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Abstract

Interleukin-1�(IL-1�) is one of the pivotal early response pro-inflammatory cytokines that enables organisms to respond to infection and induces
a cascade of reactions leading to inflammation. In spite of its importance and two decades of studies in the mammalian species, genes encoding
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L-1� were not identified from non-mammalian species until recently. Recent research, particularly with genomic approaches, has led to
f IL-1� from many species. Clinical studies also suggested IL-1�as an immunoregulatory molecule potentially useful for enhancing vaccin
owever, no IL-1�genes have been identified from channel catfish, the primary aquaculture species from the United States. In this

dentified two distinct cDNAs encoding catfish IL-1�. Their encoding genes were identified, sequenced, and characterized. The catfish Igenes
ere assigned to bacterial artificial chromosome (BAC) clones. Genomic studies indicated that the IL-1�genes were tandemly duplicated on
ame chromosome. Phylogenetic analysis of various IL-1�genes indicated the possibility of recent species-specific gene duplications in c
atfish, and perhaps also in swine and carp. Expression analysis indicated that both IL-1�genes were expressed, but exhibited distinct expre
rofiles in various catfish tissues, and after bacterial infection withEdwardsiella ictaluri.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Immunity, the state of protection from disease, has both
on-specific and specific components. Immunologists have

ong been interested in the components of the innate (non-
pecific) immune system and their interactions with the
etter-characterized adaptive immune system (for reviews on

nnate immune components and their functions, seePhilpott and
irardin, 2004; Gasque, 2004; Khalturin et al., 2004; Bohana-
ashtan et al., 2004; Bottino et al., 2004; Beutler, 2004). One
articular molecule, interleukin-1�, has important functions in
oth the innate and adaptive immunities. Interleukin-1 (IL-1)

s one of the pivotal early response pro-inflammatory cytokines
hat enables organisms to respond to infection and induces a
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cascade of reactions leading to inflammation. Many of t
reactions are mediated through regulating expression of
cytokines (for a recent review, seeBird et al., 2002; Huising e
al., 2004). The IL-1 gene family consists of 10 ligand protein
mammals including IL-�(IL-1F1), IL-� (IL-1F2), IL-1 recepto
antagonist (IL-1ra, IL-1F3), IL-18 (IL-1F4), and 6 new memb
identified recently through the analysis of expressed sequ
tags (EST) referred to as IL-1F5 through IL-1F10 (Smith e
2000; Debets et al., 2001). While the biological function
the six new members (IL-1F5-IL-1F10) await elucidation,
functions of the other four of the IL-1 family proteins are w
studied in mammals. IL-1�and IL-1�share a common recep
on target cells and therefore share many biological effects
IL-1� is more potent in activating humoral immune respon
(Nakae et al., 2001). IL-18 functions in potent stimulation
interferon-�production enhancing cell toxicity of NK cells, a
stimulates T-helper1 cell differentiation (Nakanishi et al., 20
Biet et al., 2002; Gracie et al., 2003). IL-1ra antagonizes IL

161-5890/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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and IL-1� induced activities by serving as a decoy ligand that
binds to the same IL-1R receptor, but without initiating intracel-
lular signal transduction (Dripps et al., 1991; Granowitz et al.,
1991).

As the most potent IL-1 cytokine, IL-1�is primarily synthe-
sized not only in monocytes, but also in macrophages, peripheral
neutrophilic granulocytes, endothelial cells, fibroblasts, Langer-
hans cells of the skin, microglia cells, and many other cell
types (reviewed byHuising et al., 2004). IL-1�plays key
roles in the inflammatory responses, enhancing cell-mediated
immunity by inducing the growth and proliferation of lym-
phocytes, connective tissues, and vascular endothelial cells,
and by stimulating immune and inflammatory response effec-
tor cells. IL-1 acts synergistically with IL-4 to activate B cells,
augmenting the humoral immune response. Along with IL-
2 and interferon-�, it also stimulates non-specific immunity
through the activation of NK cells (Kullberg and van der Meer,
1995).

IL-1� is an immunoregulatory cytokine that has the potential
to enhance the immune response induced by vaccines (Nash et
al., 1993). Recombinant IL-1�is used as an adjuvant for vac-
cines in sheep (Elhay and Andersen, 1997; Lofthouse et al.,
1995), pigs (Blecha et al., 1995), cattle (Reddy et al., 1990), and
sea bass (Buonocore et al., 2004, 2005). In spite of its impor-
tance and two decades of studies in the mammalian species,
interleukin-1 studies in non-mammalian species are a recent
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2. Materials and methods

2.1. Identification of putative catfish interleukin-1β cDNA
clones

The catfish interleukin-1�cDNA clones were identified
through the analysis of expressed sequence tags (EST,Kocabas
et al., 2002; Liu, unpublished). BLASTX searches were con-
ducted and homologous sequences to interleukin-1�were
recorded with ap-value of 10−4. Upon initial identification
of interleukin-1�like sequences, the relevant clones were sub-
jected to sequencing analysis.

2.2. Assigning interleukin gene to BAC clones

The interleukin-1�cDNA sequences were used to design
overgo probes (Bao et al., 2005, in press; Xu et al., 2005)
for hybridization to BAC filters. High-density filters of chan-
nel catfish BAC library were purchased from Children’s Hos-
pital of the Oakland Research Institute (CHORI, Oakland,
CA). Each set of filters contained 10-genome coverage of
the channel catfish BAC clones from BAC library CHORI
212 (http://bacpac.chori.org/library.php?id=103). Sequences
of the overgo primers are shown inTable 1 and their
positions within interleukin cDNA are shown inFig. 1.
Overgo hybridization method was adapted from a web
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vent. However, rapid progress has been made in recent
hrough the use of genomic approaches. IL-1�has been clone
rom a number of non-mammalian species recently inclu
hicken (Weining et al., 1998),Xenopus (Zou et al., 2000), rain
ow trout (Secombes et al., 1998; Zou et al., 1999; Pleguez
t al., 2000; Wang et al., 2002, 2004), carp (Fujiki et al., 2
ngelsma et al., 2001), sea bass (Scapigliati et al., 2001
mall spotted catshark (Bird et al., 2002). Interleukin-1�derived
eptides as well as recombinant IL-1�have been shown

nduce migration of head kidney leukocytes in vitro, opti
igration of peritoneal leukocytes in vivo and phagocyto
nd enhance resistance against viral haemorrhagic sept
nd bacterial disease caused byAeromonas salmonicida (Peddie
t al., 2001, 2003; Hong et al., 2003). Significant increas
urvival rates was achieved by intraperitoneal administratio
ither rIL-1�or IL-1�-derived peptides. Clearly, studies of
� in teleosts not only provide knowledge on gene evolutio

mmune systems, but also have practical implications. Cha
atfish is the primary species of aquaculture in the United S
t is also a classical model for the study of comparative immu
gy. The catfish immune system is well characterized amon
pecies, and it is the only fish species where clonal functio
istinct lymphocyte lines have been established (Clem e
990, 1996; Stuge et al., 2000; Miller et al., 1998; Shen e
002). Its IL-1 gene(s) have not been identified, however. In
ork, we report molecular cloning of two channel catfish IL
DNAs, sequencing and characterization of their correspon
enes, assignation of IL-1�genes to BACs, and characteri

ion of their expression in various tissues and induced expre
fter infection of catfish withEdwardsiella ictaluri, the causativ
gent of enteric septicemia of catfish (ESC).
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rotocol (http://www.tree.caltech.edu/) with modificatio
Baoprasertkul et al., 2005). Briefly, overgo primers w
elected following a BLAST search against GenBank to sc
ut repeated sequences and then purchased from Sigma G
Woodlands, Texas). Two hundred nanograms (200 ng
vergo primers each labeled with 40�l of a freshly prepare
aster mix composed of 14.0 mM Tris–HCl (pH 7.5), 5 m
gCl2, 0.02 mM dGTP, 0.02 mM dTTP, 20�Ci [�-33P]dCTP
0�Ci [�-33P]dATP (3000 Ci/mmol, Amersham, Piscataw
J), and 5 units of Klenow enzyme (Invitrogen). Labeling re

ions were carried out at room temperature for 2 h. After rem
f unincorporated nucleotides using a Sephadex G50 spin
mn, probes were denatured at 95◦C for 10 min and adde

o the hybridization tubes containing high-density BAC filt
ybridization was performed at 54◦C for 18 h in hybridization
olution (50 ml of 1% BSA, 1 MM EDTA at pH 8.0, 7% SD
.5 mM sodium phosphate, pH 7.2). BAC filters were was
ith 2× SSC at room temperature for 15 min, and expose
-ray film at−80◦C for 2 days. Positive clones were identifi
ccording to the clone distribution instructions from CHO
nd picked out from the channel catfish BAC library.

.3. Preparation of BAC DNA and Southern blot analysis

After assigning of interleukin-1�to BACs, the putativ
nterleukin-1� positive BAC DNA was isolated with th
erfectprep® BAC 96 BAC DNA isolation kit (Brinkmann

nstruments, Inc., Westbury, NY). The isolated BAC DNA w
ubjected to Southern blot analysis to determine genomic
umbers based on restriction fingerprinting (Bao et al., 2

n press; Xu et al., 2005). Briefly, BAC DNA was first diges

http://bacpac.chori.org/library.php?id=103
http://www.tree.caltech.edu/
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Table 1
Primers and their sequences used in this study

Primer name Sequences (5′ to 3′) Utilization

Overgo upper primer AATATTCAGTCCACGGAGTTCACC Overgo probes
Overgo lower primer TGAAAAGCTCCTGGTCGGTGAACT Overgo probes
Gene 1 RT-PCR upper primer CGGCAGATGTGACCTGCACA Gene-specific RT-PCR
Gene 1 RT-PCR lower primer CAGAGTAAAAGCCAGCAGAAG Gene-specific RT-PCR
Gene 2 RT-PCR upper primer TGGCAGATGTGACCTGCACG Gene-specific RT-PCR
Gene 2 RT-PCR lower primer CAGAGTAAAGGCCAGCAGAAT Gene-specific RT-PCR
�-Actin RT-PCR upper primer AGAGAGAAATTGTCCGTGACATC Internal control for RT-PCR
�-Actin RT-PCR upper primer CTCCGATCCAGACAGAGTATTTG Internal control for RT-PCR
BAC sequence primer 1 GGATTAGAAACTGCGTTCTG BAC sequencing
BAC sequence primer 2 TGACAGTGACTGTGGATTTG BAC sequencing
BAC sequence primer 3 TCAGAGCAGTCCAGCTTGTC BAC sequencing
BAC sequence primer 4 TGTAATCGCTTTGCAGAGGC BAC sequencing
BAC sequence primer 5 CCTGCAAGACAAGGTTGTGC BAC sequencing
BAC sequence primer 6 GAGGAAGCTTTTCCTTCTGC BAC sequencing
BAC sequence primer 7 CTTCAGAAACGGCACTGGTG BAC sequencing
BAC sequence primer 8 TGCACTGGCTTATCGTCATC BAC sequencing
BAC sequence primer 9 TGGGATATGTGACAGCGCTG BAC sequencing
BAC sequence primer 10 ATCACCACCTCAAAGGATGACG BAC sequencing

For positions of the important primers, seeFig. 1.

Fig. 1. The nucleotide and deduced amino acid sequences of channel catfish IL-1�cDNA. 5′- and 3′-UTR are shown as small letters. The translation start codon
ATG, the translation termination codon TGA, the poly (A)+ signal sequence AATAAA are both bold and underlined. The termination codon is labeled by asterisk. The
instability motifs ATTTA are in capital letters, bold, and underlined. The locations of the primers are indicated by underline arrows. While the nucleotide sequence
of the second type of IL-1�cDNA is not shown, its sequence at the primer sites is indicated underneath the IL-1�type 1 cDNA sequences.
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with restriction endonucleasesEcoRI andHindIII, separately,
and electrophoresed on a 1% agarose gel. The DNA was trans-
ferred to a piece of Immobilon nylon membrane (Millipore,
Bedford, MA) by capillary transfer with 0.4 M NaOH overnight.
DNA was fixed to the membrane by UV cross-linking using a
UV Stratalinker 2400 (Stratagene, La Jolla, CA) with the auto
cross-link function. The membrane was washed in 0.5% (w/v)
SDS at 65◦C for 15 min and then pre-hybridized in 50% for-
mamide, 5×SSC (Sambrook et al., 1989), 0.1% (w/v) SDS,
5× Denhardt’s and 100�g/ml sonicated and denatured Atlantic
salmon sperm DNA (100�g/ml) overnight. Hybridization was
conducted overnight at 42◦C in the same solution with probes
added. The interleukin cDNA (accession number DQ157741)
was used as the probe. The probe was prepared using the random
primer labeling method (Sambrook et al., 1989) with a labeling
kit from Roche Diagnostics (Indianapolis, Indiana). The nylon
membranes were washed first in 500 ml of 2×SSC for 10 min,
followed by three washes in 0.2×SSC with SDS at 0.2% (w/v)
at 65◦C for 15 min each. The membranes were then wrapped in
Saran wrap and exposed to Kodak BioMax MS film for autora-
diography.

2.4. DNA sequencing and sequence analysis

Plasmid DNA containing the IL-1�cDNA was prepared using
the alkaline lysis method (Sambrook et al., 1989) using the Qia-
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joining trees was evaluated by 10,000 bootstrapping replica-
tions.

2.6. Fish rearing and bacterial challenge

Channel catfish larvae were reared at the hatchery of the
Auburn University Fish Genetics Research Unit. Challenge
experiments were conducted as previously described (Dunham
et al., 1993) with modifications (Baoprasertkul et al., 2004,
2005; Chen et al., 2005). Briefly, catfish were challenged in a
rectangular tank by immersion exposure for 2 h with freshly pre-
pared culture of ESC bacteria,Edwardsiella ictaluri. One single
colony of E. ictaluri was isolated from a natural outbreak in
Alabama (outbreak number ALG-02-414) and inoculated into
brain heart infusion (BHI) medium and incubated in a shaker
incubator at 28◦C overnight. The bacterial concentration was
determined using colony forming unit (CFU) per milliliters by
plating 10�l of 10-fold serial dilutions onto BHI agar plates.
At the time of challenge, the bacterial culture was added to the
tank to a concentration of 3× 107 CFU/ml. During challenge,
an oxygen tank was used to ensure a dissolved oxygen concen-
tration above 5 mg/ml. After 2 h of immersion exposure, 15 fish
were randomly taken and placed into a rectangular trough con-
taining pond water with constant water flow through. Replicates
of troughs were used to provide one trough for each sampling
time point. For the control fish, 15 fish were incubated in a sepa-
r llenge
t dded.
A ough
a

2

tfish
i kin,
s n tis-
s e col-
l fore
c les of
e were
e mg/l
b iquid
n n
o ge of
t mor-
t f the
t lated
f nski
a itro-
g was
s rse
t

2

tions.
T CR.
en Spin Column Mini-plasmid kits (Qiagen, Valencia, C
hree microliters of plasmid DNA (about 0.5–1.0�g) were use

n sequencing reactions. Chain termination sequencing wa
ormed using the BigDye sequencing kits (ABI, Foster C
A). The PCR profiles were: 95◦C for 30 s, 54◦C for 15 s
0◦C for 4 min for 60 cycles. An initial 5 min denaturation
5◦C and a 5 min extension at 60◦C were used. For BAC dire
equencing, BAC DNA isolated as described above was
s templates of sequencing using the same sequencing re
rofiles except that 100 cycles were run for cycle sequencin
equences were analyzed on an ABI Prism 3130XL autom
equencer.

Bioinformatic analysis of sequences was conducted by u
LAST and the DNASTAR software package (Serapion e
004). BLAST searches were conducted to determine gene

ities, and to determine if the cDNA contained a full open rea
rame. DNASTAR software package was used for sequ
nalysis. MegAlign program of the DNASTAR package w
sed for sequence alignment using CLUSTAL W. Cluster a
sis was conducted using Vector NTI suite of software pack
He et al., 2004; Peatman et al., 2005).

.5. Phylogenetic analysis

Phylogenetic trees were drawn from ClustalW ge
ted multiple sequence alignments of amino acid sequ
sing the neighbor-joining method (Saitou and Nei, 19
ithin the Molecular Evolutionary Genetics Analysis (MEG

3.0)) package (Kumar et al., 2004). Data were anal
sing Poisson correction and gaps were removed by
lete deletion. The topological stability of the neighb
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ate rectangular tank with the same fish density as the cha
anks. The only difference was that ESC bacteria were not a
fter 2 h, these control fish were incubated in a separate tr
t the same density as the challenged fish.

.7. Tissue sampling and RNA extraction

Ten tissues were collected from healthy channel ca
ncluding brain, head kidney, intestine, liver, muscle, ovary, s
pleen, stomach, and trunk kidney. Head kidney and splee
ues were also collected from challenged fish. Samples wer
ected from 10 fish at each time point including control (be
hallenge), and 1, 3, and 7 days after challenge. Samp
ach tissue from 10 fish were pooled. The experimental fish
uthanized with tricaine methanesulfonate (MS 222) at 100
efore tissues were collected. Tissues were quick frozen in l
itrogen and kept in a−80◦C ultra-low freezer until preparatio
f RNA. In order to obtain samples representing the avera

he 10 fish, the pooled tissue samples were ground with a
ar/pestle to fine powder and thoroughly mixed. A fraction o
issue samples was used for RNA isolation. RNA was iso
ollowing the guanidium thiocyanate method (Chomczy
nd Sacchi, 1987) using the Trizol reagents kit from Inv
en following manufacturer’s instructions. Extracted RNA
tored in a−70◦C freezer until used as template for reve
ranscriptase-PCR (RT-PCR).

.8. Reverse transcriptase-PCR

Total RNA was used for reverse transcriptase-PCR reac
he RT-PCR reaction was conducted using two-step RT-P
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RT was conducted by using M-MuLV reverse transcriptase (New
England Biolabs). RT reactions were conducted in 40�l contain-
ing 4�g DNase I-treated RNA, 4�l (40 uM) oligo dT primers,
8�l (2.5 mM each) dNTPs, 1�l RNase inhibitor, 1×RT reac-
tion buffer, and 200 units of RT. Detailed procedures followed
the instructions of the manufacturer. After RT reaction, 1�l of
the RT products was used as templates for PCR using Jump-
Start Taq polymerase (Sigma, St. Louis, MO). The reactions
also included the primers of�-actin (Table 1), serving as an
internal control. The reactions were completed in a thermocy-
cler with the following thermo-profiles: denaturation at 94◦C for
3 min followed by 32 cycles for the analysis of tissue distribu-
tion of interleukin-1�expression, and 28 cycles for the analysis
of bacterial induced interleukin expression with 94◦C for 30 s,
56◦C for 15 s, 72◦C for 40 s. Upon the completion of PCR, the
reaction was incubated at 72◦C for an additional 5 min. The
RT-PCR products were analyzed by electrophoresis on a 1.0%
agarose gel and documented with a Gel Documentation System
(Nucleotech Corp., CA).

3. Results

3.1. cDNA cloning of channel catfish interleukin-1β

Channel catfish sequences homologous to interleukin-1�
were initially identified from expressed sequence tags. Through
B
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Table 2
Comparison of the cDNAs encoded by the two channel catfish IL-1�genes

cDNA of gene 1 cDNA of gene 2

Accession number DQ157741 DQ157742
cDNA length (bp) 1261 1231
ORF encoding amino

acids
280 amino acids 280 amino acids

5′-untranslated region
(bp)

≥77 ≥61

3′-untranslated region
(bp)

341 327

Presence of the first
untranslated exon

Yes Yes

Position of AAUAAA
poly A signal

13 bp upstream of poly
A tail

18 bp upstream of poly
A tail

AUUUA instability motifs 5 copies at 3′-UTR 7 copies at 3′-UTR

major sequence divergence between the taxa. IL-1�genes share
high sequence identities among the “carps”, the salmonids, and
the catfish, but inter-taxa similarity is low (Fig. 2). An interesting
observation is the greater similarity between the mammalian IL-
1� genes and theXenopus laevis IL-1� than between fish IL-1�
and theXenopus IL-1� (Table 3).

Phylogenetic analysis suggested that all the fish IL-1�
sequences fell into a single clade whereas the mammalian
sequences fell into another. Yet, the chicken andXenopus IL-
1� did not fall into either clade though they were closer to the
mammalian sequences (Fig. 3). The phylogenetic analysis indi-
cated that the catfish IL-1�genes may have been from a recent
gene duplication event as they are more related to each other than
to any other IL-1�genes. Similarly, there may be recent gene
duplications of the IL-1�locus in the carp and swine genomes
as well (Fig. 3).

3.2. Assigning interleukin-1β to BACs

Bacterial artificial chromosome libraries serve as the basis
for BAC-based physical maps. In channel catfish, a physical
mapping project has been initiated. Therefore, mapping genes
to linkage maps and assigning the same genes to BACs is of
interest for the alignment of physical and linkage maps. In
addition, assigning genes to BACs would allow comparative
g com-
p ested
i gous
t
B o
h en-
t be
g blot
a -1�
g

3

rom
t ted
LASTX searches, four clones, IpHdk45 n08, IpHdk46 b09,
pInt 56 k12, and IpSpn66 c04, were initially identified a
omologous to interleukin-1�with significant sequence simila

ties (<10−8) to the query sequence. Additional searches o
bEST database identified two additional clones, IpSpn0
accession number BM425330) and IpSpn00477 (acce
umber BM424711), from previously sequenced catfish E
Kocabas et al., 2002) as interleukin-1�. Cluster analysis
ated that the cDNAs belong to two groups, perhaps sugge
he presence of highly different alleles, or the presence o
nterleukin-1�genes in channel catfish. The cDNA clones w
ompletely sequenced, and the complete cDNA sequence
een deposited to GenBank with accession numbers DQ15
nd DQ157742.

As shown inFig. 1and summarized inTable 2, both cDNA
f channel catfish interleukin-1�encode 280 amino acids. Th
′-untranslated region was slightly different. cDNAs from g
and gene 2 both harbor the typical AAUAAA polyadenylat
ignal, 13 and 18 bp, respectively, upstream from the poly A
here are five copies of ATTTA instability motif at the 3′-UTR
f the cDNA encoded by gene 1, but seven copies existed
DNA encoded by gene 2, both highly characteristic of cyto
ranscripts (Fig. 1).

The channel catfish IL-1�transcripts encoded by the tw
enes are highly similar with 94.3% amino acid sequence

ity. Alignments of IL-1�genes from various species indica
more rapid rate of evolution of fish IL-1�genes (Table 3
mong mammals, IL-1�genes exhibited a similarity of

east 59%, whereas the channel catfish IL-�genes shared on
pproximately 31% sequence identities with the salmonids
enes. Sequence alignments of selected fish IL-�genes reveale
e

-

enome analysis in the genome neighborhood. As part of
arative genomics efforts in channel catfish, we are inter

n assigning known genes to BACs. Overgo probes homolo
o interleukin-1�were used to assign interleukin-1�gene(s) to
AC clones. Hybridization of interleukin-1�overgo probes t
igh-density 10×genome coverage BAC filters resulted in id

ification of 13 positive BAC clones, of which 11 BACs could
rown for the isolation of BAC DNA. Subsequent Southern
nalysis confirmed that all 11 BACs contained interleukin
enes (Table 4).

.3. Interleukin-1β gene is duplicated in the catfish genome

In order to determine the gene copy numbers, BAC DNA f
he interleukin-1�positive clones were isolated and subjec
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Fig. 2. Sequence alignments of selected fish IL-1�sequences. The amino acid sequences were extracted from GenBank and aligned using ClustalW using DNAStar
program. The accession numbers for the sequences are: carp IL-1�(Carp 1), CAB52366; carp IL-1�2-1 (Carp 2-1), CAC19887; carp IL-1�2-2 (Carp 2-2), CAC19888;
zebrafish IL-1�, AAH98597; goldfish IL-1�-1, CAD12102; goldfish IL-1�-2, CAD12103; rainbow trout IL-1�1, CAC83518; rainbow trout IL-1�2, CAB53541;
Atlantic salmon IL-1�, AAT36642; brown trout IL-1�, AAX45349; gilthead seabream IL-1�, CAD11603. The solid triangle indicates the suggested IL-1�cleavage
site within gilthead seabream (Pelegrin et al., 2004).
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Table 3
Pairwise similarities of selected IL-1�genes

Note that high sequence identities exist among mammals, among fish within theCyprinidae, Salmonidae, andIctaluridae, but low sequence identities exist among
the groups. Species are indicated by letter abbreviations as the following:Ip, Ictalurus punctatus; Cc, Cyprinus carpio; Ca, Carassius auratus; Om, Oncorhynchus
mykiss; Ss, Salmo salar; Xl, Xenopus laevis; Gg, Gallus gallus; Bt, Bos Taurus; Oa, Ovis aries; Sus, Sus scrofa; Hs, Homo sapiens.

Fig. 3. Phylogenetic tree constructed from alignments of selected IL-1�

sequences with the following accession numbers: carp IL-1�, CAB52366;
carp IL-1� 2-1, CAC19887; carp IL-1�2-2, CAC19888; zebrafish IL-1�,
AAH98597; goldfish IL-1�, CAD12102; goldfish IL-1�, CAD12103; rainbow
trout IL-1�, CAC83518; rainbow trout IL-1�, CAB53541; Atlantic salmon IL-
1�, AAT36642; gilthead seabream IL-1�, CAD11603; human, AAA36106;
Xenopus laevis IL-1�, AAH92346; sheep IL-1�, CAA40293; swine IL-1�

1, NP 999220; swine IL-1�2, NP 001005149; bovine IL-1�, CAA31018;
chicken IL-1�, NP989855. Numbers on the branches are bootstrapping val-
ues as obtained by 10,000 bootstrap replications.

to Southern blot analysis after digestion with two restriction
enzymes,EcoRI (not shown), andHindIII. As we previously
described, determination of gene copy numbers using BAC-
based Southern blot depends on the number of restriction pat-
terns, not the number of bands (Xu et al., 2005; Bao et al., 2005,
in press; Baoprasertkul et al., 2005). Southern blot analysis of
the interleukin-1�BAC clones indicated the presence of two
patterns of restriction fingerprints using eitherHindIII (Fig. 4)
or EcoR1 (not shown). However, examination of the Southern
blot hybridization patterns reveal that 2 of the 11 clones har-
bor a partial band pattern shared with the remaining nine clones,
characteristic of partial overlapping genomic regions in different
BAC clones. In other words, the two clones may have included
only a part of the genomic segments homologous to the probes.
Considering the relatively small size of the interleukin-1�gene
as compared to the average size of the BAC insert of the channel
catfish BAC library (161 kbp), it is likely that two tandem copies
of interleukin genes exist in the catfish genome. This specula-
tion was supported by the hybridization patterns usingEcoR1.
In this case, nine clones produced two Southern blot bands with
almost equal sizes while the other two clones (corresponding to
the two clones with partial hybridization pattern usingHindIII)
produced one band sharing the same size with the larger band of
the other nine clones. This suggested that the two copies of the
interleukin-1�genes could be located within theEcoR1 bands,
with one copy represented by each of the two bands.
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Table 4
IL-1� positive BAC clones as obtained by overgo hybridization to high-density

IL-1 beta positive BAC clones 17 j01, 28 a04, 39p01, 39p21,
IL-1 beta gene 1 positive BAC clones 17j01, 28 a04, 39p01, 39p21,
IL-1 beta gene 2 positive BAC clones 17j01, 28 a04, 39p01, 39p21,
Genomic sequencing confirmed the presence of two c
f interleukin-1�genes in the catfish genome. Subclones o
AC clone, BAC51a13, usingEcoR1 restriction endonucle
se were directly sequenced. Two distinct genomic sequ
ere generated. The complete genomic sequences have

BAC filters

42p18, 51a13, 72a17, 89L17, 102f24, 175L22, 187011, 93c01, 94o05
51a13, 72a17, 89L17, 102f24, 175L22
42p18, 51a13, 72a17, 89L17, 102f24, 175L22, 187011
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Fig. 4. Demonstration of the presence of duplicated IL-1�genes in channel cat-
fish. (A) Southern blot analysis using BAC clones. BAC DNAs were digested
with HindIII, electrophoresed through a 0.8% agarose gel, transferred to nylon
membrane, and hybridized to IL-1�cDNA probes. Lanes 1–11 contained BAC
DNA from 11 different BAC clones. Molecular weight is indicated on the right
margin. (B) Illustration of the channel catfish genomic structure and the restric-
tion sites ofHindIII as revealed by sequence analysis of a single BAC clone.
Solid rectangles represent exons, lines indicate introns. The positions ofHindIII
are indicated above the gene structure.

deposited to GenBank with accession numbers of DQ160229
and DQ160230, respectively. Sequence analysis of the genomic
sequences revealed the presence of oneHindIII site on exon 5
of interleukin-1�gene 1, whereas twoHindIII sites existed for
interleukin-1�gene 2, one was at the same location on exon
5, and the other was gained in intron 6. Such restriction sites
would result in the generation of two bands from gene 1 and
three bands from gene 2 when complete cDNA was used as a
probe (Fig. 4B). Taken together, the Southern blot analysis data
and the sequence data confirmed the presence of two tandem
genomic copies of interleukin-1�in the catfish genome.

3.4. Genomic organization and sequence variation of the
interleukin-1β genes

Both channel catfish interleukin-1�genes have seven exons
and six introns, a feature that appears to be conserved of th
IL-1� gene organization, with the exception of a rainbow trout
IL-1� gene that has six exons (Zou et al., 1999). The two catfish
IL-1� genes are highly conserved in gene structure and organ
zation. As shown inTable 5, all the exons shared the same sizes
except the last exon that included more divergent sequences
the 3′-UTR. The first exon could have shared the same sizes, bu
the transcription initiation site was not determined. Using exist-
ing sequence information, the first exon of both genes could
b nt o
t iden
t ence
o

dent
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t ites

Fig. 5. RT-PCR analysis of IL-1�gene expression in various tissues using gene-
specific RT-PCR primers (for details, seeFig. 1) for gene 1 (A) and gene 2 (B).
RT-PCR products were analyzed on an agarose gel. Tissues were specified on
the top of the gel, with molecular weight (MW), spleen (Spln), muscle (Msl),
intestine (Int), skin (Skn), trunk kidney (Trk), stomach (Sto), ovary (Ova), liver
(Lvr), brain (Brn), and head kidney (Hdk). The positions of the RT-PCR ampli-
fied bands of beta-actin and IL-1�are indicated on the right margin.

(Table 5). Not only are the exon sequences conserved, but also
the intronic sequences. Sequence alignment of the two channel
catfish IL-�genes indicated a high level of sequence similarities
of the introns. What is most striking was the fact that all introns
appeared to be highly conserved on both ends, but divergent in
the middle. In most cases, stretches of 40–80 bp of almost iden-
tical sequences exist on both sides of the introns, intervening the
much more divergent portions of the middle part of the introns.
In spite of the very high level of sequence identities in both the
exons and introns, there is little evidence of sequence conserva-
tion in the 5′-upstream sequences containing the promoter, nor is
any evidence of sequence conservation after the poly A signals.

3.5. Expression of interleukin-1β genes in normal catfish
tissues

RT-PCR analysis using total RNA from various normal tis-
sues of channel catfish indicated that the two catfish IL-1�
genes exhibit different profiles of tissue expression. Gene 1 was
expressed highly in the liver, head kidney, spleen, intestine, and
muscle, but its expression was lower in the stomach, brain, ovary,
skin, and trunk kidney. Gene 2 was expressed uniformly in all
tested tissues except that it was expressed at lower levels in the
brain (Fig. 5).
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.6. Expression of interleukin genes in bacterial infected
issues

As a pro-inflammatory cytokine, interleukin-1�should be
nvolved in inflammatory responses after infection. To de

ine its specific expression after infection with a bacte
athogen of catfish,Edwardsiella ictaluri, RT-PCR was con
ucted using total RNA isolated from head kidney and sp
t different times after infection. As shown inFig. 6,E. ictaluri

nfection elicited sharp increases in transcripts of interleu
� both in the head kidney and in the spleen. However, the
enes exhibited quite different profiles of bacterial induced
egulation. Gene 1 was drastically up-regulated in both the
idney and the spleen, but gene expression induction was
apid in the spleen. A sharp increase in interleukin-1�RNA
as observed 1 day after infection in the spleen, but dr

nduction of interleukin-1�was not observed in the head k
ey until 3 days after infection. In contrast, induction of gen
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Table 5
Comparison of the channel catfish IL-1�gene 1 (accession number DQ160229) and gene 2 (accession number DQ160230)

Exon/Intron Exon size (gene 1) Exon size (gene 2) Intron size (gene 1) Intron size (gene 2) Exon similarity

1a ≥75 ≥59 175 188 4 SNPs
2 34 34 491 343 2 SNPs
3 79 79 103 87 4 SNPs
4 181 181 111 110 4 SNPs
5 168 168 536 417 5 SNPs
6 140 140 579 713 5 SNPs
7 584 570 5 SNPsb

a The transcriptional start sites were not determined; the numbers reflect existing evidence from cDNA sequence information.
b Number reflects only coding region of the last exon.

Fig. 6. RT-PCR analysis of IL-1�gene expression after bacterial infection with
Edwardsiella ictaluri in head kidney (upper panel) and spleen (lower panel).
Tissues of head kidney and spleen were collected at 0 h (uninfected control),
1, 3, and 7 days after infection as indicated at the top of the gel. RT-PCR was
conducted using gene-specific RT-PCR primers (for details, seeFig. 1) for gene
1 (IL-1�a) and gene 2 (IL-1�b), as specified on the figure. The positions of the
RT-PCR amplified bands of IL-1�are indicated on the right margin. Two bands
from each RT-PCR are clearly visible; one is IL-1�product, and the other is
beta-actin product that is not labeled.

expression appeared rapidly in both the head kidney and splee
with increased interleukin-1�expression 1 day after infection.
However, the extent of induction was much less dramatic for
gene 2 than for gene 1 (Fig. 6). Clearly, the two copies of the
channel catfish interleukin-1�genes not only exhibit differences
in their spatial pattern of expression, but also in patterns of
expression after bacterial infection.

4. Discussion

In the present study, we characterized the two cDNAs
and their corresponding encoding genes in the channel catfis
genome. The channel catfish IL-1�genes were found to be dupli-
cated in the catfish genome in a tandem fashion. Both genes we
widely expressed, but exhibit different expression profiles. The
IL-1� genes were mapped to BAC clones. As the catfish physica
mapping project has been initiated, this information will soon
be useful for integration of the physical map with linkage maps.

IL-1� gene duplication in channel catfish is an unexpected
finding. In spite of previous reports of the presence of two IL-
1� genes in the carp, goldfish, and rainbow trout, those fish
has been generally regarded as tetraploid fish, whereas chan-
nel catfish is a diploid fish. Evolutionarily, channel catfish is
closely related to zebrafish. BLAST search against the draft
zebrafish genome sequences indicated the presence of only one
IL-1� like sequence in the zebrafish genome located in Contig:
NW 653018.1, which is not yet assigned to a chromosome. A
search of the chicken genome draft sequence (Build 1.1) sug-
gests that chicken also has a single copy of interleukin-1�gene.
This may suggest that the channel catfish IL-1�genes were
derived from a recent gene duplication. This is supported by its
tandem presence with very high sequence identity and identical
sizes of all but the last exon of the two genes. Such species-
specific gene duplication was previously observed in mammals.
Human has only one copy of IL-1�gene located on its chro-
mosome 2, but two IL-1�genes exist in the swine genome
(Vandenbroeck et al., 1994).

The two channel catfish IL-1�genes are arranged in tandem.
Through BAC-based Southern blot analysis, we have gained
strong evidence that the two IL-1�genes in channel catfish are
present in the same BACs. The Southern blot data, when taken
together with the sequence information, demonstrate that the
two copies of the channel catfish IL-1�genes are closely linked
in tandem, although the exact distance between the two catfish
g hich
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he two genes should be fairly close with a statistical estim
istance of approximately 30 kbp apart, assuming restri
igestion was totally random during construction of the B

ibrary. This arrangement is quite peculiar as to its evolut
ry origin. Despite the report of two genes in rainbow tr
arp, and goldfish, their genomic arrangements are not kn
t would be interesting to compare the genomic arrangem
f the duplicated genes, thereby providing information as

he duplicated genes in several other fish species are rela
he tetraploidy of their genomes. In the case of channel ca
dentification and sequencing of the two IL-1�genes from a sin
le BAC clone confirmed the presence of the two copies o

L-1� genes on a single chromosome, excluding the possi
f them being allelic variations.

We previously reported the methods of using BAC-ba
outhern as a way of gene copy number determinatio
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previous papers (Bao et al., 2005, in press; Xu et al., 2005;
Baoprasertkul et al., 2005), we discussed the relationship of
band patterns or fingerprint pattern as the most accurate way
for the determination of gene copy numbers. If two genes are
from different genome contexts, obviously the restriction finger-
prints will be different. Thus, the number of restriction patterns,
but not the number of bands, defines the gene copy numbers.
This approach is superior to the traditional Southern blot-based
approach for determination of gene copy numbers. In traditional
methods using Southern blot analysis, researchers determine
gene copy numbers based on how many restriction bands one
would obtain using several restriction endonucleases, most often
6-bp cutters. The assumption is that at least some 6-bp cut-
ters would not cut within the gene and, therefore, a single band
should result. This is certainly true because a 6-bp cutter restric-
tion enzyme should cleave DNA at a frequency of 1/46 bp (once
every 4096 bp) that is larger than the sizes of many genes. How-
ever, because most researchers use no more than a few enzymes,
this traditional approach can certainly result in mistaken deter-
mination of copy numbers if the few restriction endonucleases
all cut within the gene.

Our recent analysis using BAC-based Southern blot demon-
strated also a greater capacity for determination of gene copy
numbers under the scenario of tandemly duplicated genes. When
two genes are duplicated nearby in tandem, determination of
gene copy number can be problematic based on Southern blot
a tion
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but their levels of expression in the tissues were different. Most
striking was the induced expression of the IL-1�genes after bac-
terial infection. Although both IL-1�genes exhibited infection-
induced up-regulation, the extent to which they were induced
was quite different. IL-1�gene 1 was drastically induced after
infection in both the head kidney and spleen, whereas the induc-
tion of gene 2 was not so dramatic. Such differences of gene
expression could be a direct reflection of differences in their
regulatory sequences including the promoter. In spite of high
sequence identity between the two channel catfish IL-1�genes,
their upstream sequences do not share any significantly similar
sequences. Future studies should be warranted to investigate the
control regions for the differential regulation of the two genes.
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