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ARTICLE INFO ABSTRACT

C-type lectins (CTLs) are vital molecules in crustacean innate immunity with the capacity to recognize and
eliminate invaders, such as viruses and bacteria. Here, two novel CTLs were identified from the kuruma shrimp
Marsupenaeus japonicus, and their molecular characteristics and immune function were investigated. Sequence
analysis revealed that the two CTLs possessed the typical CTL structure and function features. Tissue distribution
analysis showed that the two CTLs were most abundantly expressed in the hepatopancreas and weakly expressed
in other examined tissues. The transcription of the two CTLs significantly increased in the hepatopancreas of
shrimp challenged with both white spot syndrome virus (WSSV) and Vibrio parahaemolyticus, and MjCTL4 was
found to be more sensitive to the two pathogens than MjCTL3, being induced at relatively faster and higher
increments. GST pull-down assays showed that the two CTLs could directly interact with several WSSV envelope
proteins (VP19, VP24, VP26 and VP28). Moreover, the two CTLs displayed obvious binding and antibacterial
ability to V. parahaemolyticus, and MjCTL3 exhibited stronger anti-V. parahaemolyticus activity than MjCTLA4.
These results suggest that the two novel CTLs might function as pattern recognition receptors (PRRs) and an-
tibacterial molecules in M. japonicus innate immunity, and the two CTLs may be alternative agents for the
prevention and treatment of diseases caused by WSSV and V. parahaemolyticus.
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1. Introduction

Shrimp farming is one of the most flourishing industries in aqua-
culture that has generated tremendous economic benefits. In the recent
decade (2008-2017), the annual production of cultured shrimp in the
world successively increased from 3.40 to 5.51 million tons with a
value elevated from 15.11 to 34.22 billion USA dollars (Food and
Agriculture Organization of the United Nations Global Production
Statistics, 2019). Despite the thriving development of the shrimp
farming industry, shrimp aquaculture has been seriously hampered by
diseases caused by viruses, bacteria, fungi and protozoa, among which
the viruses and bacteria are major causative agents of infectious dis-
eases in shrimp (Manilal et al., 2010; Lightner, 2011; Flegel, 2012;
Lightner et al., 2012; Karunasagar and Ababouch, 2012; Thitamadee
et al., 2016; Shinn et al., 2018). Among the viroses and bacterioses of
cultured shrimp, the white spot syndrome (WSS) and vibriosis caused
by white spot syndrome virus (WSSV) and Vibrio parahaemolyticus,

respectively, have been the most problematic to manage and have been
responsible for the most costly epizootics (Kumar et al., 2014; Joshi
etal., 2014; Verbruggen et al., 2016; Oakey and Smith, 2018). Although
massive efforts have been made, including improved culture practices,
routine sanitation and the use of chemotherapeutics and antibiotics,
there are still no effective methods to thoroughly control and cure the
two severe diseases. Meanwhile, the abuse of antibiotics in shrimp
culture with the attempt to control bacterial disease have resulted in
serious antibiotics and antibiotic resistance gene contamination, which
pose serious threats to the ecological environment and human health
(Holmstrom et al., 2003; Vignesh et al., 2011; Thuy and Loan, 2011;
Cabello et al., 2016; Su et al., 2017). Thus, there is an intense desire for
exploring environmentally friendly and effective prophylaxis and
treatment for diseases caused by WSSV and V. parahaemolyticus.
Lectins are a large family of pattern recognition receptors (PRRs)
found in almost all metazoans that trigger innate immunity by re-
cognizing and binding to pathogen-associated molecular patterns
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Table 1

Primer sequences used in the present study.
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Primer name

Primer sequence (5’-3")

Target

MjCTL3-F TGAATCCGCCAGCCAAAG cDNA fragment
MjCTL3-R GAATCGCCGAAGAAGAAGTG cDNA fragment
M;jCTL4-F TTTCACCAGGACCAGAGTAT cDNA fragment
MjCTL4-R CATCAAGCAGTAGGCAGTTC cDNA fragment
MjCTL3-3"-Outer GGATTTCACAACATTGCCGA 3’-RACE PCR
M;jCTL3-3'-Inner ACGGAACGGAGGTCAAGATG 3’-RACE PCR
MjCTL4-3"-Outer CAAGGCTACGAGGGTGACTG 3’-RACE PCR
MjCTL4-3'-Inner AGGCGGCACTGAAGAGAACT 3’-RACE PCR
MjCTL3-5"-Outer CATCTTGACCTCCGTTCCGT 5-RACE PCR
M;jCTL3-5"-Inner GTCGGCAATGTTGTGAAATCC 5’-RACE PCR
MjCTL4-5"-Outer AACCAGTCACCCTCGTAGCCT 5’-RACE PCR
MjCTL4-5"-Inner CATCCTCCCAGGGCATACTC 5-RACE PCR
MjCTL3-RT-F TACAGATGGACGGACGGAACG qRT-PCR
MjCTL3-RT-R TTGAATCGCCGAAGAAGAAGT qRT-PCR
MjCTL4-RT-F TCACCAGGACCAGAGTATGCC qRT-PCR
MjCTL4-RT-R CAGCCAGTAAGAGCCAGAAAGA qRT-PCR

EFl-a-F GGAACTGGAGGCAGGACC qRT-PCR

EF1-a-R AGCCACCGTTTGCTTCAT qRT-PCR
His-CRD3-F CCGGAATTCTGCCCCGAAGGATTTCACA Protein expression
His-CRD3-R CCCAAGCTTTTACTCACAAATGGCGGAATAATCAG Protein expression
His-CRD4-F CCGGAATTCTGTCCTGATGGCTGGCTGG Protein expression
His-CRD4-R CCCAAGCTTTTACATACAGAGTGGATGATGAATCAAAT Protein expression
GST-VP19-F CGCGGATCCATGGCCACCACGACTAACAC Protein expression
GST-VP19-R CCGGAATTCTTATCCCTGGTCCTGTTCTTATATT Protein expression
GST-VP24-F CGCGGATCCAACATAGAACTTAACAAGAAATTGGAC Protein expression
GST-VP24-R CCGGAATTCTTATTTTTCCCCAACCTTAAACA Protein expression
GST-VP26-F CGCGGATCCACACGTGTTGGAAGAAGCGT Protein expression
GST-VP26-R CCGGAATTCTTACTTCTTCTTGATTTCGTCCTTG Protein expression
GST-VP28-F CGCGGATCCATGGATCTTTCTTTCACTCTTTCG Protein expression
GST-VP28-R CCGGAATTCTTACTCGGTCTCAGTGCCAGAG Protein expression

(PAMPs) in pathogens (Kennedy et al., 1995; Marques and Barracco,
2000; Dam and Brewer, 2009; Vazquez et al., 2009). Based on struc-
tural features, carbohydrate specificities and biological functions, lec-
tins identified in shrimp have been divided into several subgroups, in-
cluding the C-type, L-type, P-type, M-type and fibrinogen-like domain
lectins, the galectins and calnexin/calreticulin (Kilpatrick, 2002; Wang
and Wang, 2013; Tassanakajon et al., 2013). The members of lectins
exert their functions via mainly the carbohydrate recognition domain
(CRD) and have various functions in shrimp innate immunity, including
phagocytosis, melanization, respiratory burst, agglutination, and anti-
bacterial and antiviral responses (Wang and Wang, 2013). C-type lec-
tins (CTLs), a large subgroup of lectins extensively found in penaeid
shrimps, have received the most attention and have been reported in
many studies (Wang et al., 2009a; Zhao et al., 2009; Ma et al., 2009;
Song et al., 2010; Li et al., 2014; Thepnarong et al., 2015; Wongpanya
et al., 2017). Investigating novel CTLs in shrimp is important for en-
riching our understanding of the innate immune system of invertebrates
and proposing effective strategies to protect shrimp against pathogen
infections.

In this study, two novel CTLs were identified from the kuruma
shrimp Marsupenaeus japonicus, and their tissue distributions and tran-
scriptional profiles in response to WSSV and V. parahaemolyticus chal-
lenges were elucidated. Moreover, a glutathione-S-transferase (GST)
pull-down assay was employed to investigate the interactions between
the two novel CTLs and four WSSV envelope proteins, and the anti-
bacterial and binding activities of the two CTLs against V. para-
haemolyticus were analyzed. The present findings allow us to gain new
insights into the multiple functions of CTLs in shrimp innate immunity
and provide promising candidate agents to control and cure the diseases
caused by WSSV and V. parahaemolyticus.

2. Materials and methods
2.1. Ethics statement

M. japonicus is not an endangered or protected species, and there is
no requirement for ethical approval to perform experiments involving
this species in China.

2.2. Animals

All M. japonicus prawns (11.40 g + 1.39 g body weight) were
collected from an aquaculture farm in Dongshang (Zhangzhou, Fujian,
China) and were acclimated in environmentally controlled rectangular
tanks (70 cm X 45 cm X 20 cm) with aerated seawater at a salinity of
28%o before experimentation. The seawater was renewed daily, and the
prawns were fed twice daily with commercial pellets.

2.3. Cloning of full-length cDNA sequences of MjCTL3 and MjCTL4

Total RNA was extracted using RNAiso Plus (Takara, Japan) fol-
lowing the manufacturer's instructions. The full-length cDNA sequences
of MjCTL3 and MjCTL4 were obtained by reverse transcription PCR and
RACE methods using a SMARTer™ RACE cDNA Amplifcation Kit
(Takara, Japan) according to the manufacturer's protocols. The primers
used for PCRs are listed in Table 1. The amplification products were
ligated into the pMD19-T vector (Takara, Japan) and sequenced in both
directions. The sequences were identified using the BLAST program
(http://www.ncbi.nlm.gov/blast).

2.4. Bioinformatics analysis

The open reading frames (ORFs) of the MjCTL3 and MjCTL4 cDNA
sequences were predicted using ORF Finder (http://www.ncbi.nlm.nih.
gov/gorf/gorf.html) and the corresponding amino acid (aa) sequences
were deduced by DNAMAN software. Protein molecular masses and the
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A

g) GAAAAAAGACTTTCGGAACACCAGCAAGATGACAAATCAGCCTCTCTTTGTTCTTCTGTCACTCCTCAGTGGATCCTTAATCGGTGCCTT
1 IV T N ) B 2B T T/ T T/ S B RIS B G RS SR TR TN G AR AN 1.
91 GAATCCGCCAGCCAAAGGAAATTGCCCCGAAGGATTTCACAACATTGCCGACCACTGCATCCAATTCCTTACTGATTCCGGAACTTGGTA
23 N P P A K G N]!IlP R G T T N R T 7\ ) HIlIlI ORI S S G R T TV Ve
181 CGAAATGAAAGACAGGTGCTTTAACGTCGGCGCCCGGATGGTCAAGGTCGATTCCGACAACTTCATGTACCACCTCGTCAGGTTCATCGA
53 E M K D R I!IIF N VvV G A RMV K VD S DNF M Y HUL V R F I E
271 GAACAACGGGCTAGGCGGCCACATGTACTGGGTCGGGGCCTCGGACGAAGGCCACGAAGGCACCTACAGATGGACGGACGGAACGGAGGT
83 N N G L G G H M Y WV G A S D E G HE G T Y R W T D G T E V
361 CAAGATGGGGACGCCGTTCTGGGGCGATGACGGCGACCAGGTACAAGAACCCGACGGCGGGAGCAAGCAGAACTGCGCATTTTTGAACAA
113 KM G TR PR A WA G D AT S G DA O BV O SR F S PR GERN G S B KSR ©) IJI!I 2 P T A N R K¢
451 GAACGACCACTTCTTCTTCGGCGATTCAAACTGTGAATCTGATTATTCCGCCATTTGTGAGAAAGATTATTGAAGTTCGTGAGGACGGGA
143 (N B S N F A A G B S N|I!IE S D Y S A I|I![E K D Y *

541 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

(B)

1 GATTCGCCTCTCAAAAACGGAAGACGAATTAAAATGAAGGGCTTGTGTCTCCTAGTCGTTGCTGTCATGGCAGTTGGTTGCCATGGCTGT
1 M K 6 L ¢ L L VvV VvV A V M A V G C H Gllil
91 CCTGATGGCTGGCTGGATGTCAATGGCTCCTGCTTCTACTTTCACCAGGACCAGAGTATGCCCTGGGAGGATGCAGAGAGGTTTTGCGAA
23 P D G W L D V N G S|IIIF Y F H 9 D Q S M P W E D A E R F]!IlE
181 ACAAGTGGAGGATCTCTGGCCAAGATAGGCAGCGCAAAGGAACTCAGGGCCTTTTACGAATACATCCTTACATACAGTCTTTCTGGCTCT
53 T S G G s L A K I G sSs A K E L R A F Y E Y I L T Y S L S G S
271 TACTGGCTGGGTGCTTCCGATCAAGGCTACGAGGGTGACTGGTTGTGGGTATCTGACAACAGCAGGGTTGACAGAGGTACACCCTTCTGG
83 Y w L G A s bD Q G Y E G D WL WV S DN S R V DR G T P F W
361 GCTATCCACAATGGAATATTTGGCTGGGATCATGAACCTTCAGGCGGCACTGAAGAGAACTGCCTACTGCTTGATGAAAATCGCAAACAT

113 A I H N G I F G W D H E P S G G T E E NIII'L L L D E N R K H
451 TACTTTAATGATGTAAACTGCAATTTGATTCATCATCCACTCTGTATGACTTAAATACAAACACAAATGAAACCTTGCAATAAATATAAA

143 Y F N D V N I!IIN L I H H P L I!IlM T *

541 CAATAAACATATAAAAAAAAAAAAAAAAAAAAAAAAAAA

Fig. 1. Complete nucleotide and deduced aa sequences of MjCTL3 (A) and MjCTL4 (B) cDNA in M. japonicus.

Blue letters indicate the start sites, and red letters represent the stop codons. The signal peptide is shaded in yellow and the CRD is highlighted in green. Four highly
conserved cysteine residues for establishing two internal disulfide bonds are shown by red boxes, and two additional cysteine residues located at the N-terminus are
shown by black boxes. The mannose-binding motif is underlined in red, and the polyadenylation signal is underlined in black. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

isoelectric points (pIs) were predicted using the ProtParam program
(http://web.expasy.org/protparam/). Signal peptides were predicted
by the SignalP 5.0 server (http://www.cbs.dtu.dk/services/SignalP/).
Transmembrane domains were predicted by HMMTOP 2.0 (http://
www.enzim.hu/hmmtop/html/submit.html). Identities of deduced
amino acid (aa) sequences were determined using BioEdit (http://
www.mbio.ncsu.edu/BioEdit/bioedit.html). Functional domains were
predicted by SMART (http://smart.embl-heidelberg.de/). Multiple
alignments were performed using ClustalW and the multiple alignment
display program ESPript3.0 (http://espript.ibcp.fr/ESPript/ESPript/).
A neighbor-joining phylogenetic tree was constructed by MEGA 5.05
with 1000 bootstrap replicates.

2.5. Tissue expression analysis of MjCTL3 and MjCTL4

The expression profiles of MjCTL3 and MjCTL4 in various tissues
(hepatopancreas, gill, hemocytes, muscle, heart, stomach, intestine and
eyestalk) from six prawns were individually tested with three technical
replicates by quantitative real-time RT-PCR (qRT-PCR). qRT-PCR was
performed on an Applied Biosystems QuantStudio 6 Flex Real-time PCR
System (Applied Biosystems, USA) using SYBR® Premix ExTaq II (2 %)
(Takara, Japan) according to the manufacturer's protocols. M. japonicus
elongation factor 1-a (EF1-a) served as the reference for internal
standardization. The specific primers for qRT-PCR are listed in Table 1.
Melting curve analysis was performed at the end of the reaction to

confirm that only one PCR product was amplified and detected. The
relative gene expression level was calculated using the 224" method
(Livak and Schmittgen, 2001). All data were presented as the mean =+
standard deviation (SD) and analyzed by one-way analysis of variance
(ANOVA) using SPSS 17.0 software. P-values < .05 were considered
statistically significant.

2.6. Expression alterations of the two CTLs in M. japonicus challenged by
WSSV and V. parahaemolyticus

In the immune challenge experiment, shrimp were intramuscularly
injected with 50 pL of saline (0.9% NaCl) containing WSSV (2 x 10°
virions/mL) or V. parahemolyticus (2 X 10° CFU/mL). Meanwhile,
shrimp injected with saline served as controls. At 3h, 6 h, 12 h, 24 h,
48 h, 72 h and 96 h post injection (hpi), the hepatopancreas was dis-
sected from six randomly sampled shrimp from each group. All samples
were immediately frozen at —80 °C until the extraction of total RNA for
analysis. The expression patterns of the two CTLs in the hepatopancreas
of M. japonicus challenged by WSSV and V. parahaemolyticus were
analyzed by qRT-PCR as described above.

2.7. Expression of recombinant proteins

cDNA fragments encoding the VP19, VP24, VP26 and VP28 peptides
were amplified using primers with the restriction sites BamH I and EcoR
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19 29 3? 49 5(?
MjCTL3 GF|HN[I]aD HCIQFLTIDS.GTRYEMKDREFEN. . .. VGARMVIKVD[SIDNFMY H[LVR[F I]
M;jCTL4 GWLD|VING SCFIYFHQDQSM EDA[ERFM@®ET. .. .SGGSLAK|IGISAKELRA[F|YE|Y I
Litopenaeus vannamei (AGV68681.1) GF|/HN|I|YD HCIIQFRTQE .V, YEGKNL@®SN. .. .MGAKLAK|VDDIANFMY Y[L|VK|F T
Litopenaeus vannamei (AKA64754.1) GWLD|ING . VCFIYEFHQDQSM EDAKRFOET....SGAV[LAKVANAQTLREF|YE|Y I
Marsupenaeus japonicus (ADG85658.1) PYKT|LIDD S RCIIFLDAYVTY QDA[VDL@®KS ... .HGGQLLVII[EDICETFALV|YD|F I
Penaeus monodon (AAQ75589.1) P Y|T A|I|AD . RCLFVDHQTDG YDMREY[@®NL....INGDFLK|LDDANLLTD|I|VElY I
Fenneropenaeus chinensis (ABA54612.1) PYEPILDET RCIIFLDAFVSY QETVDL®KS ... .HGGE|ILIT|I|ED|CETFALV|YD|Y T
Fenneropenaeus chinensis (ACJ06431.1) P F|IVT|I|GN . GC|IYMVSDSPA ENARNA@GMLSSPIELETD|LAM|I|SD|CEEHHH|F|WNIY V|
Fenneropenaeus merguiensis (AEB96259.1) P Y|[EP|LIDDT RCIFVDAFVTY QETIVDL@®KS ... .HSGE|ILMIIED|ICETFAL|I|YD|YV|
Fenneropenaeus indicus (ADV17348.1) P YT A[I|AD RCLFVDHQTDG, YDMREY[@®NL....INGDJF LK|LDDANLLTD|I|VE[Y T
Macrobrachium nipponense (ALF45199.1) P Y|TD|VIGG . KCLYFHTATND LINKETL{®I G . LDGH|LLIK|I|DDJANLF Y D|I|VN[H V|
Procambarus clarkii (AFJ11528.1) P Y|KA|VIGG. . .RCIILFAVAEAG HDMGYF[®E T . . LGGK|LV|V|IDD|STFMEA|LITD|Y T
Eriocheir sinensis (AGG23538.1) AF|VEIFITDDGS|ITICILYFVKSKA| SINMRD I[®E A . MSST|LAK|LD|G|. DLEHMQV|VQ[Y T
Portunus trituberculatus (AGH68927.1) PFITE|I|SG . RCVIHIDVSKTG QINMRKF[®0QQ . LGGD|LVIN[LISDILQFYGD|I|LLIY T
Scylla paramamosain (AE092001.1) PETENVGG. . .RCVHVALTTSG|SHDMRK Y[¥QE . LGGE|LVN|LJAD|VQF Y SD|L|I LY I|
A A
69 79 8(?
MjCTL3 ENNGLGG. . .HM EGH[E GT[Y|RWT . DG TEVK GGS|K
MjCTL4 LTYSLSG....S QG Y|E GD|W|L|W|V SDN S R|V|D GGT|E
Litopenaeus vannamei (AGV68681.1) RNNGLDG...YY EGH|DG|T|F|RW|T . DGTAV|K SNYN
Litopenaeus vannamei (AKA64754.1) LTYGLSG:« « «S QS Y[E GD|W|L|W|VADN S R|V|N GGA|D
Marsupenaeus japonicus (ADG85658.1) RSQEVTKA. .KH E VN|E G|T[W|K[F|V . NNRA[V|P SGT|S
Penaeus monodon (AAQ75589.1) TYQVGVN...RD ENH|E G|L{W|LW|T . DG T LMR GG S|S
Fenneropenaeus chinensis (ABA54612.1) RSQDVTKG. .KH EVE|E G|T[WKE|V . NNRL|T|P N GN|T
Fenneropenaeus chinensis (ACJ06431.1) AYTLQQK...VD V LE|EGR|WK|W|L . NGREM|P GHP|G
Fenneropenaeus merguiensis (AEB96259.1) RSQDATKG. .KH EAE|EG|T[WKF|V . NNRP|T|P N GN|T
Fenneropenaeus indicus (ADV17348.1) TYQVGVN...RD ENH|E G|L|W|LW|T . DGT LMR GG S|S
Macrobrachium nipponense (ALF45199.1) KAKEPDT...TY AAT[E GD|WR|[W|T . DY TK|VIK GG TR
Procambarus clarkii (AFJ11528.1) LDGEFST...TE EV T|E G|V|WKW|V . NGK T[V|IR GGS|A
Eriocheir sinensis (AGG23538.1) NDQPAGDLDTDA AAK|EG|S[WVWL . DGTE|TIP GGT|Q
Portunus trituberculatus (AGH68927.1) ESLHLPH...AS EAT|ED[VWMWT . DGTPV|IR TIHFIWYANYG. .DNNYQMIET|IGGE|K
Scylla paramamosain (AE092001.1) EILHLGK...MH _EAI@T@V\@T.DGSAER_TFANYG. . VNNDQMEN|GGTD
119 129 139

MjCTL3 ONCAFILINKNDHF[FF|GD|SN[CJES . DYSA[ICE .

MjCTL4 ENCLLLDENRKH|YFINDIVN|ICINL . THHP|LCM.

Litopenaeus vannamei (AGV68681.1) HNCVFLARHDHF|FFFD|IYDICIGA.PEATI|IICE .

Litopenacus vannamei (AKA64754.1) EINCLLLDETRKY[YF|NDAN|CINL . IHHP|ICM.

Marsupenaeus japonicus (ADG85658.1) ANCATILHGSNNH|YWYD|IPC|TN.KYNP|IC|L .

Penaeus monodon (AAQ75589.1) EINCAVMRWDSFYHIHDVSICIYT.SRSV|ICE.

Fenneropenacus chinensis (ABA54612.1) YINCAMMHAS YNH|YWYD|AAICIGS . KYNP|IC|L .

Fenneropenaeus chinensis (ACJ06431.1) EDFLAFITKEGFFADIQNENALL...YYACQ. .

Fenneropenaeus merguiensis (AEB96259.1)  YINCAMMHASYNHYWYDAS|ICIGS . KYNPIICLKT

Fenneropenaeus indicus (ADV17348.1) ENCAVFE.. ... o oo [osfie: coflolfies o o 0 or s o o oo 5o

Macrobrachium nipponense (ALF45199.1) ENCICLNKNLMFYFHDYSICINY . EFAG|ICIE .

Procambarus clarkii (AFJ11528.1) E[NCLAITSDHNY|YF|[VDAD|C]AL . AMNP|ICE .

Eriocheir sinensis (AGG23538.1) QOINYLALYTP .DY|YFHS|ILEESR. QIMG|ICR.

Portunus trituberculatus (AGH68927.1) QINCVMLDVNFHYYFINDFIICISNTDVSP|ICE .

Scylla paramamosain (AE092001.1) QINCAFLIDANMHY[YFINDIGN|ICISTPHVYP|IC|G.

A A A

Fig. 2. Multiple alignments of the CRDs of MjCTL3 and MjCTL4 with other known CTL sequences.

Highly conserved aa residues are shown by blue boxes, and identical residues are shaded in red. Four highly conserved cysteine residues for establishing two internal
disulfide bonds are marked with red triangles and two additional cysteine residues located at the N-terminus are marked with black triangles. The mannose-binding
motif is underlined in black. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

I (Table 1). The target cDNA fragment was ligated into the expression
vector pGEX-4 T-1 with a GST tag. The cDNA fragments encoding the
CRDs of the two CTLs were amplified using primers with the restriction
sites EcoR I and Hind III (Table 1) and ligated into a pET-32a expression
vector with a hexahistidine tag. Recombinant plasmids confirmed by
sequencing were transformed into Escherichia coli BL21 (DE3) pLysS
Chemically Competent Cells (TransGen Biotech, China) and induced at
18 °C for 12 h with isopropyl-p-thiogalactopyranoside (IPTG) at a final
concentration of 0.1 mM. The induced bacterial pellets were collected
by centrifugation (10,000 X g) for 10 min at 4 °C and then suspended in
1 x PBS and lysed. The supernatants were collected by centrifugation
(10,000 xg) for 30 min at 4 °C. The recombinant proteins, namely,
GST-VP19, GST-VP24, GST-VP26, GST-VP28, His-CRD3 and His-CRD4,
in the supernatants were ascertained by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and western blot analysis.
Western blot was performed using an anti-GST/anti-His mouse

monoclonal antibody (mAb) (TransGen Biotech, China) as primary
antibody, and a HRP-linked goat anti-mouse antibody (TransGen Bio-
tech, China) served as the secondary antibody.

2.8. GST pull-down assay

The GST pull-down assay was performed as previously described
with slight modification. The lysate supernatants of induced bacteria
that expressed GST-VP19, GST-VP24, GST-VP26, GST-VP28 and the
negative control protein GST were incubated with glutathione-coupled
Sepharose beads (TransGen Biotech, China) for 2 h at 4 °C with gentle
rocking motion. Then, the beads were washed 7 times with 1 mL of
wash solution (1 X PBS and 1%o Triton X-100) to remove unbound
proteins. The lysate supernatants of induced bacteria that expressed
His-CRD3, His-CRD4 and the negative control protein rTrx-His were
incubated with the beads coupled with GST-VP19, GST-VP24, GST-
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VP26, GST-VP28 and GST at 4 °C for 4 h with gentle rotation. After that,
the beads were washed 7 times with 1 mL of wash solution, re-
suspended in 2 X SDS-PAGE loading buffer (Sangon Biotech, China)
and analyzed by SDS-PAGE and western blot as described above.

2.9. Purification of recombinant proteins

The purification of His-CRD3, His-CRD4 and rTrx-His was per-
formed on an AKTA Purifier 100 System (GE Healthcare, USA) using
affinity chromatography with a HisTrap™ FF crude column (GE
Healthcare, USA) according to the manufacturer's instructions. The
bacterial pellets that expressed the recombinant proteins were collected
and resuspended in Tris-HCl buffer (50 mM Tris-HCl, 500 mM NaCl,
20 mM imidazole, pH 7.8). The cells were lysed and the supernatants
were collected as described above. Then, the supernatants were filtered
through a 0.22 pm membrane and injected into the HisTrap™ FF crude
column via siphon. The bound protein was eluted with a gradient elu-
tion buffer (50 mM Tris-HCl, 500 mM NacCl, 20/50,/100,/200/300/
500 mM imidazole, pH 7.8), and the eluent was collected and analyzed
by SDS-PAGE and Coomassie Blue staining to examine the purity of the
target proteins. Finally, the target protein fractions were desalted by
dialyzing against Tris-HCl buffer (50 mM Tris-HCl, 50 mM NaCl,
pH 7.8) followed by ultra-pure water. The target proteins were col-
lected and stored at —80 °C, and the protein concentrations were
measured using BCA protein assay kits (Solarbio, China).

2.10. Anti-V. parahaemolyticus activity assay of the recombinant proteins

V. parahaemolyticus suspended in TBS (50 mM Tris-HCl, 50 mM
NaCl, pH 7.5) or TBS—Ca®* (50 mM Tris-HCl, 50 mM NaCl, 10 mM
CaCl,, pH 7.5) at a concentration of 2.6 X 107 CFU/mL was used for
the antibacterial activity test. Fifty microliters of recombinant proteins
(250 pg/mL) were mixed with the same volume of V. parahaemolyticus
solution and incubated at 28 °C for 2 h. Then, the mixtures were diluted
(10*-fold) and spread on Mueller-Hinton agar plates, and the CFU were
calculated after culturing for 16 h at 28 °C. Ultra-pure water and rTrx-
His were used as a blank control and negative control, respectively, and
each group was repeated three times.

2.11. Binding assay between the recombinant proteins and V.
parahaemolyticus

To confirm the interaction between the two CRDs and V. para-
haemolyticus, a binding assay was employed to determine the binding
activity of the two CRDs against V. parahaemolyticus. Fifty microliters of
recombinant proteins (250 pg/mL) were mixed with the same volume
of V. parahaemolyticus solution (2.6 X 107 CFU/mL) and incubated at
28 °C for 2 h under slight rotation. The bacterial pellets were harvested
by centrifugation at 5000 rpm for 10 min and washed five times with
solution buffer. Bindings between recombinant proteins and V. para-
haemolyticus was ascertained by SDS-PAGE and western blot analysis as

described above.
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Fig. 4. Tissue distributions of MjCTL3 (A) and MjCTL4 (B) mRNA in M. japo-
nicus.

Expression levels in hemocytes, gills, stomach, intestine, heart, muscle and
eyestalk are normalized to those in the hepatopancreas. Each bar represents the
mean *= SD (n = 6). A significant difference between groups at p < .05
(n = 6, ANOVA) is indicated by different letters above the bars.

3. Results
3.1. Sequence analysis of the two CTLs

The full-length ¢cDNA of MjCTL3 (GenBank accession number:
MN183127) was 571 bp long with an ORF of 495 bp. The ORF encoded
a polypeptide of 164 aa, which had a predicted molecular weight of
18.35 kDa and a theoretical pI of 4.59. The full-length cDNA of MjCTL4
(GenBank accession number: MN183128) spanned 579 bp and com-
prised an ORF of 471 bp encoding a polypeptide of 156 aa. The pre-
dicted molecular weight of MjCTL4 was 17.58 kDa and the theoretical
pl was 4.73. The deduced aa sequences of MjCTL3 and MjCTL3 ex-
hibited the typical features of CTLs, including a signal peptide in the N-
terminus and a single CRD with a characteristic mannose-binding motif
(an EPD motif in CRD3 and an EPS in CRD4) in the mature peptide
(Fig. 1). The CRD in both MjCTL3 and MjCTL4 possessed four cysteine
residues (Cys57, Cys136, Cysl52 and Cysl60 in MjCTL3; Cys48,
Cys130, Cys146 and Cys154 in MjCTL4) that were essential for the
formation of two internal disulfide bonds to stabilize the CRD structure,
and two additional disulfide-bonded cysteine residues were located at

Aquaculture 519 (2020) 734797

the N-terminus (Cys29 and Cys40 in MjCTL3; Cys19 and Cys30 in
MjCTL4) (Fig. 1). Additionally, a transmembrane domain (L5-N%2) was
predicted in the N-terminus of the deduced MjCTL3 protein.

Homology comparisons showed that the deduced aa sequences of
MjCTL3 and MjCTL4 had high identity to CTL3 (AGV68681.1, 57.5%)
and CTL4 (AKA64754.1, 81.4%) in Litopenaeus vannamei, respectively,
and showed 28.9% identity with each other. Multiple sequence align-
ments showed that the six cysteine residues found in the CRD of CTLs
are well conserved among various crustaceans, and the mannose-
binding motif EP* exhibited mutations in different crustaceans (Fig. 2).
Phylogenetic analysis showed that MjCTL3 and MjCTL4 were most
closely phylogenetically related to CTL3 (AGV68681.1) and CTL4
(AGV68681.1) identified from L. vannamei (Fig. 3).

3.2. Tissue distribution of the two CTLs

Tissue distribution analysis showed that MjCTL3 and MjCTL4 were
both predominantly expressed in the hepatopancreas and weakly ex-
pressed in other tested tissues, including gills, hemocytes, muscle,
heart, stomach, intestine and eyestalk (Fig. 4).

3.3. Expression profiles of the two CTLs in M. japonicus challenged with
WSSV and V. parahaemolyticus

Significant increases in MjCTL3 and MjCTL4 expression were ob-
served in the hepatopancreas of M. japonicus challenged with WSSV and
V. parahaemolyticus (Fig. 5). The transcriptional level of MjCTL3 in the
hepatopancreas of shrimp challenged with WSSV was up-regulated
6.01-fold at 12 hpi (Fig. 5A). The expression level of MjCTL3 in the
hepatopancreas of shrimp challenged with V. parahaemolyticus started
to increase by 1.98-fold at 6 hpi and reached a maximum level at 24
hpi, with a 6.66-fold increase (Fig. 5A). The transcription of MjCTL3 in
shrimp challenged with WSSV or V. parahaemolyticus was down-regu-
lated at both 48 hpi and 72 hpi (Fig. 5A) and then recovered to a basal
level at 96 hpi. The expression level of MjCTL4 in the hepatopancreas of
shrimp challenged with WSSV and V. parahaemolyticus was elevated at
96 hpi, with 1.56-fold and 1.92-fold increases, respectively (Fig. 5B).

3.4. Protein interaction analysis between the two CTLs and WSSV envelope
proteins

To investigate the interaction between WSSV envelope proteins and
the two CTLs, recombinant proteins, namely, GST, GST-VP19, GST-
VP24, GST-VP26, GST-VP28, His-CRD3 and His-CRD4, were produced
in an E. coli expression system. SDS-PAGE and western blot analysis
showed that the recombinant proteins exhibited the expected size
(Fig. 6). Interactions between the four WSSV envelope proteins and the
two CTLs were identified by GST pull-down assay. The results showed
that His-CRD3 and His-CRD4 were bound to the four WSSV envelope
proteins with a GST-tag but not to the GST protein alone (Fig. 7). As a
control, rTrx-His did not bind to GST or GST fused envelope proteins.
Taken together, these results indicated that there was an interaction
between the two CTLs and the four WSSV envelope proteins.

3.5. The antibacterial and binding activities of the two CTLs against V.
parahaemolyticus

To investigate the biological activities of the two CTLs toward V.
parahaemolyticus, affinity chromatography was carried out to purify the
recombinant proteins. SDS-PAGE showed that a single target band was
detected in the eluent that eluted with elution buffer containing
100 mM imidazole (Fig. 8), indicating that there was no contamination
of the purified recombinant proteins. The ant-V. parahaemolyticus assay
showed that both recombinant proteins exhibited antibacterial activity
against V. parahaemolyticus and that His-CRD3 showed a greater anti-V.
parahaemolyticus capacity than His-CRD4 (Fig. 9). In the TBS buffer, the
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Fig. 6. Western blot analysis of the recombinant proteins.

A: Western blot analysis of His-CRD3 and His-CRD4. M: protein molecular
standard (kDa); lane 1: rTrx-His; lane 2: His-CRD3; lane 3: His-CRD4. B:
Western blot analysis of GST-VP19, GST-VP24, GST-VP26 and GST-VP28. M:
protein molecular standard (kDa); lane 1: GST; lane 2: GST-VP19; lane 3: GST-
VP24; lane 4: GST-VP26; lane 5: GST-VP28. anti-His and anti-GST indicated
proteins tested by western blot with anti-His mAb and anti-GST mAb, respec-
tively.

CFU of V. parahaemolyticus that was treated with His-CRD3 and His-
CRD4 significantly decreased 40.26-fold and 2.60-fold, respectively,
compared to that in the blank control group. In the TBS—Ca>* buffer,
the CFU of V. parahaemolyticus that was treated with His-CRD3 and His-

CRD4 significantly decreased 21.84-fold and 3.96-fold, respectively,
compared to that in the blank control group. Western blot analysis re-
vealed that both of the recombinant proteins exhibited a binding cap-
ability toward V. parahaemolyticus (Fig. 10).

4. Discussion

CTLs are crucial components in the innate immune system of
shrimp. To date, a substantial number of CTLs involved in host defense
against bacterial and viral infection have been identified and char-
acterized in shrimps, such as L. vannamei (Ma et al., 2007; Zhao et al.,
2009; Zhang et al., 2009a; Wei et al., 2012; Li et al., 2014), Penaeus
monodon (Ma et al., 2008; Wongpanya et al., 2017), M. japonicus (Song
et al., 2010; Xu et al., 2014), Fenneropenaeus chinensis (Sun et al., 2008;
Wang et al., 2009a; Wang et al., 2009b; Zhang et al., 2009b; Xu et al.,
2010) and F. merguiensis (Rattanaporn and Utarabhand, 2011;
Thepnarong et al., 2015; Runsaeng et al., 2015; Kwankaew et al.,
2018). Herein, two novel CTLs from M. japonicus were characterized
and functionally analyzed. The two CTLs were distinguished from
previously identified CTLs in M. japonicus and shared the highest
homology and closest phylogenetic relationship to CTL3 (AGV68681.1,
57.5%) and CTL4 (AKA64754.1, 81.4%) identified from L. vannamei,
respectively. Generally, CTLs contain one or two CRDs with the char-
acteristic mannose-binding motif EPN or galactose-binding motif QPD,
however, mutations of the EPN and QPD motif, such as EPD, EPS, EPA,
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EPQ and QPN, have been found in CTLs identified from different species
(Wang and Wang, 2013). In this study, the two novel CTLs identified
from M. japonicus both contained a single CRD with a characteristic EP*
motif that is indicative of mannose-binding specificity. The two CTLs
were predicted to be secreted proteins due to the existence of a signal
peptide, implying that the two CTLs might be secreted as defense mo-
lecules. Interestingly, a transmembrane domain was also found in the
N-terminus of MjCTL3, indicating that MjCTL3 might be a transmem-
brane protein and function as a membrane receptor to recognize in-
vading pathogens.

The tissue distribution of CTLs in shrimp was shown to be variable
across species.

Numerous CTLs in shrimp are expressed in mainly or solely the
hepatopancreas (Ma et al., 2008; Sun et al., 2008; Wang et al., 2009a;
Zhao et al., 2009; Zhang et al., 2009b; Thepnarong et al., 2015), and
some CTLs are predominantly expressed in hemocytes, gills or brains
(Liu et al., 2007; Zhang et al., 2009a; Li et al., 2014; Kwankaew et al.,
2018). In addition, CTLs are also expressed in the stomach, intestine,
epithelium, muscle and eyestalk of shrimp (Zhang et al., 2009b; Li
et al., 2014). In this study, the two CTLs could be ubiquitously detected
in all examined tissues with the highest expression level in the hepa-
topancreas, which is consistent with the fact that the hepatopancreas is
the main tissue that synthesizes shrimp lectins. In addition to acting as a
master organ in digestion and metabolism, the hepatopancreas is an
important immune organ of crustaceans as well (RGszer, 2014). The
high expression of the two CTLs in the hepatopancreas might indicate
their important role in the immune response.

As multifunctional immune molecules in shrimp, CTLs can respond
to various pathogens, such as V. parahaemolyticus, V. harveyi, V. angu-
illarum and WSSV (Zhang et al., 2009b; Li et al., 2014; Thepnarong
et al., 2015). In the current study, challenging M. japonicus with WSSV
and V. parahaemolyticus induced the transcription of MjCTL3 in the
hepatopancreas to obtain peaks at 12 hpi and 24 hpi, respectively.
Meanwhile, the transcriptional levels of MjCTL4 reached a maximum at
96 h post challenge with the two pathogens. The significant increases in
the two CTLs in response to WSSV and V. parahaemolyticus infection
implied their potential function in defense against the two pathogens.
Although transcription of the two CTLs was dramatically increased in
shrimp infected with the two pathogens, quite different expression
patterns were observed. MjCTL3 responded more quickly and drama-
tically to the two pathogens than MjCTL4, suggesting that the former
may play a more dominant role in resisting the two pathogens. It is
notable that the transcription level of MjCTL3 in the hepatopancreas
significantly dropped at 48 h and 72 h post challenge with WSSV and V.
parahaemolyticus. A CTL in the liver of Larimichthys crocea displayed an
expression pattern similar to that of MjCTL3 in response to WSSV in-
fection (Lv et al., 2016), however, the expression level of a CTL in the
hepatopancreas of L. vannamei initially decreased and then increased in
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WSSV-challenged shrimp (Ma et al., 2007). These findings implied that
the hosts may employ different ways to defend against pathogen in-
fection.

The primary function of CTLs is serving as PRRs that recognize and
bind to the PAMPs on the surface of microbes. To further ascertain the
roles of the two CTLs in WSSV and V. parahaemolyticus infection, re-
combinant proteins of the CRDs of the two CTLs (His-CRD3 and His-
CRD4) and four WSSV envelope proteins (GST-VP19, GST-VP24, GST-
VP26, and GST-VP28) were successfully produced, and the interactions
between the two CRDs and the four envelope proteins were analyzed by
GST pull-down assays. VP19, VP24, VP26 and VP28 are four major
envelope proteins of WSSV and have been shown to be involved in the
virus infection of shrimp (Yi et al., 2004; van Hulten et al., 2001; Xie
and Yang, 2006; Zhou et al., 2009; Li et al., 2016). Herein, the results
presented by the GST pull-down assay showed that the two CRDs both
directly interacted with the four WSSV envelope proteins. Furthermore,
bacterial binding activity analysis showed that both of the CRDs pos-
sessed binding ability to V. parahaemolyticus. These data indicated that
the two CTLs may act as PRRs to recognize WSSV and V. para-
haemolyticus by binding to the pathogens. Moreover, the direct inter-
action between the two CTLs and WSSV envelope proteins might at-
tenuate WSSV infectivity and impede virus entry into the cells (Xiao
et al., 2018).

In addition to serving as PRRs, CTLs also work to eliminate invading
pathogens by directly agglutinating or killing microorganisms.
Numerous CTLs have been shown to exhibit their antibacterial activity
in a Ca2+—dependent manner (Li et al., 2014; Li et al., 2015; Lv et al.,
2016), however, some CTLs were demonstrated to be Ca2?*-
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independent (Song et al., 2010). In this study, the antibacterial assay
showed that the two CTLs possessed antibacterial activity against V.
parahaemolyticus in either the presence or absence of Ca®*. MjCTL3
displayed stronger antibacterial activity against V. parahaemolyticus
than MjCTL4, together with the fact that the expression of MjCTL3
increased more quickly and strongly than MjCTL4 expression in shrimp
challenged with V. parahaemolyticus, it was reasonable to infer that
MjCTL3 might play a more crucial role in immune defense against V.
parahaemolyticus invasion. Interestingly, the anti-V. parahaemolyticus
activity of MjCTL4 was obviously promoted in the presence of Ca®*.
Similar results have been reported for other CTLs identified from M.
japonicus, and the mutation of the calcium binding motif might con-
tribute to the Ca®*-independent activity of MjCTLs (Song et al., 2010).

5. Conclusion

In the present study, two novel CTLs were identified and char-
acterized from M. japonicus. The two CTLs both contained a single CRD
and were predominately expressed in the hepatopancreas. The tran-
scription of the two CTLs was enhanced by WSSV and V. para-
haemolyticus infection, and MjCTL3 exhibited a higher up-regulation
level than MjCTL4. GST pull-down assays showed that there was a di-
rect interaction between the two CTLs and WSSV envelope proteins.
Additionally, the two CTLs also displayed antibacterial and binding
activities to V. parahaemolyticus, indicating that the two CTLs were
involved in the recognition and elimination of V. parahaemolyticus. The
multiple immune functions exhibited by the two CTLs implied their
promising application prospects in the control of disease caused by
WSSV and V. parahaemolyticus.
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