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Abstract

Peptidoglycan recognition proteins (PGRPs) are innate immune molecules that have been structurally conserved
throughout evolution in invertebrates and vertebrates. In this study, peptidoglycan recognition protein HCPGRP1 and
its isoform HcPGRP1a were identified in the freshwater mussel Hyriopsis cumingii. The full-length cDNAs of
HcPGRP1 (973 bp) and HcCPGRP1a (537 bp) encoded polypeptides with 218 and 151 amino acids, respectively. Se-
quence analysis showed that HCPGRP1 had one C-terminal PGRP domain that was conserved throughout evolu-
tion. Phylogenetic analysis showed that HCPGRP1 clustered closely with EsSPGRP4 of Euprymna scolopes.
Real-time PCR showed that the mRNA transcripts of HCPGRP1 and HcPGRP1a were constitutively expressed in
various tissues, with the highest level in hepatopancreas. Stimulation with lipopolysaccharide (LPS) and peptido-
glycan (PGN) significantly up-regulated HCPGRP1 mRNA expression in hepatopancreas and foot, but not in gill,
whereas HcPGRP1a expression was significantly up-regulated in all three tissues. Our results indicate that
HcPGRP1 is both a constitutive and inducible protein that may be involved in immune responses (recognition and

defense) against invaders.
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Introduction

The innate immune system is the first line of defense
against invading microorganisms in vertebrates and the
only line of defense in invertebrates and plants (Medzhitov
and Janeway, 2002; Hoffmann, 2003). This system recog-
nizes microorganisms through a series of pattern recogni-
tion receptors (PRRs) that have been highly conserved
throughout evolution (Hoffmann ef al., 1999; Janeway and
Medzhitov, 2002). Peptidoglycan recognition proteins
(PGRPs) are a type of PRR and play a very important role in
various activities associated with the innate immune re-
sponse of invertebrates and vertebrates, including pathogen
recognition, degradation of the amidase activity of peptido-
glycan (PGN), induction of phagocytosis, activation of Toll
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or immune deficiency (IMD) signal pathways and the
prophenoloxidase cascade (Yoshida ef al., 1996; Leulier et
al., 2003; Mellroth et al., 2003; Bischoff et al., 2004;
Chang et al., 2004; Takehana et al., 2004).

The first PGRP, a 19-kDa protein, was discovered in
the hemolymph and cuticle of a silkworm (Bomby xmori)
(Yoshida et al., 1996). Subsequently, highly diversified
PGRP homologs were identified in insects and mammals
(Werner et al., 2000; Liu et al., 2001; Christophides et al.,
2002), as well as in mollusks (Su et al., 2007). Currently,
more than 20 PGRP genes have been identified from mol-
lusks. Based on the protein primary structure and length,
mollusk PGRPs have been divided into two classes: short
PGRPs (PGRP-S) and long PGRPs (PGRP-L). Short
PGRPs are small extracellular proteins (19-20 kDa) that
usually contain a signal peptide sequence and a PGRP do-
main. In contrast, long PGRPs have long transcripts and are
either intracellular or membrane-spanning proteins
(30-90 kDa). In addition to the PGRP domain in the C-ter-
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minal, PGRP-Ls also contain a large N-terminal domain of
unknown function (Guan and Mariuzza, 2007). Long
PGRPs often have multiple splice forms, such as
BgPGRP-LA from Biomphalaria glabrata that has three
isoforms (-LA, LA1 and -LA2) (Zhang et al., 2007).

All PGRP genes contain a highly conserved PGRP
domain that can recognize and bind PGN; the structure of
this region is similar to that of bacteriophage T7 lysozyme
that can hydrolyze the bond between N-acetylmuramic acid
and the peptide of bacterial PGN (Kim ez al., 2003;
Dziarski, 2004). Many PGRPs have amidase activity and
are characterized by a Zn”* binding site. The active site con-
sists of two histidines, one tyrosine and one cysteine resi-
due, with the cysteine residue being crucial for amidase
activity. In Drosophila, the mutation of cysteine (Cys80) in
PGRP-SA to tyrosine (Tyr80) abolishes Toll activation by
Gram-positive bacteria (Michel et al., 2001). In addition,
the mutation of cysteine (Cys419) to alanine (Ala419) in
human PGLYRP-2 results in a loss of amidase activity, in-
dicating that Cys419 is important for this activity (Wang et
al., 2003).

In view of the significant roles of PGRPs in innate im-
mune defense, these proteins have also been studied in mol-
lusks. AiPGRP from Argopecten irradians is induced pri-
marily by PGN and may be involved in the scallop immune
response to infection by Gram-positive bacteria (Ni et al.,
2007). In addition to binding PGN, some PGRPs may also
bind other pathogen-associated molecular pattern (PAMP)
molecules. For example, CfPGRP-S1 mRNA expression
was up-regulated after stimulation by PGN and LPS, indicat-
ing a possible role in the immune defense against Gram-
positive and Gram-negative bacteria (Yang et al., 2012).

Hyriopsis cumingii, an economically important fresh-
water pearl mussel species used for monitoring aquatic en-
vironments, is widely cultured in southern China. In this
study, HcPGRP1 and its isoform HcPGRP1a were cloned
from H. cumingii. In addition, the tissue distribution and
inducibility of transcripts in various tissues challenged with
LPS or PGN was investigated. The findings reported here
should be useful in understanding the immune significance
of PGRP in mollusks.

Materials and Methods

Experimental animals

Pearl mussels (H. cumingii) ~2 years old (shell
length: 55 + 5 mm) obtained from an aquaculture center in
Yueshan Village, Ezhou city, China, were maintained in
aerated fresh lake water at 20 £ 1 °C before the experi-
ments. For the experiments, mussels were transferred to
10 L of lake water containing Microcystis aeruginosa 905
(purchased from the Institute of Hydrobiology, Chinese
Academy of Sciences), with a microcystin-LR (MC-LR)
concentration of 40-60 pg/L each day. After five days, the
hepatopancreas was excised from the mussels and homoge-
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nized in Trizol reagent to obtain the RNA used to construct
a suppression subtractive hybridization (SSH) cDNA li-
brary and clone the full-length cDNA of PGRP.

SSH cDNA library construction and EST analysis

The differential expression of hepatopancreas genes
in mussels exposed to MC-LR was assessed with an SSH
cDNA library constructed using a PCR-Select cDNA sub-
traction kit (Clontech, USA). About 400 positive clones
were sequenced and 98 high quality sequences were identi-
fied; these sequences corresponded to genes involved in
apoptosis, signal transduction, cytoskeletal remodel, innate
immunity, material and energy metabolism, translation and
transcription (Yang et al., 2012). BLAST analysis of all the
EST sequences revealed that one EST (EST No.j-7; 406 bp)
was homologous to PGRP 4 in E. scolopes (score 150 bits,
expect 2e-42, identities 63%, positives 80%, GenBank No.
AAY27976); this EST was used to design primers for clon-
ing the HCPGRP1 gene.

Cloning of the full-length cDNA of HCPGRP1

Total RNA was extracted from the hepatopancreas of
MC-LR-challenged mussels using Trizol reagent according
to the manufacturer’s instructions (Invitrogen, USA).
cDNA was then synthesized and amplified using a
RevertAid first strand cDNA synthesis kit (MBI Fermen-
tas, Germany) according to the manufacturer’s instructions.
Two groups of specific primers (5 GSP1, 5° GSP2 and 3’
GSP1, 3 GSP2) were designed (Table 1) from the partial
PGRP sequence identified in the SSH cDNA library and
were used along with adaptor primers (UPM) for 5* and 3’
rapid amplification of cDNA ends (RACE). The RACE re-
actions were done using a SMART RACE cDNA amplifi-
cation kit (Clontech) according to the manufacturer’s
instructions. Two rounds of PCR amplification were done
using the following conditions: 94 °C for 3 min, followed
by seven cycles of 94 °C for 30 s, 66 °C (first round) or
68 °C (second round) for 30's, 72 °C for 90 s and 28 cycles
of 94 °C for 30 s, 63 °C (first round) or 65 °C (second
round) for 30 s, 72 °C for 90 s, and a final extension at 72 °C
for 10 min. The PCR products were separated by electro-
phoresis on agarose gels and the desired fragments were re-
covered with an E.ZN.A" Gel Extraction kit (Omega),
cloned into the pMD-18 T vector (TaKaRa, Japan) and
transformed into competent Escherichia coli TOP10. The
positive recombinants were identified by blue-white color
selection in ampicillin-containing LB plates and then se-
quenced at Shanghai Sangon Biological Engineering Tech-
nology & Services Co. Ltd. (China).

Cloning of HCPGRP1 isoform cDNA

To obtain a possible splicing variant of HCPGRP1 in
H. cumingii, the primer pair isoPGRP1F/isoPGRP1R (Ta-
ble 1) was designed based on the full cDNA sequence of
HcPGRPI1. A mixture of cDNA templates from different
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Table 1 - Primer sequences used in this study.

HcPGRP1 gene in freshwater mussel

Primer

Sequence (5’ to 3”)

Feature

Oligo(dT)-adaptor

GGCCACGCGTCGACTAGTACT17

Universal primers mix

UPM-long TGGTATCAACGCAGAGTCTAATACGACTCACTATAGGGC Adaptor primer
UPM-short TTATGTCTGCGATAGCGACCTCTCA

5’-GSP1 GTGTGATTTTGCCCTTCAGGATGC 5’-RACE
5’-GSP2 GCAGTTAGAGCAGCAGAGTTAGGCAGT

3’-GSP1 ACCAATAAACTGCCTAACTCTGCTGC 3’-RACE
3’-GSP2 TGAAGGGCAAAATCACACCAGACTAC

Iso- PGRP1F AAGGTCGCAGAACCGTGCTCGT Isoform cloning
Iso- PGRPIR CTGTATGTGACAACGTTGTGTAC

RT-PGRPIF CACAGTGGAGATGCAGAAAATAC Realtime PCR
RT-PGRPIR CAGCAGAGTTAGGCAGTTTATTG

RT-PGRP1aF TTCTTGTGAAGGTTGGGATGACAT

RT-PGRP1aR TTTGCCCTTCAGGATGCCACAGT

ActinF GAGACAACCTACAACAGCATCAT

actinR GAAGCCAAAATGGGACCACCGAT

F — forward, R — reverse.

organs of grass carp was used to clone the splicing isoform
of HCPGRP1a.

Sequence analysis

Sequence similarity with other known proteins was
analyzed using the BLAST program. The alignment of
multiple sequences was done with Clustal W (version
1.83). The theoretical signal peptide was predicted using
the SignalP 3.0 Server. The transmembrane domain was
predicted with the TMHMM program. Possible
N-glycosylation sites were identified using NetNGlyc 1.0
and a Pfam protein family search was done with the Pfam
HMM search program. Physico-chemical parameters were
analyzed using the ProtParam program. A phylogenetic
tree was constructed based on the deduced amino acid se-
quences using the neighbor-joining (NJ) method with 1000
bootstrap replicates and MEGA v4.0 software.

Gene expression pattern of HCPGRP1 and
HcPGRP1a using real-time quantitative PCR

To investigate the tissue distribution of HcPGRPI
and HcPGRP1a transcripts, total RNA was extracted from
various tissues (hemocytes, hepatopancreas, gonad,
kindey, intestinal, gill, mantle, adductor muscle and foot)
of healthy mussels. Total RNA was also extracted from
hepatopancreas, gonad, kidney, gill and foot tissues of H.
cumingii challenged with LPS or PGN for various intervals.

One hundred and twenty mussels were used for the
stimulation experiment. The mussels were randomly di-
vided into three groups (n = 40 each). The sample groups
were injected with 100 pL of LPS (1 mg/mL in PBS) from
E. coli 055:B5 (Sigma-Aldrich) or 100 puL of PGN

(1 mg/mL in PBS) from Staphylococcus aureus (Sigma-
Aldrich), while the control group was injected with 100 puL.
of PBS. Tissue samples were obtained 3, 6, 12, 18, 24 and
36 h after challenge with PBS, LPS or PGN. Total RNA
was extracted using Trizol reagent (Invitrogen) as de-
scribed by the manufacturer. After treatment with RNase-
free DNase, 2 pg of RNA from each sample was reverse-
transcribed with a RevertAid™ First Strand cDNA synthe-
sis kit (Fermentas) at 42 °C using an oligo (dT) 18 primer.

HcPGRPI expression was examined by quantitative
real-time PCR (qRT-PCR) with a SYBR Green supermix
(Bio-Rad, USA) in a CFX96 C1000 thermal cycler (Bio-
Rad, USA). Two pairs of gene-specific primers (RT-
PGRPIF and RT-PGRPIR; RT-PGRPlaF and
RT-PGRP1aR) (Table 1) designed by Primer premier 5.0
for HCPGRP1 and HcPGRP1a were used to amplify PCR
products of 209 bp and 223 bp, respectively. Two B-actin
primers (actin-F and actin-R; Table 1) were used to amplify
a 218-bp gene fragment as an internal control for qRT-
PCR. The amplification efficiency of all primers was deter-
mined using standard curves and primers with an efficiency
0f 0.95-1.0 chosen for this study. The qRT-PCR amplifica-
tions were done in triplicate along with the internal control
gene in 96-well plates. All analyses were based on the CT
values of the PCR products.

The 2*“T method was used to analyze the level of
HcPGRP1 and HcPGRP1a expressi+d Schmittgen, 2001).
The relative expression of the target gene was normalized
to the expression of B-actin and then expressed as a fold
change relative to the corresponding control group. All data
showing the relative mRNA expression are the mean of at
least three independent experiments. Statistical compari-
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sons were done using Students #-test, with p < 0.05 indicat- HcPGRP1 (GenBank acc. no. KF479260) (Figure 1A). The

ing significance. full-length nucleotide sequence (973 bp) of HcPGRP1
cDNA consisted of a 5’ terminal untranslated region (UTR)
Results of 194 bp, a 3° UTR of 122 bp with a poly (A) tail and an

open reading frame (ORF) of 657 bp. The ORF encoded a
Molecular features of HCPGRP1 and HCPGRP1a cDNA polypeptide of 218 amino acids with a theoretical

The ¢cDNA sequence of H. cumingii PGRP was con-  isoelectric point of 6.29 and predicted molecular mass of
firmed by blastn analysis on NCBI and was designated as  24.98 kDa. The N-terminus of HcPGRP1 had a putative

A

ATACCTATATGACG
15
TCTCGGGCGGGTCCCTGCATGCCCGCGAAGCGGGGGAGAGGTCAAGACGG
GCCGGCGATG
75
AGGGTTTTCTTCTCCGGGAGTGAGCAGCTCAGTTTCTTTTTGTTTCTTCCAG
AATTCGTA
135
TGAGTCCTTAACTGTCTTTCCTTAAAAAAGGTCGCAGAACCGTGCTCGTTG
ACACGTCGT
195
[ATGITTTCAAAGCTCATTCAGACGTTTAGAGTTAAATTGCCACGAACCAGA
GGAAATAACC
Il MFQSSFRRLELNCHETPETEIT
255
ATGTGGCTTCTATTCCTCGTAACTCTCTGTGTACTTTCTTGTGAAGGTCGGC
CTCGTGAC
2 M W LLFLVTLCVLSCEGTRTPRD
315
ATCAAGTGCAACGTTACCTTGGTGACACGTGAAGAATGGCACGCCCGACC
AACAAGGCAC
49 TKCNVTLVTREEWHATRTPTR RH
375
ACCGAACACATGAATACTCCAGTCGGGATTGTGTTCATCCACCACACCGC
CATGGCCGAA
66 TEHMNTZPV GIVF FIHHTAMAE
435
TGCGATGACCAGCACACTTGCACAGTGGAGATGCAGAAAATACAGAACTT
TCATATGGAT
88 CDDQHTCTVEMOQKTIQNTEHMD
495
ATAAGAAGCTGGGATGACATCGGGTACAATTTCCTGATCGGTGGAGACGG
ACGAGTATAC
101 IR %W D D I G Y N F L1 G G D G R V Y
555
GAAGCAAGAGGATGGGATCGTGTGGGGGCTCACACGCGCGGCTGGAATG
ACGTTGCCGTG
20 EARGWDRVYGAHTRGWNDVAYV
615
GCGTTCTCCGTCATGGGGGATTACACCAATAAACTGCCTAACTCTGCTGCT
CTAACTGCT
140 AFSVMGDTYTNE KLPNSAALTA
675
GTCCACAACATAATCGACTGTGGCATCCTGAAGGGCAAAATCACACCAGA
CTACAAAATG
66 VH NIIDCGILZKGE KTITZPDYZKM
735
TATGGACACCGGAATGCCGGAACCACGGAGTGTCCCGGACAGCAGTTGTA
TGACCTCATT
18 YGHRNAGTTECPG QQLYDTLI
795
AGAACATGGCCCCACTTTGATCCGAATAAACCAGTCAGACCCACACCGGC
GAGCTGAATA
201 R TWPHTPFDTPNIKTPVRPTPAS *
855
CGTTGTCACACACAGAGTACACAACGTTGTCACATACAGACAACACATTT
TGTTAATACTA
915
TGTTAGGAAAAATAAAGAGATAAAACATGAAAAAAAAAAAAAAAAAAA
AAAAAAAAAA

B

ATTAAGGTCGCAGAACCGTGCTCGTTGACACGTCGT
37
TTCAAAGCTCATTCAGACGTTTAGAGTTAAATTGCCACGAACCAGA
GGAAATAACC
I M F Q S S FRRLETLNCHEZPEETIT
97
ATGTGGCTTCTATTCCTCGTAACTCTCTGTGTACTTTCTTGTGAAGGTTGGG
ATGACATC
20 M WLLFLVTLCVLSCEGWDTDII
157
GGGTACAATTTCCTGATCGGTGGAGACGGACGAGTATACGAAGCAAGAG
GATGGGATCGT
49 GY NFLIGGDG GRVYVYEARGWDR
217
GTGGGGGCTCACACGCGCGGCTGGAATGACGTTGCCGTGGCGTTCTCCGT
CATGGGGGAT
6l V.G AHTRGWNDVAVAFSVMGD
277
TACACCAATAAACTGCCTAACTCTGCTGCTCTAACTGCTGTCCACAACATA
ATCGACTGT
88 Y T NKULPNSAALTAV HNTITIDC
337
GGCATCCTGAAGGGCAAAATCACACCAGACTACAAAATGTATGGACACC
GGAATGCCGGA
101 GI L KGKTITPDYI KMYGHTRNAG
397
ACCACGGAGTGTCCCGGACAGCAGTTGTATGACCTCATTAGAAGATGGCC
CCACTTTGAT
126 T TECPGAO QO QLYDTVLTIRIRWPHTFD
457
CCGAATAAACCAGTCAGACCCACACCGGCGAGCTGCGTTGTCACAC
ACAGAGTACA
14 P NK PV RPTPAS *
517 CAACGTTGTCACATACAGAAT

Figure 1 - Complementary DNA and predicted amino acid sequences of HCPGRP1 (A) and its isoform HcPGRP1a (B) from H. cumingii. The signal pep-
tide (1-36) is underlined, the PGRP domain profile is shaded in dark gray, the start codon and stop codons are boxed and the N-glycosylation site is in
bold. The arrow indicates the cleavage site and the asterisk indicates termination.
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signal peptide with a putative cleavage site located after po-
sition 36 (MFQ-EG) (Figure 1A). An N-glycosylation site
was predicted at position 44 (NVT) and an amidase_II do-
main (also known as a PGRP domain or T phage lysozyme
homology domain) was predicted at the C-terminal end of
HcPGRPI.

Based on the full-length cDNA sequence, a pair of
primers was designed to obtain an alternative splicing
isoform of HcPGRP1, which was named HcPGRPla
(GenBank acc. no. KF479261) (Figure 1B). The complete
cDNA sequence of HcCPGRP1a was 537 bp, with an open
reading frame (ORF) of 458 bp encoding a polypeptide of
151 amino acids. Alignment of the cDNA sequences of
HcPGRP1 and HcPGRP1a showed that alternative splicing
in HcPGRP1 is mainly generated by deletion of the se-
quence between R37-S103
(RPRDIKCNVTLVTREEWHARPTRHTEHMNTPVGI
VFIHHTAMAECDDQHTCTVEMQKIQNFHMDIRS)
while it retained the entire signal peptide sequence and part
of the PGRP domain. Table 2 shows the most important
biochemical parameters of HcCPGRP1 and HcPGRP1a.

Sequence analysis and phylogenetic
characterization of HCPGRP1

BLAST analysis showed that the sequence identity of
HcPGRP1 with other homologs ranged from 32% to 56%.
The highest percentages of identity and similarity (56% and
70%, respectively) were with the EsPGRP4 homolog
(GenBank accession no. AAY27976) from the Pacific oys-
ter E. scolopes. Based on the multiple sequence alignments
between HcPGRP1 and other animal PGRPs (Figure 2),
four catalytic residues (His74, Tyrl09, Hisl83 and
Cys191) for the T7 lysozyme Zn** binding were found to be
highly conserved in HcPGRP1.

A phylogenetic tree was constructed using the neigh-
bor-joining (NJ) method with 1000 bootstraps based on the
multiple alignments (Figure 3). Based on the overall amino
acid sequences of 25 PGRPs from other aquatic mollusks,
the phylogenetic tree showed that HCPGRP1 and EsPGRP4
from E. scolopes were grouped together in a minimum clus-
ter and then clustered with the other PGRP subfamily from
E. scolopes, suggesting there was a close evolutionary rela-
tionship between these proteins.

HcPGRP1 gene in freshwater mussel

Tissue distribution of HCPGRP1 and HcPGRP1a
mRNA

SYBR Green real-time PCR analysis was used to
study the distribution of mRNA expression of the two
PGRPs, with the housekeeping gene B-actin used as an in-
ternal standard. HCPGRP1 and HcPGRPla mRNA was
constitutively expressed at different levels in a variety of
tissues (Figure 4). The level of HcCPGRP1 mRNA expres-
sion was highest in hepatopancreas followed by intestine,
and lowest in hemocytes. The expression of HCPGRPS1a
was also highest in hepatopancreas followed by intestine,
but was lowest in adductor muscle.

Expression pattern of HCPGRP1 and HCPGRP1a in
mussels challenged with LPS or PGN

Time-course experiments were used to investigate the
temporal variation in HcPGRPS1 and HcPGRPla tran-
scription in vivo for up to 36 h after a challenge with LPS or
PGN. Based on the initial expression patterns determined
by RT-PCR, three H. cumingii tissues (hepatopancreas, gill
and foot) were selected to evaluate the patterns of
HcPGRP1 and HcPGRPla gene expression. The B-actin
gene was used as an internal control.

Figure SA-C shows that stimulation with LPS signifi-
cantly up-regulated HCPGRP1 gene expression in hepato-
pancreas and foot, with the highest expression occurring
18 h and 3 h post-stimulation, respectively (p < 0.05); there
was no significant change in HCPGRP1 expression in gill.
In contrast, HCPGRP1a expression was significantly up-
regulated in hepatopancreas, gill and foot, with the greatest
increase occurring 12 h, 12 h and 6 h post-stimulation, re-
spectively (p < 0.05). In mussels stimulated with PGN (Fi-
gure 5D-F), the expression of both HcPGRP1 and
HcPGRPla was significantly up-regulated in hepato-
pancreas, gill and foot. HCPGRP1 mRNA expression was
highest in hepatopancreas, gill and foot at 12 h, 12 h and 24
h post-stimulation, respectively (p < 0.05), whereas that of
HcPGRPla mRNA was highest at 12 h, 6 h and 18 h, re-
spectively (p < 0.05).

Discussion

In this study, a PGRP gene (designated as HCPGRP1)
and a splice variation (HcPGRP1a) were cloned from H.
cumingi. Both of these genes and the previously cloned
HcPGRPS1 (Yang et al., 2013) belonged to the PGRP gene
family of H. cumingi. HcCPGRP1 had a predicted molecular

Table 2 - The biochemical parameters of H. cumingi HcCPGRP1 and its isoform HcPGRP1a.

Molecular name Amino acids Molecular mass (kDa) Theoretical pl Instability index Aliphatic index GRAVY
HcPGRPI 218 24.98 6.29 41.16 72.43 -0.416
HcPGRPla 151 17.10 6.18 52.88 77.48 -0.302

GRAVY - grand average of hydropathicity.
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mass of 24.98 kDa with a signal peptide of 36 amino acids
but no transmembrane domain, indicating that it was most
likely to be a secretory protein. BLAST and phylogenetic
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analyses showed that HcPGRP1 was homologous to
EsPGRP4 from the mollusk E. scolopes (Goodson et al.,
2005) and clustered closely with other PGRPs from E.

Figure 2 - Multiple alignments of HCPGRP1 with other known PGRPs in aquatic mollusks. PGRP domains I, II and III are underlined. The dots indicate
the amino acids required for T7 lysozyme Zn*'-binding and amidase activity. The Trp (W) and Arg (R) that are believed to determine preferential DAP
specificity are indicated by an asterisk. The sequences used for the analysis were PGRPs from Argopecten irradians (AIPGRP; AAR92030), Armigeres
subalbatus (AsPGRPS1; AEX31477), Azumapecten farreri (AfPGRPS1; AAYS53765), Bos taurus (BtPGRP1; NP _776998), Cavia porcellus
(CpPGRP1; XP_003464642), Crassostrea gigas (CgPGRPS3; BAG31899), Drosophila melanogaster (DmPGRPSC2; CAD89179), Euprymna scolopes
(EsPGRP4; AAY27976), Homo sapiens (HsPGRP1; O75594), Hyriopsis cumingi (HcPGRPS1; KC905181), Nomascus leucogenys (NIPGRPI;
XP_003277649), Oreochromis niloticus (OnPGRPSC2; XP_003441739), Physella acuta (PaPGRP; AEH26026), Solen grandis (SgPGRP; AEW43446)
and Xenopus laevis (XIPGRP1; NP_001088771).
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Figure 3 - Phylogenetic analysis of HCPGRP1 from H. cumingii with
other known mollusks PGRPs orthologs. The tree was constructed by the
neighbor-joining (NJ) algorithm using the Mega 4.0 program based on the
multiple sequence alignment provided by ClustalW. Bootstrap values of
1000 replicates (%) are indicated for the branches.

scolopes, suggesting that there was a close evolutionary re-
lationship among these proteins. BLAST analysis also re-
vealed that the HcPGRP1 gene shared 50% identity with
HcPGRPSI and < 56% identity with EsSPGRP4, while the
phylogenetic analysis placed HCPGRP1 and HcPGRPS1 on
different evolutionary branches. This result suggests that
these two proteins from the same organism belong to differ-
ent subfamilies.

Multiple alignments with other short PGRPs showed
that the four amino acids (Hisl17, Tyr46, His122 and
Cys130) that are required for the T7 lysozyme Zn** binding
and amidase activity were conserved in HCPGRP1 (His74,
Tyr109, His183 and Cys191) (Cheng et al., 1994); these
sites have also been found in HCPGRPS1 from H. cumingi
(Yang et al., 2013), CgPGRPS3 from Crassostrea gigas
(Ttoh and Takahashi, 2008), AiPGRP from 4. irradias (Ni
et al., 2007) and DmPGRPSC2 from Drosophila (Bischoff
et al., 2006). This similarity suggests that these molecules
might serve as amidases involved in the elimination of
PGN during the immune response against bacteria.
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Figure 4 - Distribution of HcCPGRP1 and HcPGRP1a transcripts in H.
cumingii tissues. The tissues screened by qRT-PCR included hemocytes,
hepatopancreas, gonad, kidney, intestine, gill, mantle, adductor muscle
and foot. 3-Actin was used as an internal control. Vertical bars indicate the
mean = SD (n = 3).

Mollusk PGRPs may have developed special func-
tions during their evolution. For example, EsSPGRPs 1, 2, 3
and 4 from E. scolopes may serve as signal transducers to
trigger the Toll/NF-xB phosphorylation cascade. However,
the replacement of Cys160 by Ser160 in ESPGRP4 results
in a loss of catalytic activity and limited PGN recognition
or signal transduction functions (Goodson et al., 2005).
Some PGRPs specifically or preferentially recognize Dap-
type or Lys-type PGNs, with this specificity being deter-
mined by the three amino acids in the PGN binding groove.
For example, in mollusks, rCfPGRPS1 shows high affinity
for Lys-type PGN (Yang et al., 2010) and HcPGRPS| dis-
plays PGN-binding activity towards DAP-type and Lys-
type PGN (Yang et al., 2013), whereas human PGLYRP-1
(Gly68, Trp69 and Arg88) and Drosophila PGRP-LE
(Gly234, Trp235 and Arg254) bind Dap-type PGN
(Swaminathan et al., 2000; Kumar et al., 2005; Chang et
al., 2006). As shown here, HCPGRP1 retained only two of
the four amino acids (Trpl104 and Argl23) that are nor-
mally conserved, which suggested that the binding speci-
ficity of this protein was for DAP-type PGN.

Alternative splicing, a process by which multiple dif-
ferent functional messenger RNAs can be synthesized from
a single gene, plays a key role in the expansion of pro-
teomic and regulatory complexity (Nilsen and Graveley,
2010). Some previous reports had shown that multiple al-
ternative splicing isoforms exist in PGRP gene families,
e.g., Drosophila has 13 PGRP genes that encode 19 pro-
teins, Anopheles has seven PGRP genes that encode nine
proteins (Werner et al., 2000; Christophides et al.,2002). In
addition, B. glabrata BgPGRP-LA has three isoforms
(-LA, LA1 and-LA2) (Zhang et al., 2007). As shown here,
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Figure 5 - Temporal expression of HCPGRP1 and HcPGRP1a mRNA in tissues (hepatopancreas, foot and gill) during the time course challenge with LPS
(A-C) or PGN (D-F). Statistical comparisons of the control (untreated) and challenged (treated) groups were done using one-way analysis of variance
(ANOVA) and SPSS 13.0 software. Vertical bars indicate the mean + SD (n = 3). *p < 0.05 compared to relative mRNA expression at 0 h.

we cloned a splice variation (HcPGRP1a) of HcPGRP1 that
lacked part of the PGRP domain. Alternative splicing
isoforms probably interact with normal forms to produce
stimulatory and inhibitory effects (Rosenstiel ef al., 2006;
Chang et al., 2011).

Mollusk PGRPs show highly variable expression in
various tissues. For example, bay scallop (4. irradians)
AiPGRP is predominantly expressed in hemocytes (Ni et
al., 2007), whereas Pacific oyster (C. gigas) CgPGRP-S1L
and CgPGRP-S3 are mainly expressed in mantle and diges-
tive diverticula, respectively (Itoh and Takahashi, 2008). In
H. cumingi, the pattern of HCPGRP1 and HcPGRP1a ex-
pression was similar to that of H. cumingi HcPGRPS1
(Yang et al., 2013) and Solen grandis SgPGRP-S1 (Wei et

al., 2012); both genes were detected in all of the tissues ex-
amined, with the highest expression in hepatopancreas. The
selective expression of PGRPs in different tissues suggests
that they have different functions in the body. The respon-
siveness of PGRPs after exposure to microorganisms also
varies considerably among host species. Stimulation with
PGN, LPS and glucan markedly up-regulates the expres-
sion of CfPGRP-S1 in hemocytes of Chlamys farreri, indi-
cating that this inducible protein is involved in the immune
response to invading microbes (Yang et al., 2010). Simi-
larly, SgPGRP-S1 and SgPGRP-S2 from S. grandis and
HcPGRPSI from H. cumingi were significantly induced in
response to stimulation by LPS or PGN (Wei ef al., 2012;
Yang et al., 2013). As shown here, microbial ligands (LPS
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and PGN) also induced the expression of HcCPGRP1 and
HcPGRP1a in hepatopancreas, gill and foot, indicating the
importance of HCPGRP1 as innate pattern recognition re-
ceptors in immune defense. Interestingly, the increase in
HcPGRPI1 and HcPGRPla expression in hepatopancreas
and foot tissue in response to LPS was greater than for
PGN, which suggests that LPS may be the potential ligand
for HcPGRP1.
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