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ABSTRACT 

 

Since the late 1980s, farming of finfish, shellfish, and crustaceans has expanded globally. 

The worldwide growth and expansion of many aquaculture species were possible due to the 

development of novel technologies and methods such as the development of captive breeding 

programs, the availability of high-quality formulated diet, and the development of biosecurity 

protocols to prevent the introduction of diseases in a production system among many other factors. 

However, after many years of success, the growth and sustainability in the farming of many marine 

species such as shrimp are threatened by the emergence of infectious diseases, many of which are 

caused by viruses. More than twenty viruses have been identified in shrimp alone, and some of 

these diseases have caused more economic losses compared to others and, at times, have changed 

the trajectory of the industry. For example, the early 1980s IHHNV outbreak in blue shrimp led to 

the development of a shrimp resistant line and a shift in the captive breeding program from blue 

shrimp (Penaeus stylirostris) to Pacific white shrimp (P. vannamei). Today, P. vannamei is the 

most common farmed species. Another virus that has impacted the shrimp aquaculture is the 

Hepatopancreatic parvovirus (HPV), a small single-stranded DNA virus first reported in farmed 

marine prawns in Singapore in 1982. Today, the virus is present in all geographic regions where 

shrimp are farmed. The virus affects post-larval and mid-juvenile stages of penaeid shrimp, 

increasing mortality and negatively impacting growth, causing economic losses on farms. The viral 

reservoir and pathogenesis are understudied, and no treatment is available against HPV infection. 

HPV targets the hepatopancreas, a digestive glad of arthropods and mollusks. The virus is routinely 

diagnosed by PCR and histology. A key histopathological characteristic of HPV infection is the 

production of large inclusion bodies in the nuclei of the hepatopancreas tubule cells. Penaeus 

monodon farmed in Madagascar has been found to carry HPV since the early 1990s. Although at 
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this moment, HPV is not a threat in the hatcheries, recently, a novel strain of the HPV has been 

discovered in Madagascar where post-larvae occasionally tested positive for HPV by PCR but 

without any histopathological changes or clinical signs like isolates from other regions. HPV from 

Madagascar was sequenced by Kathy Tang and colleagues (Tang et al., 2008), but the differences 

in detecting it by histology and PCR have not been investigated before.  

The overall goal of this project was to characterize this novel strain of the HPV. The 

approach was to sequence the full genome of the novel isolate, perform a genomic comparison 

with homologous isolates, and to compare the histology with conventional and real-time PCR in 

detecting HPV in P. monodon post-larvae from Madagascar. The analysis showed that the new 

Madagascan strain was most closely related to the previously sequenced Madagascan strain. The 

similarity was only 96.9%, and phylogenetic analyses revealed the novel strain constitutes 

a distinct subclade from the previously sequenced one. The sequence analysis of the HPV genome 

showed mutations at different sites in the putative capsid promoter region. Further study is needed 

to determine if those changes may affect the pathogenicity of the strains.  

The histological analysis of P. monodon post-larvae from Madagascar displayed no 

inclusion bodies. Total genomic DNA was isolated from tissue samples embedded in the paraffin 

block, and PCR was performed to detect HPV by conventional and real-time PCR. All samples 

tested negative by histology and by the PCR using an OIE-recommended method. However, new 

primers designed to amplify smaller amplicon showed up to 58% samples as positive for HPV. 

The sequencing and the histopathology data obtained in this study suggest that the novel isolate of 

HPV from Madagascar may constitute a new species. Further studies need to be carried out to (1) 

perform bioassay to demonstrate the infectivity of the new isolate, (2) carry out in 

situ hybridization to localize the infection, (3) conduct a promoter assay to determine the effect of 
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the mutation on the transcription of virally encoded genes, (4) measure the expression of the capsid 

protein in infected tissue, and (5) screen for secondary diseases in HPV-infected shrimp. This 

information will help to delineate if the criteria for defining a new species are met by this novel 

isolate.  

 

INTRODUCTION 

 

The global seafood production from fisheries has stayed relatively static since the late 

1980s. In contrast, the culturing of aquatic organisms has grown tremendously in recent years, 

stimulated by the increasing demand, technological development, and economic globalization 

(FAO, 2018). Fish from aquaculture activities for human consumption accounted for over 40 

percent of total supply in 2014, increasing from 26 percent in 1994 (FAO, 2016). Per capita 

consumption of food fish in the world increased to 20.2 kg in 2015, from 9.0 kg in 1961, a growth 

of 1.5 percent per year, or double the rate of population growth (FAO, 2018). The trend is expected 

to grow as the demand keeps rising. Although seafood consumption is reaching record highs in the 

United States, it is still far below the recommended dietary amounts by the USDA (Fisheries of 

the United States, 2020).  

Over the past four decades, shrimp aquaculture has transformed into a major industry, 

providing jobs for millions of people, especially in developing countries with large coastal 

boundaries. This has been possible due to the development of captive breeding programs, 

especially in Pacific white shrimp (Penaeus vannamei), availability of high-quality formulated 

diet, and development of biosecurity protocols to prevent the introduction of diseases in the 

production system, among many other things. Today genetically superior, disease-free post-larvae 

of P. vannamei are available commercially (Lightner et al., 2012). As a result, a vast majority 

(approx. 77%) of total shrimp production comes from farmed shrimp worldwide, and 53% of all 



10 
 

farmed crustaceans are P. vannamei (FAO, 2018). Shrimp production is expected to grow at an 

annual growth rate of 5.7% until 2020. This will result in the growth of 18 percent over 2017 levels 

with a global shrimp production of over 5 MMT (FAO, 2016, Global Shrimp Market, 2019). 

In the United States, shrimp remains the most consumed seafood, at 4.4 pounds per person 

per year (Fisheries of the United States, 2020). In 2017, shrimp import value increased by 15% (an 

increase of 133 million lbs. compared to 2016). The trend is growing, but the forecasts rely on the 

assumption that disease outbreaks are prevented in the foreseeable future. However, the market is 

dominated by shrimp from poorly regulated countries (92% market share) 

(https://www.seafoodnutrition.org, 2017). While the shrimp industry continues to expand, the 

sustainability of shrimp aquaculture has been threatened by the emergence of diseases. More than 

20 viruses that infect shrimp have been identified, each of which may pose threats to shrimp 

aquaculture, an industry worth 180 billion USD, and expected to grow to 224 billion USD by 2022 

(Technavio Report, 2019).  

A distinct group of shrimp viral pathogens are parvoviruses. Common parvoviruses 

infecting marine shrimp include an Infectious hypodermal and hematopoietic necrosis virus 

(IHHNV), Hepatopancreatic parvovirus (HPV), and two lesser-known viruses, Spawner-isolated 

mortality virus (SMV) and Lymphoid parvo-like virus (LPV) (Dhar et al., 2014). 

 

Origin, geographic distribution, and host range of HPV 

HPV was first reported in a commercial farm in Singapore in 1982 in Penaeus merguiensis 

(Lightner, 1985). Subsequently, the virus spread throughout Southeast Asia, Australia, Africa, and 

the Middle East (Safeena et al., 2012). The affected species of shrimp included P. orientalis, P. 

https://www.seafoodnutrition.org/


11 
 

semisulcatus, P. esculentus, P.  penicillatus, and P. monodon, in both captive and wild populations 

(Lightner, 1985). HPV was introduced to the South American shrimp populations, with the first 

report in 1987 in Brazil, possibly through the importation of the infected P. monodon and P. 

penicillatus broodstock from Asia (Lightner and Redman, 1991, Pantoja and Morales, 1999). 

Later, HPV infections were reported in generally more disease resistant native species of shrimp 

in South America, including P. vannamei and P. stylirostris (Lightner and Redman, 1991). In 

addition to the marine shrimp, the HPV was also reported in freshwater prawn, Macrobrachium 

rosenbergii, in a private hatchery in Malaysia (Anderson et al., 1990). The geographic distribution 

and the year of emergence of the HPV are presented in Fig. S1 in the Appendix. 

 

Clinical signs and transmission 

HPV infection causes non-specific clinical signs, including necrosis and atrophy of the 

hepatopancreas, poor growth rates, anorexia, and reduced preening with a concurrent increase in 

surface and gill fouling by epicommensal organisms (Dhar et al., 2014). Occasionally, there is a 

visible opacity of the tail muscles (Lightner, 1985). More virulent strains of HPV are associated 

with stunted growth and increased mortality, particularly under stress or crowding conditions, 

common in farms with intensive shrimp culture, resulting in shrimp with reduced or no market 

value (Dhar et al., 2014, Fig. 5). The disease is insidious, as the virus allows for a seemingly normal 

growth through the larval and post-larval stages, with mortalities occurring mostly at juvenile 

stages (Lightner, 1985). 

HPV affects post-larval and mid-juvenile stages of penaeid shrimp. The virus transmission 

occurs horizontally via contaminated water and cannibalism and is facilitated by high-density 
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stocking (OIE, 2007; Tang et al., 2008). Horizontal transmission may also occur through carrier 

hosts. For example, HPV was detected in the Australian mud crab (Scylla serrata) (Owens et al., 

2010). It was also demonstrated experimentally that Australian red claw crayfish (Cherax 

quadricarinatus) might be a short-term (up to 30 days) carrier of the HPV (La Fauce et al., 2007). 

Brine shrimp (Artemia franciscana) at different life stages (from nauplius to adult), were found to 

be able to transmit the HPV to P. monodon in experimental challenges. It is unknown if Artemia 

is a reservoir host or only a mechanical vector, although high viral loads detected in Artemia may 

suggest that the HPV might replicate in it (Sivakumar et al., 2009). HPV transmission from parent 

to offspring is not confirmed (OIE, 2007), although there is evidence suggesting vertical 

transmission (Chong, 1984). Post-larvae of P. monodon from a hatchery in India were reported to 

be infected with HPV, which raised suspicion of vertical transmission (Manivannan et al., 2002). 

However, this mode of transmission is questioned by the OIE, which suggests that the eggs may 

get infected through the fecal matter and contaminated water during spawning (OIE, 2007). 

The natural reservoir and the mechanism of entry and pathogenesis of the HPV remain 

poorly understood. However, some evidence is present (as mentioned above) indicating that other 

crustaceans like Artemia, which is an important feed of larval shrimp, crabs, and crayfish, may 

serve as the reservoirs of the virus, being either hosts or vectors (Sivakumar et al., 2009, Owens et 

al., 2010, La Fauce et al., 2007). 

There is some evidence indicating that HPV entry into the cell may be facilitated by the 

attachment to the microvilli and subsequent pinocytosis. This mechanism was suggested by the 

HPV-specific probes that reacted with the microvilli and the vesicles below the microvilli of the 

infected cells (Mari et al., 1995). A study supporting this hypothesis was performed by Pantoja 

and Lightner, where in situ hybridization using an electron microscope revealed different stages 
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of HPV infection: absorption, transport through the cytoplasm, nuclear penetration, replication, 

and release by cytolysis. Strikingly, no free viral particles were observed in the cytoplasm. The 

assembled virions did not seem to disrupt the nuclear membrane; instead, the whole membrane-

bound inclusions were found floating in the lumen of the hepatopancreatic cells. Pantoja and 

Lightner hypothesized that the spread of the HPV within the hepatopancreas might be facilitated 

by the digestive enzymes and constriction of the tubule cells that disrupt the inclusion membrane 

(Pantoja and Lightner, 2001). 

It has been demonstrated that there is a negative genetic correlation of moderate magnitude 

between the size of shrimp and HPV titer in banana shrimp (P. merguiensis). The viral load is 

suspected to be linked with the severity of HPV infection. However, when shrimp are harvested 

before the disease reaches its peak, the real impact of HPV becomes hard to quantify accurately. 

Therefore, selective breeding for a low HPV titer trait may help to develop a genetically resistant 

line of shrimp (Phuthaworn et al., 2016). 

Currently, there is no commercially available treatment for HPV, although some attempts 

have been made to develop an RNA-interference based therapy to prevent viral replication via 

post-transcriptional gene silencing (Su et al., 2008, Itsathitphaisarn et al., 2016). 

 

Histopathology 

HPV infects the tubule epithelial cells of the hepatopancreas, a digestive gland of 

arthropods and mollusks that carries out functions analogous to a liver and pancreas in higher 

vertebrates. Hepatopancreas is involved in the production of digestive enzymes and absorption of 

nutrients from digested food. Large intranuclear basophilic inclusion bodies are produced by the 
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HPV in the hepatopancreas and are considered pathognomonic for HPV infection (Lightner et al., 

1993). It was hypothesized that the inclusions might be caused by transport of three virally encoded 

proteins from the cytoplasm into the nucleus since all three viral encoded proteins contain nuclear 

localization signal (Owens, 2013, Fig. 3).  

 

Virus detection 

HPV presence is routinely confirmed by histopathology using hematoxylin and eosin 

(H&E) staining of hepatopancreatic tissue as infected shrimp do not display distinctive signs of 

disease or visible inflammation (Lightner et al., 1993). A rapid and easy alternative to H&E 

staining was developed by Lightner and colleagues that involves Giemsa staining of HPV-infected 

hepatopancreas tissue (Lightner et al., 1993). Giemsa-stained impression smears of the 

hepatopancreas give rapid means of diagnosing HPV on-site, although the method has lower 

reliability than the classical H&E staining. The sensitivity of the Giemsa staining method declines 

with lower prevalence and lower grade severity of the infection in the affected populations 

(Lightner et al., 1993).  The sensitivity and accuracy of H&E histology in detecting HPV was 

improved by in situ hybridization (ISH) using HPV-specific gene probes. Mari and colleagues 

cloned a 2.3 kb fragment of the HPV genome and generated two overlapping diagnostic probes of 

1.9 and 2.0 kb labeled with non-radioactive DIG-11 dUTP (Mari et al., 1995). The probes showed 

a high degree of sensitivity and accuracy as they hybridized in situ only with HPV-infected tissues. 

No hybridization was noted for healthy tissue, and the probes did not react with the extracted DNA 

or tissue infected with a related parvovirus, IHHNV (Mari et al., 1995). In addition to H&E and 

ISH-based detection, an experimental method for diagnosing HPV using monoclonal antibodies 

against the capsid protein was published. Antibodies targeting the N-terminal and the C-terminal 
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halves of the capsid worked synergistically in increasing the sensitivity of the HPV diagnosis in 

vitro, as compared with the antibodies targeting the N-terminal only. The N-terminal targeting 

antibodies were able to detect the HPV in tissues by immunohistochemistry (Srisuk et al., 2011).  

Despite the availability of H&E histology, ISH, and monoclonal antibody-based detection, 

the preferred diagnostic method for HPV detection is PCR-based due to higher sensitivity, 

robustness, and speed. (Dhar et al., 2014). A non-invasive PCR-based method for HPV detection 

was described by Pantoja and Lightner. Diagnostic PCR was performed using fecal matter from 

infected shrimp. The identity of the fecal sample derived PCR amplicon was confirmed by IHS in 

the infected hepatopancreatic cells (Pantoja and Lightner, 2000). 

A TaqMan real-time PCR assay that showed high sensitivity and specificity to HPV was 

developed by La Fauce et al. The test is specific to HPV strain infecting P. merguiensis from 

Australia. The probe targets the capsid region and can detect down to ten copies of the cloned 

target sequence (La Fauce et al., 2007c). Real-time PCR assays for HPV detection that are specific 

to isolates from China (Liu et al., 2013) and most geographic regions (Yan et al., 2010) have also 

been reported. A TaqMan real-time duplex PCR assay capable of simultaneously detecting 

monodon baculovirus (MBV) and HPV in P. monodon was developed by Tang and Lightner 

(2011). A highly sensitive real-time PCR assay using SYBR Green I dye to detect HPV in P. 

vannamei from Korea was described by Jeeva et al. SYBR Green I-based assay does not require 

a probe and recognizes the target sequence even when it contains mutations away from the primer 

binding sites (Jeeva et al., 2012). A similar SYBR green assay specific to the Indian strain of HPV 

from P. monodon was developed by Yadav et al. The assay was demonstrated to be more sensitive 

than conventional PCR, highly reproducible, and equally sensitive to a TaqMan assay (Yadav et 

al., 2015).  



16 
 

Recently, Kerdmusik et al. (2018) proposed a non-invasive sampling method to detect HPV 

from black tiger shrimp (P.  monodon) broodstock. The authors successfully performed 

hepatopancreas biopsy without sacrificing the animals. The procedure was carried out with a sterile 

needle positioned on top of the hepatopancreas and making sure to avoid any damage to the heart 

and gills. Before drawing minute quantity of hepatopancreas tissue, the carapace was rubbed with 

70 percent ethanol to prevent tissue contamination with opportunistic bacteria. The hepatopancreas 

biopsy samples were used to run a diagnostic PCR and perform H&E staining. Both methods 

successfully detected HPV. Animals used in hepatopancreas biopsy survived in good health at 

least two months following tissue sampling, although the impact of hepatopancreas biopsy on 

spawning performance was not evaluated (Kerdmusik et al., 2018). If there is no major impact on 

the spawning performance, the ability to screen genetically superior broodstock with sacrificing 

the animals will be very useful in a captive breeding program.  

 

Virus morphology and genome organization 

The virions of HPV are icosahedral and small, measuring 22 nm, and contain a single-

stranded DNA genome. HPV genome is ~6.3 kb and contains three open reading frames (ORFs): 

two partially overlapping ORFs, ORF1 and ORF2 representing two non-structural genes and 

a separate ORF, ORF3 representing a structural gene (Dhar et al., 2014, Fig. 7). ORF1 is 1281 

bases in length, encodes a non-structural protein containing 428 amino acids with unknown 

function. ORF2 is 1734 bases, encodes a non-structural protein NS1 containing 579 amino acids. 

NS1 protein is presumed to be involved in viral replication since it contains a replication initiator 

and termination motifs and is considered as the most conserved region among different 

geographical isolates of HPV. ORF3 encodes a viral capsid protein, VP, which is 2460 bases long 
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encoding a polypeptide containing 818 amino acids. The VP gene has the highest genetic variation 

among the HPV isolates ranging from 18 to 31% (Tang et al., 2008b). Unlike IHHNV, a widely 

prevalent parvovirus that causes systemic infection in shrimp, HPV infection is restricted to 

hepatopancreas only. Upon infection, HPV produces basophilic intranuclear inclusion bodies with 

the E- and F- cells along the distal portion of the hepatopancreatic tubule that are considered 

pathognomonic of HPV. It is interesting to note that all three polypeptides of HPV have functional 

nuclear localization signals (NLS), whereas, in IHHNV, only the NS1 protein contains NLS (Shike 

et al., 2000, Owens, 2013).  

According to the International Committee on Taxonomy of Viruses (ICTV), 

Hepatopancreatic parvovirus is now named Decapod hepandensovirus 1 which is a single species 

within the Hepadensovirus genus, belonging to the subfamily Densovirinae and family 

Parvoviridae (formerly genus Brevidensovirus, subfamily Densovirinae, family Parvoviridae) 

(ICTV, 2020). 

 

Genetic variation in HPV 

Although HPV has a wide geographic distribution, relatively few studies have assessed 

genetic variation of the virus. A study conducted in 2008 by Tang and colleagues revealed a high 

level of genetic variation among the HPV isolates. HPV seems to be more genetically diverse 

compared to other shrimp viruses, including one other parvovirus infecting shrimp, IHHNV, which 

has been extensively studied. It was hypothesized that the high diversity of the virus might be a 

result of a wider geographic distribution of the HPV as compared with other viruses (Tang et al., 

2008).  
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Phylogenetic analyses performed by different authors revealed that HPV isolates could be 

grouped into two to four main clades. It appears the differences resulted due to the difference in 

the methods, the algorithm used to build the trees, the number of analyzed isolates and outgroups, 

and the type of data used to build the tree (full genomic DNA, NS1 or VP nucleotide or amino acid 

sequence). For example, based on the genomic DNA sequence, La Fauce et al. distinguish two 

main clades of prawn and insect parvoviruses, with all HPV isolates grouped with IHHNV and 

insect Aedes aegypti densovirus and Aedes albopictus densovirus (La Fauce et al., 2007). HPV 

isolates were further split into two subclades, with Indian and Thai isolates forming one group, 

and Australian and Korean isolates forming another group (La Fauce et al., 2007). Based on full 

and partial genomes, Safeena et al. distinguish three main clades of shrimp, insect, and vertebrate 

parvoviruses, with HPV forming one group with IHHNV and insect Aedes aegypti densovirus and 

Aedes albopictus densovirus, in agreement with La Fauce et al. Within the shrimp parvovirus 

group, HPV isolates were further divided into three subgroups, Australia and China, Madagascar 

and Tanzania, and India and Thailand (Safeena et al., 2010). Based on the amino acid alignment 

of NS1 and VP, Jeeva et al. distinguish three genotypes of HPV, with isolates from Korea, 

Tanzania, and Madagascar forming one group, Thailand and Indonesia forming another group, and 

Australia and New Caledonia forming the third group (Jeeva et al., 2007). Based on the amino acid 

alignment of VP and analyzing the same isolates, Tang et al. obtained the results in agreement 

with Jeeva et al. (Tang et al., 2008). A Bayesian phylogenetic analysis based on the nucleotide 

sequence of VP performed by Dhar at al. revealed four genotypes of HPV, with isolates from 

Tanzania and Madagascar forming one subclade, Thailand, Indonesia, and India forming the 

second subclade, Australia and New Caledonia forming the third, and Korea and China forming 
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the forth subclade (Dhar et al. 2014). Overall, a common characteristic of the trees is the clustering 

of the isolates based on their geographic distribution (Dhar et al., 2014).  

 

HPV in Madagascar 

Madagascar is an important producer of Penaeus monodon broodstock and commodity 

shrimp in the African continent. Commercial farming of shrimp in Madagascar spurred in the early 

1990s. Although Madagascar is renowned for high-quality shrimp, the industry has been struggling 

with competition from Asian countries, offering shrimp at a much lower cost (UNEP, 2008). 

UNIMA/Aqualma is the largest producer of shrimp in Madagascar. The animals are farmed 

sustainably at low stocking densities in minimally altered mangrove environment and fed with a 

high-quality natural diet. Careful sourcing of the broodstock combined with maintaining the 

diversity of the genetic pool allowed the company to domesticate P.  monodon.  It has enabled the 

producer not to rely on obtaining the broodstock from the sea, avoid the possibility of introducing 

diseases into the hatchery, and having control over the entire life cycle of the animals 

(www.unima.com, 2020). Continuous efforts of UNIMA/Aqualma have led to developing a 

Specific Pathogen Free (SPF) line of P. monodon which is free of any diseases listed by the OIE 

(World Organization for Animal Health) as well as any local pathogens; it is a safe starting material 

for stocking the farms. The broodstock production center in UNIMA/Aqualma practices strict 

biosecurity protocols, including sanitary measures at every life stage of the animals. The rigorous 

safety standards, combined with the vertical integration of the entire production process, ensure a 

disease-free status of the operation (Le Groumellec et al., 2011).  

http://www.unima.com/
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HPV has been present in Madagascar at low levels since the early 1990s, as detected by 

histological and PCR methods, with each detected batch eliminated from the breeding program 

(Le Groumellec et al., 2011, communication with Dr. Marc Le Groumellec). 

In recent years, post-larvae (PL) produced at UNIMA hatchery occasionally turned out to 

be HPV positive by PCR-based screening. However, H&E histology performed to detect 

pathognomonic lesions in the PL failed to detect virus-specific inclusion bodies (personal 

communication of Arun K. Dhar with Dr. Marc Le Groumellec, R&D Director, UNIMA/ Aqualma, 

Madagascar). Similarly, in recent years, farmed shrimp (P. monodon) from Madagascar were also 

found to carry HPV without showing histopathological changes or displaying any clinical signs 

like isolates from other geographic regions. This suggests that the host might have developed 

resistance against the circulating HPV genotypes in Madagascar and supports only minimal 

replication of the virus. Alternatively, a new strain or strain(s) of HPV might have evolved that do 

not cause any clinical manifestation yet persist(s) in the population at a very low level such that 

the new strain(s) remain undetected by routine histopathology techniques but can be detected by 

PCR-based diagnostic method. 

Therefore, the overall goal of the project was to carry out the biological and genomic 

characterization of the novel HPV isolate. The technical tasks involved sequencing the full genome 

of the Madagascar HPV isolate and comparing it to the genomes of other geographical isolates 

available in the GenBank database. Currently, there are six full-length or partial (coding sequence) 

genomes of HPV available in GenBank (Table S1 in the Appendix), and several partial sequences 

from other geographic regions (Tanzania, Indonesia). Genomic comparison of various geographic 

isolates may enable delineation of uniqueness in the genome of new HPV isolates in Madagascar 

and perhaps shed light on the molecular basis of HPV pathogenesis and reasons for the unique 
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clinical presentation of the newly emerged strain(s) in P. monodon shrimp. These sorts of 

information are needed in developing diagnostic protocols to detect the prevalence of the new 

strain(s), develop strategies to prevent further spread of these strains, and a potential therapy 

against HPV. 
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Complete genome sequence of a novel strain of Hepatopancreatic Parvovirus in black tiger 

shrimp (Penaeus monodon) from Madagascar that does not cause histological lesions 

Abstract 

Hepatopancreatic Parvovirus (HPV) is a single-stranded DNA virus that affects juvenile stages of 

penaeid shrimp and can cause substantial losses in hatchery operations. Shrimp infected by HPV 

show nonspecific clinical signs and present stunted growth. Black tiger shrimp (Penaeus monodon) 

from Madagascar were found to carry HPV without displaying any obvious clinical signs. These 

HPV isolates cannot be detected by H&E histology but can be detected by conventional and real-

time PCR. Therefore, the objective of this study was to sequence the genome sequence of this 

novel HPV isolate and to determine its uniqueness compared to other geographical isolates. The 

complete genome sequence of the HPV-Madagascar isolate (6,254-nt) showed a 96.9% sequence 

identity to a previously reported HPV strain from Madagascar, and 80.7 to 88.2% similarity to 

other geographical isolates. Histological analysis revealed that shrimp that test positive by PCR 

and real-time PCR show no histological lesions pathognomonic of HPV infection. The 

phylogenetic analysis revealed four main HPV clades, with the novel strain being closely related 

to a previously sequenced HPV strain from Madagascar. Our findings show that the novel HPV 

isolate is unique in its genomic and histological properties. To date, this is the only genetically 

characterized strain of HPV that infects the host without causing the typical histological lesions 

attributed to HPV infection. The information is valuable for screening broodstock and post-larvae 

for HPV in captive breeding programs and future investigations on understanding the role of viral 

encoded protein(s) in the clinical manifestations in HPV infection.  

 

Keywords 

Hepatopancreatic parvovirus, HPV, Penaeus monodon, HPV genome, Shrimp  
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Introduction 

Hepatopancreatic parvovirus (HPV) is a single-stranded DNA virus that mostly affects 

post-larval and mid-juvenile stages of penaeid shrimp. The virions of HPV are icosahedral and 

small, measuring 22 nm, and contain a single-stranded DNA genome. The HPV genome is ~6.3 

kb and contains two partially overlapping nonstructural and one structural gene (Dhar et al., 2014, 

Fig.1). The target tissue for the virus is the hepatopancreas. The virus infects the tubule epithelial 

cells causing large intranuclear basophilic inclusion bodies by H&E histology. The transmission 

of this virus occurs horizontally via contaminated water, cannibalism, and is facilitated by high 

stocking densities. The infection by HPV shows nonspecific clinical signs and is sometimes 

associated with increased mortality and stunted growth, resulting in shrimp with decreased market 

value (Dhar et al., 2014). The natural reservoir and the mechanism of entry and pathogenesis of 

HPV remain poorly understood. Furthermore, there is no commercially available treatment for the 

HPV, although some attempts have been made to develop an RNA-interference based therapy to 

prevent viral translation via post-transcriptional gene silencing (Itsathitphaisarn et al., 2016). Due 

to a lack of therapeutics, biosecurity remains the principal strategy for controlling HPV infection.  

In the past, HPV encompassed a group of penaeid shrimp viruses with three genera, 

Penaeus monodon densovirus, Penaeus merguiensis densovirus, and Penaeus chinensis 

densovirus (Dhar et al., 2019). Currently, the International Committee on Taxonomy of Viruses 

(ICTV), has established that Hepatopancreatic parvovirus is named Decapod hepandensovirus 1 

and is a single species within the Hepadensovirus genus, belonging to the family Parvoviridae 

(formerly genus Brevidensovirus, subfamily Densovirinae, family Parvoviridae) (ICTV, 2020). 

HPV was initially reported in Singapore affecting farmed Penaeus merguiensis and P. indicus 
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(Chong and Loh, 1984), and since then, the pathogen has been detected in all areas where shrimp 

are farmed (Safeena et al., 2012). 

HPV has been present at low levels in Madagascar since the early 1990s and routinely 

detected by hematoxylin and eosin (H&E)- stained section of hepatopancreatic tissue. To expedite 

the examination process, in 2007, Tang and colleagues developed a PCR screening method to 

detect HPV in Madagascar (Tang et al., 2008). In recent years, some farmed Penaeus monodon 

from Madagascar were found to be tested positive by PCR but did not show any histological lesions 

in H&E staining of hepatopancreatic tissue from suspected post-larvae samples. However, the 

presence of the virus in Madagascan shrimp farms is occasional to rare. The genome sequence of 

this novel HPV isolate found in Madagascar was determined at the University of Arizona, and the 

sequence compared to other geographical isolates. Sections of hepatopancreatic tissue stained with 

H&E stain from suspected post-larvae showed no lesions pathognomonic of HPV infection. 

However, DNA isolated from paraffin-embedded tissue section provided positive results in 

conventional and real-time PCR, indicating the presence of HPV in the samples screened. 

However, the sequenced genome of this strain, although detected with standard primers, was 

significantly different from HPV strains found in other geographic regions. The importance of 

characterizing this unique isolate lies in the potential to understanding what differentiates it from 

the typical strains producing inclusion bodies in hepatopancreas and midgut cells. This information 

will be useful in future studies in understanding the viral pathogenesis, including the role of virally 

encoded proteins in developing histological lesions upon infection. 

 

 

 



25 
 

Materials and Methods 

 

HPV strain from Madagascar 

 

The HPV isolate analyzed in this study was obtained from P. monodon post-larvae 

collected at a commercial farm in Madagascar in 2018. Altogether, DNA was isolated from five 

separate batches of the post-larvae (PL), each representing a different genetic line and a difference 

in the developmental stage. The developmental stages of the post larvae presumed to be infected 

with HPV were PL36, PL37, PL 44, PL56, and PL58. Aliquots of hepatopancreas from six PL per 

batch were pooled before isolating DNA and performing PCR. 

 

Isolation of DNA from post-larvae and paraffin-embedded archived tissue 

Hepatopancreas tissue from five to eight PLs from each of the five batches was dissected. 

The hepatopancreatic tissue was chopped and homogenized, and 28 mg of tissue was taken for 

DNA isolation. Total genomic DNA was isolated using the QIAGEN DNeasy Blood & Tissue Kit. 

The DNA concentration was measured using the NanoDrop Microvolume Spectrophotometer. The 

samples were diluted with sterile water to obtain a desired concentration of DNA (100 ng/µL) to 

be used as templates in PCR. 

 

DNA was also extracted from 12 paraffin-embedded shrimp tissues representing the same 

batches of animals used for the DNA isolation, using a commercial FFPE DNA Purification Kit 

(NORGEN BIOTEK CORP) in accordance with the manufacturer’s recommendations with minor 

modifications. During the deparaffinization step, the xylene washes were doubled, and the pellet 
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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. Two elutions were obtained from each sample. 

 

Detection of HPV by conventional PCR following OIE-recommended method 

The standard diagnostic PCR was performed using Phusion Green High-Fidelity DNA 

Polymerase, and the HPV 2F and HPV 2R primers (Table 1), to amplify a 594 bp amplicon to 

determine if the samples were indeed infected with HPV following an OIE-published protocol 

(OIE, 2007). The shrimp Beta-actin gene was used as an internal control. The thermocycler 

program followed the steps: Initial denaturation at 98°C for 30 s, Denaturation at 98°C for 10s, 

Annealing at 62°C for 10s, Extension at 72°C for 30s, Final Extension at 72°C for 5 min. 

Denaturation, Annealing, and Extension were repeated 34 times, for 35 cycles total. The amplicons 

were run in a 1.5% agarose gel using 1xTBE buffer, stained using SYBR Green, and the gel was 

photographed using a Bio-Rad Gel-Doc™ XR+ UV Imaging System. 

 

Conventional and real-time PCR for detection of HPV-Madagascar from paraffin-

embedded tissue 

Following an OIE-recommended method, initially, conventional PCR was performed to 

detect HPV- Madagascar isolate from paraffin-embedded tissue. The target amplicon was 594 bp, 

and the primers used for the PCR were taken from a published protocol (Pantoja and Lightner, 

2003, Table 1). Subsequently, additional primers were designed to amplify smaller amplicons, 165 

bp and 120 bp. Additional primers and the probe for TaqMan real-time PCR were designed using 

Geneious Prime (Biomatters). The primer sequence used to amplify a 165 bp and 120 bp amplicons 

and using conventional PCR were HPV F (5´- CCACAACATAAGTGCTGCAGT-3´)/ HPV R 



27 
 

(5’-TAGCCGCGGAATAAAACCCT -3´), and HPV F 5’-AAGCCTGTGTTTCTGACTAACCA-

3’/ HPV R 5’-TGAGTTTACCGCCTCACTTCC-3’. The primers used for the detection of HPV 

by real-time PCR were HPV-HS-RCF-F (5´- CCACAACATAAGTGCTGCAGT-3´) and HPV-

HS-RCF-R (5´-TAGCCGCGGAATAAAACCCT-3´). The TaqMan probe for HPV-Madagascar 

(5′- TGAATGTTGTAAAGACTCAGCCA -3′) was synthesized and labeled with 6-

carboxyfluorescein (FAM) on the 5′ end and TAMARA on the 3′-end. 

 

For the detection of HPV- Madagascar isolate using DNA isolated from the paraffin block, 

PCR was carried out in a total volume of 25 µl containing 1µl of template DNA (50-100 ng/µl), 

12.5 µl of DreamTaq™ Hot Start Green PCR Master Mix (ThermoFisher) and 350 nM of each 

primer (2F and 3081R). The PCR conditions consisted of an initial denaturation at 95°C for 2 min, 

followed by 45 cycles at 95°C for 10s, 60°C for 10s and 72°C for 10s 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). 

 

For the detection of HPV- Madagascar isolate in DNA isolated from the paraffin-embedded 

blocks, real-time PCR was performed using TaqMan™ Fast Virus 1-Step Master Mix (Applied 

Biosystems ™). The reaction mixture contained 1 μl DNA, 200 nM of each primer and 100 nM of 

TaqMan probe in a final reaction volume of 10 μl. The real-time PCR profile was 20s at 95°C, 

followed by 40 cycles of 1s at 95°C and 20s at 59 °C. The amplification, detection, and the analysis 

of the data for the real-time PCR assay was carried out with a StepOnePlus PCR system (Applied 

Biosystems ™). 
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Histopathology 

Penaeus monodon post-larvae suspected to be infected with HPV were fixed using 

Davidson's alcohol-formalin-acetic acid (AFA), embedded in paraffin, and sectioned (5 μm thick) 

following a standard method (Lightner, 1996). After staining with hematoxylin and eosin (H&E), 

the sections were analyzed by light microscopy. Altogether twelve samples of post-larvae were 

examined by H&E histology. Tissue sections from the same twelve paraffin blocks were later 

taken for isolation of DNA and detection HPV by conventional and real-time PCR. 

 

Cloning and sequencing the genome of HPV- Madagascar isolate 

 Primers Design 

            Full-length genome sequence of HPV isolates from India and Thailand were aligned using 

the ClustalW algorithm. The conserved sequences were identified, and primers were designed to 

amplify and sequence the up- and downstream regions of the 594 bp HPV diagnostic amplicon. 

The nucleotide sequence of the primers, amplicon size, and the location with respect to Thai and 

Madagascan isolates are presented in Table 1. 

 

Cloning of HPV DNA fragments 

             The PCR products obtained from each primer set were cloned into a pCR™2.1-TOPO™ 

vector (Invitrogen). NEB® 5-alpha Competent Escherichia coli (High Efficiency) (BioLabs) were 

transformed and incubated at 37°C overnight. The recombinant clones were selected based on the 

blue-white colony screening. Plasmid DNA was isolated from recombinant clones using QIAprep 

Spin Miniprep Kit. For each amplicon, two to six clones were taken for plasmid DNA isolation. 

The purified plasmid was sequenced using Sanger sequencing and topo primers (M13F-40 and 
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M13R-Reverse). Despite repeated attempts, the 5’-terminal end amplicon could not be cloned. 

Hence the PCR amplicon was sequenced to generate a consensus sequence. 

 

Sequence analysis 

             The process of PCR, cloning, and sequencing was repeated until the full-length genome 

sequence of the Madagascan isolate was obtained. A 6,254 nt viral sequence was assembled from 

eight amplicons. The amplicons were assembled using the prabi-doua cap3 sequence assembly 

program. 

            The consensus nucleotide sequence was taken for the GenBank database search using the 

BLASTn Sequence Analysis Tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The multiple 

alignments were performed using the ClustalW algorithm, and calculations of percent similarity 

among HPV isolates and other parvoviruses as well as sequence annotations for the purpose of the 

promoter analysis were completed using the Geneious Prime 2020.0 (https://www.geneious.com). 

The putative open reading frames were identified using the Open Reading Frame Finder tool 

(https://www.ncbi.nlm.nih.gov/orffinder/). Splicing sites for a potential ORF4 were identified 

using the Alternative Splice Site Predictor (ASSP) tool (wangcomputing.com/assp/index.html).  

 

Phylogenetic analysis 

             The nucleotide sequences of the full-length genome of HPV isolates and other 

densoviruses were taken for phylogenetic analyses. The phylogenetic tree was constructed using 

the ClustalW alignments and MEGA X program. The evolutionary history was derived by 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.geneious.com/
https://www.ncbi.nlm.nih.gov/orffinder/
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applying the Maximum Likelihood method and Tamura-Nei model for the full-genome-based tree. 

The tree with the highest log likelihood is shown. The initial tree for the heuristic search was 

obtained automatically by using Neighbor-Join and BioNJ algorithms and to a matrix of pairwise 

distances assessed using the Maximum Composite Likelihood (MCL) approach and then choosing 

the topology with superior log likelihood value. The bootstrap values were obtained based on 1000 

replications (Kumar et al., 2018). 

             A phylogenetic tree was also constructed using the amino acid sequence of the capsid 

protein gene of HPV isolates. The amino acid sequences were aligned using ClustalW alignments. 

Phylogenetic and molecular evolutionary analyses were conducted using MEGA version X 

(Kumar et al., 2018). 

 

Results 

HPV detection by PCR and Histology 

Using the diagnostic PCR methodology of OIE, HPV was detected in four of the five 

pooled post-larvae samples. The DNA from the largest PL (PL 58) did not provide any successful 

amplification, and no expected amplicon was seen in the agarose gel.  

When PCR was performed to amplify using the OIE-recommended protocol and DNA 

isolated from paraffin-embedded tissue samples, none of the twelve samples provided any 

successful amplifications (Fig. 2, Panel A). Subsequently, primers were designed to amplify two 

smaller sized, 165 bp and 120 bp amplicons. Out of the twelve samples tested, five samples 

(sample nos. 1, 8, 12a, 13a, 15a provided successful amplification for 165 bp amplicon. The 

samples represented age groups PL5 (sample 1), PL10 (sample 8), and PL15 (samples 12a, 13a, 
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15a).  When the amplicon size was further reduced to 120 bp, in addition to the previous five 

samples, two more samples were successfully amplified for a total of seven samples (sample 3 

representing age PL5 and sample 7 representing age PL10) (Fig. 2, Panel B). Finally, using 

a TaqMan real-time PCR, 5 of 12 samples were tested positive (sample nos. 1, 8, 12a, 13a, 15a) 

(Table 2). 

 

Histopathology 

Histopathological evaluation revealed that none of the twelve P. monodon post-larvae 

samples presented the characteristic basophilic intranuclear inclusion bodies formed upon HPV 

infection in the cells of the hepatopancreas (Fig. 3, Panel B, Table 2). However, an archived tissue 

block of P. monodon infected with HPV and used as a positive control displayed basophilic 

intranuclear inclusion bodies that are pathognomonic of HPV infection (Fig. 3, Panel A).  

 

Sequence analysis 

Open reading frames 

Nucleotide sequences of eight amplicons were assembled to generate a 6,254-nucleotide 

consensus sequence of the HPV- Madagascar isolate. The ORF analysis revealed the presence of 

three open reading frames (ORFs). ORF1 in reading frame +2 encodes a nonstructural protein 2 

(NS2) consisting of 427 amino acids. ORF2 in reading frame +1 encodes nonstructural protein 1 

(NS1) consisting of 578 amino acids, and the ORF3 in reading frame +1 encodes the viral capsid 

protein (VP) consisting of 820 amino acids (Fig. 1). There was a 16-base overlap between the 



32 
 

ORF1 and ORF2, encoding the NS2 and NS1, respectively, but there was no overlap between the 

nonstructural genes and the capsid protein gene. A putative ORF4 was found on the minus strand 

(frame -3), containing 489 nucleotides encoding a polypeptide of 162 amino acids. 

 

Promoter elements 

The putative promoters containing TATA box, initiator element (Inr), downstream 

promoter element (DPE), and translation initiation (TI) ATG codon were identified for ORF2 and 

ORF3 based on Geneious Prime 2020.0 (https://www.geneious.com). The locations of these 

sequence motifs are shown in Fig. 4. The TATA box location on the HPV- Madagascar genome 

was at 1424-1430 nt for ORF2 and at 3413-3419 nt for ORF 3, the Inr element was located at 

1463-1468 nt for ORF2 and at 3469-3475 nt for ORF 3. The DPE was identified at 1486-1496 nt 

for ORF2 and at 3500-3509 nt for ORF 3. The putative transcription initiation sites (TI) were 

located at 1531-1533 for ORF2 and 3703-3705 nt for ORF 3. 

The nucleotide sequence of the promoter regions of NS1 and CP genes of HPV isolates 

from India, Thailand, Madagascar (previously sequenced), Korea, Australia, and China were 

aligned to the homologous region of the currently sequenced Madagascan isolate (Fig. 4). 

Alignment of the NS1 and CP promoter regions revealed that although there are some nucleotide 

variations among the strains, the core motifs of the TATA box, Inr, DPE, and the TI sites are 

mostly conserved among the isolates, including the new Madagascan isolate sequenced in this 

study (Fig. 4). The Chinese and Korean strains had an identical, eight-nucleotide long insertion in 

the CP at position ~3550 between the DPE and the TI codon, which is absent in all other isolates 

(Fig. 4). It was interesting to note that there was a mutation from G to A at a nucleotide position 

https://www.geneious.com/


33 
 

+24 downstream of the transcription initiation site in the newly sequenced HPV-Madagascar 

isolate (Fig. 4). 

  

Phylogenetic analysis 

The nucleotide sequence of the almost full-length genome of the new Madagascan HPV 

isolate was compared with those of seven other HPV isolates, including the previously sequenced 

Madagascan strain, and strains from Tanzania, Australia, China, Korea, India, and Thailand. 

Additionally, four other parvoviruses that infect shrimp and insects (infectious hypodermal and 

hematopoietic necrosis virus, IHHNV infecting shrimp, Decapod ambidensovirus, Dipteran 

brevidensovirus, Bombyx mori densovirus) were included in the analysis. The pairwise distance 

comparison showed that the nucleotide similarity of the new Madagascan isolate is closest to the 

previously sequenced Madagascan isolate (96.9%) described by Kathy Tang and colleagues (Tang 

et al., 2008a), followed by HPV isolates from Tanzania (88.2%), China (83.8%), Korea (83.5%), 

Australia (81.7%), India (81%), and Thailand (80.7%). Interestingly, the nucleotide similarity of 

the HPV isolates was higher with respect to the Dipteran brevidensovirus and Decapod 

ambidensovirus than to the IHHNV that infects shrimp. The new Madagascan isolate showed 

a 33% similarity to the Dipteran brevidensovirus, followed by the Decapod ambidensovirus 

(32.8%), IHHNV (30.2%), and Bombyx mori densovirus (28.1%).  

The amino acid sequence of the capsid protein of HPV- Madagascar isolate was also 

compared to the homologous sequence of other HPV isolates. The new HPV-Madagascar isolate 

showed the highest similarity to the previously sequenced Madagascan strain (Tang et al., 2008a), 

followed by isolates from China, Tanzania, Korea, Australia, Thailand, and India. Similar to the 
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comparison based on the complete or almost complete genome sequence, the new HPV isolate 

showed the highest similarity to the Dipteran brevidensovirus than to another parvovirus, IHHNV, 

that infects shrimp. 

Both the full-genome alignments and capsid protein amino acid alignments were used to 

determine the phylogenetic relationships among geographically different HPV isolates and other 

parvoviruses infecting shrimp and terrestrial insects (IHHNV, Decapod ambidensovirus, Dipteran 

brevidensovirus, Bombyx mori densovirus) (Fig. 5). The phylogenetic tree based on the full-

genome sequence provided four main HPV clades. The first genotype constitutes of Korean and 

Chinese isolates grouped together with a bootstrap value of 100. Another clade is formed by the 

Australian isolate, with the bootstrap value of 58. The third genotype is formed with a bootstrap 

value of 98 by the Tanzanian isolate and the two Madagascan isolates – the previously sequenced 

one and the novel isolate, each constituting a distinct subgroup within the clade. The fourth 

genotype is formed by the Thai and Indian isolates with a bootstrap value of 100 (Fig. 5A). The 

phylogenetic tree based on the capsid protein amino acid alignment also provided four main clades, 

with the main difference of the Tanzanian strain clustering with Chinese and Korean isolates with 

the bootstrap value of 81 (Fig. 5B). 

 

Discussion 

The HPV-Madagascar strain, although present at low levels in the population, is an 

intriguing study subject, as it is noticeably different from other strains at the genome and pathology 

levels. The strain has been reported to not cause mortalities like other isolates (Le Groumellec et 

al., 2011). The 6,254-nucleotide consensus sequence of the HPV-Madagascar isolate obtained in 

this study accounts for approximately 99% of the viral genome (without the inverted terminal 
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repeats). Our inability to amplify and sequence the complete inverted terminal repeats could be 

due to the well-known instability and secondary structure formation (Cotmorel and Tattersall, 

1996) of these particular repetitive sequences. The BLASTn search using the results revealed 

a 96.94% sequence identity to the previously known HPV isolate from Madagascar (EU247528.1). 

These results were expected since both isolates come from the same region and infect the same 

host species.  

The HPV isolates form four clades with bootstrap values from 58 to 100, which indicates 

that they are a highly heterogeneous group. The isolates from East Africa, including the novel 

HPV isolate from Madagascar, form a separate clade. As indicated earlier, HPV isolates from 

Madagascar and other geographic regions showed higher similarity to Dipteran brevidensoviruses 

compared to another parvovirus infecting shrimp, the IHHNV.  

There are three confirmed ORFs and potentially an additional ORF4 present in the HPV – 

Madagascar genome. 

The mutations found throughout the HPV genome may be the key to making the virus 

persistent in shrimp, passing from generation to generation without producing pathology and 

allowing both the virus and the shrimp to survive. This hypothesis is based on the premise that the 

ultimate objective of pathogens is to find the equilibrium with the host, eventually transitioning 

from a disease-causing agent to a symbiont. 

Two putative promoter elements were identified in the HPV genome. Multiple alignment 

of the promoter regions of HPV - Madagascar isolate with homologous isolates from other 

geographic regions showed several mutations. It is unknown if the mutations identified in the 

promoter regions have any effect on the transcription activity of the corresponding promoters and 
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potential impact on the pathogenicity of the isolate.  An in vitro promoter assay using a reporter 

gene will enable to determine the effect of the mutation on promoter activity. 

In the HPV capsid protein promoter, there was a mutation (G to A) at +24 nucleotide 

position downstream of the transcription initiation site. In IHHNV, using a luciferase promoter 

assay and a series of deletion constructs of the capsid protein promoter, it was shown that a deletion 

of a single G at +24 position negatively affects transcriptional activity (Dhar et al., 2011). It 

remains to be determined if a mutation from G to A negatively affects the transcriptional activity 

of the HPV capsid protein promoter. If this indeed happens, the accumulation of capsid protein 

will be reduced, which might make it difficult to detect inclusion bodies in the H&E stained 

hepatopancreatic tissue samples infected with the new HPV- Madagascar isolate since inclusion 

bodies are generally made up of virally encoded capsid protein(s) and viral nucleic acids. To 

further investigate the reason for the absence of the inclusion bodies, a study combining the 

histology and electron microscope analysis of the infected tissue would help to determine if the 

viral stroma is expressed in the hepatopancreatic cells. Such study was conducted by Pantoja and 

Lightner, and revealed that the HPV was present in various forms in the infected cells: as complete 

encapsidated virions and as stromata, which opened a possibility of the viral genome to exist as 

a free nucleic acid form (Pantoja and Lightner, 2001).  

The differences in detecting HPV-Madagascar isolate by H&E histology, conventional and 

real-time PCR were very interesting. None of the 12 samples examined by H&E histology 

displayed any basophilic intranuclear inclusion bodies that are hallmarks of HPV infection and 

routinely used as a signature mark for HPV detection by histology. When the same samples were 

screened by PCR using an OIE protocol that amplifies a 594 bp amplicon, none of these samples 

provided any amplification. However, when the amplicon size was reduced to 165 and 120 bp, 
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positive amplifications were obtained for five (42%) and seven (58%) out of 12 samples, 

respectively. The OIE protocol was developed to detect HPV in DNA isolated from fresh or frozen 

shrimp tissue or tissue stored in 90% ethanol, but not from DFPE tissue. Shrimp tissue samples 

fixed using Davidson’s fixative contain acetic acid and formalin. As a result, nucleic acids (DNA/ 

RNA) isolated from Davidson’s fixed tissue samples are fragmented due to the cross-linking of 

macromolecules and hydrolysis of phosphodiester bonds (Bodewes et al., 2015, Srinivasan et al., 

2002, Roberto Cruz-Flores and Arun K. Dhar, Unpublished). It is likely that the inability to amplify 

a 594 bp amplicon was due to the fragmentation of DNA isolated from David’s fixed paraffin-

embedded shrimp tissue samples.  

Similar to the current findings, in 2006, Tang and Lightner (2006) reported P. monodon 

from Madagascar routinely tested positive by PCR-based screening for IHHNV while parallel 

samples tested negative by histology or in situ hybridization. Later these authors reported that in 

the P. monodon samples they screened, a segment of IHHNV targeted by PCR is integrated into 

the host genome as a non-infectious, endogenous virus element. As a result, these samples did not 

display any characteristic pathology of IHHNV by H&E staining but provided positive results 

when tested by PCR. Integration of pieces of the viral genome into the host genome has also been 

reported for another shrimp virus, white spot syndrome virus, a double-stranded DNA containing 

virus (Rozenberg et al., 2015; Utari et al., 2017; Kawato et al., 2018; Taengchaiyaphum et al., 

2019). One can hypothesize that the HPV genome is integrated into its host, P. monodon genome, 

and hence can be detected by PCR but not H&E histology. In the present study, almost the entire 

viral genome (96.7%) was amplified by PCR by designing primers based on the consensus 

sequence. It is, therefore, unlikely that the entire viral genome is integrated into the host genome. 

In future experiments, efforts will be made to purify infectious virions from HPV infected P. 
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monodon post-larvae. Additionally, in situ hybridizations will be performed to determine if the 

viral DNA is indeed present in the hepatopancreatic tissue, but virally encoded genes are not 

expressed to form inclusion bodies. To summarize, the data presented here show a unique isolate 

of HPV infecting P. monodon post-larvae in Madagascar that does not produce any intranuclear 

inclusion bodies pathognomonic of HPV infection, and hence cannot be detected by routine H&E 

histology. However, the virus could be detected by PCR. 
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Figures 

 
Figure 1. Genomic organization of the new HPV isolate from Madagascar. The genome is shown 

in the plus strand. A 6,254 nt viral sequence was assembled from 8 amplicons. The three open 

reading frames are indicated by boxes: ORF1 - Nonstructural Protein 2 (NS2), ORF2 - 

Nonstructural protein 1 (NS1), ORF3 – Viral Protein (VP). Arrows below the boxes represent the 

start of the ORFs, and arrows above the boxes represent the end of the ORFs. ‘aa’ indicates the 

number of amino acids encoded by each ORF. The bars below the boxes represent the PCR 

amplicons with the respective primers used to assemble the full genome sequence. The nucleotide 

sequences of the primers are given in Table 1. Purple arrows indicate the internal primers used to 

assemble the respective amplicons. The red bar represents the diagnostic primers used for the 

initial identification of HPV. 
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D. 

 

 

Figure 2. Panel A. Photograph of an agarose gel showing a 594 bp HPV amplicon. The PCR was 

performed following an OIE-recommended protocol (using Primers 2F/2R) and DNA isolated 

from the Davidson’s fixed paraffin-embedded P. monodon post-larvae. No amplification of the 

HPV genome was detected except for the positive control sample (+C). 

Panel B. Gel electrophoresis of PCR amplicons for the detection of HPV in P. monodon post-

larvae from Madagascar. The top panel shows a PCR amplicon of 165 bp, and the bottom panel 

shows a PCR amplicon of 120 bp. Sample numbers are indicated on top of each panel. +C/ PC: 

Positive control, SPF: Specific Pathogen Free shrimp, NTC: No template control 

Panel C. Internal control Elongation factor alpha 

Panel D. Internal control 18S rRNA 
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Figure 3. Histological sections of the hepatopancreas tissue from Penaeus monodon stained with 

hematoxylin and eosin stain. Magnification 40x. (A) Positive control slide: Penaeus monodon 

from 1988 (Sample No. 88-176) known to be infected with HPV and showing several basophilic 

intranuclear inclusion bodies (arrows) in tubule cells of the hepatopancreas. (B) Hepatopancreatic 

tissue sections of Penaeus monodon from Madagascar showing no intranuclear inclusion bodies. 

The same sample, when tested by PCR, provided positive results for HPV. 
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A. NS1 promoter region 

 

B. CP promoter region
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Figure. 4. Alignment of the promoter regions of NS1 (A) and capsid protein, CP (B) genes of the 

HPV isolates. Putative promoter elements are indicated with yellow boxes and red frames on the 

reference strain DQ002873 from Thailand (Sukhumsirichart et al. 2006). TATA: TATA box, Inr: 

initiator element, DPE: downstream promoter element, TI: translation initiation ATG codon. 
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A. 

 

B. 

 

 

Figure 5. Evolutionary relationship of HPV and other decapod- and insect-infecting parvoviruses, 

as determined by the Maximum Likelihood method and based on the nucleotide sequence of the 

full- or almost full-length genome sequences (A) and amino acid sequence of capsid protein (B). 

The trees are drawn to scale. The branch lengths represent the number of substitutions per site. 

The numbers at the branches indicate the percentage of trees in which the associated taxa clustered 
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together, based on bootstrap support from 1000 replicates. The country of origin of the HPV, the 

GenBank accession number, and the host species are indicated. 

Pm- Penaeus monodon (Giant Tiger Prawn), Pmerg - Penaeus merguiensis (Banana Shrimp), Fc 

- Fenneropenaeus chinensis (Chinese White Shrimp), Ag - Anopheles gambiae (Mosquito), Ls - 

Litopenaeus stylirostris (Western Blue Shrimp), Bm – Bombyx mori (Silkworm), Cq - Cherax 

quadricarinatus (Australian Red Claw crayfish). 
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TABLES 

Table 1. Primers used to sequence the complete genome of HPV from Madagascar. 

 

Primer 

code 

Primer sequence (5’ - 3’) Product 

size 

(bp) 

Location* Reference 

1gF GCC GAC GCA CCG CCC TA 199 122-136 This study 

150R CCA ATA TAT AGG GGT CTG CCG A  132-153 “ 

150F 

begin 

TCG GCA GAC CCC TAT ATA TTG G 698 132-153 „ 

5’3R 

begin 

GTA GCA ACC CAT CTG ATT GTT AGG  811-830 “ 

1F TTC TCG ATG AGA GGA AAT TCA TAG ACT TC 483 448-476 “ 

750R ATG TTC CTT CCC CTC  1179-

1198 

“ 

510F CAA CAT CAA GTG ATG AGG AGC TGC 1621 960-981 “ 

2034R GTA TTG TCT TTG GTC TTG ACT CTA CCT TC  2557-

2585 

“ 

1861F GGA GAA GAT TTA TGG AAC ACT AAC AGT GC 1137 2384-

2412 

“ 

2R CGT CTC CGG ATT GCT CTG AT   3503-

3522 

Pantoja 

and 

Lightner, 

2003 
2F AAG CCT GTG TTT CTG ACT 591 

(2F/2R) 

-** 

2949F GTA GAT GTC GTG GAA GTG GCT TTT GTG G 1284 3403-

3425 

This study 

4235R CGT GTA TAT GCA TTG TCT GAT GTT GCT GAC 

C 

 -** “ 

3938F ATG AGC AGT GCC GCA CCT ACT C 1804 -** „ 

5740R TCG CTT TTG AAG GGT AAA CCA CGC ATG  6158-

6185 

“ 

640R 

(actual 

F) 

GCA GTT GCA GAA GGA GAA GAA GAA ACC A 161 6056-

6080 

“ 

B-1-1-F 

(actual 

R) 

GCC GAC GCA CCG CCC CTA  1-18 “ 

Internal 

primers 

   “ 

1000F TTCACAGATTTCAGAGGTTAGGAATG  1418-

1443 

“ 

3500F GTGGCAAGATCCGGTAAGAAGAAG  3806-

3824 

“ 
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4507F GTTAGGTCATGTATACTATCCAGATCCAAAAGG  4950-

4981 

“ 

5446R TCC CTT TCT TGA TAT TTG TCC TCT GTC TG  5860-

5876 

“ 

 

*Locations are corresponding to the sequences of PmDNV isolate from Thailand (DQ002873) 

**Locations are corresponding to the sequence of the Madagascan isolate of HPV (EU247528.1) 

 

 

 

Table 2. Comparison of H&E Histology, Conventional and TaqMan Real-time PCR in detecting 

HPV-Madagascar Isolate 

 

 

Sample 

number 

Detection Method Used 

H&E 

histology 

OIE-recommended 

primer set (594 bp) 

PCR 1  

(165 bp) 

PCR 2 

(125 bp) 

TaqMan Real-time PCR 

(165 bp) 

1 Negative Negative + + + 

2 Negative Negative Negative Negative Negative 

3 Negative Negative Negative + Negative 

4 Negative Negative Negative Negative Negative 

6 Negative Negative Negative Negative Negative 

7 Negative Negative Negative + Negative 

8 Negative Negative + + + 

9 Negative Negative Negative Negative Negative 

11a Negative Negative Negative Negative Negative 

12a Negative Negative + + + 

13a Negative Negative + + + 

15a Negative Negative + + + 
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Conclusions 

Infectious diseases are a major concern in shrimp aquaculture and a bottleneck in the long-

term sustainability of the industry worldwide. Among all the pathogens infecting shrimp, viruses 

cause about 60% of diseases, followed by bacterial (30%), and fungal and parasitic infections 

(10%) (Flegel, 2012, Lightner et al., 2012). Among viral diseases, HPV was an economically 

important pathogen primarily in the hatcheries in the 1980s. HPV causes growth reduction and 

mortalities in grow-out ponds, infecting post-larval shrimp. The infection is not easily recognized 

and can be overlooked until the hatcheries experience substantial losses in their animal stock. 

After the virus was first detected in Singapore in 1982, it subsequently spread to the rest of 

the world, infecting many farmed species of shrimp, including P. monodon (Safeena et al., 2012). 

With the development of knowledge and biosecurity procedures, the prevalence of the HPV 

diminished over the years. Madagascar is one of the few countries where black tiger shrimp, P. 

monodon, is farmed. The breeding takes place in Aqualma hatcheries, a subsidiary of the UNIMA 

Group, known for producing premium quality shrimp in a sustainable, eco-friendly farming model 

(Le Groumellec et al., 2011). Despite maintaining the highest standards in the captive breeding 

program, HPV has occasionally been detected in Aqualma Madagascan hatcheries. 

Hepatopancreatic parvovirus is routinely detected by histopathology of the 

hepatopancreatic tissue from post-larvae. The hallmarks of HPV infection include large basophilic 

inclusion bodies in the nuclei of the infected tubule epithelial cells in the hepatopancreas. The 

inclusion bodies are easily detected by H&E histology. The inclusion bodies are most likely caused 

by the accumulation of the viral particles assembled in the nuclei, which is a typical trait of 

parvoviruses (Kerr et al., 2006). HPV is also detected by PCR-based testing, following an OIE-

recommended protocol. The testing relies on amplifying a ~590 bp fragment of the HPV genome 
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that covers the 3’ end of the most conserved part of the HPV genome, ORF2, and 5’-end of the 

capsid protein gene and the non-coding region between the two ORFs (Fig.1 in the manuscript). 

In recent years, during routine screening P. monodon post-larvae from Aqualma Madagascan 

hatcheries, some batches tested positive by PCR, although parallel samples from the same batches 

did not show any lesions in H&E histology. It was speculated that possibly a new strain of HPV 

emerged that does not produce any pathognomonic lesions considered as hallmarks of HPV 

infection. However, the viral nucleic acid could be detected by PCR method.  

This project was, therefore, focused on investigating whether new strain(s) of HPV are 

indeed emerging that do not cause pathognomonic lesions in the hepatopancreas and hence escape 

detection by routine histology, yet manage to transmit in the population horizontally and 

potentially vertically. Five batches of post-larvae (Nos. 01A, 02A, 03A, 04A, 05A) of Penaeus 

monodon representing different genetic lines and selected based on the presence of the HPV 

detected by PCR were obtained from Aqualma, Madagascar. The average weight of the post-larvae 

for the five batches was 0.08 g. Genomic DNA was isolated from pooled hepatopancreas samples 

from each of five batches and retested by conventional PCR (594 bp amplicon) using an OIE-

recommended method. Four out of five samples tested HPV positive, although the intensity of the 

PCR amplicons in the agarose gel varied among the samples. A 380 bp segment of the shrimp β-

actin gene was amplified as an internal control, and all five samples provided successful 

amplification. Although only five batches of samples were examined, an interesting observation 

was recorded. It appeared as the post-larvae grew, the intensity of the 594 bp amplicon was less or 

altogether absent. Thus, for the post-larvae with the biggest size among the five batches (0.178 g), 

HPV was not detected. Therefore, it was evident that the HPV load may vary among infected post-
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larvae.  One of the five batches of samples that tested positive by PCR was taken for cloning and 

sequencing the entire viral genome. 

Almost the entire genome of the HPV isolate was amplified by PCR of eight overlapping 

fragments, cloned and sequenced by the Sanger sequencing method. The amplicons representing 

the 5’- and 3’-end of the viral genome could not be cloned despite repeated attempts. The terminal 

ends of parvoviruses are known to contain secondary structures, and perhaps because of the 

secondary structures, these regions could not be cloned. Hence the PCR amplicons for the terminal 

regions were sequenced.  The consensus sequence generated of the eight fragments was 6254 nt 

long. The sequenced genome of HPV-Madagascar contained three ORFs representing the NS1, 

NS2, and a capsid protein. The nucleotide sequence of the HPV isolate showed a 96.9% sequence 

identity to a previously reported HPV isolate from Madagascar, and 80.7 to 88.2% similar to other 

HPV isolates from different geographic regions worldwide.  

Phylogenetic analyses using the maximum likelihood method revealed that HPV-

Madagascar isolate is closely related to a previously sequenced HPV strain from Madagascar, 

forming together one clade, along with the strain from Tanzania. The remaining HPV isolates 

formed three additional clades clustered by their geographic origin, including a clade from Korea 

and China, Australia, and Thailand and India. 

Total genomic DNA was isolated from twelve archived paraffin blocks of Penaeus 

monodon post-larvae from Aqualma Madagascan hatchery. The samples represented the same 

genetic lines as the five batches used for the initial diagnostic PCR and for genome sequencing. 

Seven out of twelve samples tested positive by conventional and real-time PCR, but the H&E 

stained sections from these archived histology blocks did not show any hallmark of HPV infection 
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due to the lack of intranuclear basophilic inclusion bodies in the tubule epithelial cells in the 

hepatopancreas.  

To summarize, in the present study, a unique isolate of HPV was amplified, cloned, and 

sequenced. This unique isolate does not cause any histological lesions in the target tissue, 

hepatopancreas yet viral DNA could be detected by conventional and real-time PCR. The 

information obtained in this study will be valuable for HPV screening in P. monodon captive 

breeding programs in Madagascar and elsewhere in the world. In the future, efforts will be made 

to: 

• Develop a PCR-based diagnostic method that can specifically detect HPV strain, 

which does produce pathological lesions and determine its prevalence.  

• Develop an in situ hybridization for detecting HPV and determine if HPV DNA is 

indeed present in the epithelial cells of hepatopancreatic tubule despite the absence 

of any pathognomonic lesions. 

• Assess the activity of HPV- Madagascar putative promoters using an in vitro 

promoter assay and determine if a mutation in the sequence motif in the candidate 

promoter region alters the expression of capsid and other viral encoded proteins. 

The promoter assay can be performed using Sf9 insect cell lines due to the lack of 

an immortal cell line in shrimp. 

• Study the role of virally encoded proteins in the clinical manifestations in HPV 

infection.  
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Appendix 

Figures 

 

Fig. S1. Global distribution of Hepatopancreatic parvovirus. Red arrow indicates the site of 

emergence (Singapore, 1982). 
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Figure S2. Five batches of black tiger prawn (Penaeus monodon) post-larvae (PL) were 

received from hatcheries in Aqualma farm in Madagascar (location is shown on the map). 

Each batch represents a different genetic line.  The age of the post larvae is: 01A -PL56, 02A 

-PL37, 03A- PL 36, 04A- PL58, 05A- PL44. The animals were presumed to be infected with 

HPV. For each batch, hepatopancreas tissue was dissected from six (N=6) PL and pooled 

before isolating DNA to perform a screening for HPV by PCR following an OIE-

recommended protocol.  
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Figure S3. Detection of HPV in Penaeus monodon larvae by conventional PCR and following an 

OIE-recommended protocol. The primers HPV 2F/R were used for the amplification. The numbers 

on top of the wells indicate a batch number of the postlarvae. The shrimp B-actin gene was used 

as an internal control for the PCR amplification. SPF= DNA from Specific Pathogen Free shrimp 

was used as a negative control, NC= No template control in the PCR, +C= Positive control in the 

PCR. 

 

 

 

Figure S4. The average weight and length of Penaeus monodon post-larvae (PL) for each of the 

five batches received from Aqualma hatchery in Madagascar. In order to calculate average weight 

and length of a PL in a batch, three sub batches of five PL were chosen at random for a total of 

fifteen animals. Each PL was weighed and measured, and the average weight and length were 

recorded for the sub batch. Finally, the average weight and length for each batch were calculated 

from the average values of the sub batches.    
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Figure S5. A schematic representation of the workflow in carrying out the amplification and 

cloning of the HPV- Madagascar isolate. 

Panel A. New primers were designed based on the available HPV sequences in the GenBank. 

Panel B. A PCR amplification of HPV using a high-fidelity polymerase to minimize amplification 

error. During each amplification, DNA isolated from a Specific Pathogen Free (SPF) shrimp, no-

template Control (NC), and positive control (PC) were kept. 1kb+ = 1 kb Molecular weight marker. 

Panel C. The DNA bands, as seen for S1-05A, were cut out of the gel, gel-purified using a Qiagen 

Gel Extraction kit, and following manufacturer’s recommendations (Qiagen). The purified 

amplicon was cloned into the pCR-TOPO plasmid vector (Invitrogen). 

Panel D. High-efficiency Escherichia coli was transformed with the plasmid, and a blue/white 

colony screening was performed. Escherichia coli cells transformed with vectors containing the 

recombinant DNA produce white colonies. Blue colonies represent non-transformed cells. 
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Figure S6. Colony PCR to identify recombinant clones carrying HPV DNA. 

Recombinant clones (white colonies) were selected to perform a colony PCR to confirm the 

presence of cloned DNA. To carry out a PCR, cells were picked with a sterile toothpick from each 

colony and mixed with a reaction mixture before carrying out the PCR. For each fragment of HPV, 

sixteen recombinant clones were selected for colony PCR. The top panel shows PCR amplification 

of HPV using primer sets 510F/2034R, and the bottom panel shows PCR amplification of HPV 

using primer sets 2949F/ 4235R. NC= Negative control, +C= Positive control used in each 

amplification. On the top panel, lanes 14 and 15 and in the bottom panel lanes 2, 4,5, 8, 12, 13, 14, 

and 16 show colonies carrying insert that are not of expected sizes and were not selected for 

sequencing. The nucleotide sequence of the primers used to amplify the HPV genome is shown in 

Table 1 in the manuscript. 

Four recombinant clones were selected from each amplicon size/primer set (marked with red 

circles), inoculated into a sterile broth, and cultured overnight on a shaker at 37 °C. Plasmid DNA 

from the recombinant clones was isolated following the QIAprep Spin Miniprep Kit (Qiagen) 

instructions and sequenced with the Sanger method in The University of Arizona Sequencing 

Facility. 
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A. 

 
B. 

 

Figure S7.  

Panel A. Nucleotide distances (% similarity) among the HPV isolates and other parvoviruses based 

on the multiple alignment of the full-length genome sequences. Nucleotide sequences of each 

isolate were taken from GenBank and aligned with the nucleotide sequence of the HPV-

Madagascar isolate sequenced in the present study using the ClustalW algorithm, and calculations 

of percent similarity among HPV isolates and other parvoviruses were done using the Geneious 

Prime 2020.0 (https://www.geneious.com). A detailed description of the isolates taken for the 

multiple alignment including the GenBank accession number is given in Table S1 in the Appendix. 

Panel B. Capsid protein distances (% similarity) among the HPV isolates and other parvoviruses 

based on the multiple alignment of amino acid sequences. The amino acid sequence of the capsid 

protein gene of each isolate was taken from GenBank and aligned with the amino acid sequence 

of the HPV-Madagascar isolate sequenced in the present study using the ClustalW algorithm. The 

percent similarity in amino acid sequence among HPV isolates and other parvoviruses was done 

using the Geneious Prime 2020.0 (https://www.geneious.com).  

https://www.geneious.com/
https://www.geneious.com/
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Tables 

Table S1. A list of known full-length and almost full-length genome sequences (coding regions) 

of Hepatopancreatic parvovirus from different geographic regions available in GenBank. 

Host species Geographic 

origin 

Year of 

emergence 

Geno

me 

length 

ORFs Comments Accession 

number 

Publication 

Penaeus 

monodon 

India 2002 6,310 

nt 

NS2 426 aa 

NS1 577 aa 

VP 819 aa 

 FJ410797.2 Safeena, Muhammed P., 

et al. “Complete Nucleic 

Acid Sequence of 

Penaeus Monodon 

Densovirus (PmDNV) 

from India.” Virus 

Research, vol. 150, no. 1-

2, 2010, pp. 1–11., 

doi:10.1016/j.virusres.20

10.02.005. 

Penaeus 

monodon 

Thailand 1992 6,321 

nt 

NS2 428 aa 

NS1 579 aa 

VP 818 aa 

 DQ002873                 

 

Sukhumsirichart, 

Wasana, et al. “Complete 

Nucleotide Sequence and 

Genomic Organization of 

Hepatopancreatic 

Parvovirus (HPV) of 

Penaeus 

Monodon.” Virology, vol. 

346, no. 2, 2006, pp. 

266–277., 

doi:10.1016/j.virol.2005.

06.052. 

Penaeus 

monodon 

Madagascar 2001 5,742 

nt 

NS2 349 aa 

NS1 578 aa 

VP 820 aa 

NS2 

Incomplete  

NS1, VP 

Complete 

EU247528.1 Tang, Kfj, et al. 

“Nucleotide Sequence of 

a Madagascar 

Hepatopancreatic 

Parvovirus (HPV) and 

Comparison of Genetic 

Variation among 

Geographic 

Isolates.” Diseases of 

Aquatic Organisms, vol. 

80, July 2008, pp. 105–

112., 

doi:10.3354/dao01928. 

Fenneropenaeus 

chinensis 

Korea 1985 6,336 

nt 

NS2 425 aa 

NS1 578 aa 

VP 820 aa 

Highest 40% 

G+C content, 

biggest 

genome among 

HPV 

JN082231.1 Jeeva, Subbiah, et al. 

“Complete Nucleotide 

Sequence Analysis of a 

Korean Strain of 

Hepatopancreatic 

Parvovirus (HPV) from 

Fenneropenaeus 

Chinensis.” Virus Genes, 

vol. 44, no. 1, 2011, pp. 

89–97., 

doi:10.1007/s11262-011-

0675-8. 

Penaeus 

merguiensis 

Australia 1984 6,299 

nt 

NS2 340 aa 

NS1 578 aa 

VP 819 aa 

 DQ458781.4 Fauce, Kathy A. La, et al. 

“TaqMan Real-Time 

PCR for Detection of 

Hepatopancreatic 

Parvovirus from 

Australia.” Journal of 

Virological Methods, vol. 

140, no. 1-2, 2007, pp. 

10–16., 

doi:10.1016/j.jviromet.20

06.10.006. 

Fenneropenaeus 

chinensis* 

China 1985 6,085 

nt 

NS2 427 aa 

NS1 578 aa 

VP 821 aa 

Truncated VP GU371276.1 Unpublished 

Penaeus 

monodon 

Madagascar 2001 6,254 

nt 

NS2 427 aa 

NS1 578 aa 

VP 820 aa 

Sequence from 

this study 

N/A Unpublished 
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