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hepatopenaei infection on
intestinal immune defense and
physiological processes of
Penaeus vannamei
Zheng Cao1, Chuanyu He1, Zhipeng Yin1, Caiyi Chen1, Fan Li2,
Dongchun Yan1, Ting Li1, Linrui Chang1 and Lingjun Si1*

1School of Fisheries, Ludong University, Yantai, China, 2Shandong Marine Resource and Environment
Research Institute, Shandong Provincial Key Laboratory of Restoration for Marine Ecology,
Observation and Research Station of Laizhou Bay Marine Ecosystem, Ministry of Natural Resources
(MNR), Yantai, China
As the main pathogen causing growth retardation, EHP is considered to be mainly

parasitic in the hepatopancreas of shrimp. However, the intestines of shrimp infected

with EHP frequently exhibit syndromes such as jejunum andwhitemidgut. Therefore,

the challenge experiment was carried out in this study to compare the differences in

intestinal histology, digestion and absorption, immune defense and oxidative stress of

P. vannamei between the control group and EHP infection group. Histological

analysis showed that EHP infection significantly damaged the intestine of the

shrimp, including intestinal villus rupture and outer membrane impairment.

Concurrently, EHP infection can trigger intestinal immune response, and the

expression of key immune genes like Toll, myeloid differentiation factor, anti-

lipopolysaccharide factor, and Relish was significantly enhanced, while the

expression of IMD and alkaline phosphatase was suppressed. Additionally,

antioxidant genes manganese superoxide dismutase, catalase, glutathione

peroxidase, glutathione-S-transferase, and nuclear factor E2-related factor 2 were

up-regulated to varying extents in EHP infection group, and the contents of lipid

peroxides andmalondialdehydewere heavily accumulated.Moreover, the expression

levels of key genes involved in nutrient absorption, transport and synthesis, such as

glucose transporter 1, Na+-K+ATPase, fatty acid synthase, acetyl-CoA carboxylase,

rapamycin kinase, mTOR regulation-related protein, eukaryotic translation initiation

factor 4E binding protein, ribosomal protein S6 kinase, were significantly up-

regulated. However, the activities of amylase, lipase, and trypsin were inhibited in

EHP infection group throughout the experiment. In summary, EHP infection

damaged the intestine of P. vannamei, accompanied by immune response and

oxidative stress. At the same time, nutrient transport and synthesis pathways were

activated, while digestive enzyme activities were inhibited, indicating that in order to

maintain survival, shrimps must accelerate material transport. Unfortunately, it

remains in a state of nutrient deficiency that ultimately affects growth.
KEYWORDS
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1 Introduction

Penaeus vannamei is the preferred species for shrimp culture

because of it has the advantages of stress resistance and rapid

growth. However, due to the lack of effective methods for disease

prevention and control, infectious diseases have become the greatest

constraint to the development of large-scale breeding (Thitamadee

et al., 2016). Enterocytozoon hepatopenaei (EHP) belongs to the

microsporidian family and proliferates by parasitizing in the host.

Studies have shown that EHP has a wide range of vectors in nature,

including dragonfly nymphs, polychaetes, and false mussels (Kumar

Dewangan et al., 2023; Wan Sajiri et al., 2023). Furthermore, EHP

has resulted in significant production losses of 0.77 million tons and

economic losses of US$ 567.62 million in the India shrimp farming

industry (Patil et al., 2021). Shinn et al. (2018) estimated that the

economic losses due to EHP in Thailand were approximately US$

232 million. This indicates that the prevention and control of EHP

is imperative.

The intestine, known as the “second brain”, is an important hub

for digesting and absorbing substances as well as immune defense.

Importantly, the membrane structure of the intestine is the first line

of defense against the invasion of pathogenic microorganisms. Once

the pathogen successfully breaks through this barrier, it will

subsequently trigger a severe inflammatory response in the host

(Zhang et al., 2014).Consequently, the structural integrity of the

membrane is of utmost importance for material absorption,

immune defense, as well as the growth and development of the

individual. The intestine of the shrimp possesses an innate immune

defense mechanism. Empirical research has indicated that the

expression of key immune genes in the shrimp intestine is

markedly altered after WSSV infection (Hui et al., 2019).

Similarly, anti-lipopolysaccharide factor (ALF) and crustin

expression levels were observed to be significantly elevated in the

foregut after infection with Vibrio harveyi in Penaeus monodon, and

their expression was also significantly upregulated when the

pathogen invaded the midgut, suggesting that these genes may

contribute to the local immune response in the intestine

(Soonthornchai et al., 2010).

Furthermore, the dense intestinal villi, diverse types of

transporters and digestive enzymes present in the intestine exert a

crucial role in facilitating the transport and digestion of substances,

and the invasion of pathogens has the potential to disrupt the

function of the intestine (Jiao et al., 2020; Wu et al., 2022). It has

been reported that EHP induced bacterial colony imbalance in the

intestine of shrimp, with a notable increase in pathogenic bacteria

and a marked decrease in dominant bacteria (Shen et al., 2022;

Subash et al., 2023; Li et al., 2024). For instance, the proliferation of

Vibrio and rod-shaped bacteria in the intestine triggers a stress

response and activates the immune system, thereby inducing an

interaction between these pathogens that poses challenges to the

shrimp (Alfiansah et al., 2020; Huang et al., 2020). These studies

indicate that the normal operation of the intestine serves as a

significant criterion in ascertaining whether an organism can keep

in good health over the long term. It is agreed that the target organ

of EHP is the hepatopancreas of shrimp, and as such, a considerable
Frontiers in Marine Science 02
number of studies have focused on the hepatopancreas of shrimp

(Aranguren et al., 2017; Santhoshkumar et al., 2017). However,

EHP-infected shrimp often exhibit intestinal damage, such as

jejunum and intestinal whiteness, and some researchers, including

our group, have detected EHP spores in the white feces of EHP-

infected shrimp (Cao et al., 2023; Subash et al., 2023). This suggests

that the damage caused by EHP is extensive and not merely

confined to the hepatopancreas. However, the direct effects of

EHP on the intestine of shrimp have rarely been reported.

Accordingly, this study explored the physiological changes and

immune responses in the intestine of shrimp infected with EHP,

including intestinal histology, digestion and absorption, immune

defense and oxidative stress, which will provide a new perspective

for disease prevention and control of EHP.
2 Materials and methods

2.1 Preparation and experimental design

P. vannamei (4.0 ± 0.5 g) were purchased from Qingdao,

Shandong Province, and all were specific pathogen-free (SPF)

shrimp. To acclimatize the shrimp to the laboratory environment,

the shrimp were temporarily cultivated in glass tanks (L: 120 cm,W:

50 cm, H: 80 cm) for 10 d (days) and fed pelleted feed (Tongwei,

Shandong) at 5% of body weight three times a day. During this

period, shrimp were randomly sampled for pathogen detection

using conventional PCR. The culture environment was set to a

temperature of 26°C ± 0.3°C, a salinity of 19‰, a pH 7.5 ± 0.2, and

half of the fresh seawater was replaced every 2 d while maintaining

an adequate oxygen supply. All procedures were in accordance with

the guidelines of the respective Animal Research and Ethics

Committees of Ludong University and did not involve

endangered or protected species.

For the challenge experiment, healthy shrimps were divided into

the EHP infection group and control group (n = 30, each replicate

group contained 30 shrimps). The EHP infection group was fed with

fresh hepatopancreas of EHP-infected shrimp (EHP copies = 105

copies/ng DNA) for 3 d to keep the shrimp satiated. The control

group was fed with fresh hepatopancreas of healthy shrimp for 3 d to

keep the shrimp satiated. After 3 d, both the EHP group and control

group were fed with normal commercial feed (TongWei, Shandong),

and the growth status of the shrimp was monitored. The sampling

timeline is shown in Figure 1A, and “-10d” represents the acclimation

time. Specifically, samples were gathered from the EHP infection

group and control group at the 0th (healthy), 5th, 10th and 20th days

post-challenge (dpc). These samples were hepatopancreas and

intestines of shrimp, which were then stored in an ultra-low

temperature (-80°C) environment for subsequent experiments.
2.2 DNA extraction and EHP detection

Total DNA from the hepatopancreas of shrimp was extracted in

accordance with the instructions of the Marine Animal Genomic
frontiersin.org
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DNA Extraction Kit (DP324, TIANGEN, Beijing). The EHP load

was quantified by qPCR. The specific primers EHP185 (F: 5’-

GTAGCGGAACGGATAGGG-3’, R: 5’-CCAGCATTGTCG

GCATAG-3’) and the reaction procedures used for qPCR were

referred to Liu et al. (2016). Concurrently, the constructed

recombinant plasmids were subjected to serial gradient dilutions,

and standard curves were established.
2.3 Histological analysis

The mid-intestine of shrimp with diverse infection time was

rapidly isolated using a sterile scalpel and placed in Davidson's AFA

fixative for 16 h. The tissue was dehydrated until transparent, and

then the intestinal tissue was embedded vertically and sliced (4 mm).

Ultimately, it was observed by an light microscope (Olympus, IX

73 SC).
2.4 RNA extraction and gene
expression analysis

The total RNA extraction and cDNA synthesis of the intestine

were performed according to the previous work (Cao et al., 2023).

The expression levels of related genes in the intestine of the EHP

group and control group were analyzed by qPCR (ABI 7500 Applied

Biosystems, USA), with 18S rRNA gene and b-actin gene being used

as housekeeping genes. It mainly contained nine immune-related

genes Toll, myeloid differentiation factor (Myd88), interleukin-16

(IL-16), ALF, Immune deficiency (IMD), Relish, Acid phosphatase

(ACP), alkaline phosphatase (ALP) and Crustin A, and five

antioxidant genes manganese superoxide dismutase (MnSOD),
Frontiers in Marine Science 03
catalase (CAT), glutathione peroxidase (GPX), glutathione-S-

transferases (GST) and nuclear factor E2-related factor 2 (Nrf2), as

well as eight substance transport and synthesis related genes glucose

transporter 1 (GLUT-1), Na+-K+ ATPase, fat synthesis key genes fat

synthase (FAS), acetyl coenzyme carboxylase A (ACC) rapamycin

target protein (TOR), Raptor, eukaryotic translation initiation factor

4E binding protein (4EBP) and ribosomal protein S6 kinase (S6K).

The relative expression levels of the genes were analyzed by

comparative Ct methods (2-DDCT). The primers for the genes in the

qPCR experiments were designed using the Primer 5.0 software, as

shown in Table 1. The reaction procedure and reaction system for

qPCR are shown in Table 2.
2.5 Determination of oxidation products

The contents of lipid peroxide (LPO) and malondialdehyde

(MDA) in the intestines of the EHP group and control group were

measured by specific kits (No. A160-1, No. A003-1, Jiancheng

Bioengineering Nanjing). The determination procedures were

performed according to the instructions (Cao et al., 2023).
2.6 Determination of digestive
enzyme activity

The activities of amylase (AMS), trypsin, and lipase (LPS) in the

intestines of the EHP group and control group were measured,

respectively. The above indicators were detected by specific kits

according to the instructions (C016-1-1, A080-2, A054-1-1,

Jiancheng Bioengineering Nanjing).
FIGURE 1

The challenge experiment of P. vannamei infected by EHP (A); The standard curve of EHP 185 (B); EHP load of shrimp in the EHP infection group on
the 5th, 10th and 20th dpc (C). The superscript symbol * depicts the statistical significance at p < 0.05.
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2.7 Statistical analysis

Data analysis was performed by student’s t-test using SPSS17.0

to determine whether there were significant differences between the

groups. p < 0.05 was considered statistically significant. Asterisk and

the double asterisk represent the significant difference and the

extremely significant difference, respectively, and “ns” indicates

no significant difference. All data are presented as mean ± SE.
3 Results

3.1 Standard curve and EHP load detection

The PCR amplification product, which was 185 bp, was first

obtained. Following gel recovery and sequencing comparison, the

target product was cloned. Subsequently, the plasmid was extracted

to prepare the recombinant plasmid DNA. The plasmid standard

template was amplified well in the range of 1.44 × 100 ~ 1.44 × 108.

The obtained standard curve had an R2 = 0.996, amplification

efficiency = 104%, slope = -3.211, and intercept = 39.89, which

fulfilled the quantitative requirements (Figure 1B). The qPCR

results showed that all the control groups were negative. In

contrast, the EHP load of shrimp in the EHP group was 3.30 ×

104 ± 6.19 × 103copies-1 /ng DNA on the 5th dpc, then 2.34 × 105 ±

1.25 × 105 copies-1 ng DNA on the 10th dpc, and the peak value was

reached on the 20th dpc at 5.42 × 105 ± 1.51 × 105 copies-1 ng

DNA (Figure 1C).
3.2 Intestinal histological analysis

The microscopic results disclosed that the intestinal structure of

healthy shrimp was intact, presenting a regular circular cavity.

Moreover, the intestinal villi were tightly arranged and firmly

adhered to the muscular layer (Figure 2A). However, on the 5th

dpc, there were noticeable breaks and detachment in the intestinal

villi from the muscular layer. (Figure 2B). On the 10th and 20th dpc,

the intestinal villi were even more severely detached from the

muscular layer with adhesions, and the intestine present severe

damage (Figures 2C, D).
3.3 Expression level of genes

qPCR results showed that the expression levels of immune-

related genes Toll, Myd88, ALF, and Relish were significantly

increased at all sampling points compared with the control group

(Figures 3A, B, D, F, p < 0.05). Furthermore, the expression levels of

ACP and Crustin A had significant rises at 10th and 20th dpc

(Figures 3G, I, p < 0.05). However, IL-16 showed a significant

difference only on the 10th dpc, yet the expression level displayed an

overall upward trend (Figure 3C). In contrast, the expression levels

of IMD and ALP were notably repressed (Figures 3E, H, p < 0.05).
TABLE 1 Primers used for qPCR in the experiment.

Gene Primers(5′-3′) GenBank
Accession No.

ALF
F:TTACTTCAATGGCAGGATGTGG
R:GTCCTCCGTGATGAGATTACTCTG

KJ000049

IL-16
F:AGCAAGAGCCTCGTGTCAGAC
R: CCTCCAGAGAAAAGCCCAGT

KY052164

ACP
F:GAGGAGGTTCAGAGAGGA
R: CAGATAAGGCACATAGGC

KR676449

ALP
F:AAAGGCACTGGGAAAATG
R: CCTCCACCAAGGATGACC

KR534873

Crustin A
F:CGCTGTGAACGTCCACTCTTA
R: AGTGTTTCCTTGGTTGGTGCT

KY351820

Myd88
F:GCTGTTCCACCGCCATTT
R: GCATCATAGTGCTGTAGTCCAAGA

PRJNA661098

Relish
F:GAGTCCGCTCAGCAGTAACACAAG
R: CAGCATCAACAAGCATACGCACAC

EF432734.1

IMD
F:TCACATTGGCCCCGTTATCC
R: ATCTCGCGACTGCACTTCAA

FJ592176

Toll
F:TGGACTTCTGCTCGGACAAC
R: GTACATGTCCTTGGTCGGCA

DQ923424

GLUT1
F:CGTGCATCAAGTCATGTTG
R: CATGCGCAGTGCTGATGA

KT272020

Na+-
K+ATPase

F:ATGACGGTGGCGCATATGTGG
R:ACCAACAGCCAATTCTACACACTTC

KF765670.1

Raptor
F:CTGCTTTCCAGGCTACTC
R: TCACAATCCAAGGTCCAG

XM_027360909.1

TOR
F:TGCCAACGGGTGGTAGA
R: GGGTGTTTGTGGACGGA

MN398907.1

4EBP
F:ATGTCTGCTTCGCCCGTCGCTCGCC
R: GGTTCTTGGGTGGGCTCTT

XM_027367939.1

S6K
F:GCAAGAGGAAGACGCCATA
R: CCGCCCTTGCCCAAAACCT

XM_027368997.1

FAS
F:AGGTGGTTATGCTGCCGTCAA
R: TCTCCTCTTCGCCGCTGGTA

HM595630.1

ACC
F:CGGCAGACAACATCCATACCACAG
R: GCAACCAGCGAGAGCAGTAACC

XM_027360190

CAT
F:TCAGCGTTTGGTGGAGAA
R:GCCTGGCTCATCTTTATC

AY518322

MnSOD
F:CGTAGAGGGTATTGTCGT
R:TTGAAATCATACTTGAGGG

DQ005531

GPX
F:AGGGACTTCCACCAGATG
R:CAACAACTCCCCTTCGGTA

AY973252

GST
F:AAGATAACGCAGAGCAAGG
R:TCGTAGGTGACGGTAAAGA

AY573381

Nrf 2
F:GATGAAGCGAGCCAGAGCG
R:GCCGTCGGATGTCTCGGATAA

XM_027367068.1

b-actin
F: TGGACTTCGAGCAGGAGATG
R: GGAATGAGGGCTGGAACAGG

AF300705

18S rRNA
F: TATACGCTAGTGGAGCTGGAA
R: GGGGAGGTAGTGACGAAAAAT

EU920969
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In the field of oxidative stress, the expression level of the antioxidant

transcription factor Nrf2 was significantly up-regulated with a large

change (Figure 4A, p < 0.05), while SOD showed a significant

increase on the 5th and 10th dpc, but presented a downward trend

as a whole (Figure 4B, p < 0.05). The expression of GST was

significantly suppressed in the early stage (Figure 4E, p < 0.05). GPX

was significantly up-regulated on the 5th and 20th dpc (Figure 4C,

p < 0.05), whereas CAT appeared to be significantly up-regulated

only on the 20th dpc (Figure 4D, p < 0.05), with no significant

changes in either on the 10th day.

Meanwhile, qPCR results revealed that the expression levels of

genes related to substance transport and synthesis exhibited an overall

upward trend. The expression of GLUT-1 and Na+-K+ATPase in the

intestine of EHP-infected shrimp was relatively elevated, but Na+-

K+ATPase was significantly inhibited on the 20th dpc (Figures 5A, B, p
Frontiers in Marine Science 05
< 0.05). Compared with the control group, the fat synthesis key genes

FAS and ACC, and protein synthesis key genes TOR, Raptor, 4EBP

and S6K, were significantly up-regulated and changed greatly, among

which the expression of 4EBP and S6K was significantly up-regulated

throughout the experiment (Figures 5C–H, p < 0.05).
3.4 Oxidation products content

The results of LPO and MDA content determination indicated

that the LPO content in the intestine of the EHP group showed a

gradual increase and the difference was significant at all sampling

points (Figure 6A, p < 0.05). The content of MDA also increased

with the extension of time, especially at 20dpc, but only has the

remarkable difference on the 5th and 10th dpc (Figure 6B, p < 0.05).
FIGURE 2

Histology of shrimp intestine. The intestine of the control group (A), intestinal structure of shrimp infected with EHP on the 5th (B), 10th (C) and 20th
(D) dpc. The blue arrow indicates the outer membrane of the intestine, the red arrow indicates the broken muscularis mucosae, and the black arrow
indicates the broken intestinal villi.
TABLE 2 PCR reaction system and procedure.

Reaction system Volume (mL) Reaction procedure

2 × SYBR qPCR Master Mix (Vazyme Biotech) 10 95°C predenaturation 3 min

RNA free water 6 95°C
40 cycle 

30 s

30 sPrimer F (10 mM) 1 60°C

Primer R (10 mM) 1 60°C-95°C Melting curve

cDNA template 2
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3.5 Assessment of digestive
enzyme activities

The results indicated that the activities of AMS, trypsin and LPS,

which are the major digestive enzymes in the intestine, were inhibited

after EHP infection. In the EHP group, the activity of trypsin was

significantly different from that of the control group on the 10th and

20th dpc (Figure 7A, p < 0.05), the activity of AMS was significantly

different between the EHP group and control group on the 5th and

20th dpc (Figure 7B, p < 0.05) However, LPS activity decreased

significantly at all sampling time points (Figure 7C, p < 0.05).
4 Discussion

The intestine has a large surface area with closely arranged villi, as

well as various types of transport proteins associated with the

absorption and transport of nutrients and ions, and is rich in

digestive enzymes (Lankelma et al., 2015). Moreover, the intestinal

mucosa is a crucial barrier against exogenous pathogenic bacteria to

maintain the homeostasis of the internal environment and contribute

to the healthy growth of shrimp (Zuhl et al., 2014). The structure of
Frontiers in Marine Science 06
the intestine from inside to outside is mainly composed of the

mucosa, the submucosa, the muscular layer and the outer

membrane. Histology showed that EHP induced distinct

inflammatory responses in the intestinal structures of shrimp. In

the early stage of infection (5 d), shedding of intestinal villi and

loosening of the muscular layer structure were observed. Severe

damage occurred in the middle (10 d) and late (20 d) stages,

mainly manifested as adhesions of the intestinal mucosa, stripping

of intestinal villi from the muscularis propria, and even severe rupture

of the tunica albuginea. This will inevitably trigger the immune

response and affect metabolic processes of the body, providing an

opportunity for pathogen invasion (Ogata et al., 2017). Toll-like genes

are crucial in the invertebrate immune strategy. It mediates immune

responses elicited by fungi, viruses, and gram-positive bacteria and

establishes an immune defense front by inducing the expression of

the downstream factors Myd88 and interleukin through a cascade

amplification effect (Deepika et al., 2014; Wang et al., 2023). It was

discovered that EHP significantly induced the transcription of Toll,

Myd88 and IL-16, and the expression of the Toll and Myd88 was

significantly increased. This appears to indicate that EHP can activate

intestinal innate immunity through the Toll pathway. Similarly, the

stimulation of Vibrio and WSSV resulted in significant changes in
FIGURE 3

Relative expression levels of immune-related genes in the intestine of shrimp after EHP infection (mean ± SE, n = 6). Immune-related genes: Toll,
Myd88, IL-16, ALF, IMD, Relish, ACP, ALP and Crustin A (A–I). The superscript symbol * depicts the statistical significance at p < 0.05, and ** depicts
the statistical significance at p < 0.01. ns, not significant.
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their transcript levels (Wang et al., 2012; Li and Xiang, 2013).

Understandably, the target tissue of these two pathogens is

originally the intestines of shrimp. Strangely, IMD and Relish

showed completely opposite expression patterns. Generally, Relish

receives signals from the IMD and self-activates, subsequently

regulating the transcription of immune genes in response to

pathogen invasion (Bai et al., 2020). However, the experimental

results showed that EHP infection significantly inhibited IMD,

while significantly induced Relish. It is hypothesized that the

reason may be related to the priority recognition of gram-negative

bacteria and viruses by IMD. Possibly, EHP interferes with the

normal transmission of the IMD-Relish signaling pathway.

Alternatively, Relish acts as a hub for many signal transduction,

and its upregulation may play a role in other ways such as

inflammatory response or apoptosis (Lemaitre and Hoffmann,

2007; Lan et al., 2013). ALF and Crustin A are crucial elements in

the battle against pathogens. It has been reported that ALF is

abundantly expressed in the shrimp intestine at the time of injury

to promote tissue healing (Matos et al., 2018). In the present study,

EHP caused intestinal damage and significantly activated ALF, also,

Crustin A was able to respond rapidly in the face of EHP invasion (Li

et al., 2018; Matos et al., 2018). Both ACP and ALP are phosphatases,

which are crucial immune enzymes that safeguard cells from

pathogen-induced damage (Long et al., 2019). Notably, the results

indicated that the expression level of ALP was significantly repressed.

We hypothesized that the cause was the imbalance of intestinal

microflora influencing the expression pattern of ALP. Concurrently,

the down-regulation of ALP augmented the likelihood of cell invasion

by pathogens and exacerbated the inflammatory damage within

the intestine.

In addition, oxidative stress is a crucial manifestation of

antioxidant defense, which is characterized by increased
Frontiers in Marine Science 07
peroxidation products and altered expression of antioxidant genes

(Lan et al., 2013). The detection of lipid peroxidation products

showed that LPO and MDA accumulated in the intestine with the

extension of EHP infection time. LPO and MDA are regarded as the

products of the interaction of active oxygen species with lipids and

proteins. An appropriate amount of reactive oxygen species is

necessary for the removal of pathogenic bacteria, but excessive

amounts of reactive oxygen species interact with the membrane

structure, mainly composed of lipids, leading to cell damage. This

is reflected in the severe damage to the intestinal membrane structure

that is clearly observed in histology (Lushchak, 2011). Meanwhile, a

large number of antioxidant genes (Nrf2, SOD, GPX, CAT, and GST)

participate in oxidative stress and cell damage repair. Nrf2 is a

multifunctional transcription factor that plays an important role in

the antioxidant process (Shen et al., 2019). The knockdown of its

expression resulted in the successive down-regulation of the

expression levels of antioxidant genes such as SOD, suggesting that

it can regulate the expression of antioxidant genes (Wu et al., 2020). It

has been reported that the expression patterns of Nrf2 and SOD were

concordant (Jiang et al., 2013), which is consistent with the present

study. SOD is expressed in all tissues of crustaceans, with high

transcript levels in hepatopancreas and intestine. It can dissociate

superoxide anion into oxygen and hydrogen peroxide, reducing

toxicity to cells (Duan et al., 2016). In this experiment, EHP

infection was found to significantly induce the expression of SOD

in intestinal tissues. Conversely, SOD expression was down-regulated

when shrimp were infected with WSSV and Vibrio alginolyticus,

suggesting that its transcription level is influenced by the pathogen

species (Tian et al., 2011). CAT and GPX act on the upstream

catabolic hydrogen peroxide and cause its complete decomposition.

GPX reacts rapidly, enabling its action even at trace concentrations of

hydrogen peroxide. However, CAT requires high concentrations
FIGURE 4

Relative expression levels of antioxidant genes Nrf2 (A), SOD (B), GPX (C), CAT (D) and GST (E) in the intestine of shrimp after EHP infection (mean ± SE,
n = 6). The superscript symbol * depicts the statistical significance at p < 0.05, and ** depicts the statistical significance at p < 0.01. ns, not significant.
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of hydrogen peroxide to stimulate its expression (Arockiaraj

et al., 2012). The results demonstrated that EHP could induce the

expression of GPX and CAT, but the expression levels were different.

GPX was significantly increased on the 5th and 20th dpc, while CAT

showed a significant difference only on the 20th dpc. Additionally, the

peroxidation product content reached a peak on the 20th dpc,

suggesting that CAT was induced under more stringent conditions.
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It was also found that the expression level of GST in the intestine was

significantly reduced on the 5th and 10th dpc, assuming that GST

may be influenced by individual development (Zhou et al., 2009). The

above findings suggest that the damage caused by EHP to the

intestine is significant.

The intestine plays a crucial role in the process of absorption,

transport, and synthesis of substances. Absorption of nutrients from
FIGURE 6

LPO (A) and MDA (B) content in the intestine of shrimp after EHP infection (mean ± SE, n = 6). The superscript symbol * depicts the statistical
significance at p < 0.05. ns, not significant.
FIGURE 5

Relative expression levels of substance transport and synthesis related genes GLUT-1 (A), Na+-K+ATPase (B), FAS (C), ACC (D), TOR (E), Raptor
(F), 4EBP (G) and S6K (H) in the intestine of shrimp after EHP infection (mean ± SE, n = 6). The superscript symbol * depicts the statistical
significance at p < 0.05, and ** depicts the statistical significance at p < 0.01. ns, not significant.
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food is necessary and sufficient for maintaining growth and

development. In addition, if digestive enzymes (AMS, trypsin and

LPS) are inactivated, the intestinal digestion and absorption

function will be impeded (Duan et al., 2017). Enzyme activity

assays revealed that the activities of all the above-mentioned

digestive enzymes were significantly decreased after EHP

infection, suggesting that the digestive function was affected,

thereby hindering the digestion process of carbohydrate, protein

and fat, and affecting the growth and molting cycle (Van

Wormhoudt and Favrel, 1988). The intestinal epithelium is an

important site for glucose absorption and transport. GLUT-1

transports absorbed glucose to various organs to maintain glucose

homeostasis (Verri et al., 2001; Martıńez-Quintana et al., 2014).

Compared with the control group, EHP infection up-regulated the

transcription level of GLUT-1, suggesting that it could accelerate

the rate of glucose transport. Na+-K+ATPase acts as a driver of

substance transportation and can provide power for nutrient

absorption (Conte et al., 1977). In this study, a relative increase in

its transcription during the early stage of EHP infection was

detected, which to a certain extent represents the activation of the

substance transport system. Fatty acids are important raw materials

for various types of membrane structures. ACC and FAS have a

clear division of labor in the fatty acid synthesis pathway. ACC can

convert acetyl-CoA into malonyl-CoA, providing raw materials for

fatty acid synthesis, while FAS plays a rate-limiting role in the

synthesis process (Sul and Wang, 1998; Montero et al., 2003). In the

current study, EHP significantly activated the expression of ACC

and FAS, which may be because intestinal injury requires large

amounts of fatty acids to form new membrane structures (Hui et al.,

2019). Additionally, it has been reported that FAS is closely related

to the immune process. Toll-like receptors and IMD pathway can

activate the expression of FAS, enabling it to participate in the

immune process. By knocking down the expression of FAS, it was

observed that the load of Vibrio parahaemolyticus in shrimp

increased and the mortality rate rose, suggesting that FAS played

a specific role in antibacterial defense (Zuo et al., 2017). The mTOR

signaling pathway is involved in nutrient regulation and cell growth,

and plays a vital role in growth and metabolic processes. It also

balances protein synthesis and catabolism and maintains the

homeostasis of the intracellular environment (Kakanj et al., 2016).
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TOR and S6K positively regulate the conduction direction of this

pathway. When Raptor binds to TOR, it regulates the downstream

ribosomal protein kinase S6K and the downstream transcription

factor 4EBP to promote protein synthesis (Wullschleger et al.,

2006). Nevertheless, a few studies have indicated that 4EBP is a

negative regulator of the mTOR pathway and inhibits the

translation initiation process (De la Parra et al., 2018). This is

slightly different from the present study. It is possible that the

increase in 4EBP transcription cannot be simply interpreted as an

inhibition of translation initiation, and there may be other complex

regulatory mechanisms in the organism that coordinate the

collaboration between these pathways. Additionally, the mTOR

pathway is also responsible for the synthesis of immune proteins

and nutrient translocation (Cardenas et al., 1999). In this

experiment, the pathway was activated after shrimp were infected

with EHP, indicating an enhanced rate of protein synthesis. This

may be due to two reasons: first, shrimp infected with EHP may not

be able to obtain sufficient nutrition, resulting in a starvation state,

so the synthesis rate of essential proteins must be accelerated to

maintain normal life activities; second, this pathway is associated

with immune protein synthesis, and it may be possible to synthesize

the corresponding immune proteins through this pathway.
5 Conclusion

In conclusion, this experiment focused on the immune and

physiological responses of the shrimp intestine, which further

confirmed the comprehensive damage caused by EHP to the

organism. This study concluded that EHP infection severely

damaged the intestine and triggered innate immunity and oxidative

stress, leading to the accumulation of peroxide products. In addition,

EHP infection inhibited the activities of intestinal digestive enzymes,

but activated nutrient transport and synthesis pathways, indicating

that in order to survive, EHP-infected shrimp must accelerate

substance transport, but the degree of supplementation is not

enough to support their normal growth and development, thereby

affecting the growth of shrimps. This can provide a new reference for

the prevention and control of EHP.
FIGURE 7

Changes in the activities of digestive enzymes AMS (A), trypsin (B) and LPS (C) in the intestine of P. vannamei infected with EHP (mean ± SE, n = 6).
The superscript symbol * depicts the statistical significance at p < 0.05, and ** depicts the statistical significance at p < 0.01. ns, not significant.
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