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Chemokines are a superfamily of structurally related chemotactic cytokines exerting signiﬁcant roles in
regulating cell migration and activation. They are deﬁned by the presence of four conserved cysteine
residues and are divided into four subfamilies depending on the arrangement of the ﬁrst two conserved
cysteines residues: CXC, CC, C and CX3C. In this study, a complete set of 17 CXC chemokine ligand (CXCL)
genes was systematically identiﬁed and characterized from channel catﬁsh genome through data mining
of existing genomic resources. Phylogenetic analysis allowed annotation of the 17 CXC chemokines.
Extensive comparative genomic analyses supported their annotations and orthologies, revealing the
existence of ﬁsh-speciﬁc CXC chemokines and the expansion of CXC chemokines in the teleost genomes.
The analysis of gene expression after bacterial infection indicated the CXC chemokines were expressed in
a gene-speciﬁc manner. CXCL11.3 and CXCL20.3 were expressed signiﬁcantly higher in resistant ﬁsh than
in susceptible ﬁsh after ESC infection, while CXCL20.2 were expressed signiﬁcantly higher in resistant
ﬁsh than in susceptible ﬁsh after columnaris infection. The expression of those CXC chemokines,
therefore can be a useful indicator of disease resistance. A similar pattern of expression was observed
between resistant and susceptible ﬁsh with biotic and abiotic stresses, ESC, columnaris and hypoxia,
suggesting that high levels of expression of the majority of CXC chemokines, with exception of CXC11 and
CXC20, are detrimental to the host.
© 2016 Elsevier Ltd. All rights reserved.

Keywords:
Chemokine
Fish
Genome
Innate immunity
Disease resistance

1. Introduction
Chemokines are a superfamily of chemotactic cytokines playing
signiﬁcant roles in regulating cell migration and activation under
inﬂammatory conditions [1e3]. They are key immune regulators,
acting as a bridge between innate and adaptive immunity [4].
Speciﬁcally, chemokines promote leukocyte mobilization and
regulate the immune responses and differentiation of the recruited
cells [4,5]. In addition to their roles in immunity, chemokines also
participate in angiogenesis [6,7], neurological development [8,9],
organogenesis and germ cell migration [10,11], and hypoxia responses [12,13]. Chemokines are structurally related small peptides,
typically 8e15 kDa, with majority of them containing four
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conserved cysteine residues [3,14]. Based on the arrangement of the
ﬁrst two of the cysteine residues, chemokines are divided into four
subfamilies, CXC, CC, C and CX3C [15]. The CXC subfamily is one of
the largest subfamilies.
Initially identiﬁed as effective mediators of neutrophil chemotaxis [16,17], CXC chemokines are also known to function in
chemotaxis of monocytes and lymphocytes [18,19], acting by
binding to G-protein-coupled cell surface receptors that can activate an array of signaling pathways [20,21]. In mammals, the CXC
subfamily consists of 17 members, but each species has slightly
variable numbers of genes, with 16 members for human (lacking
CXCL15), 15 for mouse (lacking CXCL6 and CXCL8) and a smaller
number identiﬁed from other mammalian species [22]. CXC chemokines are further classiﬁed into two subgroups, ELRþ and ELR,
based on the presence or absence of a tri-amino acid motif (GluLeu-Arg or E-L-R) preceding the ﬁrst conserved cysteine at the Nterminus [23e25]. In mammals, the ELRþ subgroup includes CXCL1,
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CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, CXCL8 and CXCL15. These
chemokines play major roles in promoting the adherence of neutrophils to endothelial cells and subsequent migration along a
gradient of chemokines associated with matrix proteins and cell
surfaces towards inﬂammatory sites [26]. In addition, the ELRþ
group exhibits angiogenic properties [19]. The ELR chemokine
group includes CXCL4, CXCL9, CXCL10, CXCL11, CXCL12, CXCL13,
CXCL14 and CXCL16. They have functions to attract lymphocytes
and monocytes, while with little or no ability for neutrophils
[27,28]. In contrast to ELRþ groups, most ELR CXC chemokines are
angiostatic and have anti-angiogentic characteristics [27]. In teleost
ﬁsh, the ELR motif is sometimes replaced by a defective DLR motif
(Asp-Leu-Arg). Initially, this conservative change from E to D was
assumed not to affect function [29]. However, the DLR motif has
been demonstrated unnecessary for the attraction of neutrophils by
ﬁsh CXC chemokines [30].
To date, six different CXC clades, including CXCa, CXCb, CXCc,
CXCd, CXCL12 and CXCL14 have been identiﬁed from teleost ﬁsh
[31,32]. However, not all ﬁsh contained the six clades of CXC chemokine genes. Moreover, several ﬁsh-speciﬁc members were
observed in CXC chemokines subfamily such as CXCa and CXCb in
carp (Cyprinus carpio) [31], and CXCd in rainbow trout (Oncorhynchus mykiss) [33]. In zebraﬁsh, over 100 chemokine genes were
initially reported [1], but the latest annotation included fewer
number of chemokine genes, with 23 CXC chemokine genes (http://
zﬁn.org/).
Channel catﬁsh (Ictalurus punctatus) is a primary aquaculture
species in the United States (http://www.fao.org/ﬁshery/
culturedspecies/Ictalurus_punctatus/en), but its sustainable production is threatened by severe disease outbreaks. In particular, the
enteric septicemia of catﬁsh (ESC) caused by Edwardsiella ictaluri,
columnaris disease caused by Flavobacterium columnare, and the
emerging Aeromonas disease caused by Aeromonas hydrophila, all
bacterial diseases, cause major economic losses to the catﬁsh industry [34,35]. The disease incidents were increased with exposures to environmental stresses, especially when exposed to
hypoxia [36]. Understanding of molecular linkage between disease
and hypoxia responses should help strategic thinking of solving
these problems in genetic enhancing programs. With catﬁsh, many
innate immune genes have been characterized including pathogen
recognition receptors [37e43], antimicrobial peptides [44e48],
lysozymes [49], lectins [50e52], NOS genes [53], protease inhibitors [54,55] and septins [56]. With chemokines, our previous
studies [57e59] reported ﬁve members of CXC chemokines (CXCL2like, CXCL8, CXCL10, CXCL12 and CXCL14). However, the entire
chemokinome of CXC subfamily has not been conducted, and their
involvement in disease and hypoxia responses has not been fully
understood. The objective of this work was to determine all
possible members of the CXC chemokine subfamily in channel
catﬁsh, and their expression after bacterial infections, and under
hypoxia stress.
2. Materials and methods
2.1. Gene identiﬁcation and sequence analysis
The CXC chemokine genes in channel catﬁsh were identiﬁed by
searching against the RNA-Seq database and the whole genome
sequence database of catﬁsh, using all available sequences of CXC
chemokines from zebraﬁsh (Danio rerio), fugu (Takifugu rubripes),
medaka (Oryzias latipes), tongue sole (Cynoglossus semilaevis), frog
(Xenopus laevis), chicken (Gallus gallus), mouse (Mus musculus), cow
(Bos Taurus) and human (Homo sapiens) retrieved from the NCBI
(http://www.ncbi.nlm.nih.gov/), Ensemble (http://www.ensembl.
org) and ZFIN (http://zﬁn.org/). TBLASTN similarity searches were
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conducted ﬁrstly against channel catﬁsh transcriptome database to
identify the initial catﬁsh CXC chemokine sequences using a cutoff
E-value of 1e5. The transcriptome database was generated by
RNA-Seq genome-guided assembly (unpublished), which is the
most complete channel catﬁsh transcriptome database building
with about 4.8 billion raw reads. After that, duplicates in the initial
sequence pool were eliminated by using Clustal Omega (http://
www.ebi.ac.uk/Tools/msa/clustalo/) and each sequence was
conﬁrmed to be the unique gene according to their position information on the genome. Then, ORF (opening reading frames) ﬁnder
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html) was used to predict
coding sequences, which were further validated by BLASTP against
NCBI non-redundant (nr) protein database. In order to verify copy
number and the sequence accuracy of CXC chemokine genes in
channel catﬁsh, BLASTN was performed against channel catﬁsh
whole genome database [60], using the initial pool of CXC chemokine mRNA sequences as queries, with a cutoff E-value of 1e10.
Fgenesh program of Molquest software (Softberry Int.) was used to
predict the genes from retrieved genomic scaffold sequences [61].
The simple modular architecture research tool (SMART http://
smart.embl-heidelberg.de) was used to identify the characteristic
functional domains and further endorsed by conserved domain
predicted through BLASTP. The catﬁsh CXC chemokine amino acid
sequences acquired above were used in the following phylogenetic
analysis to determine gene identities.

2.2. Phylogenetic analysis
Phylogenetic analysis was conducted using the amino acid sequences of CXC chemokine from various organisms along evolutionary spectrum including human, mouse, chicken, frog and
several ﬁsh species with inclusion of channel catﬁsh, zebraﬁsh,
tongue sole, fugu and medaka. Alignment of multiple amino acid
sequences were performed using MUSCLE (multiple sequence
comparison by log-expectation) with default parameters [62]. The
unrooted phylogenetic tree of CXC chemokines were constructed
using MEGA 6 [63] with the maximum likelihood method. Based on
the alignment results, JTT (Jones-Taylor-Thornton) þ I (invariant
sites) þ G (gamma distribution for modeling rate heterogeneity)
model was selected [64]. The bootstrapping with 1000 replications
was performed to test the phylogenetic tree and gaps were
removed by complete deletion. Bootstrap values less than 50 are
not shown.

2.3. Synteny analysis
Syntenic analysis was conducted to better support the orthologies for the channel catﬁsh CXC chemokine genes, basing on the
comparison the neighboring genes of CXC chemokines in channel
catﬁsh with zebraﬁsh. Brieﬂy, BLASTN was conducted using the
catﬁsh CXC chemokine coding sequences as queries against the
catﬁsh genome sequence database [60], with a cutoff E-value of
1e10. The ﬂanking genes of catﬁsh CXC chemokines were predicted
from the catﬁsh genomic scaffolds using Fgenesh program Molquest software (Softberry Int.) [61] and validated by running
BLASTP against NCBI non-redundant database. The genomic
pattern of CXC chemokine genes and their neighboring genes in
zebraﬁsh were obtained from NCBI, Ensembl and Genomicus [65]
database. For the nomenclatures of channel catﬁsh CXC chemokine genes, since no clear orthology to mammalian chemokines
could be established for most ﬁsh chemokines [1], we named them
after zebraﬁsh whenever possible, based on orthologues which
determined by phylogenetic and syntenic analysis.
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2.4. Schematic genomic organization analysis
Schematic genome structure of catﬁsh CXC chemokine genes
was analyzed in order to visually and systematically clarifying the
distribution of CXC chemokine genes in catﬁsh genome. The schematic genomic organization of catﬁsh CXC chemokine genes illustrated the detailed information of catﬁsh CXC chemokine genes,
with inclusion of their genome positions, transcriptional orientation and numbers of coding exons. Such information was collected
and decided from the identiﬁcations, annotations of catﬁsh CXC
chemokines.
2.5. Expression analysis following E.ictaluri and F.columnare
infections
Meta-analysis of RNA-Seq data was conducted to determine the
expression proﬁles of CXC chemokines in response to bacterial infections (E.ictaluri and F. columnare). The bacterial challenges were
conducted as previously described [66e69] and all experiments
were approved by the Institutional Animal Care and Use Committee
(IACUC) at Auburn University. On the one hand, the expression of
catﬁsh CXC chemokines with time variation after ESC and columnaris infection were determined. Brieﬂy, marion channel catﬁsh
(mean weight 35 g) were maintained in 30 L tanks and acclimatized
for 1 week at a temperature of 28  C prior to experiment. Bacteria
was cultured from a single colony, re-isolated from a symptomatic
ﬁsh and biochemically conﬁrmed before being inoculated in the
shaker incubator overnight. The concentration of bacteria was
determined using colony forming unit (CFU) per mL by plating
10 mL of 10-fold serial dilutions onto plates. For ESC infection, ﬁsh
were challenged in 30 L aquaria with three control and three
treatment groups. Aquaria were randomly divided into three
sampling time-points: 3 h, 24 h, and 72 h post-infection for both
control and treatment groups. During challenge, E. ictaluri (MSS97-773) with a concentration of 4  108 CFU/mL was added into
the treatment aquaria for 2 h with the water ﬂow turned off.
Control ﬁsh were exposed to the same routines as treatment ﬁsh,
but were immersed in sterilized media alone. At each time-point,
30 ﬁsh were collected from the control and treatment aquaria
and anesthetized with MS-222 (300 mg/L). The entire intestinal
tracts from 10 ﬁsh (3 replicates of 10 ﬁsh each) were pooled
together, ﬂash frozen in liquid nitrogen and store at 80  C until
RNA extraction. Similarly, for columnaris challenge, ﬁsh were
randomly divided into six 30 L aquaria of which three aquaria were
used as control (4 h, 24 h and 48 h) and the other three were used as
challenge groups. F. columnare (BGFS-27; genomovar II) with a
concentration of 3  106 CFU/mL were added into the treatment
aquaria for 2 h. Gills of 18 ﬁsh were collected and randomly divided
into three replicate pools (6 ﬁsh each) at each sampling time-point.
Samples were ﬂash-frozen in liquid nitrogen and stored at 80  C
until RNA extraction.
On the other hand, the expression patterns of catﬁsh CXC chemokines in susceptible and resistant ﬁsh to ESC and columnare
were also determined. For the ESC challenge, catﬁsh (mean weight
35 g) were challenged in 500 L (400 L water) aquaria with control
group containing 400 ﬁsh and treatment group containing 1200
ﬁsh. The MS-S97-773 isolate of E. ictaluri bacteria was obtained
from a natural outbreak and utilized in the experimental challenge.
All the experimental procedures including bacterial isolation,
cultivation and infection were same with ESC challenge described
above. During 3e5 days after challenge, all dying ﬁsh with classical
ESC clinic signs were collected as susceptible ﬁsh. After two weeks
of the challenge, all survival ﬁsh were collected as resistant ﬁsh and
the ﬁsh in control group were also collected at that time. 72 ﬁsh (24
ﬁsh/group each for resistant, susceptible and control) were

collected and anesthetized with MS-222 (300 mg/L). Equal
amounts of liver tissue from 8 ﬁsh (3 replicates of 8 ﬁsh each) were
pooled together, ﬂash frozen in liquid nitrogen and store at 80  C
until RNA extraction. For the columnaris challenge, two families of
channel catﬁsh (mean weigh 14 g) utilized in this study were
previously revealed to have differing susceptibilities to columnaris
disease [70,71]. There were four tanks for each family, three of
which were challenged with F. columnare and remaining tank for
each family served as a negative (unchallenged) control. The ﬁsh
were euthanized with MS-222 (300 mg/L) before tissues were
collected. Gill tissues from 4 ﬁsh per replicate tank (3 replicates
tanks/family) were collected at 8 h after challenge. Equal amounts
of tissues were collected from each ﬁsh within the three pools (3
pools of 4 ﬁsh each), ﬂash frozen in liquid nitrogen and store
at 80  C until RNA extraction.
Illumina-based RNA-Seq reads were retrieved from our four
previous RNA-Seq datasets described above: intestine samples
from catﬁsh challenged with ESC (control group, 3 h, 24 h and 72 h
post infection) (SRA accession number SRR357322, SRR357323,
SRR357324 and SRR357325) [66] and gill samples from catﬁsh
challenged with columnare (control group, 4 h, 24 h and 48 h post
infection) (SRA accession number SRR493667, SRR493669,
SRR493670 and SRR493671) [67] were used to determine the
expression signatures of CXC chemokine genes with time variation,
meanwhile, liver samples from catﬁsh challenged with ESC (the
comparison between resistant and susceptible groups) (SRA
accession number SRR942316 and SRR942317) [68] and gill samples from catﬁsh challenged with columnare (the comparison between resistant and susceptible at 8 h) (SRA accession number
SRR641293 and SRR641297) [69] were used to compare the
expression differences of CXC chemokine genes between susceptible and resistant catﬁsh groups. The trimmed high quality RNASeq reads were ﬁrst mapped to reference containing the whole
26,661 unique catﬁsh cDNA transcripts together with all cDNA sequences of channel catﬁsh CXC chemokine genes identiﬁed in this
study. Mapping parameters were set as 95% or greater sequence
identity with a maximum of two mismatches. The number of total
mapped reads for each chemokine genes was determined and
RPKM was calculated. The expression fold change of each chemokine gene was calculated based on normalized RPKM using
proportions-based Kal's test. Chemokine genes with absolute fold
change 2, total reads number >5 and p-value < 0.05 were regarded as differentially expressed genes (DEGs).
2.6. Expression analysis following hypoxia stress
For hypoxia challenge, 350 catﬁsh (average body mass 21.73 g)
were acclimated in an aquarium [90  60  30 cm (L  W  H)] for
one week with ﬂow-through water. After acclimation, 50 ﬁsh were
moved to another tank as control group, the remaining ﬁsh were
exposed to hypoxia stress. Dissolved oxygen levels in the challenge
group were reduced from 8.5 mg/L to 1.00 mg/L after bubbling
nitrogen gas into the aquarium for 1.5 h. The oxygen level was
measured every hour to ensure the oxygen concentration was
properly maintained. Starting at 1.5 h when ﬁrst ﬁsh start to lose
balance, samples were collected continuously until 45 ﬁsh were
collected. At 5 h after low oxygen challenge, 45 tolerant ﬁsh were
randomly collected. 15 ﬁsh were euthanized with MS-222 (300 mg/
L) and collected for hypoxia intolerant, tolerant and control group.
Gill samples were collected and pooled for RNA analysis. The
similar meta-analysis was conducted to determine the expression
signatures of CXC chemokine between hypoxia-tolerant and
hypoxia-intolerant ﬁsh using our previous Illumina-based RNA-Seq
datasets (SRA no. SRP039612) [72]. The differential expression analyses were conducted the same as described above in bacterial
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infectious tissues (see 2.5).
3. Results
3.1. Identiﬁcation of CXC chemokine genes in channel catﬁsh
A total of 17 CXC chemokine genes were identiﬁed in the
channel catﬁsh genome including CXCL8a, CXCL8b.1, CXCL8b.2,
CXCL11.1, CXCL11.2, CXCL11.3, CXCL12a, CXCL12b, CXCL13, CXCL14,
CXCL18a.1, CXCL18a.2, CXCL18b, CXCL19, CXCL20.1, CXCL20.2 and
CXCL20.3. Their sequences were deposited to GenBank. The characteristics of the transcripts of the 17 CXC chemokines, including
the transcript sizes, coding sequences, gene organizations and their
chromosomal locations, and their accession numbers are shown in
Table 1. The transcripts of the catﬁsh CXC chemokines vary between
506 and 3040 bp encoding proteins of 90e131 amino acids
(Table 1). Most catﬁsh CXC genes have 4 exons with exception of
three genes: CXCL20.1 has 3 exons; and CXCL11.3 and CXC18a.2
have 5 exons each. As shown in Supplementary Fig. S1, all members
of the catﬁsh CXC chemokines possessed the conserved CXC
domain.
3.2. Phylogenetic and syntenic analysis of channel catﬁsh CXC
chemokine genes
Phylogenetic analysis was conducted to annotate the channel
catﬁsh CXC chemokine genes. Overall, phylogenetic analysis supported the annotation of catﬁsh CXC chemokines. Most of the
channel catﬁsh CXC chemokines were clustered into clades with
their respective counterparts in zebraﬁsh with strong bootstrap
support. Of the 17 catﬁsh CXC chemokines, a number of them are
highly related duplicates, which included three genes for CXCL8:
8a, 8b.1 and 8b.2; three genes for CXCL11: 11.1, 11.2 and 11.3; two
genes for CXCL12: 12a and 12b; three genes for CXCL18: 18a.1, 18a.2
and 18b; and three genes for CXCL20: 20.1, 20.2 and 20.3 (Fig. 1).
Though phylogenetic relationships provided strong support for
the identities of most catﬁsh CXC chemokines, syntenic analyses
were necessary to provide additional support for the annotation of
CXCL8, CXCL11, CXCL12, CXCL18, CXCL20 and their duplicates. As
shown in Fig. 2, the three CXCL8 genes were derived from the initial
whole genome duplication, followed by a tandem duplication
(Fig. 2A). The orthology of CXCL11 and CXCL20 is somewhat complex. In the genomic neighborhood, it appeared that the earliest
module included one copy each of CXCL20 and CXCL11. Then, tandem gene duplication of CXCL11 in zebraﬁsh led to four copies of
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CXCL11; in contrast, in catﬁsh the whole segment containing both
CXCL20 and CXCL11 were duplicated in a tandem fashion, leading
to three copies each of CXCL20 and CXCL11 (Fig. 2B). CXCL12a and
CXCL18a.1 are located together, and the conserved syntenic region
in catﬁsh was found to contain these genes as well, except that
CXCL18a gene was tandemly duplicated, forming CXCL18a.1 and
CXCL18a.2. The syntenic blocks containing CXCL12b and CXCL18b
were well conserved between zebraﬁsh and catﬁsh, with some
local differences in gene orientations. Overall, the syntenic analysis
validated the annotation of CXC chemokine genes.
3.3. Comparative analysis of copy numbers of CXC chemokine genes
The copy numbers of CXC chemokine genes are listed in Table 2.
Zebraﬁsh has the largest number of total CXC chemokine genes (23
genes) followed by catﬁsh (17 genes), human (16 genes), mouse (15
genes), cow (14 genes), and a number of ﬁsh species. However, the
diversity of mammalian CXC chemokines were much larger than
those in teleost ﬁsh species. For instance, human has 16 CXC chemokine genes, with each of them a single copy. In contrast, the 17
copies of the catﬁsh CXC chemokine genes were derived from both
chromosomal duplication and tandem duplication, with original
only 8 genes. Similar situation is true with zebraﬁsh and other ﬁsh
species. However, four CXC chemokines were found only in teleost
ﬁsh, presumably to be teleost-speciﬁc. They are CXCL18, CXCL19,
CXCL20, and CXCL32. Among all CXC chemokines, only three,
CXCL12, CXCL13, and CXCL14, were shared by various organisms
ranging from teleost ﬁsh to mammals (Table 2).
As shown in Fig. 3, the 17 channel catﬁsh CXC chemokine genes
are distributed on seven different chromosomes in clusters: chromosome 22 contained the largest number of CXC chemokines with
seven genes; followed with chromosomes 3 and 7, with each of
them containing three CXC chemokine genes; Chromosome 8, 26,
27 and 29 each has one chemokine gene (Fig. 3).
3.4. Expression of CXC chemokine genes following bacterial
infection
The expression of 17 catﬁsh CXC chemokines was determined
after bacterial infections with two pathogens, E. ictaluri and
F. columnare using RNA-Seq datasets. Expression after ESC bacterial
infection was determined using RNA-Seq dataset of intestine. After
ESC infection, expression for the most CXC chemokine genes was
not signiﬁcantly affected. However, four chemokine genes,
CXCL12a, CXCL12b, CXCL18b and CXCL20.3 were signiﬁcantly up-

Table 1
Identiﬁcation of CXC chemokine genes in channel catﬁsh genome.
Chemokine

mRNA(bp)

CDS(bp)

domain

exons

Chr

Ori

location

Accession no.

Previous name

Reference

CXCL8a
CXCL8b.1
CXCL8b.2
CXCL11.1
CXCL11.2
CXCL11.3
CXCL12a
CXCL12b
CXCL13
CXCL14
CXCL18a.1
CXCL18a.2
CXCL18b
CXCL19
CXCL20.1
CXCL20.2
CXCL20.3

506
1165
1283
627
722
666
590
874
885
1897
1298
748
816
3040
778
866
991

91
90
109
102
126
95
99
99
101
99
123
125
131
99
90
108
111

24e85
26e86
42e105
27e89
57e119
26e88
29e87
29e87
31e92
33e85
33e95
31e91
29e84
28e89
27e86
29e91
29e92

4
4
4
4
4
5
4
4
4
4
4
5
4
4
3
4
4

29
7
7
22
22
22
3
27
22
8
3
3
26
7
22
22
22

þ
þ
þ
e
e
e
þ
þ
e
þ
þ
þ
þ
þ
e
e
e

202,466e203420
23,242,568e23,244,381
23,253,387e23,257,959
7,715,737e7716,675
7,724,434e7725,519
7,732,572e7736,932
17,602,740e17,609,781
16,062,541e16,067,669
7,693,947e7696,235
15,070,664e15,077,125
17,544,506e17,547,785
17,531,899e17,533,105
9,685,027e9686,654
23,263,891e23,268,400
7,707,189e7708,696
7,719,104e7720,485
7,728,302e7729,696

JT173315
JT346615
JT472937
JT349732
KX451318
KX451319
JT419405
JT207644
JT246782
JT320199
JT246160
JT350998
JT348632
JT243812
JT340266
KX451320
KX451321

e
e
e
e
e
CXCL10
CXCL12
e
e
CXCL14
e
e
CXCL2-like
e
e
e
CXCL8

This
This
This
This
This
[58]
[57]
This
This
[57]
This
This
[57]
This
This
This
[59]

study
study
study
study
study

study
study
study
study
study
study
study
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Fig. 1. Phylogenetic analysis of 17 CXC chemokine genes using amino acid sequences. The unrooted phylogenetic tree was conducted using maximum likelihood algorithm under
the JTT þ I þ G model using MEGA6 software. The red clusters indicate ﬁsh CXC chemokine genes and black dots indicate catﬁsh CXC chemokine genes. Bootstrap (1000 replications)
support values appear on the branches. Bootstrap values less than 50 are not shown. The Latin name and accession numbers were provided in Appendix: Supplementary File S2.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

regulated except CXCL20.3 at 24 h after infection when it was
down-regulated (Fig. 4).
Expression of CXC chemokine genes after columnaris bacterial
infection was shown in Fig. 5. Four of the 17 CXC chemokine genes,
were differentially expressed, of which CXCL18a.2, CXCL18b and
CXCL20.3 were induced at 24 h post-infection, while CXCL11.3 was
suppressed at 24 h and 48 h post-infection (Fig. 5).
3.5. Comparison of CXC chemokine expression in resistant and
susceptible ﬁsh
The comparison of CXC chemokine expression between resistant ﬁsh and susceptible ﬁsh in liver was determined after ESC
infection. As shown in Fig. 6, six CXC chemokine genes (CXCL8a,
CXCL8b.2, CXCL12a, CXCL14, CXCL18a.2 and CXCL18b) were
expressed signiﬁcantly higher in susceptible ﬁsh than in resistant
ﬁsh while two CXCL chemokines (CXCL11.3 and CXCL20.3) were
expressed at mildly higher levels in resistant ﬁsh after ESC infection
(Fig. 6).

The similar expression patterns of CXC chemokine genes between resistant ﬁsh and susceptible ﬁsh after columnaris infection
were observed. Higher expression in resistant ﬁsh was only
observed one CXC chemokine, CXCL20.2 (Fig. 7), while higher
expression in susceptible ﬁsh was observed with four CXC chemokines, CXCL8b.1, CXCL8b.2, CXCL11.2 and CXCL20.1 (Fig. 7). In
addition, expression levels in susceptible ﬁsh was much higher
after infection than in resistance ﬁsh (Fig. 7).
3.6. Expression proﬁle of CXC chemokine genes following hypoxia
stress
To get insights to the potential involvement of CXC chemokine in
hypoxia responses, the expression proﬁle of catﬁsh CXC chemokines under hypoxia conditions was determined. The comparison
between tolerant group and intolerant group revealed that there
were eight CXC chemokine genes showing differentially expressed
patterns between the hypoxia-tolerant ﬁsh and hypoxia-intolerant
ﬁsh. Among them, seven genes (CXCL8a, CXCL11.1, CXCL11.2,
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Fig. 2. Syntenic analysis of channel catﬁsh CXC chemokine genes with zebraﬁsh. (A) CXCL8; (B) CXCL11 and CXCL20; (C) CXCL12 and CXCL18. These syntenies were generated with
the information obtained from the genome browser Genomicus. Full gene names were provided in Appendix: Supplementary File S2.

CXCL11.3, CXCL13, CXCL18a.2, and CXCL20.1) were expressed
signiﬁcantly higher in intolerant ﬁsh than in tolerant ﬁsh while
only one gene (CXCL12b) was expressed higher in tolerant ﬁsh than
in intolerant ﬁsh (Fig. 8).

4. Discussion
Chemokines are a class of important chemotactic cytokines,
serving as key regulators for cell migration and activation, especially under inﬂammatory conditions [1,2]. As a major chemokine
subfamily, the CXC chemokines play fundamental roles in development, homeostasis and immune responses through regulating
neutrophil chemotaxis [16,17] and functioning in chemotaxis of
monocytes and lymphocytes [18,19]. In spite of their signiﬁcance,
systematic analysis of CXC chemokines is scarce in ﬁsh species [1].
Only ﬁve catﬁsh CXC chemokines were previously identiﬁed
[57e59], however, four of them were not annotated properly due to
the lack of genome sequence which became recently available for
catﬁsh [60] and lack of information from other ﬁsh species at that
time. In the present study, we identiﬁed a complete repertoire of 17

CXC chemokine genes in channel catﬁsh, conducted structural,
phylogenetic, syntenic analysis, and determined their expression
patterns after bacterial infections and after hypoxia challenges.
These results should be valuable for comparative immunological
studies and provide insights into their roles in stress response.
The annotations of catﬁsh CXC chemokine gene family were
fairly explicit based on the phylogenetic and syntenic analyses. First
of all, phylogenetic analysis provided straightforward perceptions
to their identiﬁcation and the evolutional relationship. As shown in
Fig. 1, all catﬁsh CXC chemokines were clustered with their
respective counterparts from other teleosts, hence the annotation
of the catﬁsh CXC chemokines genes were relatively forthright. In
addition, with CXCL8, 11, 12, 18 and 20, syntenic analysis provided
further evidence for their orthologies and evolutionary origins
(Fig. 2), supporting their annotations. Mammal CXC chemokines
has been divided into two subgroups with inclusion of
ELR þ subgroup and ELR-subgroup, based on the presence or
absence of the ELR motif. However, as shown in Supplementary
Fig. S1, none of the catﬁsh CXC chemokines, including CXCL8,
contains ELR motif. In ﬁsh, the ELR motif is usually replaced by a
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Table 2
Copy numbers of CXC chemokine genes in several representative vertebrate genomes. Yellow shading indicated the mammal-speciﬁc CXC chemokine genes. Green shading
indicated the CXC chemokine genes harbored by all checked species. Blue shading indicated the lack of CXC chemokine genes in tetrapod species. Bold numbers indicated the
gene duplications.

Fig. 3. Schematic genomic organization of catﬁsh CXC chemokine subfamily genes. Arrowheads indicate CXC chemokine genes and their transcriptional orientation. The numbers
under the chemokine genes indicated the numbers of coding exons.

defective DLR motif [29]. However, it has been demonstrated that
this DLR motif is not essential for ﬁsh CXC chemokines [30].
Analysis of the copy numbers of CXC chemokines in teleost ﬁsh
and tetrapods provided insights to the evolution of CXC chemokines. Firstly, the present study endorses and extends previous
research about expansion of CXC chemokines in teleost ﬁsh [1,4,14].
Seventeen CXC chemokines were identiﬁed in catﬁsh in the present
study (Table 2), compared to seven found in amphibians (Frog), four
in reptiles and ﬁve in birds [14]. There are two major factors leading
to the expansion of CXC chemokines in teleost ﬁsh, the duplications
and the existence of ﬁsh-speciﬁc chemokines. On the one hand,
duplications for some genes (CXCL8, CXCL11, CXCL12, CXCL18,
CXCL20 and CXCL32) were only found in teleosts, through both
whole genome duplication and lineage-speciﬁc tandem gene duplications [73,74]. Syntenic analysis conﬁrmed this and also

supported the intrachromosomal segmental duplication of some
CXC chemokines in catﬁsh [56]. For example, the catﬁsh CXCL8b.1
and CXCL8b.2 were tandemly located on the chromosome 7, and
CXCL18a.1 and CXCL18a.2 were also tandemly located on chromosome 3, both clearly indicated the segmental duplications (Fig. 2).
On the other hand, the existence of ﬁsh-speciﬁc CXC chemokines
were also observed in the present study, which have been reported
in several ﬁsh species such as zebraﬁsh and rainbow trout [1,14,33].
Moreover, CXCL12 and CXCL14 were found in all analyzed species,
which supported the conclusion that CXCL12 and CXCL14 are the
two most evolutionarily conserved chemokines [22,75]. In addition,
with minor exceptions, a set of 12 CXC chemokines including
CXCL1, CXCL2, CXCL3, CXCL4, CXCL5, CXCL6, CXCL7, CXCL9, CXCL10,
CXCL15, CXCL16 and CXCL17 were only harbored by mammalian
species and were lacking in other species (Table 2). Those mammal-
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Fig. 4. Expression of CXC chemokine genes in intestine after ESC infection at 3 h, 24 h and 72 h. The y-axis indicated fold change of CXC chemokine genes and the x-Axis provided
the names of the genes. Only the signiﬁcantly expressed genes (jfold changej  2, with the p-value < 0.05) were presented.

Fig. 5. Expression of CXC chemokine genes in gill after F. columnare infection at 4 h, 24 h and 48 h. The y-axis indicated fold change of CXC chemokine genes and the x-Axis provided
the names of the genes. Only the signiﬁcantly expressed genes (jfold changej  2, with the p-value < 0.05) were presented.

Fig. 6. Comparison between resistant and susceptible catﬁsh in liver after ESC infection. The y-axis indicated fold change of CXC chemokine genes and the x-Axis provided
the names of the genes. Only the signiﬁcantly expressed genes (jfold changej  2, with
the p-value < 0.05) were presented.

Fig. 7. Comparison between resistant and susceptible catﬁsh in gill after F. columnare
infection. The y-axis indicated fold change of CXC chemokine genes and the x-Axis
provided the names of the genes. Only the signiﬁcantly expressed genes (jfold
changej  2, with the p-value < 0.05) were presented.
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Fig. 8. Comparison of CXC chemokine expression between tolerant and intolerant
catﬁsh in gill after hypoxia stress. The y-axis indicated fold change of CXC chemokine
genes and the x-Axis provided the names of the genes. Only the signiﬁcantly expressed
genes (jfold changej  2, with the p-value < 0.05) were presented.

tolerant ﬁsh. The only exception is CXCL12b that is signiﬁcantly
induced in hypoxia-tolerant ﬁsh (Fig. 8). This suggest that high
expression of CXCL12b is correlated with increased tolerance
against low oxygen [78]. On the contrary, the signiﬁcantly induced
expression of most CXC chemokine genes in intolerant ﬁsh may
indicate that high levels of induced CXC chemokines are indicative
of sensitivity of ﬁsh for stress tolerance. This parallels with the
disease susceptibility. In other words, a set of chemokines were
expressed signiﬁcantly higher in susceptible ﬁsh and in intolerant
ﬁsh than in resistant and tolerant ﬁsh. This correlation is very
interesting because stresses including hypoxia stress tended to
induce disease incidents [36]. There is apparently a common linkage between disease infection and low oxygen stresses, and CXC
chemokines could be a common set of molecular signals amplifying
the adverse effect of infections or stresses. Future studies are
required to provide detailed molecular mechanisms of stress responses and their effect on disease susceptibility.
5. Conclusion

speciﬁc CXC chemokines are believed to have derived by gene
duplication after the divergence of the bird and mammalian
ancestral lineages [14,25].
It has been comprehensively studied and well accepted that CXC
chemokines not only exert vital roles in development and homeostasis but also in inﬂammatory responses in humans [2,75,76].
However, in ﬁsh species, the involvements of CXC chemokines in
immune responses were only sporadically reported. Therefore, we
examined the expression proﬁles of 17 CXC chemokines following
the infection of E. ictaluri and F. columnare in channel catﬁsh. In
general, CXC genes were induced after bacterial infections, though
not all CXC chemokines, and with the exception of CXC11.3 that was
down-regulated after infection (Fig. 5). In addition, ﬁsh-speciﬁc
CXC chemokines may play important roles in ﬁsh immune responses, as expression of several CXC chemokines, e.g., CXCL18 and
CXCL 20, were induced after two bacterial infections (Figs. 4 and 5).
Although the functions of ﬁsh-speciﬁc CXC chemokines in ﬁsh
immunity are currently poorly understood [14], the expression
patterns should be useful for future studies concerning functional
analysis of CXC chemokines.
Comparison of CXC chemokine expression between resistant
and susceptible ﬁsh is the most interesting. In most cases, expression of most CXC chemokines was more signiﬁcantly induced in the
susceptible ﬁsh than in resistant ﬁsh, suggesting that expression of
the majority of CXC chemokines was correlated with disease susceptibility (Figs. 6 and 7). Exceptions, however, do exist. With
CXCL11.3 and CXCL20.3, expression was greater in resistant ﬁsh
than in susceptible ﬁsh after ESC infection (Fig. 6), suggesting that
high expression of these CXC chemokines might be beneﬁcial to the
host, enhancing its immunity against the pathogen without
damaging the host. Interestingly, one copy of CXCL20 (CXCL20.2)
are also expressed at higher levels in resistant ﬁsh than susceptible
ﬁsh after columnaris infection (Fig. 7). The mechanisms of the potential beneﬁcial effect of CXCL20 chemokines are unknown at the
present. They are teleost-speciﬁc, and their roles have not been well
studied. However, CXCL11 was reported to have potent antitumor
activity through attraction of cytotoxic T lymphocytes and inhibition of angiogenesis [22,77]. While we do not know the exact
mechanism of how CXCL11 exert its beneﬁcial effect for the host in
teleost ﬁsh, a similar mechanism could provide the host with
enhanced immune activities through attraction of cytotoxic T
lymphocytes, as it does in humans [77].
A similar pattern was observed between the hypoxia-tolerant
and intolerant groups, with the majority of CXC chemokines being expressed at higher levels in hypoxia-intolerant ﬁsh than in

In this study, the entire CXC chemokinome, with a total of 17
CXC chemokine genes, was systematically identiﬁed and characterized in the channel catﬁsh genome. Phylogenetic and syntenic
analysis allowed annotations of these genes, and provided insights
into the existence of ﬁsh-speciﬁc CXC chemokines and the expansion of CXC chemokines in the teleost genomes. The analysis of
gene expression after bacterial infection indicated the CXC chemokines were expressed in a gene-speciﬁc manner. CXCL11.3 and
CXCL20.3 were expressed signiﬁcantly higher in resistant ﬁsh than
in susceptible ﬁsh after ESC infection, while CXCL20.2 were
expressed signiﬁcantly higher in resistant ﬁsh than in susceptible
ﬁsh after columnaris infection. The expression of those CXCL chemokines, therefore can be a useful indicator of disease resistance. A
similar pattern was observed with hypoxia, suggesting a common
linkage of the host response to biotic and abiotic stresses. These
studies should set the foundation for future studies of stress
physiology and host-pathogen interactions.
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