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A B S T R A C T

Cathepsins are the best-known group of proteases in lysosomes, playing a significant role in immune responses.
Cathepsin K (CTSK) is abundantly and selectively expressed in osteoclasts, dendritic cells and monocyte-derived
macrophages, where it is involved in ECM degradation and bone remodeling. A growing body of evidences have
indicated the vital roles of cathepsin K in innate immune responses. Here, one CTSK gene was captured in turbot
(SmCTSK) with a 993 bp open reading frame (ORF). The genomic structure analysis showed that SmCTSK had 7
exons similar to other vertebrate species. The syntenic analysis revealed that CTSK had the same neighboring
genes across all the selected species, which suggested the synteny encompassing CTSK region was conserved
during vertebrate evolution. Subsequently, SmCTSK was widely expressed in all the examined tissues, with the
highest expression level in spleen and the lowest expression level in liver. In addition, SmCTSK was significantly
down-regulated in intestine following Gram-negative bacteria Vibrio anguillarum immersion challenge, but up-
regulated in three tissues (gill, skin and intestine) following Gram-positive bacteria Streptococcus iniae immersion
challenge. Finally, the rSmCTSK showed strong binding ability to all the examined microbial ligands. Taken
together, our results suggested SmCTSK played vital roles in fish innate immune responses against infection.
However, the knowledge of SmCTSK is still limited in teleost species, further studies should be carried out to
better characterize its comprehensive roles in teleost mucosal immunity.

1. Introduction

Cathepsins are one of the best known groups of proteases in lyso-
somes [1]. The cathepsin family mainly contains cysteine (Cys) pro-
teases as well as serine proteases (cathepsins A and G), and aspartic
proteases (cathepsins D and E). Eleven cysteine cathepsins belonging to
the papain family are reported in humans, which include cathepsins B,
C, F, H, K, L, O, S, V, W and X [2,3]. The transition of naive inactive
zymogens of the cathepsin could be activated under specific conditions
such as low pH or the presence of glycosaminoglycans. At the molecular
level, the uniqueness of cathepsin K in pig, bovine and rat was shown in
that it cleaves the triple helix of collagen molecules at multiple loca-
tions, an activity that is unparalleled among human collagenases [4,5].
Moreover, cathepsin K is thus by far the only papain like cysteine
peptidase that has been shown to be regulated allosterically [6].

Cathepsins play significant roles in immune responses [1]. Among
them, cathepsin K was originally identified as an osteoclast-specific
lysosomal protease, capable of lessening the inflammatory autoimmune
diseases [7]. Cathepsin K (CTSK) is abundantly and selectively ex-
pressed in dendritic cells and osteoclasts, where it is involved in ECM
degradation and bone remodeling [8–10]. Pleiotropic roles of cathepsin
K has been reported in pycnodysotosis [11], osteoporosis [12–14],
cardiovascular diseases [15], adipogenesis and obesity [16], cancer
[17] and embryonic development [6]. In addition, CTSK was also
known to be involved in several important immune functions such as a
direct cathepsin K-mediated bactericidal activity against intestinal
bacteria in mice [18]. But only few studies have characterized its de-
tailed immune roles against pathogen infection in teleost, piscine ca-
thepsin K has not been completely characterized in fish immune re-
sponses against pathogen infection.
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Turbot (Scophthalmus maximus L.), one of the representative species
of flatfish, is mainly distributed in the northeast of Atlantic, and was
introduced into China in 1992. Following rapid development of aqua-
culture, it has become one of the most extensively maricultured species
in China. However, bacterial diseases such as Vibrio anguillarum,
Streptococcus iniae, V. vulnificus, Edwardsiella tarda and others, have
resulted in high cumulative mortality and dramatic economic losses to
turbot farming industry. In order to develop diseases control and pre-
vention strategies, many efforts have been made to identify the im-
mune-related genes in turbot, as well as their activities during bacterial
infections to expand the understanding of immune mechanisms of host
defense. Moreover, fish species depend more heavily on mucosal bar-
riers than their terrestrial counterparts, as living in the pathogen-rich
aquatic environment, their mucosal surfaces are continuously inter-
acting with a broad range of commensals and primary pathogens [19].
The mucosal surfaces constitute the first immune barrier of fish host
defense, thus, a better understanding of mucosal barriers is vital for
aquaculture research to improve vaccine delivery via immersion or
feeding [20]. Therefore, we sought here to identify and characterize the
expression profiles of CTSK in turbot following V. anguillarum and S.
iniae infection, and the binding ability to several microbial ligands. The
results could expand our knowledge of the interactions between turbot
and two causative bacteria, and provide new insights for molecular
assistant selection for disease resistant breeding program.

2. Materials and methods

2.1. Sequence identification and analysis

The turbot CTSK (SmCTSK) transcript was captured from tran-
scriptome and genome databases by BLAST program using CTSK pro-
tein sequences from other species as queries. The primers were designed
based on the CTSK transcript sequence (Table 1). Then, the SmCTSK
gene was translated using the online program, Open Reading Frame
Finder (https://www.ncbi.nlm.nih.gov/orffinder/). The Simple Mod-
ular Architecture Research Tool (SMART) (http://smart.embl-
heidelberg.de/) was used to further identified the conserved domains.
The ExPASy server was used to capture the theoretical pI, molecular
mass and N-glycosylation sites. MatGAT program was used to calculate
the percentages of similarity and identity of turbot and other organisms’
CTSK gene. In order to further validate the identification of SmCTSK,
the genomic architecture of SmCTSK was performed using Splign
(https://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi).

2.2. Phylogenetic analysis

The amino acid sequences of CTSK from various species including
human (Homo sapiens), mouse (Mus musculus), chicken (Gallus gallus),
Australian saltwater crocodile (Crocodylus porosus), frog (Xenopus tro-
picalis), fugu (Takifugu rubripes), half-smooth tongue sole (Cynoglossus
semilaevis), Japanese flounder (Paralichthys olivaceus), medaka (Oryzias

latipes), channel catfish (Ictalurus punctatus), zebrafish (Danio rerio) and
the deduced SmCTSK were to construct the phylogenetic tree. ClustalW
program was used to perform the multiple protein sequence alignment.
Neighbor joining phylogenetic tree was constructed using the Molecular
Evolutionary Genetics Analysis package (MEGA6). The tree was sup-
ported by 10,000 bootstrap repetitions using Poisson correction model
and pairwise deletion of gaps.

2.3. Syntenic analysis

Comparative genome syntenic analysis was conducted to further
verify the identification and characterization of the genome organiza-
tion of SmCTSK. Comparison of the neighboring genes of SmCTSK was
performed among human, chicken, zebrafish, and turbot. The se-
quences of neighboring genes of SmCTSK were predicted from the
turbot scaffold by FGENESH Program. The predicted protein sequences
were annotated against NCBI non-redundant (nr) database by BLASTP
program. The conserved syntenic pattern of CTSK gene in other species
was determined in Ensemble database and Genomicus database version
95.01.

2.4. Expression of recombinant protein

To construct pEasy-SmCTSK plasmid, which expresses the open
reading frame without signal sequence of SmCTSK (residues 79 to 993),
the coding sequence of that region was amplified by PCR with primers
(Sm-CTSK-pr F/R, Table 1). The target PCR product was sequenced and
subcloned into the pEASY expression vector using pEASY-Blunt-E1Ex-
pression Kit (TransGen Biotech, Beijing, China). The resulting pEASY-
SmCTSK plasmid to express histidine-tagged SmCTSK was subsequently
transformed into E. coli BL21(DE3) (Novagen, USA). The E. coli
BL21 cells were inoculated in Luria-Bertani (LB) medium at 37 °C to
mid-logarithmic phase, and then induced with 0.5 mM isopropyl-β-D-
thiogalactopyranoside (IPTG) at 30 °C for 6 h. Then, the His-tagged
expressed recombinant SmCTSK protein was purified by nickel-nitrilo-
triacetic acid chromatography under denaturing conditions following
the manufacturer's instructions. The protein was analyzed in 12% so-
dium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and stained with Coomassie Brilliant Blue R-250. The accuracy of the
recombinant protein was confirmed by Western blot using standard
techniques. Monoclonal mouse anti-His-tag antibody and HRP-labeled
Goat Anti-Mouse IgG (GenScript, China; 1:1000 dilution) were used as
primary and secondary antibodies, respectively. The specific antigen-
bound antibody was visualized with DAB (Diaminobenzidine) reagent
(Sigma, USA). The concentration of the purified protein was determined
using Bradford's method.

2.5. Bacteria challenge and sample collection

In order to investigate the immune roles of SmCTSK gene in the host
defense against bacterial infection, the Gram-negative bacteria V. an-
guillarum and the Gram-positive bacteria S. iniae were selected to con-
duct the bath challenge. The selected turbot fingerlings with average
weight 15.6 g and length 5.5 cm were randomly divided into two
groups, the challenge group that included 4 aquarium and a control
group. Generally, a same procedure for the bacterial challenge followed
these of our previous experiments.

For the V. anguillarum challenge, the fish in challenge group were
immersed for 2 h at a final concentration of 5×107 CFU/ml and were
subsequently randomly assigned to aquaria with fresh water for 2 h, 6 h,
12 h and 24 h post-challenge sample collection. For the S. iniae chal-
lenge, the experimental fish were challenged for 2 h by immersion at a
final concentration of 5×106 CFU/mL and subjected to 2 h, 4 h, 8 h
and 12 h post-treatment sample collection. In both challenge experi-
ments, the control fish were immersed in sterilized media alone. At
each time point, fish from the challenge and control groups were

Table 1
Primers used in this study.

Primer Sequence (5′-3′)

qRT-PCR
Sm-CTSK F 5′ TGTGGAGGAGGATACATGACC 3′
Sm-CTSK R 5′ GGGATTTCCTTGTAGCCTTTG 3′
18s RNA F 5′ATGGCCGTTCTTAGTTGGTG 3′
18s RNA R 5′CTCAATCTCGTGTGGCTGAA 3′

Protein expression
Sm-CTSK-pr F 5′TGGGAACAGTGGAAGGTCGAAC 3′
Sm-CTSK-pr R 5′TCACACGACGGGGTAGCTG 3′

CDS clone
Sm-CTSK-ORF F 5′ATGTTGCGGTTTTTGTGCG 3′
Sm-CTSK-ORF R 5′TCACACGACGGGGTAGCTG 3′
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euthanized, tissues including skin, gill and intestine from 15 fish (three
replicates of 5 fish) were collected aseptically. Additionally, tissues
including liver, brain, blood, head kidney and spleen from healthy
turbot were also sampled. All samples were flash-frozen in liquid ni-
trogen and then stored in a −80 °C ultra-low freezer until preparation
of RNA.

2.6. Total RNA extraction and real-time PCR analysis

Using Trizol Reagent (Invitrogen, USA), the total RNA was extracted
according to the supplied instructions. The qualities of the isolated RNA
were checked by electrophoresis and 1% agarose gels. The quality and
quantity of RNA of each sample were also measured using Nanodrop
2000 (Thermo Electron North America LLC, FL). All extracted samples
had an A260/280 ratio greater than 1.8. The total RNA was treated
with RNase-free Dnase I to remove genomic DNA contamination.

In order to examine the expression patterns of SmCTSK in different
tissues following different bacterial challenges, the quantitative real-
time PCR (qPCR) was conducted. Primer 3 online software was used to
design gene specific primer (Sm-CTSK F/R, Table 1) based on the turbot
CTSK gene sequence, and 18s gene (18 s F/R, Table 1) was used as re-
ference gene for normalization of the expression levels. First strand
cDNA was synthesized by TIANScript RT Kit (TIANGEN, China) ac-
cording to the manufacturer's protocol. Quantitative real-time PCR
(qPCR) was performed on a CFX96 real-time PCR detection system (Bio-
Rad Laboratories, Hercules, CA) using the SYBR ExScript qRT-PCR Kit
(Takara, Dalian, China) according to manufacturer's protocol. The PCR
reaction mixture was performed under the following conditions: 95 °C
for 30 s and followed by 40 cycles of 95 °C for 30 s, 58 °C for 30 s and
followed by dissociation curve analysis, 65 °C for 5 s, then up to 95 °C at
a rate of 0.1 °C/s increment, to verify the specificity of the amplicons.
Triple RNA samples from healthy and infected tissues at each time point
were analyzed for gene expression. Results were analyzed using Re-
lative Expression Tool (REST®) to capture the significance at the level of
P < 0.05. The mRNA expression levels of all samples were normalized
to the level of 18s ribosomal RNA gene in the same samples.

2.7. Soild-phase enzyme-linked immunosorbent assay (ELISA)

To examine whether CSTK is a recognition receptor for microbial
ligands and to evaluate the binding ability of CSTK on microbial li-
gands, lipopolysaccharide (LPS), lipoteichoic acid (LTA) and pepti-
doglycan (PGN), the enzyme-linked immunosorbent assay was per-
formed. Each well of a 96-well microtiter plate (Corning, NY, USA) was
coated with 100 μl of 5 μg/ml of LPS/LTA/PGN in coating buffer
overnight at 4 °C, and then were washed with 300 μl PBST (0.05%
Tween-20 in PBS) three times. Wells incubated with 100 μl of PBS were
used as negative control. Each well was blocked with 100 μl of 5 mg/ml
BSA at 4 °C for 1 h, and then was washed with 300 μl PBST three times.
Then, the ligand-coated wells were incubated with 100 μl of a series of
diluted purified recombinant SmCTSK (16, 8, 4, 2, 1 and 0.5 μg/mL) at
37 °C for 1.5 h, with 4 replicates for each concentration. Subsequently,
the wells were washed with 300 μl PBST three times, incubated with
100 μl mouse anti-His antibody (Solarbio, Beijing, China) (1:1000 di-
lution in 5mg/ml BSA) at 37 °C for 1 h, and washed with 300 μl PBST
three times. It was followed by another incubation at 37 °C for 40min
with the addition of 100 μl horseradish peroxidase-conjugated goat
anti-mouse IgG (Solarbio, Beijing, China) (1:1000 dilution in 5mg/ml
BSA), then washed with PBST. The plate was visualized and measured
using 0.01% of 3,3′,5,5′-Tetramethylbenzidine for 10min. Finally, the
reaction was terminated by adding 0.5M sulfate, and the plate was then
read at 450 nm wavelength with an ELISA reader. The pEASY-E1 vector
protein with His-tag was used as negative control.

3. Results

3.1. Identification of turbot CTSK gene

Following molecular cloning, one SmCTSK gene was captured
(MK110651) with a 993 bp open reading frame (ORF) encoding 330
amino acids. The deduced SmCTSK protein was predicted to have 1
protein kinase C phosphorylation site, 4 casein kinase II phosphoryla-
tion sites, and one N-glycosylation site. In addition, the deduced
SmCTSK protein was predicted to have a molecular mass of 36.4 kDa, a
theoretical PI of 5.18 with 42 negatively charged residues (Asp + Glu),
31 positively charged residues (Arg + Lys), the instability index of
31.87 and aliphatic index of 73.91 (Table 2).

In current study, a comparison of CTSK gene structures of turbot,
zebrafish, chicken and human revealed a highly conserved exon size
(Fig. 1). Same number of exons of CTSK gene were observed in human,
zebrafish and turbot (Fig. 1). The exon sizes of the selected species
showed strong similarity and high conservation. Among the 7 exons,
except for the first exon which had the largest difference for 9 bp, there
were 6 exons having the same length between zebrafish and turbot;
only 4 exons had the same length across all the selected species (Fig. 1).
Similar exon/intron organization and distribution was observed among
the selected species. However, wide variations of the CTSK orthologs in
the sizes of intron existed among the interspecies. Chiefly, turbot CTSK
gene has the typical genomic organization as other vertebrates.

3.2. Phylogenetic analysis

Comparison of the amino acid sequences of CTSK proteins of se-
lected species, including mammals, teleosts, Aves, reptilia and am-
phibia revealed a higher level of homology at the carboxyl-terminus
than at the amino-terminus. The SmCTSK protein showed an overall
identity of 61.9–84.2% with other CTSK proteins (Table S1). Following
genomic architecture, the phylogenetic analysis was performed using
MEGA6 with amino acid sequences. As shown in Fig. 2, the phyloge-
netic analysis results of SmCTSK with other CTSK genes showed that
CTSK can be divided into distinct two groups. The SmCTSK as expected
showed the closest relationship with CTSK in half-smooth tongue and
Japanese flounder, and then with other teleost, such as medaka, and
fugu. The other clade included representatives from 4 different classes,
amphibia (X. tropicalis), Mammalia (H. sapiens and M. musculus), Aves
(G. gallus), and Reptilia (C. porosus). All branching nodes were sup-
ported by high bootstrap values and the phylogenetic tree analysis was
in agreement with their phylogenetic relationships (Fig. 2).

Table 2
Primary structural analysis. Properties of turbot CTSK determined by
ProtParam.

Analysis CTSK

No. of amino acids 330
Molecular weight (kDa) 36.4
Theoretical pI 5.18
Total number of negatively charged residues

(Asp + Glu)
42

Total number of positively charged residues
(Arg + Lys)

31

Formula C1596H2463N439O494S22
Instability index 31.87
Aliphatic index 73.91
Grand average of hydropathicity (GRAVY) −0.363
Protein kinase C phosphorylation site 1
Casein kinase II phosphorylation site 4
N-glycosylation site 1
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3.3. Syntenic analysis of SmCTSK

The syntenic analysis was performed to further validate the char-
acterization of the SmCTSK gene. As shown in Fig. 3, the same neigh-
boring genes for SmCTSK were observed in the species from mammals
to reptile. In detail, the turbot CTSK gene is located on chromosome 16
and the genes adjacent to SmCTSK can also be found in the homologous
locus in the fugu genome (scaffold:175). A well conserved synteny was
identified among all examined species under analysis, which included
Induced myeloid leukemia cell differentiation protein Mcl-1 (mcl1),
Alpha-endosulfine (ensa); HORMA domain-containing protein 1
(hormad1), and Cathepsin S (ctss). In addition, LysM and putative
peptidoglycan-binding domain-containing protein 1 (lysmd1) and So-
dium channel modifier 1 (scnm1) were also observed in the genomic
neighborhood of all the mammalian species human, mouse and pig.
Three genes in the analyzed genome segments, Autophagy protein 5
(atg5), Dynactin subunit 3 (dctn3) and Cytosolic 5′-nucleotidase
3A(nt5c3a), were only presented in turbot and fugu while Tumor ne-
crosis factor alpha-induced protein 8-like protein 2 (tnfaip8l2) was only
presented in fugu, human, mouse and pig (Fig. 3). In general, the turbot
genome segment containing CTSK exhibits more conserved synteny to
the corresponding genome segments from fugu than the mammalian
segments.

3.4. The tissue distribution of SmCTSK

The tissue distribution of SmCTSK was explored in 8 healthy turbot
tissues including blood, liver, spleen, gill, shin, intestine, head kidney
and brain by real-time PCR method. In our results, SmCTSK was ubi-
quitously expressed in all the examined tissues. Because SmCTSK was

expressed at the lowest level in the liver among all tested tissues, we
used expression level of liver as the baseline for comparisons. In this
study, the highest expression level of SmCTSK was detected in spleen
with 17.83-fold, followed by head kidney (12.94-fold), skin (11.21-
fold) and gill (10.35-fold), moderate expression was found in gill and
blood, while the lowest expression level was detected in liver (Fig. 4).

3.5. Time-course analysis of SmCTSK expression following bacterial
challenge

To further understand the immunological roles of SmCTSK in turbot
mucosal immunity, the expression profiles of SmCTSK were examined
in mucosal tissues (gill, skin and intestine) at early time points fol-
lowing immersion challenge with Gram-negative bacteria V. angu-
illarum, and Gram-positive bacteria S. iniae, respectively.

Following V. anguillarum challenge, SmCTSK showed different ex-
pression patterns in different tissues (Fig. 5). No significant changes of
the expression of SmCTSK was observed in gill and skin except that the
expression was repressed in gill for −2.74 fold at 12 h. In contrast,
SmCTSK was down-regulated in intestine, the comparatively strongest
down-regulation was found at 2 h with −6.96 fold, followed by −4.19
fold at 6 h, and returned to basal level at 12 h and 24 h (Fig. 5).

In case of S. iniae infection, different expression pattern was ob-
served among those three mucosal tissues. In general, the SmCTSK ex-
pression levels were induced in the mucosal tissues at 4 h, 8 h and 12 h
post-challenge. In detail, the up-regulated expression in gill was ob-
served with 5.73 fold at 4 h, 5.65 fold at 8 h, and a slightly increase for
6.4 fold at 12 h. In addition, it was significantly up-regulated in skin
with 4.40 fold at 4 h, and 5.00 fold at 12 h (Fig. 6). Similarly, the
SmCTSK showed significant up-regulation in intestine with 3.59 fold at

Fig. 1. Exon/intron organizations of CTSK gene were obtained by using Splign to align the cDNA sequences of human, chicken, zebrafish and turbot to their
respective genomes. Boxes indicate exons and dashes indicate introns.

Fig. 2. Phylogenetic analysis of the turbot CTSK
gene. The unrooted phylogenetic tree was con-
structed based on the amino acid sequences of ca-
thepsin K from species of fish and other vertebrates,
using the neighbor-joining method in MEGA 6. Gaps
were removed by complete deletion and the phylo-
genetic tree was evaluated with bootstrap replica-
tions. The bootstrapping values were indicated by
numbers at the nodes. Dark solid circles indicated
the newly characterized turbot CTSK gene.
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4 h, and 3.6 fold at 12 h, respectively (Fig. 6).

3.6. In vitro microbial ligand-binding effect of recombinant SmCTSK

The rSmCTSK was successfully expressed and purified from E. coli as
a native His-tagged protein. Only a single band which showed clear
reaction for antisera with a molecular mass of 36.4 kDa was resolved in
Western Blot analysis (Fig. 7). Then, to further validate the binding
effect between rSmCTSK and LPS, rSmCTSK and PNG as well as
rSmCTSK and LTA, ELISA was conducted. The in vitro binding assay
demonstrated that rSmCTSK had strong binding ability to all the ex-
amined microbial ligands. Higher optical density values for the
rSmCTSK binding to the microbial ligands suggested a dose-dependent
response as a continuous increased absorbance with the increased
concentration of rSmCTSK in solid-phase ELISA. The highest absorbance
was found at 4.0 μg and the lowest value was found at 0.5 μg tested. The
highest peak value for the binding ability of three microbial ligands was
LPS, followed by PGN and LTA (Fig. 8), suggesting slightly more potent
binding ability with LPS, PGN and then LTA.

4. Discussion

Cathepsins represent a very important part of the immune system.
In addition to its wound healing, bone remodeling, prohormone and
proenzyme activation [2,9], cathepsin K may perform more specific
function in inflammatory processes and innate host defense of fish skin
and muscle [21]. However, piscine cathepsin K has not been completely
characterized with regard to its enzyme properties and physiological
functions. Here, we describe the sequence identification and analysis,
phylogenetic analysis, syntenic analysis, tissue distribution, expression
profiles of SmCTSK following bacterial challenge and microbial ligand-
binging in vitro of the gene encoding for cathepsin K in the turbot.

In this study, one CTSK gene was captured in turbot (SmCTSK) with
similar molecular properties to other fish species. Phylogenetic analysis
is known to be important aspect for gene characterization analysis, the
clustered branch of turbot SmCTSK with half-smooth tongue and

Fig. 3. Syntenic analysis of CTSK gene from turbot, fugu, human, mouse, pig and frog. The CTSK gene is highlighted by red color filled boxes. LysMd1: LysM and
putative peptidoglycan-binding domain-containing protein 1; scnm1: Sodium channel modifier 1; tmod4: Tropomodulin-4; mcl1: Induced myeloid leukemia cell
differentiation protein Mcl-1; ensa: Alpha-endosulfine; hormad1: HORMA domain-containing protein 1; onec2: One cut domain family member 2; ctss: Cathepsin S;
ctsk: Cathepsin K; atg5: Autophagy protein 5; dctn3: Dynactin subunit 3; nt5c3a: Cytosolic 5′-nucleotidase 3A; tnfaip8l2: Tumor necrosis factor alpha-induced protein
8-like protein 2. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Gene expression analysis of the CTSK in different healthy turbot tissues.
Expression levels were calibrated against liver tissue which had the lowest
expression level, and 18S rRNA was used as a reference gene. HK was the ab-
breviation for head kidney.

Fig. 5. Real-time qPCR analysis for CTSK expression levels following Vibrio
anguillarum infection. The CTSK expression was measured in the mucosal tissues
including skin, gill, and intestine at the time points of 2 h, 6 h, 12 h, and 24 h
post-infection. Fold change was calculated by the change in expression at a
given time point relative to the untreated control and normalized by change in
the 18S housekeeping gene. The results were presented as mean ± SE of fold
changes and * indicated statistical significance at P < 0.05.
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flounder and other species consolidated the identification of SmCTSK.
Because genomic structures changed more slowly than the sequence of
proteins and other genetic characters, a deep understanding of genome
structure in context of exon/intron organization of the gene and
genome organization may offer more reliable inference about the gene.
SmCTSK possess a highly conserved exon/intron structure and has al-
most equivalent length of each exon to other species. In addition, high
similarity of synteny genes in adjacent SmCTSK on the turbot genome
fragment to fugu confirmed the identification of the gene in one hand,
but in another hand, dissimilarity in the synteny blocks existed among
fish, mammalian species and reptiles, indication of different evolution
history and event.

In human, cathepsin K expression was shown to be expressed
abundantly in osteoclasts [22], lung tissues [23] and monocyte-derived
macrophages [24]. In fish species, however, the tissue distribution of
CTSK was rarely studied, and just in two species, i.e., goldfish [25] and
olive flounder [21]. In tissue distribution analysis, SmCTSK was widely
expressed in all the examined tissues, with higher expression levels in

spleen, head kidney and skin. In our study, the expression level of CTSK
in head kidney was similarly highly as goldfish and olive flounder.
Interestingly, flounder had the same relatively high expression in spleen
as turbot, but not in goldfish [21,25]. It has been demonstrated that the
kidney and spleen are crucial lymphoid organs or are mediated closely
with the innate immune response in fish and mammals [26,27]. There
are data indicating that cathepsin K may play a role in the immune
system of fish skin [21]. With the limited information about relative
expression profiling of CTSK in teleost, the putative roles of CTSK in
other different tissues of teleost need to be further characterized and

Fig. 6. Real-time qPCR analysis for CTSK expression following Streptococcus
iniae infection. The CTSK expression levels were measured in the mucosal tis-
sues including skin, gill, and intestine, at the time points of 2 h, 4 h, 8 h and
12 h post infection. Fold change was calculated by the change in expression at a
given time point relative to the untreated control and normalized by changes in
the 18S housekeeping gene. The results were presented as mean ± SE of fold
changes and the * indicated statistical significance at P < 0.05.

Fig. 7. SDS-PAGE analysis of the expression of the recombinant rSmCTSK
protein. M: protein marker. Lane 1:control, SDS-PAGE analysis of the expression
of rSmCTSK protein before induction by IPTG; lane 2: the total protein of IPTG-
induced recombinant rSmCTSK protein; lane 3: Purified rSmCTSK using Western
blotting analysis.

Fig. 8. Results of the in vitro binding assay of SmCTSK to microbial ligands,
including lipopolysaccharide (LPS), peptidoglycan (PGN), and lipoteichoic acid
(LTA). * indicate a significant difference in the absorbance between different
microbial ligands that exposed to rSmCTSK and the control group: *p < 0.05;
**p < 0.01.
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investigated.
In order to elucidate the immune roles of SmCTSK in mucosal bar-

riers, the expression profiles of CTSK was characterized in turbot mu-
cosal tissues (gill, skin and intestine) following bacterial infections. In
case of V. anguillarum infection, the SmCTSK showed general dramatic
down-regulation in intestine. The previous studies have suggested that
intestine might serve as the primary portal of entry for V. anguillarum
[28–30], and V. anguillarum bacteria could be detected in spleen in
more than 50% of orally infected fish [30]. In zebrafish following im-
mersion infection, the intestine was the first site where the pathogen
was detected [31]. Moreover, following bath-vaccination of live atte-
nuated V. anguillarum vaccine, bacterial cells proliferated rapidly in 3 h
after vaccination and maintained at a high level until 6 h in the intes-
tine, with a significant up-regulation of TLR5 triggering MyD88-de-
pendent signaling pathway in the intestine [32]. In turbot, an oral ad-
ministration of V. anguillarum for turbot larvae could lead to significant
mortality [33]. Following administration of V. anguillarum by anal or
intragastric intubation, the bacteria could be detected in turbot spleen
as early as 2 h, suggesting the quick pass ability of such bacteria
through the intestine mucosal barriers [34]. Here, the significant down-
regulation of CTSK in turbot intestine following V. anguillarum chal-
lenge suggested its vital roles in intestinal immune responses. Further
effort is in need to examine whether turbot CTSK may play similar roles
in intestine as mammals and other fishes.

After S. iniae infection, significant up-regulation, instead of repres-
sion post V. anguillarum challenge, was observed in mucosal tissues at
all examined time points except 2 h for SmCTSK, revealing the different
strategies SmCTSK might utilize against two bacterial infections. In ti-
lapia, relative expression level of Cathepsin K was up-regulated in
spleen at 5 h following S. agalactiae challenge (anther streptococci
strain) [35], suggesting different virulent mechanisms of streptococci
species and specific stimulated immune response between host and
pathogen. Although our understanding of the molecular interactions
between S. iniae and turbot is still limited, our data indicated that ca-
thepsin K may be related to immune system and confer a more specific
function in innate host defense.

In order to better understand the role of rSmCTSK in host defense
against various pathogens, microbial binding effects of three re-
presentative microbial ligands (LPS, LTA and PGN) were evaluated in
vitro. The recombinant protein rSmCTSK was successfully expressed, its
molecular mass was in agreement with that predicted using the bioin-
formatic tools. rSmCTSK bound to three microbial ligands with com-
paratively high affinity, suggesting a vital important role that SmCTSK
might be involved in the sensing and phagocytosis of bacterial patho-
gens. Interestingly, CTSA and CTSZ in turbot also have strong binding
to microbial ligands [36,37]. To our best knowledge the binding of
CTSK to microbial ligands was investigated for the first time in teleost.

Cathepsin L family, including cathepsins L, S, and K evolved from a
common ancestral gene before mammalian divergence because the
much higher conserved mammals orthologs than those among paralogs
were found in the phylogenetic analysis [38]. Cathepsin S and L are
both implicating the functional specificity of antigen processing in
immune system. Function of cathepsin S has been associated with
muscle protein degradation [39], antigen processing [40], and pa-
thogen defense [41]. Cathepsin K was found in the intestinal goblet
cells and mucin layer, and thus confers an intestinal antibacterial
property in mice [18]. Such direct cathepsin K-mediated bactericidal
activity against intestinal bacteria ameliorates the severity of the in-
testinal inflammation. In fish, cathepsin K has also been shown to be
involved in several important functions, including the osteoclastic
marker expressed in multinucleate osteoclasts of goldfish [42], zebra-
fish [43] and medaka [44]. However, a number of issues are awaiting to
be addressed before achieving a better characterization of CTSK roles in
teleost mucosal immunity.

In conclusion, the SmCTSK gene was examined in turbot by ana-
lyzing the genomic structure, tissue-specific expression patterns, in vivo

gene expression after V. anguillarum and S. iniae infection, and eva-
luation of the binding effect to microbial ligands in vitro. Collectively,
these results offer new insight for understanding and investigating the
molecular function of turbot CTSK, especially in further exploring the
mucosal immunity and interactions between the host and pathogen.
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