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A B S T R A C T

Lysin motif (LysM)-containing proteins are a family of carbohydrate-binding modules and are generally regarded
as chitin- and peptidoglycan-binding proteins. In the present study, a novel LysM-containing protein, designated
as ChLysM, was cloned and identified in a marine mollusk, Crassostrea hongkongensis. The full-length cDNA of
ChLysM consists of 1129 bp, with an open reading frame of 861 bp encoding a 286 amino acid polypeptide. The
deduced protein had a calculated molecular mass of 32.66 kDa and a pI of 8.16. SMART analysis indicated that
ChLysM has one Lysin motif and a transmembrane region in the C-terminal residues. Tissue distribution analysis
of ChLysM revealed high expression in gills and hemocytes. The upregulated transcripts of ChLysM in response to
bacterial challenge suggest that ChLysM is involved in innate immunity against pathogen infection. The re-
combinant protein of ChLysM was found to bind to various kinds of peptidoglycans from Staphylococcus aureus,
Bacillus subtilis and Saccharomyces cerevisiae, as well as binding strongly to both Gram-positive and Gram-ne-
gative bacteria. Moreover, ChLysM displayed broad-spectrum antibacterial activity against both Gram-positive
bacteria (S. aureus and S. haemolyticus) and Gram-negative bacteria (Escherichia coli and Vibrio alginolyticus).
Collectively, these results indicate that ChLysM is a pattern recognition molecule with bacterial growth-in-
hibiting activity in immune defense of C. hongkongensis.

1. Introduction

Mollusks, like all invertebrates, lack an adaptive immune system,
and depend on the innate immune system to defend against invading
pathogens (Beutler, 2004). During the innate immune response, re-
cognition of non-self is the first and most crucial step in mounting
immune responses (Medzhitov and Janeway, 2002). It is mediated by
pattern recognition receptors (PRRs), which can recognize conserved
pathogen-associated molecular patterns (PAMPs) on the surface of
foreign intruders such as bacteria, fungi and viruses (Gordon, 2002).

The lysin motif (LysM) domain, a small protein domain of 40 amino
acids, is an ancient and ubiquitous protein module that functions in
peptidoglycan recognition and binding (Gust et al., 2012). It was

initially identified in bacterial cell wall degrading enzymes of Bacillus
phage Ɵ29 (Garvey et al., 1986). Similar motifs were subsequently
observed in the peptidoglycan hydrolase of Enterococcus faecalis
(Beliveau et al., 1991). Carbohydrate recognition is important for many
essential biological processes, such as bacterial cell wall degradation,
response to bacterial and viral infections, and pathogen defense. As a
result, LysM modules containing one or more Lysin motifs can be found
almost in all living organisms except archaea (Buist et al., 2008). In
prokaryotes, LysM domains are widely distributed in many bacterial
enzymes that are involved in cell wall degradation. These enzymes play
an essential role in remodeling of cell wall peptidoglycans (PGN) during
bacterial cell division (Steen et al., 2003). Several LysM domains are
also involved in bacterial pathogenesis and symbiosis. The extracellular
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protein p60 of Listeria monocytogenes, a LysM protein, is a major viru-
lence factor of the intracellular bacterium (Dussurget et al., 2004). In-
timin, an outer membrane protein in enteropathogenic Escherichia coli,
also contains a LysM domain and is involved in attachment to mam-
malian cells (Bateman and Bycroft, 2000). In plants, LysM domains
have been shown to bind to both peptidoglycan and chitin. In Arabi-
dopsis, a LysM-containing receptor-like kinase was shown to be involved
in defense signaling in response to fungal pathogens by binding to
chitin, a β1-4 linked homopolymer of N-acetylglucosamine (Miya et al.,
2007; Liu et al., 2012a). In rice, CEBiP, a LysM-containing receptor-like
protein, played a key role in the perception and transduction of chitin
oligosaccharide elicitor (Kaku et al., 2006). LysM-containing proteins
are also common in animals. In zebrafish, two distinct subfamilies
called LysMD and OXR were identified and shown to be highly con-
served across vertebrates (Laroche et al., 2013a). Shi et al. showed that
in red swamp crayfish, PcLysM could recognize different microorgan-
isms and played a role in the innate immune responses against bacterial
infection (Shi et al., 2013). In kuruma shrimp, a new Lysin motif and
putative peptidoglycan-binding domain-containing protein was found
to regulate the expression of some antimicrobial peptide genes and
facilitate V. anguillarum clearance in vivo (Shi et al., 2016).

Despite a wealth of knowledge on the role of LysM proteins in
vertebrates, scarce information is available concerning the biological
activities and physiological roles of these proteins in invertebrates,
especially mollusks, the second most diverse group of animals. Thus, in
the present study, the first mollusk LysM domain-containing gene was
identified and characterized from the Hong Kong oyster Crassostrea
hongkongensis, a commercially important marine shellfish in China. Our
results will shed light on the role of ChLysM and may help to elucidate
the molecular mechanisms of immune defense in oysters.

2. Materials and methods

2.1. Oysters challenge and tissues collection

Two-year-old Hong Kong oysters with an average shell height of
10.0 cm were obtained from a local farm in Zhanjiang, Guangdong
Province, China. Oysters were acclimated to aerated sand-filtered sea-
water at 24–25 °C for one week before processing.

The bacterial challenge experiment was performed according to our
previous work (Li et al., 2016). Briefly, oysters received an injection of
100 μL (approximately 1×108 bacterial cells) of Vibrio alginolyticus
(Gram-negative bacteria), Staphylococcus haemolyticus (Gram-positive
bacteria) or phosphate buffered saline (PBS) as a control. After injec-
tion, the oysters were returned to the seawater tanks and 5 individuals
from each group were randomly sampled at 3, 6, 12, 24, 48 and 72 h
post-injection. The hemocytes from both treatment and control groups
were collected for RNA extraction.

To analyze tissue distribution, total RNA was extracted from
random chosen adult oysters, including adductor muscles, hearts,
mantles, digestive glands, gills, gonads and hemocytes.

2.2. cDNA cloning and sequence analysis of ChLysM

A partial cDNA sequence of ChLysM was retrieved from our Hong
Kong oyster transcriptional database. To obtain the full-length cDNA of
ChLysM, the SMART™ RACE cDNA amplification kit (Clontech, Japan)
was used, following our previous description (He et al., 2011). The
primers used in this study are listed in Table 1. RACE products were
cloned to pGEM-T Easy Vector (Promega, USA) and sequenced using T7
and SP6 primers on an ABI PRISM 3730 Genetic Analyzer (Perkin
Elmer, USA). The full-length cDNA sequences were obtained by com-
bining the 3′- and 5′-end sequences.

The ChLysM sequence was analyzed using the BLAST algorithm at
NCBI (http://www.ncbi.nlm.nih.gov/blast) and the Expert Protein
Analysis System (http://www.expasy.org/). Protein motifs were

predicted with SMART (http://smart.embl-heidelberg.de). A neighbor-
joining (NJ) phylogenetic tree was constructed based on the full-length
amino acid sequences of known LysM proteins using the MEGA version
5.0 with 1000 bootstrap replicates.

2.3. Transcriptional analysis of ChLysM

Total RNA was extracted from different oyster tissues with TRIzol
Reagent (Invitrogen, USA) as described in the manufacturer's protocol.
To synthesize cDNA, 1 μg total RNA was reverse-transcribed using
PrimeScript™ RT Reagent Kit with gDNA Eraser (TaKaRa, Japan) and
oligo(dT)-adaptor as primer.

The expression patterns of ChLysM were determined by quantitative
real-time PCR (qRT-PCR) in a Light-Cycler 480 II System (Roche, USA).
EF1α was selected as the internal control. The primers used in this assay
are listed in Table 1. The qRT-PCR reaction was carried out in a total
volume of 20 μL, containing 10 μL of 2× SYBR Green Master Mix
(Applied Biosystems), 1 μL of the diluted cDNA, 1 μL of each primer
(10 μmol L−1) and 7 μL of DEPC-water. Each sample was run in tripli-
cate along with the internal control gene. Dissociation curves of am-
plification products were generated to assess the specificity of the PCR
amplification. The PCR efficiencies for the target and internal control
gene (EF1α) were approximately equal and expression levels of ChLysM
were calculated by the 2–ΔΔCT method (Livak and Schmittgen, 2001).
And the data f was done using student's t-test.

2.4. Recombinant expression and purification of ChLysM

The Open Reading Frame (ORF) of ChLysM was generated by PCR
using primer pairs containing BamHI and SalI at the 5′-terminal and 3′-
terminal ends, respectively (Table 1). After digestion, the target product
was subcloned into a pET-28a vector. The positive clones were screened
by PCR and verified by further DNA sequencing. The recombinant
plasmid (pET-28a-ChLysM) was transformed into E. coli BL21 (DE3)
(Novagen). Positive transformants were incubated in LB medium with
100mgmL−1 kanamycin at 37 °C with shaking at 200 rpm. When the
culture media reached an OD600 of 0.5–0.6, the cells were incubated
for an additional 4 h after induction with IPTG at a final concentration
of 1mM. The recombinant ChLysM protein containing a 6×His-tag
was purified by affinity chromatography using nickel-nitrilotriacetic
acid agarose (Ni-NTA) resins (Qiagen, Germany) following the manu-
facturer's protocol. The purified recombinant protein was analyzed by

Table 1
Sequences of primers used in this study.

Primer Sequence (5′-3′) Comment

ChLysMR1 AATTCCACAACTTCATCTTCTTGAAC 5′ RACE of
ChLysM

ChLysMR2 CCTAGTTGCTGGTAGCTGTAAGGTTT
ChLysMF1 GTAAAGGGGGACCAAAACCTACACAG 3′ RACE of

ChLysM
ChLysMF2 GATCCAGGACCAAGATTTTTATGCTT
UPM-long CTAATACGACTCACTATAGGGCAAGCAGTGGT

ATCAACGCAGAGT
First PCR for
5′ and 3′
RACE

UPM-short CTAATACGACTCACTATAGGGC
NUP

ChLysMF3
ChLysMR3

AAGCAGTGGTATCAACGCAGAGT
ACGTGGATCCATGAGTTCAAGAAAGTCCAG
TCGAGTCGACTCATCCATTATTCTGACCTGC

Nested PCR
for 5′ and 3′
RACE
Vector for
ChLysM-
pET28a

ChLysMF4
ChLysMR4

GTGTATGTGTTTGGTAATGCT
CGGACATCCATACTGTAATGAA

Real-time-
PCR of
ChLysM

EF1α-F
EF1α-R

GCTCCACCCAACATCACCACTG
ACGGATTTCCTTTACGGACACG

Real-time-
PCR of EF1α

“F” indicates forward primer and “R” indicates reverse primer.
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