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a b s t r a c t

Cystatins are a well-characterized group of cysteine protease inhibitors, which play crucial roles in
physiology and immunity. In the present study, an invertebrate ortholog of cystatin B was identified in
Manila clam (Ruditapes philippinarum) (RpCytB) and characterized at the molecular level, demonstrating
its inhibitory activity against the well-known cysteine protease, papain. The complete coding sequence of
RpCytB (297 bp in length) encodes a 99 amino acid peptide with a calculated molecular mass of 11 kDa
and a theoretical isoelectric point of 5.9. The derived peptide was found to harbor typical features of
cystatin proteins, including the ‘Q-X-V-X-G’ motif, which was identified as QLVAG in RpCytB. Phyloge-
netic analysis of RpCytB revealed close evolutionary relationships with its invertebrate counterparts,
especially those from mollusks. Recombinant RpCytB (rRpCytB) was overexpressed as a fusion with
maltose binding protein (MBP) in Escherichia coli BL21 (DE3) cells. Purified rRpCytB fusion protein
exhibited a detectable inhibitory activity against papain, while the control MBP showed an almost
constant negligible activity. While quantitative RT-PCR detected ubiquitous RpCytB expression in all
tissues examined, the expressions in hemocytes and gills were relatively higher. Upon in vivo immune
challenge with lipopolysaccharide (LPS), the expression of RpCytB in gills and hemocytes was down-
regulated. Similar challenges with poly I:C and intact Vibrio tapetis bacteria revealed a complicated
transcriptional regulation, wherein mRNA expression levels fluctuated over time of exposure. Moreover,
a precise induction of RpCytB expression after bacterial infection was detected in gills by in situ
hybridization. Collectively, our findings in this study indicate that RpCytB expression is sensitive to host
pathological conditions and may contribute cysteine protease inhibitory activity to modulate the im-
mune response.
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1. Introduction

Proteolysis is a universal mechanism mediated by proteinases
that act to catalyze the hydrolysis of amide bonds, thereby regu-
lating the function and fate of myriad proteins in physiologic and
pathogenic conditions [1]. Proteinases are distributed among
almost all the taxon levels in the biosphere, from viruses to the
complicated vertebral organisms [2]. The cysteine proteinases
represent one of the five major types of proteinases, and they have
been classified according to the nature of their catalytic sites. The
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Table 1
Primers used in this study.

ID Sequence, 50e30 Purpose

F1 GGAGGTGCAGGTGATGTTATG RpCytB qRT-PCR, forward primer
R1 CCACTGAATCTTTTCCTGCTTTC RpCytB qRT-PCR, reverse primer
F2 GAGAGAGAATTCATGTGTGGAG

GTGCAGGT
Cloning, introduction of EcoRI,
forward primer

R2 GAGAGACTGCAGCTAGAAATATT
CAACAGCATCTTCTACTTTC

Cloning, introduction of PstI,
reverse primer

F3 CTCCCTTGAGAAGAGCTACGA b-actin qRT-PCR, forward primer
R3 GATACCAGCAGATTCCATACCC b-actin qRT-PCR, reverse primer
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most well studied proteinase is the thiol (-SH)-dependent group,
which utilizes cysteine residues as nucleophiles to attack the amide
bonds of a target protein [2,3]. Cysteine proteinases are involved in
crucial events in physiology of an organism, including lysosome
degeneration, antigen presentation, proteolytic processing of
pro-enzymes and pro-hormones, fertilization, proliferation, differ-
entiation, and apoptosis [3,4]. These enzymes are relatively less
abundant in prokaryotes, but show closely related phylogenetic
relationship among them [5]. In Gram-positive and Gram-negative
bacteria, the cysteine proteinases are mainly involved in peptido-
glycan turnover, but also function in various housekeeping
processes or as virulence factors that may target specific compo-
nents of the host antimicrobial defense system [6]. Viruses also
produce cysteine proteinases as crucial elements of their patho-
genesis [7]. However imbalanced activity of endogenous cysteine
proteinases may lead to numerous pathological conditions, such as
tumorigenesis and multiple sclerosis [8]. Therefore, certainly the
eukaryotic systems have evolved precise regulatory mechanisms
for cysteine proteinases, modulating their expression, secretion,
and maturation through specific degradation of mature enzymes
and targeted inhibition [9].

Cystatins are considered as the largest and the best described
group of natural exosite binding cysteine proteinase inhibitors,
which obstruct the access of substrate without interacting with the
enzyme catalytic center [10]. Cystatins predominantly interact with
cysteine proteases, such as the plant-derived papain and human
cathepsins B, H, and L [11]. The cystatins are now considered as
cystatin superfamily, which is mainly divided into three families,
including the stafins (family 1: stefins A and B, also known as
cystatins A and B), cystatins (family 2), and kininogens (family 3).
However, recent studies have identified a novel cystatin family in
invertebrates, designated as family 4 [12,13].

The stafins are unglycosylated inhibitors (w11 kDa in size),
which lack a signal sequence and disulfide bonds, and are generally
expressed intracellularly [14]. Cystatin A and B proteins show
extensive sequence similarity in their primary structure [14]. Cys-
tatin B is unique among the cysteine proteinase inhibitor super-
family, in that it contains a free cysteine in the N-terminal segment
of the proteinase-binding region that facilitates particularly tight
binding of target proteinases. Cystatin B reversibly inhibits the
papain-like cysteine proteinases, andwas found to play a protective
role in organisms due to its omnipresent distribution in cells and
tissues [15,16]. It most likely prevents inappropriate proteolysis
caused by the action of lysozymal cysteine proteinases, primarily
the cathepsins B, H, K, L, and S [17]. In addition, cystatin B has been
implicated in innate immune responses to bacterial infections in
vertebrate and invertebrate lineages [18e20], as well as in re-
sponses against viral infections [21]. These observationsmay reflect
the potential inhibitory action of cystatin B toward pathogen-
derived cysteine proteinases, which are secreted as virulent fac-
tors or as suppressors of host cysteine proteinases to promote
survival of the pathogenic microorganisms.

To date, cystatin B orthologs have been identified in several
vertebrates and some invertebrates [13,19,20,22], but only a single
cystatin B was characterized from invertebrate species, the duck
leech Theromyzon tessulatum [20], except to our recent study on
cystatin B from disk abalone Haliotis discus discus [22]. However,
another member from family 1 cystatins has been characterized in
the Chinese mitten crab Eriocheir sinensis [13]. Considering the
broad phylogenetic distribution of cysteine proteinases, it is likely
that functional cystatin B variants exist in invertebrate lineages.

Over the past decade, marine food sources have overtaken a
large portion of the world food market, representing a promising
supply of nutritional resources to compensate for the decrease in
terrestrial sources that has resulted from overconsumption.
This trend has promoted mariculture to the status of an economi-
cally important component of the global economy. Manila clam
(Ruditapes philippinarum) is an edible marine bivalve mollusk
species, which is harvested in large scale by the mariculture in-
dustry. As such, there is significant interest in gaining a detailed
understanding of the hostepathogen interactions and immune
modulations in this mariculture creature to prevent drastic losses
of its harvest due to different pathogenic infections.

Here, we describe the identification and characterization of a
novel cystatin B ortholog from Manila clam (RpCytB) from a
structural and functional standpoint. Investigations into its poten-
tial role in immune responses against Vibrio tapetis, lipopolysac-
charides (LPS), and polyinosinic:polycytidylic acid (poly I:C) were
carried out as well.

2. Materials and methods

2.1. Identification of the cystatin B subunit

The partial cDNA sequence encoding RpCytB was identified
using the basic local alignment tool (BLAST; http://blast.ncbi.nlm.
nih.gov/Blast.cgi) from our previously established Manila clam
cDNA sequence database [23].

2.2. In silico analysis of DNA and protein sequences

The amino acid sequence corresponding to RpCytB coding
sequence was derived using DNAssist 2.2 (version 3.0). The
orthologous sequences of RpCytB were compared by the BLAST
search program. Pairwise sequence alignment (http://www.ebi.ac.
uk/Tools/psa) and multiple sequence alignment were performed
by the ClustalW2 program [24]. Phylogenetic analysis was carried
out by the Neighbor-Joining method with bootstrapping values
taken from 1000 replicates using Molecular Evolutionary Genetics
Analysis (MEGA) software, version 5 [25]. Prediction of character-
istic protein domains was carried out by the ExPASy-prosite data-
base (http://prosite.expasy.org) and MotifScan scanning algorithm
(http://myhits.isb-sib.ch/cgi-bin/motif_scan). Some of the physi-
cochemical properties of RpCytB were determined by the ExPASy
ProtParam tool (http://web.expasy.org/protparam).

2.3. Cloning of the RpCytB open reading frame (ORF)

To generate a recombinant RpCytB protein fused with maltose
binding protein (MBP), designated as rRpCytB, the coding sequence
of RpCytB was first PCR amplified using gene-specific cloning
primers F2 and R2 (Table 1) designed to introduce compatible re-
striction sites (EcoRI and Pst1) for cloning into the pMAL-c2X
expression vector. The PCR amplification was carried out in a
TaKaRa thermal cycler (TaKaRa Korea Biomedical Inc, Korea) using a
50 mL reaction mixture composed of 5 U of ExTaq polymerase
(TaKaRa), 5 mL of 10x ExTaq buffer, 8 mL of 2.5 mM dNTPs, 80 ng of
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template, and 20 pmol of each primer. The thermal cycling condi-
tions were: initial incubation at 94 �C for 3 min, followed by 35
cycles of 94 �C for 30 s, 55 �C for 30 s and 72 �C for 30 s, and a final
extension at 72 �C for 2 min. The amplified products and pMAL-c2X
vector were digested with the appropriate restriction enzymes, and
confirmed by agarose gel electrophoresis. Appropriate sized frag-
ments were excised and purified using the Accuprep Gel Purifica-
tion Kit (Bioneer Co., Daejeon, Korea) and ligated into the linearized
pMAL-c2X by incubation with Mighty Mix (TaKaRa) overnight at
4 �C. Subsequently, the pMAL-c2X/RpCytB construct was trans-
formed into Escherichia coli (E. coli) DH5a cells. The size of the
construct and sequence of the ORF were confirmed by electro-
phoresis and sequencing, respectively.

2.4. Overexpression and purification of rRpCytB fusion protein

The recombinant fusion construct, rRpCytB-MBP, was trans-
formed into BL21 (DE3) competent cells and grown on agar plates. A
single colony was selected, inoculated in 5 mL of LuriaeBertani (LB)
broth supplemented with 100 mg/mL of ampicillin, and grown
overnight at 37 �C. Then, the inoculumwas transferred into 500 mL
of LB broth containing ampicillin, and grown at 37 �C in a shaking
incubator (200 rpm). When the optical density (OD) reached 0.6 (at
600 nm), isopropy-b-thiogalactopyranoside (IPTG) was added at a
final concentration of 0.5mMand themixturewas incubated for 8 h
at 20 �C to induce recombinant protein expression. Thereafter, cells
were cooled on ice for 30 min and harvested by centrifugation
(3500� g for 30min at 4 �C). The pelletwas re-suspended in column
buffer (20 mM TriseHCL, pH 7.4 and 200 mM NaCl) and stored
at �20 �C for overnight. After thawing, the cells were ruptured by
cold sonication in the presence of lysozyme (1 mg/mL), and the
resultant slurry was separated by centrifugation (9000 � g for
30 min at 4 �C). The supernatant was defined as crude extract and
the recombinant protein was purified using a pMAL protein purifi-
cation technique [26]. Following the purification, the concentration
of the purified fusion product was determined using the Bradford
method [27], with bovine serum albumin as the reference. Protein
purity was analyzed by 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), under reduced conditions.

2.5. Cysteine protease inhibitory activity assay of rRpCytB

Recombinant protein activity was assayed by the previously
published procedure with some modifications [19]. Briefly, papain
(P3375; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in po-
tassium phosphate buffer (PPB; pH 7.4) to give a final concentration
of 1 mg/mL. Subsequently, different volumes of the rRpCytB and
papain were mixed together to generate the following rRpCytB/
papain concentration ratios in 125 mL final volumes: 0/1 (control),
1/16, 1/8, 1/4, 1/2, 1/1, 2/1. The mixtures were then incubated at
25 �C for 10 min, after which 125 mL of azo-casein (0.5% in PPB) was
added to the mixture and was allowed to react by incubating at
37 �C for 30 min. The reaction was terminated by adding an equal
volume of 10% trichloroacetic acid. Same procedure was followed
simultaneously for the MBP as the control. Finally, the mixture was
centrifuged and the supernatant was subjected to measure the
OD440. The relative activity was calculated as: 100 � [1 � (OD440 of
test sample/OD440 of control)] [19]. All the samples were tested in
three replicates at each point.

2.6. Experimental animals and tissue collection

Healthy clams (average size: 35 � 5 mm) were collected from
the east costal region of Jeju Island (Korea). Clams were maintained
at 21 � 1 �C in 250 L tanks with aerated, sand-filtered seawater
having salinity of 32� 1&. Animals were acclimatized to laboratory
conditions for one week prior to the experiment. Hemolymph (1e
2 mL/clam) was collected from the posterior adductor muscle sinus
of healthy, unchallenged clams using a 26G syringe; samples were
immediately centrifuged (3000 � g at 4 �C for 10 min) to harvest
the hemocytes. Tissues from adductor muscle, mantel, siphon, gill,
and foot were collected from three animals, snap-frozen in liquid
nitrogen, and stored at �80 �C until use for RNA extraction.

2.7. Immune-challenge experiment

To determine the immune-related responses of RpCytB expres-
sion, mRNA levels were measured in clams following the challenge
with V. tapetis (a Gram-negative bacterial pathogen), LPS (an endo-
toxin ofGram-negativebacterial cellwalls), or poly I:C (a dsRNAviral
mimic). As described previously, 100 mL of V. tapetis (1.9 � 106 cells/
mL in 0.9% saline), LPS (100 mg/clam in 0.9% saline), or poly I:C
(100 mg/clam in 0.9% saline) was injected directly into adductor
muscle [28]. A group of un-injected clams served as negative con-
trols. Gills and hemocytes tissues were collected at 3, 6, 12, 24 and
48 h post-injection (p.i.) from control and challenged groups,
including five clams from each group. Total RNAwas extracted from
various tissues of at least five clams and used for cDNA synthesis.

2.8. Total RNA extraction and cDNA synthesis

Total RNA was isolated from the collected tissues (Section 2.6
and 2.7) using the Tri Reagent (SigmaeAldrich). The concentra-
tion was quantified by measuring the OD260 in a UV-
spectrophotometer (Bio-Rad, Hercules, CA, USA). Purified RNA
samples were diluted up to 1 mg/mL and pooled to perform multi-
tissue cDNA synthesis. The PrimeScript� First-Strand cDNA Syn-
thesis Kit (TaKaRa) was used to synthesize the first-stranded cDNA
from 2.5 mg of pooled RNA. The resultant cDNAwas then diluted 40-
fold (total 800 mL) before storage at �20 �C.

2.9. RpCytB mRNA expression analysis by quantitative real time-
polymerase chain reaction (qRT-PCR)

qRT-PCR was used to determine the expression levels of RpCytB
in collected tissues (Section 2.6) and immune-challenged hemo-
cytes and gills. Total RNA was extracted at different time points
following immune induction, and the first-stranded cDNA synthesis
was carried out as described in Section 2.8. qRT-PCRwas carried out
as described previously [29], using the gene-specific primer pair (F1
and R1) along with b-actin primers (F3 and R3) (Table 1). The
expression level of adductor muscle mRNA was considered as the
basal level, by which expression in all other tissues was compared.
To determine the relative expressions, the observed expression af-
ter challenge was first normalized to saline-injected controls and
then compared with expression in the unchallenged group.

2.10. In situ hybridization

Both healthy and V. tapetis infected (48 h p.i.) clams were
dissected and gill tissues were subsequently fixed in 4% para-
formaldehyde in PBS at 4 �C for overnight. Thereafter, tissues were
mounted in 1.5% agarose, 2.5% sucrose solution followed by im-
mersion in 30% sucrose at 4 �C for overnight. Then the cryomold
embedded tissues floating on methyl butane were frozen in liquid
nitrogen followed by sectioning at 10e15 mmmicro-sections and air
dried for 3 h. Afterward, micro-sections were subjected to dehy-
dration in 100%methanol for 10min at room temperature, followed
by rehydration with series of MeOH in 1X PBS (75%, 50%, and 25%)
for 10 min at room temperature. Then the tissue sections were



Fig. 1. Nucleotide and deduced amino acid sequences of RpCytB. The start codon (ATG) and stop codon (TAG) are in bold and underlined. The polyadenylation signal sequence
(AGTAAA) is indicated by bolded letters. The QXVXG motif is boxed and the PH motif is double underlined. Characteristic and conserved glycine (G) residue is in italics. Cysteine
protease inhibitory signature is bolded.
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washed 3 times with PBS for 3 min each and treated with pro-
teinase K (1 mg/mL) for 5 min at room temperature. A second fix-
ation was done with 4% paraformaldehyde in PBS for
5min followed by 3morewashes with PBS as described above. RNA
probes were prepared using digoxigenin (DIG)-RNA labeling and
detection kit from Boehringer Mannheim Biochemicals, following
the manufacture’s protocol. Hybridization and visualizing of RNA
probes were carried out as described by Schulte-Merker et al. [30].

2.11. Statistical analysis

To determine the statistical significance (P < 0.05) between the
experimental and control groups, a two-tailed, paired t-test was
carried out with SPSS version 16.0 software (Chicago, IL, USA). All
the data are presented as mean � standard deviation.

3. Results and discussion

3.1. Sequence characterization and comparison

The cDNA of RpCytB was determined to consist of 509 nucleo-
tides, comprising a 297bpopen reading frame (ORF) that encodes 99
amino acids, an 85 bp 50-untranslated region (UTR), and a 127 bp 30-
Fig. 2. Multiple sequence alignment of vertebrate and invertebrate cystatin B proteins. Seq
highlighted in gray. Characteristic and conserved glycine (G) residues are denoted by the “#”
indicated by the “A” and “;” symbols, respectively.
UTR. The 30-UTR contains a polyadenylation signal (404AGTAAA409)
and a single RNA instability motif (368ATTTA372) (Fig. 1). Moreover,
the predicted molecular mass was 11 kDa, which showed a consis-
tencywith the averagemolecularmass of family 1 cystatins [14], and
the theoretical isoelectric point was 5.9. The cDNA sequence and
amino acid sequence was deposited in the NCBI GenBank database
under the accession number JQ972711.

Cystatins are generally comprised of three conserved motifs,
which are important for forming a wedge-shaped structure and are
involved in obstruction of the cysteine protease active site [11].
Specifically, these motifs are an N-terminal glycine residue, a
glutamineevalineeglycine (QeXeVeXeG) loop, and a C-terminal
prolineetryptophan (PW) motif that forms a hairpin loop in the
tertiary structure. However, in cystatin B, the tryptophan in the PW
motif is replaced by a histidine residue to form a PH motif. As
shown in Figs. 1 and 2, all three motifs were identified in RpCytB,
highlighting the characteristic structural features of a typical cys-
tatin B. Moreover, the cysteine protease inhibitory signature was
detected in the RpCytB amino acid sequence.

Pairwise sequence alignment with known cystatin B orthologs
revealed that RpCytB has relatively low percentage identity and
similarity. The highest identity and similarity were with cystatin B
from Pacific oyster Crassostrea gigas, and the lowest identity and
uence alignments were generated by the ClustalW algorithm. Conserved residues are
symbol. Characteristic and conserved residues of the QXVXG motif and the PH motif are



Table 2
Similarity and identity of RpCytB with cystatin B orthologs of other species.

Species Common name Accession no. Identity, % Similarity, %

Homo sapiens Human NP_000091 36.0 58.0
Gallus gallus Chicken NP_001185577 37.0 59.0
Rattus norvegicus Rat NP_036970 37.0 62.0
Crassostrea gigas Pacific oyster ADI33157 47.0 63.0
Anoplopoma fimbria Sable fish ACQ58093 44.7 62.1
Theromyzon

tessulatum
Duck leech AAN28679 37.5 58.0

Perinereis aibuhitensis Clam worm ACL12062 34.0 54.4
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similarity were with that from clam worm Perinereis aibuhitensis
(Table 2). Furthermore, the multiple sequence alignment further
confirmed that theN-terminal glycine (G) residue, theQeXeVeXeG
motif (here QLVAG), and the C-terminal PH motif were well
conserved in RpCytB (Fig. 2). However, the PH motif in cystatin B
from Anoplopoma fimbriawas completely replaced by serine (S) and
cysteine (C) residues, and in P. aibuhitensis and T. tessulatum was
replaced by glycine (G) and serine (S) residues.
3.2. Phylogenetic analysis of RpCytB

The evolutionary tree generated by phylogenetic analysis of
RpCytB revealed four main clusters that corresponded to the four
 Hs 
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Fig. 3. Phylogenetic tree for cystatin superfamily proteins. The tree was constructed by Clu
animals, and estimated by the Neighbor-Joining method in MEGA ver. 5.0. Bootstrapping valu
families clustered appropriately. Abbreviations: Bt, Bos taurus; Hs, Homo sapiens; Rn, Rattus
Anoplopoma fimbria; Dr, Danio rerio; Cg, Crassostrea gigas; Hd, Haliotis discus discus; Rc, Rei
monchus contortus; Ce, Caenorhabditis elegans; Nb, Nippostrongylus brasiliensis.
different families of cystatins. RpCytB clustered with family 1, as
expected, and was placed in the sub-cluster with cystatin B from
mollusks, further affirming its orthologous nature toward cystatin B
variants (Fig. 3). Moreover, this close evolutionary relationship
provides evidence to support the notion that RpCytB originated
from a common invertebrate ancestor.

3.3. Overexpression and purification of RpCytB

In order to characterize the biochemical properties of RpCytB,
the coding sequence was cloned into the pMAL-c2X expression
vector and expressed as a fusion protein with MBP (Fig. 4). SDS-
PAGE resolved a single purified protein band, confirming success-
ful purification of the fusion protein and indicating a molecular
mass of w55 kDa. The size of the band was consistent with the
predicted molecular mass of RpCytB (11 kDa), since the molecular
mass of MBP is w42.5 kDa.

3.4. Papain inhibitory activity of rRpCytB

To investigate the inhibitory activity of rRpCytB on cysteine
proteases, its ability to suppress the hydrolysis activity of papain
against azo-casein was measured. The percent inhibitory activity
was plotted against the recombinant protein:papain concentration
ratio (Fig. 5). rRpCytB exhibited a dose-dependent inhibition of
 Bt Cystatin A (NP001161296)

 Hs Cystatin A (NP005204)

 Rn Cystatin A (NP001099346)
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stalW alignment of deduced amino acid sequences of cystatin variants from different
es are shown for the corresponding lineages. The cystatins belonging to the four known
norvegicus; Gg, Gallus gallus; Pa, Perinereis aibuhitensis; Tt, Theromyzon tessulatum; Af,
shia clavigera; Rp, Ruditapes philippinarum; Ss, Sus scrofa; Bm, Brugia malayi; Hc, Hae-



Fig. 4. SDS-PAGE analysis of overexpressed and purified recombinant RpCytB fusion
protein. Lanes: 1, total cellular extract from E. coli BL21 (DE3) prior to IPTG induction; 2,
crude extract of cell lysate after IPTG induction; 3, supernatant of IPTG-induced cell
lysate; 4, purified recombinant fusion protein (rRpCytB-MBP); 5, purified recombinant
MBP; M, low molecular weight protein marker (Enzynomics).
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papain activity. The 1:1 concentration ratio exhibited the highest
inhibitory activity (82%) against papain. Further increases in the
rRpCytB concentration did not significantly increase the inhibitory
activity (P < 0.05), as evidenced by a plateau shape on the graph
and suggesting that the 1:1 ratio might provide the optimal con-
ditions for the reaction elevation of its activity at provided condi-
tions. These results agree with several previously reported
characterizations of cystatins from invertebrates. For example,
when the concentration ratio of cystatin from jellyfish Cyanea
capillata to papain reached 1:1, the activity of papain was
completely inhibited [31]. A parallel study from disk abalone
H. discus discus also observed almost similar level of inhibition of
papain activity toward the azo-casein [22]. Furthermore, in Chinese
mitten crab E. sinensis, Horseshoe crab Tachypleus tridentatus, and a
tick species Haemaphysalis longicornis, the respective cystatins
produced detectable inhibition of papain activity [13,32,33]. Since
the papain-like C1 family cysteine proteases are crucial for survival
Fig. 5. Papain inhibitory activity of rRpCytB recombinant fusion protein. Azo-casine
was used as the substrate, and the experiment was conducted with different ratios
of protein:papain. Maltose binding protein (MBP) was used as a control protein. Error
bars represent the standard deviation (n ¼ 3).
of microorganisms, especially bacteria and viruses [34], it is
reasonable that host systems have evolved antimicrobial defenses
to inhibit such pathogen-derived proteinases. Thus, the detected
papain inhibitory activity of rRpCytB may reflect a potential role in
Manila clam antimicrobial defense.

As a control, the papain inhibition experiment was conducted
with the MBP fusion protein alone, in place of the rRpCytB-MBP
recombinant fusion protein product. The results demonstrated a
negligible papain inhibitory activity, compared to the results ob-
tained with the recombinant fusion protein (Fig. 5). Therefore, the
MBP protein was considered as an inert component of the rRpCytB
fusion protein.
3.5. Tissue-specific transcriptional profile of RpCytB

RpCytB mRNA expression in various tissues collected from
healthy clams was detected by qRT-PCR, standardized against b-
actin, and normalized to the expression level in adductor muscle
(least expression). A ubiquitous RpCytB transcriptional profile was
observed, supporting the fact that family 1 cystatins have a broad
distribution range in cells and tissues [35,36]. However, the
strongest expressionwas detected in hemocytes (w170-fold higher
than adductor muscle), and a moderately high expression level was
identified in gill (Fig. 6). All of the other tissues showed relatively
low RpCytB transcriptional profiles, compared to adductor muscle.
Similar results for tissue specific expression from disk abalone also
detected as the highest expression in hemocytes, followed by gills
[22]. The pattern of differential expression among the different
tissues may indicate its functional roles in the Manila clam system.
The highest expressing tissues, hemolymph and gills, represent
important components of the innate immune responses in in-
vertebrates, possibly indicating a role for RpCytB in host defense.
Evolutionary simple organisms, like mollusks are solely depending
on the innate immunity to combat infectious pathogens. In this
regards, hemolymph particularly hemocytes play an indispensable
role in cellular responses of first line innate immunity in mollusks
which can kill microbes by phagocytosis and cytotoxic reactions
[37]. Similarly, gill tissue in mollusks is a key respiratory organ
whose surface is exposed to the external environment and
frequently in contact with pathogenicmicrobes, and it was believed
to be involved with the mollusks immune system [38]. Therefore,
we suggest that RpCytB in clammight play a critical role associated
with immune regulation in these two tissues.
Fig. 6. Tissue-specific expression profile of RpCytB mRNA determined by qRT-PCR.
Abbreviations: Hm, hemocytes; Am, adductor muscle; Mt, mantle; Sp, siphon; Gl,
gill; Ft, foot. Error bars represent the standard deviation (n ¼ 3).



Fig. 7. Expression profile of RpCytB in gill and hemocytes upon (A) LPS induction, (B)
V. tapetis induction, and (C) poly I:C induction. Error bars represent the standard de-
viation (n ¼ 3); (P < 0.05).
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Although gill and hemolymph showed relatively high transcript
levels compared to the expression level of heart in family 1 cystatin
from Chinese mitten crab, tissue specific expression profile
exhibited relatively lower mRNA expression level in every tissue,
where highest expression was reported in muscle tissue (w20-fold
compared to heart) [13]. The cystatin B from duck leech
T. tessulatum was shown to be expressed only in large coelomic
cells, where it contributes to host immune defense [20]. The L-
cystatin from horseshoe crab T. tridentatus was found to be pri-
marily expressed in hemolymph and heart, with the mRNA level
being negligible in hepatopancreas, intestine, stomach, and muscle
[33]. Studies of vertebrate lineages have revealed distinctive tissue
distribution patterns, as well. Mouse cystatin B was shown to be
widely expressed in heart, liver, kidney, spleen, testis, brain, lung,
and skeletal muscle, and to be involved in cerebellar apoptosis [39].
Furthermore, the cystatin B transcription profile of Scophthalmus
maximus turbot showed constitutive distribution in every tissue
examined, but with more pronounced expression in muscle, brain,
and heart [19]. Hence, the distribution pattern of the cystatin B
orthologs showed species specific behavior.

3.6. Immune-regulated transcriptional profile of RpCytB

Cathepsins are well-characterized cysteine proteases involved
in innate immune responses, with principal signaling activities
through the toll-like receptors (TLRs) [40]. As cystatins, including
cystatin B, are known to play an inhibitory role on cysteine pro-
teases, such as cathepsin B, H and L [11], a considerable down-
regulation of cystatin gene expression is expected to occur during
an immune response to an invasive pathogen. Furthermore, in
human placental macrophages, down-regulated expression of
cystatin B was reported to facilitate the inhibition of human im-
munodeficiency virus replication via a STAT-1 interaction [21]. On
the other hand, cystatin expression can be elevated under some
other pathological conditions, reflecting the stimulatory role of
thesemolecules to induce production of different cytokines, such as
IL-10 and TNFa, in mammalian macrophages [41,42].

Significant transcriptional modulation of RpCytB was observed
in gill tissue and hemocytes, both of which are involved in immu-
nity. Systemic challenge with a well-characterized bacterial cell
wall component, LPS, remarkably influenced RpCytB mRNA
expression in hemocytes, with significant down-regulation being
detected at every time point after the endotoxin injection (P< 0.05;
Fig. 7A). Moreover, except at 3 h p.i., gill tissue also exhibited a
generally under-expressed transcriptional profile upon LPS expo-
sure. These observations strongly indicate a potential active
involvement of cathepsin-like proteinases in Manila clam tissues in
response to Gram-negative bacterial infections, whereby cystatins
would be made less abundant in the affected tissues.

Upon infection with the live bacterial pathogen, V. tapetis, a
complex transcriptional response of RpCytB was observed. In he-
mocytes, significant elevations of RpCytB were detected at 3 h and
48 h p.i. (P< 0.05), whereas in gill, RpCytB mRNA level was induced
only at 48 h p.i. (4-fold higher relative mRNA expression level than
the basal expression; Fig. 7B). In contrast, RpCytB expression was
significantly down-regulated at 6 h,12 h, and 24hp.i. in gill, but only
under-expressed at 12 h p.i. (P < 0.05) in hemocytes. The overall
transcriptionalmodulation of cystatinB thatwas observed inManila
clam upon V. tapetis stimulation suggests a complicated regulatory
mechanism for RpCytB in host pathology. Similar results were re-
ported after the bacterial infections in disk abalone cystatin B,which
showed a late phase induction in gills compared to the hemocytes
and significant down-regulation toward the late phase of the
experiment in hemocytes [22]. Correspondingly, the expression of
invertebrate linage cystatins from duck leech and Chinese mitten
crab were reported to be augmented at the transcriptional level
upon bacterial induction [13,20]. In duck leech [20], the transcript
level of its cystatin B homolog was elevated in their large coelo-
mocytes at 2 h p.i. upon E. coli stimulation, at 3 h and 24 h p.i. upon
Micrococcus luteus stimulation, and at 2 h p.i. upon inductionwith a
mixture of the two bacteria. Likewise, in Chinese mitten crab, the
mRNA level of a family 1 cystatin member was enhanced in hemo-
lymph upon Listonella anguillarum infection at 24 h p.i., while Pichia
pastoris infection enhanced transcription at 3 h (peak), 6 h,12 h, and
48 h p.i. However, when the Chinese mitten crab was challenged
with L. anguillarum, family 1 cystatin expression was down-
regulated at 3 h p.i, which agreed with down-regulated transcrip-
tional profile observed for RpCytB in response to V. tapetis [13].



Fig. 8. RpCytB mRNA localization in the gill tissue by in situ hybridization in healthy (A and B) and V. tapetis infected (C and D) clams. Tissue sections were hybridized with RpCytB
sense (A and C) and antisense (B and D) digoxigenin-labeled RNA probes. Arrow heads indicate the RpCytB expressing cells.
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In our study, transcriptional response of an invertebrate cystatin
B upon challenge with the viral dsRNA mimic immune stimulant,
poly I:C, was investigated. Similar to the complex regulatory
mechanism related to V. tapetis induction, poly I:C-stimulated
clams showed a general down-regulated transcriptional profile of
RpCytB, along with two early and late positively regulated re-
sponses (gill: at 3 h p.i. and 12 h p.i., hemocytes: at 6 h and 48 h p.i.;
Fig. 7C). The early response elicited in gill, compared to that
observed in hemocytes, may be attributed to the frequent exposure
of gill tissues to various pathogens, through its continuous inter-
action with the outer environment [41,42].

Moreover, in order to understand the RpCytB expression in gill
tissues independent to the hemocytes in gill hemolymph, in situ
hybridization test was performed in both healthy and V. tapetis
infected clams. RpCytB expressions were precisely detected in both
healthy and bacteria infected clams gill filament cells, with a
remarkable induction of the mRNA expression after 48 h of bacte-
rial infection (Fig. 8) affirming the qRT-PCR data.

According to the overall transcriptional behavior upon immune
challenges and its structural and functional properties, RpCytB ap-
pears toplay roles in complicated immunemodulatoryevents under
pathological conditions ofManila clam. This cystatin Bhomologmay
act directly on pathogen-derived or host immune-related factors,
possibly leading to inhibition of cysteine proteinases.
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