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ABSTRACT

DuckTembusuvirus (DTMUV)is an emergingpathogenicflavivirus that has causedenormouseconomiclosse:
in SoutheastAsia. However, the pathogenicmechanismand K 2 a réspénsesafter DTMUVinfection remain
poorly understood. Duringthis study, total mMRNAsequencinglRNASeq) analysiswas usedto detect the global
gene expressionin DEFsat various time points after DTMUYV infection. We identified 326 genes altered
significantlyat all time points, and these geneswere dynamicallyenrichedin multifarious biological processes,
including apoptosis, innate immune response,DNA replication, cell cycle arrest and DNA repair. Next, the
results showed that apoptosiswas induced and the proportion of apoptosisincreasedwith time, and pro-
apoptotic molecules caspaseswere activated. The RNAseq data analysisfurther revealed that most pro-
apoptosisand anti-apoptosisgeneswere early continually responsive,and the genesinvolved in both intrinsic
and extrinsicapoptotic pathwayswere initiated. Further,the considerablyenrichedimmune-relevant pathways
were involved in apoptosis process,and protein-protein interactions (PPls)analysisshowed that IL6, STATI
TNFAIP3,CFLARand PTGS2may be key regulators of DEFsapoptosis. In conclusion, this study not only
contributesto understarding the underlyingmechanismof DEFsnfection with DTMUV ,but also providesnew
insightsinto targetsscreeningfor antiviral therapy.

INTRODUCTION open reading frame (ORF). The ORF encodes a

polyprotein of ~3400aa (amino acidsidues, which is
The Duck Tembusu virus (DTMUV) is aarbovirus subsequently cleaved into three structural proteins
belonging to the genuBlavivirus, family Flaviviridae. (capsid[C]; precursor of M[prM] and envelopgE])
DTMUV is a singlestranded, positiv@olarity RNA and seven nonstructural (NS) proteins (NS1, NS2A/2B,
flavivirus with a ~11 kb genomewhich has only one NS3, NS4A/4B and NSHLi 6].
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In recent years, DTMUV has caused huge economic
losses to the poultry industry in Southeast Asian
countries such as Thailand, Malaysia and Chma]. In
addition to infecting ducks, DTMUV can also infect
chickens, geese, pigeons and house sparf@iid]. In
vivo experiments showed that DTMU¥an repicate in

the spleen, kidneys and brains of BALB/c mice and
Kunming mice, and cause systemic infection after
intracerebral inoculatiofil2, 13] A wide spectrum of
mammalian cellsia susceptible to DTMUV and exhibit
cytopathic effects (CPEs), such as VeBhK21 and
Hela [14]. Moreover, more than 70% of duck industry
workers were reported to have Abs against DTMUV in
the serum samples tested, and ~50% of oral swab
samples were found to be positive for DTMUV RNA
[15]. It is worth noting that flaviviruses suas BAGV
[16] and TMUV [17, 18] which crosgeact with
DTMUV, can infect human beings. These studies clearly
prove that DTMUV is likely to spread from ducks to
other noravian hosts and even humafi]. Hence,
DTMUV is very likely to become a zoonoticthagen,
and it is urgent to carry ouantiviral researchon
DTMUV.

Apoptosis, also known as programmed cell death
(PCD), is a crucial process for the host to resist
pathogens invasiofil9]. Apoptosis classically occurs
via the intrinsic and extrinsiapoptotic pathway§20].
The intrinsic apoptosis pathway includes mitochondria
and endoplasmic reticulum (ERftivated apoptosis.
The mitochondrial apoptotic pathway could be initiated
by numerous factors, such as nutrient deprivation,
hypoxia and oxidate stress, resulting in a decrease in
mitochondrial membrane potential (MMP)21].
Subsequently, cytochrome C (agjtis released to cyio
plasm, a process closely controlled by the-Bgrotein
family. Bcl-2 family proteins are divided into pro
apoptotic proteins (Bak, Bad, Bax, Bid) and anti
apoptotic proteins (Bexl, Bcl-2, Mcl-1) [22]. Cyt-c
can recruit precaspas® and apoptotic protease
activating factorl (Apafl) to form an apoptosome,
which then activates downstream caspai&eto trigger
apoptais. The extrinsic apoptosis pathway, also called
the death receptor pathway, is initiated by the binding
of the death ligand to the corresponding receptor. Next,
pro-caspase8 is recruited to form a deathducing
signaling complex (DISC), resulting indfactivation of
caspaseé3 and caspas&/7, which ultimately leads to
cleavage of cellular DNA23, 24] Although apoptosis
can inhibit viral replication, many viruses have evolved
strategies to prevent the occurrence of apoptosis during
viral replication until sufficient progeny viruses are
produced to enhance the spread of the Vil 26]
Therefore, understanding the mechanism of DTMUV
regulating apoptosis is of great significance for future
research.

Emerging technologies such as transcriptomics have
become crucial tools for studying the pathogenesis of
virus-infected host cell§27i 29]. Transcriptome analysis
can detect all RNA transcripts in cells, helping to clarify
the expression levels of genes in different cellular
environmentg 30]. Moreover, several important viruses
have applied this technique to study the molecular
mechanisms of pathogémst interactions, including
hepatitis E virus (HEV]31], dengue virus (DENV}10,

32), influenza A virug[33], Zika virus (ZIKV) [34] and
Zaire Ebola virus (ZEBOV)[35]. These studies not only
help to understand the host response after viral infection,
but also provide clues for exploring the potential targets of
antiviral drugs. Nevertheless, until now, information about
the responses of host cBIEFs to DTMUYV infection is
rarely addressed.

In this study, in order to study the interaction between
DTMUV and host cells, we used transcriptome approach
to compare the genonveide expression of the DTMUV
infected groups and the motKected groups at2, 24,

36, 48 and 60 hpi (hours post infection). Using the Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses, differentially
expressed genes (DEGs) at different stages of infection
were screened out. Eventually, wecused on the
apoptotic pathway and the dynamic changes of pro
apoptosis and antipoptosis genes in DTMUwfected
DEFs. In conclusion, thesdindings provide prime
information for a deeper
response to DTMUV infection and thdevelopment of
strategies to control DTMUYV infection.

RESULTS
Characteristics of DEFs infected with DTMUV

To determine the proliferation kinetics of DTMUV in
DEFs, CPEs and the viral titers were detected at different
time points after infection. In FRige 1A, minimal CPEs
can be observed at 24 hpi and obvious CPEs appeared at
36 hpi, such as increased granularity and cellular
fragmentation, and almost all cells fell off at 60 hpi. In
Figure B, the viability of DEFs gradually decreased with
the extensio of viral infection time, confirming the high
efficiency of viral infection. We used median tissue culture
infective dose (TCIRy) assays and-®T-PCR to monitor
DTMUV proliferation (Figure C, 1D); the results showed
that as the infection progressdmith the titers and viral
RNA gradually increased.

Global changes of gene expression after DTMUV
infection

As shown in Supplementary Dataset 1, genes with 2
fold changes or greater at 12, 24, 36, 48 and 60 hpi were
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defined as DEGsP<0.05). In Figure A, six randomly
selected DEGs were verified by -RI-PCR and
confirmed that they all have good similarity to RNAq
results, indicating that our data is accurate and valid and
hence can be used for biological analysis. The principal
component analysis (PCA)can demonstrate the
dissimilarities among different samples. In Sup
plementary Figurel, all the mockinfected samples
were clearly distinct from DTMU\Vnfected samples,
and the DTMUVinfected samples at each time point
did not cluster with other time pdinAll sequencing
data were deposited online in SRA (accession number
SRS6277135).

Next, we compared the transcriptome profiles of
DTMUV-infected groups relative to modkfected
groups at different time points to determine the DEGs
levels during DTMUV iffiection. In Figure B, the
numbers of DEGs increased with the time of DTMUV
infection (681, 1649, 3583, 3822 and 4142 at 12, 24, 36,
48 and 60 hpi, severally), and most DEGs were
upregulated or downregulated after 24 hpi. Since there
were numerous DEGs aach time point, we first
screened 10 genes that were most upregulated or-down
regulated (logfoldchange) at various time points for
analysis (Tabld).

Among the upregulated gen&SAD2(radical Sadenosyl
methionine domaktontaining protein 2) was rab

Ohpi 12hpi 24hpi

significantly upregulated at 12 and 24 hpi, wi#leMC
(proopiomelanocortin), IL12B (interleukin  12B) and
HMX3 (H6 family homeobox 3) were most upregulated at
36, 48 and 60 hpi, respectively (Talt}e. |t 6s
that the interferostimulated gee RSAD2 was
significantly upregulated at all the time points, indicating
the activation of antiviral and innate immune responses.

Among the downregulated genesHPD (4-
hydroxyphenylpyruvate  dioxygenase), SIGLEC15
(sialic acid binding Ig like lectin 15),LMOD3
(leiomodin 3),MLXIPL (MLX interacting protein like)
and C7H21orf58 (chromosome 7 C21lorf58 homolog)
were most downregulated at 12, 24, 36, 48 and 60 hpi,
respectively (Tabld).

Further, we established Venn diagrams to deleeper

into genes that are unique or shared at each time point
(Figure 2C). In total, 6172 DEGs were identified after
DTMUV infection, of which 3220 genes were
upregulated (52%) and 2952 genes were downregulated
(48%). Of the 3220 upregulated genes, 498rew
upregulated at 12 hpi, 1134 at 24 hpi, 1935 at 36 hpi,
1998 at 48 hpi and 2115 at 60 hpi; among 2952
downregulated genes, 182 were downregulated at 12
hpi, 515 at 24 hpi, 1648 at 36 hpi, 1824 at 48 hpi and
2027 at 60 hpi. In the meantime, most diffeialy
expressed genes were activated only at the 60 hpi, 520
out of 3220 upregulated genes (16.15%) compared with

36hpi 48hpi 60hpi
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Tablel. The genes that were most upr downregulated at e

ach time point of DTMUV infection.

12hpi 24hpi 36hpi 48hpi 60hpi

Gene category logzFold logzFold Gene logzFold Gene logzFold Gene log2Fold
Change Change Change Change Change

Upregulated RSAD2 9.66 RSAD2 10.31 POMC 12.64 IL12B 12.22 HMX3 10.72
DDX60 8.96 CMPK2 9.55 RSAD2 11.78 IFITM1 10.71 POMC 9.91

EPSTI1 8.46 DDX60 9.39 IL12B 11.72 POMC 10.59 RSAD2 9.88

CMPK2 8.13 IL12B 9.17 LHX4 11.21 RSAD2 10.55 CMPK2 9.14

USP18 7.86 CCL19 8.79 CMPK2 11.2 HMX3 10.37 SIX3 9.04

CD7 7.09 LHX4 8.58 SIX3 11.14 EOMES 10.06 IFITM1 9.02

VCAM1 6.7 IFITM1 8.55 HMX3 10.68 CMPK2 10.06 THEMIS 8.29

CCL19 6.67 EPSTI1 8.54 FLT3 10.68 LHX4 10.06 FGF4 8.28

IFITM1 6.65 USP18 8.39 CD7 10.54 NKX21 9.42 DDX60 8.26

TRANK1 6.45 POMC 8.03 THEMIS 10.18 FOXS1 9.2 USP18 8.21
Downregulatec  HPD -3.76  SIGLEC15 -4.65 LMOD3 -7.55 MLXIPL -8.19 C7H210rf58 -10.06
ACSL5 -3.34 CER1 -4.26 GJD4 -6.34 MARCO -7.26 ADPRHL1 -9.61

ADRA1B -3.27 CD36 -3.93 ANKRD34B -5.96 GJD4 -7.12 ENPEP -8.66

CD79B -3.13 TLDC2 -3.84 C1QTNF8 -5.92 ADPRHL1 -7.05 MARCO -8.39

HHATL -2.61 SLC5A12 -3.59 IGSF10 -5.6 ENPEP -7.01 Cc7 -8.24

CD4 -2.59 PAH -3.52 OMG -5.54 P2RY13 -6.87 IGF1 -8.2

NR4A1 -2.56 WEE2 -3.33 TLR4 -5.17 CACNG1 -6.54 MLKL -8.08

FMOD -2.38 GDF2 -3.28 CMBL -5.08 PPP1R3A -6.48 MGP -8.06

MEF2B -2.34 IGF1 -3.22 C4H4orf54 -5.05 C7H21orf58  -6.47 HSPB2 -7.54

TNXB -2.33 IGSF10 -3.14 MARCO -4.97 C4H4orf54 -6.4 CACNG1 -7.53

24 (0.75%), 141 (4.38%), 250 (7.76%) and 169 (5.25%)
at 12, 24, 36 and 48 hpsimilarity, 533 out of 2952
downregulated genes (18.06%) compared with only 55
(1.86%), 114 (3.86%), 265 (8.98%) and 194 (6.57%) at
12, 24, 36 and 48 hpi, respectively.

GO and KEGG enrichment analysis

In Figure Z, genes that were differentially expsed at

all time points were called continuous upregulated and
downregulated genes, marked with yellow circle, the
DEGs in this group undoubtedly play an important role
during DTMUV infection. The Venn diagrams revealed
that 277 genes were continuous uptated, whereas only
49 genes were continuous downregulated. In Figlirea3
total of 326 genes that were differentially expressed at alll
time points were subjected to GO enrichment analysis,
and it was found that the DEGs were mainly related to
defense rgponse to virus, innate immune response, MHC
class | protein complex and cytokine activity. In addition,
the details of GO enrichment analysis are shown in
Supplementary Dataset 2. In addition, the results of GO
analysis of DEGs that were upregulated onval@gulated

at all time points are shown in Supplementary FigRée

3A, respectively.

What 6s mor e, to delve into
KEGG enrichment analysis was performedFigure 38,
DEGs were considerably enriched in immuakevant

pathways, including the Tollike receptor signaling
pathway, NODBlike receptor signaling pathway, RIG

like receptor signaling pathway and cytosolic DNA
sensing pathway, which plays a vital role in controlling
viral infection and antiviral immune regulatiorin
addition, a strong enrichment was observed for genes
involved in apoptosis, indicating that dysregulation of cell
survival and cell growth are associated with DTMUV
infection. The DEGs were also enriched in p53 signaling
pathway that positively regulaepoptosis and cell cycle
arrest, suggesting that DTMUV will induce cell growth
arrest. Moreover, Necroptosis, Calcium signaling pathway
and MAPK signaling pathway, which are involved in
Apoptosis, were also enriched. In addition, the details of
KEGG enrchment analysis arghown in Supplementary
Dataset3. Similarly, the results of KEGG analysis of
DEGs that were upregulated or downregulated at all time
points are shown in Supplementary Figurés, 3B,
respectively.

Differential expression of innateimmune cytokines
in DTMUV -infected DEFs

A variety of evidences indicate that innate immune
responses plays an important role in limiting flavivirus
infection [42, 43] In the GO and KEGG enrichment
anblyses, theu DEGs iwere ssignifidly dnfickesl én D E G«
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immunerelated pathways (FiguréA3and 3B), moreover,

in Tablel, we found that the interferestiimulated gene
RSAD2was significantly upregulated, so it was of interest
to survey the transcriptic information about key genes
in immunerelated pathways. Thus, we examined the
expression levels of cytokines participated in immune
related pathways, specificallylFN-U 2 IL12B, IFN
regulatory factor 3 IRF3), DHX58 IL-7, and signal
transducer andc#ivator of transcription 1STAT) were
selected. As shown in Figure 4, the results of beRTQ
PCR and RNAseq showed that all these genes are
upregulated to varying degrees at various time points.
Hence, these results indicated that innate immune
respmses were robust after DTMUV infection, which is
consist with the GO and KEGG enrichment results. Since
the elimination of virusnfected cells by apoptosis is often
affected by the innate immune responses, the innate
immune responses may be involved inNDJV -induced
apoptosis.

DTMUV induces the counteraction of po-apoptosis
and anti-apoptosis

Apoptosis play a vital role in virdisduced cytotoxicity
[44]. Analysis of the sequencing data indicated that
apoptosis pathway was activated after DTMUV
infection. In order to link the analysis results with virus
biology, we infected DEFs with DTMUV, and the flow
cytometric analysis was performed after staining with
Annexin V-FITC and PI, the results showed that
DTMUV had a significant pr@apoptotic effect and
obvious time dependence (FigurA,56B).

Based on GO analysis, we identified 81 genes related to
apoptosis, of which 45 and 31 genes play a positive and

negative regulation role, respectively, and another 5
genes may regulate apoptosis either in both manners or
in an unclear way (Supplementary Dataset 4).
Meanwhile, the changes in gene expression shown by
the heat map indicated that DTMUV infection wilteal
both preapoptosis and an#ipoptosis genes (Figure
5C). Among preapoptosis genes, death receptor genes
(TNFRSF9 and FAS), mitochondrial pathway related
genes (caspask cytc and apafl), Bct2 family pro
apoptosis genes (BAK1 and BID, inhibitorstbe IAP
family members) and p58ependent target genes
(CYFIP2), were upregulated at various time points after
DTMUV infection. The results indicate that both
intrinsic and extrinsic apoptosis pathways may be
initiated. Furthermore, anéipoptotic genes;ADD45B

and CFLAR, and the IAP family members (BIRC2 and
BCL2L1) were upregulated early or late after DTMUV
infection. Although the expression of the fapoptotic
and antiapoptotic genes were both altered, genes
involved in preapoptotic in the competdn between
the two ultimately had an advantage, thus DTMUV
infection induced apoptosis.

In addition, to determine whether the caspases family
protein plays an indispensable role in DTM4hduced
apoptosis, we detected the mRNA levels of caspase
3/7/8/9 by QRT-PCR. In Figure 6A, caspa§emRNA
levels in DTMU\V-infected cells increased signifiatly

at all time points, while the caspa3emRNA levels
were significantly increased at 36, 48 and 60 hpi.
What 6s mo r-& mRNA aevglsa ma@eased
observably at 24 and 48 hpi, while caspaseRNA
increased significantly at 48 and 60 hpi. Figure 6B
showed that the enzymatic activity of caspa&ein the
infection groups increased significantly at all the time

Figure 4 Differentially expressed genes (DEGS) in innate immune systelated response after infection.
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