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Abstract 

 Marine mammals are top predators that are essential for the health and function 

of our oceans. These top predators are often affected by various factors that can be 

detrimental to their populations. Therefore, there is a need to evaluate undetermined 

causes of deaths and to better understand known diseases in marine mammals to mitigate 

future marine mammal mortality events. In this dissertation, I examined a mortality event 

that occurred in 2009 and affected seven harbor seals that died from an unknown brain 

disease.  

In 2009, a cohort of harbor seals stranded along the California coastline and the 

necropsies of these animals showed necrosis in the cerebrum and cerebellum. However, 

the etiology of the disease could not be determined with conventional diagnostic 

procedures. The results from the necropsy reports suggested that a virus was the likely 

causative agent, although it was also noted that exposure to a toxin, nutrient depletion, or 

hypoxia could have also caused the death of these animals. To investigate the source of 



this stranding event I compared the brain tissues of these harbor seals, that I termed 

“unknown cause of death” (UCD), to the brain tissues of seven other harbor seals with 

known causes of death that I termed “comparative” samples. Given that UCD animals 

were hypothesized to have died from an unknown virus type, I used meta-transcriptomics 

analysis of the brains to assess the presence of gene expression patterns from DNA/RNA 

viruses and opportunistic bacteria. Upon evaluation of the UCD animals, I found that 

there was no indication that viruses were present in the brain tissue of these animals. 

However, I did find the presence of a previously described Phocine herpesvirus-1 (PhV-

1) in 57% of comparative harbor seal samples.  

Interestingly, the microbiome analysis of the UCD animals showed two 

significantly abundant bacteria types, Burkholderia cepacia complex (BCC) and Coxiella 

burnetii. BCC was prevalent in all UCDs, which expressed a significant abundance of 

BCC virulence factors relative to comparative samples. Furthermore, only one UCD 

animal had a high abundance of C. burnetii, which represented ~94% of the microbiome 

community and showed a high abundance of transcripts for invasion and translation, 

suggesting that this was an active pathogen infection. From this evidence, I conclude that 

viruses were not the cause of death of UCD animals and that BCC and C. burnetii were 

potential opportunistic neurotropic infections in UCD animals.  

While our meta-transcriptomic analysis showed interesting trends in the 

microbiome of UCD animals, the cause of death for UCDs remained undetermined. To 

further evaluate the death of these animals, I applied a transcriptomics analysis to 

evaluate the effects of this event on host gene expression. I compared UCD 



transcriptomes to only those harbor seals with a PhV-1 infection. Analysis of the host 

transcriptome showed that while PhV-1 infected seals had gene repertoires of animals 

undergoing a virus infection, UCD animals did not. UCD animals did, however, 

demonstrate a significantly high gene expression pattern associated with fatty acid 

metabolic pathways. Interestingly, fatty acid dysregulation is associated with nutrient 

depletion and exposure to toxins, thus I speculate that UCD animals died from these 

factors, and led to a high expression of fatty acid metabolism genes in the brain. Along 

with characterizing the transcriptome of UCD samples, I also characterized the harbor 

seal-virus response during a PhV-1 infection. The transcriptome results showed that all 

animals undergoing a PhV-1 infection were mounting both innate and adaptive immune 

system responses. Also, the gene expression patterns I uncovered suggests that PhV-1 

hijacks the host DNA packaging and exocytosis pathways for viral replication.  

Lastly, to evaluate the genome and the gene expression patterns of PhV-1 during 

infection in the brain, I first used metagenomics to sequence and characterize the unique 

long (UL) and unique short (US) regions of the PhV-1 genome. I then used 

transcriptomics to identify the gene expression of PhV-1. In this study, we described 72 

genes in PhV-1, the majority which have never been described in this virus. In all four 

seals, the gene expression pattern showed similar patterns of active regions across the 

genome, which may be important for the late phases on infection in the brain. 

Overall this work has applied a combination of ‘-omics’ analyses to understand an 

unknown disease in harbor seals and further characterized the host-virus response of a 

known marine mammal pathogen. 
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Chapter 1 

Introduction: The viruses and bacteria of marine mammals  
1.1 Importance of marine mammals 

Marine mammals are commonly known for their charismatic nature, but they also 

contribute substantially to the community structure and function of the ocean. This makes 

the fitness of these animal’s imperative for the overall health of our seas. The large 

consumption of marine prey by cetaceans and pinnipeds are believed to have important 

effects on the structure of their community. However, if marine mammal populations are 

disturbed this can destabilize food-chain dynamics and cause trophic cascades. For 

example, when plankton-eating whales were removed by commercial whalers, it forced 

killer whales (Orcinus orca) to consume smaller prey, like sea otters (Enhydra lutris) and 

harbor seals (Phoca vitulina). This trophic cascade eventually resulted in the decline of 

sea otters, which led to negative impacts on kelp forests (Estes, 1998; Trites et al., 2007). 

1.2 Marine mammal causes of death 

It is clear that marine mammals are essential to the sustainability of the 

ecosystem. Thus, it is important to understand threats to their well-being. These animals 

are exposed to numerous stressors including biotoxins, infectious diseases, trauma, 

neoplasia, and congenital/metabolic diseases (Simeone et al., 2015). In a recent review 

that summarized these factors, from 1972-2012, trauma was reported as the largest 

category, comprising 40% of mortality cases. The least abundant category, with only 

1.1% of calculated reported cases, was for congenital and metabolic diseases (Simeone et 
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al., 2015). However, the second largest contributor to negatively affect marine mammal 

health were disease agents such as bacteria, viruses, protozoa, fungi, and helminth 

parasites made up. Within these disease, both bacteria and viruses had the largest 

calculated effects on marine mammal disease. Interestingly, viruses predominately 

affected animals on the east coast and bacterial infections affected animals on the west 

coast of the United States (Simeone et al., 2015).  

1.3 Unusual mortality (UME) events in marine mammals  

Diseases of marine mammals can lead to unusual mortality events (UME), which 

significantly affect the population of the species involved. A UME is defined by the 

Marine Mammal Protection Act as “a stranding that is unexpected; involves a significant 

die-off of any marine mammal population; and demands immediate response.” In 1991, 

the United States began documenting UMEs that occurred within its waters. From 1991- 

2015 there were 62 UMEs reported, but strikingly the cause of ~40% of these cases were 

undetermined. The group of marine mammals most severely affected in these reported 

UMEs were cetaceans (55%) followed by pinnipeds (27%). Geographically, the Atlantic 

Ocean had the highest rate of UMEs at 35%. As stated in the previous section, the 

majority of causes of mortality in marine mammals has been trauma, however, the 

majority of UMEs have been caused by biotoxins (19%) and infectious diseases (15%). 

Given the combined information, it is evident that infectious diseases, especially those 

caused by viruses and bacteria have important implications for the health of marine 

mammal populations (“NOAA fisheries Marine Mammal Unusual Mortality Events,” 

2015). 
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1.4 Marine mammal viruses  

Background of marine mammal viruses  

In 1968, the first marine mammal virus was isolated from a rectal swab from a 

Gray whale (Eschrichtius robustus). The virus was a positive sense single-stranded RNA 

((+) ssRNA) Enterovirus from the family Picornaviridae. However, there were no 

significant signs of disease associated in whales infected by this virus (Watkins et al., 

1969). The first marine mammal DNA virus was isolated almost a decade later in a sei 

whale (Balaenoptera borealis) (Smith & Skilling, 1979). This double-stranded (ds)DNA 

virus was classified as an Adenovirus, but its pathogenicity also remained elusive. It was 

not until 1979, that the first pathogenic cetacean virus was identified in captive Atlantic 

bottlenose dolphins (Tursiops truncatus) (Flom & Houk, 1979). To this day, this poxvirus 

still plagues cetaceans and is described as ‘tattoo disease’ because of the irregular 

cutaneous pigmented and stippled lesions found in animals exhibiting signs of this 

disease (Flom & Houk, 1979).   

The discovery of viruses in pinnipeds came soon after the first cetacean virus, in 

1968. Pinnipeds were shown to be infected with a dsDNA virus from the genus Parapox 

virus (Wilson, Boothe & Cheville, 1972). With the utilization of light and electron 

microscopy, seal pox was identified in skin lesions of California sea lions (Zalophus 

californianus), harbor seals, and South American sea lions (Otaria flavescens) (Wilson, 

Cheville & Boothe, 1972). In 1979, the San Miguel sea lion virus (SMSV), a (+) ssRNA 

virus, was reported in pinnipeds and was linked with anorexia and vesicular lesions, 

especially on the flippers (Smith et al., 1973). This virus was initially characterized as a 
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member of the genus Calicivirus, but after whole genome sequencing, it was re-classified 

as a member of the genus Vesivirus (Neill, 2014).   

Marine mammal unusual mortality events (UME) caused by viruses  

Marine mammal virology was at its infancy when the first viral UME was 

encountered in December of 1979 and lasted through October of 1980. In this UME, 

approximately 400 harbor seals died from influenza A virus (A/Seal/Mass/1/180 (H7N7)) 

a negative sense single-stranded ((-)ss)RNA virus (Geraci et al., 1982a). Deceased harbor 

seals showed high titers of influenza A in the lungs that resulted in hemorrhagic 

pneumonia. Just a couple years later, in June of 1982, the second reported viral UME 

struck harbor seals in the same region and lasted until August 1983. An influenza A virus 

was again responsible and resulted in the mortality of roughly 60 animals; however, this 

UME was caused by a different influenza subtype (A/Seal/MA/133/82 (H4N5)) 

(Hinshaw et al., 1984). After these epidemics, influenza was not associated with any 

major die-offs until 2011 when another influenza subtype, H3N8, killed 162 harbor seals 

off a New England shore (Anthony et al., 2012).   

Although influenza was a significant pathogen in the early 80’s by the late 80’s 

Morbillivirus, a (-) ssRNA virus, became the major viral agent responsible for 

devastating declines in marine mammal populations. In June of 1987 through May of 

1988, a UME involving bottlenose dolphins occurred along the Atlantic coast (Lipscomb 

et al., 1994). The cause of this mortality event remains ambiguous with some evidence 

indicating that a Morbillivirus caused the deaths of these animals, while other evidence 

suggests a brevotoxin was the source of death (Geraci, 1989; Lipscomb et al., 1994; 
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Schulman et al., 1997). Although the involvement of Morbillivirus in this mortality event 

remains unclear, it was the debut of Morbillivirus related UMEs. Since its identification, 

this group of viruses has continued to play an important role in UME’s. For example, 

from 1990-1992, a dolphin morbillivirus (DMV) was the cause of death of over 10,000 

striped dolphins (Stenella coeruleoalba) in the Mediterranean Sea. In addition, two 

UMEs in 1994 involving common dolphins in both the Black Sea and along the Texas 

coast were associated with morbilliviruses (Lipscomb et al., 1996; Reidarson et al., 

1998). In more recent years, DMV caused the death of over 1,600 bottlenose dolphins 

along the US Atlantic coast from 2013-2015 (Morris et al., 2015).  

Likewise, pinnipeds have succumbed to devastating UME die-offs caused from 

Morbillivirus. During 1987-1988, a Morbillivirus, similar to canine distemper virus 

(CDV), was found in Lake Baikal seals (Pusa sibirica) where it was estimated that 

80,000-10,000 seals died from the disease (Osterhaus et al., 1989). In 1988, ~18,000 

harbor seals in the North-West European seas died from a Morbillivirus similar to CDV. 

This disease is now known as phocine distemper virus (PDV)  (Kennedy et al., 1988; 

Osterhaus et al., 1988), which in 2002, PDV killed 25,000 harbor seals in Northern 

Europe (Jensen, 2002). Lastly, a monk seal morbillivirus (MSMV) has been attributed, by 

some scientists, to have caused the deaths of over 100 of the highly endangered 

Mediterranean monk seals (Monachus monachus) (Osterhaus et al., 1997). 

Marine mammal viral zoonosis 

The viruses that plague marine mammals are not just a concern for these aquatic 

mammals, but they also pose a human health risk. For example, SMSV belongs to the fast 
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evolving Vesivirus genus. SMSV can infect humans and it first became evident when a 

researcher was accidentally infected and was afflicted with flu-like symptoms followed 

by blisters on all four extremities (Smith et al., 1998). Although, it is not known to be 

deadly to humans, the ability of this virus to mutate rapidly along with its high prevalence 

(~18%) within the human population in the northwestern United States warrants concern 

(Smith et al., 1998). In addition, during the H7N7 outbreak in harbor seals, four people 

contracted the virus during necropsy examinations, causing conjunctivitis or pinkeye in 

these victims (Webster et al., 1981). Furthermore, seal pox is another pinniped virus that 

has been shown to be zoonotic. Like in pinnipeds, seal pox is not lethal to humans, and in 

the only report of a seal pox zoonosis, a nodule lesion formed in a research technician 

after a seal bite (Clark et al., 2005).  

Techniques used to identify marine mammal viruses 

Traditionally detection and characterization of marine mammal viruses have been 

conducted using microscopy, culturing, neutralizing antibodies (Nab), cloning, and 

polymerase chain reaction (PCR) based methods (Burge et al 2016). The combination of 

these methods has especially enhanced viral discovery in marine mammals. For example, 

in a study that combined culturing, microscopy, and Nab, led to the identification of an 

arbovirus called the Saint Louis encephalitis virus found in a deceased killer whale (Buck 

et al., 1993). Also, virus culture, isolation, and microscopy have been used in 

combination with PCR to characterize viruses like the sea lion poxvirus-1 (SLPV-1) 

(Nollens et al., 2006). Subsequently, consensus PCR techniques became increasingly 

popular for exploratory and diagnostic viral discovery in marine mammals. Consensus 
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PCR primers are typically derived by aligning multiple sequences and choosing the most 

conserved nucleotide at each position, thus broadening the ability to amplify common 

conserved regions within different viral types. Using consensus PCR, researchers 

identified a number of novel viral sequences in aquatic mammals. For example, a 

poxvirus in cutaneous skin lesions from cetaceans and pinnipeds, an alphaherpesvirus in 

skin lesions of an Atlantic bottlenose dolphin, and a Vesivirus from a Stellar sea lion 

rectal swab (Bracht et al., 2006; Manire et al., 2006; McClenahan et al., 2008; Cortés-

Hinojosa et al., 2015).  

Other techniques that have expanded our knowledge about marine mammal viral 

diversity is the combination of nested PCR and cloning. With these techniques scientists 

characterized the California sea lion polyomavirus-1, seal picornavirus-1 (SePV-1), and 

beluga whale herpesvirus (BWHV) (Kapoor et al., 2008; Colegrove et al., 2010; 

Bellehumeur et al., 2015). However, all the methods mentioned thus far are restricted to 

cultivable viruses and/or highly related viruses that shared conserved gene sequences. 

The use of degenerate primers to detect divergent viruses within a viral group (e.g. 

family, genus) has somewhat mitigated this limitation and helped recover viral types that 

diverge from known viruses. For example, degenerate primer sequences from a 

genetically close adenovirus was found in bottlenose dolphins with gastroenteritis 

(Rubio-Guerri et al., 2015). Additionally, this application has led to the identification of 

an alphavirus, called the southern elephant seal (SES) virus, which was discovered in 

southern seal elephants and their lice, thus suggesting that SES may be vectored by 

marine mammal lice (La Linn et al., 2001). Importantly there is no universal gene to 
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explore all viruses (i.e., no 16S gene), limiting the ability to quickly and easily reveal the 

virome of marine mammals. 

1.5 Marine mammal bacteria 

Background of bacteria of marine mammals  

One of the initial studies in marine mammal bacteriology was from the late 1950s 

when Erysipelothrix, was identified in a harbor porpoise (Simpson, Wood & Young, 

1958). Erysipelothrix is a rod-shaped, non-motile, gram-positive pathogen, belonging to 

the family Erysipelotrichidae and phylum Firmicutes. After its initial discovery in the 

harbor porpoise, this pathogen was also identified in numerous marine mammals (Seibold 

& Neal, 1956; Geraci, Sauer & Medway, 1966). In the 1960’s the field of marine 

mammal bacteriology began to grow (Gulland & Hall, 2007a). The number of marine 

mammal bacteria related publications came to an all-time high in the mid-1970’s 

(Gulland & Hall, 2007a). Since these early reports, a diversity of bacteria have been 

described in marine mammals and extensively reviewed (Higgins, 2000).  

Marine mammal unusual mortality events (UME) caused by bacteria 

In the late 1970s, 315 California sea lions stranded along the West coast of the 

United States, a rate 4 times greater than normal for that time of year (Vedros et al., 

1971). The UME was found to be caused by Leptospira interrogans a gram-negative 

spirochete, from the family Leptospiraceae, phylum Spirochaetes and the causative agent 

of Leptospirosis. Leptospirosis commonly affects the kidneys and manifests as interstitial 

nephritis. After its discovery, Leptospira has been the cause of five more UMEs all 

infecting California sea lions along the Pacific coast and occur in cycles of about every 3-
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4 years (Dierauf et al., 1985; Gulland et al., 1996; Greig, Gulland & Kreuder, 2005; 

Gulland & Hall, 2007a). In addition to L. interrogans, only one other bacterium has been 

identified as the cause of a UME. In 2001-2003 an epizootic affecting New Zealand sea 

lion (Phocarctos hookeri) pups occurred. The pups were diagnosed with an acute 

bacterial infection caused by Klebsiella pneumoniae, a rod-shaped, gram-negative, non-

motile, opportunistic pathogen bacterium from the family Enterobacteriaceae and phylum 

Proteobacteria (Castinel et al., 2007). K. pneumoniae is commonly cultured in marine 

mammal tissues, but this was the first report relating it to a mass mortality event (Vedros, 

Quinlivan & Cranford, 1982; Baker & McCann, 1989).  

Marine mammal bacterial zoonosis 

Seal finger is a zoonotic disease that was described for generations in 

Scandinavia, but the first scientific report occurred in 1907 (Bidenknap, 1907; Rodahl, 

1953). Historically, fisherman and seal hunters were typically at risk for contracting this 

disease through a seal bite (Rodahl, 1953). However, now open water swimmers or 

people who work in close association with pinnipeds are also at risk of contracting the 

disease through bites or even open wounds (Hunt et al., 2008; Nuckton, Simeone & 

Phelps, 2015). Seal finger causes localized dermatitis with symptoms of acute pain, 

swelling, discharge, and sometimes joint pain. In 1990, an animal trainer was bitten by a 

seal and Mycoplasma phococerebrale was isolated from the site of infection and from the 

mouth of the seal (Baker, Ruoff & Madoff, 1998). Mycoplasm phococerebrale, is within 

a group of bacteria that lack a cell wall and belongs to the family Mycoplamataceae, 

phylum Tenericutes and was initially isolated in the 1980s from seals (Kirchhoff et al., 
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1989). However, there are other microbes proposed to cause seal finger, inluding 

Bisgaardia hudsonensis, a gram-negative bacillus (family Pasteurellaceae, phylum 

Proteobacteria) that was similarly isolated from a seal bite wound that resulted in the 

same signs and symptoms as seal finger (Sundeep & Cleeve, 2011).  

Another bacteria that causes localized dermatitis in humans is Erysipelothrix 

rhusiopathiae which is found in both pinnipeds and cetaceans (Seibold & Neal, 1956; 

Geraci, Sauer & Medway, 1966). This bacterium is a ubiquitous pathogen found in 

domestic animals and other wildlife (Wang, Chang & Riley, 2010). During an E. 

rhusiopathiae infection, only the onset of erysipeloid or acute dermatitis generally 

occurs. However, in more serious cases, this zoonotic disease can result in sepsis and 

toxemia.  

A more severe pathogen found in marine mammals (pinnipeds, cetaceans, and sea 

otters) that can be transferred to humans is Brucella. Brucella is a gram-negative, cocco-

bacilli, facultative intracellular pathogen and belongs to the family Brucellaceae and 

phylum Proteobacteria. Isolates from pinnipeds, Brucella pinnipedialis, and cetaceans, 

Brucella ceti, are genetically distinct from terrestrial isolates (Foster et al., 2007). So far 

there have been 4 reported cases of marine mammal brucellosis with varying degrees of 

severity. Three of these cases were environmental exposure without direct contact with 

marine mammals. From those three cases, two of the patients developed neurobrucellosis 

and the other patient developed osteomyelitis (Sohn et al., 2003; McDonald et al., 2006). 

The fourth case occurred in the laboratory, where a cultured Brucella from a harbor 
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porpoise caused the researcher to acquire a mild form of brucellosis causing fatigue, 

chronic headaches, and sinusitis. (Brew et al., 1999). 

Mycobacterium is another bacterium that possesses the ability to be passed from 

wildlife to humans. Mycobacterium belongs to the family Mycobacteriaceae, phylum 

Actinobacteria and is an aerobic, non-motile bacillus with a cell wall thicker than most 

bacteria. In humans, Mycobacterium tuberculosis is the causative agent of tuberculosis 

and can be contracted by direct contact with infected animal’s feces, urine, mucosa layer, 

aerosol or alternatively by coming in contact with infected environments or fomites. For 

instance, in an aquarium a group of keepers tested positive for a pinniped 

Mycobacterium, Mycobacterium pinnipedi, and it was assumed that this pathogen was 

transmitted to the keepers during the cleaning of the sea lion enclosure, rather than direct 

contact with the animals (Kiers et al., 2008).  

In a different aquarium, a seal trainer developed pulmonary tuberculosis from 

close contact with a seal that tested positive for Mycobacterium bovis (Thompson et al., 

1993). Mycobacterium transmission to humans has also occurred from a bottlenose 

dolphin bite (Flowers, 1970). The cetacean specific Mycobacterium marinum was 

isolated from the trainer’s lesion and the infection caused pain and swelling at the site of 

the bite. Another marine mammal zoonotic bacterium is Leptospira interrogans var. 

pomona. Humans may become exposed to L. interrogans through infected tissue or 

fluids. Three reports were made in the late 1970’s where the three infected investigators 

developed leptospirosis (Smith et al., 1978).  

Techniques used to identify bacteria in marine mammals  
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The identification of bacteria in marine mammals utilizes many of the same 

techniques as those used to identify viruses, including microscopy, culturing, cloning, 

and PCR methods. Additionally, many bacteria are identified using biochemical tests to 

establish enzymatic activities. For example, Streptococcus phocae was cultured from seal 

tissue samples and identified by using culturing, microscopy, DNA-DNA hybridization, 

and biochemical tests (Skaar et al., 1994). All tests provided useful information to 

classify S. phocae, but in this study, the biochemical characteristics clearly separated this 

novel pinniped pathogen from other known Streptococcus sp.  Likewise, the 

identification and classification of Brucella ceti and Brucella pinnipedialis were 

established using sequence similarity methods and metabolic classifications (Foster et al., 

2007). Lastly, the combination of cloning and sequencing of the 16S rRNA gene with 

biochemical tests have yielded novel findings about the bacteria present in marine 

mammals, including the identification of pinniped Corynebacterium phocaesp, sp. 

(Pascual et al., 1998).  

1.6 Next-generation sequencing for disease detection in marine mammals 

Next generation sequencing to identify viruses of marine mammals 

Microscopy, culturing, Nabs, and PCR-based methods have contributed 

substantial growth to the field of marine mammal virology, but they are limited in their 

scope. For instance, while microscopy shows visual confirmation of the presence of a 

virus particle it does not offer any genetic element to characterize the pathogen 

phylogenetically or physiologically. In addition, culturing techniques fall short when the 

viral type does not replicate in available cell lines and serological based techniques like 
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Nabs do not always cross-react successfully (Delwart, 2007). At the same time 

degenerate primers only target specific viral groups and multiple sets of viral genes 

would need to be used to encompass the whole viral diversity in a sample. Shotgun 

sequencing of virus genomes or viral metagenomics provides a platform for a culture-

independent and thus a less biased approach. With this method, highly divergent virus 

types can be characterized by sequencing all the genomic virus sequences of a sample 

(Delwart, 2007; Thurber et al., 2009).  

To date, there are a limited number of studies that have investigated viral 

communities or the ‘virome’ using metagenomics in marine mammals. The few studies 

that have conducted marine mammal viral metagenomics provided novel and interesting 

results. For instance, in 2009 a marine mammal viral metagenomics study was used to 

investigate the cause of death in three captive California sea lions. The death of these 

animals could not be determined with a test for chemical toxins, and cultures of viruses, 

bacteria, and fungi. To explore other possible viral pathogens, tissue from one animal that 

showed immune cell accumulation in the upper-respiratory track was processed for viral 

metagenomics. Using this approach, a novel anellovirus was discovered and designated, 

California sea lion anellovirus (ZcAV). This virus was detected in the other two deceased 

captive sea lions and in only 11% of a wild California sea lion population. The presence 

of this virus in the three diseased captive animals and its low presence in the wild 

population suggested that ZcAV was associated with the death of the three captive 

California sea lions (Ng et al., 2009b).  
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Subsequently, similar metagenomics techniques were used to examine a mass 

mortality event of wild California sea lions, where they found a novel seal anellovirus 

(SealAV) in 3 out of 25 animals (Ng et al., 2011). In a different study, investigators used 

a shotgun metagenomics approach (without viral particle isolation) and applied a viral 

metagenomics bioinformatics pipeline to find viruses that may have co-infected harbor 

seals with an influenza infection. They found a picornavirus (called Phopivirus) that was 

surprisingly a close relative to human hepatitis A virus (HAV) and the first non-primate 

HAV-like virus discovered (Anthony et al., 2015).  

The viral diversity in marine mammals was really showcased in two studies where 

the fecal flora of California sea lions, Sub-Antarctic and South American fur seals were 

described (Li et al., 2011a; Kluge et al., 2016). From these pinniped fecal samples, 

scientists have now described viruses from the families: Astroviridae, Anelloviridae, 

Hepeviridae, Picobirnaviridae, Picornaviridae, Calicivirdae, Reoviridae, and Parvovirdae 

(Li et al., 2011a; Phan et al., 2015). In addition, one study characterized the 

bacteriophage diversity and found that dominant phage families changed according to age 

and if the animals sampled were in a rehabilitation facility or in a wild habitat (Li et al., 

2011a). 

Next generation sequencing to identify bacteria of marine mammals 

Like for viruses, microscopy, culturing, cloning, and PCR methods come with the 

same inherited limitations for bacteria characterization. Therefore, more advanced 

cultivation independent sequencing techniques such as amplicon sequencing and shotgun 

metagenomics have evolved. In the past decade, those methods have gained popularity 
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due to the massive amount of sequence information it can provide to scientists about both 

the structure and function of the bacteria community present in a sample. Studies that 

apply bacteria metagenomics have underlined the value of understanding the health and 

disease state of a host through the shifts in bacterial communities (Cox, Cookson & 

Moffatt, 2013). 

The use of bacteria metagenomics to understand the microbiome of marine 

mammals is just beginning. Currently, the field is predominately driven by applying 16S 

rRNA amplicon sequencing. This procedure takes advantage of the highly conserved 

bacterial 16S rRNA gene to obtain taxon information about the bacterial community 

present in a given sample. This powerful approach has facilitated baseline information 

about the bacteria community structure in marine mammals (Nelson et al., 2015). For 

example, in a recent study, that applied 16S rRNA amplicon sequencing showed that 

humpback whale skin has a unique microbiome that differs from its surrounding seawater 

(Apprill et al., 2011, 2014). The humpback whale microbiome appears to be unique as it 

is dominated by the genus Tenacibaculum and Psychrobacter, a pattern that was 

consistent in humpback whales from geographically distinct locations.    

Other researchers are now using these procedures to evaluate the respiratory 

system of marine mammals using ‘blow’ or the respiratory vapor released by a cetacean 

upon surfacing. For example, blow was sampled in 24 captive  dolphins, including the 

common bottlenose dolphin, the Indo-Pacific bottlenose dolphin (T. aduncus), and 

hybrids species of the two dolphins (Lima et al., 2012). The results from this study 

showed that samples from the same species had a more similar microbial community 
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structureµ. However, regardless of species, all these animals shared a core microbiome 

with the bacterial genus Suttonela comprising over 50% of the microbiome. Respiratory 

system microbiome studies in marine mammals have been limited because of the 

difficulty of gathering such samples. In contrast, the gut microbiome can be analyzed by 

examining the feces of an individual, providing a relatively simple sample collection 

method for marine mammal microbiome analysis. As a result, there have been a 

considerable amount of studies that look at the microbiome of various marine mammal 

species and has recently been reviewed (Nelson et al., 2015). When compiling these 

studies together the gut microbiome of marine mammal species has the same dominant 

phyla, which consist of Firmicutes, Bacteroidetes, and Proteobacteria, with pinnipeds 

having a greater abundance of Firmicutes. Like in viral communities, the age of an 

animal influences the presence of taxa in the gut microbiome (Nelson et al., 2013). In 

addition, other studies show that the gut microbiotas of dolphins and sea lions are also 

influenced by habitat and diet (Bik et al., 2016).  

The use of 16S rRNA amplicons high-throughput sequencing has resulted in a 

plethora of information about the microbiome, but this method also has its limitations. 

The 16S rRNA gene provides information about the taxa present in a particular sample, 

but the function of the community can only be inferred (Zaneveld and Vega Thurber 

2014). Shotgun bacteria metagenomics allows for all the bacterial genetic material from a 

sample to be sequenced rather than just one gene (Cox, Cookson & Moffatt, 2013). This 

information can then be used to understand not only the structure of a bacterial 

community but also to evaluate the potential function of the bacteria in a community. 



 17 

Only one study has applied this technique to marine mammals, and they examined the gut 

microbiome of the Australian sea lion (Neophoca cinerea)(Lavery et al., 2012). They 

showed that unlike humans and fish, the Australian sea lion gut microbiome has a 

relatively high abundance of phosphorus metabolism and iron scavenging genes.  

Although the importance of such findings can be difficult to interrupt, they provide 

insight into the interactions between marine mammals and their microbiome that can help 

in understanding healthy and diseased animal states.  

Marine mammal transcriptomics  

One method that gives insight into the roles of bacteria or viruses on a host is 

transcriptomics. A transcriptome is the sequencing of all gene transcripts (i.e. mRNA) of 

an individual. The host response can then be used to understand the effects of a pathogen 

on a host by analyzing changes in gene expression (Wang, Gerstein & Snyder, 2009). 

Previous research has applied transcriptomics to understand the host-response to 

microbes in non-model organisms. For example, researchers have characterized the 

response of the Pacific white shrimp (Litopenaeus vannamei) to a white spot syndrome 

virus infection. Thus transcriptomics can potentially also be used to understand microbe-

host interactions in marine mammals (Chen et al., 2013). 

Transcriptomic studies in marine mammals is an emerging application and has 

mostly been applied to assess physiological stressors. Studies have concentrated on 

understanding mammalian aquatic adaptations by examining the brain gene response of 

seals while diving, the blood of an Indo-Pacific humpback dolphin, and the kidney of a 

narrow-ridged finless dolphin to identify genes for osmoregulation (Gui et al., 2013; 
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Ruan et al., 2015; Fabrizius et al., 2016). Others have examined how chemical pollutants 

such as polychlorinated biphenyl (PCB) and persistent organochlorine exposure affects 

gene regulation on common dolphins and minke whales, respectively (Mancia et al., 

2014; Niimi et al., 2014).  

Marine mammal controlled experimental approaches are difficult especially in 

wild marine mammal populations. An alternative approach to using controlled samples is 

to use a pairwise comparison approach to evaluate the same animal before and after a 

treatment. As an example, a study on northern elephant seals, researchers administered 

exogenous adrenocorticotropic hormone (ACTH) to stimulate a stress response and 

evaluated changes in gene expression before and after treatment (Khudyakov et al., 

2015a). Transcriptomic analysis in marine mammals has been progressing with the 

advancements of bioinformatics tools and lower sequencing cost. However, there have 

been no studies that look at the effect of the microbiome and virome on gene expression 

in these animals. 

Marine mammal meta-transcriptomics  

An alternative approach to metagenomics or transcriptomic is the application of 

meta-transcriptomics. Metagenomics uses genomic information of the entire community 

to provide the genomic potential of that community and transcriptomics offers gene 

expression of one species. Meta-transcriptomics combines these methods to look at the 

gene expression profile of an entire community, thus providing a holistic understanding 

of the function and activity of genes in various species. Meta-transcriptomics has been 

used in wildlife animal tissue for detection of bacteria and viruses and researchers found 
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novel bacteria, virus sequences, and uncovered higher bacteria taxonomic diversity 

compared to amplicon based methods (Wittekindt et al., 2010). Meta-transcriptomics is 

powerful method to understand the function of a microbial community, yet this method 

has never been applied to examine marine mammal microbiomes or viromes. 

1.7 Dissertation focus  

This dissertation encompasses several studies that applied meta-transcriptomics, 

transcriptomics, metagenomics, and genomics to evaluate the composition, activity, and 

results of infection of bacteria and viruses in a marine mammal host. 
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2.1 Abstract 

Marine diseases are becoming more frequent, and tools for identifying pathogens 

and disease reservoirs are needed to help prevent and mitigate epizootics. Meta-

transcriptomics provides insights into disease etiology by cataloguing and comparing 

sequences from suspected pathogens. This method is a powerful approach to 

simultaneously evaluate both the viral and bacterial communities, but few studies 

have applied this technique in marine systems. In 2009 seven harbor seals, Phoca 

vitulina, stranded along the California coast from a similar brain disease of unknown 

cause of death (UCD). We evaluated the differences between the virome and microbiome 

of UCDs to harbor seals with known causes of death. Here we determined that UCD 

stranded animals had no viruses in their brain tissue. However, in the bacterial 

community, we identified Burkholderia and Coxiella burnetii as important pathogens 

associated with this stranding event. Burkholderia were 100% prevalent and ~2.8 log2 

fold more abundant in the UCD animals. Further, while C. burnetii was found in only 

35.7% of all samples, it was highly abundant (~94% of the total microbial community) in 

a single individual. In this harbor seal, C. burnetii showed high transcription rates of 

invading and translation genes, implicating it in the pathogenesis of this animal. Based on 

these data we propose that Burkholderia taxa and C. burnetii are potentially important 

opportunistic neurotropic pathogens in UCD stranded harbor seals. 

2.2 Introduction 

Emerging infectious diseases are on the rise in both humans and wildlife. Hence, 

preemptive pathogen surveillance is necessary to better-forecast disease outbreaks 



 22 

(Binder, 1999; Jones et al., 2008). Currently, it is thought that about 61% of emerging 

human diseases arise from zoonotic pathogens and ~70% of these originate from wildlife 

(Binder, 1999; Taylor, Latham & woolhouse, 2001). Evidently, emerging diseases are 

likely to be zoonotic, such as the Ebola outbreak of 2013- 2014 and the Middle East 

Respiratory Syndrome Coronavirus (MERS-CoV) of 2012 and 2014 (Taylor, Latham & 

woolhouse, 2001; Gatherer, 2014; Drosten et al., 2015). Recent outbreaks like these 

exemplify the severity and need to evaluate the origins of zoonoses.  

Marine mammal zoonoses  

Currently, there are about 15 known zoonotic marine mammal pathogens 

(reviewed in (Waltzek et al., 2012)). For instance, Mycobacterium tuberculosis, the 

bacterial pathogen that causes tuberculosis, was introduced to the Americas via pinnipeds 

(Bos et al., 2014). In addition, Influenza A virus, which poses a global human threat, is 

present in cetacean and pinniped populations and has been shown to be transmitted from 

seals to humans (“Conjunctivitis in Human Beings Caused by Influenza A Virus of 

Seals,” 1981; Geraci et al., 1982b; Reperant et al., 2009). Since aquatic mammals are 

phylogenetically our closest sea relatives they serve as sentinel species for both human 

and ocean-related health (Bossart, 2011). Thus identifying pathogens in marine mammals 

may help assuage disease outbreaks and prevent zoonotic transmission (Delwart, 2012).  

Marine mammal strandings as an important resource for zoonotic disease surveillance   

Marine mammals are susceptible to strandings, which is defined by the Marine 

Mammal Protection Act as a marine mammal that is dead or alive on the shore or beach. 

Infectious disease is highly associated with marine mammal stranding events. For 
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instance, in Massachusetts, a survey of 405 stranded pinnipeds and cetaceans concluded 

that diseases were linked to the largest proportion (37%) of animal deaths (Bogomolni et 

al., 2010). Although there are efforts to examine the roots of some of these stranding 

events, many go undetermined (Zagzebski et al., 2006). More thorough examination of 

the infectious base of marine mammals mortalities should be conducted, since 44% of 

stranded marine mammals die from unknown causes (Gulland & Hall, 2007b). 

Stranded animals can supply an ideal source of information for the identification 

of emerging infectious diseases in marine mammal populations. For example, 

investigations of stranded harbor seals Phoca vitulina in 1998 and 2002 concluded that 

morbillivirus caused the death of 23,000 and 30,000 harbor seals, respectively (Grenfell, 

Lonergan & Harwood, 1992). Unfortunately, harbor seals have not been the only marine 

mammals affected by this virus; strandings of pinnipeds and cetaceans has led to the 

discovery of four new morbillivirus types (PDV, CMV, CDV, and MSMV). The 

importance of these discoveries is evident in the number of morbillivirus cases that are 

now easily diagnosed, and that better treatments to prevent outbreaks are currently 

underway (Rikula et al., 2001; Saliki, Cooper & Gustavson, 2002). Yet, although 

morbillivirus infections can now be readily identified, marine mammal stranding events 

still remain poorly characterized in terms of their etiology (Zagzebski et al., 2006). 

High throughput sequencing technology for disease identification and surveillance 

The use of high throughput sequencing can identify and yield new insights into 

the virome and microbiome of wildlife (Blomström, 2011; Temmam et al., 2014). This 

technique does not require prior information about the disease agents and is therefore a 
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promising approach for pathogen identification and surveillance in stranded marine 

mammals. In this study, we use deep sequencing of cDNA to examine the role of possible 

pathogenic viruses and bacteria in a stranding event of several harbor seals.  

Previous metagenomic studies of marine mammals have focused on the viral and 

microbial community in the gut, skin, and respiratory tissue (Ng et al., 2009a; Li et al., 

2011b; Tiffanie M Nelson et al., 2015). As some of the worst marine mammal epidemics 

have been due to neurotropic diseases (morbillivirus), here, for the first time, we looked 

at the viral and microbial community present in the brain tissue of harbor seals to identify 

possible neurotropic pathogens. For this study we sampled seven harbor seals that 

stranded along California, USA, in the spring of 2009. These animals had abnormalities 

in the brain that may have been caused by an unknown virus, or an abiotic source. As a 

comparative group, seven other harbor seals with known causes of death were sampled. 

We targeted both DNA/RNA viruses to identify the possible viral pathogens in this 

stranding event. Additionally, we looked at microbial RNA to identify opportunistic or 

secondary bacterial infections in these animals.  

2.3 Material and Methods: 

Samples and relevant necropsy information 

The National Marine Fisheries (NMFS) authorized the collection of tissue 

samples from stranded marine mammals and satisfies The Marine Mammal Protection 

Act (MMPA) regulation 50 CR 216.22 and 216.37. 

To evaluate the utility of meta-transcriptomics for analyzing a potential marine 

mammal neurotropic disease, we acquired 14 harbor seal brain tissue samples that had 
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been previously archived at -80°C. These samples were kindly provided by the Marine 

Mammal Center (MMC) in Sausalito, CA, USA. Brain tissue samples from stranded 

animals were either part of the cerebellum or the cerebrum (except UCD7 where the brain 

tissue type was unknown) and were collected between 2008 -2012. These individuals 

ranged in age from pups (<1 month, n= 3) to weaners (< 1 year, n= 10), and one adult (> 

3 years). The dates of stranding, death, and necropsy for each sample are listed in Table 

2.1. Based on veterinarian reports, samples were generally necropsied/sampled a day 

after death with the exception of com1 and com2 where the date of death was 

unavailable.   

Veterinarians and staff at the MMC determined that seven of the stranded harbor 

seals died from the same yet unknown cause of disease; therefore, we will refer to this 

subset of animals as “unknown cause of death” (UCD). Brain tissues from UCD samples 

showed signs of disease including: a viral infection, toxin exposure, hypoxia, or nutrient 

depletion. According to necropsy reports, due to the coincident timing of animals affected 

and the lesions in the brain the most parsimonious explanation of this mortality event was 

a viral agent. Immunochemistry tests were negative for West Nile virus, canine distemper 

virus, feline coronavirus, and canine parvoviruses, but two UCD samples were PCR 

positive for phocine herpesvirus-1 (PhV-1). Regardless the veterinarians did not attribute 

PhV-1 as the cause of death in these animals, as there was no evidence of a herpes viral 

infection in tissues typically infected by PhV-1. The cause of death varied for the other 

seven harbor seals that we will refer to here as the “comparative” sample group. Three of 

the samples from the comparative group were also diagnosed with PhV-1 by PCR. Unlike 
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with the UCD samples, PhV-1 was noted in necropsy reports as a contributing factor in 

the deaths of the infected comparative animals.  

Meta-transciptome library preparations   

At Oregon State University (OSU), brain tissue samples were processed in a 

biological safety hood and all equipment was cleaned with bleach, ethanol and RNase 

Away (Thermo Scientific, MA). Gloves were changed before handling a new sample to 

avoid cross sample contamination. Approximately 0.5ng of frozen brain tissue was 

removed with a sterile scalpel blade on individual Petri Dishes. Tissue was placed in a 

2ml tube and homogenized with a disposable pestle in Trizol (Life Technologies, CA), 

following the manufacturer's instructions. To remove cellular debris, samples were 

centrifuged for 10min at 12,000 x g at 4°C. Supernatant was transferred to a new tube 

and 0.2mL of chloroform, for every 1 mL of Trizol, was added to the supernatant. 

Samples were centrifuged at 10,000 x g for 18min at 4°C and the aqueous phase 

transferred for further processing. Equal amounts of 100% ethanol were added to samples 

and then loaded on an RNeasy kit (Qiagen, CA).  

To remove host DNA, 2U of Turbo DNase (Life Technologies, CA) was added to 

samples for a 9 hr digest. Removal of DNA was visually confirmed by loading 5ul of 

digest on a gel electrophoresis. Host rRNA was removed using the Ribo-Zero Kit Gold 

(Human-Mouse-Rat) (Epicentre, WI), following the manufacturer’s directions. RNA was 

submitted to OSU’s Center for Genome Research and Biocomputing (CGRB) core 

facility for quality control analysis using the Bioanalyzer 2100 HS- RNA Chip (Agilent 

technologies, CA). All RNA passed quality control and was converted to cDNA using 
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superscript II Reverse Transcriptase (Life Technologies, CA). Libraries were prepared 

with the TruSeq paired end cluster kit v.3 (Illumina, CA). Comparative and UCD samples 

were then sequenced on two lanes of the Hi-Seq 2000 platform from Illumina, with each 

lane containing a mixture of comparative and UCD samples.  

Bioinformatics 

The Illumina output was 100 bps paired-end reads and a final data of ~700 million 

sequences. The sequence data was quality filtered (phred = 30), trimmed, and adapters 

and poly A tails removed, using FqTrim (Geo Pertea, 2015). A computational 

normalization program was used to remove over-represented sequences to provide a more 

precise method for analyzing lower abundant viral and microbial sequences within the 

dataset. This program was utilized because the majority of sequence output was to host 

transcripts, therefore this step eliminated the high coverage harbor seal reads. In turn, this 

discarded redundant data while decreasing the memory and time needed to run 

subsequent programs on this large dataset (C. Titus Brown et al., 2012).  

Host and human DNA were filtered with Bowtie2 (Langmead & Salzberg, 2012a) 

by aligning against the Weddell seal genome and the human genome, respectively. 

Bacteria genomes were identified using BLASTn against the bacterial Refseq database 

with a minimum e-value of 10e-20. Sequences not identified as human, host, or bacterial 

were used for viral annotation. Viral protein similarities were identified using RAPSearch 

(e-value of 10e-3) (Ye, Choi & Tang, 2011) and the viral Refseq protein database with the 

addition of known marine mammals viruses. Viral taxonomy was identified using NCBI 

GI and taxonomy ID database, NCBI’s taxonomy tree, and python scripts (S1 script and 
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S2 script). To reduce the identification of false positive viral assignments, these 

sequences were also evaluated using BLASTx to NCBI’s non-redundant database with an 

e-value minimum of 10e-3. Potential false positives were also avoided by removing short 

retrovirus-like similarities (100bp) from the analysis due to the likelihood that they could 

be host genome retro-elements. Viral families known to be infectious to mammals were 

further evaluated.  

In order to analyze microbiome data, sequences that were quality filtered and 

digital normalized were used. Bacterial sequences were annotated using BLASTn against 

the bacterial Refseq database. A stringent e-value of 10e-20 was used for annotations to 

reduce ambiguity from short 100bp sequences. Bacterial taxonomy was also identified 

with S1 and S2 scripts. Sequences identified as bacterial were used to classify bacteria 

virulence factors. Here we used the database from Virulence Factors of Pathogenic 

Bacteria (VFPB) and tblastx with an e-value of 10-3 (Chen, 2004). 

Genome mapping                                          

After quality control with FqTrim, reads were aligned to the Refseq Bacteria 

database using the program Pathoscope, which incorporates bowtie2 for alignments 

(Francis et al., 2013). Within Pathoscope the option to filter sequences was used to 

remove DNA alignments to the human and Weddell seal. Sequences from sample UCD6 

that aligned to Coxiella burnetii were imported into Geneious 9.0.1 Beta (Kearse et al., 

2012) to gain information of coverage for each base position across the ~2.0 Mb genome 

(AE016828.2).         
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Additionally, coverage information for C. burnetii RSA 493 plasmid pQpH1 

(AE016829.1) was analyzed. After FqTrim, all sequences from sample UCD6 were 

aligned using bowtie2 to plasmid pQpH1. SAMTools Version: 0.1.19-44428cd (Li et al., 

2009) was used to obtain coverage information for each base position on the 37Kb 

plasmid.                                                                 

Phylogenetic analysis for Coxiella burnetii   

A phylogenetic tree of the harbor seal associated Coxiella sp. was constructed 

using the 16S rRNA gene and the following bacteria (for reference we included the  

corresponding NCBI accession numbers): Rickettsia conorii strain Malish 7 

(NR_074480.1), Rickettsia montanensis str. OSU 85-930 (NR_074472.1), Legionella sp. 

L-29 gene (AB856218.1) Legionella hackeliae strain Lancing 2 (NR_104894.1), Coxiella 

burnetii RSA 493(AE016828.2), Coxiella sp. SL 1 (GU797243.1), Coxiella 

endosymbiont of Haemaphysalis lagrangei isolate TSD16 (KC170756.1), and Coxiella 

burnetii Harbor Seal (KT894209). MUSCLE was used to align the 16S rRNA genes  

(Edgar, 2004) and RaXML was used to build a maximum likelihood tree using a 1000 

boot strap iterations (Stamatakis, 2006).  

Phylogenetic analysis for Burkholderia cepacia complex 

A phylogenetic tree was generated with the software phlogeny.fr, which bundles 

programs MUSCLE, Gblocks, and PhyML (for maximum likelihood). Phylogeny of the 

Burkholderia cloned sequences from this study were assessed by applying 100 boot 

straps and using sequences: Burkholderia multivorans Clade-1 (Y18703), Burkholderia 

cenocepacia Clade-1 (AF148556), Burkholderia gladioli Clade-1 (EU024168), 
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Burkholderia cepacia Clade-1 (U96927) Burkholderia bannensis Clade-2 (NR 113178), 

Burkholderia xenovorans Clade-2 (U86373), Burkholderia phymatum Clade-2 (NR 

027555.1) Burkholderia ambifaria Clade-1 (CP009798) Burkholderia cepacia strain 

ATCC Clade-1 (CP01298) Burkholderia cenocepacia strain 842 Clade-1 (CP015033) 

Burkholderia cepacia strain JBK9 Clade-1 (CP013730).   

Statistical analyses  

Statistical analyses of taxon absolute counts were conducted using the 

Bioconductor DESeq2 package (Trapnell et al., 2012). DESeq2 uses a negative binomial 

distribution model and the Wald test for differential expression. Taxa differences were 

considered significant if the model yielded an FDR adjusted p-value ≤ 0.05.  Additional 

analysis was conducted using Primer6 (Clarke, 1993), where absolute taxon counts were 

Log(x+1) transformed and used for Bray-Curtis measures of similarity. Bray-Curtis 

values were used to conduct a one-way Analysis of Similarity (ANOSIM) with 999 

permutations to compare bacterial community composition between comparative and 

UCD samples. Also Bray-Curtis values were used for a Similarity Percentages (SIMPER) 

analysis to determine the contribution of each taxon between and within UCD and 

comparative samples. 

Quantification of phocine herepesvirus-1 

To quantify the PhV-1 glycoprotein D gene (glyD), RNA was converted to cDNA 

with the SuperScript III First-strand synthesis system (ThermoFisher Scientific) 

following the manufactures directions. Primers and probes were designed with the 

GenScript Online PCR Primers Designs Tool, which generated the following primers and 
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probe: glyD Forward –AAGTCGTGGTTGTGGAACAG, glyD Reverse- 

GACAGGGTCGAACGAGATTT, and glyD Probe /56-

FAM/TCATCGGTT/ZEN/CCCAAGGGTCCA/3IABkFQ/. A master mix was prepared 

with 10µl of ddPCR supermix for Probes (No dUTP) (Bio-Rad), 1.8µl of primers, 0.5µl 

of probe, and 1µl of cDNA. All samples were prepared in duplicates and submitted to the 

CGRB for amplification on the Bio-Rad QX200™ AutoDG™ Droplet Digital™ PCR 

System.  

Burkholderia clone libraries  

DNA from harbor seal brain tissue was extracted with the Power soil DNA 

isolation kit (MO BIO). The protocol was modified for tissue extractions by adding 100µl 

of C2 and 100µl of C3 simultaneously. A nested PCR approach was then used to amplify 

DNA from samples UCD2, UCD3, UCD4, and UCD6. The 16S rRNA gene was 

amplified with 4.2µl of DNA using primers 28’ forward and 1492’ reverse. A 10µl 

master mix was prepared with AccuStart II PCR ToughMix (2X) (Quanta Biosciences). 

Samples were amplified with the following PCR parameters: 94ºC for 3minutes, followed 

by 30 cycles of 94ºC for 30sec, 55C for 30sec, 72ºC for 1.5minutes and an extension step 

of 72ºC for 1.5minutes.  

Upon amplification, previously published Burkholderia 16S rRNA genus specific 

primers was then used to target amplified DNA (RHG-Forward: 

GGGATTCATTTCCTTAGTAAC and RHG-Reverse: 

GCGATTACTAGCGATTCCAGC)(LiPuma et al., 1999). A master mix was prepared 

with 1µl of amplified DNA product, ToughMix (2X), and 0.625µl of each primer in a 
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25µl reaction. The following PCR cycle was used: 94ºC for 3minutes, followed by 30 

cycles of 94ºC for 30 secs, 55º for 1minute, and 72ºC for 1minute, with an extension step 

of 72ºC for 4minutes. For cloning, the TOPO cloning reaction (ThermoFisher Scientific) 

was used with the rapid One Shot chemical transformation protocol. Picked clones were 

checked with M13 primers and RHG primers. Clones that showed successful inserts were 

submitted to the CGRB for sanger sequencing.  

2.4 Results 

Viral consortia in harbor seal strandings  

We aimed to evaluate the microbiome and virome associated with stranded harbor 

seal brain tissues that displayed signs of a brain disease. A summary of the necropsy 

reports of each animal sampled in this study are in Table 2.1 and include: dates of 

stranding, death, and necropsy, cause of death, age, sex, and tissue type for all fourteen 

harbor seals. Samples were sequenced on 2 lanes of the Illumina Hi-Seq 2000, yielding 

~700 million 100bp paired-end reads. After quality control and the removal of potential 

host, human, or bacterial sequences, a remaining 13,329,921 sequences were used for 

viral annotation using RAPSearch and a RefSeq/marine mammal viral database. 

Identified viral sequences were additionally annotated using BLASTx to NCBI’s non-

redundant database. Further only viruses that fell into viral families that are infectious to 

vertebrates were analyzed. This conservative approach identified a total of 215 reads with 

identities to known viral sequences of which 100% belonged to the comparative samples 

(Fig 2.1). 
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Interestingly, samples (com3, com5, com7, UCD2, and UCD4) that were 

previously diagnosed with PhV-1, which belongs to the genus Varicellovirus, were 

indeed found to have sequence assignments to PhV-1 in 3 of the 5 cases (Fig 2.1 and S2.1 

fig). All PhV-1 infected comparative samples (com3, com5, and com7) had sequence 

annotations to PhV-1, but no UCD animals showed any reads associated with this virus.   

Distinct microbiomes in UCD harbor seal stranding deaths    

After removal of potential host and human sequences the remaining 28,288,156 

sequences were used for bacterial annotation. A total of 17,017 sequences were annotated 

as bacterial; 7,815 reads (0.36%) from the comparative, 9,118 (1.5%) from UCDs, and 85 

reads were unable to be assigned taxonomically (Fig 2.2B). Across all harbor seal brains 

there were 28 bacteria phyla represented in the sequence data with the dominant taxa 

similarities to: Proteobacteria, Bacteroidetes, Firmicutes, and Actinobacteria (Fig 2.2). 

For bacterial order, Legionellales (93.6%) and Burkholderiales (32.5 %) were the most 

abundant taxa in UCD samples, while Vibrionales (29.9%) and Pseudomonadales 

(20.4%) were the most abundant in comparative animals (Fig 2.3). It is noteworthy that 

com1, the only adult, showed the most disparate microbiome (Figs 2.4, S2.2, & S2.3). In 

addition, Bacterial community analysis showed that UCD and comparative samples 

clustered separately (ANOSIM analysis p= 0.559 and R=0.4) at the genus level and had a 

dissimilarity of 69.4% (Figs 2.4, S2.2, S2.3, & S2.1 table).   

From our DESeq2 analysis using absolute taxon counts, we found 50 significantly 

different bacterial genera between the comparative and UCD samples, with 49 being 

more abundant in the comparative samples. Only one bacterium, Burkholderia, was 
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significantly higher (DESeq padj = 0.032) and had a ~2.8 log2 fold increase in UCD 

animals (Figs 2.3B (brown yellow bars plotted at the order level as Burkholderiales), & 

2.5A). A SIMPER analysis (S2.1 table) also showed that Burkholderia had the highest 

percent contribution (11.4%) to UCD samples. Upon further exploration, the relative 

abundance of Burkholderia virulence factors was also found to be significantly higher in 

UCD samples then the comparative group (Fig 2.5B). Burkholderia sequences were 

further characterized with clone libraries and were phylogenetically similar to 

Burkholderia cepacia complex (BCC) clade1. The clones showed variance in sequence 

composition within and between samples (Fig 2.6). 

Sample UCD6 had the lowest relative abundance of Burkholderia, but UCD6 also 

had a unique microbial community with ~94% of its microbiome consisting of Coxiella 

burnetii (order Legionellales) (Figs 2.3 & 2.4). This number was confirmed using two 

bioinformatics pipelines (Pathoscope and BLASTn). While Coxiella was found in 35.7% 

of the samples it was generally found at less than 4% relative abundance across the 

communities. However, 319,747 sequences from sample UCD6, spanned across the 

2.0Mbp C. burnetii RSA 493 chromosome and 675 sequences aligned to C. burnetii RSA 

493 plasmid pQpH1 (Fig 2.6 A & B). The highest sequence coverages were 6,568X and 

1,278X on the chromosome to the 16S rRNA gene and an intergenic region, respectively. 

The top 6 positions with the highest coverage in the chromosome are listed in Table 2.2. 

Region 276,910 -277,688 was annotated as unknown in the C. burnetii chromosome, but 

upon reannotation it is likely a membrane protein of the porin superfamily. For plasmid 

pQpHIF, the highest coverage was 39X which codes for a hypothetical protein and at 
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32X, which was an intergenic region (Fig 2.7B & Table 2.2). Furthermore, alignments of 

the 16S rRNA gene resulted in a 100% sequence identity to C. burnetii RSA 493 (found 

in multiple hosts and habitats) and a 99% identity to a Coxiella sp. from seal lions (Fig 

2.7C). 

2.5 Discussion 

Harbor seal brain virome 

High-throughput sequencing of cDNA and DNA has been used in the past to 

identify viruses and bacteria associated with their hosts (Temmam et al., 2014; Tiffanie 

M Nelson et al., 2015). Here we applied this technique to archived marine mammal brain 

tissues in an attempt to identify the causative agent of a spring 2009 harbor seal stranding 

event along the Californian coast. The brain tissues of these animals had signs suggestive 

of an infectious viral or abiotic disease. Yet, although it was originally hypothesized that 

a viral infection was the culprit of UCD sample deaths, we conclude that this harbor seal 

stranding event was likely not caused by any known viral agent because UCD animals 

had no viral read similarities. Alternatively, the viral type that caused the death of these 

animals could be divergent enough that the viral database used for annotation could not 

recognize this virus. Moreover, it may be possible that sequencing was either not deep 

enough to detect certain viral genomes or transcripts within the background of the host 

and bacterial reads or that rRNA removal methods eliminated important viral sequences 

as reported in (Rosseel et al., 2015). However, other studies report an increase in viral 

reads with the use of rRNA removal for viral enrichment (Briese et al., 2015).  

Regardless, other viral enrichment methods could potentially eliminate these combined 
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issues (Thurber et al., 2009). Lastly, it is a possibility that due to late stage of the disease, 

the viral pathogen was either no longer present in the tissue samples or at a stage in its 

lifecycle where transcription was concluded and therefore undetectable using these 

methods. 

Of note, we standardized our viral analysis by using animals that the Marine 

Mammal Center found to be PCR positive for Phocine herpes-virus (PhV-1). Our deep 

sequencing methods and ddPCR, detected PhV-1 in PhV-1 infected comparative samples, 

but not in PhV-1 infected UCD samples. Unlike comparative samples, veterinarians did 

not attribute PhV-1 to cause disease in UCD animals because tissues had no signs of a 

herpes viral infection and PhV-1 was not found in other tissues. Thus this may imply that 

PCR results in UCD samples may have been a false positive. 

Harbor seal brain microbiome 

Across samples, annotated bacterial transcripts were mostly similar to the phylum 

Proteobacteria (70.1%). Our findings are in line with previous brain metagenomes that 

reported Proteobacteria to be the most abundant phylum in human and nonhuman primate 

brains regardless of health state (Branton et al., 2013). In our study, we found that the 

only adult in our analysis had the most disparate microbial community. This might have 

been due to the age of the animal or a difference in disease microbial community 

progression. It would be interesting to evaluate metagenomes of additional adults to 

determine if adult harbor seals have different brain microbiomes from their pup/weaning 

counterparts.  
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Furthermore, out of the 50 significantly differentiated bacterial taxa, we found 

that only Burkholderia cDNAs were significantly higher in UCD samples. The 

importance of Burkholderia in UCD samples was also apparent by the high prevalence of 

this genus, and the relatively higher Burkholderia specific virulence factors in UCD 

animals. Therefore, this may be indicative of an opportunistic neurotropic pathogen 

common in the 2009 harbor seal pup-stranding event.  

Burkholderia is a genus that is ubiquitous and inhabits various niches. This 

bacterium has been isolated in marine mammal brains, but infections have mostly been 

reported in captive marine animals in Southeast Asia (Godoy et al., 2003). To our 

knowledge this is the first report of a wild harbor seal Burkholderia cepacia complex 

(BCC) infection in marine mammals. Burkholderia is known to cause zoonotic diseases, 

such as Burkholderia pseudomallei, which causes melioidosis that leads to abscesses, and 

typically affects human populations in South Asia and Northern Australia. Incidence of 

this particular disease is increasing in areas such as Northeast Thailand, but is not 

typically seen in the United States (Wiersinga et al., 2006). Given the increase of human-

marine mammal interactions (Waltzek et al., 2012) and high Burkholderia prevalence in 

our samples (100%), marine mammals may be a source for Burkholderia zoonoses.  

Although Burkholderia was found in relatively high abundances in most UCD 

samples it was least abundant in UCD6. This is probably due to the distinct microbial 

community found in UCD6, with Coxiella burnetii dominating the microbiome by ~ 

94%. Of the four other samples that had Coxiella sequences, Coxiella represents only < 

4% of their microbiome. Interestingly, C. burnetii antibodies have been found in 34% of 
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healthy harbor seals in the Pacific Northwest of the USA (Kersh et al., 2012). In our 

sample size of 14 harbor seals, we were able to identify a similar prevalence of Coxiella 

(35.7%). This finding suggests that deep sequencing may be a valid method for 

identifying the prevalence of microbes in archived marine mammal tissues.  

C. burnetii is the causative agent of Query (Q) fever, considered a ubiquitous 

zoonotic disease, and in marine mammals a known cause of placentitis (Lapointe et al., 

1999; Kersh et al., 2012; Myers et al., 2013). Since sample UCD6 was a weaner, the 

source of infection may have been from the mother’s placenta; therefore, we hypothesize 

that C. burnetii played an important role in the death of UCD6 and may be indicative of 

an opportunistic neurotropic pathogen that was transmitted through the placenta. As this 

is the first report of C. burnetii infecting marine mammal brains; it will be important to 

research the effects of this bacterium on the brain of developing harbor seals.  

Also, we found that C. burnetii from this study was more closely related to strain 

RSA23, but still similar to the sea lion strain (99 % identity). Given the high abundance 

of this bacterium in the brain of UCD6 and the relatedness of the strains, future studies 

should evaluate the prevalence and rate of C. burnetii in the brains of other stranded 

marine mammals.  

Additionally, our data show that C. burnetii in UCD6 had the highest expression 

rate at the 16S rRNA gene with a 33,754X coverage, which is an expected result since 

rRNA can account for 95-98% of total RNA in bacteria. The second most abundant 

region had a 1,276X coverage and had no assignment in the BLAST database. Due to its 

high abundance and lack of annotation, we hypothesize that this may be a regulatory 
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RNA produced during active infections, and we plan to investigate this in the future 

study. Alternatively, this can potentially be C. burnetii DNA contamination that was not 

eliminated during the DNase procedure, although, this hypothesis seems unlikely due to 

the extensive 9 hr. DNase treatment and because the sample was verified to contain no 

genomic DNA using gel electrophoresis.  

Furthermore, OmpA and elongation factor–Tu were some of the most highly 

expressed transcripts in this data at 176X and 173X coverage, respectively. OmpA is an 

important virulence factor of C. burnetii needed for invasion of host cells (Martinez et al., 

2014) and elongation factor –Tu is a core translational gene. Therefore, these data 

indicate that this was an active infection where C. burnetii was invading and replicating 

in UCD6 brain tissues. In addition, our results show that there were two highly abundant 

regions on C. burnetii plasmid pQpH1 expressed in this brain tissue. One region 

annotated to a hypothetical protein and the other to an intergenic region of the plasmid. 

The high abundance of these regions imply that they may be involved during infection.   

2.6 Conclusions 

Deep sequencing of cDNA proved to be an informative tool in detecting viral and 

bacterial pathogens in harbor seal brains and therefore should be useful for future 

surveillance of zoonotic pathogens in wildlife. Although the cause of death of the seven 

stranded seal pups from 2009 is still unknown, we concluded that a viral pathogen was 

not the likely cause of death in these animals, and that two bacterial pathogens, 

Burkholderia and Coxiella burnetii, may be involved in this stranding event. It is key to 

note that while our methods were able to detect various bacterial signatures, bacterial 
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pathogens likely did not cause the death of these animals. This is because necropsy 

reports did not note any signs or brain lesions from bacteria as the cause death. Therefore, 

significant bacteria pathogens detected in this study such as Burkholderia and C. burnetii 

are more likely opportunistic pathogens in these animals. Future work will focus on the 

transcriptome of these individuals to try to identify if an abiotic source contributed to the 

deaths of these animals.  
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2.8 Figures and tables 

Table 2.1 Summary of necropsy reports and tissue types from harbor seals. PhV-1 = Phocine herpes virus -
1. Age range is as follows: Pup < 1month, weaner 1-12 months, and adult > 3 years. 

 

 

 

 Sample'ID' Date'of'
Stranding'

Date'of'
Death'

Date'of'
Necropsy'

Cause'of'Death' Age' Sex' Tissue'

UCD1% 4/8/09% 7/1/09% 7/2/09% Unknown% Weaner% M% Cerebrum%
back%

UCD2% 4/9/09% 7/26/09% 7/29/09% Unknown% Weaner% F% Cerebellum%
front%

UCD3% 4/11/09% 4/21/09% 4/22/09% Unknown% Weaner% M% Cerebrum%
front%

UDC4% 4/17/09% 7/6/09% 7/6/09% Unknown% Weaner% F% Cerebrum%
front%

UCD5% 4/20/09% 7/12/09% 7/13/09% Unknown% Weaner% F% Cerebrum%
front%

UCD6% 5/2/09% 6/26/09% 6/27/09% Unknown% Weaner% M% Cerebrum%
front%

UCD7% 6/1/09% 7/16/09% 7/16/09% Unknown% Weaner% F% Cerebrum%
front%

Comparative1% 12/22/08% unknown% 12/23/08% Congested%blood%vessels%
in%the%meninges%

Adult% F% Cerebrum%
front%

Comparative2% 9/7/09% unknown% 9/8/09% Extensive%parasitism%in%
multiple%organs%

Weaner% F% Brain%tissue%
unknown%%

Comparative3% 9/17/10% 5/2/10% 5/3/10% PhVN1% Weaner% M% Cerebrum%
front%

Comparative4% 4/28/10% 4/28/10% 4/30/10% Metabolic%abnormalities% Weaner% F% Cerebellum%
front%

Comparative5% 3/29/11% 4/7/11% 4/8/11% Omphalophebitis,%
bacterial%infection,%and%

PhVN1%

Pup% M% Cerebrum%
front%

Comparative6% 4/16/11% 4/24/11% 4/25/11% Omphalophebitis% Pup% M% Cerebrum%
front%

Comparative7% 5/25/12% 5/25/12% 5/26/12% Omphalophebitis,%
septicemia%and%PhVN1%

Pup% F% Cerebrum%
front/back%
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Fig 2.1. Viral genera associated with stranded harbor seal brain tissues. Absolute sequence counts of 
assignments to viral genera from comparative (com) and unknown cause of death (UCD) harbor seals 
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Fig 2.2. Microbial phyla associated with stranded harbor seal brain tissues. (A) Relative abundance of 
bacterial phyla with > 1.5% relative abundance samples and (B) bacterial phyla with > 10 absolute 
sequence counts from comparative (com) and unknown cause of death (UCD). 
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Fig 2.3. Microbial orders associated with stranded harbor seal brain tissues. Relative abundance of bacterial 
orders with > 2% relative abundance from comparative (com) and unknown cause of death (UCD) harbor 
seals. 
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Fig 2.4. Microbial genera community analysis of brain tissues from comparative (com) and unknown cause 
of death (UCD) harbor seals. Heatmap hierarchical clustering of the 50 bacterial genera with the highest 
variance. 
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Fig 2.5. Burkholderia and Burkholderia virulence factors across samples. (A) Relative abundance of 
sequences similar to the genera of Burkholderia and (B) Relative abundance of sequences similar to 
Burkholderia virulence factors in comparative (com) and unknown cause of death (UCD) harbor seal 
samples. 
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Fig 2.6. Burkholderia sequences group with members of the Burkholderia cepacia complex (BCC) clade1. 
Burkholderia genus partial 16S rRNA gene using maximum likelihood tree with 1000 bootstrap values. 
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Fig 2.7. Scatter plot of change in coverage of each base pair position of RNA sequences from sample 
UCD6 aligned to (A) Coxiella burnetii RSA 493 chromosome and (B) Coxiella burnetii RSA 493 plasmid 
pQpH1. (C) 16S RNA gene maximum likelihood tree with 1000 bootstrap values generated from the 
following bacterial gene sequences and their corresponding NCBI accession numbers: Rickettsia conorii 
strain Malish 7 (NR_074480.1), Rickettsia montanensis str. OSU 85-930 (NR_074472.1), Legionella sp. L-
29 gene (AB856218.1) Legionella hackeliae strain Lancing 2 (NR_104894.1), Coxiella burnetii RSA 
493(AE016828.2), Coxiella sp. SL 1 (GU797243.1), Coxiella endosymbiont of Haemaphysalis lagrangei 
isolate TSD16 (KC170756.1), and Coxiella burnetii Harbor Seal (KT894209). 
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Table 2.2 List of the highest coverage regions in Coxiella burnetii RSA 493 chromosome and Coxiella 
burnetii RSA 493 plasmid pQpH1 found in sample UCD6.  
 

 
 
 
 

Annotation' Position'on'the'
Genome'

Highest'X'
Coverage'of'

Coding'
Sequence''

Genome'

16S$rRNA$ 165,579-$167,035$ 33,754$ Chromosome$
none$(intergenic$region)$ 1,259,601-$1,259,932$ 1,278$ Chromosome$
Membrane$protein$-Porin$superfamily$ 276,910-$277,668$ 303$ Chromosome$
5S$rRNA$ 171,960-$172,076$ 279$ Chromosome$
ompA$like$transmembrane$domain$containing$protein$ 273,688-$274,363$ 176$ Chromosome$
Elongation$factor$-Tu$ 223,400-$224,593$ 173$ Chromosome$
Hypothetical$Protein$ 22,568-$23,269$ 39$ Plasmid$
none$(intergenic$region)$ 32,432-$32,567$ 24$ Plasmid$
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S2.1 Fig. Absolute counts of the phocine herpesvirus-1 glycoprotein D gene (glyD). Bar graph of results 
from droplet digital PCR (ddPCR) using two replicates per sample to quantify the gly D gene in harbor 
seals.   
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S2.2 Fig. Microbial genera level community cluster analysis of the brain tissue of harbor seal samples. 
Principal Coordinate Analysis (PCA) of bacterial community of com (comparative) and UCD (unknown 
cause of death) harbor seals.  
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S2.2 Fig. Microbial genera level community analysis of brain tissues from comparative (com) and 
unknown cause of death (UCD) harbor seals. Heatmap hierarchical clustering of the 30 most abundant 
bacterial genera. 
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S2.1 table. SIMPER analysis of the top 20 bacterial genera similarities within and between com 
(comparative) and UCD (unknown cause of death) harbor seals. 
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3.1 Abstract 

Diseases of marine mammals can be difficult to diagnose because of their life 

history and protected status. Stranded marine mammals have been a particularly useful 

resource to discover and comprehend the diseases that plague these top predators. 

Additionally, advancements in high-throughput sequencing (HTS) has contributed to the 

discovery of novel pathogens in marine mammals. In this study, we use a combination of 

HTS and stranded harbor seals (Phoca vitulina) to better understand a known and 

unknown brain disease. To do this, we used transcriptomics to evaluate brain tissues from 

seven neonatal harbor seals that expired from an unknown cause of death (UCD) and 

compared them to four neonatal harbor seals that had confirmed phocine herpesvirus 

(PhV-1) infections in the brain. Comparing the two disease states we found that UCD 

animals showed a significant abundance of fatty acid metabolic transcripts in their brain 

tissue, thus we speculate that a fatty acid metabolic dysregulation contributed to the death 

of these animals. Furthermore, we were able to describe the response of four young 

harbor seals with PhV-1 infections in the brain. PhV-1 infected animals showed a 

significant ability to mount an innate and adaptive immune response, especially to 

combat viral infections. Our data also suggests that PhV-1 can hijack host pathways for 

DNA packaging and exocytosis. This is the first study to use transcriptomics in marine 

mammals to understand host and viral interactions and assess the death of stranded 

marine mammals with an unknown disease. Furthermore, we show the value of applying 

transcriptomics on stranded marine mammals for disease characterization.  
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3.2 Introduction: 

The combination of high-throughput sequencing (HTS) and stranded marine mammals 

for disease discovery 

The health of wild marine mammal populations is difficult to assess because of 

their unknown population sizes, large distributions, and protected status. Stranded or 

vulnerable animals found ashore, have been essential for scientists to identify causes of 

marine mammal deaths. For example, important pathogens like phocine distemper virus 

(PDV), and Leptospira, were originally discovered in stranded marine mammals (Vedros 

et al., 1971; Osterhaus et al., 1988). Yet, a large majority of marine mammal deaths 

remain unknown. In 2007, it was reported that only 56% of marine mammal mortality 

events had a known cause of death (Gulland & Hall, 2007a), leaving the pathogens and 

physiological causes of many diseases to be discovered. However, the introduction of 

high-throughput sequencing (HTS) has led to the identification of many more marine 

mammal pathogens, such as seal and California sea lion anellovirus, phocine herpesvirus 

7, and seal parvovirus (Ng et al., 2009b, 2011; Bodewes et al., 2013; Kuiken et al., 2015). 

Therefore, the combination of stranded animals and HTS are vital resources for the 

discovery of marine mammal diseases.                                                                              

HTS and gene expression studies to understand disease in marine mammals  

Although the discovery of new diseases can aid in the conservation of marine 

mammal populations, there is also a need to further describe known marine mammal 

diseases that are not fully understood. For example, phocine herpesvirus-1 (PhV-1) was 

discovered in 1985 and is highly abundant in North American harbor seal adults (99%). It 
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is particularly pathogenic to young seals causing ~46% mortality (Osterhaus et al., 1985; 

Harder et al., 1996; Gulland et al., 1997). Despite PhV-1’s deleterious impacts, we have 

little understanding of the effects of PhV-1 on host gene expression. Previous marine 

mammal studies have identified pinniped immune responses against PhV-1 using 

enzyme-linked immunosorbent (ELISA), but this offers minimal information about the 

disease (Harder et al., 1998). Marine mammal studies have applied targeted gene 

expression techniques using RT-qPCR to understand known diseases of these animals to 

examine immune and endocrine responses to immunotoxins and physiological changes 

(Neale et al., 2005; Hammond, 2005; Tabuchi et al., 2006). However, ELISA and RT-

qPCR target a limited number of host gene expressions; thus they do not represent the 

global host response.  

HTS is a powerful resource for assessment of both the etiology of a disease and 

the response of the host during disease events. For example, using transcriptomic 

analysis, scientists were able to determine that a toxin caused a mass mortality event of 

abalone, pinpoint the origin of the toxin, and access the genetic effects on the abalone 

population (De Wit et al., 2014). However, transcriptomic analysis has rarely been used 

to comprehend the effects of stressors and diseases on marine mammal health. There has 

been some increase in marine mammal transcriptomic studies, such as a study by 

Hoffman et al., which suggested that post-mortem samples can be reliable resources for 

genomic studies (Hoffman et al., 2013). Yet, there have been few studied that use 

transcriptomics to measure physiological stress responses in marine mammals, and there 
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have been no studies that looked at pathogen responses in these megafauna (Mancia et 

al., 2014; Niimi et al., 2014; Khudyakov et al., 2015b,a; Fabrizius et al., 2016).  

Former work on a harbor seal stranding event using HTS 

In our previous work, we used harbor seals and meta-transcriptomics to identify 

potential neurotropic bacteria and viruses in live stranded harbor seals that later died in a 

rehabilitation center (Rosales & Vega Thurber, 2015a). Due to the unknown etiology of 

the stranding, we termed these animals involved as seals with an “unknown cause of 

death” or “UCD.”  These seven animals had neuronal necrosis in the cortex and 

cerebellum, which veterinarians hypothesized was due to hypoxia, exposure to toxins, 

poor nutrition, or a viral infection. However, a viral etiology was thought to be the most 

likely culprit given the distribution and characteristics of the brain lesions, and general 

gross pathology of the animals. 

Additionally, we used PhV-1 infected harbor seals, to benchmark our methods 

and to compare our analysis to animals with a described disease. Our analysis showed no 

evidence of a viral infection in UCD samples, but we were able to detect PhV-1 in PhV-1 

infected samples. Interestingly, in our study, we found a significant presence of 

Burkholderia bacteria in UCD animals. Yet, necropsy reports were contradictory to this 

finding suggesting that either Burkholderia were part of a secondary or opportunistic 

infection or elusive in the original dissections (Rosales & Vega Thurber, 2015a). 

Therefore, this leaves the cause of death of this cohort of UCD animals unresolved.  

In this study, we further evaluated this dataset by using transcriptomic analysis to 

better understand the cause of death of the seven neonatal harbor seals that died from an 
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unknown brain disease. Additionally, we aimed to use transcriptomics to characterize the 

gene expression of four neonatal harbor seals with a known PhV-1 brain infection. We 

hypothesized that animals responding to a PhV-1 infection should exhibit increases in 

host-virus response genes, while UCD animals would have characteristic gene repertoires 

of animals with a bacterial infection and/or hypoxia, exposure to toxins, or poor nutrition. 

To examine this, we looked at significant gene expression alterations of UCD and PhV-1 

infected harbor seals. 

 

3.3 Materials and Methods: 

This work was authorized by the National Marine Fisheries (NMFS) for 

possession of tissue samples from stranded marine mammals. This work is in compliance 

with the Marine Mammal Protection Act (MMPA) regulation 50 CR 216.22 and 216.37.  

In this study, we aimed to use transcriptomics to identify the cause of death of 

harbor seals that died from an unidentified brain disease and to characterize host 

pathways of harbor seals during a PhV-1 infection. For transcriptome analysis, 11 harbor 

seal brain tissue samples were evaluated. The harbor seal brain tissues were kindly 

provided by the Marine Mammal Center (MMC) in Sausalito, CA, USA, where the 

animals expired. Brain tissues were stored at -80°C and belonged to the cerebrum with 

the exception of sample UCD2, which was tissue from the cerebellum. Stranded animals 

were collected from 2009–2012, and necropsied from fresh carcasses soon after death 

(Table 3.1 Date of necropsy). Samples ranged in age at the time of stranding, from 

weaner (<1 month, n = 8) to pup (< 1 year, n = 3). All UCD harbor seals had neuronal 
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necrosis in the cortex and cerebellum. Other common disease signs described in these 

animals were: hepatic lipidosis (4/7), spleen hemosiderosis (5/7), and spleen 

extramedullary hematopoiesis (6/7). Table 3.1 details a summary of necropsy reports. 

Transcriptome library preparation 

Transcriptome libraries were prepared as previously published (Rosales & Vega 

Thurber, 2015a). Briefly, a disposable pestle was used to homogenize ~0.5ng of the 

frozen brain sample in TRIzol (Life Technologies, CA). The homogenate was centrifuged 

for 10min at 12,000 x g at 4°C, and the supernatant transferred to a clean tube. For every 

1 mL of Trizol, 0.2mL of chloroform was added to the supernatant, vortexed briefly, and 

centrifuged at 10,000 x g for 18 minutes at 4°C. The aqueous layer was then transferred 

to a clean tube and equal volumes of 100% ethanol were added to samples, and loaded 

onto an RNeasy column for extraction as recommended by the manufacturer (Qiagen, 

CA). To remove DNA, samples were exposed to 2U of Turbo DNase (Life Technologies, 

CA) for 9 hours at 37°C. Harbor seal rRNA was removed using the Ribo-Zero Kit Gold 

(Human-Mouse-Rat) from Epicentre (WI, USA) following the manufacturer’s directions. 

High-quality RNA was converted to cDNA using superscript II Reverse Transcriptase 

(Life Technologies, CA). Libraries were prepared for each of the 11 samples using the 

TruSeq paired-end cluster kit v.3 from Illumina (San Diego, CA). Libraries were 

sequenced on two lanes of the Illumina Hi-Seq 2000 platform. Each lane had a random 

mixture of both harbor seal groups (UCD and PhV-1 infected animals). 

Bioinformatic quality control and analysis 
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Using FqTrim the data was quality filtered with a minimum Phred score of 30. 

Sequences were trimmed and adapters and poly-A tails removed (Geo Pertea, 2015). In 

addition, post- FqTrim sequences were trimmed a second time, to ensure all sequence 

lengths were a minimum of 75 bps long. Transcriptome assembly was then conducted 

using a combination of transcriptome-guided and de novo methods. All quality assured 

sequence reads from both libraries were combined and aligned to the hypothetical 

Weddell seal, Leptonychotes weddellii, transcriptome (NCBI accession: PRJNA232772) , 

using the program Bowtie2-2.2.3 (Langmead & Salzberg, 2012b). Aligned sequences 

were then used to build a de novo harbor seal transcriptome using Trinity 2.0.6 with 

parameters --single, and --full-cleanup (Haas et al., 2013). Statistics for the assembly 

were obtained with Transrate v1.0.3 (Smith-Unna et al., 2016). The longest representative 

transcript for each component or subcomponent in the transcriptome assembly was 

selected using trinity_reps.pl (https://goo.gl/EGq7I6). To calculate the number of 

transcripts for each library, the 11 libraries were first individually aligned against the de 

novo transcriptome using trinity’s align_and_estimate_abundance.pl with options --

aln_method bowtie2 and --trinity_mode --prep_reference (Haas et al., 2013). The aligned 

sequences from each library were counted using the script SamFilter_by_components.pl 

(http://goo.gl/kkvqdK). 

Differentially expressed genes (DEGs) between UCDs and PhV-1 infected seals 

To normalize gene counts and determine differentially expressed genes (DEGs) 

between animals infected with PhV-1 and those with an unknown cause of death (UCD), 

the count data were analyzed using R version 3.2.2 with software packages Bioconductor 
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3.1 and DESeq2-1.8.2. For each gene, DESeq2 fits a log generalized linear model with a 

negative binomial distribution to normalize genes abundances (Love, Huber & Anders, 

2014). Transcripts were significantly different if they had at least an adjusted p-value ≤ 

0.05. Importantly, since in this study we compared two diseases with no true control 

samples, a positive log fold change was considered up-regulated in UCD samples, while 

if the log fold change was negative it was considered up-regulated in PhV-1 infected 

samples. 

Gene Ontology (GO) enrichment analysis 

The transcriptome assembly was then annotated with  an e-value of ≤ 10-20 using 

GenesFromLocalDB.pl (goo.gl/4Zbbt5), a script that utilizes BLASTx to assign gene 

names to transcripts using the UniProt database downloaded in 2014 (Magrane & 

Consortium, 2011). Gene ontology (GO) was assigned to the annotated transcriptome 

with the script GOFromGeneAnnotation.pl (http://goo.gl/jJ4vg9). Transcript IDs with 

assigned GO terms were then combined with their respective DESeq p-values.  

The software package ErmineJ 3.0.2 was then applied to evaluate the biological 

pathways associated with each differentially expressed GO term (Lee et al., 2005). The 

analysis was run with the options: gene score resampling (GSR, which does not require a 

threshold and thus evaluates all p-values), a maximum gene set of 100, a minimum gene 

set of 20, a maximum iteration of 200,000, and full resampling. GO terms with GO p-

values ≤ 0.05 and a multifunctionality of ≤ 0.85 were semantically summarized and 

visualized with REViGO with an allowed similarity of 0.90, the most conservative setting 

(Supek et al., 2011). 
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KEGG Analysis 

For KegArray analysis, the harbor seal transcriptome was translated to protein 

reads with TransDecoder 2.0 (Haas et al., 2013). The program KAAS (KEGG Automatic 

Annotation Server) was used to annotate translated transcripts with BLASTx against a 

manually curated KEGG GENES database (Kanehisa, 2000; Moriya et al., 2007). The 

KAAS options used were ‘partial genome’ and ‘bi-directional best hit’ (BBH). KEGG 

ontology (KO) assignments with a respective DESeq padj value ≤ 0.05 were used for 

further analysis. KegArray was then utilized to map KO pathways and CytoKegg, (a 

Cytoscape application (http://apps.cytoscape.org/apps/cytokegg)) to visualize specific 

KO pathways.                 

Spearman correlation analysis   

To evaluate correlations between the significantly high fatty acid metabolic genes 

in UCDs and the significantly high Burkholderia transcript abundances, we conducted a 

Spearman correlation analysis. All UCD normalized (by DESeq2) transcript counts that 

fell within the fatty acid metabolism GO category by ErmineJ were used for this analysis. 

Also, UCD Burkholderia normalized (by DESeq2) transcript abundance values from our 

previous research were obtained (Rosales & Vega Thurber, 2015a). A Spearman 

correlation analysis was then conducted with R 3.2.2 using function cor.test.  

 

3.4 Results 

Harbor seal brain transcriptome assembly  
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In this study, we generated 11 harbor seal brain transcriptome libraries to 

distinguish genes expressed in the brains of harbor seals during a PhV-1 infection and 

from an unknown etiology. Of note, from here on, we will refer to PhV-1 infected 

samples as PhV-1 comparative or PhV-1com  as they were referred to as “comparative” 

in previous work (Rosales & Vega Thurber, 2015a). From the 11 libraries, the Hi-Seq 

2000 produced a total of 546,003,190 reads of 100bps in length. Libraries ranged from 

41,767,080 to 58,031,096 sequences, with means of 47,800,849 (SEM = 1,199,797) and 

52,849,311 (SEM = 1,929,808) sequences, for UCD and PhV-1com samples, 

respectively. The data showed no significant difference in the number of sequences 

between PhV-1com and UCD datasets (Welch Two Sample t-test, p = 0.07). 

To build the harbor seal transcriptome necessary for our downstream analyses, we 

used a combination of a transcriptome guided approach with the Leptonychotes weddellii 

transcriptome (NCBI accession: PRJNA232772) and de novo methods. The 11 libraries 

were aligned to the Leptonychotes weddellii hypothetical transcriptome. A total of 

163,769,951 sequences aligned which equated to 27.43% of the total data. These 

sequences were then used for the de novo construction of the harbor seal transcriptome 

and is available on figshare (https://dx.doi.org/10.6084/m9.figshare.3581712.v1). Next, 

each library was aligned to the harbor seal de novo transcriptome with alignments 

ranging from 17.1% to 28.05% and there were no significant differences between PhV-

1com and UCD alignments (Welch Two Sample t-test, p-value = 0.2825). 

                      

UCD and PhV-1 infected seals show distinct gene expression profiles 
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The transcriptome guided and de novo approach resulted in a harbor seal brain 

transcriptome of 32,856 transcripts. Next, the longest representative read was selected for 

each component and 29,512 transcripts remained with an average length of 269 bps. The 

maximum transcript length was 54,385 bps, with a minimum length of 224 bps 

(Supplemental figure 3.1 A and B). Using BLASTx, 25,840 (~87.5%) transcripts had 

significant similarity to proteins in the UniProt database. A total of 1,962 differentially 

expressed genes (DEG) were identified as measured by a padj of ≤ 0.05 (the data is 

available on figshare https://dx.doi.org/10.6084/m9.figshare.3767307.v1 and 

https://dx.doi.org/10.6084/m9.figshare.3766986.v1). Datasets appear to have distinct 

gene expression profiles, with UCD samples exhibiting tighter clustering than PhV-1com 

samples (Fig. 1). 

Functional annotation of differently expressed genes distinguishes UCD from PhV-1 

infected harbor seals  

We explored enriched gene categories in the data by performing a gene ontology 

(GO) analysis. In our pipeline, we identified 19,788 GO terms in the harbor seal 

transcriptome. After filtering based on GO term p-values and multifunctionality (values 

generated by ErmineJ), 32 GO terms remained and from these terms the four most 

significantly enriched were: 1) “antigen processing and presentation” (p-value = 1.00e-

12), 2) “defense response to virus” (p-value = 1.00e-12), 3) “response to virus” (p-value 

= 1.00e-12), and 4) “innate immune response-activating signal transduction” (p-value = 

1.00e-05). After, GO terms were semantically summarized and the categories with the 

most significant GO terms were: 1) “antigen processing and presentation” followed by 2) 
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“response to amino acids”, 3) “DNA packaging”, and 4) “mononuclear cell 

proliferation”. The least significantly enriched GO term categories were “phagocytosis” 

and “fatty acid metabolism” (Fig. 3.2)           

Genes that were significantly differentially expressed genes (DEGs; padj ≤0.05) 

and found in significantly GO enrichment analysis resulted in 112 significant genes that 

clustered with their respective group (Fig. 3.3). The majority of transcripts (85.7%) in 

this analysis were up-regulated in the PhV-1com samples. Transcripts that belonged to 

the fatty acid metabolism GO category showed a higher gene expression in UCD samples 

(Fig. 3.3). Also, of particular interest, GO categories for “defense response to virus” and 

“response to virus” were up-regulated in PhV-1com and not UCD animals (Fig. 3.3). In 

addition, 3 out 4 PhV-1com samples showed gene enrichment for bacterial infection, but 

a bacterial host response was not apparent in UCDs (Supplemental Fig. 3.2).      

KEGG analysis reveals host responses to phocine herpesvirus-1 infection         

To further evaluate functional pathways found in UCD and PhV-1com disease 

states, we annotated the translated harbor seal transcriptome with the KEGG Automatic 

Annotation Server (KAAS). KAAS identified a total of 15,586 KOs from the whole 

transcriptome assembly and from these we extracted the 1,464 DEGs. Using KegArray it 

was found that the five most significant abundant KO pathways were for: Metabolic 

Pathways (107 members), PI3K-Akt Signaling Pathway (43 members), Pathways in 

Cancer (39 members), Human T-Lymphotropic virus-1 Infection (36 members), and 

Herpes Simplex Infection (36 members). Given that PhV-1com samples had previously 

been shown to have a herpesvirus infection (e.g., PhV-1), we focused on the herpes 
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simplex virus KEGG PATHWAY map and looked at genes up-regulated in PhV-1com 

harbor seals. All 36 KO terms were up-regulated in PhV-1 infected samples and partially 

mapped to the human herpes simplex virus-1 (HSV-1) pathway (Fig. 4). 

Correlations of Burkholderia and UCD fatty acid genes 

We further evaluated transcripts assigned to fatty acid metabolism by GO 

enrichment analysis. Transcripts that were significantly up-regulated in the fatty acid 

metabolism category (padj ≤ 0.05) in UCD animals were compared to KAAS annotation 

(Table 3.2). The transcript annotations were similar using both the UniProt database and 

the KEGG GENES database (Table 3.2). In addition, since UCD animals showed 

significant expression of fatty acids metabolism and our earlier study showed significant 

levels of Burkholderia RNA we looked for a correlation between these two factors 

(Rosales & Vega Thurber, 2015a). A Spearman correlation of the data yielded a 

significant correlation of fatty acid metabolism genes and Burkholderia transcript 

abundance across the samples (rs = 0.809 and a p-value = 0.004). 

 

3.5 Discussion: 

In marine mammals, transcriptomics has never been used to comprehend the 

cause of an unknown disease and rarely has it been used to characterize the global gene 

expression of known marine mammal stressors (Mancia et al., 2014; Niimi et al., 2014; 

Khudyakov et al., 2015b,a; Fabrizius et al., 2016). Here, we used transcriptomics to 

compare gene expression patterns to known and unknown disease states of stranded 

harbor seals. We infer the cause of a brain disease in seven young harbor seals and 
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characterize host pathways involved during a PhV-1 infection in the brains of four young 

harbor seals.                                                                                                                                 

Gene expression of harbor seal brains with an unknown cause of death (UCD) 

As stated earlier, the initial hypothesis for the root cause of death of UCD harbor 

seals was a viral infection. However, exposure to toxins, nutrient depletion, and hypoxia 

were also candidates for the death of these animals. In our former work, we showed that a 

viral infection was unlikely the cause of mortality in UCD harbor seals (Rosales & Vega 

Thurber, 2015a). We further confirmed this by demonstrating that GO categories for 

“defense response to virus” and “response to virus” were not expressed in UCD animals 

(Fig. 3). At the same time, we validated that UCD animals had a similar gene response at 

the time of death, thus supporting the notion that these harbor seals died from the same 

disease (Fig. 3.1). 

UCD harbor seal gene response to bacteria 

In our previous work on this data set, we also found that there was a significant 

abundance of Burkholderia transcripts in UCD animals and our new results indicate that 

these same animals exhibit high fatty acid metabolic process gene expression (Fig. 3). In 

this study, we found a significant correlation between Burkholderia and fatty acid genes. 

It is possible that fatty acid metabolism is triggered by and/or provides an environment 

that promotes the growth of Burkholderia, but substantial research needs to be conducted 

to confirm this correlation. To our knowledge, there is no documentation of Burkholderia 

increasing due to high fatty acid production, but there is evidence that Burkholderia can 
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grow competitively in humans during metabolically stressful situations (Schwab et al., 

2014).  

In addition, in this study, we found that significantly expressed DEGs for 

“response to bacteria” were up-regulated in the majority of PhV-1 infected samples (3 out 

4) and not upregulated in UCDs. Since UCD samples had a significant abundance of 

Burkholderia it was expected that UCD animals would have an upregulated gene 

expression to “response to bacteria” (Supplemental figure 2). However, in our previous 

study, we noted that the microbiome was significantly less abundant in UCD animals 

when compared to PhV-1 infected animals. Thus it is likely that the low abundance of 

bacteria in UCD animals compared to PhV-1 infected animals drives this gene expression 

pattern. 

Fatty acid metabolism associated with harbor seal strandings  

To reiterate, in our GO summary analysis there was no indication of a viral 

infection, but we did find “fatty acid metabolism” genes enriched in UCD animals. In 

fact, the DEG analysis demonstrated that this GO group was the most significantly up-

regulated category in UCD animals (Fig. 3). Using KEGG analysis, we further 

substantiated the involvement of these genes in fatty acid metabolism (or related 

pathways involved in lipid and fat metabolism e.g. steroid biosynthesis) (Table 3.2). Fatty 

acid metabolism genes are important for fundamental cellular functions such as those 

involved in the formation of phospholipids and glycolipids, as well as in the energetics 

for the cell cycle, like cell proliferation, differentiation, and energy storage. 
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 In marine mammals, esterified fatty-acids (NEFA) can be used as a proxy for 

nutritional health (Trites & Donnelly, 2003). For example, if gray seal pups fast for over 

a month they show elevated NEFAs and reduced glucose (Rea et al., 1998). Although, 

given that UCD samples were in a rehabilitation center and had normal weight 

measurements (Table 3.1), UCD harbor seals do not appear to have died from starvation. 

In mammals, fatty acids are mostly acquired through dietary means except in the liver 

and adipose tissue where fatty acid pathways are utilized (Kuhajda, 2000). Thus, high 

fatty acid gene activity, in regions other than the liver or adipose tissues, can be 

symptomatic of metabolic diseases other than starvation. As an example, cells with up-

regulated fatty acid synthase (FAS) can be a sign of tumorigenesis (Kuhajda, 2000).   

A possible mode of death for UCDs is that these animal were unable to 

adequately take in nutrients since a lack of adequate dietary intake of some fatty acids 

can lead to an increase in fatty acid metabolism in the brain (Innis, 2008). To illustrate, if 

an animal has an insufficient intake of ⍵-3 fatty acids, then the brain increases in ⍵-6 

fatty acid content. In a developing brain, this increase in ⍵-6 fatty acids can lead to 

problems with neurogenesis, neurotransmitter metabolism, and altered learning and 

visual function. Metabolic disorders are commonly reported in cetaceans with hepatic 

lipidosis or fatty liver disease (Jaber et al., 2004). Interestingly, UCD necropsies reported 

that four animals had hepatic lipidosis, which is a disease attributed to toxins, 

starvation, or nutrient deprivation in weaning animals (Jaber et al., 2004).   

Fatty acids, specifically, can be used to detect chemical or toxic stress in marine 

organisms (Filimonova et al., 2016). Since, these animals did not appear to be starved, 
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this suggest that nutrient depletion or toxin exposure may have been involved in the die-

off of UCDs because (1) these were neonatal harbor seals (with a developing brain), (2) 

the coincident description of the necropsy reports, and (3) the fatty acid metabolic shifts 

in the brains of these animals. Other common lesions found in UCDs were spleen 

hemosiderosis and spleen extramedullary hematopoiesis. These syndromes have been 

associated with other metabolic diseases, but we are unsure if they are directly related to 

high fatty acid gene expression in the brains of these neonatal seals.  

As mentioned, fatty-acid markers have been used to detect stress responses in 

marine organisms (Trites & Donnelly, 2003; Filimonova et al., 2016). The transcripts 

detected in this study have the potential to be used as biomarkers for stranded animals 

with an elusive etiology or marine mammals that died from necrosis of the brain tissue. 

Gathering such information may aid in better understanding this mysterious disease and 

help to properly diagnose other animals. 

Gene expression of harbor seal brains infected with phocine herpesvirus-1 

The gene response of harbor seals infected with PhV-1 is mostly unknown, but 

our data now illuminates some understanding of this interaction. HSV-1 KEGG Pathway 

(Fig. 3.4) shows evidence that PhV-1 promotes some host gene responses similar to other 

viruses in the subfamily Alphaherpesvirinae. Although, it appears that there are still 

many pathways that differ between HSV-1 and PhV-1. However, it is likely that PhV-1 

host response may better parallel other viruses from its genus Varicellovirus, like bovine 

herpesvirus -1 (BHV-1). In BhV-1, the host immune system has been shown to respond 
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in three stages: early cytokines, late cytokines, and cellular immunity or adaptive 

immunity (reviewed in (Babiuk, van Drunen Littel-van den Hurk & Tikoo, 1996)).  

Although our data is non-temporal, the summarized enriched GO analysis 

illustrates evidence for aspects of each of these three predefined temporal stages (Fig. 

3.2). For example, “response to amino acid” (Fig. 3.2 pink blocks) provides evidence of 

the early cytokine immune responses in stage 1. At the same time our DEG analysis 

shows that Toll-like receptors (TLR) are significantly expressed in these animals (p-value 

< 0.001); thus we speculate that TLR3 and TLR7 may be involved in the detection of 

PhV-1 in harbor seal brain cells (Fig. 3.3). TLR7 is part of a TLR group that can detect 

viral Pathogen- associated molecular patterns (PAMPs) within endosomes and lysosomes 

(Heil et al., 2004) and TLR-3 is known to activate an antiviral state within an infected 

cel1 (Tabeta et al., 2004). Thus we reason that TLR3 and TLR7 ultimately lead to the 

induction of a nonspecific positive regulation inflammatory response seen in these 

animals (Fig. 3.2, pink blocks “positive regulation of inflammatory response”).  

Furthermore, cell chemotaxis, leukocyte chemotaxis, and interleukin-6 are also 

important early cytokine stage responses found in our data (Fig. 3.2, pink blocks) 

(Babiuk, van Drunen Littel-van den Hurk & Tikoo, 1996). Cell chemotaxis and leukocyte 

chemotaxis are needed for recruitment of cells and could be responsible for attracting 

cells to the site of a PhV-1 infection, while interleukin-6 promotes macrophage 

differentiation. Differentiated macrophages can then secrete cytokines, like tumor 

necrosis factor (TNF) (Fig. 3.2. pink blocks). The early and late stage cytokine activity is 

depicted in the summarized GO category “mononuclear cell proliferation” (Fig. 3.2 
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yellow blocks). Once at the site of infection leukocytes are likely to proliferate, while late 

stage cytokines can cause proliferation of mononuclear cells, such as T-cells, B cells, and 

Natural Killer cells (NK cells).  

The most pronounced category in this data is the last stage or cellular immunity 

(Fig. 3.2 orange blocks). Antigen processing and presentation is an important step in 

developing cellular immunity, which occurs when an antigen, like PhV-1, is processed 

into proteolytic peptides and loaded onto MHC class 1 or II molecules on a cell. We 

found that “antigen processing and presentation” is a highly enriched GO category (p-

value < 0.001) and that transcripts for MHC I and II are highly expressed in PhV-1 

infected samples (Fig. 3.3 padj < 0.0001), demonstrating that the immune system of these 

young harbor seals was able to develop an adaptive immune response to PhV-1. 

Furthermore, the “phagocytosis” category data, suggest that a cellular mechanism to clear 

PhV-1 infected cells in harbor seals brains might be phagocytosis, as it was an enriched 

GO category (Fig. 3.2, teal blocks). However, we cannot refute the possibility that 

phagocytosis may be a route for viral entry into the cell. Recently in equine herpes virus- 

(EHV-1), from the genus Varicellovirus, there was an indication of a phagocytic 

mechanism for EHV-1 to enter some cells (Laval et al., 2016). Alternatively, or in 

conjunction, PhV-1 may have appropriated the host exocytosis pathway to egress from 

the cell, as has been noted in other alphaherpesviruses (Fig. 3.2, teal block “regulation of 

exocytosis”) (Hogue et al., 2014).    

DNA packaging during a PhV-1 infection 
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Another category enriched in our GO analysis was “DNA packaging” (Fig. 3.2, 

green block), which occur when a chromatin structure is formed from histones to create 

nucleosomes (Felsenfeld, 1978). Here, we predict that PhV-1 hijacked the host DNA 

packaging pathway. Presently, there is controversy about the role of DNA packaging 

during herpesvirus infections. At least three different states of DNA packaging occur 

during a herpesvirus infection. Within the viral particle the double stranded genome is not 

packaged, but in the latent state of the virus, it associates with cellular nucleosomes 

forming a cellular chromatin-like structure (Lee, Raja & Knipe, 2016). The controversy 

arises from the lytic or replication cycle. Studies show varying degrees of chromatin with 

herpesvirus DNA and these variations in chromatin may be associated with viral 

transcription (Herrera & Triezenberg, 2004; Lacasse & Schang, 2012; Lee, Raja & 

Knipe, 2016). We suspect that PhV-1 was either entering the latent phase and/or that 

chromatin formation was occurring because of active viral transcription.  

Of interest within the “DNA packaging” category the most significantly up-

regulated histone is H3.2 like protein (Fig. 3.3, p-value > 0.0001), a variant of histone 

H3. Some variants of H3, like H3.3, have been shown to be important during herpesvirus 

transcription, the role of H3.2 in herpesvirus is more elusive (Placek et al., 2009). 

Although, the role of H3.2 in the latent phase cannot be disregarded since H3 has been 

associated with both the latent and lytic phases (Kubat et al., 2004; Wang et al., 2005; 

Kutluay & Triezenberg, 2009). Our results suggest that DNA packaging is important for 

PhV-1, but the exact role of DNA packaging in PhV-1 requires further research. 
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3.6 Caveats and considerations 

Marine mammal diseases can be difficult to diagnose given their protected status 

and the challenge to gather conventional control samples for studies. For this research, 

we used two disease states, one known and one unknown. Our study shows that this 

method can yield valuable insight into host responses to infection, but we recognize the 

limitations to this approach. For instance, we were limited to evaluating up-regulated 

genes and consequently, we did not evaluate any down-regulated genes that may have 

been meaningful for understanding the diseases.  

In addition, it is probable that there are shared genes or pathways in both diseases, 

and this commonality would not have been apparent in our DEG analysis between the 

two groups. As an example, it is known that host fatty acids are also up-regulated during 

viral infections; thus fatty acid DEGs in the UCD animals may actually have been even 

more numerous had we compared UCD animals with a different group of animals that did 

not have a viral infection (Jackel-Cram, Babiuk & Liu, 2007; Heaton et al., 2010; 

Spencer et al., 2011).  

Finally, there is the potential that genes identified as up-regulated in one disease 

state are actually a result of down-regulated genes in the other disease state. However, 

since we knew that PhV-1 was an infectious agent in one cohort of animals and since we 

attained necropsy reports with probable causes of UCD disease, we were able to 

confidently tease apart our results with this information. Optimistically, with the 

increased use of HTS methods, we expect that more transcriptome studies on marine 

mammals will become available and this may help diminish these caveats. 



 76 

In addition, it is apparent that the sequence alignment rates in this study were low 

and this is likely because alignments were conducted using the Weddell seal 

transcriptome and not the genome. Using the Weddell seal genome, a greater portion of 

the data aligned (76.51%). Our results are in compliance with previous research where 

alignments to the transcriptome are lower than alignments to the genome of an organism 

(Conesa et al., 2016). In spite of this, it is still a valid approach to use the transcriptome 

with the caveat that novel genes are not likely to be identified (Conesa et al., 2016). In 

this study, we did not use a genome-guided approached since this method resulted in up 

to 1,323,851 transcripts, which is overly abundant. In addition, in the genome-guided 

approach, only 4.9% of the data represented ORFs and the N50 score was 1,136. 

However, the transcriptome guided method resulted in 32,856 transcripts with 65.9% of 

transcripts accounting for ORFs and an N50 of 1,994 (S3.1 table). 

Moving forward, we like to acknowledge that we used a small sample size, 

especially for PhV-1 infected animals (N=4). Including a larger sample size could 

elucidate other trends in these diseases, such as the effects of gender (if any) or make 

correlations more apparent. In addition, it is important to note that PhV-1 typically infects 

the adrenal glands of seals and the infection does not always reach the brain (Gulland et 

al., 1997; Goldstein et al., 2005). Since viruses infect organs differently, PhV-1 may not 

replicate in the same manner in the brain as it does the adrenal glands. Future studies may 

focus on comparing transcriptomes from the brain, adrenal glands, and other PhV-1 

affected organs to determine any differences between the host organs and virus 

interactions. 
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3.7 Conclusion 

This is the first study to evaluate transcriptomes to better understand virus-host 

interactions and brain tissue responses to an unknown disease in marine mammals. In 

samples with a PhV-1 brain infection, we identified pathways involved in innate and 

adaptive immunity, as well as DNA packaging transcripts. We now have a better 

understanding of PhV-1 gene expression in brain tissue of pinnipeds, which may lead to 

improved management and treatment of PhV-1 infections. However, more work 

including time series data is needed to comprehend the mechanism and progression of 

this disease. In addition, with this analysis, we were able to further confirm our results, 

from our previous work, that UCD animals did not die from a viral infection. Instead, we 

found that fatty acid metabolic genes were highly up-regulated in UCD animals. It is 

unknown what may have caused a manifestation of fatty acid metabolism dysregulation 

in the brains of UCD harbor seals, but it is probable that it may have been linked to 

exposure to toxins or nutrient depletion. 
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3.9 Figures and tables  

Table 3.1. Necropsy information for harbor seal samples used in this study  

 

 

 

Sample'
ID'

Date'of'
stranding''

Date'of'
death'

Date'of''
necropsy'

Common'lesions' Age'' Sex' Tissue' Weight'in'
kilo='
grams'at''
necropsy'

UCD1' 4/8/09' 7/1/09' 7/2/09' Neuronal'
necrosis'in'the'
cortex'and'
cerebellum,'and'
hepatic'lipidosis''

Weaner'
'

M' Cerebrum'
back'
'

9.6'

UCD2' 4/9/09' 7/26/09' 7/29/09' Neuronal'
necrosis'in'the'
cortex'and'
cerebellum,'
splenic'
hemosiderosis,'
spleen'
extramedullary'
hematopoiesis,'
and'hepatic'
lipidosis''

Weaner'
'

F' Cerebellum'
front'
'

11.0'

UCD3' 4/11/09' 4/21/09' 4/22/09' Neuronal'
necrosis'in'the'
cortex'and'
cerebellum,'
splenic'
hemosiderosis,'
and'spleen'
extramedullary'
hematopoiesis'

Weaner'
'

M' Cerebrum'
front'
'

11.9'

UCD4' 4/17/09' 7/6/09' 7/6/09' Neuronal'
necrosis'in'the'
cortex'and'
cerebellum,'
splenic'
hemosiderosis,'
spleen'
extramedullary'
hematopoiesis,'
and'hepatic'
lipidosis'

Weaner'
'

F' Cerebrum'
front'
'

13.0'

UCD5' 4/20/09' 7/12/09' 7/13/09' Neuronal'
necrosis'in'the'
cortex'and'
cerebellum,''and'
spleen'
extramedullary'
hematopoiesis'

Weaner'
'

F' Cerebrum'
front'
'

10.8'

UCD6' 5/2/09' 6/26/09' 6/27/09' Neuronal'
necrosis'in'the'
cortex'and'
cerebellum,'
splenic'
hemosiderosis,'
spleen'
extramedullary'

Weaner'
'

M' Cerebrum'
front'
'

10.0'
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Fig 3.1. Batch effects on transcripts from the brain tissue of harbor seal samples. 
Principal Coordinate Analysis (PCA) of all annotated transcripts in both PhV-1com and UCD harbor seals. 
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Fig 3.2 Semantically summarized GO terms.Tree map summary of 32 significantly enriched GO terms (p-
value ≤0.05, and multifunctionality ≤0.85) of the whole transcriptome. The blocks are clustered by related 
terms and the size of the boxes are based on log10 transformed p-values from GO enrichment analysis.  
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Fig 3.3. Significant differentially expressed genes (DEGs, padj ≤ 0.05) that fell within GO categories that 
were significantly enriched in the harbor seal transcriptome (GO pvalue ≤0.05 and multifunctionality of ≤ 
0.85). Heatmap of normalized gene counts expressed in rlog transformation (row z-score) from PhV1com 
and UCD harbor seals. Scatter plot of log2 fold change between PhV1 and UCD. The respective DEG padj 
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values for each gene are represented by circles, with smaller circles denoting smaller padj values. Category: 
purple= GO term: fatty acid metabolic process, orange= GO terms: defense response to virus, and response 
to virus, grey= the other 29 GO terms that were significantly enriched in the harbor seal transcriptome.  
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Fig 3.4. KEGG pathway involved in human herpes-simplex-1 (HSV-1) showing similarities in host gene 
responses upon a PhV-1 infection. Highlighted gray boxes represent terms that were significantly enriched 
DEGs in PhV-1 infected seals (DESeq2 padj ≤ 0.05). 
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Table 3.2. Transcripts in UCD samples involved in fatty acid metabolism. Fatty acid metabolism 
transcripts that were significantly up-regulated (DEGs padj ≤ 0.05) in UCD harbor seals and annotated 
using UniProt, GO terms, KEGG GENES and KO pathways. PPAR = peroxisome proliferator-activated 
receptors, AMPK= adenosine monophosphate-activated protein kinase. 
 

 
 

Gene$ID$$

UniProt$

annotation$$

GO$category$

KEGG$

annotation$

$KO$pathway$

Fold$

change$

Padj$

TR11985_c0$ Elongation$of$

very$long$

chain$fatty$

acids$protein$$

Fatty$acid$

metabolic$

process$

Elongation$of$

very$long$

chain$fatty$

acids$protein$

5$

Fatty$acid$

metabolism,$

biosynthesis$of$

unsaturated$

fatty$acids,$and$

fatty$acid$

elongation$

0.697$ 0.001$

TR13138_c0$ Fatty$acid$2O

hydroxylase$$

Fatty$acid$

metabolic$

process$and$$

fatty$acid$

biosynthesis$

4O

hydroxysphin

ganine$

ceramide$fatty$

acyl$2O

hydroxylase$

NA$ 0.99$ 0.003$

TR5359_c0$ Fatty$acid$

desaturase$2$$

Fatty$acid$

metabolic$

process$and$$

fatty$acid$

biosynthesis$

Fatty$acid$

desaturase$2$$

PPAR$signaling$

pathway,$fatty$

acid$

metabolism,$

biosynthesis$of$

unsaturated$

fatty$acid,$and$

alphaOLinolenic$

acid$metabolism$

0.49$ 0.011$

TR15982_c0$ LongOchain$

specific$acylO

CoA$

dehydrogena

semitochond

rial$$

Fatty$acid$

metabolic$

process$

LongOchainO

acylOCoA$

dehydrogenas

e$

NA$ 0.469$ 0.007$

TR7794_c0$ LongOchainO

fattyOacidOO

CoA$ligase$1$$

Fatty$acid$

metabolic$

process$

longOchain$

acylOCoA$

synthetase$

Fatty$acid$

biosynthesis,$$$

0.424$ 0.036$

fatty$acid$

degradation,$

fatty$acid$

metabolism,$

PPAR$signaling$

pathway,$$$

Peroxisome,$

and$

adipocytokine$

signaling$

pathway$

TR9787_c0$ MediumO

chain$

specific$acylO

CoA$

dehydrogena

semitochond

rial$$

Fatty$acid$

metabolic$

process$

AcylOCoA$

dehydrogenas

e$

Fatty$acid$

metabolism,$$

PPAR$signaling$

pathway,$

Carbon$

metabolism,$

betaOAlanine$

metabolism$,$

valine,$leucine$

isoleucine$

degradation,$

Fatty$acid$

0.831$ 2.37EO

06$
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S3.1. Length and counts of the brain harbor seal transcriptome. (A) The length and count distribution of the 
brain harbor seal transcriptome with transcript lengths < 8,500 and (B) the length and count distribution of 
the brain harbor seal transcriptome with transcript lengths > 8,500. 
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S3.2. Significant differentially expressed genes (DEGs, padj < 0.05) that fell within GO category “defense 
response to bacteria.” Heatmap hierarchical clustering of normalized gene counts expressed in rlog 
transformation (row z-score) from PhV1com and UCD harbor seals. 
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S3.1 table. Transcriptome assemblies conducted using quality controlled sequence reads from both 
libraries (UCD and PhV-1com). 

 
  

!

Method!for!
transcriptome!
assembly!!

#transcripts! #!of!Open!
reading!
frames!
(ORFs)!

%!of!Open!
reading!
frames!
(ORFs)!

N50! Shortest!
transcript!

Longest!
transcript!

%!of!sequences!
that!!aligned!!

De#novo!only!with!
trinity!

874,457! 57,557! 6.5! 804! 224! 29,623! Not!applicable!

Weddell!seal!
genome!guided!
and!de#novo#with#
trinity!!

1,383,525! 67,643! 4.9! 1,135! 224! 27,818! 76.51%!

Weddell!seal!
transcriptome!
guided!and!de#novo#
with!trinity!

32,856! 21,646! 65.9! 1,994! 224! 54,385! 27.43%!
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4.1 Abstract  

Phocine herpesvirus (PHV-1) belongs to the genus Varicellovirus and is a 

pathogen that has caused high morbidity and mortality in harbor seals. Its high prevalence 

in natural populations makes it an important virus to understand for pinniped 

conservation. The genome of PHV-1 has yet to be sequenced, and only the unique short 

(US) of the genome has been characterized from cultured PHV-1. In this study, we apply 

a deep sequencing to analyze the brain tissue from a harbor seal that died from a PHV-1 

infection to characterize the unique long (UL) and US genomic segments of PHV-1. Also, 

we apply deep sequencing of cDNA for transcriptomic analysis of four harbor seals with 

PHV-1 infections in their neuronal tissues. In our study, we characterize a 98.7 kb (UL) 

and a 10.3 kb (US) segment of the PHV-1 genome, which cover 68 open reading frames 

(ORFs). Within these segments, the repetitive regions showed high transcriptional 

activity that may be important for reaction, infection, or latency of neuronal tissue. 

Furthermore, we confirm previous research studies that PHV-1 closest known relative is 

the canine herpesvirus-1 (CHV-1). In all, we provide genomic and transcriptomic data 

that is important to understand PHV-1 disease and evolvement of the Varicellovirus 

genus.  
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4.2 Introduction  

The pinniped, Phocine herpesvirus-1 (PHV-1) was first discovered in Europe in 

orphaned young harbor seals and later found in a marine mammal rehabilitation center in 

North America (Osterhaus et al., 1985). In both cases, almost half of the PHV-1 infected 

harbor seals died (Gulland et al., 1997). Due to these outbreaks, it became evident that 

PHV-1 infections resulted in high morbidity and mortality in neonatal harbor seals 

(Martina et al., 2002). The outbreak of PHV-1 in marine mammal centers is especially of 

concern; however, free-ranging harbor seals also succumb to PHV-1 infections and up to 

100% of adults have antibodies to the virus (Goldstein et al., 2003, 2004). Although 

PHV-1 was discovered over three decades ago, this pathogenic and highly prevalent virus 

in pinniped populations is understudied with little information on its genomic and 

transcriptomic characteristics.  

PHV-1 is a linear double-stranded DNA virus belonging to the subfamily 

Alphaherpesvirina and genus Varicellovirus (Harder et al., 1996). The PHV-1 9.6kb 

region known as the unique short (US) segment has previously been sequenced (Martina, 

2003). However, beyond the characterization of the seven open reading frames (ORFs) 

that encompass the US region,  the DNA polymerase gene, and glycoprotein B (gB) gene 

there have been no other genetic sequences published for this virus (Maness et al., 2011). 

Similar to other viruses from the genus Varicellovirus, PHV-1 likely has a similar genetic 

structure with two unique regions, (unique long) UL and US, with each segment flanked 

by sequence repeats (tandem repeats long/ inverted repeats long (TRL/IRL) and tandem 

repeats short/ inverted repeats short (TRS/IRS)). The UL makes up the majority of the 
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genome in other members of the Varicellovirus, and since only the US region has been 

previously evaluated, most of PHV-1’s genetic makeup remains unexplored.   

In addition, to genomic viral characterization, viral gene regulation is also an 

important aspect needed to understand this disease. In cell cultures undergoing a PHV-1 

infection, fluctuations in the abundance of glycoprotein D (glyD) and glycoprotein G 

(glyG) were tested, and it was shown that 16hrs post infection gene expression increases 

in these genes (Martina, 2003). However, a global PHV-1 gene expression assessment in 

its natural host may provide a better understanding of the disease. In addition, given that 

PHV-1 has previously been detected in the brain and that other members of the genus 

Varicellovirus establish latency in neuronal tissue, it is likely that PHV-1 also has a 

latent, replication, or reactivation state in neuronal tissue (Goldstein et al., 2005; 

Ledbetter et al., 2009).  Thus, it would be interesting to examine a PHV-1 infection in the 

host brain to detect transcriptional patterns that may be important for latency, replication, 

or reactivation of the virus.   

With the advancement of high-throughput sequencing (HTS), studies have used a 

non-targeted approach to characterize the genome and transcriptome of viruses like the 

anguillid herpesvirus and the elephant endotheliotropic herpesvirus (van Beurden et al., 

2012; Wilkie et al., 2013). In this study, we used HTS for deep sequencing of DNA and 

cDNA from the brain tissue of harbor seals with a natural PHV-1 infection to characterize 

PHV-1. Here, we describe a total of 68 ORFs in the UL and US segments of PHV-1. This 

research brings forth a new understanding of PHV-1 genomics, transcriptomics, and 

Varicellovirus evolutionary relationships.  
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4.3 Methods  

For this research, we apply a deep sequencing approach to evaluate the genome 

and transcriptome of PHV-1 from harbor seals that had a confirmed PHV-1 infection via 

PCR and meta-transcriptomic analysis (Rosales & Vega Thurber, 2015). The samples 

used for this research were necropsied frozen brain tissues that were collected by the 

Marine Mammal Center (MMC) in Sausalito, CA. All samples were collected from fresh 

carcasses from four neonatal harbor seals. One animal, seal 5, was used for genomic 

sequencing of PHV-1 because it had the highest load of a PHV-1 brain infection and the 

cause of death of this animal was directly attributed to PHV-1. For transcriptomic 

evaluations, all four animals were used.  

Unique long and unique short genome sequencing  

For DNA extractions, approximately 0.2g of brain tissue from sample seal 5 was 

homogenized. The homogenate was extracted with the power soil DNA isolation kit (MO 

BIO, CA). The DNA extraction was submitted to the Center of Genome Research and 

Biocomputing (CGRB) at Oregon State University for quality assessment on the Agilent 

Bioanalyzer 2100 and the Qubit fluorometer. The sample was then prepared for Illumina 

sequencing with the Nextera XT kit and sequenced on the Illumina HiSeq 3000 for high-

throughput sequencing of paired-end 150bp reads. 

Unique long and unique short genome assembly 
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Sequence data was filtered with fqtrim version 0.9.4 with options -D -R -B -y 10 -

q 30 -w -m -l 50 –T (Geo Pertea, 2015). Bowtie2 and the Leptonychotes weddellii 

genome (accession: PRJNA232772) were used to remove host reads using parameters –

mp 5, --un-conc, and –un (Langmead & Salzberg, 2012b). Reads were then processed 

with digital normalization (C. Titus Brown et al., 2012) . Only normalized paired-end 

reads were used for contig assembly using IDBA_UD with –pre_correction (Peng et al., 

2012). Contigs were examined taxonomically with BLASTn against the NCBI RefSeq 

database using and e-value of 10e-40 and sequences were filtered if they had similarities to 

non-viral reads. The remaining contigs were processed with SPAdes version 3.9.0 as –

trusted-contigs and input fastq sequences (-s) were singleton sequences from digital 

normalization (Bankevich et al., 2012).  

The canine herpesvirus -1 (CHV-1, accession: KT819633) is the closest 

phylogenetic relative to PHV-1, so contigs were mapped to CHV-1 with CONTIGuator 

2.7.5 using the options –b (BLASTn) –e 10e-3 –L 200 –B250 –a –C10 (Galardini et al., 

2011). These contigs were then iteratively processed with OPERA-LG v2.0.5 using 

default parameters and PriceTI with parameters 1 1 5 -nc 30 -dbmax 72 -mol 20 -tol 40 -

mpi 80 -target 90 2 1 1 (Gao, Sung & Nagarajan, 2011; Ruby, Bellare & DeRisi, 2013). 

Unique long and unique short genome characterization  

For ORF identifications the program Prodigal V2_60 with –m –p meta options 

was employed (Hyatt et al., 2010). Using EMBOSS einverted (score > 70) and etandem 

(score > 75), inverted repeats and tandem repeats were identify, respectively (Rice, 



 94 

Longden & Bleasby, 200AD). Using VirAmp, inexact repeats were found using the 

MUMer package version 3.23 (Wan et al., 2015). 

PHV-1 Transcriptome sequencing 

Four brain tissue samples from neonatal harbor seals that tested positive in the 

brain for PHV-1 were used for this study. RNA from brain tissue of the four harbor seals 

was extracted and sequenced on the Hi-Seq 2000 Illumina platform as previously 

published (Rosales & Vega Thurber, 2015).  

PHV-1 Transcriptome analysis  

Sequences were quality filtered with fqtrim and host sequences were removed 

with Bowtie2 and the Leptonychotes weddellii genome. The PHV-1 herpesvirus 

transcriptome was then assembled by combining the remaining paired-end sequences 

from the four libraries and running trinity 2.0.6 with parameters --jaccard_clip, --

normalize_reads, and --full_cleanup (Haas et al., 2013). The script trinity_reps.pl was 

used to select the longest transcript for each component or subcomponent in the 

transcriptome (https://goo.gl/EGq7I6). The longest assembled transcripts were annotated 

with the program Diamond with options BLASTx and evalue ≤10e-3 (Buchfink, Xie & 

Huson, 2014), against the viral UniProt database (downloaded 2016). Sequences that 

annotated as viral were mapped to PHV-1 genomic sequences with options 

CONTIGuator –b (BLASTn) –e 10e-3 –L 200 –B250 –a –C10. For transcriptome 

coverage across the PHV-1 genomic regions, Bowtie2 was used to align post- fqtrim 

RNA sequences to the PHV-1 US and UL regions. The data was then processed with 

genomeCoverageBed from Bed Tools, for count information (Quinlan & Hall, 2010).   
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Unique long and unique short genome phylogenetic analysis  

For tree building, PHV-1 sequences, CHV-1(accession: NC_030117, c45389-

41850), feline herpesvirus-1 ((FHV-1) accession: NC_013590, c52126-48488), and suid 

herpesvirus-1 ((SHV-1) accession: NC_006151 25512-28773) were aligned with 

MUSCLE version 3.8.31, and the tree was inferred with RAxML version 8.0.26 using 

1,000 boot straps (Edgar, 2004; Stamatakis, 2006).  

Sequence divergence within PHV-1, were assessed with simple sequence editor 

(SSE) version 1.2 using the sequence distance function. SSE was run to calculate pair-

wise distances with p-distance across all nucleotide sites in PHV-1 against FHV-1, SHV-

1, and CHV-1 (Simmonds, 2012). To analyze synteny between PHV-1 and CHV-1, 

simple synteny was used with settings evalue =0.001 BLASTn gapped, and 5% query 

cover (Veltri, Wight & Crouch, 2016).  

 

4.4 Results  

Deep sequencing of DNA for PHV-1 genome   

After quality control of DNA sequencing, there were 427,954,220 reads 

remaining and following bowtie2, 86.27% (150,803,296) of those sequences remained. 

Post digital normalization 16,997,706 singleton and 28,594,887 pair-end reads were 

identified. With paired-end reads, IDBA_UD assembly yielded 2,264,953 contigs. After 

BLASTn was used to filter non-viral sequences against the RefSeq database, 406,242 

contigs remained.  
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Next, the addition of the contigs and singleton reads, processed through SPAdes 

increased the number of contigs to 1,191,383. When these contigs were mapped against 

the CHV-1 genome, 8 contigs aligned and totaled 106.30kb, with the longest contig at 

46.3kb in length. Processing with OPERA reduced the data to 6 scaffolds with an N50 of 

26.67kb; the longest contig yielded 53.05kb with a total of 106.30kb. With these six 

scaffolds, PriceTI then produced two contigs, one 98.7kb in length and the other 10.3kb 

in length.  

Deep sequencing of RNA for PHV-1 transcriptome 

Transcriptome sequencing on the Hi-Seq 2000 resulted in paired-end 100bp reads 

with a mean number of 52,849,31 sequences. Removal of human and Leptonychotes 

weddellii sequences resulted in a total of 49,454,112 reads for de novo transcriptome 

assembly that yielded 217,559 transcripts. Viral transcripts were selected by comparing 

transcripts to the UniProt viral database and resulted in a total of 1,111 virus transcripts. 

From those sequences, 99 mapped to UL or US region.  

Genomic characteristic features of the UL and US region of PHV-1 

The total length of the combined contigs was 109kb with contig1 consisting of 

98.7kb and contig2 10.3kb. The combined GC content was 33.72 % and ~33% 

separately. Contig1 is representative of the UL region of PHV-1, including flanking 

TRL/IRL and inexact repeats (Table 4.1,4. 2,4. 3, and Fig 4.1 A). Contig2 illustrates the 

US region and flanking repeats (Fig 4.1B). The US region was previously sequenced and 

reported to be 9.6kb in length. The length of the Us segment (not including flanking 

repeat regions) in our study is 8.8 kb. In addition, when comparing our (10.3kb) sequence 
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to the previously published (9.6kb) US sequences they only show a shared sequence 

similarity of 92% (Martina, 2003). In the US region, one TRS was found at ~ 4kb region, 

two inexact repeats flanked the US regions and no inverted repeats were detected with our 

methods.  

Protein coding regions 

A total of 68 protein-coding regions were predicted, 60 found in the UL region, 

and 7 in US region (Fig 4.1 and Fig 4.2). The gene name, the function of the gene, and the 

ORF percent identity to the CHV-1 genome are listed in Table 4.4. All, ORFs had 

ancestor inheritance from the family Herpesviridae and all had sequences had homology 

to the CHV-1 genome (Papageorgiou et al., 2016). As with other members of the 

Herpesviridae family, the PHV-1 US region encodes genes for envelope glycoproteins 

and regulation genes, while the UL encodes genes for regulation, DNA synthesis, capsid 

and virion assembly, envelope glycoproteins, and other enzymes (Strauss & Strauss, 

2008).  

From our de novo transcriptome analysis 4 unique transcripts were assembled not 

found in our genome assembly or not detected by the ORF program. These four include 

infected cell protein 0, ICP4, US10 (CHV-1 homologue) and virion protein (VP) 67. 

From these contigs, only V67 aligned to contig2 and the other three transcripts are likely 

found within TRS/IRS and thus did not align to our contigs (Fig 4.1 B Fig 4.2B).  

Transcriptome coverage across phocine herpesvirus-1 

RNA from each sample was mapped to the UL and US region for transcriptome 

analysis. The highest number of sequences mapped to the UL region was to seal 5 with 
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458,331 and the fewest sequences aligned to seal6 with 430,386. In all samples, the 

majority of recruitment occurred along the flanking repeats of the UL region. With a 

coverage of up to 2,000X at about the 98,000bp position (Fig 4.3A Fig 4.4). Additionally, 

outside of the repetitive regions, all seals had the highest coverage at UL25, which codes 

for viron protein (VP) 22 (Table 4.4). For the US region, seal3 had the largest abundance 

of RNA recruitments at 26,383 sequences and seal6 had the least with only 779 RNA 

alignments. In the US region, the highest, recruitment of mRNA occurred at US4, which 

codes for gly G (Fig 4.3B). There was also high gene expression activity outside the US 

region in ORF Vp67. In all, the overall transcriptional patterns appear comparable across 

all samples in both segments of the DNA. 

Phylogenetic analysis 

A pairwise analysis of the UL and US region was conducted using SHV-1, FHV-1, 

and CHV-1 (Table 4.5, Fig 4.5 A and 4.B). In the UL region, the overall mean 

comparison was lowest for CHV-1 vs PHV-1 (mean= 0.72 SD= 0.02), and the highest 

overall pairwise comparison was for PHV-1 vs ShV-1 (mean= 0.79, SD= 0.02) (Table 

4.5). The maximum distance between PHV-1 vs CHV-1 occurs at position 3,636. At this 

position, the ORF CIRC is found in the PHV1 and UL36 (large tegument protein) of 

CHV-1. The minimum distance between PHV-1 and CHV-1 occurs at position 98,986 at 

the repetitive region. 

The minimum average comparison for the US region was also between PHV-1 vs 

CHV-1 (mean= 0.71, SD=0.03). The most distant comparison was again between SHV-1 

vs PHV-1 (mean =0.79, SD =0.02) (Table 4.5). For PHV1 vs CHV-1, the minimum 
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distance occurred at position 6,922 designated glycoprotein E on the PHV-1 genome and 

the maximum distance occurred at position 9,610, which is where ORF VP67 is found on 

the Us region (Fig 4.5 B).  

A phylogenetic tree analysis was conducted using the DNA polymerase gene. The 

tree also shows that CHV-1 is the closest relative to PHV-1. Also, it is apparent that a 

paraphyletic grouping is formed with FHV-1, CHV-1, and PHV-1, which all infect 

animals from the order carnivore. Given the close relationship between PHV-1 and CHV-

1, a synteny analysis was performed with PHV-1 predicted ORFs (Fig 4.6 A and B). All 

predicted ORFs from the UL region mapped to both genomes with three sets of gene 

clusters. For the US region, only one ORF did not map to the CHV-1 genome, US7.5, 

which also was not described in the previously published PHV-1 US region. The majority 

of the US genomic layout was similar in both CHV-1 and PHV-1 with the exception of 

the end regions. 

 

4.5 Discussion 

Genomic characteristics of the UL and US region of PHV-1 

 In this study, we apply a deep sequencing approach to describe, for the first time, 

the UL region of PHV-1 and further characterize the US region. Also, we examined the 

gene expression of PHV-1 in the brain of four neonatal harbor seals. During this 

investigation, we found two segments belonging to the PHV-1 genome, the UL segment 

(~ 98.8 kb) and US (~10kb). This mirrored the respective lengths of  CHV-1,  thus it is 

likely that the total length of PHV-1 is about the same length as CHV-1 at ~ 125kbs 
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(Papageorgiou et al., 2016). PHV-1 and CHV-1 also share a similar GC content, with a 

GC of 33.72% in PHV-1 and a GC content of 31.6% in CHV-1. CHV-1 is known to have 

the lowest CG content from Varicellovirus members, and our results suggest that PHV-1 

has the second lowest genome CG content in this genus. It is, however, likely that the 

average GC content of PHV-1 will change upon full sequencing of the PHV-1 genome.  

The genomic characteristic features of the US region, described in this study, is 

similar to the those formerly described, however there were some notable dissimilarities. 

For example, the size of our US contig is slightly smaller than the one previously 

published (Martina, 2003). In the prior report, the researchers used a cultured PHV-1 

strain for sequencing, while we used an environmental sample for our analysis. This 

discrepancy, in sample type, might explain the difference in sequence length and in the 

92% sequence similarity. 

Protein coding regions are similar to CHV-1  

In the CHV-1 genome, a total of 61 ORFs were characterized in the UL region. In 

the PHV-1 genome, we found a total of 60 ORFs, with all ORFs having a homologue to 

the CHV-1 UL genome segment (Papageorgiou et al., 2016). In our analysis, we did not 

find sequence similarities to the CHV-1 UL26.5 that codes for the capsid scaffold protein. 

It is possible that this might have resulted due to a missed call from the implemented 

ORF prediction program or an absence of this gene in PHV-1 UL. The homology between 

PHV-1 and CHV-1 is highlighted in our synteny analysis. All PHV-1 ORFs from the UL 

mapped to CHV-1 and there were three clusters of genes that grouped together in both 

genomes.  
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In the US sequence generated in this study, we found the same ORFs that were 

predicted in the current characterized PHV-1 US region. Although, in our predicted ORFs 

an additional variant of US7 was detected called US7.5, which likewise to US7 has a 

sequence similarity to glycoprotein I. Interestingly, in our synteny analysis against CHV-

1 the US showed high synteny, and all ORFs but in the US7.5 mapped back to CHV-1. 

This result may indicate a recently acquired ORF in PHV-1.  

We also used de novo assembly to try to characterize protein coding regions 

found in repetitive segments and/or missed by the ORF prediction program. Using this 

method, we detected four unique transcripts. All four segments prospectively belong to 

the TRS/IRS  that flank the US region (as seen in CHV-1). Thus since we did not sequence 

that portion of the genome only V67 ORF mapped to the edge of US. This also indicates 

that we extended the sequence of the already published US segment.  

The repetitive regions of PHV-1 show high transcriptional activity  

To evaluate transcriptional regulation, we mapped RNA reads back to the 

genomic DNA of PHV-1. The most notable results were the high abundance of activity in 

the repetitive areas flanking the UL and US regions. This trend has been seen in other 

herpesvirus types, such as  Kaposi’s Sarcoma-associated herpesvirus, where high activity 

occurs in the non-coding regions during lytic activity and not the latent state of infection 

(Chandriani, Xu & Ganem, 2010). In a more closely related virus, Herpes simplex virus-1 

(HSV-1) from the Alphaherpesvirinae subfamily, also shows high activity in genomic 

repeat regions in latent neuronal tissue (Harkness, Kader & DeLuca, 2014). The 

researchers from that study hypothesized that high transcriptional activity in the repetitive 
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regions in the HSV-1 genome is a result of latency or reactivation of the virus. In our 

previous research on these four harbor seals, we examined the host response to a PHV-1 

infection. We identified high DNA packaging transcriptome activity, which we suggested 

may have been a result of PHV-1 hijacking the host pathways and replicating in neuronal 

cells. Given this information, we believe that PHV-1 maybe undergoing replication or 

reactivation and that the repetitive regions play an important role in these activities.   

Following the repetitive regions, Vp22 showed the second highest transcriptional 

activity in all four animals. Vp22 has many important functional roles including 

intercellular trafficking, nuclear and chromatin associations, and interactions with 

microtubules (Elliott & O’Hare, 1998; Harms, S et al., 2000). In the Bovine herepesvirus-

1 (BHV-1), from the Varicellovirus genus, Vp22 mutants do not cause disease and are 

considered avirulent (Liang, Chow & Babiuk, 1997). The role of Vp22 during replication 

and latency is unknown, but our study shows that it may play an important role during the 

neuronal stage of infection, virion assembly, and/or packaging pathways.   

In the US region, the highest expressed transcript was glyG and this result was 

consistent across the four samples. In general, glycoproteins, such as glyD, are needed for 

entry and cell-to-cell spread (including into neuronal cells). However, in SHV-1 glyG is 

known as a “non-essential” glycoprotein, where a deletion of glyG does not affect the 

spread of the virus (Mettenleiter, 2003). This indicates that PHV-1 was already an 

established infection in the neuronal cells and that glyG may play a role after 

establishment into the cells. Similar to the PHV-1 UL, a virion protein was also highly 

expressed in the US region. The Vp67 gene showed high transcriptional activity in 3 out 
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of the 4 animals. The function of this Vp67 is not clear in the literature, but like Vp22 it 

may play an important role in virion assembly, and/or packaging pathways.  

The repetitive region shows the closest phylogenic relationship  

Past work has shown that the closest relative of PHV-1 is CHV-1. Studies have 

used one gene to explore this relationship, here we use a similar approach and show that 

the DNA polymerase gene of PHV-1 is more closely related to CHV-1 and FHV-1 

(Maness et al., 2011). In our study, we also apply a pairwise comparison approach to 

evaluate sequence similarity across PHV-1 UL and US region. Our data further supports 

the literature, and shows that PHV-1 and CHV-1 have a close phylogenetic relationship 

across the genome. The highest similarity between CHV-1 and PHV-1 occurred at the UL 

repetitive region. Recombination in herpesviruses often takes place at repetitive sites and 

is important for virus evolution (Umene, 1999). Due to the high homology of PHV-1 and 

CHV-1 at a site where genetic recombination can occur, we believe that this site might 

have been important for viral evolution in these viruses.  

 

4.6 Conclusions 

In conclusion, we applied a deep sequencing approach of DNA and cDNA for 

genomic characterization of the UL and US regions of PHV-1. Although the US region 

was previously characterized, this is the first environmental US sequence, which showed 

sequence divergence and a novel ORF. Also, we provide the first genomic layout of the 

UL sequence and showed that there is a high level of synteny with the CHV-1 genome. 

Our data also demonstrates that the repetitive regions of PHV-1 are highly active during 
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infection in neuronal tissue and may have implications in reactivation or replication of 

the virus. Finally, we further add to the evidence of the close phylogenetic relationship 

between CHV-1 and PHV-1, especially in a repetitive region.  
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4.7 Figured and tables  

 
Fig 4.1. Map of the PHV-1 genome of the UL (A) and (B) US. The light purple arrows show the ORFs 
across the genome. The green lines represent tandem repeats, the pink lines represent inverted repeats, and 
blue lines represent inexact repeats. The skewed GC content is plotted with magenta lines representing the 
GC content below the average and gold lines represent the GC content above the average. 
  

A
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Table 4.1.  Tandem repeats found along the UL and US segments.  

 
 
 
Table 4.2.  Inverted repeats found along the UL and US segments. 

 
 
 
Table 4.3. Inexact repeats found along the UL and US segments. 

 
 
  
  
  
  
  
 
 

!
Region' Start'' End' Strand' Score' Size'' Count'' Identity'' Consensus'sequence'

UL! 71938! 72177! +! 192! 48! 5! 100%! cagcctcccagactcccccgccagcagcgaccaggaacccgagaatat!

UL! 54142! 54333! +! 122! 48! 4! 94.3%! aggggaggttgaggtggatgttggctcagttgaggtgggcgacgggga!

UL! 98238! 98710! +! 98! 43! 11! 64.9%! aaataaaaatatatatatatatttttttttttttttttttttt!

UL! 71516! 71635! +! 84! 30! 4! 97.5%! gagcggacaaccgccacccaccagcccgct!

UL! 95749! 96324! +! 78! 12! 48! 57.8%! ataataataata!

US! 3599! 3897! +!! 236! 23! 13! 93.3%! atggtgtttcatggggcgctggg!

Region' Start1'' End1' Start2' End2' Score' Identity' Gaps'
UL# 20# 90# 679# 607# 91# 80# 2#
UL# 1285# 1327# 1423# 1381# 73# 81# 0#
UL# 577# 628# 1593# 1542# 100# 84# 0#
UL# 96163# 96347# 96642# 96453# 124# 71# 5#
UL# 98273# 98414# 98576# 98432# 131# 73# 3#
#

Region' Start1' End1' Start2' End2' length' Identity'
UL# 93# 301# 98027# 98235# 209# 99.5#
UL# 33513# 33586# 33643# 33716# 74# 100#
UL# 51797# 51914# 51863# 51980# 118# 100#
UL# 71986# 72181# 71938# 72133# 196# 100#
US# 1# 427# 9259# 8833# 427# 96.96#
#
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Fig 4.2. Synteny comparison between PHV-1 and the CHV-1 genome at US and UL regions. Protein coding 
regions or ORFs (represented by colored arrows) from PHV-1 aligned to the CHV-1 genome. The lines 
from the PHV-1 ORFs to the CHV-1 genome signify a sequence similarity between the two genomes.  
  

 A B
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Table 4.4. Designated gene names, coding proteins, and ORF percent identity to the CHV-1 genome in the 
PHV-1 UL and US segments.  

 

Gene$ Protein$$ Identity$(%)$
UL55$ tegument$protein$ 82.946$

UL54$ envelope$protein$ 83.756$

UL53$ major$capsid$protein$ 88.189$
UL53$ major$capsid$protein$ 88.208$

UL52$ capsid$triplex$subunit$2$ 90.159$

UL51$ DNA$packaging$terminase$subunit$1$ 87.113$

UL50$ DNA$packaging$tegument$protein$ 70.87$
UL49$ tegument$protein$ 83.149$

UL48$ DNA$packaging$terminase$subunit$1$ 80.466$

UL47$ tegument$protein$ 61.056$

UL46$ tegument$serine/threonine$protein$kinase$ 82.228$
UL45$ deoxyribonuclease$ 74.727$

UL44$ myristylated$tegument$protein$ 81.429$

UL43$ envelope$glycoprotein$M$ 76.019$

UL42$ DNA$replication$originJbinding$helicase$ 78.132$
UL41$ helicaseJprimase$subunit$ 72.859$

UL40$ tegument$protein$ 70.852$

UL39$ capsid$portal$protein$ 82.59$

UL38$ helicaseJprimase$helicase$subunit$ 85.386$
UL37$ nuclear$protein$ 78.5$

V57$ protein$V57$ 72.917$

UL36$ nuclear$protein$ 81.592$

UL35$ uracilJDNA$glycosylase$ 73.646$
UL34$ envelope$glycoprotein$L$ 58.278$

RL2$ ubiquitin$E3$ligase$ICP0$ 50.44$

UL33$ membrane$protein$ 39.394$

CIRC$ myristylated$tegument$protein$CIRC$ 59.74$
UL32$ nuclear$protein$ 73.118$

UL31$ multifunctional$expression$regulator$ 72.622$

UL30$ envelope$glycoprotein$K$ 79.941$

UL29$ helicaseJprimase$primase$subunit$ 72.019$
UL28$ tegument$protein$ 84.393$

UL27$ deoxyuridine$triphosphatase$ 61.905$

UL26$ tegument$protein$VP22$ 70.48$

UL25$ transactivating$tegument$protein$ 81.235$
UL24$ tegument$protein$VP13/14$ 71.36$

UL23$ Tegument$protein$VP11/12$ 70.308$
UL22$ membrane$protein$ 59.659$
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Fig 4.3. Transcriptome coverage across the PHV-1 genomic regions UL (A) and (B) US in four harbor seal 
samples. The counts for UL are plotted in log10 transformation and US is plotted in absolute counts. 
Forward (+) and reverse (-) strand coverage information are plotted separately.  

A
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Table4.5. Details from sequence divergence analysis.   

 
  

! CHV1%v%PHV1 FHV1%v%PHV1 SHV1%v%PHV1 
Minimum 0.626506%%

at%X%=%6922 
0.6927711%
%at%X%=%8890 

0.71875%%
at%X%=%9898 

Maximum 0.8012048%%
at%X%=%9610 

0.9%%
at%X%=%10522 

0.8493976%%
at%X%=%6730 
!

Mean 0.7101798 0.7458128 0.7895491 
Standard%deviation 0.03122643 0.02200687 0.02423372 
!
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Fig 4.4. Pairwise distance divergence across genomes from the Varicellovirus genus for UL (A) and (B) US 
regions. Nucleotide sequence divergence between PHV-1, canine herpesvirus-1 (CHV-1), suid herpesvirus-
1 (SHV-1), and feline herpesvirus-1 (FHV-1).  
 
 
 
 
 
 
  

A                                                B



 112 

 

 
Fig 4.5. Phylogenetic analysis of members of the genus Varicellovirus using the DNA polymerase gene. A 
maximum likelihood tree was applied with 1,000 bootstraps.  
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Chapter 5 
Discussion for omics to evaluate harbor seal disease 

 

5.1 Project development 

Marine mammals belong to a group of protected species, which makes it difficult 

to conduct experiments and evaluate diseases in these animals. The advancement in 

technology and reduced price of HTS is making it easier to evaluate diseases of non-

model organisms. This development has propagated a number of studies that apply HTS 

to marine mammals and wildlife species. For example, a recent review highlights the 

contributions of HTS to marine mammal research and notes that the field has advanced in 

phylogenomics, comparative genomics, and understanding population structure and 

fitness (Cammen et al., 2016). However, few studies have tried to evaluate the causes of 

marine mammal mortalities with HTS technology. In spite of the significant threats that 

diseases pose to marine mammal populations that may lead to food chain instability in 

our oceans (Estes, 1998). 

In this dissertation, I used HTS to examine harbor seals that died from an 

unknown etiology and known diseases. Upon starting this research, my focus was geared 

towards exploring novel viruses in marine systems. I was especially interested in 

identifying viruses in marine mammals, because of their apex status and influence on 

trophic cascades. Specifically, I planned to examine neurotropic viral content in marine 

mammals. The use of shotgun sequencing for the exploration of neurotropic viruses has 

never been attempted in these animals and is even uncommon in model organisms 
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(Naccache et al., 2015; Strong et al., 2016). This is likely because the brain is considered 

immunologically privileged with little or no microbial content (Muldoon et al., 2013).  

Challenges involved in sample collection 

One of the initial challenges of my dissertation project was collecting samples that 

fit my interests and that worked in an experimental format. This included a group of 

marine mammals that died from an unknown neurotropic virus disease. In addition, I 

wanted to use tissue samples that were preserved by freezing. To find these samples, I 

had to contact stranding networks around the country and request samples with those 

criteria. Early on, it became evident that brain tissue was an organ that was not 

commonly collected or if collected the tissue were often preserved by formalin fixation 

and paraffin embedding methods. Another difficulty was the lack of accessibility to 

necropsy reports and stranding network databases. This was a limiting factor to search for 

cases and I had to rely on marine mammal coordinators to look for suitable case studies. 

Thus it is possible that a more appropriate dataset exists and may have been found if I 

had access to more information.  

The National Marine Fisheries Services and the National Institute of Standard and 

Technology has a very useful program that addressed many of the difficulties that I 

experienced, called the National Marine Mammal Tissue Bank (NMMTB, 

https://mmhsrp.nmfs.noaa.gov/tissbk/jsp/mmtb_tissue_public_query.jsp). This is a 

cryogenic banking facility with standardized protocols to collect and store marine 

mammal samples. Unfortunately, the NMMTB does not store brain tissue samples, so my 

best alternative was relying on stranding network personnel to find cases for my study. 
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With the generous help of the Marine Mammal Center (MMC) in California, I was able 

to gather a cohort of frozen brain tissue samples from seven harbor seals that appeared to 

have died from the same viral disease. We thus referred to these animals as “unknown 

cause of death” (UCD), given their unknown etiology. In the future, this process of 

sample procurement may be streamlined if stranding networks were to develop a website 

like the NMMTB. This would allow researchers to access meta-data of archived tissue 

samples, leading to more effective research projects.  

Rationale for developing and applying meta-transcriptomics  

For my second chapter, I aimed to identify potential virus pathogens and 

opportunistic bacteria involved in the mortality of the seven neonatal harbor seals. To do 

this, I applied meta-transcriptomics, which is a powerful technique that provides 

information about the gene content of a community and in turn, the function of 

community members can be evaluated. The use of meta-transcriptomics has rarely been 

applied to understand a disease and this technique has never been used on marine 

mammals.  

Meta-transcriptomics was a notable application to evaluate this brain disease, 

because from one sequencing run, I could simultaneously examine the gene content of 

DNA/RNA viruses and bacteria pathogens as well as the host. At the start of my Ph.D. I 

was unfamiliar with this method or idea, so I developed much of the laboratory protocols 

independently. The rationale for the development of this protocol was that I aimed to find 

the etiological virus agent of this mortality event, but I sought to reduce biases that I 

observed in other virus preparation protocols. Some of the biases included (1) protocols 
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that only targeted either DNA or RNA viruses, (2) ultracentrifugation protocols, which 

only observe viruses with certain densities (3) the application of multiple displacement 

amplification (MDA) which biases towards circular genomes and remains controversial 

in the literature for metagenomics applications (4) biases from random primer 

amplifications that arise from PCR and (5) filtration of viruses through a 0.02µm filter, 

which can remove large viruses (Kim & Bae, 2011; Kleiner, Hooper & Duerkop, 2015).  

Thus, I developed a novel method to eliminate many of these issues. My approach 

removed the need for any amplification methods (e.g., MDA and PCR) and any virus 

enrichment protocols (e.g., ultracentrifugation or size fractioning). In addition, to 

addressing these concerns I wanted to use a protocol that would increase the likelihood of 

obtaining interesting data. For instance, while UCD samples appeared to have a viral 

infection it was possible that a virus did not kill these harbor seals or that I would not find 

any viruses in an organ like the brain. By using meta-transcriptomics, I could also 

evaluate other microbes and the host gene responses to further evaluate this disease.    

Rationale for using non-conventional control samples 

In addition to protocol development in the lab, I also sought to examine if the 

pathogens identified in UCD animals were actually significant. The protected status of 

marine mammals makes it difficult to conduct controlled experimental designs. 

Therefore, instead of using conventional control samples, I used harbor seal brain tissue 

samples from animals that died from known diseases as “comparative” samples. Thus if a 

pathogen is present or highly abundant in UCDs compared to comparative samples then it 
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suggests that the identified pathogen was important to the health status of UCD harbor 

seals.   

5.2 Chapter 2 discussion  

Summary of meta-transcriptomics study 

Using meta-transcriptomics and the comparative approach for disease 

identification in the brains of UCDs, I determined that viruses were not involved in the 

death of UCD animals. I was not able to identify viral sequences in UCDs, but 

importantly in comparative brain tissue samples a PhV-1 infection was identified using 

my method. This suggested that the method and analysis were appropriate for virus 

diagnosis. In addition, in my second chapter, I identified a group of Burkholderia cepacia 

complex (BCC) clade-1 bacteria found at significantly high abundances in UCD animals. 

While Burkholderia was previously found in the brains of marine mammals, BCC has 

never been reported (Lau et al., 2014). BCC is an especially, important pathogen because 

it is known to be an opportunist and a zoonotic threat to those who are 

immunocompromised. Therefore this bacteria pathogen may have especially important 

implications for stressed neonatal marine mammals (Schwab et al., 2014).  

Additionally, in this study, I identified the presence of Coxiella burnetii in the 

brain tissue of one UCD harbor seal. This finding was significant since this pathogen 

represented ~94% of the microbiome in sample UCD6. This C. burnetii is a known 

marine mammal pathogen in pinnipeds, but was previously only detected in the placenta 

and associated with placentitis (Kersh et al., 2010). In my study, I identified upregulated 

gene expressions of C. burnetii, which provided evidence that this was an active 
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infection. Also, in this analysis, I found high transcriptional activity in non-coding 

regions, which may be important in the pathogenesis of C. burnetii, and may also occur 

during human and other animal C. burnetii infections. The discovery of C. burnetii in the 

brains of harbor seals raises questions about the mode of transmission to the brain and the 

signs of disease that this intracellular pathogen may manifest during an infection of the 

brain.  

In summary, meta-transcriptomics and using non-conventional control samples 

yielded interesting results that may be applied for microbiome and virome studies in 

other non-model organisms. The results from this study enhanced our knowledge of 

opportunistic neurotropic bacteria pathogens that may plague neonatal harbor seals. Both 

C. burnetti and BCC have implications for the health of marine mammals, but also 

human health since these are both zoonotic pathogens. 

Future considerations for using meta-transcriptomics   

Chapter 2, was accompanied with complications that I would like to discuss here 

for future considerations and experimental designs. During sample processing and 

protocol development I stated that I eliminated many of the concerns I had with known 

virus isolation preparation methods. However, with the development of my protocol 

some concerns also became evident. In my protocol, I removed the high abundance of 

host rRNA that results from RNA extractions, which would otherwise dominate the 

cDNA sequencing run. Thus I used an rRNA removal kit (Ribo-zero), which some 

studies have suggested may cause sequencing biases across the viral genome. However, 

other studies disagree with those findings and do not find sequencing biases introduced 
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by rRNA removal procedures (Rosseel et al., 2015; Briese et al., 2015). Based on these 

conflicting findings, biases introduced by rRNA removal procedures should at least be 

considered during viral analysis if this technique is applied. 

For the bioinformatics portion of chapter 2, some of my initial complications were 

derived from a large number of host sequences comprising the cDNA libraries. Removal 

of host sequences was difficult since the harbor seal genome is not sequenced. Instead, I 

used a close relative, the Weddell seal genome, which removed ~ 80% of sequence reads 

from the data, but some residual host data remained. This, in turn, made it difficult to 

construct bacteria and virus contigs. Therefore, instead of using contigs I analyzed the 

data using short 100bp reads. Reads at that size can be difficult for bioinformatics 

programs to taxonomically resolve, especially at lower taxonomic levels.  

However, I used two independent bioinformatics pipelines which derived similar 

conclusions. I used BLASTn and pathoscope, pathoscope uses bowtie2 to conduct 

alignments across a database of genomes (Francis et al., 2013). In my pathoscope 

analysis, I used the RefSeq virus database, the RefSeq bacteria database, and the Weddell 

seal and human genomes. Sequences aligned against the best match and abundance 

measurements were produced and normalized to the genome by pathoscope. Here, I 

identified similar microbiome patterns with BLASTn and pathoscope including the 

importance of both Burkholderia and C. burnetti in UCDs.  

5.3 Chapter 3 discussion  

Summary of transcriptomic analysis  
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While the meta-transcriptomic analysis characterized the virome and microbiome 

of UCD animals the cause of death of these animals remained unknown. In chapter three, 

I further evaluated the cause of death of the seven UDC harbor seals to examine the 

alternative hypothesis of UCD deaths, which included: (1) hypoxia (2) lack of proper 

nutrients and (3) a toxin. In addition, I sought to verify that UCD animals were not 

infected by viruses that perhaps were not detected by my methods. To do this, I applied 

transcriptomics analysis to identify the gene response of the hosts at the time of death. 

We again applied a comparative approach, but for this analysis, we only compared UCDs 

to harbor seals that had a known PhV-1 infection (N=4). Consequently, we also 

characterized the gene response of harbor seals undergoing a PhV-1 infection in the 

brain. This was the first study to use transcriptomics in marine mammals to try to 

evaluate an unknown disease and to assess the global gene response to a virus infection.  

Upon transcriptome analysis, we were able to verify that UCD animals were not 

suffering from a virus infection since there were no host gene expression to combat a 

virus attack. This result was further corroborated by PhV-1 infected animals, which 

showed gene expression repertoires of animals experiencing a virus infection. Instead in 

UCD animals, I identified enriched gene expression of fatty acid metabolic related genes. 

Marine mammal fatty acid metabolic deficiencies have been reported in dolphin 

stranding events, but they are usually related to hepatic diseases (Jaber et al., 2004). The 

association of necrosis in the brain and high fatty acid metabolic gene expression has 

never been reported in marine mammals. The actual cause of increased fatty acid gene 

production in the brains of UCDs is still unknown. However, toxin exposure and nutrient 
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depletion are possible factors, since previous reports have found an association of fatty 

acid metabolism with toxic compounds and nutrient deficiencies. Notably, these were 

also factors that the veterinarians hypothesized could have caused the death of these 

animals.  

In general, metabolic diseases are not reported as having a large impact on the 

health of marine mammals. In a recent review of marine mammal health, metabolic 

diseases in combination with congenital diseases only made up only 1.1% of marine 

mammal deaths from 1972-2012 (Simeone et al., 2015). Thus, UCD harbor seals belong 

to a small percentage of disease cases. However, it is also possible that many metabolic 

diseases go undescribed because they may be more difficult to detect. This promotes the 

use of transcriptomics for disease characterization in marine mammals since it is an 

unbiased method to detect rare diseases by examining the host responses during a 

mortality event. In addition, an interesting finding in our data was the correlation between 

fatty acids and Burkholderia transcripts. This finding suggests that Burkholderia may 

become an opportunistic pathogen during an increase in fatty acids or instead 

Burkholderia may promote an increase in fatty acids in its host.  

As noted, in this study I also evaluated the transcriptome of harbor seals 

experiencing a PhV-1 infection in the brain. Some studies have characterized immune 

responses upon a PhV-1 infection, but the global host response has never been 

characterized. Here, I identified a global host immune response and other host gene 

expressions patterns associated with a virus infection in the brain. Although, this data was 

not a time-series dataset, the results showed two different stages of immune responses, 
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the innate and adaptive. Other interesting gene categories described were DNA packaging 

and exocytosis pathways, which suggest that PhV-1 successfully hijacked the cellular 

pathways during these infections.  

Prior to this research, there was limited information about how PhV-1 affects host 

genes during infection. This research provides new avenues for vaccine development as 

well as treatment. PhV-1 has been a significant problem for marine mammal 

rehabilitation and rescue centers, therefore improved treatment and vaccination for PhV-1 

can drastically improve management and recovery. Attempts to develop a vaccine against 

PhV-1 has previously been researched using glycoprotein B (glyB) and glycoprotein D 

(glyD) (Martina et al., 2003). In that study, glyD induced a strong increase in T-cell 

proliferation but had no effect on antibody response in harbor seals. For glyB, there was 

no increase in both T-cell and antibody responses. While glyD proved to be a promising 

source for vaccine development, there may be alternative PhV-1 antigens that will 

promote better protection since in our data we identified both T-cell and antibody 

responses.  

Complexities in disease  

For chapter 3, I utilized the same sequencing data from chapter two, but I applied 

a host transcriptome bioinformatics pipeline. This exemplifies the utility of using deep 

sequencing of cDNA for disease discovery, since I was able to explore virus, bacteria, 

and host genes simultaneously and avoid biases from different sample preparations.  In 

addition, by analyzing these three components, it became evident the complexities and 

dynamics of diseases.  



 123 

For instance, while the microbiome data showed the presence of bacteria in UCD 

samples, especially in UCD6 with ~94% of the microbiome consisting of C. burnetii, the 

host did not show any gene expression profiles that signified a bacterial infection. These 

type of results are difficult to tease apart in our data and is a limitation of this approach. 

However, conducting both a microbiome and transcriptome analysis showed the value of 

evaluating multiple aspects of a disease to deduce better conclusions.  

 

5.4 Chapter 4 discussion  

Summary of PhV-1 metagenomics  

For chapter 4, I aimed to characterize the PhV-1 genome and transcriptome. We 

used deep sequencing of a DNA metagenome to sequence the PhV-1(unique long) UL 

and (unique short) US genome segments. For the transcriptome, we further exploited the 

same cDNA sequencing data from the previous two chapters. Again, this showed the 

utility and diversity of generating data for meta-transcriptomics. In this study, we found 

68 open reading frames (ORFs), most of which have never been sequenced in the PhV-1 

genome. The PhV-1 genome showed a close relationship with the canine herpesvirus-1 

(CHV-1) in terms of ORF homology, gene synteny, and phylogenetic relationship.  

Summary of PhV-1l transcriptomics 

The PhV-1 transcriptome was evaluated during infection in neuronal tissue. The 

four PhV-1 transcriptomes evaluated showed high activity in repetitive regions of the 

virus. This pattern may be indicative of latency, reactivation, or pathogenesis in the brain. 
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Since the PhV-1 transcriptome data only represents one data point the state of the virus 

replication cycle is unclear. However, if the harbor seal virus-response is considered it 

appears that the PhV-1 transcriptome profile characterized belongs to an active virus 

infection (Fig 3.3 and Fig 3.4). This is because in the host transcriptome, we identified 

host immune responses to viral antigens and significantly expressed genes involved in 

DNA packaging pathways that were assumed to have been hijacked by PhV-1 (Fig 3.2 

and Fig 3.3). Given this active gene response from the host, PhV-1 was likely undergoing 

active replication or reactivation.  

PhV-1 shows low RNA coverage  

 In addition, besides within the repetitive regions, RNA coverage appeared low 

across the genome (≤ 11X). It is unclear if this pattern is due to sample preparation (e.g. 

rRNA removal step, or a deep sequencing approach) or a natural phenomenon. Although, 

we believe it is probable that gene activity was truly low across the genome since in 

chapter 2, we used ddPCR to quantify the glyD gene of PhV-1 and we found a maximum 

of < 8 copies/µl of glyD in the samples. Thus these results are consistent with the low 

numbers identified in the viral transcriptome analysis (S2.1 Fig). 

Importance of evaluating both viral and host transcriptomes  

In this last chapter, the importance of examining both the pathogen and host-

responses helps to elucidate these two data analysis. In the future a larger data set of 

harbor seals experiencing a virus infection may bring forth a clearer pattern that could not 

be established with an N=4. Finally, these data promote the use of deep sequencing 
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approaches to understanding and working with non-model organisms for disease 

characterization.  

 

5.5 Conclusion 

In this dissertation, I applied various omic bioinformatics pipelines to understand 

diseases in harbor seals. I used meta-transcriptomics to describe the members present and 

the function of the virome and microbiome of harbor seal brains. I then use this same data 

set to describe the function of significant taxa (C. burnetii, and Burkholderia) to 

determine their pathogenesis. In addition, I utilized metagenomics, and genomics to 

characterize the PhV-1 genome and viral-transcriptomics to assess its function in 

neuronal tissue. Finally, I applied host-transcriptomics to evaluate the host response 

during a disease state. The techniques and analysis used for this dissertation have proved 

to be useful for marine mammal disease investigations and can be extrapolated to other 

protected species or non-model organisms.   
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