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Tolerance and responsive gene 
expression of Sogatella furcifera 
under extreme temperature 
stresses are altered by its  
vectored plant virus
Donglin Xu*, Ting Zhong*, Wendi Feng & Guohui Zhou

Southern rice black-streaked dwarf virus (SRBSDV), a newly emerged fijivirus causing great loss to rice 
production in eastern and southeastern Asian countries in recent years, is efficiently transmitted by a 
rice pest, white-backed planthopper (WBPH, Sogatella furcifera) in a persistent, circulative propagative 
manner and can be considered as an insect virus. In this study, SRBSDV infection in WBPH was found to 
increase the vector’s death rate under extreme cold stress but improve its survival rate under extreme 
heat stress. Digital gene expression profiling based on RNA-Seq revealed different gene regulation 
patterns in WBPH under viral and/or temperature stress. Under cold stress, the virus infection 
upregulated 1540 genes and downregulated 131 genes in the insect, most of which were related to 
membrane properties and biological processes of actin and cytoskeleton; whereas under heat stress, it 
upregulated 363 genes and downregulated 548 genes, most of which were associated to metabolism 
and intracellular organelles. Several types of stress-responsive genes involving intestinal mucin, cuticle 
protein, ubiquitin protease, immune response, RNA interference and heat shock response, were largely 
upregulated under cold stress, but largely downregulated under heat stress, by SRBSDV infection. Our 
results suggest two distinct mechanisms of virus-altered vector insect tolerance to temperature stress.

Interactions between microorganisms and their hosts are ubiquitous in the ecosystem, where their mutualistic 
or parasitic relationship is established. For insect hosts, they may suffer detrimental effects caused by infection 
of various pathogens or benefit from their endosymbionts that provide necessary nutrient substances for them 
and confer them resistance to biotic or abiotic stresses1–3. Many insects that feed on plants are vectors of a variety 
of plant viruses, and studies have shown that plant viruses are not only able to cause pathological changes in 
their vectors, but also can improve the adaptability of their insect hosts4–7. On the background of complicated 
plant-virus-vector interactions, the influences of plant viruses on temperature tolerance of their vectors might 
affect geographic distribution and perniciousness of the pests, spread of viruses, and epidemic of viral plant 
diseases, and therefore, have extensive ecological importance. However, the effects of plant viruses in this aspect 
remain poorly studied.

Sogatella furcifera (the white-backed planthopper, WBPH) is a devastating rice pest and the only known trans-
mitting vector of Southern rice black-streaked dwarf virus (SRBSDV), a newly emerged fijivirus species (family 
Reoviridae) which, since its outbreak in 2009, has overspread to vast areas and imposed a great threat to rice 
production in eastern and southeastern Asia8,9. Occurrence and distribution of the disease caused by SRBSDV is 
highly coincided with the spread and migration of viruliferous WBPH9. Annually, the insect populations over-
winter in Vietnam and the southern provinces (Hainan and Yunnan) of China, migrate northward over 1,000 km 
to northern China, Japan and Korea in spring season via the southwest monsoon, and return to their overwin-
tering regions in late August when the monsoon direction shifts9,10. Although WBPH may overwinter at around 
5 °C11, the long-distance migratory habit of the insect indicates its susceptibility to both cold and hot climates.
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SRBSDV can also be considered as an insect virus because of its ability to propagate and circulate in its vector9,12.  
Previous studies have revealed that infection of WBPH by the virus may cause a series of influences on the insect’s 
biology and behavior, including prolonged nymph period, decreased fecundity, shortened adult lifespan, and 
altered host selection which, along with its high efficiency of SRBSDV transmission, explained the rapid spread 
of the virus within a short period of time9,13–15. In our preliminary study, SRBSDV-induced effects on the insect’s 
life parameters were temperature-dependent, and the viruliferous vector showed shortened longevity and higher 
death rates at suboptimal low temperature, and varied survival rates at suboptimal high temperature, as compared 
to the non-viruliferous insects13. In view of the importance of WBPH temperature adaptability to epidemic of 
SRBSDV, a better understanding of how the virus infection affects the vector’s tolerance to extreme temperature 
stresses will provide further insight into the ecological effects of this virus and the dynamic of the rice disease. In 
this study, we report the virus-induced alteration on WBPH acclimation under extreme temperature stresses, and 
explore the potential mechanisms through comparative transcriptome analysis.

Results
Impact of SRBSDV infection on WBPH tolerance to extreme temperature stress.  Compared 
to the virus-free insects, the SRBSDV-infected WBPH had significantly greater death rates during the 48-h 
cold treatment (5 °C), but significantly lower death rates under the heat stress (36 °C) for 12 h and 24 h (Fig. 1). 
However, no difference of death rate was observed between the viruliferous and non-viruliferous insects under 
suitable temperature (25 °C). It is indicated that SRBSDV infection led to decreased cold tolerance, but improved 
heat tolerance, of the vector.

Global changes of WBPH gene expression profile induced by SRBSDV infection and/or temperature  
stress.  With the digital gene expression (DGE) sequencing data obtained from the six samples (Table 1), com-
parative analyses between different samples were carried out according to the criteria of differential expression 
(FDR <​ 0.001 and |log2Ratio| >​ 1). The results indicated that 245, 220 and 592 genes were upregulated, while 50, 
720 and 560 genes downregulated, under virus infection, cold stress or heat stress, respectively, as compared to 
the CK (non-viruliferous, 25 °C) (Fig. 2a). SRBSDV infection combined with temperature stress (V5 and V36) 
induced much greater alterations in gene expression profile than the single stressors (V25, N5, and N36). When 
under virus infection combined with cold stress (V5), 1019 genes were differentially expressed (630 upregulated 
and 389 downregulated), while 3778 were altered in expression levels (1763 upregulated and 2015 downregulated) 
under virus infection combined with heat stress (V36). The majority of these regulated genes, 72.0% (734/1019) 
from V5 and 79.2% (2991/3778) from V36, were not differentially expressed under any single stressor (Fig. 2A).

Under cold stress and heat stress, the virus infection regulated 1671 genes (1540 upregulated and 131 down-
regulated; V5 vs. N5) and 911 genes (363 upregulated and 548 downregulated; V36 vs. N36), respectively, consid-
erably greater than that at suitable temperature (245 upregulated and 50 downregulated; V25 vs. N25) (Fig. 2B). 
This suggested that virus-induced alteration of insect gene expression profile is temperature-dependent and 
enhanced by temperature stresses. On the other hand, with SRBSDV infection, cold stress induced regulation of 
466 genes (V5 vs. V25), less than half of the number (940 genes) observed under the virus-free condition (N5 vs. 
N25). Heat stress imposed significantly larger influence on gene regulation (3607 genes regulated, V36 vs. V25), as 
compared to without infection (1152 genes regulated; N36 vs. N25). It is suggested that SRBSDV infection might 
have different interactions with the two temperature stresses experienced by the insect.

Figure 1.  Death rates (%) of 4–5 instar WBPH nymphs at different time points after temperature treatment 
(the single and double asterisks indicate significance levels of 0.05 and 0.01 respectively). 
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Regulation of stress response-related genes in WBPH induced by single stressors.  As respond-
ing to the SRBSDV infection at suitable temperature (25 °C), 88 genes were differentially expressed that were 
distributed in 10 significantly enriched GO terms, including catechol- and phenol-containing compound bio-
synthetic processes, external encapsulating structure, integral to membrane, structural constituent of cuticle, 
tyrosine 3-monooxygenase activity and oxidoreductase activity. Among these differentially expressed transcripts, 
we identified several types of genes related to stress responses (Tables 2 and S1). Fifteen intestinal mucin pro-
tein genes were upregulated (with one of them, CL1432.Contig1, confirmed by RT-qPCR) and five genes were 
downregulated. Insect intestinal mucin proteins are the key materials that form peritrophic membrane, which is 
believed to be the first effective mechanical barrier to infection by pathogens16,17. Seven of these intestinal mucin 
genes, six upregulated and one downregulated, were also annotated to “cuticle protein”, “structural constituent of 
cuticle” or “cuticular protein precursor”. In addition, 13 more genes, which encode cuticle protein or endocuticle 
structural glycoprotein, or take part in chitin-based cuticle development, were found upregulated in viruliferous 
insects (two of them were confirmed by RT-qPCR). This suggests that enhanced expression of insect cuticle genes 
might be involved in physical defense against virus infection, or virus accumulation in and transmission by the 
vector18. Seven upregulated genes (with Unigene908 confirmed by RT-qPCR) were identified as E3 ubiquitin 
protein ligase genes. The ubiquitin-protease pathways have been reported to play important roles in antiviral 
defense via degrading viral proteins. On the other hand, by modifying these pathways, viruses may enhance 
their replication and propagation19. Unigene10443 was involved in “response to stress”, “immune system process”, 

Sample 
Name Total bases Clean reads Mapped reads Perfect match ≤​2 bp Mismatch Unique match Multi-position match

N25 (CK) 616,964,635 12,591,115 (99.51%) 9,705,816 (77.08%) 7,620,464 (60.52%) 2,085,352 (16.56%) 8,193,954 (65.08%) 1,511,862 (12.01%)

V25 581,315,420 11,863,580 (99.48) 9,256,413 (78.02%) 7,175,332 (60.48%) 2,081,081 (17.54%) 7,651,401 (64.49%) 1,605,012 (13.53%)

N5 617,885,443 12,609,907 (99.48%) 9,842,966 (78.06%) 7,632,811 (60.53%) 2,210,155 (17.53%) 8,178,557 (64.86%) 1,664,409 (13.20%)

V5 616,278,096 12,577,104 (99.37%) 9,981,776 (79.36%) 7,768,295 (61.77%) 2,213,481 (17.60%) 8,132,996 (64.67%) 1,848,780 (14.70%)

N36 620,744,299 12,668,251 (99.70%) 9,965,444 (78.66%) 7,644,668 (60.35%) 2,320,776 (18.32%) 8,098,411 (63.93%) 1,867,033 (14.74%)

V36 589,664,285 12,033,965 (99.54%) 9,234,792 (76.74%) 7,059,011 (58.66%) 2,175,781 (18.08%) 7,490,020 (62.24%) 1,744,772 (14.50%)

Table 1.   Summary of digital gene expression (DGE) sequencing data derived from six samples. Each 
sample name indicates its infection status (V = viruliferous, N = non-viruliferous) and the Celsius temperature 
under which it was treated.

Figure 2.  (A) Venn diagram of numbers of differentially expressed Unigenes induced by virus infection under 
cold stress and heat stress (shown as “number of upregulated genes/number of downregulated genes”).  
(B) The quantities of regulated Unigenes in pairwise comparisons. Each sample name indicates its infection 
status (V =​ Viruliferous, N =​ Non-viruliferous) and treating temperature (5, 25 and 36) in Celsius degree.
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“apoptotic signaling pathway” and “positive regulation of apoptotic process, and it was upregulated in the viru-
liferous samples, suggesting that the virus infection might induce programmed cell death via insect immunity. 
The expression level of Unigene40466 was over four times higher in infected WBPH, as compared to the control. 
This gene is known to be involved in salivary gland cell autophagy. SRBSDV may replicate and accumulate in the 
salivary gland of WBPH20, and rice reoviruses might manipulate autophagy pathways in vectors to overcome the 
salivary gland barriers for their successful transmission21. Unigene10836 was homologous to a defensin B gene of 
an insect Rhodnius prolixus, suggesting that upregulation of this gene might participate in a defensin-mediated 
defense response. Upregulated by SRBSDV infection, Unigene47276 was annotated to “mRNA 3′​-UTR binding”,  
and it functions in RNA interference process, a universal virus-resistance mechanism existing in eukaryotic 
organisms. Two upregulated chemosensory protein genes were annotated to “response to virus”. Additionally, 
upregulation of four takeout protein (or precursor) genes, two cytochrome P450 genes and one heat shock pro-
tein (Hsp) gene induced by the virus infection was observed (with one P450 gene and the Hsp gene confirmed by 
RT-qPCR). Insect chemosensory proteins can be involved in regulation of immunity22 and their takeout proteins 
are related to feeding behavior, starvation response, and lifespan23–25. The heat shock pathway components are 
closely associated with insect antiviral defense26.

Under the cold stress, 52 genes were regulated and they were distributed in 15 enriched GO terms, including 
chaeta development, protein complex subunit organization, actin filament-based process, pheromone biosyn-
thetic process, lipid particle, structural constituent of cuticle, acyl-CoA desaturase activity, structural molecule 
activity, retinal binding, myosin binding, and more. Under heat stress, 17 genes in three enriched GO terms 
(protein polymerization, structural constituent of cuticle, and structural constituent of chitin-based cuticle) were 
differentially expressed. All types of stress response-related genes responding to SRBSDV infection were found 
significantly regulated under cold or heat stress. Compared to virus infection, both cold stress and heat stress 
induced regulation of greater numbers of intestinal mucin genes, cuticle-related genes, and ubiquitin-related 
genes (Tables 2 and S1). Notably, under cold stress, there were two Hsp genes being upregulated, whereas heat 
stress upregulated 17 Hsp genes including small Hsps, Hsp68, Hsp70, Hsp78, Hsp90, Hsp101, and Hsp110, and 
downregulated a heat shock transcription factor (Hsf). Besides, one upregulated and two downregulated facil-
itated trehalose transporter genes, one downregulated trehalose 6-phosphate synthase gene (confirmed by 
RT-qPCR) and two downregulated apolipoprotein D genes were identified upon cold stress, whereas one upreg-
ulated and one downregulated facilitated trehalose transporter genes were found under heat stress. Trehalose is 
known to improve insect tolerance to cold27, and apolipoprotein D may increase stress resistance and longevity 
of insects28.

Regulation of stress response-related genes in WBPH induced by SRBSDV infection combined 
with temperature stress.  Under virus infection combined with cold stress, 26 significantly enriched GO 
terms containing 78 differentially expressed genes were detected. These GO terms included chitin metabolic 
process, glucosamine-containing compound metabolic process, amino sugar metabolic process, aminoglycan 
metabolic process, negative regulation of immune system process, chitin binding, structural constituent of 
chitin-based cuticle, and more. Relative to only cold stress, the combination of SRBSDV infection and cold stress 
induced upregulation of dramatically larger quantities of intestinal mucin, cuticle-related, ubiquitin-related, and 
immune response-related genes, while downregulated fewer of these four types of stress response-related genes 
(Table 2). Moreover, several RNA interference-related, takeout protein, cytochrome P450, trehalose-related, and 
apolipoprotein genes were upregulated.

Gene species

Stress treated relative to CK
Infected relative 

to virus-free

Virus Cold Virus +​ Cold Heat Virus +​ Heat 5 °C 36 °C

Intestinal mucin 15/5 23/12 57/7 24/17 45/101 25/2 6/32

Cuticle protein or other cuticle-
related genes 19/1 27/20 44/5 27/0 46/5 22/1 7/6

Ubiquitin protease or other 
ubiquitin-related genes 7/0 5/18 18/1 14/10 61/48 59/1 5/21

Immune response-related genes 
(programmed cell death, autophagy, 
and apoptotic process, etc.)

3/0 2/4 16/1 7/3 37/32 43/2 9/20

RNA interference-related 1/0 0/1 2/0 1/2 6/7 6/0 0/1

Takeout protein 4/0 4/0 4/0 3/0 7/1 0/0 0/0

Cytochrome P450 2/0 1/1 3/0 4/0 12/0 4/0 0/1

Chemosensory protein 2/0 1/0 3/0 4/0 4/1 3/0 0/1

Heat shock pathway components 1/0 2/0 0/0 17/1 17/9 1/0 0/12

Facilitated trehalose transporter/
trehalose 6-phosphate synthase 0/0 1/3 2/0 1/1 4/2 7/1 1/1

Apolipoprotein 0/0 0/2 3/0 0/0 3/0 3/0 0/0

Total 48/5 53/49 129/12 90/33 224/198 156/7 25/83

Table 2.   Numbers of upregulated/downregulated stress response-related genes in WBPH responding to 
SRBSDV infection and/or temperature stress.
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Under SRBSDV infection combined with heat stress, 78 significantly enriched GO terms containing 1162 
differentially expressed genes were identified, and more than two thirds of these GO terms were in the biological 
process category. These GO terms included structural constituent of cuticle, structural constituent of ribosome, 
metabolic processes of various cellular nutrients, catabolic processes of nuclear-transcribed mRNA and cellu-
lar macromolecules, regulation of ubiquitin-protein ligase activity and protein ubiquitination, signal transduc-
tion processes, translational elongation and termination, cotranslational protein targeting to membrane, and 
notably, several viral processes - viral transcription, genome expression, infectious cycle, and reproduction. The 
viral processes involved 32 differentially expressed genes, only two of which were upregulated with the rest all 
downregulated. Compared with only heat stress, the combination of SRBSDV infection and heat stress regulated 
greater amounts of all eleven types of stress resistance-response genes, especially intestinal mucin, cuticle-related, 
ubiquitin-related, and immune response-related genes (Table 2). It is noteworthy that under the virus-plus-heat 
stress, 17 Hsp genes were upregulated and seven ones were downregulated, but downregulation of Hsps could not 
be observed under only heat stress (Supplementary Table S1). This suggests that viral processes may interact or 
interfere with the insect’s heat shock pathways.

SRBSDV-induced changes on WBPH gene expression profile under temperature stresses.  To 
explore the potential mechanisms of the SRBSDV impact on WBPH temperature endurance, we compared the 
gene expression profiles between the viruliferous and the virus-free insects, under cold and heat stresses, respec-
tively. The results indicated that under cold stress, there were 1540 upregulated and 131 downregulated genes 
responding to SRBSDV infection; whereas under heat stress, there were 363 upregulated and 548 downregu-
lated genes responsive to the virus infection. GO classification indicated 50 subcategories of genes differentially 
expressed under each temperature stress, and there was only slight difference in GO subcategory collection 
between both stresses (Fig. 3). However, the virus-induced gene regulation patterns under different tempera-
ture stresses were distinct. GO term Enrichment analysis showed that under cold stress, 283 virus-regulated 
genes were assigned to 13 enriched GO terms, and the most abundant term was “membrane” (175 genes, 61.8%),  
followed by “protein complex subunit organization” (50 genes), “actin filament-based process” (41 genes), “actin 
cytoskeleton organization” (40 genes), “extracellular region” (39 genes), and “cytoskeletal protein binding”  
(38 genes) (Supplementary Table S2). Under heat stress, 291 virus-regulated genes in 66 enriched GO terms were 
identified, and the most abundant terms included “metabolic process” (214 genes, 73.5%), “cellular metabolic  
process” (188 genes), “primary metabolic process” (180 genes), “organic substance metabolic process” (187 genes), 
“nitrogen compound metabolic process” (108 genes), “cytoplasm” (145 genes), “cytoplasm part” (121 genes),  
“cell” (190 genes), “cell part” (190 genes), “intracellular” (183 genes), “intracellular part” (177 genes), and “intra-
cellular organelle” (146 genes) (Supplementary Table S2). This finding suggested that under cold stress, SRBSDV 
infection primarily affects cell membrane properties, as well as actin- and cytoskeleton-related processes and 
functions, while under heat stress, it largely influences the insect’s metabolism and properties of intracellular 
organelles.

SRBSDV infection-induced regulation of stress response-related genes in WBPH clearly exhibited different 
patterns under cold and hot stresses. In total, 156 stress-responsive genes were upregulated by the virus infec-
tion but only seven were downregulated, under cold stress. Under heat stress, 83 stress-responsive genes were 
downregulated but only 25 genes were upregulated by the infection (Table 2). Under cold stress, upregulation of 
intestinal mucin genes, cuticle-related genes, ubiquitin-related genes and immune response-related genes was 
dominant, with few of these genes downregulated by the virus infection. However, under heat stress, most of 
the intestinal mucin genes, ubiquitin-related genes and immune response-related genes responding to SRBSDV 
infection were downregulated; and seven upregulated and six downregulated cuticle-related genes were identi-
fied. Six genes involved in RNA interference, four cytochrome P450 genes and three chemosensory protein genes 
were more abundantly expressed in virus-infected insects than in virus-free insects under cold stress, while only 
one gene of each of these three types were downregulated by the virus infection under heat stress. The infection 
upregulated seven trehalose-related genes and downregulated one under cold stress, while only one facilitated tre-
halose transporter gene was upregulated and one trehalose 6-phosphate synthase gene was downregulated under 
heat stress. Elevated expression levels of three apolipoprotein genes in viruliferous insects relative to virus-free 
ones were detected under cold stress, but no regulation of this kind of genes was found under heat stress. Only 
one Hsp gene was upregulated by the virus infection under cold stress (Unigene9618, an Hsp70, confirmed by 
RT-qPCR), whereas 10 Hsp genes (eight Hsp70, one Hsp90 and one Hsp20) and one Hsf gene were all downregu-
lated under heat stress (with Unigene16177 and Unigene9991, an Hsp70 and an Hsp20, confirmed by RT-qPCR). 
Furthermore, 15 genes that belong to the enriched GO terms regarding to viral processes (transcription, genome 
expression, infectious cycle and reproduction) were found downregulated by SRBSDV infection under heat stress, 
while three genes upregulated by the infection under cold stress were identified as involved in viral transcription, 
genome replication, and reproduction, respectively.

RT-qPCR validation for the RNA-Seq data.  The twelve stress-responsive Unigenes that encode intestinal 
mucin, cuticle protein, ubiquitin-protein ligase, stress-activated immune response-related protein, RNA-induced 
silencing complex component, cytochrome P450, heat shock protein, and trehalose transporter, respectively, 
exhibited the same regulation orientations in the five comparison sets (virus/CK, cold/CK, heat/CK, infected/
uninfected under cold stress, and infected/uninfected under heat stress) in RT-qPCR, as revealed in RNA-Seq, 
with a few exceptional cases of insignificant regulation (i.e., |log2Ratio|<​1) (Supplementary Table S3).
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Discussion
In this study, our temperature tolerance experiments established that SRBSDV infection resulted in decreased 
extreme low temperature tolerance but improved extreme high temperature tolerance of its sole vector, WBPH, 
a long-distance migratory rice pest. This finding has implications for ecological effects caused by SRBSDV. The 
overwintering regions of WBPH are limited in warm-temperature tropical and subtropical areas9. Weakened 
resistance of viruliferous vectors to cold temperature may reduce their overwintering areas and effectiveness, and 
therefore, decrease the primary source of SRBSDV infection in most rice producing areas in China. This inhibi-
tion reasonably explains the milder epidemic of the virus after its severe occurrence in 20109. On the other hand, 
virus-enhanced heat tolerance enables its vector to better survive, propagate and migrate in the warm-weather 
seasons. The resulted increased viruliferous population, as the secondary source of infection, can aggravate epi-
demic of the viral rice disease in summer and cause severer plant damage by WBPH. Taken together, the impacts 
of SRBSDV on temperature stress tolerance of its vector may cause annual fluctuation of occurrence and severity 
of the disease in China.

Beside the detrimental influences imposed by a plant virus on its vector13,14, the beneficial effects of plant 
and/or insect viruses on their hosts have been also well-recorded, including improved fitness or stress resist-
ance of plant hosts, and increased fecundity, longevity, and host suitability of insect vectors6,29–32. However, the 
impacts, harmful or beneficial, of plant virus infection on vector insects’ fitness under biotic or abiotic stress 

Figure 3.  GO classification of SRBSDV-regulated genes under cold (above) and heat (below) stress. 
Asterisks indicate the subcategories that appear in only one, not both, cases.
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are less recognized. Pusag et al. reported that tomato yellow curl virus-infected Bemisia tabaci suffered higher 
mortality than the virus-free whiteflies, both at 4 °C and at 35 °C33. Our study provided another example of 
plant virus-modulated vector stress tolerance, and revealed an interesting difference in modulation manners 
under cold and heat stresses. This information expands our knowledge of the interplay of a biotic and an abiotic 
stresses simultaneously. At present, the interactive effects of combined stresses on plants have been extensively 
described34,35, but little is known about the scenario in insects, especially in plant virus-transmitting vectors. Our 
tolerance tests indicated that SRBSDV infection alone did not affect survival of WBPH. In the virus-plus-cold and 
virus-plus-heat cases, the presence of SRBSDV infection resulted in only an increase of 11~16% and a decrease of 
6 ~ 11%, respectively, to death rates of its vector (Fig. 1). It is suggested that temperature exerts the major influence 
on the vector’s survival under combined stresses (virus infection and temperature). Further investigations on 
other plant viruses and their vectors may ascertain whether this is a common phenomenon.

Prior to our study, Xu et al. published their comparative analysis of gene expression profiles between the 
SRBSDV-infected and virus-free WBPH. They identified thousands of differentially expressed genes in the vir-
uliferous insects36. However, we found only 295 WBPH genes responding to SRBSDV infection, although both 
studies obtained similar amounts of RNA-Seq data (81,338 vs. 83,876 Unigenes). This huge discrepancy is most 
likely due to different preparations of insect materials for RNA-Seq. The previous study seemed to use first gen-
eration nymphs. In this study, insects were propagated to fourth generation, yielding a population of minimum 
genetic diversity for comparative analyses, and 36 °C was chosen as the temperature of extreme heat stress, as our 
preliminary experiment at higher temperatures of 37 °C and 38 °C resulted in total mortality of test insects within 
2 hours.

In this study, we present the first report on changes in gene expression profile in insect vector responding to 
temperature stress and combined virus and temperature stresses. Our results showed that the combined stresses 
induced or enhanced regulation of diverse immunity processes, and the virus infection combined with heat stress 
elevated heat shock responses (Tables 2 and S1). Heat shock response is a defensive mechanism existing in cellular 
organisms that can be triggered by numerous physical or chemical, biotic or abiotic, stimuli. This often involves 
upregulated expression of the Hsf and a number of Hsps, functioning as molecular chaperones to prevent other 
proteins from misfolding under stress conditions26,37,38. In addition to its functions in heat tolerance and cold 
survival of the insect37,38, the role of heat shock response in antiviral defense has been shown recently in fruit 
fly, although how this defense works remains unanswered26. Insect Hsp genes might be regulated by the RNAi 
pathway, another mechanism that plays important roles in antiviral defense39,40 and has been proven to affect 
survival, infection and transmission of rice reoviruses and their interactions with leafhopper and planthopper 
vectors21,41,42, and this defense mechanism can also be suppressed by viruses43. In the previous study36 and this 
study, SRBSDV has been found to regulate RNAi pathway-related genes (AGO and DCL) in WBPH. It is likely 
that the intricate crosstalk of heat shock and RNAi pathways might exist in WBPH under virus infection and 
temperature stresses. In this study, under heat combined with viral stresses, 17 Hsp genes were upregulated but 
eight ones downregulated, accompanied by downregulation of 30 genes involved in viral transcription, genome 
expression, reproduction, and infection processes. This indicates antiviral effects of WBPH heat shock response, 
which in turn, can be inhibited by the virus. A similar suppression by cricket paralysis virus has been observed 
in fruit fly cells44. Several studies have shown that higher temperature can upregulate the expression of RNA 
silencing components (AGO, RDR and DCL) in plants and thus enhance their defense against plant viruses45–47. 
Although a few RNAi-related genes in WBPH were found upregulated under virus infection combined with heat 
stress in this study, it is not clear if similar enhancement of antiviral defense occurs in the insect.

The comparison of gene expression profiles between the viruliferous and non-viruliferous WBPH exposed 
to temperature stresses suggests that the predominant upregulation of gene expression is likely the funda-
mental cause of reduced cold tolerance of virus-infected insects. Despite the upregulation of almost all stress 
resistance-related genes (Table 2) and improvement of cell membrane and cytoskeleton properties that may 
facilitate cold tolerance38,48, these insects probably died of exhaustion arisen from the global gene upregu-
lation responding to extreme cold stress. In contrast, downregulation of gene expression dominated in the 
virus-induced alteration under extreme heat stress, including inhibition of many types of stress responsive genes. 
Notably, all differentially expressed Hsp and Hsf genes were downregulated in the heat-tolerant (viruliferous) 
insects, as compared to in the virus-free vector, under extreme heat stress. Virus-infected whiteflies have been 
shown to have higher expression levels of Hsp40, Hsp70 and Hsp90 and they survived better under extreme high 
temperature, as compared to the uninfected ones33. The implications of the inhibition of heat shock response in 
the viruliferous WBPH are unclear. Although the general downregulation (particularly suppression of a series 
of metabolic processes) and the modification of intracellular organelles might be associated with enhanced heat 
tolerance of SRBSDV-infected insects, more in-depth studies are required to elaborate the mechanisms behind 
the virus-regulated vector survivability under temperature stresses.

Methods
Culturing of rice plants.  Rice cultivar used in this study, TaiChung Native-1 (TN-1, purchased from a local 
rice seed company) was grown using the water planting method according to Yoshida et al.49. Rice seeds were 
soaked in water for 24 h, germinated in an incubator at 30 °C, and then sown in a 2-liter beaker half-filled with 
culture solution until they grew to three- to four-leaf stage seedlings. A batch of uniformly grown seedlings were 
selected and transferred to new beakers (each of which contained 20 seedlings and 1.5 L of the culture solution 
renewed once a week), and then cultured in a growth chamber under the conditions of 25 ±​ 0.5 °C, RH 75 ±​ 5%, 
and 12 h light/12 h dark.

For these seedlings, a part of them (about 50 plants) were inoculated with SRBSDV-carrying third- or 
fourth-instar WBPH nymphs (five nymphs per seedling on average) propagated from SRBSDV-infected rice 
plants maintained in our lab. Each beaker with insects and inoculated plants was sealed using a transparent plastic 
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cover with small punctured holes (made via a toothpick) on it for aeration, until manual removal of the insects 
at 48 h post-inoculation. RT-PCR detection was conducted for each inoculated plant at 15 days after inoculation 
to confirm virus infection. The confirmed SRBSDV-infected plants and the non-inoculated plants were used for 
WBPH propagation.

WBPH propagation.  The SRBSDV-free WBPH individuals (confirmed by RT-PCR detection after they 
died) were originally collected from rice fields in Guangzhou, Guangdong province, China, and defined as first 
generation. About 30 pairs of male and female insects were matched on healthy rice plants of three-leaf stage. 
After oviposition and hatching, the obtained nymphs were transferred to new healthy plants and reared there 
until their eclosion to yield second generation adults. Following the same process, the insects were propagated 
to fourth generation to generate a population with minimum genetic diversity. A part of the newly hatched, 
fourth-generation nymphs were transferred to SRBSDV-infected plants for a 48-h feeding, and moved back 
to healthy plants to allow them to grow into the fourth or fifth instar or adults. The virus-fed insects and the 
virus-free ones (not been fed on infected plants) were then used for temperature stress tolerance tests. After 
the tests, the virus-fed and the healthy plant-fed insects were detected by RT-PCR individually to confirm their 
infection status.

Tolerance tests for WBPH under temperature stresses.  The cold stress and heat stress tests were 
conducted at 5 °C and 36 °C, respectively, with a parallel test at suitable temperature 25 °C as the control. Each test 
contained three replicates and each replicate contained 100 viruliferous and 100 virus-free fourth- to fifth-instar 
nymphs. The insects were kept in nylon gauze-sealed glass tubes (10 individuals per tube) that were incubated 
under set temperatures. The alive/dead status of the insect individuals at 12 h, 24 h, 36 h and 48 h after the cold 
or heat treatment was examined by touching them with a brush pen, and the deathlike (i.e., not moving when 
touched) insects without recovery after restoration at 25 °C for 30 minutes were confirmed as dead. After the 
experiments were completed, all the tested insects were subjected to virus detection by RT-PCR individually to 
confirm their infection. Death rates of the viruliferous and the virus-free groups in each treatment were calculated 
respectively. The percentage data were then subject to arcsine transformation and a t-test was performed by the 
SPSS19.0 software for statistical significance analysis.

RNA extraction and RT-PCR detection.  Total RNA extraction from rice leaf or WBPH samples was 
conducted using a TRIzol reagent (TaKaRa, Dalian, China) and RT-PCR detection was done with a one-step 
RNA PCR Kit (TaKaRa) following the manufacturers’ instructions, as described previously13. The thermal cycling 
conditions were 50 °C for 30 min, 94 °C for 2 min, 35 cycles of 94 °C for 30 sec, 53 °C for 30 sec and 72 °C for 50 sec, 
followed by a final extension at 72 °C for 5 min.

Library construction, transcriptome sequencing, and Unigene annotation.  Total RNA of 
WBPH was extracted from a pool sample containing 100 fourth- to fifth-instar nymphs, and treated by DNase 
I (TaKaRa). Concentration, purity and integrity of the total RNA were verified by an Agilent Bioanalyzer 2000 
system (Agilent, CA, USA) before it was used for library construction. The whole process of transcriptome 
sequencing was performed by Beijing Genome Institute (BGI, Shenzhen, China), including mRNA enrichment 
by oligo-dT-attached magnetic beads; fragmentation of mRNA; the first strand cDNA synthesis by random hex-
amer primers; the second strand cDNA synthesis using DNA polymerase I and RNase H; cDNA purification,  
3′​-end blunting, adenylation and 3′​-end adapter addition; size selection of cDNA fragments by the AMPure XP 
system (Beckham Coulter, Beverly, USA); PCR amplification and product purification; and RNA-Seq by Illumina 
HiSeq™​ 2000. After sequencing, clean reads were obtained by filtering raw data (i.e., removing reads with adaptor 
sequences, reads with >​5% nucleotides as “N”, and those having >​20% nucleotides in read with a Q-value ≤​10). 
De novo assembling of clean reads was carried out using Trinity software50 to generate gapless contigs, then the 
reads were mapped back to the contigs, and distances of paired-end reads were determined to provide frames for 
assembling the contigs into Unigene sequences. The Unigenes were subject to further splicing and gene family 
clustering via TGICL software, yielding nonredundant Unigenes that were then subject to NT, NR, Swiss-Prot, 
KEGG and COG annotation with an E-value threshold of 10−5. Based on the NR annotation information, Gene 
Ontology (GO) enrichment analysis using Balst2GO software51 and GO functional classification using WEGO 
software52 were performed. The nonredundant Unigenes was used as reference sequences for differential expres-
sion profiling analysis.

Digital gene expression (DGE) profiling.  To reveal the differential expression of WBPH genes under 
temperature and/or virus infection stress, DGE RNA-Seq was performed for six RNA libraries, which contained 
the total RNA from six WBPH samples, respectively: V25 (viruliferous, reared at 25 °C), N5 (non-viruliferous, 
cold-treated at 5 °C for 2 h), V5 (viruliferous, cold-treated at 5 °C for 2 h), N36 (non-viruliferous, heat-treated at 
36 °C for 2 h), V36 (viruliferous, heat-treated at 36 °C for 2 h), and N25 (non-viruliferous, reared at 25 °C). Every 
sample consisted of 100 four-to-five-instar nymphs. Total RNA extraction and quality check were carried out as 
mentioned earlier. The whole DGE sequencing process was carried out by BGI using Illumina HiSeq™​ 2000. After 
sequencing, raw data were processed into clean reads, which then were mapped back to the reference sequences 
(i.e., the assembled transcriptome sequences) using software SOAPaligner/SOAP2. RPKM (Reads Per kb per 
Million reads) values of the Unigenes, which represent their expression levels, were calculated by normalization 
of the numbers of mapped clean reads. Statistical analysis based on fold changes of expression levels was done 
using software DESeq R package to reveal the differences of gene expression profile between the treated samples 
and the control. To limit false discovery rate (FDR), P-values were adjusted according to the method described by 
Benjamini et al.53. The Unigenes with an FDR value <​0.001 and fold change >​2 (|log2Ratio|>​1) were considered 
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as differentially expressed. These differentially expressed Unigenes were subject to NR BLAST, GO functional 
enrichment analysis (with corrected P-value <​ 0.05 as the criterion), and KEGG orthology (KO) annotation.

RT-qPCR validation.  Twelve differentially expressed Unigenes identified by RNA-Seq analysis, which rep-
resent several types of stress response-related genes, were selected for RT-qPCR validation (Supplementary Table 
S3). The primers (Supplementary Table S4) were designed based on the transriptome sequencing result. One 
microgram of the total RNA extracted from the same samples used for RNA-Seq was reverse transcribed using 
a PrimerScriptTM RT Reagent Kit (TaKaRa), followed by a qPCR via a SYBR® Premix Ex TaqTM II kit (TaKaRa) 
in a Thermal Cycler® Dice Real Time System TP800 (TaKaRa), following the manufacturers’ instructions. The 
qPCR cycling conditions were 95 °C for 30 sec followed by 40 cycles of 95 °C for 15 sec and 60 °C for 30 sec. After 
completion of qPCR cycling, the melting curves were generated at 95 °C to verify the specificity of amplification. 
To evaluate of the quality of qPCR amplification, standard curve analysis was done using a 10-fold serial cDNA 
dilution for each gene. For sample normalization, the 18S rRNA of WBPH was used as an internal control. All 
reactions were performed in triplicate and the average Ct values obtained were used in data normalization by the 
2−△△Ct method54.
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