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Abstract 

Hepatopancreatic microsporidiosis (HPM) disease leads to retarded growth in shrimp 

resulting in a major loss for the shrimp industry worldwide. The causative agent of HPM is a 

microsporidian known as Enterocytozoon hepatopenaei (EHP). It is little understood how EHP 

infects its host and hijacks its cellular machinery to replicate more organisms. Lack of an 

immortal cell line is a bottleneck in studying the cellular and molecular basis of EHP infection 

in shrimp. For this reason, EHP cannot be propagated in in vitro culture and must be propagated 

in live shrimp. The use of live EHP-infected shrimp remains the only way to study EHP 

infectivity. It was hypothesized that supplementing EHP with fresh host cells will aid the 

propagation of EHP in vitro. Further research must be done but with the data collected at this 

point, this hypothesis is rejected. In addition to the challenges in amplifying EHP in in vitro 

culture, there is no antibody-based detection method for EHP. EHP infection in a shrimp is 

examined by Hematoxylin and Eosin (H&E) histology and real-time polymerase chain reaction 

based detection methods. Monoclonal antibodies that were previously characterized by Riggs 

and colleagues to detect Cryptosporidium parvum (C. parvum), successfully detected other 

parasites. Based on this, it was hypothesized that monoclonal antibodies against C. parvum 

may also detect EHP. 
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Hypothesis, objectives, and rationale 

Hypothesis 

 Supplementation of EHP-infected hepatopancreas cells with hepatopancreas cells from 

a healthy shrimp will provide nourishment for the propagation of EHP in vitro. 

Preliminary data show that monoclonal antibodies that were developed to detect 

Cryptosporidium parvum tested positive against other parasites such as Babesia, Eimeria, 

Cyclospora cayetanensis, and Cryptosporidium spp. Based on the preliminary data, there is a 

possibility that EHP, microsporidian parasite, can also be detected by the monoclonal 

antibodies developed for C. parvum. 

Objectives and rationale 

1. Objective: To propagate and quantify EHP in hepatopancreas primary cell culture.  

Rationale: The lack of an immortal crustacean cell line (Claydon et al., 2008) and a 

method to produce large quantities of EHP inoculum (Mai et al., 2020) remain as 

bottlenecks to screen different genetic lines of shrimp for EHP resistance using a 

bioassay. In addition, the lack of an abundant source of inoculum also limits testing 

large number of therapeutic agents against EHP using conventional bioassay/ 

experimental challenges. 

2. Objective: Detection of EHP by immunofluorescence assay by screening 41 

monoclonal antibodies (Supplementary Table 1.) developed for Cryptosporidium 

parvum.  

Rationale: There are various methods available to detect EHP such as H&E histology, 

conventional PCR, real-time PCR and in situ hybridization but there is no known 
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monoclonal antibody-based detection method developed. Although an antibody-based 

assay such as immunofluorescence assay (IFA) has been developed to detect and 

determine the subcellular localization of other intracellular parasites such as 

Enterocytozoon bieneusi or Cryptosporidium parvum, no such assay is available for the 

detection of EHP. Developing IFA for EHP detection is crucial because recently there 

has been cases in our lab where there was false negative EHP test, negative result by 

qPCR but was positively confirmed by H&E histology. Developing IFA for EHP can 

eliminate such false negative test result. 
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1. Introduction 

Shrimp aquaculture plays a vital role in the global food supply and has the potential 

for increased growth to ensure the stability and security of a protein rich food source as the 

world population continues to grow (FAO, 2016). Additionally, shrimp aquaculture supports 

the lives and livelihood of millions of people around the world, especially in countries with 

large coastal boundaries found across the regions of Asia and the Latin Americas (FAO, 2016). 

The aquaculture industry serves as a major source of foreign revenue in developing countries, 

accounting for an estimated production value of 232 billion dollars annually (FAO, 2016).  

Since the 1980s, production in the shrimp industry has increased steadily, with most 

of the farming originating in Asian countries (FAO, 2016). This large growth is attributed to an 

increase in demand for seafood as the wild capture fisheries have continued to plateau since 

the 1980s (FAO, 2016). In the mid-1980s, shrimp were cultured in extensive shrimp farms, in 

which the production reached 50-500 kg/ha/year. Advances in culture technologies, availability 

of genetically superior seed stock and high-quality formulated feed have allowed shrimp 

farming to expand and grow intensively to maximize production (FAO, 2016). However, the 

intensification of shrimp farming has led to many pond management issues with the inevitable 

rise in disease occurrence. For example, the number of World Animal Health Organization 

(OIE)-listed diseases quickly rose from zero notifiable diseases in 1990, to eleven notifiable 

diseases currently in 2021 (Lightner et al., 2012; OIE, 2022).  

The presence of disease in the shrimp industry causes billions of dollars of economic 

loss annually from decreased production (Shinn et al., 2018). Outbreaks of disease in shrimp 

ponds have caused large-scale farm collapse. Furthermore, disease outbreaks have been so 

destructive they have caused the industry to collapse in some countries, such as Taiwan in the 

1980s (Kautsky et al., 2000). The list of shrimp diseases continues to exponentially expand, 
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with an increasing number of deadly pathogens. To combat the economic loss caused by the 

increasing presence of disease, shrimp farmers increased the stocking density of ponds 

(Lightner et al., 2012). However, this was ultimately unsuccessful due to a lack of strict 

biosafety approaches, allowing disease to spread at an even faster rate (Lightner et al., 2012). 

The issue of disease continues to be a major risk to the shrimp aquaculture industry, with 

pathogens that have the potential for consequential losses serving as a significant problem 

(Flegel et al., 2008).     

In 2002, farmers claimed that a decline in production of Penaeus monodon in Thailand 

resulted from retarded growth syndrome with an estimated loss value of $310 million dollars 

that year (Chayaburakul et al., 2004). At the time, several agents were believed to be 

responsible for retarded growth syndrome including monodon baculovirus (MBV) and 

hepatopancreatic parvovirus (HPV), but only one microsporidian species called 

Enterocytozoon hepatopenaei (EHP) was identified in the involvement in retarded growth 

syndrome (Chayaburakul et al., 2004; Tourtip et al., 2009). The increase in stocking density 

seen in ponds across Asia is known to be the catalyst that provided EHP the environment to 

rapidly emerge and spread; earning its reputation of a significant threat to the shrimp 

aquaculture industry in a little over ten years since the disease was first recorded (Thitamadee 

et al., 2016).  

Microsporidia are a group of unicellular intracellular parasite belonging to the phylum 

Microspora, closely related to the fungal kingdom, and were first identified in silkworms 150 

years ago (Han and Weiss, 2017). Several microsporidian species have been reported as 

pathogens of vertebrate and invertebrate species, including Nosema apis and Nosema caeranae 

in honeybee, Loma salmonae in Salmon Oncorhynchus kisutch, Encephalitozoon cuniculi and 

E. hepatopenaei in shrimp (Fries, 1993; Kent et al., 1989; Tourtip et al., 2009; Deplazes et al., 
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1996). 

Since shrimp mortalities are generally not associated with EHP infections, the initial 

signs of EHP which are retarded growth and soft exoskeleton were largely overlooked in Asia 

due to the impact of an early mortality syndrome (EMS) and acute hepatopancreatic necrosis 

disease (AHPND) outbreak occurring during the same time frame (Thitamadee et al., 2016). 

The lack of concern for EHP contributed to its spread and allowed it to emerge in large 

outbreaks across Asia. This review will highlight the current information on EHP with a special 

emphasis on the life cycle of this pathogen and epidemiological factors that might be 

contributing to the spread of this disease. In addition, the current knowledge gaps with respect 

to EHP pathogenesis are discussed.    

 

1.1 Origin and Distribution of Enterocytozoon hepatopenaei  

The pathogen EHP was officially identified in 2009 in Thailand (Tourtip et al., 2009). 

Prior to the discovery of EHP, the shrimp industry for P. monodon in Thailand had been plagued 

by monodon slow growth syndrome (MSGS), observed since 2001 (Chayaburakul et al., 2004). 

Initially, the precise etiological agent responsible for causing MSGS was difficult to determine. 

The samples taken from MSGS-effected ponds had multiple pathogens present including 

monodon baculovirus (MBV), hepatopancreatic parvovirus (HPV), and an unidentified 

microsporidian (Chayaburakul et al., 2004). At the time, the only known microsporidian known 

to infect penaeid shrimp in Thailand was Agmasoma penaei, the causative agent of ‘cotton 

shrimp’ disease (Lightner, 1988). Ultimately, the microsporidian A. penaei was not found to be 

the causative agent of MSGS due to a low SSU rRNA sequence similarity (71% identity) of A. 

penaei to the unidentified microsporidium (Tourtip et al., 2009). Due to the lack of similarity 

between the two species, it was determined that a new microsporidium was the etiologic agent 
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associated with slow growth in P. monodon. The newly identified pathogen was restricted to 

hepatopancreas of diseased shrimp. Hence, the disease was called hepatopancreatic 

microsporidiosis (HPM) and the etiologic agent was named Enterocytozoon hepatopenaei 

(Tourtip et al., 2009). 

Following the identification of EHP in Thailand, it has been confirmed in at least one 

country in Latin America, Venezuela, and several countries across Asia, including China, 

Indonesia, Malaysia, Vietnam, Thailand, and India (Tang et al., 2016; Tang et al., 2015). In 

2016 in Venezuela, a microsporidium was detected in blue shrimp P. stylirostris. The gene 

sequences of the β-tubulin (93%) and spore wall protein (91%) showed low similarity to the 

homologous genes in EHP from Thailand (Tang et al., 2016). Although it was reported as EHP, 

the microsporidian detected in Venezuela could represent a different genotype of EHP or a 

potentially novel species altogether. The growing concern surrounding the impact of EHP on 

the shrimp industry has generated more research to better understand the pathogen to limit 

economic loses.  

 

1.2 Morphology and life cycle Enterocytozoon hepatopenaei 

Like other microsporidia, EHP has been characterized by unicellular spores (Fig.1), 

measuring 1.1±0.2µm x 0.7±0.1µm (Cruz-Flores et al., 2019). In general, the microsporidian 

spore size varies depending on the species, ranging from 1 - 10 µm (Han and Weiss, 2017). 

EHP spores share the common ultrastructure of microsporidian spores, which consists of a 

plasma membrane covered by two electron-dense layers and a nucleus surrounded by polar 

tube coils that attach to an anchor disk (Han and Weiss, 2017; Tourtip et al., 2009). The spore 

wall protein (SWP) of microsporidia allows the spores to maintain their shape and tolerate 

environmental factors before infecting host cells (Shadduck and Polley, 1978). Moreover, SWP 
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has been localized on the outer layer of the spore, implicating involve in initial events including 

adherence and spore extrusion during infection (Frixione et al., 1992; Hayman et al., 2005). 

SWP genes have been identified in the EHP genome, but their function has not been elucidated 

so far. 

 

Fig. 1. Electron photomicrograph of Enterocytozoon hepatopenaei. Magnification is 43,000X. (A) 
Section of mature spore with coiled polar filament (PF). (B) Cross section of mature spore with polar 
tube (PT) (Cruz-Flores et al., 2019). 

Several studies indicate that the pivotal organelle of the microsporidia are the polar 

tube coils, which are activated in optimal environmental conditions. Upon activation, the polar 

tubes extrude piercing a hole in the host cell membrane to transfer sporoplasm into the host 

cell in less than two seconds (Frixione et al., 2005; Ohshima, 1937; Weidner, 1972). In Nosema 

bombycis, the microsporidium that infects honey bees, extrusion of polar tube coils have been 

observed at a point where spores are inactivated after treatment with an acid (pH 6) or an 

alkaline solution (pH 11). Treatment of either an acid or an alkaline solution was for less than 

an hour so it does not kill the spore at the temperature in between 23 and 30°C (Ohshima, 1937). 

Phloxin B is a water-soluble dye conventionally used to identify compromised cells on agar 

plates. Aladama-Cano and colleagues developed a novel Phloxin B staining method which 

stimulated the extrusion of EHP polar tubes at 25°C (Aldama-Cano et al., 2018). However, the 

environmental conditions that induce EHP discharge are not fully understood. EHP was 
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reported to originate from Southeast Asia where the air temperature is around 29°C, much 

higher than the temperature in Aldama-Cano’s study, thus the optimum temperature for EHP 

extrusion still needs to be determined. Therefore, some environmental factors in the 

hepatopancreas, such as pH and enzyme activity, may be involved in the germination process 

of EHP. Unlike EHP, other microsporidian life cycles have been studied in detail using cell 

culture bioassays, however the lack of an immortal cell line in penaeid shrimp limits the study 

of EHP spore germination in vitro. For example, the spore germination process of the 

microsporidia N. ceranae and N. apis that infects honeybees were characterized using 

permanent insect cell culture lines that are susceptible to infection by the microsporidia (Gisder 

et al., 2010). Until a way to observe EHP using cell culture is developed, the details of the spore 

germination process currently rely on limited descriptions of the life cycle stages based on thin 

sections for electron microscopy (Tourtip et al., 2009).           

The general life cycle pattern for microsporidian species have three phases including 

merogony or proliferative phase, sporogony or spore production phase, and mature spore or 

infective phase (Didier et al., 2004). After inhalation or ingestion by the host, the spores are 

triggered by the gut environment in the host resulting in polar tube extrusion followed by 

sporoplasm transfer into host cells (Han and Weiss, 2017). Once sporoplasm is released into 

the cytoplasm of the host cells, they start multiplying by entering the merogony phase (Cali 

and Takvorian, 1999). Using transmission electron microscopy (TEM) of EHP-infected 

hepatopancreatic cells, Tourtip and colleagues found that EHP sporogonal plasmodium, a 

cytoplasm structure containing multiple nuclei that allows multiple nuclear divisions without 

the process of cytokinesis, is in the cytoplasm of the host cell and surrounded by a membrane 

(Tourtip et al., 2009). The cytoplasm of early plasmodium is characterized by several round 

vesicles and polar tube precursors. Once plasmodium matures, the polar tube precursors 
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increase in length and form several distinct coils. In the sporoblast stage, not only the mature 

sporoblast unit but also the pre-sporoblast unit consisting of the nucleus, immature polar tube 

coil, the precursor of anchor disk (dense cap), and posterior vacuole, were formed within the 

plasmodium and have been observed in the periphery of plasmodia (Fig. 2A and B) (Tourtip et 

al., 2009). Pre-sporoblasts form buds in the plasmodial membrane and undergo maturation. 

The typical mature spores consist of a single nucleus and five to six polar tube coils terminating 

at an anchoring disk. The spore wall is composed of a cell-membrane containing the endospore 

layer and exospore layer. In shrimp, evidence of the EHP budding progress has not been 

elucidated due to the lack of a hepatopancreas in vitro culture assay (Tourtip et al., 2009). 

  

Fig. 2. TEM of E. hepatopenaei sporoblasts collected from P. monodon hepatopancreatic 

tubule epithelial cells (A) Sporoblast showing the nucleus, immature polar tube coil 
(arrowhead) and a dense cap (arrow). Early posterior vacuole (asterisks) (B) Late stage 
sporoblast showing the nucleus (N), posterior vacuole (PV) and mature polar filaments 
(arrowhead) (Tourtip et al., 2009). 

 

1.3 Taxonomy of Enterocytozoon hepatopenaei 

EHP belongs to the family Enterocytozoonidae of which Enterocytozoon bieneusi that 

infects mammals was a single species until EHP was identified (Cali and Owen, 1990; Santin 

and Fayer, 2011; Tourtip et al., 2009). EHP and E. bieneusi share several features. The 

sporogonal plasmodium of EHP and E. bieneusi were found in the host-cell cytoplasm, in 
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which the plasmodium of the microsporidia undergoes all stages of the life cycle. In both 

microsporidia, pre-sporoblast units are developed near the periphery of the plasmodium rather 

than host cytoplasm (Tourtip et al., 2009). Phylogenetic analysis based on ribosomal RNA 

(rRNA) small sub-unit (SSU) sequence reveals that EHP belongs to the same clade as E. 

bieneusi that infects mammals and Nucleospora salmonis that infects salmon. Interestingly, E. 

bieneusi has been found in freshwater sources for drinking water (Wagnerova et al., 2016). So 

far, EHP has been detected in marine water and it remains to be determined if it can survive in 

freshwater environment. Also, the species diversity in E. hepatopenaei has not been studied. 

 

1.4 Diagnosis of hepatopancreatic microsporidiosis 

The current diagnostic methods for detection of EHP include histopathology, in situ 

hybridization, and polymerase chain reaction (PCR)-based molecular detection. The use of 

gross clinical signs is not typically reliable due to the EHP infection requiring around 30 - 45 

days to cause slow growth syndrome (Cruz-Flores et al., 2019). Initially, EHP was detected by 

histopathology, however, the sensitivity of this method doesn't meet the requirement in EHP 

management strategy. Moreover, the results of histopathology need to be confirmed by in situ 

hybridization and PCR, which were developed based on EHP 18S rRNA or SSU-rRNA gene 

sequence (Tang et al., 2015; Tangprasittipap et al., 2013).  

EHP is routinely detected by H&E histology of hepatopancreas tissue. The tubule 

epithelial cells of the HP can be stained using H&E to observe the different life stages of the 

pathogen (Lightner, 1988). Specifically, this detection method utilizes the morphological 

characteristics of EHP including the presence of spores and plasmodia. In addition to their 

presence, the tubule epithelial cells of the HP will show free spores that have been released into 

the HP tubule lumens from lysed or sloughed epithelial cells. While histological analysis using 
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H&E stains work effectively to identify an EHP infection, it can be difficult to distinguish 

between an EHP infection and normal host cell contents should the tissue fixations not be done 

adequately. To overcome the uncertainty in confirming EHP infection, in situ hybridization 

(ISH) is recommended to confirm EHP detection unequivocally and delineate the severity of 

infection. In situ hybridization has been developed for EHP detection using a digoxigenin (DIG) 

labeled DNA probes specific to SSU-rRNA gene (Tang et al., 2015). The use of ISH in 

combination with H&E histology allows the stages of EHP life cycle to be identified without 

ambiguity and this will allow to better observe and understand each stage of EHP life cycle.     

Molecular detection of EHP can be achieved using primers developed for various PCR 

assays. The initial PCR detection methods for EHP included a one-step PCR assay using EHP-

510 F/R primers that targets the SSU-rRNA of EHP. The primers for detecting the EHP are 

EHP-510F (5’-GCCTGAGAGATGGCTCCCACGT) and EHP-510R (5’-

GCGTACTATCCCCAGAGCCCGA) (Tourtip et al. 2009; Tang et al. 2015). The amplification 

of SSU- rRNA was used to detect EHP in different samples including P. vannamei tissue, feces, 

Artemia salina and water (Tang et al., 2015). Subsequently, nested PCR assays were developed 

for the detection of EHP. Nested PCR has the advantage of increased sensitivity and specificity. 

The first nested PCR was developed amplifying the SSU-rRNA gene (Tangprasittipap et al., 

2013). Soon it was found that PCR-assays based on 18S rRNA gene provide a non-specific 

amplification resulting in false-positive results with the samples collected from the 

environment (Jaroenlak et al., 2016). This is due to 66.7%-90% identity in the 3’-end of the 

primer sequence with other microsporidia (Jaroenlak et al., 2016). To overcome non-specific 

amplification, Jaroenlak and colleagues developed a PCR assay based on the SWP gene of EHP 

(Jaroenlak et al., 2016). The primers designed for the amplification of SWP are more reliable 

primers for EHP detection. 
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 In addition to conventional PCR, real-time PCR based on TaqMan chemistry has been 

developed for the detection and quantification of EHP in P. vannamei samples (Liu et al., 2018). 

Considering the primers and probes being used in this assay are designed based on SSU-rRNA 

sequence, there is a need to develop real-time PCR targeting additional gene(s) for 

confirmatory purpose of the OIE-listed shrimp pathogens. 

 

1.5 Cryptosporidium parvum (C. parvum) 

 The coccidian parasite C. parvum is responsible for intestinal epithelium infection that 

leads to diarrhea in humans, calves, and many other agricultural food animals worldwide 

(Riggs et al., 1997). Hosts that have normal immune systems inhibits the growth of C. parvum 

(Riggs et al., 1999). However, in neonates or those hosts with immunodeficiency or 

immunosuppressed, are more susceptible to C. parvum and it can become chronic and lead to 

life-threatening diarrhea (Riggs et al., 1999). Morbidity caused by C. parvum infection leads 

to major economic impact on livestock production globally (Riggs et al., 1997).  

Preliminary data provided in Riggs’ lab, show that monoclonal antibodies that were 

originally developed to detect Cryptosporidium parvum tested positive against other parasites 

such as Babesia, Eimeria, Cyclospora cayetanensis, Cryptosporidium hominis, 

Cryptosporidium felis and Cryptosporidium meleagridis. Based on the preliminary data, 

monoclonal antibodies developed to detect C. parvum, may also detect other parasites such as 

EHP. 
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2. Materials and methods 

2.1. Hepatopancreas Primary Cell Culture of Penaeus vannamei 

2.1.1. Hepatopancreas (HP) Extraction from shrimp (Penaeus vannamei) 

 Specific pathogen free (SPF) shrimp and SPF shrimp infected with EHP were 

euthanized in pre-chilled 1X phosphate buffered saline (PBS) for 2-3 minutes prior to 

disinfection by 70% ethanol. All EHP infected shrimp are provided by the University of 

Arizona West Campus Agricultural Center. SPF shrimp are regularly added to EHP infected 

tank to maintain the number of EHP infected shrimp. Randomly picked shrimp are regularly 

tested with qPCR to confirm whether it is EHP positive or not. Sterile tweezers and scissors 

were used to dissect the HP without cutting through the intestine. The whole HP was transferred 

to Eppendorf tube with 1mL of pre-chilled 1X PBS and mechanically dissociated with sterile 

scissors into thin sections (~1-3mm) (George et al., 2010). For IFA experiment, extracted HP 

was split equally for IFA, qPCR and H&E. Total of n=6 SPF and n=30 EHP infected shrimps 

were dissected for HP extraction and sample preparation. 

 

2.1.2. Cell filtration 

 Mechanically dissociated HP was sequentially filtered through 100 μM, 70 μM and 40 

μM filters (Greiner BIO-ONE, USA) into a 15 mL tube and centrifuged (one time, 500 x g, 5 

min., 4°C). The resulting cell pellet was washed with 10 mL of prechilled sterile 1X PBS and 

centrifuged (three times, 500 x g, 5min., 4°C). The cells were resuspended in 1 mL of media 

(Grace’s Insect medium, (ThermoFisher, USA) containing 10% FBS, 100 IU/mL of penicillin 

and 100 μg/mL of streptomycin) (Penicillin-Streptomycin 100 U/mL, ThermoFisher, USA). 10 

μl of the cell suspension was collected to quantify live cells using trypan blue staining and 
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automatic EVETM cell counter (VWR, USA). 5 x 105 of EHP infected HP cells were seeded in 

a 24-well plate containing the prepared media. Identical method was applied to prepare SPF 

HP cells. 

 

2.1.3. Culture conditions 

 All wells in a 24-well plate were treated with 300μl of Poly-L-lysine to enhance cell 

adhesion (Sigma-Aldrich, USA) and incubated in the 28°C incubator for 1 hour. Poly-L-lysine 

was removed from all wells and dried under UV light before use. 

 In supplemented plate, all wells were supplemented with 5 x 105 SPF HP cells mixed 

in fresh medium every 3 days, harvested as previously described. For non-supplemented plate, 

all wells were only supplemented with fresh medium every 3 days. All wells were triplicated 

for 1st and 3rd trial and quadruplicated for 2nd trial. Figure 3 shows the overall schematic view 

of the EHP propagation in vitro experimental design. 

 

2.1.4. Sample collection and DNA extraction 

 Samples including both supernatant and cells were collected in triplicate every 3 days 

from both plates up to 21 days (Fig. 3). Collected samples were then stored in -80°C freezer 

for DNA extraction using DNeasy Blood & Tissue Kit (QIAGEN, Germany) following 

manufacturer’s instructions. 
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2.1.5. Quantitative PCR (qPCR) 

 EHP loads were quantified following published protocol (Lui et al., 2018). For 

absolute quantification, a serial dilution (108 to 104 copy number/ul) of EHP-18s rRNA 

recombinant plasmid was conducted and used as a standard curve to measure the copy number 

of EHP in each sample. For relative quantification, Elongation factor 1 alpha (EF-1α) was used 

as the reference gene. Primers designed and used are listed in Table 1. The EHP loads were 

measured by using delta Ct (∆Ct=Ct18s – CtEF-1). The Ct stands for cycle threshold and the 

higher ∆Cts indicate that the samples had lower EHP loads. 

 

Table 1. The nucleotide sequence of primers used for the detection of EHP and an internal 

control gene of shrimp, EF1α. 

Gene Primer Sequence (5’ to 3’) 

EHP 

18S rRNA 

 

Forward 

 

AGTAAACTATGCCGACAA 

 Reverse AATTAAGCAGCACAATCC 

 Probe [6FAM]TCCTGGTAGTGTCCTTCCGT[TAM] 

EF1α rRNA Forward TCGCCGAACTGCTGACCAAGA 

 Reverse TCCTTGATCACACCCACAGC 

 Probe [6FAM]GGTTCCCAGCAAGCCTATGT[TAM] 
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2.1.6 Overall experimental design 

 

Fig. 3. Schematic view of EHP propagation in vitro experimental design for both 

supplemented plate and non-supplemented plate. Fresh SPF HP cells are supplemented with 
fresh medium every 3 days for the supplemented plate. Non-supplemented plate is only 
supplemented with fresh medium every 3 days. 

 

2.2. Immunofluorescence assay for detection of Enterocytozoon hepatopenaei 

2.2.1. Monoclonal Antibody (mAb) production against Cryptosporidium parvum in Riggs’ 

lab. 

 Immunoaffinity chromatography purification of the apical glycoprotein antigen 

complex, GP25-200, and circumsporozoite like antigen (CSL) from Cryptosporidium parvum 

(C. parvum) sporozoites and their use for production of a mouse mAb panel against these 

antigens have been done in Riggs’ lab (Riggs et al., 1997). Immunoaffinity chromatography 

purification of P23 from C. parvum sporozoites and their use for production of a mouse mAb 

panel against this antigen has been previously described (Schaefer et al., 2000). The creation 

of CPS-500 mAbs was previously described (Riggs et al., 1999). To determine mAb isotypes, 

commercially available kits were used (Isostrip; Roche Molecular Biochemicals, Indianapolis, 
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IN) and concentrations (Binding Site, San Diego, CA). All mAb supernatants were shown to 

recognize their respective C. parvum epitope by IFA (Riggs et al., 1999). Immunoblot analysis 

of antigen specificities of mAbs was previously described (Schaefer et al., 2000). 

 

2.2.2. Preparing the slides 

 Ten-well slides (Masterflex, USA) were cleaned by rinsing with DI H2O (3X, 5 

minutes). After the washes, slides were coated with poly-L-lysine (Sigma, 0.1% solution 

diluted 1:10) to allow the EHP to adhere better. Slides were allowed to air dry at room 

temperature overnight. A total of 104 cells of either SPF or EHP infected HP were seeded onto 

each well of the prepared slides. The slides were air-dried in the hood overnight. Total of 36 

slides were prepared for 36 samples (n=6 SPF, n=30 EHP, numbering from SPF animal number 

1 – 6 and EHP animal number 1 - 30) separately.  

 

2.2.3. Immunostaining 

 Slides were fixed with ice-cold methanol (5 minutes, 4°C). A total of 20 µl of primary 

C. parvum mAb (Supplementary Table 1.) was applied to each well accordingly. Slides were 

incubated in humidified chamber, a wet paper towel placed on the bottom of a closed container 

(37°C, 30 minutes). After the incubation, slides were washed four times in PBS and 20 µl of 

fluorescein conjugated secondary antibody (goat-anti-mouse IgM, 1:50 diluted in 0.5% BSA + 

PBS; SeraCare, Milford, MA) was applied to all wells. Slides were incubated in the humidity 

control container (37°C, 30 minutes) and then washed with 1X PBS four times. DAPI 

(ThermoFisher Scientific, USA) was applied to all wells following manufacturer’s instruction. 

The slides were air-dried overnight before viewing under confocal microscope (magnification 
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of 40X and 63X). All the images are taken by Leica Application Suite (LAS) software that is 

compatible with Leica DMI6000 inverted microscope. 

 

2.2.4. Hematoxylin and eosin (H&E) staining 

 One third of the hepatopancreas, harvested when preparing slides for immunostaining, 

was preserved in Davidson’s fixative. It was stained with H&E following method developed 

by Lightner in 1996. H&E-stained slides were observed using light microscope (Leica, 

Germany). 

 Based on the H&E-stained images, the severity of EHP infection can be graded from 

a scale that ranges from grade 0 - 4 (Fig. 4). While grade 0 represents no signs of infection, 

grade 1 represents signs of infection but low levels, grade 2 represents a moderate sign of 

infection such as lesions caused by the pathogen. Grade 3 represents moderate to high signs of 

infection with higher number of lesions than grade 2. Grade 4 represents high number of lesions 

and tissue destruction caused by EHP. 
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Fig. 4. H&E staining of hepatopancreas tissue of Penaeus vannamei graded from a scale 

that ranges from Grade 0 to Grade 4. A-C: grade 0; D-F: grade 1; G-I: grade 2; J-L: grade 
3; M-O: grade 4 of EHP infection. Red square outlines regions that are magnified. Black square 
shows plasmodium. Black circles locates where EHP is present. Black stars show EHP spores. 
(Aranguren Caro et al., 2021) 
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3. Results 

3.1. Immunofluorescence assay (IFA) for detection of Enterocytozoon hepatopenaei 

3.1.1. Two monoclonal antibodies selected after screening 41 monoclonal antibodies 

developed in Riggs’ lab 

 Preliminary research done by Riggs and colleagues developed monoclonal antibodies 

that detects C. parvum sporozoites. Based on the research and raw data provided by Riggs’ lab, 

monoclonal antibodies not only detected C. parvum but also successfully detected other 

parasites such as other Cryptosporidium spp., Babesia, Eimeria, and Cyclospora cayetanensis. 

This raw data opened the possibility of EHP, microsporidian parasite, being detected by 

monoclonal antibodies, developed to detect C. parvum (Schaefer et al., 2000; Riggs et al., 

1997). 

A total of C. parvum 41 mAbs (Supplementary Table 1.) were screened for selection 

of antibodies that bound to EHP antigens. Antibody L6G6 an immunoglobulin M (IgM) 

antibody that does not recognize antigens on C. parvum, was used as an isotype-matched 

negative control mAb. Of the 41 mAbs screened, two detected antigens on EHP: 

41.3E2A8B2F11D7E4E1 (3E2) and 41.3A12G9A9E8 (3A12). Both 3E2 and 3A12 are IgM 

isotype and recognize a carbohydrate epitope (Riggs et al., 1997). Representative data selected 

based on the intensity of the fluorescein, are provided in Figures 5 - 13. Although images are 

taken for all 36 samples (n=6 SPF and n=30 EHP infected shrimps), provided in supplementary 

materials, the figures only include one sample representative each from SPF, EHP infected 

shrimp and Madin-Darby bovine kidney (MDBK) cells. Figure 5 – 7 shows the result of mAbs, 

L6G6, 3E2 and 3A12, applied on SPF animal number 1 slide. Figure 8 – 10 shows the result 

of mAbs, L6G6, 3E2 and 3A12, applied on EHP animal number 1 slide. To view the overall 

fluorescence intensity for all 36 samples, images were taken with lower magnification (20X) 
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and are available in the supplementary materials. To ensure that 3E2 and 3A12 are specifically 

binding to EHP, along with SPF samples, MDBK cells were used as a negative control, to show 

that 3E2 and 3A12 are not only negative against SPF samples but also negative against cells 

that are not closely related (Fig. 11 – 13).  

 The intensity of the fluorescence observed and recorded for all 36 samples is listed in 

Table 2. The intensity scales range from negative to +4: (-) being completely dark without any 

specks, (+/-) being mostly dark with minimum green specks, (+1) shows minor green specks, 

(+2) shows moderate green fluorescent signals, (+3) shows moderate to high intensity green 

fluorescent signals green specks and (+4) shows high-intensity green fluorescence visualized. 
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Table 2. Graded fluorescence intensity of L6G6, 3E2, 3A12, qPCR and severity of EHP 

infection graded based on H&E images (n=6 SPF and n=30 EHP infected shrimps). NT: 

not tested, G0: Grade 0, G1: Grade 1, G2: Grade 2, G3: Grade 3 and G4: Grade 4. 

Animal L6G6 3E2 3A12 
EF-1α 

(Ct 
mean) 

EHP 
(Ct mean) 

Delta 
Ct 

H&E 

SPF 1 +/- to 1+ - - 27.28 Undetected  G0 

SPF 2 1+ 1+ +/- to 1+ 27.02 Undetected  NT 

SFP 3 1+ to 2+ 1+ 1+ 27.69 Undetected  G0 

SPF 4 1+ - 1+ 27.27 Undetected  G0 

SPF 5 1+ +/- to 1+ +/- to 1+ 26.75 Undetected  G0 

SPF 6 1+ 1+ 1+ 28.86 Undetected  G0 

EHP 1 1+ 3+ to 4+ 3+ to 4+ 25.24 19.42 -5.82 G3 

EHP 2 +/- 3+ to 4+ 3+ to 4+ 24.51 20.36 -4.15 G3 

EHP 3 +/- 3+ to 4+ 3+ to 4+ 25.11 17.22 -7.89 G3 

EHP 4 +/- 3+ 3+ to 4+ 24.98 20.66 -4.32 G3 

EHP 5 1+ 3+ to 4+ 3+ to 4+ 24.71 19.74 -4.97 G3 

EHP 6 +/- 3+ to 4+ 4+ 25.31 18.93 -6.38 G3 

EHP 7 - 3+ to 4+ 3+ to 4+ 25.59 20.79 -4.8 G3 

EHP 8 - 3+ to 4+ 2+ to 3+ 26.31 20.45 -5.86 G3 

EHP 9 - 3+ to 4+ 3+ to 4+ 25.4 17.39 -8.01 G4 

EHP 10 - 3+ to 4+ 3+ to 4+ 25.23 18.58 -6.65 G3 

EHP 11 - 3+ to 4+ 2+ to 3+ 24.11 18.07 -6.04 G4 

EHP 12 +/- 3+ to 4+ 3+ to 4+ 26.13 17.09 -9.04 G4 

EHP 13 +/- 3+ to 4+ 3+ to 4+ 25.11 16.82 -8.29 G4 

EHP 14 - 3+ 3+ to 4+ 25.86 17.73 -8.13 G4 

EHP 15 - 3+ to 4+ 3+ 24.35 19.99 -4.36 G3 

EHP 16 +/- 2+ 3+ 23.69 17.39 -6.3 G3 

EHP 17 - 2+ to 3+ 3+ 24.46 17.15 -7.31 G4 

EHP 18 - 3+ to 4+ 3+ 24.79 12.78 -12.01 NT 

EHP 19 +/- 3+ to 4+ 3+ to 4+ 25.62 20.33 -5.29 G3 

EHP 20 - 3+ to 4+ 3+ 24.44 20.34 -4.1 NT 

EHP 21 - 2+ 3+ 25.38 16.04 -9.34 G4 

EHP 22 - 2+ 1+ to 2+ 24.38 22.43 -1.95 G3 

EHP 23 - 3+ to 4+ 3+ to 4+ 25.34 13.11 -12.23 G4 

EHP 24 - 2+ to 3+ 2+ 25.34 13.91 -11.43 G4 

EHP 25 - 2+ 2+ to 3+ 24.11 17.12 -6.99 G3 

EHP 26 - 3+ to 4+ 3+ 24.16 15.97 -8.19 G3 

EHP 27 - 3+ to 4+ 3+ to 4+ 26.29 17.14 -9.15 G4 

EHP 28 - 3+ 3+ to 4+ 25.29 17.52 -7.77 G4 

EHP 29 - 3+ to 4+ 2+ to 3+ 25.24 19.85 -5.39 G3 

EHP 30 - 3+ 3+ 25.51 12.78 -12.73 G4 

Positive 
Control 

    20.73   
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Fig. 5. Immunofluorescence assay (IFA) of hepatopancreas (HP) tissue of Specific 

Pathogen Free (SPF) Penaeus vannamei shrimp, SPF animal number 1. mAb, L6G6 

(negative control isotype IgM). (Magnifications 63X). All scale bars of 50μm. (A) Bright 

Field. (B) DAPI. (C) Fluorescein conjugated goat-anti-mouse IgM. (D) Merged. 
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Fig. 6. Immunofluorescence assay (IFA) of hepatopancreas (HP) tissue of Specific 

Pathogen Free (SPF) Penaeus vannamei shrimp, SPF animal number 1. mAb, 3E2 

(isotype: IgM, epitope: carbohydrate). (Magnifications 63X). All scale bars of 50μm. (A) 

Bright Field. (B) DAPI. (C) Fluorescein conjugated goat-anti-mouse IgM. (D) Merged. 
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Fig. 7. Immunofluorescence assay (IFA) of hepatopancreas (HP) tissue of Specific 

Pathogen Free (SPF) Penaeus vannamei shrimp, SPF animal number 1. mAb, 3A12 

(isotype: IgM, epitope: carbohydrate). (Magnifications 63X). All scale bars of 50μm. (A) 

Bright Field. (B) DAPI. (C) Fluorescein conjugated goat-anti-mouse IgM. (D) Merged. 
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Fig. 8. Immunofluorescence assay (IFA) of hepatopancreas (HP) tissue of EHP infected 

Penaeus vannamei shrimp, EHP animal number 1. mAb, L6G6 (negative control isotype 

IgM). (Magnifications 63X). All scale bars of 50μm. (A) Bright Field. (B) DAPI. (C) 

Fluorescein conjugated goat-anti-mouse IgM. (D) Merged. 
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Fig. 9. Immunofluorescence assay (IFA) of hepatopancreas (HP) tissue of EHP infected 

Penaeus vannamei shrimp, EHP animal number 1. mAb, 3E2 (isotype: IgM, epitope: 

carbohydrate). (Magnifications 63X). All scale bars of 50μm. (A) Bright Field. (B) DAPI. 

(C) Fluorescein conjugated goat-anti-mouse IgM. (D) Merged (3X enlarged). 
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Fig. 10. Immunofluorescence assay (IFA) of hepatopancreas (HP) tissue of EHP infected 

Penaeus vannamei shrimp, EHP animal number 1. mAb, 3A12 (isotype: IgM, epitope: 

carbohydrate). (Magnifications 63X). All scale bars of 50μm. (A) Bright Field. (B) DAPI. 

(C) Fluorescein conjugated goat-anti-mouse IgM. (D) Merged (3X enlarged). 
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Fig. 11. Immunofluorescence assay (IFA) of Madin-Darby bovine kidney (MDBK) cells. 

mAb, L6G6 (negative control isotype IgM). (Magnifications 63X). All scale bars of 50μm. 

(A) Bright Field. (B) DAPI. (C) Fluorescein conjugated goat-anti-mouse IgM. (D) Merged. 
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Fig. 12. Immunofluorescence assay (IFA) of Madin-Darby bovine kidney (MDBK) cells. 

mAb, 3E2 (isotype: IgM, epitope: carbohydrate). (Magnifications 63X). All scale bars of 

50μm. (A) Bright Field. (B) DAPI. (C) Fluorescein conjugated goat-anti-mouse IgM. (D) 

Merged. 
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Fig. 13. Immunofluorescence assay (IFA) of Madin-Darby bovine kidney (MDBK) cells. 

mAb, 3A12 (isotype: IgM, epitope: carbohydrate). (Magnifications 63X). All scale bars of 

50μm. (A) Bright Field. (B) DAPI. (C) Fluorescein conjugated goat-anti-mouse IgM. (D) 

Merged. 
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Fig. 14. Immunofluorescence assay (IFA) of hepatopancreas (HP) tissue of white spot 

syndrome virus (WSSV) infected Penaeus vannamei shrimp. a, d, g: DAPI. b, e, h: mAb, 

L6G6 (negative control isotype IgM), 3E2 (isotype: IgM, epitope: carbohydrate), 3A12 

(isotype: IgM, epitope: carbohydrate) respectively. c, f, i: merged. (Magnifications 20X). All 

scale bars of 50μm.  
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Fig. 15. Immunofluorescence assay (IFA) of hepatopancreas (HP) tissue of acute 

hepatopancreatic necrosis disease (AHPND) infected Penaeus vannamei shrimp. a, d, g: 

DAPI. b, e, h: mAb, L6G6 (negative control isotype IgM), 3E2 (isotype: IgM, epitope: 

carbohydrate), 3A12 (isotype: IgM, epitope: carbohydrate) respectively. c, f, i: merged. 

(Magnifications 20X). All scale bars of 50μm.  
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3.1.2. Quantitative PCR (qPCR) & Hematoxylin and eosin (H&E) staining results on n=6 

SPF and n=30 EHP samples 

 HP collected from SPF and EHP infected shrimps were equally divided into three 

pieces. Each piece was used for three different experiments: qPCR, H&E and IFA (n=6 SPF 

and n=30 EHP infected shrimps). The average Ct value of the house keeping gene, Ef-1α, for 

SPF is 27.5 and 25.1 for EHP infected shrimp. Delta Ct value is calculated by subtracting Ef-

1α Ct from EHP Ct. A negative delta Ct value represents higher expression of EHP 18S gene 

with respect to shrimp EF-1 α, while a positive value denotes vice versa.  

Table 2 shows the fluorescence intensity of L6G6, 3E2, 3A12, qPCR and H&E of n=6 

SPF and n=30 EHP infected shrimps and Figure 16 shows the subset images of H&E staining 

of HP tissue of SPF and EHP infected shrimp. Additionally, to examine the correlation between 

delta Ct value and severity of EHP infectivity graded by H&E, Kendall’s tau-b was measured. 

The value of Kendall’s tau-b was -0.624, which clearly shows that there is a strong correlation 

between the two because when Kendall’s tau-b value is measured <0.001, it is considered 

significant. Delta Ct value derived the qPCR results showed a similar trend to the fluorescence 

intensity. The more shrimp is infected with EHP (lower delta Ct value), higher the fluorescence 

intensity.  

Compare to IFA done with 3E2 and 3A12 on SPF, EHP infected samples clearly shows 

much higher intensity of specific green fluorescence for both 3E2 and 3A12 (Fig. 9 and 10). In 

Figure 9 and 10, on the right panel, three times enlarged images show that fluorescence is 

highly detected within the cells. 
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Fig. 16. Hematoxylin and Eosin (H&E) staining of hepatopancreas (HP) tissue of Specific 

Pathogen Free (SPF) and EHP infected Penaeus vannamei shrimp. (A) H&E staining of 

HP tissue of SPF shrimp labeled with B, F and R cells, SPF animal number 1 (Magnifications 

40X). (B) SPF animal number 3 (Magnifications 40X). (C) H&E staining of HP tissue of EHP 

infected shrimp. The black arrows indicate EHP plasmodium, EHP animal number 4 

(Magnifications 40X). (D) EHP infected animal number 23. Red arrow indicates cells 

containing EHP spores (Magnifications 40X). (E) SPF animal number 1 (Magnifications 100X). 

(F) EHP animal number 9 (Magnifications 100X). 
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3.2. Enterocytozoon hepatopenaei propagation in vitro 

  Table 3 shows the Delta Ct value of the first EHP propagation in vitro trial for both 

supplemented and non-supplemented plates for each day. Delta Ct value represents relative 

quantification of EHP. The expected result was that samples collected from supplemented plate 

will have more EHP detected than non-supplemented plate. However, that was not the case and 

samples from plate number 2 were detected with more EHP after day 15 (Fig. 17). Delta Ct 

value for the 2nd trial for both plates is shown in Table 4. The only difference between 1st trial 

and 2nd trial is that there were extra EHP infected shrimps available for the 2nd trial experiment. 

Therefore, wells for each day were quadruplicated for the 2nd trial while it was triplicated for 

1st and 3rd trial. In the 2nd trial, again, samples collected from non-supplemented plate were 

detected with more EHP than supplemented plate after day 15 but not as big of a margin (Fig. 

18) observed in 1st trial. Lastly, 3rd trial also demonstrated higher number of EHP detected from 

non-supplemented plates (Table 5. & Fig. 19). However, t-test was conducted for all three trials 

and p-value for all three was higher than 0.05. The p-value was 0.814, 0.798 and 0.645 for first, 

second and third trial respectively. This indicates that EHP propagation in vitro experiment did 

not show any statistical significance. Figure 20 and 21 shows the average -Δ Ct value of all 

three trials for supplemented plate and non-supplemented plate respectively. The average 

shows that the non-supplemented plate was detected with more EHP after day 15.  
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Table 3. 1st trial of EHP propagation in vitro. Delta Ct value calculated for each day from 

both plates. Supplemented plate was supplemented with fresh SPF HP cells and fresh medium 

every 3 days. Non-supplemented plate was supplemented with only fresh medium every 3 days. 

Both plates were seeded with EHP infected HP cells. 

Plate Days 
EF-1α 

(Ct mean) 
EHP 

(Ct mean) 
Delta Ct 

Supplemented 

0 21.9 24.4 2.5 

3 23.0 26.5 3.5 

6 24.7 29.8 5.1 

9 24.3 28.8 4.5 

12 25.2 26.6 1.4 

15 24.6 24.4 -0.2 

18 24.0 24.2 0.2 

21 24.1 23.6 -0.5 

Non-
Supplemented 

0 21.9 24.4 2.5 

3 23.4 27.6 4.2 

6 25.3 30.6 5.3 

9 24.9 31.2 6.3 

12 29.1 30.4 1.3 

15 28.9 27.7 -1.2 

18 29.2 26.5 -2.7 

21 28.8 26.1 -2.7 

 

 

Fig. 17. -Δ Ct value of 1st trial for EHP propagation in vitro. More EHP detected in samples 

collected from non-supplemented plate. Empty bars represent -Δ Ct value of supplemented 

plate while shaded bars represent -Δ Ct value of non-supplemented plate. 
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Table 4. 2nd trial of EHP propagation in vitro. Delta Ct value calculated for each day from 

both plates. Supplemented plate was supplemented with fresh SPF HP cells and fresh medium 

every 3 days. Non-supplemented plate was supplemented with only fresh medium every 3 days. 

Both plates were seeded with EHP infected HP cells. 

Plate Days 
EF-1α 

(Ct mean) 
EHP 

(Ct mean) 
Delta Ct 

Supplemented 

0 21.9 26.2 4.3 

3 27.3 25.7 -1.6 

6 29.6 26.6 -3.1 

9 31.6 29.5 -2.2 

12 29.8 27.3 -2.4 

15 26.9 24.7 -2.2 

18 27.3 25.2 -2.1 

21 30.3 27.8 -2.5 

Non-
Supplemented 

0 21.9 26.2 4.3 

3 27.7 26.0 -1.7 

6 28.8 26.8 -2.0 

9 29.6 27.3 -2.3 

12 29.0 26.1 -2.8 

15 30.0 27.5 -2.5 

18 29.8 26.8 -3.1 

21 30.0 27.8 -2.2 

 

 

Fig. 18. -Δ Ct value of 2nd trial for EHP propagation in vitro. More EHP detected in 

samples collected from non-supplemented plate. Empty bars represent -Δ Ct value of 

supplemented plate while shaded bars represent -Δ Ct value of non-supplemented plate. 
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Table 5. 3rd trial of EHP propagation in vitro. Delta Ct value calculated for each day from 

both plates. Supplemented plate was supplemented with fresh SPF HP cells and fresh medium 

every 3 days. Non-supplemented plate was supplemented with only fresh medium every 3 days. 

Both plates were seeded with EHP infected HP cells. Additional plate was seeded with SPF HP 

cells as a negative control. 

Plate Days 
EF-1α 

(Ct mean) 
EHP 

(Ct mean) 
Delta Ct 

Supplemented 

0 25.6 23.8 -1.8 

3 25.5 25.7 0.3 

6 26.3 25.3 -1.2 

9 25.2 23.4 -2.2 

12 26.3 25.7 -0.6 

15 26.0 24.5 -1.5 

18 25.6 24.2 -1.4 

21 25.6 24.6 -1.0 

Non-
Supplemented 

0 25.6 23.8 -1.8 

3 25.3 25.7 0.4 

6 24.6 24.0 -0.6 

9 26.1 24.6 -1.6 

12 26.1 24.2 -1.8 

15 25.7 23.5 -2.3 

18 25.3 23.4 -1.9 

21 25.2 24.4 -0.9 

SPF seeded 

0 24.6 Undetected  

3 25.6 Undetected  

6 25.1 Undetected  

9 24.7 Undetected  

12 25.4 Undetected  

15 26.1 Undetected  

18 25.6 Undetected  

21 25.5 Undetected  
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Fig. 19. -Δ Ct value of 3rd trial for EHP propagation in vitro. More EHP detected in 

samples collected from non-supplemented plate. Empty bars represent -Δ Ct value of 

supplemented plate while shaded bars represent -Δ Ct value of non-supplemented plate. 

 

Fig. 20. Average -Δ Ct value of all three trials for supplemented plate demonstrating 

minor increase in EHP propagation as the days progressed. Blue circles, yellow squares 

and green diamonds represent average -Δ Ct value of 1st, 2nd and 3rd trial respectively.  
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Fig. 21. Average -Δ Ct value of all three trials for non-supplemented plate demonstrating 

minor increase in EHP propagation as the days progressed. Blue circles, yellow squares 

and green diamonds represent average -Δ Ct value of 1st, 2nd and 3rd trial respectively. 
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4. Discussion 

4.1 Immunofluorescence assay (IFA) 

As the world population continues to grow, the demand for shrimp is also steadily 

increasing (FAO, 2016). Shrimp aquaculture plays a vital role in the global food supply and 

has the potential to satisfy the global food demand with protein rich food. Global shrimp 

production from the captured fisheries reached its peak in early 80’s, and since then the harvest 

from the ocean remains on a declining trend (FAO, 2016). In the mid-1980s, shrimp culture 

technologies started to advance such as development of high-quality formulated feed and 

availability of genetically superior seed stock that led to the beginning of shrimp aquaculture 

as we know today. The advancement of shrimp aquaculture through intensive farming not only 

allowed shrimp aquaculture to expand globally but also inevitably led to the emergence of 

infectious diseases (Flegel et al., 2008; FAO, 2016). Currently, there are about 30 infectious 

diseases that are known to cause losses at a varying level worldwide in shrimp. Among them, 

ten diseases are listed in the (OIE) list of notifiable diseases (OIE, 2022). Cumulatively, these 

diseases cause billions of dollars of losses annually to shrimp industry (Flegel et al., 2008; 

Shinn et al., 2018). 

After the official identification of the pathogen EHP in 2009 in Thailand, EHP has 

been confirmed in many countries across Asia and in Latin America, Venezuela (Tourtip et al., 

2009; Tang et al., 2016; Tang et al., 2015). EHP targets the HP of shrimp and causes HPM. The 

HP is an important organ involved in the process of crustacean molting and plays a vital role 

in energy storage and breakdown. Additionally, it is responsible for nutrient accumulation, 

carbohydrate, and lipid metabolism. Clinical signs include retarded growth, white feces 

syndrome, lethargic, soft exoskeleton, and inertia. All these clinical signs cause economic loss 

in shrimp industry. (Tang et al., 2016; Tourtip et al., 2009) 
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 While there are various methods to detect EHP such as conventional PCR, qPCR, and 

H&E staining, an immunofluorescence assay has not been developed (Cruz-Flores et al., 2019; 

Lui et al., 2018; Tang et al., 2015; Tangprasittipap et al., 2013). The advantages of IFA are high 

specificity, sensitivity, and ability to stain multiple targets at the same time and more.  

As previously mentioned, preliminary data showed that monoclonal antibodies 

developed against C. parvum successfully detected other parasites such as Babesia, Eimeria, 

Cyclospora cayetanensis, and Cryptosporidium spp. Based on this data, to identify antibodies 

suitable for a high specificity immunofluorescence assay, we tested 41 antibodies against C. 

parvum on EHP, microsporidian parasite.  

In this study, samples collected from SPF shrimps showed maximum of +1 

fluorescence intensity. This illustrates that there were some non-specific bindings of mAbs and 

the secondary antibody, but this is very commonly observed in IFA. To confirm that +1 

fluorescence intensity observed in SPF samples is non-specific, DAPI staining was performed 

to determine the location of the nucleus. Non-specific binding was mostly observed distant 

from DAPI staining, illustrating that +1 fluorescence was non-specific.  

However, because all samples were highly infected, grade 1 or 2 was not observed and 

all EHP infected samples were graded either 3 or 4 based on H&E-stained images. SPF samples 

did not show any EHP plasmodium or tissue destruction caused by EHP while EHP samples 

did (Fig. 16 A, B and E). EHP spores can be observed nearby EHP plasmodium in Figure 16 D 

and F. Again, this H&E result suggests that after further examinations, mAbs, 3E2 and 3A12, 

can be utilized to specifically detect EHP via IFA. 

Monoclonal antibodies specifically designed to detect C. parvum are also detecting 

EHP. They are successfully detecting EHP because the glycon epitope is shared between C. 
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parvum and EHP (Riggs et al., 1997; Riggs et al., 1999). Moreover, both 3E2 and 3A12 

recognize the same carbohydrate epitope based on binding inhibition assays (Schaefer et al., 

2000). Again, it must be experimentally confirmed but there is a possibility that 

Cryptosporidium and EHP may share similar glycosylation processes enabling mAbs 

developed to detect C. parvum to also detect EHP. 

 

4.2 EHP propagation in vitro 

 The hypothesis of EHP propagation in vitro was that if already seeded EHP infected 

primary HP cells are supplemented with fresh SPF HP cells as a new host, EHP will continue 

to propagate and show immense difference to that which was only supplemented with fresh 

medium. The results illustrate the exact opposite. For all 3 trials, both supplemented and non-

supplemented plates showed increased EHP as days progressed. However, non-supplemented 

plate showed more EHP detection compared to supplemented plate as experimental days 

reached 15, 18 and 21. As previously mentioned, t-test result indicates strong evidence for the 

null hypothesis and suggests better optimization of the EHP in vitro propagation experiment. 

However, to analyze the data with the given result, two conclusions were made. First is that, to 

propagate EHP in vitro, perhaps all we need to do is seed the EHP infected HP cells and culture 

them for 15-18 days with fresh medium supplementation. Second is that because supplemented 

plate was supplemented with a total of 5 x 105 SPF HP cells every 3 days, which is the same 

number of EHP infected cells seeded on day 0, all the wells were observed under the 

microscope, and they were heavily overcrowded with SPF HP cells as the days progressed. 

This could have affected the qPCR result.  
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5. Conclusion 

Better optimization and more examination can lead to a better understanding of the 

EHP propagation in vitro. For instance, if supplementation of fresh HP cells is unnecessary for 

in vitro EHP propagation, it surely needs to be better optimized because although both 1st and 

2nd trial showed non-supplemented plate with more EHP detected, 1st and 2nd trial do not show 

similar trend of EHP propagation. Moreover, if over supplementing the wells with SPF HP cells 

may have interfered qPCR result. Optimization and examination must be done to determine the 

optimum number of SPF HP cells supplemented. Understanding that the viability of non-

supplemented plate, was lower than 30% by days 18-21, there is a possibility that reduced 

number of SPF HP cells added could draw a completely different result.  

Most importantly, the viability of EHP propagated in vitro must examined. The 

rationale for the in vitro EHP propagation experiment was to develop quantified EHP inoculum 

for future studies. However, if the viability is not there, there is no point of propagating EHP 

in vitro. One way to examine it is to soak the feed with in vitro propagated EHP inoculum and 

feed it to SPF shrimps. After 14 days, SPF shrimps fed with EHP inoculum-soaked feed can be 

sacrificed to determine whether it is infected with EHP or not.  

Lastly, it would be interesting to test whether seeded SPF HP cells and adding EHP 

infected HP cells could better propagate EHP in vitro. It is crucial to develop a method to 

propagate EHP in vitro to fully understand the pathogenesis of EHP. In the future, developing 

3D cell culture model or an immortal cell line for shrimp will immensely revolutionize the way 

to study various shrimp diseases.  

 At this point, mAbs, 3E2 and 3A12, tested negative against other shrimp diseases such 

as white spot syndrome virus (WSSV) (Fig. 14) and acute hepatopancreatic necrosis disease 

(AHPND) (Fig. 15). However, there are more examinations that must be done to make 
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definitive conclusion that 3E2 and 3A12 specifically detects EHP because they have not been 

tested against microsporidian species. Additionally, it is not clear yet whether 3E2 and 3A12 

binds to EHP spores or not. I have tried to purify the spores by filtration, utilizing EHP infected 

fecal matter, breaking the EHP infected HP cells with beads followed by cesium chloride (CsCl) 

gradient centrifugation. However, because the focus of my thesis is not on spore purification, 

with the limited time, I was unsuccessful to purify EHP spores and conduct 

immunofluorescence assay on it. Supplementary Figure S.31. shows the samples prepared by 

disrupting the EHP infected HP cells with beads followed by CsCl gradient centrifugation. All 

HP cells were successfully disrupted by the beads because DAPI is completely negative. 

However, non-specific binding on L6G6 is observed which made it difficult to distinguish EHP 

spores. Better optimization of spore purification must be developed to continue this study. 

 Possible future studies include testing mAbs on other strain of EHP, other 

microsporidian species and field-infected shrimp sample. This can be followed by performing 

IFA on shrimp HP primary cell culture to visualize propagation of EHP in vitro. Moreover, 

spore purification method must be optimized and once it is optimized, images can be taken by 

immune electron microscopy (IEM) which will give a clear image and answer whether EHP 

spores can be detected by mAbs, 3E2 and 3A12.  
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