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Abstract

Due to limited data on the pathogenicity of Prohemistomum vivax (P. vivax) and its impacts
on fish health, this study aimed to determine the morphological, molecular characteristics,
pathogenicity, and histopathological alterations in fish infected with P. vivax. Eight hun-
dred (800) Nile tilapia (Oreochromis niloticus) were collected from various farms in Kafr
El Sheikh Governorate. The fish were examined for encysted metacercariae (EMC) in dif-
ferent organs. Tissue specimens were collected and underwent histopathological analysis,
expression of stress-related genes, and genetic characterization by sequencing of the inter-
nal transcribed spacer 2 (ITS2). P. vivax metacercariae were oval to round in shape and
were collected from various organs including the muscle, skin, eyes, intestine, liver, kid-
ney, and gills of infected O. niloticus. Sequencing and phylogenetic analysis of the ITS2
region revealed a 507-bp fragment, confirming parasite identity and matching within the
same clade as other P. vivax isolates. Infected fish displayed abdominal hydropsy, skin
darkening, and emaciation. P. vivax encysted metacercariae were detected during the study
period in 620/800 fish, with an overall prevalence of 77.5%. The seasonal prevalence
was 95% in summer, 85% in spring, 55% in autumn, and 75% in winter. The intensity of
infection was 1-40 cysts per microscopic field. Histopathological examination of muscles
revealed parasitic cysts embedded within muscle fibers, causing severe degeneration and
necrosis. Upregulation of cytochrome P450 (cpylal), heat shock protein 70 (hsp-70), and
tumor suppressor pS3 (p53) was recorded in both liver and muscle samples of infected
tilapia compared to controls. This indicates activation of detoxification, cellular stress,
and apoptotic pathways in response to P. vivax infection. There is limited data available on
the pathogenicity of P. vivax and its impacts on fish health; thus, this study provides key
insights into the morphology, pathogenicity, and histopathological impacts of P. vivax in
Nile tilapia.
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Introduction

In recent years, aquaculture has gained increasing significance as a key contributor to
global food security, and Egypt has been at the forefront of advancements in fish farm-
ing. However, the aquaculture industry faces notable challenges, such as infectious diseases
being a primary concern (Soliman and Yacout 2016). Among these challenges, fish para-
sites, particularly digenetic trematodes, represent a significant health threat to both farmed
and wild fish populations (Khan et al. 1993; Taha et al. 2020). These parasites not only
compete with fish for resources but also lead to economic losses (Khalil et al. 1997). Fur-
thermore, they can compromise the health of the host fish and reduce their appeal to con-
sumers (Roberts 2001). Understanding these parasites is vital for maintaining ecosystem
stability and implementing effective control measures (Avenant 2001). Of particular con-
cern within this context are fish-borne zoonotic trematodes (FBZT), including encysted
metacercariae, which pose a significant public health risk (Mutengu and Mhlanga 2018;
Younis et al. 2023b). These parasites can potentially be transmitted to humans through the
consumption of raw or undercooked fish (Anh et al. 2019; Labony et al. 2020; Salem et al.
2021).

P. vivax utilizes fish as second intermediate hosts, where infective metacercariae encyst
in tissues like muscle, skin, and gills before transmission to definitive hosts (birds and
mammals) (Scholz et al. 2016). Despite the considerable impact of P. vivax on fish health
and its zoonotic potential (Abdelkhalek et al. 2023), fundamental knowledge gaps remain
regarding its epidemiology, host-parasite interactions, and molecular pathogenesis. This
knowledge gap extends to the impact of stress genes influenced by P. vivax.

The host response to infectious diseases involves complex regulation of gene expres-
sion. In fish, parasite infections can prompt major physiological and molecular changes
(Da Costa et al. 2021). P. vivax infection frequently causes substantial abnormalities
in tilapia, including stunted growth, reproductive loss, and mortality. There is likely
a complex interplay between P. vivax and the tilapia immune system, leading to the
modulation of various genes related to immunity, stress response, and detoxification
(Chuangchaiya et al. 2010; Dayananda et al. 2020). Cytochrome P450 1A1 (CYP1A1),
heat shock protein 70 (HSP70), and tumor protein p53 (p53) are three pivotal genes in
P. vivax-infected fish; however, it is crucial to emphasize that the impact of P. vivax on
the expression of these genes has not been studied before in infected tilapia. CYP1AIl, a
member of the cytochrome P450 superfamily, plays a crucial role in metabolizing xeno-
biotics, including environmental carcinogens and toxins (Xin and Shan 2015). Its induc-
tion often serves as a biomarker for pollution exposure (Esteves et al. 2021). Investigat-
ing CYP1AI1 dysregulation by P. vivax can provide insights into how the parasite affects
detoxification and overall health. HSP70, a molecular chaperone, is highly conserved
across organisms and plays a critical role in the physiological stress response, as well
as in defending against protein misfolding and aggregation (Yu et al. 2015). Overex-
pression of HSP70 is commonly observed in response to various stressors, including
infections (Zhi et al. 2018; Gupta et al. 2019). Examining HSP70 expression in P. vivax-
infected tilapia can provide valuable insights into the ability of fish to mount a stress
response and effectively cope with the pathological consequences of the infection. The
well-known tumor suppressor protein, p53, holds a pivotal role in regulating apoptosis,
DNA repair, and cell cycling and has been associated with immune and stress signaling
pathways in fish (Liu et al. 2022). Assessing p53 expression in P. vivax-infected tilapia
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Fig.1 Map of Kafr El Sheikh Governorate

can offer valuable insights into the potential role of the p53-mediated defense system
against the parasite.

Insufficient data currently exists regarding P. vivax epidemiology. The study aimed to
morphological and molecular analysis of P. vivax infection in Nile tilapia, by assessing
the modulation of three critical stress genes—CYP1A1, HSP70, and p53—in infected
fish, thus elucidating the molecular pathways involved in anti-parasitic defense and stress
responses within the infected host. This understanding is pivotal for filling the gap by
updating the prevalence, distribution, and impact of P. vivax in tilapia and the development
of strategies aimed at mitigating and preventing P. vivax disease.

Material and method
Fish sampling

A total of 800 Nile tilapia (O. niloticus) specimens were randomly collected from farms
in El Hamoul area, Kafr El Sheikh Governorate, Egypt (31.19° N 31.9° E) (Fig. 1). These
collected fish were carefully transported to the laboratory in oxygen-supplied, water-filled
plastic bags. At the laboratory, the fish underwent a comprehensive examination for the
identification of digenetic trematode EMC infections in Nile tilapia in Egypt. The sampled
fish displayed a size range, with total lengths ranging from 8 to 15 cm and weights varying
from 50 to 90 g. Clinical examinations were conducted on the fish samples, during which
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any abnormal signs were carefully recorded. Both external and internal gross lesions were
observed and documented.

Parasitological examination

Each fish was euthanized using a commercial clove oil solution (Ectyocolve®, France)
with a concentration of 1239 ppm, mixed at a 1:4 ratio with anhydrous ethanol. Following
euthanasia, necropsies were done, and various tissues and organs, including the skin, gills,
fins, muscles around the head, muscles around the abdomen, and internal organs, were
subjected to examination under a light microscope (Olympus CX41 microscope; Japan).
Muscle samples were prepared by compressing them between two slides and subsequently
examined under a stereoscopic microscope to detect the presence of EMC (Paperna 1996;
Younis et al. 2023b).

ITS2 region sequencing

Genomic DNA was extracted from metacercarial parasites obtained from different infected
fish collected from the same locality during various seasons of the year following the pro-
tocol of the DNeasy Blood & Tissue extraction Kit (QIAGEN, USA), with Implen NP80
NanoPhotometer (Munich, Germany) assessing quantity and quality. PCR amplification of
the internal transcribed spacer 2 (ITS2) utilized the universal primers BD1 (5'-GTCGTA
ACAAGGTTTCGGTA-3") and BD2 (5-TATGCTTAAATTCAGCGGGT-3") (Bowles and
McManus 1993; Bowles et al. 1995). The 25-ul PCR reactions used Maxima® Hot Start PCR
Master Mix (Thermo Fisher Scientific, USA). PCR conditions involved an initial phase at
95 °C/5 min, followed by 40 cycles: denaturation (95 °C/45 s), annealing (50 °C/45 s), exten-
sion (72 °C/3 min), and a final step at 72 °C/6 min. Four amplicons were visualized by UV
light after agarose gel electrophoresis, and purification was performed using GeneJET™ PCR
Purification Kit (Thermo Fisher Scientific, USA). Sequencing utilized the Big Dye Termi-
nator v3.1 cycle sequencing kit with the same PCR primers. ABI prism 3730XL (Applied
Biosystems, USA) automated sequencer analyzed the sequences. BioEdit software v.7.2 (Hall
1999) facilitated careful sequence assembly, and BLAST programs matched edited sequences
against the public genetic sequence database. The final sequences were submitted to GenBank.

Phylogenetic analysis

A phylogenetic tree was constructed to compare ITS2 sequences of the current Prohe-
mistomum species against 27 other accession numbers from various digenetic trema-
todes, including P. vivax, Diplostomum spathaceum, Tylodelphysimmer, and Cyathocot-
yle sp. The selected species exhibited over 75% similarity to the current ITS2 sequence
of Prohemistomum. Multiple sequence alignment was performed, and the phyloge-
netic tree was established using maximum likelihood (ML) methodology in MEGA
11 (Tamura et al. 2021). The ML parameters were set based on model selection using
Bayesian information criterion (BIC), corrected Akaike information criterion (AIC)
scores, and bootstrap confidence values from 1000 replicates. The general time revers-
ible model with gamma-distributed rate variation and invariant sites (GTR+G+1)
was chosen as it provided optimal accuracy. Numerous phylogenetic tree building
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Table 1 Primer sequences for stress-related gene expression analysis

Gene Forward primer Reverse primer Accession number Amplicon (bp)

Cyplal TAAACTGCAGAGCGA CTTTCGACCCCAGAT XM_019365993.2 190

GAGCA AACCA

P53 GCATGTGGCTGATGT GCAGGATGGTGGTCA XM_025905405.1 191
TGTTC TCTCT

Hsp-70 AAAGGTGTAGCGATC CCACATAACTGGGGG XM_003442456.5 121
GGCAT TGGTC

gapdh  GCTGTACATGCACTC ACTCAAACACACTGC NM_001279552.1 182
CAAGG TGCTG

approaches exist, but ML analysis was deemed most suitable for aligning the current
parasites at the branch terminals in this study.

Stress-related gene expression analysis
Total RNA extraction and cDNA synthesis

Total RNA extraction was performed using the QIAmp RNA Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s recommended protocol. Subsequently, the first-
strand cDNA was synthesized with M-MuLV reverse transcriptase (Fermentas, EU).

Real-time PCR (qPCR)

In the real-time PCR (qPCR) analysis, PCR reactions were meticulously prepared using
iQ SYBR Green Premix (Bio-Rad 170-880, USA) and carried out in the BIO-RAD iCy-
cler thermal cycler with the MyiQ real-time PCR detection system (Ibrahem and Ibrahim
2014). The primer sequences employed for amplifying the target genes (CYP1A1, HSP70,
and p53) were designed based on the sequences available in the gene bank of O. niloti-
cus (Table 1). The qPCR program consisted of an initial pre-incubation step at 95 °C for
10 min, followed by 40 cycles of denaturation at 95 °C for 20 s, annealing at 60 °C for 20 s,
and extension at 72 °C for 30 s (Ahmed et al. 2021). Each assay included duplicate reac-
tions for every sample and no-template negative control (Ibrahim et al. 2020). To normal-
ize the expression data, the GAPDH gene was used as an internal control (Ko et al. 2009).
The calculation of gene expression data was performed using the 2~24€T method.

Histopathological examination

Specimens from the muscles, liver, intestine, and kidneys were collected and then fixed
in 10% neutral buffered formalin. After fixation, they underwent a series of processes,
including washing, dehydration, clearing, and embedding in paraffin. The paraffin-embed-
ded blocks were sectioned to a thickness of 5 um and stained with hematoxylin and eosin
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Fig.2 The examined O. niloticus showed loss of scales; abdominal hydropsy (A, B), darkness in the skin,
excessive mucous (C), and emaciation with stucked abdomen (D)

(Bancroft and Gamble 2008) for subsequent histopathological examination. This examina-
tion was carried out using a light microscope (Olympus BX50, Japan).

Statistical analysis
All data was displayed as means with standard error of the mean (SEM) and was examined
using the SPSS (version 20) program. To compare several groups, one-way analysis of var-

iance (ANOVA) and post hoc Duncan’s test were used. Statistics were judged significant at
P <0.05 (Statistical analysis systems 2013).

Results
Clinical signs

The examined Nile tilapia infected with encysted metacercariae of digenetic trematodes
displayed an array of clinical signs including lethargy, loss of appetite, erratic swimming
behavior, darkening of the skin, loss of scale, emaciation, excessive mucus production, tail
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Table 2 Encysted metacercariae

. . Season  No. of No. of Prevalence (%) Parasite intensity
prevalence and intensity in

examined infected

naturally infected O. niloticus, fish fish

expressed as a percentage of

th_e total investigated h_sh. Note. Autumn 200 110 55 13+6.3°

Different small letters in the ) .

same column mean significant Winter 200 150 75 9.4+538

differences between groups Spring 200 170 85 16.2+15.3%
Summer 200 190 95 36.4+21.5°
Total 800 620 71.5

and fin erosions, abdominal hydropsy, respiratory distress, stucked abdomen, and impaired
growth (Fig. 2).

Prevalence of infection

Examination of 800 fish specimens revealed widespread P. vivax metacercarial infections,
with an overall prevalence of 77.5% (620/800 infected fish). Prevalence displayed seasonal
variations, with the highest rates in summer at 95% (190/200 fish), followed by spring at
85% (170/200 fish), autumn at 55% (110/200 fish), and winter at 75% (150/200 fish). The
lowest mean infection intensity of 9.4+5.8 cysts per field occurred in winter, while the
highest mean intensity of 16.2+15.3 and 36.4 +21.5 cysts per field was observed in spring
and summer respectively (Table 2, Fig. 3).

Morphological examination

The encysted metacercariae was spherical in shape and had two walls (outer thick and
inner hyaline one) that were filled with pigmented brownish granules at two lateral sides.
The encysted metacercariae of P. vivax measured 350-395 (385 1.5) um in length and
315-345 (338 +1.0) um in width (Fig. 4).

Genetic characterization

Molecular analysis of the ITS2 region of encysted metacercariae (EMC) parasites isolated
from four Nile tilapia (O. niloticus) specimens representing different seasons revealed a
507-base pair (bp) DNA fragment. Sequences obtained from the four fish were identi-
cal and were deposited in GenBank under accession numbers OR794146, OR794147,
OR794148, and OR794149. Sequence alignment analysis confirmed the identity of the
metacercariae as belonging to the genus Prohemistomum (Trematoda: Digenea: Cyathocot-
ylidae). Genetic analysis of the metacercariae parasites isolated from Nile tilapia confirmed
their identity as P. vivax. The ITS2 sequence of P. vivax exhibited a high similarity to
other P. vivax isolates and was distinct from other digenetic trematode sequences. BLAST
analysis of the ITS2 sequence (OR794146) revealed its unique nature when compared to
other digenetic trematode sequences. Distance estimation analysis showed that OR794146
had a high similarity of 99.20% to P. vivax, 92.81% to Cyathocotylidae spp., and 85.46%
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Fig.3 Bar chart demonstrates the Effect of seasonal variation on encysted
effect of season on the intensity metacercariae infection in Oreochromis niloticus
of encysted metacercariae infec- 45

tion in Oreochromis niloticus. 40 b
Note. Different small letters 35

mean significant differences O 30
between groups & 25
S 25 a
2 N
10 5
s I
0

Autumn Winter Spring Summur

Fig.4 Muscle specimens of O. niloticus heavily infected with P. vivax EMC; the encysted metacercariae
was spherical in shape and had two walls (outer thick and inner hyaline one) which were filled with pig-
mented granules

to Cyathocotyleprussica. It also exhibited a similarity range of 96.51-96.39% to various
Diplostomum spp., 95.19-94.74% to Alaria spp. isolates, and 94.33-93.30% to Uvulifer
spp. isolates.

The phylogenetic tree (Fig. 5) generated through maximum likelihood analysis
revealed the taxonomic placement of P. vivax investigated in this study within the same
clade as other P. vivax, supported by a robust bootstrap value. This finding corrobo-
rates the molecular identification of P. vivax based on ITS2 sequencing and further
confirms the distinctiveness of this parasite species.

Stress-related gene expression analysis

There were clear differences in gene expression between infected and control non-
infected normal fishes. The transcript levels of cytochrome P450 (cpylal), heat shock
protein 70 (hsp-70), and tumor suppressor p53 were significantly upregulated in the
liver samples of the infected fish compared to controls (Fig. 6). The greatest differ-
ence was noticed in cpylal expression, which was approximately eightfold higher in
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infected fish. p53 and hsp-70 were upregulated by approximately three- to fourfold.
Similarly, the transcript levels of cpylal, hsp-70, and p53 were also elevated in the
muscle samples of infected fish relative to controls (Fig. 7). The fold changes were
smaller than those recorded in the liver, but still statistically significant. Cpylal was
upregulated by approximately threefold, while p53 and hsp-70 were upregulated by
around twofold in infected muscle tissue.

Histopathological findings

Histopathological examination of muscle tissues revealed the presence of parasitic cysts
within muscle fibers (Fig. 8a—d). Parasitic cyst infection led to the destruction and necro-
sis of the affected muscle fibers (Fig. 8¢). Some cases exhibited heavy parasitic infec-
tion, characterized by the presence of multiple parasitic cysts in muscle fibers (Fig. 8f, g),
resulting in degeneration and necrosis of the muscle fibers. In the liver, embedded EMC
were observed within the liver parenchyma between hepatocytes (Fig. 9a). This para-
sitic infection in the liver coincided with severe degeneration and necrosis of hepatocytes
(Fig. 9b, c). Some sections displayed a heavy level of infection in the liver, marked by dif-
fuse degeneration of liver parenchyma (Fig. 9d). The examination of the intestine revealed
the occurrence of parasitic cysts in the submucosa, accompanied by minimal tissue reac-
tion (Fig. 9¢). Moving on to the kidney, a notable infection was observed with multiple
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Fig. 8 Photomicrograph of fish muscles showing a, b, ¢, d parasitic cysts of different sizes present embed-
ded in the muscle fibers with no tissue reaction (arrow) (H&EX200); e parasitic cyst (long arrow) with
degeneration and destruction of muscle fibers (short arrow) (H&EX200); f heavy infection of muscles with
multiple EMC (arrows) (H&EX100); and g higher magnification of the previous photo showing multiple
cysts surrounded by connective tissue (arrows) (H&EX200)

parasitic cysts present in the renal cortex between renal tubules (Fig. 9f). This infection
led to the degeneration and necrosis of the tubular lining epithelium (Fig. 9g).

Discussion

The current study provides novel and multifaceted insights into EMC of P. vivax infec-
tions in Nile tilapia. The observed clinical signs aligned with previous reports describing
lethargy, loss of appetite, abnormal swimming patterns, skin darkening, excessive mucus
secretion, respiratory distress, and stunted growth in association with digenetic trematode
infections across various fish species (Abou-Okada et al. 2021; Abdelkhalek et al. 2023;
Abd-ELrahman et al. 2023; Younis et al. 2023a). These systemic clinical features indicate
the broad pathological impact of chronic metacercarial infections on fish health (Attia et al.
2021; Eissa et al. 2021; Mahdy et al. 2021).

The overall prevalence of 77.5% EMC of P. vivax infections emphasizes these metacercariae
are highly prevalent parasites in tilapia. However, it is noteworthy that this finding is higher than
the one reported by Abd-ELrahman et al. (2023) and Younis et al. (2023b), who documented an
overall prevalence of 58% and 25% respectively for EMC infections in Nile tilapia. This ende-
micity poses a substantial burden necessitating the development of integrated control strategies
to mitigate their impact, particularly considering potential economic losses for aquaculture.
Seasonal variations were noted, with prevalence peaking at 95% in summer followed by 85%
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Fig.9 Photomicrograph of fish. a Liver showing the presence of EMC embedded in liver parenchyma
(arrow) (H&EX100); b EMC embedded in liver tissue (short arrow), with severe degeneration and stea-
tosis of hepatocytes (long arrow) (H&EX200); ¢ liver sowing the presence of large-sized EMC (arrow)
(H&EX100); d liver showing heavy infection with EMC (arrows) with diffuse degeneration of liver
parenchyma (H&EX200); e intestine showing the presence of parasitic cyst in the submucosa (arrow)
(H&EX100); f kidney showing the presence of a large number of parasitic cysts in the renal cortex (arrows)
(H&EX100); and g higher magnification of the previous photo showing parasitic cysts in the renal cortex
(long arrows) and degeneration and necrosis of tubular lining epithelium (short arrows) (H&EX200)

in spring, then dropping to 55% in autumn and 75% in winter. It is essential to note that while
these patterns align with the seasonal fluctuations reported by Abd-ELrahman et al. (2023), our
recorded percentages are higher. They reported a prevalence peak of 63% in summer, followed
by 51% in spring, dropping to 27% in autumn, and reaching 33% in winter. The heightened
summer and spring prevalence correlates with the temperature-dependent life cycle dynamics
of digenetic trematodes, which display enhanced transmission, replication, and host interactions
at warmer temperatures (Poulin 2006; Studer et al. 2010). This seasonality effect has been con-
sistently documented across fish-infecting heterophyids and should be factored into the design
of parasite surveillance and management plans timed to critical transmission periods (Thomas
2002). For instance, strategic anthelmintic treatments could be administered prior to the sum-
mer peak as a preventative approach while also monitoring for treatment resistance.
Morphological analysis of cysts from different organs revealed characteristic features of
EMC of P. vivax, including a spherical shape with a hyaline double wall surrounded by two
lateral lobes or sacs. These attributes align with descriptions of EMC of P. vivax provided in
past morphological studies (Abd-ELrahman et al. 2023; El-Seifyet al. 2021). The presence
of undistinguishable morphological appearance in our specimens precluded the absence of
multiple EMC species, which frequently occur as mixed infections (Mahdy et al. 2021).
Molecular analysis of the ITS2 region amplified from metacercariae parasites isolated from
tilapia across seasons revealed identical 507-bp sequences. BLAST analysis matched these
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sequences to the genus Prohemistomum, and alignment confirmed the identity as P. vivax.
The ITS2 sequences exhibited 99.2% similarity to other P. vivax isolates but only 85-96%
similarity to other digenetic trematodes. Phylogenetic reconstruction placed the P. vivax spe-
cies investigated herein within the same clade as other P. vivax references with high boot-
strap support. This corroborates its molecular identification and distinguishes it from related
parasites. The application of molecular techniques enhances species-level identification and
confirmation of whether singular or mixed P. vivax metacercariae infections prevail. This
approach also contributes to a deeper understanding of the evolutionary relationships among
closely related species (Sripalwit et al. 2015; Patarwut et al. 2020; Pitaksakulrat et al. 2022).

Histopathological examination demonstrated that extensive P. vivax metacercarial infec-
tions caused severe necrosis and degeneration in multiple organs, particularly muscular
tissues, liver, kidney, and intestine. This likely contributes to the observed clinical man-
ifestations of impaired swimming, appetite loss, and stunted growth. The destruction of
skeletal muscle fibers and liver hepatocytes disrupts vital metabolic, nutritional, and loco-
motive functions. The intestinal and renal damage caused by embedded cysts may result
in malnutrition and osmoregulatory deficits. Despite the significant tissue damage, the
observed connective tissue capsule is considered a tissue reaction in affected fish due to the
prolonged irritation caused by parasitic cysts (Aly et al. 2005). This modulatory effect is
believed to facilitate metacercarial survival by evading immune elimination.

Gene expression analysis through reverse transcription PCR (RT-PCR) revealed upregula-
tion of three key genes—cytochrome P450 (CYP1A1), heat shock protein 70 (HSP70), and
tumor suppressor pS3 (p53)—in both the liver and muscle tissues of Nile tilapia infected
with P. vivax metacercariae compared to un-infected controls. The cytochrome P450 gene
CYP1A1 encodes a monooxygenase enzyme involved in the metabolism and detoxification of
endogenous and exogenous compounds (Ge et al. 2022). Its induction serves as a well-estab-
lished biomarker of contaminant exposure in fish (Addison et al. 1993). Our findings suggest
CYP1AL1 expression holds significant potential as a biomarker for exposure to specific planar
organic pollutants, surpassing other xenobiotic biotransformation genes (Goksoyr 1995; Egg-
ens et al. 1995). The induction of cytochrome P450 gene CYP1AL1 points to the activation
of detoxification pathways in response to environmental toxins like PAHs and PCBs (Stege-
man et al. 1988), or indicating chemical stressors associated with P. vivax metacercariae infec-
tion (Zapata-Pérez et al. 2002). Its stimulation in infected fish rather than control fish indicates
the parasite elicits a toxic insult, either through direct tissue damage or secretion of bioactive
molecules that must be neutralized (Wong et al. 2001). However, persistent CYP1A1 induc-
tion could have detrimental effects by diverting energy reserves towards detoxification rather
than growth and reproduction (Yeung et al. 2003). However, persistent CYP1A1 activity could
deplete cellular antioxidant reserves needed to neutralize its reactive metabolites (Reglero
et al. 2018). This may contribute to the oxidative stress often observed during parasitic dis-
eases. CYP1AL1 is also entwined with immune signaling networks; thus, its sustained induc-
tion may alter inflammatory processes (Monosson and Stegeman 1994).

HSP70 functions as a molecular chaperone facilitating protein folding and stabiliza-
tion, making it integral to the cellular stress response and preventing degradation under
stresses like heat shock and hypoxia that may occur with P. vivax metacercariae infec-
tion (Heads et al. 1995). HSP70 serves as a biomarker of stress-induced proteotoxicity,
which impairs protein integrity (Sanders 1993). Though few studies have examined the
heat shock response in hypoxic fish (Airaksinen et al. 1998; Gamperl et al. 1998), little
is known, especially in active organs like the liver (Cumming et al. 1996). The dramatic
upregulation of HSP70 implies P. vivax metacercariae infection severely disrupts pro-
tein homeostasis (Das et al. 2015). The marked upregulation of HSP70 in infected fish

@ Springer



Aquaculture International

suggests a cytoprotective attempt to mitigate protein misfolding and damage from the
severe cellular stress imposed by chronic P. vivax metacercariae infections (Cumming
et al. 1996; Kumar et al. 2022). While boosting HSP70 can restore short-term stability,
prolonged activation depletes ATP and may preclude other essential chaperone func-
tions (Airaksinen et al. 1998).

For instance, Currie and Tufts (1997) demonstrated that rainbow trout Oncorhynchus
mykiss red blood cells could synthesize proteins after 2 h of anoxia but did not boost the
synthesis of Hsp70. Although these mechanisms are becoming more understood at the level
of model proteins, less is known at the level of the cell, tissue, organ, and entire organ-
ism (Feder and Hofmann 1999). Stress proteins reduce the negative effects of stress on
individuals, and these mechanisms are mediated through a variety of methods. As a result,
research on the stress protein response in organs with high metabolic activity, such as the
liver and gills, is very important. In this study, we presented the first proof that in Nile Tila-
pia exposed to prolonged hypoxia, Hsp70 functions as a biochemical marker associated with
hypoxia-caused proteotoxicity.

Finally, increased p53 may stimulate apoptotic pathways to eliminate damaged cells
and unchecked p53 activity and constant cell death could lead to the deterioration of tis-
sues and organ function (Liu et al. 2022); the increased expression of P53 in response
to stress suggests its possible participation in immune response and stress signaling
pathways in tilapia. It could also enable cell cycle arrest for DNA repair. p53 may fur-
ther interact with immune signaling cascades against the parasite (Ibrahem and Ibrahim
2014; Liu et al. 2022).

Conclusion

This comprehensive study, integrating clinical, histopathological, epidemiological, and
molecular data, significantly enhances our understanding of P. vivax infections in tilapia.
The findings elucidate clinical manifestations, tissue tropisms, cyst morphology, popula-
tion prevalence, histopathology, and gene expression profiles. The gene expression results
provide valuable insights into the molecular pathways affected during chronic infections,
highlighting the importance of such studies in understanding host-parasite relationships.
The observed seasonal variations in prevalence offer key epidemiological insights for stra-
tegic surveillance and control measures. This multidimensional approach advances fun-
damental knowledge and demonstrates the benefits of integrating diverse techniques in
studying host-parasite dynamics. Future research can build on these insights to further
enhance aquaculture sustainability and seafood safety.

Abbreviation EMC: Encysted metacercariae; P. vivax: Prohemistomum vivax; ITS2: Inter-
nal transcribed spacer 2; hsp-70: Heat shock protein 70; cpylal: Cytochrome P450 1A1;
p53 : Tumor suppressor pS3; FBZT: Fish-borne zoonotic trematodes; bp: Base pair
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