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ABSTRACT

Microsporidia are emerging intracellular parasites of most known animal phyla in all ecological niches. In shrimp
aquaculture, the microsporidium Enterocytozoon hepatopenaei (EHP) is a major cause of concern inflicting
tremendous losses to shrimp producers in southeast Asia. During a histopathological examination of Penaeus
vannamei samples originating in a country from Latin America presenting slow growth, we observed abnormal
nuclei in the epithelial cells of the hepatopancreas. A PCR screening of the samples using DNA isolated from
paraffin embedded tissues for the SSU rRNA gene of EHP provided a 149 bp amplicon. In situ hybridization using
the SSU rRNA gene probe provided a positive signal in the nuclei instead of the cytoplasm. Sequence analysis of
the SSU rRNA gene product revealed a 91.3 %, 89.2 % and 85.4 % sequence identity to Enterocytozoon bieneusi, E.
hepatopenaei and Enterospora canceri respectively. Furthermore, phylogenetic analysis revealed the newly
discovered microsporidium clustered with E. bieneusi. Considering the intranuclear location of the novel
microsporidium and the differences in the sequence of the SSU rRNA, we tentatively consider this parasite a new
member of the genus Enterospora sp. The pathogenicity and distribution of the shrimp Enterospora sp. are
currently unknown. Our future efforts are focused on the characterization and development of diagnostic tools
for this parasite to understand if it acts as an emergent pathogen that might require surveillance to prevent its
spread.

1. Introduction

a trained shrimp pathologist. However, due to the preparation time this
approach is not recommended for routine diagnostic purposes (Chai-

Since the formal description of Enterocytozoon hepatopenaei (EHP) by
Tourtip et al., (2009), the studies on microsporidia that affect shrimp
have increased significantly. The heavy losses attributed to hep-
atopancreatic microsporidiosis (HPM) caused by EHP and the associa-
tion of this microsporidium to other gastrointestinal disorders like white
feces syndrome (WFS) highlight the extensive negative impact of this
pathogen and other related pathogens on shrimp culture in Latin
America and elsewhere in the world (Aranguren Caro et al., 2020;
Chaijarasphong et al., 2020; Sathish Kumar et al., 2022). To prevent the
spread and mitigate losses due to EHP, histopathology and molecular
diagnostic tools have been developed that are both sensitive and
specific.

The detection of EHP by light microscopy can be easily performed by
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jarasphong et al., 2020). For many of the shrimp diseases enlisted by the
World Organization for Animal Health (WOAH, Paris, France), PCR is
considered as the gold standard for diagnosis (OIE, 2019, 2018).
Recently, EHP has been listed as an emerging disease in the WOAH list of
crustacean diseases and it is likely that PCR would be one of the rec-
ommended method of choice for a rapid identification of this parasite
should the disease is listed in the near future. Currently, several PCR
methodologies are available for the detection of EHP including one-step
PCR (Tang et al., 2015; Tourtip et al., 2009), nested PCR (Jaroenlak
et al., 2016; Tangprasittipap et al., 2013; Han et al., 2018), qPCR (Liu
et al., 2018; Piamsomboon et al., 2019), and recombinase polymerase
amplification combined with later flow dipstick (Pang et al., 2022). The
PCR diagnostics based on the SSU-rRNA were widely used for EHP
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detection until it was revealed that they show substantial cross-
reactivity with closely related microsporidians. Subsequently, addi-
tional methodologies were developed targeting genes with higher
sequence diversity (e.g. spore wall protein gene) to avoid false positives
(Jaroenlak et al., 2016).

It was previously shown by Jaroenlak et al., (2016) that SSU-rRNA
PCR based method for the detection of EHP non-specifically reacted
with crab microsporidia, namely Enterospora canceri and Hepatospora
ericheir. Enterospora spp. are interesting parasites, and until now they are
the only known microsporidia that are parasitic within the nuclei in
invertebrates (Stentiford et al., 2007). The Enterospora genus, to date,
contain only two species E. canceri and Enterospora spp. which are a
parasites of C. pagurus and E. bernhardus, respectively. The prevalence of
these parasites is low and neither has been assessed as mortality drivers
in farmed or wild crustacean populations (Stentiford et al., 2007). On
the other hand, all other know microsporidia within the Enter-
ocytzoonidae that infect the nuclei are fish parasites (Stentiford et al.,
2007; Stentiford and Bateman, 2007). Recent exploration of parasites
that infect crustaceans of commercial and ecological interest has shed
light on the diversity of these fascinating intracellular parasite. Two new
hepatopancreas infecting Enterocytozoonida, Pseudohepatospora borealis
and Parahepatospora carcini, have been recently described from crabs of
fishery and ecological interest (Bojko et al., 2023, 2017). These studies
show our limited knowledge of members of the Enterocytozoonidae that
might require control due to the negative effects inflicted on the host.

In this study, during a health survey of cultured Penaeus vannamei
from Latin America using routine histology we identified unusual in-
clusion bodies and abnormal nuclei in the epithelial cells in the hep-
atopancreases. Additional assays including in situ hybridization (ISH)
test revealed the presence of the microsporidium within the nucleus. To
our knowledge, this is the first microsporidium with intranuclear
localization in penaeid shrimp.

2. Materials and methods
2.1. Histopathology

Six adult shrimp (Penaeus vannamei, three males and three females)
samples fixed in Davidson’s alcohol-formalin-acetic acid (AFA) preser-
vative (X1, X2, X3, X4, X5 and X6) were sent to Aquaculture Pathology
Laboratory for screening by routine histopathology as a part of disease
surveillance. The samples originated in a shrimp farm in Latin America
where the animals experienced unusual slow growth in a grow-out pond.
The samples were processed for H&E histology following a standard
procedure (Bell and Lightner, 1988). Briefly, after fixation, Davidsons
fixative was removed and replaced with an equal volume of 70 %
ethanol. For histological processing, samples were washed in a series of
alcohol/xylene solutions, embedded in paraffin, section at around 4 um
and stained with H&E following standard procedures (Bell and Lightner,
1988). Histological slides were examined using a bright field light
microscope.

2.2. Nucleic acid extraction from Davidsons-fixed paraffin embedded
tissues

DNA was extracted from three paraffin embedded P. vannamei tissue
samples (X3, X4 and X5) using a commercial kit FFPE DNA Purification
Kit (NORGEN BIOTEK CORP) in accordance with the manufacturer’s
recommendations with the modifications described by Cruz-Flores et al.,
(2020). Briefly, during the deparaffinization step, the xylene washes
were doubled, and the pellet was air dried for 20 min. Finally, during the
lysate preparation step, the incubation at 90 °C was increased from 1 h
to 1 h 15 min. The DNA was quantified using a NanoDrop™ 2000,/2000c
Spectrophotomer before taking for the PCR analysis.

Journal of Invertebrate Pathology 200 (2023) 107968
2.3. Real-time PCR, conventional PCR, cloning and sequence analysis

Genomic DNA isolated from three paraffin embedded P. vannamei
tissue samples (X3, X4 and X5) were taken for the detection of EHP using
a real-time PCR method. A TagMan™ Fast Virus 1-Step Master Mix
(Applied Biosystems™) was used for the detection of the parasite using
the primers and probe (F157: 5-AGT AAA CTA TGC CGA CAA-3’ and
R157: 5-AAT TAA GCA GCA CAA TCC-3' and a TagMan probe 5-FAM-
TCC TGG TAG TGT CCT TCC GT-TAMRA-3) and following a published
method (Liu et al., 2018). In order to clone the amplicon, the protocol of
Liu et al., (2018) was adapted for a conventional PCR using the same
primers. The conventional PCR amplification was carried out in a total
volume of 25 pl containing 1 ul of template DNA (50-100 ng/pl), 12.5 ul
of DreamTaq™ Hot Start Green PCR Master Mix (ThermoFisher) and
350 nM of each of forward and reverse primers. The PCR conditions
consisted of an initial denaturation at 95 °C for 2 min, followed by 40
cycles at 95 °C for 10 s, 60 °C for 10 s and 72 °C for 10 s with a final
elongation step at 72 °C for 2 min. The PCR products were run on a 2 %
agarose gel and were visualized on a GelDoc™ XR+ (Bio-Rad). The
amplified fragment was cloned into the pDrive Cloning Vector (QIA-
GEN®). The recombinant plasmid was sequenced using a Sanger
sequencing method at the University of Arizona Genetics Core. Sequence
analysis was performed with BLASTn and alignments were performed in
Geneious Prime using the Geneious Aligner (Altschul et al., 1990; Kearse
et al., 2012).

2.4. In situ hybridization (ISH)

All paraffin embedded tissue sections were processed as described
previously in section 2.1. However, for ISH, sections were dried on to a
positively charged microscopic slides and ISH was carried out following
a protocol described by Cruz-flores et al., (2019) with an equivolume
mixture of two primers, EHP 510F and EHP 510 R (Tang et al., 2015).
These primers were tailed at 3-end with digoxigenin-11-dUTP (Sigma-
Aldrich™). After deparaffinization, hydration, proteinase K digestion,
and pre-hybridization, the sections were overlaid with 500 pl of hy-
bridization solution containing DIG-labeled primers (100 fmol). The
slides were placed on a heated surface at 90 °C for 10 min and hybrid-
ized overnight at 50 °C. Final detection was performed with an anti-
digoxigenin antibody conjugated to alkaline phosphatase (Roche),
which was visualized using nitro blue tetrazolium and 5-bromo-4-
chloro-3-indolyl phosphate [27]. A paraffin block containing previ-
ously known EHP-affected shrimp was used as positive control. As a
negative control, paraffin blocks of specific pathogen free (SPF) shrimp
were used. Slides were examined by light microscopy for the presence or
absence EHP hybridizing with the DNA probe, and those slides that
showed blue to purple precipitates were considered as positive.

2.5. Phylogenetic analysis

The SSU sequences representative of microsporidia infecting cyto-
plasm and nucleus of fish, crustacean and mammalian hosts were ac-
quired from NCBI database, and used to develop a maximum likelihood
phylogenetic tree. Multiple alignment was done by MAFFT (algorithm
= auto; Scoring matrix = 200 PAM/k = 2; Gap open penalty = 1.53;
Offset value = 0.123) and the alignment was trimmed using clipkit (kpic
mode). The resulting alignment was then analyzed using a best-fit model
using Jmodel (number of substitution = 40). MrBayes was employed to
build a phylogenetic tree (substitution model = GTR + I + G; Chain
length = 1,100,000 cycles; subsampling freq = 200).

3. Results
3.1. Histopathology and in situ hybridization

Histopathological examinations of H&E stained sections revealed
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basophilic cytoplasmic inclusion bodies in the epithelial cells within the
hepatopancreas tubule which are suggestive of early plasmodium stage
of EHP, in four out of six shrimp examined. These lesions were catego-
rized at severity grade of G1-G3 (Fig. 1 A-B). One sample contained no
lesion in the hepatopancreas and in one sample both cytoplasmic and
intranuclear inclusion bodies were observed within the R cells of
hepatopancreas tubule (Fig. 1 C-D, Sample X3). Also, in one out of six
shrimp samples examined, septic hepatopancreatic necrosis (SHPN)
within the hepatopancreas tubule cells was observed. This was probably
due to infection by opportunistic Vibrio sp. or other opportunistic bac-
terial species. The R-cell activity within the hepatopancreas, an indica-
tion of nutrient absorption, digestion and storage, were below the
normal range in two out of six shrimp examined. None of the shrimp
examined displayed any histological lesion that are considered as hall-
marks of infection by any of the ten WOAH (Paris, France)-listed crus-
tacean pathogens.

3.2. Real-time PCR, conventional PCR and sequence analysis

EHP was not detected in samples 1X and 2X by a real-time PCR
method and sample 3X provided a cycle threshold (Ct) value of 32.5.
Using the conventional PCR method, with modifications of Liu et al.,
(2018) method as described in the method section, a faint DNA band was
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observed in sample 3X that appeared to be slightly smaller than the DNA
band of the EHP positive control. Cloning and sequence analysis of the
fragment revealed a size of 149 bp (the expected size for EHP is 157 bp).
A Blastn search and sequence alignments revealed a 91.3 % identity to
Enterocytozoon bieneusi, a 89.2 % identity to Enterocytozoon hepatopenaei
and a 85.4 % identity to Enterospora canceri (Fig. 2) When phylogenetic
analysis was performed using a maximum likelihood method, the newly
discovered microsporidium clustered with Enterocytozoon bieneusi
(Fig. 3).

3.3. In situ hybridization

The EHP positive control slide shows the characteristic signal
observed in the cytoplasm of the infected cells from the hepatopancreas
(Fig. 1). Slides from sample 3X showed a positive reaction to the
digoxigenin labeled probes, but interestingly the signal was not
observed in the cytoplasm of the cells which is a hallmark of EHP
infection. Instead the signal observed from sample 3X was intranuclear
(Fig. 1). This indicates this is a different species of microsporidium and
not EHP. ym.

Fig. 1. (A and B) Photomicrographs of H&E
(Mayer-Bennet hematoxylin and eosin-phloxine)
stained sections of hepatopancreas tissue of Penaeus
vannamei showing basophilic inclusion bodies in the
cytoplasm of a hepatopancreatic epithelial cell, R cell,
indicated by black arrows. (C) Basophilic inclusion
bodies in the cytoplasm and in the nucleus of a hep-
atopancreatic epithelial cell (R cell) in the same
sample (Sample X3) are shown by a black arrow and a
blue asterisk, respectively. (D) In situ hybridization of
a hepatopancreas tissue section of Sample X3. The
intranuclear localization of the signal (indicated by
blue asterisk) was observed in this sample within the
nucleus of a R cell, whereas no signal was detected in
the cell cytoplasm.. (E) Intranuclear localization (red
arrows) of the signal in the epithelial R cells of the
hepatopancreas from the sample 3X (P. vannamei). (F)
Cytoplasmic signal of EHP (black arrows) in the EHP
infected P. vannamei controls. White scale bars = 10
pm and brown scale bars = 50 pm.
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Fig. 2. Sequence alignment of the novel shrimp microsporidium (Enterospora sp.), EHP, Enterospora canceri and Enterocytozoon bieneusi. The alignment shows the
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Fig. 3. A phylogenetic tree deduced using a fraction of the small subunit ribosomal RNA gene from Enterospora sp. and other microsporidia infecting invertebrates,
fish and mammalian hosts. The numbers at nodes showed the posterior probability value. The new described microsporidia (Enterospora sp.) used in this study is

enclosed in the red rectangular box.
4. Discussion

It is clear from the results of this study and previous studies (Chai-
jarasphong et al., 2020; Jaroenlak et al., 2016) that molecular diagnostic
methods for EHP based on the SSU rRNA gene can yield false positives
with closely related microsporidians. While PCR-based screening of EHP
targeting the SSU rRNA gene is not adequate for a specific detection of
EHP, they can be employed for preliminary screening, detection and
potentially identification of other microsporidian species in shrimp, as
was demonstrated through this disease surveillance case study. Using a
combination of histopathology, in situ hybridization, real-time and
conventional PCR and sequence analysis, a novel microsporidium was
identified in P. vannamei. The newly identified microsporidium can be
distinguished from EHP by the observation of an intranuclear inclusion
bodies, positive signal obtained in ISH using SSU-rRNA gene probe, a
slightly smaller amplicon (i.e. an amplicon of 149 bp size compared to a
157 bp) and sequence differences (deletions and substitutions) in the
target amplicon.

Interestingly the microsporidium described here has only been
observed infecting the R-cells of the hepatopancreatic tubules (Fig. 1C,
1D and 4A). It is worth noting that Stentiford et al. (2007) described a
microsporidium localized in the nucleus and infecting the R, F, and E
cells but not the B cells in European edible crab, C. pagurus. Considering
we had access to limited number of samples to screen, it remains to be
seen if this novel microsporidium infects other cell types.

To date, only two intranuclear microsporidian parasites have been
characterized in Decapods, namely E. canceri and Enterospora sp. from
C. pagurus and E. bernhardus, respectively (Stentiford et al., 2007;
Stentiford and Bateman, 2007). The novel intranuclear microsporidium
detected in this study represents the first Enteropora spp. to infect the
family Penaeidae. We propose to tentatively assign this shrimp micro-
sporidium in the family Enterocytzoonidae, genus Enterospora consid-
ering its site of infection, the nucleus of the epithelial cells of the
hepatopancreas, the sequence divergence of a fragment of the SSU rRNA
gene and phylogentic analysis. These characteristics align more with the
type species of the genus, E. canceri, rather than to EHP. Further

taxonomic comparisons based on ultrastructure and whole genome
taxonomy are required to define the position of this new species of
microsporidium within the family Enterocytozoonidae.

The intensification of food production has the potential to drive
increased disease prevalence in food animals (Stentiford et al., 2016).
This is particularly true for microsporidia which are frequent in highly
managed aquatic and terrestrial host that could be vulnerable to epi-
zootics (Stentiford et al., 2016). Across the Enterocytozoonida there are
examples of members affecting fisheries and aquaculture (Bojko et al.,
2023). Some examples include EHP that has been devastating for shrimp
production, E. canceri that affects edible crab C. pagurus and Nucleospora
salmonis that impacts salmonid culture (Brown and Kent, 2002). Lately,
the exploration of presence of microsporidians in crustaceans of com-
mercial and ecological interest have expanded our knowledge on the
diversity and host range of these intracellular parasites. P. borealis has
been described infecting the Cancer borealis which is a species of com-
mercial interest (Bojko et al., 2023). Two new microsporidians, Cam-
baraspora faxoni and Parahepatospora carcini, have been described
infecting invasive crustacean species (Bojko et al., 2017; Stratton et al.,
2023). In addition, a parasite, Alternosema astaquatica, of Faxonius virilis
that causes a systemic infection has been discovered (Stratton et al.,
2023). Currently, it is unknown if these parasites represent a threat to
the host species. Therefore, surveillance, alongside of mortality assess-
ment are urgently needed to understand the role of these microsporidian
from a commercial and an ecological context.

The identification of a new species of microsporidium in the most
important species of cultured shrimp, P. vannamei worldwide should be
taken with care. Although the famer submitting the samples, used in this
study, reported anecdotal evidence of slow growth, it is important to
note that several pathogens from different groups, including viruses,
bacteria and microsporidians have been associated to slow growth
(Valappil et al., 2021). Considering that the hepatopancreas is not only
an organ related to digestion of food (Ceccaldi 1997) but also a critical
organ for immune functions in marine invertebrates (Roster, 2014; Vogt
2019), any parasite infecting this multi-functional organ in shrimp de-
serves attention.
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At this time, due to the limited number of samples screened we do
not know if the shrimp Enterospora sp. acts as an emergent pathogen or
an incidental parasite that represents little to no threats to the host.
However, the devastating impact that EHP has had on shrimp cultured in
Asia (Chaijarasphong et al., 2020) and the subsequent discovery of a
microsporidian with similar characteristics and tissue location in Latin
America (Tang et al., 2017) underscores the importance to further
characterize this newly identified microsporidium and develop species-
specific diagnostic tools for the novel shrimp Enterospora sp. to limit its
spread.
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