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INTRODUCTION

Avian influenza viruses (AIVs) are not only highly 
contagious and variable viruses infecting many bird species 
but also are very significant zoonotic pathogens (Plague and 
Aviaire, 2006; Scheftel et al., 2010). They are enveloped, 
negative-stranded, segmented RNA viruses belonging to the 
Orthomyxoviridae family, which are comprised of 5 genera. 
Only one genus Influenza virus A causes pandemic diseases. 
The virion consists of three integral membrane proteins: 
hemagglutinin (HA), neuraminidase (NA), and ion channel 
protein M2 (Neumann et al., 2007; Ohkura et al., 2014). HA 
has been reported to express on the surface of the virion 
where it facilitates entry via receptor binding and fusion of 
the virion membrane with the endosomal membrane, whereas 
NA is the receptor-destroying enzyme with sialidase activity 

that cleaves sialic acid from cellular glycoproteins, in the 
framework to mediate the release of newly assembled virions 
from infected cells (Neumann et al., 2007; Byrd-Leotis et al., 
2017). The pathogenicity of influenza viruses is determined 
by many factors including viral proteins, tissue tropism and 
host immune responses (Fukuyama and Kawaoka, 2011; 
Reperant et al., 2012). Previous studies have demonstrated a 
functional balance of HA and NA which has proved to be 
vital for the general fitness of the virus, and virulence as well 
as interspecies transmission (Fukuyama and Kawaoka, 2011). 
A key event in the genesis of all Highly Pathogenicity Avian 
Influenza viruses (HPAIV) is conversion (mutation) of an H5 
or H7 HA and reassortment with mutated NA of a Low 
Pathogenicity Avian Influenza virus (LPAI) to an HPAIV 
(Gamblin and Skehel, 2010; Byrd-Leotis et al., 2017).

While many birds are highly susceptible to AIV especially 
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HPAIV, mallard ducks are just natural reservoir of LPAIV 
and rarely get diseased from HPAIV (Kuchipudi et al., 2014; 
Evseev and Magor, 2019). Previous transcriptomic studies 
focused on the mechanisms to differentiate responses between 
HPAIV and LPAIV different hosts particularly between 
chickens and ducks (Maughan et al., 2013; Kuchipudi et al., 
2014; Smith et al., 2015). In this study, we tried to under-
stand the molecular mechanisms behind ducks’ responses to 
both viral strains and we firstly identified common target 

genes which may serve as therapeutic targets.

MATERIALS AND METHODS

1. Microarray Data Acquisition and Gene

Expression Profiling

This study reanalyzed publicly available microarray of 
LPAI (A/mallard duck/England/7277/06, referred to as LPAI 
H2N3) and a classical HPAI H5N1 virus strain (A/turkey/ 
England/50-92/91, referred to as H5N1 50-92) obtained from 
the gene expression omnibus (GEO) site under accession 
number GSE33389. These data were generated during a 
previous study which assessed gene expression differences 
between chickens and ducks in response to AIV infection. 
The two viral strains were selected based on their patho-
genesis in ducks where LPAI H2N3 is largely asymptomatic 
while the classical HPAI H5N1 infection causes non-lethal 
disease (Kuchipudi et al., 2014). For this study, duplicate 
RNA samples from each of virus or mock-infected control in 
duck cells were used for microarray analysis and a total of 
6 array chips (2 viruses × 1 avian species × duplicate, 2 
ducks mock-infected controls) were subject to this study. We 
used HPAI H5N1 50-92, LPAI (H2N3) and mock-infected 
control datasets (Table 1). 

2. Identification and Functional Analysis of

Differentially Expressed Genes (DEGs)

Microarray image analysis was performed to identify 
common target genes that were DEGs influenced by both 
HPAIV and LPAIV in duck lung cells as described in the 
previous study (Won et al., 2016). Briefly, R package 
‘limma’ was used to normalize and qualify microarray 
images. Median signal intensities were corrected by adaptive 

background correction and normalized by locally-weighted 
scatterplot smoothing (LOWESS) method (Ritchie et al., 
2007). The log2-transformed fold changes and standard errors 
were estimated by fitting a linear model while empirical 
Bayes statistics was implemented for smoothing standard 
errors. Differentially expressed genes (DEG) were filtered by 
cutoff 0.05 of false discovery rate (FDR), with an adjusted 
P-value of two-sample t-test. Gene expression profiles were 
further analyzed using the functional annotation tool WEB-
based GEne SeT AnaLysis Toolkit (Liao et al., 2019) and 
REACTOME (Fabregat et al., 2018). Bioinformatics & Evo-
lutionary Genomics tool was used to calculate and draw 
custom Venn diagrams (http://bioinformatics.psb.ugent.be/ 
webtools/Venn/). 

RESULTS

1. Identification of Differentially Expressed

Genes

Through re-analysis of microarray data by Kuchipudi et al. 
(2014), a total of 731 and 439 genes were differentially 
expressed in HPAIV (HPAI H5N1 50-92) and LPAIV (H2N3) 
infected duck lung cells, respectively. Of these DEGs, 227 
genes were common in cells infected with both viruses while 
504 and 212 genes were specific to HPAIV and LPAIV 
infected cells respectively (Fig. 1A). DEGs were further 
analyzed for regulation (Supplementary Table S1). Of the 
down regulated DEGs identified, 140 genes were specific to 
HPAIV, 54 genes specific to LPAIV and 34 genes common 
to both viruses (Fig. 1B). For up regulated DEGs, 364 genes 

Table 1. Designs used in microarray image analysis using R 
‘limma’ package

Species Sample accession No. 
(GSM) Case

Duck

GSM825792
LPAI H2N3

GSM825793

GSM825794
HPAI H5N1 50-92

GSM825795

GSM825798
Mock-infected controlGSM825799
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were specific to HPAIV, 158 genes specific to LPAIV and 
193 genes were common to both viruses’ infected duck lung 
cells (Fig. 1C; Supplementary Table 2, 3 and 4).

2. Gene Ontology (GO) and REACTOME Analyses

Functional annotation revealed that following GO terms of 
biological processes (BP) were enriched in common DEGs 
including endodermal cell differentiation (GO:0035987), en-
doderm development (GO:0007492), endoderm formation (GO: 
0001706), cellular nitrogen compound biosynthetic process 
(GO:0044271), gene expression (GO:0010467) and translation 
(GO:0006412). For the GO terms of cellular components (CC), 
cytosolic ribosome (GO:0022626), ribosome (GO:0005840), 

ribosomal subunit (GO:0044391), cytosolic part (GO: 
0044445), cytosol (GO:0005829), cytosolic small ribosomal 
subunit (GO:0022627), intracellular non-membrane-bounded 
organelle (GO:0043232), non-membrane-bounded organelle 
(GO:0043228), small ribosomal subunit (GO: 0015935), 
neuron to neuron synapse (GO:0098984), and ribonucleo-
protein complex (GO:1990904) were enriched. Enriched GO 
terms for Molecular Function (MF) were structural cons-
tituent of ribosome (GO:0003735) and structural molecule 
activity (GO:0005198) (Table 2). 

3. REACTOME Pathway Analyses

REACTOME analyses identified enriched pathways for 

Fig. 1. Venn diagram of DEGs from reanalysis of microarray data of HPAIV and LPAIV infected duck lung cells.

Table 2. Functional annotation of common DEGs found in both HPAIV and LPAIV infected duck cells. Enriched GO terms of 
Biological process (BP), Cellular Component (CC) and molecular function (MF) were analyzed using WebGestalt

Biological process

GO ID GO term Number 
of genes Enrichment P-value FDR Gene name

GO:003
5987

Endodermal cell 
differentiation 6 22.44563 1.15E-07 3.52E-04 INHBA; FN1; COL5A2; CTNNB1; COL8A1; COL12A1

GO:000
7492

Endoderm 
development 7 15.93965 1.50E-07 3.52E-04 INHBA; ZFP36L1; FN1; COL5A2; CTNNB1; COL8A1; COL12A1

GO:000
1706

Endoderm 
formation 6 20.94925 1.88E-07 3.52E-04 INHBA; FN1; COL5A2; CTNNB1; COL8A1; COL12A1
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Table 2. Continued

Biological process

GO ID GO term Number 
of genes Enrichment P-value FDR Gene name

GO:004
4271

Cellular 
nitrogen 

compound 
biosynthetic 

process

56 1.649548 1.93E-05 0.027123

RPS17; ATRX; RPL10A; GTF2A1; IGF2BP3; ZEB1; RPLP0; 
YEATS4; INHBA; BASP1; PDLIM7; MTA3; RPS15A; ZFP36L1; 
POLR2F; USP7; RPLP1; RPS12; ATF2; ELOVL6; BCL9; HSF2; 
BAMBI; TCF12; RPL32; NFIL3; RARB; RNF111; ZEB2;I RF2; 
PPP1R12A; RPS21; CTDSPL; LMO4; ENO1; DDX1; PRPSAP2; 
TCF21; VLDLR; EIF4A2; ZFHX3; YBX3; CTNNB1; RUNX1T1; 
CCND1; EIF3E; ETV6; CEBPB; KDM3A; RPS14; RPL30; RPS16; 
WAC; ATF4; AMD1; RPS15

GO:001
0467

Gene 
expression 60 1.583865 2.87E-05 0.032207

RPS17; ATRX; RPL10A; GTF2A1; IGF2BP3; ZEB1; RPLP0; 
YEATS4; INHBA; BASP1; PDLIM7; MTA3; FAM98A; RPS15A; 
PAPD7; ZFP36L1; POLR2F; USP7; SPPL3; RPLP1; RPS12; ATF2; 
BCL9; HSF2; BAMBI; TCF12; RPL32; NFIL3; RARB; RNF111; 
ZEB2; XRN1; FN1; IRF2; PPP1R12A; RPS21; CTDSPL; LMO4; 
DDX1; TCF21; RBM26; VLDLR; EIF4A2; NOVA1; ZFHX3; 
YBX3; CTNNB1; RUNX1T1; CCND1; EIF3E; ETV6; CEBPB; 
KDM3A; RPS14; RPL30; RPS16; WAC; ATF4; TSPAN14; RPS15

GO:000
6412 Translation 16 3.126754 4.60E-05 0.043071

RPS17; RPL10A; IGF2BP3; RPLP0; RPS15A; ZFP36L1; RPLP1; 
RPS12; RPL32; RPS21; EIF4A2; EIF3E; RPS14; RPL30; RPS16; 
RPS15

Cellular component

GO ID GO term No of 
genes Enrichment P-value FDR Gene name

GO:002
2626

Cytosolic 
ribosome 12 11.74634 2.42E-10 1.84E-07 RPL10A; RPLP0; RPS15A; RPLP1; RPS12; RPL32; RPS21; 

RPS25; RPS14; RPL30; RPS16; RPS15

GO:000
5840 Ribosome 14 6.739704 1.48E-08 4.46E-06 RPS17; RPL10A; RPLP0; RPS15A; MRPL39; RPLP1; RPS12; 

RPL32; RPS21; RPS25; RPS14; RPL30; RPS16; RPS15

GO:004
4391

Ribosomal 
subunit 13 7.341463 1.76E-08 4.46E-06 RPL10A; RPLP0; RPS15A; MRPL39; RPLP1; RPS12; RPL32; 

RPS21; RPS25; RPS14; RPL30; RPS16; RPS15

GO:004
4445 Cytosolic part 13 6.94102 3.51E-08 6.66E-06 RPL10A; RPLP0; RPS15A; RPLP1; RPS12; RPL32; RPS21; 

ENO1; RPS25; RPS14; RPL30; RPS16; RPS15

GO:000
5829 Cytosol 45 2.105918 2.25E-07 2.96E-05

RPL10A; NUTF2; GTF2A1; RPLP0; DNAJA2; ASCC3; RPS15A; 
ZFP36L1; FBXO11; USP7; RPLP1; RPS12; PRKD3; CDH2; 
CABIN1; RPL32; RNF111; ZEB2; XRN1; IRF2; PPP1R12A; 
PPP2CA; RPS21; ENO1; DDX1; TPT1; AKTIP; HERC4; RAB5A; 
MYH10; DNAJA1; YBX3; CTNNB1; AFTPH; RPS25; XPOT; 
ETV6; RPS14; RPL30; RPS16; GNA13; AMD1; USP8; RBMS1; 
RPS15

GO:002
2627

Cytosolic small 
ribosomal 
subunit

7 15.22674 2.34E-07 2.96E-05 RPS15A; RPS12; RPS21; RPS25; RPS14; RPS16; RPS15
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protein metabolism including GTP hydrolysis and joining of 
the 60S ribosomal subunit (R-GGA-72706), SRP-dependent 
co-translational protein targeting to membrane (R-GGA-
1799339), and Eukaryotic Translation Initiation (R-GGA-
72613). Enriched pathways for RNA metabolism included 
Nonsense-Mediated Decay (R-GGA-927802), Nonsense me-
diated decay enhanced by the Exon Junction Complex 
(R-GGA-975957), Nonsense Mediated Decay independent of 
the Exon Junction Complex (R-GGA-975956), Translation 
(R-GGA-72766), Ribosome scanning and start codon recog-

nition (R-GGA-72702), Cap-dependent translation initiation 
(R-GGA-72737), RNA metabolism (R-GGA-8953854) and 
Formation of the ternary complex, and subsequently, the 43S 
complex (R-GGA-72695). In addition, pathways for tissue 
repair including Assembly of collagen fibrils and other 
multimeric structures (R-GGA-2022090), Collagen biosyn-
thesis and modifying enzymes (R-GGA-1650814), Collagen 
formation (R-GGA-1474290), Collagen chain trimerization 
(R-GGA-8948216) and ECM proteoglycans (R-GGA-3000178) 
were enriched (Table 3).

Table 2. Continued

Cellular component

GO ID GO term Number 
of genes Enrichment P-value FDR Gene name

GO:004
3232

Intracellular 
non-membrane-

bounded 
organelle

50 1.807129 4.13E-06 3.99E-04

RPS17; ATRX; RPL10A; RDH10; RPLP0; YEATS4; BASP1; 
PDLIM7; MTA3; RPS15A; PAPD7; ZFP36L1; POLR2F; FBXO11; 
MRPL39; MYCBP2; USP7; RPLP1; RPS12; SPTBN1; HSF2; 
CDH2; SPTAN1; RPL32; ZEB2; PPP1R12A; PPP2CA; RPS21; 
HUS1; TPT1; GSN; HERC4; RAB5A; MYH10; NOVA1; DNAJA1; 
CTNNB1; SEPT11; CALD1; RPS25; ACTN1; ETV6; CEBPB; 
KDM3A; RPS14; RPL30; RPS16; ATF4; CLTC; RPS15

GO:004
3228

Non-membrane-
bounded 
organelle

50 1.806018 4.20E-06 3.99E-04

RPS17; ATRX; RPL10A; RDH10; RPLP0; YEATS4; BASP1; 
PDLIM7; MTA3; RPS15A; PAPD7; ZFP36L1; POLR2F; FBXO11; 
MRPL39; MYCBP2; USP7; RPLP1; RPS12; SPTBN1; HSF2; 
CDH2; SPTAN1; RPL32; ZEB2; PPP1R12A; PPP2CA; RPS21; 
HUS1; TPT1; GSN; HERC4; RAB5A; MYH10; NOVA1; DNAJA1; 
CTNNB1; SEPT11; CALD1; RPS25; ACTN1; ETV6; CEBPB; 
KDM3A; RPS14; RPL30; RPS16; ATF4; CLTC; RPS15

GO:001
5935

Small ribosomal 
subunit 7 10.02736 4.86E-06 4.10E-04 RPS15A; RPS12; RPS21; RPS25; RPS14; RPS16; RPS15

GO:009
8984

Neuron to 
neuron synapse 9 6.607317 7.52E-06 5.71E-04 RPLP0; SPTBN1; CDH2; YWHAZ; CTNNB1; RPS25; RPS14; 

RPL30; USP8

GO:199
0904

Ribonucleo-
protein complex 20 2.936585 1.16E-05 8.03E-04

RPS17; RPL10A; RPLP0; RPS15A; ZFP36L1; MRPL39; RPLP1; 
RPS12; HNRNPAB; RPL32; RPS21; MYH10; EIF3E; RPS25; 
RPS14; RPL30; RPS16; WAC; RBMS1; RPS15

Molecular function

GO ID GO term No of 
genes Enrichment P-value FDR Gene name

GO:000
3735

Structural 
constituent of 

ribosome
12 6.053547 5.25E-07 5.90E-04 RPS17; RPL10A; RPLP0; RPS15A; RPLP1; RPS12; RPL32; 

RPS21; RPS14; RPL30; RPS16; RPS15

GO:000
5198

Structural 
molecule 
activity

20 2.780275 2.65E-05 0.014872
RPS17; COL3A1; RPL10A; NUTF2; RPLP0; RPS15A; RPLP1; 
RPS12; SPTBN1; RPL32; RPS21; COL5A2; ANK3; SEPT11; 
RPS14; RPL30; RPS16; CLTC; COL8A1; RPS15
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Table 3. Reactome analysis for AIV common DEGs

Reactome 
ID Term Number 

of genes Enrichment P-value FDR Gene name

R-GGA-
72706

GTP hydrolysis and 
joining of the 60S 
ribosomal subunit

13 9.108211 7.52E-10 4.55E-07 RPL10A; RPLP0; RPL29; RPS15A; RPLP1; RPL32; 
RPS21; RPS7; RPS25; RPS14; RPL30; RPL38; RPS16

R-GGA-
927802

Nonsense-Mediated 
Decay (NMD) 14 7.750197 1.52E-09 4.55E-07

RPL10A; RPLP0; RPL29; RPS15A; RPLP1; RPL32; 
PPP2CA; RPS21; RPS7; RPS25; RPS14; RPL30; RPL38; 
RPS16

R-GGA-
975957

Nonsense Mediated 
Decay (NMD) 

enhanced by the Exon 
Junction Complex 

(EJC)

14 7.750197 1.52E-09 4.55E-07
RPL10A; RPLP0; RPL29; RPS15A; RPLP1; RPL32; 
PPP2CA; RPS21; RPS7; RPS25; RPS14; RPL30; RPL38; 
RPS16

R-GGA-
1799339

SRP-dependent 
co-translational protein 
targeting to membrane

13 8.572434 1.67E-09 4.55E-07 RPL10A; RPLP0; RPL29; RPS15A; RPLP1; RPL32; 
RPS21; RPS7; RPS25; RPS14; RPL30; RPL38; RPS16

R-GGA-
975956

Nonsense Mediated 
Decay (NMD) 

independent of the 
Exon Junction 
Complex (EJC)

13 8.448196 2.02E-09 4.55E-07 RPL10A; RPLP0; RPL29; RPS15A; RPLP1; RPL32; 
RPS21; RPS7; RPS25; RPS14; RPL30; RPL38; RPS16

R-GGA-
72613

Eukaryotic translation 
initiation 13 7.378804 1.15E-08 1.85E-06 RPL10A; RPLP0; RPL29; RPS15A; RPLP1; RPL32; 

RPS21; RPS7; RPS25; RPS14; RPL30; RPL38; RPS16

R-GGA-
72737

Cap-dependent 
translation initiation 13 7.378804 1.15E-08 1.85E-06 RPL10A; RPLP0; RPL29; RPS15A; RPLP1; RPL32; 

RPS21; RPS7; RPS25; RPS14; RPL30; RPL38; RPS16

R-GGA-
72766 Translation 14 4.516302 1.70E-06 2.39E-04

RPL10A; RPLP0; RPL29; RPS15A; MRPL39; RPLP1; 
RPL32; RPS21; RPS7; RPS25; RPS14; RPL30; RPL38; 
RPS16

R-GGA-
8953854 Metabolism of RNA 20 3.092443 3.75E-06 4.69E-04

RPL10A; RPLP0; RPL29; RPS15A; ZFP36L1; POLR2F; 
RPLP1; RPL32; XRN1; PPP2CA; RPS21; YWHAZ; RPS7; 
SNRNP200; RPS25; RPS14; RPL30; RPL38; RPS16; 
CNOT2

R-GGA-
2022090

Assembly of collagen 
fibrils and other 

multimeric structures
5 13.18836 2.48E-05 0.002795 COL3A1; COL5A2; COL6A3; COL8A1; COL12A1

R-GGA-
72695

Formation of the 
ternary complex, and 
subsequently, the 43S 

complex

6 8.678792 4.92E-05 0.005036 RPS15A; RPS21; RPS7; RPS25; RPS14; RPS16

R-GGA-
72702

Ribosomal scanning 
and start codon 

recognition
6 7.913016 8.52E-05 0.00799 RPS15A; RPS21; RPS7; RPS25; RPS14; RPS16

R-GGA-
1650814

Collagen biosynthesis 
and modifying 

enzymes
5 10.19101 9.67E-05 0.008374 COL3A1; COL5A2; COL6A3; COL8A1; COL12A1
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DISCUSSIONS

The present study used transcriptomic approach to explore 
the common responses toward two AIV strains, LPAIV and 
HPAIV in duck lung cells. Using six microarray datasets 
obtained from the previous study (Kuchipudi et al., 2014), 
comparative analyses of common and specific DEGs in HPAI 
H5N1 50∼92 and LPAI H2N3 infected duck lung cells was 
conducted. In previous studies, the same technology was used 
to investigate gene expression in a range of avian species and 
was proven to be a powerful tool in gene expression profiling 
(Moody et al., 2002; Crowley et al., 2009; Kuchipudi et al., 
2014; Won et al., 2016). After the GO and REACTOME 
analyses, we noticed that a set of genes associated to 
ribosome biogenesis and functions in the translation 
functional group [40S ribosomal protein S17 (RPS17); 60S 
ribosomal protein L10a (RPL10A); 60S acidic ribosomal 
protein P0 (RPLP0); 40S ribosomal protein S15a (RPS15A); 
60S acidic ribosomal protein P1 (RPLP1); 40S ribosomal 
protein S12 (RPS12); 60S ribosomal protein L32 (RPL32); 
40S ribosomal protein S21 (RPS21); 40S ribosomal protein 
S14 (RPS14); 60S ribosomal protein L30 (RPL30); 40S 
ribosomal protein S16 (RPS16); 40S ribosomal protein S15 
(RPS15)] (Table 2), translation pathway [RPL10A; RPLP0; 
60S ribosomal protein L29 (RPL29); RPS15A; Mitochondrial 
Ribosomal Protein L39 (MRPL39); RPLP1; RPL32; RPS21; 
40S ribosomal protein S7 (RPS7); 40S ribosomal protein S25 
(RPS25); RPS14; RPL30; 60S ribosomal protein L38 
(RPL38); RPS16)], and RNA metabolism pathway (RPL10A; 
RPLP0; RPL29; RPS15A; RPLP1; RPL32; RPS21; RPS7; 
RPS25; RPS14; RPL30; RPL38; RPS16) (Table 3) were 
down regulated in response to both HPAIV and LPAIV 

infections in duck lung cells (Supplementary Table S1). This 
down regulation is a suggestion that few viral mRNAs were 
exported to the cytoplasm for translation, which is opposite 
of what usually happens in other animal species infected with 
AIV where previous reports have indicated that AIV induce 
cytoplasmic ribosomes of the infected host to translate their 
mRNA in order to form a viral ribonucleoprotein (Jorba et 
al., 2009; Vasin et al., 2014; Dou et al., 2018). It is of 
interest to observe that enriched terms and pathways were 
translation functional group from GOs, and Nonsense-
Mediated Decay (NMD), translation and RNA metabolism 
pathways from the REACTOME analyses. NMD is one of 
the mechanisms that eukaryotes have developed to sense and 
eliminate viral mRNA (Rigby and Rehwinkel, 2015; Fontaine 
et al., 2018; Rao et al., 2019). However, in several cases, 
RNA viruses including AIV have succeeded to develop 
different strategies in order to evade the host RNA quality 
control machinery, which senses viral infection and block its 
mRNA having premature termination codons (PTCs) from 
translation (Hogg, 2016; May et al., 2018). AIV does it by 
hiding its viral dsRNA through Non-Structural protein 1 
(NS1)-independent mechanism, nucleoprotein (NP) and 
host-shutoff protein polymerase-acidic protein-X (PA-X) 
(Khaperskyy et al., 2014). Interestingly, several studies re-
ported that ducks rarely get susceptible to AIV and instead, 
serve as natural host and reservoir of the pathogen (Maughan 
et al., 2013; Kuchipudi et al., 2014; Smith et al., 2015; 
Evseev and Magor, 2019; Yang et al., 2019). In our study, 
a REACTOME pathway analysis revealed 3 pathways related 
to NMD and showed that most of the genes associated to 
them were down regulated as mentioned above, which 
suggests that AIV mRNA may have escaped from degra-

Table 3. Continued

Reactome 
ID Term Number 

of genes Enrichment P-value FDR Gene name

R-GGA-
1474290 Collagen formation 5 9.341755 1.51E-04 0.012115 COL3A1; COL5A2; COL6A3; COL8A1; COL12A1

R-GGA-
8948216

Collagen chain 
trimerization 4 12.81155 1.96E-04 0.01469 COL3A1; COL6A3; COL8A1; COL12A1

R-GGA-
3000178 ECM proteoglycans 4 11.95745 2.62E-04 0.018461 COL3A1; FN1; COL6A3; APP
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dation (Vasin et al., 2014). However, the mechanisms in 
which this may have been done, remain to be studied. 

On the other hand, another set of genes associated to 
translation and mRNA metabolism including Insulin-like 
growth factor2 mRNA-binding proteins 3 (IGF2BP3), ZFP36 
ring finger protein like 1 (ZFP36L1), CCR4-NOT Trans-
cription Complex Subunit 2 (CNOT2), and 5'-3' Exoribonu-
clease 1 (XRN1) were up regulated. In previous studies, these 
genes have been linked to translation control, RNA degra-
dation and transcription regulation. IGF2BP3 was found to 
suppress translation (Nielsen et al., 1999), and ZFP36L1 has 
been reported to be involved in mRNA degradation and 
translational suppression in mice thymocytes (Hodson et al., 
2010). Xrn1 was shown to induce transcription, mRNA 
translation and decay in Brome mosaic virus infected yeast. 
This gene was also reported to restrict the replication of 
different Hepatitis C Virus (HCV) strains, as well as 
mediating the decay of HCV RNA (Li et al., 2015; Blasco-
Moreno et al., 2019). On the other hand, CNOT2 was 
reported to block transcription by targeting the promoter 
region in U2OS (human osteosarcoma) and HEK293T 
(human embryonic kidney) cell lines (Zwartjes et al., 2004). 
However, the role each of these genes may have played to 
control AIV infection in ducks and the molecular mechanism 
implied in are yet to be elucidated. In addition, the eukaryote 
translation initiation factor eIF3e, which was up regulated in 
this study, has been reported to regulate both global and 
specific mRNA translation, thus, a suggestion that they are 
also involved in viral infection control (Walsh and Mohr, 
2014). Taken together, we can assume that down regulation 
of ribosomal genes, and upregulation of translation control 
and mRNA degradation associated genes, may occur con-
currently and get converged toward pathways which secure 
replication and propagation of AIV. Though the proof of 
these notions is out of this study, it warrants further study to 
understand the mechanisms underlying these phenomena. 

Among other DGEs, there were upregulated genes 
involved in collagen related pathways, suggesting that duck 
lung cells may quickly repair damaged tissues during AIV 
infection in order to maintain the animal’s homeostasis. 
Collagens are part of the extracellular matrix and are crucial 
for structure repair, tensile stress resistance, cell adhesion, 

migration, cell–cell interactions, and chemotaxis (Millen et 
al., 2019). AIV infection is known to be accompanied by 
lesions in tissues where it invades as a result of inflammatory 
responses and secondary bacterial infection, causing tissue 
damage. In the case of influenza virus, it was reported to 
cause hemorrhage to infected lungs, leading to tissue 
destruction in animals it infects (Talmi-Frank et al., 2016). 
However, ducks were shown not develop any sign of 
hemorrhage or edema observed in other bird species after 
AIV infection (Evseev and Magor, 2019).

CONCLUSION

This study provided insight into the potential molecular 
mechanisms and shed light to the molecular basis of general 
host responses against both HPAIV and LPAIV infected 
lungs. This study reported that genes responsible for trans-
lation as well as RNA quality control pathways were 
down-regulated, whereas genes for translation control and 
mRNA degradation were up-regulated by which AIV may 
evade host defense mechanisms to secure viral replication 
and propagation. Further studies should focus on these genes 
to understand their roles in AIV pathogenesis in ducks, which 
would be a steppingstone toward developing therapeutics for 
other animals including humans susceptible to AIV.

적 요

본 연구는 고병원성 조류 인플루엔자 바이러스(high 
pathogenic avian influenza virus; HPAIV)와 저병원성 조류
인플루엔자 바이러스(low pathogenic avian virus; LPAIV)가
감염된 오리의 폐세포에서보고된 기존 전사체 데이터를 재

분석하여조류 인플루엔자감염에 대응하는숙주의 공통 전

사체를 발굴하고, 생물정보 분석을 실시하여 바이오 마커로
서 가능성을 제시하기 위하여 수행하였다. 이전 연구에서
생산된 microarray 데이터 세트를 재분석하여, HPAIV와
LPAIV가 각각 감염된 오리의 폐세포에서 각각 총 731 및
439개의 차등발현 유전자를 발굴하였다. 이들 차등발현 유
전자 중에서, 227개의 유전자가 HPAIV와 LPAIV가 감염된
세포에서 공통적으로 조절되어, 193개의 유전자는 발현이
증가한 반면, 34개의 유전자는 발현이 감소하였다. 생물정
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보 분석을 통하여 차등발현 유전자들의 기능에 대한 주석달

기를 실시하여, 리보솜과 단백질 대사 및 유전자 발현 관련
GO가 풍부해짐을 확인하였다. REACTOME 분석을 통하여
단백질및 RNA 대사 경로및 콜라겐 생합성과 변형을 포함
한 조직 복구 경로가 조절됨을 확인하였다. 보다 구체적으
로, 번역및 RNA 품질관리경로에관여하는단백질을코딩
하는 유전자는 HPAIV 및 LPAIV 감염에 반응하여 발현의
증가또는감소하는방향으로조절되어 AIV가숙주번역기
계를억제함으로써숙주방어시스템을회피할수있거나번

역을위해세포질로내보내기전에 AIV가억제될수있음을
시사한다. AIV 감염은 바이러스 감염으로인한 조직의병변
형성을 조절하는 경로를 활성화시킬 수 있음을 시사한다.

(색인어: 조류 인플루엔자 바이러스, 오리, 차등발현 유전
자, 전사체 반응)
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