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Abstract

Since plant viruses cause lifelong infections, virus–plant 
interactions are exposed to large temperature fluctuations 
in evergreen perennials. In such circumstances, virus–plant 
interactions are expected to change significantly between the 
warm and cold seasons. However, few studies have investi-
gated the effects of cold temperatures on virus–plant inter-
actions. Here, we show that in a persistent infection sys-
tem of the turnip mosaic virus (TuMV)–Arabidopsis halleri, 
cold temperatures lead to slow viral replication/spreading 
within the host, attenuated host symptoms, and cold-specific 
transcriptomic responses. Many differentially expressed 
genes (DEGs) were detected between virus-inoculated and 
mock-inoculated plants under warm and cold conditions; 
however, the sets of DEGs and response timings were 
temperature-dependent. At cold temperatures, the expres-
sion of photosynthesis-related genes decreased in the early 
stages of infection. However, it recovered to the same level 
as that in uninfected plants in the later stages. In con-
trast, the transcriptomic changes under warm conditions 
suggest that viral infections cause auxin signaling disrup-
tion. These responses coincided with the inhibition of host 
growth. We identified 6 cold- and 38 warm-specific DEGs, 
which changed their expression in response to TuMV infec-
tion under more than half of the conditions for either cold or 
warm temperatures. Further validation of the putative rela-
tionships between transcriptomic and phenotypic responses 
of the host is required. Our findings on temperature-
dependent host responses at both symptomatic and tran-
scriptomic levels help us understand how warm and cold 
temperatures affect virus–plant interactions in seasonal
environments.
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virus; virus inoculation

Introduction

A recent understanding of plant viruses in natural systems 
is that they can widely infect wild plants for long periods 
without causing significant damage to their hosts (Roossinck 
2012, Honjo et al. 2020). One of the critical determinants of 
host–virus relationships is the combination of host and virus 
species/strains, and the surrounding environment is another 
crucial determinant (Hull 2014). Temperature is one of the most 
influential environmental factors that modify plant virus–host 
interactions by affecting virus accumulation and host responses 
(Harrison 1956). In temperate and boreal regions, where tem-
perature regimes vary significantly between summer and winter, 
natural plant virus–host systems experience cold and warm 
temperatures. Although the temperature dependence of virus–
plant interactions has been studied extensively, knowledge 
of alteration of these interactions under winter temperature 
regimes, 10∘C and lower, remains limited.

The accumulation of viruses within an individual host plant 
is achieved by several processes, including viral replication at 
the initial site of infection, cell-to-cell movement via plasmodes-
mata, systemic spread through the vascular system, and prop-
agation at the spread site (McLean et al. 1993). Each of these 
processes is affected by temperature. Previous studies on the 
temperature dependence of virus accumulation have found 
that the optimal temperature is specific to the virus–host com-
binations and often in the range of 20∘C–28∘C. These studies 
also reported that virus accumulation was suppressed when the 
temperature was 5∘C–10∘C lower than the optimal tempera-
ture. For example, the optimal temperature for virus accumula-
tion of turnip mosaic virus (TuMV) in Chinese cabbage, Brassica 
campestris, was 23∘C–28∘C, and virus accumulation was highly 
suppressed at 13∘C (Chung et al. 2015). For tobacco mosaic 
virus (TMV) in tobacco, Nicotiana tabacum, the optimal tem-
perature was 24∘C, but virus accumulation was much slower at 
16∘C (Lebeurier and Hirth 1966). The optimal temperature for 
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TuMV spread and host response under cold and warm

virus accumulation was 28∘C for cucumber mosaic virus (CMV) 
infected with tobacco leaves, and the level of virus accumula-
tion was less than half at 18∘C, 6 days after the infection (Zhao 
et al. 2016). A lower optimal temperature of 17∘C has been 
reported for soil-borne wheat mosaic virus (SBWMV) infected 
with barley Hordeum vulgare, known to overwinter in its host 
(Ohsato et al. 2003). However, RNA replication of SBWMV was 
significantly reduced at 15∘C compared to 17∘C (Ohsato et al. 
2003). These examples suggest that winter temperatures would 
suppress virus accumulation; however, viral accumulation at 
10∘C or below has rarely been studied.

Host responses to viral infection occur at multiple lev-
els, including chloroplast and cell deformation, leaf symp-
toms, and whole-plant growth, and these responses are often 
temperature-dependent (Hull 2014). In response to viral infec-
tions, plant immunity, including salicylic acid (SA) signaling and 
RNA-silencing pathways, is usually induced to prevent or slow 
the viral spread. Temperature dependence of antiviral defense 
has been reported in some cases (Szittya et al. 2003). For exam-
ple, a potato cultivar developed visible systemic symptoms at 
30∘C but not at 22∘C after inoculation with potato virus Y (Nie 
et al. 2015). With TuMV in Chinese cabbage, symptoms devel-
oped 6 days after infection at 23∘C–28∘C, but no symptoms 
appeared within 30 days at 13∘C (Chung et al. 2015). These 
examples suggest that low temperatures affect multiple aspects 
of virus–plant interactions, allowing the host to remain healthy.

To capture the complex nature of virus accumulation and 
host responses, transcriptome analyses using microarrays and 
RNA-seq have been applied in recent studies of virus–plant 
interactions (Whitham et al. 2003, Li et al. 2018, Liu et al. 
2019). Differentially expressed genes (DEGs) between virus-
inoculated and control plants often include defense genes 
involved in SA signaling and RNA-silencing, stress-responsive 
genes, heat shock proteins (HSPs), hormone-related genes, and 
photosynthesis-related genes (Whitham et al. 2006). Responses 
vary between inoculated and systemic tissues and change 
dynamically along the time course after the virus inoculation 
(Obrępalska-Stęplowska et al. 2015). Although how temper-
ature interacts with viral infection in determining the host 
transcriptome is still largely unknown, RNA-seq analyses will 
provide comprehensive information on the response of host 
plants to viral infection under winter temperature regimes. They 
will allow the understanding of different responses under the 
optimal and winter temperature conditions.

The presence of warm and cold temperatures in a year may 
contribute to the persistence of virus–plant systems by allow-
ing virus propagation during warm periods and enhancing host 
vigor during cold periods. We have previously reported that 
winter is particularly important for the persistence of TuMV in 
its natural host, Arabidopsis halleri subsp. gemmifera (A. halleri, 
hereafter) (Honjo et al. 2020). Because virus accumulation in 
new leaves is suppressed in winter (Honjo et al. 2020), we spec-
ulated that virus suppression by cold winters allows the host 
to survive. However, it is unclear how cold temperatures alter 

virus–host interactions and the effects of viruses on host symp-
toms and growth. Further experimental studies are required to 
compare the effects of cold and warm temperatures on viral 
accumulation, host growth, and transcriptomic responses.

In this study, we conducted temperature-manipulation 
experiments using a TuMV–A. halleri system derived from a nat-
ural habitat. Warm (25∘C/20∘C, day/night) and cold (10∘C/5∘C, 
day/night) conditions were used. The former is close to the opti-
mal temperature for TuMV accumulation and symptom devel-
opment in Brassica crops (Chung et al. 2015). The latter is the 
temperature regime experienced by the natural populations of 
A. halleri in winter and early spring (Honjo et al. 2020). We exam-
ined viral accumulation and host transcriptomic responses at 8, 
15, and 28 days postinoculation (dpi). We designed our exper-
iment for a more extended period (i.e. 28 dpi) based on the 
expectation that TuMV would take time to accumulate under 
cold conditions. In addition, we included 28 dpi to examine 
the long-term effects of viral infection in addition to short-
term transient responses. We predicted that only some spe-
cific genes respond to viral infection, such as those involved 
in antiviral defense, plant hormone–related genes involved in 
growth response, and genes involved in the maintenance of the 
photosynthetic apparatus associated with disease symptoms.

Two questions were addressed in this study: (i) what are the 
patterns of intraplant virus accumulation and plant growth fol-
lowing viral inoculation under warm and cold conditions? (ii) 
How does the transcriptomic response to viral infection differ 
between cold and warm conditions?

Results

TuMV accumulation, host growth, and symptoms 
in the warm and cold
To examine the effect of temperature on TuMV accumulation 
and host growth, the virus was inoculated to uninfected A. hal-
leri plants and incubated under warm (25∘C/20∘C, day/night 
at 12-h day length) and cold (10∘C/5∘C, day/night at 12-h day 
length) conditions. A buffer solution without TuMV was used 
as a mock-inoculated control. Inoculations were performed on 
the ninth and 10th leaves. At 8, 15, and 28 dpi, TuMV amounts 
were quantified for the two inoculated leaves (pooled), the first, 
fourth, and seventh upper leaves from the inoculated leaves, 
and a new leaf (the second-youngest leaf at each sampling 
date that emerged after inoculation) using qPCR. Viral propa-
gation in inoculated leaves and systemic spread to the upper 
leaves progressed faster under warm conditions than under 
cold conditions (Fig. 1a). In the inoculated leaves, TuMV abun-
dance increased with time after inoculation (from 8 to 28 dpi) 
and was significantly higher in the warm treatment than in 
the cold treatment at 8 and 15 dpi (Fig. 1a). At 28 dpi, TuMV 
abundance in the inoculated leaves was near and at complete 
saturation levels under cold and warm conditions, respectively, 
and became nonsignificant between conditions. In the upper 
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Figure 1. Effects of temperature on growth, symptoms, and virus spread within plants for TuMV- and mock-inoculated A. halleri at 8, 15, and 
28 dpi under the cold (10∘C/5∘C, day/night temperatures) and warm (25∘C/20∘C) conditions. (a) TuMV abundance in leaves at different positions 
within TuMV-inoculated plants under the cold (gray bars) and warm (black bars) conditions at 8, 15, and 28 dpi (left, middle and right diagrams, 
respectively). Averages and standard deviations of TuMV amounts (n = 7–9) in leaves are shown for each leaf position. Relative leaf positions 
were determined acropetally from TuMV-inoculated leaves (Position 0), and Position 7 represents the newest leaves at the inoculation (0 dpi). 
“New” represents the youngest leaves at the time of sampling. Significant differences between cold and warm at the same dpi and positions are 
indicated by *, **, ***, and NS, corresponding to significance at P < .05, .01, .001, and no significant difference at P < .05 in t-tests with the sequential 
Bonferroni correction for multiple tests to keep dpi-wise probability. (b) A photograph showing TuMV-inoculated and mock-inoculated plants 
at 28 dpi under warm and cold conditions. (c) Representative symptoms appeared in the TuMV-inoculated plants at 28 dpi under the warm 
condition. SPAD value (d), leaf number (e), and shoot dry weight (f) for TuMV- and mock-inoculated plants at 8, 15, and 28 dpi under the cold 
and warm conditions. Averages and standard deviations are shown for (n = 9 and 7–9, for TuMV- and mock-inoculated plants, respectively). 
Different letters in the diagrams represent statistical significance between four combinations of temperature and virus inoculation treatments 
within each dpi (P < .05, Tukey–Kramer multiple comparison test). NS indicates no significant difference. 
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leaves, significant differences in TuMV abundance between the 
two conditions were found in the seventh leaf at 8 dpi and in 
all upper leaves at 15 and 28 dpi (Fig. 1a). High viral abundance 
was continually observed in new leaves at 8, 15, and 28 dpi 
under the warm conditions (Fig. 1a). Overall, TuMV increment 
occurred first in the inoculated leaves, followed by the top 
leaves (Position 7), lower leaves (Positions 1 and 4), and new 
leaves, although the rate of TuMV increment was slower in the 
cold treatment.

TuMV inoculation resulted in smaller plant size than the 
mock-inoculated plants at the warm temperature at 28 dpi 
(Fig. 1b). Under the cold conditions, plant size was smaller than 
that in the warm, and no difference was found between TuMV- 
and mock-inoculated plants at 28 dpi (Fig. 1b). Under the warm 
conditions, no visible symptoms were observed at 8 dpi. How-
ever, mosaic symptoms appeared on newly emerged leaves 
in some TuMV-inoculated plants at 15 dpi. At 28 dpi, mosaic 
symptoms were observed in most TuMV-inoculated plants, and 
a few plants showed chlorosis on newly emerged leaves and leaf 
rolling on mature leaves (Fig. 1c). No necrosis was observed at 
least up to 28 dpi. No symptoms were observed under cold con-
ditions. The SPAD value, an index of chlorophyll content, was 
significantly higher in the warm throughout the experiment, 
and no statistically significant effect of viral inoculation was 
detected (Fig. 1d). The initial difference in leaf number at 8 dpi 
disappeared at 15 and 28 dpi, and no effect of viral inoculation 
was observed (Fig. 1e). Shoot dry weight increased in the warm 
compared to the cold at 15 and 28 dpi, and clear growth sup-
pression by virus inoculation was detected in the warm but not 
in the cold at 28 dpi (Fig. 1f).

Overall responses of the host transcriptome in cold 
and warm
To evaluate host responses, we performed transcriptome anal-
yses using RNA-seq of inoculated and systemic leaves (fifth and 
sixth extant leaves from the inoculated leaves) at 8, 15, and 
28 dpi. We excluded the systemic leaves at 8 and 15 dpi under 
cold conditions from the analyses because no viral accumu-
lation was detected. In total, we obtained RNA-seq data for 
10 dpi–position–temperature combinations.

We performed permutational multivariate analysis of vari-
ance (PERMANOVA) on the host transcriptome of inoculated 
leaves to evaluate the overall effects of TuMV inoculation and 
temperature. Significant effects of TuMV, temperature, and 
dpi on the host transcriptome were detected (Supplementary 
Table S1; R2 = 0.04, 0.19, and 0.07, F = 6.37, 27.8, and 11.0, 
and P < .001, .001, and .001 for TuMV, temperature, and dpi, 
respectively). In the analysis for each dpi, significant effects of 
TuMV were detected at all time points (Supplementary Table 
S1, R2 = 0.09, 0.06, and 0.08; F = 3.69, 2.90, and 3.02; and 
P = .007, .009, and .005 at 8, 15, and 28 dpi, respectively), and 
significant effects of temperature were detected at 8 and 15 dpi 
(Supplementary Table S1, R2 = 0.09, 0.07, and 0.04; F = 3.74, 
2.66, and 1.56; P = .006, .011, and .137 at 8, 15, and 28 dpi, 
respectively).

We then visualized TuMV and temperature effects by prin-
cipal component analysis (PCA) using all samples of inoculated 
leaves to determine whether host responses to TuMV inocula-
tion differed between cold and warm conditions at the whole-
transcriptome level (Supplementary Fig. S1a–d). The first three 
principal component axes (PC1, PC2, and PC3) explained 
44.0% of the variation in the transcriptome. A clear separation 
between warm and cold conditions was observed along PC1 
(Supplementary Fig. S1a). Responses to TuMV inoculation in 
the warm were detected along PC2 (Supplementary Fig. S1a 
and b), whereas those in the cold were detected along PC3 
(Supplementary Fig. S1c and d). Although the mock-inoculated 
samples remained in the same region of the PC1–PC2 space 
(upper-left region), the TuMV-inoculated leaves showed greater 
variation along PC2 at 15 and 28 dpi (Supplementary Fig. S1b). 
Under cold conditions, the mock- and TuMV-inoculated sam-
ples were most clearly separated along PC3 at 8 dpi and the 
separation became less clear at 15 and 28 dpi (Supplemen-
tary Fig. S1d). Host responses to TuMV infection under warm 
and cold conditions appeared to be distinct at the whole-
transcriptome level, as their responses were observed along 
different PC axes.

Because temperature had the most significant effect on 
the transcriptome, we first examined the difference in host 
gene expression between warm and cold conditions by exam-
ining DEGs in the mock-inoculated control. Upregulated and 
downregulated DEGs were defined as those with higher and 
lower gene expression levels, respectively, under cold condi-
tions than under warm conditions. In mock-inoculated leaves, 
the number of DEGs was highest at 8 dpi (total 7064 with 
up/down = 3648/3417) and then gradually decreased at 15 dpi 
(total 6122 with up/down = 3079/3043) and 28 dpi (total 4151 
with up/down = 1865/2286) (Supplementary Fig. S2a). The 
number of DEGs in the systemic leaves (the fifth and sixth 
leaves upper from the inoculated leaves) at 28 dpi was sim-
ilar to that in the mock-inoculated leaves at 28 dpi (total 
4331 with up/down = 2195/2136) (Supplementary Fig. S2b). 
In the temperature responses of uninfected host plants, cold-
downregulated DEGs were mainly enriched by gene ontology 
(GO) related to host translation activity and carbon assimila-
tion, such as translation, ribosome assembly, rRNA process-
ing, and photosynthesis (Supplementary Fig. S2c). In contrast, 
cold-upregulated DEGs were mainly enriched in GOs related 
to defense, such as defense response to bacterium, response 
to chitin, and cellular response to hypoxia (Supplementary
Fig. S2c).

To elucidate how the transcriptome response to viral infec-
tion differed between cold and warm conditions, DEGs were 
identified by comparing gene expression between TuMV- and 
mock-inoculated plants. Here, we designated the upregulated 
and downregulated DEGs as those with higher and lower gene 
expression, respectively, in TuMV-inoculated leaves than in the 
mock-inoculated leaves. In the warm treatment, the num-
ber of DEGs in the inoculated leaves peaked at 15 dpi (total 
3017 with up/down = 1470/1547). The total numbers of DEGs 
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were 570 (up/down = 304/266) and 988 (up/down = 531/457) 
at 8 and 28 dpi, respectively (Fig. 2a). The number of DEGs 
for systemic leaves in the warm also peaked at 15 dpi, and 
713 (up/down = 554/159), 1565 (725/840), and 366 (137/229) 
DEGs were detected at 8, 15, and 28 dpi, respectively (Fig. 2b). 
In contrast, in the cold treatment, the highest number of DEGs 
was observed at 8 dpi (total 2972 with up/down = 1536/1436). 
The total number of DEGs gradually decreased to 1328 
(up/down = 904/424) at 15 dpi and 704 (up/down = 254/450) 
at 28 dpi in the inoculated leaves (Fig. 2c). For systemic leaves in 
the cold treatment, transcriptome analysis was performed only 
at 28 dpi when six DEGs were detected (Fig. 2d, Supplementary 
Data 1).

We quantified the level of TuMV accumulation in the 
RNA-seq-conducted leaves from the RNA-seq reads because 
they contained both the mRNA and TuMV genome with a 
polyadenylation (poly-A) tail (Fig. 2e–h, note that quantifi-
cation of TuMV in Fig. 1a was conducted by more sensitive 
qPCR for different leaves). The number of DEGs was not nec-
essarily explained by the virus accumulation levels. When DEGs 
peaked in the warm for inoculated and systemic leaves at 15 dpi, 
virus accumulation almost saturated (Fig. 2e and f), whereas 
the number of DEGs was highest when virus accumulation was 
still low at 8 dpi for the inoculated leaves in the cold (Fig. 2g). 
The small number of DEGs (=6) in the cold systemic leaves at 
28 dpi was due to the low level of TuMV, which was below the 
detection limit of RNA-seq (Fig. 2h).

GO enrichment analysis for all experimental 
combinations and for K-means clusters
We performed GO enrichment analyses for each of the
10 dpi–position–temperature combinations because most
DEGs were transient and unique to each combination. We per-
formed GO analyses separately for the upregulated and down-
regulated DEGs, and no cases occurred in which the same 
GO terms were simultaneously enriched for upregulation and 
downregulation, except for one case. In total, 90 biological pro-
cess GOs were enriched at least once (40 and 57 upregulated 
and downregulated GOs, respectively; Supplementary Fig. S3), 
of which 34 GOs became significant in multiple combinations 
(Fig. 2i).

GOs that were significantly enriched in multiple combi-
nations included defense, abiotic stress, light response, and 
photosynthesis-related GOs (Fig. 2i). Enrichment of defense-
related GOs in the upregulated DEGs was often shared between 
the systemic leaves in the warm treatment and the inoculated 
leaves in the cold treatment at earlier timings (Fig. 2i). The 
enrichment of abiotic stress-related GOs in the upregulated 
DEGs was shared between systemic leaves under warm con-
ditions and inoculated leaves under cold conditions at 8 and 
15 dpi for those related to hypoxia, drought, heat, and wound-
ing (Fig. 2i). GOs related to cold and light responses were fre-
quently enriched in downregulated DEGs in inoculated leaves 
at 8 and 15 dpi and in systemic leaves at 15 dpi under warm con-
ditions and in inoculated leaves at 8 dpi under cold conditions 
(Fig. 2i). Enrichment of photosynthesis-related GOs terms was 

detected in the downregulated DEGs in inoculated leaves at 
15 dpi under warm conditions and at 8 dpi under cold con-
ditions (Fig. 2i). Other characteristic GOs were auxin-related, 
which were often enriched in the downregulated GOs under 
warm conditions (Fig. 2i). Overall, defense- and abiotic stress-
related GOs were enriched in the upregulated DEGs at similar 
time points in each leaf position, i.e. at early time points (8 and 
15 dpi) of systemic leaves in the warm and inoculated leaves in 
the cold. In contrast, in downregulated DEGs, photosynthesis, 
auxin, and response light-related GOs were enriched in inocu-
lated leaves in the warm treatment, including in the late stage 
(28 dpi), but not at 28 dpi of the cold treatment in systemic 
leaves.

Among the remaining GOs (single-time-enriched GOs) in 
the biological processes, the top three highly enriched upreg-
ulated GOs were rRNA processing (cold, inoculated, 8 dpi, 
−log10FDR = 9.55), intracellular protein transport (warm, inoc-
ulated, 15 dpi, −log10FDR = 8.96), and response to bacterium 
(warm, systemic, 8 dpi, −log10FDR = 5.00) (Supplementary
Fig. S3). The top three highly enriched downregulated GOs were 
defense response by callose deposition in cell wall (warm, inocu-
lated, 28 dpi, −log10FDR = 11.14), reductive pentose phosphate 
cycle (cold, inoculated, 8 dpi, −log10FDR = 5.74), and gluconeo-
genesis (cold, inoculated, 8 dpi, −log10FDR = 5.23) (Supplemen-
tary Fig. S3).

To incorporate quantitative information on gene expression 
across the entire experiment, we performed K-means clus-
tering using all the DEGs (Supplementary Fig. S4). We iden-
tified six clusters and performed a GO enrichment analysis. 
Similar to the aforementioned analyses in Fig. 2i, the overall 
enrichment of defense-, abiotic stress-, light response-, and 
photosynthesis-related GOs was detected (Supplementary Fig. 
S4). Cluster 1 was characterized by prominent upregulation fol-
lowing viral infection, specifically in cold-inoculated leaves, and 
was enriched in GOs related to abiotic stress. Genes in Clus-
ters 3 and 4 shared a similar pattern of upregulation with dpi 
in mock-inoculated leaves, and these changes were accelerated 
by TuMV inoculation. Both clusters were enriched in abiotic 
stress and defense. Cluster 3 showed a stronger effect of TuMV 
infection, characterized by high expression in the warm in gen-
eral, and was enriched in GOs related to leaf senescence and 
SA response. Cluster 6 genes were downregulated by viral infec-
tion, and the enriched GO terms included those related to 
photosynthesis and auxin signaling. These results allowed us to 
characterize the responses of some of the DEGs quantitatively. 
For example, some DEGs tended to retain similar response lev-
els throughout the dpi, as observed in the patterns in Cluster 1 
(Supplementary Fig. S4). As in Clusters 3, 4, 5, and 6, the expres-
sion of many genes changed in response to temperature, dpi, 
leaf positions, or their combinations, even in mock-inoculated 
plants, and TuMV infection–modified gene expression, main-
taining basal responses in most cases (Supplementary Fig. S4). 
In the following sections, the gene names of A. halleri were 
determined by adding Ahg to the names of homologous genes 
in A. thaliana (we used gene ID only when the homologs had no
name).
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Figure 2. Analyses on DEGs between TuMV- and mock-inoculated plants at different dpi, leaf position, and temperature combinations. Number of 
DEGs at 8, 15, and 28 dpi for the inoculated and systemic leaves in the warm (a and b) and in the cold (c and d). Upregulated and downregulated 
DEGs represent those with higher and lower gene expression in the TuMV-inoculated leaves than in the mock-inoculated leaves, respectively. For 
the systemic leaves in the cold, transcriptome (RNA-seq) analyses were performed only at 28 dpi. Virus accumulation level for the transcriptome 
samples calculated from TuMV reads included in the RNA-seq data at 8, 15, and 28 dpi for the inoculated and systemic leaves in the warm (e and f) 
and in the cold (g and h). (i) A heatmap showing the results of GO enrichment analyses on DEGs between TuMV-inoculated and mock-inoculated 
plants for the 10 dpi–position–temperature combinations. The results of 34 GOs in biological processes that were significant (false discovery rate 
[FDR] < 0.05) at multiple times are listed. We performed GO analysis separately for upregulated and downregulated DEGs, and there were no 
cases where the same GO terms were enriched for upregulation and downregulation simultaneously, except for a single case. Therefore, each cell 
was colored when either upregulated or downregulated DEGs were enriched in the corresponding GO. If the GO is enriched in both upregulated 
and downregulated DEGs, the cell was divided into two to accommodate both red and blue colors. Gray color represents no enrichment of the 
corresponding GO. 
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Defense and other related genes
We examined the responses of genes that were included in three 
GO terms related to virus defense, i.e. “response to SA,” “defense 
response to virus,” and “response to virus” (Fig. 3, Supplemen-
tary Fig. S5). Regarding the SA response, the genes upregulated 
in the warm treatments were largely different between the 
inoculated and systemic leaves (Fig. 3a). Genes in both groups 
were upregulated in the inoculated leaves under cold condi-
tions; however, the similarity between systemic leaves under 
warm conditions and inoculated leaves under cold conditions 
was more pronounced (Fig. 3a). Among the WRKY transcrip-
tion factors, AhgWRKY18 and AhgWRKY60 were upregulated 
in inoculated leaves under warm and cold conditions, whereas 
AhgWRKY40 was upregulated only in systemic leaves under 
warm conditions (Fig. 3a). The homologs of these three WRKYs 
are coexpressed in response to pathogen attack and abiotic 
stress in A. thaliana. WRKY40 has been reported to act as a 
repressor of the ABA response by antagonizing WRKY18 and 
WRKY60 (Xu et al. 2006, Chen et al. 2010). A gene encording 
transcription factor, AhgRELATED TO AP2.6 (AhgRAP2.6), was 
detected as a highly upregulated DEG in the inoculated leaves 
in the cold (Fig. 3a and c). This gene was strongly repressed in 
mock-inoculated leaves at 8 and 15 dpi and then upregulated 
at 28 dpi in the cold treatment, whereas it was induced earlier 
by TuMV inoculation (Fig. 3c).

For the “defense response to virus” GO, most genes were 
detected as upregulated DEGs (Fig. 3b). Genes encoding ARG-
ONAUTEs, representative RNA silencing proteins (AhgAGO1, 
AhgAGO2, AhgAGO4, and AhgAGO10), were upregulated at 15 
and 28 dpi (Fig. 3b). For example, AhgAGO1 was significantly 
upregulated in inoculated leaves at 15 and 28 dpi (Fig. 3e). 
AhgAGO2 was detected as an upregulated DEG in inoculated 
leaves at 15 and 28 dpi, systemic leaves at 28 dpi in the warm 
treatment, and inoculated leaves at 28 dpi in the cold treatment 
(Fig. 3f). Under warm conditions, the expressions of AhgAGO1, 
AhgAGO2, and AhgRDR6 positively correlated with TuMV abun-
dance in the inoculated leaves (Fig. 3g–i). These correlations 
were weakened under cold conditions, and only AhgRDR6 pos-
itively correlated with TuMV abundance (Fig. 3g–i). AhgREM1.2
was upregulated at 15 dpi in inoculated and systemic leaves 
under warm conditions (Fig. 3b), and the A. thaliana homolog 
of this gene has been reported to be a negative regulator of 
the cell-to-cell movement of TuMV (Cheng et al. 2019). In the 
cold treatment, AhgYLS9 (Fig. 3d), a PR gene that suppresses 
CMV infection (Elsharkawy et al. 2022), and three other genes 
(AhgDIP2, AhgWRKY8, and AhgNHL3) were strongly upregu-
lated in the inoculated leaves. All of them, except AhgNHL3, 
were also upregulated in the systemic leaves in the warm treat-
ment.

For the “response to virus” GO, most DEGs were detected 
as upregulated ones (Supplementary Fig. S5). These included a 
series of genes encoding heat shock protein 70 (HSP70), such as 
AhgHEAT SHOCK PROTEIN 70.2 (AhgHSP70.2) and AhgHSP70.4
(Fig. 3j and k). It has been reported that HSP70 is upreg-
ulated in A. thaliana by many viruses such as TuMV, CMV, 

oilseed rape mosaic virus, potato virus X, and turnip vein clear-
ing virus (Whitham et al. 2003). Some small HSP genes, such 
as AhgHSP15.7 and AhgHSP17.6, were downregulated (Fig. 3l
and m).

Auxin-activated signaling pathway
It turned out that 83 out of 172 genes belonging to the 
auxin-activated signaling pathway, which is the coordinator 
of plant growth and development, altered their expression 
at least once in response to TuMV inoculation in all dpi–
position–temperature combinations (Supplementary Table S2). 
Among them, 35 genes were consistently upregulated or down-
regulated on multiple occasions, and 11 and 2 DEGs were warm- 
and cold-specific, respectively (Fig. 4a). Among the warm-
specific DEGs, most were downregulated by TuMV infection 
(Fig. 4a). For example, the small auxin-upregulated RNA (SAUR) 
genes, AhgSAUR22 and AhgSAUR23, were induced under warm 
conditions, whereas they were repressed by TuMV inoculation 
at 8 and 15 dpi in the inoculated and systemic leaves (Fig. 4b 
and c). These genes were not expressed under cold conditions 
regardless of TuMV infection (Fig. 4b and c). AhgINDOLE-3-
ACETIC ACID 29 (AhgIAA29) showed suppression patterns sim-
ilar to AhgSAUR22 and AhgSAUR23 (Fig. 4d). Growth deficiency 
was caused by TuMV infection under warm conditions and was 
also caused by the cold irrespective of the presence/absence 
of TuMV infection (Fig. 1a and c). This corresponded to the 
expression patterns of these genes. Two genes, AhgDWARF IN 
LIGHT 1 (AhgDFL1/GH3.6) and AhgATP-BINDING CASSETTE B4 
(AhgABCB4), were upregulated cold-specifically (Fig. 4a and e). 
The homologs of these genes are positive regulators of meristem 
size and IAA transport in A. thaliana roots (Kubeš et al. 2012, 
Pierdonati et al. 2019, Wang et al. 2023).

Photosynthesis-related genes
Photosynthesis-related DEGs were mostly downregulated, pre-
sumably representing host damage caused by TuMV infection 
(Fig. 4f). However, the situation at 28 dpi differed between warm 
and cold conditions. Under warm conditions, most DEGs were 
significantly downregulated at 15 dpi in inoculated leaves and 
28 dpi in systemic leaves (Fig. 4f). Under cold conditions, the sig-
nificant downregulation of photosynthesis-related DEGs mainly 
occurred at 8 dpi (Fig. 4f), when the level of virus accumulation 
in the inoculated leaves was still moderate (Fig. 1a). Expression 
of most of the genes belonging to the “light-harvesting II” GO, 
such as AhgLIGHT-HARVESTING CHLOROPHYLL B-BINDING 2.3
(AhgLHCB2.3) and AhgLHCB4.2, decreased from 8 to 28 dpi even 
in the mock-inoculated plants in the warm, and the expres-
sions were more strongly suppressed in TuMV-inoculated plants 
(Fig. 4g and h). In contrast, in the cold treatment, gene expres-
sion was low at 8 dpi but increased at 15 and 28 dpi in the 
mock-inoculated plants (Fig. 4g and h). Downregulation of 
photosynthesis-related genes in the inoculated leaves occurred 
in 13 genes at 8 dpi, but the gene expression levels recovered 
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Figure 3. Gene expression patterns of DEGs between TuMV- and mock-inoculated plants related to defense and virus response. Heatmaps showing 
at which dpi–position–temperature combinations the genes were detected as DEGs for the “response to SA” GO (a) and “defense response to 
virus” GO (b). Gray color represents no significant difference between virus+ and virus− leaves (EdgeR, FDR < 0.05). (c) Gene expression in all 
samples for AhgRAP2.6, an example of a DEG selected from (a). (d) Gene expression in all samples for AhgYLS9, an example of a DEG selected 
from (b). Gene expression in all samples for AhgAGO1 (e) and AhgAGO2 (f), genes representing RNA silencing. Dependence of gene expression on 
TuMV abundance of inoculated leaves in the warm and cold for AhgAGO1 (g), AhgAGO2 (h), and AhgRDR6 (i). Data from inoculated leaves at 8, 
15, and 28 dpi were used for each temperature condition. Regression lines and significance levels (P) are shown when the regression is statistically 
significant. Gene expressions in all samples for representative HSPs were detected as DEGs, AhgHSP70.2 (j), AhgHSP70.3 (k), AhgHSP15.7 (l), and 
AhgHSP17.6 (m). In (c–f) and (j–m), the upper and lower columns represent the results from inoculated and systemic leaves, respectively. NA 
indicates no data available. Asterisks represent significant difference between virus+ and virus− leaves (EdgeR, FDR < 0.05). 
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Figure 3. Continued 

by 28 dpi for 12 genes, except for AhgLHCA6. TuMV infec-
tion significantly repressed gene expression at 8 and 15 dpi 
for AhgLHCB4.2 in the inoculated leaves under cold condi-
tions, whereas expression in TuMV-inoculated plants increased 
and reached a level equivalent to that in mock-inoculated 
plants at 28 dpi. For AhgCHLOROPHYLL A/B BINDING PRO-
TEIN 1 (AhgCAB1/LHCB1.3) and AhgCAB2/LHCB1.1 genes, no 
such contrasting pattern was observed in the mock-inoculated 
leaves between warm and cold conditions; however, repres-
sion of gene expression by TuMV infection was detected at 
15 and 28 dpi under warm conditions and 8 dpi under cold
conditions (Fig. 4i and j).

Temperature-specific DEGs
To list genes that responded to TuMV infection in a
temperature-specific manner, we defined warm- and cold-
specific DEGs as genes detected as DEGs in at least four 
and three combinations under warm and cold conditions, 
respectively (more than half of all dpi–position combina-
tions). Genes with inconsistent response directions were 
excluded. The numbers of warm- and cold-specific DEGs were 
38 (up/down = 18/20) and 6 (up/down = 3/3), respectively 
(Fig. 5a and b).

Warm-specific downregulated DEGs included auxin-related 
genes (AhgSUAR16, 22, 23, and 64 and AhgIAA14 and 29, 
Fig. 4b–d) and AhgLHCB2.3 (Fig. 4g), which we have treated in 
the “Auxin-activated signaling pathway” and “Photosynthesis-
related genes” section, respectively. In addition, one warm-
specific upregulated DEG was the auxin biosynthetic gene Ahg-
NIT2 (g25477) (Bartling et al. 1992, Normanly et al. 1997, 
Lehmann et al. 2017), and its expression pattern was similar to 
that of other auxin-related genes (Fig. 5c). Other examples of 
warm-specific upregulated DEGs included a homolog encod-
ing a disease resistance protein, one of the TIR-NBS-LRR class 
genes (g22461), and the transcription factor AhgGTE2 (g10521) 
which is also considered a chromatin-remodeling factor (Far-
rona et al. 2007) (Fig. 5d and e). An example of a warm-specific 

downregulated DEG is the bHLH DNA-binding protein gene, 
which is a homolog of AT3G21330 (g11235) (Fig. 5f).

Cold-specific upregulated DEGs included AhgMYB102
(g21732) and AhgJMJ13 (g07759), and cold-specific downreg-
ulated DEGs included AhgNRT2.7 (g19238) and AhgDEWAX
(g10786) (Fig. 5g–j). MYB102, a transcription factor, is known to 
increase plant susceptibility to aphids by reducing callose depo-
sition (Zhu et al. 2018), and JMJ13, an H3K27me3 demethylase, 
has been reported to act as a temperature-dependent flowering 
repressor in A. thaliana (Zheng et al. 2019). DEWAX is a negative 
regulator of cuticular-wax biosynthesis (Suh and Go 2014).

Constant DEGs
To determine whether the gene expression responses to TuMV 
were transient, we examined the overlap between DEGs at 8, 15, 
and 28 dpi in inoculated and systemic leaves under warm con-
ditions (Fig. 6a and b) and in inoculated leaves under cold con-
ditions (Fig. 6c). Most of the DEGs were found to be transient, 
and DEGs unique to one or two consecutive sampling dates 
accounted for 98.9% (4022), 98.8% (2288), and 97.1% (3019) of 
the 4068, 2316, and 4141 total DEGs for inoculated and sys-
temic leaves in the warm and inoculated leaves in the cold, 
respectively (Fig. 6a–c). Constant DEGs were detected across 
all time points, including 32, 15, and 48 genes for inoculated 
and systemic leaves under warm conditions and inoculated 
leaves under cold conditions, respectively (Fig. 6d, Supplemen-
tary Table S3). Among these constant DEGs, five, six, and five 
were temperature-specific (described in the previous section), 
respectively.

Here, we describe the constant DEGs, excluding
temperature-specific DEGs. One of the two overlapping con-
stant DEGs between the inoculated and systemic leaves under 
the warm condition was AhgIST1-LIKE6 (AhgISTL6, g04729), 
which was upregulated under all conditions except for the inoc-
ulated and systemic leaves at 28 dpi under the cold condition 
(Fig. 6e). In a previous field study, the TuMV–A. halleri inter-
actions, this gene was detected as a DEG in both spring and 
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Figure 4. Gene expression of DEGs between TuMV- and mock-inoculated plants related to auxin response and photosynthesis. (a) A heatmap 
showing in which dpi–position–temperature combinations the genes were detected as DEGs for the “auxin-activated signaling pathway” GO. 
Gene expression in all samples for AhgSAUR22 (b), AhgSAUR23 (c), AhgIAA29 (d), and AhgABCB4 (e), examples of DEGs selected from (a). (f) A 
heatmap showing in which dpi–position–temperature combinations the genes were detected as DEGs for the “photosynthesis, light-harvesting 
I, II” GO. Gene expression in all samples for AhgLHCB2.3 (g), AhgLHCB4.2 (h), AhgCAB1 (i), and AhgCAB2 (j), examples of DEGs selected from (f). 
In heatmaps (a and f), gray color represents no significant difference between virus+ and virus− leaves (EdgeR, FDR < 0.05). In (b–e) and (g–j), 
the upper and lower columns represent the results from inoculated and systemic leaves, respectively. NA indicates no data available. Asterisks 
represent the significant difference between virus+ and virus− leaves (EdgeR, FDR < 0.05). 
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Figure 5. Temperature-specific DEGs between TuMV- and mock-inoculated plants. Heatmaps showing at which dpi–position–temperature com-
binations the genes were detected as warm-specific DEGs (a) and cold-specific DEGs (b). Gene expression patterns for AhgNIT2 (c), a TIR-NBS-LLR 
disease resistance gene (g22461) (d), AhgGTE2 (e), and a bHLH DNA-binding gene (g11235) (f), examples of DEGs selected from warm-specific 
DEGs. Gene expression patterns for AhgMYB102 (g), AhgJMJ13 (h), AhgNRT2.7 (i), and AhgDEWAX (j) are examples of DEGs selected from cold-
specific DEGs. In heatmaps (a and b), gray color represents no significant difference between virus+ and virus− leaves (EdgeR, FDR < 0.05). In (c–j), 
the upper and lower columns represent the results from inoculated and systemic leaves, respectively. NA indicates no data available. Asterisks 
represent significant difference between virus+ and virus− leaves (EdgeR, FDR < 0.05). 
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Figure 6. DEGs detected constantly across time points (constant DEGs) in the warm and cold. Venn diagrams for DEGs at 8, 15, and 28 dpi in the 
inoculated (a) and systemic leaves (b) in the warm (25∘C/20∘C) and in the inoculated leaves in the cold (15∘C/10∘C) (c) to show that 32, 15, and 
48 genes are constant DEGs, respectively. (d) Venn diagrams showing the overlap between constant DEGs in the inoculated and systemic leaves in 
the warm and in the inoculated leaves in the cold. There was no overlap in constant DEGs between the warm and cold DEG. Representative DEGs 
belonging to each region of the Venn diagram in (d) are listed. (e–j) Gene expression in all samples for representative constant DEGs, AhgISTL6, 
a TIR-NBS-LRR gene (e), AhgGBSS1 (f), AhgPP2-B1 (g), AhgGPAT5 (h), AhgABCG6 (i), and AhgMYB49 (j). In (e–j), the upper and lower columns 
represent the results from inoculated and systemic leaves, respectively. NA indicates no data available. Asterisks represent significant difference 
between virus+ and virus− leaves (EdgeR, FDR < 0.05). 

autumn (Honjo et al. 2020). An example of constant DEGs 
for inoculated leaves in the warm was AhgHSP70.2, which was 
upregulated by TuMV inoculation and described earlier in the 
“Defense and other related genes” section (Fig. 3j). AhgGRAN-
ULE BOUND STARCH SYNTHASE 1 (AhgGBSS1), whose homolog 
is responsible for amylose synthesis in the storage organs of 
A. thaliana (Seung et al. 2015), was a downregulated constant 
DEG in the inoculated leaves in the warm treatment (Fig. 6f). 
Constant DEGs in systemic leaves included AhgPHLOEM PRO-
TEIN 2-B1 (AhgPP2-B1; Fig. 6g), AhgIAA29 (Fig. 4e), and AhgL-
HCB2.3 (Fig. 4f). Among these DEGs, AhgISTL6 and AhgPP2-B1
are among the three genes commonly upregulated in the spring 

and autumn equinoxes in a natural environment (Honjo et al. 
2020), suggesting that they are not transient and are upregu-
lated in response to the presence of TuMV over a wide range of 
temperatures.

The constant DEGs for the inoculated leaves in the cold were 
enriched by the “biosynthetic process of suberin” GO (Sup-
plementary Table S4), which is a lipid-phenolic biopolyester 
deposited in the cell walls of certain plant boundary tis-
sue layers. Three genes related to suberin biosynthesis were 
detected as DEGs, i.e. AhgGLYCEROL-3-PHOSPHATE sn-2-
ACYLTRANSFERASE 5 (AhgGPAT5, Fig. 6h), AhgATP-BINDING 
CASSETTE G6 (AhgABCG6, Fig. 6i), and AhgRWP1. These three 
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genes showed similar regulatory patterns and were upregu-
lated in TuMV-inoculated leaves constantly under cold condi-
tions and transiently at 8 dpi under warm conditions (Fig. 6h 
and i). The gene encoding the transcription factor AhgMYB49
showed a similar expression pattern (Fig. 6j). MYB49 pro-
motes the expression of genes involved in suberin, cutin, and 
wax biosynthesis in A. thaliana (Zhang et al. 2020). Further 
studies evaluating the outcomes of these responses should 
include the quantification of suberin, cutin, and callose depo-
sition after TuMV inoculation under different temperature
conditions.

Network analysis
Using all transcriptome datasets, we examined the coexpres-
sion relationships between genes by applying network analysis 
to identify the modules and hub genes associated with TuMV 
infection. The most significantly upregulated and downregu-
lated modules were dark olivegreen (correlation with the pres-
ence or absence of TuMV infection 0.40, P < 4.56 × 10−8) and 
saddlebrown (correlation −0.36, P < 1.26 × 10−6), respectively 
(Supplementary Fig. S6).

The expression pattern in the darkolivegreen module was 
characterized by upregulation in response to TuMV infection 
in inoculated leaves at an early time point in the warm treat-
ment and by continuous upregulation across time points in 
the cold treatment (Fig. 7a). In this module, GOs related to 
reactive oxygen species (ROS) responses, including hydrogen 
peroxide catabolic process, were enriched (Fig. 7b). The top two 
hub genes identified in the darkolivegreen module were g21697 
(AT2G22510 homolog), which encodes a hydroxyproline-rich 
glycoprotein family, and AhgLTPG15 (g09506, AT2G48130 
homolog), which encodes a bifunctional inhibitor/lipid-transfer 
protein/seed storage 2S albumin superfamily. The latter has 
been reported to function in suberin monomer export in the 
seed coat and enhance seed germination in A. thaliana (Lee 
and Suh 2018). The network of the top nine genes with the 
highest number of connections in the darkolivegreen module 
included four genes that encoded hydroxyproline-rich glyco-
proteins such as AhgPELPK1 and AhgPELPK2 (Fig. 7c). The top 
two hub genes and AhgPELPK1 showed typical expression pat-
terns in this module (Fig. 7d–f). PELPK1 has been reported to be 
a positive regulator of seed germination in A. thaliana (Rashid 
and Deyholos 2011).

The expression pattern in the saddlebrown module was char-
acterized by downregulation in response to viral infection at 
early time points in both inoculated and systemic leaves under 
warm conditions (Fig. 7g). This module enriched GO terms 
related to auxin responses, including the auxin-activated signal-
ing pathway GO (Fig. 7h). The top six hub genes in this module 
comprised three sets of two genes identified as homologs of 
SAUR22, SAUR23, and IAA29: AhgSAUR22 (g13292 and g13295), 
AhgSAUR23 (g13291 and g13294), and AhgIAA29 (g13288 and 
g13297) (Fig. 7i). At least one of the homologs of each pair 
was also detected as the representative auxin-related DEGs in 
the “Auxin-activated signaling pathway” section (Fig. 4b–d), 

and cold-specific downregulated DEGs in the “Temperature-
specific DEGs” section, AhgIAA14 (g23202, encoding an auxin-
responsive protein and a homolog of AT4G14550), AhgDUF1645
(g05330, a stress response NST1-like protein and a homolog of 
AT3G62630), and g13963 (a phytochrome kinase substrate–like 
protein and a homolog of AT1G18810) were detected in this 
module (Fig. 7j–l).

Discussion

This study demonstrated that three aspects of virus–host inter-
actions are highly temperature-dependent: viral accumulation, 
host symptoms, and host transcriptomic responses. Cold con-
ditions (10∘C/5∘C, 12/12 h) strongly suppressed virus accumu-
lation compared to warm conditions (25∘C/20∘C, 12/12 h), and 
it took three times as long to achieve a similar virus distribu-
tion within host plants at 28 dpi under the cold conditions as 
at 8 dpi under the warm conditions. Growth inhibition and leaf 
symptoms caused by TuMV, such as chlorophyll reduction and 
chlorosis, were observed under warm conditions but not under 
cold conditions.

The suppression of viral accumulation by cold can explain 
the low viral levels during winter in the natural population 
of A. halleri, a perennial evergreen herb reported previously 
(Honjo et al. 2020). The cold conditions in this study, 10∘C/5∘C 
for day/night temperature, were relatively mild compared with 
those in mid-winter in natural habitats. Our results suggest that 
viruses inhibit host growth only during the warm season. The 
negative effects of viral infection on host growth may be min-
imal not only during winter but also in early spring and late 
autumn, during which the host can grow in the natural pop-
ulation. Attenuation of growth inhibition during cold seasons 
may be one of the key mechanisms for the persistent interaction 
between the virus and the host.

The slow viral accumulation and weak symptoms under cold 
conditions must be carefully interpreted. This can directly result 
from lowered host activity due to cold because the virus relies 
on host activity during its replication. In comparing transcrip-
tomes between warm and cold conditions in uninfected plants 
(mock-inoculated controls), genes related to translation, rRNA 
processing, and chloroplast organization were downregulated 
by cold conditions. Alternatively, a cold-specific host response 
that slows viral accumulation and weakens the symptoms may 
exist. Despite slower virus accumulation and weaker symptoms, 
we observed an equivalent level of the transcriptomic response 
to viral infection in the cold compared to that under the warm 
conditions regarding the number of DEGs. The DEGs between 
the mock and TuMV inoculation groups were largely unique 
at each temperature and most appeared transiently at various 
times after inoculation, representing the complex nature of the 
interactive effects of temperature and viral infection on the 
host transcriptome. However, some consistently induced genes 
(constant DEGs) were identified, whose expression was induced 
by TuMV even after 28 days of inoculation. These genes may 
affect plants during persistent long-term infections.
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Figure 7. Results of the WGCNA performed on all expressed genes. (a) Gene expression pattern of all genes (37 genes) in the darkoliveg-
reen module. (b) Results of GO enrichment analysis for genes in the darkolivegreen module. (c) Networks of the top hub genes with the 
highest number of connections and their connectivity to the other genes for the darkolivegreen module. Gene expression in all samples 
for g21697 (d), AhgLTPG15 (e), and AhgPELPK1 (f), examples of hub genes selected from the darkolivegreen module. (g) Gene expres-
sion pattern of all genes (65 genes) in the saddlebrown module. (h) Results of GO enrichment analysis for genes in the saddlebrown 
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Fig. 7 (Continued) module. (i) Networks of the top hub genes with the highest number of connections and their connectivity to the other genes 
for the saddlebrown module. Gene expression in all samples for AhgIAA14 (j), AhgDUF1645 (k), and g13963 (l), examples of hub genes selected 
from the saddlebrown module. In (c) and (i), the width of the lines represents the weight of the connection. In (d–f) and (j–l), the upper and lower 
columns represent the results from inoculated and systemic leaves, respectively. NA indicates no data available. Asterisks represent significant 
difference between virus+ and virus− leaves (EdgeR, FDR < 0.05).

RNA-seq analyses provided comprehensive information on 
the host response to virus infection in warm and cold environ-
ments and allowed us to speculate on the candidate mecha-
nisms underlying distinct virus accumulation and host symp-
toms. However, further validation is required by manipulating 
candidate genes (e.g. silencing or overexpression) using an effec-
tive transgene procedure in self-incompatible A. halleri, which is 
still under development. The use of TuMV–A. thaliana system is 
another strategy for applying transgenic methods and utilizing 
mutant lines. The discussion in the following sections is subject 
to the same limitations at this stage of the study.

Temperature effects on symptom and 
transcriptome
The most obvious symptom was growth inhibition under warm 
conditions, which was detected as a lower shoot weight at 
28 dpi. However, under cold conditions in which the growth of 
uninfected plants was suppressed, no further growth inhibition 
by viral infection was observed (Fig. 1). The auxin signaling path-
way was detected as an enriched GO in downregulated DEG at 
multiple leaf positions and dpi combinations under warm con-
ditions. Because auxins are often associated with plant growth 
(Zhang et al. 2022), we speculated that the suppression of auxin 
signaling could be one of the mechanisms of growth inhibi-
tion by TuMV infection under warm conditions. Eight of the 
nine warm-specific downregulated DEGs, including AhgIAA29, 
AhgSAUR20, AhgSAUR22, and AhgSAUR23, were suppressed in 
both mock- and TuMV-inoculated plants in the cold, and the 
patterns were consistent with observing small plant sizes in the 
cold, regardless of the presence or absence of the virus. Large-
scale disruption of auxin regulation has also been reported in 
the TMV–A. thaliana system, and 30% of the genes transcrip-
tionally altered by TMV infection contain promoters with mul-
tiple auxin response elements (Padmanabhan et al. 2005). The 
interaction between a TMV replicase and an auxin response reg-
ulator, phytochrome-associated protein 1 (PAP1/IAA26), has 
been proposed to underlie the significant disruption of the 
auxin signaling pathway by TMV infection (Padmanabhan et al. 
2005).

Many photosynthesis-related GOs were enriched in the 
downregulated DEGs under both warm and cold conditions 
(Fig. 2), and suppressing photosynthetic activity was likely a 
symptom of TuMV infection. In the cold treatment, downreg-
ulation of photosynthesis-related genes occurred at 8 dpi, but 
gene expression levels were recovered by 28 dpi in 12 out of 
13 DEGs. In contrast, at warmer temperatures, photosynthesis-
related genes were detected as downregulated DEGs at 15 dpi 
and remained low at 28 dpi, but by this time, the expression of 

these genes was also reduced in uninfected plants with aging 
leaves (Fig. 4). The response pattern observed under cold condi-
tions is similar to that reported in cases of high-stress tolerance, 
where the stress response at the gene expression level is strong 
in the early stages and then returns to normal (Yamaguchi-
Shinozaki and Shinozaki 2006). A previous study showed that 
downregulation of the photosynthesis-related gene NbLHCB3
is involved in the defense against TuMV by inducing ROS 
production (Qiu et al. 2021). Further experimental valida-
tion is required to determine whether the downregulation of 
photosynthesis-related genes under cold conditions is involved 
in the defense against viral infection.

Interestingly, we detected cold-specific genes that
responded to TuMV infection under cold but not warm condi-
tions. These genes include MYB102, a transcription factor, and 
JMJ13, a H3K27me3 demethylase that acts as flowering repres-
sors in A. thaliana (Zheng et al. 2019). The flowering of A. halleri
is induced and initiated under long cold exposure in winter 
(Aikawa et al. 2010, Satake et al. 2013, Nishio et al. 2020). There-
fore, future studies should investigate whether TuMV-infected 
individuals exhibit different flowering responses.

Temperature effects on virus accumulation
Little is known about the molecular mechanisms underlying 
temperature-dependent viral replication. HSPs, such as HSP70 
and HSP90, are well known to be important for (+) RNA virus 
replication (Nagy et al. 2011) and are transcriptionally induced 
by the virus (TuMV; Aparicio et al. 2005). HSP70-3 has been 
reported to interact with the RNA-dependent RNA polymerase 
of TuMV (Dufresne et al. 2008). In our study, some genes of the 
HSP70 family were upregulated under warm and cold condi-
tions, whereas others were upregulated only under cold con-
ditions. In our previous study on a natural population, we did 
not detect HSP genes as DEGs between infected and uninfected 
plants (Honjo et al. 2020), but it should be noted that our pre-
vious study was not designed to detect transient upregulation 
after infection.

We also observed the downregulation of homologs of some 
small HSPs, such as AhgHSP15.7 and AhgHSP17.6, in addition 
to those upregulated in response to viral infection. There is lit-
tle information on how small HSPs are involved in virus–plant 
interactions (Waters and Vierling 2020), and this aspect requires 
further investigation. Lower TuMV accumulation in the inocu-
lated leaves reflects the suppression of viral replication within 
the host cell and/or cell-to-cell movement. At 28 dpi, TuMV 
reached systemic leaves even under cold conditions, presum-
ably triggered by increased TuMV accumulation at the infection 
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site. Our RNA-seq analysis showed no sign that systemic move-
ment efficiency differed between warm and cold conditions.

Defense response
SA signaling and RNA silencing are the two major defense mech-
anisms against viral infections. SA serves as an early defense 
mechanism in response to pathogen attacks (Qin et al. 1994), 
but the timescales of the RNA silencing response have not been 
well studied. In our experiments, most SA signaling genes were 
induced earlier than RNA silencing genes. Most SA response 
genes were upregulated at early time points during viral prop-
agation after inoculation (8 and 15 dpi) under both warm and 
cold conditions, whereas the upregulation of key RNA silenc-
ing genes (AhgAGO1 and AhgAGO2) occurred relatively later at 
15 and 28 dpi, mainly under warm conditions. The expression 
patterns of RNA silencing genes in the warm, such as AhgAGO1, 
AhgAGO2, and AhgRDR6, can be explained by the level of viral 
accumulation, as the expression of these genes showed signif-
icant positive correlations with TuMV abundance. Under cold 
conditions, these correlations may have been weakened by a 
narrow range of variation in virus abundance due to slow virus 
accumulation. The detection of AhgAGO2 as an upregulated 
DEG and the positive correlation of AhgRDR6 with virus abun-
dance indicated that RNA silencing was induced, at least at the 
gene expression level, even under cold conditions.

SA response genes were upregulated in the early stages of 
viral propagation, whereas RNA silencing genes were upregu-
lated even after viral saturation. The temporal differences in 
defense activation found in this study are consistent with those 
reported from infected plants in a natural population of A. 
halleri, in which SA response genes were upregulated in early 
spring at earlier stages of TuMV increase (logarithmic amplifica-
tion phase) and RNA silencing genes were upregulated in early 
autumn when TuMV abundance was saturated (Honjo et al. 
2020).

Viral infections may disrupt the defense against other types 
of pathogens. We observed that the “defense response to bac-
terium” and “response to bacterium” GOs were enriched in the 
downregulated DEGs at 28 dpi in the warm. This may indicate 
that the defense against bacteria is attenuated by viral infection 
after a long period under warm conditions. Although infec-
tion with one virus species has been reported to promote or 
prevent infection, virus–bacterial interactions have rarely been 
studied (Lamichhane and Venturi 2015). Whether the downreg-
ulation of bacterial defense genes by TuMV promotes bacterial 
infection should be investigated in future studies.

Some suberin biosynthesis genes were consistently upregu-
lated in TuMV-inoculated leaves at all time points under cold 
conditions (constant DEGs in Fig. 6h and i). Suberin polymer 
synthesis is induced in response to abiotic and biotic stresses 
and serves as a barrier for transporting substances between cells 
(Batsale et al. 2021, Kashyap et al. 2021). Further studies are 
required to understand the role of suberin in the movement of 
viruses between cells.

Conclusions

In this study, we showed that virus–plant interactions are highly 
temperature-dependent. We successfully identified TuMV-
responsive genes under cold conditions. TuMV used in this 
study was derived from a natural population of A. halleri. In 
this virus–host system, TuMV infection persists in its natural 
habitat for many years without causing severe damage (Honjo 
et al. 2020). Our results support the previous observation that 
the virus–host interaction fluctuates seasonally at the symp-
tomatic and transcriptomic levels during the season and that 
cold in winter is the key to the persistence of infection, allowing 
the host to control virus accumulation and recover from symp-
toms (Honjo et al. 2020). Sixty-seven of the 117 DEGs reported 
between TuMV-infected and uninfected plants in the natural 
population (Honjo et al. 2020) were detected as DEGs in the 
present study, indicating that our experiment partially repro-
duced what has been observed in the natural environment. 
Nearly half of these genes were detected as DEGs multiple times 
in our experiments, including constantly upregulated DEGs (e.g. 
AhgISTL6 and AhgPP2-B1) and DEGs with dose-dependency on 
viral accumulation levels, including RNA silencing genes (e.g. 
AhgAGO1, AhgAGO2, and AhgRDR6). To understand how plants 
and viruses interact and adapt to temperature fluctuations in 
natural environments, it is necessary to elucidate the molecular 
mechanisms underlying plant responses and viral accumulation 
over a wide range of temperatures in future studies.

Materials and Methods

Study systems
We obtained materials from a persistent natural system between plant and 
virus, A. halleri [Arabidopsis halleri (L.) O’Kane and Al-Shehbaz subsp. gem-
mifera (Matsum.) O’Kane and Al-Shehbaz] and TuMV (Honjo et al. 2020). TuMV 
is a Potyvirus with a positive-stranded RNA genome. The host, A. halleri, is a 
perennial herb that bears leaves throughout the year. Rosettes grow continu-
ously during summer and autumn and then overwinter. The flowering season 
extends from April to May, and plants reproduce sexually by producing seeds 
and clonally by forming vegetative rosettes (Honjo et al. 2019). All plant and 
virus materials in this study were obtained from a natural population of A. hal-
leri at the Omoide gawa study site, Naka-ku, Taka-cho, Hyogo prefecture, Japan 
(35∘ 06′ N, 134∘ 55′ E, 190–230 m in altitude) (Kudoh et al. 2018). The TuMV 
infection rate was reported to be 25%–57% in our previous research conducted 
at the study site and in a neighboring A. halleri population (Kamitani et al. 2016, 
Honjo et al. 2020).

Growth experiment
Field-collected TuMV-free plants were used to propagate the uninfected clonal 
rosettes. Three uninfected (genetically different) plants (genotypes) were col-
lected on 22 December 2015. They were incubated in a growth chamber at 
20∘C/15∘C, day/night at 12-h day length for 20 days, and then the temperature 
condition was changed to 25∘C/15∘C, day/night at 12-h day length to promote 
bolting and flowering stems. They form clonal rosettes on the lateral meristems 
along elongated flowering stalks. After the clonal rosettes produced roots, the 
rosettes were separated by cutting the flowering stalks and were transplanted to 
new pots with soil [a 1:1 mixture of pumice (Kanuma pumice, fine-grained) and 
culture soil (N, P, K = 320, 210, 300 mg/l, Takii, Japan)]. These plants were grown 
in a growth chamber (25∘C/15∘C, day/night at 12-h day length) for ∼2 months 
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until they were used for the experiment. Finally, 36 clonal rosettes from each 
mother plant were selected for the experiment for a total of 108 plants. At 
the beginning of the experiment, the average number of leaves per plant was 
15.9 ± 4.4 (SD). Half of them were used for the TuMV-inoculated treatment 
(virus+), and the other half were used for the mock-inoculated control (virus−).

To prepare the viral inoculum, we used a TuMV-infected plant collected 
in September 2015 and maintained it in our laboratory. Infected leaf tissue was 
harvested and immediately homogenized with a cylindrical metal bead in 500 μl 
of PBS buffer using a mechanical homogenizer (Multi-Beads Shocker, Yasui Kikai, 
Japan). A constant volume (50 μl) of viral inoculum was rub-inoculated with 
Carborundum 600 mesh (SiC particles, <600 μm in diameters, Nacalai, Japan) 
onto two leaves for each plant, i.e. the ninth and 10th leaves (>2 mm in length) 
from the top. For mock-inoculated plants, PBS without TuMV was inoculated 
using the same procedure.

In the experiment, we prepared two temperature conditions, i.e. cold 
(10∘C/5∘C, day/night at 12-h day length) and warm (25∘C/20∘C, day/night 
at 12-h day length), using a biological incubator with six separate chambers 
(LH-80WLED-6CT, N.K. System, Japan). Three chambers were used at each 
temperature. For each set of virus+ and virus− treatments, 54 plants (18 
clonal replicates/mother plant × 3 original mother plants) were divided into 
six groups, each consisting of nine plants (3 replicates × 3 origins). Three of 
the six groups were transferred to the cold-condition chambers, and the rest 
were transferred to the warm-condition chambers. The average PAR at the pot 
surface was 59.1 μM/S/m2 , and the average ratio of red to far-red was 7.65.

For each of virus+ and virus− (mock) treatments, three plants (1 repli-
cate × 3 genotypes) were harvested from each chamber (a total of 3 plants × 3 
chambers × 2 temperature conditions = 18 plants were harvested) at 8, 15, and 
28 dpi (day of postinfection). For each harvested plant, two inoculated leaves 
(pooled); the first, fourth, and seventh extant leaves from the inoculated leaves; 
and a new leaf (second-youngest leaf) were sampled separately to quantify 
TuMV. Extant and new leaves represent those present at inoculation and those 
newly expanded after inoculation, respectively. The SPAD values of the largest 
leaves, from the first to third leaves, were measured at three locations within 
the leaves. The fifth and sixth upper leaves of the inoculated plants were har-
vested and pooled into one RNA-seq sample for each harvested plant. Each 
sample was placed in a 2-ml screw-capped microtube and immediately frozen 
in liquid nitrogen. The samples were stored at −80∘C until analysis. TuMV lev-
els were quantified using RT-qPCR for all virus+ samples. RNA-seq analyses 
were performed on samples at 28 dpi in the cold treatment and 8, 15 and 
28 dpi in the warm treatment. For the samples collected at 8 and 15 dpi in the 
cold treatment, RNA-seq was not performed because RT-qPCR analysis indi-
cated that TuMV had not yet significantly increased in the upper leaves of the 
virus + plants. Three plants (each from 8 and 28 dpi in warm and at 28 dpi under 
cold conditions) were excluded from the analyses because of the failure of TuMV 
inoculation, as judged by the RT-qPCR results in inoculated leaves.

Shoot dry weight
Shoot dry weight was measured for all plants on all sampling days. The remain-
ing shoots after leaf sampling were dried in an oven (60∘C, >1 week). After 
cooling to room temperature, the shoots were weighed. In addition, leaf length 
was measured in all sampled leaves using RT-qPCR and RNA-seq to estimate dry 
weight. The dry weight of the harvested leaves was calculated using a calibration 
curve for leaf length generated in advance.

RT-qPCR
Total RNA was extracted with a Maxwell® 16 instrument using the Maxwell® 
16 LEV Plant RNA Kit according to the manufacturer’s instructions (Promega, 
Wisconsin, USA). Leaves were completely crushed with cylindrical metal beads 
using a multibead shocker (Yasui Kikai, Japan). The amount of RNA was mea-
sured using a Quantus Fluorometer (Promega), and the quality was assessed 
using a Bioanalyzer (Agilent Technologies, CA, USA).

Using the extracted RNA, TuMV levels in the leaves were quantified by 
RT-qPCR following a previously described procedure (Honjo et al. 2020). 
Briefly, 200 ng of RNA was reverse-transcribed (High-Capacity cDNA Reverse 
Transcription Kit, Life Technologies) using oligo dT primers according to 
the manufacturer’s instructions. qPCR was performed with 1 μl of a 20-μl 
cDNA sample using QuantStudio 7 (Applied Biosystems). In all qPCR tri-
als, relative amounts of TuMV RNA were calculated against a dilution series 
of pre-prepared standard cDNAs. The following primers were used: for 
TuMV detection, TuMVCP-F (5′-TGGCTGATTACGAACTGACG-3′ , Honjo et al. 
2020) and CP-R (5′-CTGCCTAAATGTGGGTTTGG-3′ , Wei et al. 2013), and 
a reference gene AhgPP2AA3-F (5′-GTATGCACATGTTTTGCTTCCAC-3′) and 
AhgPP2AA3-R (5′-CAACCAAGTCATTCTCCCTCATC-3′) (Nishio et al. 2016). 
Each 10-μl PCR reaction mixture contained 1 μl cDNA, 200 nM primers, and 
Fast SYBR Green Master Mix (Applied Biosystems). The PCR conditions were 
95∘C for 20 s, followed by 40 cycles of 95∘C for 1 s and 60∘C for 20 s. Two 
replicates were performed for each sample and the standard cDNA.

RNA-seq analysis
To evaluate the effects of TuMV infection on the host transcriptome, mRNA 
purification and library preparation for RNA-seq were performed accord-
ing to BrAD-seq (Townsley et al. 2015) with modifications. The total RNA 
(500 ng/sample) was used for library preparation. Concentrated lysis/binding 
buffer (LBB) (×1.75) was mixed with 500 μg/30 μl of total RNA to give a final 
concentration of 100 mM Tris-HCl, 1 M LiCl,10 mM EDTA, 1% SDS, 5 mM DTT, 
1.5% Antifoam A, and 1 mM 2-mercaptoethanol and then incubated for 5 min 
at room temperature. The RNA in LBB was mixed with 12.5 μM biotin-20nt-
20T oligo and Streptavidin beads (Thermo Fisher Scientific, MA, USA) and 
then mRNA (containing TuMV genome) with poly-A tail bound to Streptavidin 
beads was purified by washing once with cold washing buffer A (WBA), wash-
ing buffer B (WBB), and low-salt buffer (LSB). After quantification of the mRNA 
using Quantus Fluorometer (Promega), strand-specific 3′ Digital Gene Expres-
sion (DGE) type library was prepared. Each sample was indexed with one of 
the 96 unique tags, and five libraries of 36 samples/libraries were prepared by 
mixing multiple indexed samples (total N = 180). Library quality was checked 
using a bioanalyzer. Thirty-six tagged samples were mixed with the library and 
sequenced. Single-read 50 base pairs and index sequencing were performed on 
a HiSeq 2500 (Illumina) using the TruSeq v3 platform.

Preprocessing and quality filtering were performed using Trimmomatic-
v0.36 (Bolger et al. 2014). Reference sequences (v4.0) containing the nuclear 
and chloroplast transcript sequences of A. halleri (Asaf et al. 2017, Brisk-
ine et al. 2017), rRNA sequences, 8109 viral sequences (National Center for 
Biotechnology Information [NCBI]), and the External RNA Controls Consor-
tium (ERCC) spike in the control (Life Technologies) were used. Transcripts 
of A. halleri (32,551 genes) (Briskine et al. 2017) were annotated using the 
BLAST best hit against Araport11 (Cheng et al. 2017), and gene IDs providing 
g and the following number (gXXXXX) were used (Briskine et al. 2017, DryAd 
doi:10.5061/dryad.gn4hh). The preprocessed sequences were mapped to the 
reference and quantified using RNA-Seq by Expectation-Maximization (RSEM) 
v1.2.31 (Li and Dewey 2011) and Bowtie2 v.2.2.9 (Langmead and Salzberg 2012). 
We used the Bowtie2 setting, designated as the default in RSEM, for the map-
ping accuracy parameters (bowtie2 -q –phred33 –sensitive –dpad 0 –gbar 
99999999 –mp 1,1 –np 1–score-min L,0,-0.1 -p 6 -k 200 -x). The three genotypes 
used in this experiment likely exhibited allelic variations in the RNA-seq reads. 
The presence of such variations can be handled by the Bowtie2 algorithm, which 
primarily maps reads to the 100% matched position in the reference genome; 
otherwise, the best position is sought step-by-step, allowing for sequence mis-
match. The output of the RSEM was analyzed using R 3.1.1 software (R Develop-
ment Core Team, 2011). Host gene expression and TuMV levels were calculated 
as reads per million (RPM) based on the expected RSEM counts (Kamitani et al. 
2016). The total reads derived from the host genes, excluding rRNA, were used 
as the denominator. Further host transcriptome analysis was performed using 
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the expressed genes with an average raw count of ≥10 reads across all samples 
and four or more samples with a raw count of ≥1 read.

To evaluate the effects of TuMV and temperature on the host transcrip-
tome, PERMANOVA was performed on all dpi samples of TuMV- and mock-
inoculated leaves, and on each dpi sample separately, using the adonis2 function 
in the vegan package for R4.3.2 software. To compare and illustrate the host 
transcriptome pattern, PCA was performed on all dpi samples of TuMV- and 
mock-inoculated leaves under warm and cold conditions using the prcomp 
function with normalization in R4.0.4. For each gene, the log2 value of the RPM 
was used for the PERMANOVA and PCA.

DEGs were identified by comparing mock- and TuMV-inoculated
plants using the EdgeR (Robinson et al. 2010). This was performed for 
10 dpi–position–temperature combinations of inoculated leaves and systemic 
leaves at 8, 15, and 28 dpi under warm and cold conditions, except for systemic 
leaves at 8 and 15 dpi under cold conditions. Corrections for multiple tests were 
performed by setting a (false discovery rate) (Benjamini and Hochberg 1995). 
GO analyses were applied to DEGs using the GO.db package from the Biocon-
ductor project for the R4.0.4 software, following the method described in our 
previous study (Nagano et al. 2019), and we used an updated GO list for the 
A. halleri transcriptome by applying GO terms for A. thaliana (TAIR10, http://
www.arabidopsis.org/) to sequence homologs in A. halleri. We performed K-
means clustering for the top 2000 genes that showed high variation across 
treatment combinations using R. We used SD as a criterion to select 2000 genes, 
and k was selected as six based on the elbow method. We performed a weighted 
gene coexpression network analysis (WGCNA) for all samples, including TuMV- 
and mock-inoculated leaves and systemic leaves, under all temperature and dpi 
combinations, using the R package for WGCNA (Langfelder and Horvath 2008) 
with the default filtration process. We used all genes expressed in the WGCNA. 
Gene networks were visualized using Cytoscape v. 3.10.2 (Shannon et al. 2003).
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