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Using the Chinese cabbage (Brassica campestris) 
cultivar ‘Chun-goang’ as a host and turnip mosaic 
virus (TuMV) as a pathogen, we studied the effects 
of ambient temperature (13oC, 18oC, 23oC, 28oC and 
33oC) on disease intensity and the speed of systemic 
infection. The optimal temperature for symptom 
expression of TuMV was 18–28oC. However, symptoms 
of viral infection were initiated at 23–28oC and 6 days 
post infection (dpi). Plants maintained at 33oC were 
systemically infected as early as 6 dpi and remained 
symptomless until 12 or 22 dpi, depending on growth 
stage at the time of inoculation. It took 45 days for 
infection of plants grown at 13oC. Quantitative real-
time polymerase chain reaction (q-PCR) results 
showed that the accumulation of virus coat protein 
was greater in plants grown at 23–28oC. The speed 
of systemic infection increased linearly with rising 
ambient temperature, up to 23oC. The zero-infection 
temperature was 10.1oC. To study the effects of 
abruptly elevated temperatures on systemic infection, 
plants inoculated with TuMV were maintained at 
10oC for 20 d; transferred to a growth chamber at 
temperatures of 13oC, 18oC, 23oC, 28oC, or 33oC for 1, 
2, or 3 d; and then moved back to 10oC. The numbers 
of plants infected increased as duration of exposure to 
higher temperatures and dpi increased. 
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Chinese cabbage is a widely cultivated crop in Korea, 
where it occupies approximately 35,513 ha annually 
(Food, Agriculture, Forestry and Fisheries Statistical 
Yearbook, 2012). The cropping system is divided into 
three types: spring cabbage (planted in April, harvested in 
June), autumn cabbage (planted in September, harvested 
in November), and summer cabbage (planted in May, 
harvested in September). Summer cabbage is cultivated in 
the alpine mountainous area of Gangwon Province, above 
400 m altitude. 

Viral diseases that affect Chinese cabbage in Korea in-
clude cucumber mosaic virus (CMV), turnip mosaic virus 
(TuMV), and ribgrass mosaic virus (RMV; Cho et al., 
2003; Choi, 1995; Yoon et al., 1995). TuMV is the most 
prevalent virus, followed by CMV (Choi, 1995). However, 
double infections are common; for example, one study 
(Yoon et al., 1995) found that infection with TuMV was 
13.9% and infection with RMV was 4.5%, but double in-
fection with both viruses was 31.9%.

TuMV infects most cruciferous plants, but it is particu-
larly damaging to Chinese cabbage, turnip, mustard, and 
radish (Chivasa et al., 2001; Nguyen et al., 2013). It also 
attacks beets, spinach, and tobacco (Provvidenti, 1981; 
Walsh and Jenner, 2002), with a host range of at least 318 
species representing 156 genera and 43 families. TuMV 
occurs in many parts of the world, including temperate, 
subtropical, and tropical regions of Africa, Asia, Europe, 
Oceania, and North and South America (Ha et al., 2008; 
Ohshima et al., 2002; Spence, 1999). TuMV causes stunt-
ed, coarsely mottled, and distorted symptoms in Chinese 
cabbage (Cho et al., 2003). Black spots develop on leaves, 
which subsequently drop prematurely. There is also yel-
lowing along the leaf veins, leading to early senescence 
(Tomlinson, 1970).

In recent years, as summers have tended to begin earlier, 
viral damage has increased in summer cabbage cultivated 
in highlands, reducing the production of marketable cab-
bage in Korea. Plant viruses and their vectors are strongly 
influenced by weather and climate. Climate changes are 
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expected to affect the establishment, spread, and reproduc-
tion potential of viruses (Kido et al., 2008; Tamada and 
Harrison, 1981). In the present study, we investigated the 
effects of temperature on systemic infection and symptom 
severity by varying the temperature at the time of infection 
of TuMV in Chinese cabbage.

Material and Methods

Virus inoculation and temperature treatment. Seeds 
of the Chinese cabbage cultivar ‘Chun-goang’, which is 
generally known as a susceptible cultivar to TuMV, were 
sowed in a commercial soil ‘Barok’ and were grown in the 
insect proof glasshouse until using. At the two- (14-day-
old) and four- (35-day-old) true-leaf stages, seedlings 
were mechanically inoculated with TuMV Virus inoculum 
was obtained from infected Chinese cabbage plants and 
prepared by pulverizing infected leaves with a mortar and 
pestle in 0.1 M PBS buffer (pH 7.2) at an approximate 
dilution of 1:5 (w/v). A constant volume of crude sap of the 
inoculum was rubbed on each test plant after dusting the 
plant with carborundum. TuMV-inoculated plants were im-
mediately transferred to a growth chamber, set at 16-h day 
length and constant temperature treatments of 13oC, 18oC, 
23oC, 28oC and 33oC. Fifteen plants were included in each 
temperature treatment. Inoculated plants were monitored 
regularly, over a period of 30 d, for symptom development. 
To study the effects of an abrupt increase in temperature on 
systemic infection by TuMV, inoculated plants were ini-
tially maintained at 10oC. After 20 d, they were transferred 
to a growth chamber at a temperature of 13oC, 18oC, 23oC, 
28oC or 33oC for 1, 2, or 3 d, and then they were moved 
back to 10oC. 

Detection of virus infection. To study systemic infection, 
upper leaves of TuMV-inoculated plants were collected at 
intervals of 2 d over a 30-d period, starting at 6 days post 
infection (dpi). Systemic infection was determined based 
on ELISA results. The ELISA procedure was performed 
according to the manufacturer’s instructions (Agdia, USA). 

Assessment of disease severity. The severity of viral 
symptoms of infected plants was scored as the symptoms 
started appearing at 6 dpi. The symptom severity score was 
rated on a 4.0-point scale: 0 = symptomless, 0.5 = slight 
leaf stunt, 1.0 = slight leaf stunt with mottle, 1.5 = clear 
leaf stunt with leaf deformation, 2 = leaf stunt with some 
chlorosis or yellow spots, 2.5 = leaf chlorosis half of the 
leaflets, 3 = leaf stunt and severe chlorosis over all of the 
leaflets, 3.5 = severe necrosis, 4 = withering. The SAS 4.2 

statistical package (SAS Inc., Cary, NC, USA) was used 
for data analysis.

Speed of systemic infection. The mean systemic infection 
rate was expressed as the reciprocal of the systemic infec-
tion time (days) as suggested by Wagner et al. (Wagner 
et al., 1984). A linear equation fitted to the systemic 
infection rate showed a linear relationship in the range of 
13–23oC. The best-fit linear lines were obtained using the 
TableCurve 2D program (Jandel Scientific, 1996). The 
infection zero temperature was calculated by solving the            
–intercept/slope of the fitted equation.

Quantitative Real-Time PCR. Accumulation of virus 
coat protein (CP) was measured by real-time qPCR analy-
sis at 10, 17, and 22 dpi under the five temperature treat-
ments, following inoculation with TuMV at the two-true-
leaf stage. RNA was extracted with an RNeasy mini kit 
(Qiagen, German, Hilden) and 200 ng RNA was used for 
cDNA synthesis. A total of 1 μl cDNA was used for qPCR 
analysis. Reactions were performed in a C1000 Touch ther-
mal cycler (Bio-Rad, USA) using the SYBR-Green method 
(Universal SYBR-Green Supermix, Bio-Rad) according to 
the following protocol: 1 cycle at 95oC for 30 s, 39 cycles at 
95oC for 10 s, 60oC for 30 s, and 65–95oC in increments of 
0.5oC at intervals of 5 s. The q-PCR primers (Supplementary 
Table S2) were designed using Integrated DNA technology 
(www.idtdna.com). The gene fragments amplified were 
TuMV-122 (accession no. NC_002509, nucleotides 177 to 
299) and ACT1 (accession no. FJ969844, nucleotides 170 
to 279). TuMV-RNA (target) was normalized to ACT1 
expression (internal reference) to calculate the normalized 
target gene expression using CFX Manager v3.0 (Bio-rad, 
USA). 

Results

Time required for systemic infection. A higher propor-
tion of plants inoculated at the four-true-leaf stage were 
infected compared to those inoculated at the two-true-leaf 
stage (Table 1). The time until systemic infection did not 
vary at temperatures from 23oC to 33oC or from 8 to 10 dpi 
(Table 1). At 13oC, plants were not infected systemically 
until 45 dpi. 

Systemic infection speed. The speed of systemic infection 
increased linearly as the temperature increased to 23oC (Fig. 
1). A linear model (Y = aX + b) was fitted to the infection 
rate curve and the estimated parameters a and b were 0.0858 
and -0.0866, respectively. The linear model described the 
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systemic infection rate well in the range 13–23oC (g2 = 0.97; 
d.f. = 1, P = 0.00016; Fig. 1). The zero-infection tempera-
ture was calculated to be 10.1oC.

Symptom severity. The optimal temperature for symp-
tom expression of TuMV was within the 18–28oC range. 
Symptom severity was much higher in plants inoculated at 
the four-true-leaf stage than in those inoculated at the two-
true-leaf stage. The low proportion of plants infected at the 
two-true-leaf stage was attributed to the difference in symp-

Table 1. The time taken for systemic infection as affected by the ambient temperature maintained after inoculation of TuMV in Chinese 
cabbage

Growth stage of 
plants Temperature (oC) No. of plants 

inoculated
Days for systemic infection

Mean±SE Median Rate (%)

2 true leaf 13 15 44.3±0.38 a* 45  20.0
18 15 15.7±0.80 b 15  40.0
23 15   8.9±0.21 c 8  73.3
28 15   8.2±0.20 c 8  66.6
33 15   8.1±0.11 c 8 100.0

4 true leaf 13 15 44.0±0.58 a 45  20.0
18 15 13.7±0.51 b 14 100.0
23 15   9.8±0.19 cd 10  93.3
28 15   8.1±0.13 cde 8  93.3
33  15   7.4±0.08 de 8 100.0

*Within a column of each growth stage, means with same letters are not significantly different (Tukey’s studentized range test at P > 0.05). 

Fig. 1. Effects of ambient temperature maintained after inocula-
tion of TuMV on systemic infection rate in Chinese cabbage. A 
linear model (Y = a × X + b) was fitted to the infection rate curve 
and estimated parameters a and b were 0.0858 and -0.0866, 
respectively (g2 = 0.97; d.f. = 1, P = 0.00016). The linear model 
fit is denoted by the solid line. Arrows indicate the zero-infection 
temperature (10.1oC). The systemic infection rate was calcu-
lated as the inverse of the number of days required for systemic 
infection.

Fig. 2. The symptom severity of Chinese cabbage maintained        
under five temperature regimes after inoculation with TuMV 
at the two- or four-true-leaf stages. The symptom severity is 
given as the sum of the scores of 15 plants representing a given 
treatment.
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Fig. 3. Symptom expression of Chinese cabbage under five different temperature regimes (13oC, 18oC, 23oC, 28oC or 33oC) after inocu-
lation with TuMV at the two- (A) or four- (B) true-leaf stages.
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tom severity between the two-true-leaf and four-true-leaf 
stages. This was particularly the case for plants maintained 
at 18oC (Fig. 2). At 33oC, plants inoculated at the two-true-
leaf stage did not show symptoms until 22 dpi, whereas 
those inoculated at the four-true-leaf stage started to show 
symptoms at 12 dpi. For plants inoculated at the two- or 
four-true-leaf stages and maintained at 23–28oC, symptoms 
started to appear within 6–8 dpi, reaching a maximum 
severity (i.e., severe necrosis, withering) at 26–30 dpi 
(Supplementary Table S1). At 18oC, symptom appearance 
was delayed by about 4 d compared to the 23–28oC range, 
regardless of plant growth stage at the time of inoculation. 
Symptom expression increased quickly thereafter, and 
plants inoculated at the four-true-leaf stage achieved maxi-
mum symptom expression at 28 dpi (Supplementary Table 
S1). 

TuMV caused slight leaf stunting, with mottling, at 
an early stage of infection, and leaf chlorosis or yellow 
spots appeared at 12 dpi (Fig. 3). Necrosis was visible at 
24–26 dpi and withering was observed at 18–28oC (Fig. 3). 
Yellows spots were observed only at 18oC. At 33oC, the 
symptoms were no longer typical for TuMV and the ap-
pearance of symptoms was delayed. Mottling was observed 
at 22 dpi and persisted until 30 dpi (Fig. 3). 

Accumulation of CP. Real-time qPCR results showed that 
plants maintained at 23–28oC had higher levels of CP than 
those maintained at 13–18oC or 33oC, starting at 10 dpi (Fig. 

4). At 13oC, virus accumulation was not detected until 22 
dpi. 

Abrupt temperature increase. To study the effects of 
abrupt temperature increases on systemic infection of 
TuMV, two- and four-true-leaf-stage plants inoculated with 
TuMV were maintained at 10oC for 20 d. After 20 d, the 
plants were transferred to a growth chamber with different 
temperature settings (13oC, 18oC, 23oC, 28oC and 33oC) for 
1, 2, or 3 d, and then they were moved back to 10oC. Virus 
infection was determined at 6, 10, and 28 dpi after com-

Table 2. The number of plants that developed systemic infection with TuMV as affected by temperature, and the hours of exposure to 
each temperature, after being maintained at 10ºC for 20 d after virus inoculation

Growth stage
of plantsa

Temperature
elevated (oC)

No. of plants 
tested per 
each hours

No. of plants developed systemic infection 

24 hb 48 h 72 h
Total

6c 10 28 6 10 28 6 10 28

Two-true leaf

10 5 0 0 0 0 0 0 0 0 0 0
13 5 0 0 0 0 0 0 0 0 0 0
18 5 0 0 0 0 0 0 0 0 1 1
23 5 0 0 0 1 3 3 2 2 5 8
28 5 0 0 1 0 1 1 2 2 4 6
33 5 1 2 4 1 2 4 1 3 4 12

Four-true leaf

10 5 0 0 0 0 0 1 0 0 0 0
13 5 0 0 0 0 0 1 0 0 0 1
18 5 0 0 1 0 0 0 0 0 0 1
23 5 0 0 0 0 1 2 0 0 1 3
28 5 0 0 1 0 0 4 0 1 3 9
33 5 1 1 1 0 0 1 0 1 1 3

aPlant growth stage at the time of inoculation of TuMV 
bDuration of exposure of plants to a temperature elevated 
cDays until ELISA test after moving back to 10oC chamber

Fig. 4. Accumulation of TuMV CP as determined by real-time 
qPCR analysis with the passage of time as influenced by the tem-
perature maintained after inoculation with TuMV at the two-true-
leaf stage in Chinese cabbage. Bars indicate SE values of five 
plants. 
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pleting the treatments (Table 2). More plants inoculated at 
the two-true-leaf stage were infected compared with those 
inoculated at the four-true-leaf stage. However, plants 
maintained at 10oC were not infected. The virus symptoms 
were detected at temperatures of 18oC or higher in plants 
inoculated at the two-true-leaf stage and exposed to higher 
temperatures (Table 2). The number of plants infected 
increased with increased exposure to each temperature re-
gime and with increases in temperature. This phenomenon 
was even more pronounced in plants inoculated at the two-
true-leaf stage (Table 2).

Discussion

Using the Chinese cabbage cultivar Chun-goang as a host 
and TuMV as a pathogen, we studied the effects of temper-
ature (13oC, 18oC, 23oC, 28oC and 33oC) on the intensity of 
disease symptoms and speed of systemic infection, which 
increased linearly with temperature up to 23oC. A linear 
model was fitted to the infection rate curve to elucidate the 
timing of the onset of systemic infection; the zero-infection 
temperature was calculated to be 10.1oC. Plants maintained 
at 10oC after inoculation were not infected systemically. 
This result supports the utility of the infection rate model. 
Variation in the time until systemic infection was statisti-
cally non-significant from 23oC to 33oC, regardless of plant 
age at the time of inoculation. However, at 33oC, a com-
plete loss of typical TuMV symptoms was observed and 
the appearance of symptoms was delayed. The first visual 
symptoms were observed at 22 dpi. Symptoms included 
mottling and persisted until 30 dpi. This was probably 
attributed to the defense responses of the host plants to 
TuMV being much stronger at 33oC than below 28oC. Viral 
replication may have been negatively affected by the higher 
temperature.Inhibition of symptoms at 33oC was associated 
with low accumulation of CP. It was assumed that extreme-
ly high temperatures prohibit virus replication and move-
ment. Similar results have been reported for potato leaf 
roll virus at elevated temperatures (Tamada and Harrison, 
1981). It has been demonstrated that the temperature at 
which virus transmission occurs affects the efficiency of 
pathogen multiplication (Feil and Purcell, 2001) and the es-
tablishment of infection in the host (Chu and volety, 1997). 
In protoplasts of Nicotiana benthamiana inoculated with 
Tomato bushy stunt virus (TBSV) genomic RNA and one 
of its defective interfering (DI) RNAs, replication of both 
genomic RNAs and DI RNAs were attenuated at elevated 
temperatures (32oC), and they concluded that symptom at-
teunation of TBSV at elevated temperatures are primarily 
the result of reduced viral replication (Jones et al., 1990). 

N. benthamiana plants inoculated with Cymbidium ring 
spot virus (CymRSV) and grown at different temperatures 
died within 2 weeks at 15, 21 and 24oC, however at 27oC 
CymRSV symptoms were ‘heat masked’, and revealed 
that the attenuated symptoms were associated with reduced 
virus level (Szittya et al., 2003). RNA silencing plays a 
natural role in plant defense against molecular parasites, 
including viruses (reviewed in Voinnet, 2001). Szittya et al. 
(2003) showed that RNA silencing is a temperature depen-
dent as it is activated and the amount of siRNAs gradually 
increased with rising temperature from 21 to 27oC.

Plants grown at 18oC showed symptoms later, but over 
time the symptoms became severe, with a maximum sever-
ity of necrosis at 28 dpi. Virus replication or movement 
was slow at 18oC during the early stages of infection, thus 
more time was needed to establish a systemic infection. 
One to three days of short exposure of Chinese cabbage 
(inoculated with TuMV and maintained at 10oC) to the 
higher temperatures would be sufficient to show symp-
toms. Plants exposed to 33oC for 24 h showed symptoms 
28 d after being moved back to the 10oC chamber. We also 
found that a greater number of plants were infected when 
inoculated at the two-true leaf stage than when inoculated 
at the four-true-leaf stage. 

This results indicate that young plants are more sus-
ceptible to virus infection than old plants with short time 
exposure to high temperature. This was probably because 
the defense responses of host plants to virus infection were 
much stronger in older plants, which explains the appar-
ent need for more exposure time to establish infection. An 
example of this age effect is seen when okra plants are 
infected with virus at growth stages earlier than four weeks 
has more severe effect on the physiological performance of 
okra plant (Fajinmi and Fajinmi, 2010).

Plant age affected the time of symptom appearance of 
Chinese cabbage with TuMV infection. The time needed to 
show systemic infection was similar in plants inoculated at 
the two- and four-true-leaf stages, but symptoms appeared 
earlier in plants inoculated at the four-true-leaf stage. It 
is presumed that, although the same amount of virus was 
inoculated for each plant, symptom development might be 
faster in older plants growing quickly, with concurrent pro-
liferation of the virus throughout the plants. Direct evidence 
in support of this hypothesis is lacking, but higher infection 
rate of four-true-leaf stage plants in Table 1 shows consis-
tency. During host–virus interactions, virus establishment 
in the host is affected by several factors, including growth 
stage, temperature, virus replication, virus movement, and 
RNA silencing (Chellappan et al., 2005; Soler et al., 1998; 
Szittya et al., 2003; Zhang et al., 2012; Zitter and Murphy, 
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2009). The involment of the developmental stage of the 
host plant in systemic infection has been mainly examined 
with cauliflower mosaic virus (CaMV) in turnip (Leisner 
et al., 1992). It was demonstrated that CaMV moved pas-
sively through the plant within the phloem, following the 
flow of photoassimilates from source to sink leavesm, and 
the flow fluctuates depending on the growth and develop-
mental conditions of the plant. The developmental stage of 
the host plant can have a strong impact on vascular move-
ment of certain viruses. Thus, further studies are required 
to clarify the effects of developmental stage of Chinese 
cabbage on systemic infection of TuMV.. 

According to a previous report, early exposure of cab-
bage to TuMV results in plants being 50% lighter than 
plants that have not been infected, but later infection is less 
damaging (Spence et al., 2007). In the present study, tem-
perature at the time of TuMV infection had a strong effect 
on the productivity of Chinese cabbage. Average tempera-
tures of 20–24oC at the time of planting summer Chinese 
cabbage in alpine areas of Korea are suitable for TuMV 
symptom expression. Though virus infection of plants are 
affected by several other factors including virus strains 
and plant cultivars besides temperature, as the spring 
temperatures rise, if aphids emerge earlier, viral damage is 
expected to increase. If growers cannot control aphids, they 
must destroy plants infected with TuMV. These plants may 
include weed host plants growing around fields. Another 
option is to move to higher altitudes, where aphids are not 
present.
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