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Powassan virus is an emerging tick-borne virus of concern for public health, but very
little is known about its transmission patterns and ecology. Here, we expanded the
genomic dataset by sequencing 279 Powassan viruses isolated from Ixodes scapularis
ticks from the northeastern United States. Our phylogeographic reconstructions
revealed that Powassan virus lineage II was likely introduced or emerged from a relict
population in the Northeast between 1940 and 1975. Sequences strongly clustered
by sampling location, suggesting a highly focal geographical distribution. Our anal-
yses further indicated that Powassan virus lineage II emerged in the northeastern
United States mostly following a south-to-north pattern, with a weighted lineage
dispersal velocity of ~3 km/y. Since the emergence in the Northeast, we found an
overall increase in the effective population size of Powassan virus lineage II, but with
growth stagnating during recent years. The cascading effect of population expansion
of white-tailed deer and I. scapularis populations likely facilitated the emergence of
Powassan virus in the northeastern United States.
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Reports of tick-borne diseases in the United States have been steadily rising, with more
than 50,000 cases in 2019 (1). In the same year, a record number of 43 human cases of
infection with an emerging tick-borne pathogen, Powassan virus (family: Flaviviridae,
genus: Flavivirus), were reported (2-5). Powassan virus infection can cause severe neu-
roinvasive disease with long-lasting sequelae and high fatality rates in humans. Since its
initial identification in 1958 (6), incidence rates of Powassan neuroinvasive disease in
humans have dramatically risen in the United States, particularly during recent years in
the Northeast (7). As Powassan virus infection is difficult to clinically diagnose (8) and
most infections are asymptomatic (3), the reported cases are likely a vast underestimation
of the true burden. The increasing number of human infections coupled with the lack of
an effective vaccine or medicines, highlights the need to better understand local virus
transmission patterns to guide targeted prevention and control measures.

Emergence of tick-borne diseases such as Lyme borreliosis, anaplasmosis, and babesiosis
is associated with the spread of Ixodes scapularis ticks following the expansion of suitable
habitats (9) and the reintroduction of their primary adult stage hosts, white-tailed deer
(Odocoileus virginianus), into the northeastern United States (10, 11). Powassan virus
consists of two genetically distinct lineages, of which lineage II, also thought to be primarily
maintained by L scapularis ticks and small mammals (12, 13), followed a similar path
(3-5). However, very little is known about its ecology and transmission patterns. Genetic
approaches, including phylogenetic and phylogeographic inference, are powerful tools to
understand patterns of pathogen transmission and spread. However, until recently, there
were only 23 near-complete Powassan virus genomes available from the United States.
Thus, to inform future control efforts and mitigate public health risks, there is a critical
need for new and innovative phylogeographic approaches to uncover how Powassan virus
is being maintained in the Northeast and which factors facilitate or prevent its spread to
other areas.

To investigate, we partnered with public health laboratories throughout the Northeast
to sequence Powassan virus isolated from 7. scapularis ticks in Connecticut, New York,
and Maine. We sequenced samples collected in 2008 to 2019 from both historic endemic
sites and from novel regions on the leading edge of expansion in the Northeast. With this
expanded genomic dataset, we performed discrete and continuous phylogeographic anal-
yses to answer important questions on the emergence and spread of Powassan virus lineage
I1, such as: 1) When did Powassan virus lineage II emerge in the Northeast? 2) How is
Powassan virus lineage II locally maintained? 3) What are the patterns and velocity of
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Significance

Our work provides important
fundamental insights into the
local transmission dynamics of
an emerging tick-borne pathogen
of public health concern. Without
the availability of vaccines or
specific treatments, prevention
of Powassan virus infection is
dependent on education and
control. We identified that
Powassan virus lineage Il is
maintained in highly localized
transmission foci that have been
maintained for several years,
without introductions of new
virus clades. This provides both
opportunities for better
education about high-risk areas
and effective targeted control in
Powassan virus foci with a
long-lasting impact.
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spread? 4) Can increased transmission explain the recent increase
in reported human cases? 5) What is the impact of environmental
factors on the dispersal dynamics? Overall, our study provides
important insights into the emergence and spread of Powassan
virus in the northeastern United States. Our findings help to better
identify potential high-risk areas for exposure, which will in turn
help to direct future control efforts.

Results

Powassan Virus Phylogeny. Powassan virus consists of two
genetically and ecologically distinct lineages (lineages I and
II; Fig. 1). Prior to this study, there were 23 near-complete
Powassan virus genome sequences publicly available from the
United States. In this study, we sequenced an additional 279
Powassan viruses (2 belonging to lineage I, and 277 belonging
to lineage II) from positive tick pools identified by public health
laboratories in Connecticut, New York, and Maine from 2008 to
2019 (81 Appendix, Tables S1-S3). We created Nextstrain pages to
visualize the Powassan genomic data with builds for all available
genomes (14), and a more specific build for genomes available
from the northeastern United States (15). Publicly available
lineage I sequences were available from Russia, Canada (initial
case in North America), and the United States, but Powassan
virus lineage I had not been reported from the United States since
the late 1970s (16, 17). As part of this study, we sequenced two
lineage I genomes detected in 7. scapularis ticks in 2019 from New
York (18). Later, we sequenced two additional lineage I genomes
detected in I cookei (2020) and Dermacentor variabilis (2021)
also from New York (19). Identification of Powassan virus lineage
I in various tick species highlights how increased virus genomic
surveillance can help to expand our knowledge of virus ecology.
Almost all of the more recent Powassan viruses detected from
the United States, including what we sequenced for this study,
belong to lineage II. Powassan virus lineage 11, also referred to
s “deer tick virus,” consists of two geographically separated

clades comprising viruses from the Midwest and the Northeast
(Fig. 1). Powassan virus lineage II is the most prevalent in the
Northeast, and we first carefully assessed the presence of tem-
poral signal in these data. While the determination coefficient
of the root-to-tip regressmn performed with TempEst (20) is
relatively small (R® = 0.23; Fig. 1), we find very strong evidence
in favor of temporal signal in the data set using a recently devel-
oped Bayesian method (21) [log Bayes factor = 41.8 (22)], ena-
bling the use of molecular clocks to estimate time-calibrated
phylogenies. As part of this analysis, we find that an uncorrelated
relaxed clock with an underlying lognormal distribution provides
a better model fit to the data compared to a strict clock model
(Table 1) We estimate that the evolutionary rate of this clade is
8.25x107 substitutions/site/year [9 5% highest posterior density
(HPD) interval: (8.23 to 10.46x107°); 95% HPD interval of
the associated coefficient of variation: (0.48 to 0.75)]. Our esti-
mate is higher than prevlous estimated evolutionary rates for all
Powassan viruses [3. 3><10 5 (23)] and NS5 coding sequences
[3.9x107 t0 5.4x107 (5, 24)], but lower than prekus estimates
based on envelope coding sequences [2.2x10~ 4(5)]. This is likely
a reflection of the recent emergence of lineage II in the region.
Our work increased the number of publicly available Powassan
virus lineage II sequences by more than ten-fold, enabling us to
better understand the patterns of emergence and spread in the
northeastern United States.

Emergence in the Northeast. The emergence of Powassan virus
lineage II into the northeastern United States likely followed
the reemergence of L scapularis ticks, its primary vector, into
the region. Ixodes scapularis originally colonized the Northeast
thousands of years ago (25, 26); however, deforestation and
restriction of white-tailed deer populations (primary reproductive
host for adult Z. scapularis ticks) during the 1800s greatly reduced
1. scapularis populations in the Northeast (10, 27). Reforestation
and increasing white-tailed deer populations during the mid-
1900s then led to a reemergence of 1. scapularis (10, 28, 29).
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Fig. 1. Phylogenetic analysis of Powassan virus lineages. (A) Root-to-tip regression performed to assess the temporal signal within the Northeast clade
(determination coefficient R? from the linear regression = 0.23). (B) Maximum likelihood tree was obtained from the phylogenetic analysis of publicly available
Powassan virus genomes from the United States, Canada, and Russia. Powassan virus lineage Il consists of two geographically separated clades in the Northeast
and Midwest. Bootstraps support values (based on 1,000 replicates) are provided for the main internal nodes of the tree.

20of9 https://doi.org/10.1073/pnas.2218012120

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2218012120#supplementary-materials

Downloaded from https://www.pnas.org by "YALE UNIVERSITY , CTR FOR SCI & SOCIAL SCI INFO" on August 22, 2024 from |P address 130.132.173.203.

Table 1. Bayesian evaluation of temporal signal analysis
Model fit Model fit
Clock model (gamma) (lognormal)
Strict clock + dates -36,575.48 -36,576.00
Strict clock - dates -36,601.19 -36,606.66
Relaxed clock + dates -36,512.57 -36,513.62
Relaxed clock - dates -36,554.33 -36,556.68

Our expanded Powassan virus genomic data enabled us to
reconstruct the dispersal history of Powassan virus lineage II in
the northeastern United States. (Fig. 24). Our discrete phyloge-
ographic analysis estimates that the time to the most recent com-
mon ancestor (t(MRCA) for the Northeast Powassan virus lineage
II clade is between 1940.3 and 1974.7 (95% HPD interval; mean
1957.9). This means that lineage II emerged in the Northeast
likely before the mid-1970s, corresponding to the reemergence of
1. scapularis ticks.

Distinct Transmission Foci. Like tick-borne encephalitis virus in
Europe (30, 31), Powassan virus is hypothesized to be primarily
maintained within strict foci (32, 33), meaning that the virus does
not routinely migrate between locations. To test this hypothesis,
we examined our discrete phylogeographic reconstruction of
Powassan virus lineage II in the Northeast (Fig. 2). We found
that sequences strongly cluster by location (Fig. 24) with relatively
few transition events over the past 20 y (Fig. 2B).

We further explored the spatial structure using a continuous
phylogeographic approach (Fig. 3). These findings again highlight
the highly focal distribution, with rare long-distance dispersal
events leading to the establishment of new foci (Fig. 3 A-D). These
transmission foci are particularly clear in Connecticut, where,
besides a single dispersal event between locations 1 (Westport)

A . .
l
%
% oo
% é ©
© NewYork (Rockland, NY) %
© NewYork (Westchester, NY) { —
© NewYork (Orange, NY) I
© NewYork (Putnam, NY) %
NewYork (Sullivan, NY) o
NewYork (Dutchess, NY)
NewYork (Columbia, NY)
NewYork (Greene, NY)
NewYork (Schoharie, NY)
NewYork (Albany, NY)
NewYork (Rensselaer, NY)
NewYork (Schenectady, NY) )
NewYork (Saratoga, NY)
New\York (Washington, NY)
NewYork (St Lawrence, NY)
Connecticut (Fairfield, CT) = ¥
© Connecticut (Fairfield, CT) 8
Connecticut (Fairfield, CT) —g%
Connecticut (NewLondon, CT)
Connecticut (NewLondon, CT)
Connecticut (NewHaven, CT)
Rhodelsland (Washington, Rl)

Massachusetts (Nantucket, MA) @ Maine (York, ME)
@ Massachusetts (Dukes, MA) @ Maine (Cumberland, ME)

® Massachusetts (Norfolk, MA) @ Maine (Knox, ME) o0
@ Massachusetts (Middlesex, MA) @ NewYork (Nassau, NY) o,
@ Massachusetts (Essex, MA) @ NewYork (Suffolk, NY) s= 5
T T T T T T T
1960 1970 1980 1990 2000 2010 2020

and 2 (Redding), we do not observe mixing between the five
distinct locations (Fig. 3D, Inset). For example, we estimate that
the lineage II viruses sequenced in location 2 (Redding) have been
separated from location 3 (Bridgeport) for ~-34 y (95% HPD
interval: 26 to 42), despite being less than 20 km apart.

We found the same pattern of isolated transmission foci with
limited mixing for New York and Maine, albeit with more
short-distance dispersal events, particularly in New York (Fig. 2B,
and 3D). These differences may be explained due to differences
in sampling (e.g., Powassan virus sequenced from ticks in New
York included adults collected from deer), environmental barriers
to spread (e.g., separation of Connecticut locations by rivers), or
other ecological factors.

Overall, our data suggest that after the initial emergence of
Powassan virus lineage II in the Northeast, migration between
nearby and long-distance locations was relatively rare. This sup-
ports the hypothesis that Powassan virus is primarily maintained
in highly localized transmission foci.

Dispersal History. While we have shown that Powassan virus
lineage II in the Northeast is primarily restricted to strict foci,
we wanted to better understand the patterns and velocity of
spread. Our spatially explicit continuous phylogeographic
analysis indicates that Powassan virus lineage II emerged in the
northeastern United States mostly following a south-to-north
pattern (Fig. 3 A-D). We estimate that the virus first became
established in southern New York and Connecticut by the late
1950s (1940.3 to 1974.7; Fig. 34). This was followed by a few
long-distance dispersal events to more northern regions, perhaps
by infected ticks feeding on birds which can migrate over longer
distances. We estimate that the virus finally became established in
Maine by 1991 [95% HPD = (1971 to 2012)] through multiple
introductions. Our estimates of the relatively recent dispersion of
Powassan virus lineage II in the northern part of the Northeast
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Fig. 2. Discrete phylogeographic analysis of the dispersal history of Powassan virus in the northeastern United States. (A) MCC tree with branches colored
according to the locations inferred at the ancestral nodes. Tip nodes are colored according to their sampling location, and we only displayed internal nodes,
using smaller dots and colored according to their inferred location, if they are associated with a posterior probability >0.95. (B) Sampling map and well-supported
Markov jumps inferred by discrete phylogeographic inference. Sampling locations are displayed by dots, with the size being proportional to the number of
Powassan virus genomic sequences sampled and included in our analyses. We only report Markov jumps associated with an adjusted Bayes factor support
higher than three, which corresponds to positive support according to the scale of interpretation as previously defined (22).
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Fig. 3. Spatially explicit phylogeographic analysis of the dispersal history of Powassan virus in the northeastern United States. (A-D) Reconstruction of the
dispersal history of Powassan virus lineages inferred by a spatially explicit phylogeographic analysis. We mapped branches of the MCC tree reported in Fig. 2 and
whose nodes, as well as associated 80% highest posterior density (HPD) regions, are colored according to their time of occurrence. (E) Skygrid reconstruction of
the evolution of the overall effective size of the viral population (Ne). (F) Evolution of the number of confirmed human cases. (G) Estimation of the white-tailed
deer (Odocoileus virginianus) populations in the states of New York and Connecticut. (H) Environmental factors included in landscape phylogeographic analyses

to test their impact on Powassan virus dispersal.

suggest that the virus is likely still emerging in parts of North
America, following the northward expansion of 1. scapularis (34).

We then used our continuous phylogeographic results to esti-
mate the dispersal velocity of Powassan virus lineage 11 through
the northeastern United States. We estimated a weighted lineage
dispersal velocity of -3 km/y [95% HPD = (2.6 to 3.8)])], which
corresponds to a relatively slow dispersal capacity when compared
to the estimates of the same metric obtained from the continuous
phylogeographic analysis of other viruses (SI Appendix, Table S4).
For instance, Powassan lineage II dispersed faster than the
rodent-borne Lassa virus in western Africa [~1 km/y (35)], but

40f9 https://doi.org/10.1073/pnas.2218012120

considerably slower than the mosquito-borne West Nile virus when

it invaded North America [~165 km/y (36)].

Population Size. We next investigated whether Powassan virus
transmission has increased since its emergence in the Northeast,
which could be a cause of the recent increase in reported human
cases. We approached this by estimating the recent evolution of the
virus-effective population size through a “skygrid” reconstruction, a
nonparametric coalescent model assuming a panmictic population.
Because the assumption of panmixia is never respected in practice,
the effective population size (Ne) is sometimes interpreted as a

pnas.org
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measure of the overall genetic diversity of the viral population (e.g.,
ref. 37); although it has also been argued that such interpretation
could be a bit reductive (38). Since the emergence in the Northeast,
we found an overall increase in the effective population size of
Powassan virus lineage II, but with growth stagnating since ~2005
(Fig. 3E). The latter could be a reflection of the virus becoming
established across all of our study sites, whereas the effective
population size may still be increasing if we included additional
sites in new emergence zones. Still, our data suggest that the
increase in reported human cases in the region since 2010 (Fig. 3F)
does not coincide with an increased virus-effective population size
(Fig. 3E). Thus, our findings do not support the hypothesis that
the recent uptick in human cases is due to a significant increase in
Powassan virus transmission; rather, it may be caused by an increase
of human exposure to infected ticks.

As hypothesized as a significant factor for the timing of
Powassan virus lineage II emergence in the Northeast, our overall
estimates for the virus-effective population size follow a similar
trend as the population expansion of white-tailed deer in
Connecticut and New York (Fig. 3G). Reforestation in the
Northeast has led to dramatic increases in the white-tailed deer
populations, followed by population expansion of . scapularis,
which in turn has facilitated the emergence of tick-borne patho-
gens such as Borrelia burgdorferi and Babesia microti (28). Our
findings suggest that the cascading effect of population expansion
of white-tailed deer and 7. scapularis populations may also have
facilitated the emergence of Powassan virus in the Northeast.

Impact of Environmental Factors on the Dispersal Dynamic. We
exploited our spatially explicit phylogeographic reconstruction to
investigate the impact of environmental factors on the dispersal
dynamic of Powassan lineage II. As detailed in the Methods section,
we tested the association between a series of environmental factors
(Fig. 3H) and the dispersal location (39) as well as dispersal velocity
of viral lineages (40). Our analyses revealed that inferred Powassan
virus lineage II tended to avoid circulating in areas associated with
relatively higher elevation [Bayes factor (BF) > 20; ST Appendix,
Table S5]. However, outcomes of our analysis are strongly
influenced by the sampling effort and pattern, and therefore we
are able to describe environmental conditions related to dispersal
locations of inferred viral lineages, but we cannot draw conclusions
on the actual impact of those conditions on the dispersal (39). This
observation could be related to higher abundance of . scapularis at
lower altitudes. Next, we investigated the impact of environmental
factors on the dispersal velocity of Powassan virus lineage II. Our
analyses did not highlight any environmental factor associated
with the heterogeneity of Powassan lineage dispersal velocity across
the study area (SI Appendix, Table S6). This means that none
of the tested factors increased the correlation between dispersal
duration and geographic distance, the latter thus remaining the
main resistance factor to dispersal.

Discussion

Despite a rapid increase in the number of Powassan virus infec-
tions in humans over recent years, very little was known about the
patterns of virus emergence and spread. By sequencing 279
Powassan virus genomes and using phylogeographic approaches,
we have uncovered the patterns of virus emergence, transmission,
and spread in the northeastern United States. Our analyses
revealed that Powassan virus lineage II likely emerged in the
Northeast around 1940 to 1975, following the population growth
of white-tailed deer and expansion of . scapularis tick populations
(10, 28). Powassan virus lineage II is maintained in highly

PNAS 2023 Vol.120 No.16 2218012120

localized transmission foci, with few migration events between
relatively nearby locations. Our continuous phylogeographic anal-
ysis revealed that Powassan virus lineage II likely emerged from
southern Connecticut into more northern regions with a weighted
lineage dispersal velocity of -3 km/y. Although we found an overall
upward trend in the virus effective population size over the last
decades, the recent increase in the reported human cases of
Powassan virus infection does not coincide with a higher effective
population size. This suggests that the recent uptick in human
cases is likely not due to a significant increase in Powassan virus
enzootic transmission, but it may rather be due to other factors
such as increased human exposure to infected ticks as well as an
increase in case recognition. Our findings provide important
insights into the local emergence patterns and transmission
dynamics of Powassan virus in the northeastern United States.
Insights into the highly localized transmission foci that sustain
Powassan virus transmission across multiple years will help to
identify areas with high risk of spillover to the human population,
which can be targeted for prevention, education, or control efforts.

Our reconstruction of the emergence of Powassan virus in the
Northeast follows similar patterns as the emergence reported for
other tick-borne pathogens such as Borrelia, Babesia, and
Anaplasma (41). Similar to Powassan virus, these pathogens are
maintained in transmission cycles involving /. scapularis as the
main vector and white-footed mice (Peromyscus leucopus) as the
main host. Introduction of these tick-borne pathogens in the
northeastern United States follows the reforestation in the 20th
century leading to rapid population expansions of both white-tailed
deer and 1. scapularis (28, 34). Despite the similarities in emer-
gence and ecology, other tick-borne pathogens seem to have more
widespread distributions as compared to the highly focal distri-
bution of Powassan virus. Previous studies on Borrelia burgdorferi
reported high genetic diversity within local populations (42), lack
of population genetic structure (25), and no strict genetic cluster-
ing by location within the Northeast (11). This suggests that
despite the similarities in ecology, B. burgdorferi and Powassan
virus are maintained by different mechanisms.

To explain the highly focal distribution, we have formulated
two main hypotheses on how Powassan virus lineage IT may be
maintained in strict transmission foci (Fig. 4). Our first hypothesis
is that vertical transmission from adult to the next larval stage
plays a minor role in the Powassan virus transmission cycle. Adult
1. scapularis ticks preferentially feed on larger mammals, such as
white-tailed deer, and we would expect more mixing of Powassan
virus clades if infected adults travel across larger distances when
feeding on deer, particularly during early years of emergence when
deer habitats were less fragmented. Inefficient vertical transmission
from adult to larvae would explain why adult ticks and deer may
move, while Powassan virus foci remain local. Moreover, low
Powassan virus infection rates in ticks further reduce the proba-
bility of successful establishment in new areas (43). Previous stud-
ies have provided evidence for vertical transmission of Powassan
virus (i.e., one of the six infected females transmitted Powassan
virus to its progeny) (44), but it remains unclear what percentage
of progeny within an egg batch becomes infected. Future studies
can help to test this hypothesis by determining rates of vertical
transmission in the laboratory, and determining infection rates of
unfed larvae in the field.

Our second hypothesis is that backward transmission through
tick life stages (e.g., from nymphs to larvae or adults to nymphs)
is the main mechanism for Powassan virus maintenance (Fig. 4).
Powassan virus clades better match the strong geographical struc-
ture of white-footed mice (45, 46) and other small mammals that
share the same habitat rather than the weak structure of
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Ixodes scapularis life cycle with proposed hypotheses that may explain the focal distribution of Powassan virus. Life cycle adapted from (41) and created

with bioRender.com. Two hypotheses are proposed that may explain the focal distribution of Powassan virus.

I scapularis ticks (26). This suggests that Powassan virus is mostly
maintained by local transmission cycles that include larvae and
nymphs feeding on small mammals, and adult ticks and other
animals that can travel long distances are primarily dead-ends,
although sporadic long-distance dispersal events may happen.
Backward transmission from nymphs to larvae may either occur
through direct cofeeding transmission in the absence of systemic
infection of the rodent host, as has been reported for tick-borne
encephalitis virus (47, 48), or through feeding on viremic hosts.
To further investigate this hypothesis, we propose studies to deter-
mine the frequency of cofeeding between nymphs and larvae, to
determine the size of transmission foci, and to perform compar-
ative genetics between Powassan virus, /. scapularis, and small
mammalian hosts, such as white-footed mice. Additionally, furcher
research is needed to better understand the drivers and frequency
of long-distance dispersal events that may result in the establish-
ment of new transmission foci. Future ecological and genetic
studies on host (e.g., bird and deer) and tick population movement
are needed to better understand how movement of both host and
vector may contribute to the occasional long-distance dissemina-
tion of Powassan virus.

Our study has several limitations. First, sampling strategy was
not standardized across the northeastern United States nor was it
standardized across time. Powassan virus surveillance activities are
organized at the state level, and therefore there are differences in
effort between states. For instance, samples sequenced from
Connecticut and Maine were collected from the same sites during
multiple years, whereas a much larger number of varying sites were
sampled from year to year in New York. Sampling in New York
also included tick collections from hunter-harvested deer, whereas
sampling in Connecticut and Maine was exclusively done via drag
sampling. Spatial heterogeneity in sampling effort will impact
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phylogeographic reconstructions, with unsampled locations being
excluded from the reconstructed dispersal history, and undersam-
pling of locations may lead to underestimation of the degree of
connectivity between sites. Second, we attempted to include as
many publicly available genomes in our analyses, but some
genomes had to be excluded because they did not have complete
metadata (e.g., missing collection date and location) or because
they did not fit the molecular clock (e.g., Powassan sequences from
human infections). Lastly, choice of molecular clock model may
impact estimates for the evolutionary rate and the tMRCA. For
example, when performing the analyses with a strict molecular
clock model instead of a relaxed clock model, we get a lower
estimated evolutionary rate of 3.76x10™ substitutions/site/year
(95% HPD = 2.59 to 5.45x10™) and an earlier tMRCA of 1881.3
(95% HPD = 1832.4 to 1934.8). This highlights the importance
of molecular clock model choice based on best model fit and that
we should be careful in our interpretation of the relaxed clock
model estimates. Our estimates of emergence before the mid-1970s
should be interpreted as emergence latest by this time period, and
not as an exact estimate of the emergence time.

Our study has important implications for our understanding
of Powassan virus transmission dynamics and future control.
Currently, no vaccines or specific treatments are available for
Powassan virus infection, which leaves prevention of disease highly
dependent on education and control. Our estimates of the disper-
sal velocity can help to better inform the risk of regions in prox-
imity of the current distribution of Powassan virus in the Northeast,
which may be targeted for tick and virus surveillance as well as
potential future control. Furthermore, the identification of highly
localized transmission foci provides both opportunities for better
education of the general public about high-risk areas and effective
targeted control in Powassan virus hot spots. Eradication of
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Powassan virus in transmission foci that have been maintained for
several years without introductions of new virus clades will likely
result in highly effective and long-lasting control.

Methods

sample Collection. Tick collections, nucleic acid extraction, and Powassan virus
screening were done at the Connecticut Agricultural Experiment Station (CAES),
MaineHealth Institute for Research, New York State Department of Health, and
Cornell University (32, 43, 49-51). Briefly, the majority of ticks were collected
by dragging a white cloth over the ground and low vegetation, and a smaller
proportion were collected from vertebrate hosts (e.g., deer). All the collected
ticks were sorted by species, life stage, collection site, and date before screening
for pathogens. Individual or pooled ticks were homogenized, and nucleic acid
was extracted according to manufacturer’s instructions (S/ Appendix, Table S1).
Powassan virus was detected by RT-qPCR or nanochip assays (32, 43, 49-51).
Samples collected from 2008 through 2016 in Connecticut were passaged once
on BHK-21 cells before nucleic acid extraction.

Untargeted Metagenomic lllumina Sequencing. We initially used an untar-
geted metagenomic approach to sequence Powassan virus isolates which were
passaged on cells at CAES. Our protocol is adapted from (52), and is openly avail-
able (53). In brief, 10 pL of the extracted nucleic acid was treated with DNase |
(New England Biolabs), followed by a cleanup step using a ratio of 1.8:1 beads
to sample. All the cleanup steps were done using Mag-Bind TotalPure NGS mag-
netic beads (Omega Bio-tek) with automated protocols for the Kingfisher flex
purification system (Thermo Fisher Scientific). First-strand cDNA was synthesized
using SuperScript IVVILO (Thermo Fisher Scientific) and second-strand cDNA using
Escherichia coli DNA ligase and polymerase (New England Biolabs), followed by
a cleanup step (1.8:1 beads-to-sample ratio). Libraries were prepared using the
Nextera XT DNA library preparation kit for lllumina (lllumina, San Diego, CA),
according to manufacturer's instructions but using less than the recommended
reagent volumes (54). Individual and pooled libraries were quantified using
the Tx dsDNA HS assay kit on the Qubit 4 (Thermo Fisher Scientific), and size
distribution was determined using the high-sensitivity DNA kit on Bioanalyzer
2100 (Agilent, Santa Clara, CA). Pooled libraries were sequenced on the Illumina
NovaSeq (paired-end 150) at the Yale Center for Genome Analysis. PCR duplicates
were removed, reads were aligned to the reference genome using Bowtie2, and
consensus genomes were called ata minimum frequency threshold of 0.75 and
a minimum coverage of 10x using Geneious Prime 2020.0.4.

Targeted Amplicon-Based Sequencing. Although we were able to successfully
sequence Powassan virus from cell culture-passage samples using untargeted
metagenomics, we developed an amplicon-based sequencing approach to
improve coverage when sequencing from tick homogenates. We used an adapted
protocol (55), using Nextera XTfor library prep as developed for SARS-CoV-2 ampli-
con-based sequencing (56). In brief, cDNA was synthesized from 10 uLRNA using
SuperScript IV VILO (Thermo Fisher Scientific). Two separate primer pools were
prepared by mixing equal volumes of each primer with a concentration of 10 pM
(51 Appendix, Table S2). The two primer pools were used to generate tiled ampli-
cons using Q5 high-fidelity 2X master mix (New England Biolabs), followed by
a cleanup step and quantification using the Qubit. Amplicons were diluted to 1
ng/pL and combined for library prep as described above. Pooled libraries were
quantified on Qubit and size distribution was determined on the bioanalyzer.
Pooled libraries were sequenced on the Illumina NovaSeq (paired-end 150) at
the Yale Center for Genome Analysis. Consensus genomes were generated at a
minimum frequency threshold of 0.75 and a minimum coverage of 10x using
iVar version 1.2.3. All sequencing data are publicly available under BioProject
PRINAB89421 (57) and S/ Appendix, Table S3.

Powassan Virus Phylogeny. We sequenced 279 Powassan virus genomes and
estimated a maximum-likelihood tree using IQ-TREE version 1.6.12 with ultra-
fast bootstrap approximation (1,000 replicates) (58) to determine phylogenetic
relationships between publicly available and newly sequenced Lineage I and Il
genomes.

Temporal Signal Assessment. To evaluate whether our Powassan virus dataset
contains sufficient temporal signal and would permit time-calibrated analyses
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using molecular clock models (and hence constitutes a measurably evolving pop-
ulation), we performed a Bayesian Evaluation of Temporal Signal (BETS) analysis
(21,59).This analysis involves assessing the model fit to the data of both a strict
clock and an uncorrelated relaxed clock with an underlying lognormal distribu-
tion, both with and without the sampling dates associated with the genomes in
our dataset (Table 1). We employed generalized stepping-stone sampling (60)
to accurately estimate the log marginal likelihood of each of these four models.
For each log marginal likelihood estimation, we ran an initial Markov chain of
500 million iterations, followed by 500 power posteriors that are explored dur-
ing 1 million iterations, logging every 1,000 iterations. We used the following
priors: a lognormal prior distribution (mean = 1.0, SD = 1.25) on the transition-
transversion ratio «; a Dirichlet prior distribution (1.0; K = 4) on the nucleotide
base frequencies; an exponential prior distribution (mean = 0.5) on the shape
parameter describing the discretized gamma distribution used to model among-
site rate heterogeneity; a CTMC reference prior (61) on the (constant) evolution-
ary rate under the strict clock model; a CTMC reference prior (61) on the mean
evolutionary rate of the underlying lognormal distribution for the uncorrelated
relaxed clock model; and an exponential prior distribution (mean = 1/3) on the
SD of the underlying lognormal distribution for the uncorrelated relaxed clock
model. Finally, we used both a gamma prior distribution (shape = 0.001; scale =
1,000.0) and a lognormal prior distribution (mean = 1; SD = 5; both on the log
scale) on the constant population size, enabling us to test the sensitivity of BETS to
different prior specifications. The results that we show in this manuscript are with
agamma prior distribution. BEAST “.xm!" files for the BETS analyses are available
on GitHub (https://github.com/grubaughlab/powassan-genomics/).

Discrete Phylogeographic Reconstruction. To investigate the dispersal history
of Powassan virus lineages in the northeastern United States, we first conducted
a discrete phylogeographic analysis using the Bayesian stochastic search var-
iable selection (BSSVS) model (62) implemented in BEAST 1.10 (63). For this
analysis, we considered each US county of origin as a distinct location, except
for the Connecticut area where each sampling site was considered as a distinct
discrete location. We modeled the branch-specific evolutionary rates according to
arelaxed molecular clock with an underlying lognormal distribution (64) and the
nucleotide substitution process according to a GTR+I" parameterization(65), and
we specified a skygrid coalescent model as the tree prior (66). Both the substitu-
tion and coalescent models were selected for their flexibility. Three independent
Markov chain Monte Carlo (MCMC) algorithms were run for 5% 10% iterations and
sampled every 10° iterations. Resulting posterior distributions were eventually
combined after having discarded 10% of sampled trees in each of them. We used
the program Tracer 1.7 (67) for assessing the convergence and mixing properties,
and that estimated sampling size (ESS) values associated with estimated param-
eters were all >200 after having combined the outputs of the three independent
analyses. We then used the program TreeAnnotator 1.10 (63) to obtain a maxi-
mum clade credibility (MCC) tree. We reported Markov jumps between discrete
locations as estimated by the BSSVS analyses and supported by an adjusted Bayes
factor (BF) values >3, which correspond to at least “positive” statistical support
following the scale of interpretation defined by Kass & Raftery (22). The adjusted
BF support takes into account the relative abundance of samples by location (68)
and is based on a tip-label swapping procedure similar to a tip-date randomiza-
tion that can be performed to test for temporal signal (69). BEAST".xml" files and
concatenated log files for the discrete phylogeographic analysis are available on
GitHub (https://github.com/grubaughlab/powassan-genomics/).

Continuous Phylogeographic Reconstruction. To reconstruct the dispersal
history of Powassan virus lineages in a spatially explicit context, we performed
a continuous phylogeographic analysis using the relaxed random walk (RRW)
diffusion model (70, 71) implemented in the software package BEAST 1.10 (63),
with a gamma distribution to model the among-branch heterogeneity in diffusion
velocity. As for the discrete phylogeographic analysis, branch-specific evolutionary
rates were modeled according to a relaxed molecular clock with an underlying
lognormal distribution and the nucleotide substitution process according to a
GTR+T" parameterization (65), and we also specified a flexible skygrid model
as the tree prior (66). The Markov chain Monte Carlo (MCMC) algorithm was
run for 15x10% generations and sampled every 10° generations. We used the
program Tracer 1.7 for assessing the convergence and mixing properties, and that
estimated sampling size (ESS) values associated with estimated parameters were
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all >200, the program TreeAnnotator 1.10 to obtain a MCC tree, as well as the R
package "seraphim" (72, 73) to extract the spatiotemporal information embedded
within posterior trees and to estimate the weighted lineage dispersal velocity,
the latter being defined as follows:

where d; and t; are the geographic distance traveled by the phylogeny branch and
the duration of that branch, respectively. BEAST".xml" files and concatenated log
files for the continuous phylogeographic analysis are available on GitHub (https:/
github.com/grubaughlab/powassan-genomics/).

Landscape Phylogeographic Analyses. Landscape phylogeographic analy-
ses aim at exploiting phylogeographic reconstructions to unravel the impact of
environmental factors on the dispersal history and dynamic of viral lineages (74).
Specifically, we implemented two previously introduced analytical procedures to
investigate the impact of environmental factors on the dispersal location (39) and
velocity (40) of Powassan virus lineages. Both analytical procedures here rely on the
comparison between inferred and randomized spatially annotated trees, the latter
sharing the time-scaled topology of the inferred trees but with phylogenetic branch
positions that had been randomized across the study area. In practice, phylogenetic
node positions were randomized within the study area, under the constraint that
branch length (i.e., geographic distance connecting both branch nodes), branch
duration, tree topology, and root position remained unchanged (72). The purpose
of these randomizations is thus to obtain spatially annotated trees corresponding to
the trees inferred by continuous phylogeography butalong which we generated a
diffusion process that has been impacted by any environmental factor.

We first investigated whether Powassan virus lineages tended to avoid or
preferentially circulate within areas associated with particular environmental
conditions. For this purpose, we extracted and subsequently averaged the envi-
ronmental values at the tree node positions to obtain, for each environmental
factor, a posterior distribution of mean environmental values at tree node posi-
tions. We then compared values obtained through inferred trees and their cor-
responding randomized trees by approximating a BF with the following formula
(75): BF = (p /(1—=p )(0.5/(1-0.5)). To test whether a particular environmental
factor e tended to attract viral lineages, p, was defined as the frequency at which
the environmental values from inferred trees were greater than values from ran-
domized trees, and to test whether a particular environmental factor e tended to
repulse viral lineages, p, was defined as the frequency at which the environmental
values from inferred trees were lower than values from randomized trees. We
considered BF values > 20 and 3 < BF < 20 as strong and positive statistical
supports, respectively (22).

Second, we investigated to what extent Powassan virus lineage dispersal
velocity was impacted by environmental factors acting as conductance or
resistance factors. For each branch in the inferred and randomized trees, we
calculated an "environmental distance” using two path models: the least-cost
path (76) and Circuitscape (77) algorithms, with the latter accommodating
uncertainty in the travel route. An environmental distance is calculated first
from the raster of the environmental variable, and second from a uniform “null”
raster whose cell values are all setto “1." The environmental distance is a spatial
distance that is weighted according to the values of the underlying environ-
mental raster, and therefore constitutes a proxy for geographical distance when
computed on the null raster. Each environmental variable was considered twice:
once as a potential conductance factor that facilitates movement, and once as a
potential resistance factor thatimpedes it. For each environmental variable, we
also generated and tested several distinct rasters by transforming the original

1. Centers for Disease Control and Prevention, National Center for Emerging and Zoonotic Infectious
Diseases (NCEZID), Division of Vector-Borne Diseases (DVBD), Tickborne disease surveillance data
summary (2019). https://www.cdc.gov/ticks/data-summary/index.html. Accessed 16 May 2019.

2. ArboNET, Arboviral Diseases Branch, Centers for Disease Control and Prevention, Powassan virus
neuroinvasive disease cases reported by year, 2008-2017 (2018). https://www.cdc.gov/powassan/
statistics.html. Accessed 22 April 2019.
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raster cell values with the following formula: v, = 1 + k{(v,/v,,,,), where v,and
v, are the transformed and original cell values and v,,,, the maximum cell
value recorded in the raster. The rescaling parameter k here allows the defini-
tion and testing of different strengths of raster cell conductance or resistance,
relative to the conductance/resistance of a cell with a minimum value set to
"1," which corresponds to the "null” raster. For each environmental variable,
we generated three distinct rasters using the following values for rescaling
factork: k=10, 100, and 1,000. For these analyses, we estimated the statistic
Q defined as the difference between the coefficient of determinations obtained
i) when branch durations are regressed against the environmental distances
computed on an environmental distance and ii) when branch durations are
regressed against the environmental distances computed on the null raster.
We estimated a Q statistic for each environmental raster and each of the 1,000
trees sampled from the posterior distribution. An environmental factor was only
considered as potentially explanatory if both its distribution of regression coef-
ficients and its associated distribution of Q values were positive (78), i.e., with
at least 90% of positive values. In this case, the statistical support associated
with the resulting Q distribution was compared with the corresponding null of
distribution of Q values obtained when computing environmental distances
for phylogenetic branches of randomized trees. Similar to the procedure used
for the investigation of the impact of environmental factors on the dispersal
locations of Powassan virus lineages, the comparisons between inferred and
randomized distributions of Q values were formalized by approximating a Bayes
factor support (40).

Data, Materials, and Software Availability. All data are included in this arti-
cle, SIAppendix, GitHub (https://github.com/grubaughlab/powassan-genomics/)
(79),and in BioProject PRINA889421 (57).
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