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Abstract

Interferon regulatory factors (IRFs) exhibit antiviral and antibacterial capabilities. In this research, we
isolated the IRF10 genes from red sea bream (Pagrus major) and examined their expression following red
sea bream iridovirus (RSIV) infection. Analysis of multiple sequences identified preserved components, such
as the IRF-association domain, nuclear localization signal, and DNA-binding domain. Phylogenetic
examination showed that PmIRF10 grouped with IRF10 equivalents in fish. We utilized quantitative
real-time PCR to explore IRF10 expression in normal tissues, revealing increased expression levels in the
gill and spleen. Our results indicate that PmIRF10 plays a role in the immune response, as evidenced by
the controlled expression levels of IRFs after RSIV infection in red sea bream. This finding aligns with
prior research on different fish species. Overall, this investigation characterizes IRF genes in red sea bream
and provides a basis for comparative analysis of IRF genes.
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the transcriptional and inducible gene expression of
interferons (IFNs) (Antonczyk et al., 2019). Since
the first discovery of IRF1 in 1988, the scope of

[ . Introduction

The development of innate and adaptive immune

systems in vertebrates has enabled them to protect  |RFs has expanded to comprise IRF1-11. Studies

themselves against the infiltration of foreigh  paive demonstrated that IRF1-9 can be found in
pathogens. These systems encompass endogenous mammals, IRF10 in birds and fish, and IRF11
binding sites and the activation of various exclusively in fish (Suzuki et al, 2011; Shu et
expression factors, such as interferon regulatory .1 2015: Guan et al 2020).

factors (IRFs). Initially identified in humans, IRFs The IRF family is characterized by an N-terminal

constitute a protein family responsible for regulating DNA-binding domain (DBD), a peptide linker (LK),
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and an IRF-association domain (IAD) that includes

five tryptophan repeats essential for identifying
similar DNA motifs within the highly conserved
DBD (Antonczyk et al, 2019).

analysis IRF family
subfamilies: IRF1-G (IRF1, IRF2); IRF3-G (IRF3,
IRF7); IRF4-G (IRF4, IRFS8, IRF9, IRF10); and
IRF5-G (IRF5, IRF6) (Nehyba et al., 2002). The

primary function of the IRF family is to regulate

Phylogenetic

categorizes the into four

the antiviral response in  vertebrates' innate

immunity by participating in the transcription of
IFN and interferon-stimulated genes (ISG) (Paun &

Pitha, 2007). In vertebrates, IRFs identify viral

infections by  recognizing  pathogen-associated
molecular  patterns (PAMPs) through pattern
recognition receptors (PRRs), such as Toll-like

receptors (TLRs) (Medzhitov & Janeway Jr, 2000).
IRFs regulate
(Gabriele & 2007), and

modulate crucial cytokines and transcription factors

differentiate  and
Ozato,

Furthermore,

dendritic  cells

involved in T helper cell differentiation (Zhang et
al., 2012).

Phylogenetic analysis reveals that IRF10 belongs
to the IRF-4G
binding affinity to the interferon-stimulated response
(ISRE)

subfamily, exhibiting a strong
when
IRF4

initial

domain,
heterodimerized with  IRF1,
(Alter-Koltunoff et al.,, 2008).
identification in birds, IRF10 has been detected in

element particularly
IRF2, or

Since its

various vertebrates, with the exception of humans
and mice (Huang et al., 2010). Structurally, IRF10
shares a compact configuration with IRF4 and is
reported to play a role in the late stage of antiviral
response in birds (Nehyba et al., 2002). IRF10 has
been identified in species such as olive flounder,
zebrafish,

coioides), Atlantic cod (Gadus morhua), rainbow

orange-spotted ~ grouper  (Epinephelus

trout, common carp (Cyprinus carpio), and swamp

eel (Monopterus albus) (Suzuki et al, 2011; Li et
al., 2014; Qiao-Qing et al., 2014; Huang et al,
2015; Inkpen et al., 2015; Xu et al., 2016; Zhu et
al., 2020).

Initially discovered in Japan in 1990 in red sea
bream, red sea bream iridovirus (RSIV) is a linear
double-stranded DNA virus that belongs to the
Iridoviridae family and the Megalocytivirus genus
1992). RSIV

on various fish

(Inouye et al, inflicts  significant

damage species annually, as
consistently exhibit the
presence of the (Kim et al, 2018;
Lopez-Porras et al., 2018; Girisha et al., 2020;
Puneeth et al., 2021).

Red sea bream is a rapidly growing fish known

susceptible  populations

virus

for its exceptional meat quality, making it highly

sought after. As a result, it has become a
significant aquaculture species in Korea, Japan, and
China. Numerous studies have been conducted on
red sea bream, focusing on growth and stocking
density (Murashita et al., 2018; Ido et al., 2019;
2020; 2021).

However, among the existing research on immunity,

Seo et al, Mzengereza et al.,
only a few reports have specifically addressed IRF
(Haque et al., 2021; Joo et al., 2022; Kim et al.,
2023).

Since IRFs have been shown to play a role in
viral pathogen infections, gaining insight into the
features and expression of the IRF gene could
substantially contribute to research on innate
immunity and viral infections. Consequently, this
study aimed to explore the molecular properties of
IRF10 (belonging to the IRF-4G subfamily) in red
sea bream and to characterize their expression
during RSIV infection. This report provides the first
set of data on IRF10 in relation to innate immunity

and viral infection in sea bream.
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II . Materials and methods

1. Fish and virus

In this study, red sea bream were sourced from a n
et cage culture in Tongyeong, Gyeongsangnam-do, Sou
th Korea. The fish had an average weight of 52.1 +
4.6 g and a total length of 12.5 £ 1.6 cm. Upon arriv
al at the laboratory, the fish were acclimatized with ae
ration in a flowing water tank at 22 £ 1 °C. To ensu
re the absence of pathogen infection, internal and exte
rnal clinical symptoms, as well as molecular diagnostic
s, were employed on five randomly chosen fish. RSIV
was isolated from rock bream and cultured in Tongye
ong. Subsequent sequencing research confirmed that th
e virus belonged to genotype II, which is prevalent in

Korea.

2. Molecular characteristics and phylogenetic
analysis

To verify the integrity of the gene sequence obtaine
d through genome sequencing, subcloning was conduct
ed using Escherichia coli (E. coli) JM109 and the pG
EM T-casy vector (Promega, USA). Sanger sequencing
validated the sequence, which was then translated into
amino acid sequences using GENETYX software versi
on 8.0 (SDC Software Development, Japan). The Natio
nal Center for Biotechnology Information (http:/www.n
cbi.nlm.nih.gov/blast) search method was employed to i
dentify relevant sequences, while ClustalX 2.1 and ME
GA 6.0 were utilized for multiple sequence alignment
and phylogenetic analysis, respectively. The Expert Pro
tein Analysis System PROSITE Scan program (http://pr
osite.expasy.org) was used to detect specific domains a

nd motifs.

3. Tissue collection and cDNA synthesis

Tissue samples from five healthy red sea breams w

ere aseptically collected and preserved at -80 °C to in

vestigate the mRNA distribution of PmIRF10. The sa
mples included head kidney, trunk kidney, skin, stoma
ch, gill, heart, liver, spleen, eye, brain, and intestine.
Fish were experimentally infected intraperitoneally with
1 x 10" copies/fish of RSIV suspended in PBS. These
RSIV-infected red sea breams were employed to assess
the temporal expression changes of PmIRF10 mRNA.
Gill, spleen, liver, and trunk kidney samples were asep
tically collected from five randomly selected red sea b
reams at 0 (control), 1, 3, 6, 12, 24, and 36 hours, a
nd 3, 5, and 7 days post-RSIV infection. The easy-spi
n™ Total RNA Extraction Kit (iNtRON Biotechnolog
y, South Korea) was used to extract total RNA from
each tissue, while the PrimeScript™ 1st strand cDNA
Synthesis Kit (Takara, Japan) was employed for cDNA

synthesis.

4. Reverse transcription-quantitative real-time
PCR (RT-gPCR) analysis

To determine the mRNA expression levels for ea
ch gene, RT-qPCR was performed using TB Green
™ Premix Ex Taq™ (Takara). The sequences and
details of the primer sets employed can be found i
n <Table 1>. The PCR reactions were carried out
using a Thermal Cycler Dice® Real-Time System I
Il (Takara). The 2~ <9< method was applied to qu
antify the relative mRNA expression, utilizing EF-1
a (AY190693.1) as the reference gene (Livak and
Schmittgen, 2001). These experiments were conduct

ed in triplicate.

5. Statistical analysis

The expression of PmIRF10 in RSIV-infected tissu
es was analyzed using one-way analysis of variance
(ANOVA) followed by Tukey's HSD test, employing
IBM SPSS software version 19 (IBM, USA). The st
andard deviation (SD) of the experimental results is

denoted, and all samples were examined in triplicate.
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<Table 1> Primer sequences and condition were used in this study

Primer name Primer sequence (5" -3" ) Usage Condition
QPCR-PmEF-1¢¢-F  ACGTGTCCGTCAAGGAAATC 95C/5 minutes
95C/30 seconds
qPCR-PmEF-1 @ -R TGATGACCTGAGCGTTGAAG 60C/30 seconds
RT-qPCR amplification 72°C/30 seconds
qPCR-PmIRF10-F CTGTCAGGGCAGGGTGTACT 72°C/5 minutes
47 /o0

GPCR-PmIRFI0-R  GGAGCCCGTTGAGAAATGTA Number of cysles: 35

160 170 180 180 200 210 220 230 240 250 260 270
GCGGATECRGCTCT T AN GGCCT GGG e GG T A AR GG GaRAGT T CA G G S G EGAG AT AN GCTGACCCCACT G T 3 ACAR
R D AMALEFKAW AUV ¥

310 320 330 340 350 360 370 380 390 400 410 420 430 440 450
v 3 : BB CRRCATGCCRARCAGGCCAGCAGRGOCTC T GCAGACRRRRGRACRAGTGATCATCCAGGCCARGRGGTCTOCAAGEAGTOC TGET TTTCCAGRCARACRACTTCAT
NN M P N R P A E P L QT HKET QQWVYITIOGAKERSTPRTSPEGTFT PDEKTGQQTLH

T P Y KE V ¥ L

460 470 480 490 500 510 520 530 540 550 580 570 580 580 €00
TRTCARRAGGARTCTTTTCARGCARARARAGARGARGARCARCCAT T GACT GRAGART CTGT TGAGGERRACACAT GTAT TG TGAGC T CACAGGRCARARRCCT COARGTCRAGGCCOC TGO TCC TETARCCT TCATCAGCCOTGCACT TACT
¥ Q KE S FQAAKEKETEEQSQZP?PTLTENTLLREUHMYTCCETLTGOG QE XPFP S5 QAPAPUYVYTF FTISPATLT

610 620 630 640 650 660 870 680 650 700 710 720 730 740 750

ATATCAGACT TTOGTATGCAGETGACGT TGTT GTACCACGECCARAGGGOGATGARRAGT GAC CACCACGAGCCCCGACGEG TG TTCATCAT GCAGGGCATT GTCCCC T TGGGARA T GARCGTAT CTACGGGCOC TGCACTGCOCAGCAG
I s DFRMO@EVTLLYHG QRAMEKYTT?TSEPDG CEFTIMGOQGIVEPLGNERTIYGEPGCTA HAS QDO

T60 el 180 790 800 810 820 830 840 830 860 870 80 890 900
CTCTCCTTCCCTTCCCCCAGCT COGTATCCCTGCCGATAT TT T TGGC TGRAGC AR TGARCCGCC T TC T TTGTCACC TGGARAGGEETGTGC TAT TATGEGTGG CC CCAGATGGAGT 6T TCAT CARGCGGTTCTGTCAGGGCAGEGTGTAC
L §F P S P S8 VSLPITFLAMEAMSNERILTLTCIHEHLEHRSGJUWVILILWWVVATPTDSGVE EFTIZEKRTETCS® QGRTUVTIY

910 g20 930 240 930 960 970 980 980 1000 1010 1020 1030 1040 1050

TGERGCEETCCCATGECCARRCACACRGACCGGCCCARCARACTGERGAGAGARARGACCT TCARAC TGCTTGATATACC TACATT TCTCARCGGGC TCCAGAGC TG T TTACRAGEGAAGGGTCC TACACCGT CCTATGRGATTGAGCTC
W § G P M A KHTDBRTPNIEKTLEREIEKTTFIE KTILLT DTITPTTFILUNNSGILGQSTCILOGQGIEKTGETT PSYETITETL

1060 1070 1080 1080 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
TECTTCEGEERGEAGTAT CCAGACCCCARCGRRCC TARRRCCRGGRARGC TEATCATGGCGCAGE TG TEOCCT TG T T TGO GE T GERGCTGC T GCAGRGETTCARC T TGECACRGAC T GAGGRARARGCGECCEACT OGCACATCCARCACR
C FGEEJYPDUPNETZPEKTRIEKTLTIMAQYVYEPLTFAYVETLILG QRTFUNILGETTEEIEKHREPTRTSNT

1210 1220
GRIGGAGAGARRRTGTAG
D G E KM ¥

[Fig. 1] IRF10 transcript sequences from red sea bream. The nucleotide sequence ¢cDNA of PmIRF10
(GenBank accession: OK340063.1). The nucleotide sequence number is indicated above the
sequence. An asterisk (*) indicates the stop codon. Black empty boxes indicate DNA binding
domain (DBD), and bold letters indicate five tryptophans. White text in black boxes represents
nuclear localization signals (NLS), and gray boxes represent the IRF-association domain (IAD).

ular weight of PmIRF10 (OK340063.1) was 46 kD
a, with a theoretical pl of 8.79. The PmIRF10 sequ
1. PmIRF10 Gene Structure and Amino Acid ence extended across 1218 bp (406 aa) in total, en

Sequence Characterization compassing a DNA-binding domain (2-115 aa) and

an IRF-association domain (203-385 aa). Moreover,

III. Results

Genome sequencing of PmIRF10 revealed molecu

. . PmIRF10 both possessed five tryptophan residues, a
lar properties, such as mRNA structure and amino

. ) . nd the nuclear localization signal (NLS) was highly
acid (aa) sequences ([Fig. 1]). The predicted molec
conserved.
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[Fig. 2] Multiple sequence alignments are analyzed in red sea bream IRF10 with homologs of other
vertebrates. Black lines indicate DNA binding domains and arrows indicate five tryptophans. Gray
boxes represent nuclear localization signals, and dark gray lines represent IRF-association domains.

2. Multiple alignments and phylogenetic
analysis of PmIRF10

Multiple alignment analyses of PmIRF10 revealed
that the five tryptophan residues and the DBD and
IAD domains were highly conserved across all spec
ies examined ([Fig. 2]). PmIRF10 exhibited the hig
hest homology with large yellow croaker (86.67%)
and orange-spotted grouper (82.34%) ([Fig. 2]). Phy
logenetic analysis confirmed that PmIRF10 formed
distinct clusters ([Fig. 3]).

3. Analysis of PmIRF10 mRNA expression in
healthy red sea bream

Expression analysis of PmIRF10 in healthy red s
ea bream revealed that PmIRF10 demonstrated the
highest expression in the gills as well (19.7-fold), f
ollowed by the spleen (10.2-fold), liver (5.2-fold), h
eart (4.7-fold), and skin (4.3-fold) ([Fig. 4]).

4. PmIRF10 mRNA expression in red sea
bream following RSIV infection

Hourly expression analysis of PmIRF10 following
RSIV infection revealed that PmIRF10 expression w
as observed to be downregulated in the gills until
3 hours post-infection (hpi), after initial expression,
and then strongly upregulated at 6 hpi ([Fig. 5]).

Beyond this time point, expression persisted but
decreased and exhibited low regulation at 7 days p
ost-infection (dpi). In the spleen, upregulation was
observed up to 6 hpi after initial expression, follow
ed by downregulation until 36 hpi. The highest upr
egulation was observed at 5 dpi, succeeded by low
er regulation at 7 dpi. In the liver, initial expressio
n was followed by rapid upregulation at 3 hpi and
6 hpi, and then downregulation at 12 hpi. Up to 3
6 hpi, low regulation was observed, followed by up

regulation at 3 dpi, and finally, low regulation at 7
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Red seabream UIR15473.1 IRF10
Large yellow croaker QPZ85368.1 IRF10
Orange-spotted grouper AKC01040.1 IRF10

Olive flounder BAIG3219.1 IRF10

Grass carp ACT83676.1 IRF10

Zebrafish NP 998044 .1 IRF10

Asian swamp eel AFQ22942 1 IRF4

West African lungfish XP 043921088.1 IRF4
Zebrafish NP 0011161821 IRF4

Orange-spotted grouper QBP05130.1 IRF4

Tongue sole NP 001281167.1 IRF1

Blackstripe livebearer JAO38649.1 IRF1

- Large yellow croaker NP 001290310.1 IRF1

sy | Japanese sea bass WFSB6392 1 IRF1

%0 L Mandarin fish AAVES042 1 IRF1

dpi. After initial expression in the kidney, the stron
gest regulation occurred at 6 hpi, followed by dow
nregulation, high upregulation at 5 dpi, and low reg

ulation at 7 dpi.

IRF10

2
o

|_‘

=)

wm

o

Relative expression of mRNA (fold)
b

TIPTE

[Fig. 4] Expression analysis of PmIRF10 in normal
tissue. The relative expression level for
each transcript was calculated as fold units
after it was first normalized to the

all,

TK SK G

—
oo expression of a house-keeping gene
[Fig. 3] Phylogenetic analysis of Interferon (EF-la). HK, TK, SK, ST, G’,H’ L. S E
. . B, and 1 represent head kidney, trunk
regulatory factor family protein. The . . . .
. . kidney, skin, stomach, gill, heart, liver,
phylogenetic tree was constructed using .. .
the Neighbor-Joining method spleen, eye, brain, intestine. The results
' represent the mean + SD of five fish.
IRF10
=
= g | WM 0hpi E==3 24 hpi
Z — ; hpi
fo] i
é E== 6 hpi
. 1
E
S
=
=
o
S
L
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el
=]
=]
=
=
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=

Gill

Liver Kidney

[Fig. 5] Expression analysis of PmIRF10 in RSIV infection tissue. The relative expression level for each
transcript was calculated as fold units after it was first normalized to the expression of control (0
hpi). The results represent the mean + SD of five fish. Asterisks (*) above each bar indicate a
significant difference from the control group (*, P < 0.05; **, P < 0.01).
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IV. Discussion

IRFs are acknowledged for their antiviral and ant
ibacterial properties in animals. These extensively in
vestigated transcription factors play a role in respon
ding to viral infections and regulating apoptosis or
the development of immune responses (Savitsky et
al., 2010). Via the DBD domain, IRFs bind to the
ISRE as homodimers and heterodimers, interacting
with the ISRE half-site on the opposite side of the
DNA in a proximal direction, thus activating TLR
and IFN signaling pathways (Andrilenas et al., 201
8). Five tryptophan residues within the DBD domai
n are associated with the promoters of target genes,
such as IFN regulatory elements and ISRE. Althoug
h there is an abundance of research on IRFs in ma
mmals, studies in fish are relatively limited, and th
e variation in gene expression among different fish
species is more distinct than in mammals. Conseque
ntly, it is crucial to investigate IRFs in individual f
ish species.

In this study, the nucleotide sequences of IRF10
from red sea bream were identified and displayed c
onsiderable similarity to previously reported fish seq
uences, suggesting that they are part of the IRF fa
mily. Furthermore, the DBD domain, an essential d
omain of IRF, was found to contain five tryptopha
n residues, and both the NLS sequence and the IA
D domain were verified to be highly conserved.

Following the expression analysis of PmIRF10 af
ter RSIV infection, it was observed that all tissues
exhibited upregulation at 6 hpi, subsequently downr
egulation, and then upregulation again at 5 dpi in t
he spleen, liver, and kidney. In the case of orange-
spotted grouper, upon examination of immune tissue
expression of IRF10 after poly (I:C) treatment, the

highest expression was detected at 6 h post-treatme

nt. Similarly, after poly (I:C) treatment in common
carp, spleen, head kidney, foregut, and hindgut disp
layed notable upregulation at 6 h post-treatment (H
uang et al., 2015; Zhu et al., 2020). Moreover, IRF
10 of Atlantic cod demonstrated the highest express
ion at 6 hpi following poly (L:C) treatment. In Japa
nese flounder, the highest expression was observed
6 h after poly (I:C) administration (Suzuki et al., 2
011; Inkpen et al., 2015). The consistent early expr
ession of IRF10 across multiple fish species implies
that an antiviral immune response elicits prompt fee
dback from IRF10. The initial upregulation in Pml
RF10, succeeded by a decrease and then an increas
e in expression pattern, may correlate with the findi
ng that IRF10 in zebrafish acts as a negative regul
ator to maintain equilibrium in the antiviral immune
response (Li et al., 2014). By integrating the outco
mes of this study with those from prior research, it
can be concluded that PmIRF10 assumes a unique
role in the immune response of red sea bream, aki
n to the role of IRF10 in previously investigated fi
sh, and it has been demonstrated to play a crucial
function in antiviral immunity specifically.

In this study, high expression of PmIRF10 was c
onfirmed in the immune tissues of the gills and spl
een. In previous studies, normal tissue expression in
rainbow trout, Asian swamp eel, and grass carp sho
wed high levels of immune tissue-related expressio
n, and in Japanese flounder IRF10 was strongly ex
pressed in the gills, intestines, head kidney, and tru
nk kidneys (Suzuki et al., 2011; Xu et al., 2016).
However, IRF10 in common carp showed different
results, with strong expression in the gonad and the
lowest expression in the head kidneys (Zhu et al.,
2020). Although there are differences between speci
es in normal tissue expression analysis, it is sugges
ted that IRF10 in red sea bream is related to the i

mmune response, similar to the previously reported
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IRF10 of other fish species.

We have verified the molecular characteristics an
d expression analysis of IRF10 in red sea bream.
Although further investigation is required to ascertai
n their precise functions, PmIRF10 appear to exhibi
t distinct roles in the antiviral immune response, co
nsistent with observations of IRF10 in previous stu
dies. Consequently, this research provides a foundati
onal dataset for understanding IRF characteristics in
red sea bream and expands upon existing reports in
teleost fish. Moreover, PmIRF10 are crucial immun
e genes in red sea bream, and additional immune-r
elated studies are warranted to thoroughly elucidate

their gene functions.
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