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CORONAVIRUS

The emergence of SARS-CoV-2 in Europe

and North America

Michael Worobey'*, Jonathan Pekar?>, Brendan B. Larsen’, Martha I. Nelson?,
Verity Hill®, Jeffrey B. Joy®”#, Andrew Rambaut®, Marc A. Suchard®%!,

Joel 0. Wertheim'?*, Philippe Lemey™3*

Accurate understanding of the global spread of emerging viruses is critical for public health
responses and for anticipating and preventing future outbreaks. Here we elucidate when, where,
and how the earliest sustained severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
transmission networks became established in Europe and North America. Our results suggest
that rapid early interventions successfully prevented early introductions of the virus from taking
hold in Germany and the United States. Other, later introductions of the virus from China to
both Italy and Washington state, United States, founded the earliest sustained European

and North America transmission networks. Our analyses demonstrate the effectiveness of
public health measures in preventing onward transmission and show that intensive testing and
contact tracing could have prevented SARS-CoV-2 outbreaks from becoming established in

these regions.

n late 2019, the emergence of severe acute
respiratory syndrome coronavirus 2 (SARS-
CoV-2), which causes coronavirus disease
2019 (COVID-19), ignited a pandemic that
has been associated with more than 500,000
deaths globally as of July 2020. As the original
outbreak in Hubei province, China, spilled into
other countries, containment strategies focused
on travel restrictions, isolation, and contact
tracing. Given the virus’s exponential growth
rate, delaying the onset of community trans-
mission by even a few weeks likely bought
government officials valuable time to estab-
lish diagnostic testing capacity and implement
social distancing plans.
Viral genetic sequence data can provide
critical information about whether viruses
separated by time and space are likely to be
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epidemiologically linked. Genomic data have
suggested differences in the timing, spatial origins,
and transmission dynamics of early SARS-CoV-2
outbreaks in multiple North American locations,
including Washington state (7, 2); the East Coast
of the United States (3, 4); California (5); and
British Columbia (BC), Canada (5, 6). The first
confirmed U.S. case was associated with a
virus strain (“WA1”) isolated in Washington
state from a traveler who returned from Wuhan,
China, on 15 January 2020 (7). No onward
transmission was detected after extensive
follow-up in what appeared to be successful
containment of the country’s first known in-
cursion of the virus (8). However, subsequent
identification of viruses that were genetically
similar to WA1—first in Washington, then in
Connecticut (3), California (5), BC (6), and
elsewhere—raised the possibility that WA1 had
actually established chains of cryptic trans-
mission that started on 15 January and went
undetected for several weeks (I, 2). If true,
this introduction would predate early SARS-
CoV-2 community transmission chains docu-
mented elsewhere on the continent (3-5) and
would establish the Seattle area as the epi-
center of the North American epidemic. Hence,
it is necessary to resolve this question to deter-
mine where the virus first initiated substantial
community outbreaks and whether the ear-
liest coast-to-coast spread of the virus within
the United States (3) was from west to east
or from east to west.

In Europe, the first diagnosed case occurred
in an employee of an automobile supplier who
visited the company’s headquarters in Bavaria,
Germany, from Shanghai, China, on 20 January
2020 (9). She had been infected with SARS-CoV-2
in Shanghai (after her parents had visited from
Wuhan) (70) and transmitted the virus to a
German man who tested positive on 27 January
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(I1) and whose viral genome (“BavPatl”) was
sampled on 28 January (10). In total, this out-
break infected 16 employees but was apparent-
ly contained through rapid testing and isolation
(9). Italy’s first major outbreak in Lombardy,
which was apparent by ~20 February 2020,
was associated with viruses closely related to
BavPatl but of a separate lineage (designated
“B.1”), which differs from BavPat (a lineage “B”
virus) by just 1 nucleotide in the nearly 30,000-
nucleotide genome. A narrative took hold that
the virus from Germany had not been con-
tained but had been transmitting undetected
for weeks and had been carried to Italy by an
infected German (9, 12). In addition to igniting
a severe outbreak in Italy, this B.1 lineage sub-
sequently spread widely across Europe and
beyond, initiating outbreaks in many coun-
tries, including the intense U.S. outbreak in
New York City (NYC) (13, 14). Greater clarity
about the effectiveness of Germany’s early con-
tact tracing efforts has implications for the
feasibility of controlling the virus through non-
pharmaceutical interventions.

There are a number of limitations in phylo-
genetic and spatial inferences drawn from SARS-
CoV-2 genomic data. SARS-CoV-2 has a relatively
long (~29 kb) positive-sense single-stranded
RNA genome that evolves at a rate of <1 x 10~
substitutions per site per year, amounting
to ~2 substitutions per genome per month.
This rate is slower than that of most RNA
viruses, owing to the “proofreading” activity
encoded by the nonstructural gene nspI4 (15).
Consequently, the entire global population
of SARS-CoV-2 through March 2020 differed
by only 0 to 12 nucleotide substitutions from
the inferred ancestor of the entire pandemic.
Transmission clusters tend to be defined by
1 to 3 nucleotide differences across the entire
viral genome. Phylogeographic inferences are
further confounded by the relatively low avail-
ability of genomic sequence data from loca-
tions that experienced early outbreaks, including
Ttaly, Iran, and the original epicenter in Hubei.
The combination of the relatively slow rate of
SARS-CoV-2 evolution, its rapid dissemination
within and between locations, and unrepre-
sentative sampling presents risks for serious
misinterpretation.

In this study, we investigated fundamental
questions about when, where, and how SARS-
CoV-2 established itself globally. We developed
phylogenetic inferences from multiple sources
of information—including airline passenger flow
data between potential sources and destina-
tions of viral dispersals early in the pandemic,
as well as disease incidence data in Hubei
province and other locales that likely affected
the probability of infected travelers moving
the virus around the globe. By combining a
genomic epidemiology approach, which aims
to account for the effects of undersampling
viral genetic diversity in the epicenter of the
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pandemic, with consideration of expected evo-
lutionary patterns for a novel pathogen with
low diversity, we resolved key questions about
how and when the SARS-CoV-2 pandemic un-
folded in Europe and North America.

Emergence of SARS-CoV-2 in the
United States

A key turning point in the U.S. outbreak oc-
curred when researchers sequenced the first
viral genome recovered from a putative case
of community transmission in the United
States (“WA2,” sampled in the Seattle area on
24 February 2020), reporting on 29 February
that it was similar to WAL, the viral variant
from the first-diagnosed COVID-19 patient (7).
This finding led to the suggestion that WA1
might have established cryptic transmission in
Washington state in mid-January (Z). The re-
searchers did, however, acknowledge the pos-
sibility of an independent introduction of WA2
separate from that of WA1. This finding fun-
damentally altered the picture of the SARS-
CoV-2 situation in the United States, playing a
decisive role in Washington state’s early adop-
tion of intensive social distancing efforts. This,
in turn, appeared to explain Washington state’s
relative success in controlling the outbreak,
compared with that of states that adopted a
delayed approach, such as New York.

The availability of hundreds of SARS-CoV-2
genomes sampled in Washington state by mid-
March revealed that WA2 belongs to a large,
monophyletic clade of “A.1” lineage viruses that
accounted for ~85% of cases in Washington
state at that point, designated the “Washington
state outbreak clade” (2) (hereafter “WA out-
break clade”). To investigate whether the WA
outbreak clade was initiated in mid-January by
WAL1, we used these data to simulate the epi-
demic under the constraint that it had been
established by WAI and then compared the
observed evolutionary patterns with those ex-
pected under that scenario. A range of phylo-
genetic patterns could have been observed in
this large sample (e.g., Fig. 1, A to C) but were
not (Fig. 1D).

To investigate whether the observed pattern
of evolution reported in (7, 2) was consistent
with the WA outbreak clade having descended
from WAI, we used FAVITES (FrAmework for
VIral Transmission and Evolution Simulation)
to simulate outbreaks (76) (fig. S1 and table
S1). These simulated outbreaks had a median
doubling time of 4.7 days (95% range across
simulations: 4.2 to 5.1 days)—including those
that originated from so-called “superspread-
ing” events (fig. S2)—and a fixed evolutionary
rate of 0.8 x 1072 substitutions per site per
year. A duration of 2 months (61 days) was
chosen to reflect the time period between WA1
and the implementation of disease mitigation
efforts that would affect the median doubl-
ing time.

Worobey et al., Science 370, 564-570 (2020)

We examined the phylogenetic structure of
maximum likelihood trees inferred from sub-
sampled simulated viral sequences to deter-
mine how frequently they matched the observed
relationship between WA1 and the WA out-
break clade. Specifically, a simulation tree
matching the observed tree must produce
a single branch emanating from WA1 that
experiences at least two mutations (C17747T
and A17858G in the observed tree) before es-

Fig. 1. Schematic
showing a hypotheti- A

tablishment of a single outbreak clade (Fig. 2A).
Alternative patterns include: (i) a virus identi-
cal to WA1 (Fig. 2B), (ii) a virus that differs
from WAL by a single mutation (Fig. 2C), (iii) a
viral lineage forming a basal polytomy with
WALI and the outbreak clade (Fig. 2D), and
(iv) a viral lineage that is a “sibling” of the out-
break clade but experiences fewer than two
mutations before divergence (Fig. 2E). The fre-

quency of alternative phylogenetic patterns in
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the simulated epidemics represents the prob-
ability that the true topology (Fig. 2A) could
not have occurred if the WA outbreak clade
had been initiated by WAI.

In 70.1% of simulations, we observed at least
one virus that is genetically identical to WA1,
with a median of 12 identical viruses in each
simulation (95% range: 0 to 85 identical vi-
ruses) (Fig. 2). Not observing a virus identical
to WAL in the real Washington data does not
significantly differ from expectation (P = 0.299).
However, viruses with one mutation from WA1
were observed in 95.5% of simulations, indi-
cating a low probability of failing to detect
even a single sequence from Washington with-
in one mutation of WA1 (P = 0.045). Lineages
forming a basal polytomy with WA and the
epidemic clade were observed in 99.7% of
populations (P = 0.003), and 100% of simu-
lations had at least one sibling lineage that
diverged before experiencing two mutations
and the formation of the outbreak clade (P <
0.001). Therefore, even if C17747T and A17858G
were linked—a possibility because they are both
nonsynonymous mutations located in the nsp13
helicase gene—we would still expect to see de-
scendants of their predecessors in Washington

G2883A G7561A GWQWOQTG20491'E

C5170T C16468T T17673Cy

C14724TG29477Ty

IA16467G C231 85TC29200T=
A17858Q

IC15240T C20178T C21774T T25556G-

Ancestor

A24694TA211S7G

C1238T T28924@

C222T (C4456T A6693G C14877TT27228A T27775C T27776G G27777A A29188i

before 15 March. In summary, when we sim-
ulated the Washington outbreak beginning with
WAI1 on 15 January 2020 and sampled 294 ge-
nomes in the first two months of this out-
break, we failed to observe a single simulated
epidemic that had the characteristics of the
real phylogeny (Fig. 2). These findings were
robust to simulations that used a slower epi-
demic doubling time of 5.6 days (95% range: 5.2
to 5.9 days) or an accelerated substitution rate
of 1.6 x 1072 substitutions per site per year (16)
(supplementary text).

Although WA outbreak-related genomes lack-
ing one or the other of the clade-defining sub-
stitutions C17747T and A17858G (Fig. 2, C and
E) were absent in this initial large sample from
Washington state, such genomes have been
reported to be very common in nearby BC,
Canada (supplementary text). Genomes with
the ancestral C17747 state constituted 16 of
the first 27 WA outbreak-related genomes se-
quenced in BC and have been sampled oc-
casionally at much lower frequency in several
U.S. states (3). Such a high frequency of these
viruses in BC but not in Washington state
raises the possibility that BC, rather than
Washington state, was the site of introduc-
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Fig. 3. Phylogeny of representative sequences, showing connections between sequences that share
derived mutations despite differences at the key site 17747. Derived mutations from ancestral states
(relative to the reference sequence hCoV-19/Wuhan/Hu-1/2019|EPI_ISL_402125) are shown above each
branch, with position numbers indicated. Branches are connected to taxon names with horizontal dotted
lines. The taxon names include a two-letter state or province code, as well as the GISAID accession number.
In cases for which more than one sequence is represented, the total number of additional, identical
sequences is indicated after the “+" symbol. Sequences that share derived mutations are connected with
colored lines on the right, with colors indicating the locations where the connected sequences were sampled.
Some lines on the right are dashed for clarity. Names of sequences that contain the derived nucleotide at site

17747 are shaded in gray.
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tion of the founding virus of this key lineage.
Another possibility is that these BC genomes
are descendants of a separate A.1 lineage in-
troduction from China. The first scenario
seems unlikely because of epidemiological
evidence that the outbreak was larger in
Washington state than in BC in February
and March; the second scenario is unlikely
because it would necessitate both introduced
lineages to independently acquire the C17747T
mutation.

We therefore considered a third hypothesis:
that these 16 BC viral genomes contain a se-
quencing error at position 17747 and, in reality,
bear the derived C17747T mutation. We rea-
soned that if this were the case, some of these
genomes might share additional derived muta-
tions with C17747 and A17858G genomes sam-
pled in the same location (i.e., they might be
identical or highly similar except for a spurious
C17747 base) (supplementary text). As shown in
Fig. 3, this is indeed the case: Each of the six
C17747 genomes from BC that contain one or
more derived mutations at positions other than
17747 and 17858 shared one to four of these
mutations with other locally sampled genomes.
Such a pattern is virtually impossible to ex-
plain through homoplasy events. Observing
even one such homoplasy in a genome with
more than 29,000 bases is rare; the probability
of observing more than one is infinitesimally
small. Similarly, the hypothesis that the C17747
state in these genomes is due to multiple, in-
dependent T1774/7C reversions is untenable. Oc-
casional C17747 genomes from California, Oregon,
Wyoming, Minnesota, Washington state, and
elsewhere also share derived mutations with
viruses sampled in the same location (Fig. 3,
table S2, and supplementary text). Most of these
genomes were generated through the amplicon-
based ARTIC protocol, and we speculate that
mistaken incorporation of a primer sequence
containing C17747 (“nCov2019_58_ RIGHT”)
may be the cause.

When we investigated an exhaustive collec-
tion of genomes sampled in Washington state,
including those of viruses sampled after 15 March
that are related to the WA outbreak clade (sup-
plementary text), we detected a single virus
lineage—“WA-S566,” sampled on 29 March
2020—that lacked the derived C17747T and
A17858G mutations found in the rest of the
WA outbreak clade. The phylogenetic posi-
tion of this virus matches the pattern in Fig. 2D,
though it differs from WA1 at seven additional
sites. Hence, the observed pattern in this larger,
and later, sample of ~1000 viral genomes re-
flects the scenario depicted in Fig. 1A rather
than that in Fig. 1D. Consequently, we re-
visited our WA simulations, sampled 1000 ge-
nomes instead of the original 294, and looked
for instances in which more than two lineages
diverged before the formation of the outbreak
clade. In 88.8% of the simulations, we observed
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Fig. 4. Hypothesis of SARS-CoV-2
entry into Washington state. A
subtree of the maximum clade
credibility (MCC) tree is shown,
depicting the evolutionary relation-
ships inferred between (i) the

first identified SARS-CoV-2 case in the
United States (WAL); (i) the clade
associated with the Washington state
outbreak (including WA2) and related
viruses (WA-S566 and a virus from
New York); and (iii) closely related
viruses that were identified in multiple
locations in Asia. Genome sequences
sampled at the tips of the phylogeny
are represented by circles shaded
according to sampling location. Inter-
nal node circles, representing posterior
clade support values, and branches
are shaded similarly by location.
Dotted lines represent branches asso-

H USA

W China Hubei
H China Guangdong

M Singapore/Malaysia

08 —gte =
0.7 >
c 06 ':. o
L os e <
S 04 o NY g
S 03 e (0]
S 02 973-
0.1 S
0o China Hubei SE Asia :
WA2
Feb 1 0 ®
(Jan 14 - Feb 15) 0.67 | L:
; 3
1 ) oN o
i L ouy 5566
1.0
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ciated with unsampled taxa assigned to Hubei and Zhejiang, China. Posterior location state probabilities are shown for three well-supported key nodes (circle color
indicates inferred location state). The inset bar chart summarizes the probability by location for a second introduction giving rise to the WA outbreak clade. The
mean date and 95% HPD intervals represent estimated time of introduction from Hubei.

two or fewer basally divergent lineages and,
therefore, cannot reject a scenario in which
‘WAL1 gave rise to only two lineages that diverge
as a basal polytomy (P = 0.112). However, in
99.0% of simulations, we observed three or
more divergent lineages before two muta-
tions (i.e., lineages that experienced zero or
one mutation from WA1 before diverging;
fig. S3). As a result, it is unlikely that, had it
been the ancestral virus, WAl would have
given rise to only the S566 lineage and the WA
outbreak clade (P = 0.010). Therefore, to ex-
plain the presence of S566 and the WA out-
break clade, we must seriously consider the
possibility that there were multiple introduc-
tions of genetically similar viruses into the
United States.

We thus turned to a distinct phylogeograph-
ic approach that explicitly considers the rela-
tively late sampling time of WA-S566, along
with other temporal, epidemiological, and geo-
graphic data. This method accounts for geo-
graphical gaps in sampling and integrates
relevant covariates for global spatial spread
in a Bayesian framework (16). We investi-
gated how tree topologies were affected by
the inclusion of unsampled viruses assigned
to 12 of the most severely undersampled loca-
tions, both in China and globally, on the basis
of COVID-19 incidence data (16). Realistic sam-
pling time distributions were also inferred
from COVID-19 incidence data. To better in-
form placement of unsampled viruses on the
phylogeography, we adopted a generalized
linear model formulation of the phyloge-
netic diffusion process (17). This approach
estimates a significant contribution for both
air passenger flow and asymmetric flow in

Worobey et al., Science 370, 564-570 (2020)

and out of Hubei (both with Bayes factors
>8042 and positive log effect sizes; supple-
mentary text).

The resulting phylogeny (Fig. 4) provides
one reconstruction of the possible evolution-
ary relationships of WA outbreak viruses and
their closest relatives that realistically ac-
counts for major gaps in sequence data. For
low-diversity data, a single phylogeny has a
resolution that is largely not supported by the
full posterior tree distribution containing sev-
eral plausible phylogeographic scenarios that
must be considered, all of which are compatible
with the genetic data [e.g., the mutation trees
in (2) and those available at nextstrain.org].
The posterior maximum clade credibility (MCC)
tree (Fig. 4) suggests that the WA outbreak
clade (plus S566 and a sibling virus sampled
in New York, “NY”) resulted from an introduc-
tion from Zhejiang, China, as supported by
the clustering of sampled and unsampled taxa
from this location. Additionally, although an
introduction from a Chinese location other
than Hubei yields considerable posterior sup-
port (bar chart inset in Fig. 4), Hubei is pre-
ferred over Zhejiang for the entire posterior
sample as the most likely source for this in-
troduction. Notably, although the genome from
NY (near S566 in Fig. 4) is identical to that of
WAL, its much more recent sampling time
separates it from WA1 (and, similarly, early
Chinese sampling) in the time-calibrated phy-
logeographic reconstruction. The more recent
collection date for both this NY sample and
S566, as well as modest support [posterior
probability (pp) = 0.67] indicating that they
share a U.S. location with the WA outbreak
viruses, results in a reconstruction with a

30 October 2020

single introduction for these viruses. Using
Markov jump estimates that account for
phylogenetic uncertainty (18), we inferred
1 February 2020 [95% highest posterior den-
sity (HPD): 14 January to 15 February] as the
time for this introduction, consistent with the
observation that viruses from the WA outbreak
clade were likely present during the voyage of
the Grand Princess cruise ship to Mexico start-
ing on 11 February (5).

Through a comparison with a time-
inhomogeneous model, we show that our
estimates are relatively robust to the assump-
tion of constant covariate effect sizes through
time (fig. S4). Although the time-inhomogeneous
model was fitted to a dataset without unsam-
pled viruses, it also provides strong support
for an independent introduction from Hubei
(fig. S5). Without unsampled taxa, we esti-
mate a somewhat earlier date for the intro-
duction of the ancestor of the WA outbreak
clade plus S566 [26 January 2020 (95% HPD:
15 January to 7 February)], likely because the
time-homogeneous analysis allows unsampled
taxa from Hubei or other Chinese locations (as
in the MCC tree in Fig. 5) to branch off near the
WA outbreak clade. In the light of the travel
restrictions, specifically those from Hubei, the
earlier mean date obtained without unsam-
pled taxa may be the more realistic estimate.

The MCC tree suggests that a Malaysian
virus also descended from this introduction
(i.e., that it resulted from a subsequent United
States-to-Malaysia jump). It is, however, much
more plausible that this virus was introduced
directly from China to Malaysia, but both the
sequence and covariate data in the phylogeo-
graphic model lack the information to strongly
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or independently from China: We simulated
B China Hubei the Northern Italy outbreak under the hypo-
B China Guangdong thetical constraint that it was initiated by a
B China Sichuan . virus imported from the German outbreak
W Finland £ (fig. S7) and conducted phylogeographic analy-
W italy § ses (Fig. 5). Our simulation framework sug-

%0 China Hubei China Other
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M Netherlands

B Switzerland

M Taiwan —0
H UK
B USA L e
0.86
0.83, —
6 s 808 o © bavpat
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Fig. 5. MCC tree of SARS-CoV-2 entry into Europe. A subtree was inferred for viruses from (i) the

first outbreak in Europe (Germany, BavPat) and identical viruses from China, (ii) outbreaks in Italy and
New York, and (iii) other locations in Europe. Dotted lines represent branches associated with unsampled
taxa assigned to Italy and Hubei, China. Country codes are shown at branch tips for genomes sampled from
travelers returning from ltaly (BR, Brazil; FL, Finland; DE, Germany; NG, Nigeria; MX, Mexico; GB, United
Kingdom of Great Britain and Northern Ireland). The inset bar chart summarizes the probability distribution
for the location state ancestral to the Italian clade. Other features as described in Fig. 4.

support this scenario. In light of the simula-
tion results, there is a distinct possibility that
S566 and the related NY virus may have de-
scended from a separate introduction from
Asia, with the site of arrival in the United States
unresolved owing to the presence of both a
West Coast and East Coast virus in the clade.
Accordingly, an analysis that does not assign a
known location to S566 and the related NY
virus supports independent introductions from
Hubei for these viruses and for the WA out-
break clade (fig. S6), with 7 February (95%
HPD: 23 January to 18 February) as the date
for the latter.

Consistent with estimates of the introduc-
tion date of this viral lineage into Washington
state, the Seattle Flu Study tested 6908 archived
samples from January and February, of which
only 10, from the end of February, were positive
(19). Our estimates of the introduction date of
the WA outbreak clade into Washington state
around the end of January or beginning of
February 2020 are ~2 weeks later than they
would be if the outbreak had originated with
WAT’s arrival on 15 January (2), implying that:
(i) archived “self-swab” samples retrospective-
ly detected the virus within a few weeks of its
arrival (19), (ii) this Washington state outbreak
may have been smaller than estimates based
on the assumption of a 15 January arrival of
WA, and (iii) the individual who introduced

Worobey et al., Science 370, 564-570 (2020)

the founding virus likely arrived in the United
States when entry to the country was sus-
pended for non-U.S. residents from China
(beginning on 2 February 2020) (20), perhaps
during the concurrent period when ~40,000
U.S. residents were repatriated from China,
with screening described as cursory or lax (21).
These passengers were directed to a short list
of airports, including those in Los Angeles,
San Francisco, New York, Chicago, Newark,
Detroit, and Seattle (21). The late-February
timing of COVID-19 cases in Solano County
and Santa Clara County in California (5) (sup-
plementary text) suggests that self-limited out-
breaks may have originated from returning
U.S. residents during this period. So although
our reconstructions incorporating unsampled
lineages do not account for travel restrictions,
the remaining influx likely provided an oppor-
tunity for a second introduction of virus (dis-
tinct from the WAL lineage), or even multiple
such introductions, into Washington state. Re-
cent inferences that there have been >1000
independent introductions of SARS-CoV-2
into the United Kingdom (22) lend support
to this idea.

Early establishment of SARS-CoV-2 in Europe

We used a similar approach to investigate
whether the Northern Italy SARS-CoV-2 out-
break was introduced from the German outbreak
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gested that the outbreak in Bavaria, Germany,
was unlikely to be responsible for initiating
the Italian outbreak (see fig. S7 and supple-
mentary results for detailed phylogenetic sce-
narios). We again used realistic epidemiological
parameters to simulate the origins of the
Ttalian outbreak under the assumption that
it was associated with viruses genetically
related to the German virus BavPatl. Simula-
tions with a median doubling time of 3.4 days
(95% range: 2.9 to 4.4 days) resulted in a me-
dian epidemic size (including outbreaks that
died out) of 725 infections (95% range: 140 to
2847 infections) after 36 days. In the observed
phylogeny, the Italian outbreak is the sole
descendant lineage from BavPatl. Within the
Ttalian outbreak, no viruses are identical to
BavPatl, and 4 of the 27 related viruses in-
cluded in this analysis are separated from
BavPatl by a single mutation. In simulation, the
distributions of identical and one-mutation-
divergent viruses are not significantly differ-
ent from expectation (P = 0.156 and 0.157,
respectively). However, the lack of at least one
descendant lineage that forms a polytomy with
BavPatl and the Italian outbreak significantly
differs from expectation (P = 0.004). Therefore,
it is highly unlikely that BavPatl or a virus iden-
tical to it initiated the Italian outbreak (fig. S7).
As with the WA outbreak, these findings were
robust to different infection rates and faster
evolutionary rates (supplementary text). Nota-
bly, therefore, both a WAIl-origin of the WA
outbreak and a German origin of the Italian
outbreak are rejected even by misspecified
models of the epidemiological and evolution-
ary process.

An alternative scenario in which the out-
breaks in both Germany and Italy were inde-
pendently introduced from China is further
supported by our phylogeographic inference
(Fig. 5). The resulting reconstruction provides
stronger support for independent viral intro-
ductions from China into Germany and into
Italy (pp = 0.84) than for a direct connection
between Germany and Italy (pp = 0.16) (Fig. 5).
Similar support is obtained for this scenario
by a time-inhomogeneous inference without
unsampled taxa (fig. S8). These findings em-
phasize that epidemiological linkages inferred
from genetically similar SARS-CoV-2 associ-
ated with outbreaks in different locations can
be highly tenuous, given low levels of sampled
viral genetic diversity and insufficient back-
ground data from key locations.

Our approach infers that the European B.1
clade (emanating from the green node labeled
0.86 in Fig. 5), which also dominates in NYC
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Fig. 6. SARS-CoV-2
introductions to
Europe and the
United States. Pierce
projection mapping

of early and apparently
“dead-end"” introduc-
tions of SARS-CoV-2 to
Europe and the United
States. Successful
dispersals between
late January and mid-
February are shown
with solid arrows: from
Hubei Province, China,
to Northern Italy; from
China to Washington
state; and later from
Europe (as the Italian
outbreak spread more
widely) to NYC and
from China to California.
Dashed arrows indicate
dead-end introductions.

Led to sustained

transmissV
.o *

»° -Likely died out .

Europe to
NYC ~Feb 12
[Feb 37 - Feb 229]

(14) and Arizona (23), originated in Italy, as
might be expected from the epidemiological
evidence. Both travel history and unsampled
diversity contribute to this inference. Although
only two samples in our dataset are from Italy,
five additional genomes were obtained from
people who arrived from Italy (Fig. 5). The
unsampled taxa from Italy further contrib-
uted to a reconstruction with stronger sup-
port for Italy at the origin of the entire clade
(Fig. 5 versus fig. S8; also see fig. S9). The
introduction from Hubei to Italy was dated
to 28 January 2020 (95% HPD: 20 January to
6 February). This Italian-and-European clus-
ter, in turn, was the source of multiple in-
troductions to NYC (74). Using the same
approach, we dated the introduction that led
to the largest NYC transmission cluster to
12 February 2020 (95% HPD: 3 February to
22 February). This is consistent with the find-
ing that the earliest seropositive samples in
NYC were from the week of 17 February
through 23 February (24).

Hence, even though a second introduction
into Washington state (independent of WA1)
implies that the Washington transmission clus-
ter had a more recent origin date than under
the WAT-origin scenario (~1 February versus
15 January, if it had originated with WA1), the
WA outbreak clade still predates the earliest
genomically identified transmission clusters
elsewhere in the United States: the large one
in NYC (4) and two smaller, apparently self-
limited clusters in California (in Solano County
and Santa Clara County) that appear to have
been introduced from China (5). Of these, the
transmission cluster from Santa Clara County
appears older, dating to before 22 February 2020
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1 China to Washington~Feb 1< [Jan 14" - Feb 15%]
2 China to California ~Feb 22 [Feb 5" - Feb 29]
3 China to California -Prior to Feb 26"

(95% HPD: 5 February to 29 February) (supple-
mentary text).

Discussion

Despite the early successes in containment,
SARS-CoV-2 eventually took hold in both
Europe and North America during the first
2 months of 2020—first in Italy around the
end of January, then in Washington state
around the beginning of February, and fol-
lowed by NYC later that month. Our analyses
therefore delineate when widespread commu-
nity transmission was first established on both
continents (Fig. 6) and clarify the period be-
fore SARS-CoV-2 establishment when contact
tracing and isolation might have been most
effective.

Our findings highlight the potential value of
establishing intensive, community-level respi-
ratory virus surveillance architectures, such as
the Seattle Flu Study, during a pre-pandemic
period. The value of detecting cases early,
before they have bloomed into an outbreak,
cannot be overstated in a pandemic situation
(25). Given that every delay in case detection
reduces the feasibility of containment, it is
also worth assessing the impact of lengthy de-
lays in the U.S. Food and Drug Administra-
tion’s approval of testing the Seattle Flu Study’s
stored samples for SARS-CoV-2.

The public health response to the WA1 case
in Washington state and the particularly im-
pressive response to an early outbreak in
Germany delayed local COVID-19 outbreaks
by a few weeks and bought crucial time for
U.S. and European cities, as well as those in
other countries, to prepare for the virus when
it finally did arrive. Surveillance efforts and
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genomic analyses subsequently helped close
the gap between the onset of sustained com-
munity transmission and mitigation measures
in Washington state, relative to other locales
such as NYC. However, our evidence suggests
that the period between the founding of the
outbreak and the initiation of mitigation mea-
sures in Washington state was not as long as
supposed under the WA1-origin hypothesis
and that the outbreak may therefore have
been smaller than some estimates based on
that hypothesis.

Because the evolutionary rate of SARS-CoV-2
is slower than its transmission rate, many
identical genomes are rapidly spreading. This
genetic similarity places limitations on some
inferences, such as calculating the ratio of
imported cases to local transmissions in a
given area. Nevertheless we have shown that,
precisely because of this slow rate, when
viral genomes are separated by as few as
one mutation, this difference can provide
enough information for hypothesis testing
when appropriate methods are employed.
Bearing this in mind will put us in a better
position to understand SARS-CoV-2 in the
coming years.
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