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Wnt/p-catenin signalling plays an essential role in the immunity of Penaeus vannamei. In
this study, the effects of dietary Wnt/B-catenin pathway activator TWS119 on the growth,
immunity, and transcriptome response in P vannamei were investigated. Penaeus
vannamei were fed diets with added TWS119 at doses of 0 (T0O), 0.25 (T0.25), 1 (T1), 4
(T4), 16 (T16), or 64 mg-kg™ (T64), respectively. LvGSK3p activity was effectively inhibited
in P vannamei given TWS119. The growth of P vannamei in the T16 group was significantly
improved when compared with the control group. After Vibrio parahaemolyticus infection,
the survival rates (SRs) of P vannamei in all experimental groups except the T64 group
were significantly higher than in the TO group. Compared with the control group, the
immune enzymes’ activities in the serum of P vannamei increased in all the experimental
groups, while the malondialdehyde (MDA) contents decreased. Transcriptome analysis
identified 5,073 differentially expressed genes (DEGs) for P vannamei in the TO and T16
groups. Most of the DEGs are involved in the ribosome pathway, endocytosis,
glycerophospholipid metabolism, Wnt signalling, and FoxO =signalling pathways. The
majority of the DEGs were from the ribosome pathway, which is also the most significantly
enriched pathway. The study confirmed that the growth and immunity status of P vannamei
could improve by increasing dietary TWS119, which probably regulates the activity of the
Wnt/B-catenin pathway and may be closely related to ribosome function and
energy metabolism.

Keywords: Penaeus vannamei, TWS119, growth performance, immunity, transcriptome analysis

INTRODUCTION

The white shrimp, Penaeus vannamei, is the most important commercially cultured shrimp
species in Asia and around the world (Kuo et al., 2019). However, in recent decades, the
P vannamei aquaculture industry has been threatened by several viral pathogens and Vibrio
infections, causing severe economic losses worldwide (Kuo et al, 2019; Zeng et al., 2019).
Traditionally, antibiotics are used to treat and prevent bacterial diseases. However, such use
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of antibiotics has resulted in severe threats to human health
and environmental security because of residual antibiotics found
in animals and the emergence of resistant bacteria, both of
which are not conducive to developing the shrimp industry
(Holmstrom et al., 2003). Thus, it is essential to develop
non-toxic, non-polluting, and highly efficient therapeutic agents
that can replace antibiotics.

The pathogenicity of shrimp is caused by the complex
interaction between the shrimp itself, pathogens, and the
environment. One of the fundamental strategies for controlling
shrimp diseases is to enhance shrimp’s immunity (Lightner
et al., 2005). As a crustacean species, shrimp lacks an
antibody-based vertebrate-type adaptive immune system, and
innate immune responses play crucial roles in defense against
pathogens (Li and Xiang, 2013). Recently, a growing number
of signalling pathways have been shown to play roles in
the innate immune system of P. vannamei, including Toll,
IMD, JAK-STAT, and Wnt/p-catenin pathways (Song et al.,
2015; Zhang et al., 2016; Li et al., 2019). Immunostimulants,
also known as immune modulators, are substances that
activate an animals’ immune system to make them more
resistant to microbial infections. Presently, immunostimulants
have been considered suitable substitutes for antibiotics in
shrimp culture (Apines-Amar and Amar, 2015).

Many kinds of immunostimulants have previously been used
in shrimp culture, such as polysaccharides (Dalmo and Bogwald,
2008; Deng et al., 2015), oligosaccharides (Wang and Chen,
2005), vitamins (Liu et al., 2007; Qiao et al., 2011), microbial
products (Flores-Miranda et al., 2011; Peraza-Gomez et al.,
2014), and medicinal plants (Harikrishnan et al, 2011; Deng
et al, 2015). However, the efficacy of immunostimulants is
influenced by their timing, delivery, and dosage requirements.
Additionally, immunostimulants’ mechanisms of action are
challenging to elucidate (Sheng et al., 2014). Interestingly, f-1,3-
glucan, lipopolysaccharides (LPS), and peptidoglycan (PG),
which are all the pathogen-associated molecular patterns (PAMPs)
of the Toll signalling pathway, could improve the immunity
status of shrimps and have been reported as effective
immunostimulants (Suphantharika et al,, 2003; Wang et al,
2003; Rungrassamee et al., 2013). Consideration of this correlation
led us to investigate the Wnt/fB-catenin pathway, an alternative
signalling pathway that may potentially be mitigated to
induce immunostimulation.

The Wnt/p-catenin pathway is a well-studied signal
transduction pathway involved in a broad range of biological
systems, including cell behaviour, cell adhesion, and cell
polarity (Gordon and Nusse, 2006). It is highly conserved
throughout evolution. When there is no Wnt stimulation,
B-catenin is phosphorylated by glycogen synthase kinase 3f
(GSK3p), hampering the transport of P-catenin from the
cytoplasm to the nucleus, resulting in the Wnt/B-catenin
pathway becoming off-state. Clearly, inhibition of GSK3p is
an excellent way to activate the Wnt/B-catenin pathway
(MacDonald et al., 2009). In humans, the dysregulation of
Wnt/B-catenin signalling causes several diseases, especially
tumourigenesis (Nusse and Clevers, 2017). Several small
molecules have previously been used in medicine as targeting

key factors in the Wnt/B-catenin pathway, including GSK3p.
4,6-disubstituted pyridopyrimidine (TWS119) is a potent
inhibitor of GSK3f, commonly used as a small-molecule tool
for anti-tumour therapy (Ding et al., 2003). In P. vannamei,
previous studies have shown that TWS119 effectively inhibits
GSK3p, resulting in the activation of the Wnt/fp-catenin pathway
(Zhang et al., 2020). However, there is no relevant research
about the safety evaluation on TWSI19 in aquaculture. In
the current study, the effect of dietary TWS119 on the growth
performance, immunity, and transcriptome responses of
P. vannamei was investigated to explore the potential of
TWSI119 as an immunopotentiator in shrimp.

MATERIALS AND METHODS
Feeding Trial

Experimental diets were designed on the basis of nutrient
requirements of shrimp (NRC, 2015). The basal diet was
considered as the control diet, and the five experimental diets
were supplemented with TWS119 (Med Chem Express, China)
at concentrations of 0.25, 1, 4, 16, and 64 mg kg™, respectively.
The ingredients and nutrient composition of the experimental
diets are shown in Table 1. Brown fish meal, soybean meal,
peanut meal, and corn gluten meal were used as main protein
sources. Corn oil, soybean lecithin oil, and fish oil were used

TABLE 1 | The formula and proximate composition of the basal diet.

Ingredients Composition (%)
Fishmeal 20
Dehulled soybean meal 20
Shrimp shell powder 4
Peanut meal 9
Corn gluten meal 10
Wheat flour 25
Fish oil 2
Corn oil 2
Soybean lecithin 0.5
Vitamin premix® 0.2
Mineral premix® 0.5
Choline chloride 0.5
Antioxidant 0.03
Attractant 0.1
CaH,PO,-H,0O 1.5
Vitamin C 0.05
Cellulose 4.62
Total 100
Proximate composition®
Crude protein 41.05
Crude lipid 8.06
Crude ash 10.37

aViitamin premix (per kg diet): Vitamin B1, 25 mg; Vitamin B2, 45 mg; Vitamin B3,

60 mg; Vitamin B5, 200 mg; Vitamin B6, 20 mg; Vitamin B7,1.20 mg; Vitamin B12,
0.1 mg; Inositol, 800 mg; Folic acid, 20 mg; Vitamin A, 32 mg; Vitamin E, 120 mg;
Vitamin D3, 5 mg; and Vitamin K3, 10 mg.

bMineral premix (per kg diet): sodium fluoride, 2 mg; potassium iodide, 0.8 mg; cobalt
chloride (%), 50 mg; cupric sulphate, 10 mg; ferrous sulphate, 80 mg; zinc sulphate,
50 mg; manganese sulphate, 60 mg; magnesium sulfate, 1,200 mg; sodium chloride,
100 mg; and zeolite powder, 1447.2 mg.

°Proximate compositions were measured value.
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as the basal lipid sources and provided a total of 8.06% of
crude lipid. Ingredients were ground to a fine powder and
sieved through a 178-pm screen. Weighed according to the
test formula, mixed step by step, using a twin-screw extruder
to make pellets with particle size of 1.0 and 1.5 mm, air-dried,
and stored at —20°C until used.

The study protocol was approved by the ethics review board
of the Institutional Animal Care and Use Committee of the
Guangdong Ocean University. The experiment was conducted
in an indoor farming system in the Marine Biological Research
Base of Guangdong Ocean University (Zhanjiang, China).
Penaeus vannamei were obtained from Guangdong Haixing
Agriculture Group Co., Ltd. (Zhanjiang, China) and acclimatizsed
to experimental condition for a week while feeding with
commercial feed (Haid Group, Guangzhou, China) before
commencing the feeding trial. A total of 720 P vannamei
(0.27 + 0.02 g) were weighed and evenly divided at random
into 18 indoor circular fibreglass tanks (0.3 m?®). The P. vannamei
in the 18 tanks were further divided into six groups (named
as group T0, T0.25, T1, T4, T16, and T64, respectively) and
hand fed with the corresponding experimental diets to apparent
satiation four times daily (07:00, 11:00, 17:00, and 21:00) for
8 weeks, under suitable water salinity (27%o) and temperature
(25-27°C) conditions.

Sample Collection

At the end of the feeding trial, shrimp were fasted for 24 h
before collecting samples. All the shrimp from each tank were
counted and measured in weight. After weighing, haemolymph
was collected from five randomly selected shrimp from each
tank and then stored at 4°C for 12 h. The stored haemolymph
samples were centrifuged (3,000 rpm for 10 min at 4°C), and
the supernatant was stored at —80°C for the analysis of serum
non-specific immune parameters and the enzyme activity of
LvGSK3p. The haemolymph of another five shrimp from each
tank was placed into a modified anticoagulant-citrate-dextrose
(ACD) solution and centrifuged at 3,000 rpm for 5 min at
4°C. The haemocytes were separated and stored in RNA later
at —80°C for transcriptome analysis.

Growth Performance Analysis

Based on the recorded data, growth parameters, including
survival rate (SR), specific growth rate (SGR), weight gain rate
(WGR), and feed conversion rate (FCR), were calculated using
the following formulae:

SR (%) = 100 x (Final shrimp number / Initial shrimp number)

_ Ln (Final body weight) — Ln
SGR (%d ™) =100 /D
( ’ ) 8 (Initial body Weight) s
Final body weight — . .
0 —
WGR ( A)) =100 x [Initial body weight ] / Initial body weight

FCR = Feed intake / (Final body weight — Initial body weight )

Pathogen Challenge Tests

As previously described (Shi et al., 2017), Vibrio parahaemolyticus
were cultured in a Luria-Bertani (LB) agar culture medium
at 30°C for 18 h, and the V. parahaemolyticus cells were
centrifuged at 5,000 g for 10 min at 4°C, washed with 1 x PBS,
and then resuspended as an inoculum with approximately
1 x 10° colony forming units (CFU)-pl™. A total of 40
P vannamei from each feed group were chosen to undergo
challenge test with V. parahaemolyticus at a dose of 10’ CFU-g™'
shrimp. Cumulative mortality was recorded every 4 h and the
differences between the groups were analysed using the
Mantel-Cox (log-rank x* test) method with the software
GraphPad Prism.

Detection of LVGSK3p Activity and
Non-specific Immune Indices

The enzyme activity of LvGSK3f in the haemolymph was
detected using the GSK3p Kinase Activity Quantitative Detection
Kit (Genmed, China) as previously described (Zhang et al.,
2020). The acid phosphatase (ACP), alkaline phosphatase (AKP),
superoxide dismutase (SOD), catalase (CAT), and phenoloxidase
(PO) were measured using the ACP assay kit (Cat. No. A060-2),
AKP assay kit (Cat. No. A059-2), SOD assay kit (WST-1 method;
Cat. No. A001-3), CAT assay kit (Visible light; Cat. No. A007-1),
and PO kit (Cat. No. H247), respectively. The content of
malondialdehyde (MDA) was determined using the MDA assay
kit (TBA method; Cat. No. A003-1). All of these assay Kkits
were bought from the Nanjing Jiancheng Bioengineering Institute
(Nanjing, China) and used according to the instructions of
the manufacturer.

Transcriptome Sequencing and Analysis

RNA Extraction and Transcriptome Sequencing

Based on the results of growth performance analysis and
pathogen challenge tests. Total RNA of haemocytes of
P. vannamei from TO and T16 groups were extracted by Trizol
method. The RNA concentration was determined by
spectrophotometry at OD260 using a SimpliNano (GE
Healthcare, United States) and the RNA integrity was examined
by electrophoresis on a 1.5% agarose gel. Library construction
and sequencing were carried out by Guangzhou GeneDenovo
Biotech Co., Ltd. (Guangzhou, China). Briefly, the mRNA
was enriched with magnetic beads with Oligo (dT), and the
fragmentation buffer was added to the mRNA to break it
into short fragments. Using the post-fragment mRNA as a
template, the first strand of cDNA was synthesizsed using
random hexamers, and dNTPs, buffer, DNA polymerase I,
and RNase H were added to synthesize the second strand
of ¢cDNA, using Agencourt AMPure XP Beads reagent. The
cassette was purified and EB buffer eluted with end-repair,
base A, and sequencing linker, and the target fragment was
recovered by agarose gel electrophoresis. Finally, PCR was
used to complete the whole library preparation work. The
PCR product was purified to create the final cDNA libraries.
Lastly, the library preparations were sequenced on an Illumina
HiSeq™ platform that generated ~200 bp pair-end raw reads.
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Data Analysis

After removing the raw reads with adaptor, the raw reads all
A-base contained, the raw reads containing more than 10%, and
the low-quality sequences in which the base number of Q < 20
accounts for more than 50% of the whole read, the filtered reads
were mapped to the pacific white shrimp reference genome (NCBI
Genome database ID: 10710), using HISAT software (Kim et al., 2015).

Differential Expression Analysis and Functional
Annotation

As shown in previous report, Fragments Per Kb per Million
reads (FPKM) was used to express the relative transcript abundance
(Trapnell et al., 2010). Log2(FC) was used as an indicator of the
transcriptomic differences between the T16 and TO group. The
results of the statistical test were corrected using false discovery
rate (FDR). The unigenes were considered to be differentially
expressed genes (DEGs) if the absolute value of log2(FC) was
greater than 1 and the FDR was less than 0.05. DEGs were
analysed using tools in the Gene Ontology (GO)' and Kyoto
Encyclopedia of Genes and Genomes (KEGG)® databases.

Validation of DEGs by gPCR

To validate the data obtained from the transcriptome analysis,
a total of eight DEGs, including four upregulated and four
downregulated, were selected for quantification of their relative
expression by quantitative PCR (qPCR). Using the samples
returned after transcriptome sequencing, cDNA samples were
prepared using the PrimeScript™ RT reagent Kit with gDNA
Eraser (Perfect Real Time) kits (Takara, Japan). TB Green®
Premix Ex Taq™ II (Tli RNaseH Plus) kits (Takara, Japan)
were used to perform qPCR analysis in a Roche Light Cycler
480 thermal cycler (Roche Applied Science, Germany). Elongation
factor 1o (EF1a, GenBank accession No. GU136229) was used
as the internal control. The 27**“* method was used to calculate
gene expression after normalisation by LvEFla. The primers
used in the qPCR analysis are listed in Table 2.

Statistical Analysis

All results were subjected to one-way ANOVA followed by
Duncan’s multiple range tests to determine significant differences
among treatment groups using SPSS version 19. The survival
percentages post-challenge was calculated by Log-rank Kaplan-
Meier analysis. For all results, differences were presented to
be significant at p < 0.05 and highly significant at p < 0.01.
The data are shown as the mean * SD.

RESULTS
LvGSK3p Activity

LvGSK3p activity was assessed to enable evaluation of the
effect of TWS119 on the Wnt/f-catenin pathway. As shown
in Figure 1, LvGSK3p activity significantly decreased in all

'http://www.geneontology.org/
*https://www.genome.jp/kegg/

the five experimental groups compared to the control group,
reaching the lowest level in the T4 group.

Growth Performance

As shown in Table 3, no significant differences were found
in the SR of P. vannamei among the different groups (p > 0.05)
after the 8-week feeding trial. In the T16 group, the FBW,
WGR, and SGR of P. vannamei were significantly higher than
those in the TO group, while the FCR was significantly lower
than that in the TO group (p < 0.05). In the T0.25, T1, T4,
and T64 groups, there was no significant difference in FBW,
WGR, SGR, and FCR compared to the TO group.

Survival Rates of P. vannamei After

V. parahaemolyticus Infection

After V. parahemolyticus infection, the survival rates of
P. vannamei in the T0.25, T1, T4, T16, and T64 groups were

TABLE 2 | PCR primers used in this study.

Primers Sequences (5'-3')
113823929-F GCTTAGCGACGGCATAGGA
113823929-R TTTCCAATCCAGTCAAGCACAA
113805560-F GTCTGTTCTCACACTTCCCGC
113805560-R CATCGTCGTAGTCATTTTCTCCC
113814830-F AAATGGCACCCGAATCTGAC
113814830-R ATGGCGGCTGCGTTAGTGT
113816986-F ATGTTCTTCCTGGAGGTGGG
113816986-R GCAGCGTAACCGATACCTTG
113819280-F TGGCAACATTACCTTCGGCT
113819280-R TCCCACGCCATAATCGGTA
113803987-F ACTCCCATCACGCCCATTAC
113803987-R CCATCTGGGTATTCGTGTGAGT
113810970-F GGCACGGGATACTACGGAAC
113810970-R CTTGTGGATAAAGGGAATGCG
113805392-F GAAAGACTGGGGCTTCAAAAA
113805392-R ATGTTGACGCTGTCTGCCAC
LVEF1a-F GAAGTAGCCGCCCTGGTTG
LVEF1a-R CGGTTAGCCTTGGGGTTGAG
~ 0.6+
5
£ C
E h—
a
<
Z 041 ab
=]
H a &
z 7
Z 0.2 /
e o /
«Q
%)
© 00 . ] o 7.
TO T0.25 T1 T4 T16 T64
FIGURE 1 | Influence of dietary TWS119 on the enzyme activities of
LvGSK3p in P vannamei. The detection of enzyme activities was performed in
triplicate for each sample. Values (means + SD) with different letter mean
significant difference (p < 0.05).
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TABLE 3 | Effects of dietary TWS119 on growth performance of Litopenaeus vannamei.

Items T0 T0.25 T4 T16 T64

IBW (g) 0.27 + 0.01 0.27 +0.02 0.27 +0.02 0.27 +0.02 0.27 +0.02 0.27 + 0.01
FBW (g) 10.26 + 0.00* 10.25 £ 0.317 10.22 + 0.09* 10.27 = 0.04* 10.84 £ 0.32° 9.86 + 0.24*
WGR (%) 3701.54 + 0.86° 3695.33 + 115.42° 3685.42 + 32.04% 3702.08 + 16.42% 3916.58 + 118.96° 35652.91 + 88.29%
SR (%) 82.50 + 11.46 84.17 +7.64 90.83 + 7.64 85.83 + 2.89 85.83 + 6.29 88.33 + 1.44
SGR (% d™) 6.50 + 0.00* 6.49 + 0.05% 6.49 + 0.02* 6.50 + 0.01° 6.59 + 0.05° 6.42 +0.04*
FCR 1.14 £ 0.01° 1.16 £ 0.03° 1.14 £ 0.01° 1.156 £0.01° 1.07 £ 0.03* 1.19 £ 0.03°

Values (means + SD) with different small letter superscripts mean significant difference (p < 0.05).

100 .

754

50+

254

Percent survival (%)

0 T T T T T T T

0 8 16 24 32 40 48 56
Time (hpi)

asterisks, " indicates p < 0.01.

FIGURE 2 | Survival rates of TWS119 fed R vannamei after Vibrio parahaemolyticus infection. The experiments were performed two times with identical results.
Differences in survival levels between treatments were analyzsed by Kaplan-Meier plot (log-rank y? test). Significant differences in survival rate were marked with

—— TO+V. parahaemolyticus

—— T0.25+V. parahaemolyticus ]** ok

—— T1+V. parahaemolyticus . -
—— T4+V. parahaemolyticus

—— T16+V. parahaemolyticus

— T64+V. parahaemolyticus

higher than the TO group, with a significant difference in
the T0.25, T1, T4, and T16 groups. The final survival rates
of P vannamei first increased and then decreased as the
additive dosage of TWS119 increased, with the highest level
in the T4 group (Figure 2).

Non-specific Immune Indices

Non-specific immune indices in serum are shown in Figure 3.
In general, the immune enzymes ACP, AKP, SOD, CAT, and
PO in all the experimental groups had higher activity than
the control group, while the MDA contents were lower than
the control group. The ACP and CAT activities increased with
increasing levels of TWS119 in the diet, reaching the highest
levels in the T64 group (Figures 3A,D). The SOD and PO
activities increased first and then declined with increasing
TWSI119 dietary levels (p < 0.05), with the peak in T4 and
T1 groups, respectively (Figures 3C,E). The SOD and PO
activities in the T1 and T4 groups were significantly higher
than the TO group (p < 0.05). TWS119 addition increased the
AKP activity in all experimental groups, with significantly
higher levels in the T1, T16, and T64 groups (Figure 3B).
As shown in Figure 3F, the T4 and T64 groups’ MDA activities
were significantly lower than in the TO group (p < 0.05).

Transcriptome Analysis

Sequence Alignment Analysis

Considering the results that both the growth performance and
disease resistance of P. vannamei in T16 group was significantly

improved when compared to the TO group, two cDNA libraries
from the mRNA extracted from the haemocytes of the
P. vannamei in TO and T16 groups were sequenced. As Table 4
shows, a total of 86,407,884 original reads were obtained and
86,170,320 clean reads were left after the removal of the reads
with a ratio of N greater than 10% and the low-quality reads.
Both of the Q20 in TO and T16 groups were greater than
97.5%. The GC content of the clean reads was 52.63 and
49.82%, respectively. There were 89.83% (74.37 unique mapped)
and 88.07% (75.16 unique mapped) of the clean sequences
were successfully mapped to the reference genome in TO and
T16 groups, respectively. In addition, the percentages of the
clean sequences mapped in exon were about 60.00% both in
TO and T16 groups.

Identification of DEGs

Differentially expressed gene analysis was undertaken for P,
vannamei in the T0 and T16 groups. Compared with L.vannamei
in the TO group, a total of 5,073 DEGs in the T16 group
were identified, including 3,981 wupregulated and 1,092
downregulated DEGs (Figure 4).

All the DEGs were mapped to terms in the GO database
to evaluate their functions. As shown in Figure 5, 48
significantly (correct p < 0.05) enriched terms were identified
and classified into three major functional classes: biological
processes, molecular functions, and cellular components.
There were 23, 10, and 15 significantly enriched terms
classified as biological processes, molecular functions, and
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FIGURE 3 | Effects of dietary TWS119 on non-specific immune indices of P vannamei. The activities of ACP (A), AKP (B), SOD (C), CAT (D) and PO (E), and the
content of MDA (F) in the haemolymph were measured. Values (means + SD) in bars that have the different letters represent significantly different (p < 0.05; Tukey’s
test) among treatments (n = 3).
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TABLE 4 | Statistic of transcriptome sequencing in L. vannamei.

Samples

T0

T16

Total raw reads
Total clean reads
Total clean (bp)
Q20 (%)

QB0 (%)

GC percentage (%)
Total mapped
Unique mapped
Multiple mapped
Exon

Intron

Intergenic

42,495,016
42,415,972 (99.81%)
6,328,647,083

98.09

91.83

52.63
38,102,424 (89.83%)
31,542,789 (74.37%)
6,559,635 (15.47%)
23,049,793 (60.49%)
2,898,602 (7.61%)
12,154,029 (31.90%)

43,912,868
43,754,348 (99.64%)
6,534,844,976

97.52

90.45

49.82
38,533,886 (88.07%
32,884,637 (75.16%
5,649,349 (12.91%
23,042,790 (59.80%
2,159,378 (5.60%
13,331,718 (34.60%,

cellular components, respectively. The largest number of DEGs
was involved in the cellular process, followed by metabolic
single organism processes,

processes,
and binding.

catalytic activity,

KEGG pathway enrichment analysis reported 2,034 DEGs
significantly enriched, associated with 310 different signalling
pathways classified into 41 subcategories. All the signalling
pathways were subordinated to six different KEGG categories
- metabolism, genetic information processing, environmental
information processing, cellular processes, organismal systems,
and human diseases. Additionally, 926 of the significantly
enriched DEGs were related to metabolism, accounting for
more than 45% (Figure 6). As shown in Figure 7, six of the
top 20 pathways were related to metabolism, and six pathways
were related to environmental information processing and
cellular processes. Most of the DEGs are involved in the
ribosome  pathway (ko03010), endocytosis (ko04144),
glycerophospholipid metabolism (ko00564), Wnt signalling
pathway (ko04310), and FoxO signalling pathway (ko04068).
The ribosome pathway (ko03010) accounted for the most DEGs
and was also the most significantly enriched pathway. Another
three significantly enriched pathways were the pathways involved
in nicotinate and nicotinamide metabolism (ko00760), the
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FIGURE 4 | Volcano diagram of differentially expressed genes (DEGs) between TWS119 fed P vannamei and the control. The X-axis indicates the fold change and
the Y-axis indicates the statistical significance of the differences. Red dots represent the significantly upregulated DEGs while blue dots represent the significantly
downregulated DEGs (FDR < 0.01 and FC > 2). Gray dots represent the DEGs which are not significantly different.

phosphatidylinositol signalling system (ko04070), and Kaposi’s
sarcoma-associated herpesvirus infection (ko05167).

Validation of the RNA-Seq Results by gPCR

A total of 10 DEGs were randomly selected to further validate
the gene expression results obtained from the RNA sequencing
data, including five upregulated and five downregulated DEGs.
As shown in Figure 8, the 10 selected DEGs’ expression
patterns using the qPCR analyses were consistent with the
RNA sequencing.

DISCUSSION

Frequent diseases seriously hinder the healthy development of
the shrimp industry. The Wnt/B-catenin pathway has been
reported to play a positive role in anti-disease immunity by
inhibiting the activity of GSK3p (Zhang et al., 2020). As several
PAMPs of the Toll signalling pathway could be used as effective
immunostimulants, the current study investigated whether
activation of the Wnt/p-catenin pathway could improve shrimp
disease resistance. This study showed that dietary GSK3p inhibitor
TWS119 could improve the growth performance and immunity
of P. vannamei. Also, transcriptome analysis indicates that the
improvement in growth performance and immunity of P vannamei
is closely related to ribosome function. All the results provide
new insight for utilising immunostimulants in shrimp aquaculture.

The Wnt/p-catenin pathway controls many biological phenomena
throughout most animals’ development and adult life (MacDonald
et al, 2009). As an activator of the Wnt/B-catenin pathway,
TWS119 has been used in the treatment of oncogenesis in

humans, including breast cancer (Vijay et al., 2019), colon cancer
(Chen et al,, 2017), and lung cancer (Tang et al., 2018). Additionally,
TWS119 drives microglial anti-inflammatory activation and
facilitates neurological recovery following experimental stroke
in rats (Song et al, 2019). Previous studies have shown that
injected TWS119 could improve the anti-disease immunity of
P vannamei (Zhang et al., 2020), and a similar effect on shrimp’s
immunity status was found in this study. The activity of GSK3f
in P vannamei could be effectively inhibited by dietary TWS119
and the outcome of anti-V. parahemolyticus infection in
TWS119 fed P. vannamei was significantly improved. Also, dietary
TWS119 improves the non-specific immune indices of P. vannamei.
Besides, the mortality after V. parahemolyticus infection vary
greatly although there was no significant difference in LvGSK3f
activity among T4, T16, and 64 group. Correlating to the reduced
activities of SOD and PO, it seemed that the disease-resistant
abilities of P vannamei fed with high dose of TWS119 were
interfered by other immune effects, such as antioxidant response.
Surprisingly, dietary TWS119 has no adverse effect on P. vannamei
growth, and TWS119 could significantly improve the growth
performance of P. vannamei at the dose of 16 mg-kg™', suggesting
that there was no perceived security issues of dietary TWS119
on P. vannamei. However, the price of TWS119 at $15/mg seems
not acceptable for large-scale use in aquaculture. In any case,
the data showed that TWS119 could be a feed additive to enhance
shrimp’s growth and autoimmunity, indicating the possibility of
moderate doses of TWS119 being an immunopotentiator.
Transcriptome sequencing technology is an important platform
for transcriptome research in non-model organisms (Hahn
et al., 2009; Ma et al., 2014). The mechanism of TWSI119 on
the growth and immunity of P vannamei was investigated
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using comparative transcriptome analyses performed on control
and TWS119-fed P. vannamei groups. GO analysis showed that
DEGs were mainly enriched in the subcategories, such as cell,
organelle, catalytic activity, binding, single-organism, and cellular
processes. The results suggest TWS119 may influence the body-
associated biological functions by regulating the expression of
these differential genes, leading to changes in growth performance
and disease immunity in P vannamei. As a pathway-based
classification of orthologous genes, KEGG enrichment analysis
could provide helpful information for gene function prediction
(Kanehisa and Goto, 2000). In this study, KEGG analysis showed
that there were 34 DEGs significantly enriched in the Wnt
signalling pathway. The results infer that TWS119 is the activator
of the Wnt/p-catenin pathway through targeting GSK3p and

further suggests that dietary TWS119 could have a practical,
positive impact on P. vannamei. More than 45% of the significantly
enriched DEGs were related to metabolism, including
carbohydrate, lipid, and amino acid metabolism, the three
sources of a body’s energy (Samat et al., 2020). Furthermore,
the ribosome pathways accounted for the largest number of
DEGs and were also the most significantly enriched pathway.
The ribosome has recently transitioned from being viewed as
a passive, indiscriminate machine to a more dynamic
macromolecular complex with specializsed roles in the cell
(Genuth and Maria, 2018). The ribosome’s primary function
is to transform the genetic code into an amino acid sequence
and construct protein polymers from amino acid monomers
(Moore, 2012). Protein is one of the main energy sources of
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aquatic animals. Correlated with the data that WGR, SGR,
and survival rates after V. parahemolyticus infection of
P. vannamei fed with TWS119 at the dose of 16 mg-kg™ were
significantly improved when compared with the control, it is
not surprising that the energy metabolic signalling pathways
in TWS119 fed P. vannamei were activated, leading to better
growth and anti-disease immunity. Activated energy metabolism
could provide bigger source for the accumulation of body
protein and more energy to stand up to pathogen invasion
in P. vannamei. Additionally, the endocytosis signalling pathway,
FoxO signalling pathway, and signalling pathway related to
Kaposi’s sarcoma-associated herpesvirus infection were closely
related to immunity (Cossart and Helenius, 2014; Mohd et al., 2017;

Kawaguchi et al., 2018) and also contain many significantly
enriched DEGs. These results concur with the overall improved
immunity of TWS119 fed P. vannamei.

CONCLUSION

In this study, the growth and disease resistance of P. vannamei
in T16 group was significantly improved, and the comparative
transcriptome analysis showed that the ribosome pathway
possessed the largest number of DEGs and was also the most
significantly enriched pathway. Besides, most of the significantly
enriched pathways were related to energy metabolism. All these
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results suggest that dietary supplementation with TWS119 at
the dose of 16 mg-kg™ could improve the growth and immunity
of P. vannamei and is correlated with the function of ribosomes
and energy metabolism. However, the specific mechanism for
such beneficial outcomes requires further investigation. This
study’s findings provide new insights for immunostimulants
exploitation in aquaculture as regulators of the critical immune
signalling pathways.
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