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ABSTRACT 

 

A CIRCUITOUS JOURNEY OF VIRUS CHARACTERIZATION AND SURVEILLANCE IN NORTH 

AND CENTRAL AMERICA. 

 

The burden of ticks and the pathogens they carry is increasing worldwide. Powassan virus 

(POWV, Flaviviridae: Flavivirus), the only known North American tick-borne flavivirus, is of particular 

concern due to rising cases and the severe morbidity of human disease. In this dissertation we evaluated 

the recent emergence of POWV from a culmination of field (chapter 2), in vitro (chapter 3), and in-vivo 

(chapter 4) studies. In addition, we determined the applicability of a vector-enabled surveillance method 

(xenosurveillance) in Central America (chapter 5). 

We first used a genetic approach to evaluate the emergence of lineage II POWV, known as deer 

tick virus (DTV), in parts of North America where human cases occur. We detected DTV-positive ticks 

from eight of twenty locations in the northeastern United States with an average infection rate of 1.4%. 

High-depth whole genome sequencing of eighty-four new and archival POWV and DTV samples allowed 

us to assess geographic and temporal phylodynamics. We observed both stable infection in the 

northeastern United States and patterns of geographic dispersal within and between regions. Bayesian 

skyline analysis demonstrated DTV population expansion over the last fifty years. This is concordant with 

the documented expansion of Ixodes scapularis tick populations and suggests increasing risk of human 

exposure as the vector spreads. Finally, we isolated sixteen novel viruses in cell culture and demonstrated 

limited genetic change after passage, a valuable resource for future studies investigating this emerging 

virus. We then assessed in vitro phenotypes of POWV on human neuronal cells using 16 genetically 

diverse isolates obtained from a broad geographic and temporal range. We determined over a 10,000-fold 

range in peak viral titer and significantly decreased cell mortality for two Midwest DTV isolates, though 

no clear correlation between in vitro phenotype and geo-temporal characteristics could be made. We then 
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performed whole genome sequencing of virus post neuronal cell passage to identify potential residues of 

interest. Again, no residues could be linked to phenotype, though several interesting residues with 

increased frequency post-neuronal cell culture were identified.  

Based on the significant in vitro diversity observed, we sought to assess pathogenesis and tick 

transmission phenotypes between isolates. We noted neurological disease in mice in both lineages of 

POWV, with potential low-virulence strains derived from coastal New York. Additionally, we observed 

an early neuroinvasion phenotype for a Midwest DTV isolate. The ability to infect I. scapularis ticks was 

determined by feeding on infected host mice (viremic) and through an artificial infection method. 

Surprisingly, infection rates in ticks via viremic or artificial infection remained consistent between all five 

isolates tested, resulting in 12-20% infection rate. Taken together, these data demonstrate potential 

genotype-independent ability to infect ticks and conversely, strain-dependent differences in pathogenesis.  

In chapter 5, we evaluated a vector-enabled surveillance method (‘xenosurveillance’) in rural 

Guatemala. Surveillance methods that permit rapid detection of circulating pathogens are desperately 

needed. Xenosurveillance is a novel surveillance approach that takes advantage of mosquito feeding 

behavior to identify blood-borne pathogens that may be circulating in human and animal hosts. This 

approach circumvents invasive blood sampling of individuals and results in an abundant sample source 

derived from both humans and animals. In this study, twenty households from two villages (Los 

Encuentros and Chiquirines) in rural, southwest Guatemala were enrolled and underwent weekly 

prospective surveillance for 16 weeks. When febrile illness was reported in a household, recently blood-

fed mosquitoes were collected from within dwellings and blood samples taken from each member of the 

household. Mosquitoes were identified to species and blood sources identified by sequencing. Shotgun 

metagenomic sequencing was used to identify circulating viruses. Culex pipiens (60.9%) and Aedes 

aegypti (18.6%) were the most abundant mosquitoes collected. Bloodmeal sources were most commonly 

human (32.6%) and chicken (31.6%), with various other mammal and avian hosts detected. Several 

mosquito-specific viruses were detected, including Culex orthophasma virus. Human pathogens were not 
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detected. While more intensive sampling may be needed to detect human pathogens, sampling mosquitoes 

that feed on humans and domestic animals may prove valuable for monitoring pathogens with zoonotic 

potential. 
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Figure 1.1. Reported cases on ArboNet in the United States 2009-2021. Human cases of 
POWV have been reported with increased frequency in the years since DTV was first reported 
in I. scapularis. Increased recognition, prevalence, and tick populations are all suspected to 
play a role. 
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CHAPTER 1: LITERATURE REVIEW 
 
 
 
1.1 History of Powassan virus 

In 1958, a 5-year-old boy died of severe encephalitis in Powassan, Ontario, Canada with 

unknown cause. The cause was attributed to a group B arbovirus serologically related to Russian spring-

summer virus, a subtype of tick-borne encephalitis virus (TBEV)1. The isolated virus was named 

‘Powassan virus’ (POWV), and became the first and only North America member of the TBE antigenic 

complex: antigenically-related tick-borne viruses within the genus Flavivirus2. In the years following, 

extensive field and serological surveys were conducted in the area and uncovered neutralizing antibodies 

from humans and rodents3,4. POWV was also identified in Dermecenter andersoni ticks collected in 1952 

in northern Colorado, providing evidence that this virus is indeed transmitted by ticks5. The complete 

viral genome was published in 1993, which confirmed the placement of POWV in the TBE complex, 

although it was identified as the most distantly related of the group6. To date, POWV is the only known 

tick-borne flavivirus in North America. 
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In the 1970s, POWV was isolated from Haemaphysalis and Dermacentor ticks collected from the 

Primorsky Krai region in eastern Russia. Since then, positive serology and/or virus isolation from 

humans, voles, and ticks, as well as confirmed cases in humans are evidence of the endemicity of POWV 

in Russia7. However, the role of these tick and rodent vectors in maintaining virus transmission has not 

been described. Russian isolates have high sequence identity to each other and to Canadian strains of 

POWV (99.8%)6,7, evidence for the introduction of POWV from Canada to Russia. Mandl et al. proposed 

POWV was likely introduced to Russia via mink exportation in the 20th century6.  

 In 1997, Telford et al. identified a subtype of POWV in Ixodes scapularis ticks referred to as 

‘deer tick virus’ (DTV)8. Prior to this, approximately 20 cases of POWV had been reported in North 

America. While DTV is serologically indistinguishable from POWV, nucleotide sequencing of the virus 

determined DTV to be a genetically distinct sublineage8,9. Thus, canonical POWV was designated as 

lineage I and DTV as lineage II. For the remainder of this dissertation, ‘POWV’ refers to both virus 

lineages unless specially indicated as ‘lineage I’, whereas ‘DTV’ refers solely to lineage II virus.  

The identification of DTV in an aggressive human-biting vector that is increasing in range and 

density10,11 has significant implications for disease in humans. Moreover, confirmed DTV infections in 

patients with severe neurological disease demonstrated the virus had similar pathogenicity to lineage I 

virus12. In the United States, cases have increased from 0.9 cases per year (1958-2007) to 16.7 cases per 

year (2008-2021)13,14 (Figure 1.1). While this increase may be in part due to improved diagnostic ability, 

serological evidence in deer15, reports of high infection rates in ticks16–18, and human cases and DTV-

infected ticks identified in states with no prior history14,17,19,20 provide evidence of increasing POWV 

prevalence. Numerous studies have reported on the expanded range and density of ticks and the pathogens 

they carry in North America10,11,21. Therefore, DTV is an emerging virus of medical importance. 

 

1.2 POWV through the TBEV lens 

 POWV is the only North American member of the tick-borne encephalitis (TBE) complex (Fig 

1.2). The TBE complex is composed of viruses which are antigenically related (indicated by serological 
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cross-reactivity) and transmitted between tick and mammal hosts. Tick-borne encephalitis virus (TBEV) 

is the most widely studied of the TBE complex viruses, with over 10,000 clinical human cases reported 

annually22. Current observations of TBEV transmission and disease underscore the importance of 

studying the molecular and phenotypic epidemiology of POWV and provide context to the hypothesis 

presented in this dissertation.  

TBEV is widely distributed across Europe and Asia (Fig 1.2). Several forms of TBEV disease 

have been characterized: febrile, meningeal, meningoencephalitic, poliomyelitic, polyradiculoneuritic, 

and chronic. The meningeal form of disease is most common, causing headaches, nausea, and 

photophobia in patients for one to two weeks. However, a large portion of TBEV infections are likely 

asymptomatic22,23. The three main subtypes of TBEV are associated with location and disease severity. 

The European subtype (TBEV-EU) is characterized by biphasic disease with fever in the first phase and 

generally mild neurological disorders in the second phase resulting in a case fatality rate (CFR) of 1-2%. 

The Siberian subtype (TBEV-SIB) can cause severe febrile disease with a CFR of 6-8%. Chronic 

infections have also been linked to this subtype. The far eastern subtype (TBEV-FE), also known as 

Russian spring-summer virus, is the most severe subtype of TBEV and is found in far-eastern Russia and 

Asia. Patients infected with this subtype often develop meningoencephalitis characterized by severe 

neurological disorders including epilepsy, cognitive disorders, paralysis, and coma. TBEV-FE disease can 

cause permanent damage to the brain and spinal cord, and result in death for 20-30% of patients23–25. 

TBEV has been isolated from over 15 different tick species including Dermacentor, Ixodes, and 

Haemaphysalis species and many small to medium sized rodents, particularly voles23,26. Potential 

associations have been identified between disease severity and tick vector and vertebrate host species in 

the Far-East. Mild disease was observed with human TBEV-FE infections when Haemaphysalis concinna 

was the predominant local species, as opposed to the more commonly associated Ixodes persulcatus tick. 

When H. concinna and I. persulcatus were co-prevalent, both mild and severe disease in humans was 

observed. In addition, low-virulence strains were shown to be associated with the common vole (Microtus 

arvalis)23. Associations between pathogenicity and vector species have similarly been demonstrated for 
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Figure 1.2. Known geographic distribution of TBE complex viruses pathogenic in humans. Tick-
borne flaviviruses are widely distributed in Europe and Asia. POWV is the only known tick-borne 
flavivirus in North America. POWV = Powassan, DTV = deer tick, LIV = louping ill, TBEV-
EU/SIB/FE = tick borne encephalitis European/Siberian/far eastern subtypes, OHFV = Omsk 
hemorrhagic fever, KSIV = Karshi, KFDV = Kyanasaur forest disease, LGTV = Langat (Figure created 
using Mapchart.net) 

mosquito-borne viruses27. These observations highlight the role vertebrate and arthropod hosts may play 

in shaping disease potential in humans. 

 

 

 

 

 

 

 

 

 

 

 

 

1.3 POWV disease in humans.  

POWV is transmitted to humans through the bite of an infected Ixodes tick, with most cases 

occurring during peak tick season in the summer and fall25. Disease in humans is most frequently reported 

in Massachusetts, Minnesota, Wisconsin, and New York14. The number of reported cases has been 

increasing over the past decade with human infections detected in states with no prior history of 

disease14,20 In the past few years, cases have been reported in Ohio, Virginia, North Dakota, and Quebec 

(Fig 1.1 and 1.3).  While TBEV causes over 10,000 human cases every year22, cases of POWV remain 

rare, with less than 40 reported annually. Despite their antigenic relationship, similar neurological 

pathogenicity in humans, and comparable prevalence in tick populations (0.1-5%)28, the reason for the 

vast difference in disease burden is unknown and may be attributed to strain-dependent factors.  

POWV infection can lead to severe disease, resulting in permanent neurological disorders in 50% 

and death in 11% of reported cases13,29. Symptoms arise one to five weeks after exposure and include 
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fever, sore throat, drowsiness, and disorientation30. In severe cases, infection can develop into 

neurological disease, such as encephalitis and meningitis. In these cases, symptoms include seizures, 

vomiting, and neurological deficits such as slow speech and paralysis30,31 which can be prolonged or 

permanent. A review of 99 cases reported from 2006 to 2016 found 90% to be neuroinvasive: 72% 

presented with encephalitis, 16% with meningitis, and 2% with other neurological disorders. All non-

neuroinvasive cases presented with febrile illness. 11% of patients succumbed to the disease, all of whom 

presented with neuroinvasive disease29. In some cases, patients of severe disease develop long-term 

sequelae such as partial paralysis30,31 headaches, impaired motor function, incoordination, memory loss, 

and impaired cognitive abilities31,32. A follow up of fourteen cases in New York between 2002 and 2012 

found five patients had died within a year of hospital discharge, all of whom were over 6032.  

Although both POWV and DTV can cause severe neurological disease in humans12, they are 

serologically indistinguishable9, making it difficult to identify the causative genotype for many human 

patients. DTV is suspected to be the major cause of human disease in the U.S. as I. scapularis are more 

likely to bite humans than the enzootic tick vectors associated with lineage I POWV. With increased 

sequencing of recent human samples, DTV is nearly always identified as the causative genotype; 

however, these descriptions have been mainly from cases in New York and Massachusetts, states with 

dense populations of DTV-associated deer ticks12,32–36. Thus, the major source of human disease in other 

parts of the U.S. has not been confirmed. 

Serological studies suggest that there are likely many asymptomatic or undiagnosed infections. 

After discovering POWV in 1958, McLean et al. conducted serological surveys in humans and animals in 

the regions surrounding Powassan, Ontario. In surveying a total of 1008 healthy residents of Northern 

Ontario, 11 (1.1%) had POWV neutralizing antibodies; however, seropositivity was only identified near 

Powassan and Manitoulin Island and not broader Ontario. In regions where POWV antibodies were 

detected, seropositivity ranged from 0.5 to 4%4,37. In New York, Deibel et al. screened nearly 3000 serum 

samples from 1966 through 1977 for evidence of arboviral infection from patients with undiagnosed CNS 

infections. Eight of these samples were positive for Powassan virus, evidence that neuroinvasive cases 
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were going undiagnosed38. In 2015, Frost et al. screened 95 patient serum samples with suspected tick-

borne disease infection and 50 patient serum samples from patients receiving routine chemical tests. From 

this cohort, eleven patients had POWV-reactive antibodies, two of which did not have suspected tick-

borne infection. None of these patients had symptoms of neuroinvasive disease39. In 2019, after a cluster 

of human cases was reported in Sussex county, New Jersey, researchers estimated 0.31% seroprevalence 

rate equating to nine potentially undetected human infections in the area40. These findings suggest POWV 

infection is more widespread than observed from reported cases.  

 

1.4 Animal models of disease 

POWV disease has been assessed in many animals including hamsters, horses, rabbits, rhesus 

macaques, squirrels, groundhogs, and Peromyscus mice41–45.  Inbred laboratory strains of mice, such as 

BALB/c and C57BL/6 mice, have been frequently used as a neuroinvasive disease model because they 

develop similar neurological signs as observed in humans. Such mice strains have used to assess POWV 

transmission and disease9,46–54.  

Both C57BL6 and BALB/c mice develop febrile illness and neurological disease similar to 

disease in humans. Weight loss is the first sign of disease, starting around day five post infection followed 

by generalized febrile illness observed by ruffled fur, hunched posture, and reduced activity. Signs of 

neurological disease including weakness, tremors, seizures, and paralysis, usually develop one to two 

days following onset of febrile illness. Disease in BALB/c mice is somewhat more severe with mortality 

rates range from 60-100%55, while infection of C57BL/6 mice results in 0-40% mortality54. Following 

infection with 101-105 DTV, viral RNA is detected in the blood, brain, sciatic nerve, kidney, spleen, 

lymph node, and testis. The highest viral load is observed in the brain. Interestingly, dose-dependent 

differences in viral load were not observed in any of these tissues except blood. Viral RNA was detected 

in the blood one to six days post-infection, with the peak occurring at day one for high doses, day two for 

mid-range doses, and day three for low doses. Many mice develop meningoencephalitis which positively 
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correlates with mortality, but not viral load46,55. Male and female mice were similarly susceptible to 

neurological disease, though microscopic lesions were not found in the cerebral cortex of female mice. 

Additionally, female mice had slightly greater survival at higher doses compared to males55. Tick saliva 

has been shown to enhance POWV neuroinvasion at low viral doses48,51. Though both DTV and POWV 

cause neurological disease in humans and mice, few studies have directly compared POWV and DTV9,53. 

VanBlargan et al. demonstrated decreased mortality of DTV-infected mice compared to POWV; however, 

historical, highly passaged isolates were used for this study53. Contemporary, low-passage strains of 

POWV have not been evaluated for their pathogenic potential. Thus, the true scope of the pathogenic 

potential of POWV has not been well characterized. 

 

1.5 Ecology and life cycle of Ixodes ticks 

Ixodes is a genus of ticks within Ixodidae: ‘hard ticks’ recognized by their scutum and exposed 

mouthparts. The life cycle of Ixodes takes place over the course of many months or years, depending on 

species, feeding behavior, host availability, and climate. Tick life stages include the inactive egg and 

active immature stages (larvae, nymphs) and mature (adult male and female). At each active life stage, 

Ixodes ticks rely on a bloodmeal. For many Ixodes sp., bloodmeals are taken from two to three hosts over 

the tick’s life. To find suitable hosts, host-seeking ticks climb up grass or other structure and hold first 

pair of legs outstretched in a behavior called questing. Ticks feed for several days after which replete 

(fully fed) ticks fall off the host and begin the process of molting (for larvae, nymphs) or oviposition 

(adult females) in the humid layers of decaying vegetation56,57. The molting process takes several weeks 

in which histolytic enzymes break down and rebuild tissues58,59. Adult Ixodes mate on or off the host, 

after which the mated female produces 350-5000 eggs (depending on volume of blood ingested) which 

are oviposited two to three weeks after repletion, before the female dies60.  

Ixodes ticks remain attached to their host and blood-feed for three to ten days, depending on life 

stage and species. Within the first few hours of this process, physical and chemical reactions are used to 
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Figure 1.3. Life cycle of I. scapularis. Mated and replete adult females overwinter and oviposit 
large egg batches in the spring. Eggs hatch and larvae host seek in the summer, usually 
overwintering to host-seek as nymphs in the spring. Replete nymphs molt to adult male or female in 
the fall, which will mate on or off host. (Figure adapted from Nonaka et al. 2010 using 
Biorender.com) 
 

form a strong attachment and prevent host rejection. Toothed chelicerae are used to saw through the 

epidermis, while barbs on the hypostome (used for sucking and saliva secretion) help latch it in place61.  

A ‘cement cone’ is formed around the mouthparts, made of glycine-rich proteins produced in the salivary 

glands. The cement forms a solid attachment to the host and protects the mouthparts from the host’s 

immune system59. During feeding, ticks intermittently ingest blood and secrete saliva during feeding. A 

period of ‘fast-feeding’ combined with increased salivation occurs in the last 12-24 hours of 

engorgement62,63. Active compounds including anticoagulants, vasodilators, anti-inflammatory and 

immune-modulators, antimicrobials, and digestive enzymes are produced and secreted through the saliva 

into the host56,57. Blood is ingested by sucking through the hypostome from the blood pool that forms 

from local tissue damage. Adult females ingest several milliliters of blood, and excess water is secreted to 

concentrate the bloodmeal. Digestion of the bloodmeal takes place intracellularly in the midgut, while the 

tick is attached to the host, and lasts several weeks to months after detaching56,57. The formation of a 

peritrophic matrix on the apical surface of midgut cells, akin to mosquitoes, has been identified in Ixodes  
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ticks. The peritrophic matrix acts as a mechanical barrier to toxic substances in addition to 

providing structural support of the expanding midgut. Formation of the peritrophic matrix begins 

approximately 12 hours after attachment and is renovated as the midgut expands over the course of blood 

feeding64,65.  

The distribution and host preferences of the most relevant POWV-associated ticks in North 

America are described below: 

I. scapularis (blacklegged or deer tick) are a widely distributed species present 

east of the Rocky Mountains in North America, and the vector of many medically 

important pathogens that infect humans and animals. Importantly, many studies have 

described the increasing range and density of this species11. I. scapularis often feed on 

small to medium size rodents as larvae and nymphs, and larger animals such as deer as 

adults. In the southern U.S., immature stages preferentially feed on lizards and other 

reptiles66. These ticks are exophilous and live independently of their hosts in between 

feeding periods.  

I. cookei (woodchuck tick) are found east of the Rocky Mountains, particularly in 

northern U.S. and southern Canada. These ticks often feed on groundhogs, as their name 

suggests, though have also been associated with other small to medium size rodents. 

Though infrequently, they have also been known to bite humans and birds. These ticks 

are not often found by flagging due to their propensity to inhabit burrows. Collection of 

these ticks usually requires animal trapping67,68. 

I. marxi (squirrel tick) are found in the eastern U.S. and are particularly 

associated with squirrels but have also been identified on other small to medium size 

rodents. This species are nidicolous, often found in the nest of their host68. 
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1.6 Virus transmission to, within, and between ticks 

For viruses to be successfully transmitted by ticks, they must establish infection, disseminate to 

different tissues, survive the molting process, and be passed to other ticks and/or vertebrate hosts. For 

tick-borne viruses, barriers to infection and transmission, and mechanisms of overcoming those barriers 

have not been extensively studied. This is partly because ticks have much larger and more repetitive 

genomes69, longer and more invasive blood feeds, and less recognition in human disease compared to 

mosquitoes. As a result, studying tick-borne viruses in the laboratory can be challenging. As follows, 

much of the information on infection, dissemination, and transmission of tick-borne flaviviruses has been 

gleaned from studies on mosquitoes, mosquito-borne viruses, and tick-borne bacteria.  

Upon being ingested into the tick midgut, the virus may replicate in midgut epithelium cells 

before passing through the midgut wall into the hemocoel. Barriers to infection have been demonstrated 

in the midgut for Thogotoviruses (family: Orthomyxoviridae). Viruses unable to survive after ingestion in 

a bloodmeal were rescued and successfully tick-transmitted after inoculation into the hemocoel. In 

addition, viruses able to enter and replicate in the midgut epithelium could not disseminate into distal 

tissues. The molecular mechanisms of these barriers are not well studied, although several methods have 

been speculated: (1) surface receptors may be required for entry and replication in midgut epithelium 

cells, (2) intracellular digestion of the bloodmeal may limit access to essential enzymes and prevent 

viruses from initiating infection, and (3) the timing and concentration of virus uptake may be important to 

bypass peritrophic matrix produced on the surface of midgut epithelium hours after engorgement begins70. 

Notably, the peritrophic matrix is a well characterized barrier for many arthropod-borne viruses 

(arboviruses), including dengue, West Nile, Saint Louis encephalitis, and eastern equine encephalitis 

viruses, in mosquitoes71.  

After escaping the midgut and entering the hemocoel, viruses may enter and replicate in the 

salivary gland acinar cells to be released into the saliva (salivary gland escape)72. In mosquitoes, salivary 

gland entry and escape barriers are documented for flaviviruses and alphaviruses. The molecular 
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Figure 1.4. Virus infection and dissemination in an Ixodid tick. The ingested 
infectious bloodmeal is taken into the midgut (1)(2) and passes through the midgut lining 
into the hemocoel (3). From the hemocoel, virus can enter the salivary gland acini (4) and 
be secreted into the saliva for subsequent transmission (6). Figure: Simo et al. 2020 

mechanisms of these barriers have not been described but may be receptor-dependent and involve 

inducing cellular apoptosis71. Very little is known about this process in ticks. Some viruses, as 

demonstrated for Thogoto virus, may bypass this barrier and be excreted into the saliva straight from the 

hemocoel59. Borrelia burgdorferi, the bacterial agent of Lyme disease, only disseminates into the salivary 

glands during blood-feeding, resulting in transmission to the vertebrate host ~48 hours after attachment73. 

In contrast, infection of tick salivary glands immediately after molting has been demonstrated for several 

tick-borne viruses, including POWV59,74, thus activation of dissemination upon blood-feeding is not 

required. Moreover, POWV has been shown to be capable of transmission to a vertebrate host within 15 

minutes of attachment47. Together, these results suggest POWV is likely prepared in the salivary glands 

and readily released into the saliva, though the mechanisms of entry and escape are unknown.  

 

 

 

 

 

 

 

 

 

 

 

Over the course of the viral life cycle in arthropods, virus will encounter multiple antiviral 

responses, which it must evade or counteract to survive. Such antiviral responses likely include 
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autophagy, Toll, immune deficiency, and RNA interference (RNAi) pathways; although our knowledge of 

arthropod immunity centers around fruit flies and mosquitoes69,75. Recent studies have described 

significant differences in immune genes predicted in ticks75, thus tick antiviral responses are not well 

described. In mosquitoes, RNAi, specifically the small interfering RNA (siRNA) pathway, is thought to 

be the major line of defense against viruses. Ticks have been shown to have an altered set of RNAi-

associated proteins, yet the siRNA pathway appears to be active against tick-borne Langat virus (LGTV; 

Flavivirus). Proteins of the tick siRNA pathway recognize and cleave viral RNA into small 22-nucleotide 

fragments (viRNAs) which are used as guide strands for continued degradation of viral genomes. LGTV 

and POWV-derived viRNAs were found to largely map to the 5’ and 3’ ends of the viral genome 

(untranslated regions; UTRs)76,77, suggesting the UTRs may play a role in counter-defense of tick RNAi. 

The 3’ UTR of most flaviviruses expresses a stable structural RNA known as subgenomic flavivirus RNA 

(sfRNA) which have been shown to interfere with RNAi pathways through an unknown mechanism. This 

effect has been demonstrated for mosquito-borne (dengue and West Nile) and tick-borne (LGTV, TBEV) 

flaviviruses76. Though the mechanisms of virus infection and dissemination are vastly unknown in ticks, 

clearly, tick-borne viruses encounter multiple interhost barriers to survival.  

For a virus to perpetuate in a population, it must survive to the next life stage, and be successfully 

transmitted to other vertebrate or tick hosts. Four methods of virus transmission in ticks have been 

observed: horizontal (viremic and co-feeding) and vertical (transstadial and transovarial), though many 

gaps remain in our knowledge of their cellular and molecular mechanisms.  

Viremic transmission is the infection of a naïve tick from a viremic animal. Transmission of 

POWV from infected animals to naïve ticks has been observed in D. andersoni74, and I. scapularis47,77,78. 

Costero et al. found 10% of I. scapularis larvae, 40% of nymphs, and 57% of adults to be infected two to 

three weeks post-feeding on a viremic animal78. In contrast, Ebel et al. found 90% of larvae were infected 

with POWV immediately post-detachment47. Taken together, these results suggest ingestion of virus does 



 13 

not always result in established infection. In addition, infection success may increase with life stage, 

possibly due to longer feeding times and volume of ingested blood/virus.  

Co-feeding (non-viremic) transmission is the transfer of viruses between ticks feeding in 

proximity on a host. Viruses are secreted into the host, enter the bloodstream, and re-enter a co-feeding 

tick as blood is ingested; thus, viremia is not required. Though co-feeding transmission has not been 

shown for POWV, it has been demonstrated for other TBE complex viruses such as TBEV and LIV79. In 

mice, 50 to 80% of naïve ticks were infected with TBEV after co-feeding with infected ticks. Notably, the 

rate of infection via co-feeding varied significantly by host species. Hedgehogs and pheasants, in the case 

of TBEV, did not support co-feeding transmission79, suggesting other factors at the tick-host interface 

play a role in the local migration of virus in the host. Salivary gland extract has been shown to enhance 

co-feeding transmission80,81, likely due to the pharmacologically active compounds in saliva which 

augment blood flow. Labuda et al. demonstrated that local infection and migration of immune cells at the 

skin site may also facilitate the transfer of virus between co-feeding ticks82. It is likely that POWV can be 

transmitted horizontally between ticks through co-feeding, though the efficiency of transmission in small-

medium size rodents is yet to be determined.  

Transstadial transmission (TST) is the process of surviving and maintaining infection through the 

degradation, rearrangement, and rebuilding of tissues that occurs during molting58,83. Some have 

speculated that viruses disseminate into hemocytes before molting, which protects them from tissue 

degradation (histolysis)70,84. TST from larvae to nymphs47, nymphs to adults, and larvae to adults has been 

observed for POWV77,78,85. Infection rates observed in nymph or adult ticks after one molt are similar to 

those observed prior to molting47,78, however the infection rate of adults after two molts was much 

lower78. This latter result could be a factor of time or decreased viral titer, as virus had to maintain 

infection an additional 9 weeks in these ticks. The extrinsic incubation period (the time needed for a virus 

to be capable of transmission to a new host) is thought to occur during the molt. Drops in viral titer have 

been observed mid-molt, but recover before molt completion, and ticks are able to transmit virus 
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immediately post-molting47,74,77,78. Even such, Grubaugh et al. observed evidence of wide genetic 

bottlenecks in TST events as seen by the preservation of observed variants post-molt77. Persistent 

infection through tick life stages seems to be a key feature for successful transmission in ticks, as many 

studies have described TST capability for other tick-borne pathogens70. In conclusion, the barriers for 

TST may be low for POWV and other tick-borne pathogens, though additional research is needed to 

understand cellular mechanisms of TST. 

Vertical transmission from mother to progeny is often referred to as transovarial transmission 

(TOT) in ticks, however the true mechanism of virus transmission in ticks is not clear. TOT refers 

specifically to infection inside the developing ovum. Eggs can also be contaminated with virus during 

oviposition or when the egg’s waxy coat is deposited via Gene’s organ, referred to as transovum 

transmission (TVT). Infection of Gene’s organ was demonstrated in Dermacentor ticks experimentally 

infected with POWV. Furthermore, the restriction of Gene’s organ resulted in decreased infectivity of egg 

masses. When egg masses were washed, infectivity also decreased. Taken together, these results suggest 

virus is present on the outside of the egg. However, in either case, there was not a complete loss of virus 

in eggs masses, suggesting other vertical transmission mechanisms may be at work74.  For many tick-

borne viruses, including TBEV, KFDV, LIV, and OHFV, low levels of vertical transmission have been 

observed70. For TBEV, 20% of egg batches were shown to contain virus, though less than 1% filial 

(hatched larvae) infection was observed86. Similar infection rates were observed for POWV in D. 

variabilis74, H. longiconis85, and I. scapularis78. Some have suggested efficient vertical transmission may 

come at a cost to vector fitness79,87, and infection of larvae may be enhanced by co-feeding transmission79. 

Though only one study has assessed vertical transmission of POWV in a known natural tick vector (I. 

scapularis78), transmission rates remain consistent between different flaviviruses and vector species. 

Therefore, it’s likely that POWV is vertically transmitted in a similar fashion to other flaviviruses, though 

the resulting low filial infection rates suggest this route alone may not sustain viral transmission as 

modeled previously88. 
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POWV is capable of horizontal oral, transstadial, and vertical transmission, and though co-

feeding transmission is yet to be determined, it is likely. These mechanisms likely work in conjunction to 

facilitate natural transmission cycles. Given the time tick-borne viruses must survive in the vector host, 

it’s not surprising that POWV may be very well adapted to ticks. The described POWV transmission 

studies have used either lineage I (LB strain) or DTV (SPO strain), both of which are highly passaged 

historical strains. While both lineages can undergo multiple tick transmission mechanisms, strain-

dependent differences in the ability of virus to be transmitted by these routes have not yet been described. 

With the emergence of POWV in North America, the use of low-passage, contemporary, genetically and 

geographically diverse isolates is essential for an accurate representation of tick transmission. 

 

1.7 Ecology of POWV in North America 

Prior to the discovery of DTV in 1997, POWV was identified in I. marxi89, I. cookei90–92, and I. 

spinipalpus92 in Northeastern U.S. and Canada. Virus isolation from I. cookei and I. marxi ticks and their 

natural hosts (woodchucks and squirrels respectively) provided strong evidence for the sylvatic 

transmission cycle of lineage I virus30,89,91–95. Although there has been fewer reported tick surveys in 

Ontario since the 1960s, serological surveys demonstrate exposure of POWV in Ontario woodchucks as 

late as 201693. In New York, lineage I virus has been isolated from I. cookei as recent as 2019. Virus and 

POWV neutralizing antibodies have also been detected in skunks collected in the northeastern U.S.91 and 

California96. The importance of these hosts to POWV transmission cycle is unclear, as experimental 

infections of woodchucks, squirrels and skunks demonstrated only low levels of viremia in a few 

woodchucks and skunks41. Interestingly, POWV or POWV-reactive sera has been detected in New 

Mexico, Alaska97, British Columbia, and Alberta74,98. POWV was also isolated from Dermecentor 

andersoni in Colorado in 19525, although subsequent attempts to detect POWV in field-collected 

Dermacentor have not been successful95,99,100. Experimental infections have also demonstrated 
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Figure 1.5. Detection of POWV in North America. Human cases have so far been detected in the 
Northeastern and Midwest U.S. and Southeast Canada. Serological surveys and virus isolation are 
evidence of a much broader distribution than appreciated by human caseloads. (Figure created using 
Mapchart.net) 

Dermacentor variabilis to be a competent vector of POWV. Given this data, POWV seems to be more 

broadly distributed in North America than appreciated by human caseloads (Fig 1.5).  

In 1997, DTV was identified in I. scapularis from Massachusetts and Connecticut. Since then, 

infected I. scapularis ticks have been detected in Minnesota, Wisconsin and nearly every state in New 

England101. Recently, virus has been detected in ticks collected from Virginia20 and Oklahoma17, states 

with little or no prior history of human cases. In 1997, 0.5-1% of I. scapularis were determined to be 

DTV positive in the Northeast8,102. Since 2008, 0.2-5% DTV-infected I. scapularis have been reported in 

Connecticut103,104, New York16,104–107, Pennsylvania18,108,109, Maine110, Wisconsin99,100,102, Minnesota111, 

Vermont112 and recently, Virginia20,113 and Oklahoma17. The Pennsylvania Department of Health reported 

some counties with infection rates as high as 11-67%, though sample size and collection methods were 

not reported18.  
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The landscape of POWV is complicated by sympatric distribution of tick vector species and 

virus. Two instances of crossover between viral lineages have been observed. In Ontario, a single DTV-

infected I. cookei tick collected off a Canada goose was found in 201293. DTV has not been reported in I. 

scapularis collected in Ontario93,114, though this could be due to infrequent tick surveys or underreporting. 

In New York, lineage I virus was isolated from two I. scapularis ticks collected in 2019, in addition to 

two I. cookei ticks collected from woodchucks107. Due to the overlapping range of vector species and 

broad host range of I. scapularis, crossover between genetic lineages seems likely; although, the extent 

and consequence of crossover is unknown. 

 The associated mammal hosts for lineage II virus have not yet been elucidated. This is in part due 

to the opportunistic feeding behavior of I. scapularis. P. leucopus (white-footed mice) are abundant hosts 

for I. scapularis and are known to play an important role as a reservoir for Borrellia burgdorferi115. Thus, 

this rodent species has been implicated as a relevant host for DTV8. Antibodies reactive against DTV 

antigen were detected in P. leuocopus, but not M. pennsylvanicus (Meadow vole), trapped in Wisconsin, 

Rhode Island, and Massachusetts116. Additionally, DTV-infected ticks were found infested on these mice, 

though virus has never been directly isolated. Experimental infections of P. leucopus found low levels of 

viremia early in infection, suggesting white-footed mice may not be a good reservoir for POWV50. 

Similar findings were observed for DTV infection in woodchucks, squirrels, and skunks: virus was 

detected in a few animals of each species, but viremia was low and not prolonged41. Most recently, 

shrews have been implicated as a potentially important host for DTV117. Goethert et al. used bloodmeal 

analysis on nymphal I. scapularis and found a statistically significant association of DTV infection with 

having taken a shrew bloodmeal, but no such correlation was found with mice117.  

 Many questions remain about the ecology of POWV, especially DTV. The detection of lineage I 

virus in Colorado and California, and POWV-reactive antibodies in humans and animals in many parts of 

the U.S. and Canada highlights a much broader geographic range than previously appreciated (Fig 1.3). 

The lack of human cases in these parts may be due to tick density, alternative vector species, or host 



 18 

preferences. For instance, in the southeastern U.S., immature stages of I. scapularis primarily feed on 

lizards as opposed to small rodents118,119 which may not support POWV transmission to or between 

ticks66. Furthermore, I. scapularis in the Southeast have a shorter life cycle and tick population densities 

are also lower120,121. The absence of a smoking gun implicating a clear reservoir suggests non-viremic 

transmission may be an important route of POWV transmission. In this hypothesis, hosts act as tick 

aggregators, rather than reservoirs for virus to be transmitted horizontally between co-feeding ticks. 

Regardless, viremic transmission of POWV could be a significant component of the viral life cycle and 

has the potential to influence the circulation and pathogenicity of virus strains. Thus, viremic transmission 

is an important mechanism requiring further investigation. 

 

1.8 The use of arthropods in vertebrate sampling and surveillance. 

Hematophagous arthropods take small and frequent blood samples from a variety of human and 

animal hosts, resulting in a massive and untapped source of information without even touching a needle. 

The utility of using arthropods as a sample source is appreciated in three ways: (1) easy collection due to 

their host-seeking behavior and abundant populations, (2) feed frequently on a variety of vertebrate hosts, 

and (3) different vector species can be used to target various hosts based on known feeding preferences. 

Such a sample source could be utilized in several ways including virus surveillance, pathogen exposure, 

and biodiversity estimation122. Here, vector-enabled metagenomics (VEM) is used to describe the 

exploitation of arthropods to capture viral genetic diversity in animals, humans, or plants. 

The ability to detect non-mosquito-borne viruses from mosquito bloodmeals has been 

demonstrated in both the lab123–127 and the field128–131. A few of these studies have also utilized mosquito 

feeding behavior to facilitate blood collection from small or sensitive laboratory animals123,127. In the 

field, H5N1 avian influenza virus was detected from Culex bloodmeals collected from a poultry farm in 

Thailand128. Metagenomic sequencing on Culex, Anopheles, and Armigeres spp. mosquitoes in China 

revealed 3.6% of viral sequences were known vertebrate viruses, none of which are reported to be 
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transmitted by mosquitoes129. Similarly, non-vectored viruses that infect humans and animals were 

identified in mosquitoes from California130. Our group has also demonstrated the detection of vertebrate 

viral pathogens such as canine distemper and Epstein Barr viruses from the bloodmeals of mosquitoes 

collected in Liberia125. The validation of vertebrate virus detection from mosquito bloodmeals 

demonstrates potential application in disease surveillance. 

Our group has tested the success of VEM for viral pathogen surveillance in the field, a technique 

Grubaugh et al. coined ‘xenosurveillance’. In 2018, indoor resting blood-fed mosquitoes and blood 

samples from human participants were collected from 43 households in Liberia. Two human viruses were 

identified in both human blood and mosquito bloodmeals: GB virus C (non-pathogenic) and Hepatitis B 

virus132. These results demonstrate the ability for xenosurveillance to detect presently circulating viruses 

in humans and highlight potential to complement current surveillance strategies. Notably, Anopheles 

mosquitoes, which are highly anthropophilic, made up 80% of mosquitoes collected in West Africa132 and 

likely contributed to the success of xenosurveillance in the detection of human viruses. Thus, the 

applicability of this technique in areas with less anthropophilic species (i.e. Culex and Aedes mosquitoes) 

should be addressed. 

The ability to detect vertebrate antibodies from mosquito bloodmeals is also being evaluated as a 

surveillance tool to estimate pathogen exposure in humans, livestock, and wildlife. This technique has 

been successfully demonstrated in the laboratory by several groups128,133–136, though only two studies have 

assessed antibody responses from wild-caught mosquitoes128,136. Both studies were successful is detecting 

virus-specific antibodies in mosquito blood-meals. Furthermore, Komar et al. used this technique in 

parallel with direct sampling of birds during a West Nile virus outbreak and found similar antibody 

prevalence between methods136. These studies highlight antibody detection from mosquito bloodmeals as 

a promising proxy method for virus exposure in humans and animals 

Though mosquitoes have been most widely used for VEM to date, there have been a few studies 

which document vertebrate virus detection from other arthropods. Bitome-Esono et al. utilized the 
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generalized host-feeding approach of hematophagous flies, including tsetse, stomoxid, and tabanid 

species, to gather blood samples from wild vertebrates in the forests of Gabon. This method resulted in 

diverse haemosporidian parasites (i.e. malaria) identified in bloodmeals derived from 20 mammal, bird, 

and reptile hosts137. Non-hematophagous flies that feed on decomposing flesh or feces (known as carrion 

or blow flies) have also been used to assess mammal biodiversity in remote locations138–142. Similarly, 

blood-sucking leeches have also been used to assess mammal biodiversity in Vietnam140. H5N1 avian 

influenza143 and New Castle disease viruses144 have been detected in carrion flies, highlighting their 

potential to also be used for virus surveillance.  

 Vectored-enabled sampling has been demonstrated as a useful strategy for an array of 

applications and has potential to be applied to other arthropods including ticks, fleas, lice, batflies, 

midges, and bed bugs122.  

 

Goals of this dissertation 

The overarching research goals of this dissertation were to (1) determine the scope of disease and 

tick transmission phenotypes for contemporary low-passage genetically and geographically diverse 

POWV isolates and (2) determine the feasibility and applicability xenosurveillance as a proxy for 

traditional surveillance in Guatemala. Other goals of this work included obtaining additional low-passage 

POWV isolates to use in experimental studies and establishing experimental tick methods in a biosafety 

level 3 laboratory at Colorado State University. 

We approached the first goal from a culmination of field, in vitro, and in vivo studies. In chapter 

two, we reported DTV infection rates in ticks collected from 20 locations in the northeastern United 

States. From this effort, we obtained 14 low passage isolates for use in experimental studies. Ecological 

and evolutionary patterns of viral genetic diversity were described from genomic data generated from 84 

field-collected DTV-positive ticks. In chapter three, we hypothesized that in vivo POWV phenotypes 
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would reflect the genetically diverse clades described in chapter one. We used 16 historical and 

contemporary POWV isolates from a broad geographic range to characterize replication and cytopathic 

phenotypes in cell culture. In chapter four, we hypothesized disease and tick transmission phenotypes 

would be similarly diverse in vivo. Five POWV isolates were used to describe pathogenesis in mice and 

viremic transmission to I. scapularis ticks.  

Our second goal was building off previous studies which assessed the use of xenosurveillance in 

Liberia, where human-biting Anopheles mosquitoes are predominant. We hypothesized that 

xenosurveillance in Central America might be more complex due to the highly abundant and less 

anthropophilic Culex and Aedes mosquitoes. In chapter five, we conducted xenosurveillance in parallel 

with traditional surveillance techniques for 16 weeks in rural Guatemala. We then identified viruses 

present in mosquito bloodmeals and human blood samples. The host-feeding behavior was also 

determined for collected mosquitoes.  
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CHAPTER 2: PHYLODYNAMICS OF DEER TICK VIRUS IN NORTH AMERICA. 
 
 

 
2.1 Introduction 

Powassan virus (POWV) is an emerging tick-borne flavivirus endemic to North America and far 

eastern Russia. POWV can cause severe encephalitis leading to permanent neurological sequelae in 50% 

of patients and death in 10%13,29. Reported human cases in the United States (U.S.) have increased from 

twenty-six (1999 through 2009) to 186 (2010 through 2020)14. Furthermore, detection of POWV-

neutralizing antibodies in Northeastern hunter-killed deer increased from 4% in 1979 to 91% in 201015.  

POWV is the only North American member of the Flavivirus tick-borne encephalitis serogroup, 

first identified in 1958 in a patient with encephalitis in Powassan, Ontario, Canada1. Canonical lineage I 

POWV has been estimated to diverge from the European tick-borne encephalitis complex between 2000-

6000 years ago, around the time the Bering Land Bridge between Alaska and Far Eastern Russia 

disappeared, effectively limiting migration between Russia and North America145. In 1995, a second 

lineage of the virus, deer tick virus (DTV), was identified in ticks in the northeast U.S.8, and subsequently 

detected in Wisconsin two years later 102. While lineage I POWV is typically found in nidicolous, host 

species-specific ticks such as Ixodes cookei and I. marxi, lineage II DTV is mainly found in human-biting 

I. scapularis ticks, thus posing a significant risk to humans13. However, I. cookei and I. marxi have been 

documented to feed on humans, albeit infrequently146. 

Given the rise of human cases and expansion of I. scapularis ticks and their associated pathogens, 

we sought to gain a better understanding of DTV emergence in North America. Here, we report DTV 

prevalence in ticks from a multi-state collection study in 2019 and isolation of diverse viruses in cell 

culture for in-depth studies. We present whole-genome, time-scaled phylogenic analyses of DTV in North 

America using 108 published and newly sequenced isolates that represent a broad geographic and 

temporal range. 
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2.2 Results 

DTV detected in I. scapularis ticks collected in 2019. A total of 2,520 I. scapularis ticks were collected 

from twenty locations in the northeastern U.S. and Ontario, Canada (Fig. 2.1) in the spring and fall of 

2019, the seasonal activity peaks of adult-stage I. scapularis. Though Amblyomma americanum and 

Dermacentor variabilis ticks were found, no other Ixodes species was observed. Because of the seasonal 

timing of surveys, only 11 I. scapularis nymphs were collected, all of which were negative for DTV. 

Eighteen DTV-positive ticks were detected in eight locations in New York, New Jersey, and Maine. 

Positive ticks ranged from 1.0 - 5.5% at sites where DTV was detected and significantly more female 

mice were DTV-positive (Fisher’s exact test p=0.018; Table 2.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. 2019 Spring tick collection sites. I. scapularis ticks were collected from twenty 
locations in Northeastern U.S (light gray) and Ontario, Canada (dark gray). Powassan positive 
locations are indicated by an X. Figure created with Biorender.com 
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Table 2.1. DTV prevalence in I. scapularis by collection location in 2019. For each location, the 
table lists the number of ticks collected, the number of DTV positive ticks by qRT-PCR, and, for sites 
with DTV positive ticks, the percent of DTV-positive ticks and 95% binomial confidence interval. 

Location 
# I. scapularis collected 

Total (ratio F/M) 
# DTV positive:  

Total (F:M) 
% DTV positive  

(95% CI) 

East Stroudsburg, PA 19 (0.7) 0  

Hardwick, NJ 73 (0.9) 4 (3:1) 5.5 (1.5, 13.4) 

Lloyd Harbor, NY 22 (1.4) 0  

Cedar Point, NY 71 (0.6) 1 (1:0) 1.4 (0.0, 7.6) 

Connetquot, NY 372 (1.5) 4 (3:1) 1.1 (0.3, 2.7) 

Saratoga Springs A, NY 101 (1.0) 2 (2:0) 2.0 (0.2, 7.0) 

Stillwater, NY 100 (1.5) 0  

Saratoga Springs B, NY 99 (1.2) 2 (2:0) 2.0 (0.3, 7.1) 

Saratoga Springs C, NY 124 (1.1) 0  

Saratoga Springs D, NY 60 (2.0) 1 (1:0) 1.7 (0.0, 8.9) 

Wells, ME 148 (0.9) 0  

Cape Elizabeth A, ME 84 (2.5) 0  

Cape Elizabeth B, ME 304 (0.7) 3 (1:2) 1.0 (0.2, 2.9) 

Standish, ME 113 (0.9) 0  

Newcastle, ME 141 (0.8) 0  

Thomaston, ME 98 (1.7) 0  

Thorndike, ME 12 (1.8) 0  

Rockland, ME 202 (1.2) 1 (1:0) 1.0 (0.0, 2.7) 

Rouge Valley, ONTARIO 280 (1.1) 0  

Turkey Point, ONTARIO 96 (1.5) 0  

TOTAL 2520 (1.1) 18 (14:4) 0.7 (0.4, 1.1) 

POSITIVE SITES 1282 (1.1) 18 (14:4) 1.4 (0.8, 2.2) 
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Virus population changes after isolation in BHK cells. Virus from sixteen of eighteen (88.9%) DTV-

positive ticks were isolated in cell culture. Consensus full-length viral genomes were sequenced from 

fourteen tick homogenates and corresponding BHK-isolated virus. For twelve of the homogenate-isolate 

pairs, the consensus virus sequences were identical. Among the other two, isolate NJ19-48 differed by 

one single nucleotide polymorphism (SNP) in the 5’ UTR, and isolate NY19-250 differed by one 

synonymous SNP in NS2A (Fig. 2.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

High-depth sequencing was performed for six tick homogenates and corresponding BHK isolated virus to 

assess changes in intrahost single nucleotide variants (iSNVs) and population diversity (Table S3). We 

observed between two to four iSNVs per sample in tick homogenates and between five to forty-two 

iSNVs per sample in BHK-isolated virus. While the raw number of iSNVs (not accounting for sequencing 

depth) increased over one passage for each isolate, the allele frequencies remained mostly under 5% 

(Table S2.4 and Fig. S2.2). The average Shannon entropy increased after isolation in cell culture for three 

of the six isolates (Fig. 2.2), but not the others (two-tailed Wilcoxon signed-rank test, p=0.156).  

 

Figure 2.2. Comparison of DTV population from tick homogenate and virus isolated in cell 

culture. (A) Consensus level single nucleotide polymorphisms in DTV sequences after one 
passage in baby hamster kidney cells. (B) Average Shannon entropy for six paired samples, 
calculated based on iSNVs from two independent libraries. 
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Phylogenetic analysis. Our phylogenetic analysis of 108 POWV genome sequences recapitulated the 

known lineages I and II (DTV); all sixty-three sequences newly generated from ticks in this study 

belonged to DTV (Fig. 2.3). Our analysis also demonstrated the previously described DTV sublineages, 

one of which contains sequences from the northeast U.S. and the other of which contains sequences from 

the Midwest U.S. The average pairwise nucleotide difference was 99.4% between sequences in the 

northeast sublineage, 99.7% between sequences in the Midwest sub-lineage, and 93.6% between 

sequences from different sublineages. Most of the sequences newly generated in this study clustered with 

the expected sublineage based on their location of collection. Interestingly, however, a single isolate from 

New Jersey (NJ-H-56-2019) clustered within the Midwest sub-lineage and was 99.5% identical to the 

closest related sequence, WI_FA51240_2008. Sequences from three other samples collected at the same 

time in the same location (NJ-H-10-2019, NJ-H-39-2019, and NJ-H-48-2019) clustered with the northeast 

sublineage and had only 93.5% identity to NJ-H-56-2019. 

The northeast sublineage included samples from multiple locations and years, allowing 

investigation of population dynamics at a finer scale. We observed clusters of sequences that were 

geographically restricted but reflected multiple sampling years (e.g. Maine 2018-2021; average pairwise 

nucleotide difference 99.9%). Other clusters contained closely-related sequences collected across multiple 

locations even within the same year (e.g. Maine – New York 2019; average pairwise nucleotide 

difference 99.8%). In Connetquot, New York, where I. scapularis ticks were abundant, three of four 

sequences clustered together with 99.9% similarity, while the remaining sequence clustered with Maine 

sequences (99.8% identity to Maine and 98.8% identity to sequences from the same site in New York) 

(Fig. 2.3).  

Population dynamics. Time-scaled phylogenetic analysis of all ninety-one DTV samples using our best-

fitting model, which included a strict molecular clock with exponential coalescent tree prior, indicated 

that sequences within the northeast sublineage shared a common ancestor approximately 138 years ago 

(95% HPD 88-192) (Fig. S2.3). The most ancestral of the northeast sublineage sequences were collected 

in Massachusetts in 2018. Our analysis indicated that the northeast lineage diverged from the Midwest  
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Figure 2.3: Maximum-likelihood phylogenetic tree of 108 Powassan virus genome 

sequences. Sequence names indicate location, unique identifier, and year. GenBank accession 
numbers are included for previously reported sequences. Circles indicated nodes with ultrafast 
bootstrap support of 99% or greater. The location strip plot indicates U.S. state (with colors 
matching the map and map legend) or Canada (maroon), Russia (brown), or unknown location 
(grey). The year strip plot is in greyscale as indicated by the year legend. Labeled branches 
indicate the two major lineages (I and II) and the northeast sublineage of lineage II. Specific 
clades of interest are marked with brackets. The map was created with mapchart.net. 
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Figure 2.4: Time-scaled analysis of seventy-five Deer Tick Virus genome sequences from 

the northeast U.S. using a relaxed lognormal clock model and CEBS tree prior. (A) 
Maximum-clade credibility tree. Sequence names indicate location, unique identifier, and 
year. GenBank accession numbers are included for previously-reported sequences. Nodes with 
a posterior probability of 0.95 or higher are marked with circles. Nodes of interest are labeled 
with their tMRCA [95% HPD]. (B) Extended Bayesian skyline plot shows estimated 
population size over time since present.  
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sublineage approximately 1,184 years ago (95% HPD 770-1,658), and sequences within the Midwest 

sublineage shared a common ancestor approximately 87 years ago (95% HPD 59-119). The observed 

clock rate, 6.0 e-5, is somewhat higher than reported previously for NS5 alone, 3.9 e-5147. Clock rates and 

marginal likelihoods for models that include a coalescent or CEBS tree prior, as well as lognormal 

relaxed clock, are shown in Table S2.2. 

 

Time-scaled phylogenetic analysis of the seventy-five DTV samples from the northeast U.S. was 

performed using two models with equal fit: a strict clock with exponential coalescent tree prior, and a 

lognormal relaxed clock with Coalescent Extended Bayesian Skyline (CEBS) tree prior. Both yielded 

similar clock rates (3.2 e-5 and 3.4 e-5, respectively, Table S2). CEBS analysis dated the MRCA of the 

northeast lineage to 289 years ago (95% HPD 75-577) (Fig. 2.4A) and inferred that there has been at least 

one change in the DTV population size in the northeast U.S. (median 2 changes, 95% HPD 1-3, excluding 

a constant population size). Plotting population size over time indicated growth over the last fifty years 

(Fig. 2.4B). The increase in population size was also supported by posterior estimates of the population 

growth rate in the exponential population model, which excluded 0 in the 95% HPD interval.    

Altogether, our findings suggest that these DTV sequences from the northeast shared a common 

ancestor within the past several hundred years and support recent growth in the DTV population size. 

 

2.3 Discussion 

We collected, isolated, and sequenced DTV across a wide range of locations and years to increase 

understanding of the ecology and evolution of this emerging tick-borne flavivirus. We detected DTV in 

1.0 to 5.5% of ticks screened, in line with previous rates found in Pennsylvania, Connecticut, Maine, and 

New York16,103,109,110. The highest DTV prevalence (5.5%) was found in Hardwick, New Jersey, though 

only seventy-three ticks were collected in this location. These prevalence data are much lower than recent 

reports of 11-67% in some Pennsylvania counties18. It should be noted that collection methods, 

confidence intervals and sample sizes were not reported for these counties, and previous tick surveys in 
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Pennsylvania found around 1% DTV-positive ticks109,148, though this doesn’t rule out the possibility that 

focal prevalence could be very high.  

We detected significantly more adult female DTV-positive ticks than males, which has not been 

observed in other tick surveys110,149. The reasons for this are unclear at present but may be related to 

differences in viral tropisms of DTV between male and female adult I. scapularis. For example, tropism 

for female reproductive tissue, which would be required for efficient vertical transmission, might explain 

this difference. Alternatively, differences in the size and or cellular composition of midguts between 

males and females could alter infection success in ticks150. Thus, understanding flavivirus tissue tropism 

in both sexes is a critical gap in our knowledge of emerging tick-borne viruses. 

We sequenced full viral genomes from eighty-four geographically and temporally diverse 

samples from ticks and low-passage cell cultures, contributing substantially to the available set of POWV 

and DTV sequences, and allowing us to perform detailed phylogenetic analyses. Our phylogenetic 

analysis supported the presence of two geographically separated DTV sublineages, consistent with prior 

reports103,145,147. Interestingly, a single sample from New Jersey (NJ-H-56-2019) clustered with the 

Midwest sublineage, suggesting that long-range dispersal of DTV-infected ticks on mammalian or avian 

hosts is likely, and highlighting the importance of further investigation of DTV in locations situated 

geographically between the Northeast and upper Midwest U.S. Finer-scale analysis of multiple tick 

collections in the Northeast from 2017-21 also supported geographic dispersal of closely related viruses 

over smaller distances, e.g. between sites in Maine and New York, Massachusetts and Maine, and New 

Jersey and New York. However, we also observed stable foci, in which DTV populations remained highly 

conserved over time in Maine and Massachusetts. The observation of stable foci in this study, which used 

an expanded sample set and full-genome sequencing, bolsters findings from prior studies that also 

identified stable foci of infection using partial sequences and fewer collection sites, which may have 

limited observations of intermingling between sites99,103. 

Time-scaled phylogenetic analysis of DTV sequences indicated that the Northeast and Midwest 

sublineages last shared a most recent common ancestor (MRCA) approximately 1,200 years ago. Our 
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results (time to MRCA (TMRCA) 1,184 years ago, 95% HPD 770-1,658) were consistent with results 

from an analysis of 26 full genome sequences in 2019 (TMRCA 1,160 years ago, 95% HPD 760-

1,750)145. These recent analyses provide an update to prior studies which had available only partial 

genome sequences from a smaller number of samples 147. While the Northeast and Midwest lineages 

diverged from one another over 1,000 years ago, the TMRCA of sequences within each sublineage are 

just within the last several hundred years. We estimated the TMRCA of the northeast lineage to be 289 

years ago (95% HPD 75-577) when analyzing samples from the northeast only, and to be slightly more 

recent but within the same range (138 years ago, 95% HPD 88-192) when analyzing all DTV samples. 

This timing coincides with reforestation of the U.S. and booming populations of white-tailed deer, which 

allowed previously scattered relic populations I. scapularis to disseminate across eastern North 

America21. 

Our results suggest that there has been expansion of the DTV population over the last 50 years. 

Our inferences of population size must be interpreted cautiously given the wide 95% HPD and the fact 

that most of our samples were derived from the recent past. However, DTV population expansion would 

be consistent with population genetic studies of I. scapularis ticks and another pathogen it transmits, 

Borrelia burgdorferi, the spirochete that causes Lyme disease. Both I. scapularis and B. burgdorferi have 

experienced rapid population growth within the past 100 years151–153. Tick populations, including I. 

scapularis, have been increasing and expanding northward over the past century due to changes in 

landscape, host availability, and climate. Thus, there has been new detection or increased density of ticks 

and their associated pathogens in territories where little to none were found before11. Further expansion of 

ticks and tick-borne pathogens is predicted to occur with ongoing climate change154, underscoring the 

importance of further work to understand POWV/DTV ecology, evolution, and pathogenesis with the 

ultimate goal of developing prevention, treatment, and mitigation strategies. 

Our study highlights several additional directions of importance. Whereas prior studies of 

POWV/DTV pathogenesis relied upon a limited number of high-passage viruses, here, we obtained 

sixteen recent, low-passage isolates from a broad geographic range in the northeastern U.S. Successful 
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isolation in cell culture compared to the previous standard of using suckling mouse brain increases the 

feasibility of isolating virus for experimental studies. Importantly, we show that isolation in BHK cells 

does not significantly alter the virus population and rarely produces sequence changes on a consensus 

level. This observation permits us to conclude that these isolated strains are accurate representations of 

naturally circulating POWV, indicating their suitability for future studies. 

In addition, our study emphasizes the importance of additional collection and sequencing of DTV 

isolates throughout a broader range of the U.S. While we observed geographic dispersal of DTV within 

the Northeast, additional sequences are needed to determine if this also occurs in the Midwest. 

Furthermore, sampling of sites between the northeastern and midwestern U.S. is important for a more 

comprehensive understanding of DTV dispersal across North America. 

In conclusion, we confirm recent expansion of the DTV population in North America, with 

geographic patterns of evolution suggesting both geographic dispersal and the repeated establishment of 

stable foci of infection. These results contribute to our understanding of DTV evolution and ecology in 

North America.  

 

2.4 Materials and Methods 

Tick collection and screening. In the spring and fall of 2019, host-seeking Ixodes scapularis ticks were 

collected during surveys of vegetation using square meter white flannel drags 155. Survey sites were 

selected based on guidance from the New York State Department of Health, Maine Health Institute for 

Research, and Tufts University. Ticks were kept alive in vented five-dram styrene vials at room 

temperature or 4°C with a paper towel moistened with water for up to five days before being moved to a 

95% relative humidity chamber at 9°C until processed. Ticks were surface sterilized in 3% hydrogen 

peroxide and PBS for 20 seconds each. Ticks were then bead homogenized for two minutes at 24 hertz in 

200μL PBS supplemented with 20% fetal bovine serum (FBS), 1% penicillin/streptomycin, 2.5mg/mL 

amphotericin B, and 50mg/mL gentamicin, then centrifuged at 10,000rcf for 5 minutes at 4°C. 
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Homogenates were pooled in groups of five and RNA was extracted using the Omega viral DNA/RNA kit 

on a King Fisher robotics platform. qRT-PCR was performed on homogenate pools using the following 

primers directed to the NS5 gene: GGCCATGACAGACACAACAGCGTTTG (forward) and 

GAGCGCTCTTCATCCACCAGGTTCC (reverse). Melt curves were used to verify true positives against 

background. 

 

Virus isolation in BHK cells. Individual tick homogenates from RNA positive pools were used to attempt 

isolation in cell culture. Homogenate was incubated in close contact with baby hamster kidney (BHK) 

cells for 30 minutes to 1 hour before additional 2% FBS media was added to the flask. Virus infected cells 

were incubated until 20-50% cytopathic effect was observed (approximately four to five days post 

inoculation). Isolations were validated by plaque assay and qRT-PCR. 

 

Whole genome sequencing and phylogenetic analysis. DTV genome sequencing was performed from 

RNA obtained from both tick homogenates and culture supernatants, as previously described 35 Briefly, 

samples underwent DNase (ArcticZymes), single-cycle cDNA synthesis using random primers and 

Superscript III (Invitrogen), library tagmentation and 16-cycle PCR amplification using Nextera XT 

(Illumina), and 150 bp paired-end sequencing using an Illumina MiSeq or NextSeq. Reads underwent 

reference-based assembly to generate a consensus DTV sequence from each sample, using viral-ngs 

v2.0.21(‘https://github.com/broadinstitute/viral-pipelines’) and reference HM440559.1. 

 Full-length DTV sequences were generated from 18 RNA samples collected in this study, as well 

as 45 primary tick RNA samples provided by collaborators, which were collected between 2018-2021 in 

the northeast U.S. (Table S2.1). Full-length POWV and DTV sequences were also obtained from 21 

culture isolates from ticks collected between 1977-2008 (Table S2.1). Sequencing and analysis methods 

were the same for field-collected ticks, ticks provided by collaborators, and culture supernatants.  

These 84 newly generated sequences were aligned with 24 POWV and DTV reference sequences 

from GenBank, using MAFFT as implemented in Geneious (https://www.geneious.com). Focused 
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alignments were also made for just the DTV sequences (N=91) and just the DTV sequences from the 

northeast (N=75). ModelFinder implemented in IQ-TREE v1.6.12157,158 was used to identify the best 

substitution model and gamma shape prior, and maximum likelihood (ML) trees were generated with 

1,000 ultrafast bootstraps for each alignment. For each ML tree, root-to-tip analysis was performed using 

TempEst159, with the best fitting root chosen using the correlation function. Moderate to strong support 

for a molecular clock was observed in all three trees, with a correlation coefficient 0.86 for all POWV, 

0.63 for DTV alone, and 0.66 for the northeast sublineage of DTV (Fig. S2.1).  

Time-scaled DTV phylogenies were constructed using BEAST2160 with partitions for codon 

positions (1+2), codon position 3, and untranslated regions (Supplemental Data). Model testing was 

performed to identify the best fitting molecular clock and tree prior to assess population size change. We 

compared a strict molecular clock, a local random clock, and a relaxed lognormal clock. For all molecular 

clock models, the prior was set to 3.5E-5147 with a uniform distribution and no upper or lower limits. For 

tree priors, we compared a constant coalescent population size (CC), the Coalescent Extended Bayesian 

Skyline (CEBS), and an exponential coalescent model (EC). The nested sampling method161 was used to 

compare models with a sub-chain length of 20,000 and particle counts of 8 for the CC tree prior and 16 

particles for CEBS and EC tree priors.  

In our analysis of all DTV sequences (N=91), the marginal likelihoods of the strict clock models 

were higher than those of the lognormal models, with Bayes factor >2.2 (Table S2.2), providing support 

for the strict clock model161,162. Clock models were also compared using generalized stepping-stone 

sampling (GSS), which again provided support for a strict clock model (Bayes factor = 2.5). Among tree 

priors, we found that the exponential model was the best fit (Table S2.2).  

We separately analyzed DTV sequences from the northeast sublineage (N=75) and identified two 

models of equally good fit. First, when using a GTR+G4 nucleotide substitution model (to be consistent 

with the analyses above), we found that a relaxed lognormal clock with CEBS tree prior was the fit best. 

However, using a TN93 nucleotide substitution model (as suggested by ModelFinder), a strict clock and 
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exponential growth model fit best. We did not separately analyze DTV sequences from the Midwest sub-

lineage due to small sample number and limited time range of collection. 

To assess possible change in the population size of the northeast DTV subpopulation, we used the 

CEBS model with the parameters described above, running the Markov chain Monte Carlo (MCMC) with 

300 million steps. The log files were examined with Tracer v.1.7.2 and confirmed to have ESS values > 

200 for all parameters163. The CEBS plot was visualized using custom R v4.1 scripts164,165. The maximum 

clade credibility tree was built from the files generated by the CEBS model, with 10% burn in, using 

TreeAnatator v2.6.6160. The median number of population changes was represented by the 

“sum(indicators.alltrees)” parameter. 

 

Deep sequencing and analysis of passaged virus. 14 pairs of DTV-positive tick homogenates and 

corresponding cell culture-isolated virus were sequenced to assess DTV consensus sequence changes after 

isolation in cell culture. 6 of these pairs underwent successful deep sequencing of duplicate independent 

libraries for analysis of intrasample single nucleotide variants (iSNV). Trimmed, quality-filtered .bam 

files were generated using viral-ngs v2.0.21, and a merged .bam file was generated using samtools v1.10 

(Li et al. 2009). Bam files were separated into respective R1 and R2 fastq files using samtools. Reads <25 

bases in length and PCR duplicates were removed using fastp v0.23.2166. For each library, fastqs for both 

tick-derived and BHK-derived RNA were aligned to their respective tick-derived consensus sequence 

using bowtie2 v2.3.5.1167 using the following parameters: --local -L 25 -N 1 --gbar 15 --rdg 5,1 --rfg 5,1 -

-score-min G,30,15 --mp 10. Output sam files were converted to sorted, indexed bam files using 

samtools, and iSNVs were called with VPhaser-2 v2.0 168 with the following parameters: -ps 100 -ig 20 -

dt 0 -a 0.001. Allele information for positions present in both libraries was extracted from the 

corresponding merged bam file. iSNVs were then filtered for those present at ≥1% allele frequency and 

indels were additionally filtered for those greater than two nucleotides in length to reduce spurious iSNV 

calls. Remaining iSNVs were manually inspected and any suspected spurious calls were removed. iSNVs 

were considered spurious if: 1) iSNV only occurred in one position across multiple reads (e.g. only at left-
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most part of reads and never in the middle of reads); 2) iSNV only occurred in one mapping orientation; 

3) iSNV only occurred in combinations with one another suggestive of processing artifact. Shannon’s 

entropy was calculated as follows: 

−∑ 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ∗ 𝑙𝑛	(𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦)

𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒	𝑙𝑒𝑛𝑔𝑡ℎ
 

Normal distribution was assessed by Q-Q plot, and significance was assessed by Wilcoxon sign-rank test 

in SPSS. Associated amino acid changes were annotated using custom genome annotator excel files, and 

nucleotide positions were indexed to the HM440559.1 genome. 
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CHAPTER 3: PHENOTYPIC DIVERSITY OF DEER TICK VIRUS IN NORTH AMERICA 

 

3.1 Introduction 

Powassan virus (POWV) is an emerging tick-borne flavivirus that causes human neuroinvasive 

disease in North America. In the United States, reported cases have increased from 0.9 cases per year 

(1958-2007) to 16.7 cases per year (2008-2021)13,14. Though increased recognition and diagnostic 

capability have undoubtably played a part in this apparent increase, several observations indicate 

increased virus prevalence: elevated seroprevalence in deer15, documented expansion of POWV-

associated vectors10,169, and reports of high tick infection rates18,101. Human cases of POWV largely occur 

in New England, and midwestern states such as Wisconsin and Minnesota. However, the geographic 

range of POWV is likely significantly broader: POWV has been detected in Colorado, California, Alaska, 

and New Mexico96,97,170. Moreover, the ecology of POWV and the determinants that lead to local 

emergence are poorly understood. 

POWV is the sole North American member of the tick-borne encephalitis complex (Figs. 3.1A 

and C): a group of tick-borne flaviviruses with similar antigenic properties and vector associations2. Tick-

borne encephalitis virus (TBEV) is broadly distributed throughout Europe and Asia and is divided into 

genetic subtypes linked to geography, vector species, and pathogenicity in humans. In far-eastern Russia 

and Asia, TBEV is linked to severe neurological disease resulting in permanent damage to the brain and 

spinal cord, and death in 20-30% of cases. In Siberia, TBEV causes more mild neurological disease 

associated with infrequent chronic infection. European TBEV generally causes biphasic febrile disease 

which can be mildly neurological in the second phase23. Case fatality rates for Siberian and European 

subtypes are between 6-8% and 1-2% respectively. These observations have led us to speculate that 

similar phenotypic diversity may exist among North American strains of POWV.  

There are two genetic lineages of POWV that have 84.6% nucleotide identity and 95.1% amino 

acid identity (Figs. 3.1B and 3.2) and are indistinguishable by serology. Both virus lineages can cause 

disease in humans, but lineage II (deer tick virus; DTV) has been detected in humans more frequently due 
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to its association with the aggressively human biting tick Ixodes scapularis31,32,171. Clinical disease ranges 

from asymptomatic infection to severe neurological involvement, with 50% of patients developing 

permanent disorders and 11% succumbing to disease13,29,31,38. Although a range of clinical presentations is 

associated with POWV infection in people, the severity of both acute clinical disease and the high 

prevalence of neurological dysfunction among survivors are extremely concerning. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. POWV isolates used. A) Maximum likelihood phylogenetic tree of all mammalian 
viruses of the Flavivirus tick-borne encephalitis complex. LIV=louping ill, TBEV= tick borne-
encephalitis (Eu = Europe, Sib= Siberian, FE = far eastern), OHFV=Omsk hemorrhagic fever, 
KFDV=Kyasanur forest disease, POWV=Powassan, DTV=deer tick, KSIV=Karshi, RFV=royal 
farm, GGYV=Gadget Gully, KADV=Kadam, CFAV=cell fusing agent. B) Maximum likelihood 
of sixteen POWV and DTV isolates used in this study. C) Approximate locations of isolates in 
the U.S. and Canada. Dots may represent multiple isolates in proximity. 
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Fig 3.2. Nucleotide identity matrix for POWV isolates used in this study. Lower relative percent identity indicated by darker 
shading and higher percent identity indicated by light to no shading. 
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Phenotypic studies of POWV to date have almost exclusively used two highly passaged historical 

isolates: LB (lineage I) and SPO (lineage II). Therefore, we used 16 low-passage virus isolates collected 

from Canada, and Northeast and Midwest U.S. to assess phenotypic diversity of POWV in vitro. Using 

human neuroblastoma cells, we assessed replication and cytopathic effects to understand how individual 

POWV strains might differ in their pathogenic potential. Metagenomic sequencing was performed pre- 

and post- passage to identify single nucleotide variants (SNVs) that may be of medical importance. 

Briefly, we observed broad variation in replication and distinct cytopathic phenotypes on human neuronal 

cells. Though no causative genotypes were identified, two genetic changes were identified in multiple 

isolates post-culture and warrant further investigation. Our results provide clear evidence of significant 

phenotypic diversity in North American POWV and support the observation that naturally circulating 

viruses may have distinct propensities for perpetuation, transmission, and pathogenesis. 

 

3.2 Results 

POWV isolate characteristics. Sixteen POWV and DTV isolates were chosen as a representative sample 

set to assess replication phenotypes in vitro. These included four lineage I and twelve lineage II isolates 

(five from the Northeast clade, and seven from the Midwest clade). The lineage I isolates (1958-1965) 

derive from human, rodent, and tick sources from Ontario, Canada, and New York. The lineage II isolates 

(1995-2020) originate from five U.S. states and were mostly isolated from I. scapularis ticks. MN20-

CSF01 was isolated from a human patient. Isolates were maintained at the lowest possible passage; 

however, many of the older isolates have been passaged multiple times through suckling mice (Table 3.1).  

 The 16 isolates used in this study have an overall nucleotide identity of 91.6% (97.0% amino acid 

identity). Lineage I isolates are the most dissimilar to each other with 94.4% identity, and at least 105 

single nucleotide variants (SNVs) between them. Lineage II isolates are overall 96.5% identical: 99.4% 

among Northeast isolates and 99.6% among Midwest isolates. In the Midwest DTV group, SPOB9901 

and MA5/13-47 are the most similar with 14 SNVs between them and a single amino acid difference in 

the NS5 RNA-dependent RNA polymerase (RDRP) at position 8819 (Figs. 3.1B and 3.2).  
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Virus replication and cytopathic effects in mammalian cells.  Initial phenotypic analysis was performed 

on a subset of the isolates from Table 3.1. Two mammalian cells lines: baby hamster kidney (BHK-21, 

ATCC CCL-10), and human neuroblastoma (SH-SY5Y, ATCC CRL-2266) were used to assess 

replication phenotypes. A multiplicity of infection (MOI) of 0.01 was used to attain multi-step replication. 

In BHK-21 cells, viral loads in the supernatant peaked at three days post infection (dpi) and universal cell 

mortality was visually observed three to five dpi. Replication curves were uniform among DTV isolates, 

though variation was observed between lineage I isolates: LB and 64-7062, the most highly passaged 

isolates, peaked two dpi around 107 PFU/mL, while M11665 and 1427-62 peak three dpi around 106 

PFU/mL (Fig 3.3A). In SH-SY5Y cells, LB, 64-7062, M11665 replicated similarly, peaking two dpi 

around 107-108 PFU/mL; however, delayed replication was observed for 1427-62 which peaks six dpi 

around 106 PFU/mL. DTV replication was significantly variable in SH-SY5Y cells with virus titer 

ranging from 102 to 106 PFU/mL two dpi. All DTV isolates peaked on six dpi with viral titers ranging 

from 105.5 to 108 (Fig. 3.3B). 

Variable CPE was visually noted during infection in SH-SY5Y cells, thus an MTT assay was 

used to measure cell viability nine dpi. FA5/12-40 and FB5/13-140 (lineage II Midwest) produced less 

CPE compared to the other isolates, though significance was only determined against the lineage I isolates 

Table 3.1. POWV isolates used in this study. Virus isolates have been obtained either through 
collaborators or our own tick collections. All viruses have been grown up in BHK cells in our lab to 
create stocks used in this study. SM = suckling mice, V = Vero cells, B = BHK cells. 
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(p<0.01, Kruskal Wallis test). Lineage I isolates, MA5/13-47, and MB5/12-73, NFS9601, IPS001, and 

SPOB9901 resulted in 100% CPE (Fig. 3.3C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Replication and CPE phenotypes of POWV isolates 1958-2008. POWV is inoculated 
at an MOI of 0.01 in triplicate on A) BHK and B) SH-SY5Y for incubated up to 9 days at 37ºC. 
Replication curves are separated by genetic clade to appreciate the differences between closely 
related isolates. Data shown is from two replicate experiments. C) SH-SY5Y cells are inoculated 
(n=6 wells) with virus approximating an MOI of 0.01 and incubated for 9 days. Cells are stained 
with MTT, and absorbance is measured. Absorbances are background subtracted and normalized to 
uninfected control wells to calculate %CPE. Data shown is from two replicate experiments. 
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To bolster observations of in vitro phenotype, additional current low-passage isolates were 

obtained (those from 2019-2020), and replication and CPE assays were repeated in SH-SY5Y cells. 

Though the shape of the replication curve is different, significant variability was again observed between 

isolates. Highly variable replication was observed with peak viral titer ranging from 104.5 to 108.5 

PFU/mL. Isolates from New York (NY19-435 and NY19-12) resulted in much lower titers than the 

isolates from Minnesota (MN19-61 and MN20-CSF01) and Maine (ME19-1051) (Fig 3.4A). All these 

isolates caused 100% CPE by nine dpi (Fig 3.4B). 

 

 

 

 

 

 

 

 

Potential genetic determinants of phenotype. Shotgun metagenomic sequencing was performed on RNA 

isolated from pre-infection ‘input’ POWV and after nine days replication in SH-SY5Y cells to identify 

intra-isolate SNVs that may be associated with in vitro phenotype and replication in neuronal cells. 

Isolates included in this experiment were LB, 64-7062, M11665, 1427-62, NFS9601, IPS001, MA5/13-

47, MB5/12-73, and FB5/13-140. We first looked at consensus-level changes after a single passage in 

SH-SY5Y cells. Seven of eleven changes occurred in env protein, all of which are nonsynonymous. Four 

changes were identified in non-structural proteins, though three of four were synonymous changes in 

1427-62. Interestingly, these changes start and end at the same approximate frequencies suggesting that 

they may be linked on the same virus genome. The only nonsynonymous change was identified in 

M11665 lineage I isolate in the NS3 protease protein. Two nonsynonymous SNVs in the envelope coding 

region (env) were identified in multiple isolates: G1096A was identified in lineage I isolates 1427-62 and 

 

Figure 3.4. A) Replication and B) CPE of 2019-2020 DTV isolates on SH-SY5Y cells. Results 
are from a single experiment. 
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M11665, and A1868G was identified in lineage II isolates MA5/12 #47, SPOB9901, and IPS001. In most 

of these cases, this SNV was not found in the input, and resulted in substantial increase in frequency (Fig. 

3.5A). 

 We next looked at changes in population complexity between input and nine dpi SH-SY5Y 

culture samples. All lineage I isolates started with higher complexity than lineage II isolates. All isolates, 

except for 1427-62 increased in complexity, though these changes were not significant (Fig. 3.5B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Intra-isolate genetic changes pre- and post- SH-SY5Y culture. A) All 
consensus level SNVs identified after a single passage in SH-SY5Y cells. B) Intra-isolate 
complexity pre- and post-  SH-SY5Y culture, as measured by Shannon’s entropy from 
merged biological replicate libraries. (Not significant by Wilcoxon signed rank test, two-
tailed, p=0.13 
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3.3 Discussion 

POWV has emerged in recent decades due to the expansion of deer ticks and increased 

recognition and diagnosis of disease in humans. However, the incidence of human disease, while 

increasing, lags far behind other areas where similar viruses (e.g. TBEV) have emerged. The reasons for 

this are unclear at present, but of significant interest due to the clinical severity of POWV disease in 

human beings and the ecological changes to the North American landscape that have facilitated the 

emergence of other tick-borne pathogens. In this work we sought to assess the overall hypothesis that the 

relative paucity of human cases may be due to reduced pathogenic potential of currently circulating 

isolates. Specifically, we measured in vitro replication, CPE in neuronal cells and assessed virus genetics 

during replication in cultured cells. 

Sixteen viral isolates from three genetic clades were used in the present study. The represented 

lineage I isolates are more genetically dissimilar than the DTV isolates. DTV genetic subclades are tied to 

geographic location: Northeast and Midwest U.S. Many of the lineage I and II isolates are moderately to 

highly passaged; therefore, several current low-passage isolates from a broad geographic range were 

included in this study. The five DTV isolates from Spooner, WI present a unique opportunity to assess 

phenotype between isolates with close geographic and temporal characteristics. While SPO9901 was 

collected in 1999 and has been moderately passaged, it has similar consensus identity to the four low-

passage isolates collected in 2008 (99.8%), indicating genetic stability of DTV in this area as previously 

described99. Despite the geographic proximity, they are genetically distinct, with 14-33 consensus 

differences among them. DTV isolates from 2019 originate from I. scapularis collected from four 

locations and represent both the Northeast and Midwest. Out of the 16 isolates evaluated in this study, 

two isolates originate from cerebral spinal fluid of patients with POWV disease. Together, these isolates 

represent a broad geographic and temporal range from all genetic clades, many of which are maintained 

with few passages in cell culture. Thus, the isolates included in this study are suitable to assess in vitro 

phenotypes.  
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SH-SY5Y cells are frequently used as in vitro disease model for encephalitic flaviviruses as they 

are neuronal cells originated from a bone-marrow-derived neuroblastoma. Here, we quantify virus 

replication and cytopathic effects in SH-SY5Y cells as a proxy for pathogenic potential in humans. BHK-

21 cells are kidney-derived fibroblasts used extensively as general laboratory cells, highly permissive to 

flavivirus replication, and used here as a robust comparison of virus replication. 

Isolates from all genetic clades were able to replicate to high titers in bone marrow-derived SH-

SY5Y neuroblastoma cells, though significant variation was observed. At two dpi, over a 10,000-fold 

(lineage I, lineage II Northeast) and 1000-fold (lineage II Midwest) difference in viral titer was observed. 

Among DTV isolates, 10,000-fold differences were observed in peak viral titers at four or six dpi. 

Surprisingly, no correlation between replication phenotype and genetic clade, location, or originating 

source were observed. These observations clearly establish that POWV isolates possess extreme variation 

in their ability to replicate in neuronal cells. 

Inspection of cell mortality nine dpi in human neuronal cells revealed virus strain-dependent 

differences in CPE. Most isolates resulted in 100% CPE on SH-SY5Y cells, apart from FB5/13-140 and 

FA5/12-40 (lineage II Midwest). Interestingly, FB5/13-140 and FA512-40 had both the highest and 

lowest peak viral titers (respectively) of the DTV Midwest isolates, indicating CPE phenotype did not 

correlate with increased replication. To determine whether any recent DTV isolates would be similarly 

unable to cause CPE, we repeated this experiment with five DTV isolates from 2019-2020. These isolates 

caused CPE in SH-SY5Y cells quite efficiently, suggesting that rarely, POWV strains cause minimal CPE 

in these cells. Collectively, these experiments document strain-dependent variation in the ability of 

POWV to cause CPE in a neuronal cell in vitro model. The significance of these data for human disease 

remains unclear at present.  

Given the high passage history of some of the isolates used, enhanced replication could be due to 

adaptations to cell culture or suckling mice brain. Inoculation into the brains of suckling mice was (and 

sometimes still is) used to isolate POWV, though currently cell culture is used more frequently. For 

instance, lineage I isolates have been passaged multiple times in suckling mice and nearly all (excluding 
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1427-62) replicate similarly well in SH-SY5Y cells, despite having only 95.6% nucleotide identity. Thus, 

efficient replication could be due to adaption to neuronal cells. In contrast, the following observations 

demonstrate DTV phenotypes in SH-SY5Y cells are not a result of adaptation to cell culture: (1) uniform 

replication and CPE of DTV isolates in BHK cells, despite some being more highly passaged, and (2) 

high variation in SH-SY5Y cells between isolates with similar passage history. Most of the studies on 

POWV to date have used isolates LB (highly passaged) and SPO (moderately passaged) in experimental 

studies on transmission and disease. The present results demonstrate the importance of working with low-

passage isolates for an accurate picture of POWV phenotypes.  

Two nonsynonymous consensus changes were identified in post-SH-SY5Y culture samples that 

are shared between multiple isolates. Residue E51 and D308 in env were found in two lineage I and three 

lineage II isolates, respectively. Both residues resulted in increasing SNV frequency, in many cases going 

from 0% to over 60%, suggesting potential importance to neuronal cells. Interestingly, D308 lies on 

domain III in the protein binding motif and has been implicated for increased neuropathic potential in 

TBEV172. Residue E51 lies in domain II of the env protein, which is involved in protein dimerization and 

membrane fusion172, though this residue has not been associated with neurovirulence. In vitro phenotype 

could not be linked to either SNV, thus additional studies are needed to determine the significance of 

these results. 

 In summary, our results demonstrate extensive in vitro phenotypic diversity present in POWV. 

Further investigation using in vivo models is needed to determine how these results may translate to 

disease in humans. Though no clear genetic determinants of in vitro phenotype were observed, there are a 

few key residues that warrant further investigation. Thus, the replication of POWV in human 

neuroblastoma cells and the ability of strains to cause CPE is highly variable and not currently attributable 

to a key set of viral genetic determinants. 
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3.4 Materials and Methods 

Cells and viruses. BHK-21 (baby hamster kidney, ATCC CCL-10) cells were maintained in DMEM 

supplemented with 5% FBS and 1% Penicillin and Streptomycin. SH-SY5Y (human neuroblastoma, 

ATCC CRL-2286) cells were maintained in a 1:1 ratio of EMEM:DMEM F12 supplemented with 10% 

FBS and 1% Penicillin and Streptomycin. Cells were grown at 37°C with 5% CO2. Cells were not 

maintained past passage 50. A table of the POWV isolates used in this study are in Table 3.1. All POWV 

stocks were grown up in BHK cells for three to six days, aliquoted with additional 20% FBS and stored at 

-80°C. Virus was tittered via plaque assay on BHK cells as described below. 

 

Plaque assays. BHK cells were seeded to 90% confluency the day before in six-well cell culture plates. 

Samples were thawed rapidly and serially diluted in DMEM supplemented with 2% FBS and 1% 

Penicillin and Streptomycin. All media was removed from six-well plates before BHK cells were 

inoculated with 200µL of each dilution and incubated at RT on a rocker for one hour. Four milliliters of 

tragacanth/media overlay was added to each well and incubated at 37°C for five days. Cells were stained 

with crystal violet to visualize and count plaques. 

 

Growth curves. BHK and SH-SY5Y cells were seeded in six-well cell culture plates the day before for 

~70% confluency. One plate of each cell type was counted the day of to calculate the average cells per 

well. Virus was diluted to inoculate each cell type at a multiplicity of infection (MOI) of 0.01. Media was 

removed from each cell type, 200µL inoculum was added to the cells and incubated at RT on a rocker for 

one hour. Cells were washed three times with PBS and four milliliters of cell media with decreased FBS 

concentration of 2% was added to each well. The first time point (day 0) was taken immediately before 

plates are incubated at 37°C with 5% CO2 for the remainder of the experiment. The remainder of the 

unused virus inoculum was used to immediately perform back titrations via plaque assay. For the 

remaining five to nine days, supernatant samples were collected from each well in 24-hour increments 
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and stored at -80°C. Plaque assays were performed as described above to measure infectious virus titer 

over time. Growth curves were performed in triplicate for both cell types. Growth curves were repeated 

for SH-SY5Y cells and data was combined for a total of six replicates per isolate. Tests for overall 

statistical significance were performed in GraphPad Software version 9.5.1 (San Diego, California) for 

two and six dpi timepoints in SH-SY5Y cells. Kruskal-Wallis test for statistical significance was 

performed for lineage I and lineage II Midwest. Mann-Whitney t-test was performed for lineage II 

northeast.  

 

CPE assay. Cells were seeded to 70% confluency in 96-well cell culture plates. Viral stocks were diluted 

1x103 PFU/mL in DMEM supplemented with 2% FBS and 1% Pen/Strep. Diluted virus (50µL) was 

transferred to the cell culture plates and incubated for up to nine days. For each time point, 20µL of 

5mg/mL MTT live cell stain was added to each well and incubated at 37°C for three hours. The media 

was removed, and cells were washed twice with PBS. 100µL of 1:2 DMSO:EtOH was added to solubilize 

the MTT crystals and incubated overnight in the dark at 4°C. Absorbance was measured at a wavelength 

of 490nm with background subtraction. Absorbance is normalized to negative control wells on each plate 

and calculated as a percent cytopathic effect (CPE). Kruskal Wallis test with Dunn’s multiple 

comparisons was performed in GraphPad Software version 9.5.1 (San Diego, California). 

 

Sequencing and iSNV analysis. POWV isolates (table 1) were grown in triplicate on SH-SY5Y cells for 

nine days. RNA was extracted from 50µL of clarified day nine and input supernatant using the Mag-Bind 

Viral DNA/RNA kit on a KingFisher Flex Purification System. POWV genome sequencing was 

performed on RNA as previously described35 Briefly, samples underwent DNase (ArcticZymes), single-

cycle cDNA synthesis using random primers and Superscript III (Invitrogen), library tagmentation and 

16-cycle PCR amplification using Nextera XT (Illumina), and 150 bp paired-end sequencing using an 

Illumina MiSeq or NextSeq. Duplicate independent libraries underwent deep sequencing for analysis of 
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intrasample single nucleotide variants (iSNV). Trimmed, quality-filtered .bam files were generated using 

viral-ngs v2.0.21, and a merged .bam file was generated using samtools v1.10 (Li et al. 2009). Bam files 

were separated into respective R1 and R2 fastq files using samtools. Reads <25 bases in length and PCR 

duplicates were removed using fastp v0.23.2166. For each library, fastq files for both tick-derived and 

BHK-derived RNA were aligned to their respective tick-derived consensus sequence using bowtie2 

v2.3.5.1167 using the following parameters: --local -L 25 -N 1 --gbar 15 --rdg 5,1 --rfg 5,1 --score-min 

G,30,15 --mp 10. Output sam files were converted to sorted, indexed bam files using samtools, and 

iSNVs were called with VPhaser-2 v2.0168 with the following parameters: -ps 100 -ig 20 -dt 0 -a 0.001. 

Allele information for positions present in both libraries was extracted from the corresponding merged 

bam file. iSNVs were then filtered for those present at ≥1% allele frequency and indels were additionally 

filtered for those greater than two nucleotides in length to reduce spurious iSNV calls. Remaining iSNVs 

were manually inspected and any suspected spurious calls were removed. iSNVs were considered 

spurious if: 1) iSNV only occurred in one position across multiple reads (e.g. only at left-most part of 

reads and never in the middle of reads); 2) iSNV only occurred in one mapping orientation; 3) iSNV only 

occurred in combinations with one another suggestive of processing artifact. Shannon’s entropy was 

calculated as follows: 

−∑ 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ∗ 𝑙𝑛	(𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦)

𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒	𝑙𝑒𝑛𝑔𝑡ℎ
 

Normal distribution was assessed by Q-Q plot, and significance was assessed by Wilcoxon sign-rank test 

in SPSS version 28 (IBM Corp., Armonk, New York) Associated amino acid changes were annotated 

using custom genome annotator excel files, and nucleotide positions were indexed to the HM440559.1 

genome.  
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CHAPTER 4: IN VIVO PHENOTYPES OF POWASSAN VIRUS 

 

4.1 Introduction 

In the United States, reported human cases have increased from 0.9 cases per year (1958-2007) to 

16.7 cases per year (2008-2021)14. Increasing seropositivity in deer15, recent reports of high infection rates 

in ticks16–18, and human cases reported in states with no prior history of disease14,17,19,20 highlight the 

changing epidemiology of this virus. POWV infection can result in severe neurological disease, resulting 

in permanent neurological disorders in 50% and death in 11% of reported cases13,29; however, evidence of 

asymptomatic or mild infections have been observed in serological surveys of people with no history of 

neurological disease4,37,39. Generalized febrile disease appears first, appreciated by fever, sore throat, 

drowsiness, and disorientation. If disease progresses to encephalitis or aseptic meningitis, patients may 

develop seizures, nausea, slow speech, and paralysis30,173. Though indistinguishable by serology, both 

virus lineages (POWV and DTV) can cause neurological disease in humans. Therefore, the true scope of 

disease and differences between lineages is not known.  

Detection of POWV through serology, viral RNA, and virus isolation has provided evidence for a 

broad distribution through the United States and Canada74,96,98,174,175, despite human cases almost 

exclusively occurring in Wisconsin, Minnesota, New England, and Ontario14. Despite serological 

evidence of widespread virus circulation and moderate prevalence in ticks, reported cases are still very 

low, and far less than the closely related tick-borne encephalitis virus in Europe and Asia, which results in 

over 10,000 human cases annually22. Though several factors are at play, it’s not known how individual 

virus strains may be contributing to human cases.   

In the present study, we use low-passage, geographic and temporally diverse viral isolates from 

all genetic clades to determine differences in tick transmission (viremic and transstadial) and disease in 

mice. We hypothesized strain-dependent differences in pathogenesis and tick transmission that make 

viruses less able to cause disease or be transmitted through the blood of the vertebrate host. 
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4.2 Results 

POWV isolates used in this study. Eleven isolates were included in the initial study of POWV disease in 

mice. These isolates were chosen based on geographic and temporal origin, and passage history (Table 

4.2). Five of these isolates were chosen for additional experiments to assess pathogenesis and 

transmission to ticks. A single lineage I isolate (M11665) and four lineage II isolates: two in the 

Northeast clade (NFS9601 and ME19-1051) and two in the Midwest clade (FA5/12-40 and NJ19-56). 

Notably NJ19-56 was collected in New Jersey, though clusters genetically with the Midwest isolates as 

discussed previously114.   

 

Morbidity and Mortality in C57BL/6 mice. Eleven POWV and DTV isolates were used to determine 

differences in morbidity and mortality. Four male and four female C57BL/6 mice were inoculated 

subcutaneously with 103 PFU and monitored for disease for up to 14 days or until euthanasia criteria were 

met. Notably, experimental infections of male and female mice were performed at separate times, though 

survival curves were combined to show overall mortality. While similar mortality rates (50-64%) were 

observed for mice inoculated with lineage II Midwest isolates, variable mortality was observed for  

 

 

 

 

 

 

 

 

 

 

Table 4.1. Powassan virus isolates used in this study. SM= suckling mice, V=Vero cells, B=BHK 
cells, P=unknown passage *used for further investigation 
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lineage I and lineage II Northeast-infected mice. Mice infected with lineage I isolates resulted in death for 

25-63% of mice. Within the lineage II Northeast isolates, mortality ranged from 0-50%. (Fig 4.1) Isolates 

that resulted in mild disease include NFS9601, NY19-250, NY19-435, NY19-904, all of which originated 

from I. scapularis collected on Long Island, New York, and Nantucket, Massachusetts (Table 4.2).  

Signs of generalized febrile disease such as ruffled fur and hunched poster were observed starting 

seven dpi. If disease progressed, neurological signs (tremors, slow and uncoordinated movement, 

paralysis) were usually observed the following day. For isolates M11665 and ME19-1051, 50-63% of 

mice were euthanized before the study end; however, disease was mild, and only a single ME19-1051-

infected mouse progressed to hind-limb paralysis. Signs of febrile disease followed by paralysis were 

observed for both male and female NJ19-56-infected mice, resulting in 63% overall morbidity by 12 dpi. 

NFS9601-infected mice exhibited some weight loss starting nine dpi, though few signs of disease were 

observed (ruffled fur in two male mice), and all mice recovered by 12 dpi. All mice infected with FA5/12-

40 exhibited similar patterns of weight loss, though no clinical signs of disease were observed for female 

mice. Ruffled fur or hunched posture was observed in all male FA5/12-40-infected mice, and two mice 

developed hind limb paralysis soon after; 75% of male mice were euthanized by 12 dpi, compared to 0% 

female mice. (Figs. 4.1B and C, S4.1, and S4.2) 

To validate potential sex differences in disease for isolate FA5/12-40, the experiment was 

repeated with eight male and eight female mice. Similar weight loss and signs of neurological disease 

(ruffled fur, hunched posture, slow movement, loss of coordination, weakness, and paralysis) were 

observed for both sexes, and 65-75% of mice were euthanized by 14 dpi (Fig. S4.3) Notably, this 

validation study was performed by a separate institution than the above studies. 

 

Pathogenesis in C57BL/6 mice. Pathogenesis over time was determined for five POWV isolates. Sixteen 

male C57BL/6 mice were subcutaneously injected with 103 PFU. Four mice per isolate were euthanized at 

three, six, nine, and twelve dpi, unless euthanasia criteria were reached. Virus was detected in the blood 

three dpi in 100% of mice but was not detected thereafter. Virus loads in the blood were approximately 
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102 PFU/mL, though many samples were at or below the limit of detection (Fig 4.2A). Viral RNA was 

detected in the spleens of most mice, except for M11665 which was not detected after three dpi. Viral 

titers in the spleen three dpi varied between isolates, with M11665 and ME19-1051 resulting in the 

highest viral loads (103-104 PFU/g) (Fig 4.2B).  Viral RNA was detected in the brain starting six dpi for 

most isolates and in nearly 100% of all mice nine and twelve dpi. NJ19-56 was detected in the brain as 

early as three dpi and resulted in 100% mice with RNA-positive brains at six dpi. Viral loads in the brain 

nine dpi ranged from 104-105.5 PFU/g (Fig 4.2C).  

 

Viremic transmission to ticks. Viremic transmission of POWV was assessed in I. scapularis ticks fed on 

BALB/c mice infected intraperitoneally with 103 PFU (Fig. 4.3A). Approximately 200 larvae were 

infested a day prior to infection (day 0) to better overlap peak viremia with blood-feeding. Three mice 

were infected per isolate on day one and replete larvae were collected as they detached, largely days three 

and four. Ten or approximately 20% of replete larvae per mouse were immediately homogenized and  

 

Figure 4.1. Morbidity of C57BL/6 mice inoculated with 11 POWV isolates. A) Survival curves 
are separated by genetic clade: lineage I (left), lineage II Northeast (middle), and lineage II Midwest 
(right). Data is combined results from n=4 female and n=4 male mice. Five isolates were broken up 
into survival of male (B) and female (C) mice.  
 

0 2 4 6 8 10 12 14

0

25

50

75

100

dpi

P
ro

b
a
b

il
it

y
 o

f 
S

u
rv

iv
a
l

1427-62

M11665

0 2 4 6 8 10 12 14

0

25

50

75

100

dpi

ME19-1051

NFS9601

NY19-12

NY19-250

NY19-435

NY19-904

0 2 4 6 8 10 12 14

0

25

50

75

100

dpi

FA5/12-40

FB5/13-140

NJ19-56

0 2 4 6 8 10 12 14

0

25

50

75

100

dpi

P
ro

b
a
b

il
it

y
 o

f 
S

u
rv

iv
a
l

M11665

NFS9601

ME19-1051

FA5/12-40

NJ19-56

0 2 4 6 8 10 12 14

0

25

50

75

100

dpi

P
ro

b
a
b

il
it

y
 o

f 
S

u
rv

iv
a
l

A

B C



 55 

 

 

 

 

\ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Pathogenesis of POWV in B6 mice.  A) Percent POWV-positive mice based on viral 
RNA detection in the A) blood, B) spleen, and C) brain. Viral loads for A) blood and B) spleen were 
determined for 3 dpi samples. Viral loads for C) brain tissue was determine for 9 dpi samples. 
Lineage I isolates indicated in yellow. Lineage II Northeast isolates indicated in purple. Lineage II 
Midwest isolates indicated in teal.  
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used to determine rates of virus acquisition. 90.0% of ticks had detectable levels of viral RNA, and 10.0% 

had detectable virus. Remaining larvae were left to molt for eight weeks and nymphs were homogenized 

and screened for POWV. A median of 35 (range 10-78) nymphs were obtained per mouse. Blood was 

collected from all mice on day four, though viral RNA was not detected via qRT-PCR. 

To bolster our sample size, the experiment was repeated at a lower inoculum (due to viral titers of 

our stocks) using only two isolates: ME19-1051 and NJ19-56 and six replicate mice per isolate. All 

replete larvae were allowed to molt for eight weeks prior to processing. A median of 54.5 (22-90) molted 

nymphs were obtained from each mouse. No statistical significance in viral titer or infection rate (IR) in 

nymphs was observed between studies (Table 4.1) and results from the combined experiments are 

discussed below.  

 

 

 

 

 

No significant difference in nymph IR was determined between POWV isolates (Kruskal-Wallis 

test). The overall IR averaged 14.7% (range 12.0-18.8) amongst all isolates. Greater IR variation was 

observed between ticks collected from individual host mice. For NJ19-56, tick IRs between host mice 

ranged from 4.0 to 47.4% (Fig. 4.3B). Some subtle trends in nymph viral loads were observed between 

isolates. M11665, NFS9601, and NJ19-56 resulted in an average 4x102 PFU/tick, while ME19-1051 and 

FA5/12-40 average 1x103 PFU/tick, though this difference is only significant compared to NJ19-56 

(Kruskal-Wallis test with Dunn’s multiple comparisons; Fig. 4.3C). 

 

Artificial infection of ticks. To determine differences in the ability of isolates to infect the tick without 

host-dependent viremia, artificial infection using two DTV isolates (NJ19-56 and ME19-1051) was used. 

I. scapularis nymphs were immersed in 103 PFU/mL of DTV, fed on naive mice, and allowed to molt to   

Table 4.2. Statistical analysis between first and second viremic transmission experiments.  
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adults for eight weeks before processing (Fig. 4.4A). A subset of immersed, unfed nymphs was screened 

for DTV RNA by qRT-PCR four weeks post-immersion, though only one tick (2.6%) was found positive. 

Artificial infection of blood-fed nymphs resulted in 15.0-20.5% IR in adults with viral loads averaging 

7.5x103 PFU (4.4B and C). Differences between isolates (viral load and IR) were not significant 

(Kolmogorov-Smirnov test and chi square test respectively) and no differences were determined between 

male and female infected ticks.  

 

Viremia in BALB/c mice. To assess differences in the ability to establish viremia in the vertebrate host, 

female BALB/C mice were infected with 103 PFU and three mice per isolate were euthanized one, two, 

and four days post infection (dpi) (Fig. 4.2A). Due to limits of virus detection in the blood, PFU 

 
 

Figure 4.3. Viremic transmission to ticks. A) Methodology of viremic transmission experiments. B) 
Nymph infection rates per isolate. Colored bar represents overall IR, colored circles represent IR for 
nymphs fed on the same host mouse. Total n is listed at the top. Kruskal-Wallis test p=0.55 C) Viral 
load of all nymphs Kruskal-Wallis test **p<= 0.001 
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equivalents were calculated by extrapolation from qRT-PCR standard curves. Viral titers in the blood 

were highest one dpi around 8x102 PFUeq/mL, dropping roughly ten-fold two dpi and only detected at 

low levels four dpi. Viral RNA was detected in the spleens of all mice one and two dpi, suggesting all 

mice from these time points were infected. In the blood, NJ19-56-infected mice demonstrated 100% 

infection, while virus was detected for two of three ME19-1051-infected mice one and two dpi. NJ19-56  

resulted in somewhat higher viremia one dpi, though not statically significant. By four dpi, viral loads in 

the blood drop off: viral RNA was detected for only one NJ19-56-infected mouse. Virus is detected in the 

brain four dpi in all NJ19-56 mice and only one ME19-1051 mouse.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.4. Artificial infection of ticks. A) Methodology of artificial infection. B) Adult male and 
female infection rates per isolate. Total n is listed at the top. Chi square test p= 0.48 C) Viral load of all 
nymphs Kolmogorov-Smirinov test p=0.56 
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4.3 Discussion 

POWV is an emerging tick-borne virus in North America, which causes cases of human disease 

predominantly in the Northeast and Midwestern U.S. Though human cases are increasing in the U.S.14, 

they are rare compared to reported cases of tick-borne encephalitis virus in Europe and Asia22. Thus, the 

contribution of individual strains to human cases and circulation in ticks is unknown. Genetically diverse 

 

 

 

 

 

 

 

 

 

 

 

 

POWV isolates of different geographic and temporal origin were used in the present study to determine 

differences in viremia in mice and transmission to I. scapularis ticks.   

Eleven POWV isolates from a broad geographic and temporal range were used to determine 

differences in morbidity and mortality between isolates. Both POWV lineages were able to cause 

neurological disease in mice, although morbidity and mortality varied significantly, even between isolates 

of the same genetic clade. Mice infected with DTV Midwest strains universally caused severe disease 

with greater than 50% mortality. Several of these mice developed neurological signs of disease such as 

ataxia and paralysis. In contrast, mild disease was observed for mice infected with DTV Northeast 

 

 
Figure 4.5. Viremia of DTV in BALB/c mice. Blood, brain, and spleen was samples from n=3 
mice per isolate on days 1, 2, and 4 post infection. The number of positive mice for each sample 
type is indicated in the table above the graph.  
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isolates, and only one mouse infected with virus from the Northeast subclade (ME19-1051) progressed to 

paralysis. Mice infected with isolates that originated from Long Island, New York and Nantucket, 

Massachusetts had almost no clinical signs of disease apart from weight loss, which most mice recovered 

from in a few days. Interesting, the first case of POWV disease was reported on Long Island in 2022176, 

and no cases have thus far been identified on Nantucket. Thus, POWV infection encompasses variable 

disease outcomes in mice with potential links to location that warrant further investigation. 

Five isolates were chosen to further assess pathogenic differences over time. Several differences 

between isolates were observed in the brain and spleen tissue of infected mice. Virus was detected in the 

spleens of most mice at all time points, except for M11665-infected mice, where virus was detected only 

three dpi. NJ19-56-infected mice demonstrated somewhat faster neuroinvasion, also observed in BALB/c 

mice, which could be linked to the severity of disease. Though some potentially significant strain-

dependent differences in pathogenesis were observed, additional studies with greater sample size are 

needed to validate these results.   

Given the observed variability in disease outcomes in mice, we sought to determine differences in the 

ability to infect ticks. I. scapularis ticks were infected via two methods: viremic transmission (feeding on 

an infected mouse) and artificial infection (via immersion). During viremic transmission, the virus 

establishes infection in the blood of the host animal and is ingested into the midgut of the engorging tick. 

Artificial infection removes the variable factor of host viremia; however, blood-feeding is still necessary 

to induce physiological changes in the tick that promote virus infection59,177. This effect was observed in 

our data as only 2.6% of un-fed nymphs were DTV-positive, compared to 17.8% of blood-fed molted 

nymphs. Therefore, the combination of viremic and artificial infection allows us to determine the impact 

of host viremia on infection rate (IR) and assess strain-dependent differences in the ability to infect ticks. 

Surprisingly, both methods resulted in comparable overall tick IRs 10-20%, similar to previously 

published data78; however tick IR was variable between individual host mice. Artificial infection resulted 

in somewhat higher viral loads per tick, though this did not seem to increase the likelihood of infection. 

Given these results, it seems infection acquired by blood-feeding on a live animal can result in variable IR 
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depending on the individual animal, but that overall infection rate is similar to artificial feeding when 

results from several animals are aggregated. 

Despite significant genetic and ecological variability, the overall tick IR was also similar between 

isolates, regardless of infection method. This is surprising given the number of barriers a virus must 

overcome to (1) develop sufficient viremia in the host mouse, (2) establish infection in the tick, and 3) 

survive the histolysis and rearrangement of tissues that occurs during molting. Potential differences in 

host viremia were observed between two DTV isolates: ME19-1051 and NJ19-56. NJ19-56 infected mice 

had somewhat higher, sustained, and more consistent detection of virus in the blood, though these 

observations were subtle, and did not seem to affect the overall tick IR. Subtle, though statically 

significant differences were observed in tick viral loads between isolates, and this trend was repeated via 

artificial infection. The significance of this result is yet to be determined, though may impact viral 

maintenance or subsequent transmission. As ticks in this study were screened post-molt, all isolates were 

successfully transstadially transmitted (TST). Though only a small number of larvae were screened 

immediately post-repletion, the proportion that were virus-positive is similar to the IR in nymphs post-

molt, indicating potentially low barriers to TST as previously described77,78. Together, these results 

suggest that mechanisms of POWV infection in I. scapularis are not POWV genotype-dependent and are 

highly conserved. Additional support for this result is given in the ability of POWV to replicate and be 

transmitted by many tick species including Dermacentor variabilis74, D. andersoni178, Haemphysalis 

longicornus85, and five known Ixodes sp.179.  

 We also assessed the infection rate and viral load of male and female ticks via artificial infection. 

Previously, our group reported significantly more female DTV-positive ticks collected form the Northeast 

U.S.114. Though we did not observe differences in the present data, our sample size is relatively small and 

could be impacted by the method of infection. Biological factors, such as the difference in sex organs and 

the size and function of the midgut and salivary glands150 could influence virus replication and survival. 

Thus, additional work is needed to determine virus tropism in adult ticks. 
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There are several limitations and avenues for further investigation based on the described studies. 

First, many isolates were used to assess pathogenesis and sample size was limited to maintain feasibility. 

Therefore, the results from these data should be regarded with caution. Inbred laboratory mice were used 

for experimental tick studies because they produce high numbers of infected ticks to observe differences 

between isolates, however, they do not represent a natural host. Peromyscus mice are a potentially 

important host for POWV8,116, but do not produce high viremia50. Thus, virus restriction in these hosts is 

more severe and may result in differential rates of virus transmission. Though TST was demonstrated, the 

efficiency of TST could not be determined. Furthermore, viral maintenance in nature may depend more 

highly on other routes of viral transmission in ticks, such as co-feeding transmission, which were not 

demonstrated in the present study. Finally, tick infection was determined in whole ticks, thus additional 

work is needed to determine differences in tissue tropism and oral transmission potential.  

We determined strain-dependent differences in pathogenesis, with potential links to geographic 

location, and consistent rates of infected ticks between diverse viral isolates via viremic and artificial 

infection. These results demonstrate the presence of low-virulence strains in the U.S.. In addition, the 

present data highlights POWV as well adapted to survive within ticks, regardless of genotype. 

 

4.4 Materials and Methods 

Viruses and plaque assays. BHK cells were grown in DMEM supplemented with 10% FBS and 1% 

Penicillin/Streptomycin. L929 cells were grown in DMEM supplemented with 5% FBS and 1% 

Penicillin/Streptomycin. POWV isolates were grown up in BHK cells for 3-6 days and tittered via plaque 

assay on BHK cells.  

 

Mice and ticks. C57BL/6 (strain #000664) and BALB/c (strain #000651) mice were obtained from 

Jackson Laboratories. Approval for animal protocols was obtained by the Colorado State University 

Institutional Animal Care and Use Committee, protocol 1257. Ticks were obtained from the Oklahoma 

State University tick rearing facility and kept at 24°C with 90-95% RH in glass humid chambers with ~ 2 
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inches of saturated potassium sulfate. Ticks were kept in 5-dram polystyrene vials with mesh sieve tops. 

Larval ticks were obtained by allowing replete adult female I. scapularis to oviposit. Eggs were separated 

into ~200 egg bunches in separate vials and allowed to hatch. Ticks were washed in 70% EtOH and PBS 

and moved into a clean vial and humid chamber every 3-5 weeks.  

 

Nucleic acid extraction and qRT-PCR. 50µL sample was used for nucleic acid extraction using the 

Omega viral RNA/DNA kit on a King Fisher robotics platform. qRT-PCR was performed using the 

EXPRESS One-Step SYBR GreenER kit (Invitrogen) following manufacturer’s instructions with 2µL 

sample volume with the following primers directed towards the NS5 gene: fw: 

GGCCATGACAGACACAACAGCGTT TG and POWV rv: GAGCGCTCTTCATCCACCAGGTTCC. 

Melt curves were used to confirm true POWV positives over background.  

 

Morbidity and mortality studies. 8-week-old C57BL/6 mice were subcutaneously inoculated with 1x103 

PFU virus, n=4 per isolate housed in the same cage. Mice were weighed and scored daily and euthanized 

if they reached a clinical score of 3 or greater. Animal studies were approved by the IACUC review board 

under protocol 1257. Typical flavivirus scoring was used: (0) no signs, (1) ruffled fur, (2) hunched 

posture, (3) tremors, ataxia, weakness, (4) paralysis, (5) moribund. At euthanasia, blood, brain, kidney, 

and spleen was collected and frozen at -80C until processing. Morbidity and mortality studies of male and 

female mice for all isolates were performed at Tufts University veterinary campus in North Grafton, 

Massachusetts. Repeat study to assess sex-differences with FA5/12-40 was performed at Colorado State 

University in Fort Collins, CO. Tissue was weighed (g) and 10x volume tick diluent was added. Tissue 

was bead homogenized at 30 hertz for 2 minutes, spun at 10,000 rcf for 5 minutes, and used for RNA 

extraction and plaque assay.  

 



 64 

Pathogenesis time course. 8-week-old male C57BL/6 mice were subcutaneously inoculated with 1x103 

PFU, n=16 mice per isolate. Mice were weighed and scored daily as described and euthanized if they met 

criteria as described above. n=4 mice per isolate were euthanized on 3, 6, 9, and 12 dpi. At euthanasia, 

blood, brain, kidney, and spleen were collected and processed as described above. Pathogenesis study was 

performed at Tufts University veterinary campus in North Grafton, Massachusetts.  

 

Viremic transmission. Larval ticks (separated into vials with ~200 larvae) were used to infest 15-week-old 

female BALB/C mice. During infestation, mice were restrained in plastic restrainers and their tail was 

taped to prevent them from escaping. A single vial of larval I. scapularis were added to the nape and 

upper back of each mouse. The infested mouse was kept in the restrainer, loosely wrapped in paper towels 

and placed in secondary containment for 30 minutes. Mice were housed individually in wire-bottom cages 

with ~1/2 inch of water placed in the bottom during the study. The next day (day 1), mice were inoculated 

intraperitonially with 1x104 or 1x103 PFU. Cage water was changed daily. Blood was collected via retro-

orbital bleed on day 4 post infestation. As larval ticks became replete, they were collected from the water, 

surface sterilized in 70% EtOH and PBS and homogenized immediately or moved into 5-dram vials to be 

held as described above until they molted to nymphs. Eight weeks post repletion, molted nymphs were 

bead homogenized in tick diluent (200µL PBS supplemented with 20% FBS, 1% Penicillin/streptomycin, 

2.5ug/mL amphotericin B, 50ug/mL gentamicin) at 24Hz for 2 minutes. POWV infection was determined 

by qRT-PCR and plaque assay as described above.  

 

Immersion infection method. Nymphal I. scapularis ticks were dehydrated overnight at 26°C at ~45% 

RH. Nymphs were immersed the next day (day -1) in 4mL of 1e3 PFU/mL POWV for 1 hour at 37C with 

light vortexing every ten minutes. Ticks were washed twice in PBS and moved into a ventilated tube to 

dry overnight. Foam capsules were made as previously described (CITE JOVE) with 20mm outer 

diameter and 12.5mm inner diameter. The backs of 10-week-old male BALB/C mice were closely shaved 
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and wiped with 70% EtOH. Two foam capsules were fixed on day -1 to each mouse with non-toxic 

leather adhesive (Tear Mender). One capsule was placed on the nape and the second was placed 

immediately posterior near the middle back. Capsule attachment was checked daily and patched with glue 

if needed. The next day (day 0), 15-20 immersed nymphs were added to capsules. Infested nymphs were 

checked daily and removed from the capsule when replete by cutting open the plastic capsule top and re-

sealing with plastic stickers as previously described (CITE JOVE). Nymphs were left to molt in humid 

chambers as previously described. Two weeks after the start of molting, nymphs were homogenized as 

described above and screened via qRT-PCR and plaque assay.  

 

Mouse viremia time course. 15-week-old BALB/C female mice were inoculated intraperitoneally with 

1x104 PFU. Three mice were euthanized for each isolate at days 1, 2, and 4. Brain, spleen and blood was 

collected. Brain and spleen tissue were homogenized in 10% weight/volume of tick diluent at 30Hz for 

2minutes. RNA extraction and qRT-PCR was performed as described above. DTV infection was 

determined through qRT-PCR and plaque assay. PFU equivalents were determined through serial dilution 

of stock RNA via qPCR.  
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CHAPTER 5: EFFICIACY OF MOSQUITO-ENABLED XENOSURVEILLANCE IN GUATEMALA 

 

5.1 Introduction 

The ability to rapidly detect circulating pathogens in remote, resource-limited areas is inhibited 

by a lack of surveillance infrastructure. Rural populations with limited access to health care and 

biomedical support are frequently excluded from traditional surveillance methods due to extreme 

logistical complexities180,181. Noninvasive surveillance in these settings could have a significant impact by 

enabling early detection of viruses. Xenosurveillance is a novel surveillance approach that takes 

advantage of mosquito feeding behavior to identify blood-borne pathogens that may be circulating in 

human and animal hosts. This approach circumvents invasive blood sampling of individuals and results in 

an abundant sample source derived from both humans and animals. We therefore have proposed that 

xenosurveillance may be a useful method for disease surveillance in rural, resource-limited areas. 

The detection of bacteria, viruses, and parasites from mosquito bloodmeals via membrane and 

animal blood feeding has been previously demonstrated124,126,182. Using field-caught blood-fed Anopheles 

mosquitoes from Liberia and Senegal, we previously detected non-mosquito-borne viruses such as canine 

distemper virus, Epstein-Barr virus, GB virus C, and Hepatitis B virus132,182. The utility of this approach 

in the American tropics, however, where the main human-biting mosquitoes are Aedes and Culex, not 

Anopheles, has not been addressed.  

Accordingly, in the present study, we evaluated the utility of xenosurveillance in rural southwest 

Guatemala, where Culex and Aedes mosquitoes are highly abundant. We conducted xenosurveillance and 

human-directed biosurveillance in parallel to evaluate the logistical and technical feasibility to detect 

circulating blood-borne pathogens in humans over the course of a four-month study. We also determined 

the species composition of mosquitoes collected from within Guatemalan dwellings and their host feeding 

preferences. 
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5.2 Results 

Study demographics and risk factors. Two communities in rural southwest Guatemala were targeted for 

participation in this study: Los Encuentros and Chiquirines. Of 37 households screened for participation, 

32 (86.5%) were eligible, 20 (62.5%) were enrolled (10 from each village), and 19 (95.0%) completed the 

study.  Households that were not enrolled either did not meet the enrollment requirements (13.5%) or 

declined to participate (32.4%). Of enrolled households, nearly all dwellings consisted of cement block 

structures without screened windows or doors. All households had open water wells or tanks on the 

property, and many had additional sources of standing water (potted plants, tires, natural water); 50.0% of 

households did not have a septic system (Table S3). 

Households had a median of 4.5 people enrolled; 46.7% were under the age of 18 and 60.2% 

were female (Table 5.1). Animals were abundant in households (IQR 16-34 per household) and often 

found in and around the home. The most abundant animal were chickens (55% of all animals, excluding 

humans), though pigs, dogs, cats, and horses were also present (Table S4).  

Table 5.1. Demographics and reported symptoms of study participants. 

Symptomatic episodes and samples collected. During 16 weeks of observation, there were 15 

symptomatic episodes, all of which included at least one report of fever, rash, or body aches. Seven of 

fifteen episodes reported more than one symptom, and symptoms were reported in multiple household 

 Los 
Encuentros 

Chiquirines Total 

Demographic characteristics    

Households, N 10 10 20 

Median participants per household [IQR] 4.5 [3,6] 4.5 [4,6] 4.5 [3,6] 

Participants, N 49 49 98 

Children <18yo, N (%) 25 (51.0) 21 (42.9) 46 (46.9) 

Female, N (%) 29 (59.2) 30 (61.2) 59 (60.2) 

Median age [IQR] 17 [9,32] 19 [7,37] 18.5 [9,36] 

Reported symptoms    

Episodes, N subjects (N households) 15 (10) 5 (5) 20 (15) 

Fever, N (%) 13 (86.7) 4 (80.0) 17 (85.0) 

Rash, N (%) 2 (13.3) 1 (20.0) 3 (15.0) 

Body aches, N (%) 9 (60.0) 1 (20.0) 10 (50.0) 
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members for four episodes.  Two households reported illness in two separate episodes, and a single 

household reported three instances of febrile illness. Most of the reported illness (15 of 20 reported 

episodes) occurred in Los Encuentros (Tables 5.1, 5.2). Including enrollment, 1,200 mosquitoes were 

collected during the study, 507 (42.3%; Fig. 5.1, Table 5.2) of which appeared to have taken a bloodmeal 

in the past 36 hours observed by a dark red/black bloated abdomen183,184. Indoor mosquitoes were most 

abundantly collected at the end of the rainy season (September-October) (Fig. 5.1); 488 of 517 (94.4%) 

blood-fed mosquito samples were speciated by PCR. Culex, Aedes, Mansonia, Anopheles, and 

Psorophora mosquitoes were collected, though Culex pipiens was by far the most abundant (60.9%) 

(Table 5.3). 

 

 

 

 

 

 

Figure 5.1. Total and blood-fed mosquitoes collected increases over rainy season. Total 
mosquitoes collected per household during symptomatic episodes over the 16-week study (gray 
dashed). Blood-fed mosquitoes collected per household (black solid). Rainy season indicated by 
shaded background.  
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Table 5.2. Symptoms reported in each household over 16 weeks. NR = not reported 

Week Village Household 

ID 
Subjects 

with 

fever 

Subjects 

with 

rash 

Subjects 

with body 

aches 

Human 

subject blood 

samples 

taken 

Blood-fed 

mosquitoes 

collected 

enroll Los 
Encuentros 

all NR NR NR 49 105 

Chiquirines all NR NR NR 49 84 

1 Los 
Encuentros 

1007 1 
  

6 13 

Chiquirines 2013 1 
 

1 5 13 

2 Los 
Encuentros 

1001 1 
  

4 9 

Chiquirines 2002 1 
  

7 3 

3 Los 
Encuentros 

1016 1 
 

1 6 9 

4 Los 
Encuentros 

1019 
  

1 6 51 

Chiquirines 2012 
 

1 
 

4 32 

Chiquirines 2014 1 
  

2 14 

5 Los 
Encuentros 

1003 1 
 

1 3 21 

6 Los 
Encuentros 

1002 2 1 1 7 31 

7 
     

0 0 

8 Los 
Encuentros 

1001 2 
 

2 4 30 

9 
     

0 0 

10 
     

0 0 
11 Los 

Encuentros 
1019 

 
1 

 
6 35 

12 Chiquirines 2002 1 
  

4 28 

13 
     

0 0 

14 
     

0 0 
15 Los 

Encuentros 
1020 2 

 
1 4 12 

16 Los 
Encuentros 

1019 3 
 

2 5 17 

TOTAL 
  

17 3 10 171 507 
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Table 5.3. Mosquito species identified during course of study. 488 of 507 (96.3%) were able to be 
species-identified by COI sequencing. 

 Los Encuentros Chiquirines 
Sum (% of 

identified) 

Aedes aegypti 61 30 91 (18.6) 

Aedes albopictus 2 1 3 (0.6) 

Aedes taeniorhynchus 0 3 3 (0.6) 

Anopheles sp. 0 2 2 (0.4) 

Anopheles albimanus 3 5 8 (1.6) 

Culex sp. 36 14 50 (10.2) 

Culex nigripalpus 9 1 10 (2.0) 

Culex pipiens 194 103 297 (60.9) 

Mansonia dyari 11 9 20 (4.1) 

Mansonia titilans 1 1 2 (0.4) 

Psorophora ferox 2 0 2 (0.4) 

Total identified 319 169 488 
 

Mosquito abundance and bloodmeal identification. Five genera of mosquitoes were identified: Culex, 

Aedes, Mansonia, Anopheles, and Psorophora. Culex mosquitoes were most abundantly identified as Cx. 

pipiens though Cx. nigripalpus also were collected. Aedes mosquitoes included Ae. aegypti, Ae. 

taeniorhynchus, and Ae. albopictus, from highest to least abundant (Table S5.5). Cx. pipiens and Ae. 

aegypti were the most frequently collected species, accounting for 60.9% and 18.6% of identified 

mosquitoes respectively (Table 5.3). To identify mosquito bloodmeal sources, we used a previously 

described protocol to amplify and sequence vertebrate cytochrome oxidase 1 (CO1) sequences. We 

successfully amplified 464 of 488 (95.1%) total bloodmeal samples, indicated by the presence of a band 

corresponding to ~800 base pairs on an agarose gel. In total, 343 of 488 (70.3%) amplified samples were 

able to be host-identified. Unidentified samples were a result of poor sequencing results, indicating 

potential mixed hosts (i.e. mosquito feeding on multiple species). Of the 343 identified mosquito 

bloodmeal samples, our results demonstrate that humans and chickens were the most common sources of 

blood, accounting for 32.6% and 31.8% of identified bloodmeals respectively. All mosquito genera 

(excluding Psorophora which had no identified bloodmeals) fed upon humans. Culex pipiens fed most 
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abundantly on chickens and other avian hosts, while Aedes aegypti fed mainly upon humans (Fig. 5.2 and 

Table S5.5).  

 

 

 

 

 

 

 

 

 

 

 

 

Virus identification in human and mosquito dried blood spots. Human and mosquito dried blood spots 

(hereto referred as H-DBS and M-DBS) collected during seven symptomatic episodes were used to 

identify viral agents using a shotgun metagenomic sequencing approach (Table S5.1). Retrospective 

bloodmeal analysis of the mosquitoes used for sequencing revealed 33.0% M-DBS derived from human 

hosts. To increase our sensitivity of detection using the SISPA method, all libraries underwent a high 

degree of amplification, thus even FTA and water control libraries produced reads from spurious 

sequence contaminants (Fig. 5.3A). No human or animal viruses were detected in any library except in 

HeLa cells, which are stably infected with human papilloma virus and act as a control for virus detection. 

Insect-specific viruses were detected in H-DBS, water, and FTA control libraries though did not exceed 

 

Figure 5.2. Many bloodmeals obtained from avian species due to large numbers of Cx. pipiens. 

Amplification and sequencing of the Cytochrome oxidase 1 gene was performed as described and 
blasted against the Barcode of Life database. A total of 343 of 488 (70.3%) species-identified 
mosquito samples were able to be traced to a single host source. A) Percent of mosquito bloodmeals 
identified as mammal or avian host sources for each mosquito species. B) Percent of all identified 
host sources Cx pipiens mosquito bloodmeals. C) Percent of all identified host sources of Ae. aegypti 
mosquito bloodmeals.  
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27 identified reads. Thus, a threshold of 30 reads was used to identify viruses that were present above 

background. Many insect-specific viruses (ISVs) were detected at high levels in M-DBS (Figs. 5.3B and 

5.3C). The most abundantly identified ISVs were Culex orthophasma virus (COPV; Phasmaviridae, 

previously known as Culex phasma-like virus185) and Hubei reo-like virus 7 (HRLV7; Reoviridae-like). 

Terena virus (TV; unclassified Bunyavirales-like) was also abundantly detected. However, upon 

validation of identified ISVs, we found 100% of reads identified as TV mapped to the COPV reference 

genome with 97.7% identity. We then discovered the S and M genes of TV are 99.1% and 99.3% 

identical to COPV, respectively. Reads identified as TV were therefore re-attributed to COPV. Pooled 

reads from M-DBS resulted in 98.6% identity (98.9% coverage) to the COPV reference genome (Table 

S2). qPCR for COPV was used to validate these results and screen the remaining M-DBS samples. 

Estimated prevalence for COPV was 24.6% [95% CI 18.0, 32.5] based on 60/67 positive pools (507 total 

samples)186. H-DBS were negative for COPV by qRT-PCR. During the time of our study, dengue virus 2 

and 3 (DENV 2/3) were circulating in the region. However, DENV 2/3 was not detected in either H-DBS 

or M-DBS via shotgun metagenomic sequencing or qRT-PCR. 

 

5.3 Discussion 

The rise of global pandemics, coupled with the complexity and uncertainty associated with 

predicting pathogen emergence, emphasizes the need for minimally invasive, accessible, low-cost 

surveillance methods that are applicable under field conditions. We therefore evaluated xenosurveillance 

in rural Guatemala, a region that is of interest for three principal reasons. First, it is a region that has a 

high burden of infectious diseases with significant needs for and barriers to effective health 

surveillance187. Second, there is a high rate of human migration within and through the region, providing 

an important sentinel population for emerging infectious disease surveillance187. Finally, and perhaps 

most importantly, the region is quite different from those where we have previously conducted pilot 

studies of xenosurveillance, in that Culex and Aedes mosquitoes, which tend to be less anthropophilic  
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Figure 5.3. Shotgun metagenomic sequencing reveals many ISVs but no human viruses. 
Extracted DBS nucleic acid were pooled by volume according to household, collection time, and 
type (human or mosquito) in addition to water, FTA, and HeLa cell controls. Shotgun 
metagenomic sequencing libraries were created and obtained sequencing reads were run through 
a Taxonomic Assessment pipeline as described. Viral reads were tallied by unique taxonomic ID. 
A) Total number of reads obtained per n in sample for each library type. B) Proportion of 
identified reads aligning at the super-kingdom level to viruses. C) Virus read tallies (excluding 
phage) in mosquito libraries with a cutoff value of 30 hits. 
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compared to Anopheles gambiae, are the main mosquitoes that fed on humans indoors. Therefore, we 

sought to assess the extent to which xenosurveillance may be effective in this type of environment.  

 Twenty households were enrolled from two villages in rural southwest Guatemala that are a 

representative sample of households that is typical for the region where we conducted the study187. 

Nineteen (95%) households remained in the study for the full duration (16 weeks). A total of 98 people 

(average 4.5 people per household) participated in the study resulting in 171 H-DBS and 507 M-DBS. 

More females than males (60.2%), and slightly more adults than children (53%) participated as many of 

the men and children were at work or school during the day.  

We collected and identified several mosquito genera, including Culex, Aedes, Mansonia, 

Anopeheles, and Psorophora. Culex pipiens were most abundant and fed mainly on birds, while Ae. 

aegypti fed mostly on humans. Thus, the feeding patterns of Cx. pipiens and Ae. aegypti at our site are 

typical for these species188,189. The disproportionate number of Culex samples skewed our blood samples 

towards those derived from birds, in contrast to our prior study in which An. gambiae132 accounted for 

80% of the collection and strongly prefer to feed on humans. These observations present challenges and 

opportunities for implementation of xenosurveillance in Latin America – more intensive sampling may be 

required to adequately capture human infection, but surveillance of domestic and peri-domestic animals 

may be enhanced.  

Analysis of M and H-DBS revealed no human viruses present, in contrast to prior detection of 

human viruses (GB-virus C, Epstein-Barr virus and Hepatitis B virus) from Anopheles bloodmeals in 

Liberia132,182. There are many factors that likely contributed to the lack of human virus detection in the 

present study. First, the number of blood-fed mosquitoes was not sufficient for virus detection in humans. 

As previously described, the abundance of Cx. pipiens in this study limited the retrieval of human-sourced 

mosquito bloodmeals as the majority were derived from chickens and other birds. In addition, multiple 

samples are likely needed to adequately detect blood-borne viruses from any one individual123, though the 

absence of viruses detected in H-DBS suggests circulating bloodborne viruses were not present at the 
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time of collection. Second, symptom surveillance was done once weekly resulting in samples that were 

not collected at the time of illness. We may therefore have missed critical windows where mosquitoes 

may have sampled circulating viremia190. Third, mosquitoes were not collected in the very early morning 

hours, which could limit collection of fresh bloodmeals from mosquitoes that fed overnight. However, 

stable detection of viral RNA from Anopheles mosquito bloodmeals over 12 hours post blood-feeding has 

been previously shown124,126,182. Viral RNA also has been detected from Culex and Aedes bloodmeals 

immediately post blood-feeding123. Although the stability of viral RNA over time in these vectors has not 

yet been shown, it seems reasonable to expect that it would be similar across mosquito genera. Finally, 

virus discovery was performed on a chosen subset of samples, and thus could result in missed human 

viruses. Collectively, these results suggest that efficient detection of human pathogens in this setting may 

require more frequent and abundant sampling or were not circulating at detectable levels.  

Though no human viruses were detected, analysis of M-DBS revealed the presence of ISVs. The 

detection of ISVs was expected as excretion of the mosquito bloodmeal onto FTA cards is accompanied 

by mosquito tissues (e.g. the midgut) that may be infected by ISVs. ISVs have been described in 

xenosurveillance-based studies published previously191 and provide an additional internal control for our 

ability to detect viral RNA by our sample processing and analysis procedures. We found several ISVs that 

were highly abundant in M-DBS, including COPV and HRLV7. TV was also identified, though upon 

further analysis, we found reads mapped solely to regions that were highly identical to COPV, thus we re-

attributed TV-identified reads as COPV. COPV has been identified in a number of Culex mosquito 

collections in Australia192, Brazil193,194, and Grenada192. Similarly, HRLV7 has been described in both 

Aedes and Culex mosquitoes on three continents including this study195,196. There have been a few recent 

studies showing decreased vector competence and replication of pathogenic flaviviruses after cells or 

mosquitoes undergo primary infection with ISVs197,198. Despite the clear abundance of these ISVs around 

the world, there is currently comparatively little information on how they affect mosquito biology, 

arbovirus evolution, and pathogen transmission. 
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During this study, we identified several benefits and challenges in conducting xenosurveillance in 

Guatemala. We were successful in enrolling and maintaining a household cohort for this 4-month study. 

This was facilitated by The UC Center for Human Development, which has developed a good relationship 

with the surrounding communities. Notably, all household enrollments, interviews, sampling of blood and 

mosquitoes, and mosquito identification was performed by locally trained Guatemalan study nurses, 

highlighting the importance of developing local connections and expertise to conduct surveillance 

efficiently. We collected numerous blood-fed mosquitoes for this study using the Insectazooka, though 

mosquitoes were somewhat damaged, which makes species identification difficult and error-prone 

without extensive training and processing time. We were successful in detecting viral RNA from M-DBS, 

though more frequent sampling, or targeted detection of human pathogens, is needed.  

 In summary, xenosurveillance has some potential as a useful surveillance strategy in LMICs; 

however, mitigating the described challenges and maximizing the unique opportunities presented by the 

lack of host-specificity of most human-biting mosquitoes in Guatemala requires further work and 

development. In particular, the frequency of mosquito collection and feeding behavior (including the peak 

feeding times and host preferences) should be carefully considered. Building local capacity for beginning 

to end sample processing and analysis would ultimately benefit the application of this surveillance 

method. Technologies such as nanopore sequencing (Oxford Nanopore Technologies) and BioFire 

(BioFire Diagnostics) could be useful tools for on-site virus identification. We therefore foresee 

xenosurveillance being useful as a targeted approach in regions where zoonotic outbreaks are inevitable, 

and our evidence suggests that abundant and frequent sample sources are essential for early detection of 

circulating pathogens.   

 

5.4 Materials and Methods 

Study site. This study was performed through The Center for Human Development located in the coastal 

lowlands of southwestern Guatemala, approximately 20 km from the border with Chiapas, Mexico187. The 
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population in the region suffers from high levels of food insecurity, poverty, and poor access to health 

care, and diarrheal, respiratory, and other communicable diseases are frequent, especially in 

children187,199. Many households use pit latrines, which can flood during heavy rain and create ideal 

environments for mosquito breeding. Chickens, ducks, pigs, rats, dogs, and cats are common in 

households and have close contact with families.  

Study design/enrollment. Twenty households from two villages, Los Encuentros and Chiquirines, adjacent 

to the Center for Human Development, were enrolled in August 2019. Requirements for enrollment 

included at least 3 animals in the household, and ability and willingness to consent. Once consent was 

obtained, capillary blood samples of all enrolled humans in addition to mosquito bloodmeals (described 

below) were collected at enrollment. We also collected epidemiologic data, including demographics, 

animals (indoor, outdoor, grazing), and risk factors for infection (water features, septic system, mosquito 

exposure, contact with animals, etc) through participant interviews. The study was approved by the 

Colorado Multiple Institutional Review Board (COMIRB) and the University del Valle de Guatemala 

(UVG) Ethics Committee. The local Community Advisory Board for Research agreed to the study. The 

protocols for blood extraction and animal handling were approved by the Colorado State University 

Institutional Animal Care and Use Committee (IACUC; Protocol #1091) and by the UVG IACUC 

(Protocol #I-2019).  

Prospective Syndromic Surveillance. From August 22 to December 12, 2019, study nurses contacted (in 

person or over the phone if not home) enrolled households weekly to survey for the presence of fever, 

rash, or body aches in household members at any point over the week. If symptoms were present in any 

household member, human capillary blood and mosquito bloodmeals were collected at time of screening 

as described below. The study team was prepared to provide supportive medications to symptomatic 

household members and triage individuals to higher levels of care if they exhibited World Health 

Organization (WHO) danger signs200. However, no such danger signs were observed over the course of 

the study. 
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Sample Collection and Pre-processing. Human and mosquito samples were collected at enrollment and 

during symptomatic illness as described above. Mosquito bloodmeals: Local technicians were trained on 

mosquito collection, identification, and sample processing methods prior to the start of the study. 

Mosquitoes were collected using an InsectaZooka aspirator (BioQuip Products, Rancho Dominguez, 

California, USA) from the indoor areas of enrolled households, specifically targeting resting blood-fed 

mosquitoes on the walls and surfaces. Attempts to collect mosquitoes were usually made in the morning 

and placed in a -20°C freezer for at least two hours or overnight to ensure death and processed within 24 

hours of collection. Blood-fed mosquitoes (female) were identified according to a simplified version of a 

previously published key for mosquitoes in Guatemala201 and individual mosquito bloodmeals were 

expressed onto Whatman FTA cards. Forceps were dipped in ethanol and wiped clean between each 

mosquito. 50µL RNAlater® was added to each mosquito dried blood spot (M-DBS) at the end of each 

processing session. Human capillary blood: Blood was collected from all members of the household 

during enrollment and when a febrile illness occurred in the household. The subject’s index finger was 

disinfected with an alcohol swab before using a sterile lancet to prick the finger. Blood was expressed 

from the finger and dabbed onto a labeled Whatman FTA card. 100µL RNA later was added to each 

human dried blood spot (H-DBS) by the end of the day. FTA cards were stored at -80°C until they were 

shipped (at room temperature) to Colorado State University where they were again stored at -80°C until 

further processing. 

RNA/DNA extraction. H and M-DBS were removed using a Harris three-millimeter micro-puncher (GE 

Healthcare Life Sciences) and soaked in 70µL RNA rapid extract solution for 8-18 hours at 4°C. 50µL 

was subsequently used for nucleic acid extraction using the Mag-Bind Viral DNA/RNA kit with the King 

Fisher Flex Magnetic Particle Processor according to the manufacturer’s protocol. Nucleic acid was 

eluted in 50µL nuclease-free water and stored at -80°C until processing. 

Mosquito speciation and bloodmeal identification. Mosquito species were verified by PCR and sanger 

sequencing using primers directed against the cytochrome oxidase I gene as described previously202. To 
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identify the mosquito bloodmeal host source, Cytochrome Oxidase I (COI) DNA was PCR amplified with 

M13-tagged primers as previously described203. PCR products were separated on an agarose gel and the 

corresponding ~800bp piece was excised. DNA was purified using the Macherey Nagel DNA purification 

kit and Sanger sequenced with M13 primers. Obtained sequences were trimmed for quality and blasted 

against the Barcode of Life COI database204 to identify the bloodmeal source. Samples with no visible 

band or poor-quality sequencing were re-run before being designated as ‘No Match’. 

Shotgun metagenomic sequencing library preparation. A subset of H and M-DBS were chosen to identify 

circulating viruses using shotgun metagenomic sequencing. Sample sets (all DBS from a household 

collection event) were chosen based on the week in study, number of symptomatic individuals, number of 

mosquito samples, and recurrent sampling events. DBS nucleic acid samples were pooled by volume 

according to time of collection, and household. A total of seven human and seven mosquito libraries were 

generated and sequenced along with water and a blank extracted FTA card as negative controls (Table 

S5.1). RNA extracted from HeLa cells was used as a positive control for virus detection. Solid Phase 

Reversible Immobilization (SPRI) bead clean-up was used between each step in the following library 

preparation procotol. Samples were DNAse-treated and rRNA-depleted using methods described 

previously205. Previously designed mosquito probes205 were used on M-DBS and human probes (NEB) 

were used on H-DBS and HeLa cell RNA control. Water and FTA negative controls received both human 

and mosquito probes. The SISPA (sequence-independent, single primer amplification) method was used 

to generate and amplify cDNA as described previously206.  Briefly, cDNA was created via the Superscript 

IV First-Strand Synthesis System (Invitrogen) following the standard protocol, except for the use of 

tagged random primers: CATAGTCGTACGTATACATC-(Nx12). Second strand synthesis was 

performed using a Klenow DNA polymerase I fragment (NEB). Primers aligning to the above tag were 

used to amplify dsDNA fragments and increase sensitivity of detection. Libraries approximately 300 base 

pairs in length were prepared using the Nextera XT DNA Sample Preparation kit (Illumina). Dual-

indexed libraries were pooled together using DNA concentration measured with a Qubit Fluorometer 
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(ThermoFisher) and normalized for the number of individual samples included in each library. Size and 

quality of the pooled libraries were determined using the TapeStation high sensitivity DNA system 

(Agilent). A final concentration was determined via library quantification qPCR (NEB) and the pooled 

library was sent to Genomics and Microarray Core at the University of Colorado Denver Cancer Center 

for 2x150 paired-end sequencing on an Illumina NovaSeq6000 platform. 

Shotgun metagenomic sequencing analysis. Shotgun metagenomic sequencing datasets were processed to 

identify and tally viral reads. An existing taxonomic identification pipeline was modified for use in this 

study132,191,207. Reads were quality assessed using FastQC208. Low quality, adapter, and SISPA sequences 

were removed using cutadapt tool version 1.14209. The CD-HIT-EST tool version 4.6.8 was used to 

remove PCR duplicates210. FastQC was again used to assess sequence quality post trimming and filtering. 

Human and mosquito bowtie indices were created to remove host reads using Bowtie version 2.2.9. The 

human index (GRCh38.p3) was used on H-DBS and HeLa cell libraries. The mosquito index was created 

using 4 mosquito genomes (Ae. aegypti GCF_002204515.2, Ae. albopictus GCA_006496715.1, 

Anopheles darlingi GCA_000211455.3, C. pipiens GCF_000209185.1) and was used to filter M-DBS 

libraries. No host filtering was done on water and FTA negative control libraries. The remaining reads 

were assembled using SPAdes genome assembler version 3.6.1211. Contigs and non-assembled reads were 

taxonomically assigned using the BLASTn alignment tool version 2.9.0+212,213. Taxonomic assignment 

was based on the highest alignment score and an E value less than 10-8. If not able to be taxonomically 

assigned based on nucleotide sequence, DIAMOND version 0.9.30 was used to search reads against the 

NCBI nr database214. Identified viral sequences (excluding phage) were tallied according to NCBI 

taxonomic ID with a minimum cutoff of 30 hits. Taxonomic identifications were validated by re-blasting 

contigs (NCBI BLAST nucleotide) and mapping reads to indexed reference genomes using Bowtie vs 

2.2.9 (Table S2). 

Sample screening by qRT-PCR. H and M- DBS nucleic acid samples were pooled by volume (n=8 per 

pool) before screening. qPCR was run using the Express SuperMix Universal One Step system 
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(Invitrogen) on an Applied Biosystems Quant Studio machine according to manufacturer’s instructions. 

The following primers and probes were used: DENV-2 primers as previously described215, DENV-3 fw 

TGGCAACAGGTCCCTTTCTG, DENV-3 rev TGGCGTTGGATGCTAGTCTAAGA,  COPV fw 

TGCAATCAAGAGCCATACAGACT, COPV rev TCGTCCACACTGGTACCCA. DENV-3 primer 

sequences were kindly provided by Dr. Laura St. Clair and Dr. Rushika Perrera (Colorado State 

University). DENV-2 and DENV-3 positive controls were provided by Dr. Irma Sanchez (Colorado State 

University). Melt curves were used to determine the validity of all amplified products.  

  



 82 

CHAPTER 6: SUMMARY AND FUTURE CONSIDERATIONS 

Powassan virus (POWV) is an emerging tick-borne flavivirus in North America. The contribution of 

individual strains to increasing human cases has not been described and the determination of POWV 

disease and tick transmission phenotypes have so far relied on few highly passaged and historical isolates. 

Therefore, strain-dependent differences in pathogenicity and transmission in ticks is sorely needed. Our 

first goal for this dissertation was to determine the scope of disease and tick transmission phenotypes for 

contemporary, low-passage, genetically and geographically diverse POWV isolates.  

In our first study, we assessed the phylodynamics of deer tick virus (DTV) in the Northeast U.S. 

using whole-genome sequences from field-collected ticks and observed evidence of geographic dispersal 

and multiple stable foci of infection. We then estimated the effective population size over time using 

Coalescent Extended Bayesian Skyline and confirmed the expansion of deer tick virus in North America 

over the past 50 years. From field-collected I. scapularis ticks, we obtained 14 contemporary DTV 

isolates for use in experimental studies.  

Our next studies began to characterize the scope of POWV pathogenicity in vitro. Specifically, we 

quantified the replication and cytopathic effects of 16 POWV and DTV isolates in human neuroblastoma 

cells. We observed extensive replication diversity between all genetic clades of POWV, and identified 

two isolates that are significantly less cytopathic to human neuronal cells. To identify potential genotypes 

determinants of phenotypes, we performed metagenomic sequencing pre- and post-culture. Although we 

could not determine genotypes responsible for the observed phenotypes, we did identify two genetic 

changes in the viral envelope coding region that each arose in multiple isolates post-culture, warranting 

further investigation. Overall, we concluded that replication and cytopathogenicity of POWV in human 

neuroblastoma cells is highly variable and not currently attributable to a key set of viral genetic 

determinants.  

In building off our in vitro results, we sought to determine pathogenicity in mice and transmission to 

ticks. We first monitored morbidity and mortality in mice using eleven POWV and DTV isolates. We 
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found that both virus lineages resulted in neurological disease with varying severity and noted potential 

links to geographic location. In the second portion of our in vivo study, we investigated differences 

between isolates in their ability to infect I. scapularis ticks. We did this using two infection methods: 

viremic transmission (feeding on infected mice), and artificial infection (immersion). We observed similar 

tick infection rates across all five POWV isolates tested, regardless of infection method. Altogether, these 

results demonstrate the presence of low-virulence strains in the U.S. and suggest the ability of POWV to 

infect ticks may not be highly genotype dependent. 

These data presented in this dissertation were obtained using 20 POWV and DTV isolates spanning 

over 62 years and 12 locations and sourced from tick and human samples. Although this approach was 

necessary to develop a better understanding of POWV ecology, pathogenicity, and tick transmission, the 

use of so many isolates limited our sample size and therefore, statistical power, especially given the 

variability in environmental isolates. Nevertheless, we observed many interesting trends between and 

among isolates that lead to many additional questions about POWV ecology in North America. 

Specifically, is there evidence of undetected human infections due to low-virulence strains in the coastal 

New York region? Is there a difference in the vertebrate host availability on Long Island and Nantucket 

that could potentially promote the evolution of less pathogenic strains, as described for TBEV23? 

Furthermore, the generation and use of clonal isolates would aid the determination of genotypes 

associated with specific phenotypes. Our laboratory is currently working on obtaining several consensus-

derived DTV clones for future experimental studies.  

The ability to infect ticks was demonstrated in the studies herein, however tissue-specific tropisms 

within the tick, and the ability to subsequently transmit to a naïve vertebrate host was not evaluated. Are 

some strains less able to infect and escape the salivary glands, leading to inefficient oral transmission? In 

general, barriers to infection and dissemination within the tick has been inadequately studied compared to 

mosquito-borne viruses. Our laboratory is currently working on generating a barcoded DTV, which 

contains engineered nonsynonymous diversity in a single 33-nucleotide region. This tool would enable 
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the exploration of virus population dynamics within the tick, as our lab and other have done with 

mosquito-borne viruses216,217. 

The second goal of this dissertation was to evaluate the use of xenosurveillance in Guatemala. 

Xenosurveillance takes advantage of mosquito feeding behavior to collect frequent and numerous blood 

samples to detect blood-borne pathogens in humans and animals. The utility of this approach has been 

demonstrated in Liberia, where anthropophilic Anopheles gambiae were the majority of collected 

mosquitoes. In Central America, less anthropophilic mosquitoes, such as Aedes and Culex species, are 

predominant. Therefore, we conducted xenosurveillance in parallel with traditional surveillance 

techniques for 16 weeks in rural Guatemala. We collected and identified several mosquito genera, among 

the most abundant were Culex pipiens and Aedes aegypti. As expected, less than half of mosquito 

bloodmeals were identified as human and many were sourced from chickens and other avian species. 

Using metagenomic sequencing, we identified viruses present in mosquito bloodmeals and human blood 

samples. Though no human viruses were detected, analysis of mosquito samples revealed the presence of 

many insect-specific viruses. The lack of host-specificity in Guatemalan mosquitoes requires further 

development on the applicability of this surveillance method in Central America. We therefore foresee 

xenosurveillance being useful as a targeted approach in regions where zoonotic outbreaks are inevitable. 

The use of xenosurveillance is currently still being evaluated in Guatemala. Specifically, this study has a 

longer duration and will include animal samples as well as human.  
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APPENDIX A: ADDITIONAL ACADEMIC ACCOMPLISHMENTS 
 

During my first-year rotation in Dr. Sue VandeWoude’s lab, I worked with Dr. Eric Gagne to 

project to determine the capability of extracting and sequencing viral DNA from puma teeth and 

obtaining sufficient sequence data to assess ecological patterns based on phylogenetic structuring. 

Specifically, I was involved in performing PCR and extracting amplified bands of feline foamy virus and 

feline immunodeficiency virus from puma tooth samples. Gratefully, my work was rewarded with co-

authorship on a manuscript titled “Viral Sequences Recovered from Puma Tooth DNA Reconstruct 

Statewide Viral Phylogenies.” in the journal Frontiers of Ecology and Evolution in 2021. 

Also in my first year in 2017, I submitted a proposal for the Graduate Research Fellowship 

Program with the National Science Foundation. The proposal was centered around the genetic ecology 

and evolution of feline immunodeficiency virus in pumas. I was very proud to receive excellent reviews, 

however the proposal was still not funded.  

In 2019, after passing my preliminary exams, I submitted a new proposal for the Ruth Kirschstein 

Predoctoral Fellowship Award with the National Institutes of Health. The proposal was written on my 

proposed thesis project and received outstanding reviews. It ended up scoring in the top 5% of 

applications and successfully funded the remaining years of my Ph.D. work.  

In 2021, I was offered an internship with Dr. May Chu at the University of Colorado Anschutz. I 

spent five months working with Dr. Chu and another public health student, Mattie Cassaday, to organize a 

virtual international forum on Zika Diagnostics. The forum included panelists and speakers from 

UNICEF, WHO, USAID, local governments, and industry leaders to speak on funding, developing, and 

producing, and utilizing Zika virus diagnostics. The forum brought together over 100 participants from 30 

countries in industry, government, and academia. I also had the opportunity to help write the following 

meeting report which was published on the UNICEF website. 
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APPENDIX B: SUPPLEMENTAL MATERIALS 

A) 

 
B) 

 
C) 

 
 

Figure S2.1. Root-to-tip analysis of A) all 108 POWV sequences; B) 91 DTV sequences, and C) 75 

DTV sequences from the northeast U.S. alone. The slope for each plot is: 1.26E-4 (A), 9.00E-5 (B), 
and 2.17E-4 (C). 
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Figure S2.2. Distribution of iSNV allele frequencies between primary tick isolates (pink) and single 
passage BHK (blue). 
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Figure S2.3: Maximum-clade credibility tree of ninety-one Deer Tick Virus genome sequences using 

a strict clock model and exponential coalescent tree prior. Sequence names indicate location, unique 
identifier, and year. GenBank accession numbers are included for previously-reported sequences. Nodes 
with a posterior probability of 0.95 or higher are marked with circles. 
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Table S2.1. Sample information and sequencing metrics. For each sample newly sequenced in this study, the 

table lists collection date (or year if only year is available), collection location, and passage history. SM: 

suckling mouse, B: BHK, V: Vero. 

 

Sample 

Collection 

Date Location 

Passage 

history 

 Total 

Reads  

Genome 

Coverage Depth 

CT_390_1995 1995 Connecticut SM1B3V1 10,694,347 100% 11,663 

MA_A_Deer20.M211

_2020 2020 

Arena,  

MA 0 

                      

1,990,630  100% 415 

MA_B_Deer20.M90_

2020 2020 

Bowdoinham,  

MA 0 

                         

987,547  100% 136 

MA_G_Deer20.M52_

2020 2020 

Glenburn,  

MA 0 

                      

2,191,421  100% 366 

MA_H_Deer20.M29_

2020 2020 

Harvard,  

MA 0 

                      

1,077,300  100% 246 

MA_I_IPS001_1995 1995 
Ipswich,  
MA SM1B2 12,237,645 100% 33,819 

MA_Ma_SM20.M26_

2020 2020 

Marshfield,  

MA 0 

                         

134,806  99% 24 

MA_Me_MSH20.F85

_2020 2020 

Medfield,  

MA 0 

                      

1,118,040  100% 84 

MA_Mi_DH18.P1020

C10_2018 2018 

Millis,  

MA 0 

                         

339,653  99% 65 

MA_MV_DH18.D81.

A1.A3_2018 2018 

Martha’s 

Vineyard, MA 0 

                         

317,769  99% 141 

MA_MV_DH18.D81.

A4.A6_2018 2018 

Martha’s 

Vineyard, MA  0 

                         

139,231  98% 97 

MA_NG_Tufts20.F30

_2020 2020 

North Grafton,  

MA 0 

                      

2,134,002  97% 35 

MA_NG_Tufts20.F51

_2020 2020 

North Grafton,  

MA 0 

                      

2,104,096  100% 1,064 

MA_R_Deer20.F127_

2020 2020 

Rochester,  

MA 0 

                      

2,183,464  99% 38 

MA_S_DH18.P61.g2_

2018 2018 

Sherborn,  

MA 0 

                         

381,416  99% 184 

MA_SG_Deer20.M9_

2020 2020 

South Grafton,  

MA 0 

                         

242,640  100% 246 

MA_WG_Deer20.M1
05_2020 2020 

West Gray,  
MA 0 

                      
3,501,882  100% 3,397 

ME_CE_1051_2019 2019-10-30 

Jordan Rd, 

Cape Elizabeth, 

ME 0 

                         

787,495  
100% 2,493 

ME_CE_946_2019 2019-10-30 

Jordan Rd, 

Cape Elizabeth, 

ME 0 

                         

803,651  
100% 2,195 

ME_CE_990_2019 2019-10-30 

Jordan Rd, 

Cape Elizabeth, 

ME 0 

                         

834,072  
100% 2,356 

ME_R_472_2019 2019-05-16 

Oyster River 

Bog, Rockland, 

ME 0 

                  

104,496,691  98% 25 

ME_W_002.8_2018 2018-09-27 

Wells,  

ME 0 

                    

16,489,328  98% 61 

ME_W_003.4_2019 2019-09-24 

Wells,  

ME 0 

                      

5,659,209  99% 194 
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ME_W_011.3_2021 2021-04-15 

Wells,  

ME 0 

                      

1,596,657  99% 651 

ME_W_020.3_2018 2018-06-07 

Wells,  

ME 0 

                    

15,528,025  99% 169 

ME_W_076.1_2018 2018-10-19 

Wells,  

ME 0 

                      

7,477,408  99% 3,928 

ME_W_080.4_2021 2021-04-07 

Wells,  

ME 0 

                      

1,517,187  99% 206 

ME_W_087.4F_2019 2019-10-09 

Wells,  

ME 0 

                      

7,276,742  98% 293 

ME_W_106.3_2018 2018-10-25 
Wells,  
ME 0 

                    
12,677,074  99% 643 

ME_W_107.8_2021 2021-04-07 

Wells,  

ME 0 

                      

1,491,703  99% 52 

ME_W_117.3_2021 2021-04-23 

Wells,  

ME 0 

                      

1,563,502  99% 60 

ME_W_131.1A_2019 2019-10-16 

Wells,  

ME 0 

                    

13,676,536  99% 893 

ME_W_189.4_2020 2020-10-15 

Wells,  

ME 0 

                    

38,213,127  99% 138 

ME_W_231.2_2020 2020-10-22 

Wells,  

ME 0 

                    

28,086,588  99% 180 

ME_W_276.10_2019 2019-10-16 

Wells,  

ME 0 

                      

5,043,928  99% 457 

ME_W_299.3_2020 2020-10-08 

Wells,  

ME 0 

                    

34,309,318  99% 291 

ME_W_326.4_2021 2021-10-07 

Wells,  

ME 0 

                      

1,328,936  98% 93 

ME_W_338.3A_2020 2020-10-20 

Wells,  

ME 0 

                    

35,296,095  99% 127 

ME_W_338.3B_2020 2020-10-20 

Wells,  

ME 0 

                    

33,601,388  99% 342 

ME_W_338.3C_2020 2020-10-20 
Wells,  
ME 0 

                    
17,549,357  100% 242 

ME_W_344.9_2019 2019-06-28 

Wells,  

ME 0 

                    

10,484,269  99% 210 

ME_W_422.3A_2020 2020-11-05 

Wells,  

ME 0 

                    

27,423,922  99% 118 

ME_W_422.3D_2020 2020-11-05 

Wells,  

ME 0 

                    

30,026,014  99% 222 

ME_W_450.3D_2019 2019-10-25 

Wells,  

ME 0 

                      

7,807,053  99% 140 

ME_W_468.4_2021 2021-10-28 

Wells,  

ME 0 

                      

1,365,482  96% 24 

ME_W_521.7_2021 2021-11-04 

Wells,  

ME 0 

                      

1,395,931  96% 18 

ME_W_522.7_2021 2021-11-04 

Wells,  

ME 0 

                      

1,125,952  99% 360 

ME_W_532.7_2019 2019-10-25 

Wells,  

ME 0 

                    

13,672,685  99% 827 

ME_WM192_2018 2018 

Wells,  

ME 0 

                         

449,817  99% 455 

NJ_H_10_2019 2019-05-04 

Millbrook 

Flatbrook Rd, 
Hardwick, NJ 0 

                    
32,106,046  100% 609 
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NJ_H_39_2019 2019-05-04 

Millbrook 

Flatbrook Rd, 

Hardwick, NJ 0 

                    

21,699,338  99% 52 

NJ_H_48_2019 2019-05-04 

Millbrook 

Flatbrook Rd, 

Hardwick, NJ 0 

                    

36,911,784  100% 628 

NJ_H_56_2019 2019-05-04 

Millbrook 

Flatbrook Rd, 
Hardwick, NJ 0 33,157,057 99% 30 

NY_C_112_2019 2019-05-02 

Connetquot,  

NY 0 

                         

591,415  100% 1,100 

NY_C_435_2019 2019-05-02 

Connetquot,  

NY 0 

                         

765,182  100% 950 

NY_C_71_2019 2019-05-02 

Connetquot,  

NY 0 

                         

342,482  100% 371 

NY_C_904_2019 2019-05-02 

Connetquot,  

NY 0 

                         

823,715  99% 11 

NY_CP_250_2019 2019-05-01 

Cedar Pointe,  

NY 0 

                         

178,126  100% 642 

NY_SS_12_2019 2019-05-07 

Saratoga 

Springs, NY 0 

                         

729,095  98% 42 

NY_SS_32_2019 2019-05-06 

Saratoga 

Springs, NY 0 

                         

356,883  99% 130 

NY_SS_339_2019 2019-05-06 

Saratoga 

Springs, NY 0 

                         

329,651  100% 308 

NY_SS_38_2019 2019-05-06 

Saratoga 

Springs, NY 0 

                         

797,322  98% 58 

NY_SS_802_2019 2019-05-06 

Saratoga 

Springs, NY 0 

                         

448,489  100% 491 

ONT_EFT_M8998_19

64 1964 

E. Ferris 
township, 

Ontario 

P1SM1V1

B1 

                      

2,151,720  100% 4,512 

ONT_LT_M11665_19

65 1965 

Laurier 

Township, 

Ontario 

P1SM1V1

B1 3,617,759 100% 4,187 

ONT_M1409_1960s 1960 Ontario P4SM1B1 

                      

1,667,415  100% 3,996 

ONT_NB_142762_19

62 1962 

North Bay,  

Ontario SM3B1 1,909,287 100% 2,329 

ONT_NB_198264_19

64 1964 

North Bay  

Ontario P2V1B1 

                      

2,022,844  100% 3,110 

ONT_T182381_1981 1981 Ontario 

P1SM1V1

B1 

                      

1,595,983  100% 3,527 

RI_M272_2018 2018 

"Trust",  

RI 0 

                         

413,638  97% 26 

RI_N570_2018 2018 

"Crew",  

RI 0 

                         

383,067  98% 67 

UNK_2228791_1991 1991 Unknown P9SM1B1 

                      

1,578,334  100% 3,410 

WI_S_FA51240_2008 2008-05-12 
Spooner,  
WI B2 10,173,056 100% 34,756 

WI_S_FB5131_2008 2008-05-13 

Spooner,  

WI B2 13,149,650 100% 11,700 

WI_S_FB513140_200

8 2008-05-13 

Spooner,  

WI B2 1,291,261 99% 1,413 
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WI_S_FBDV1_2008 2008-05-12 

Spooner,  

WI B2 7,546,905 100% 24,009 

WI_S_MA51347_200

8 2008-05-13 

Spooner,  

WI B2 8,146,474 100% 10,983 

WI_S_MB1213_2008 2008-05-13 

Spooner,  

WI B2 

                      

3,431,284  100% 5,351 

WI_S_MB51227_200

8 2008-05-12 

Spooner,  

WI B2 

                      

1,642,358  100% 13,966 

WI_S_MB51273_200

8 2008-05-12 

Spooner,  

WI B2 2,102,424 100% 4,973 

WI_S_MB513100_20
08 2008-05-13 

Spooner,  
WI B2 

                      
1,419,789  100% 12,279 

WI_S_MBCR32_2008 2008 

Spooner,  

WI B2 

                      

8,451,442  100% 31,104 

WI_S_SPO_1997 1997 

Spooner,  

WI M1V2B2 1,859,908 100% 4,921 

WV_B_A77115_1977 1977 

Braxton Co, 

West Virginia SM3B1 

                      

1,420,756  100% 10,622 
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Table S2.2. Model testing results. Best-fitting models for each analysis are in bold. CEBS: Coalescent 
Extended Bayesian Skyline; NS: Nested Sampling 

Substitution 

Model 

Clock 

Model Tree Prior 

Mean 

Clock 

Rate 

Clock Rate 

95% HPD 

Interval 

Growth 

Rate 

NS 

Marginal 

Likelihood 

NS 

Standard 

Deviation 

All DTV 

GTR+G Strict 

Constant 

Coalescent  5.8 E-05 

3.6 E-5, 8.2 

E-5 

 

 

-26964.5 7.9 

GTR+G Lognormal 

Constant 

Coalescent  7.6 E-05 

4.6 E-5, 1.1 

E-4 

 

 

-26996.0 8.1 

GTR+G Strict CEBS 5.2 E-05 

2.6 E-5, 7.7 

E-5 

 

 

-26978.6 5.4 

GTR+G Lognormal CEBS 6.7 E-05 

3.4 E-5, 1.0 
E-4 

 

 

-27014.1 6.0 

GTR+G Strict 

Exponential 

Coalescent 6.0 E-05 

4.0 E-5, 8.4 

E-5 

 

4.1 E-

04 

 -26963.7 5.7 

GTR+G Lognormal 

Exponential 

Coalescent 8.1 E-05 

4.9 E-5, 1.2 

E-4 

 

1.1 E-

03 

 -26991.0 5.7 

Northeast DTV 

TN93 Strict 

Constant 

Coalescent  3.4 E-05 

1.2 E-5, 5.4 

E-5 

 

 

-27543.9 5.3 

TN93 Lognormal 

Constant 

Coalescent  4.3 E-05 

1.7 E-5, 7.2 

E-5 

 

 

-23080.3 4.9 

TN93 Strict CEBS 2.7 E-05 

4.1 E-6, 4.9 

E-5 

 

 

-23075.3 5.1 

TN93 Lognormal CEBS 3.4 E-05 

6.5 E-6, 6.4 

E-5 

 

 

-23089 4.9 

TN93 Strict 

Exponential 

Coalescent 3.2 E-05 

1.2 E-5, 5.3 

E-5 

 

1.0 E-2 

-23074.1 5 

TN93 Lognormal 

Exponential 

Coalescent 4.2 E-05 

1.5 E-5, 7.1 

E-5 

 

1.5 E-2 

-23089.7 5.2 

GTR+G Strict CEBS 2.7 E-05 

4.2 E-6, 5.0 

E-5 

 

 

-23099.4 5.4 

GTR+G Lognormal CEBS 3.4 E-05 

5.6 E-6, 6.3 

E-5 

 

 

-23074.5 5.2 

GTR+G Strict 

Exponential 

Coalescent 

Did not converge 

GTR+G Lognormal 

Exponential 

Coalescent 5.7 E-05 

3.2 E-5, 8.7 

E-5 

 

1.7 E-2 

-23080.7 5.3 
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Table S2.3. Sequencing metrics of tick and BHK-isolated viruses. 
Isolate Source Library Raw Reads Mapped AvgNTDep 

NJ19-48 Tick L1 73823568 845198 7365 
NJ19-48 Tick L2 2960608 60028 656 
NJ19-48 BHK L1 3477206 1669071 20640 
NJ19-48 BHK L2 5201464 2259573 28311 
NY19-32 Tick L1 713766 20667 242 
NY19-32 Tick L2 871478 11250 133 
NY19-32 BHK L1 2584880 958812 11490 
NY19-32 BHK L2 2448432 802692 9779 
NY19-71 Tick L1 684964 17485 214 
NY19-71 Tick L2 4399272 36425 437 
NY19-71 BHK L1 2519946 322520 3817 
NY19-71 BHK L2 3249430 360460 4487 
NY19-339 Tick L1 1575562 8870 116 
NY19-339 Tick L2 11164156 30305 385 
NY19-339 BHK L1 1919628 896407 10958 
NY19-339 BHK L2 3658396 1443035 17675 
NY19-435 Tick L1 1530364 72229 886 
NY19-435 Tick L2 3009250 87284 1040 
NY19-435 BHK L1 2218344 1006819 12333 
NY19-435 BHK L2 3188920 1171682 14189 
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Table S2.4. Confirmed iSNVs found in duplicate sequencing libraries.  

Isolate Source NT 

NT-

Index Con Variant AF* Type Subtype Region ΔAA 

NJ19-

48 Tick 451 462 C T 3.19 Sub NS prM H24Y 

NJ19-

48 Tick 706 717 A G 9.28 Sub NS prM R109G 

NJ19-

48 Tick 2543 2554 A G 2.94 Sub NS ns1 D40G 

NJ19-
48 BHK 2543 2554 A G 3.21 Sub NS ns1 D40G 

NJ19-

48 BHK 5169 5180 T C 1.47 Sub S ns3 P201P 

NJ19-

48 BHK 7443 7454 C T 1.54 Sub S ns4B N188N 

NJ19-

48 BHK 9009 9020 G A 1.15 Sub S ns5 K458K 

NJ19-

48 BHK 9105 9116 A G 2.23 Sub S ns5 L490L 

NY19-

112 Tick 715 717 A G 6.00 Sub NS prM R109G 

NY19-
112 Tick 10372 10374 T C 6.07 Sub NCR 3'UTR NCR 

NY19-

112 BHK 9093 9095 T C 1.22 Sub S ns5 R483R 

NY19-

112 BHK 10372 10374 T C 4.32 Sub NCR 3'UTR NCR 

NY19-

32 BHK 1123 1147 C T 1.34 Sub NS E T68M 

NY19-

32 BHK 2010 2034 A G 2.04 Sub NS E T364A 

NY19-

32 BHK 3152 3176 C T 2.17 Sub S ns1 V247V 
NY19-

32 BHK 3435 3459 T A 3.94 Sub NS ns1 S342T 

NY19-

32 BHK 5704 5728 A G 23.02 Sub NS ns3 Q384R 

NY19-

32 BHK 6054 6078 A G 2.03 Sub NS ns3 I501V 

NY19-

32 BHK 7442 7466 G A 4.97 Sub S ns4B A192A 

NY19-

32 BHK 7550 7574 G A 2.70 Sub S ns4B L228L 

NY19-

32 BHK 7801 7825 C T 4.61 Sub NS ns5 A60V 
NY19-

32 BHK 8963 8987 A G 6.71 Sub S ns5 Q447Q 

NY19-

339 Tick 698 717 A G 5.27 Sub NS prM R109G 

NY19-

339 Tick 3031 3050 C T 4.25 Sub S ns1 S205S 

NY19-

339 Tick 6595 6614 A G 11.11 Sub S ns4A V57V 
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NY19-

339 Tick 7417 7436 G A 4.89 Sub NS ns4B M182I 

NY19-

339 BHK 857 876 A G 1.02 Sub NS prM M162V 

NY19-
339 BHK 1308 1327 T C 12.85 Sub NS E V128A 

NY19-

339 BHK 1333 1352 A G 7.78 Sub S E K136K 

NY19-

339 BHK 1492 1511 A G 1.62 Sub S E A189A 

NY19-

339 BHK 1493 1512 A G 1.94 Sub NS E S190G 

NY19-

339 BHK 1524 1543 T C 5.77 Sub NS E M200T 

NY19-

339 BHK 1596 1615 C T 1.12 Sub NS E A224V 

NY19-
339 BHK 1672 1691 A G 13.01 Sub S E A249A 

NY19-

339 BHK 2119 2138 T C 1.03 Sub S E S398S 

NY19-

339 BHK 2203 2222 A G 1.20 Sub S E S426S 

NY19-

339 BHK 3031 3050 C T 15.05 Sub S ns1 S205S 

NY19-

339 BHK 3125 3144 G A 1.32 Sub NS ns1 G237R 

NY19-

339 BHK 3148 3167 T C 1.95 Sub S ns1 F244F 
NY19-

339 BHK 3272 3291 A G 1.46 Sub NS ns1 S286G 

NY19-

339 BHK 3324 3343 C A 2.32 Sub NS ns1 T303N 

NY19-

339 BHK 3846 3865 A G 9.71 Sub NS ns2A N124S 

NY19-

339 BHK 4664 4683 C A 1.04 Sub NS ns3 H36N 

NY19-

339 BHK 5140 5159 C T 4.01 Sub S ns3 I194I 

NY19-

339 BHK 5284 5303 A G 1.51 Sub S ns3 Q242Q 
NY19-

339 BHK 5434 5453 A G 1.61 Sub S ns3 E292E 

NY19-

339 BHK 6007 6026 T C 7.68 Sub S ns3 D483D 

NY19-

339 BHK 6460 6479 A G 2.22 Sub S ns4A V12V 

NY19-

339 BHK 6595 6614 A G 23.40 Sub S ns4A V57V 

NY19-

339 BHK 6689 6708 G A 1.26 Sub NS ns4A V89M 

NY19-
339 BHK 6856 6875 A C 2.09 Sub S 2K I18I 

NY19-

339 BHK 6916 6935 C T 3.87 Sub S ns4B G15G 

NY19-

339 BHK 7362 7381 A G 1.35 Sub NS ns4B K164R 



 112 

NY19-

339 BHK 7417 7436 G A 13.42 Sub NS ns4B M182I 

NY19-

339 BHK 7483 7502 T G 1.19 Sub S ns4B A204A 

NY19-
339 BHK 7616 7635 G A 1.84 Sub NS ns4B G249R 

NY19-

339 BHK 8442 8461 A G 1.98 Sub NS ns5 K272R 

NY19-

339 BHK 8607 8626 A G 6.02 Sub NS ns5 K327R 

NY19-

339 BHK 9043 9062 C T 1.32 Sub S ns5 S472S 

NY19-

339 BHK 9097 9116 A G 1.08 Sub S ns5 L490L 

NY19-

339 BHK 9175 9194 T G 1.23 Sub S ns5 L516L 

NY19-
339 BHK 9924 9943 A G 1.49 Sub NS ns5 N766S 

NY19-

339 BHK 10027 10046 G A 1.95 Sub S ns5 A800A 

NY19-

339 BHK 10372 10391 C T 1.49 Sub NCR 3'UTR NCR 

NY19-

339 BHK 10401 10420 G A 1.22 Sub NCR 3'UTR NCR 

NY19-

339 BHK 10465 10484 T C 1.02 Sub NCR 3'UTR NCR 

NY19-

339 BHK 10474 10493 C T 1.77 Sub NCR 3'UTR NCR 
NY19-

339 BHK 10528 10547 C T 1.06 Sub NCR 3'UTR NCR 

NY19-

435 Tick 715 717 A G 3.40 Sub NS prM R109G 

NY19-

435 Tick 7682 7684 A G 4.93 Sub NS ns5 K13R 

NY19-

435 BHK 2090 2092 T C 2.34 Sub NS E I383T 

NY19-

435 BHK 4182 4184 A G 1.07 Sub S ns2A R230R 

NY19-

435 BHK 5388 5390 T C 1.22 Sub S ns3 T271T 
NY19-

435 BHK 7173 7175 G A 1.15 Sub S ns4B V95V 

NY19-

435 BHK 7682 7684 A G 3.78 Sub NS ns5 K13R 

NY19-

435 BHK 7701 7703 C T 1.15 Sub S ns5 C19C 

NY19-

435 BHK 7800 7802 T C 1.18 Sub S ns5 G52G 

NY19-

435 BHK 8510 8512 A T 1.24 Sub NS ns5 Y289F 

NY19-
435 BHK 8624 8626 A G 1.51 Sub NS ns5 K327R 

NY19-

71 Tick 3052 3054 C T 8.95 Sub NS ns1 R207W 

NY19-

71 Tick 5805 5807 C T 27.72 Sub S ns3 D410D 
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NY19-

71 Tick 7682 7684 A G 3.89 Sub NS ns5 K13R 

NY19-

71 BHK 850 852 G A 3.04 Sub NS prM A154T 

NY19-
71 BHK 913 915 C T 3.33 Sub S prM L175L 

NY19-

71 BHK 1183 1185 A G 2.72 Sub NS E T81A 

NY19-

71 BHK 1533 1535 T A 3.07 Sub S E T197T 

NY19-

71 BHK 1712 1714 T C 6.42 Sub NS E L257P 

NY19-

71 BHK 2254 2256 G A 5.49 Sub NS E V438I 

NY19-

71 BHK 2869 2871 C T 2.06 Sub NS ns1 P146S 

NY19-
71 BHK 3052 3054 C T 2.13 Sub NS ns1 R207W 

NY19-

71 BHK 4014 4016 A G 2.50 Sub NS ns2A I174M 

NY19-

71 BHK 4588 4590 T C 1.32 Sub NS ns3 F5L 

NY19-

71 BHK 4644 4646 C T 2.98 Sub S ns3 G23G 

NY19-

71 BHK 5063 5065 A T 1.11 Sub NS ns3 Y163F 

NY19-

71 BHK 5123 5125 T C 1.50 Sub NS ns3 I183T 
NY19-

71 BHK 5340 5342 C T 3.72 Sub S ns3 N255N 

NY19-

71 BHK 5382 5384 C T 1.87 Sub S ns3 H269H 

NY19-

71 BHK 5805 5807 C T 12.55 Sub S ns3 D410D 

NY19-

71 BHK 6703 6705 G A 4.36 Sub NS ns4A V88M 

NY19-

71 BHK 6939 6941 C T 2.34 Sub S ns4B F17F 

NY19-

71 BHK 7341 7343 T C 1.57 Sub S ns4B D151D 
NY19-

71 BHK 8624 8626 A G 2.67 Sub NS ns5 K327R 

NY19-

71 BHK 9366 9368 T C 1.10 Sub S ns5 Y574Y 

NY19-

71 BHK 9513 9515 C T 1.70 Sub S ns5 R623R 

NY19-

71 BHK 9999 10001 C T 3.43 Sub S ns5 P785P 

NT, nucleotide; NT-index, nucleotide indexed to reference genome; Con, consensus; AF, allele frequency; 

ΔAA, amino acid change. 

*For tick isolates, based on frequency in merged library, for BHK based on average frequency across three 

replicates. 
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Figure S4.1. Percent weight change for male and female C57BL/6 mice inoculated with 

POWV or DTV isolates.  
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Figure S4.1. Clinical scores for male and female C57BL/6 mice inoculated with POWV or 

DTV isolates.  
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Figure S4.3. Validation of sex differences for DTV isolate FA5/12-40. Eight male and 
eight female mice were inoculated subcutaneously with 1e3 PFU Powassan virus and 
monitored for 14 days post infection. Weights and clinical scores were recorded daily. 
Mice were euthanized if they exhibited signs of neurological disease (ataxia, paralysis) or 
lost greater than 20% of their body weight.  
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Table S5.1. Metagenomic shotgun sequencing reads pre- and post- processing. 

library 

type 
village household week 

n in 

sample 

starting 

reads 

reads post 

trimming 

reads post 

host 

filtering 

final 

reads/sample 

%reads 

after 

trimming 

% trimmed 

reads after 

filtering 

human Chiquirines 2002 12 4 2520214 613772 295139 73784.75 24.35 48.09 

mosquito Chiquirines 2002 12 28 19607041 9430716 5228255 186723.39 48.10 55.44 

human Chiquirines 2013 1 5 51091968 2256570 1117652 223530.40 4.42 49.53 

mosquito Chiquirines 2013 1 13 11164683 4463504 2197622 169047.85 39.98 49.24 

human Chiquirines 2014 4 4 2977902 90483 6248 1562.00 3.04 6.91 

mosquito Chiquirines 2014 4 14 10523552 1852666 1007962 71997.29 17.60 54.41 

human Los Encuentros 1002 6 7 3593351 618889 355082 50726.00 17.22 57.37 

mosquito Los Encuentros 1002 6 31 20653974 6564342 4330199 139683.84 31.78 65.97 

human Los Encuentros 1016 2 6 3209223 463913 347609 57934.83 14.46 74.93 

mosquito Los Encuentros 1016 2 9 4911169 1609229 1142141 126904.56 32.77 70.97 

human Los Encuentros 1019 3 7 5117911 45888 40228 5746.86 0.90 87.67 

mosquito Los Encuentros 1019 3 51 17591039 7133004 6206331 121692.76 40.55 87.01 

human Los Encuentros 1019 10 7 6073426 718598 274051 39150.14 11.83 38.14 

mosquito Los Encuentros 1019 10 35 23458047 9481068 6736275 192465.00 40.42 71.05 

water 
control       1 917217 218336 218336 218336.00 23.80 100.00 

FTA control       3 1425736 285732 285732 95244.00 20.04 100.00 

HeLa 
control       1 520536 430899 3676 3676.00 82.78 0.85 
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Table S5.2. Coverage and Identity of ISVs.  

ISV ref genebank # coverage % identity 

Culex phasma-like virus (Culex 
orthophasma virus) 

NC_055214.1, 
NC_055213.1, 
NC_055215.1 97.2 97.6 

Terena virus 

KT966492, 
KT966493, 
KT966494 40.7 97.7 

Hubei reo-like virus 7 
KX884635.1 (RdRp 
gene) 98.9 98.6 

Grenada mosquito rhabdovirus 1 MG385079.1 93.7 98.8 
Culex flavivirus AB262759.2 79.7 99.2 
Hubei virga-like virus 2 MW435011.1 77.7 98.9 

Culex originated Tymoviridae-like 
virus MH188018.1 61.6 98.9 
Hubei mosquito virus 4 KX883008.1 26.4 97.4 

Phasi Charoen-like phasivirus 

MN866293.1, 
MN866262.1, 
MN866241.1 89.4 98.9 

Culex Iflavi-like virus 4 NC_040832.1 7.7 98.1 
Culex Hubei-like virus MH188025.1 29.3 99.2 
Culex narnavirus 1 MW434207.1 96 98.3 
Yongsan iflavirus 1 MW699047.1 45 98 

Coquillettidia venezuelensis 
narnavirus 2 MK285334.1 45.8 98.4 
Wenzhou tombus-like virus 11 KX883008.1 12.9 90.2 

Culex Y virus 
JQ659254.1, 
JQ659255.1 82.6 97.9 

Guadeloupe mosquito virus 
MN053805.1, 
MN053806.1 75.8 99 

Culex Iflavi-like virus 1 NC_040646.1 2.5 96.6 
Human papillomavirus type 18 NC_001357.1 20 99.5 

Totivirus-like Culex mosquito virus 1 MH188048.1 1.9 95.1 
Hubei narna-like virus 17 KX883536.1 9.4 87.3 
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Table S5.3. Household enrollment and risk factors. 

 

household 

ID 

total 

adults 

living in 

house 

adults 

not 

enrolled 

Why did 

adults not 

enroll? 

total 

children 

in house 

children 

not 

enrolled 

Why did 

children 

not 

enroll? 

Building 

material 

1001 4 2 work 2   
cement 
blocks 

1002 7 3 work 7   

cement 
blocks 

1003 3   0   

cement 
blocks 

1007 4 3 work 3   
cement 
blocks 

1008 8 1 work 2   

cement 
blocks 

1015 2 1 work 2 1 

not at the 
house 

during the 
day 

cement 
blocks 

1016 3   3   

cement 
blocks 

1018 2 1 work 3 1 school 
cement 
blocks 

1019 4   5   

cement 
blocks 

1020 3   3 2 refused 
cement 
blocks 

2001 4   1   
cement 
blocks 

2002 5 3 work 5   

cement 
blocks 

2003 3   0   

cement 
blocks 

2004 4   3   
cement 
blocks 

2008 3   0   

cement 
blocks 

2010 3   4   

cement 
blocks 

2012 4 3 refused 1   
cement 
blocks 

2013 2   3   

cement 
blocks 

2014 2 1 work 3   madera 
2017 2   1   Plywood 
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Table S5.3 (continued).  

 

household 

ID 

screened 

windows/ 

doors? 

potted 

plants? 

water 

well? 

septic 

tank? tires? 

capless 

water 

tank 

natural 

water on 

property 

or nearby? 

fumigated 

in the last 

year? 

1001 No No Yes No Yes Yes No No 

1002 No Yes Yes No Yes Yes Yes No 

1003 No Yes No No Yes Yes Yes No 

1007 No Yes No Yes Yes Yes No No 

1008 Yes Yes Yes Yes No Yes No No 

1015 No Yes Yes No Yes Yes Yes Yes 

1016 No Yes Yes Yes No No No No 

1018 No Yes No Yes No Yes Yes Yes 

1019 No Yes Yes No No No No No 

1020 No Yes Yes No Yes No No No 

2001 Yes Yes Yes Yes No Yes Yes Yes 

2002 No Yes Yes No No Yes No Yes 

2003 No Yes Yes Yes No Yes No Yes 

2004 No Yes Yes Yes Yes No No No 

2008 No No No Yes No Yes No Yes 

2010 No No Yes Yes No No Yes No 

2012 No No Yes No Yes Yes No No 

2013 No Yes Yes No Yes Yes No No 
2014 No No Yes No No Yes No No 
2017 No Yes Yes Yes Yes No Yes Yes 



 
1

2
1

 

  
 

Table S5.4. Household animals.  

  
 Household 

ID Chickens Ducks Rats Pigs Dogs Cats Turkey 
other 
birds Cows Rabbit Total 

L
o

s
 E

n
c
u

e
n

tr
o

s
 

1001 10 0 6 1 4 0 0 0 0 0 21 

1002 2 1 3 1 3 1 0 0 0 0 11 

1003 22 73 0 0 5 0 0 0 0 0 100 

1007 45 0 5 7 2 0 0 8 0 0 67 

1008 25 0 0 1 1 3 3 0 0 0 33 

1015 1 0 4 1 0 3 0 0 0 0 9 

1016 20 0 6 0 3 0 0 0 0 0 29 

1018 30 3 0 2 2 0 0 0 0 0 37 

1019 20 0 0 0 3 1 0 0 0 0 24 

1020 3 0 0 2 0 0 0 0 0 0 5 

C
h

iq
u

ir
in

e
s
 

2001 10 10 0 1 1 2 2 0 0 0 26 

2002 9 1 5 12 1 0 0 0 0 0 28 

2003 9 0 1 0 0 1 0 0 0 1 12 

2004 1 0 0 0 1 1 0 0 0 0 3 

2008 6 0 10 6 3 4 0 1 0 0 30 

2010 22 0 2 0 0 0 0 0 0 0 24 

2012 8 5 2 2 1 0 0 0 0 0 18 

2013 50 1 3 1 3 1 6 0 0 0 65 

2014 6 0 10 1 0 0 0 0 0 0 17 

2017 30 0 0 4 4 2 1 0 0 0 41 

 Total 329 94 57 42 37 19 12 9 0 1 600 
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Table S5.5. Bloodmeal Identification. 

 

  Mammals 

 total 

Homo 

sapiens 

(human) 

Sus 

scrofa 

(pig) 

Equus 

caballus 

(horse) 

Canis 

lupus 

(dog) 

Bos 

taurus 

(cow) 

Aedes aegypti 91 44 0 0 0 0 

Aedes albopictus 3 2 0 0 0 0 

Aedes 

taeniorhynchus 3 0 2 1 0 0 

Anopheles 

albimanus 8 5 2 0 0 0 
Anopheles sp. 2 2 0 0 0 0 

Culex nigripalpus 10 1 0 0 0 1 
Culex pipiens 297 79 3 0 1 0 
Culex sp. 50 12 4 0 0 0 

Mansonia dyari 20 13 1 0 0 0 

Mansonia titilans 2 1 0 0 0 0 

Psorophora ferox 2 0 0 0 0 0 
sum species 488 159 12 1 1 1 
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Table S5.5 (continued). 

 

Avian  

Gallus 

gallus 

(chicken) 

Anas 

platyrh

ynchos 

(duck) 

Cairin

a 

mosch

ata 

(duck) 

Dives 

dives 

(blackbi

rd) 

Meleagris 

gallopavo 

(turkey) 

Quiscalus 

mexicanus 

(grackle) 

Ortalis 

motmot 

(chachal

aca) 

Turdus 

grayi 

(thrush) 

No 

match 

4 0 0 0 0 0 0 0 43 

1 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 1 
0 0 0 0 0 0 0 0 0 

6 0 0 0 0 0 0 0 2 
132 1 9 1 1 1 0 0 69 
10 0 0 0 0 0 1 1 22 

1 0 0 0 0 0 0 0 5 

0 0 0 0 0 0 0 0 1 

0 0 0 0 0 0 0 0 2 
154 1 9 1 1 1 1 1 145 

 
 


