentage change. For infected plants in well-watered

conditions, the reduction was 48.96% (Supplementary Figure 1).

Noninfected plants under water stress experienced a reduction of

33.62%. Infected plants under water stress showed a reduction of

71.40%, while noninfected plants under terminal drought

experienced a reduction of 25.97% (Supplementary Figure 1). For

infected plants under terminal drought, the reduction was 65.12%

(Supplementary Figure 1). The leaf area was reduced in infected

well water plants by 40.65%, in noninfected plants under water

stress by 32.48%, in infected plants under water stress by 66.10%,

in noninfected plants under terminal drought by 63.19%
Frontiers in Agronomy 06
and for infected plants under terminal drought by 82.26%

(Supplementary Figure 1). The dry biomass was significantly

lower on infected plants compared to noninfected ones in the

three water treatments and the same result was obtained for leaf

(Figures 3C, D). Furthermore, on infected plants, the dry biomass

was significantly lower on plants under water stress compared to

well-watered plants while no significant differences were found on

infected plants subjected to terminal drought compared to water

stress or well-watered plants (Figure 3C). Similarly, on noninfected

plants, the dry biomass was significantly lower on plants under

water stress compared to well-watered plants while no significant

differences were found on infected plants subjected to terminal

drought compared to water stress or well-watered plants

(Figure 3C). Also, the leaf area on infected plants was

significantly lower on plants under water stress and terminal

drought compared to well-watered plants, and leaf area was

significantly lower on plants under terminal drought compared to

well-watered plants (Figure 3D). Similarly, leaf area on noninfected

plants was significantly lower on plants under water stress and

terminal drought compared to well-watered plants, and leaf area

was significantly lower on plants under terminal drought compared

to water stressed plants (Figure 3D). In addition, the effect of the

water regime and virus inoculation was additive, i.e. p-value ≥ 0.05

for the interaction and ATAR values showing additivity
FIGURE 3

Competition experiment, impact of irrigation treatment and TuYV infection on dry biomass and leaf area. The capital letters refer to significant
differences of non-infected plants between irrigation treatments and the lowercase letters refer to significant differences of TuYV infected plants
between irrigation treatments. * indicates significant differences between TuYV-infected and non-infected plants within each irrigation treatment,
with a p-value < 0.05, ** significant differences with a p-value < 0.01 and *** with a p-value < 0.001. Mean standard error bars are also shown.
(A) Mean dry biomass from plants harvested on the first destructive sampling. (B) Mean leaf area (cm2) from plants harvested on the first destructive
sampling. (C) Mean dry biomass from plants harvested on the second destructive sampling. (D) Mean leaf area (cm2) from plants harvested on the
second destructive sampling.
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(Supplementary Table 1). All the models are reported in

Supplementary Table 1.

3.1.2 Impact of water treatments and virus
infection on plant height, number of leaves and
chlorophyll content

Plant height, number of leaves and SPAD (as a measure for

chlorophyll content) changed during the experiment depending on

the evaluation day and the treatment. In addition, the effect of water

regime and virus inoculation was additive in the three plant traits in

all evaluation dates, i.e. p-value ≥ 0.05 for the interaction

(Supplementary Table 1). All the models are reported in

Supplementary Table 1.

3.1.2.1 Plant height

For well-watered plants, plant height was significantly lower for

infected plants compared to noninfected plants on days 41 and 45,

while no significant differences were found on the rest of the

evaluation days (Figure 4A). In contrast, under water stress, plant

height was significantly lower for infected plants compared to

noninfected plants on all the evaluation dates (Figure 4B). Under
Frontiers in Agronomy 07
terminal drought, no significant differences between infected plants

compared to noninfected were recorded during all sampling dates

(Figure 4C). For noninfected plants plant height was significantly

lower for plants under water stress compared to well water on days 38

and 41, it was also lower for plants under water stress compared to

terminal drought from day 32 until day 45, and on day 48, after plants

under terminal drought were stop watered no significant differences

were found between water stress and terminal drought plants

(Figures 4A–C). No significant differences were found between

well-watered and terminal drought plants at any sampling dates,

regardless the virus infection (Figures 4A, C). In contrast, for infected

plants, the plant height was significantly lower for water stressed

plants compared to well-watered ones from day 35 until the last

evaluation date and was lower for plants under water stress compared

to terminal drought plants from day 35 until day 45 (after watering of

terminal drought plants stopped) (Figures 4A–C).

3.1.2.2 Number of leaves

Number of leaves was significantly lower for infected plants

compared to noninfected plants in the three water treatments

(Figures 4D–F), from day 45 until 48 for well-watered (Figure 4D)
FIGURE 4

Competition experiment. Plant height (cm) (A–C), number of leaves (D–F) and SPAD (G–I) under well-watered, water stress, and terminal drought
conditions. Mean values of different canola growth factors by different treatments on days 25 (10-01-2023), 32 (17-01-2023), 35 (20-01-2023), 38
(23-01-2023), 41 (26-01-2023), 45 (30-01-2023), and 48 (02-02-2023). Mean standard error bars are also shown.
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plants and from day 38 until day 48 for water stressed (Figure 4E) and

terminal drought plants (Figure 4F). For noninfected plants, number of

leaves was significantly lower for plants under water stress compared to

terminal drought on days 32, 35 and 39 (Figures 4E, F), while no

significant differences were found between well-watered and water

stressed (Figures 4D, E) plants or between well-watered and terminal

drought plants on any sampling date (Figures 4D, F). For infected

plants, the number of leaves was significantly lower for water stressed

plants compared to well-watered plants on day 25 (Figures 4D, E), and

it was also lower for water stressed plants compared to plants under

terminal drought on days 35 and 41 (Figures 4E, F).

3.1.2.3 SPAD

No significant differences were found in chlorophyll content

(SPAD) for any of the water treatments between infected and

noninfected plants (Figures 4G–I), except on day 41 during which,

the SPAD value of water stressed plants was significantly lower for

TuYV infected compared to noninfected plants (Figure 4H). In

contrast, water treatment significantly impacted the SPAD value

regardless the virus infection. SPAD was significantly higher for

plants under water stress compared to well-watered plants from day

32 until the end of the assay on both infected and noninfected plants

(Figures 4G, H). Moreover, in both infected and noninfected plants,

there were no significant differences between well-watered plants and

terminal drought plants until stopping watering terminal drought

plants (day 42) (Figures 4G, I). After stopping watering (evaluation

days 45 and 48), SPAD was significantly higher for terminal drought

plants compared to well-watered ones (Figures 4G, I). On the contrary,

in both infected and noninfected plants, SPAD was significantly higher

in water stress treatment compared to terminal drought plants from

day 32 until day 41 (Figures 4H, I), while no significant differences were

found on the SPAD valued between water stress and terminal drought

plants on the sampling dates after stop watering terminal drought

plants (days 45 and 48) (Figures 4H, I).

3.1.3 Impact of water treatments and virus
infection on numbers of inflorescences
and flowers

Inflorescences appeared on day 39 and flowers on day 46 in all

of the treatments. We compared the impact of water treatment and

infection on the total number of inflorescences and flowers counted

at the end of the experiment. No significant differences were found

in any of the pairwise comparisons performed.
3.2 Effect of water treatments on canola
plants infected with TuYV under no
competition conditions

From a total of 90 seedlings one died before starting the water

treatments (TuYV inoculated). In addition, based on TBIA, four

non-inoculated plants were positive and three TuYV-inoculated

plants were noninfected, thus those plants were discarded and a

total of 82 plants were used for analysis (well watered (−)=16; well

watered (+)=17; water stress (−)=18; water stress (+)=16; terminal
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drought (−)=8; Terminal drought (+)= 7. Under no competition

conditions, water treatment and virus infection significantly impacted

some of the analysed factors. Despite the canola growth was reduced

when subjected to drought stress and virus infection combined, the

effect was greater compared to competition conditions.

3.2.1 Impact of water treatments and virus
infection on dry biomass and leaf area
3.2.1.1 Plants harvested during the first destructive
sampling (day 43)

The reduction of dry biomass in infected well water plants was

30.61%, for noninfected plants under water stress 38.93% and for

infected plants under water stress 55.22% (Supplementary Figure 2).

The reduction of leaf area change for infected well water plants was

15.75%, for noninfected plants under water stress 38.03% and for

infected plants under water stress 52.17% (Supplementary Figure 1).

When plants were under well water conditions, dry biomass was

significantly lower in infected plants compared to noninfected

plants, while on water stressed plants no significant differences

were found between TuYV infected and noninfected plants

(Figure 5A). In addition, the dry biomass of noninfected plants

was significantly lower for plants under water stress compared to

well-watered plants while no significant differences in dry biomass

were observed for infected plants between water stress compared to

well-watered plants (Figure 5A). No significant differences were

found in the leaf area between infected and noninfected plants, nor

for well-watered or water stressed plants (Figure 5B). The leaf area

was significantly lower for water stressed plants compared to well-

watered plants on both infected and noninfected plants (Figure 5B).

In addition, the effect of the water regime and virus inoculation was

additive, i.e. p-value ≥ 0.05 for the interaction and ATAR values

showing additivity (Supplementary Table 1). All the models are

reported in Supplementary Table 1. No plants from terminal

drought treatment were collected at this point of the experiment.

3.2.1.2 Plants harvested during the second destructive
sampling (day 50)

The reduction of dry biomass change for infected well water

plants was 26.50%, for noninfected plants under water stress

49.48%, for infected plants under water stress 59.35%, for

noninfected plants under terminal drought 50.90% and for

infected plants under terminal drought 61.41% (Supplementary

Figure 2). The percentage of leaf area change for infected well water

plants was 7.88% for noninfected plants under water stress 43.77%

for infected plants under water stress 45.69% for noninfected plants

under terminal drought 64.12% and for infected plants under

terminal drought 67.21% (Supplementary Figure 2).

The dry biomass was significantly lower in infected compared to

noninfected ones when plants were well watered and water-stressed,

but no significant differences were found on plants under terminal

drought (Figure 5C). Moreover, for both infected and noninfected

plants, dry biomass was significantly lower when plants were under

water stress compared to well-watered plants (Figure 5C). Dry

biomass was also lower for plants under terminal drought

compared with well-watered on both infected and noninfected
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plants, while no significant differences were found between terminal

drought and water stressed plants for infected, nor for noninfected

plants (Figure 5C). Furthermore, no significant differences were

found in the leaf area between infected and noninfected plants on

any water treatments (Figure 5D). However, the leaf area of infected

plants was significantly higher on well-watered plants compared to

water stressed and terminal drought plants, and the leaf area of

infected plants was higher on water stressed plants compared to

terminal drought. Similarly, the leaf area of noninfected plants was

significantly higher on well-watered plants compared to water stress

plants and terminal drought plants, also leaf area of noninfected

plants was significantly higher on water stressed plants compared to

plants under terminal drought (Figure 5D). In addition, the effect of

the water regime and virus inoculation was additive, i.e. p-value ≥

0.05 for the interaction and ATAR values showing additivity

(Supplementary Table 1). All the models are reported in

Supplementary Table 1.

3.2.2 Impact of water treatments and virus
infection on plant height, number of leaves,
chlorophyll content and transpiration

Plant height, number of leaves, SPAD and transpiration,

changed during the experiment depending on the evaluation

day and the treatment. In addition, the effect of water regime
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and virus infection was additive in the three plant traits in all

evaluation dates, i.e. p-value ≥ 0.05 for the interaction

(Supplementary Table 1). All the models are reported in

Supplementary Table 1.

3.2.2.1 Plant height

For well-watered plants, plant height was significantly lower in

infected compared to noninfected plants during most of the

evaluation day (except day 45) (Figure 6A). In contrast, in water

stressed plants, the plant height was significantly lower in infected

plants compared to noninfected plants from day 39 until the last

evaluation date (48) (Figure 6B). In the terminal drought

treatment, plant height was significantly lower in infected

compared to noninfected plants from day 35 until the end of

the experiment (Figure 6C). For infected and noninfected plants,

plant height was significantly lower in plants under water stress

compared to well-watered plants from the beginning until the end

of the experiment (Figures 6A, B), while there was no significant

difference between well-watered and terminal drought plants until

the last evaluation day (day 48), in which the plant height was

significantly lower on plants under terminal drought compared to

well-watered (Figures 6A, C). In contrast, the plant height of

noninfected plants was significantly lower for water stressed

plants compared to terminal drought, while no significant
FIGURE 5

No competition experiment, impact of irrigation treatment and TuYV infection on dry biomass and leaf area. The capital letters refer to significant
differences of non-infected plants between irrigation treatments and the lowercase letters refer to significant differences of TuYV-infected plants
between irrigation treatments. * indicates significant differences between TuYV-infected and non-infected plants within each irrigation treatment, with a
p-value < 0.05 and ** significant differences with a p-value < 0.01. Mean standard error bars are also shown. (A) Mean dry biomass from plants harvested
on the first destructive sampling. (B) Mean leaf area (cm2) from plants harvested on the first destructive sampling. (C) Mean dry biomass from plants
harvested on the second destructive sampling. (D) Mean leaf area (cm2) from plants harvested on the second destructive sampling.
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differences were found between treatments from day number 45

(after stop watering the terminal drought treatment) until the end

of the experiment (day 48) (Figures 6B, C). Similarly, infected

plants’ height was significantly lower for water stressed plants

compared to terminal drought, days 39 and 42, no significant

differences were found between treatments on day number 45

(after stopping watering the terminal drought treatment) and

plant height was significantly lower on terminal drought plants

compared to water stressed ones at the end of the assay (day 48)

(Figures 6B, C).
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3.2.2.2 Number of leaves

The number of leaves of well-watered plants was significantly

lower for infected plants compared to noninfected plants for most

of the dates (no significant differences on days 35 and 48)

(Figure 6D). Similarly, the number of leaves of water stressed

plants was significantly lower in infected plants compared to

noninfected plants during most of the dates (no significant

differences days 25 and 35) (Figure 6E). In contrast for plants

under terminal drought number of leaves was only significantly

lower for infected plants on days 25, 35 and 42 (Figure 6F). For
FIGURE 6

No competition experiment. Plant height (cm) (A–C), number of leaves (D–F) and SPAD (G–I) under well-watered, water stress, and terminal
drought conditions. Mean values of different canola growth factors by different treatments on days 25 (10-01-2023), 32 (17-01-2023), 35 (20-01-
2023), 39 (24-01-2023), 42 (27-01-2023), 45 (30-01-2023), and 48 (02-02-2023). Transpiration (ml) (J–L) under well-watered, water stress, and
terminal drought conditions. Mean values of different canola growth factors by different treatments on days 28 (13-01-2023), 31 (16-01-2023), 32
(17-01-2023), 33 (18-01-2023), 34 (19-01-2023), 35 (20-01-2023), 36 (21-01-2024), 37 (22-01-2023), 38 (23-01-2023), 39 (24-01-2023), 40 (25-01-
2023), 41 (26-01-2023), 42 (27-01-2023), 43 (28-01-2023), 44 (29-01-2023), 45 (30-01-2023), 46 (31-01-2023), 47 (01-02-2023), 48 (02-02-2023),
50 (04-02-2023). Mean standard error bars are also shown.
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noninfected plants there were no significant differences between

water treatments during most of the evaluation days, number of

leaves was only lower for water stressed plants compared to well-

watered on day number 42 and lower on terminal drought plants

compared to well-watered on the last day (48) (Figures 6D–F).

Similarly, for infected plants, the only differences found between

water treatments were the number of leaves was lower for water

stressed plants compared to well-watered ones on days number 39,

42 and 45 (Figures 6D–F).

3.2.2.3 SPAD

The SPAD of well-watered plants (Figure 6G), water stressed

plants (Figure 6H) and terminal drought plants (Figure 6I) was

significantly lower for infected plants compared to noninfected

plants during most of the evaluation dates (for well-watered plants,

no significant differences were found only on days 25 and 42, and

for water stressed on days 25 and 48) (Figure 6G). For noninfected

plants, the SPAD was significantly higher for plants under water

stress compared to well-watered since day 32 until the end of the

assay (Figures 6G, H), while no differences were found between

plants under terminal drought and well-watered until the last day

(day 48) (Figures 6G, I). For noninfected plants, the SPAD was

significantly higher for plants under water stress compared to

terminal drought from day 35 until the last day in which no

significant differences were found (Figures 6H. I). For infected

plants, the SPAD was significantly higher for water stressed plants

compared to well-watered plants except on days 25, and 45

(Figures 6G, H), while no differences were found between well-

watered and terminal drought plants until days 45 and 48 on which

SPAD was higher for terminal drought plants (Figures 6G, I). In

addition, infected SPAD was higher for plants under water stress

compared to terminal drought from day number 32 until day

number 42, while no significant differences were found on days

45 and 48 (Figures 6H, I).

3.2.2.4 Transpiration

The water use of infected plants was lower compared to

noninfected plants in the three water treatments during most of

the experiment (Figures 6J, K, L). For well-watered plants,

transpiration was significantly lower in infected compared to

noninfected plants on most of the dates (except on days 43, 45,

46, 47 and 50) (Figure 6J). For water stressed plants transpiration

was significantly lower for infected plants compared to noninfected

infected during most of the days (except on days 28, 31, 41, 42, 45,

46, 47, 50) (Figure 6K). For terminal drought plants, before

stopping watering, transpiration was significantly lower for

infected plants compared to noninfected during most of the days

(except day 34) (Figure 6L). After stopping watering, no significant

differences between infected and noninfected plants were found

(from day 42 until day 50) (Figure 6L). When comparing between

water treatments, in both infected and noninfected plants

transpiration was significantly higher for well-watered plants

during the whole period, while no differences were found between

well-watered plants and terminal drought treatment, until stopping

watering terminal drought plants. After stop watering, transpiration
Frontiers in Agronomy 11
was significantly lower in plants under terminal drought compared

to well-watered plants (Figures 6J–L). When comparing

noninfected water stressed and terminal drought plants, the

transpiration was significantly lower for water stressed plants

during most of the days, until stop watering terminal drought

plants. When stop watering terminal drought plants transpiration

was significantly lower for plants under terminal drought compared

to water stressed plants (for non-infected plants no significant

differences were found on days 34 and 44; and for TuYV-infected

plants on days 32, 33, 34 and 45) (Figures 6K, L).

3.2.3 Impact of water treatments and virus
infection on number of inflorescences
and flowers

Inflorescences appeared on day 36 in all treatments except of

TuYV-infected plants under water stress and terminal drought,

when inflorescences appeared on day 40. Flowers appeared on day

43 in all treatments except on TuYV–infected plants under water

stress which appeared on day 46 and TuYV-infected plants under

terminal drought which appeared on day 49. The number of

inflorescences and flowers was significantly lower for TuYV-

infected plants compared to noninfected plants in all water

treatments (Figures 7A, B). The number of flowers of TuYV-

infected plants was significantly lower for terminal drought plants

compared to well-watered plants (Figure 7B). In addition, the effect

of the water regime and virus inoculation was additive, i.e. p-value ≥

0.05 for the interaction and ATAR values showing additivity

(Supplementary Table 1). All the models are reported in

Supplementary Table 1.
3.3 Evaluation of TuYV symptoms in the
competition and no
competition experiments

Finally, TuYV infected plants didn’t show clear visual

symptoms. On the contrary, water stress symptoms were observed.
4 Discussion

Our results show that drought stress and virus infection

impaired overall plant performance, reducing several plant traits.

In both experiments, the lowest values of dry biomass, leaf area and

plant height were measured in virus infected plants subjected to

water deprivation (water stress or terminal drought treatment). In

the competition experiment, in the second destructive sampling,

virus infected plants under water stress exhibited a reduction of the

dry biomass by 71.40% and of the leaf area by 66.10%, and under

terminal drought a reduction of the dry biomass by 65.12% and of

the leaf area by 82.26%. In addition, in the competition experiment,

the plant height of infected plants was lower than that of

noninfected plants when subjected to water stress throughout the

entire experiment. Under well-watered conditions, the plant height

of infected plants was lower than that of noninfected plants starting
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from day 39. In the no competition experiment, in the second

destructive sampling, virus infected plants under water stress

experienced a 59.35% reduction in dry biomass and a 44.77%

reduction in leaf area, while under terminal drought, the

reduction in dry biomass was 61.41%, and in leaf area 67.21%.

Here we observed that the effects of drought and virus infection

had a negative impact on canola performance (e.g. reduction in dry

biomass and leaf area). However, in contrast to our results, some

authors showed positive effects of drought on infected plants, which

have been interpreted in terms of enhanced drought adaptation. For

example, it has been reported that the survival rate of A. thaliana

plants under drought was higher on TuMV infected plants

compared to non-infected plants (González et al., 2021).

Similarly, Xu et al. (2008) showed that BMV-infected rice and

CMV-infected beet plants induced tolerance to drought and

increased concentration of several osmoprotectants and

antioxidants before and after drought stress. However, in both

studies, authors irrigated virus infected and uninfected plants at a

fixed rate without weighing the pots and without maintaining the

same level of water stress in both infected and non-infected plants.

Aguilar et al. (2017) and Davis et al. (2015) used similar approaches

than the previously described studies when watering both virus-

infected and uninfected plants. All these studies overlooked the fact

that virus-infected plants usually consume less water (less

evapotranspiration) than non-infected plants as virus infection

often reduces plant growth and the leaf area (Doumayrou et al.,

2013). Thus, it is not surprising that under their experimental

conditions, non-infected plants suffered more from water stress

than the ones that were virus-infected. In our view, the way that

water management was handled in the above referred studies led to

the wrong conclusion that virus infection helps plants to cope better

with water stress conditions. In contrast, in the present work we

aimed to ensure that we avoid introducing confounding errors that

could be attributed to fluctuations in water usage efficiency linked to

disparities in plant biomass as a result of virus infection compared
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to noninfected plants, and remaining soil water content. Thus,

water was administered according to the soil water content relative

to pot weight, rather than applying a constant amount for each

treatment as it was conducted in the previously cited experiments.

In the present work, we reported additive effects of drought and

virus infection on all analysed parameters, (e.g reduction in dry

biomass and leaf area) when plants encounter both stressors. In

contrast, several studies show antagonistic relationships between

viruses and drought stress (Prasad et al., 2022; Szczepaniec and

Finke, 2019; Van Munster, 2020). The interplay of multiple stresses

is frequent in nature and is a fundamental driver of ecosystem

complexity (Sadras et al., 2023). The relationships between these

stressors can be additive but may be also synergistic or antagonistic,

increasing or decreasing respectively the effects of the stressors

(Fereres et al., 1996; Sih et al., 2004; Wootton, 2002). In their

extensive review Sadras et al. (2023) reported 57% of antagonistic

and 43% additive relationships between virus and drought in their

sample of studies. For example, Sadras et al. (2023) reported

antagonistic effects between barley yellow dwarf virus (BYDV)

and drought stress on the growth and yield of glasshouse-grown

wheat (data obtained from Davis et al., 2015). On the contrary,

Sadras et al. (2023) reported that the relationship between

cauliflower mosaic virus CaMV and drought stress, on seedling

biomass, was additive for 13 accessions in Bergès et al. (2020). In a

recently published study Jiménez et al. (2024) investigated the

relationship between water regime and virus infection of

cucumber mosaic virus (CMV) and cucurbit aphid-borne yellows

virus (CABYV) in single and mixed infections of melon plants.

Consistent with our findings, they reported that the relationship

between water regime and virus infection was additive in 12 out of

15 traits at harvest. All these studies suggest that relationships

between drought and virus infected plants depend on the cultivar,

pathosystem, the measured trait and on the experimental set up.

Furthermore, most of the studies, including the current work,

applied two or three water treatments: one or two inducing water
FIGURE 7

No competition experiment. Impact of irrigation treatment and TuYV infection on flowering. The capital letters refer to significant differences in non-
infected plants between irrigation treatments, and * indicates significant differences between TuYV-infected and non-infected plants within each
irrigation treatment, with a p-value < 0.05. Mean standard error bars are also shown. (A) Number of inflorescences at the end of the assay. (B) Number
of flowers at the end of the assay.
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stress and the other maintaining well water conditions. However,

the responses of infected plants to drought may not follow a linear

pattern and future studies should include various levels of watering

to elucidate the additive, antagonistic or synergistic relationships

between plant viruses and drought. This reveals the complexity of

the interplay between drought and plant viruses, thus we need to be

careful when making general assumptions on how drought may

affect plant virus interactions.

Interestingly, we observed that the impact of drought and virus

infection was more noticeable when plants were under competition

compared to non-competition, and that, under competition, virus

impact appeared earlier on time when plants were subjected to water

stress, compared to no competition. Under water stress, in the

competition experiment, a reduction in dry biomass and leaf area at

the first destructive sampling, and in plant height during all the

experiment was reported for infected compared to noninfected

plants. On the contrary, under no competition, no differences in the

dry biomass were observed between infected and noninfected plants

under water stress on the first destructive sampling, and for plant

height differences were observed from 39 (water stress) and 35

(terminal drought) until the end of the assay. The differences

observed between experiments may arise due to variations in features

between isolated plants compared to plants subjected to competition

conditions (Pedró et al., 2012; Sadras, 2021). Previous studies show that

the regulation of the expression of genes related to plant response to

abiotic stress can be density-dependent (Bowsher et al., 2017; Geisler

et al., 2013), thus effects of these stressors observed in individualy

potted plants cannot be extrapolated to plants when competing for

resources. Indeed, in the context of plant virus relationships, genes

involved on the response to abiotic stress, secondary metabolism and

pathogen defence response exhibited downregulation in response to

high plant population (Geisler et al., 2013).

Regarding effects of watering, plants under water stress and

those under terminal had a higher SPAD index (as an indicator of

leaf chlorophyll) than well-watered plants, while no virus effect was

reported. Consistently, a negative correlation between leaf water

potential and SPAD in Plantago ovata and Plantago psyllium has

been previously reported (Rahimi et al., 2010). Regarding

morphological traits, no clear visual symptoms of TuYV were

observed in the experiment, but we observed a reduction in the

number of leaves with no clear effect of water treatment. Foliar

symptom expression of TuYV such as red, yellow or purple

discoloration and stunned plants are not always obvious. Indeed,

foliar symptom expression depends on environmental factors which

can differ depending on the cultivar and other environmental

factors (Jones et al., 2007). In addition, symptoms are sometimes

“masked” and the amount of vegetative growth and light intensity

can affect symptom development (Johnstone et al., 1984).

Symptoms of TuYV infection in canola have also been shown to

vary in severity with cultivar, with some canola cultivars appearing

to be non-symptomatic when infected (Coutts et al., 2010).

However, asymptomatic infection could also induce yield losses

(Nancarrow et al., 2022).

Finally, it worth noting that a few non-inoculated plants tested

positive (6 plants in the competition experiment and 4 plants in the
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no-competition experiment), while some inoculated plants did not

test positive (13 in the competition experiment and 3 in the no-

competition experiment). Although not as common as other

methods for detecting virus presence, such as ELISA or PCR,

TBIA is a serological test known for its simplicity and cost-

effectiveness, which provides accurate estimates of virus incidence

(Freeman et al., 2013). Therefore, the observed positives among

non-inoculated plants and negatives among inoculated plants were

likely due to contamination rather than flaws in the method itself.

Such occurrences are not uncommon, since close proximity

between plants can lead to unintended virus transfer.

Additionally, the inoculation process may not be completely

efficient, which can result in some plants not becoming infected.

Consequently, we decided to exclude these plants from the

statistical analysis to maintain the accuracy of our findings.

Water availability is the major driver of plant growth and is

the critical factor in food production (El-Badri et al., 2021).

Based on climate change models, we will expect increased

uncertainties when it comes to water availability, meaning that

in many parts of the world, we can expect prolonged drought or

disparity between rainfall and water requirements for plant

growth (IPCC, 2023). In addition, plant viruses are difficult to

manage, and in order to control them, we need to implement

multiple plant protection strategies. Vectors of plant viruses will

be also directly and indirectly affected by climate change adding

another layer of uncertainties when predicting virus incidence,

outbreaks, severity and epidemiology (Trębicki, 2020). Several

studies show that higher temperatures and elevated CO2 increase

plant vulnerability to viruses, through greater virus amount in

plant tissue and increased infection. Therefore, research

exp lor ing how c l imate change impac t s p l an t v i ru s

epidemiology is critical for developing effective strategies to

ensure global food production.

In conclusion, we provided empirical evidence that virus

infection and water deprivation reduced canola growth. The two

experiments conducted show that drought stress and virus

infection were detrimental to canola performance and that

impact was more noticeable when canola plants were competing

for resources. Consequently, the combined effect of both stressors

is predicted to significantly decrease canola yield. In contrast to

reports on other pathosystems, under our experimental

conditions, TuYV did not induce drought tolerance in canola

plants. Based on those findings, we are concerned that canola

production will face greater pressure due to virus infection in

future climate, where droughts are predicted to rise and intensify.

Besides, other factors such as elevated CO2 and temperature may

impact canola yield, thus further research is critical. In addition,

we need to be cautious when making general statements regarding

how drought may affect plant virus interactions. The intricacy of

these interactions can be applied to specific contexts, varying

depending on plant and virus combinations, experimental

conditions and on the analysed traits. Hence, further research is

needed to acquire a comprehensive understanding of how the

plant–virus interactions will be affected by the abiotic stressors in

the context of climate change.
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L., et al. (2017). Virulence determines beneficial trade-offs in the response of virus-
infected plants to drought via induction of salicylic acid. Plant Cell Environ. 40, 2909–
2930. doi: 10.1111/pce.13028

Ahmar, S., Liaqat, N., Hussain, M., Salim, M. A., Shabbir, M. A., Ali, M. Y., et al.
(2019). Effect of abiotic stresses on brassica species and role of transgenic breeding for
adaptation. Asian J. Res. Crop Sci. 3, 1–10. doi: 10.9734/ajrcs/2019/v3i130037

Bergès, S. E., Vasseur, F., Bediée, A., Rolland, G., Masclef, D., Dauzat, M., et al.
(2020). Natural variation of Arabidopsis thaliana responses to Cauliflower mosaic virus
infection upon water deficit. PloS Pathog. 16, 1–25. doi: 10.1371/journal.ppat.1008557

Bowsher, A. W., Shetty, P., Anacker, B. L., Siefert, A., Strauss, S. Y., and Friesen, M. L.
(2017). Transcriptomic responses to conspecific and congeneric competition in co-
occurring Trifolium. J. Ecol. 105, 602–615. doi: 10.1111/1365-2745.12761

Chakraborty, S., and Newton, A. C. (2011). Climate change, plant diseases and food
security: An overview. Plant Pathol. 60, 2–14. doi: 10.1111/j.1365-3059.2010.02411.x

Chaves, M. M., Flexas, J., and Pinheiro, C. (2009). Photosynthesis under drought and
salt stress: Regulation mechanisms from whole plant to cell. Ann. Bot. 103, 551–560.
doi: 10.1093/aob/mcn125

Congdon, B. S., Baulch, J. R., and Coutts, B. A. (2020). Impact of Turnip yellows virus
infection on seed yield of an open-pollinated and hybrid canola cultivar when
inoculated at different growth stages. Virus Res. 277, 197847. doi: 10.1016/
j.virusres.2019.197847

Coutts, B. A., Webster, C. G., and Jones, R. A. C. (2010). Control of Beet western
yellows virus in Brassica napus crops: Infection resistance in Australian genotypes and
effectiveness of imidacloprid seed dressing. Crop Pasture Sci. 61, 321–330. doi: 10.1071/
CP09264
Daugherty, M. P., Zeilinger, A. R., and Almeida, R. P. P. (2017). Conflicting effects of
climate and vector behavior on the spread of a plant pathogen. Phytobiomes J. 1, 46–53.
doi: 10.1094/PBIOMES-01-17-0004-R
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