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Abstract

Vibrio parahaemolyticus carrying the pirA and pirB gene is one of the major pathogens causing
acute hepatopancreatic necrosis disease (AHPND) in shrimp. It primarily targets the hepatopancreas
as target tissue, causing pathological damage by releasing binary toxins during intestinal colonization.
In this study, Penaeus vannamei were infected with V. parahaemolyticus causing acute
hepatopancreatic necrosis disease (VpAHPNP), and tissue samples were collected from surviving,
moribund, and dead shrimps, including gills, heart, stomach, hepatopancreas, muscle, midgut, hindgut,
and pleopod. The relationship between bacterial loads and pathological damage in the infected shrimp
tissues was identified using real-time PCR (qPCR) combined with histopathology. The qPCR results
showed that V. parahaemolyticus was detectable in all tissue samples, with the highest positivity rate
in the hepatopancreas at 94.44%, and the lowest in muscles at 44.44%. The hepatopancreas is highly
sensitive tissues for AHPND detection, sequentially followed by pleopod and gill. Histopathological
analysis revealed that VpAHPND infection caused varying degrees of damage to the morphology of
tissues such as shrimp gills, stomach, hepatopancreas, midgut, hindgut, and pleopods. By analyzing
the pathological characteristics of infected tissues with different bacterial load levels, a high correlation
was found between the load of V. parahaemolyticus in each tissue and the degree of infection. This
study can help to understand the pathogenic mechanism of Vibrio parahaemolyticus infection in
shrimp, assess the degree of infection, and evaluate the progress of the disease.

Key Words: acute hepatopancreatic necrosis disease; histopathological analysis; Penaeus vannamei; Vibrio
parahaemolyticus

Introduction

Shrimps dominate the aquaculture industry, have caused serious damage and economic losses
accounting for over 65% of production (Hu et al., to the shrimp farming industry (de la Pefa et al.,
2024). Penaeus vannamei is a widely cultivated 2015; Dhar et al., 2019). One of the major bacterial
shrimp species, and plays an important role in pathogens causing acute hepatopancreatic necrosis
providing aquatic proteins (Lee et al., 2022). disease (AHPND) in shrimp is the pathogenic V.
However, with the continuous development of global parahaemolyticus (VpA"PND) carrying the pVA-1
aquaculture industry, shrimp farming faces severe plasmid encoding pirA and pirB toxins (Tran et al.,
disease challenges due to environmental pollution, 2013; Nunan et al, 2014). To date, the
high density, and other factors. Bacterial diseases pathogenesis of VpAHPND in shrimp have not yet

been fully elucidated, specifically regarding its
spread within the shrimp and the resulting tissue
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Fig. 1 The infection and detection of VpAHPND in shrimps. (A) The cumulative mortality rate of shrimp infected with
VpAHPND (B) The standard curve of pirA/B in qPCR detection. (C) The bacterial load in various tissues of shrimp

infected with \/pAHPND

(Lee et al., 2015). Based on this, researchers have
developed a series of PCR methods targeting to
specific sequences of the plasmid, greatly advancing
the diagnostic technology for AHPND (Dangtip et al.,
2015; Han et al., 2015a; Kongrueng et al., 2015;
Cruz-Flores et al.,, 2019). Histopathology is a
common way to study disease. Previous studies
showed that V. parahaemolyticus causing AHPND
primarily affects the digestive gland of shrimp,
especially the hepatopancreas. This infection leads
to pale atrophy of the hepatopancreas, empty
stomach and intestines, shedding of epithelial cells
in the hepatopancreatic tubules, enlargement of cell
nuclei, deformation of stellar cavities, and loss of
functional cells. During the infection progresses,
necrosis occurs in the hepatopancreatic tubules,
hemocyte infiltration triggers an inflammatory
response, and nodules are formed. It is insufficient
to rely solely on changes in the hepatopancreas to
diagnose AHPND, and these clinical features of
AHPND can also be present in some other diseases
(Hong et al., 2016). However, little information was
available on the histopathology of AHPND yet.
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A previous study found that P. vannamei
exhibited significant physiological changes at 6
hours after being infected with V. parahaemolyticus,
the pathogen was detectable in the gills,
hepatopancreas, intestines, muscles, and
hemolymph, and the pathogen would continue to
cause pathological damage to the tissues
(Khimmakthong and  Sukkarun, 2017). A
pathobiological study on P. vannamei infected with
V. parahaemolyticus observed varying degrees of
lesions in the epidermis, skeletal structures, cardiac
muscle, hepatopancreas tubules, stomach, and the
lumen of intestine (Ananda Raja et al., 2017). V.
parahaemolyticus can elicit systemic responses in
the host (Li et al., 2023), and penetrate the
epithelial tissue of shrimp and establish an
infection through various routes of exposure, such
as damaged tissues, qills, oral cavity, or feed
(Martin et al., 2004). The infection of bacteria often
affects multiple tissues of shrimp, and it may cause
a series of pathological damage and immune
responses in the host during the process from
invasion to reproduction. Therefore, understanding



Table 1 The qPCR results of tissue samples from the experimental group

Types of shrimp gills heart stomach hepatopancreas muscles midgut hindgut pleopod

180 17.2 44.0 7.9 / / / 29.3
/ 8.0 4.2 24 / / / 32.8

) i 563.5 161.1 1.4 2797.4 / / / /

Survival shrimp
43.6 / / / / / 21 20
/ 14.3 19.9 25.4 / / 5.1 1.6
10.9 / 16.4 8.1 8.6 49.7 / 27.2
5.3 / 10.5 1.0 / / / 23.0
/ 30.2 56.3 454 / / 8.1 21.6
) . 2.3 7.1 / 37.2 / 5.4 24 66.2
Moribund shrimp

4655 24.1 314 2457.4 / / / /
/ / / 3938.3 2.7 43 62.9 15
56.3 2.9 43.2 43.5 14 6.7 / 69.9
20.6 159 2.2 0.1 0.2 13.6 2.2 42.1
1619 34 13.9 21.6 0.8 15.2 6.7 0.5
. / 13.1 60.4 567.8 34 33 11 35.8

Dead shrimp

75.8 / 10.3 648.3 / 1.9 0.6 28.6
59.9 0.9 103.8 631.1 31 6.6 1.0 34.2
126 10.9 6.8 2980.9 1.0 / 13.9 40.0

the characteristic information of histopathological
changes after infection with V. parahaemolyticus
causing AHPND could be helpful in the early
pathogen diagnosis of AHPND, assessing the
extent of the disease, and formulating preventive
and control measures.

In this study, we utilized a combination of
molecular  biology  detection method and
histopathological technique to investigate the
transmission of V. parahaemolyticus in P. vannamei
and to examine the pathological process and
damage associated with AHPND. By examining
different tissues of the shrimp exposed to V.
parahaemolyticus, our findings will also contribute to
a better understanding of the pathological
mechanisms underlying AHPND.

Materials and Methods

Shrimp and Pathogens

The shrimps used in this experiment were
obtained from a farm in Lingao, Hainan, with an
average weight of 10 + 0.1 g and an average length
of 7 £ 0.1 cm. Before the experiment, we detected
the main pathogens of shrimp, including covert
mortality nodavirus (Xu et al., 2023), Decapod
iridescent virus 1 (Xu et al., 2022), Enterocytozoon
hepatopanaei (Li et al., 2023), infectious
myonecrosis virus (Zhang et al., 2024b), infectious
hypodermal and hematopoietic necrosis virus
(zhang et al., 2023a), Taura syndrome virus (Li et
al., 2024), VpAHPND (Liu et al., 2024), white spot
syndrome virus (Zhang et al., 2023b), yellow head
virus (Zhang et al., 2024a), to confirm the health
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status of the shrimp. They were temporarily cultured
in the laboratory, with a temperature of 26 + 1 °C,
pH 8.0 + 0.2, salinity of 20%., and maintained with
oxygen circulation. The seawater was exchanged by
one-third every 12 h, and normal feeding was
maintained for one week before subsequent
infection experiments.

The VpAHPND ysed in the infection experiment
was provided by Professor Lei Wang, Institute of
Oceanology, Chinese Academy of Sciences. Before
the experiment, PCR detection method was used to
confirm V. parahaemolyticus  carries  the
pathogenicity-related pirA/B gene of AHPND with
the primers 5-
AGTAACAATATAAAACATGAAACTGACTATTC-3
and 5-CTACTTTTCTGTACCAAATTCATCGG-3
according to the previous report (Zhou et al., 2023).
The pathogenic strain VpAHPND was cultured in
2216E media (M016, HopeBio, China) and
incubated in a shaker (150 rpm) at 28 °C for 20 h
prior to the challenge. A bacterial suspension was
harvested and washed 3 times with sterilized
phosphate-buffered saline (PBS) by centrifugation
at 4000 rpm for 10 min. Then suspension was
diluted with sterile seawater to make a test solution
of 1.0 x 107 colony-forming units (CFU) mL™" for the
VpAHPND stimulation.

VpAHPND stimulation and sample collection

A total of 400 healthy shrimps used in the
experiment were randomly divided into two groups,
experimental and control groups, with 200
individuals in each group. Then the immersion
experiment was performed as previously described
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Fig. 2 Pathological sections of gill of P. vannamei. (A) Normal gill of shrimp. (B) shows the loads of V.
parahaemolyticus were 5.3 copies/ng of gill. (C) shows the loads of V. parahaemolyticus were 59.9 copies/ng of
gill. (D) shows the loads of V. parahaemolyticus were 465.5 copies/ng of gill. The arrow refers to the cell or tissue

lesions described

(Tran et al, 2013). Briefly, shrimps in the
experimental group were first soaked in a high
concentration of bacterial solution (1.0 x 10°
CFU/mL) for 15 min, and then continued to be
reared in seawater with a bacterial concentration of
1.0 x 107 CFU/mL. The shrimps in the control group
were not treated. When the cumulative mortality rate
of shrimp in the experimental group reached 50%,
six shrimp were collected from the control group,
while six dead shrimp, six moribund shrimp, and six
surviving shrimp were collected from the
experimental group. Among them, the clinical
manifestations of shrimp were defined as moribund
shrimp when they showed benthic or side-lying
postures, had obvious responses to external stimuli,
but their gills were still slightly active. The surviving
shrimp were defined as vigorous, actively swimming,
and having intense responses to external stimuli.
The gills, heart, stomach, hepatopancreas, muscle,
midgut, hindgut, and pleopod of each shrimp were
collected. All tissue samples were prepared in
duplicates: one for DNA extraction and the other for
histopathological examination.
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The construction of standard plasmid and standard
curve

The genomic DNA of V. parahaemolyticus was
extracted using the bacterial and tissue DNA rapid
extraction kit (DP324, Tiangen, China). The pirA/B
gene of VpAHPND was amplified by PCR. The forward
primer sequences are 5'-
AGTAACAATATAAAACATGAAACTGACTATTC-3'

and the reverse primer sequences are 5'-
CTACTTTTTCTGTACCAAATTCATCGG-3'. The
PCR products were purified using the gel

extraction kit (EG101, TransGen, China), cloned
into the pEASY-Blunt zero vector (CB501,
TransGen, China), and then transformed into
competent Trans1l-T1 phage resistant chemically
competent cells (CB501, TransGen, China). The
positive recombinants were identified through anti-
ampicillin selection, and three to five independent

clones of each amplicon were sequenced.
According to the manufacturer's protocol, the
positive plasmids were extracted using the

EasyPure HiPure plasmid MiniPrep kit (EM111,
TransGen, China). The concentration of recombinant
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Fig. 3 Pathological sections of heart of P. vannamei. (A) Normal heart of shrimp. (B) shows the loads of V.
parahaemolyticus were 0.9 copies/ng of gill. (C) shows the loads of V. parahaemolyticus were 13.1 copies/ng of gill.
(D) shows the loads of V. parahaemolyticus were 161.1 copies/ng of gill. The arrow refers to the cell or tissue lesions
described

plasmid was determined by measuring the ultraviolet experiments were set up, and the average
absorbance at 260 nm and was converted to the Quantification Cycle (Cq) values from the three
number of plasmid DNA copies. The formula for experiments were used to generate a standard
calculating the copy number of recombinant regression line.

plasmids is: Copy Number (Copies/uL) = [DNA

concentration (ng/pL) x 6.02 x 10%*] / [ length of Detection and quantitation of VpAHPND in tissues
plasmid vector (bp) x 660] (Zhang et al., 2009). A DNA was extracted from shrimp gills, heart,
series of diluted plasmid DNA (108 - 102 copies/ng) stomach, hepatopancreas, muscle, midgut, hindgut,
were used as a calibrator, and a standard curve for and pleopods using the TIANamp marine animal
guantification was generated using real-time PCR. DNA kit (DP324, Tiangen, China). The DNA was
The forward primer sequences are 5'- then diluted to 100 ng/uL and used for qPCR
TTGGACTGTCGAACCAAACG-3' and the Reverse amplification. The gPCR system and procedures
primer sequences are 5'- were consistent with those described. The number
GCACCCI1CATTGGTATTGAATG-3', and the probe of DNA copies of VpAHPND per microliter of DNA is
is 6FAM- calculated from the Cq value and the above
AGACAGCAAACATACACCTATCATCCCGGA- formula.

TAMRA. The 20 pL system consists of 0.6 uL

forward primer (10 uM), 0.6 uL reverse primer (10 Histopathological study of VpAHPND infection in P.
uM), 0.2 uL probe (10 uM), 0.8 uL DNA template, vannamei

7.8 uL ddH20 and 10 pL premix Ex Taq (RR390A, The tissue samples were used for preparing
TaKaRa, China). The pirA/B gene was amplified for conventional histopathological sections. The
40 cycles at 95 °C for 3 s and 60 °C for 30 s. The collected tissues were fixed in 4%
cycling was initiated at 95 °C for 20 s. Three parallel paraformaldehyde for 24 h, followed by dehydration
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with a series of ethanol concentrations ranging from
75% to 100% to eliminate residual water in the
tissue. After dehydration, the tissues were cleared
using xylene. The tissues were then infiltrated with
paraffin wax using an automated tissue processor.
Once the tissues were embedded in paraffin wax, it
was sectioned using a microtome, resulting in
sections with a thickness of 4-6 micrometers. To
visualize the cellular structures within the tissue

sections, hematoxylin and eosin staining (HE
staining) was performed according to the
conventional histological methods previously

described (Lightner et al., 1996). After being stained,
the tissue sections were dehydrated again using
increasing concentrations of ethanol and cleared
once more with xylene. Finally, we sealed the
sections with neutral glue and observed them under
an optical microscope. And we captured digital
images of the stained sections using a camera
attached to the microscope for further analysis.
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Result

The cumulative mortality rate of shrimps

During the experiment, we continuously
recorded the cumulative mortality of shrimps (Figure
1A). We found that the first death of shrimp in the
experimental group occurred at 6 hours after
VpAHPND - stimulation, and the number of deaths
began to increase significantly at 12 h. A significant
clustered outbreak of deaths occurred between 12 -
24 h, with a cumulative mortality rate of
approximately 50% at 24 h. From 24 h onwards, the
number of deaths gradually decreased, and by 48 h,
the mortality rate became very slow. In addition, we
observed that some shrimps showed typical
symptoms and pathological damage of AHPND,
such as lethargy, slow movement, empty intestines,
pale or watery hepatopancreas, and enlarged
external pigmentation. The results indicated that the
shrimp were successfully infected with VpAHPND,
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Fig. 4 Pathological sections of stomach of P. vannamei. (A) Normal stomach of shrimp. (B) shows the loads of V.
parahaemolyticus were 4.2 copies/ng of stomach. (C) shows the loads of V. parahaemolyticus were 13.9
copies/ng of stomach. (D) shows the loads of V. parahaemolyticus were 60.4 copies/ng of stomach. The arrow
refers to the cell or tissue lesions described
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Fig. 5 Pathological sections of hepatopancreas of P. vannamei. (A) Normal hepatopancreas of shrimp. (B) shows
the loads of V. parahaemolyticus were 2.4 copies/ng of hepatopancreas. (C) shows the loads of V.
parahaemolyticus were 567.8 copies/ng of gill. (D) shows the loads of V. parahaemolyticus were 3938 copies/ng
of hepatopancreas. The arrow refers to the cell or tissue lesions described

all results were negative (Table 1). In the
experimental group, we observed that 17 out of 18
shrimp samples showed positive reactions in the
hepatopancreas, with a Vp”"PND positivity rate of
94.44%. In addition, we also observed positive
reactions in 16 of pleopods, 15 of stomachs, 13 of
hearts and gills, as well as 11 of midgut and 10 of
hindgut. Among the muscle samples, 8 sets showed
positive reactions, with a positivity rate of only
44.44%, including 5 sets from dead shrimps. Among
all the positive tissue samples, the highest bacterial
loads were observed in the hepatopancreas with an
average of 836.1 copies/ng (Figure 1C). The
average bacterial loads in the gills were 115.1
copies/ng, while that in the pleopods was 28.5
copies/ng, and in the stomach were 28.3 copies/ng.
The average bacterial loads in the heart were 23.8
copies/ng. The average bacterial counts for the
midgut and hindgut were 11.9 copies/ng and 9.4
copies/ng respectively. The lowest average bacterial
loads were observed in the muscle, which were only
2.6 copies/ng.
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Histopathological study of VpAHPND infection in P.
vannamei
Pathological changes of gills tissue

In the healthy shrimp, the gills presented a
typical branch-like structure, consisting of the main
gill axis and numerous closely arranged gill filaments
(Figure 2A). In diseased shrimps, significant swelling
of the nuclei in some gill filament cells was observed,
along with sporadically distributed necrotic cells,
indicating that the Vibrio had begun to cause
damage to the gill tissue (Figure 2B, 5.3 copies/ng).
The interior of the gill filaments was significantly
dilated and swollen, disrupting the originally orderly
structure. Moreover, numerous vacuoles frequently
occurred inside, and the number of necrotic cells
also markedly increased (Figure 2C, 59.9 copies/ng).
As the Vibrio load further increased, extensive
necrosis of the gill filaments occurred, with their
arrangement becoming highly irregular. Additionally,
focal necrosis could be observed within the tissue,
with a significant accumulation of necrotic tissue
debris (Figure 2D, 465.5 copies/ng).



Fig. 6 Pathological sections of muscle of P. vannamei. (A) Normal muscle of shrimp. (B) shows the loads of V.
parahaemolyticus were 0.2 copies/ng of muscle. (C) shows the loads of V. parahaemolyticus were 3.4 copies/ng
of muscle. (D) shows the loads of V. parahaemolyticus were 8.6 copies/ng of muscle. The arrow refers to the cell
or tissue lesions described

Pathological changes of heart tissue

In the healthy shrimp, the heart is composed of
cardiac muscle fibers and cells, which crisscross in
an orderly manner to form a complex reticular
structure (Figure 3A). In diseased shrimps, the
striated structure of the cardiac muscle fibers began
to blur, with initial ruptures occurring and the orderly
arrangement of the fibers being lost. The nuclei in
some cardiac muscle cells showed swelling, with a
few even appearing necrotic (Figure 3B, 0.9
copies/ng). Then, the rupture and bending of the
cardiac muscle fibers worsened, making the overall
structure more chaotic and disordered. The number
of necrotic cardiac muscle fibers and cells
significantly increased, indicating that the damage to
the heart due to Vibrio infection was intensifying
(Figure 3C, 13.1 copies/ng). As the Vibrio load
further increased, widespread rupture of the cardiac
muscle fibers occurred, forming block-like structures
that lost their connections with each other. The
striated structure of the cardiac muscle fibers
disappeared in most areas. The necrosis between
tissues became severer (Figure 3D, 161.1
copies/ng).
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Pathological changes of stomach tissue

In the healthy shrimp, the stomach wall consists
of the mucosa, submucosa, and muscle layers. The
mucosa, as the innermost layer, includes epithelial
cells, glands, and blood vessels (Figure 4A). In
diseased shrimps, some of the nuclei exhibited
swelling, and necrotic material accumulation along
with the presence of necrotic cells was observed
within the tissue. These are signs of cellular stress
response and damage indicative of early-stage
infection (Figure 4B, 4.2 copies/ng). Subsequently,
the pathological condition of the gastric tissue
worsened. The arrangement of the epithelial cells
shifted from orderly to disorganized, with an
increased occurrence of cell necrosis and shedding
(Figure 4C, 13.9 copies/ng). With the massive
proliferation of Vibrio, cell necrosis became
widespread, and the epithelial cells exhibited
significant vacuolar degeneration (Figure 4D, 60.4
copies/ng).

Pathological changes of hepatopancreas tissue
In the healthy shrimp, the hepatopancreas is
composed of numerous hepatocytes, which form a
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Fig. 7 Pathological sections of midgut of P. vannamei. (A) Normal midgut of shrimp. (B) shows the loads of V.
parahaemolyticus were 1.9 copies/ng of midgut. (C) shows the loads of V. parahaemolyticus were 13.6 copies/ng
of midgut. (D) shows the loads of V. parahaemolyticus were 49.7 copies/ng of midgut. The arrow refers to the cell
or tissue lesions described

stellate lumen structure at their center. The stem was observed, with a significant infiltration of blood
cells at the distal end of the tubules differentiate into cells and inflammatory cells in the damaged tissue
three types of epithelial cells: R cells, F cells, and B (Figure 5D, 3938 copies/ng).

cells. (Figure 5A). In diseased shrimps, the epithelial

cels of the hepatopancreas  underwent Pathological changes of muscle tissue
morphological changes, becoming stellate and In the healthy shrimp, muscle is primarily
elongating towards the lumen, while a few cells composed of striated muscle tissue, with muscle
exhibited nuclear swelling and a reduction in fibers grouped into bundles. The spacing between
vacuoles. Additionally, there were occasional the bundles is uniform, and they exhibit distinct
instances of hepatopancreatic epithelial cell striations in an orderly arrangement (Figure 6A). In
shedding (Figure 5B, 2.4 copies/ng). As the load of diseased shrimps, the gaps between muscle fibers
Vibrio increases, many necrotic and exfoliated cells become enlarged, and the striated muscle
appear within the hepatopancreatic duct lumen. The undergoes rupture. Some muscle cells exhibit
originally clear and visible structure of the hepatic enlarged nuclei, and there is necrosis of certain
tubules is severely damaged, with the epithelial cell cells (Figure 6B, 0.2 copies/ng). As the load of
layer becoming atrophied and the number of Vibrio increases, the extent of muscle fiber rupture
functional cells reduced or difficult to discern (Figure worsens, and the amount of necrotic muscle tissue
5C, 567.8 copies/ng). Under high loads of Vibrio, becomes more pronounced (Figure 6C, 3.4
the proliferation of many Vibrio leads to severe copies/ng). Subsequently, extensive necrosis of
destruction of hepatopancreatic tissue. Widespread muscle tissue occurs, with the dissociation of
ulceration and necrosis occur within the tissue, with muscles becoming more severe. The striations
the interstitial spaces filled with a large amount of between fibers largely disappear, making them
necrotic material. In addition, pathological bleeding difficult to discern. Most muscle fibers fragment into
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Fig. 8 Pathological sections of hindgut of P. vannamei. (A) Normal hindgut of shrimp. (B) shows the loads of V.
parahaemolyticus were 1.1 copies/ng of hindgut. (C) shows the loads of V. parahaemolyticus were 6.7 copies/ng
of hindgut. (D) shows the loads of V. parahaemolyticus were 62.9 copies/ng of hindgut. The arrow refers to the

cell or tissue lesions described

pieces, leading to a disorganized dissociation of the
muscle tissue structure. Necrotic cells are visible,
sloughing off and accumulating among the tissues
(Figure 6D, 8.6 copies/ng).

Pathological changes of midgut tissue

In the healthy shrimp, the midgut epithelial cells
are closely arranged, forming villi that increase the
absorptive surface area. The Vvilli consist of a
mucosal layer and a submucosal layer, with a clear
boundary between them (Figure 7A). In diseased
shrimps, the nuclei of the midgut epithelial cells
exhibit pyknosis, and some cells have sloughed off,
indicating that cellular structure and function are
beginning to be compromised (Figure 7B, 1.9
copies/ng). As the load of Vibrio increases, the
necrosis of midgut epithelial cells intensifies, with
significant alterations in cell morphology. The gaps
at the apical ends of the cells become enlarged, and
the connections between cells are damaged,
leading to a blurring of cell boundaries (Figure 7C,
13.6 copies/ng). The massive proliferation of Vibrio
leads to more severe pathological damage. A
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separation occurs between the mucosal layer and
the submucosal layer of the intestinal villi, with some
villus cells sloughing off and tending to curl into balls.
Many cells exhibit vacuolization internally, and there
is widespread necrosis of the cell nuclei (Figure 7D,
49.7 copies/ng).

Pathological changes of hindgut tissue

In the healthy shrimp, the hindgut, as an
important organ in the digestive system, is
responsible for the absorption of water and
electrolytes, as well as the excretion of waste. Its
inner wall lacks villi and is instead covered by a
chitinous epithelium (Figure 8A). In diseased
shrimps, the epithelial cells of the hindgut also
exhibit signs of nuclear pyknosis and cell necrosis,
leading to sloughing off (Figure 8B, 1.1 copies/ng).
As the load of Vibrio increases, the pathological
changes in the hindgut epithelial cells become more
severe, with the accumulation of sloughed-off
necrotic cells and the occurrence of hollowing out
and vacuolization in some cells (Figure 8C, 6.7
copies/ng). Under high loads of Vibrio, portions of the
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Fig. 9 Pathological sections of pleopod of P. vannamei. (A) Normal pleopod of shrimp. (B) shows the loads of V.
parahaemolyticus were 2 copies/ng of pleopod. (C) shows the loads of V. parahaemolyticus were 32.8 copies/ng
of pleopod. (D) shows the loads of V. parahaemolyticus were 66.2 copies/ng of pleopod. The arrow refers to the

cell or tissue lesions described

mucosal epithelial layer and the submucosal tissue
layer detach, leading to a disorganized arrangement
of epithelial cells and the appearance of fractures in
some of the epithelial villus layers (Figure 8D, 62.9
copies/ng).

Pathological changes of pleopod tissue

In the healthy shrimp, the surface of the
pleopod is covered by a layer of epidermal cells.
Beneath the epidermis lies the striated muscle,
composed of elongated muscle fibers arranged in a
tight and regular pattern, with distinct boundaries
between the muscle bundles (Figure 9A). In
diseased shrimps, the striated structure of the
pleopod muscles is disrupted, with the dissociation
of the muscle structure becoming irregular and the
spaces between the muscle fibers increasing
(Figure 9B, 2 copies/ng). As the load of Vibrio
increases, the fracturing and dissociation of muscle
fibers worsen, with a significant accumulation of
necrotic material within the tissue, leading to
necrosis in some muscle areas (Figure 9C, 32.8
copies/ng). Under high Vibrio loads, the muscle
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structure within the swimming leg tissues suffers
extensive damage, with most muscle fibers
undergoing fracturing and dissolution (Figure 9D,
66.2 copies/ng).

Discussion

The invasion of V. parahaemolyticus causing
AHPND poses a significant threat to the shrimp
farming industry (Lai et al., 2015; Choi et al., 2017).
In recent years, the infection mechanisms of
AHPND pathogens and methods for their detection
have been extensively studied (Dangtip et al., 2015;
Wangman et al., 2017; Xiao et al., 2017; Rizan et al.,
2018; Aranguren Caro et al., 2020; Yu et al., 2020).
Previous studies have shown that the V.
parahaemolyticus causing AHPND primarily affects
the digestive gland of shrimp, especially the
hepatopancreas. As the infection progresses further,
necrosis occurs in the hepatopancreatic tubules,
with hemocyte infiltration triggering an inflammatory
response and the formation of nodules (Nunan et al.,
2014; Han et al.,, 2015b; Campa-Cordova et al.,



2017; Dong et al., 2017). However, research on the
distribution and impact of V. parahaemolyticus in
other tissues within the shrimp body is relatively
scarce.

Infections by  pathogens in aquatic
environments tend to be systemic in aquatic animals.
Research has indicated that upon exposing half-
smooth tongue sole to varying concentrations of
Vibrio anguillarum, a range of pathological
alterations ensue. These encompass hepatic cell
swelling within the liver, splenic red blood cell
necrosis, head kidney hemorrhaging, as well as
intestinal mucosa necrosis and exfoliation (Wang et
al., 2023). Following a six-hour stimulation of P.
vannamei with V. parahaemolyticus, the pathogenic

agent has been identified within the gills,
hepatopancreas, intestines, muscles, and
hemolymph. The infectious agent persists in

inducing pathological harm to these specified
tissues (Khimmakthong and Sukkarun, 2017). In this
study, we collected various tissue samples,
including gills hepatopancreas including gills, heart,
stomach, hepatopancreas, muscles, midgut, hindgut,
and pleopod from survival, moribund, and dead
shrimps for gPCR analysis. The gPCR results
indicated that V. parahaemolyticus could infect the
gills, heart, stomach, hepatopancreas, muscles,
midgut, hindgut, and pleopod of shrimps and
proliferate within these tissues as the infection
progressed. Notably, in the hepatopancreatic
samples, irrespective of whether the shrimp were
alive, moribund, or dead, the gPCR positivity rates
were very high. This finding suggests that the
hepatopancreas is the primary target organ for V.
parahaemolyticus infection, for the bacterial load in
this tissue is significantly higher than in other tissues
during the AHPND outbreak. Additionally, the
pleopod and gills also exhibited high positivity rates
and bacterial loads, indicating their potential value in
disease diagnosis.

Histopathological observation is an important
method for studying bacterial infections and their
effects on hosts. Previous studies have shown that
once V. parahaemolyticus is ingested through the
mouth and enters the body of prawns, this
bacterium can disrupt the balance of intestinal flora
by competing for resources or secreting harmful
metabolic products (Qi et al., 2017). This
disturbance  provides the pathogen  with
opportunities to proliferate and settle, and, along
with the release of toxins, triggers inflammatory
responses and immune reactions, leading to
damage to cell gaps and cell connections, which in
turn allows the toxins to reach the hepatopancreatic
region (Ng et al., 2018). To understand the impact
of V. parahaemolyticus on other tissues in shrimp,
we conducted histopathological studies on the gills,
heart, stomach, hepatopancreas, muscles, midgut,
hindgut, and pleopod of diseased P. vannamei. The
results showed that in the gills, the gill filaments
were swollen with widened gill chambers, nuclear
enlargement in cells, partial necrosis of gill filament
cells, and disorganized arrangement of gill filaments.
In the heart, muscles, and pleopod, there was
muscle fiber breakage, disarray of myofibril
arrangement, loss of striations, and widespread
cellular degeneration and necrosis. In the intestinal
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tract of P. vannamei, the integrity of the intestinal
epithelial cells and the intercellular connecting
structures is fundamental to the physical barrier of
the intestinal mucosa. In both the midgut and
hindgut of infected shrimp, phenomena such as
nuclear pyknosis and cell shedding were observed,
with some intestinal villi experiencing separation
between the mucosal layer and the lamina propria,
disruption of intercellular connections, and blurring
of cell boundaries. The pathological damage to the
hepatopancreas was consistent with previous
studies, exhibiting clear AHPND symptoms.
Research indicates that after acute infection with V.
parahaemolyticus, all tissues in shrimp can be
affected by the bacteria, leading to a pathogen
infection primarily characterized by degenerative
necrosis of tissue cells. In the early stages of
bacterial invasion into various tissues, partial
cellular degeneration and a small amount of cell
necrosis first occur, followed by destruction of the
original tissue structure and further increase in the
number of necrotic cells. Once the bacterial
infection reaches a certain level, severe pathological
damages, and degrees of inflammation, such as
partial necrosis and structural dissociation, occur
across different tissues.

In summary, this study combined molecular
biology and histopathology to investigate the
relationship between tissue bacterial load and
pathological damage changes in P. vannamei
infected with V. parahaemolyticus causing AHPND.
There is a high correlation between the bacterial
load of V. parahaemolyticus in the tissues and the
pathological damage. The analysis indicates that
after infection with the bacteria, the hepatopancreas,
gills, and pleopod are all susceptible tissues for
AHPND.
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