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A B S T R A C T

Chemokines are chemotactic proteins involved in host defense through the migration of immune-regulatory cells
to the site of infection. Interleukin-8 (CXCL8/IL8) is the most studied “ELR-CXC chemokine/neutrophil acti-
vating chemokine (NAC) that regulate neutrophil trafficking during infections and inflammation by binding to
its cognate G-protein coupled receptors CXCR1/CXCR2. The “ELR” motif of NAC chemokines is essential for the
CXCR1/CXCR2 receptor activation. In order to understand the evolutionary origin of “ELR” motif in the CXC
chemokines, a thorough evolutionary study of CXCL8 gene from various fishes and primates was performed.
Phylogenetic analysis revealed that the CXCL8 gene can be classified into four distinct lineages (CXCL8-L1a,
CXCL8-L1b, CXCL8-L2, and CXCL8-L3), where CXCL8-L1a is the fastest evolving lineage and CXCL8-L3 is the
slowest. Selection analysis suggested that The “ELR/DLR”motif containing branches (gadoid and coelacanth) are
positively selected. The probable evolutionary trend of “ELR” motif suggested that this motif in ancestor CXCL8
is evolved from the GGR of Lamprey (Agnatha), followed by duplication giving rise to two main motifs in CXCL8
“NXH” in L3 lineage and “ELR/DLR” in L1a/L1b lineages. Although, structural analysis suggested that the
overall topology of the CXCL8 proteins is similar, differences do exist at the individual structural elements
among the members of different lineages. Functional distance analysis suggested that the CXCL8-L3 lineage is
more distant compared to the CXCL8-L1a and L1b lineages from the inferred ancestor. Functional divergence
analysis between different lineages suggested that most of the selected residues are important for receptor or
glycosaminoglycan binding. Such a functional diversification can be attributed to the novel set of functions
adopted by CXCL8 in various species.

1. Introduction

Molecular evolution of proteins is a complex and continuous process
that is dependent on various constraints such as molecular structure,
functions, and stability. During the process of molecular evolution, a
particular gene undergoes selective genetic variations along the axis of
time and functional constraints to achieve better fitness [1,2]. The
enhanced fitness could be the consequence of either positive selection
or diversifying selection of a particular change in the protein and could
have differential phenotypic characteristics [3,4]. Phenotypic varia-
tions in the proteins can be classified as fluctuations in function,
structure, stability, and binding etc [5,6]. The functional and structural
diversity of proteins can originate from gene duplication events, as the
resultant gene could get neofunctionalized, pseudofunctionalized or
might have faced deletion in one of the descendant at the time of
speciation [7]. Orthologous genes are those which originated from a

single ancestor of two descendent species, and indeed such orthologous
evolutionary relationships for multigene families is very crucial to
elucidate the origin of the gene/gene families [8,9]. A general trend
observed among the protein families is that the proteins involved in the
host defense mechanism experience a higher rate of evolution com-
pared to the rest [10].

Chemokines are small molecular weight ubiquitous chemotactic
proteins involved in host defense through the migration of im-
munoregulatory cells to the site of infection during the infection/in-
flammation [11,12]. They bridge the innate and adaptive immune
systems to facilitate elevated immune response [13,14]. The root of
chemokine evolution lies in the early ancestor of vertebrates that
evolved around 650 mya. They are one of the important genes that
evolved with the advent of the adaptive immune system in vertebrates
[15]. Chemokines are broadly categorized into four groups based on the
position of the N-terminal cysteine residues such as CC, CXC, CX3C, and
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C [16]. Among these, the CXC chemokine group has been divided into
two subgroups, ELR(+)CXC and ELR(−)CXC chemokines depending
upon the presence of ELR motif, preceding the first cysteine residue at
the N-terminal [17,18]. In mammals, these two subgroups play dif-
ferent functional roles [19]. ELR(+)CXC chemokines can activate and
recruit neutrophils, whereas ELR(−)CXC members can only induce the
migration of lymphocytes but cannot activate neutrophil cells [19,20].
Humans possess seven ELR(+)CXC chemokines, among which CXCL8/
IL8/Interleukin-8 is the most prominent member [21]. CXCL8 binds to
cell surface glycosaminoglycans (GAGs) and regulates their functions
by activating two G-protein coupled receptors (GPCRs) CXCR1 and
CXCR2 [22,23]. It has a chemotactic property towards several types of
known immune cells [24]. It plays an important role in wound healing,
angiogenesis, neovascularization, metastasis and inflammation
[25–27]. Differential expression of CXCL8 is involved in several pa-
thological conditions such as chronic obstructive pulmonary disease
(COPD), human obstructive pancreatitis, psoriasis, rheumatoid ar-
thritis, cystic fibrosis, and many cancers [28,29].

Indeed, chemokines play a major role in the immune defense me-
chanism of primitive vertebrate species such as fish as they do not have
a very well developed adaptive immune system and are greatly de-
pendent on their innate immune system [14,15]. Although the ELR
motif is a conserved feature of avian and mammalian ELR(+)CXC
chemokines (CXCL8/IL8 protein), this motif is absent in the teleost fish
except for haddock (Melanogrammus aeglefinus), and Atlantic cod
(Gadus morhua) [30]. The first non-mammalian CXCL8-like sequence
was discovered in the lamprey in 1999, since then several studies have
reported a large number of CXC chemokines in the teleost fish, in-
cluding some novel CXC chemokines whose structural and functional
homologs are absent in humans [31–33]. Phylogenetically, CXCL8 like
chemokines in fish were categorized into three groups, CXCL8-L1,
CXCL8-L2, and novel type lineage as CXCL8-L3 [34,35]. Earlier studies
reported that some teleost CXCL8 have substitution form of ELR motif
such as DLR/NLH and revealed that they are able to activate the neu-
trophils [30,36,37]. Plenty of studies have been performed to under-
stand the structure and function of CXC chemokine from human and
mouse although fragmentary information is available from the primi-
tive species. In an effort to unravel the evolutionary origins of chemo-
kine multigene family ELR(+)CXC, the current study analyzed the
evolution-structure-function information of the CXCL8 protein in the
primitive vertebrate (fish) species. Our results evidenced that the
branch containing the ELR motif was a result of positive branch selec-
tion, and several of the residues exhibiting functional divergence are
underlying in the receptor or glycosaminoglycan binding domains of
CXCL8.

2. Methodology

2.1. Multiple sequence alignment (MSA)

A total of 76 genes/amino acid sequences of IL8/CXCL8 like che-
mokine for various fish species were obtained from the sequence da-
tabases of GenBank (http://www.ncbi.nlm.nih.gov/genbank/),
UniProt (http://www.uniprot.org/), and Ensembl (http://www.
ensembl.org/), for which the unique IDs for teleost fish are listed in
Table S1 and non-teleost fish are listed in Table S2 of supplementary
material. The unique IDs for primate CXCL8 sequences are listed in
Table S3. All the sequences were aligned using the multiple sequence
alignment tool Clustal Omega (https://www.ebi.ac.uk/Tools/msa/
clustalo/) by employing default settings for gap extension and gap
opening penalty and output as in Pearson/FASTA format. The correct-
ness of the alignments was also confirmed manually considering the
conserved cysteine residues at positions C12, C14, C39, and C55 of
human IL8 protein sequence.

2.2. Phylogenetic analysis

The output of multiple sequence alignment of CXCL8 genes from
Clustal Omega was used as an input data for molecular evolutionary
genetic analysis (MEGA6) [38]. The phylogenetic tree of fish CXCL8
was constructed using neighbor-joining method based on p-distance
and substitution type as an amino acid in MEGA6. The reliability of the
tree was assessed by the bootstrap method using 2000 bootstrap re-
plications with 95% site coverage that resulted in bootstrap proportion
for each internal branch of the tree. Further, FigTree3.0 program was
used to create the colored graphical representation of the phylogenetic
tree [39].

2.3. Conservation analysis

The conservation profile of CXCL8 protein was calculated to obtain
the conserved nature of each residue using the lineage wise aligned
protein sequences as input by the WebLogo server (https://weblogo.
berkeley.edu/logo.cgi).

2.4. Selection analysis

2.4.1. Site selection analysis
The codon-based maximum likelihood (codeml) program in the

PAML package was used to study the positive selection in the CXCL8
gene from all existing species of fish. Recombination possibilities were
assessed using the GARD program of the Datamonkey server [40]. For
selection analyses, codon alignment and neighbor-joining (NJ) tree
were used as the input data. Codeml selection analysis was performed
using M0 (one ratio), M1 (nearly neutral), M2 (positive selection), M7
(beta) and M8 (beta and ω) for the site selection whereas two ratio
models such as alternate and null models for branch and branch site
[41]. M0 model had a constant ω-ratio; whereas in M1 and M2 model,
ω0 is varied between 0 and 1 and ω1 is fixed at 1. M7 and M8 models
have distributed ω values. Likelihood ratio test (LRT) of M1 with M2
and M7 with M8 was performed to find out the most significant model.
p-values for the test were determined by taking the log likelihood dif-
ference between the two models, multiplying by 2 and checking this
value in the chi-square (χ2) distribution table with difference between
number of parameters of two models has been considered as degree of
freedom. Datamonkey web server was also used to find out the posi-
tively selected amino acid sites and the branch in the phylogeny. Da-
tamonkey programs used to identify the sites include: single likelihood
ancestor counting (SLAC), a non-neutral evolutionary method for se-
quence alignment; fixed-effect likelihood (FEL), a statistically rich
method where independent dN and dS can be set for each site and fast
unbiased bayesian approximation (FUBAR) method, permits large data
set for analysis. The p-value was set as 0.05 for SLAC, FEL and the
default parameters for the FUBAR [42].

2.4.2. Branch and branch site selection
The branch and branch-site selection analysis were performed using

the null and alternative model for each branch considering the omega
values for foreground and background branch. All the parameters for
analysis were used as described elsewhere [43], and the detailed
parameters for selected branches are listed in Table 1. The LRT values
between alternate and null models were calculated for each branch.
Adaptive branch-site random effect likelihood (aBSREL) method of the
datamonkey server was also used to perform branch-site selection
analyses [44].

2.5. Homology modeling and structure alignment

The structures of CXCL8 proteins were modeled for most common
fish species (Atlantic cod-L1a, Rainbow trout-L1b, Half-smooth tongue
sole-L3, West Indian Ocean Coelacanth-2, and Common carp-L2) from
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each lineage using the SWISS-MODEL. The template structure for each
model structure was selected from the available experimental structure
(NMR/X-ray) of the CXC family chemokine on the basis of their max-
imum sequence identity. The structural models were validated by
analyzing the torsional angles using Ramachandran maps. For each
protein structure, torsional angles were extracted from the pdb file in
DSSP format and analyzed using XSSP server (http://www.cmbi.ru.nl/
xssp/). To analyze the RMSD values, the backbone Cα atoms of a
monomeric structural fold of CXCL8 from individual lineage was
aligned against the NMR structure human-CXCL8 using the PyMol
software. Comparative 2D contact maps showing Cα contacts between
the monomeric human CXCL8 and modeled 3D structures of CXCL8
from different lineages were generated using contact map view (CM
view) software with a distance threshold of 6 Å [45].

2.6. Functional divergence calculation

The functional divergence of CXCL8 proteins was analyzed using the
Divrge3.0 program. The amino acid MSA and the NJ phylogenetic tree
were used as input data for the functional divergence analysis. Four
clusters; (a) Ancestral-CXCL8 (b) CXCL8-L1a (c) CXCL8-L1b and (d)
CXCL8-L3 were made for further analysis. The functional distances of
each lineage from the theoretical inferred ancestor were calculated
using the “functional distance analysis” tool of Diverge3.0 [46]. Type-I
and Type-II divergence analyses were performed using Gu99 and Type-
II divergence tools of Diverge3.0 respectively. The cutoff values for
posterior probability were defined by stepwise exclusion of highest
scoring residues until theta (θ) becomes zero. The selected residues
from Type-I divergence were marked on the 3D CXCL8 structures using
the PyMol software.

3. Results

3.1. Sequence and phylogenetic analysis

To gain evolutionary insights into the ELR motif of CXC chemo-
kines, 76 full-length gene sequences of CXCL8 sequences from primitive
species (fish) were collected from various databases and analyzed using
MSA analysis (Fig. 1 and Figs. S1–S3 of supplementary material). MSA
is the most useful tool to get full insight into the sequence similarity and
site-specific pattern in a large set of sequences. The aligned CXCL8
protein sequences from all the 76 species showed several peculiar fea-
tures that are in accordance with the previous studies done on the CXC
chemokines of various other species. Upon analyzing the MSA, it is has
been found that all the CXCL8 sequences have four conserved cysteine
residues that are involved in forming two disulfide bonds required for
maintaining the structural fold and functional integrity of CXC che-
mokine [47,48]. In addition to these four cysteine residues (two dis-
ulfide bonds), all 76 aligned sequences of fish CXCL8 comprise of a
characteristic residue ‘E’ at starting of the β2 strand and “WV” motif at
C-terminal is conserved throughout the CXCL8, i.e., from ancient (Ag-
natha) jawless fish lamprey to the fully evolved human.

To understand the detailed classification of CXCL8, a phylogenetic
tree was constructed using the neighbor-joining method by including all
the possible CXCL8 sequences from different fish species (Fig. 2). The
overall pattern of the phylogenetic classification results is consistent
with the previously reported CXC classification [34]. All fish CXCL8
sequences are broadly categorized into two groups; (a) teleost fish (62
sequences) and, (b) ancestral fish (14 sequences). The teleost CXCL8
protein sequences are further classified into three lineages based on
their phylogenetic evolutionary position. These lineages include the
CXCL8-L1 (42 sequences), CXCL8-L2 (2 sequences) and CXCL8-L3 (18
sequences). CXCL8-L1 group is the largest group in the teleost fish for
CXCL8 proteins in the constructed phylogenetic tree. CXCL8-L2 pro-
teins are closely placed to the ancestral fish CXCL8 (river lamprey) and

Table 1
Adaptive selection analysis of identified phylogenetic branches.

Tree Branch Model Parameters lnL LRT P value Selected Sites

Branch selection analysis of positively selected lineage
Full Tree One ratio ω=0.234 −9861.09 One ratio vs. Free

ratio
232.95

< <0.001 Not Allowed
Free Ratio −9744.62

Coelacanth
branch

Alternate ωf = 0.235
ωb= 0.138

−9860.77 Null vs. Alternate
5.94

<0.05 Not Allowed

Null ωf = 0.231
ωb= 1.0

−9863.76

Gadoid branch Alternate ωf = 0.415
ωb= 0.102

−9857.61 Null vs. Alternate
25.29

< < <0.001 Not Allowed

Null ωf = 0.415
ωb= 1.0

−9870.25

Branch-Site selection analysis of positively selected sites on predefined branches
Coelacanth

branch
Class 0 1 2a 2b

Alternate −9692.2 Null vs. Alternate
4.878

<0.05 1T, 2E, 55Q, 56V
P 0.614 0.247 0.099 0.039
ωb 0.186 1.0 0.182 1.0
ωf 0.182 1.0 27.22 27.22

Null −9694.64
P 0.477 0.193 0.235 0.095
ωb 0.182 1.0 0.182 1.0
ωf 0.182 1.0 1.0 1.0

L2 branch Alternate −9686.06 Null vs. Alternate
14.265

<0.001 1T, 5P, 8Q, 9Q, 18H,19S, 20E, 21P, 22A, 24P, 30S,
43E, 62K, 66I, 67S, 68L, 69 N, 73KP 0.372 0.156 0.332 0.139

ωb 0.185 1.0 0.186 1.0
ωf 0.186 1.0 999.0 999.0

Null −9693.19
P 0.434 0.178 0.274 0.113
ωb 0.183 1.0 0.183 1.0
ωf 0.183 1.0 1.0 1.0

P: Proportions, ωb: ω for background branch, ωf: ω for foreground branch
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are exclusively found in the cyprinids, zebrafish and common carp.
CXCL8-L3 types of chemokines are novel CXCL8 like sequences in the
teleost fish and do not have any homologous sequence in the mammals.
Only a few CXCL8-L3 sequences have been reported from fish in pre-
vious studies. It is also noticed from the node lengths that, CXCL8-L3
lineage has slow evolving features than CXCL8-L1 lineage and placed
near the ancestral fish in the phylogenetic tree. So, one can infer that L1
lineage sequences are the recent/advanced compared to those of the L3
lineage CXCL8 sequences. Our analysis suggested that CXCL8-L1 can be
further subdivided into two sub-lineages. These sub-lineages are named
as CXCL8-L1a (28 sequences) and CXCL8-L1b (14 sequences). The sub-
division is also evident from the divergent node that has strong boot-
strap values. It was observed that most species of fish containing
CXCL8-L1a dwell in marine habitat while the fish with CXCL8-L1b
dwell in freshwater habitat suggesting that the environmental chal-
lenges could be one of the reason in diversified evolution of CXCL8 gene
considering the FishBase database information [49]. Thus our

phylogenetic analysis unraveled a distinct lineage and strongly supports
the existence of four different lineages of CXCL8 in the teleost fish in-
stead of previously reported three lineages.

3.2. Understanding the evolutionary origin of ELR motif in CXCL8 proteins

The ELR motif of CXC chemokines is a specific motif involved in the
CXCR1/CXCR2 receptor binding and activation of neutrophils. To un-
derstand the evolutionary origin of the ELR motif in the CXCL8 che-
mokines, the detailed sequence analysis has been performed on the
basis of lineages obtained from the phylogenetic tree. The detailed
pattern analysis of this motif was summarized in Table 2. Sequence
analysis has shown that this motif is highly variable among the ancestor
fish lineage as the patterns of the motifs are “SLR/DLR/ELR/NLR/AFR/
GGR/DKH/RAR/ESK/IMR/AIR”. Further sequence analysis revealed
that the CXCL8-L3 lineage has “NTH/NSH/NSQ/NQH/NNR/NTR” type
of motifs forming the most possible consensus sequence of “NXH/R”.

Fig. 1. Amino acid alignment of the CXCL8 protein from selected fish species from all the lineages comprising all major types of “ELR” like motifs; this specific motif
at the N-terminal is enclosed in a rectangle. The alignment also includes the CXCL8 sequence of human CXCL8 comprising a fully functional “ELR” motif and the
CXCL8 sequence of agnatha (Lamprey) with “GGR”motif. The secondary structures were marked on the top of the sequences according to the NMR based structure of
human CXCL8. The full CXCL8 protein sequence had been characterized in three different domains (a) Receptor binding domain (b) Structural fold domain and (c)
GAG (glycosaminoglycans) binding domain. C12 and C14 form disulfide bonds with C39 and C55 respectively (highlighted in red color). “E” residue in the structural
domain and “WV” motif in the GAG binding domain (highlighted in black color) is the characteristically conserved residues in all CXCL8 like sequences. Alphabets in
the selected fish sequences represent: J- Japanese, A- Atlantic, HS- Half-smooth, WIO- West Indian Ocean, and AugG- Australian ghost. The three lineages are marked
with L1, L2 and L3. Ancestral fishes are denoted with “A”. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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Most of the CXCL8-L1a sub-lineage sequences contain “ELH/EMH/
EQH” type of motifs, thus forming the consensus sequence "EXH". The
other motifs found in CXCL8-L1a are SLH in Japanese flounder, AMH in
half-smooth tongue sole. Further, CXCL8-L1a also comprises of species
Ayu with DLR motif and gadoids (Atlantic cod and Haddock) with ELR
motif. Whereas, CXCL8-L1b lineage has a “DLR/DPR/EPR” type of
motifs, forming “D/EXR” as consensus motif, which is closer to the

canonical "ELR" motif of mammalian/primate's CXCL8. It is evident
from this analysis that the third position of the motif is strictly con-
served in all lineages with positively charged residue (R/K/H), except
in one sequence of Mexican tetra from L3 lineage that has glutamine. It
can be said that possible “XXR” motif from ancestor fish had been
evolved and diverged in two directions, (a) “NXH” of CXCL8-L3 lineage
and (b) “EXH” of the CXCL8-L1a sub-lineage. Further, this “EXH” motif

Fig. 2. The neighbor-joining phylogenetic tree of 76 CXCL8 protein sequences from the various fish species. Each lineage of CXCL8 has marked with different colors
(CXCL8-L1a: Marine, CXCL8-L1b: Green, Ancestral-CXCL8: Blue, CXCL8-L3: Dark-Cyan. The positively selected lineages (Gadoid and Coelacanth branch) have been
marked with the red color. The Gadoid branch and Spotted gar consisting “ELR” motif are highlighted in black color. The numbers on the corresponding nodes
represent the bootstrap values, which is the indicator of lineages and sub-lineage bifurcation. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

K. Gangele, et al. Fish and Shellfish Immunology 93 (2019) 17–27

21



may have been evolved into “E/DXR” of CXCL8-L1b sub-lineage. “D/
EXR” consists of most evolved residues that are similar to the mam-
malian "ELR" motif. On the other hand, “NXH/R” motif of CXCL8-L3
lineage is far different from the mammalian ELR motif. The analysis
suggested that the complete “ELR” motif is not present in the whole fish
CXCL8 sequences except gadoid fish (Atlantic cod and Haddock from
CXCL8-L1a lineage) and spotted_gar_1 from ancestor lineage.

3.3. Selection analysis of CXCL8 gene in teleost fish

CXCL8 gene is one of the fast evolving genes in the teleost fish and
has undergone duplication and random mutations throughout the
evolution process. Further, it is clear from the sequence and phyloge-
netic analysis that, “ELR” motif has continuously evolved and diversi-
fied in CXCL8 protein. In order to understand the natural selection and
the role of “ELR” motif in positive selection of particular lineage during
the evolution of CXCL8 gene, selection analysis was performed using
the maximum likelihood method in codeml program (PAML package)
and different methods such as SLAC, FEL, and FUBAR of Datamonkey
server. The recombination possibilities were checked by GARD analysis,
before proceeding for the selection analysis. We observed that in the
CXCL8 sequences no such recombination was observed, which is in line
to that of for GRO chemokines [42].

The site selection model of PAML on CXCL8 sequences did not
provide any significant positive selection sites except the M8 (β & ω)
model. Codeml results depicted that, fish CXCL8 gene has globally
evolved under purifying/negative selection pressure (Table S4), i.e.,
most of the amino acid substitutions of CXCL8 are dominated with the
synonymous substitutions (dN/dS≪1). The purifying nature of fish
CXCL8 gene has been also supported by the results from SLAC, FEL and
FUBAR programs of Datamonkey server (not shown here). These results
suggest that although fish have a diverged range of CXCL8 gene in its
genome, the duplicated CXCL8/CXCL8-L proteins have not evolved
under the positive site selection. Such a continuous purifying selection
is highly justified considering the fact that the CXCL8 structure and
function is tightly regulated by evolutionary pressure [50,51]. In order
to unravel the major residues that are conserved during the course of
evolution process, residue wise conservation profile for all fish se-
quences in comparison to primates was calculated (Fig. 3). The results
illustrated that the ancestral fish have the most variable residues
throughout the sequence from N-terminal to C-terminal end, except
cysteine and other characteristic conserved residues (E, W, and V) as
discussed in previous section 3.1. CXCL8 sequences are mostly con-
served in the individual lineage of teleost fish. These results also sub-
stantiate the fact that, CXCL8 sequence in fish has gone through the
conservative substitution of amino acids during evolution.

Although CXCL8 gene in fish is mostly evolved under the purifying
selection pressure, the environment or the habitant can influence the
natural selection criteria of a given lineage thus resulting in adaptive
selection pressure. Further, to assess the role of adaptive/positive se-
lection pressure acting on a specific lineage of CXCL8, branch selection
and branch-site selection models were applied. Branch selection models
are useful in identifying adaptive selection if one copy of the duplicated
gene has encountered accelerated adaptive evolution and functional
divergence [52]. Lineage-specific selective constraint analysis was

performed by considering each clade of species taxa as foreground
branch under two ratio models. Both branch models and branch-site
models were implemented for lineages leading to L1a, L1b, L2, and L3
of teleosts and ancestral CXCL8 clades of Agnatha, Coelacanth, Holo-
cephali, Elasmobranchii, and Holostei. Our results suggested that Coe-
lacanth (ancestral), and Gadoid clade (L1a) are positively selected
through branch model with significant LRT values of 5.9 and 25.3 re-
spectively. Further, Coelacanth and CXCL8-L2 clades are selected in the
branch site model of both PAML and aBSREL (Table 1). The positively
selected branches have been marked with red color in Fig. 2.

Gadoid fish of L1a namely Atlantic cod and Haddock show a very
prominent signal for diversifying selection with omega value of the
foreground branch as 0.415 and LRT value as 25.29 (Table 1). Gadoids
are the only teleost fish having a full “ELR”motif and are selected under
the branch selection model. It has been also reported that ELR motif is
essential for angiogenesis in the haddock but not in other teleost fish
[53]. This strongly suggests that the CXCL8 gene provides a competitive
advantage to the gadoid species. In such a case, one can presume that
CXCL8 in gadoid has undergone neo-functionalization after its dupli-
cation with strong and potent chemotactic activity or with some addi-
tional functionality. Coelacanth branch is also selected through the
PAML branch selection model with the LRT value of 5.9. Both copies of
the CXCL8 gene from Coelacanth fish have DLR motif which is close
enough to the ELR of mammals. Coelacanths are the connecting link
between fish and tetrapod. Therefore, the adaptive immune system of
coelacanth might have developed in such a way that they have the
features of both fish and tetrapod. These results are strongly supporting
that ELR/DLR motif provide an advantage for the selection of particular
lineage in CXCL8.

3.4. Structural and functional divergence analysis of CXCL8

The structure of any protein is strongly dependent on its amino acid
sequence. As observed above, fish have a diverged range of CXCL8
sequences in its genome and are evolved under purifying selection. In
order to understand the structural (both secondary and tertiary) char-
acteristics of CXCL8 protein from the different types of lineages,
structures were modeled. NMR/X-ray structure of CXCL8 protein con-
sists of mainly four parts (a) long unstructured N-terminal loop, (b) 310
helix, (c) three antiparallel β-sheets and (c) C-terminal α-helix
(Fig. 4A). The N-terminal loop along with residues from 30s to 40s loop
is also involved in receptor interaction. The 310-helix and the positively
charged residues from the C-terminal helix are majorly responsible for
glycosaminoglycans binding. The packing interactions within the β-
sheets and against the helical hydrophobic residues form the highly
stable core, thus stabilizing the overall structure [48]. In order to assess
their structural similarities of the fish CXCL8 lineages, the structures
were generated using homology modeling and were aligned against the
NMR structure of human-CXCL8. The structural folds of these modeled
structures were confirmed by analyzing the torsion angles, extracted
from PDB files and the detailed comparative analysis of structure was
summarized in Table S5. It has been observed that the overall 3D fold of
CXCL8 from different lineages is very similar to the human-CXCL8
(Fig. 4B–F). Further, structural differences due to variation in the amino
acid composition between the human CXCL8 and fish CXCL8 from

Table 2
Conservative nature of ELR motif in different lineages of fish.

SN CXCL8-Lineage (Total sequence) Types of ELR Motif (Number of sequence having that particular motif) Possible Consensus Motif

1 CXCL8-Primates (16) ELR (16) ELR
2 CXCL8-L1a (28) ELH (18)/EMH (3)/EQH (2)/ELR (2)/DLR(1)/AMH (1)/SLH (1)/ EXH/R
3 CXCL8-L1b (14) DLR (7)/DPR (4)/EPR (3) D/EXR
4 CXCL8-L3 (18) NTH (9)/NSH (4)/NSQ (2)/NQH (1)/NNR (1)/NTR (1) NXH/R
5 CXCL8-Ancestor (14) SLR (3)/DLR (2)/ELR (1)/NLR (1)

/AFR (1)/GGR (1)/DKH (1)/RAR (1)/ESK (1)/IMR (1)/AIR (1)
XXR

K. Gangele, et al. Fish and Shellfish Immunology 93 (2019) 17–27

22



different lineages were analyzed using Cα contact map. The compara-
tive contact map analysis suggested that, the human CXCL8 structure
shares minimum contact similarity (62.3%) with CXCL8 from Half-
smooth tongue sole-L3, whereas maximum contact similarity (70.8%)
with the CXCL8 from Common carp-L2 (Table S6). The majority of
essential contacts of modeled CXCL8 from different lineages are over-
lapping with the human counterpart thus corroborating the same
structural topology. Differential contacts observed here might be
probably dictating the local structural differences, which could lead to
the functional divergence as discussed below (Fig. 4G–K). However, a
close analysis suggested that all the lineages of fish CXCL8 have a
shorter C-terminal α-helix compared to its human counterpart. Further,
the comparative analysis suggested that these primitive vertebrate
CXCL8 structures do not possess the 310-helix before the β1 strand ex-
cept the CXCL8-L2 lineage. The core β-sheet structure and orientation
of fish CXCL8 are consistent in all the lineages to those of human, al-
though some extent of variation is observed both the length and the
position of the β3 strand.

It is well-known that the functions of the protein are majorly de-
pendent on its structure and sequence. The 3D structure of CXCL8 is
almost conserved in all vertebrates. Moreover under evolutionary trait,
several of the species retained CXCL8 and its cognate receptors (CXCR1
and CXCR2). This suggests that the important functions of CXCL8
protein can't be easily amended under evolutionary pressure on lineage
divergence. Conversely, it is also evident that the multiple isoforms of
CXCL8 have attained various other novel functions at species diver-
gence [54,55]. In order to understand the functional divergence of
CXCL8 protein in fish, cluster-based functional divergence analysis was
performed using program Diverge 3.0. Such analyses identify the pos-
sible amino acid sites that lead to the functional divergence of a par-
ticular gene family [56]. Functional divergence analysis was performed
for identifying the Type-I and Type-II amino acid sites by classifying the
sequences into four clusters as, CXCL8-L1a, CXCL8-L1b, CXCL8-L3, and
CXCL8-Ancestor. CXCL8-L2 was not considered for the analysis as it
comprises of only two sequences and the minimum acceptable limit is 4
sequences. Type-I divergence represents the sites that are conserved in
one cluster but are highly variable in another cluster.

Functional distance analysis was performed to understand the

altered functional constraint after gene duplication. Fig. 5A suggested
that the CXCL8-L3 lineage is more distant from inferred ancestor,
whereas the ancestral-CXCL8 lineage is less distant in comparison to the
CXCL8-L1a and L1b lineages. Further, phylogenetic and functional
distance analysis also suggests that the CXCL8-L1 and CXCL8-L3 were
evolved in a distinct direction after the gene duplication and adopted
the new set of functions. The outcome of divergence analysis suggested
that only Type-I sites are present in fish CXCL8 sequences. The cluster-
based divergence analysis was performed to identify the residues that
are most likely contributing to the Type-I functional divergence (Table
S7). Among the given lineages, the Type-I divergence results identified
a total of 13 residues as significant contributors for the CXCL8 func-
tional divergence. The corresponding consensus divergent residues
were marked as a colored sphere on the 3D structure of human-CXCL8
(Fig. 5B). The red colored residues (Gln13, Ile15, Tyr18, Lys20, Pro21,
and Asp50) are directly involved in the CXCR1/2 receptor interaction
and belong to the N-terminal loop and 40s loop. Whereas, green colored
residues (Ile33, Asn41, and Thr42) belong to the 30s loop and are in-
teracting indirectly with the receptor [57]. The blue colored residues
(Lys59, Gln64, Arg65, and Lys69) exclusively present on the C-terminal
helix directly interact with sulfate groups of glycosaminoglycans during
the process of neutrophil recruitment [58]. Further, considering the θ
and LRT values, the following trend of functional divergence between
the lineages has been obtained; L1a-L3 > L1b-Ancestral > L1b-
L3 > L3-Ancestral > L1a-Ancestral > L1a-L1b (Table 3). The results
suggest that these functionally important diverged residues along with
“ELR” motif divergence could have lead CXCL8 molecule in fish to
evolve with some additional functions with evolutionary pressure.

4. Discussion

During evolution, gene and genome duplication is the key and pri-
mary force for a given organism in order to attain novel functional
genes for adaptation in the habitat [59]. Establishing the evolutionary
origin and phylogenetic relationship of chemokines between the lower
and higher vertebrates has been challenging for decades, although
several CC and CXC family chemokines and their cognate receptors
have been identified in great numbers in vertebrate genomes [60–62].

Fig. 3. Comparative graphical representation depicting the residue-wise conservation profiles of different lineages of fish CXCL8 along with the primate CXCL8
sequences. The secondary structure of the CXCL8 has been marked in cartoon format (according to human CXCL8).
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Fig. 4. Comparative structural analysis of
fish CXCL8 with human CXCL8; (A) 3D
structure of human CXCL8 monomeric unit
highlighting the secondary structure ele-
ments; (B–F) Backbone alignment of mod-
eled CXCL8 structures from individual
lineage to the NMR structure of human-
CXCL8 monomeric unit (red colored struc-
ture in each image). (B) Atlantic cod-L1a,
RMSD: 1.97 Å; (C) Rainbow trout-L1b,
RMSD: 2.0 Å; (D) Half-smooth tongue sole-
L3, RMSD: 2.33 Å; (E) West Indian Ocean
coelacanth-2, RMSD: 1.85 Å; (F) Common
carp-L2, RMSD: 0.44 Å; (G–K) Comparative
structural contact map between monomer
structure of human CXCL8 (Green) and
modeled monomeric structure from dif-
ferent lineages of fish CXCL8 (Pink), (G)
Atlantic_cod-L1a, (H) hIL8-Rainbow
trout_L1b, (I) Half-smooth tongue sole-L3,
(J) West Indian Ocean coelacanth-2, and (K)
Common carp-L2. (For interpretation of the
references to color in this figure legend, the
reader is referred to the Web version of this
article.)

Fig. 5. Functional divergence analysis of CXCL8:
(A) Functional distance pattern of different clusters
of fish CXCL8 calculated using the Diverge 3.0
program; (B) The significant consensus residues
from type-I functional divergence analysis have
been marked as sphere on the 3D NMR structure of
human CXCL8 monomeric unit (PDBID: 2IL8).
Residues, directly and indirectly interacting with
receptors were marked with the red and green color
respectively, glycosaminoglycans interacting re-
sidues were marked with blue color. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

Table 3
Type-I functional divergence results of different fish lineages.

Lineage
Comparison

L1a/L1b L1a/L3 L1a/Ancestral L1b/L3 L1b/Ancestral L3/Ancestral

MFE Theta 0.30 ± 0.14 0.64 ± 0.16 0.23 ± 0.10 0.49 ± 0.18 0.56 ± 0.18 0.28 ± 0.14
LRT Theta 5.63 33.09 7.74 11.57 21.15 8.32
Z Score −2.42 −5.13 −2.33 −3.23 −3.69 −2.39
P Value < 0.01 < 0.0001 <0.019 <0.001 <0.0002 <0.016
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A Large number of mammalian orthologues of chemokines have been
identified in the various species of fish. For example, 111 chemokine
genes have been identified in the Zebrafish genome due to the multiple
events of substitution, insertion, deletion and genome and gene dupli-
cation [63]. More than 170 CXC chemokine sequences have been re-
ported from the fish, these also include various novel lineage groups
that are homologous to the mammals [34]. In mammals, more than 17
CXC chemokines have been identified and classified in two classes on
the basis of ELR motif, CXCL1-8 and CXCL15 (except CXCL4) contains
the ELR motif that is essential for neutrophil recruitment, while the rest
(CXCL9-17) do not possess this motif [64]. Current understanding on
CXCL8 sequences in fish suggests that, the presence of a number of
CXCL8 and CXCL8-like (CXCL8L) genes in the fish genome is very un-
ique and is independent of the total rounds of whole genome duplica-
tion (WGD).

Lineage-wise sequence analysis suggested that the ancestor fish
have gone through two rounds of whole genome duplication (WGD) but
species of ancestor subclasses Holocephali (Australian ghostshark) and
Holostei (Spotted gar) contain 5 and 4 copies of CXCL8/CXCL8L genes
respectively. Although teleost have undergone 3 rounds of WGD, the
expected 3 copies of CXCL8 were not identified. It can be presumed that
the deletion of few copies of ancestral CXCL8 gene might have hap-
pened after third round of WGD in the teleost fishes [65]. Indeed, dif-
ferential expression profiles and functionalities have been observed
among several copies and lineages of CXCL8/CXCL8L proteins of the
same species. For example, Japanese flounder CXCL8_L1a targets the
CD8 T-cells while CXCL8_L1b is chemotactic to B cells and CD8 T cells
[66]. CXCL8-L3 from the large yellow croaker attracts lymphocytes and
eosinophils in peripheral blood leukocytes, while CXCL8_L1 express in
all types of tissues play crucial role in the inflammatory responses
[33,67]. The phylogenetic classification of teleost CXCL8 in the present
study evidenced the diversification into four distinct lineages (CXCL8-
L1a, CXCL8-L1b, CXCL8-L2 and CXCL8-L3), against three broad
lineages (CXCL8-L1, CXCL8-L2 and CXCL8-L3) as identified in previous
reports, which can be potentially used to elucidate the evolutionary
origins of lineage-specific functionalities [68]. Interestingly, our selec-
tion analysis also suggested that the CXCL8 gene has evolved under the
strong purifying selection thus supporting the fact that the structure
and the function of this unique chemokine are tightly regulated by
evolutionary pressure [69]. It is well established that functionally im-
portant and highly expressing genes mostly evolve under the purifying
selection so that the important function of protein should not be af-
fected [70]. Several other chemokines such as GRO chemokines and
chemokine receptor CCR5 faced purifying selection pressure is the
major force of evolution [42,71].

It has been also reported that, although the ELR motif is essential for
the CXCL8 receptor activation, its presence is not sufficient for receptor
activation, thus suggesting that along with ELR, some other structural
elements are also essential for neutrophil recruitment. It has also been
reported the third residue of this motif is overall conserved with the
positively charged residue (K/R/H). These findings are supported by
mutational studies, showing that activity had mostly affected by the
third residue in the following order Arg≫Glu > Leu in human CXCL8
[72]. Recent study on amphibian (Xenopus laevis) CXCL8 orthologs
(CXCL8a and CXCL8b) also suggested that the ortholog CXCL8a con-
taining an ELR motif is more potent chemoattractant compared to
CXCL8b that lacks ELR motif [73]. Moreover, the ELR-containing
CXCL8a isoform exhibited similar functional features to those of asso-
ciated higher vertebrate CXCL8 homologs. This observation suggested
that in amphibians, one copy (CXCL8a) getting evolved towards higher
vertebrates and another copy (CXCL8b) retained primitive CXCL8 fea-
tures as deciphered in fish sequences. Comparison of these X. laevis
CXCL8 features with those of fish and primate CXCL8 establishes that
neofunctionaliztion has been occurred during the evolution of CXCL8
gene. Our analysis comprehensively elucidated that, the complete ELR
motif is majorly absent from CXCL8 like protein in the fish except for

Gadoid fish lineage and spotted gar-1 from subclass Holostei. These
results are in line with various mutagenesis studies which revealed that
a complete ELR motif is not essential for the neutrophil recruitment in
the fish, and suggested for an intermediate motif during evolution [30].
The current study hierarchically delineates that the ELR-like motif of
ancestor fish had evolved from the GGR of Lamprey, then it underwent
duplication and evolved in two directions (a) NXH/R of L3 lineage and
(b) ELR/DLR motif of L1 lineage. This observation is well corroborated
with the previously reported evolutionary hypothesis trend of the ELR-
like motif [36]. Indeed, our branch and branch site selection analysis
indicated that Coelacanth (ancestral) with “DLR”, and Gadoid clade
(L1a) with complete “ELR” motif have positively selected and might
have provided with the advantage. Coelacanth and CXCL8-L2 clades are
selected in the branch site model and “DLR” motif in the Coelacanth
supposed to be one of the reasons for selection. One more advantage
could be that the coelacanth is connecting link between the fish and
tetrapod. A strong selection of CXCL8-L2 lineage under the branch-site
model can be reasoned to that, it has some unique functional sites that
provide a selective advantage to cyprinids over the other teleost. Such a
positive branch selection was also reported for the lysozyme-c gene of
colobine monkey from the set of 19 primate lysozyme c sequence [74].

During evolution, it has been generally observed that the structure
of the protein is more conserved than its sequence. For example, dif-
ferent lysozymes starting from bacteriophages to mammals adopt si-
milar 3D fold albeit great sequence variations [75]. Although the evo-
lution of chemokine genes (such as GRO genes, CCL2, and CCR5) is
tightly regulated by their functional importance, structural conserva-
tion with sequence variation is commonly observed [42,71,76]. Our
analysis presented a great similarity between the sequence and the
structures of various CXCL8 chemokine proteins from different lineages
with high resemblance of contact maps, thus suggesting that most of the
genes are derived from a common ancestor through gene duplication
and deletion. The most common way of acquiring a new function via
duplication is when one of the duplicated copies is retained to maintain
the original functions and the other copy evolves to acquire a novel
function. The example of such a process can be found in the β tubulin
superfamily from the fungi where functionally important residues are
evolved under type-II divergence and gained differential functions in
contrast to others which retained the original function [77]. Another
best-studied case of functional divergence is of different sub-families of
bestrophin trans-membrane proteins, where it is evidenced that the
majority of divergent residues are functionally important and belong to
the loop or C-terminal region that are accessible to the soluble ligands
[78]. In line with these reports, lineage-based functional divergence
analysis of CXCL8 chemokine suggested that each lineage of CXCL8
possess functional differences supported by the substitution of func-
tionally important amino acid. These in-silico functional divergence
results can be considered for further experimental investigations to
elucidate the lineage-specific functional differences of CXCL8 chemo-
kines. It is worth noting that the specific functional divergence trends
were also observed between the GRO chemokines of primates and ro-
dents [79].

The residue level structural binding studies performed between the
chemokines and their cognate receptor(s)/glycosaminoglycans in
human/mice have provided important insights into the domains/motif/
residues that are responsible for their interactions [80–82]. The func-
tional divergence residues obtained in the current study are very much
in line with these reported experimental results. It has been char-
acterized that the N-terminal unstructured loop of CXCL8 majorly
participates in receptor interaction. Positively charged residues mainly
from the C–terminal helix and from other loops are responsible for
glycosaminoglycan interaction. Various mutagenesis-based structural
and biochemical studies have proposed that ELR motif, other residues
from the dynamic N-loop, first disulfide bond, and 30s loop are mainly
involved in receptor binding [57]. For receptor binding, the major in-
teracting residues of the dynamic N-loop of human CXCL8 are Ile15,
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Thr17, Tyr18, Ser19, Lys20, Lys25, His23, and Phe26; whereas, posi-
tively charged residues (His23, Lys25, Arg65, Lys69, Lys72, and Arg73)
make interactions with cell surface GAGs [58]. Our functional diver-
gence studies on the fish CXCL8 lineages have suggested that several of
the corresponding residues for receptor binding and GAG-binding are
selected under type-I functional divergence, thus suggesting for a
greater functional diversity of these primitive vertebrate species.

5. Concluding remarks

In summary, the current study has redefined the lineage based
classification of CXC chemokines based on the CXCL8 gene sequences of
fish genome. A clear distinction has been seen in the L1 lineage and has
been named as L1a and L1b lineages. The updated lineage based phy-
logenetic classification can help to understand the classification and
evolution of different chemokine families in the lower vertebrates. The
selection analyses suggested that the CXCL8 has been evolved under
purifying selection. Branch site analysis suggested that the species
containing ELR motif has been positively selected, and the molecular
evolutionary trend of the “ELR” motif established the evolutionary re-
lationship of CXCL8 between the primate and lower vertebrates, thus
providing insights into the origin and hierarchy of this specific motif.
Further, the study on CXCL8 evidenced for a conserved structural
nature and a great extent of functional divergence through subtle se-
quence-specific amino acid changes in the lower vertebrates. Such an
evolutionary mechanism has generated a great repertoire of CXCL8/
CXCL8 like genes that perform differential physiological functions in
addition to their conserved cell migration roles, which can potentially
compensate for the poor development of their acquired immune system.
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