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ABSTRACT 

Aquatic turtles, many of which are threatened or endangered, face numerous threats, 

including anthropogenic interaction, ocean pollution, climate change, and infectious agents. 

Viruses have been implicated in severe disease outbreaks in other endangered wildlife, such as 

outbreaks of canine distemper virus in black-footed ferrets and ranavirus-induced mass mortality 

events in multiple amphibian species. However, the threat of viruses on freshwater and marine 

turtle populations is unknown, largely due to the limited knowledge regarding viruses found in 

aquatic turtles. Notably, the aquatic environment, both freshwater and marine, is rich in viral 

diversity, most of which remains to be discovered and characterized. Thus, there is a need to fill 

this knowledge gap. 

Metagenomic sequencing has revolutionized viral detection and characterization. 

Metagenomic sequencing has been used as a surveillance tool for unveiling novel viral taxa in 

diverse ecosystems and as an agnostic diagnostic test for the identification of pathologic viral 

infections in a wide array of species. Third-generation sequencing makes metagenomic 

sequencing more accessible due to reduced costs, methodologic flexibility, and simplified 



bioinformatic analysis. This allows for metagenomic sequencing to be applied to research fields 

that are historically less funded, but are ecologically important, such as endangered reptiles. 

This dissertation has two aims. First to use efficient third-generation sequencing 

technology to survey for known and unknown viruses in aquatic turtles (Chapter 1). This data 

can then be used in the future for determining their impact on the health of endangered aquatic 

turtles and improve the understanding of viral evolution, genetics, and ecology. In the second 

aim, molecular Koch’s postulates are applied to aquatic turtle meningoencephalitis to discover 

the likely cause of that disease (Chapter 2). This work collectively identified and characterized 

twelve novel viral species in this study (eleven in the gastrointestinal tract and one in the central 

nervous system with spatial localization of mRNA within the affected tissues).  

The foundational insight of viral discovery and diversity presented in this dissertation 

will lay a groundwork for future hypothesis-driven research and underline the imperative need to 

comprehend viral diversity in understudied species such as endangered aquatic turtles. 
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CHAPTER 1 

INTRODUCTION 

Aquatic testudines, a large group of aquatic and marine reptiles encompassing freshwater 

turtles (e.g., family Chelydridae) and sea turtles (i.e., families Dermochelyidae and Cheloniidae) 

(Wyneken et al., 2013), inhabit a wide range of ecosystems including rivers, lakes, estuaries, 

coastal shorelines, seagrass beds, coral reefs, and pelagic zones, where they interact with a wide 

array of invertebrates, fishes, amphibians, reptiles, and marine mammals (Byles, 1988). The 

global distribution of aquatic turtles spans across seven biogeographical regions (i.e., North 

America [Nearctic], Central America [the Caribbean and northern Neotropical], South America 

[Southern Neotropical], Mediterranean [western Palearctic], Sub-Saharan Africa [Afrotropical], 

Asia [Oriental and eastern Palearctic], and Australia [Australasia]) (Buhlmann et al., 2009). This 

global distribution means that people across the world are aware of and interact with these 

animals. Additionally, their unique evolutionary features such as a primitive skull, a keratinized 

protective shell (carapace and plastron), and their status as “living fossils” (i.e., lack of 

significant morphologic changes since the time of dinosaurs) drive public interest (Joyce, 2015; 

Lyson et al., 2016). Apart from their unique biology and public interest, aquatic testudines play 

many important roles in the aquatic ecosystems, such as improving water quality by consuming 

fish carcasses, maintaining seagrass health by grazing on seagrass overgrowth, and interchanging 

the diversity of aquatic sessile species by carrying epibiota during the migration (Boyle et al., 

2009).  
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Notably, more than half of aquatic turtle species are classified as vulnerable to critically 

endangered on the IUCN red list due to natural predation, harmful algal blooms, habitat 

degradation, environmental pollution, anthropogenic interference, and infectious diseases 

(Crawford et al., 2014). Of those threats, several infectious pathogens are commonly reported as 

a cause of disease in multiple species of turtles. These include fungi, such as Emydomyces 

testavorans causing epithelial inclusion cysts in freshwater turtles (Woodburn et al., 2021), and 

Pseudallescheria ellipsoidea or Fusarium solani causing hatching failure in sea turtles (Chai et 

al., 2023). Larger organisms, such as spirorchiid trematodes (Neospirorchis, Hapalotrema, 

Learedius, and Carettacola spp.) can cause multi-organ granulomatous vasculitis in green sea 

turtles [Chelonia mydas], and loggerhead sea turtles [Caretta caretta] (Chapman et al., 2017).   

However, out of the many infectious agents that affect aquatic testudines, only a few 

viruses are known to have pathologic associations. Herpesvirids (Alphaherpesvirinae, 

Herpesviridae) are the most reported with disease association in both freshwater and sea turtles. 

In freshwater turtles, cheloniid herpesvirus 2, 3, and 4 have been associated with hepatic necrosis 

in Pacific pond turtles (Frye et al., 1977), hepatic necrosis in painted and map turtles (Cox & 

Barker, 1980), and necrotizing stomatitis in Argentinian tortoises (Jacobson et al., 1985), 

respectively. In marine turtles cheloniid herpesvirus 1, 5, and 6 have been associated with grey 

patch disease in cultured sea turtles, contagious fibropapillomatosis in free-ranging sea turtles 

(Whitmore et al., 2021), and lung-eye-tracheal disease in cultured sea turtles (Manire et al., 

2017). Two less characterized herpesviruses have also been identified in sea turtles: loggerhead 

genital-respiratory herpesvirus associated with cloacal-genital ulceration in loggerhead turtles 

(Stacy et al., 2008), and loggerhead orocutaneous herpesvirus associated with tongue ulceration 

in loggerhead turtles (Stacy et al., 2008). Moreover, adenovirids (Adenoviridae) from three 
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genera have been reported with disease association. An atadenovirus was detected through PCR 

in a spur-thighed tortoise with stomatitis and esophagitis (Rivera et al., 2009). Siadenoviruses 

have been detected through PCR in Sulawesi tortoises with ulcerative stomatitis (Rivera et al., 

2009) and in a separate study, they were also detected in impressed tortoises and a Burmese star 

tortoise with multisystem inflammation (duodenitis, cholangiohepatitis, myocarditis, and 

encephalitis) (Schumacher et al., 2012). The third adenovirid was a testadenovirus, which was 

detected through PCR in an ornate box turtle with hepatic degeneration and lymphocytic 

infiltration in hepatic sinusoids (Farkas & Gál, 2009). RNA viruses have also been associated 

with disease in turtles, most notably a picornavirus (Tochivirus, Picornaviridae, torchivirus A1), 

was recently associated with kidney disease and shell weakness syndrome in European tortoises 

(Paries et al., 2019). 

 Conventionally, detection of viruses was predominantly dependent on gross findings and 

histopathologic interpretation (severity and distribution of pathologic changes, mononuclear cell 

inflammation, and inclusion bodies), which suggested to pathologists that more in-depth 

ancillary tests were needed (Galindo-Cardiel et al., 2013). These additional tests could be broad, 

screening tests (e.g. electron microscopy [morphology-based microscopic detection] (Cocumelli 

et al., 2018) and viral isolation (Perlejewski et al., 2020), while others are agent-specific tests.  

Specific tests include antibody-based tests such as immunohistochemistry (IHC) (Di Guardo et 

al., 2013) and nuclei-acid based tests such as in-situ hybridization (ISH) (Leigh Perkins et al., 

2001) and polymerase chain reaction (PCR) (Watzinger et al., 2006). Both broad and pathogen-

specific approaches are widely used and accurately diagnose human and veterinary medicine. 

However, EM lacks genetic characterization capability, and the more targeted methods are 

mostly restricted to pre-existing viruses because they require prior knowledge, e.g. viral 
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nucleotide sequences (ISH and PCR), availability of permissible cell lines, or production of viral 

antibodies (IHC and serology). The ability to detect unknown viruses has greatly expanded in the 

era of metagenomics, with the ability to employ random sequencing. For example, viruses within 

the order Jingchuvirales were only just recently discovered, even though there is strong evidence 

that these viruses have existed in vertebrates for thousands of years (Dezordi et al., 2020). 

However, the great genetic distance of Jingchuvirales to more common viral orders such as 

Mononegavirales (monopartite negative-sense RNA viruses) and Picornavirales (monopartite 

and bipartite positive-sense RNA viruses), made Jingchuvirales undiscovered until 2015 (Li et 

al., 2015). In addition to significant genetic distance of jingchuvirals, there is no evidence that 

jingchuviral infection results in virus-specific pathologic effects (e.g., Guǎngdōng red-banded 

snake chuvirus-like in a red-banded snake and Wēnlǐng fish chu-like virus in a long-sniped fish), 

the ability of a virus-specific test, like PCR, to accidentally detect a jingchuviral as an off-target 

result is very limited. Thus, these were only detected through random metagenomic sequencing. 

While this is a powerful method, to more fully apply this to wildlife and other areas of 

veterinarian medicine, methods to improve cost efficiency are required. 

Generally, sequencing platforms have been categorized into three different generations, 

first-sequencing (Sanger sequencing), second-generation sequencing (high throughput, short-

read sequencing [e.g., Illumina, Roch 454, Ion torrent]), and third-generation sequencing (high-

throughput long-read sequencing [e.g. Oxford Nanopore Technology, Pacific Bioscience]). 

Sanger sequencing, invented by Federick Sanger, combines the amplification of fluorescence-

tagged dideoxynucleotides with gel electrophoresis to determine the order of nucleotide 

sequences. This assay provides high accuracy but is low throughput (i.e., small number of short 

DNA reads per sequencing run) (Carpente et al., 2019). Second-generation or next-generation 
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sequencing was invented to overcome the throughput limitation of the Sanger sequencing by 

massive amplification of short DNA sequences. Even though this platform provides highly 

accurate and massive output, the amplification of short DNA fragments results in complicated 

post-sequencing analysis and massive computational storage (Datta, 2015). MinION sequencing 

is a portable, real-time, third-generation sequencing device that utilizes membrane-embedded, 

pore-forming nanoproteins to sequence single, intact RNA or DNA molecules (Lu et al., 2016). 

As the nucleic acid molecules pass through the nanopores, the nucleotides alter the 

transmembrane electrical charge, and this change in the electrical signal can be converted (i.e., 

basecalled) into each base (A, T, C, and G) (Quick et al., 2017). This platform allows for the 

sequencing of long nucleic acid molecules, which simplifies bioinformatic assembly. 

Additionally, basecalling can be performed in real-time with sequencing, subsequently 

enhancing time- and cost-effectiveness (Butt et al., 2021). Due to the real-time sequencing and 

low initial cost-of-investment, MinION sequencing has been used to perform long-read 

sequencing in vastly different laboratory settings (Buysse et al., 2024; Castro-Wallace et al., 

2017). Due to these efficiencies, MinION sequencing is a strategy that fits well in areas in which 

research funding and diagnostic laboratories are limited, particularly in wildlife and aquatic 

animal fields (Quick et al., 2017). Moreover, MinION sequencing can provide a semi-deep 

sequencing result, which again helps to minimize costs, minimize computer storage, and eases 

bioinformatic analysis (of benefit to researchers with limited bioinformatic experience as 

compared to other sequencing platforms).  

As compared to the conventional PCR coupled with Sanger sequencing, high-throughput 

sequencing (both second- and third-generation sequencing) allows for the creation of randomly 

primed sequencing libraries (no specific forward and/or reverse primers, a.k.a., random or 
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unbiased sequencing) (Brown et al., 2018; Y. Z. Zhang et al., 2019). This technology provides a 

massive shift in the capabilities for the diagnosis of viral diseases, particularly diseases that were 

initially considered idiopathic (Xing et al., 2020). Recently, several viruses have been discovered 

through the application of metagenomic sequencing, e.g., SARS-CoV2 (Sarbecovirus, 

Coronaviridae), the coronaviral cause of the pandemic outbreak of severe acute respiratory 

syndrome in primates, captive and wild felids, and cervids (Tyson et al., 2020). Metagenomic 

sequencing has revealed additional SARS-CoV2 viral variants and mutations through the routine 

monitoring using similar platforms (Capraru et al., 2022). Additionally, the recently discovered 

turtle fraser viruse 1 (Fraservirus, Tosoviridae) was metagenomically identified in freshwater 

turtles (Florida softshell turtles [Apalone ferox], Florida red-bellied cooters (Pseudemys nelsoni), 

and a peninsula cooter [Pseudemys peninsularis]) with heterophilic/histiocytic 

meningoencephalitis and multi-organ vasculitis (Waltzek et al., 2022).  

To apply MinION sequencing (third-generation sequencing platform) for phylogenetic 

characterization of viral agents, several molecular approaches can be used. Fully targeted 

sequencing, akin to a typical conventional PCR relying on 2 specific primers (forward and 

reverse primers), can be used (i.e., amplicon sequencing, a.k.a., ampseq). Disadvantages for this 

procedure require prior knowledge of the targeted sequence, it requires that the nucleic acid 

integrity must be sufficient to allow for amplification of that target size (i.e., if the product size is 

1000 bases, then the RNA must be sufficiently intact to retain 1000-base fragments) (Figure 1), 

its characterization capability is limited to only the targeted region, and it requires that the two 

required primer-binding sites be conserved enough to prevent target:primer mismatches over a 

total of 40 bases (Yang & Rothman, 2020). Whereas random sequencing utilizes random 

hexamers as primers, which mitigates the issue of specific-region amplification of targeted 
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sequencing. However, this approach provides the amplification of not only viral nucleic acids, 

but also all nucleic acid in the sample of interest (mostly host and bacterial ribosomal RNA); 

thus, there is no viral enrichment. While this random sequencing has been employed for virus 

characterization, the random nature of the reaction requires deeper sequencing to obtain more 

viral characterization data, and thus the cost is increased, as compared to targeted sequencing. To 

alleviate this disadvantage of random sequencing, viruses detected through random sequencing 

can be more fully characterized after a semi-targeted sequencing approach. The semi-targeted 

MinION sequencing approach uses a single, virus-targeted reverse primer binding site along with 

the previously published strand-switching reaction (Young et al., 2021) to create a defined 

forward primer binding site (akin to rapid amplification of cDNA ends [RACE]), can then extend 

into previously uncharacterized genomic regions. This semi-targeted research strategy mitigates 

the issues of both fully targeted and random sequencing resulting in longer phylogenetic 

information. Because a single specific primer will provide lower target specificity, semi-deep 

sequencing can also identify target versus off target reads (Figure 1).  

With a large knowledge gap in research concerning viral diversity and infection in 

aquatic testudines, the main goal of dissertation is to apply MinION sequencing for the detection 

and characterization of viruses on free-ranging aquatic turtles. It is hypothesized that free-

ranging aquatic turtles carry or are affected by either known and/or undiscovered viruses. This 

dissertation has two major objectives to fill the existing gap. The first objective is to develop 

random and semi-targeted MinION sequencing methods to detect and characterize undiscovered 

viruses in the gastrointestinal system of free-ranging sea turtles. The second objective is to 

determine the cause of idiopathic mononuclear meningoencephalomyelitis in five free-ranging 

aquatic turtles using MinION sequencing and RNAscope in-situ hybridization. These studies 
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demonstrate that MinION sequencing can detect and characterize a variety of both known and 

undiscovered viruses in free-ranging aquatic turtles with cost-, time-, and bioinformatic skill-

effectiveness. 
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Figure and Table 

Figure 1: The benefit of single primer strand-switching  

 

 

 

 

 

 

 

 

 

 

 

 

 

A: A representation of the impact of RNA integrity strand-switching (orange arrowhead) and 

routine, species-specific PCR (blue arrowhead). 

B: The template for the strand-switching reaction is more numerous than templates that have the 

forward and reverse primer binding sites that are required for routine PCR. Additionally, if the 

RNA is sufficiently intact, then longer sequences can be obtained with strand-switching, whereas 

PCR has a defined product length based entirely on the primer binding sites. 
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Abstract 

Knowledge of the virosphere is rapidly expanding due to technological advances, but 

understudied areas exist, including viruses to be found in sea turtles. Sea turtles, aquatic reptiles 

with six out of seven species classified as vulnerable, endangered, or critically endangered on the 

IUCN Red List, have been impacted by various threats including infectious diseases. To pave the 

way for understanding the effects of viruses on sea turtle health, it is crucial to establish baseline 

knowledge of the viruses present within their gastrointestinal tracts, and doing so will also 

provide important information regarding viral diversity. Viruses are extensively found in the 

gastrointestinal tract and can be identified as a cause of gastrointestinal disease in many species, 

but little is known about enteric viruses in these endangered sea turtles; thus, this study 

metagenomically sequenced 78 gastrointestinal specimens from six species of sea turtles with 

various health conditions from different locations across the United States (West Coast [CA, OR, 

and WA], Northeastern Coast [MA], and Southeastern Coast [GA and FL]. Viral sequences were 

assessed at two levels: 1) detection and taxon assignment, which was defined as at least 5 reads 

aligning via BLAST to the same viral taxon and 2) phylogenetic characterization, which was 

defined as at least 10× coverage of the virus-appropriate genomic region for species or genus 

demarcation. Nucleic acid sequences of 48 viruses from at least eight known viral families and 

three potential novel families were detected in 19 individuals across several turtle species, 

geographical regions, and health conditions. For a subset of detected viruses, viral reads and 

contigs from random sequencing were confirmed and sequencing metrics were improved through 

subsequent semi-targeted strand-switching MinION sequencing, allowing for phylogenetic 
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characterization. As a result, 19 viruses across at least seven known viral families were 

phylogenetically characterized. These include 11 novel viral species and three putative novel 

genera. Sixteen RNA viruses were phylogenetically characterized, which included four double-

stranded RNA viruses (Partitiviridae, Orthototiviridae, and Picobirnaviridae), 11 positive-sense 

single-stranded RNA viruses (Caliciviridae, Dicistroviridae, and unclassified Hepelivirales), and 

one negative-sense bisegmented RNA virus (Chuviridae). Although RNA viruses were the target 

in this investigation, three DNA viruses were also characterized (Parvoviridae, Circoviridae, and 

unclassified Cressdnaviricota). Viruses detected in sea turtle gastrointestinal tracts often had 

closest relatives that were previously detected from invertebrates and fish. This included salmon 

calicivirus (host: salmonids), sea star-associated densovirus (host: echinoderms), halhan virus 

(host: bivalves), and Wenling crustacean virus 9 (host: crustaceans). Although these viruses 

could be passing through the gastrointestinal tract of turtles without any clinical significance 

(e.g., ingesta-associated), this study expands the knowledge of highly abundant viruses present in 

the gastrointestinal tracts of sea turtles, characterizes several putatively novel species, and serves 

as a basis for future hypothesis-driven research to understand their relevance to the health of sea 

turtles and their ecosystems.   
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Introduction 

Recent advances in nucleic acid detection have resulted in exponential virus discovery. 

For example, in 2002, there were 1619 formally recognized viral species; in 2018 there were 

5560; and in 2023 there were 14,690 recognized species (https://ictv.global/taxonomy/history, 

accessed June 27, 2024). The marine environment (particularly estuaries, shorelines, and open 

oceans) has been a recent target of viral discovery, resulting in numerous newly discovered 

viruses, but much remains undetermined about the virosphere of this vast environment and the 

animals that inhabit it (Coutinho et al., 2017; Edgar, 2023; Wolf et al., 2020). Some of the novel 

viruses (e.g., viruses under Marnaviridae and Aoguangviridae) detected through virosphere 

surveillance, including from the marine environment (Lang et al., 2021; Zhou et al., 2023), were 

genetically distinct from known viral taxa (Lang et al., 2021; Zhou et al., 2023), resulting the 

creation of new viral orders, which have increased from fourteen in 2018 to eighty-one in 2023.  

Detection of such genetically diverse viruses required molecular tools other than 

conventional PCR, which is reliant on primer-target specificity. Metagenomic/random 

sequencing is a genome analysis of all nucleic acids (RNA/DNA) in a sample or a bulk of 

samples, which may contain mixed populations of targeted, off targeted, and random genetic 

materials from host, microorganisms, and environment in understanding of microbiotic and/or 

host genetic community and diversity (Lee, 2019). Random sequencing strategy can be applied 

to a variety of high-throughput sequencing platforms.  For example, random sequencing has been 

applied to aquatic invertebrates resulting in discovery of such as families of bacteriophages 

(Myoviridae, Podoviridae, and Siphoviridae) and DNA viruses (Herpesviridae, Iridoviridae, and 

Poxviridae) in reef species and jingchuvirals and picornavirals in marine annelids, mollusks, and 

crustaceans (Jackson et al., 2022; Laffy et al., 2018; Y. Y. Zhang et al., 2022). However, much 
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fewer viruses have been reported in oceanic chordates, and most were from fish species, 

resulting in the identification of such as picornavirids, astrovirids, arenavirids, and chuvirids in a 

variety of teleost species and some species of agnathans and elasmobranch (Costa et al., 2021; 

Geoghegan et al., 2021; Shi et al., 2018). Therefore, knowledge of viral populations in other 

oceanic chordates is extremely limited and requires further exploration. 

Sea turtles (families: Dermochelyidae and Cheloniidae) inhabit a vast geographical range 

and interact with various transoceanic ecosystems for feeding, breeding, and nesting (Boyle et 

al., 2009). Multiple threats, such as anthropogenic influences, habitat loss, climate change, 

biotoxins, and infectious diseases, have resulted in a global population decline and many 

populations are classified as vulnerable, endangered, and critically endangered on the IUCN red 

list (Rhodin et al., 2021). The first sea turtle virus was detected through conventional assays such 

as pan-viral-family (e.g., pan-herpesvirus) PCRs (Vandevanter et al., 1996) in sea turtles with 

fibropapilloma formation (Quackenbush et al., 1998). More recently, novel viruses in sea turtles 

such as sea turtle tornovirus 1, unclassified CRESS DNA virus, and betanodavirus have been 

recently discovered through metagenomic sequencing (Fichi et al., 2016; Gainor et al., 2023; Ng 

et al., 2009). Collectively, the disease association between viruses and free-ranging sea turtle 

populations remains undetermined in many cases, but some viruses are thought to be associated 

with disease, e.g., chelonid alphaherpesvirus-5 (fibropapillomatosis) (Whitmore et al., 2021), 

loggerhead genital-respiratory herpesvirus, loggerhead orocutaneous herpesvirus (Stacy et al., 

2008), and a novel poxvirus associated with dark discoloration of skin and eosinophilic inclusion 

in vacuolated keratinocytes (Sarker et al., 2021). 

Interestingly, approximately 60% of stranded sea turtles have gastrointestinal lesions 

(Orós et al., 2004). This categorization includes a wide range of abnormalities including 
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ulceration to perforation, obstruction, impaction, inflammation, and intussusception at variable 

sites of gastrointestinal tract, which can be influenced by noninfectious and/or infectious causes 

(Manire et al., 2017). Multiple, non-viral infectious agents have been commonly reported as a 

cause of gastrointestinal disease in sea turtles, including bacteria (Vibrio spp., Aeromonas spp., 

Salmonella spp., and Escherichia coli), protozoa (Caryospora cheloniae and Entamoeba 

invadens), and endoparasites (Rameshwarotrema spp., Sulcascaris spp., Hapalotrema spp., 

Anisakis spp., and Cucullanus spp.) (Manire et al., 2017). Among these agents, infection of 

protozoa (e.g., Caryospora cheloniae) and spirorchiid trematodes (e.g., Hapalotrema sp.) have 

been commonly documented in free-ranging sea turtles and often associated with 

fibronecrotizing enteritis (C. cheloniae) and granulomatous inflammation of multiple organs, 

including the gastrointestinal tract (spirorchiid trematodes). Even though many infectious agents 

can cause serious mortalities in these species, no studies have shown the role of viruses in the 

enteric health of sea turtles.  

In most species, including humans, gastrointestinal viral infections are common and high-

impact problems due to their highly contagious nature and significant morbidity (Peery et al., 

2012). In veterinary medicine, gastrointestinal viral infections are a major concern in both 

domestic and wildlife populations, especially those that are immunocompromised or that 

congregate in large groups, such as animal shelters or rehabilitation facilities, where high 

probability of the viral transmission exists (e.g., parvovirus enteritis in sheltered dogs and cats 

[Lechner et al., 2010]). However, there are a variety of viruses detected without disease 

association reported in several systems in humans and animals (Holtz et al., 2014; Ng et al., 

2014). These viruses form communities (a.k.a., viromes) in body systems and help control the 
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equilibrium of co-existing normal and pathogenic microbiota (e.g., bacteria and protozoa) within 

hosts and ecosystems (Metzger et al., 2018; Nakatsu et al., 2018).  

While less studied, a few gastrointestinal viruses have been reported in wild reptiles in 

association with gastrointestinal disease. Ranavirus infection in Hermann’s tortoises and eastern 

mud turtles results in ulcerative necrotizing stomatitis, enteritis, and hepatitis (Marschang et al., 

1999; Winzeler et al., 2015), and reovirus infection in Chinese vipers and ball pythons results in 

enteritis (Marschang, 2011). Unlike viromes, these enteric viral infections cause a variety of 

effects, which may include mortality, but also may result in more subtle disease leading to 

decreased reproductive fitness (Lechner et al., 2010) 

Because so little is known about viral infections in sea turtles, it is imperative to develop 

methods to efficiently survey for viruses found in gastrointestinal contents prior to more targeted 

studies to elucidate the scope of enteric viral infections in sea turtles. To address the crucial 

knowledge gap regarding sea turtle enteric viruses, this study aims to detect viruses that are 

highly abundant within the gastrointestinal tract of free-ranging sea turtles through random 

MinION sequencing and then phylogenetically characterize the most relevant viruses via semi-

targeted strand-switching MinION sequencing. This study creates a baseline knowledge of the 

highly abundant viruses that can be observed in free-ranging turtles and provides data for future 

studies on oceanic viral diversity and on potential disease association in sea turtles. 

 

Material and Methods 

Animal ethics and approval  

This study was approved by the Florida Fish and Wildlife service (permit number: MTP-

23-110), the Georgia Department of Natural Resources (permit number: 121223110), and the 



17 

 

National Oceanic and Atmospheric Administration (permit number: 21111-02). Samples within 

this study were either pre-collected or unused specimens from either routine antemortem or 

postmortem examinations. Therefore, a research permit was not required by the Institutional 

Animal Care and Use Committee at the University of Georgia.   

  

Samples collection  

To broaden the viral detection and characterization, specimens (e.g., fecal, colonic, 

intestinal, and gastric content) were retrieved from six sea turtle species from five states of 

United States with various health conditions. However, both archived and freshly collected 

specimens were restricted by sample availability (i.e., gastrointestinal content of necropsied 

turtles with various health conditions and feces of cold-stunned turtles primarily from the 

Northeast region). Feces were freely voided from live animals during rehabilitation or pre-

collected by freely voiding from the capture-and-release project for toxicological study. The 

colonic, intestinal, and/or gastric contents were collected during routine necropsy from the 

stranding response programs. All specimens were placed into 50-mL conical tubes, stored at -

80°C, and ultimately transported under 4°C to the University of Georgia for metagenomic 

sequencing.  

 

Viral enrichment, RNA extraction, and random sequencing 

Approximately 50–100 mg of each gastrointestinal specimen was suspended in 400 μL of 

1× phosphate-buffered saline prior to the analysis. PBS-suspended contents were enriched for 

viral particles based on previously published protocols (Conceição-Neto et al., 2018; Vibin et al., 

2018). Briefly, specimens were homogenized at 35 Hz for 2 minutes for 2 times with a sterile, 
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stainless steel, 0.5 mm metal bead (Qiagen). Homogenized samples were centrifuged at 17,000 

× g, at room temperature for 3 minutes, passed through a 0.8 μm PES filter (Sartorius), and 

treated with a cocktail of 2.0 μL of micrococcal nuclease (2,000,000 gel units/mL, NEB Inc) and 

1.0 μL Benzonase® (>250 units/μL, Millipore Sigma) in 7.0 μL of resolving enzyme buffer 

(Conceição-Neto et al., 2018) at 37°C. Enzyme activities were terminated with 3 μL of 500 mM 

EDTA (Thermo Fisher Scientific). RNA was subsequently extracted following the 

manufacturer’s protocol using Trizol™ LS Reagent (Thermo Fisher Scientific). For detection, 

sequencing libraries were prepared using a random strand-switching protocol as previously 

described (Young et al., 2021). In short, the purified RNA was reverse transcribed using the 

SuperScript IV reverse transcriptase kit (Thermo Fisher Scientific) with 1 µM PCR-RH-RT 

primer (5'-ACTTGCCTGTCGCTCTATCTTCNNNNNN-3') as a reverse primer and 10 µM 

strand-switching oligo (5' -TTTCTGTTGGTGCTGATATTGCTGCCATTACGGCCmGmGmG-

3'; both synthesized by Integrated DNA Technologies [IDT]). The reaction mixture was 

incubated at 50°C for 30 minutes, 42°C for 10 minutes, and 80°C for 10 minutes before being 

bead purified at a 0.7× beads:solution (volume/volume) ratio (KAPA Biosystem). cDNA then 

was used as a template for barcoding PCR following Oxford Nanopore Technologies (ONT)’s 

protocol (SQK-LSK110 with EXP-PBC096) and LongAmp Taq 2× Master Mix (NEB) using 18 

cycles. The barcoded amplicons were bead purified at a 0.8× beads:solution ratio before being 

pooled by equal volume. Five to twelve samples were pooled per sequencing run for end repair 

and ligation of the sequencing adapter using suggested kits for ligation sequencing amplicons 

(SQK-LSK110) library preparation. Bead purification was also performed after end repair and 

adapter ligation at 1.0× and 0.4× beads:solution ratios, respectively. The library was washed with 

long fragment buffer (LFB) and eluted in elution buffer (EB) before mixing with sequencing 
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buffer (SBII) and loading beads II (LBII), as suggested by ONT’s protocol. The final library was 

loaded onto a FLO-MIN106 R9.4.1 flow cell in a MinION Mk1B sequencing device (ONT). 

Sequencing was controlled using MinKNOW v.23.07.5 (ONT) until at least 800,000 reads 

generated with default settings and hourly MUX scans.  

  

Sequence analysis, consensus sequence assembly, and annotation of open reading frames  

Sequencing analysis followed the randomly primed MinION-based sequencing as 

previously described (Young et al., 2021). In brief, raw reads were basecalled with the GPU 

version of Guppy v.6.4.2 or Dorado v.0.5.3 with default settings and high accuracy setting, 

respectively (ONT). Porechop (http://githup.com/rrwick/Porechop) was used for trimming and 

demultiplexing with 99% adapter threshold and a million read checked for adapter matching. 

Potential viral reads were initially screened for detectable viruses using all reads by pairwise 

aligning to non-redundant Basic Local Alignment Search Tool (BLAST+) using BLASTN 

database (updated on August 02, 2023) through the Georgia Advanced Computing Research 

Center (GACRC) using default settings with minimum expected value at 1×10-4.  Virus detection 

was defined as at least 5 viral reads that had similarity to the same genus via BLASTN.  To 

phylogenetically characterize the viral genomic regions for species and genus demarcation, viral 

contigs (at least 10× coverage) were assembled through a de novo method (Flye with high read 

quality and metagenomic setting) (Kolmogorov et al., 2020) and/or reference-based method 

(Geneious Prime 2019.1.3 and 2023.2 [https://www.geneious.com] using “map-to-reference” 

function with the top hit result from BLASTN and BLASTX alignment based on number of hits, 

e-value, bit score, % pairwise identities, and % query coverage). Potential viral contigs were 

initially translated and searched against Pfam database (Mistry et al., 2021) to predict protein 
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function. Subsequently, protein-predicted viral contigs were confirmed and expand the 

genotyping regions by the semi-targeted strand-switching PCR prior to MinION sequencing. In 

several samples, multiple viral variants (either a result of the quasispecies or high mutation of a 

single virus) within the same sample were identified and manually sorted based on disagreement 

of read populations to the consensus sequence. To further distinguish these viral variants, 

different primers targeting each viral variant were designed for semi-targeted PCR to gain 

adequate sequencing depth (10× coverage) and sequencing breadth. Eventually, coding regions 

were predicted by using the plug-in ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder) along 

with the comparison to their closely related sequences on Geneious Prime. To annotate the RdRp 

and capsid protein domains, the Interproscan protein domain searching tool by using PfamA 

database was used on Geneious.  

  

Primer design and semi-targeted strand-switching sequencing 

To increase sequencing coverage of the genome of potential viral contigs, specific 

reverse primers targeting the genomic sense of the viral contigs were designed using a primer 

design tool on Geneious Prime, targeting specific areas of the genomes that remained incomplete 

after random sequencing (Supplemental table 2). Viral-specific reverse primers (2 μL of 10 μM) 

were used in reverse transcription, strand-switching reactions as described in the random 

sequencing protocol, substituting for the random hexamers. For some double-stranded RNA 

viruses, the reverse transcription, strand-switching protocol was modified with additional 

incubation of 25°C for 1 hour prior to the previously described incubations. Purified cDNA was 

used in semi-targeted strand-switching PCR using LongAmp Taq 2× Master Mix (NEB) with 10 

μM viral-specific reverse primers and 10 μM strand-switching oligo as the forward primer. The 
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reaction mixture was incubated at 95°C for 30 seconds, followed by 25 cycles of denaturation at 

95°C for 10 seconds, annealing at 3–5°C below the melting temperature of viral-specific reverse 

primers, extension at 65°C for 13.5 minutes, and a final extension step at 65°C for 15 minutes 

before being bead purified at a 0.8× beads:solution ratio. Purified first-round PCR products were 

used in 15 cycles of the barcoding PCR reaction, followed by end-preparation, adapter ligation, 

final library preparation, and MinION sequencing were conducted similarly to the random 

sequencing protocol. 

  

Viral abundance and diversity analysis  

Calculation of viral relative abundance was performed in reads per millions (RPM, in 

log10 scale). The reads from random sequencing that mapped to the final consensus sequences of 

each classified virus were used as the number of detected reads. The calculated RPM for each 

classified virus was plotted on a heatmap in relation to host species, stranding location, health 

condition, viral taxonomic classification, viral genomic structure, and viral nucleic acid types for 

viral diversity estimation via RStudio 2023.12.1. 

  

Genetic comparison and phylogenetic analysis   

After identification and annotation of the coding regions, viral consensus sequences were 

analyzed by using species or genus characterization criteria for each detected viral taxon from 

the International Committee on Taxonomy of Viruses (ICTV) or if unavailable, from recent 

publications. For the sequence alignment, multiple sequencing aligners were used (depending on 

the virus) to align and occasionally to later refine corresponding to the phylogenetic analysis of 

each viral taxon (Table 1). Amino acid sequences were used to construct viral phylogenies, 
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except Cressdnaviricota (complete nucleotide sequences), on Geneious, MEGA X, and MEGA 

11 (Table 1). Best substitution models of aligned sequences for each viral taxon were selected 

based on the lowest Bayesian information criterion and Akaike scores using the best substitution 

model analysis for maximum-likelihood analysis and suggested models from ICTV on MEGA X 

and MEGA 11. Each viral phylogenetic analysis was constructed using the maximum-likelihood 

method, except picobirnaviruses (Neighbor joining method) at 500 to 1,000 bootstraps (Table 1). 

 

Results 

Sample collection and biographical information  

Gastrointestinal specimens from 78 turtles were used in this study. The samples 

represented six sea turtle species: green turtles (Chelonia mydas; n = 23), loggerhead turtles 

(Caretta caretta; n = 20), Kemp’s ridley turtles (Lepidochelys kempii; n = 12), olive ridley turtles 

(Lepidochelys olivacea; n = 11), hawksbill turtle (Eretmochely imbricata; n = 1), and leatherback 

turtles (Dermochelys coriacea; n = 11).  Samples were collected from the West Coast 

(Washington, Oregon, and California; n = 37), Northeast Coast (Massachusetts; n = 22), and the 

Southeast Coast (Georgia and Florida; n = 19) of the United States (See Fig. 2.1). Conditions of 

animals were categorized, by reviewing records of animal history, gross necropsy, and 

histopathology, as presumably healthy (i.e., capture-and-released; n = 12), gastrointestinal 

disease (e.g., diarrhetic or histological lesions; n = 12), systemically ill (e.g., cold-stunned, 

septic, or papillomatosis; n = 41), and unknown origin (i.e., found dead and lacked significant 

postmortem changes; n = 13) (Fig. 2.1). The gastrointestinal affected group was further 

subdivided as inflammatory (n = 8), traumatic (n = 1), toxic (n = 1), and unclear causation (n = 
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2). Within the rehabilitated group, rehabilitation durations (<1 week [n = 6], 1–4 weeks [n = 4], 

and >1 month [n = 26]) were analyzed along with the detection of viruses.  

  

Sequencing metrics  

Barcoded libraries were prepared by pooling 5–12 specimens per library. Semi-deep 

random sequencing was performed, generating approximately 800,000–12,000,000 raw reads per 

library, to target only highly abundant viral nucleic acid. The N50 of each library was 491–3,450 

bases.  

 

Viral abundance and diversity: Summary 

In general, viruses were analyzed from two depths of coverage. Initially, 48 viruses were 

detected through random sequencing, which was defined in this study as having at least 5 reads 

in which top BLASTN pairwise alignments had a similarity to viruses within the same genus or 

family (Fig. 2.2). Of these 48, 23 were assignable to a known viral family. Secondly, at least 38 

potential viral contigs were created by combining detected viral reads and de novo-assembled 

contigs through reference-based consensus building. Of these potential viral contigs, 19 viruses 

were phylogenetically characterized (12 complete coding sequences [CDS] and 7 partial CDSs, 

from 11 individuals) were confirmed through semi-targeted strand-switching sequencing, which 

was defined in this study has having sufficient depth (at least 10×) of the regions used for 

phylogenetic characterization specific for each viral taxon (e.g., RdRp) (Fig. 2.2).  
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Viral detection: Abundance  

Using the detection threshold, 24% of turtles (19 individuals) had detectable viral reads. 

Viruses were detected in all geographical regions: Northeast = 27%, Southeast = 37%, and West 

Coast =16% (Fig. 2.2A). Viruses were detected in most species, except for hawksbill turtles, 

which only had one sample, and olive ridley turtles. Approximately 55% of loggerhead turtles 

had at least one detectable virus, whereas the percentage of green, leatherback, and Kemp’s 

ridley turtles with detectable viruses was 13%–27% (Fig. 2.2B). Viruses were detected in all 

health conditions 15%–33% (Fig. 2.2C). Within a group of gastrointestinal affected turtles, 

viruses were detected in 1/1 turtle with gastrointestinal toxicosis (crude oil in GI tract) and 2/2 

turtle with gastrointestinal signs but unclear pathology. No viruses were found within cases of 

inflammatory gastrointestinal disease (n = 8), nor in the single traumatic gastrointestinal case. 

Within a group of rehabilitated turtles, viruses were detected in all rehabilitation durations: 3/6 

(50%) turtles with less than a week rehabilitation, 1/4 (25%) turtles with rehabilitation time 

between 1 week to 4 weeks, and 5/21 (19%) turtles with more than a month rehabilitation (Fig 

2.2D). 

Frequency analysis was performed on the random sequencing runs. Viral abundance and 

diversity showed that the gastrointestinal viral community of free-ranging sea turtles is diverse 

across sea turtle species, geographical locations, ages, and health conditions (Fig. 2.2).  

Nominal logistic regression analysis suggested that only species has a statistically 

significant impact on the detection of viruses; however, the only significant pairwise comparison 

was between loggerhead and olive ridley turtles.  
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Viral detection: Taxonomic assignment  

Individual read assignment (defined using BLASTN) showed that of the 48 detected 

viruses, 23 could be assigned to the family level resulting in eight different viral families 

(Chuviridae, Caliciviridae, Dicistroviridae, Partitiviridae, Picobirnaviridae, Orthototiviridae, 

Parvoviridae, and Circoviridae). Additionally, there were several viruses that had coverage in 

the genome areas relevant to family assignment; however, family designations for some viral 

orders are incomplete and thus the viruses in this study could not be assigned to known families 

based on BLAST. For hepelivirals, there were eleven viruses that could not be assigned to 

known families, but at least two new families are possible (see “Viral phylogenetic analysis by 

taxa” section). Similarly, for cressdnaviricots, there was one virus that could not assigned to a 

known family, but at least one new family is possible (see “Viral phylogenetic analysis by taxa” 

section). Lastly, thirteen additional viruses lacked coverage of regions relevant to family 

assignment and were only assigned as bunyaviral (n = 1), picornavirals (n = 5), and RNA viruses 

(realm: Riboviria; n = 7). 

In addition to those 48 detected viruses, several reads and contigs with similarity to 

bacteriophages (e.g., Microviridae, Myoviridae, Podoviridae, and Siphoviridae) and plant-

infecting viruses (e.g. Tombusviridae, Virgaviridae, and Alphaflexiviridae) were detected, but 

were not further investigated due to the focus on potential animal-infecting viruses in this study. 

However, these sequences are available for investigators in these fields.  

  

Virus phylogenetic characterization: Abundance  

Viral consensus sequences were phylogenetically characterized using contigs with at least 

10× depth of coverage across the required region used for phylogenetic analysis for those 
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particular viral taxa. In total, 11 turtles (14%), with at least one turtle of all facilities and all 

geographical regions, had phylogenetically characterizable viruses. Viruses were 

phylogenetically characterizable in all geographical locations (13%–40%) and all heath status 

(7.7%–17%) (Fig. 2.2). Viruses were phylogenetically characterized only from loggerhead turtles 

(30%), green turtles (13%), and Kemp’s ridley turtles (17%) (Fig 2.3). 

Nineteen viruses across eight known viral families and two unclassified orders were 

phylogenetically characterizable including 11 putatively novel species and three putatively novel 

genera. Even though only RNA was targeted, both DNA and RNA viruses were phylogenetically 

characterized within the RNA viruses, four double-stranded across three families (Partitiviridae, 

Orthototiviridae, Picobirnaviridae), 1 negative-sense (Chuviridae), and 11 positive-sense RNA 

viruses were characterized (Dicistroviridae, Caliciviridae, and unclassified Hepelivirales). 

Within the DNA viruses, three DNA viruses, including both linear (i.e., Parvoviridae) and 

circular genomes (i.e., Circoviridae, and unclassified Cressdnaviricota) were characterized. 

Phylogenetically characterized viruses are reported below based on taxonomy. 

 

Viral phylogenetic analysis by taxa 

RNA viruses (single-stranded RNA viruses)  

Family Chuviridae  

Two genomic segments of a negative-sense, linear, bisegmented virus, closely related to 

Wenling crustacean virus 14 (Chuvivirus brunnichi, family Chuviridae), were identified in a 

cold-stunned loggerhead turtle stranded in Massachusetts (Figs. 2.1 and 2.2). The first genomic 

segment had 6,717 nucleotides (nt) encoding a large protein (2,180 amino acids) and the second 

genomic segment had 4,371 nt encoding 3 putative open reading frames (ORFs): glycoprotein 
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(655 amino acids), a nucleoprotein (477 amino acids), and a viral structural protein 4 (150 amino 

acids). The sequencing coverage of both segments was at least 10× (except for the 117, 5'-most 

bases of glycoprotein coding region with at least 3×). The predicted large protein had 89.36% 

pairwise amino acid identity to Wenling crustacean virus 14 (GenBank: KX884451) and 31.91% 

pairwise amino acid identity to Wenzhou crab virus 2 (KM817601) through CLUSTAL W and 

MUSCLE alignments (Table S1). Phylogenetic analysis showed that this virus shared a common 

ancestor with these two chuviviruses (96% bootstrap value), which are the only currently fully 

recognized members of the Chuvivirus genus (Fig. 2.2.1). Based on the current classification 

criteria of Jingchuvirales using 91% amino acid similarity (Di Paola et al., 2022) for species 

demarcation and monophyletic clustering with other chuviviruses, this virus is suggested to be a 

novel species with the genus Chuvivirus. The virus was putatively named sea turtle feces 

associated chuvivirus 1.   

  

Family Caliciviridae  

Two distinct caliciviruses (positive-sense, linear, unsegmented genome) were detected in 

two different green turtles, both with fibropapillomatosis, stranded in Georgia (CM-C21249) and 

Florida (Myrtle-23228) (Figs. 2.1 and 2.2). A partial ORF1 (with at least 10× coverage, except 

for the 15, 3'-most bases of the 3' ORF1 with 9×) was detected in the Georgia-stranded turtle. 

Within the partial ORF1, a complete viral protein 1 (VP1, a.k.a., capsid protein) coding region 

(796 amino acids) had 81.41–84.15% pairwise amino acid identity to two different Nordland 

viruses (Atlantic salmon calicivirus, species Salovirus nordlandense, family Caliciviridae, 

GenBank: KJ577139-140) through CLUSTAL W alignment (Table S1). While species 

demarcation criteria for saloviruses have not been formally established, other well-studied genera 
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of calivirids (e.g., Lagovirus, Norovirus, and Vesivirus) use monophyletic clustering of VP1 

amino acid sequences as a speciation criterion. Phylogenetic analysis showed that this turtle-

associated calicivirid consistently formed a monophyletic group with the saloviruses (100% 

bootstrap support) (Fig. 2.4.2). Therefore, this calicivirid is presumably assigned to the S. 

nordlandense species. Additionally, reads similar to Nordland virus were also detected in a 

different sea turtle species from the same rehabilitation facility. However, random sequencing 

reads were insufficient to build a confident consensus sequence of the VP1 genomic region and 

semi-targeted sequencing was not performed on those samples.  

A partial genome encoding ORF1 and ORF2 (with at least 10× coverage, except for the 

102, 5'-most bases of the 5' ORF1, which had 3×–8×) of another calicivirid was detected in a 

green turtle stranded in Florida. A complete VP1 protein (511 amino acids) shared 23.36% 

pairwise amino acid identity to Minovirus A (fathead minnow calicivirus, species Minovirus 

pimephalis, family Caliciviridae, GenBank: KX371097) through CLUSTAL W alignment (Table 

S1). Based on the current genus demarcation criterion, this calicivirid is proposed to be a novel 

species of a novel genus. This virus was putatively named sea turtle feces associated calicivirus 

1. Phylogenetic analysis showed that sea turtle feces associated calicivirus 1 shared a common 

ancestor with fathead minnow calicivirus (82% bootstrap support), and that these genera of 

calicivirids in turn share a common ancestor with the saloviruses (87% bootstrap support) (Fig. 

2.4.2).   

  

Order Hepelivirales: Unclassified  

A complete CDS of a hepeliviral (positive-sense, linear, unsegmented genome, order 

Hepelivirales) were identified in a loggerhead turtle with gastrointestinal disease stranded in 
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California (SWFSC-MT-2014-05). The complete genomic CDS had 6,332 nt encoding the 

nonstructural polyprotein (1,210 amino acids) and the capsid protein (674 amino acids). Within 

the nonstructural polyprotein, the RNA-dependent RNA polymerase (RdRp) motif, 315 amino 

acids located towards the 3′ end of the nonstructural protein, was used for amino acid 

comparison to other hepelivirals, which demonstrated that the RdRp motif of this virus shared 

38.91% and 38.82% pairwise amino acid identity to rana hepevirus (GenBank: MH330682) and 

Bastrovirus/VietNam/Porcine/17489_85 (GenBank: KX907134), respectively. The RdRp-based 

phylogeny of hepelivirals revealed that this sea turtle feces associated virus clustered with rana 

hepevirus (91% bootstrap value), and that this paired cluster shared a common ancestor (63% 

bootstrap value) with viruses detected in feces of animals (pigs and rats) and humans (Fig. 2.4.3), 

which are a group of unclassified hepelivirals termed “bastroviruses”. Due to unestablished 

taxonomic classification of bastroviruses, this virus is not confirmed as a novel species or genus. 

The capsid protein shared 38.6% pairwise amino acid identity to Fujian spotted paddle-tail newt 

astrovirus (GenBank: MG599913, unclassified astrovirid). These viruses were putatively named 

sea turtle feces associated hepeliviral 1. 

  

Order Hepelivirales: “bastro-like”  

Three sequences with high similarity to “bastro-like” viruses were identified in a 

loggerhead turtle (SWFCS-MT-2014-05) and a green turtle (SWFSC-MT-2017-03). Both turtles 

had unknown health conditions and were stranded in California. In the loggerhead turtle, two 

complete genomic CDSs of hepelivirals were detected. Genomes were similar in size (5,789 nt 

and 5,799 nt) and encoded two putative open reading frames (nonstructural polyprotein and 

capsid proteins). Both nonstructural polyproteins were the same size (1,429 amino acids), but the 
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capsid proteins were different in size due to nonsynonymous mutation (C5,676T) causing a 

creation of premature stop-codon (367 amino acids and 392 amino acids). The pairwise amino 

acid identity of nonstructural polyprotein between the two viruses was 97.9% and the pairwise 

amino acid identity of capsid protein was 95.9%. The pairwise amino acid identities of 

nonstructural polyprotein to the close related viruses were 62.43% to Hepelivirales sp. strain 

MR233-17E/26350 (GenBank: OP699129) and 59.67% to Pyongtaek Culex bastrovirus isolate-

like virus (MT568535). The capsid protein had 38.6% pairwise amino acid identity to Barn Ness 

breadcrumb sponge noda-like virus 1 (GenBank: MF189996, Nodaviridae). These viruses were 

putatively named sea turtle feces associated bastro-like viruses 1 and 2, which were likely to be a 

detection of a novel species with two different variants in a single animal. 

In the green turtle, another partial CDS of a hepeliviral was detected. This partial genome 

(5,431 nt) encoded two open reading frames (complete nonstructural polyprotein [1,433 amino 

acid] and partial capsid protein [>268 amino acids]). The pairwise amino acid identities of the 

nonstructural polyprotein between this hepeliviral and the two previously discussed hepelivirals 

from the loggerhead turtle were 41.29% and 41.79%, and the pairwise amino acid identities of 

capsid protein were 32.97% and 33.04%. This hepeliviral was likely a novel species and the 

virus was putatively named sea turtle feces associated bastro-like virus 3. 

The phylogenetic analysis using hepelivirals RdRp motifs, 230 and 258 amino acids 

towards the 3′ end of the nonstructural protein, showed that both sea turtle feces associated 

bastro-like virus 1 and 2 clustered together (100% bootstrap value) and shared a common 

ancestor with other bastro-like viruses (Fig. 2.2.3). Sea turtle feces associated bastro-like virus 3 

clustered with Hepelivirales sp. strain MR233-17E-17006 (GenBank: OP699128) (100% 
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bootstrap value) and shared a common ancestor with other bastro-like viruses including sea turtle 

feces associated bastro-like virus 1 and 2 (Fig. 2.4.3).  

The capsid-based BLAST results yielded significantly different results than the RdRp-

based results; therefore, the capsid protein was phylogenetically analyzed. This demonstrated 

that sea turtle associated bastro-like viruses 1 and 2 clustered together (100% bootstrap value) 

and were highly similar. These two sequences shared a common ancestor with Barn Ness 

breadcrumb sponge noda-like virus 1 (88% bootstrap value). Sea turtle associated bastro-like 

virus 3 eventually formed a monophyletic group (99% bootstrap value) with the other sea turtle 

bastro-like viruses and the sponge noda-like virus. This viral cluster shared a common ancestor 

with nodavirids (Order: Nodamuvirales), and later with bastro-like viruses (Fig 2.4.4). 

 

Family Dicistroviridae 

Two highly similar dicistrovirids, positive-sense, linear genome, order Picornavirales, 

(98.86% pairwise nonstructural (NS) nucleotide similarity) were detected from a systemically ill 

Kemp’s stranded in Massachusetts (C21338). Complete genomes were unavailable due to a lack 

of sufficient depth (i.e., <10×) in the middle of the genomes (due to the primer binding location 

for semi-targeted sequencing); thus, two partial genomic sequences were reported for each virus 

(a 5' fragment and a 3' fragment). For the first dicistrovirus, the 5' fragment contained a partial 

NS and was 4,065 nt. The 3' fragment contained a partial NS and a complete capsid protein, and 

was 4,092 nt. For the second dicistrovirus, the 5' fragment contained a partial NS and was 3,945 

nt. The 3' fragment contained a partial NS and a partial capsid protein and was 3,749 nt. Based 

on the BLASTX alignment of ORF consensus sequences, the NS CDS had 60.5% pairwise 

amino acid identity to Riboviria sp (GenBank: MW347392) and 41% to Wufeng shrew 
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dicistrovirus 9 (GenBank: OQ715898); and the capsid CDS had 62.6% pairwise amino acid 

identity to Riboviria sp. and 45.4% to Wufeng shrew dicistrovirus 9. Phylogenetic analysis of 

dicistrovirus RdRp amino acid sequences showed that these two viruses clustered together 

(100% bootstrap value) and shared common ancestors with other cripaviruses (Fig. 2.4.5). These 

viruses were putatively named sea turtle feces associated dicistrovirus 1 and 2.  

Additionally, two complete CDSs (9,924 nt and 8,871 nt) and 1 partial CDS (6,807 nt) of 

different dicistroviruses were detected in a presumably healthy loggerhead turtle stranded in 

Florida (NMFS22-46). These viruses were putatively named sea turtle feces associated 

dicistroviruses 3, 4, and 5. The NS ORF of dicistrovirus 3, 4, and 5 were 2,018 amino acids, 

1,831 amino acids, and 1,175 amino acids (partial CDS); respectively. The capsid proteins of 

dicistroviruses 3, 4, and 5 were 941 amino acids, 846 amino acids, and 815 amino acids 

(presumably complete ORF of a partial sequence); respectively. The percent pairwise amino acid 

identity between three NS ORFs were 37.16–47.58%. The percent pairwise amino acid identity 

between three capsid ORFs were 23.02–41.25%. Phylogenetic analysis of RdRp amino acid 

sequences of dicistroviruses showed that sea turtle feces associated dicistroviruses 3, 4, and 5 

formed a monophyletic group with other dicistroviruses (76% bootstrap value) (Fig. 2.4.5). 

While sea turtle feces associated dicistrovirus 3 clustered within viruses under the genus 

Aparavirus (83% bootstrap value), this virus is relatively distinct from the majority of existing 

aparavirus with great genetic distance. While the sea turtle feces associated dicistroviruses 4 and 

5 did not share a nearest common ancestor with each other, they both clustered with other highly 

similar aparaviruses (e.g., Wenzhou picorna-like virus 28, Strongylocentrotus intermedius 

associated picornavirus 1, mute swan feces associated picorna-like virus 15, and mute swan feces 

assocaited picorna-like virus 16) (Fig. 2.4.5). 
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Notably, sub-populations of these sea turtle feces associated dicistroviruses were detected 

in which the subpopulations were highly similar to the dominant population, but multiple single 

nucleotide polymorphisms (SNPs) were consistently detected within multiple long reads (i.e., 

multiple SNPs were consistently linked on long reads to other SNPs). Variable sites were 

evaluated at a 75% consensus threshold. For sea turtle feces associated dicistroviruses 3, 4, and 

5; 137, 28, and 86 SNP sites were identified, respectively. 

 

RNA viruses (double-stranded RNA viruses) 

Family Picobirnaviridae  

A complete RNA-dependent RNA-polymerase (RdRp) segment of picobirnavirus 

(double-stranded, linear, bisegmented genome) was detected in a gastrointestinally affected 

Kemp’s ridley turtle stranded in Florida (NMFS22-350). This RdRp segment contained 2,312 nt 

encoding 740 amino acids. The RdRp of this picobirnavirus shared 63.75% pairwise amino acid 

identity to the atypically large genome of porcine picobirnaviruses (GenBank: MW977143-4). 

RdRp-based phylogeny showed that this newly identified picobirnavirus clustered with other 

closely related porcine picobirnaviruses (100% bootstrap value), but greatly distinct from most 

ICTV-classified picobirnaviruses (genogroup 1, 2 and 3) (Fig. 2.4.6). This virus is putatively 

named sea turtle feces associated picobirnavirus 1. 

 

Family Partitiviridae 

Two complete RdRp CDSs of partitivirids (double-stranded, linear, bisegmented 

genome) were identified in a systemically ill green turtle stranded in Georgia (CM-C21249) only 

through mis-priming amplification of semi-targeted strand-switching sequencing originally 
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targeting the sea turtle feces associated totivirus 1. Complete RdRp segments had 1,620 nt with 

at least 10× coverage and 1,415 nt with at least 10× coverage except for 5'-most 102 bases, 

which had 3×–8×. The amino acid coding regions of both partitivirids were different in size (495 

amino acids and 463 amino acids) and the pairwise amino acid identity between these newly 

identified partitivirids was only 18.27%. However, the partitiviral phylogeny by using RdRp 

amino acid sequences showed that these newly identified partitiviruses clustered together, albeit 

with poor bootstrap support and shared a common ancestor with gammapartitiviruses, 

partitivirids isolated from various species of fungi (Fig. 2.4.7). Based on the current ICTV genus 

demarcation criteria using <24% RdRp amino acid sequence identity in pairwise comparisons, 

each newly identified partitivirus was novel species. These viruses were putatively named sea 

turtle feces associated partitivirus 1 and 2) and belonged to their own novel genera. However, the 

ICTV genus demarcation criteria also include host characteristics (Alpha- and Betapartititivirus: 

plant, Gammapartititivirus: fungi, and Deltapartititivirus: protozoa), protein length, e.g., RdRp 

(Alphapartititivirus: 581–621 amino acids, Betapartititivirus: 663–746 amino acids, 

Gammapartititivirus: 519–539 amino acids, and Deltapartititivirus: 472–479 amino acids), and 

organization of phylogenetic group (Fig. 2.4.7). Apart from the unclear host sources due to 

isolation of the virus from colonic content of a green sea turtle, both sea turtle feces associated 

partitiviridss do not belong to previously identified genera and support the generation of at least 

one new partitiviral genus. 

 

Family Orthototiviridae 

A single orthototivirus (double-stranded, linear, nonsegmented genome) from a 

systemically ill green turtle stranded in Georgia (CM-21249). Due to a lack of sufficient depth 
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(i.e., <10×) in the middle of the genomes; thus, two partial genomic sequences were reported for 

this single orthototivirus (a 5' fragment and a 3' fragment). The 5' fragments contained a capsid 

protein (2,218 nt [598 amino acids]). The 3' fragments contained only a partial RdRp sequence 

(2,686 nt [>864 amino acids]). The pairwise amino acid identity of RdRp to an unclassified 

Totiviridae sp. virus (GenBank: MZ218683) was 43.88% and pairwise amino acid identity of 

RdRp to Eimeria stiedai RNA viruses (GenBank: OQ821982 and MT129769) were 25.79 and 

28.12%; respectively. The phylogenetic analysis using RdRp amino acid sequences of totiviruses 

showed that this newly identified totivirus shared a common ancestor with, but separately 

clustered from, the totiviruses from E. stiedai and the unclassified totivirus metagenomically 

detected from feces of a pigeon (Fig. 2.4.8). Based on the ICTV speciation demarcation criteria 

(isolated host and >50% amino acid identity) of family Totiviridae, this totivirus was likely 

classified as a novel species, and was putatively named sea turtle feces associated orthototivirus 

1, but closely related to the unclassified totiviruses isolated from Eimeria stiedae and pigeon 

feces. 

  

DNA viruses (single-stranded DNA virus) 

Family Parvoviridae  

A putative novel species of aquambidensovirus (single-stranded, linear DNA genome 

with hairpin termini, subfamily Densovirinae, family Parvoviridae) was detected in Kemp’s 

ridley turtle with unknown health status from Massachusetts (21-0802-Lk). The complete CDS 

(5,868 nt) was composed of three major positive-sense, nonstructural (NS) proteins (NS1 [567 

amino acids], NS2 [308 amino acids] and NS3 [360 amino acids]) and 1 negative-sense, viral 

structural protein (894 amino acids). This novel parvovirid was highly similar to 



36 

 

ambidensoviruses detected in oceanic environments such as 78.48% pairwise identity to 

uncultured densovirus (GenBank: MT733049) and 74.74% pairwise identity to sea star-

associated densovirus (GenBank: KM052275). Phylogenetic analysis using NS1 protein 1 

showed that this newly identified virus monophyletically clustered with aquambidensoviruses 

isolated from aquatic hosts, e.g., freshwater crayfish, marine sea stars, and oysters (99% 

bootstrap value) (Fig. 2.4.9). Based on the NS1 phylogeny, and the current speciation (>85% 

similarity) and genus (>30% similarity) demarcation criteria, this parvovirid was a novel species 

and was putatively named sea turtle feces associated aquambidensovirus 1, under the previously 

described genus Aquambidensovirus in subfamily Densovirinae and family Parvoviridae. 

  

DNA viruses (circular DNA viruses) 

Order Cressdnaviricota  

Complete genomic sequences of a novel circovirus (single-stranded circular DNA 

genome, family Circoviridae) and an unclassified CRESS DNA virus (single-stranded circular 

DNA genome, phylum Cressdnaviricota) were identified in a Kemp’s ridley turtle (21-0802-Lk) 

and a loggerhead turtle (21-0662-Cc); respectively. Both turtles were stranded in Massachusetts 

and were categorized as systemically ill. An 1,819-nt novel cressdnaviricot contained two 

putative ORF (replicase 915 nt [305 amino acids] and capsid protein 516 nt [172 amino acids]) 

with the nucleotide sequence “TAGTATTAC” at the origin of replication (oriented in the same 

direction as replicase protein) and an 11-nt complimentary stem-loop, consistent with circovirids. 

A 1,742-nt unclassified CRESS virus contained three putative major coding regions (replicase 

1,035 nt [345 amino acids], capsid protein 624 nt [208 amino acids], and ORF3 597 nt [199 

amino acids]) with the unusual nucleotide sequence “TTCTATTAC” at the origin of replication 
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(oriented in the same direction as replicase protein) and a 10–11 nt complimentary stem-loop. 

These two cressdnaviricots were only 16.1% identical based on the pairwise comparison of the 

RdRp amino acid sequences. The most closely related viruses to this newly identified circovirus 

were human stool-associated circular virus (GenBank: GQ404856) and barbel circovirus 

(GenBank: GU799606) with 45.53% and 45.17% pairwise amino acid identity using RdRp CDS. 

The most closely related viruses to the newly identified unclassified CRESS virus were 

Cressdnaviricota sp. isolate ctbd27 (GenBank: MH616968) and Ecklonia radiata-associated virus 

3 (GenBank: NC_040823) with 98.84 and 38.83% pairwise amino acid identity using the 

replicase CDS; respectively. The whole genome phylogeny revealed that the newly identified 

circovirus shared a higher common ancestor with other circoviruses identified in European 

catfish, bat, and human feces (79% and 98% bootstrap value; respectively) (Fig. 2.4.10). Given 

the phylogenetic clustering with other circovirids, similar directional orientation of replicase 

protein to the origin of replicase, and speciation demarcation criteria using the whole genome 

nucleotide comparison, this circovirus is a novel species, and it was putatively named sea turtle 

feces associated circovirus 1. On the other hand, the newly unclassified CRESS DNA virus along 

with closely related viruses formed a monophyletic group (100% bootstrap value) and shared a 

common ancestor with viruses from order Mulpavirales. However, an unclassified CRESS DNA 

virus remained unclassified due to perplexing classification of CRESS virus and unclear 

phylogenetic analysis. This virus was putatively named Cressdnaviricota sp. isolate sea turtle 

feces associated. 
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Discussion 

While research has exponentially increased the number of known viruses 

(https://www.ncbi.nlm.nih.gov/nucleotide/ accessed June 28, 2024), including viruses from 

marine environments, little work has been reported on viral discovery in aquatic reptiles. This is 

likely due to limitations of accessible sample collection, quality of collected specimens, and 

financial support in conducting wildlife research. While this study was purposely not designed 

for a full interrogation of the sea turtle gastrointestinal viromes (e.g., depth of sequencing 

selected for detection of more abundant viruses, phage sequences were not analyzed), it is 

important to unveil undiscovered viruses and catalog viral sequences, particularly ones that are 

highly abundant in gastrointestinal tract of sea turtles. This genetic archive can help identify 

genetically distinct viruses, better understand viral evolution and ecology, and shed light on their 

impact on these understudied aquatic species. 

While there are a few viruses have been reported in association with diseases in reptiles, 

e.g., serpentovirus, paramyxovirus, reptarenavirus, turtle fraser virus 1 (Marschang, 2016, 2019; 

Waltzek et al., 2022), disease association is not always known (Waltzek et al., 2022) due to a 

lack of knowledge regarding the reptilian virosphere (Harding et al., 2022a). Much less known in 

sea turtles where only nine viral species are reported: herpesviruses (chelonid herpesvirus1, 5, 

and 6), papillomaviruses (chelonia mydas and caretta caretta papilloma virus 1), cheloniid 

poxvirus 1, sea turtle tornovirus 1, unclassified CRESS DNA virus, and betanodavirus, and the 

recently discovered sea turtle neural viruses (Fichi et al., 2016; Laovechprasit et al., 2024; 

Marschang, 2011; Ng et al., 2009; Sarker, Hannon, et al., 2021; Stacy et al., 2008; Whitmore et 

al., 2021). While the gastrointestinal tract is suggested to be a common site to observe pathologic 

changes in stranded sea turtles (Orós et al., 2004), no gastrointestinal viruses have been 
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identified. Before being able to determine correlation or causation with the health status of free-

ranging sea turtle populations, the community and diversity of gastrointestinal viruses in these 

endangered marine species needs to first be established and methods for efficient detection and 

characterization need to be developed.  

This study was designed to broaden the knowledge regarding the virosphere of sea turtles 

using a hybrid metagenomic approach (semi-deep random sequencing followed by semi-targeted 

sequencing). Because of limited knowledge regarding viral abundance and diversity in sea 

turtles, the samples were selected from a range of species, locations, and health conditions to 

maximize the likelihood of identifying viruses in sea turtles. Regardless, gastrointestinal viruses 

in sea turtles were diverse and were broadly found across all the variables (except for olive ridley 

turtles [n=11] and hawksbill turtles [n=1]). These variables (e.g., species, geographical locations, 

facilities, health conditions, rehabilitation durations, and specific causation of gastrointestinal 

diseased animals) were statistically assessed, but only species had a statistically significant 

impact on the detection of viruses. Pairwise analysis of the nominal linear regression indicated a 

statistically significant correlation between detectable viruses in loggerhead turtles (highest 

number of detectable and phylogenetically characterizable viruses) and olive ridley turtles (no 

detectable virus found). However, nominal logistic regression failed to support any significant 

correlation of other variables. It is noted, however, that the study design limits the ability to 

perform statistical comparisons between groups. Therefore, a few potential trends are noted 

below and may be worth further consideration. Even though statistical analysis failed to support 

that loggerhead turtles have an impact on the detection of viruses, 55% of loggerhead turtles had 

at least one detectable virus. Determining if loggerhead turtles truly have more gastrointestinal 

viruses as compared to olive ridley turtles or other turtles requires future, hypothesis-driven 
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studies. Even though statistical analysis failed to support that the correlation of health condition 

and the detection of viruses, it is interesting that within the gastrointestinal affected turtles which 

has detectable viruses, viruses were not detected in turtles with gastroenteritis (n=8) but were 

detected in 1/1 turtle with gastrointestinal toxicosis (100%; crude oil in GI tract) and 2/2 turtle 

with gastrointestinal signs but unclear pathology (see Fig 2.2D). Within the rehabilitated turtles, 

viruses were seemingly more often detected (50% of animal) in early rehabilitated turtles (<1 

week) as compared to prolonged rehabilitation (19–25%) or no rehabilitation (24%). Future 

studies are required to test if animals taken into rehabilitation facilities have increased numbers 

of viruses and to determine if the viruses are clinically relevant and infectious.  

This study shows that the gastrointestinal tract of sea turtles contains numerous different 

taxa of viruses in which most of detected viruses were genetically distinct, regardless of the turtle 

species, geographical location, or health condition. Because enteric sea turtle viruses have not 

been previously explored, it is not surprising that 14 out of 19 phylogenetically characterized 

viruses are putatively novel species with at least three putatively novel genera. This reflects that 

viral surveillance through metagenomic sequencing is crucial research to expand knowledge of 

the virosphere, particularly in species that are not commonly studied, e.g., wildlife and aquatic 

species. Notable, the number of detectable viruses (48 viruses in 19 individuals) are more than 

phylogenetically characterized viruses (19 viruses in 11 individuals), which could be impacted 

from the sample collection methods, transportation (wet ice vs. dry ice), and sampling of 

specimens prior to RNA extraction.  

Not only can these data be investigated from the host perspective, but they contribute to 

the understanding of viral genetics and evolutions. For example, genetic recombination has been 

well documented in many viral taxa (RNA-RNA recombination of plant viruses [Sztuba-
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Solińska et al., 2011] and DNA recombination of herpesvirus and bacteriophages [Pérez-Losada 

et al., 2015]). This genetic recombination suggested the history of genetic exchange, viral 

evolution, and explained the emergence of novel viral taxa (Kelly et al., 2016). Moreover, there 

is evidence for inter-family recombination of the newly emerging, but poorly characterized 

viruses (i.e., hepelivirals [genetically recombined with] astrovirids) (Kelly et al., 2016; Shi et al., 

2018). This study found additional examples of this in the detected hepelivirals. The order 

Hepelivirales consists of positive-sense, monopartite, linear RNA viruses with two open reading 

frames [nonstructural polyprotein and capsid protein] including four formally recognized 

families (i.e., Alphatetraviridae, Benyviridae, Matonaviridae, Hepeviridae, and many 

unclassified hepelivirals [>50% of available hepeliviral sequences on GenBank]) 

(https://www.ncbi.nlm.nih.gov/nucleotide/ accessed June 28, 2024). Notably, these unclassified 

hepelivirals were reported to have genetic recombination of RdRp domain within the 

nonstructural polyprotein that is similar to hepevirids, but capsid protein that is more similar to 

astrovirids (Kelly et al., 2016; Shi et al., 2018). This also suggested the creation of a divergent 

clade termed “bastrovirus,” a group of unclassified hepelivirals. Due to unestablished taxonomic 

classification of bastroviruses, this term is not confirmed as a novel species or genus. In this 

study, the sea turtle feces associated hepevirals 1 was found to have genetic recombination 

similar to the “bastrovirus” group (see Fig. 2.4.3). However, there was only one closely related 

sequence (Rana hepevirus [GenBank accession no. MH330682]) available on GenBank which 

limited the evolutionary understanding of this divergent virus. Given that these viruses are 

genetically adjacent to hepevirids, which are known as hepatitis E viruses infecting human and 

multiple animals and “bastroviruses” detected from chordate species, it might be noteworthy to 

study these viruses for pathological research in the future. Additionally, other unclassified 
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hepeliviral group termed “bastro-like viruses” were reported to contain RdRp domains similar to 

other formally classified families (Alphatetraviridae, Benyviridae, and Matonaviridae). In this 

study, sea turtle feces associate bastro-like viruses 1, 2, and 3 were observed in two different 

turtles from the West Coast. These three sea turtle feces associate bastro-like viruses were found 

to have RdRp domains closely related to other bastro-like viruses. However, the capsid proteins 

of all sea turtle feces associate bastro-like viruses formed a distinct cluster with nodavirids but 

shared a common ancestor to other bastro-like viruses with high bootstrap support (93% 

bootstrap values) (see Fig. 2.4.4). This further suggests the inter-order genetic exchange of these 

newly emerging viruses and the importance of cataloging viral genetic information. 

Identification of multiple viral taxa is observed within single animals, for instance; 3 

viruses from different taxa (Caliciviridae, Partitiviridae, and Totiviridae) were identified in a 

green sea turtle with fibropapillomatosis (CM-C21249). The most abundant viral taxon in this 

study were hepelivirals (unclassified and bastro-like viruses), and picornavirals (dicistrovirids 

and unclassified picornavirals). Of note, multiple viruses of these taxa are often identified within 

single animals with high genetic diversity (at least two genetic populations). Whether this genetic 

variation represents detection of highly related viral strains or high mutation of a single strain 

within a single animal (quasispecies) remains to be determined. Similar observations were 

observed in several animals from different geographical origins (MA and FL).  

Interestingly, many detectable viruses in this study were genetically related to viruses 

infecting marine invertebrates and fish were also identified. These included the sea turtle feces 

associated salovirus (84.4% amino acid identity to Atlantic salmon calicivirus [host: salmonids]), 

sea turtle feces associated dicistroviruses (41.38% amino acid identity to Beihai picorna-like 

virus 71 and 46.14% to Wenzhou picorna-like virus 28 [host: crustaceans]), sea turtle feces 
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associated picorna-like viruses (56.88% amino acid identity to Halhan virus 1 and 55.92% 

bivalve RNA virus 5G [host: mollusks]), and sea turtle feces associated ambidensovirus (75.18% 

amino acid identity to sea star-associated densovirus [host: echinoderms]. These animals are 

common food sources of sea turtle species and detection of viruses related to these species 

suggests that the exchange of viral nucleic acids of environment and sea turtles through the 

digestive system. For example, Atlantic salmon calicivirus was detected in a green turtle that was 

stranded and rehabilitated in a Georgia facility due to fibropapillomatosis. Based on the history, 

frozen salmonid fish were fed to the turtles at this rehabilitation facility. This suggests that the 

Atlantic salmon calicivirus originated from the foodstuffs. Similarly, given the high genetic 

similarity of many of the detected viruses to viruses-infecting mollusks, crustaceans, and fishes, 

it is likely that most detectable and phylogenetically characterized viruses in sea turtles in this 

study were from food and environmental sources. While this study only assessed for viral nucleic 

acid and not infectivity, this suggests that viral genetic materials could be carried by free-ranging 

sea turtles and transmitted to other populations through transoceanic migration as well as to other 

ill animals during rehabilitation within the same facility. Future studies are required to test if the 

viral infectivity remains and confirm if the viruses are acquired through food, and/or if they can 

form active infections in sea turtles. 

Even though the infectivity and pathogenicity of these newly identified viruses are still 

unclear, it is crucial to establish baseline information on poorly studied species such as sea 

turtles. This could then help reflect viral dynamics in the larger ecosystem and provide a 

steppingstone for further hypothesis-driven research. Ultimately, further research is required to 

determine the impact of any one given virus; however, that research begins with cataloging 

viruses in this system. Moreover, the raw sequence data are deposited in NCBI’s archive. This 
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also allows for future studies to retrospectively analyze this data for phage virus sequences, or 

even bacterial or protozoal sequence analysis. 
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Figure and Table 

Table 2.1: Sequence alignment and phylogenetic models 

Viral family  
Aligned genetic 

regions 

Alignment 

software  
Alignment model  

Phylogenetic  

software  

Phylogenetic 

model  

Hepelivirales  
RdRp and 

Capsid  
Geneious  

MUSCLE and 

CLUASTAL-

Omega  

MEGA X 

rtREV+G+I+F 

(RdRp),   

LG+F+G (capsid)  

Dicistroviridae RdRp Geneious 

MUSCLE and 

CLUASTAL-

Omega  

MEGA X LG+G+I+F  

Caliciviridae  Viral protein 1  MEGA 11  ClustalW  MEGA 11  LG+G+I  

Chuviridae  Large protein  MEGA X  
ClustalW and 

MUSCLE  
MEGA X  LG+G+I+F  

Partitiviridae  
Nonstructural 

protein  
Geneious  MAFFT  MEGA X  LG+G  

Orthototiviridae  
Nonstructural 

protein  
Geneious  MAFFT  MEGA 11  LG+G  

Picobirnaviridae  RdRp protein  MEGA X  
MUSCLE and 

ClustalW  
MEGA X  *Neighbor-joining  

Parvoviridae  
Nonstructural 

protein 1  
MEGA 11  ClustalW  MEGA 11  LG+G+F  

Cressdnaviricota  Replicase  MEGA X  MUSCLE  MEGA X  rtREV+G+I+F  

 

Table 2.1 The aligned genetic regions, alignment software, alignment models, phylogenetic 

software, and phylogenetic models used for phylogenetic analysis of each vial group. *All 

phylogenetic analyses were constructed under maximum-likelihood algorithm, except phylogeny 

of picobirnavirids (Neighbor-joining algorithm). 
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Figure 2.1: Sampling location by species and health status 

 

Map of the United State showing samples in this study. Burgundy highlights the states where 

samples were collected. The histogram adjacent to each state represents the number of turtles for 

each species from each state, with the health conditions being color coded. 
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Figure 2.2: Heatmap showing read abundance and diversity of phylogenetically characterizable 

gastrointestinal viruses in free-ranging sea turtles 

 

The relative abundance of viral reads (log10 scale) and the diversity (viral nucleic acid types, 

viral genomic structures, and viral taxonomic classification) of detectable gastrointestinal 

viruses, based on health conditions of turtles, stranding locations, species of turtles, and age 

estimation of turtles. Viruses with complete names represent phylogenetically characterizable 

viruses. Viruses with short names represent those detected but not characterizable; letters denote 

different viruses from different animals. *Viral contigs detected only through random 

sequencing. †Viral reads only detected through semi-targeted, strand-switching sequencing.  
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Figure 2.3 Comparison of turtles with and without detectable viruses in percentage 

 

 

Turtles with and without detectable viruses (19 total) grouped by A) geographic category, B) 

species, C) by health condition, and D) Turtle from rehabilitation centers, sub-grouped by 

rehabilitation times. 
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Figure 2.4: Phylogenetic analyses of each viral group. Red dots represent viral sequences 

identified in this study. Bars represent assigned viral groups. 

Figure 2.4.1: The phylogenetic analysis of the sea turtle jingchuviral 
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Phylogenetic analysis of jingchuviral large protein (L) amino acid sequences from sea turtle 

feces associated chuvivirus 1 (red dot) and a subset of related sequences from 

GenBank. Complete L amino acid sequences were aligned by using ClustalW and refined by 

using MUSCLE with default settings. The phylogenetic analysis was performed on MEGA X by 

using the maximum-likelihood method and Le Gascuel matrix plus observed amino acid 

frequencies plus 5 discrete gamma categories distribution with parameter of 1.0879 plus 

invariant sites with 0.87% sites. The substitution model was constructed with 500 bootstrap 

replicates; the node numbers represent the bootstrap values (expressed as a percentage of all 

trees). The tree is drawn to scale, with branch lengths measured in the number of substitutions 

per site. This analysis included 60 sequences.  
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Figure 2.4.2: The phylogenetic analysis of the sea turtle calicivirids 

 

Phylogenetic analysis of calicivirid VP1 amino acid sequences from sea turtle feces associated 

calicivirus 1, sea turtle feces associated salovirus 1 (red dots), and related sequences. VP1 amino 

acid sequences were aligned by using ClustalW with default settings. The phylogenetic analysis 

was performed on MEGA 11 by using the maximum-likelihood method and Le Gascuel matrix 

plus observed amino acid frequencies plus 5 discrete gamma categories distribution with 

parameter of 1.4688. The substitution model was constructed with 500 bootstrap replicates; the 

node numbers represent the bootstrap values (expressed as a percentage of all trees). The tree is 
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drawn to scale, with branch lengths measured in the number of substitutions per site. This 

analysis included 75 aa sequences.   
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Figure 2.4.3: The RdRp-based phylogenetic analysis of the sea turtle hepelivirals 

 

Phylogenetic analysis of hepeliviral RdRp amino acid sequences from sea turtle feces associated 

hepeliviral 1 and sea turtle feces associated bastro-like viruses 1, 2, and 3 (red dots), and related 

sequences. RdRp amino acid sequences were aligned by using MUSCLE and Clustal-Omega 

with default settings. The phylogenetic analysis was performed on MEGA X by using the 

maximum-likelihood method and rtREV plus observed amino acid frequencies plus 8 discrete 

gamma categories distribution with parameter of 1.1099 plus invariant sites with 1.41% sites. 

The substitution model was constructed with 500 bootstrap replicates; the node numbers 

represent the bootstrap values (expressed as a percentage of all trees). The tree is drawn to scale, 

with branch lengths measured in the number of substitutions per site. This analysis included 127 

aa sequences.  
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Figure 2.4.4: The capsid protein-based phylogenetic analysis of the sea turtle hepelivirals 

 

Phylogenetic analysis of hepeliviral capsid amino acid sequences from sea turtle feces associated 

hepeliviral 1 and sea turtle feces associated bastro-like viruses 1, 2, and 3 (red dots), and related 
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sequences. Capsid amino acid sequences were aligned by using MUSCLE and Clustal-Omega 

with default settings. The phylogenetic analysis was performed on MEGA X by using the 

maximum-likelihood method and LG plus observed amino acid frequencies plus 8 discrete 

gamma categories distribution with parameter of 2.8242. The substitution model was constructed 

with 500 bootstrap replicates; the node numbers represent the bootstrap values (expressed as a 

percentage of all trees). The tree is drawn to scale, with branch lengths measured in the number 

of substitutions per site. This analysis included 32 aa sequences.  
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Figure 2.4.5: The phylogenetic analysis of the sea turtle dicistrovirids 

 

Phylogenetic analysis of dicistrovirid RdRp amino acid sequences from sea turtle feces 

associated 1, 2, 3, 4, and 5 (red dots), and related sequences. RdRp amino acid sequences were 
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aligned by using MUSCLE and Clustal-Omega with default settings. The phylogenetic analysis 

was performed on MEGA X by using the maximum-likelihood method and LG plus observed 

amino acid frequencies plus 8 discrete gamma categories distribution with parameter of 1.5242 

plus invariant sites with 1.49% sites. The substitution model was constructed with 500 bootstrap 

replicates; the node numbers represent the bootstrap values (expressed as a percentage of all 

trees). The tree is drawn to scale, with branch lengths measured in the number of substitutions 

per site. This analysis included 43 aa sequences.  
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Figure 2.4.6: The phylogenetic analysis of the sea turtle picobirnavirids 

 

Phylogenetic analysis of picobirnavirid NS amino acid sequences from sea turtle feces associated 

picobirnavirus 1 (red dot) and reference sequences. NS amino acid sequences were aligned by 

using MUSCLE and ClustalW with default settings. The phylogenetic analysis was performed on 

MEGA X by using the neighbor-joining method. The substitution model was constructed with 

1,000 bootstrap replicates; the node numbers represent the bootstrap values (expressed as a 

percentage of all trees). The tree is drawn to scale, with branch lengths measured in the number 

of substitutions per site. This analysis included 31 aa sequences.  
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Figure 2.4.7, The phylogenetic analysis of the sea turtle partitivirids 

 

Phylogenetic analysis of partitivirid NS amino acid sequences from sea turtle feces associated 

partitiviruses 1 and 2 (red dots), and related sequences. NS amino acid sequences were aligned 

by using MAFFT with default settings. The phylogenetic analysis was performed on MEGA 11 

by using the maximum-likelihood method and Le Gascuel matrix plus 5 discrete gamma 

categories distribution with parameter of 1.6920. The substitution model was constructed with 

500 bootstrap replicates; the node numbers represent the bootstrap values (expressed as a 
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percentage of all trees). The tree is drawn to scale, with branch lengths measured in the number 

of substitutions per site. This analysis included 47 aa sequences.  
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Figure 2.4.8: The phylogenetic analysis of the sea turtle orthotitivirids 

 

Phylogenetic analysis of orthototivirid NS amino acid sequences from sea turtle feces associated 

orthototivirus (red dots) and related sequences. NS amino acid sequences were aligned by using 
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MAFFT with default settings. The phylogenetic analysis was performed on MEGA 11 by using 

the maximum-likelihood method and Le Gascuel matrix plus 8 discrete gamma categories 

distribution with parameter of 1.4566. The substitution model was constructed with 500 

bootstrap replicates; the node numbers represent the bootstrap values (expressed as a percentage 

of all trees). The tree is drawn to scale, with branch lengths measured in the number of 

substitutions per site. This analysis included 32 aa sequences.  



63 

 

Figure 2.4.9: The phylogenetic analysis of the sea turtle densovirins 

 

Phylogenetic analysis of densovirins NS1 amino acid sequences from sea turtle feces associated 

ambidensovirus 1 (red dots) and related sequences. NS1 amino acid sequences were aligned by 

using ClustalW with default settings. The phylogenetic analysis was performed on MEGA 11 by 

using the maximum-likelihood method and Le Gascuel matrix plus observed amino acid 
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frequencies plus 5 discrete gamma categories distribution with parameter of 1.2783. The 

substitution model was constructed with 500 bootstrap replicates; the node numbers represent the 

bootstrap values (expressed as a percentage of all trees). The tree is drawn to scale, with branch 

lengths measured in the number of substitutions per site. This analysis included 24 aa sequences.  
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Figure 2.4.10: The phylogenetic analysis of the sea turtle cressdnaviricots 

Phylogenetic analysis of cressdnaviricots replicase (rep) amino acid sequences from sea turtle 

feces associated circovirus 1 and sea turtle feces associated cressdnaviricot 1 (red dots), and 

related sequences. Rep amino acid sequences were aligned by using MUSCLE with default 

settings. The phylogenetic analysis was performed on MEGA X by using the maximum-

likelihood method and rtREV plus observed amino acid frequencies plus 8 discrete gamma 

categories distribution with parameter of 1.2193 plus invariant sites with 0.35% sites. The 

substitution model was constructed with 500 bootstrap replicates; the node numbers represent the 

bootstrap values (expressed as a percentage of all trees). The tree is drawn to scale, with branch 

lengths measured in the number of substitutions per site. This analysis included 89 aa sequences.  
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Abstract 

Viruses from a new species of piscichuvirus were strongly associated with severe 

lymphocytic meningoencephalomyelitis in several free-ranging aquatic turtles from 3 coastal US 

states during 2009–2021. Sequencing identified 2 variants (freshwater turtle neural virus 1 

[FTuNV1] and sea turtle neural virus 1 [STuNV1]) of the new piscichuvirus species in 3 turtles 

of 3 species. In-situ hybridization localized viral mRNA to the inflamed region of the central 

nervous system in all 3 sequenced isolates and in 2 of 3 additional nonsequenced isolates. All 3 

sequenced isolates phylogenetically clustered with other vertebrate chuvirids within the genus 

Piscichuvirus. FTuNV1 and STuNV1 shared ≈92% pairwise amino acid identity of the large 

protein, which narrowly places them within the same novel species. The in-situ association of the 

piscichuviruses in 5 of 6 turtles (representing 3 genera) with lymphocytic 

meningoencephalomyelitis suggests that piscichuviruses are a likely cause of lymphocytic 

meningoencephalomyelitis in freshwater and marine turtles. 
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Introduction 

Wild populations of aquatic turtles are imperiled because of anthropogenic activities 

(e.g., consumption, collection, fisheries bycatch) (Senko et al., 2022); more than half (186/357) 

of the recognized species of aquatic turtles in the world are designated as critically endangered, 

endangered, or vulnerable (Rhodin et al., 2021). In addition to anthropogenic threats, infectious 

agents also negatively affect free-ranging turtles. For example, chelonid herpesvirus 5 

(Scutavirus chelonidalpha5: Alphaherpesvirinae) is associated with transmissible 

fibropapillomatosis in sea turtles around the world (Greenblatt et al., 2005), and epizootic 

outbreaks of meningoencephalitis in Florida freshwater turtles have been attributed to the 

recently discovered turtle fraservirus 1 (Fraservirus testudinis: Tosoviridae) (Waltzek et al., 

2022). However, learning about infectious agents in such turtles is complicated by their aquatic 

nature and cryptic lifestyles, which prevents full appreciation of the threat posed by viruses to 

free-ranging turtles. 

Recently, numerous viruses in captive and free ranging nondomesticated animals have 

been identified. Among the newly discovered viruses, chuvirids (class Monjiviricetes, order 

Jingchuvirales, family Chuviridae) (Harding et al., 2022b) are of particular interest. First, they 

have a broad host range (e.g., phototrophs, a wide array of invertebrates, and vertebrates [fish 

and snakes]) (Hahn et al., 2020; Han et al., 2020; Harding et al., 2022b; Li et al., 2015; Shi et al., 

2016, 2018). Second, the genomic structure of viruses in that family is unusual (Dezordi et al., 

2020; Di Paola et al., 2022). Although other jingchuvirals have nonsegmented linear genomes, 

chuvirids have been reported to have circular segmented, circular nonsegmented, linear 

segmented, and linear nonsegmented genomes (Di Paola et al., 2022; Hahn et al., 2020; Han et 

al., 2020; Shi et al., 2016, 2018). Phylogenetic analysis of the large (L) protein suggests that 
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jingchuvirals have a unique history among viruses in the class Monjiviricetes (Di Paola et al., 

2022; Li et al., 2015). Although recent discoveries of chuvirids and their varying genomic 

structures draw interest from a virologic standpoint, the pathogenicity of chuvirids and 

jingchuvirals has not been confirmed (Di Paola et al., 2022). To our knowledge, only 1 published 

study has demonstrated any jingchuviral from an ill animal: a piscichuvirus (Herr Frank virus 1 

[HFrV1]; Chuviridae: Piscichuvirus franki) in clinically ill snakes (3 of 4 boa constrictors [Boa 

constrictor constrictor] with boid inclusion body disease; all 4 boas were positive for 

reptarenaviruses) (Argenta et al., 2020). However, because no piscichuviral in-situ studies were 

performed with those snakes and meningoencephalitis was not reported, clinical significance of 

chuvirids remains unresolved. 

To identify the potential cause of lymphocytic meningoencephalomyelitis in several 

aquatic turtles, we randomly sequenced central nervous system (CNS) tissues from 3 affected 

turtles and performed in-situ hybridization (ISH) on CNS tissues of 6 turtles. We obtained 

complete genomes for 3 isolates, providing phylogenetic classification and in silico identification 

of conserved secondary structures at the genome termini and a hypothetical fourth open reading 

frame (ORF). The relative dissimilarity between the freshwater and sea turtle piscichuviruses 

raises questions regarding jingchuviral speciation criteria. 

 

Materials and methods 

Samples and Pathologic Examination 

We examined isolates from 6 aquatic turtles with idiopathic CNS inflammation 

(meningoencephalitis to meningoencephalomyelitis): 1 freshwater (alligator snapping turtle, 

morphologically consistent with either Macrochelys temminckii or M. apalachicolae) and 5 
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marine (1 Kemp’s ridley [Lepidochelys kempii] and 4 loggerhead [Caretta caretta]), by using 

sequencing (turtles 1–3), ISH (turtles 1–6), or both (Table 1; Figure 1). We used 6 additional 

retrospective cases as controls: 2 loggerhead turtles with spirorchiid-induced mononuclear 

meningoencephalitis, 1 Kemp’s ridley turtle with bacterial encephalitis, and 3 turtles lacking 

meningoencephalomyelitis (1 of each species). 

All turtles died spontaneously or were euthanized via pentobarbital overdose if their 

illness was advanced. Gross necropsy included systematic evaluation of all organ systems. We 

determined sexual maturity by evaluating the reproductive system. We aseptically collected fresh 

tissue samples, including from the brain and spinal cord (turtle 1–3), and stored them at –80°C. 

We preserved samples in neutral-buffered 10% formalin fixative for 24–48 hours before 

processing for histopathologic analysis. 

Random Sequencing 

We homogenized a section of cerebrum from the alligator snapping turtle (turtle 1) and a 

section of the brainstem from the loggerhead turtle (turtle 3) in 450 μL 1× phosphate-buffered 

saline by using a QIAGEN TissueLyser LT (https://www.qiagen.comExternal Link) at 35 Hz for 

2 minutes with a 5-mm sterile stainless-steel bead (QIAGEN). Homogenized samples underwent 

viral enrichment (Conceição-Neto et al., 2018; Vibin et al., 2018). We extracted RNA by using 

Trizol LS Reagent (Thermo Fisher Scientific, https://www.thermofisher.comExternal Link) and 

prepared the cDNA library as previously described (Kelsey T. Young, Jazz Q. Stephens & David 

E. Stallknecht, Kiril M. Dimitrov, Salman L. Butt, 2022; Young et al., 2021), using 

manufacturer-suggested kits for ligation-based sequencing of amplicons (SQK-LSK110 with 

EXP-PBC096) and sequencing on a FLO-MIN106 R9.4.1 flow cell in a MinION Mk1B 

sequencing device (Oxford Nanopore Technologies, https://nanoporetech.comExternal Link). 
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The postsequencing analysis workflow followed the randomly primed, MinION-based 

sequencing as previously described (Kelsey T. Young, Jazz Q. Stephens & David E. Stallknecht, 

Kiril M. Dimitrov, Salman L. Butt, 2022; Young et al., 2021). We first accomplished screening 

for potential pathogens by pairwise alignment of reads (BLAST, 

https://blast.ncbi.nlm.nih.gov/Blast.cgiExternal Link]) to the National Center for Biotechnology 

Information (NCBI, https://www.ncbi.nlm.nih.govExternal Link) nonredundant nucleotide 

database (updated June 4, 2022) through the Georgia Advanced Computing Research Center 

(https://gacrc.uga.eduExternal Link) by using default settings. After identifying piscichuvirus-

like reads, we used a long-read aligner (Centrifuge version 1.0.4) (Kim et al., 2016) with a 

custom index to filter out host reads by using the green sea turtle genome 

(GCF_015237465.1_rCheMyd.pri.v2, accessed July 2021) combined with a publicly available 

Centrifuge index for bacteria and archaea 

(https://ccb.jhu.edu/software/centrifuge/manual.shtmlExternal Link). We mapped the remaining 

reads >50 nt to the closest piscichuviral genome to iteratively assemble the turtle virus genomes 

in Geneious Prime 2019.1.3 (https://www.geneious.comExternal Link). We confirmed assembly 

with de novo assembly by using Flye (Kolmogorov et al., 2020). 

We extracted RNA from turtle 2 by using an RNeasy Mini kit (QIAGEN) and generated 

a cDNA library by using a NEBNext Ultra RNA Library Prep Kit (Illumina, 

https://www.illumina.comExternal Link), which we sequenced on the iSeq 100 Sequencing 

System (Illumina). We processed raw data to remove host reads by first running Kraken version 

2 (Wood et al., 2019) against a custom database created by using the green sea turtle genome 

(NCBI assembly GCA_000344595, accessed March 2020). We assembled the remaining paired-

end reads (742,979) by using SPAdes version 3.15.3 with default parameters (Bankevich et al., 
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2012). We then subjected the assembled contigs to BLASTX searches in OmicsBox version 2.0 

(BioBam Bioinformatics, https://www.biobam.comExternal Link) against the NCBI 

nonredundant protein database.  

 

Genome Analysis 

We annotated the ORFs by using the NCBI ORFfinder (https://www.ncbi.nlm.nih.gov/ 

orffinderExternal Link) and by manually comparing them with the annotations of other 

piscichuviruses. We filled the gaps in the consensus sequences by PCR for MinION (turtles 1 

and 3) or Sanger (turtle 2) sequencing. To predict RNA secondary structures at genomic termini, 

we used the Vienna package RNAfold tool (Hofacker, 2003). 

 

In-situ hybridization (ISH) 

We used ISH to localize turtle piscichuviral mRNA in all 6 turtles with idiopathic 

meningoencephalomyelitis and 6 control turtles. RNAscope 2.5 HD double z-probes (Advanced 

Cell Diagnostics, Inc., http://acdbio.comExternal Link) were designed by using the large protein 

gene (L) gene (of freshwater turtle neural virus 1 [FTuNV1] probe: 1375–2368, sea turtle neural 

virus 1 [STuNV1] probe: 1535–2585). We used probes targeting testudine rRNA as positive 

probe controls and the Bacillus subtilis dihydrodipicolinate reductase (DapB) gene as negative 

probe controls (Advanced Cell Diagnostics, Inc.). RNAscope (Advanced Cell Diagnostics, Inc.) 

ISH was performed by following the manufacturer’s protocols and analyzed by light microscopy. 
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Phylogenetic Analyses 

To infer evolutionary relationships, we phylogenetically analyzed the translated L ORFs 

from FTuNV1, 2 isolates of STuNV1, and 56 other complete jingchuvirals in MEGA X (Kumar 

et al., 2018). We performed multiple sequence alignments of each coding sequence separately by 

using ClustalW (https://www.clustal.orgExternal Link) and MUSCLE 

(https://www.ebi.ac.uk/Tools/msa/muscle 

External Link) with default settings. We based selection of the best substitution model of aligned 

amino acid sequences on the lowest Bayesian information criterion and Akaike scores and used 

the best substitution model analysis for maximum-likelihood analysis. We constructed 

phylogenetic analyses by using the maximum-likelihood method and the Le Gascuel matrix plus 

observed amino acid frequencies plus 5 discrete gamma categories distribution plus invariant 

sites substitution model with 500 bootstrap replicates. We used subtree-pruning-regrafting level 

3 (MEGA X) for maximum-likelihood tree inference and used all gaps and missing data to 

construct the phylogenetic tree. 

 

Results 

Animal Histories and Pathologies 

Six test turtles (turtles 1–6) with histories of persistent neurologic signs (e.g., weakness, lethargy, 

asymmetric buoyancy, circling, head tremors, cervical ventroflexion, and unresponsiveness) 

were collected from the southeastern United States; 5 were piscichuvirus-positive (see Table 1; 

Figure 1). The CNSs of all turtles were grossly normal; however, those turtles had moderate to 

severe, multifocal to diffuse mononuclear meningoencephalomyelitis with severe 

lymphoplasmacytic cuffs. Most severely affected were the cerebrum, optic tectum, and 
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cerebellum (Figure 2, panels A, C). The associated neuroparenchyma was vacuolated, and some 

neurons exhibited central chromatolysis (Figure 2, panel C). Subsequent results from ancillary 

testing (i.e., Ziehl-Neelsen staining [turtles 2–4] or PCR for herpesvirus [turtle 1] [24] and turtle 

fraservirus 1 [turtle 4] [4]) were negative. Turtles 1–3 were used for metagenomic sequencing; 

turtles 1–6, along with 6 control turtles, were used for ISH. 

 

Viral Genomes 

FTuNV1/Alligator Snapping Turtle 

Through reference-based alignment of all reads that passed quality filtering when 

BLASTN was used, we detected only a few piscichuviral-like reads, including hits to Wēnlǐng 

fish chu-like virus (WFClV; Piscichuvirus wenlingense, GenBank accession no. MG600011) and 

HFrV1 (GenBank accession nos. MN567051, MN567057, MN56703). Mapping filtered reads to 

WFClV in Geneious resulted in 1,491 piscichuviral reads and a draft FTuNV1 genome. After 

targeted sequencing to close gaps, we obtained a 10,781-nt complete FTuNV1 genome with at 

least 10 times coverage: (Table 2; isolate FTuNV1/Alligator_snapping_turtle/Florida/ST0994/ 

2009, GenBank accession no, OQ547744).  

 

STuNV1/Kemp’s Ridley Turtle 

Using BLASTX, we identified 4 de novo contigs with highest similarity to HFrV1 

(GenBank accession no. MN567051) and Guǎngdōng red-banded snake chuvirus-like virus 

(GRSCV; Piscichuvirus lycodontis, GenBank accession no. MG600009). After performing 

targeted sequencing to close gaps, we obtained a 10,839-nt complete genome (GenBank 

accession no. OQ547745). 
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STuNV1/Loggerhead Turtle 

After initially detecting piscichuvirus-like reads by using Centrifuge (with a custom 

index [16] containing FTuNV1 and STuNV1), we identified piscichuviral reads by mapping to 

the Kemp’s ridley STuNV1 consensus sequence. That process resulted in 258 reads building a 

10,839-nt complete genome with at least 10 times coverage, except for the first 9 bases of 5′ 

terminus, which had 6–9 times coverage (GenBank accession no. OQ547746.) 

 

Genome Comparison of Piscichuviruses 

The genomic structures of FTuNV1 and STuNV1 were linear, nonsegmented, and had the 

following ORF orientation: 3′-ORF4, nucleoprotein (N), glycoprotein (G), large protein (L)-5′. 

In addition, we identified that the genomic termini were complementary (i.e., inverted terminal 

repeat sequences), and in silico modeling predicted the formation of a genomic panhandle 

structure for each virus (see Figure 3). 

To taxonomically classify FTuNV1 and STuNV1, we used the recent jingchuviral 

taxonomic classification, which is based on the L protein amino acid identity (21). The 

percentage pairwise amino acid identities <90%, <31%, and <21% support the differentiation of 

jingchuvirals as novel species, genera, and families, respectively (12). We determined that the L 

protein of the STuNV1 isolates had the same predicted length (2,145 aa; Table 2) and were 

99.3% identical (Appendix); thus, they were considered to be 2 isolates of a single variant. The 

FTuNV1 and STuNV1 L protein sequences had the same predicted length but were ≈92% 

identical (Appendix), which is close to the initially proposed speciation cutoff criterion. Thus, all 

https://wwwnc.cdc.gov/eid/article/30/2/23-1142_article#r21
https://wwwnc.cdc.gov/eid/article/30/2/23-1142_article#r12
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3 isolates are considered to be within the same new species, but FTuNV1 and STuNV1 are 

proposed as variants within this species. 

We identified a fourth ORF4 in FTuNV1 and STuNV1. The predicted ORF4 amino acid 

sequence length was the same in all 3 turtle isolates (105 aa; Table 2), and the predicted amino 

acid sequences were identical for the 2 isolates of STuNV1. Predicted identity between FTuNV1 

and STuNV1 was ≈77.36% (Appendix). Of note, we also identified putative, but unannotated, 

ORF4s in previously NCBI-deposited piscichuviral sequences (Table 2). Among the ORFs, 

ORF4 is predicted to have the most amino acid variation across piscichuviruses (Appendix). For 

piscichuviruses that were previously deposited in GenBank, the putative ORF4 was 225–276 nt 

(74–91 aa) long and 3′ prime of the N ORF (Table 2). In addition, ORF4 lacked evidence of 

transmembrane domains (https://services.healthtech.dtu.dk/TMHMM-2.0External Link), signal 

sequences (https://services.healthtech.dtu.dk/SignalP-5.0External Link), and N-linked 

glycosylation sites (https://services.healthtech.dtu.dk/NetNGlyc-1.0External Link). 

Phylogeny of Jingchuvirals 

Phylogenetic analysis of the predicted L protein amino acid sequences from 59 chuvirids 

demonstrated that FTuNV1 and both STuNV1 isolates clustered with other piscichuviruses; 

bootstrap value was 100%. All piscichuviruses detected from reptiles form a single branch with a 

92% bootstrap value (Figure 4). Similarly, all piscichuviruses detected from vertebrates form a 

single branch with a 100% bootstrap value (Figure 4). 
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Localization of FTuNV1 and STuNV1 Nucleic Acid 

To more definitively associate piscichuviral infection with the clinical and 

histopathologic findings, we conducted RNAscope ISH on all 3 isolates that were positive for 

piscichuvirus by sequencing (from turtles 1–3), all 3 of which demonstrated viral RNA within 

inflamed areas of the CNS (Figure 2, panels C, D). ISH testing of 3 additional turtles (turtles 4–

6), in which no sequencing was performed indicated that 2 of the 3 were positive. Thus, 5 of 6 

cases that were originally considered idiopathic were proposed to be associated with 

piscichuvirus (Table 1). 

ISH demonstrated disseminated, strong, punctate reactivity for piscichuviral RNA in 

areas of inflammation throughout the CNS. Piscichuviral RNA was detected predominantly in 

the gray matter (Figure 2, panel B), most notably within the cytoplasm of large neurons (often 

chromatolytic), small neurons, glial cells, but occasionally in ependymal cells with subtle 

intensity (Figure 2, panel D). Testing of nonneural tissues of turtles 1 (tested for FTuNV1 

nucleic acid) and 2 (tested for STuNV1 nucleic acid) did not demonstrate viral mRNA staining. 

None of the control brain tissues demonstrated viral RNA staining. The host control 

probe reacted appropriately in all tissues that were virus negative by ISH. Neither probe detected 

the other variants. 

 

Discussion 

According to the current criteria of using the L protein amino acid sequence similarity for 

jingchuviral speciation (12), these novel turtle jingchuvirals represent a new species within the 

genus Piscichuvirus. However, the original speciation criteria might need to be revisited to 

determine if the 2 variants (i.e., FTuNV1 and STuNV1) actually represent 2 different 
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piscichuviral species given their relative dissimilarity (92%) and host differences. For example, 

although sea turtles are known to forage within tidal areas of rivers (Byles, 1988) and freshwater 

turtles, including alligator snapping turtles, are occasionally documented in estuarine and marine 

waters , those ecosystems are relatively nonoverlapping. As additional studies reveal more about 

the diversity within and between chuvirids, their evolutionary timeline, and their host 

restrictions, it is foreseeable that these 2 turtle variants might ultimately be divided into at least 2 

species (e.g., freshwater [chelydroid] and marine [chelonioid] turtle). 

The predicted terminal panhandle structures of the turtle neural virus genomes are similar 

to those of many other viruses of phylum Negarnaviricota, including bunyavirals, 

orthomyxovirids, paramyxovirids, and rhabdovirids (Auperin et al., 1984; Hsu et al., 1987; 

Obijeski et al., 1980) but have not been reported for jingchuvirals. In orthomyxovirids, those 

structures serve as promoters for transcription (Flick et al., 1996; Fodor et al., 1994; Neumann & 

Hobom, 1995), but by creating double-stranded RNA, they also induce the antiviral activity of 

retinoic acid-inducible gene I. Although the biological effect of this structure remains to be 

determined, the putative panhandle-forming untranslated regions could be used for the in-silico 

identification of genomic ends in chuvirids discovered in the future through metagenomics and 

might provide more insight into the development of genomic structure diversity within 

Chuviridae. 

Recent viral zoonoses (e.g., severe acute respiratory syndrome, Ebola virus disease, 

AIDS) demonstrate that wildlife species can be reservoirs (Keatts LO, Robards  M, Olson  SH, 

Hueffer  K, Insley  SJ, et al, 2021); thus, it is imperative to fully document the repertoire of 

viruses in wildlife and their association with disease. Chuvirids are the only jingchuvirals that 

have been identified in vertebrates, including fish and reptiles (Argenta et al., 2020; Shi et al., 
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2018). However, any associations with the disease have been weak and lacked in-situ viral 

localization (Argenta et al., 2020). Our study successfully localized chuvirid mRNA within the 

areas of inflammation in multiple individuals across 3 turtle species from 2 different ecosystems. 

Because sequence-based approaches have become a common platform for disease detection and 

characterization, modifications to Koch’s postulates have been proposed to establish the causal 

association of a novel agent in which Koch’s postulates cannot be fulfilled (e.g., infection of 

novel agents in endangered species and a likely irreversible condition 

[meningoencephalomyelitis]) (Fredricks  DN, Relman  DA, 1996). The 2 turtle piscichuviral 

variants have met 3 of the 7 proposed criteria: 1) FTuNV1 and STuNV1 nucleic acid sequences 

were detected in diseased tissues, 2) no nucleic acid sequence was detected in tissues without 

disease, and 3) infection was confirmed at the cellular level via ISH. Although further research 

on this disease is required to verify reproducibility and to identify similar biological properties in 

other hosts, those findings strongly suggest that FTuNV1 and STuNV1 are a cause of severe 

mononuclear meningoencephalomyelitis in aquatic turtles in multiple ecosystems throughout the 

southeastern United States. The identification of closely related chuvirids in other reptiles and 

fish suggests that chuvirids should be considered as potential emerging viruses in at least fish 

and reptiles, if not mammals. Further surveillance is needed to better determine the effect of 

chuvirids on those and other turtles. 

All of the turtle species in which a chuvirid was found are considered imperiled. Affected 

turtles included mature adults, which are especially vital to the stability and recovery of turtle 

populations (Thomas et al., 2014). Of note, all 3 turtles with known body condition scores 

(turtles 1, 4, and 5) were in good nutritional condition at the time of death, and all infected turtles 

lacked any predisposing conditions that would increase susceptibility to virus infection. In 
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addition, 2 STuNV1-infected loggerhead turtles (turtles 4 and 5) were stranded ≈1 month apart 

within the same geographic region. The potential to infect and cause disease in relatively healthy 

individuals and the identification of multiple diseased turtles from the same areas and time 

indicate a serious wildlife health concern. In addition, an observation associated with 1 of the 

cases reported here raises the possibility of human-mediated pathogen pollution. The genus 

Macrochelys is proposed to include either 2 or 3 species (Chaffin et al., 2008; Thomas et al., 

2014). The alligator snapping turtle infected by FTuNV1 was morphologically consistent with 

the more western member(s) of the genus, either M. temminckii or M. apalachicolae, neither of 

which should be located where that turtle was found. Thus, the discovery of that turtle outside of 

its natural range suggests that it may have been transported and released. Future studies are 

needed to understand the diversity and prevalence of chuvirids among turtles, the pathogenesis of 

chuvirid infections, and the effects of environment on disease susceptibility. 

In summary, we identified 2 variants of a new piscichuviral species in 5 aquatic turtles 

that died of idiopathic meningoencephalomyelitis. FTuNV1 and STuNV1 most likely cause 

lymphocytic meningoencephalomyelitis in multiple aquatic turtle species. 
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Figures and Tables 

Table 3.1: Biographical information and results summary of 5 turtles positive for FTuNV1 or 

STuNV1, United States, 2009–2021* 

Animal no., common name 

(taxonomic name) 

Sex 

SCL, 

cm 

Life 

stage† 

Stranding location‡ 

 
Clinical signs Sequencing 

ISH (FTuNV1/ 

STuNV1) Latitude, °N 

Longitude, 

°W 

1, Alligator snapping turtle 

(Macrochelys sp.) 

M 56.5 M 29.524879 82.300594 Weak and lethargic FTuNV1 (+/−) 

2, Kemp’s ridley turtle 

 (Lepidochelys kempii) 

F 

 

60.3 

 

I 

 

27.67338 

 

97.16880 

 

Persistent circling and 

asymmetric buoyancy 

STuNV1 

 

(–/+) 

 

3, Loggerhead turtle 

 (Caretta caretta) 

M 94.0 M 30.230591 87.910237 Unresponsive STuNV1 (ND/+) 

4, Loggerhead turtle 

 (C. caretta) 

F 81.8 M 28.04815 80.57892 Weak ND (ND/+) 

5, Loggerhead turtle 

 (C. caretta) 

F 83.7 I 28.20726 80.65725 Head tremor and 

cervical ventroflexion 

ND (ND/+) 

 

*FTuNV1, freshwater turtle neural virus 1; I, immature; ISH, in-situ hybiridization; M, mature; 

ND, not done; SCL, straight carapace length; STuNV1, sea turtle neural virus 1. †Life stage 

estimation was based on the maturation of the reproductive system. ‡Latitude and longitude 

values correspond to the stranding locations as shown in Figure 1.  
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Table 3.2: Genome comparison of piscichuviruses from 5 turtles positive for FTuNV1 or 

StuNV1, United States, 2009–2021, and reference sequences* 

Virus GenBank accession no. Genome, nt 3′ UTR, nt ORF4, nt 

N,  

nt 

G,  

nt 

L,  

nt 

5′ UTR, nt 

FTuNV1 OQ547744 10,781 89 318 1,446 2,052 6,438 91 

STuNV1  

(Kemp’s ridley) 

OQ547745 10,839 93 318 1,500 2,052 6,438 91 

STuNV1 (Loggerhead) OQ547746 10,839 93 318 1,500 2,052 6,438 91 

GRSCV MG600009 10,625 >59 276‡ 1,482 1,995 6,423 >67 

WFClV MG600011 10,385 >64 225‡ 1,344 1,929 6,348 >45 

HFrV1 MN567051 10,718 79 255‡ 1,509 1,983 6,435 204 

HhCV MW645030–2 10,858 NA NA 1,566 1,956 6,363 NA 

SxASC4 KX884439 11,270 >177 234† 1,794 2,046 6,468 >97 

FMCV1 ON125109 10,991 25 396 1,395 2,178 6,615 104 

*FMCV1, freshwater macrophyte associate chu-like virus 1; FTuNV1, freshwater turtle neural 

virus 1; G, glycoprotein; GRSCV, Guǎngdōng red-banded snake chuvirus-like; HFrV1, Herr 

Frank virus 1; HhCV, hardyhead chuvirus; L, large protein; N, nucleoprotein; NA, data not 

available; ORF, open reading frame; STuNV1, sea turtle neural virus 1; SxASC4, Sānxiá atyid 

shrimp virus 4; UTR, untranslated region; WFClV, Wēnlǐng fish chu-like virus. †Annotations 

were performed in this study because ORF4 was not originally annotated in the National Center 

for Biotechnology Information.  
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Figure 3.1: Geographic location and year found for 5 stranded piscichuvirus-infected aquatic 

turtles with meningoencephalomyelitis, United States, 2009–2021. 
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Figure 3.2: Representative tissue sections from the central nervous system of an alligator 

snapping turtle (Macrochelys sp.) with meningoencephalomyelitis, United States, 2009 

 

A) Cerebellum; lymphoplasmacytic perivascular cuffs (asterisk) and infiltrates are widely 

disseminated in the gray matter and the adjacent leptomeninges. Hematoxylin and eosin stain. B) 

Replicate section of the same tissue shown in panel A. There is strong in-situ hybridization 

signal (red) against freshwater turtle neural virus 1 (FTuNV1) in the cytoplasm of small neurons 

and glial cells throughout the gray matter and associated with the lymphoplasmacytic infiltrates. 

Hematoxylin counterstain. C) Optic tectum; several neurons have central chromatolysis (arrows). 

Hematoxylin and eosin stain. D) A replicate section of the tissue shown in panel C. Intense in-

situ hybridization signal (red) against FTuNV1 was within the neuronal and glial cytoplasm. 

Scale bars indicate 50 µm.  
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Figure 3.3: Terminal structure showing panhandle sequences for the 3′ and 5′ termini of FTuNV1 

and STuNV1 genomes from piscichuvirus-infected aquatic turtles with 

meningoencephalomyelitis, United States, 2009–2021. 

 

Sequences were predicted by using the Vienna package RNAfold tool on Geneious 

(https://www.geneious.com). Offset bases indicate mispairing. Boldface bases indicate 

nucleotide differences between FTuNV1 and STuNV1. Dots indicate G/U pairings. The 

remaining genome is indicated by the loop structure (not to scale). FTuNV1, freshwater turtle 

neural virus 1; STuNV1, sea turtle neural virus 1.  

https://www.geneious.com/
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Figure 3.4: Phylogenetic analysis of jingchuviral large protein (L) amino acid sequences from 

piscichuvirus-infected aquatic turtles with meningoencephalomyelitis, United States, 2009–2021 

(black dots), and reference sequences.  
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Complete L amino acid sequences were aligned by using ClustalW (https://www.clustal.org) and 

refined by using MUSCLE (https://www.ebi.ac.uk/Tools/msa/muscle) with default settings. The 

phylogenetic analysis was performed on MEGA X (23) by using the maximum-likelihood 

method and Le Gascuel matrix plus observed amino acid frequencies plus 5 discrete gamma 

categories distribution with parameter of 1.0728 plus invariant sites with 0.65% sites. The 

substitution model was constructed with 500 bootstrap replicates. The tree is drawn to scale; 

bootstrap values are measured in the number of substitutions per site. This analysis included 59 

aa sequences. Sequences are color coded based on their genomic structure. 

  

https://www.clustal.org/
https://www.ebi.ac.uk/Tools/msa/muscle
https://wwwnc.cdc.gov/eid/article/30/2/23-1142-f4#r23
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CHAPTER 4 

DISCUSSION 

 Aquatic testudines are threatened by a variety of factors including infectious diseases, 

which can be caused by multiple agents (e.g., bacteria, viruses, fungi, and protozoa) leading to 

serious morbidity and mortality in both captive and free-ranging populations. However, only a 

few viruses have been reported in freshwater and marine turtles with a strong disease association, 

e.g. cheloniid herpesvirus-5, cheloniid herpesvirus-6, and turtle fraser virus1. For other viruses, 

the disease association remains inconclusive, e.g. sea turtle tornovirus1 and betanodavirus. 

Before further investigation into the role of these viruses in the health of aquatic testudines can 

progress, baseline information on the viral community and diversity is required. This dissertation 

provides such knowledge and also describes advanced sequencing technique development to 

efficiently detect and characterize viruses in free-ranging aquatic testudines. 

This study successfully developed random sequencing and semi-targeted sequencing for 

the MinION platform and used it for 1) detection and characterization of viral communities from 

the gastrointestinal tract of free-ranging sea turtles and for 2) identifying the cause of idiopathic 

meningonecephalomyelitis in free-ranging turtles. Overall, 25 viruses across 10 families were 

detected and phylogenetically characterized through random and semi-targeted sequencing in 14 

individuals of 4 species of aquatic testudines (green sea turtles, loggerhead turtles, Kemp’s ridley 

turtles, and an alligator snapping turtle). Out of these viruses, 15 were novel species across at 

least 2 novel genera. 
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The first major objective of this study was to develop random sequencing and semi-

targeted, strand-switching MinION sequencing methods to detect and characterize undiscovered 

viruses in the gastrointestinal system of free-ranging sea turtles. Forty-eight viruses were 

successfully detected, and 19 viruses were phylogenetically characterized across eight viral 

families from three species of sea turtles (loggerhead turtles, green sea turtles, leatherback turtles 

(only detected), and Kemp’s ridley turtles) from three geographical regions (West Coast, 

Northeast Coast, and Southeast Coast) in the United States. This demonstrates that MinION 

sequencing can be used to identify viral communities in specimens (i.e., feces, colonic content, 

digesta, and ingesta) from free-ranging sea turtles with high nucleic acid contamination from 

food, host, and a variety of infectious organisms. Additional studies can use these data to better 

determine disease correlation in controlled viral discovery assays of clinically affected turtles. 

The second major objective of this study was to use MinION sequencing to determine the 

cause of idiopathic mononuclear meningoencephalomyelitis in five free-ranging aquatic turtles. 

This study successfully identified three piscichuviruses of two strains within a single novel 

piscichuviral species in the brain and spinal cord of freshwater and sea turtles with 

meningoencephalomyelitis. Viruses were putatively named freshwater turtle neural virus 1 and 

sea turtle neural virus 1. Moreover, double-z probes were custom designed specifically against 

the large protein of these novel piscichuviruses for localization of viral mRNA within tissues 

through RNAscope in-situ hybridization. Viral mRNA was colocalized within inflammatory 

areas of the brain and spinal cord tissues. This shows that MinION sequencing can be used for 

identifying disease causation, especially idiopathic cases with a suspicion of viral etiology. 

Future studies can use this data to investigate the impact of this virus across host species and 

geographical areas. 
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In conclusion, these MinION sequencing methods can be used to efficiently interrogate 

viruses in sea turtles. Constraints inherent to PCR diagnostic assays, such as inadequate 

phylogenetic information from short amplicons (100-1,000 bases), binary results (detected and 

not detected), and requirement for specific primers can be alleviated by random and semi-

targeted MinION sequencing. This dissertation provides a methodology for other researchers 

willing to pursue metagenomic studies of viruses in wildlife and aquatic animals, particularly 

gastrointestinal viromes and identification of viral agents causing idiopathic diseases.  
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