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As a key member in Hippo signal pathway, Wts plays an important role in animal growth
and immunity. To investigate the role of Wts in innate immunity of kuruma shrimp
Penaeus japonicus, the cDNA and genome sequence of Wts from P. japonicus (designated
as PjWts) were isolated and characterized. The PjWts cDNA was 4,123 bp length,
including an open reading frame of (ORF) 3,438 bp encoding 1,145 amino acids. No
transmembrane structure or signal peptide was found in PjWts. The predicted protein
contains a MobB domain and a STKc_LATS domain. The result of multiple alignment
showed that these domains were highly conserved across different species. The genomic
sequence of PjWts consists 7 exons and 6 introns. PjWts was expressed in all tested
tissues, with high expression level in ganglia, gill, ovary and lymph. After Vibrio harveyi
was injected, the expression of PjWts in the gill and hepatopancreas were significantly
upregulated at 3h. After PjWts silencing, the expression of PjWts in hepatopancreas and
gill were gradually decreased. The mortality rate of P. japonicus co-injected with
dsRNA-Wts and V. harveyi was significantly higher than that of other groups. All of these
results suggest that PjWts may be involved in the innate immunity of P. japonicus. This
study provides a useful foundation for elucidating the function of Wts in P. japonicus
innate immunity.

the formation of gastrula in Danio rerio.? When lats1/2 were
knocked out, the number of cardiomyocyte was increased in
atria during early development of D. rerio.10 Lats1/2 could
phosphorylate angiomotin, which inhibited endothelial cell
migration in vitro and angiogenesis in zebrafish embryos in
vivo.11 Lats was highly expressed in haemocytes and trig-
gered hemocytic apoptosis in C. hongkongensis, which sug-
gested that Hippo signaling pathway was involved in the
immune defense process of oyster.8 When Hippo and Wts
were silenced, the ability of hemocyte phagocytosis become
weakened, which proved that the Hippo signaling pathway
could positively regulate the cellular immunity in P. van-
namei.2 The white spot syndrome virus (WSSV) in shrimp

INTRODUCTION

The Hippo signaling pathway plays a crucial role in reg-
ulating cell proliferation, apoptosis, and immunity in ani-
mals.!-* Warts (Wts), which belongs to the nuclear Dbf2-re-
lated (NDR) protein kinase family,was first reported in
Drosophila melanogaster.! Wts, Salvador (Sav), Yki, and
Hippo are key component in the Hippo signaling pathway
which is highly conserved in Drosophila and mammals.
When wts is mutated, cells undergo excessive growth and
form tumors.2 Wts was phosphorylated and activated by
Hippo.2 Yki was regulated by Wts through two Wts phos-
phorylation sites on Yki.2:6 After being phosphorylated, Yki

was sequestered in the cytoplasm and could not regulate
the transcription of downstream genes related cell prolifer-
ation in the nucleus.”

Currently, few reports about the function of Wts are
available in aquatic animals.2 The large tumor suppressor
(Lats) is a homologous gene of Wts in vertebrates and Cras-
sostrea hongkongensis.>8 Lats1/2 play an important role in

P, vannamei increased after Wts and Hippo were silenced in
vivo, which indicated a positive role of Hippo signaling in
antiviral response.!3

Penaeus japonicus, also named Marsupenaeus japonicus,
is widely distributed in the Indo-Western Pacific, including
China, Japan, Southeast Asia, East Africa, and Australia.l4
It is an economically important shrimp species in China.l®
P. japonicus is cultured along southeast coastal areas of
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China due to its fast-growth and strong adaptability.!* The
production of P. japonicus was 4.62 ten thousand tons in
China in 2022.15

The shrimp aquaculture industry has been threatened by
various pathogens including viruses, bacteria and fungi re-
cently.16:17 Vibrio species are commonly found in marine
and estuarine environments. Vibrio harveyi is thought as
one of the main pathogens in shrimp, which cause several
acute diseases such as hepatopancreatic necrosis, bacterial
white-tail disease, black shell disease and light-vibriosis.1”
Understanding the molecular regulatory mechanism of de-
fense against bacteria in shrimp is useful to design strategy
to prevent and control bacterial diseases. Nowadays, there
are some reports on the molecular mechanism of innate
immunity in P. japonicus.!® However, it remains unclear
whether Wts is involved in the innate immunity of P. japon-
icus.

In this study, the cDNA and genomic DNA sequences of
Wts of P. japonicus (named PjWts) were obtained, character-
ized and analyzed. The role of Wts in response to V. harveyi
infection was investigated with the real-time quantitative
polymerase chain reaction (RT-PCR) and RNA interference
(RNAi) techniques. Our study provides a theoretical basis
for further study of the role of Wts and the Hippo signaling
pathway in the innate immunity of P. japonicus.

MATERIALS AND METHODS

2.1. EXPERIMENTAL ANIMALS AND SAMPLE
PREPARATION

All of P. japonicus individuals were purchased from a shrimp
aquaculture company in Fujian Province. Several tissues in-
cluding the hepatopancreas, muscle, lymph, gills, ganglia,
stomach, heart, hemolymph and eye stalks were separately
collected from five shrimps (20.7 * 1.2g). All of tissues were
frozen with liquid nitrogen quickly, and stored in -80°C un-
til used.

A total of 410 healthy and active individuals of P. japoni-
cus (31%2.1 g) were chosen randomly and cultured in several
concrete ponds (20 m2) three days for the experiment of
bacterial challenge. The salinity and temperature of seawa-
ter was 35%oand 25°C, respectively. Two-third seawater was
changed and the residual feed/waste was removed everyday.
All shrimps were fed a commercial mixed feed supplied by
Haid Group Co., Ltd. (Guangdong, China).

2.2. BACTERIAL CHALLENGE

The shrimps were divided into two groups designated as
control group (CG) and experimental group (EG). Each
group was set up in triplicate (i.e., three biological repli-
cates). V. harveyi was used for the bacterial stimulation ex-
periment. Shrimps in the EG were intramuscularly injected
with 50 pL of resuspended bacteria solution (1x 10° cfu/ml),
while the CG were injected with 50 puL phosphate-buffered
saline (PBS; 137 mM NaCl, 2.7 mM KCI, 8 mM Na,HPO,, 2
mM KH,PO,, pH 7.4).

The hepatopancreas and gills were collected from five
shrimps at different time points (0, 3, 6, 12, 24, 48 and 72 h
post-injection) for RNA extraction. All samples were frozen
immediately with liquid nitrogen quickly, and then stored
at -80°C until used.

2.3. RNA EXTRACTION AND CDNA SYNTHESIS

Total RNA from each tissue was isolated using Trizol
reagent (Invitrogen, USA) following the manufacturer’s in-
structions. The quality and concentration of RNA were ex-
amined by 1.5% agarose gel electrophoresis and Nanodrop
2000 spectrophotometer (Thermo Scientific, USA), respec-
tively. A total of RNA 1 pg of total RNA was used as the
template for reverse transcription reaction with a Prime-
ScriptTM RT reagent Kit with gDNA Eraser (Takara, Japan),
following the manufacturer’s instructions.

2.4. VALIDATION OF WTS FROM TRANSCRIPTOME DATA

The full-length of cDNA sequence of Wts was obtained from
transcriptomic sequences (SRX2030618) of P. japonicus. All
primers were designed with Primer Premier 5 (Table 1). A
pair of primers (Wts-S1/R1) was used to confirm the ac-
curacy of Wts sequence. Polymerase chain reaction (PCR)
was performed in a 20 pl reaction volume containing 12
pl ddH,0, 2.0 ul 10 x Ex Buffer,1.6 ul dNTP mixture (2.5
mmol/L), 1.6 ul MgCl, (25 mM), 0.8 ul of each of primer (10
uM), 1 pl cDNA (50 ng/pL), and 0.2 pl Ex Taq DNA poly-
merase (5 U/pl) (TaKaRa, Japan). The PCR product was pu-
rified by SanPrep Column DNA Gel Extraction Kit (Sangon,
Shanghai, China), and then sequenced directly by Sangon
Biotech (Shanghai) Co., Ltd. (China).

2.5. BIOINFORMATICS ANALYSIS

The open reading frame (ORF) and predicted protein of
Wts were analyzed by ORF finder
(https://www.ncbi.nlm.nih.gov/orffinder/). The physico-
chemical property of protein was analyzed using ProtParam
(http://web.expasy.org/protparam/). The similarity of PjWts
with Wts from another species was analyzed with Global
Align (https://blast.ncbi.nlm.nih.gov/Blast.cgi?). The struc-
ture of PjWts protein was analyzed by Conserved domains
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).
The signaling peptide was predicted by SignalP5.0
(http://www.cbs.dtu.dk/services/SignalP/). The transmem-
brane domain was predicted by TMHMM (https://ser-
vices.healthtech.dtu.dk/service.php?TMHMM-2.0). Multi-
ple alignment of protein was analyzed by Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/). The phyloge-
netic tree was constructed by MEGA 7.0 software and neigh-
bor joining was used and branching reliability was tested by
bootstrap resampling with 1000 pseudo-replicates.

2.6. EXPRESSION OF WTS IN DIFFERENT TISSUES

The relative expression levels of Wts in different tissues
from five shrimp were analyzed using quantitative real-
time PCR (qRT-PCR) with primers qWts-S and qWts-A
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Table 1. Primers used in this study

Primer . . Product
name Sequence (5°— 37) Length(bp) Purpose
cDNA
Wits-S1 AAAGCCGATGTCTTGAAAAG 980 .
cloning
Wits-R1 GGCTGATTGCTATTGTTGAC
qWis-s1 TGTTGTAACTCCACATCCTG 225 RT-qPCR
qWts-al GAAGAGGCATATGAAGGAGG
R'sTc_t;”' CAGCCTTCCTTCCTGGGTATGG 182 RT-qPCR
R'}@Tc_t}'z”' GAGGGAGCGAGGGCAGTGATT
GATCACTAATACGACTCACTATAGGG .
dsWts-S1 CAACAAAGACTAGGACGCAAT 219 RNAi
dsWisAL GATCACTAATACGACTCACTATAGGG
SWIS TGATTGCTATTGTTGACC
dsGFP-F GATCACTAATACGACTCACTATAGGGCTGGAGTGGTCCCAGTTCTTGTTGA 289 RNAI
dsGFP-R GATCACTAATACGACTCACTATAGGG

CATTCTTTGGTTTGTCTCCCAT

(Table 1). All gqRT-PCR assays were carried out in three bio-
logical replicates. The qRT-PCR was performed using SYBR
Premix Ex Taq (Takara, China) according to the manufac-
turer’s instructions, and carried out on LightCycler® 480 II
(Roche, Switzerland). The B-actin (GenBank accession No.:
AB055975.1) gene was chosen as the reference gene.!® PCR
programme was as follow: 95 °C for 30 s, 40 cycles of 95
°C for 5 s, 60 °C for 15 s, finally a melting curve was ob-
tained at the end of the reaction and a single peak was ob-
served. The acquired data were calculated using a 2-AACT
method,29 and SPSS 19.0 software (IBM, USA). One-way
analysis of variance (ANOVA) was used to evaluate signifi-
cant differences (P < 0.05).

2.7. RNA INTERFERENCE (RNAI) AND SURVIVAL RATE
ANALYSIS

The recombinant plasmids, pD7-Wts and pD7-GFP, were es-
tablished, respectively. The primers specific to target genes
were dsWts-S1/A1 and dsGFP-F/R with T7 promoter se-
quence (Table 1). Sense and anti-sense DNA templates for
transcription in vitro were produced by employing pD7-Wts
and pD7-GFP recombinant plasmids as templates via PCR.
dsRNA-Wts and dsRNA-GFP were synthesized in vitro with
a Transcription T7 kit (TaKaRa Biotechnology) following
manufacturer protocols. dSRNA-GFP was served as a con-
trol. The quality of the dsRNA was evaluated using 1.2%
agarose gel electrophoresis. dSRNA was stored at -80 "C un-
til used.

dsRNA targeting Wts (dsRNA-Wts) or green fluorescent
protein (dsSRNA-GFP; control) (50 pg per shrimp) was in-
jected into the abdominal segment of each shrimp.2! The
hepatopancreas and gills were scissored from four shrimps
at Oh, 12h, 24h and 48h post-injection, then immediately
frozen in liquid nitrogen. The expression of PjWts mRNA at
different time points was checked by qRT-PCR as described

in Sections 2.1 and 2.6. All samples were tested in tripli-
cates.

To investigate the role of Wts during V. harveyi infection,
shrimps were injected with dsRNA-Wts, dsRNA-GFP or PBS
firstly, then challenged by V. harveyi (106 CFU.mL-1) 48h
later. The number of dead shrimps in each groups was
recorded within 96 h. Statistics were processed by Graph-
Pad Prism 8.0 Software (GraphPad Software, USA).

RESULTS

3.1. CLONING AND SEQUENCE ANALYSIS OF PJWTS

The full-length cDNA sequence of PjWts was 4,123 bp in
length, including an open reading frame (ORF) of 3,438
bp encoding 1,145 amino acids, a 5 untranslated region
(5'UTR) of 225 bp and a 3UTR 460 bp (Figure 1). The
molecular weight and isoelectric point of PjWts protein
were predicted to be 125.607 kDa and 8.96, respectively.
No transmembrane domains or signal peptides were iden-
tified. Two conserved domains were detected: a Mob-bind-
ing domain (Mob, 677-752 aa) and a serine/threonine ki-
nase catalytic domain of the large tumor suppressor family
(STKc_LATS, 753-1115 aa). The PjWts cDNA sequence was
submitted to GenBank with the accession number
PP155416.1.

The genome sequence of PjWts was identified from
genome sequence of P. japonicus (GenBank accession
No.:NW_025035089.1). After alignment with the cDNA se-
quence of PjWts, seven exons and six introns were iden-
tified in the genomic sequence of PjWts. The longest and
shortest exon was exon 2 (2,197bp) and exon 1 (81bp), re-
spectively (Figure 2). The longest and shortest intron was
intron 1 (1,564bp) and intron 5 (112bp) (Figure 2). The
exon-intron junction regions conformed to the GT/AG rule.
The genomic sequence of PjWts has been submitted to Gen-
Bank (Accession number: PP155417.1).
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Figure 1. The cDNA and deduced amino acid sequence of PjWts.The MobB domain and STKc_LATS domain were
represented by yellow-highlighted and single line, respectively.

1 cgggtgtgaaccaagtggattgttgttattgttgttgttataaatctctecgtgtgtttgtgtgtgtgttacgaacectg

81 gaaaagtggcctggaagtcgattggaatttaactatgtgeccagtgagagaaaaggegtctgttcaacacatagtactttg

161 ggagctttctcagtctgacgggttaagttggecatggtccaccagtggtagetcettcatggeecg

226 ATGGCCCCTCAGATGCCTCATGCGGCTACCATGAGCACCAACACAATAGGCCGGTCAACTCGAGCAGATTATAATAAG
1MAPQMPHAATMSTNTIGRSTRADYNK

304 GAGGCTTTACATCGAATCCGAGCGTCTTTGCTACCCTATGCTGCGGGTGGCATCCCCCGGGAGAGTCTTAGCCCCATC
27EALHRIRASLLPYAAGGIPRESLSPI

382 AGCCCGGGTGCTCAATGCCAGGGGTCTTTCAATTTGTGCCCCACCGATGATGAACTACAAAGATCCTACAATGGGTAC
53SPGAQCQGSFNLCPTDDELQRSYNGY

460 CCGGCCCAGGTGGCCCAGGTGGAGGGCAGCAAGATAATCCGCAAGTCCAGCTTTGATCGCGAGCTGAATTTGCAACGG
79PAQVAQVEGSKIIRKSSFDRELNLQR

538 GGAAGTCCTGCCTTAGACAGCAGCAATGCAAGTACGCGTTCAGACAGTCCTGGCATCGGGGGGCAGATGCTGTACAAC
105GSPALDSSNASTRSDSPGIGGQMLYN

616 AACAATATGCCTGTTAGGCAATATGCTGAGGCTCCACCTCCAAGAATGGGAAGTGGGGAGCAAATTGTTGATGTCAAC
131INNMPVRQYAEAPPPRMGSGEQIVDVN

694 CACCCAGCTGTGTCCAGACAATACAGCAGCTCGTACCCTGTAGCACCAGATGCACCCCCACCTCCCCCACCCCGCAGT
157HPAVSRQYSSSYPVAPDAPPPPPPRS

772 CAAGGGAGCAGTGCTCCTCCCCCAACACCACCTCGGGGCACCACCCCACCTCCACCTCCTTACCCTTGTGCCACCAGC
183QGSSAPPPTPPRGTTPPPPPYPCATS

850 TGTGCCCCCACCATGGTAACTACTATTGGCCAGAGACCAATATTACTATCAAGACTCTCTCCAGGTCCAAGCAAGAAT
209CAPTMVTTIGQRPILLSRLSPGPSKN

928 AAATCGCAAGCTAATTATGTAAATATTAATAATGTGTCACAAAGCTCAACTCCTCAAAGGGGTACTAGTCCTGTCTCA
235KSQANYVNINNVSQSSTPQRGTSPVS

1006 TTTGGTGGACGACAGCAGCCAGTTGTGGTGCAGAATAGTGCTCAGGTGCAACAGCAGCTTACTAACCAGATACAGGCT
261FGGRQQPVVVQNSAQVQQQLTNQIQA

1084 TTCTCTTTAAATAATGGTAATAACTATGGAAACCAGTTAGAACGCCCGCCTCCATATCCATTAGGATCTGCATTAAAG
287FSLNNGNNYGNQLERPPPYPLGSALK

1162 CATGTAGGAGGTATGAAACTAACAGCACCCCCACCGTCATATAATGCAACAATGCAGAATAGGCAAAGTCCCACCCAA
31BHVGGMKLTAPPPSYNATMQNRQSPTQ

1240 GATGCAAGAAAAAGCCCTGCTCAGCTAAATTTCCAGGGCCCAAGTCCTGTTGTAACTCCACATCCTGTATCACCATCA
339DARKSPAQLNFQGPSPVVTPHPVSPS

1318 TCACTATCACCTCCATCGTCCATGTCTCCTGTCTCGCTTCCACGTGGTGGCCAAACTTCCCGACAAGCAAAGACTCCC
365SLSPPSSMSPVSLPRGGQTSRQAKTP

1396 ACACCAATTATCATGCAGTCTGTCAAAAGTACCCAGGTTCAGAAACCAGTGCTGCAGACAGCTGTTGCTCCAGCTTCA
391TPIIMQSVKSTQVQKPVLQTAVAPAS

1474 CCTCCAGTCTCGGCTCCACCTCCTTCATATGCCTCTTCCATCCAGCAGAAGCAAGCGCAGGCTGCTGCTGCTGCTCAG
417PPVSAPPPSYASSIQQKQAQAAAAAQ

1552 GCTGTACCTGGGATGGGATTAGCACAAATGATGCCACAAGAGAGTGGAGGATCATCATCACCTGGACTTTCATCCTGT
443AVPGMGLAQMMPQESGGSSSPGLSSC

1630 AACTATCAGTTAGCAGTAACGTGCAATAGTGAAGTAGTGCCAACCACAGATCCCCCCAGCTATCATTCAACTATACAA
469NYQLAVTCNSEVVPTTDPPSYHSTIQ

1708 GCAATGGCAGCTGCTAGAGCTTATAATCCAGGATATATGGCTCAGCCTGTAGCCAGTATACCAGTTCAAGATACTCCA
495AMAAARAYNPGYMAQPVASIPVQDTP

1786 GTGCAGGAATTAGATTTGTCTTCCACACCCTTGGCTCACATACCAATAACTCAAGTTAGTACGGTTGATTCCATCATA
521VQELDLSSTPLAHIPITQVSTVDSII

1864 ACAACACAGCCAACAAGTGCAGTAGAAACAGTAAGCAGTTGTTATGATCCCAACCTAACACCAGGTCTGAGTCATCCC
547TTQPTSAVETVSSCYDPNLTPGLSHP

1942 CCTCTTCAAAGAAAATTCTCTCCTGTAATGGCTGATACAGCTTCCAGTGCCTCTCGGTCTGAGAGTCCTGTTTCTTCT
573PLQRKFSPVMADTASSASRSESPVSS

2020 GTAAATTCCCATGACACTCATGCGTTATCTCAATCACCTGTATCGTGCCTTTCTACTGCCACGTCGTCTCCCTCCACT
599VNSHDTHALSQSPVSCLSTATSSPST

2098 CAGTCAGATTTAACCTTGGAATCTGGATATTCCTCTGGGCAGTCCTGTCGAGGAGTGCCCCCACCACCACCTCCAACA
625QSDLTLESGYSSGQSCRGVPPPPPPT

2176 GAACAGAAAACTACTCATCAATCACCTATACCTGAACGAAAGAAATTAAGCTCTGAAATGGAACTTCAGAGATGCGAG
651EQKTTHQSPIPERKKLSSEMELQRCE

2254 TCAAAAGTTCGAAATTTATCTCCTCAGGCCTTTAAATTCTACATGGAACAACACATTGAAAATGTGATAAAATCTTGT
677SKVRNLSPQAFKFYMEQHIENVIKSC

2332 GAAGAACGAGAAAACAGAAGAATGCAGCTTGAGAAAGAAATGAAAAAAATAGGATTATCAGACAAGGATCAATCCCAA
703EERENRRMQLEKEMKKIGLSDKDQSQ

2410 ATGCGTAAAATGCTATCCCAAAAGGAATCCAACTTCATAAGATTAAAGAGAGCAAAAATGGACAAACAGCTCTTCCGC
729MRKMLSQKESNFIRLKRAKMDKQLER

2488 AAAATAAAAACCATAGGTGTTGGCGCATTTGGTGAGGTTGCCCTCGTCTGCAAGCTAGATACACACCGTCTCTATGCA
755KIKTIGVGAFGEVALVCKLDTHRLYA

2566 ATGAAGACCTTACGCAAAGCCGATGTCTTGAAAAGGAATCAAGTGGCTCACGTGAAAGCTGAGAGAGACATTCTAGCA
78IMKTLRKADVLKRNQVAHVKAERDILA

2644 GAAGCTGACAACGAGTGGGTTGTCAAACTCTATTATTCATTTCAAGATAAAGACAACCTTTACTTTGTTATGGACTAC
807EADNEWVVKLYYSFQDKDNLYFVMDY

2722 ATCCCTGGTGGTGACCTTATGTCTCTGCTCATCAAATTCGGAATCTTTAAGGAGCAGTTGGCAAGATTCTATATAGGA
833IPGGDLMSLLIKFGIFKEQLARFYIG
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2800 GAACTGGTTTGTGCAATAGAAAGCGTGCACAAGATGGGTTTCATCCACCGTGATATCAAGCCAGATAACATTCTTATT

859ELVCAIESVHKMGFIHRDIKPDNILI

2878 GATCGCGATGGCCACATTAAACTCACAGATTTTGGTCTGTGCACTGGGTTTAGGTGGACACACAATTCCAAATATTAT

885DRDGHIKLTDFGLCTGFRWTHNSKYY

2956 CAGCGAGTTGGTGACCACAACAGACAAGATTCCATAGACCCGTGTGGTGACAACGATATTGTGTGCCGATGCAATGAC

911QRVGDHNRQDSIDPCGDNDIVCRCND

3034 CTGAAGCCCTTGGAGAGAAGGCGCAGACGACAGCATCTCCGCTGTCTAGCCCATTCACTTGTAGGAACCCCAAATTAC

937LKPLERRRRRQHLRCLAHSLVGTPNY

3112 ATTGCTCCAGAGGTGCTATCACGTACAGGTTACACACAGCTCTGCGACTGGTGGAGTGTCGGAGTAATTCTGTACGAG

9631APEVLSRTGYTQLCDWWSVGVILYE

3190 ATGTTAGTTGGGCAACCACCATTCCTAGCCAGTACACCACCAGAAACACAATATAAGGTCATAAATTGGGAGACTACC

989MLVGQPPFLASTPPETQYKVINWETT

3268 CTAAGAATCCCCAAGCAAGCCAAATTGTCTCCAGAAGCCAAGGACTTGATCCTGAGCCTGTGCACCCACCCTGAACAA

1015LRIPKQAKILSPEAKDLILSLCTHPEQ

3349 AGACTAGGACGCAATGGTGCTCAGGAGGTAAAGGCACATCCCTTCTTCAAAGAGCTGGACTTCGAAGGCGGCCTGAGA

1041RLGRNGAQEVKAHPFFKELDFEGGLR

3424 AAGCAGCAAGCACTCTACACTCCCACAATAAAACACCCCACAGACACCTCTAACTTCGATCCCATCGATCCAGACAAG

1067KQQALYTPTIKHPTDTSNFEDPIDPDK

3502 CTCCGACCAAGTGAACCCAACGAGAGTGACCTGGAATGGGTCAACAATAGCAATCAGCCACTACATGCATTCTTCGAG

1093LRPSEPNESDLEWVNNSNQPLHAFFE

3580 TTTACCTTCAGAAGATTTTTTGACAGTACTCCCGGAGGAAGTGGTAACGATGAGAAGGACAGTCAGCATCCAGTCTAT

1119FTFRRFFDSTPGGSGNDEKDSQHPVY
3658 GTATGA
1145V Y\

3664 ttgggtccaatgtggcagetctagatgtgatgaaatcaggaaatatgatatatttttagatatctacttttataattgag
3744 aaaaattaatattttaacatgtcagggatctaaattactgatcacataatatggtagtggcagactgtggtagcageca
3824 ctgtcacattaggttgagttgccctatgaagggaattcttgctagacagaagtgtaacagtgacctacctcagectacc
3904 accaagttgaacgtatttaggtacaggtggcagaaaggagtagcaatctcgtgttgttaagcccagtgatgggaaaage
3984 aagctgtgattttgtatatttttgagtgttagatatggtgatatagttgaaaagcagggtatgtatgatatgggactcc
4064 atgaaccaaagagacacaataaacagattgaatttcagctaatagggacacattcccaatatct
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Figure 2. Structure genomic structure of PjWis.

L
kb 5kb Gkb Tkb
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The protein sequences of PjWts shared over 90% identity
with the Wts from other shrimp species, and low identity
with LATS1/2 protein from vertebrates (Table 2). The sim-
ilarity of PjWts with that in A. dorsata, E. sinensis, P. tritu-
berculatus, C. quadricarinatus, H. americanus and D.
melanogaster was 51%, 80%, 80%, 90%, 91% and 45%, re-
spectively. The MobB and STKc_LATS domains were highly
conserved in all test species. A total of 439 amino acids (aa)
were detected in these two domains. From invertebrates
to vertebrates, more than 249 completely conserved amino
acids (accounted for 59%) and 91 relatively conservative
amino acids (accounted for 20.78%) were detected in these
two domains (Figure 3).

The phylogenetic tree of Wts and Lats1/2 from 19 species
was constructed (Figure 4). This tree was divided into two
main clades: one corresponding to vertebrates and the
other to invertebrates. PjWts first clustered with Wts pro-
teins from other Penaeus shrimp species, and then further
clustered with those from other crustaceans. The LAST1
and LAST2 from Danio rerio, Homo sapiens and Mus muscu-
lus each formed separate subclusters within the vertebrate
clade before merging into a single vertebrate-specific clus-
ter.

3.2. EXPRESSION PROFILES OF PJWTS IN DIFFERENT
TISSUES

The Result of qQRT-PCR showed that PjWts was expressed
in all eleven examined tissues (Figure 5). The expression
level of PjWts was the highest in the ganglia, followed by
the gills, ovaries, and lymphoid organs. In contrast, rela-
tively low expression levels of PjWts were detected in the
eyestalks, hemolymph, and eyes (Figure 5).

3.3. EXPRESSION LEVEL OF PJWTS AFTER BACTERIAL
CHALLENGE

The results of the PjWts mRNA expression in gills and he-
patopancreas after V. harveyi infection are shown in Figure
6. The mRNA expression level of PjWts was significantly
upregulated at 3 h post-infection. It reached peak levels at
6 hin the gills and 12 h in the hepatopancreas, respectively.
At 72 h post-infection, the mRNA expression of PjWts was
significantly higher than that in the control group (P <

0.05).
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Table 2. The information of Wts or LATS protein from another species and its identity with PjWts

Species Protein Accession No. Identity(%)
Danio rerio DrLATS2-1 ABS88161.1 38
Homo sapiens HsLATS2 NP_055387.2 39
Mus musculus MmLATS2 AAH53028.1 39
Danio rerio DrLATS1 AAX56091.1 40
Homo sapiens HsLATS1 AAD16882.1 40
Mus musculus MmLATS1 NP_034820.1 41
Drosophila melanogaster DmWts NP_733403.1 45
Apis dorsata AdWts XP_006611780.1 51
Eriocheir sinensis EsWts XP_050697485.1 80
Portunus trituberculatus PtWts XP_045130442.1 80
Cherax quadricarinatus CqWits XP_053638150.1 90
Homarus americanus HaWts XP_042211293.1 91
Procambarus clarkii PclWts XP_045614888.1 91
Penaeus chinensis PchWts XP_047497193.1 99
Penaeus vannamei PvWits UZX50346.1 99
Penaeus japonicus PjWts PP155416.1 -
87— Procambarus clarkii
Cherax quadricarinatus
52 Homarus americanus
Macrobrachium rosenbergii
971100l Palaemon carinicauda
Penaeus vannamei
100 B Penaeus japonicus
50l Penaeus chinensis
100 Eriocheir sinensis
—100|: Portunus trituberculatus
Oratosquilla oratoria
Drosophila melanogaster
E' Apis dorsata
100 — Mus musculus-LATS1
100 l: Homo sapiens-LATS1
Danio rerio-LATS1
100 Danio rerio-LATS2-1
100 { Mus musculus-LATS2
100 Homo sapiens-LATS?2
b

0.1

Figure 4. NJ phylogenetic tree based on amino acid sequence of Wts and LATS.

3.4. RNA INTERFERENCE EFFICIENCY AND SURVIVAL
RATE

The effect of PjWts knockdown in hepatopancreas and gills
was evaluated using RNAi technology (Figure 7). The ex-
pression levels of PjWts in the hepatopancreas and gills
were significantly decreased at 12h after dsRNA-Wts in-
jection (Figure 7). Compared with the control group, the
interference effect was significant at 12 h, 24 h, and 48
h after dsRNA-Wts injection in the hepatopancreas, with
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knockdown percentages of 60.54%, 75.64%, and 97.30%, re-
spectively. In the gills, the knockdown percentages were
54.87%, 75.55%, and 87.12%, respectively.These results in-
dicate PjWts were significantly knocked down in he-
patopancreas and gills.

The survival rates of the shrimps in three groups were
recorded after V. harveyi infection (Table 3). The survival
rates of dsSRNA-PjWts + V. harveyi, dSRNA-GFP + V. harveyi
and dsRNA-GFP + PBS group were 20%, 47.5% and 92.5%,
respectively (Figure 8, Table 3).
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Figure 3. Multiple alignment of the partial amino acid sequences of Wts MobB domain and STKc_LATS from many difference species. The MobB domain and STKc_LATS
ey €€y

are represented with a black underline and red wavy line, respectively.Single, strong, or weakly conserved residues are indicated by “*”, “:”, and “.”, respectively. The
accession numbers for sequences are shown in Table 2.

DrLATS2-1 QEEPI------ FKDKVKMGKGEKAVKDKKQIQTSPVPVRKNAR--DEEK-RESRIKSYSPFAFKFYMEQHVENVMKTYQQKLNRRMQLEQEMSKAGLSEAEQEQMRKMLYQKESNYNRLR 699
MmLATS2 E-QDR------ SDKSHKGAKGDKAGRDKKQIQTSPVPVRKNSR--DEEK-RESRIKSYSPYAFKFFMEQHVENVIKTYQQKVSRRLQLEQEMAKAGLCEAEQEQMRKILYQKESNYNRLK 617
HsLATS2 NEPEG------ GDKSRKSAKGDKGGKDKKQIQTSPVPVRKNSR--DEEK-RESRIKSYSPYAFKFFMEQHVENVIKTYQQKVNRRLQLEQEMAKAGLCEAEQEQMRKILYQKESNYNRLK 659
DrLATS1 DNEND------ TDSTCSSERAEGSEEEKKQITTSPVPVRRHKR--DEERKGESRLPMYSPQAFKFFMEQHVENILKNHQQRMRRKKQLESEMQRVGLSGDAQEQMRMMLSQKESNYIRLK 636
MmLATS1 PKED-------- DSEKSADSGDSGDKEKKQITTSPITVRKNKK--DEER-RESRIQSYSPQAFKFFMEQHVENVLKSHQQRLHRKKQLENEMMRVGLSQDAQDQMRKMLCQKESNYIRLK 695
HsLATS1 PKED-------- ESEKSYENVDSGDKEKKQITTSPITVRKNKK--DEER-RESRIQSYSPQAFKFFMEQHVENVLKSHQQRLHRKKQLENEMMRVGLSQDAQDQMRKMLCQKESNYIRLK 696
DmWits NSSNTGANSSGGSNGSTGTTASSSTSCKKIKHASPIPERKKISKEKEEERKEFRIRQYSPQAFKFFMEQHIENVIKSYRQRTYRKNQLEKEMHKVGLPDQTQIEMRKMLNQKESNYIRLK 710
AdWts NNNNNNNNNHSPDNGAKG--AGSSPSSYKIKHQSPIPERKHMSKEKEEERRDCKVRNYSPQAFKFFMEQHVENVLKSHKQRLYRRLQLETEMAKIGLSAEAQCQMRKMLSQKESNYIRLK 732
MjWts QSDLTLESGYSSGQSCRGVPPPPPPTEQKTTHQSPIPERKKLSSEMELQRCESKVRNLSPQAFKFYMEQHIENVIKSCEERENRRMQLEKEMKKIGLSDKDQSQMRKMLSQKESNFIRLK 744
PvWts QSDLTLESGYSSGQSCRGVPPPPPPTEQKTTHQSPIPERKKLSSEMELQRCESKVRNLSPQAFKFYMEQHIENVIKSCEERENRRMQLEKEMKKIGLSDKDQSQMRKMLSQKESNFIRLK 739
PchWts QSDLTLESGYSSGQSCRGVPPPPPPTEQKTTHQSPIPERKKLSSEMELQRCESKVRNLSPQAFKFYMEQHIENVIKSCEERENRRMQLEKEMKKIGLSDKDQSQMRKMLSQKESNFIRLK 736
HaWts QSDLTLESGYSSGQSCRGMPPPPPPTVQKTTHHSPIPERKKLSTEMELQRCESKVQNLSPQAFKFYMEQHIENIIKSCEERENRRMQLEKEMKKIGLSDKDQSQMRKMLSQKESNFIRLK 746
PclWts QSDLTLESGYSSGQSCRGIPPPPPPIVQKTTHHSPIPERKKLSTEMELQRCESKVRNLSPQAFKFYMEQHIENVIKSCEERENRRMQLEKEMKKIGLSDKDQSQMRKMLSQKESNFIRLK 743
CgWts QSDLTLESGYSSGQSCRGMPPPPPPTVQKTTHHSPIPERKKLSTEMELQRCESKVRNLSPQAFKFYMEQHIENVIKSREERENRRMQLEKEMKKIGLSDKDQSQMRKMLSQKESNFIRLK 742
EsWts QSDLTLESGYSSGQSCRGVPPPPPPQEEKTTHQSPIPERKKLSSEMEQQRRESRVCNLSPQAFKFYMEQHIENVMKSCEERENRRLQLEKEMKKIGLSEKDQNQMRKMLSQKESNFIRLK 713
PtWts QSDNTLESGYSSGQSCRGVPPPPPP-EEKTTHQSPIPERKKLSKEMEQQRRESRVCNLSPQAFKFYMEQHIENVMKSCEERENRRLQLEKEMKKIGLSEKDQNQMRKMLSQKESNFIRLK 711
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MobB

DrLATS2-1 RAKMDKSMFVKIKTLGIGAFGEVCLTRKVDT-GALYAMKTLRKKDVLNRNQVAHVKAERDILAEADNEWVVRLYYSFQDRDNLYFVMDYIPGGDMMSLLIRMGVFPEVLARFYVAELTLA 818
MmLATS2 RAKMDKSMFVKIKTLGIGAFGEVCLACKLDT-HALYAMKTLRKKDVLNRNQVAHVKAERDILAEADNEWVVKLYYSFQDKDSLYFVMDYIPGGDMMSLLIRMEVFPEHLARFYIAELTLA 736
HsLATS2 RAKMDKSMFVKIKTLGIGAFGEVCLACKVDT-HALYAMKTLRKKDVLNRNQVAHVKAERDILAEADNEWVVKLYYSFQDKDSLYFVMDYIPGGDMMSLLIRMEVFPEHLARFYIAELTLA 778
DrLATS1 RAKMDKCMFEKIKTLGIGAFGEVCLARKVDT-GALYAMKTLRKKDVLLRNQVAHVKAERDILAEADNEWVVRLYYSFQDKDNLYFVMDYIPGGDMMSLLIRMGIFQEDLAQFYIAELICA 755
MmLATS1 RAKMDKSMFVKIKTLGIGAFGEVCLARKVDT-KALYATKTLRKKDVLLRNQVAHVKAERDILAEADNEWVVRLYYSFQDKDNLYFVMDYIPGGDMMSLLIRMGIFPENLARFYIAELTCA 814
HsLATS1 RAKMDKSMFVKIKTLGIGAFGEVCLARKVDT-KALYATKTLRKKDVLLRNQVAHVKAERDILAEADNEWVVRLYYSFQDKDNLYFVMDYIPGGDMMSLLIRMGIFPESLARFYIAELTCA 815
DmWts RAKMDKSMFVKLKPIGVGAFGEVTLVSKIDTSNHLYAMKTLRKADVLKRNQVAHVKAERDILAEADNNWVVKLYYSFQDKDNLYFVMDYIPGGDLMSLLIKLGIFEEELARFYIAEVTCA 830
AdWts RAKMDKSMFTKIKPIGVGAFGEVTLVRKLDT-NQFYAMKTLRKADVLNRNQVAHVKAERDILAEADNEWVVKLYYSFQDKDNLYFVMDYIPGGDLMSLLIKFGIFKEPLARFYIAELTCA 851
MjWts RAKMDKQLFRKIKTIGVGAFGEVALVCKLDT-HRLYAMKTLRKADVLKRNQVAHVKAERDILAEADNEWVVKLYYSFQDKDNLYFVMDYIPGGDLMSLLIKFGIFKEQLARFYIGELVCA 863
PvWts RAKMDKQLFRKIKTIGVGAFGEVALVCKLDT-HRLYAMKTLRKADVLKRNQVAHVKAERDILAEADNEWVVKLYYSFQDKDNLYFVMDYIPGGDLMSLLIKFGIFKEQLARFYIGELVCA 858
PchWts RAKMDKQLFRKIKTIGVGAFGEVALVCKLDT-HRLYAMKTLRKADVLKRNQVAHVKAERDILAEADNEWVVKLYYSFQDKDNLYFVMDYIPGGDLMSLLIKFGIFKEQLARFYIGELVCA 855
HaWts RAKMDKQLFRKVKTIGVGAFGEVALVCKIDT-HRLYAMKTLRKADVLKRNQVAHVKAERDILAEADNEWVVKLYYSFQDKDNLYFVMDYIPGGDLMSLLIKFGIFKEELARFYIGELVCA 865
PclWts RAKMDKQLFRKVKTIGVGAFGEVALVCKIDT-HRLYAMKTLRKADVLKRNQVAHVKAERDILAEADNEWVVKLYYSFQDKDNLYFVMDYIPGGDLMSLLIKFGIFEEKLARFYIGELVCA 862
CgWts RAKMDKQLFRKVKTIGVGAFGEVALVCKIDT-HRLYAMKTLRKADVLKRNQVAHVKAERDILAEADNEWVVKLYYSFQDKDNLYFVMDYIPGGDLMSLLIKFGIFEEKLARFYIGELVCA 861
EsWts RAKMGKNLFRKIKTIGVGAFGEVALVLKMDT-HRLYAMKTLRKADVLKRNQVAHVKAERDILAEADNEWVVKLYYSFQDKDNLYFVMDYIPGGDLMSLLIKRGIFLEDLARFYIGELVCA 832

PtWts RAKMGKHLFRKIKTIGVGAFGEVALVLKVDT-HRLYAMKTLRKADVLKRNQVAHVKAERDILAEADNEWVVKLYYSFQDKDNLYFVMDYIPGGDLMSLLIKRGIFLEDLARFYIGELVCA 830
AR A A R AR T R TR L VN

STKc_LATS

DrLATS2-1 IESVHKMGFIHRDIKPDNILIDLDGHIKLTDFGLCTGFRWTHNSKYYQK-GNHIRQDSMEPSDSWDDVSNCRCGDRLMTLEQRATRQHQRCLAHSLVGTPNYIAPEVLLRKGYTQLCDWW 937
MmLATS2 IESVHKMGFIHRDIKPDNILIDLDGHIKLTDFGLCTGFRWTHNSKYYQK-GNHMRQDSMEPGDLWDDVSNCRCGDRLKTLEQRAQKQHQRCLAHSLVGTPNYIAPEVLLRKGYTQLCDWW 855
HsLATS2 IESVHKMGFIHRDIKPDNILIDLDGHIKLTDFGLCTGFRWTHNSKYYQK-GSHVRQDSMEPSDLWDDVSNCRCGDRLKTLEQRARKQHQRCLAHSLVGTPNYIAPEVLLRKGYTQLCDWW 897
DrLATS1 VESVHKMGFIHRDIKPDNILIDRDGHIKLTDFGLCTGFRWTHDSKYYQS-GDHVRQDSMDFSMEWEDSANCRCGDRLKPLERRAARQHQRCLAHSLVGTPNYIAPEVLLRTGYTQLCDWW 874
MmLATS1 VESVHKMGFIHRDIKPDNILIDRDGHIKLTDFGLCTGFRWTHDSKYYQS-GDHPRQDSMDFSNEWGDPSNCRCGDRLKPLERRAARQHQRCLAHSLVGTPNYIAPEVLLRTGYTQLCDWW 933
HsLATS1 VESVHKMGFIHRDIKPDNILIDRDGHIKLTDFGLCTGFRWTHDSKYYQS-GDHPRQDSMDFSNEWGDPSSCRCGDRLKPLERRAARQHQRCLAHSLVGTPNYIAPEVLLRTGYTQLCDWW 934
DmWts VDSVHKMGFIHRDIKPDNILIDRDGHIKLTDFGLCTGFRWTHNSKYYQENGNHSRQDSMEPWEEYSEN----GP-KPTVLERRRMRDHQRVLAHSLVGTPNYIAPEVLERSGYTQLCDYW 945
AdWts VESVHKMGFIHRDIKPDNILIDRDGHIKLTDFGLCTGFRWTHNSKYYQQNG-HGKQDSMDPADDWNNE--CRCI-QLKPLERRRHREHQRCLAHSLVGTPNYIAPEVLQRTGYTQLCDWW 967
MjWts IESVHKMGFIHRDIKPDNILIDRDGHIKLTDFGLCTGFRWTHNSKYYQRVGDHNRQDSIDPCGDNDIV--CRCN-DLKPLERRRRRQHLRCLAHSLVGTPNYIAPEVLSRTGYTQLCDWW 980
PvWts IESVHKMGFIHRDIKPDNILIDRDGHIKLTDFGLCTGFRWTHNSKYYQRVGDHNRQDSIDPCGDNDIV--CRCN-DLKPLERRRRRQHLRCLAHSLVGTPNYIAPEVLSRTGYTQLCDWW 975
PchWts IESVHKMGFIHRDIKPDNILIDRDGHIKLTDFGLCTGFRWTHNSKYYQRVGDHNRQDSIDPCGDNDIV--CRCN-DLKPLERRRRRQHLRCLAHSLVGTPNYIAPEVLSRTGYTQLCDWW 972
HaWts IESVHKMGFIHRDIKPDNILIDRDGHIKLTDFGLCTGFRWTHNSKYYQRVGDHNRQDSIDPCGDNDLV--CHCN-DLKPLERRRRRQHLRCLAHSLVGTPNYIAPEVLSRTGYTQLCDWW 982
PclWts IESVHKMGFIHRDIKPDNILIDRDGHIKLTDFGLCTGFRWTHNSKYYQRVGDHNRQDSIDPCGDNDIV--CHCN-DLKPLERRRRRQHLRCLAHSLVGTPNYIAPEVLSRTGYTQLCDWW 979
CgWts IESVHKMGFIHRDIKPDNILIDRDGHIKLTDFGLCTGFRWTHNSKYYQRVGDHNRQDSIDPCGDNDIV--CHCN-DLKPLERRRRRQHLRCLAHSLVGTPNYIAPEVLSRTGYTQLCDWW 978
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EsWts IESVHKMGFIHRDIKPDNILIDRDGHIKLTDFGLCTGFRWTHNSKYYQRVGDHNRQDSIDPCGDNDIV--CNCN-DLKPLERRRRRQHLRCLAHSLVGTPNYIAPEVLSRTGYTQLCDWW 949
PtWts IESVHKMGFIHRDIKPDNILIDRDGHIKLTDFGLCTGFRWTHNSKYYQRVGDHDRQDSIDPCLDNDIV--CNCD-DLKPLERRRRRQHLRCLAHSLVGTPNYIAPEVLSRTGYTQLCDWW 947
VL DR LA LR DL 20 TR e\

DrLATS2-1 SVGVILFEMLVGQPPFLAPTPTEAQLKVINWENTLQVPPQVKLSPEAVDIIGQLCCSAEERLGGNGAGEIKAHPFFSEVDFSSNLRTQ-PAPYRPKIAHPMDTSNFDPVEEEGGPGAWSD 1056
MmLATS2 SVGVILFEMLVGQPPFLAPTPTETQLKVINWESTLHIPTQVRLSAEARDLITKLCCAADCRLGRDGADDLKAHPFFNTIDFSRDIRKQ-PAPYVPTISHPMDTSNFDPVDEES---PWHE 971
HsLATS2 SVGVILFEMLVGQPPFLAPTPTETQLKVINWENTLHIPAQVKLSPEARDLITKLCCSADHRLGRNGADDLKAHPFFSAIDFSSDIRKQ-PAPYVPTISHPMDTSNFDPVDEES---PWND 1013
DrLATS1 SVGVILYEMVVGQPPFLATTPLETQMKVIRWQTSLHIPLQAKLSPEATDLILKLCRGPDDRLGRNGADEIKAQPFFRTIDLSKDLRQQHQAPYIPKITHSTDTSNFDPVDPDK---LWSE 991
MmLATS1 SVGVILFEMLVGQPPFLAQTPLETQMKVINWQTSLHIPPQAKLSPEASDLIIKLCRGPEDRLGKNGADEIKAHPFFKTIDFSSDLRQQ-SASYIPKITHPTDTSNFDPVDPDK---LWSD 1049
HsLATS1 SVGVILFEMLVGQPPFLAQTPLETQMKVINWQTSLHIPPQAKLSPEASDLIIKLCRGPEDRLGKNGADEIKAHPFFKTIDFSSDLRQQ-SASYIPKITHPTDTSNFDPVDPDK---LWSD 1050
DmWts SVGVILYEMLVGQPPFLANSPLETQQKVINWEKTLHIPPQAELSREATDLIRRLCASADKRLGKS-VDEVKSHDFFKGIDFA-DMRKQ-KAPYIPEIKHPTDTSNFDPVDPEK---LRSN 1059

AdWts SVGVILYEMLVGSPPFLANTPAETQYKVINWETTLHIPKQANLSAEGMDLILKLCVGADRRLGKN-ADEVKNHPFFANIDFEKGLRRQ-VAPHIPRIQYPTDTSNFDPVDPDK---LRNS 1082

MjWts SVGVILYEMLVGQPPFLASTPPETQYKVINWETTLRIPKQAKLSPEAKDLILSLCTHPEQRLGRNGAQEVKAHPFFKELDFEGGLRKQ-QALYTPTIKHPTDTSNFDPIDPDK---LRPS 1096

PvWts SVGVILYEMLVGQPPFLASTPPETQYKVINWETTLRIPKQAKLSPEAKDLILSLCTHPEQRLGRNGAQEVKAHPFFKELDFEGGLRKQ-QALYTPTIKHPTDTSNFDPIDPDK---LRPS 1091

PchWts SVGVILYEMLVGQPPFLASTPPETQYKVINWETTLRIPKQAKLSPEAKDLILSLCTHPEQRLGRNGAQEVKAHPFFKELDFEGGLRKQ-QALYTPTIKHPTDTSNFDPIDPDK---LRPS 1088

HaWts SVGVILYEMLVGQPPFLANTPPETQYKVINWETTLRIPKQAKLSPEAKDLILNLCTHPEQRLGRNGAQEVKSHPFLESLDFEGGLRKQ-QALYLPKIKHPTDTSNFDPIDPDK---LRPS 1098

PcIWts SVGVILYEMLVGQPPFLANTPPETQYKVINWETTLRIPKQAKLSSEAKDLILNLCTHPEQRLGRNGAQEVKSHPFLESLDFEGGLRKQ-QALYLPKIKHPTDTSNFDPIDPDK---LRPS 1095

CqWts SVGVILYEMLVGQPPFLANTPPETQYKVINWETTLRIPKQAKLSPEAKDLILNFCTHPEQRLGRNGAQEVKSHPFLESLDFEGGLRKQ-QALYLPTIKHPTDTSNFDPIDPDK---LRPS 1094

EsWts SVGVILYEMLVGQPPFLANTPPETQSKVINWETTLKIPKQAKLSPEAKNLILSLCTHPEKRLGRNGAQEVKDHPYLQSLDFEGGLRKQ-QALYLPEIKHPYDTSNFDPIDPDK---LRPS 1065

PtWts SVGVILYEMLVGQPPFLASTPPETQSKVINWETTLKIPKQAKLSPEAKNLILSLCTHPEKRLGRNGAQEVKDHPYLQSLDFEGGLRKQ-QALYLPEIKHPTDTSNFDPIDPDK---LRPS 1063

N R R W S S W R E W B B S A SR A B W B S VR SR S W A S SR SR A U U S U S W B B

DrLATS2-1 -SGDSTRTWDTL--CSPHGKHPEHAFYEFTFRRFFDDNGCPFRYPKPLEATQSLSSSDGA 1113

MmLATS2 ASGESAKAWDTL--ASPSSKHPEHAFYEFTFRRFFDDNGYPFRCPKPSEPA----ESAD- 1024

HsLATS2 ASEGSTKAWDTL--TSPNNKHPEHAFYEFTFRRFFDDNGYPFRCPKPSGAEASQAESSD- 1070

DrLATS1 DAD-GN-HNDTLTRWFKNGKHPEHAFYEFTFRRFFDDSGHPYSCPKPIESEEEDEDED-- 1047

MmLATS1 GSEEEN-ISDTLNGWYKNGKHPEHAFYEFTFRRFFDDNGYPYNYPKPIEYEYIHSQGSEQ 1108

HsLATS1 DNEEEN-VNDTLNGWYKNGKHPEHAFYEFTFRRFFDDNGYPYNYPKPIEYEYINSQGSEQ 1109

DmWts DSTMSS-----G-DDVDQNDRTFHGFFEFTFRRFFDDKQPP
AdWts ESSDSN-----KSDELLDNGKPFHGFFEFTFRRFFDDGGGPAY-PSRIS
MjWts EPNESD-----L-EWVNNSNQPLHAFFEFTFRRFFDSTPGG------
PvWts EPNESD-----L-EWVNNSNQPLHAFFEFTFRRFFDSTPGG------
PchWts EPNESD-----L-EWVNNSNQPLHAFFEFTFRRFFDSTPGG------
HaWts EPNESD-----L-EWVNNSNQPLHAFFEFTFRRFFDSTPGG-
PclWts EPNESD-----I-EWVNNSNQPLHAFFEFTFRRFFDSTPGG------
CqWts EPNESD-----L-EWVNNSNQPLHAFFEFTFRRFFDSTPGG------
EsWts EPNESD-----L-EWVNNGNQPLHAFFEFTFRRFFDSTPGG-
PtWts EPNESD-----.-EWVNNEDQPLHAFFEFTFRRFFDSTPRG------
SN,

Table 3. The survival rates in dsRNA-GFP+Vha, dsRNA-Wts+Vha and dsRNA-GFP+PBS groups

Group Number oftesﬁed Number of death Numb.er of

shrimp Oh 4h 8h 12h 16h 20h 24h 28h 32h 36h 40h 44h survivors
dsRNA-GFP+Vha 40 40 40 33 30 28 28 26 26 22 22 20 20 19
dsRNA-Wts+Vha 40 40 40 35 31 26 22 20 16 14 10 10 8 8
dsRNA-GFP+PBS 40 40 40 40 39 39 38 38 38 38 38 37 37 37
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Figure 5. Distribution of PjWts of mRNA expression in different tissues.
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Figure 6. Relative expression levels of PjWts in gill(a) Figure 7. After dsSRNA-Wts or dsSRNA-GFP infected, the
and hepatopancreas(b) after V. harveyi infection. expression of PjWts in hepatopancreas (a) and gills (b).

Asterisks indicate significant differences of mean values (¥, P<0.05; **, P<0.01).

ing pathway was involved in immune responses to bacteria

DISCUSSION and viruses in P. vannamei.l%-13 However, no §tudi§s have
reported on the Hippo signaling pathway in P. japonicus.

As a core component of the Hippo signaling pathway,

Wts is essential for its function.#22 The cDNA and genomic

sequences of PjWts were isolated and characterized in this

The Hippo signaling pathway plays an important role
in innate immunity of many animals such as D. rerio, C.
hongkongensis and P. vannamei.2-812,13,22 The Hippo signal-
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Figure 8. The survival rate of V. harveyi-infected
shrimp after PjWts silencing.

study. The ORF of PjWts was 3,438bp in length, encoded
1,145 putative amino acids (Figure 1), which was similar
with the length of PcWts (1,137 amino acids) and LvWts
(1,140 amino acids).

The identity of PjWts protein sequence with LATS from
vertebrate was ranged from 38% to 41% (Table 2). In con-
trast, PjWts shares a high sequence identity (99%) with
Wts proteins from other Penaeus species (Table 2). Both of
MobB and STKc_LATS domain of Wts were detected, which
maintain high conservation among various species in this
study (Figure 2). These results suggest that the Wts protein,
particularly its MobB and STKc_LATS domains, is evolu-
tionarily conserved. This conservation implies that Wts
may exert similar physiological functions across different
species. Notably, STKc_LATS domain could phosphorylate
protein and maintain cell activity23—a function that likely
contributes to PjWts’ role in immune regulation.

The genomic sequence of PjWts consists of 7 exons and
6 introns, which is consisted with the structure of Lats1/2
genome in human and mice but differs from that of Lats1/2
in zebrafish (which contains 8 exons).? This observation in-
dicates that the genomic structure of Wts is highly con-
served with minimal evolutionary variation.

Phylogenetic tree analysis revealed that P. japonicus
clusters with other crustaceans—a result consistent with
traditional taxonomic classifications (Figure 4). Meanwhile,
LATS1 and LATS2 from vertebrates each form distinct sub-
clusters within the vertebrate branch (Figure 4). To date, no
Wts homologs have been reported in shrimp (beyond the
present study). Evolutionarily, vertebrate LATS1 is thought
to originate from invertebrate Wts, whereas LATS2 may
have emerged via whole-genome duplication during evo-
lution®—a process that could explain the functional diver-
gence of LATS1/2 in vertebrates compared to invertebrate
Wts.

PjWts mRNA is expressed in various tissues of P. japon-
icus (Figure 5), which is consistent with the tissue expres-
sion pattern of Wts in P. vannamei.l3 These results suggest
that Wts may perform multiple physiological functions in
shrimp. Additional experiments are required to verify this
hypothesis.

In mammals, the Hippo signaling pathway plays an im-
portant role in the development of the nervous system, in-
cluding regulating the proliferation and differentiation of
neural cells, and promoting the development of synapses,
the corpus callosum, and the cerebral cortex (Li X, et al.,

2021). Notably, the expression of PvWts in P. vannamei is
highly abundant in ganglial3—a finding consistent with our
observation of high PjWts expression in P. japonicus ganglia
(Figure 5). This conservation in ganglionic expression im-
plies that Wts may be involved in neurodevelopment in
shrimp.

In mice, only a few follicles and no corpus luteum were
observed in the ovaries of Lats1-knockout individuals, sug-
gesting that LATS1 supports fertility in mammals.24 Tsoi
et al.25 were the first to demonstrate that LATS1/2 play a
critical role in maintaining the genetic program of ovarian
granulosa cells. In the present study, we also detected high
PjWts expression in the ovary of P. japonicus—a result con-
sistent with the aforementioned mammalian studies (Tsoi
et al., 1999; St John et al.24). However, the specific function
of Wts in shrimp ovaries remains unclear, and further re-
search is needed to elucidate its role in shrimp reproduc-
tion.

In shrimp, hemolymph, gills, and lymphoid organs play
critical roles in innate immunity, including both cellular
and humoral immune responses.2® For instance, Lats
mRNA is highly expressed in the hemocytes and gills of
C. hongkongensis.® In the present study, we detected high
PjWts expression in the gills and low expression in the he-
molymph of P. japonicus (Figure 5)—a pattern consistent
with the tissue expression of PvWts.13

Following V. harveyi challenge, the expression of PjWts
was significantly upregulated, reaching peak levels at 6 h in
the gills and 12 h in the hepatopancreas, respectively (Fig-
ure 6). This result suggests that PjWWts may be involved in
the defense response against Vibrio species, which aligns
with findings from previous studies. For example, in C.
hongkongensis, Lats expression in hemocytes was signifi-
cantly increased at 3 h post-injection with V. coralliilyticus
and reached a maximum at 6 h.8 In p. vannamei, PvWts ex-
pression was significantly upregulated at 12 h post-Vibrio
infection and increased rapidly from 48 h to 72 h.12 Addi-
tionally, PvWts expression was elevated in P. vannamei fol-
lowing WSSV infection, accompanied by increased hemo-
cyte activity.13

Previous studies have shown that animals infected with
bacteria exhibit injury or mortality when Wts or Lats is
knocked out or silenced. For example, the mortality rate
of D. melanogaster infected with gram-positive bacteria in-
creases following Wts knockout.? In P. vannamei, silencing
of PvWts enhances the infectivity of WSSV.13 Additionally,
silencing Wts in shrimp reduces the phagocytic activity of
hemocytes. Consistent with these findings, the mortality
rate of shrimp infected with Vibrio exceeds 80%—a rate
higher than that of uninfected shrimp.12

In mammals, knockout of Lats1 in mice leads to the de-
velopment of soft tissue sarcomas and ovarian stromal cell
tumors, indicating that Lats1 functions to inhibit tumorige-
nesis.24 In the present study, we also observed that the ex-
pression of PjWts in the gills and hepatopancreas gradually
decreased within 48 hours after PjWts silencing, which was
significantly different from the results in the control group
(Figure 7). This finding confirms that PjWts was successfully
inhibited.
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Notably, the survival rate of P. japonicus infected with V.
harveyi was only 16% following PjWts silencing. In contrast,
the survival rate of P, japonicus infected with V. harveyi was
40% when PjWts was not silenced (Figure 8). These results
suggest that PjWts may inhibit the virulence of V. harveyi in
shrimp.

In summary, the cDNA and genomic DNA sequences of
the PjWts gene were isolated and characterized in this
study. The Mob and STKc_LATS domains of PjWts are highly
conserved across various species. PjWts mRNA is highly ex-
pressed in the ganglia and gills of P. japonicus. Following
V. harveyi injection, the mRNA expression of PjWts was sig-
nificantly upregulated in the gills and hepatopancreas. Af-
ter PjWts silencing, the survival rate of P. japonicus infected
with V. harveyi was significantly lower than that of shrimp
in the other groups. These results suggest that PjWts may
be involved in the innate immunity of P. japonicus, laying
a foundation for further investigations into the function of
the Hippo signaling pathway in this species.
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