
Molecular Immunology 42 (2005) 1355–1366

Constitutive expression of three novel catfish CXC chemokines:
homeostatic chemokines in teleost fish

Puttharat Baoprasertkul, Chongbo He1, Eric Peatman, Shanzhong Zhang,
Ping Li, Zhanjiang Liu∗

The Fish Molecular Genetics and Biotechnology Laboratory, Department of Fisheries and Allied Aquacultures and Program of Cell and
Molecular Biosciences, Aquatic Genomics Unit, Auburn University, 203 Swingle Hall, Auburn, AL 36849, USA

Received 7 December 2004; accepted 19 December 2004
Available online 16 February 2005

Abstract

Chemokines are best known for their vital role in leukocyte chemotaxis, as part of the larger inflammatory response. Expression analysis
and functional characterization of chemokines in mammalian species have often overlooked the role of these proteins under homeostatic
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onditions. Recent investigations of chemokine diversity in teleost fish have also centered on the immune-related functions of c
ytokines, such as CXCL8 and CXCL10. While a disease-based approach to chemokines is essential to the development of
herapies for both human and animal infections, it may be a poor measure of the overall complexity of chemokine functions. As part
ffort to assess the conservation of chemokine diversity in teleost fish, we report here the identification of three novel, constitutively
XC chemokines from channel catfish (Ictalurus punctatus). Phylogenetic analyses indicated that two of the three CXC chemokines
rthologues for mammalian CXCL12 and CXCL14, respectively. Whereas a clear orthology could not yet be established for the
hemokine, it shared highest amino acid identity with mammalian CXCL2. All three CXC chemokines show expression in a wide
issues, and early expression during development was observed for CXCL12. The expression of this new set of catfish CXC chem
ot induced during challenge by infection ofEdwardsiella ictaluri, the causative agent of the fish pathogen enteric septicemia of catfi
ontrast to the gene duplication of CXCL12 in carp and zebrafish, Southern blot analysis indicated that all three catfish CXC ch
xist as single copy genes in the catfish genome suggesting that gene duplication of CXC chemokines in specific teleost fish w
volutionary event.
2005 Elsevier Ltd. All rights reserved.

eywords:CXCL2; CXCL12; CXCL14; Chemokine; Fish; Cytokine; Infection; Gene expression; Catfish; Inflammation; Homeostatic

. Introduction

Chemokines are traditionally viewed as a superfamily
f chemotactic cytokines involved in the recruitment,
ctivation and adhesion of a variety of leukocyte types to

nflammatory foci. While this definition summarizes the pre-
ominant role of chemokines, as it is currently understood,

t fails to capture a greater complexity of functions both
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immune and non-immune that some chemokines pos
Chemokines are classified into four groups C, CC, C
and CX3C based on the arrangement of conserved cys
residues that determine their tertiary structure (Murphy et
al., 2000). The major subfamilies are the CC and C
chemokines.

CXC chemokines were initially identified as potent me
ators of neutrophil chemotaxis (Walz et al., 1987; Yoshimur
et al., 1987), but are now known to function also in chem
taxis of monocytes and lymphocytes (Koch et al., 1992
Strieter et al., 1995). Altogether 16 CXC chemokines ha
been identified from mammals, although a smaller num
was identified from any given species. Thus, 15 were id

161-5890/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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fied from humans (lacking CXCL15) and 13 were identified
from mouse (lacking CXCL7, CXCL8, and CXCL16).

CXC chemokines have been divided into two subgroups
based on the presence or absence of the ELR motif (glu-
tamic acid (E), leucine (L), arginine (R)). The ELR subgroup
of CXC chemokines includes CXCL1, CXCL2, CXCL3,
CXCL5, CXCL6, CXCL7, CXCL8, and CXCL15. These
CXC chemokines specifically attract neutrophils that express
CXCR1 and CXCR2. They are expressed in a wide range
of cells in response to many stimulants, particularly pro-
inflammatory cytokines, such as IL-1 and TNF (Laing and
Secombes, 2004a). Their major role is to promote the ad-
herence of neutrophils to endothelial cells and subsequent
migration along a gradient of chemokines associated with
matrix proteins and cell surfaces toward inflammatory sites.
ELR-containing chemokines are all angiogenic and chemo-
tactic for endothelial cells (Strieter et al., 1995). In fish, how-
ever, the ELR motif was not found in several CXCL8-like
chemokines (Najakshin et al., 1999; Lee et al., 2001; Laing
et al., 2002b; Inoue et al., 2003a, 2003b; Chen et al., 2005).

The non-ELR subgroup includes CXCL4, CXCL9,
CXCL10, CXCL11, CXCL12, CXCL13, CXCL14, and
CXCL16. They attract lymphocytes and monocytes, with
poor chemotactic ability for neutrophils (Oppenheim et al.,
2000). Most of this subgroup are angiostatic and possess anti-
angiogenic properties.
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that a single copy existed in the catfish genome for all three
CXC chemokines. All three catfish CXC chemokines are
expressed in a wide range of tissues, including those not
traditionally associated with the immune response. In head
kidney, a rough equivalent of the mammalian bone marrow,
expression of the three CXC chemokines after bacterial chal-
lenge was constitutive, demonstrating marked differences
from the inducible expression profiles of previously char-
acterized CXCL8 and CXCL10 in catfish (Baoprasertkul et
al., 2004; Chen et al., 2005).

2. Material and methods

2.1. Identification of CXC chemokines and sequencing
analysis

The three CXC chemokines were initially identified from
BLAST analysis of expressed sequence tags (Ju et al., 2000;
Cao et al., 2001; Karsi et al., 2002; Kocabas et al., 2002).
The putative CXC chemokine clones were subjected to com-
plete sequencing analysis. Plasmid DNA was prepared by the
alkaline lysis method (Sambrook et al., 1989) using the Qia-
gen Spin Column Mini-plasmid kits (Qiagen, Valencia, CA).
Three microliters of plasmid DNA (about 0.5–1.0�g) were
used in sequencing reactions. Chain termination sequencing
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Only a few fish orthologous to the mammalian C
hemokines have been identified. In addition to
XCL8-like chemokines described above, a 100 amino
hemokine was identified in rainbow trout as being relate
he CXCL9, CXCL10, and CXCL11 subset, but with high
imilarity to CXCL10 (Laing et al., 2002a). Two CXC
hemokines from carp, CXCa and CXCb, have been f
ionally characterized, but lack orthology to known ma
alian CXC chemokines (Huising et al., 2003b; Savan
l., 2003). Recently, a CXCL10-like chemokine was ide

ified from channel catfish and blue catfish (Baoprasertku
t al., 2004). A CXCL12-like expressed sequence tag (E
equence has been detected from zebrafish, which is
dentical to human CXCL12 at the amino acid level
ppears to have a role in developmental processes
s the control of primordial cell migration (David et al.
002). A CXCL14 homologue has also been identified fr
ebrafish (Long et al., 2000) that is predicted to have
ole in the development of the acoustico-lateralis syste
on-haematopoietic cells of the central nervous syste
sh. Recently, orthologues of CXCL12 and CXCL14 h
een isolated from carp, of which CXCL12 was duplica
Huising et al., 2004). Here, we report the identificatio
nd expression analysis of three novel channel catfish
hemokines. Two of the chemokines are clearly ortholo
o mammalian CXCL12 (stromal cell-derived factor-1 (SD
)) and CXCL14 (BRAK), whereas the third chemok
hares low amino acid identity with mammalian CXC
MIP-2). This third chemokine will be referred to here
XCL2-like chemokine. Southern blot analysis indica
as performed using cycleSeq-farOUTTM polymerase (Dis
lay Systems Biotech, Vista, CA). The PCR profiles w
5◦C for 30 s, 55◦C for 40 s, 72◦C for 45 s for 30 cycles
n initial 2 min denaturation at 96◦C and a 5 min extensio
t 72◦C were always used. Sequences were analyzed
utomatic LI-COR DNA Sequencer Long ReadIR 4200
I-COR DNA Analyzer Gene ReadIR 4200.

Sequences were initially analyzed by BLAST searc
Altschul et al., 1990; Gish and States, 1993; Serapion e
004) to identify gene similarities. Further analysis of op
eading frame, sequence similarities, and multiple alignm
ere conducted using ClustalW method within MegAl
rogram of DNAStar software package (Lasergene, Mad
I).

.2. Phylogenetic analysis

The relevant sequences were retrieved from GenBan
ultiple sequence alignments using ClustalX (Thompson
t al., 1997). Percentage of amino acid identities w
ecorded after all multiple alignments. Phylogenetic tree
rawn by the neighbor joining method (Saitou and Nei, 1987)

n PAUP using amino acid sequence p-distances. The
ogical stability of the neighbor joining trees was evalua
y 10,000 bootstrapping replications.

.3. Fish rearing and bacterial challenge

Channel catfish larvae were reared at the hatche
he Auburn University Fish Genetics Research Unit. C
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lenge experiments were conducted as previously described
(Dunham et al., 1993) with modifications (Baoprasertkul et
al., 2004; Chen et al., 2005). Briefly, the catfish were chal-
lenged in a rectangular tank by immersion exposure for 2 h
with freshly prepared culture of enteric septicemia of catfish
(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 in-
cubator at 28◦C overnight. The bacterial concentration was
determined using colony forming unit (CFU) per millilitre
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. Dur-
ing challenge, an oxygen tank was used to ensure a dissolved
oxygen concentration above 5 mg/ml. After 2 h of immer-
sion exposure, 15 fish were randomly taken and placed into a
rectangular trough containing pond water with constant water
flow through. Replicates of troughs were used to provide one
trough for each sampling time point in order to randomize
sampling fish without any human bias at any time points. For
the control fish, 15 fish were incubated in a separate rectangu-
lar tank with the same fish density as the challenge tanks. The
only difference was that ESC bacteria were not added. After
2 h, these control fish were incubated in a separate trough at
the same density as the challenged fish.
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also collected from dying fish during a period between day 4
and day 7 after challenge. The experimental fish were eutha-
nized with tricaine methanesulfonate (MS 222) at 100 mg l−1,
before tissues were collected. Samples of each tissue from 10
fish were pooled. Tissues were quick frozen in liquid nitro-
gen and kept in a−80◦C ultra-low freezer until preparation
of RNA. In order to obtain samples representing the aver-
age of the 10 fish, the pooled tissue samples were ground
with a mortar/pestle to fine powders and thoroughly mixed.
A fraction of the mixed tissue samples was used for RNA
isolation. RNA was isolated following the guanidium thio-
cyanate method (Chomczynski and Sacchi, 1987) using the
Trizol reagents kit from Invitrogen (Carlsbad, CA) following
manufacturer’s instructions. Extracted RNA was stored in a
−80◦C freezer, until used as template for reverse transcrip-
tase PCR (RT-PCR).

2.5. RT-PCR

RT-PCR reactions were conducted using SuperScriptTM

III One Step RT-PCR system (Invitrogen). The system con-
tained a mixture of SuperScriptTM III reverse transcriptase
and the PlatinumTaq DNA polymerase in an optimized
buffer. Detailed procedures followed the instructions of the
manufacturer. Briefly, the following was added to a reaction
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.4. Tissue sampling and RNA extraction

Eleven tissues were collected from healthy channel
sh including brain, gill, head kidney, intestine, liver, mus
vary, skin, spleen, stomach, and trunk kidney. Head ki
as collected from challenged fish. Samples were colle

rom 10 fish at each time point including control (before c
enge), 24 h, 3 days, and 7 days after challenge. Samples

able 1
rimer sequences for three catfish CXC chemokines

ene (Accession no.) Primer name

XCL2-like (AY836754) RT-PCR upper
RT-PCR lower
cDNA probe upper
cDNA probe lower
Overgo A
Overgo B

XCL12 (AY836755) RT-PCR and cDNA p
RT-PCR and cDNA pr
Overgo A
Overgo B

XCL14 (AY836756) RT-PCR upper
RT-PCR lower
cDNA probe upper
cDNA probe lower
Overgo A
Overgo B

-Actin RT-PCR upper
RT-PCR lower
f 50�l: 25�l 2× reaction mix, 1�l total RNA (∼100 ng)
�l (100 ng) each of the upper and lower primer (for
uences, seeTable 1), 2�l SuperScript III RT/PlatinumTaq
olymerase mix, and water to bring the reaction volu

o 50�l. The reaction also included the primers of�-actin
Table 1), serving as an internal control. The reactions w
ompleted in a thermocycler with the following therm
rofiles: 45◦C for 15 min for one cycle (reverse transcr

ion reaction), the samples were pre-denatured at 94◦C for
min, then the samples were amplified for 40 cycles

Primer sequences (5′ to 3′)

CTTGTCTAACTCACGCTGTCAG
TGCTCATTGTAATCCTGCAACAG
AACTAGAGCACTAGACAGCTGGATTTC
CAAAATGCACACATTTATTT
GCTGTCAGCTTTTTGCTGGTTGTG
GTTGGAGACAAAGGACCACAACCA

pper TCTTCTTCACACGCAACATGG
er CTGTCAGGTATTCTGCCATTGG

TTGCTGAACCAGCACTTAACCTGC
GAGGCAAGCAAGGTTTGCAGGTTA

ACAGTCTGTGGTGGAGTCAC
ACATAGTGCTTCTTTTGGACCAC
GACAGTCTGTGGTGGAGTCACTTCAAC
GTTGCAAGTCTAACACTTGG
CAAATGCAGATGCACCAGGAAAGG
GTATCGTATCTTGGGGCCTTTCCT

AGAGAGAAATTGTCCGTGACATC
CTCCGATCCAGACAGAGTATTTG
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94◦C for 15 s, 45◦C for 30 s, and 68◦C for 1 min. Upon the
completion of PCR, the reaction was incubated at 68◦C for
an additional 5 min. The RT-PCR products were analyzed by
electrophoresis on a 1.5% agarose gel and documented with
a Gel Documentation System (Nucleotech Corporation, San
Mateo, CA).

2.6. BAC library screening

High density filters (10× genome coverage) of a BAC
library purchased from Children’s Hospital of the Oakland
Research Institute (CHORI, Oakland, CA), were screened
using overgo hybridization probes (Peatman et al., in press).
Overgo primers (Table 1) were designed using an overgo
maker program. The primers were purchased from Sigma
Genosys (Woodlands, TX), then labeled with32P-dATP and
32P-dCTP (Amersham, Piscataway, NJ) in 10 mg/ml bovine
serum albumin, overgo labeling reaction 1× buffer (Ross
et al., 1999) and double distilled water and incubated for 1 h
at room temperature with Klenow polymerase (Invitrogen).
Unincorporated nucleotides were removed using Sephadex
G50 spin columns. Probes were denatured at 95◦C for 10 min
and added into hybridization tubes that had been under pre-
hybridization for 2 h. The filters were hybridized at 50◦C for
18 h in 50 ml hybridization solution (1% BSA, 1 mM EDTA
at pH 8.0, 7% SDS, 0.5 M sodium phosphate, pH 7.2). The
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DNA (100�g/ml) overnight. Hybridization was conducted
overnight at 42◦C in the same solution with appropriate
probes added. In all three cases, the cDNA amplified us-
ing primers listed inTable 1was used as the probes. The
probe was prepared using the random primer labeling method
(Sambrook et al., 1989) with a labeling kit from Roche Di-
agnostics (Indianapolis, IN). 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 autoradio-
graphy. The rationale for the BAC-based Southern analysis
was that if the clones represented a single copy, the same
hybridization pattern would be expected. Alternatively, if the
clones were from different genomic copies (more than one
gene), then variations in the hybridization pattern would be
expected with the exception of the clones harboring the gene
of interest at the end of its insert, which should be rare.

In the case of Southern blot using genomic DNA, the pro-
cedures were the same as described above except that ge-
nomic DNA was first digested withHindIII andPstI restric-
tion endonucleases.

3. Results
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ay film at−80◦C for 24 h. Positive clones were identifi
ccording to the clone distribution pattern from CHORI.
lone locations were indicated by a number-a letter-a nu
ystem. The first number indicates the plate number, and
er followed by a number after the dash indicates the loc
f the positive BAC within the 384-well plate. For instan
8-A17 indicates the positive clone is located in plate
ow A, column 17. Positive clones were picked for cult
n 2× YT medium. After overnight culture, BAC DNA wa
solated using the Perfectprep® BAC 96 BAC DNA isolation
it (Brinkmann Instruments Inc., Westbury, NY).

.7. Southern blot hybridization

In order to characterize the CXC chemokine loci, So
rn blot analysis was conducted using either genomic D
r BAC DNA. In case of BAC-based Southern blot analy
AC DNA was first digested with restriction endonucle
coRI andHindIII separately as specified for the spec
XC chemokine, and electrophoresed on a 0.8% ag
el. The DNA was transferred to a piece of immobilon ny
embrane (Millipore, Bedford, MA) by capillary trans
ith 0.4 M NaOH overnight. DNA was fixed to the me
rane by UV cross linking using a UV Stratalinker 24
Stratagene, La Jolla, CA) with the auto crosslink funct
he membrane was washed in 0.5% SDS (w/v) at 65◦C for
5 min and then pre-hybridized in 50% formamide, 5× SSC
Sambrook et al., 1989), 0.1% SDS (w/v), 5× Denhardt’s an
00�g/ml sonicated and denatured Atlantic salmon sp
.1. Characteristics of three novel catfish CXC
hemokines

The clones for the putative CXC chemokines were
ially identified by BLAST analysis of ESTs. After their in
ial identification, their complete cDNAs were sequen
he sequences of the three cDNAs have been deposi
enBank with accession numbers AY836754, AY836
nd AY836756. BLAST similarity comparisons indica

hat AY836754 is similar to CXCL2; AY836755 is simil
o CXCL12; and AY836756 is similar to CXCL14.

The channel catfish CXCL2-like cDNA was identifi
rom a head kidney cDNA library. The appropriate E
lone, AUFIpHdk 41 O14, was completely sequenced.
ull length cDNA (791 bp) encodes a protein of 131 am
cids. It contains a 64 nucleotide 5′-untranslated region (5′-
TR), and a 331 nucleotide 3′-UTR. A typical AATAAA
olyadenylation signal sequence exists 14-bp upstrea

he poly (A)+ tail (Fig. 1A). The channel catfish CXCL2-lik
hemokine is most similar to the mouse CXCL2, but sh
nly 17–24% amino acid identities with various CXCL2 l
nds from mammals (Table 2). Although CXCL2 belong

o the ELR-containing subgroup of CXC chemokine, th
s no ELR motif in the channel catfish CXC chemokine
imilar situation to the CXCL8 chemokines found in va
us fish species in which ELR motifs have also not b

ound.
The channel catfish CXCL12 cDNA was identifi

rom the head kidney cDNA library with an EST clon
UF IpHdk 42 L09. Its full length cDNA (939 bp) encod
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Fig. 1. cDNA and deduced amino acid sequences of the catfish CXCL2-like (A), CXCL12 (B), and CXCL14 (C) chemokine. The nucleotide sequences are
on the upper lines and the amino acid sequences are in the lower lines. The translation start codon ATG and the termination codon TAA or TGA is bold. The
putative poly (A)+ signal sequences AATAAA or AT-rich tracts are in bold font and underlined. The locations of the RT-PCR primers, cDNA probe primers,
and overgo primers as well as their orientations are indicated by arrows as specified in the figure.

a protein of 99 amino acids. It contains a 34 nucleotide 5′-
UTR and a 605 nucleotide 3′-UTR. There is no typical poly
(A)+ signal sequence, but a AATATT sequence exists 17-
bp upstream of poly (A)+ tail (Fig. 1B). Similar to chicken
CXCL12 (Read et al., 2005), two important evolutionary con-
served residues for receptor activation: lysine (K) and proline

(P) located in the KPVSLSYR motif (before CXC) are also
found in the catfish CXCL12 sequence. The catfish CXCL12
shares highest amino acid sequence similarity with the ze-
brafish CXCL12a chemokine and appears to be more closely
related to the CXCL12a variants of both zebrafish and carp
(Table 3).

Table 2
Pairwise sequence similarities of CXCL2 chemokines from various species

Catfish CXCL2-like Swine CXCL2 Bovine CXCL2 Mouse CXCL2 Human CXCL2

Catfish CXCL2-like 100
Swine CXCL2 17.8 100
Bovine CXCL2 21.4 82.7 100
Mouse CXCL2 24.0 61.0 61.2 100
Human CXCL2 16.8 74.8 79.6 62.0 100
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Table 3
Pairwise sequence similarities of CXCL12 chemokines from various species

Catfish
CXCL12

Carp
CXCL12a

Carp
CXCL12b

Zebrafish
CXCL12a

Zebrafish
CXCL12b

Cichlid
BJ701617

Chicken
CXCL12

Mouse
CXCL12

Human
CXCL12

Catfish CXCL12 100
Carp CXCL12a 70.7 100
Carp CXCL12b 64.9 71.1 100
Zebrafish CXCL12a 73.7 86.9 76.3 100
Zebrafish CXCL12b 62.9 70.1 90.7 75.3 100
Cichlid BJ701617 67.3 68.4 67.0 72.4 66.0 100
Chicken CXCL12 39.4 38.4 40.2 40.4 34.0 35.7 100
Mouse CXCL12 42.4 39.4 41.2 43.4 45.4 36.7 54.2 100
Human CXCL12 44.6 41.3 41.3 44.6 46.7 38.0 70.7 90.2 100

Table 4
Pairwise sequence similarities of CXCL14 chemokines from various species

Catfish CXCL14 Carp CXCL14 Zebrafish CXCL14 Swine CXCL14 Mouse CXCL14 Human CXCL14

Catfish CXCL14 100
Carp CXCL14 97.3 100
Zebrafish CXCL14 92.0 94.6 100
Swine CXCL14 51.8 53.6 50.0 100
Mouse CXCL14 58.9 60.7 57.1 79.5 100
Human CXCL14 50.0 51.8 48.2 69.6 82.1 100

The channel catfish CXCL14 cDNA was identified from
the gill cDNA library with an EST clone, AUFIpGil 01 G21.
Its full length cDNA (757 bp) also encodes a protein of 99
amino acids. It contains a 5′-UTR of 206 nucleotides and a 3′-
UTR of 251 nucleotides. There is no typical poly (A)+ signal
sequence in the cDNA, but a highly A/T-rich sequence TATT-
TATT exists 20-bp upstream of the poly (A)+ tail (Fig. 1C).
The channel catfish CXCL14 shares high amino acid se-
quence similarity with both carp and zebrafish CXCL14
(Table 4).

3.2. Phylogenetic analysis

Phylogenetic analysis using the neighbor joining method
indicated that orthologies can be established for catfish
CXCL12 and CXCL14. Catfish CXCL12 was placed into a
clade containing CXCL12 from various organisms with very
strong statistical support. The orthology of catfish CXCL14
could also be established, as it falls into a clade contain-
ing CXCL14 from various organisms (Fig. 2). The lack of
CXCL2-like sequences from species intermediate to fish and
mammals meant that the catfish chemokine could not be in-
cluded in a clade containing CXCL2; its orthology cannot be
presently established.

3.3. Assigning three CXC catfish chemokines to BAC
clones

Comparative genome analysis requires anchorage of genes
onto BACs. As part of our ongoing effort to map known genes
to BACs, we conducted hybridization using overgo probes.
As shown inTable 5, hybridization using a CXCL2-like
overgo allowed identification of three CXCL2-like positive
BACs. Similarly, 26 BAC clones were identified to contain
CXCL12, and 14 BAC clones contain CXCL14 chemokine
(Table 5).

3.4. Determination of genomic copy numbers

In order to determine the copy number of the chemokine
genes in the channel catfish genome, two approaches were
taken. Initially, genomic Southern blot analysis was con-
ducted with CXCL2-like chemokine. As shown inFig. 3,
however, the sizes of some of these chemokine genes may
be quite large, resulting in multiple bands. In the absence
of genomic sequences, it is difficult to make a conclusion
on genomic copy numbers. Therefore, BAC-based South-
ern hybridization was conducted. If the gene is present in
multiple copies in different genome locations, then clones

T
L m high AC
l

G

C
C 7-E2, 3 11-G22,

142-G 7
C 7, 40-F -F2
able 5
ocation of BAC clones positive to three novel catfish CXC genes fro

ibrary

ene Location in 384-well plate

XCL2-like 38-A17, 119-I6, 119-I17
XCL12 19-P10, 24-M3, 31-O18, 34-F17, 3

130-I9, 135-F1, 136-C7, 139-M18,
XCL14 10-I2, 20-F3, 26-D1, 35-K6, 39-N1
density BAC filters containing 10× genome coverage of the CHORI212 B

8-D13, 52-M13, 59-J23, 68-F22, 81-L19, 90-M1, 96-H15, 99-D13, 1
24, 158-J22, 160-D11, 170-N10, 184-K1, 185-P24, 189-J24, 191-N1
10, 53-M9, 60-K1, 79-P24, 118-P19, 123-I24, 143-G19, 144-J3, 164
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Fig. 2. Phylogenetic analysis of the three newly identified catfish CXC chemokines. The phylogenetic tree was constructed with ClustalX and PAUP using
the neighbor joining method. The numbers on the branches represent the confidence level of 10,000 bootstrap replications. The sequences and their accession
numbers used in the phylogenetic analysis are as the following: human CXCL1 (P09341), human CXCL2 (NP002080), human CXCL3 (NP002081), swine
CXCL2 (NP 001001861), bovine CXCL2 (NP776724), mouse CXCL2 (NP033166), human CXCL5 (NP002985), human CXCL6 (NP002984), human
CXCL4 (NP 002610), human CXCL7 (NP002695), human CXCL8 (NP000575), mouse CXCL15 (NP035469), human CXCL12 (NP954637), mouse
CXCL12 (AAH46827), frog CXCL12 (CAC82196), chicken CXCL12 (AAR91696), zebrafish CXCL12a (NP840092), carp CXCL12a (AJ627274), zebrafish
CXCL12b (NP932334), carp CXCL12b (AJ536027), catfish CXCL12 (AY836755), human CXCL9 (NP002407), human CXCL11 (NP005400), human
CXCL10 (P02778), human CXCL14 (NP004878), swine CXCL14 (AAQ75577), mouse CXCL14 (Q9WUQ5), carp CXCL14 (AJ536028), catfish CXCL14
(AY836756), zebrafish CXCL14 (NP571702), human CXCL13 (AAH12589), human CXCL16 (NP071342), and catfish CXCL2-like (AY836754).

positive to the gene probes should generate different re-
striction patterns with the gene probes, regardless of the
number of bands. As shown inFig. 4, all 26 CXCL12-
positive BAC clones produced identical restriction patterns
usingHindIII (Fig. 4) orEcoRI (not shown), confirming the
presence of a single copy of CXCL12 gene in the catfish
genome.

The channel catfish genome also contains a single copy
of CXCL14. BAC-based Southern blot analysis produced
identical restriction patterns with 14 BAC clones using
EcoRI (Fig. 5A) or HindIII (Fig. 5B). With EcoRI, only
one band was positive for the CXCL14 probe, whereas
with HindIII, three bands were positive for the CXCL14
probe. The identical restriction fragment profiles confirm
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Fig. 3. Genomic Southern blot analysis of the catfish CXCL2-like
chemokine. Genomic DNA was digested withHindIII (lane 1) or PstI
(lane 2), and electrophoresed through a 0.8% agarose gel, transferred to ny-
lon membrane, and hybridized with CXCL2-like cDNA probes. Molecular
weight standard (kb) is indicated on the right margin.

the presence of a single copy of CXCL14 in the catfish
genome.

3.5. Expression of three CXC chemokines in normal
catfish tissues and developmental expression of CXCL12

Constitutive expression of the CXCL2-like chemokine
was observed in all tested tissues including ovary, skin, mus-
cle, intestine, stomach, brain, gill, liver, spleen, trunk kidney,
and head kidney. The expression level was very high, higher,
in fact, than expression levels of the�-actin gene. Interest-

Fig. 4. Southern blot analysis of the catfish CXCL12 locus using BAC
clones. BAC DNAs were digested withHindIII, electrophoresed through
a 0.8% agarose gel, transferred to nylon membrane, and hybridized with
CXCL12 cDNA probes. Lanes 1–26 contained BAC DNA from 26 different
BAC clones (seeTable 5). Molecular weight standard (kb) is indicated on
the right margin.

ingly, equal levels of CXCL2-like chemokine were expressed
in all tissues, regardless of whether the tissues were immune-
related (Fig. 6A).

Catfish CXCL12 was also expressed in all 11 tested tis-
sues (Fig. 6B). Expression levels appeared to be lower in the
skin, muscle, and brain. The overall expression was high, at a
level comparable to the expression of�-actin. Very similarly,
CXCL14 was expressed at high levels in various tissues. The
notable exceptions were in the skin and trunk kidney, where
the expression was lower. In relation to its functions in the
central nervous system as characterized in zebrafish and carp
(Long et al., 2000; Huising et al., 2004), CXCL14 was ex-
pressed highly in the brain (Fig. 6C). Strong expression was
also noted in ovary, gill, and head kidney.

CXCL12 plays an important role in early development,
specifically primordial cell migration in zebrafish and colo-
nization of gonad in mouse (David et al., 2002; Ara et al.,

F C clon d
t ridized NA from 14
d icated
ig. 5. Southern blot analysis of the catfish CXCL14 locus using BA
hrough a 0.8% agarose gel, transferred to nylon membrane, and hyb
ifferent BAC clones (seeTable 5). Molecular weight standard (kb) is ind
es. BAC DNAs were digested withEcoRI (A) or HindIII (B), electrophorese
with the catfish CXCL14 cDNA probes. Lanes 1–14 contained BAC D
on the right margin.
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Fig. 6. RT-PCR analysis of gene expression of CXCL2-like (A), CXCL12 (B), and CXCL14 (C) in various tissues. RT-PCR reactions were conducted as
detailed in the text. MW, molecular weight; 1, ovary; 2, skin; 3, muscle; 4, intestine; 5, stomach; 6, brain; 7, gill; 8, liver; 9, spleen; 10, trunk kidney; 11, head
kidney. The positions of RT-PCR products for each CXC chemokine and�-actin are indicated by the arrows on the right margins. Molecular weight standard
is indicated on the left margins.

2003; Knaut et al., 2003; Molyneaux et al., 2003; Raz, 2003;
Li et al., 2004). Its expression during the time course of de-
velopment was analyzed using RT-PCR. As shown inFig. 7,
CXCL12 was expressed quite early during development. Its
mature mRNA was detected at 24 h after fertilization and
expressed constitutively at high levels thereafter (Fig. 7).

3.6. Expression of three CXC chemokines in the head
kidney tissue of infected fish

The expression of the three CXC chemokines was ana-
lyzed in the head kidney tissues of catfish after challenge
with E. ictaluri, the causative agent of enteric septicemia of
catfish. Analysis using RT-PCR indicated that the expression

Fig. 7. RT-PCR analysis of CXCL12 gene expression during early devel-
opment. RT-PCR analysis was conducted as described in Section2. (MW)
molecular weight standard; (1) 8 h after fertilization; (2) 24 h after fertiliza-
tion; (3) 48 h after fertilization; (4) 4 days after fertilization (hatching); (5)
6 days after fertilization (first feeding); (6) 9 days after fertilization; (7) 13
d fer-
t and
� dards
a

of all three CXC chemokines was not affected by the bac-
terial infection (Fig. 8A–C). High levels of expression were
observed in control fish, and in fish challenged with the ESC
bacteria at 24 h, 3 days, and 7 days after challenge. Similar ex-
pression was also observed from moribund fish (Fig. 8A–C).

4. Discussion

We report here three new constitutively-expressed CXC
chemokines from channel catfish. Phylogenetic analysis
demonstrates strong orthologies between two of the catfish
chemokines and mammalian CXCL12 and CXCL14. Al-
though the orthology of the third CXC chemokine could not
be established, it represents a novel CXC chemokine from
teleost fish most similar to CXCL2. Expression of these three
novel catfish chemokines differs from our previous work
with CXCL8-like chemokine, and CXCL10-like chemokine
in channel catfish. While dramatic upregulation was observed
after bacterial infection for the CXCL8- and CXCL10-like
chemokines, the catfish CXCL2-like, CXCL12, and CXCL14
were constitutively expressed.

Five CXC chemokines have now been identified from
channel catfish. While this number is still significantly less
than the number known in mammalian species, recent dis-
c (
e e
C se-
q

ays after fertilization; (8) 16 days after fertilization; (9) 20 days after
ilization. The positions of RT-PCR products for each CXC chemokine
-actin are indicated by the arrows on the right margins. Molecular stan
re indicated on the left margins.
overies of large sets of CC chemokines in fish speciesHe
t al., 2004; Laing and Secombes, 2004b) indicate that mor
XC chemokines may be identified after further genome
uencing and analysis.
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Fig. 8. RT-PCR analysis of CXC chemokine gene expression after bacterial
challenge withEdwardsiella ictaluri. RT-PCR analysis was conducted as
described in Section2. Samples of head kidney were collected and expression
of CXCL2-like (A), CXCL12 (B), and CXCL14 (C) was analyzed at various
time points after bacterial challenge: (1) no challenge control; (2) 24 h after
challenge; (3) 3 days after challenge; (4) 7 days after challenge (5) moribund
fish collected between day 4 and 7 after challenge. The positions of the
RT-PCR products of CXCL2-like, CXCL12, and CXCL14, as well as that
of �-actin are indicated by arrows on the right margins. Molecular weight
standards are indicated on the left margins.

The identity of the catfish CXCL2-like chemokine re-
mains to be resolved. It shares only 24% amino acid identity
with mouse CXCL2 and even less with other mammalian
species. While future sequencing efforts in intermediate
species may provide sequences that allow catfish CXCL2-like
chemokine to cluster concretely with mammalian counter-
parts on a phylogenetic tree, presently we can only speculate
as to orthology. An examination of the functional and
expression characteristics of mammalian CXCL2, however,
provides some interesting insights. CXCL2 is traditionally
classified as an inducible chemokine, stimulated by bacterial
cell wall components and induced by pro-inflammatory
cytokines (Wolpe et al., 1989; Biedermann et al., 2000; Liu
et al., 2000). However, several reports of constitutive ex-
pression of CXCL2 have been made (Saavedra et al., 1999;
Luan et al., 2001; Matzer et al., 2001; Savard et al.,
2002). Saavedra et al. (1999)noted fairly high constitutive

expression of CXCL2, however, they were unable to detect a
change of expression afterCandida albicansinfection. The
authors suggested that CXCL2 may normally function in
the regulation of polymorphonuclear neutrophils (PMNs).
A recent study byMatzer et al. (2004)found constitutive
expression of CXCL2 in the bone marrow of mice even
after infection with bacteria,Yersinia enterocolitica. CXCL2
is believed to be produced by a subset of bone marrow
granulocytes in mice. Our observation, therefore, of high
constitutive expression of catfish CXCL2-like chemokine
during challenge in head kidney (functionally similar to
bone marrow), may represent a conservation of homeostatic
functions between teleost and mammalian species.

The genome duplication of CXC chemokines in certain
fish species appears to be a recent evolutionary event. While
two copies of CXCL12 were found in carp (Huising et al.,
2004) and in zebrafish (Doitsidou et al., 2002) only a sin-
gle copy was identified here from channel catfish. Zebrafish
and carp are closely related taxonomically, both species
are part of the Cyprinid family. However, catfish as an or-
der, Siluriformes, is tightly grouped on the tree of life with
Cypriniformes, containing zebrafish and carp, as ostario-
physan fishes. Considering the small evolutionary distance
separating these species, it was somewhat surprising to not
find a second copy of catfish CXCL12. Catfish CXCL12
shares highest identity with thea forms of both zebrafish
a of
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hea andb types of CXCL12 in these fish make it unlike
hat another copy of catfish CXCL12 was missed in scree
he catfish BAC library, the possibility remains.

Chemokines are best known for their vital role in leu
yte chemotaxis as part of the larger inflammatory
ponse. Expression analysis and functional characteriz
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ent investigations of chemokine diversity in teleost fish h
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em (McGrath et al., 1999; Sleeman et al., 2000; Laza
t al., 2003; Klein and Rubin, 2004). The former chemokin
lso plays important roles in reproductive organ develop
Ara et al., 2003; Molyneaux et al., 2003; Raz, 2003). In
ddition,Kurth et al. (2001)found constitutive expressio
f CXCL14 in skin and intestine suggesting the chemo
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ecruiting precursors to fibroblasts.Huising et al. (2003a
tated that CXCL12 and CXCL14 functions not only can
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redundancies of function, and identify the most valuable tar-
gets for remediative disease therapies in humans and fish.

As part of a larger effort to assess the conservation
of chemokine diversity in teleost fish, we report here the
identification of three novel, constitutively-expressed CXC
chemokines from channel catfish (Ictalurus punctatus). All
three novel CXC chemokines were found to be non-inducible
under bacterial challenge withE. ictaluri, the causative agent
of ESC disease. Their expression profiles stand in notable
contrast with CXCL10 and CXCL8-like chemokines in cat-
fish that were induced more than 3–60 times after chal-
lenge depending on the genetic background (Baoprasertkul
et al., 2004; Chen et al., 2005). CXCL2-like, CXCL12, and
CXCL14 catfish chemokines may lack significant roles in
the inflammatory response but, instead, insert their functions
during normal developmental processes. Their high consti-
tutive expression in several non-immune tissues suggests the
pleiotropic nature of their functions and their importance to
homeostasis.
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