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INTRODUCTION

The interferon (IFN) system is the first line of cellular
defense against virus invasion: upon infection, host
cells are stimulated to produce IFN, which in turn up-
regulates a subset of downstream IFN-stimulated genes
(ISGs) to develop a host antiviral state (Samuel 2001). In
mammals, more than 300 ISGs have been identified so
far by oligonucleotide arrays (Der et al. 1998). However,
except for several ISG products, including double-
stranded RNA-activated protein Kinasel (PKR), 2-5(A)
synthetase/RNaseL, Mx, ADAR and IFI56, which have
been known to affect virus replication, transcription or
cell growth, the exact biochemical and cellular func-
tions of most ISGs remain unknown (Samuel 2001). In

addition to these genes, numerous reports strongly in-
dicated that other yet-undefined ISGs possibly mediate
the antiviral activity of IFN against virus infection
(Zhou et al. 1999, Presti et al. 2001, Wieland et al. 2003).

Earlier studies have described IFN-like activity in
different fish species and cultured fish cells (Zhang &
Yu 2000), and several ISGs, such as the IFN regulatory
factor (IRF) (Yabu et al. 1998, Zhang et al. 2003b),
Mx (Trobridge & Leong 1995, Robertsen et al. 1997,
Trobridge et al. 1997, Yap et al. 2003), Vig1 (Boudinot
et al. 1999) and Vig2 (Boudinot et al. 2001) have been
reported in independent studies, although their func-
tions have not yet been fully elucidated. More recently,
significant progress has been made in isolating virally
induced genes (O’Farrell et al. 2002, Zhang et al.
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2003a), identified as IFN-responsive genes (O’Farrell
et al. 2002). A zebrafish IFN gene has also been identi-
fied (Altmann et al. 2003). In comparison to mammals,
however, relatively few fish genes involved in IFN
multiple effects have been characterized, especially
from a single studying system (Zhang et al. 2003a).

Grass carp hemorrhage virus (GCHV) is a fish reo-
virus, and is the first fish virus to be isolated in China. It
is responsible for high contagious hemorrhage disease
in grass carp Ctenopharyngodon idellus leading to
mortality of at least 60%, and to significant economic
losses for grass carp farmers (Zhang 2002). Over the
past 2 decades, an enormous amount of work has been
focused on the morphology, physiochemical character-
ization of and vaccination against GCHV. Recently, the
entire genome of GCHV was sequenced (Zhang 2002).
Previous studies have shown that GCHV is able to
induce IFN-like activity in grass carp and its cultured
cells (Wang et al. 1999, Zhang & Yu 2000, Zhang et al.
2000), and that UV-inactivated GCHV is more effec-
tive in inducing IFN in the embryonic blastulae cells of
crucian carp Carassius auratus L. (CAB) (Wang et al.
1999). Based on work concerning induction and char-
acterization of fish IFN from CAB cells (Wang et al.
1999, Zhang et al. 2000), an experimental system for
studying fish antiviral-relevant genes was established
(Zhang et al. 2003a,b,c, Zhang & Gui 2004a,b). Sup-
pression subtractive hybridization (SSH) has been em-
ployed to identify mRNAs that accumulate in higher
concentrations in UV-inactivated GCHV-infected CAB
cells than in mock-infected cells (Zhang et al. 2003c),
and a number of differentially expressed sequence
tags (ESTs), representing TLR3, STAT1, JAK1, IRF7,
Mx, Viperin (Vig1), PKR (IFN-inducible eIF2α kinase),
IFI56, IFI58, ISG15 and other important immune-
relevant genes, have been identified (Zhang et al.
2003a). Also, 23 unidentified ESTs that show no simi-
larity by Blast search have also been retrieved. Further
studies revealed several unidentified ESTs, represent-
ing novel genes (Zhang et al. 2003a). Herein we
describe the identification and cloning of 2 novel fish
ISGs, termed Gig1 and Gig2 (GCHV-induced Gene
Nos. 1 and 2, respectively), according to the sequences
of 3 unidentified ESTs with relatively high screening
frequency during screening of the established subtrac-
tive cDNA library. Expression analysis revealed that
GCHV infection induces the expression of 2 ISGs,
possibly through distinct signaling pathways. 

MATERIALS AND METHODS

Cell culture and virus propagation. We cultured 2
cyprinid fish cell lines, crucian carp Carassius auratus L.
embryonic blastulae cells (CAB) and grass carp Cteno-

pharyngodon idellus kidney cells (CIK), in Medium
199 supplemented with 10% fetal calf serum (FCS)
and antibiotics. Pathogenic Isolate 873 of GCHV was
used. CIK cells were used for GCHV propagation and
titer detection. When necessary, GCHV was inacti-
vated completely by UV irradiation. Briefly, the har-
vested cell-culture fluid containing GCHV were cen-
trifuged at 4 × 103 × g for 20 min to remove cell debris,
and the supernatant was then ultracentrifuged at 1 ×
105 × g for 1.5 h. The virus pellet thus obtained was
resuspended in optimal Medium 199 without FCS, and
centrifuged again at 1.5 × 103 × g at 4°C for 20 min.
Purified GCHV was obtained from the supernatant
and was used for UV-inactivation. Virus sample vol-
umes of 3.5 to 4 ml in 40 mm petri dishes were placed
on a shaker for constant and slow shaking during virus
inactivation. GCHV could be completely inactivated
by UV irradiation for 5 min with a 30 W General Elec-
tric germicidal lamp placed at a distance of 15 cm
(Zhang et al. 2003b).

Induction and preparation of CAB IFN-containing
supernatant (ICS). Briefly, after CAB cells had been
grown in plastic flasks (25 cm2) at 28°C for 4 d, the cul-
ture fluid was removed, and the cells were washed 3
times with non-FCS Medium 199. The washed cells
were then treated with 0.5 ml UV-inactivated GCHV
for 2 h at 28°C. After the treated medium had been
removed, the cells were washed again 3 times with
non-FCS medium 199. We added 5 ml of non-FCS
Medium 199, and incubated the cells for 24 h at 28°C.
The cell culture fluid was collected, and ultracen-
trifuged at 1 × 105 × g, 4°C for 3 h to remove the re-
maining virus and cell debris. The upper one-third of
supernatant was used as ICS to detect the IFN titer
(Wang et al. 1999, Zhang et al. 2003b) and to charac-
terize the expression of 2 novel ISGs.

Rapid amplification of cDNA ends (RACE)-PCR. In
accordance with the instructions of Clontech PCR-
Select™ cDNA subtractive kit and Clontech SMART
(switch mechanism of the 5’ end of RNA template) PCR
synthesis kit, a subtractive cDNA library was con-
structed with mRNA derived from UV-inactivated
GCHV-infected and mock-infected CAB cells as
described previously (Zhang et al. 2003a,c). Typically,
CAB cells were firstly treated with UV-inactivated
GCHV for 2 h, and then replaced by fresh non-FCS
Medium 199 and cultured at 28°C for 14 h. Total RNA
was extracted from UV-inactivated GCHV-infected
and mock-infected CAB cells by CsTFA ultracentrifu-
gation with an extraction kit (Pharmacia), and mRNA
was isolated from total RNA with the PolyATtract
mRNA isolation system III (Promega). 

Differential screening and sequencing analysis re-
vealed 23 unknown ESTs of putative genes. Of these, 3,
ND3, ND5 and ND11, had relatively high abundant
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frequencies (Zhang et al. 2003a). To clone their com-
plete cDNAs, 3 pairs of primers, ND3-F and ND3-R,
ND5-F and ND5-R, ND11-F and ND11-R, were de-
signed against their cDNA sequences (Table 1). RACE-
PCR was used to clone the 5’ and 3’ end of these genes
using SMART cDNA as templates. Briefly, the up-
stream primer (ND3-F or ND5-F or ND11-F) and primer
SMART-R were used in the 5’ RACE-PCR reaction.
The downstream primer (ND3-R or ND5-R or ND11-R)
and primer SMART-F were used in the 3’ RACE-PCR
reaction. These reactions yielded 2 separate clones
that overlapped in the region between upstream and
downstream. Gig1 gene was generated from EST ND3
and ND11, and Gig2 gene from ND5.

Virtual Northern blot. The open reading frames
(ORFs) of Gig1 and Gig2 were amplified with 2 pairs
of primers, Gig1-F and Gig1-R, Gig2-F and Gig2-R
(Table 1), designed against complete cDNA sequences
of Gig1 and Gig2, and 1 µg of PCR products was then
probed with the Dig High Prime system (Boehringer).
SMART cDNA products (30 µl) derived from UV-
inactivated GCHV-infected and mock-infected CAB
cells, respectively, were electrophoresed on 1.0%
agarose gel, and transferred to nylon membrane after
denaturation and neutralization. Baking, prehybridiza-
tion, hybridization, washing and color detection proce-
dures were similar to those used in previous studies
(Xie et al. 2001, Zhang & Gui 2004a).

Expression analysis. CAB cells were seeded at a cell
density of 9 × 104 cells per 25 cm2 flask and grown to
confluence at 28°C for 1 to 2 d before the experiment
began. Cells were first washed 3 times with non-FCS
Medium 199, and then treated with active GCHV (1000
TCID50 ml–1), UV-inactivated GCHV (1 × 109 TCID50

ml–1 exposed to UV irradiation), or CAB IFN-containing
supernatant (2000 U ml–1) (Wang et al. 1999, Zhang et
al. 2000) for 1 h at 28°C, respectively. Inducers were
then removed and the cells were washed 3 times fol-
lowed by an addition of 5 ml of fresh non-FCS Medium
199. Cycloheximide (CHX) (Serva) was used 8 µg ml–1

to block protein synthesis. Cells were collected at 1, 3,
6, 8, 12, 24, 48, and 72 h post-treatment and total RNA
was extracted using RNA-Solv Reagent (OMEGA
BIOTEK). Control cells were treated with non-FCS
Medium 199. First-strand cDNA was synthesized using
random primers. The expression kinetics of Gig1 and
Gig2 was analyzed by RT-PCR with 2 pairs of primers,
ND3-F and ND3-R (expected size = 196 bp), ND5-F and
ND5-R (expected size = 374 bp). PCR was performed
with an initial denaturation step of 5 min at 94°C, and
then 30 cycles were run as follows: 30 s denaturation at
94°C, 30 s annealing at 50°C for Gig1 or 52°C for Gig2,
and 45 s extension at 72°C. The total amount of cDNA
was calibrated on the basis of the amplification of cru-
cian carp β-actin using primers β-actin-F and β-actin-R.

RESULTS

Cloning of Gig1 and Gig2 on basis of 3 differentially
expressed ESTs

In CAB cells treated with UV-inactivated GCHV, 3
unknown ESTs, ND3, ND5 and ND11, were differen-
tially expressed and showed relatively high screening
frequency being retrieved at 17, 11, 26 from 272
sequenced ESTs (Zhang et al. 2003a). This implies that
the putative genes represented by these ESTs had rel-
atively high abundant expressions and possibly played
critical roles in defense against virus infection. Fur-
thermore, their full-length cDNA sequences were ob-
tained by RACE-PCR using SMART cDNA as tem-
plates. Sequence analysis found that 2 ESTs, ND3 and
ND11, actually belonged to 1 common gene, named
Gig1 (= GCHV-induced Gene No. 1), which was veri-
fied by PCR amplification with Primers ND11-F and
ND3-R to generate a PCR product that was identical to
the expected size of 716 bp according to the full-length
cDNA of Gig1 (data not shown). ND5 represented
another gene, termed Gig2. Sequence comparison
revealed that ND156, another unknown EST (Zhang et
al. 2003a), also belonged to the Gig1 gene, and was
located at Nucleotide (nt) Position 21–182 (Fig. 1 top). 

Gig1 cDNA is 1244 nt in length, starting 94 nt
upstream from the first ATG codon, and contains a
585 bp open reading frame (ORF) encoding 194 amino-
acid residues (Fig. 1 top). An AATAAA poly(A) consen-
sus signal is present 515 nt downstream of the termi-
nation codon and 16 nt upstream of the poly(A) stretch.
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Table 1. Primers used for sequencing and expression studies

Name Sequence (5’ to 3’)

ND3-F GTAAGTGCTGTGAGGATGG
ND3-R GGCTTCGATTCAACTG
ND11-F GCTCCCAGATTATGTCACGG
ND11-R CAGGTCGCTGTGTTCAGT
ND5-F GCACATCAAGGGAGGCTGC
ND5-R GCACATCAAGGGAGGCTGC
Gig1-F TGAGACGGTGAACTTCACTC
Gig1-R ACCAAATGAATCTTCGGGCGCT
Gig2-F GAAGCAACATCAGAGGTTCAAAC
Gig2-R CATACTCAGCAACAGGGTCAG
CaIRF7-F GCGGTATGAGGGATTACGCAT
CaIRF7-R TGGCTTTGTCGTTAGGGTGCT
CaSTAT1-F AAGAAGCGGCAACAGATGGC
CaSTAT1-R CATACACGGCTGTCTCTCCA
Smart-F AACGCAGAGTACGCGGG
Smart-R CAGAGTACT16

β-actin-F CACTGTGCCCATCTACGAG
β-actin-R CCATCTCCTGCTCGAAGTC
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GTGTTCGGTGAGACGGTGAACTTCACTCACTACAGATCAATAACCAGATCACTGCAAG 58
AAACTTGGAGGATCTTCACCATACAAGTCGTCCATCATGGTGGTGAGCACCCTGAATGAA   118

M  V  V  S  T  L  N  E       8
CTGCCCCTGCTGAAATGCTCCGGCTTCGGTCAGCCGTGGCCGAGACATGGCCTGGACCTG   172
L  P  L  L  K  C  S  G  F  G  Q  P  W  P  R  H  G  L  D  L      28
TTGTACTGGTTTGCTCATGACTATATAGACTTAAGCAATGGTGAAATTGTCCCCTGGTTC   238
L  Y  W  F  A  H  D  Y  I  D  L  S  N  G  E  I  V  P  W  F      48
AGGCCTCAGAATGGAAACTTTGGCTTTCACAAGTACCACAACAGAATTGAAGAAGAGGAT   298
R  P  Q  N  G  N  F  G  F  H  K  Y  H  N  R  I  E  E  E  D      68
CACATTGTGCCCATTCAGAATCTCCCATACTATGAGGTGGGCAACCTGAATTATCCAGGA   358
H  I  V  P  I  Q  N  L  P  Y  Y  E  V  G  N  L  N  Y  P  G      88
GCAGAGCAGCTCCCAGATTATGTCACGGCAAAATACAACCGCAGTAGGCCTATTCTTGAC   418
A  E  Q  L  P  D  Y  V  T  A  K  Y  N  R  S  R  P  I  L  D     108
AGTAACAAGGATCGCATTATTGTGCGTCTGGACGAAAATGGCAGCTTCAACAGGGTGTAT   478
S  N  K  D  R  I  I  V  R  L  D  E  N  G  S  F  N  R  V  Y     128
GTGACTGAACACAGCGACCTGAAACGATTCGACAGCAGCAAAACCTACCGCGTGAGTCAG   538
V  T  E  H  S  D  L  K  R  F  D  S  S  K  T  Y  R  V  S  Q     148
GGCCTCCTCCAGATCATCCAGAACATGAGTCGAGATCAGTATCTCTCTGCGGTCACCAAC   598
G  L  L  Q  I  I  Q  N  M  S  R  D  Q  Y  L  S  A  V  T  N     168
ACCCGAGAGGAACATGTCAGACTACAGAGTCAGAGTTACGAGACGCCGTCTAACAACGAC   658
T  R  E  E  H  V  R  L  Q  S  Q  S  Y  E  T  P  S  N  N  D     188
TCCTGGTGTGCCATTCTTTAAATATAAAGAGCCTGCCATTCATCTACTCTCATTTTATTA   718
S  W  C  A  I  L  *                                            194
TAGAAATATTTTTAATATAATCTTTTACATTAAACTGATTAAAATATTCATTAGTGATGT   778
GCGGGAAATCGCGCCTTTATGAATCGATTGTGTGAATCGAAGCACGTACCTGTCCAAGTC   838
ACGTGATTTCAGCAAACGAGGCTTCGTTGTATCCTACTGTTTTGAAATGTAAGTGCTGTG   898
AGGATGGGGTGGTATTAAATGTATTAAACGTGTGGTTGTCAGTGAATCTCGAGTCATTTT   958
TACCATGTAAGTTGATTAGAATGCATTTACAGGACTTTAACCAACTGATGTCGTCAGCGT  1018
GCAGAGTTTCGAGCGCCCGAAGATTCATTTGGTTCAGTTCAATTGGTTCAGTTGAATCGA  1078
AGCCTTACTTCTCCCGTCACTATTATGTTATTTCATGTTTATAATCACACATATTTATTC  1138
ATTTGCTGTTTTCCTTTCATTTCTATTCAATATGTGATTTCTCTGTCTTGGTTTGAAATA 1198
AAATGACTTTGGAAACTCAAAAAAAAAAAAAAAAAAAAAAAAAAAA                1244

GATTGTTAGAAGCAACATCAGAGGTTCAAACATGTGGGCTGAAGACGACTTGGGTCCA 58
M  W  A  E  D  D  L  G  P      9

GGTGCTCCACCATGTCTTGAGAGTTACTTAGAACCAGCTGAGGGTAAAGTCTACAGAATG   118
G  A  P  P  C  L  E  S  Y  L  E  P  A  E  G  K  V  Y  R  M      29
TACCATGGCACATCAAGGGAGGCTGCTCAACAAATCAAAGTCTGTGGCTTCAAACAGTCT   178
Y  H  G  T  S  R  E  A  A  Q  Q  I  K  V  C  G  F  K  Q  S      49
TCTAATGGGATGCTTGGGCCTGGTGTCTACCTCAGCCGAGATCTAGAGAAAGCCTCCAGA   238
S  N  G  M  L  G  P  G  V  Y  L  S  R  D  L  E  K  A  S  R      69
TACCCTCTGGAATTACCTGAGAGCCAGAGAGTGGTTCTGAGAGTGAGGGTCGATGTTGGG   298
Y  P  L  E  L  P  E  S  Q  R  V  V  L  R  V  R  V  D  V  G      89
AAAGTGATAAAGATTGACTATCAAGGTCACCCACGGCAGAAAACCTGGCATTATCATGGG   358
K  V  I  K  I  D  Y  Q  G  H  P  R  Q  K  T  W  H  Y  H  G     109
TATGACACTGCCTGGTGTCCGCCAAAATGTGGAATGGTGCCAAGCGGTCTTGAGGAAGAC   418
Y  D  T  A  W  C  P  P  K  C  G  M  V  P  S  G  L  E  E  D     129
TGTGTTTGGGATCCAAAACGAATCACAGTCATTGATGAAATATTCCCAAAAATGCAAATA   478
C  V  W  D  P  K  R  I  T  V  I  D  E  I  F  P  K  M  Q  I     149
TCGTATGGTGCCTTTCGTGTGTGTTCTTAATTGTGCTTTCCCATGAAGTTTGGAATTAAC   538
S  Y  G  A  F  R  V  C  S  *                                   158
AGTTGTGAAATATTTTTGAAAATTTTATACCAGCTTTTAAATTTAAATTGCTCATGTGCT   598
TTTAAAAGATGATCATATTGTACTACAAATTCTGACCCTGTTGCTGAGTATGAATAAATT   658
AAACTTCACGCCAAAAAAAAAAAAAAAAAAAAAAA                            693

Fig. 1. Nucleotide (nt) and putative amino acid sequences of cDNAs of (top) GCVH-induced gene 1, Gig1, and (bottom) GCHV-
induced gene 2, Gig2. Box indicates start (ATG) codon, asterisk indicates stop (TAA) codon. Italics and boldface indicate
polyadenylation signals, underlining and boldface indicates motifs associated with mRNA instability (ATTTA). Top: 3 EST clones,
ND3, ND11 and ND156, corresponding to nt 21–182, nt 826–1244, nt 273–825 of Gig1 cDNA sequence, respectively; bottom: EST 

ND5 sequence, corresponding to nt 120–619 of Gig2 gene cDNA sequence
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The 3’ untranslated region (UTR) has 2 ATTTA se-
quences, a characteristic motif possibly involved in
rapid message degradation (Shaw & Kamen 1986).
Gig2 cDNA is 693 nt in length, and is made up of 31 nt
of 5’UTR, a single ORF of 477 nt, and 185 nt of 3’ UTR,
with the poly(A) consensus signal 14 nt upstream of
poly(A) tail (Fig. 1, bottom). The ORF encodes a protein
of 156 amino acid residues, and there is also 1 ATTTA
motif in its 3’UTR. 

Identification of Gig1 and Gig2 as 2 novel
IFN-inducible genes

A search of 2 genes in the public database revealed
no significant homologue for Gig2; however, a viral
hemorrhagic septicemia virus (VHSV)-induced gene
from rainbow trout (AF483531) encoding for 171 amino
acids (O’Farrell et al. 2002) had a low-level homology
to Gig1, with 27% overall identity. To further confirm
whether they were homologues or belonged to a gene
family, the cDNA sequences of Gig1 and the VHSV-
induced gene were compared with the Fugu genome
database (see: www.jgj.doe.gov/fug) to reveal their
orthologues. Unexpectedly, no Fugu DNA sequence
was found with a putative common gene, indicating
that both Gig1 and Gig2 were 2 novel genes. In
addition, no conserved motif was found in the putative
protein sequences of Gig1 and Gig2 (signal polypep-
tide, putative N-glycosylation site, etc.).

The viral inducible characteristics of the 2 novel
genes were further verified by a virtual Northern blot
assay. As shown in Fig. 2A, only a single transcript was
detectable for Gig1 (1.3kb), and for Gig2 (0.7 kb) in
the UV-inactivated GCHV-infected CAB cell mRNA,
but not in the control CAB cell mRNA, indicating that
UV-inactivated GCHV was able to induce the tran-
scription of these genes. Since CAB IFN activity could

be produced after treatment of CAB cells with UV-
inactivated GCHV (Wang et al. 1999, Zhang et al.
2000), it is suggested that Gig1 and Gig2 were likely to
be induced directly by CAB IFN. To test this, CAB cells
were treated with CAB IFN-containing supernatant at
2000 U ml–1 for 72 h. As shown in Fig. 2B, a strong
inducible expression of the 2 genes was observed in
the IFN-stimulated CAB cells compared with control
cells.

Differences in expression between Gig1 and Gig2 in
response to 3 inducers 

To determine differences in expression between
Gig1 and Gig2 in response to different inducers, 3
groups of CAB cells were treated in parallel with the
3 inducers, active GCHV, UV-inactivated GCHV and
CAB IFN-containing supernatant, and Gig1 and Gig2
mRNAs were monitored by RT-PCR using the primers
ND3-F and ND3-R, ND5-F and ND5-R, respectively. As
shown in Fig. 3, a very weak constitutive expression
was detected in mock-treated cells. In response to the 3
inducers, Gig1 induction exhibited diverse expression
patterns. Its transcriptional activation occurred in CAB
cells treated with CAB IFN-containing supernatant for
1 h, but the same level of expression occurred 12 h after
treatment with UV-inactivated GCHV, and 24 h later
with active GCHV. In contrast to Gig1, a similar expres-
sion pattern was observed for Gig2 after treatment with
active GCHV, UV-inactivated GCHV and CAB IFN-
containing supernatant, respectively. The Gig2 expres-
sion was initiated 1 h after induction in response to all 3
inducers, although some differences existed at the tran-
scriptional level (Fig. 3). Therefore, the induction kinet-
ics of Gig2 differed from that of Gig1, implying that the
signal pathway regulating Gig2 expression may be dif-
ferent from that of Gig1 in GCHV-infected CAB cells.

5

Fig. 2. Expressions of Gig1 and Gig2 induced by (A) UV-inactivated GCHV and (B) CAB interferon (IFN)-containing supernatant,
ICS. (A) Virtual Northern blot detection of gene mRNA in CAB cells (Carassius auratus embryonic blastulae cells) treated with
UV-inactivated GCHV (ind) and mock-infected cells (c); SMART cDNA products (30 µl) generated from UV-inactivated GCHV-
infected and mock-infected CAB cells were used to hybridize with ORF (open reading frame) fragments of Gig1 and Gig2 labeled
by Dig prime, respectively. (B) RT-PCR detection of gene cDNA from CAB cells induced by CAB IFN-containing supernatant 

(ind) for 72 h and from control cells (c). Samples were normalized on basis of β-actin expression

A B
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Evidence of induction pathways of Gig1 and Gig2
after virus infection and IFN treatment

To further reveal the diverse induction pathways of
Gig1 and Gig2, their expression kinetics after UV-
inactivated GCHV infection was compared with CAB
IFN signal molecules, CaSTAT1 and CaIRF7. As shown
in Fig. 4, 4-genes were all up-regulated strongly in the
virally infected CAB cells, but different expression
patterns were observed. Compared to the base expres-
sions, CaSTAT1 transcriptional activation occurred at
3 h post-virus-infection, at 12 h for CaIRF7 and Gig1,
but at only 1 h for Gig2; i.e. the Gig1 gene was induced
later than CaSTAT1, whereas Gig2 induction was
nearly simultaneous to that of CaSTAT1 but clearly
prior to CaIRF7. It is well known that the JAK-STAT
signal pathway is activated by mammalian IFNs to

establish an innate antiviral response in host cells and
that IRF7 is responsible for expression of the delayed
IFN subtypes and ISGs (Sato et al. 2000). Therefore, in
UV-inactivated GCHV-infected CAB cells, Gig1 ex-
pression is possibly induced via an intermediate (such
as IFN) but, unlike Gig1, both the CAB IFN and
JAK-STAT pathways are possibly dispensable for ex-
pression of Gig2. 

A subsequent experiment was designed to deter-
mine whether de novo protein synthesis was required
for expression of the 2 genes by monitoring their
mRNA levels in UV-inactivated GCHV-infected, IFN-
treated and untreated cells in the presence or absence
of cycloheximide (CHX), a potent inhibitor of protein
synthesis. As shown in Fig. 5, a low dose of CHX
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Fig. 4. RT-PCR detection of diverse expression kinetics among
Gig1, Gig2, CaSTAT1 and CaIRF7 in CAB cells responsive
to UV-inactivated GCHV. CAB cells were treated with
UV-inactivated GCHV for 1, 3, 6, 8, 12, 24, 48, and 72 h, and
cell mRNA was then extracted. RT-PCR was used to detect
expression of these 4 genes. c: mock-treated CAB cells.
β-actin was amplified using the same conditions as for a 

positive control. M: DNA marker DL2000

Fig. 5. Requirement for ongoing protein synthesis to induce
Gig1 and Gig2 expression by UV-inactivated GCHV and CAB
IFN-containing supernatant, ICS. CAB cells were treated with
UV-inactivated and CAB IFN-containing supernatant in pres-
ence or absence of 8 µg ml–1 cloheximide (CHX) for 30 h, and
total mRNA was then extracted. RT-PCR was employed to de-
tect expression of Gig1 and Gig2. CAB cells cultured without
inducers in presence or absence of CHX were used as controls,
and samples were normalized on basis of β-actin expression

Fig. 3. Expression kinetics of Gig1 and Gig2 in (A) CAB cells induced by active GCHV, (B) UV-inactivated GCHV and (C) CAB
IFN-containing supernatant, ICS. Three groups of CAB cells were treated with active GCHV, UV-inactivated GCHV and CAB
IFN-containing supernatant for 1, 3, 6, 8, 12, 24, 48, and 72 h, respectively, and gene mRNA was then extracted and detected by
RT-PCR. c: mock-treated CAB cells. β-actin was amplified using same conditions as for a positive control in each experimental 

group. M: DNA marker DL2000
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(0.8 µg ml–1) had almost no cytotoxic effect on CAB
cells (data not shown) and could not induce the expres-
sion of either gene. However, addition of CHX 30 h
post-infection strongly suppressed the expression of
Gig1 but had almost no inhibitory effect on Gig2. In
the case of CAB IFN-containing supernatant treat-
ment, as expectedly, 2 gene transcripts were detected
irrespective of the presence of CHX. This result further
showed that in the UV-inactivated GCHV-infected
CAB cells, the expression of Gig1 and Gig2 was acti-
vated through distinct induction pathways with CAB
IFN as the probable intermediate. That is, UV-inacti-
vated GCHV first induces CAB IFN expression, and
the newly secreted IFN in turn activates the expression
of Gig1 and Gig2. On the other hand, GCHV infection
may directly activate Gig2 expression without the
need of cellular protein synthesis.

DISCUSSION

In mammals, although some IFN-inducible proteins,
such as PKR, 2-5(A) synthetase/RNase L, and Mx, have
been well characterized in IFN antiviral effects
(Samuel 2001), experiments with mice (Zhou et al.
1999) and cell cultures (Presti et al. 2001) that lack
these proteins suggest that additional pathways may
also contribute to the antiviral activity of IFN. In sup-
port of this, an increasing number of IFN-inducible
proteins have been identified, including known pro-
teins (Der et al. 1998) and novel gene products (Chin &
Crasswell 2001). Compared with mammals, relatively
few fish IFN system genes have been isolated and
characterized (but see O’Farrell et al. 2002, Zhang et
al. 2003a, and Altmann et al. 2003). Recently, several
studies isolating fish IFN-responsive genes have
revealed a relatively low degree of similarity with
mammalian homologues (Liu et al. 2002, Zhang et al.
2003c, Zhang & Gui 2004b). In addition, since fish have
undefined unique characteristics, it is also plausible
that there are other pathways involving novel ISGs
that mediate the antiviral activity of fish IFN. In the
present study, 2 novel fish ISGs were identified on the
basis of a variety of evidence, including their isolation
from an IFN-producing cell system, the lack of homo-
logues in other species including mammals, and their
up-regulation in response to GCHV infection and IFN
treatment.

The UV-inactivated GCHV-infected CAB cell system
established in our laboratory is very effective for
identification of antiviral-relevant genes or immune-
related genes (Zhang et al. 2003a,b). Consistent with
the finding that CAB IFN activity occurs and an anti-
viral state arises in response to UV-inactivated GCHV
infection (Wang et al. 1999, Zhang et al. 2000), some

important crucian carp IFN system genes, including
IFN (AY452069), Type I IFN signaling factors JAK1
and STAT1 (AY242386), IRF7 (AY177629), innate
immune receptor TLR3, potential antiviral factors Mx1
(AY303813), Mx2 (AY303812), viperin (AY303809),
PKR (AY293929), ISG15-1 (AY303810), ISG15-2
(AY303811), IFI56 (AY267212) and IFI58 (AY267211),
have been successfully retrieved from this experi-
mental system (Zhang et al. 2003a,b,c, Zhang & Gui
2004a,b). These results suggest that fishes can combat
virus infection, possibly by the JAK-STAT signal path-
way, and employ well-described and well-conserved
antiviral pathways similar to those in mammals, e.g.
the PKR pathway, Mx pathway, Viperin pathway and
the IFI56 pathway.

Recent studies revealed that fishes have a mecha-
nism similar to Type I IFN signal transduction and cas-
cade (Collet & Secombe 2002). Oates et al. (1999)
demonstrated that zebrafish STAT1 could rescue IFN-
signaling functions in a STAT1-deficient human cell
line. The identification and characterization of crucian
carp CaSTAT1 (Zhang & Gui 2004a) and CaIRF7
(Zhang et al. 2003b) also indicated that the JAK-STAT
signal pathway is involved in fish IFN antiviral func-
tion. Moreover, like most mammalian ISGs, the charac-
teristic sequence of ISRE (IFN-stimulated response ele-
ment) was verified to position in the promoters of some
fish ISGs, including the pufferfish Mx (Yap et al. 2003),
the ISG15 (Liu et al. 2002), and the rainbow trout Mx1
(Collet & Secombes 2001), and Vig2 gene (Boudinot et
al. 2001). This was also supported by the expression
analysis in the current study. Firstly, the delay in Gig1
induction by active and inactivated GCHV compared
to CAB IFN indicated that its induction by GCHV pos-
sibly occurrs via induction of IFN. For the expression of
Gig 2, an IFN dose-dependent trend was observed in
response to 3 stimuli (Fig. 3). Secondly, expression
comparison showed that the expression of Gig1
occurred much later than that of CaSTAT1 and CaIRF7
(Fig. 4). Finally, expression analysis using CHX further
demonstrated that CAB IFN is the intermediate for the
2 gene inductions in virally infected cells (Fig. 5). Col-
lectively, transcriptional activation of both Gig1 and
Gig2 following treatment with IFN should be mediated
by the JAK-STAT signal pathway.

In mammals, Type I IFN-stimulated genes can be
subdivided into 2 groups: (1) immediate–early (IE)
genes activated in response to viral infection by a pro-
tein synthesis-independent pathway; (2) delayed-type
genes whose expression is dependent on de novo
protein synthesis (Sato et al. 2000). IRF3 is involved in
regulating IE gene expression (Sato et al. 2000, Grand-
vaux et al. 2002), but delayed-type gene expression is
mainly mediated by the JAK-STAT signal pathway,
whereby IRF7 is significantly up-regulated by newly
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synthesized IFN and participates in the regulation of
gene transcriptional induction by a positive feedback
mechanism (Marié et al. 1998, Sato et al. 2000). Thus,
on the basis of the expression characterization of the
2 genes, Gig1 appears to be a delayed-type gene
induced by CAB IFN and Gig2 an IE gene activated
directly by GCHV infection.

Although some putative antiviral genes, including
PKR, Mx, Viperin and IFI56, were up-regulated sig-
nificantly in response to GCHV infection, screening of
a subtractive cDNA library found that these gene prod-
ucts were not the most abundant (Zhang et al. 2003a,
Zhang & Gui 2004b). In fact, Gig1 was likely to be the
highest abundant gene in those identified from the
subtractive cDNA library (Zhang et al. 2003a). This
observation indicates strongly that the Gig1 gene
product plays an essential role in the host-defense
response, although its exact biochemical and cellular
function remains unknown. In mammals, IFI56 is
known to be the most abundant ISG in response to
virus infection (Der et al. 1998); however, crucian carp
CaIFI56 is unlikely to be the most abundant gene,
since only 2 cDNA ESTs were retrieved (Zhang et al.
2003a, Zhang & Gui 2004b). Therefore, it seems that
the fish IFN system is not identical to that of mammals
but possesses unique characteristics.
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