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ARTICLE INFO ABSTRACT

Mannose-binding lectin (MBL) is a pattern recognition receptor (PRR) that plays an important role in the innate
immune response. In this study, a novel mannose-binding lectin was cloned from the swimmimg crab Portunus
trituberculatus (designated as PtMBL). The complete cDNA of PtMBL gene was 1208 bp in length with an open
reading frame (ORF) of 732 bp that encoded 244 amino acid proteins. PtMBL shared lower amino acid similarity
with other MBLs, yet it contained the conserved carbohydrate-recognition domain (CRD) with QPD motif and
was clearly member of the collectin family. PtMBL transcripts were mainly detected in eyestalk and gill with
sexually dimorphic expression. The temporal expression of PtMBL in hemocytes showed different activation
times after challenged with Vibrio alginolyticus, Micrococcus luteus and Pichia pastoris. The recombinant PtMBL
protein revealed antimicrobial activity against the tested Gram-negative and Gram-positive bacteria. It could
also bind and agglutinate (Ca®*-dependent) both bacteria and yeast. Furthermore, the agglutinating activity
could be inhibited by both p-galactose and p-mannose, suggesting the broader pathogen-associated molecular
patterns (PAMPs) recognition spectrum of PtMBL. These results together indicate that PtMBL could serve as not
only a PRR in immune recognition but also a potential antibacterial protein in the innate immune response of
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crab.

1. Introduction

As the invertebrates, crustaceans lack an acquired immune system
and solely rely on innate immune system to defense against the in-
vading pathogens [1]. Immune recognition is the primary and crucial
step in discriminating self and non-self in innate immune response [2].
It is initiated by pattern recognition receptors (PRRs) to recognize pa-
thogen-associated molecular patterns (PAMPs) on the surface of mi-
crobes [3]. Among the variety of PRRs, C-type lectins, a superfamily of
Ca®"-dependent carbohydrate-recognition protein containing at least
one carbohydrate recognition domain (CRD), have been identified as
potentially important effectors in crustacean immune defense [4,5].

Mannose-binding lectin (MBL), a member of C-type lectin, can re-
cognize and bind to terminal mannose residues on the surface of pa-
thogens and initiate the lectin complement pathway in vertebrates
[6-10]. MBL belongs to the collectin family of proteins, and consists of
a cysteine-rich N-terminal region, a collagen-like domain, a neck region

and the C-terminal CRD [11,12]. The collagen-like domain is supposed
to interact with MBL-associated serine proteases (MASPs) to form a
complex in complement activation [13]. Based on an EPN (Glu-Pro-
Asn) motif in the CRD region, the major ligands of vertebrate MBLs are
p-mannose, L-fucose and N-acetyl-p-glucosamine (GlcNAc) [14,15].
However, the motif for ligand binding is of great diversity in in-
vertebrates. For example, EPD (Glu-Pro-Asp), QPG (GIn-Pro-Gly), QPS
(GlIn-Pro-Ser), YPG (Tyr-Pro-Gly), and YPT (Tyr-Pro-Thr) were found in
the corresponding sites of the specific motif [16].

Several MBLs have been identified in crustaceans, and most play a
crucial role in innate immune defense against a wide range of microbes.
For example, mannose receptor from crayfish Procambarus clarkii
(PcMR) is involved in the innate immune response against bacterial
pathogens [17]. PI-MBL from crayfish Pacifastacus leniusculus may
interfere with the LPS-induced activation of the proPO-system [18].
MrMBL-N20 and MrMBL-C16 peptides, deriving from MrMBL of prawn
Macrobrachium rosenbergii, are important antimicrobial peptides for the
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recognition and eradication of viral and bacterial pathogens [19].
Moreover, several C-type lectins containing EPN motif could display
anti-WSSV and anti-bacteria activities, such as LvCTL from Litopenaeus
vannamei [20], FcLec5 from Fenneropenaeus chinensis [21] and FmLec2
from Fenneropenaeus merguiensis [22]. However, the functions of MBLs
in crab immunity remain unclear.

The swimming crab Portunus trituberculatus is important commercial
crustacean, and support the large crab fishery and aquaculture in China
with the total yield exceeding 120,000 tons in 2017 [23]. Crabs live in
an aquatic environment full of bacteria, fungi and other potential pa-
thogens. Improving knowledge of the innate immunity in crab will be
useful in diseases control in crab aquaculture. In this study, the full-
length cDNA of MBL from P. trituberculatus (designated as PtMBL) was
cloned. The tissue distribution of PtMBL transcripts and their temporal
response to microbes challenge were examined. In addition, the func-
tions of the recombinant PtMBL protein were investigated by anti-
microbial activity, binding activity and microbial agglutination assay.

2. Materials and methods
2.1. Crabs, immune challenge and samples collection

Healthy P. trituberculatus averaging (150 + 10) g in weight were
collected from Qingdao, China, and acclimated at 16 + 1 °C for 1 week
before processing. During the experiment, the crabs were fed with clam
meat once daily at night. For pathogens challenge experiment, 84 crabs
were employed, randomly divided into 4 groups (21 individuals each
group) and kept in aerated tanks. Three groups of crabs were injected
100 pl live Vibrio alginolyticus (3 x 108 CFUmL ™), Micrococcus luteus
(1 x 108 CFUmL™!) and Pichia pastoris (4 x 10" CFUmL~ D) suspended
in 0.1 moL/L PBS (pH 7.0) at the arthrodial membrane of the last
walking leg, respectively. The last group of crabs receiving an injection
of 100 pl PBS was served as the control group. The remaining untreated
crabs were used as blank. The injected crabs were returned to the water
tanks, and three individuals were randomly sampled at the time point
of 2, 4, 8, 12, 24, 48 and 72 h post-injection.

The haemolymph was harvested from the last walking leg using a
syringe and quickly added to an equal volume of anticoagulant mod-
ified Alsever solution (27 mM sodium citrate, 336 mM NaCl, 115 mM
glucose, 9mM EDTA, pH 7.0) [24]. Samples were immediately cen-
trifuged at 800 g, 4 °C for 5min to collect the hemocytes. Hemocytes,
gill, hepatopancreas, eyestalk, muscle, heart, intestine, stomach, thor-
acic ganglion, brain and ovary or testis from five untreated female and
male crabs were collected to determine the tissue distribution of PtMBL
transcripts.

2.2. RNA isolation, cDNA synthesis and cloning the full-length cDNA of
PtMBL

The total RNA was extracted from the samples of P. trituberculatus
using TRIzol reagent according to the manufacture's protocol
(Invitrogen). The first-strand cDNA was synthesized for the quantitative
real-time PCR (qRT-PCR) analysis using a PrimeScript™ first Strand
cDNA Synthesis Kit (Takara, Dalian, China) with an oligo dT primer. To
amplify the 3’ end of PtMBL cDNA sequence, the first-strand cDNA was
synthesized using the Clonetech SMARTer™ RACE ¢cDNA Amplification
kit (Takara, Dalian, China) with 3’-CDS Primer (3’-RACE CDS Primer).

A gene specific forward primer PtMBL-3’F (Table 1) was designed
based on the unigene sequence obtained from transcriptome data. 3’
fragment was amplified using PtMBL-3’F and 3’ RACE Outer Primer (3’
ROP). And then a pair of primers, PtMBL-F and PtMBL-R (Table 1) was
designed to obtain the ORF fragment of the cDNA sequence. The
polymerase chain reaction (PCR) was performed in a 25pl reaction
volume containing 17.3pl sterile distilled H,O, 2.5ul of 10 x PCR
buffer, 2.0 pl of ANTP (10 Mm), 1 pl of each primer (5 mM), 0.2 ul (1 U)
of Taq polymerase (TaKaRa), and 1 pl of DNA template (approximately
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30 ng). The PCR was conducted under the following parameters: 94 °C
for 3 min, followed by 35 cycles of 94 °C for 30s, 57 °C for 50s, and
72°C for 1 min, and finally 72 °C for 10 min. The amplifications were
performed on TaKaRa PCR Thermal Cycler Dice Model TP600 (Takara
Bio Inc.) The PCR products were gel-purified and cloned into pMD19-T
simple vector (TaKaRa). After being transformed into the competent
cells of Escherichia coli DH5a, the positive recombinants were identified
through anti-Amp selection and PCR screening with M13-47 and RV-M
primers (Table 1). Three of the positive clones were sequenced by a
commercial company (Sangon, China). The complete PtMBL cDNA se-
quence was obtained by overlapping the two fragments.

2.3. Sequence analysis, tertiary structures prediction and phylogenetic
analysis

Blast algorithm at National Center for Biotechnology Information
(http://www.ncbi.nlm.gov/blast/) was used to search the homology of
nucleotide and protein sequences. The deduced amino acid sequence
was analyzed with the Expert Protein Analysis System (http://www.
expasy.org/). SignalP 4.1 program was utilized to predict the presence
and location of signal peptide, and the cleavage sites in amino acid
sequences (http://www.cbs.dtu.dk/services/SignalP/). Scanprosite
program was utilized to predict the potential disulfide bonds and their
position (http://www.expasy.ch/tools/scanprosite/). The carbohydrate
recognition domain (CRD) and glycosylation sites were predicted using
ExPASy PROSITE (http://www.expasy. ch/prosite/). A homology
model of PtMBL was constructed using SWISS-MODEL (http://
swissmodel.expasy.org) and verified by Swiss-PdbViewer. The
ClustalW Multiple Alignment program (http://www.ebi.ac. uk/clus-
talw/) was used to create the multiple sequence alignment. An un-
rooted phylogenetic tree was constructed based on the aligned amino
acid sequences by the neighbour-joining (NJ) algorithm embedded in
MEGA 7 program. The reliability of the branching was tested by 1000
bootstraps.

2.4. Quantitative analysis of PtMBL expression

The mRNA expression of PtMBL transcripts in various tissues, in-
cluding hemocytes, gill, hepatopancreas, eyestalk, muscle, heart, in-
testine, stomach, thoracic ganglion, ovary, testis and brain of untreated
crabs, and the temporal expression of PtMBL transcripts in hemocytes of
crabs challenged with V. alginolyticus, M. luteus and P. pastoris were
determined by quantitative real-time PCR. The cDNA was diluted 100
times by DEPC-treated water for the next step. The SYBR Green RT PCR
assay was carried out in an ABI PRISM 7300 Sequence Detection System
(Applied Biosystems).

A pair of gene-specific primers (MBL-RTF and MBL-RTR, see
Table 1) was used to amplify a product of 165 bp PtMBL gene. The f3-
actin from P. trituberculatus [25], amplified with primers Actin-F and
Actin-R (Table 1), was chosen as reference gene for internal standar-
dization. DEPC-water for the replacement of cDNA template was used
as negative control. Reactions were carried out on an ABI PRISM 7300
Sequence Detection System (Applied Biosystems) using SYBR green II as
fluorescent dye. The PCR was carried out in a total volume of 10 pl,
containing 3.33ul of 2 X SYBR Premix Ex Taq (TaKaRa), 0.13pl
50 x ROX Reference Dye, 4 ul of the diluted cDNA mix, 0.13 pl of each
primer (10 mM) and 2.27 pl sterile distilled H,O. The thermal profile for
SYBR Green RT PCR was 95 °C for 30s, followed by 40 cycles of 95 °C
for 5s and 60 °C for 35s. After the PCR program, data were analyzed
with ABI7300 SDS software (Applied Biosystems). Fold change for the
gene expression relative to controls was determined by the 27 44C
method [26]. All data were given in terms of relative mRNA expression
as mean *= S.E. The results were subjected to one way analysis of
variance (one way ANOVA) using SPSS 16.0, and the P values less than
0.05 and 0.01 were considered statistically significant.
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Table 1

Primers used in this study.
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Primers Name

Sequence (5-3")

PCR objective

PtMBL-F
PtMBL-R
PtMBL-3'F
3’'ROP
PtMBL-RTF
PtMBL-RTR
Actin-F
Actin-R
PtMBL-REF
PtMBL-RER
M13-47

T7 promoter

T7 terminator

TTCTCCTCCGCAAGATGAAGGTC
GGACAGTCACTATCTCCGAACCTATT
CTGGCAATGGCTGGATGGAAGTT
GACTCGAGTCGATCGATTTTTTTTTTTTTTTTTT
CTGGAGTTGGTGTTGGGAATA
TTGTCTTCATCCCTACTTTCG
TCACACACTGTCCCCATCTACG
ACCACGCTCGGTCAGGATTTTC
CGGGATCCTCCCGGCGTCCCTACCCGAG
CCCTCGAGTTAACCATACTGGGGCACGG
CGCCAGGGTTTTCCCAGTCACGAC
TAATACGACTCACTATAGGG
GCTAGTTATTGCTCAGCGGT

Gene cloning

Gene cloning

Gene cloning

Gene cloning

Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Recombinant expression
Recombinant expression
Sequencing

Sequencing

Sequencing

61

121
28
181
48
241
68
301
88
36l
108
421
128
481
148
541
le8
601
188
66l
208
721
228
781
841
901
261
1021
1081
1141
1201

GTTCCTCAGGTTTGATGCTCGGEGACTTCTCCTCCGCARAGATGALAGETCGCTGTCEGTCCT
M K vV A4 V ¥V L
GCTGETCGTGCCTCGCCTTCGCCGCCTCCTCCCGGCGTCCCTACCCGAGCCGCTACCCAAG
L 5 cC L A F A 4 5 8§ R E F 4 F 3 R ¥ P 8
CTCCGECGECEELTTCCCTGECAGAGGCTCAGTTATCGTCTTCCCCGACGAGGTCARGGE
5 G G G F P G R G & WV I v F P D E V E G
CEETEEAGGRAGCGEGEGCCACGTCCACCCTGEAGTTGETGTTGEGAATATTTACCCCCC
G G G 8 G G H Vv H P G v G w G N I ¥ P P
ACCAGTCGETCATGETGECGAGCCTCTGETCACTAGCCACTGCCCACGCGCTATTTCCRAR
P WV G H G G E P L V T =] H C P R A I 3 K
AGATGTCCACGECACCTTCCTGGEACACARCTACCACTTCTCTTGEGTGCEGCTGATEGCGE
D v H G T F L G H N ¥ H F S W C &4 D G G
CCAGCGCTACACTTGGEAGGCCGCCCGCEACTACTGCACCAGECTGGGLCCCGGCTGETA
Q R ¥ T W E &2 E R D ¥ s; T R L G P G w ¥
CCCTETGGCCATCGRARAGTAGGGATGRAAGACARCTACATCATCGRACATTGTTGGCAGCCA
F 7 A I E 5 R D E D N Y I I D I V G S H
CCAATCTCCCTGEATCTGEACTGGCGEGAACACTTTGAGCAACACTARCTACGTCTGGCA

g 8 PWI WT 66 NT L S N TNZYTV WQ
ATGGCTGGATGGARGTTCTCTCATCTACACTARCTGGGGACAGACTGGATCATTGGACAG

W L DGS 8 L I Y TN W 6 Q T S L DR
ACCACAGCCAGACALCGCCGARALCARCAACGRACGETGCCTGECTATCCTCAACCAGTT

P [Q 0 N A E N N N E R € L A I L N Q F
CTACGCAGGAGACTTCATTACTTTCCACGACATCGGATGCCATCACACCARACCARCCAT

¥a 6D F IT [ HD|I 6 €H HTZRTPE T I
CTGCGAGAACTCTARTGTCCAGETTCCCGTCCCCETGOCCCAGTATGGTTAAGAGCGATG

€ E N s N VvV Q VPVP VvV P Qo ¥ & *
GCTAAGGTATAATAGGTTCGGAGATAGTGACTGTCCAACGGCCTARGAGCGARGGETTAL
TGCTTCTGTTAAGGGGAATGTAATGGTCTTARAGTGGTGATTATTTALALARGALGGRATE
TARAATGCAGCGTGTGARAGTCCATGATAGGATTGTGTTCTTGTARTTTATCAGTATTAG
AATARGAGARACTTGTGTATGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGE
GAGRATALCTGTGATGCTTCGAGACACTALTTACGATTGTTACCTGCTTTTCTGGEETGT
TCATGATGTARTCARCTARLGCTCAATGEACAAACACACCTGTGACTARALTTTARGCAG
GTTATTGGATGATARTGTGACATTAAGTGRAATARATTGCTTGAATGTCARRARRRARDAT
ARAARARD

Fig. 1. Complete nucleotide and deduced amino acid sequence of PtMBL. The start codon (ATG) is represented as M, while the stop codon (TAA) is in bold and
marked with asterisk. Putative signal peptide sequence is shown in italics. One CRD region is shown in the shadow (positions 92-229). The QPD motif that is
important for the ligand-binding specificity is shown in bold letters and boxed. A FHD motif for Ca>* binding site is boxed. Four cysteine residues that are involved in
the formation of two disulfide bonds in CRD are shown in bold letters and underlined. A polyadenylation consensus signal (AATAAA) is shown in double-underlined.

2.5. The construction of recombinant plasmids

A pair of gene-specific primers, PtMBL-REF and PtMBL-RER, was
designed to amplify the sequence encoding mature peptide of PtMBL
(BamH I and Xho [ sites are underlined in Table 1). The purified PCR

products were inserted into pMD19-T simple vector and then were se-

quenced to ensure the correct coding sequence. The recombinant

plasmid pMD19-T-PtMBL digested completely by restriction enzymes
BamH 1 and Xho 1 (NEB), and then cloned into pET-32a (+) vector
(Novagen). Afterward, the recombinant plasmid pET-32a-PtMBL was



M. Zhang, et al. Fish and Shellfish Immunology 89 (2019) 448-457
PtMEL Enw‘uvx!acx.ﬁeu*snnissn. ....¥E33c_GGF VLW 1: ...... EVHEE. ... 48
ZpMEL ADFZT7340.1 BESYDETEL ARG\ VECAVSER AT VER QEVAGVLS :v ..... VU mvp're ...................... 53
PvMEL ROTEG0EE.1 . MEEVEVLLAVARTARAQECEEVEARSFESASACCEGEVEALEVENCECISACVCECREVEVCAFGSSCLEESARR 77
P1MEL AAK55747.1 Imu FUUVAVRQEGY ssessseeasns.sm PHEGGEGI . QEBESRAPCLEGHPCE . . ISCECE. . AGCUEE 74
PcMEL ACRZ04TE.1 HCVLAVESUUVEVIQC)LPRESYCECeEFBQRE . NNEPERPE . .. . C.RPESCEVEEES PINFPISVACIVHE 71
PIMELZ AAKSET47.1 H(VLIVESVUVAVAQSGVEEESFECCCEEBCRE . CIEPEPHEECESI . QEBCIRPELECKPGE . . IZEFCC. . RECUEE 74
Consansus CED

— —
PtMEL ..GBoEBrvneg. . .. .vevenryrrEveHCE. ... .. .. IVTISECERAISR. .. ...... cTELERN 104
ZpMEL ADFZ7240.1 ...QRPFFEAITTE.. .FEQTIPLEPLASTEPE.. ... .. DEPRBCEYPQEE. . . ... ... UMEETL 111
PvMEL ROTES0DD.1 Y- FeScBPIIFPTAGREEVNLEVAPGERECERPCRESCDPICESPSCPRPPEPRETRSALCVA 157
PIMEL AAK55747.1 .FEEREEVECR s .. .FEEACEVECIVETEEE . . CQAQEQELETHEYBAYISE . .. .. .. EVSL 128
PcMEL ACRI0475.1 HECE VEEECH .IGEREITGEFCERVES. CGVQENSLITQECEAYIAP . . .. .. ... VENE: 136
PIMELEZ AAK55747.1  .F VEE] - PEEAECVGEIVET G..GQAQEQELSTHEYBAYISE. ... ... .. WEL 138
Consensus CRD P
PtMEL rofivesfn HILIHTHYY ﬁms.. 177
ZpMEL ADFZ73240.1 TIMIRHYE YEVS. . PY RaC. . 187
PvMEL BOTEGO0EE.1 2ol VECEN THDINGAFIRPSATYCTV 232
P1MEL AAK55747.1 ID HELIEELN cTE__§ 21
PcMEL ACRZ04TS.1 HELGGEPH ATE..Q 200
PIMELZ AANS5747.1 HELIGELY ETE. .Q 211
Consansus
PtMEL c 237
ZpMEL ADFZ7340.1 3 z44
PvMEL BROTEGOEE.1 E 202
P1MEL ARK55747.1 2 2
PcMEL ACRZ04TE.1 2 CEY THVGSEV 70
PIMELZ ARK55747.1 2 i EEY3IFVGITA 27z
Conzensus necl 1ln fy

Fig. 2. Alignment of the amino acid sequence of single-CRD MBL of P. trituberculatus with other four crustacean MBLs. The QPD motif and FHD (WHD) motif is boxed
in orange and blue. Four conserved cysteines are marked with asterisks. Numbers shown on the right of the sequences indicate the position of the amino acid residues.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Phylogenetic analysis of PtMBL and other MBLs. Neighbour-joining tree was constructed with Mega 7.0 software. Percentage bootstrap values are shown at
branches. MBL from P. trituberculatus are shown with A. The bar (0.10) indicates the genetic distance.

transformed into competent E. coli BL21 (DE3) cells (Novagen) for
overexpression. The pET-32a vector without insert fragment was se-
lected as a negative control, which could express a thioredoxin (Trx)
with 6 x His-tag in the prokaryotic expression system.

2.6. Expression and purification of recombinant PtMBL

Positive transformants of recombinant proteins and negative control

were incubated in 200 mL LB medium (containing 100 mg/mL ampi-
cillin) at 37 °C with shaking at 220 rpm. When the culture reached
ODggp of 0.4-0.6, isopropyl-f-p-thiogalactosidase (IPTG) was added to
the final concentration of 1 mM, and incubated for another 4 h under
the same conditions. After centrifugation with 8000 g for 15 minat 4 °C,
the cells were resuspended in buffer I (50 mM sodium phosphate,
300 mM NaCl, pH 7.0), sonicated at 4 °C for 30 min. The cell lysate and
inclusion bodies were separated by the centrifugation as above. The
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Fig. 4. The spatial structure of CRD in PtMBL predicted by SWISS-MODEL
program. Where the a-helices are colored red, the B-stands are colored yellow,
and the random coil is colored blue. There are four cysteines C1-C4 involved in
forming disulfide bridges at the bases of the loops. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

inclusion bodies were washed once with buffer I, twice with buffer II
(50 mM sodium phosphate, 300 mM NaCl, 2 M urea, pH 7.0) and dis-
solved in buffer III (50 mM sodium phosphate, 300 mM NaCl, 8 M urea,
pH 7.0). The recombinant PtMBL (rPtMBL) and rTrx proteins were
purified by cobalt affinity chromatography (Clontech) as described by
manufacturer under the denatured condition.

The purified proteins were refolded in gradient urea-TBS glycerol
buffer (50 mM Tris-HCl, 50 mM NacCl, 10% glycerol, 1% glycine, 1 mM
EDTA, 0.2 mM oxidized glutathione, 2 mM reduced glutathione 6, 4, 3,

900
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2, 0mM urea in each gradient, pH 8.0; each gradient at 4 °C for 8 h).
The resultant proteins were separated by 12% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE), and visualized with
Coomassie brilliant blue R250. The purified protein solutions were
concentrated with Microsep Advance Centrifugal Devices (10 kD, Pall
corporation) based on the manufacturer's instructions. The concentra-
tion of rPtMBL and rTrx was measured by BCA (bicinchoninic acid)
Protein Assay Kit (Beyotime), respectively.

2.7. Antimicrobial activity assay

Antimicrobial activity was measured against two Gram-negative
bacteria V. alginolyticus and Pseudomonas aeruginosa, two Gram-positive
bacteria M. luteus and Staphylococcus aureus and one fungus P. pastoris
using a liquid phase assay modified from that of Rathinakumar et al.
[27]. Briefly, bacteria and yeast were grown to mid-logarithmic phase
and diluted with Tris-HCI buffer (50 mM, pH 8.0) to 10° CFU/mL. In
sterile 96-well plate, 50 ul of recombinant proteins in 1/2-fold serial
dilution with 50 mM Tris-HCl buffer (pH 8.0) were added into the wells.
The wells with 50 pl of Tris- HCl (50 mM, pH 8.0) and 50 ul of rTrx
diluted with Tris-HCI (50 mM, pH 8.0) were used as blank group and
negative control, respectively. And then 50ul of cell suspension
(10% CFU/mL) were added into the wells and mixed. The 96-well plates
were incubated at room temperature for 2 h, and 150 pl of medium was
added, and then the mixtures were allowed to recover overnight. Ab-
sorbance at 600 nm for Gram-positive bacteria, 540 nm for Gram-ne-
gative bacteria or 560 nm for fungus of each well was determined using
a precision microplate reader. The assay was performed with triplicates
in three independent experiments.

The data were subjected to analysis of one way ANOVA using SPSS
16.0 and considered significant when P < 0.05. The minimum

mMale

OFemale

Tissue distribution of PtMBL

Fig. 5. Relative expression of PtMBL in different tissues of P. trituberculatus. The data determined by qRT-PCR. Each column represented the mean + S.D. (n = 4).
Significant differences between male and female were represented with asterisks (**P < 0.01).
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Fig. 7. SDS-PAGE analysis of rPtMBL (A) and rTrx (B). Lane M: protein mole-
cular standard; lane Al: negative control for PtMBL without IPTG induction;
LaneA2: IPTG induced PtMBL; LaneA3: purified PtMBL. lane Bl: negative
control for rTrx without induction; lane B2: IPTG induced rTrx; lane B3: pur-
ified rTrx.

Table 2
Antimicrobial activity expressed as minimal inhibition con-
centrations (MIC) of the recombinant proteins.

Microorganisms MIC (uM)
Gram-negative bacteria

Vibrio alginolyticus L59 0.81-1.61
Pseudomonas aeruginosa P25 <0.81
Gram-positive bacteria

Micrococcus luteus M2 0.81-1.61
Staphylococcus aureus S7 3.22-6.44
Fungus

Pichia pastoris GS115 Na

inhibitory concentration (MIC) value was expressed as the range be-
tween the highest concentration of the protein where microbial growth
was observed and the lowest concentration that caused 100% inhibition
of microbial growth [28].

2.8. Assay of binding activity to microbes
The specific microbial-binding activity of PtMBL was tested against

the above mentioned bacteria and fungus by the method described in
previous report [29]. Gram-positive bacteria, Gram-negative bacteria
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Fig. 6. Temporal expression profiles of PtMBL in
hemocytes after challenged with V. alginolyticus, M.
luteus and P. pastoris revealed by gRT-PCR. Each
column represented the mean = S.D. (n 3).
Samples challenged with PBS were adopted as con-
trol (white bars). The significant differences cross
control in the same time of sampling were re-
presented with asterisks (**P < 0.01).

OPBS
B V. alginolyticus
u M. luteus

m P. pastoris

and yeast were cultured at LB, TSB or YPD medium to the logarithmic
growth phase respectively, and then fixed with 37% formaldehyde by
gently shaking at 37 °C for 1h to destroy the protease activity of mi-
crobes. 0.5 mL of the cells suspension (3 X 10% CFU/mL) with rTrx and
0.5mL of purified rPtMBL protein (final concentration, 1.52 mg pro-
teins) were mixed and incubated with gentle shaking at 4 °C for 30 min.
After centrifugation at 2000g and 4 °C for 5min, the supernatant was
removed, and the cells were washed twice with PBS. Bound proteins
were subsequently eluted with 1 x SDS-PAGE sample loading buffer.
Microbes incubated with rTrx were used as control. The supernatant,
washed and eluted fractions were run on 15% (w/v) SDS-PAGE.

2.9. Microbe agglutination assay

The agglutination assay was performed according to previous re-
ports with some modifications [30,31]. The microbes were cultured in
the corresponding growth medium to logarithmic growth phase and
harvested by centrifugation at 2000g at 4°C for 10 min. The pellets
were washed three times with sterilized PBS, re-suspended in the PBS at
a density of 108 cells/mL. The fluorescein isothiocyanate (FITC)-labeled
Gram-negative bacteria V. alginolyticus, P. aeruginosa, Gram-positive
bacteria S. aureus, M. luteus and fungi P. pastoris GS115 with slowly
shaking overnight in the dark. The microbe was suspended in PBS at
1.0 x 10® cells/mL. Ten microliter microbe suspension was added to
25 ul PtMBL (25 nm mol L™ Hor2s pl rTrx (25 nm mol L~ 1) dissolved in
Tris-HCl buffer. In order to determine whether PtMBL and microbial
binding are Ca®*-dependent, the microorganism solution was in-
cubated with 25 pl PtMBL (25 nm mol L™Y) in the presence or absence
of 10 mM CaCl,. rTrx (25 nmmol L™ 1) plus 10 mM CaCl, was used as a
negative control. The mixtures were incubated at 17 °C for 2h in the
dark and 5 pl of cells were removed and observed by fluorescence mi-
Croscopy.

2.10. Agglutination inhibition assay

To test the carbohydrate binding specificity of PtMBL, 15ul of
various carbohydrates were premixed with 25 pl of PtMBL and 10 mM
CaCl, at room temperature for 30 min before adding the microbe sus-
pension. The carbohydrates tested in this experiment included p-ga-
lactose (Sigma-Aldrich, USA), p-mannose (Sigma-Aldrich, USA), p-glu-
cose (Sigma-Aldrich, USA), r-fucose (Sigma-Aldrich, USA) and sucrose
(Sigma-Aldrich, USA) with a series of 2-fold diluted concentration
ranging from 200 mmol L ™! to 25 mmol L.~ . The inhibitory effect was
expressed as the minimum concentration required for complete in-
hibition of the agglutinating activity against FITC-labeled V.
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¥, alginolyticus P aeruginosa M. luteus S. aureus P, pastoris Fig. 8. Binding activity of the recombinant PtMBL to
- : = n = microorganisms. The recombinant proteins were in-
kDa M E S W E s W E 5 W E 5 W E S W cubated with formaldehyde-fixed microorganisms at
07.4 . 4°C for 30 min. After incubation, the supernatants
' k were separated by centrifugation. The pellets were
66.2 .- washed with PBS buffer and the bound proteins were
eluted with SDS-PAGE sample loading buffer. The
43 - eluted (E), supernatants (S) and washed (W) frac-
= - b od -— — tions were examined by SDS-PAGE.
3
e
1 -
14.4
rPtMBL rPtMBL+Ca?* 1Trx+
rPtMBL +(Ca* <EDTA rTrx Ca?*

P, aeruginosa

M. luteus
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Fig. 9. Microbial agglutinating activity of rPtMBL against FITC-labeled V. alginolyticus, P. aeruginosa, M. luteus, S. aureus and P. pastoris. The concentration of rPtMBL,
rTrx, CaCl, and EDTA were 25nmol L™}, 25nmol L™}, 10 mmol L ™! and 10 mmol L7, respectively.

alginolyticus.

3. Results
3.1. ¢cDNA cloning and sequence analysis of PtMBL

The complete cDNA sequence of PtMBL gene was 1208 bp in length
and deposited in GenBank under the accession number MK389481. The
complete sequence of PtMBL consisted of a 5’-untranslated region
(UTR) of 40 bp, an open reading frame (ORF) of 732 bp, and a 3’ UTR of
436 bp with the polyadenylation signal (AATAAA) and poly (A) tail.
The nucleotide and deduced amino acid sequences are shown in Fig. 1.
The putative signal peptide was identified with predicted cleavage sites
between Ser'®-Ser'”. A single CRD domain and four conserved cysteine
residues forming two disulfide-bonds (Cys''®-Cys®28, Cys2%°-Cys?2°)

were detected in PtMBL. The estimated molecular weight of mature
PtMBL (227 amino acids) was 24.87 kDa and its theoretical isoelectric
point was 5.95.

3.2. Homologous and phylogenetic analysis of PtMBL

BLAST analysis revealed the deduced amino acid sequence of PtMBL
matched a variety of MBLs previously submitted to GenBank. However,
the sequence similarities were relatively low. PtMBL displayed 54%
amino acid identity with MBL from Procambarus clarkii (PcMBL,
ACR20475.1) and MBL from P. leniusculus (PIMBL, AAX55747.1), and
43% with MBL from P. vannamei (PvMBL, ROT75937.1). Multiple se-
quence alignment showed that all these MBLs had Ca®*-binding motif
FHD and sugar recognition motif QPD in the single CRD domain
(Fig. 2). A phylogenetic tree derived from 17 amino acid sequences of
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Fig. 10. Inhibition of agglutinating activity of rPtMBL against V. alginolyticus by various compounds. FITC-labeled V. alginolyticus was incubated in Tris-HCI buffer

with 25 nmol L ™! rPtMBL and 10 mmol L™ CaCl,.

MBLs was illustrated in Fig. 3. PtMBL were clustered with MBLs from
other crustaceans, and then had a closer relationship with other in-
vertebrates MBLs. The MBLs from mammals and fish were clustered
into the distinct vertebrate group.

3.3. The potential tertiary structure of CRD in PtMBL

The predicted structure of CRD in PtMBL contained six [3-stands
located between three a-helices. Four conserved cysteines (C1-C4)
formed two disulfide bridges at the bases of the loops. C1 and C4 linked
the whole domain loop, while C2 and C3 linked the long loop region
(Fig. 4).

3.4. Tissue distribution of PtMBL transcripts

The mRNA transcripts of PtMBL were detected in all examined tis-
sues, including hemocytes, gill, hepatopancreas, eyestalk, muscle,
heart, intestine, stomach, thoracic ganglion, gonads and brain (Fig. 5).
The highest level of PtMBL transcripts was detected in eyestalk, fol-
lowed by gill, hepatopancreas, muscle and hemocytes. The expression
of PtMBL in eyestalk and gill of male crabs was significantly higher than
those in female crabs (P < 0.01).

3.5. Temporal change of PtMBL transcripts after bacterial and fungal
challenge

The temporal mRNA expression of PtMBL in hemocytes post V. al-
ginolyticus, M. luteus and P. pastoris challenge was shown in Fig. 6. After
V. alginolyticus challenge, the expression of PtMBL was induced and
reached the peak at 8 h post-injection, which was 6.6-fold to that in the
control group (P < 0.01). Then, the PtMBL expression decreased
sharply and recovered to the control level from 12 to 72h post-injec-
tion. The expression of PtMBL was decreased at 2h post M. luteus
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infection, and then increased significantly at 4 h post-injection and was
4.3-fold higher than that in the control group (P < 0.01). As time
progressed, the expression level of PtMBL mRNA in the challenge group
decreased gradually and reached the lowest level at 48 h post-injection.
During the first 12 h after P. pastoris challenge, the expression of PtMBL
was decreased, and then upregulated at 24h post-injection, and
reached the peak at 72 h post-injection (5.76-fold to that in the control
group, P < 0.01).

3.6. Expression and purification of the recombinant PtMBL protein

The recombinant plasmid pET-32a-PtMBLwas transformed and ex-
pressed in E. coli BL21 (DE3)-pLysS. The induced rPtMBL was mainly
expressed as inclusion bodies with extra His-tag and Trx-tag (about
20 kDa) to the N-terminus (Fig. 7B, lanes 3). It had a distinct band with
molecular weight of about 43kDa (Fig. 7A, lane 3) which was in ac-
cordance with the predicted molecular mass of fusion protein. The
concentration of the rPtMBL and rTrx proteins was 1.52 mg/mL and
1.20 mg/mlL, respectively.

3.7. Antimicrobial activity of rPtMBL

The antimicrobial activity of the purified rPtMBL protein against
several stains of Gram-negative, Gram-positive bacteria and fungus was
determined by a liquid growth inhibition assay (Table 2). The rPtMBL
protein could inhibit all the tested Gram-negative bacteria V. alginoly-
ticus and P. aeruginosa, Gram-positive bacteria M. luteus and S. aureus.
The highest antibacterial activity was against P. aeruginosa with MIC
value of less than 0.81 uM. No obvious inhibitory activity was detected
against fungus P. pastoris.

MIC are expressed as the interval a-b, where a was the highest
concentration tested at which microorganisms are growing (P > 0.05)
and b was the lowest concentration that cause 100% growth inhibition
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(P < 0.05). Na: indicated no antimicrobial activity.
3.8. Binding activity to microbes

The microbial-binding assay revealed that rPtMBL was detected in
the eluted fractions, whereas no band was detected in the supernatant
or washed fractions (Fig. 8). However, rTrx showed clear bands in the
supernatant fractions, and no or weak band in the precipitate fractions
(data not shown). This results indicated rPtMBL could strongly bind to
the Gram-negative bacteria V. alginolyticus and P. aeruginosa, Gram-
positive bacteria M. luteu and S. aureus, and yeast P. pastoris, while rTrx
had no microbes binding ability.

3.9. Microbe agglutination assay

The microbial agglutinating activity of rPtMBL was determined by
incubation with FITC-labeled microbes. The rPtMBL protein could sig-
nificantly agglutinate all the tested microbes in the presence of Ca®™.
However, it exhibited no agglutination activity in the absence of Ca®*
and in the presence of EDTA and Ca®". No agglutination was observed
in rTrx groups (Fig. 9). Moreover, the agglutinating activity of rPtMBL
towards V. alginolyticus was inhibited after the addition of
100 mmol L™ ! p-galactose and 100 mmolL~! p-mannose, while no
significant change of this agglutinating activity was observed after the
incubation of other carbohydrates even at their maximum tested con-
centration (Fig. 10).

4. Discussion

Mannose-binding lectin (MBL) is an important PRR in the first line
defense against infection of pathogens by recognizing and binding with
the PAMPs of the microbes [1,32,33]. In the present study, PtMBL
shared the conserved signal peptide and CRD domain with other
identified crustacean MBLs [34,35], suggesting it is a secreted carbo-
hydrate-recognition protein. Unlike vertebrate MBLs, PtMBL lacks a
collagen-like domain consisting of tandem repeats of Gly-X-Y triplet
sequences. It is similar to the MBLs from some invertebrates, such as
GBL from ascidian Hyalella azteca, CgCLec-2 from oyster Crassostrea
gigas, galNAc from tunicate Styela plicata and CioMBL from urochordate
species Ciona intestinalis [36-38]. As suggested by Li et al. [39], we also
speculate that the predicted coiled-coil region in the N-terminal region
of PtMBL is similar to the Gly-X-Y repeats in vertebrate MBL and a helix
structure in ascidian GBL that could interact with MASPs to form a
complex. The phylogenetic results further show that PtMBL is clustered
with those from invertebrate MBLs. The sequence similarity and char-
acteristic in domain structure indicate that PtMBL is a new member of
the collectin family in crab.

Most MBLs are mainly detected in hepatopancreas and hemocytes
[17,18], however, in our study, the eyestalk and gill are the main ex-
pression tissues of PtMBL. Gill is believed to be the first defense line
against invading microbes in fish and crustaceans [40]. The crustacean
eyestalk is a major neuroendocrine organ complex [41]. The highest
expression level of PtMBL in eyestalk implies PtMBL might be involved
in the multiple biological processes. Interestingly, the expression of
PtMBL in eyestalk and gill is significantly higher in males than in fe-
males, suggesting the sex differences might exist in immune defense of
crab. Similar results have been reported in PtgC1qR of P. trituberculatus,
with higher expression in hepatopancreas and gonads of females than
males [42]. And eight up-regulated pattern recognition receptors
(PRRs) in male Eriocheir sinensis were found in transcriptome analysis
[43]. PtMBL mRNA transcripts increased significantly in a short time
after V. alginolyticus and M. luteus and challenge, which is similar to
those reported in Pc-DWD from P. clarkia [44] and EsGal from E. sinensis
[45]. However, the expression of PtMBL showed no significant change
during the 48 h after P. pastoris challenge. These results suggest PtMBL
could respond to the invading bacteria more quickly than fungus.
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Accumulating evidences demonstrated that some C-type lectins ex-
hibited growth suppression activity against microbes [46]. MrMBL-N20
and MrMBL-C16 peptides, deriving from MrMBL of prawn M. rosenbergii
exhibited significant inhibitory effect on the growth of many Gram-
negative and Gram-positive bacteria [19]. EsLecA and EsLecG from
Chinese Mitten Crab E. sinensis showed antimicrobial activity toward S.
aureus, E. coli and P. pastoris [5]. In the present study, the rPtMBL
protein also exhibited strong antimicrobial activities against both
Gram-negative and Gram-positive bacteria, indicating PtMBL is a po-
tential antibacterial protein. Moreover, rPtMBL has a broad spectrum of
binding activities towards all the tested bacteria and fungus. Similar
microbial binding activities have also reported in rSpCTL-B from Scylla
paramamosain, rEsLecF from E. sinensis [5,46-48]. However, it is dif-
ferent with the results that FcLec4 from F. chinensis could not bind to
Klebsiella pneumonia [49] and Pc-Lecl from Procambarus clarkia al-
most could not bind to P. aeruginosa, Bacillus megaterium or B.cereus
[501.

In invertebrate immune defense system, agglutination is one of the
important responses to recognize the foreign pathogens thereby med-
iating further immune activities [51]. In this study, rPtMBL exhibited
remarkable agglutination activity against Gram-negative bacteria,
Gram-positive bacteria and fungus with the presence of Ca®*. This is in
accordance with the previous reports in other invertebrates that MBL is
able to recognize bacteria via the CRD domain in presence of Ca®*
[52,53]. The results indicate that PtMBL is involved in immune defense
against a broad-spectrum of microbes by recognizing and binding to
their surface.

As the classical motifs, QPD and EPN have been already found in
many vertebrates, which are considered to specifically bind galactose
and mannose, respectively [38,54]. However, in this study, rPtMBL
with QPD motif could not only bind p-galactose but also p-mannose by
agglutination inhibition assay. Similar results have been found in other
invertebrates, for example, in scallop Argopecten irradian, AiCTL-3 with
the EPN motif can bind p-mannose and p-galactose [54], and in abalone
H. laevigata, perlucin with the QPD motif can recognize and bind bp-
galactose, p-mannose and p-glucose [55]. Further, the EPN and QPD
motifs in CioMBLs from C. intestinalis were both found to bind to
mannose [38]. These recognition patterns suggest that the QPD or EPN
motif in invertebrate C-type lectins have more powerful capability to
recognize various pathogens than that in vertebrates [12].

In summary, a novel PtMBL containing a single CRD with a QPD
motif was identified in the crab P. trituberculatus. PtMBL is highly ex-
pressed in eyestalk and could be quickly induced by bacterial challenge.
In addition to binding and agglutinating activities to various microbes,
the recombinant PtMBL could inhibit the growth of Gram-negative
bacteria and Gram-positive bacteria. All these results demonstrate that
PtMBL may involve in immune recognition and pattern elimination in
the innate immunity of P. trituberculatus. This study provided new in-
sights into understanding the functions of MBL in crustaceans.
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