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SUMMARY

The Zika epidemic in the Americas has challenged
surveillance and control. As the epidemic appears
to be waning, it is unclear whether transmission is
still ongoing, which is exacerbated by discrepancies
in reporting. To uncover locations with lingering out-
breaks, we investigated travel-associated Zika cases
to identify transmission not captured by reporting.
We uncovered an unreported outbreak in Cuba dur-
ing 2017, a year after peak transmission in neigh-
boring islands. By sequencing Zika virus, we show
that the establishment of the virus was delayed by
a year and that the ensuing outbreak was sparked
by long-lived lineages of Zika virus from other
Caribbean islands. Our data suggest that, although

mosquito control in Cuba may initially have been
effective at mitigating Zika virus transmission, such
measures need to be maintained to be effective.
Our study highlights how Zika virus may still be
“silently” spreading and provides a framework for
understanding outbreak dynamics.

INTRODUCTION

The recent Zika epidemic in the Americas is a testament to how
rapidly mosquito-borne viruses can emerge and spread and
has revealed flaws in our surveillance and response systems
(Grubaugh et al., 2018; Morens and Fauci, 2017). Due, in part,
to high rates of subclinical infections and overlapping symptoms
with infections from dengue and chikungunya viruses (Mitchell
et al., 2019), Zika virus was circulating for more than a year
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and a half before it was first detected in Brazil (Faria et al., 2017).
By the time Zika virus was discovered in May of 2015 (Zanluca
et al,, 2015) and recognized for its ability to cause severe
congenital disease (Franca et al., 2016; Mlakar et al., 2016),
the virus had already spread from Brazil to more than 40 coun-
tries (Faria et al., 2017; Grubaugh et al., 2017; Metsky et al.,
2017; Thézeé et al., 2018). By mid-2017, reports from the Pan
American Health Organization (PAHO) (PAHO, 2017a, 2017b) re-
vealed Zika virus activity throughout the Americas was waning,
prompting predictions for the end of the epidemic (e.g., O’Reilly
et al., 2018) and the removal of the World Health Organization’s
(WHO'’s) “Public Health Emergency of International Concern”
status (WHO, 2016a, 2016b). More recently, however, new
Zika outbreaks have been described across the world (CDC,
2018), including from Angola, India, Cabo Verde, Vietnam, and
Thailand, with some of these resulting from Zika virus introduc-
tions from the epidemic in the Americas (e.g., Hill et al., 2019;
Lourenco et al.,, 2018; Meltzer et al., 2016; Phumee et al.,
2019; Ruchusatsawat et al., 2019; Yadav et al., 2019). These ob-
servations would suggest that significant transmission of Zika vi-
rus in the Americas could still be ongoing, despite case reporting
having come close to zero.

Coordinated response efforts during the early stages of the
Zika epidemic were ultimately contingent on countries detecting
cases and reporting them to international health agencies (Less-
ler et al., 2016), primarily PAHO (PAHO, 2017a, 2017b). For Zika
virus and other Aedes aegypti mosquito-borne viruses—
including dengue and chikungunya viruses—that are primarily
transmitted in urban settings and disproportionately impact
those with limited resources (Braga et al., 2010; Gardner et al.,
2018; Netto et al., 2017; Weaver et al., 2018), accurate local re-
porting is especially problematic. Not only are people in poor
living conditions more likely to be exposed to infected mosqui-
toes, but such communities often have less access to adequate
healthcare, resulting in more cases going undetected (Hotez,
2016; LaBeaud, 2008). Pockets of virus transmission that occur
in countries with inadequate reporting can therefore facilitate
“hidden” outbreaks, increasing the risk of infected travelers
causing outbreaks in new regions of the world. Thus, underre-
ported or unrecognized local outbreaks may prolong epidemics
and hinder global efforts aimed at halting virus spread.

Infectious disease surveillance of international travelers
(“travel surveillance”) has been an effective method for detecting
pathogens circulating in resource-limited areas (Hamer et al.,
2017; Harvey et al., 2013; Leder et al., 2013, 2017; Wilder-Smith
et al., 2012). In contrast to local case reporting, travel surveil-
lance relies on diagnosing patients that have acquired infections
while traveling outside the country of diagnosis. More recently,
approaches of “genomic epidemiology” using pathogen
sequencing of infected patients have also been used to recon-
struct the timing, scale, and dynamics of infectious disease out-
breaks (Grubaugh et al., 2019a; Ladner et al., 2019). As many re-
gions in the Americas affected by the Zika epidemic attract large
volumes of international visitors from countries with stronger sur-
veillance systems (Wilder-Smith et al., 2018), we hypothesized
that, by creating a framework integrating local case reporting
and travel surveillance with genomic epidemiology, we would
be able to uncover potentially still-ongoing Zika outbreaks.
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In this study, we combined travel surveillance, local case re-
porting, and clinical sequencing of Zika virus from infected trav-
elers to detect virus outbreaks that had previously been missed.
We discovered a large Zika outbreak in Cuba that was not re-
ported to PAHO (PAHO, 2017c) or other public health agencies
and thus went undetected to the international community. We
show that the outbreak in Cuba peaked in 2017, when the
epidemic in the rest of the Americas was waning (PAHO,
2017a, 2017b), and estimate that it was at least as large as those
in neighboring countries. By recalibrating the dynamics of recent
Zika, dengue, and chikungunya outbreaks across the Caribbean,
we show that, surprisingly, the Zika outbreak in Cuba was de-
layed by a full year, which could have been caused by a coun-
try-wide vector control campaign. By sequencing Zika virus
directly from infected travelers, we show that the establishment
of the virus in Cuba itself was delayed, with multiple introduc-
tions of Zika virus from other Caribbean islands later fueling
the outbreak. Overall, our study creates a combined framework
for how travel surveillance and genomic epidemiology can be
used as a future surveillance network for detecting hidden out-
breaks of worldwide emerging infections and reconstructing
transmission dynamics when local reporting is absent, withheld,
or otherwise insufficient.

RESULTS

Uncovering an Unreported Zika Outbreak in Cuba

Zika virus was first detected in Brazil in May 2015 (Zanluca et al.,
2015) and had spread to 48 countries by 2016, with case
numbers peaking later that year (PAHO, 2017a, 2017b). By
mid-2017, new Zika cases were no longer being reported to
the international community (PAHO, 2017a, 2017b). Despite
the reach and size of the epidemic, however, studies have shown
that the epidemic likely started at least 1.5 years prior to its dis-
covery (Faria et al., 2017). Due to widespread surveillance gaps
and inconsistent reporting (Grubaugh et al., 2018), we therefore
hypothesized that local Zika outbreaks could still be occurring in
the Americas, despite not being captured by the international
community.

To investigate whether Zika virus transmission is still ongoing,
we used travel surveillance to reveal that local outbreaks were
still occurring in 2017, despite relatively few cases being re-
ported (Figure 1). Our data demonstrate that the vast majority
of Zika cases during 2017 were the result of an unreported
Zika outbreak in Cuba, which occurred while public data sug-
gested the epidemic was nearing its end in the Americas
(PAHO, 2017a, 2017b; Figure 1).

To determine whether Zika case reports from international
travelers could reveal outbreaks not captured by local case re-
ports, we compared the temporal distribution of local and travel
surveillance Zika cases from 2016 to 2018 (Figure 1). We ob-
tained monthly suspected and confirmed Zika cases locally re-
ported by individual countries and territories from PAHO. We ob-
tained reports of international travel-associated Zika cases from
the Florida Department of Health (FL-DOH) and the European
Centre for Disease Prevention and Control (ECDC). We con-
structed Zika epidemic (epi) curves based on either local or travel
surveillance cases and found that they were in strong agreement
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Figure 1. International Travel Cases Reveal Unreported Zika Outbreak in Cuba in 2017
Local and travel-associated Zika cases were used to determine whether outbreaks were still occurring during 2017.
(A) Monthly local Zika cases (left y axis) reported by the Pan American Health Organization (PAHO) and monthly travel-associated Zika cases (right y axis) reported

by the Florida Department of Health (FL-DOH) and the European Centre for Dise:
lines represent the months the last local and travel cases were reported per

ase Prevention and Control (ECDC) were sorted by origin of exposure. The vertical
region and the month that the World Health Organization (WHO) Public Health

Emergency of International Concern status was lifted for the Zika epidemic (November 2017). In each region, travel cases and local cases were correlated

(Pearson r range = 0.542-0.976; each comparison can be found in Data S1).

(B) The total number of Zika cases reported by the FL-DOH and the ECDC associated with travel originating in the Caribbean are shown (black line) and are

shaded by the top 5 origin locations (all other placed in the “other Caribbean”
(C) Zika cases associated with travel from Cuba, diagnosed by the GeoSentinel

category).
Surveillance Network, were sorted by month of clinic visit. Travel cases diagnosed

by the GeoSentinel Surveillance Network originating from other parts of the Americas are not shown.

See also Figure S1. The data used for this figure can be found in Data S1.

from South America (Pearson r = 0.917 and 0.976 using
FL-DOH and ECDC data, respectively) and the Caribbean
(Pearson r = 0.828 and 0.856) and to a smaller extent Central
America and Mexico (Pearson r = 0.542 and 0.583). For South
America and Central America, we also found concordance for
when the last local and travel cases were reported, which was
in August and September 2017 (Figure 1A).

We found that the last local case from the Caribbean was also
reported in August 2017. However, we observed a spike in Zika

cases from travelers returning from this region during the sum-
mer of 2017 that were not captured by local reports (Figure 1A),
and Zika-virus-infected travelers from the Caribbean were re-
ported until the end of our reporting period from the ECDC
(December 2017) and FL-DOH (October 2018; Figure 1A). By
examining potential source locations for the travel-associated
Zika cases in 2017, we found that, between June 2017 and
October 2018, more than 98% of them came from Cuba (90 of
91 Zika diagnoses in Florida; 63 of 64 Zika diagnoses in Europe;
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Figure 1B). To further confirm the timing of a Zika outbreak in
Cuba, we obtained global travel surveillance data from the US
CDC GeoSentinel Surveillance Network (Hamer et al., 2017;
Leder et al., 2017) and found that 76% of the Zika cases associ-
ated with travel from Cuba were diagnosed in 2017 (22 of 29; Fig-
ure 1C). By analyzing the total air travel volumes from Cuba to
Florida and European countries, we found that the increase in
passengers from 2016 to 2017 (1.2-1.5x; Figure S1) does not
account for the increase in travel Zika cases from Cuba reported
by those countries (5.3-7.2 x; Figure S1). Although our travel sur-
veillance shows that a Zika outbreak peaked in Cubain 2017 with
waning transmission continuing into 2018, during this time
period, no local Zika cases were reported by Cuba to PAHO or
other international public health agencies (PAHO, 2017c).

The Zika Outbreak in Cuba Was as Large as Those on
Other Caribbean Islands

Having uncovered an unreported Zika outbreak in Cuba, we next
investigated its size. We created a model using relationships be-
tween the local and travel Zika incidence rates and found that it
was likely as large as Zika outbreaks on other Caribbean islands
that peaked the year prior (Figure 2).

In the absence of local case reporting, studies have demon-
strated that travel surveillance can be used to infer aspects of
local virus transmission dynamics (Cauchemez et al., 2014a;
Fraser et al., 2009; Schwartz et al., 2008). Only 187 laboratory-
confirmed Zika cases were reported by Cuba in 2016, and
none were reported in 2017 or 2018 (PAHO, 2017c). These re-
ports are inconsistent with the outbreak dynamics that we de-
tected using travel surveillance (Figures 1B and 2A). To estimate
the number of cases that likely went unreported in Cuba in 2016
and 2017, we first investigated whether travel surveillance accu-
rately reflected the dynamics of known local Zika outbreaks for
individual countries and territories outside Cuba. For this pur-
pose, we estimated travel incidence by the number of diagnosed
travel Zika cases by the air travel volume between all locations
and compared that to the local incidence reported by PAHO
(2017a, 2017b; Figure 2A). We found that, in places with at least
20 travel-associated Zika cases reported (Figure S2), epi curves
constructed from travel surveillance were in agreement with
epi curves generated from local data reporting (mean Pearson
r = 0.769; range = 0.121-0.984; Data S1). We also analyzed
cruise ship travel volume but found that it was minimal compared
to air travel (Figure S3).

To approximate the size of the Zika outbreak in Cuba, we next
constructed a Bayesian model. We used the mean posterior es-
timates of the proportion of local to travel incidence from 23
countries throughout the Americas (Figure S4), each individually
multiplied by the mean posterior estimates of the Cuba travel
incidence rate (Figure S5). Taking the population size of Cuba
into account, we estimated that 5,707 Zika cases (interquartile
range: 1,071 to 22,611) likely went unreported in this country
(Figure 2B), with the majority of these cases (>99%) having
occurred in 2017. Our results therefore suggest that the 2017
Zika outbreak in Cuba was comparable in size to the known
2016 outbreaks in countries with similar population sizes, such
as Haiti (3,103 reported cases), Dominican Republic (5,305 re-
ported cases), and Jamaica (7,165 reported cases; Figure 2C).
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A 1-Year Delay of the Zika Outbreak in Cuba Was
Unusual

Our analyses show that the Zika outbreak in Cuba was delayed
by approximately a year compared to those elsewhere in the
Caribbean (Figure 1). To investigate whether such a delay was
unexpected, we reconstructed recent Caribbean outbreaks
caused by chikungunya virus and found that a 1-year delay of
the 2017 Zika outbreak in Cuba was unusual (Figure 3).

Like Zika virus, chikungunya virus is primarily transmitted by
Ae. aegypti mosquitoes and is thus governed by similar epidemi-
ological factors (Patterson et al., 2016; Weaver et al., 2018), re-
sulting in “wave-like” outbreaks that are comparable to Zika
(Cauchemez et al., 2014b; Grubaugh et al., 2018). To reconstruct
recent outbreaks of chikungunya in the Caribbean, we used the
same framework as we did for Zika (Figures 2 and 3A) and
analyzed travel surveillance cases reported by the FL-DOH to
create chikungunya epi curves (Figure 3B). We found that the
chikungunya outbreak in Cuba occurred at the same time
(2014) as elsewhere in the Caribbean (Figure 3B). This synchrony
of chikungunya outbreaks in the Caribbean is in contrast to the
2017 Zika outbreak in Cuba, which was delayed only in this
country and not on any of the other Caribbean islands, as they
all experienced outbreaks in 2016 (Figure 3A). These findings
suggest that the delay of the Zika outbreak in Cuba could have
been caused by events that were specific to this country during
the 2015-2016 Zika epidemic.

The Establishment of Zika Virus in Cuba Was Delayed
and Caused by Multiple Introductions from Other
Caribbean Islands

Local Zika outbreaks are caused by introductions of the virus from
outside areas, with later establishment in resident Ae. aegypti
mosquitoes. Having shown that the delay in the outbreak in
Cuba could have been caused by specific factors in this country,
we used genomic epidemiology to investigate the timing and
origin of the introduction and establishment of Zika virus in
Cuba by sequencing the virus directly from infected travelers.
Our phylogenetic analyses showed that the delayed Zika outbreak
in Cuba was caused by a delay in the establishment of the virus
itself, as opposed to a delay in outbreak dynamics. We also found
that the 2017 outbreak in Cuba was caused by multiple introduc-
tions of the virus, primarily from outbreaks in other Caribbean
islands during the summer of 2016 (Figure 4).

We sequenced Zika virus genomes from nine infected Florida
travelers arriving from Cuba during 2017 and 2018 and obtained
one Cuban Zika virus genome from GenBank: MF438286. In
addition to our previous Zika virus sequences from the 2016
outbreak (Grubaugh et al., 2017), we also sequenced four addi-
tional genomes from Florida to demonstrate that the Zika virus
lineages from Cuba were distinct from those in Florida
and thus bona fide travel associated (Figure 4A). We openly
shared all our sequences as they were generated (https://
andersen-lab.com/secrets/data/zika-genomics/) and combined
them with other publicly available sequences for a final dataset
of 283 Zika virus genomes (Figure 4; Data S2).

We created phylogenetic trees using time-resolved Bayesian
inference (Figure 4A; Data S3) and maximum likelihood recon-
struction (Figure S6; Data S3). We found that, as expected, the
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Figure 2. The Zika Outbreak in Cuba during 2017 Was Similar in Size to Others during 2016

Infections of international travelers were used to estimate the size of the Zika outbreak in Cuba.

(A) The local Zika virus incidence rates for each country and territory were calculated by the number of locally reported cases per month per 100,000 population.
The travel Zika virus incidence rates for each country/territory of presumed exposure origin and reporting country (i.e., travel destination) pair were calculated by
the number of travel-associated cases per month per 100,000 air passenger travelers entering the destination country from the origin. When there were at least
20 travel-associated Zika cases (Figure S2), there was a positive correlation between travel and local incidence for all exposure origin and reporting country
(i.e., travel destination) pairs (mean Pearson r = 0.769; range = 0.121-0.984; Data S1).

(B) The number of Zika cases per month (mean, interquartile range, and 95% posterior predictive interval [PPI]) in Cuba during 2016 to 2017 were estimated by
using fitted relationships between estimated local and travel incidence rates in countries with both sets of data to estimate what the local incidence rate in Cuba
would have been if local data were available (Figures S4 and S5). This local incidence rate was then used to estimate local per capita incidence rates and
subsequent number of Zika cases per month in Cuba.

(C) The estimated number of Zika cases from Cuba (mean from B) and the total reported number of Zika cases during 2016 to 2017 from all countries and
territories in the Americas with Zika virus transmission were plotted with the human population size from each region. Highlighted are the other large Caribbean
countries/territories (D.R., Dominican Republic).

See also Figures S2, S3, S4, and S5. The data used for this figure can be found in Data S1.

Cell 178, 1057-1071, August 22, 2019 1061



A Zika epidemic

40

Haiti | g
Dominican Rep 30 <
Puerto Rico e
Jamaica No Zika surveillance 20 3 ;
Q.
US Virgin Islands by FL-DOH a®
Trinidad-Tobago | 10 g
| Cuba | 0 )
13 5 7 9 11 3 5 7 9 11 1 3 5 7 9 11 1 3 5 7 9 N
B Chikungunya epidemic w0
Haiti =
Dominican Rep 30 % (_37-
Puerto Rico =2z
Jamaica 20 3 3
US Virgin Islands g S
Trinidad-Tobago 035
Q9
Cuba o o
13 5 7 9 11 3 5 7 9 1 1 3 5 7 9 11 1 3 5 7 9 N

2014 2015

2016

Figure 3. The Chikungunya Outbreak in Cuba during the 2014 Epidemic Was Not Delayed

(A and B) Travel-associated chikungunya cases were used to investigate whether the delayed Zika outbreak in Cuba should have been expected. Travel (A) Zika
and (B) chikungunya virus incidence rates were calculated by the number of travel-associated cases reported by the FL-DOH per month per 100,000 air
passenger travelers entering Florida, USA from the origin. FL-DOH surveillance for Zika cases did not start until January 2016. Shown are the six largest
Caribbean Islands by population plus the US Virgin Islands. All of the data used for this figure can be found in Data S1.

Zika virus lineages in Cuba clustered with other virus genomes
from the Americas (Figure 4A), showing that the outbreak in
Cuba was a continuation of the epidemic in the Americas, as
opposed to introductions from ongoing Zika outbreaks in Asia
(Lim et al., 2017; Watts et al., 2018). Based on the placement of
the Zika virus genomes, we found evidence for one introduction
into Cuba from Central America (Figure 4B; clade “1-Cuba”)
and three from the Caribbean (Figure 4B; clades “2-Cuba,”
“3-Cuba,” and “4-Cuba”). These findings suggest that the
outbreak in Cuba was primarily fueled by introductions of the virus
from other Caribbean islands, which is similar to our observations
from the 2016 Zika outbreak in Florida (Grubaugh et al., 2017).

We nextinvestigated the timing of the establishment of Zika virus
in Cuba by estimating the time to the most recent common
ancestor (tMRCA) using our time-resolved phylogenetic trees (Fig-
ures 4A and 4B). The tMRCAs indicate the coalescence points for
each clade and thus estimate the earliest times of establishment of
the sequenced virus lineages in Ae. aegypti mosquitoes in Cuba
that later gave rise to human cases. We found that all our tMRCA
estimates for the Cuban Zika virus clades were between July
and September 2016 (Figure 4B), corresponding to the peak of
the Zika outbreaks in other Caribbean islands (Figures 1A and 4C).

By comparing our tMRCA estimates from Cuba to those of
other Caribbean islands, we found that the establishment of
the virus in Cuba was itself delayed by a year (third quarter
2016 versus mid-2015; Figure 4C). We then compared our
tMRCAs to epi curves created from our travel surveillance and
found that the peak of the 2017 Zika outbreak in Cuba occurred
11-13 months after the virus became locally established, which
was in agreement to what we found for the 2016 Zika outbreaks
in the Dominican Republic, Puerto Rico, and the Caribbean as a
whole (excluding Cuba; Figure 4C). Combined, these findings
show that Zika outbreaks across the Caribbean peaked a year
after successful establishment of the virus in each location and
that the delay in the outbreak in Cuba was likely caused by a
delay in the establishment of the virus itself.
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Mosquito Control May Have Delayed the Zika Outbreak
in Cuba

Having shown that the postponement of the Cuban outbreak
was likely the result of delayed local establishment of the virus
(Figure 4), we next investigated what factors may have been
responsible for this delay. We explored three primary hypothe-
ses: (1) fewer opportunities for Zika virus introductions into
Cuba in 2015 when the virus was becoming established else-
where in the Caribbean (Figure 4C), (2) environmental conditions
in Cuba from 2015 to 2016 that were unsuitable for Ae. aegypti-
borne virus outbreaks, and (3) Ae. aegypti surveillance and con-
trol campaigns (Castell-Florit Serrate and Mas-Bermejo, 2016;
Castro et al., 2017; Gorry, 2016; Reardon, 2016) that limited
virus establishment and transmission. To investigate the likeli-
hood of each hypothesis, we examined international travel pat-
terns, yearly transmission of dengue virus (also vectored by
Ae. aegypti), local temperature conditions, and news reports.
Comparing all three hypotheses, we found that travel patterns
and environmental conditions in Cuba could likely have sup-
ported a large Zika outbreak in 2016 but that virus establishment,
and hence the outbreak, may have been delayed by a country-
wide Ae. aegypti control campaign (Figure 5).

Outbreaks of Ae. aegypti-borne viruses, including Zika virus,
require opportunities for virus introductions and conducive con-
ditions to support establishing transmission. As air travel is the
main source of long-distance virus dispersion (Khan et al,,
2014; Nunes et al., 2014; Semenza et al., 2014), we analyzed
air travel patterns to determine whether Cuba had fewer oppor-
tunities for virus introductions early during the Zika epidemic,
potentially delaying the outbreak (Figure 5A). Using monthly
airline passenger arrivals coming from all 48 countries and terri-
tories in the Americas known to have local Zika virus transmis-
sion from 2014 to 2017, we did not detect any large deviations
in air traffic to Cuba during 2015 when Zika virus was becoming
established elsewhere in the Caribbean (Figure 5A). Moreover,
air travel volumes were higher into Cuba than neighboring
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Figure 4. The Establishment of Zika Virus from Other Caribbean Islands Was Delayed in Cuba

Genomics approaches were used to determine the timing and sources of the Zika virus introductions into Cuba.

(A) A time-resolved maximum clade credibility (MCC) tree was constructed using 283 near-complete Zika virus protein coding sequences, including 10
sequences from travelers returning from Cuba during 2017 to 2018.

(B) The zooms show the likely times of Zika virus establishment (i.e., tMRCAs) for each of the Cuba clades as well as potential introduction sources (i.e., locations
of the sequences basal on the tree). The fill color on each tip represents the probable location of infection, the clade posterior probabilities at each node are
indicated by white circles filled with black relative to the level of posterior support, and the gray violin plot indicates the 95% highest posterior density (HPD)
interval for each tMRCA. The mean tMRCA for clade 1-Cuba was August 2016 (95% HPD = May-November 2016), the mean tMRCA for clade 2-Cuba was July
2016 (95% HPD = March-December 2016), and the mean tMRCA for clade 3-Cuba was September 2016 (95% HPD = May 2016-February 2017). Clade “Cuba-
4” does not have a tMRCA estimate because it consists of a single sequence. A maximum likelihood tree and a root-to-tip molecular clock are shown in Figure S6.
(C) The three separate estimated Zika virus establishment times with tMRCA estimates into Cuba are shown with the Zika virus travel incidence rates (travel cases/
100,000 travelers; as calculated for Figures 2 and 3). The estimated earliest Zika virus establishment times (based on the MCC tree in A and travel incidence rates for
the Dominican Republic, Puerto Rico, and the Caribbean as a whole [minus Cubal) are shown to compare the times from establishment of the virus to outbreak peak.
See also Figure S6. GenBank access numbers of Zika virus genomes sequenced during this study can be found in Data S2, the data used to create (A) and (B) can
be found in Data S3, and the data used to create (C) can be found in Data S1.

islands with large outbreaks in 2016, including Puerto Rico and
Jamaica (Figure 5A). These findings suggest that the delayed
outbreak in Cuba was not the result of the country having fewer
opportunities for Zika virus introductions than other Caribbean
islands early in the epidemic.

It is possible that conditions in Cuba from 2015 to 2016, unlike
other Caribbean islands, were not conducive for Zika virus
establishment and large Ae. aegypti-borne virus outbreaks. To
explore this scenario, we examined Caribbean outbreaks of
another Ae. aegypti-borne virus, dengue virus, using travel

Cell 178, 1057-1071, August 22, 2019 1063



A Potential for Zika virus introductions 03 Travel destination
23 1oooooJ < Dominican Rep.
S5 3 O
= 2 WW g = Cuba
Gz 02 Puerto Rico
gg 10000 ! % Jamaica
=g - lo1 = Haiti
2 ; Caribbean g
Rs) establishment k g Zika virus tMRCAs
% o0 — A 2 S~ 100> —— Caribbean

4 7 10 1 4 7 10 1 4 7 10 1 4 7 10 — Cuba
2014 2015 2016 2017
B Dengue in the Caribbean 05
Haiti <
Dominican Rep 15 % 8
Puerto Rico 10 8(8
Jamaica 5 25
| Cuba | N | | 0 %
1 4 7 10 1 4 7 10 1. 4 7 10 1 4 7 10 @
2014 2015 2016 2017

c 30 Mosquito control in Cuba 0g =i
g 5 Mosquito control 2 o
c2 initiated g Transmission
ot 207 796 @ —— Dengue virus
28 g — Zikavirus
—_ 9 .
g2 10 Losg — Ae aegypli
© 2 & trans. potential
= § 3

K =L N ©
1 4 7 10 1 4 7 10 1 4 7 10 1 4 7 10
2014 2015 2016 2017

Figure 5. Aggressive Aedes aegypti Control May Have Delayed Zika Outbreak in Cuba

(A) The potential for Zika virus introductions was assessed by total airline passenger arrivals into each of the listed countries per month from 2014 to 2017 coming
from regions in the Americas known to support local Zika virus transmission (excluding the continental United States because the outbreaks were relatively small),
along the distribution of likely establishment times (i.e., tMRCAs) of the initial (known) Zika virus establishment in the Caribbean (tMRCA January-September
2015) and three separate establishments in Cuba (tMRCAs March 2016-February 2017).

(B) Monthly dengue virus travel incidence rates (travel cases/100,000 travelers), as reported by the FL-DOH, for Cuba and other large Caribbean Islands were
shown to compare Ae. aegypti-borne virus outbreaks.

(C) Analysis of dengue and Zika virus incidence, Ae. aegypti transmission potential, and the timing of a reported vector control campaign were used to investigate
the delayed Zika outbreak in Cuba. Monthly dengue and Zika virus travel incidence rates (travel cases/100,000 travelers), as reported by the FL-DOH, and relative
Ae. aegypti-borne virus transmission potential (mean and 95% confidence interval), determined by a temperature-sensitive model (Mordecai et al., 2017) and
monthly temperature from Havana, Cuba, were used to judge the impact of the aggressive Ae. aegypti mosquito control program that was reported to have begun
in Cuba during February 2016.

News reports of Zika and dengue cases and the mosquito control campaign in Cuba are summarized in Data S4. The data used for this figure can be found in

Data S1.

surveillance that we performed based on data reported by the
FL-DOH. We found that dengue outbreaks in the Caribbean
were more varied than the Zika and chikungunya outbreaks (Fig-
ures 3 and 5B). Importantly, however, whereas Cuba had dengue
virus transmission in 2014, 2015, and 2017, it did not have an
outbreak of dengue in 2016 (Figures 5B and 5C; see also
FL DOH [2018] and Penton [2018]), which is similar to what we
observed for Zika (Figure 1B). This was despite other Caribbean
islands having both dengue and Zika virus transmission in 2016
(Figures 3A and 5B). These findings suggest that, unlike
other Caribbean islands, Cuba was not conducive for large
Ae. aegypti-borne virus outbreaks in 2016; however, they do
not reveal the underlying cause.

We next investigated whether environmental factors could
have been responsible for making the conditions in Cuba non-
conducive for Ae. aegypti-borne virus outbreaks in 2016. Tem-
perature is the primary seasonal factor driving Ae. aegypti-borne
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virus transmission, as it influences mosquito development,
survival, reproduction, biting rates, and vector competence
(Caminade et al., 2017; Mordecai et al., 2017; Siraj et al.,
2017). To determine whether weather conditions in 2016 could
have delayed Zika virus establishment, we used a model that
estimated when transmission was most likely to occur based
on favorable temperature ranges for mosquito-borne transmis-
sion (Mordecai et al., 2017). Using temperature data for Cuba,
we found that Ae. aegypti transmission potential was as high in
2016 as it was during prior dengue outbreaks and the Zika
outbreak in 2017 (Figure 5C). These findings suggest that envi-
ronmental factors were likely not responsible for delaying the
Zika outbreak in Cuba.

We previously demonstrated that mosquito control cam-
paigns can reduce Ae. aegypti populations and human Zika
virus infections (Grubaugh et al., 2017). Cuba has a long history
of successful Ae. aegypti control (Gubler, 1989; Guzman and



Kouri, 2009; Toledo et al., 2007), and following the detection of
the Zika outbreak in Brazil, the country implemented a
“National Zika Action Plan” for aggressive Ae. aegypti mos-
quito surveillance and control (Castell-Florit Serrate and Mas-
Bermejo, 2016; Castro et al., 2017; Gorry, 2016; Reardon,
2016). To investigate whether mosquito control may have
played a role in delaying the Zika outbreak in Cuba, we
compared the reported start of the mosquito control campaign
to the Zika and dengue outbreaks in Cuba (Figure 5B). We
found that immediately following the reported implementation
of mosquito control in February 2016, our travel surveillance
showed minimal transmission of both dengue and Zika viruses
throughout the year (Figures 5B and 5C). By searching news ar-
ticles for Zika and dengue in Cuba from 2015 to 2018, we found
that Cuban officials reported that the mosquito control program
was successful (Data S4), although we were unable to obtain
empirical data to support this claim. The timing of the mosquito
control campaign, followed by a decrease in both dengue and
Zika cases (Figures 5B and 5C)—despite high transmission po-
tential (Figure 5C)—suggests that mosquito control efforts may
have been responsible for delaying the establishment of Zika
virus in Cuba, thereby leading to a postponement of the
outbreak.

Potential for Global Spread from Unrecognized Local
Outbreaks
Unrecognized and delayed outbreaks have the risk of “silently”
spreading viruses to other parts of the world. Using our travel sur-
veillance framework and global suitability for Ae. aegypti mosqui-
toes, we identified several regions where Zika virus could have
been spread from an unrecognized outbreak in Cuba during 2017.
Based on the occurrence of travel-associated Zika cases re-
ported by the FL-DOH and the ECDC, we found that Zika virus
transmission in Cuba was the most intense between June and
December of 2017 (Figure 6A). We then used this time period
to assess where local mosquito-borne Zika virus transmission
could have been established from Cuba using global air
travel data from Cuba and previously estimated worldwide
Ae. aegypti suitability (Kraemer et al., 2015; Figure 6B). Out of
a total of ~4 million air travelers departing Cuba between
June and December of 2017, we found 18 countries and US
states that received >20,000 travelers, with >100,000 arriving
in Florida, Canada, Mexico, and Spain (Figure 6B). Based on
environmental suitability for Ae. aegypti of the 18 areas with
>20,000 travelers from Cuba, we estimated that Florida,
Mexico, Panama, Venezuela, and Colombia were most at risk
of Zika virus having been introduced from Cuba during June-
December 2017 (Figure 6B). Indeed, four local Zika cases
were reported in Florida during 2017, linked to their partners
having recently returned from Cuba (FL DOH, 2017a, 2017b,
2018). Despite these findings, however, beyond a few cases,
no Zika outbreaks were reported in these 18 regions in 2017,
perhaps due to existing herd immunity (Netto et al., 2017; Zam-
brana et al., 2018). These results show the global connected-
ness of Zika endemic areas, and with Zika cases associated
with travel from the Americas ongoing as of October 2018 (Fig-
ure 1), continued surveillance is required to detect potential
further spread.

DISCUSSION

Travel Surveillance and Genomic Epidemiology to
Detect Zika Outbreaks

Using travel surveillance and virus genomics, we discovered a
Zika outbreak in Cuba during 2017, a period in which the
epidemic was waning across the Americas (PAHO, 20173,
2017b; Figures 1 and 2). A single report about a Zika outbreak
in Cuba made the news in 2017 (Reuters, 2017), but critically,
cases were not reported to PAHO (PAHO, 2017c) or other public
health agencies and thus went undetected by the international
community. With Zika outbreaks still arising in new locations,
including Angola, India, Cabo Verde, Vietnam, and Thailand
(Hill et al., 2019; Lourenco et al., 2018; Meltzer et al., 2016; Phu-
mee et al., 2019; Ruchusatsawat et al., 2019; Yadav et al., 2019),
it is important to identify and report lingering outbreaks to better
prepare for potential future spread (Bogoch et al., 2016; Kraemer
et al., 2017).

Epidemiological updates by the WHO (including PAHO) and
other public health organizations are the primary methods for
disseminating information about infectious disease outbreaks
and epidemics. Ciritically, they rely on accurate case reporting
from individual countries and territories, but depending on re-
sources and priorities, reporting of local outbreaks may not be
accurate. To overcome some of these limitations, studies based
on the detection of infected travelers have been used to fill
knowledge gaps about ongoing outbreaks from places that are
difficult to sample, as has been previously reported for Zika
(Leder et al., 2017; Wilder-Smith et al., 2018). In this study, we
built on this framework to not just detect unreported outbreaks
(Figure 1) but to include travel patterns, comparisons to local re-
ports from other locations, and virus genomics to reconstruct
outbreaks in the absence of local data.

The utility of combining travel surveillance with genomic
epidemiology, however, is limited to the travel patterns and des-
tinations of the people included in the surveillance network. By
also using travel data from Europe, we were able to capture
Zika cases from countries that we could not from Florida (Fig-
ure 2A), but we did not detect any infected travelers coming
from other known Zika outbreaks in Angola, India, Cabo Verde,
Vietnam, and Thailand. Thus, using travelers as sentinels alone
cannot provide a complete global picture of ongoing Zika out-
breaks, especially when the numbers of cases or travelers
are low.

Estimating the Size of the Zika Outbreak in Cuba

We estimate that the 2017 Zika outbreak in Cuba was similar in
size to outbreaks from other Caribbean islands that peaked the
year prior (Figure 2). Our analyses utilize the relationships be-
tween local cases and travel surveillance from non-Cuba coun-
tries, in combination with travel volumes and travel associated
cases from Cuba. Other studies have used travelers to estimate
local case numbers from influenza (Fraser et al., 2009) and Mid-
dle East respiratory syndrome outbreaks (Cauchemez et al.,
2014a) by assuming that locals and travelers were equally likely
to getinfected. Although that assumption may have been correct
for those outbreaks, for Zika, we found that epi curves generated
based on local or travel data were correlated, but the incidence
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Figure 6. Risk of “Silent” Zika Virus Spread from the Outbreak in Cuba during 2017

Travel volumes from Cuba and Ae. aegypti suitability were used to address the potential spread of Zika virus from Cuba during the outbreak in 2017.

(A) Monthly Zika cases associated with international travel reported by the FL-DOH and the ECDC, sorted by travel origins in Cuba or all other countries/territories
in the Americas, were used to demonstrate that >98% of all travel-associated Zika cases during June-December of 2017 came from Cuba.

(B) During June-December 2017, all countries and US states that received >20,000 airline passengers from Cuba are shown, along with the relative Ae. aegypti

suitability, to represent possible destinations for Zika virus spread from Cuba.

The data used for this figure can be found in Data S1.

rates were different by orders of magnitude (Figure 2A). This sug-
gests that public health systems differ in their ability to detect
Zika cases and/or locals and travelers have different risks for
Zika infections. For example, because of differences in public
health infrastructure and resources, Zika case reporting in Haiti
(where our travel incidence is higher than local reporting; Fig-
ure 2A) may be less accurate than Puerto Rico (where our travel
incidence is lower than local reporting; Figure 2A; Braga et al.,
2017; Dowell et al., 2011). Additionally, location-dependent fac-
tors, such as common tourist behaviors and lengths of stay,
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could also alter the risks for traveler infection (Cauchemez
et al., 2014a; Fraser et al., 2009). Thus, our approach of using
the relationship between local and travel incidence data from
locations with local reporting as a calibration might be a more
accurate method for reconstructing Zika outbreaks than using
travel incidence alone.

There are limitations to our approaches that may influence our
ability to estimate the size of the Zika outbreak in Cuba. First,
accurate travel data are necessary to calculate travel incidence
rates of Zika cases. This is challenging for Cuba, as travel



policies from the United States have repeatedly changed during
the past few years (Robles, 2016), and we found that travel vol-
umes between Cuba and Florida increased in 2017 compared to
2016 (Figure S1A). To minimize this issue, we included air travel
from both scheduled commercial flights from the International Air
Transportation Association (IATA, 2018) and chartered flights
from the US Department of Transportation (US DOT, 2018). We
also obtained travel surveillance data from Europe, where the
travel policies to Cuba have not recently changed, with travel vol-
umes remaining relatively stable (Figure S1A). As we previously
showed that cruise ship traffic greatly outhumbered airline traffic
during the 2016 Zika outbreak in Florida (Grubaugh et al., 2017),
we also investigated cruise ships to Cuba; however, we found
their travel volume to be much smaller than airlines for this coun-
try (Figure S3). Second, our size estimates are based on aver-
aging across all regions, some of which may be more, or less,
representative of the Zika outbreak in Cuba. Although we found
a strong correlation between epi curves generated from travel-
associated Zika cases and local reporting, variability in the ratio
between local and travel incidence among countries resulted in a
wide interquartile range (1,071 to 22,611) on our mean estimate
of 5,707 unreported Zika cases in Cuba. Our mean estimate,
however, is consistent with the only two public reports from
the outbreak in Cuba of 187 cases in 2016 reported by PAHO
(PAHO, 2017c) and 1,847 cases in 2017 reported by the news
agency Reuters (Reuters, 2017). Zika outbreaks from other loca-
tions in the Americas with comparable population sizes to Cuba
were also reported to be similar in size, which would still be true
even at the lower end of our interquartile range (Figure 2C).

Zika Outbreaks Peak a Year after Virus Establishment

By sequencing Zika virus genomes from travelers infected in
Cuba, we demonstrate that the 2017 outbreak peaked 11-
13 months after the virus was established, a time frame that
was consistent for other Zika outbreaks in the Caribbean (Fig-
ure 4C). Other studies from Brazil, Central America, and Mexico
have found similar patterns (Faria et al., 2017; Thézé et al., 2018).
This suggests that the amount of time necessary for newly estab-
lished Zika virus lineages to intensify in transmission to reach
peak outbreak size will often require maintenance of the virus
during seasons when mosquito abundance is low (e.g., by verti-
cal transmission; Thangamani et al., 2016). Although the factors
supporting virus maintenance are still unclear, it is plausible that
Zika virus may survive low mosquito abundance through a com-
bination of low-level mosquito-to-human transmission, vertical
transmission in mosquitoes (da Costa et al., 2018; Thangamani
et al., 2016), and, to a lesser extent, human sexual transmission
(Althaus and Low, 2016). Considering that all known large Zika
outbreaks in the Americas, including Cuba, may have involved
prolonged virus maintenance, a better understanding of how
Zika virus is maintained during low mosquito abundance could
lead to novel vector control and outbreak mitigation strategies.

Factors Responsible for Delaying the Establishment of
Zika Virus in Cuba

By reconstructing other Ae. aegypti vectored outbreaks,
analyzing climatic conditions, investigating news reports, and
modeling mosquito abundance, our study suggests that the

establishment of Zika virus in Cuba may have been delayed by
an Ae. aegypti control campaign (Figure 5C). This accomplish-
ment highlights the value of mosquito control for limiting trans-
mission (Grubaugh et al., 2017), as Cuba may have been able
to reduce the local burden of both dengue and Zika, despite
otherwise conducive environmental conditions to support trans-
mission of the viruses (Figure 5B). Publicly available reports indi-
cate that the response to Zika by Cuban authorities intensified in
early 2016 and included active and passive surveillance, training
of health professionals, communication and mobilization, and
the application of adulticides and larvicides for mosquito control
(Castell-Florit Serrate and Mas-Bermejo, 2016; Castro et al.,
2017; Gorry, 2016; Reardon, 2016). This strategy was built
upon years of effective dengue control through capacity building
and research (Guzman, 2005; Guzman and Kouri, 2009).
Although our observation of the suppression of both dengue
virus transmission and Zika virus establishment during periods
that we found were otherwise suitable for Ae. aegypti-borne
transmission (Figure 5C) suggests that the mosquito control
campaign was successful, we were unable to obtain empirical
data to confirm these findings. Competition between dengue
and Zika viruses—as previous exposure to dengue virus may
protect against Zika virus infections in humans (Gordon et al.,
2019; Rodriguez-Barraquer et al., 2019)—may also have played
a role in delaying the establishment of Zika virus in Cuba.
However, how cross-protection, or other epidemiological inter-
actions (Vogels et al., 2019), between these two flaviviruses
may impact outbreaks is not currently clear, and such potential
virus “competition” would likely not be unique to Cuba. For
future studies, accurate data on Zika virus seroprevalence in
Cuba and other Caribbean islands would be helpful to address
these questions. In addition, the availability of empirical mos-
quito abundance data would allow for an assessment of year-
to-year differences in transmission potential and to specifically
test whether Ae. aegypti populations were reduced during the
control campaign in Cuba, as we previously observed in Florida
(Grubaugh et al., 2017). Importantly, vector abundance studies,
including making such data publicly available, should be priori-
tized and more fully supported for future mosquito-borne virus
outbreaks (Rund and Martinez, 2018).

Conclusions

During rapidly evolving outbreaks, a lack of access to reliable
local data can often limit response efforts. By combining travel
surveillance with genomic epidemiology, we were able to recon-
struct infectious disease outbreaks when local reporting was
insufficient. This framework can be applied more generally to
detect hidden outbreaks, and future applications may include
the integration of empirical data on vector abundance and pop-
ulation immunity. By combining data and resources across
multiple scales, we can thus develop surveillance frameworks
to uncover epidemiological dynamics of emerging, re-emerging,
and endemic infectious diseases across the world.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological Samples

Clinical samples FL DOH N/A

Critical Commercial Assays

SuperScript IV VILO Master Mix ThermoFisher Cat # 11756050

Q5 High-Fidelity 2X Master Mix
Qubit High Sensitivity dsDNA kit
KAPA HyperPrep kit

Mag-Bind TotalPure NGS

New England BioLabs
ThermoFisher

Roche

Omega Bio-Tek

Cat # M0492S
Cat # Q32851
Cat # KK8504
Cat # M1378-01

BIOO Scientific NEXTflex Dual-Indexed PerkinElmer Cat # NOVA-514160

DNA Barcodes

High Sensitivity DNA Analysis Kit Agilent Cat # 5067-5585

MiSeq Reagent Kit v3 lllumina Cat # MS-102-3003

Deposited Data

Local Zika cases PAHO (PAHO, 2017b)

Travel Zika cases (Florida) FL DOH (FL DOH, 2018)

Travel Zika cases (Europe) ECDC (ECDC, 2017)

Travel Zika cases (worldwide) GeoSentinel https://www.istm.org/geosentinel

Travel dengue cases (Florida) FL DOH (FL DOH, 2018)

Travel chikungunya cases (Florida) FL DOH (FL DOH, 2018)

Air passenger volumes (commercial) IATA (IATA, 2018)

Air passenger volumes (chartered) U.S. DOT (US DOT, 2018)

Zika virus genomes GenBank https://www.ncbi.nIm.nih.gov/bioproject/
?term=PRJNA438510

Havana, Cuba temperatures OpenWeatherMap https://openweathermap.org/

Ae. aegypti suitability

Moritz Kraemer

(Kraemer et al., 2015)

Software and Algorithms

FDA package in R

iVar

Geneious v9.1.5
MAFFT

RAXML
TempEST
BEAST v1.10.2
BEAGLE v2.1.2
Tracer v.1.7.1

CRAN

Andersen Lab
https://www.geneious.com/
https://mafft.cbrc.jp/alignment/software/

https://cme.h-its.org/exelixis/web/software/raxml/

http://beast.community/tempest
http://beast.community/
http://beast.community/beagle
http://beast.community/tracer

https://cran.r-project.org/web/packages/
fda/index.html

https://github.com/andersen-lab/ivar
(Kearse et al., 2012)

(Katoh and Standley, 2013)
(Stamatakis, 2014)

(Rambaut et al., 2016)

(Suchard et al., 2018)

(Ayres et al., 2012)

(Rambaut et al., 2018)

(Suchard et al., 2018)

TreeAnnotator http://beast.community/treeannotator
Phylo https://biopython.org/wiki/Phylo (Talevich et al., 2012)
Other

Amplicon sequencing protocol

PrimalSeq

(Quick et al., 2017)

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for data, resources, and reagents should be directed to and will be fulfilled by the Lead Contact,
Kristian G. Andersen (andersen@scripps.edu). This study did not generate new unique reagents, but raw data and code generated
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as part of this research can be found in the Supplemental Files, as well as on public resources as specified in the Data and Code
Availability section below.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethical statement

This work was evaluated and approved by the Institutional Review Boards (IRB) at The Scripps Research Institute. This work was
conducted as part of the public health response in Florida and samples were collected under a waiver of consent granted by the
FL-DOH Human Research Protection Program. The work received a non-human subjects research designation (category 4 exemp-
tion) by the FL-DOH because this research was performed with remnant clinical diagnostic specimens involving no more than min-
imal risk. All samples were de-identified before receipt by the study investigators, and information regarding the age and sex and/or
gender were not provided.

METHOD DETAILS

Local cases and incidence rates

PAHOQ is the primary source for information regarding Zika virus spread in the Americas, as well as suspected and confirmed cases
per country and territory (PAHO, 2017a). Weekly case counts, however, are made available as cumulative cases, not the number of
new cases per week. These data are often problematic for reconstructing outbreak dynamics because of reporting delays and
‘spikes’ (e.g., more than one week of cases submitted after weeks of no reporting). Curated weekly case counts per country and
territory are presented as bar graphs (not as datasheets) (PAHO, 2017a). Therefore, to increase the accuracy of calculating Zika virus
incidence rates, we captured screenshots of the 2016-2017 weekly Zika virus case (suspected and confirmed) distributions, and
extracted the case counts using Web Plot Digitizer v3.10 (https://arohatgi.info/WebPlotDigitizer), which we previously validated
(Grubaugh et al., 2017). Extracted case numbers were recorded in .csv files and aggregated per month for this analysis. Yearly human
population numbers were retrieved from the United Nations Population Division (https://population.un.org/wpp/) and were used to
calculate monthly local Zika virus incidence rates (suspected and confirmed Zika cases/100,000 population) per country and terri-
tory. Monthly Zika cases and incidence rates are available at: https://github.com/andersen-lab/paper_2018_cuba-travel-zika.

The Zika-Epidemiological Report for Cuba (PAHO, 2017c), which was last updated on 25 September 2017, states: “Between EW
[epidemiological week] 1 and EW 52 of 2016, a total of 187 laboratory confirmed cases of autochthonous Zika virus disease were
reported. No information is available on the distribution of cases by epidemiological week. No new information was provided since
EW 52 of 2016.” This shows that Zika cases from Cuba were not reported to PAHO in 2017.

Travel-associated cases and incidence rates

Weekly cumulative travel-associated Zika, dengue, and chikungunya case numbers were collected from 2014-2018, and are publi-
cally available from the FL DOH (FL DOH, 2018). The cases reported on the FL DOH database include those that were confirmed by
both PCR and serological assays, and within and without symptoms onset dates (note that many of the pregnant women that were
serologically positive for Zika virus were asymptomatic). A travel history was also recorded for most patients. For this study, we only
included PCR positive cases with a known date for the onset of symptoms and who only traveled to one international location within
the 2 weeks prior to symptoms onset so we could more accurately sort the temporal and spatial distribution of travel-associated
cases. We also excluded cases with sexual or congenital exposure. We aggregated the data by month of symptoms onset and
by location of likely exposure (i.e., travel origin). Of the travel-associated Zika cases diagnosed in Florida (n = 1,333), 49% were
visiting friends and relatives, 17% were refugees or immigrants, 17% were traveling for tourism, 3% were traveling for business,
and 14% were traveling for unknown or other reasons. Of the travel-associated dengue virus cases where the questionnaire was
given (only started for dengue in 2016, n = 88), 67% were visiting friends and relatives, 25% were traveling for tourism, and 8%
were traveling for other reasons.

We also requested travel-associated Zika cases from the ECDC European Surveillance System (TESSy) (ECDC, 2017). We re-
quested all travel-associated Zika cases reported to the ECDC during 2016-2017, sorted by month of symptoms onset, reporting
country, and location of likely exposure. The data was provided by Austria, Belgium, Czech Republic, Denmark, Finland, France,
Greece, Hungary, Ireland, Italy, Luxembourg, Malta, the Netherlands, Norway, Portugal, Romania, Slovakia, Slovenia, Spain,
Sweden, and the United Kingdom, and released by ECDC. The raw travel-associated case counts from Europe has not been pub-
lished, was obtained through specific request from the ECDC, and we do not have permission to make it public. In addition, the views
and opinions that we expressed herein do not necessarily state or reflect those of ECDC. The accuracy of our statistical analysis and
the findings we report are not the responsibility of ECDC. ECDC is not responsible for conclusions or opinions drawn from the data
provided. ECDC is not responsible for the correctness of the data and for data management, data merging, and data collation after
provision of the data. ECDC shall not be held liable for improper or incorrect use of the data.

Data on travelers to Cuba diagnosed at GeoSentinel sites were also analyzed. The GeoSentinel Global Surveillance Network con-
sists of 72 specialized travel and tropical medicine clinics in 32 countries, and is staffed by specialists in travel and tropical medicine
(https://www.istm.org/geosentinel). The GeoSentinel clinics provide routine clinical care to ill travelers and contribute de-identified
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demographic, travel, and clinical surveillance data on patients with travel-related ilinesses to a centralized database (Harvey et al.,
2013; Leder et al., 2013). Patient records with Cuba listed as the country of exposure and a diagnosis of mosquito-acquired Zika virus
infection were extracted from the GeoSentinel database for the time period January 1, 2016 to November 12, 2018. Only confirmed
cases were included in this analysis; these were defined as Zika virus PCR-positive in serum or urine, or Zika virus-specific IgM in
serum and Zika virus antibody titers greater than four-fold higher than antibody titers for dengue or other flaviviruses or a four-
fold rise in anti-Zika virus IgG and Zika virus antibody titers greater than four-fold higher than antibody titers for dengue or other
flaviviruses (Hamer et al., 2017).

Monthly travel incidence rates from all exposure (origin) and reporting (destination) combinations were calculated by num-
ber of travel-associated cases per 100,000 airline passengers (from origin to destination/month). Exposure-reporting combi-
nations that accounted for less than 20 imported cases were not included in analysis. Air travel data was obtained as
described below.

Though we previously hypothesized cruise ships may have an underrecognized role in Zika virus spread (Grubaugh et al., 2017), we
did not use data from Zika virus infections that may have been associated with cruise travel, and thus did not collect cruise ship data
for this study. First, there were very few infections linked to cruise travel in our dataset, which may be because these cases would
more likely be tourists diagnosed elsewhere (and just visiting Florida for the cruise departure). Second, many of the reported cruise-
related Zika infections were associated with more than one site for potential exposure, making it difficult to estimate local incidence
rates (we removed all travel cases with multiple locations of potential exposure from our analyses). Third, scheduled cruise ship pas-
sengers arriving in Florida that stopped in Cuba are predicted to be substantially fewer (11,675/month scheduled for 2019; crawled
from CruiseMapper: https://www.cruisemapper.com/) than air travel passengers from Cuba to Florida (80,366/month in 2017)
(Figure S3). Cruise travel between Cuba and Florida only began in 2016 (Vora, 2016), and thus there would have been even fewer
passengers during our primary study period between 2016-2017.

The travel incidence rates derived from data collected from the FL DOH and ECDC and the curated travel-associated cases from
Florida are available at: https://github.com/andersen-lab/paper_2018_cuba-travel-zika.

Air passenger volumes

We collected air passenger volumes to calculate Zika, dengue, and chikungunya virus travel incidence rates, to assess the potential
for Zika virus importations into Cuba, and to investigate potential Zika virus spread from Cuba. From the IATA (IATA, 2018), we ob-
tained the number of passengers traveling by air between all destinations in the Americas, plus to all global destinations from Cuba,
from 2010-2017. IATA data consists of global ticket sales which account for true origins and final destinations, and represents 90% of
all commercial flights. The remaining 10% of trips are modeled using airline market intelligence. One limitation of IATA data is it does
not include chartered flights, which through our investigations, was only an issue for flights to and from the United States and Cuba.
To make up for this, we obtained chartered flight data from Cuba to Florida during 2014-2017 from the U.S. DOT (US DOT, 2018). The
US DOT publicly reports the number of passengers on all commercial and chartered flights departing and arriving in airports in the
United States and includes origin and destination. Summarized air passenger volumes are available at: https://github.com/
andersen-lab/paper_2018_cuba-travel-zika.

Estimated local Zika cases in Cuba

We used two data types—locally acquired cases by country and Florida travel cases by country—to inform estimates of per capita
local incidence in Cuba on a scale comparable to local incidence in other countries. We limited our analysis of countries besides Cuba
to those with a correlation between monthly local and travel cases > 0.25 (n = 27), which appeared to be a natural breakpoint in the
distribution of correlations. For each, we used the fda (https://cran.r-project.org/web/packages/fda/index.html) package in R to
model per capita local incidence of Zika over time with univariate cubic B-spline functions with four knots per year for two years
(2016-2017) described by parameters 6. We assumed that incidence among travelers from each country followed the same temporal
pattern as local incidence but the two differed in magnitude by a factor p, which could be due to differences in exposure or health-
seeking behavior between international travelers and the general population. To estimate 6 and p for each of the 27 countries, we
modeled local and travel incidence for each month as independent binomial random variables, with incidence as the number of “suc-
cesses” and country population and number of travelers, respectively, as the number of “trials.” Logit-transformed values of the
spline functions informed the probability of success in each trial. Based on this likelihood formulation and with non-informative priors,
we estimated 6 and p for each country using a Metropolis-Hastings implementation of Markov chain Monte Carlo (MCMC). We as-
sessed convergence by calculating Gelman-Rubin statistics on five replicate chains, and we performed posterior predictive checks
on cumulative local incidence (Figure S4) and travel incidence (Figure S5) (Thompson Hobbs and Hooten, 2015). On the basis
of Bayesian p-values < 0.05 on these posterior predictive checks, we removed four countries from subsequent analyses (leaving
n = 23 countries). To estimate per capita local incidence in Cuba, we first estimated 6 for Cuba in a similar manner, but based on
travel data only. We then took 10* values of p drawn randomly from the posteriors of 1 pooled across 23 countries and multiplied
them by random samples from the posterior of per capita travel incidence curves from Cuba to obtain a set of 10* predictions of
per capita local incidence curves for Cuba. R code and posterior samples are available at: https://github.com/andersen-lab/
paper_2018_cuba-travel-zika.
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Zika virus sequencing

Zika virus RNA was sequenced using a highly multiplexed PCR approach, called PrimalSeq, that we previously described (Grubaugh
et al., 2019b; Quick et al., 2017). Detailed protocols, including the primer scheme “ZIKV - Asia/America - 400bp” we used here to
amplify Zika virus, can be found online (http://grubaughlab.com/open-science/amplicon-sequencing/ and https://andersen-lab.
com/secrets/protocols/). In brief, virus RNA (2 ulL) was reverse transcribed into cDNA using Invitrogen SuperScript IV VILO (20 pL
reactions). Virus cDNA (2 pL) was amplified in 35 x ~400 bp fragments from two multiplexed PCR reactions using Q5 DNA High-fi-
delity Polymerase (New England Biolabs). Virus amplicons from the two multiplex PCR reactions were purified and combined (25 ng
each) prior to library preparation. The libraries were prepared using the Kapa Hyper prep kit (Kapa Biosystems, following the vendor’s
protocols but with ¥4 of the recommended reagents) and NEXTflex Dual-Indexed DNA Barcodes (BIOO Scientific, diluted to 250 nM).
Mag-Bind TotalPure NGS beads (Omega) were used for all purification steps. The libraries were quantified and quality-checked using
the Qubit (Thermo Fisher) and Bioanalyzer (Agilent). Paired-end 250 nt reads were generated using the MiSeq V2 500 cycle kits
(llumina).

Our open source software package, iVar (Grubaugh et al., 2019b), was used to process the Zika virus sequencing data and call the
consensus sequences. Source code and detailed documentation for iVar can be found at https://github.com/andersen-lab/ivar. In
brief, BWA (Li and Durbin, 2009) was used to align the paired-end reads to a reference genome (GenBank KX087101). The primer
sequences were trimmed from the reads using a BED file, with the primer positions, followed by quality trimming. The consensus
sequence was called by the majority nucleotide at each position with > 10x coverage. All alignments and consensus sequences
were visually inspected using Geneious v9.1.5 (Kearse et al., 2012). The Zika virus sequences generated from Cuba can be found
using the NCBI Bioproject: PRINA438510 and GenBank IDs can be found in Data S2.

Phylogenetic analyses

All available complete or near complete Zika virus genomes of the Asian genotype from the Pacific and the Americas were retrieved
from GenBank in August, 2018. A total of 283 Zika virus genomes collected between 2013 and 2018 from Cuba (n = 10, including 9
generated in this study) and elsewhere from the Pacific and the Americas (n = 273, including 4 generated in this study from Florida,
USA) were codon-aligned together using MAFFT (Katoh and Standley, 2013) and inspected manually.

To determine the temporal signal of the sequence dataset, a maximum likelihood (ML) phylogeny was first reconstructed with
RAXML (Stamatakis, 2014) using the general time-reversible (GTR) nucleotide substitution model and gamma-distributed rates
among sites (Guindon and Gascuel, 2003; Yang, 1994). The resulting tree was rooted on Zika virus sequence KX369547 (French Pol-
ynesia). Then, a correlation between root-to-tip genetic divergence and date of sampling was conducted in TempEst (Guindon and
Gascuel, 2003; Rambaut et al., 2016; Yang, 1994). Time-scaled phylogenetic trees were reconstructed using the Bayesian phyloge-
netic inference framework available in BEAST v1.10.2 (Suchard et al., 2018). Accommodating phylogenetic uncertainty, we used an
HKY+TI'4 nucleotide substitution model for each codon position, allowing for relative rates between these positions to be estimated,
and an uncorrelated relaxed molecular clock model, with an underlying lognormal distribution (Drummond et al., 2006), a non-para-
metric Skygrid demographic prior (Gill et al., 2013) and otherwise default priors in BEAUti v1.10.2 (Suchard et al., 2018). The MCMC
analysis was run for 1 billion iterations, sampling every 100,000th iteration, using the BEAGLE library v2.1.2 to accelerate computa-
tion (Ayres et al., 2012). MCMC performance was inspected for convergence and for sufficient sampling using Tracer v.1.7.1
(Rambaut et al., 2018). After discarding the first 200 million iterations as burn-in, virus diffusion over time and space was summarized
using a maximum clade credibility (MCC) tree using TreeAnnotator (Suchard et al., 2018). Tree visualizations were generated with the
Phylo (Talevich et al., 2012) module from Biopython and matplotlib (Hunter, 2007). Raw MAFFT codon alignment data, PhyML tree,
BEAST XML file, and BEAST MCC time-structured phylogeny can be found in Data S3 and at: https://github.com/andersen-lab/
paper_2018_cuba-travel-zika.

Aedes aegypti transmission potential

Temperature is an important predictor of Ae. aegypti-borne virus transmission, as it affects mosquito population sizes (i.e., mos-
quito development, survival, and reproduction rates), interactions between mosquitoes and human hosts (i.e., biting rates), and
mosquito transmission competence (i.e., mosquito infection and transmission rates) (Caminade et al., 2017; Mordecai et al.,
2017; Siraj et al., 2017). Virus transmission by Ae. aegypti can occur between 18-34°C and peaks at 26-29°C (Mordecai et al.,
2017). To assess yearly and seasonal variations in Ae. aegypti transmission potential for dengue and Zika virus, we used a tem-
perature-dependent model of transmission using a previously developed Rq framework (Mordecai et al., 2017). By focusing this
analysis on Havana, we controlled for spatial drivers of transmission and thereby isolated a representative example of temporal
patterns in transmission potential. Using hourly temperature data obtained from OpenWeatherMap (https://openweathermap.
org/), we calculated monthly mean temperature and used it to calculate monthly Ry as estimated by Mordecai et al. (Mordecai
et al., 2017) (https://figshare.com/s/b79bc7537201e7b5603f). Doing so for 5,000 samples from the posterior of temperature-Rq
relationships and normalizing between 0 and 1 yielded a description of relative Ae. aegypti transmission potential per month in
Havana, Cuba during 2014-2017. Aggregated monthly temperature data for and model outputs are available at: https://github.
com/andersen-lab/paper_2018_cuba-travel-zika.
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Relative global Aedes aegypti suitability

To investigate the potential for Zika virus transmission and establishment, we used previously generated Ae. aegypti suitability maps
(Kraemer et al., 2015) based on the statistical relationships between mosquito presence and environmental correlates (Bogoch et al.,
2016). Maps were produced at a 5-km x 5-km resolution for each calendar month and then aggregated to the level of the U.S. states,
countries, and territories, as used previously (Gardner et al., 2018). Relative Ae. aegypti suitability (i.e., very low, low, mid-high, and
high) was then derived by using the mean aggregated values for each U.S. state, country, and territory, and also the mean value for
the study period (June-December, 2017). The U.S. state, country, and territory suitability means and standard deviations can be
found at: https://github.com/andersen-lab/paper_2018_cuba-travel-zika.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using BEAST and R and are described in the Figure legends and in the Method Details.
DATA AND CODE AVAILABILITY
The Zika virus sequences generated here can be found using the NCBI BioProject: PRUNA438510 and individual GenBank IDs can be
found in Data S2. Data used to create the figures can be found in the supplemental files. The raw data and results for our analyses can
be found at: https://github.com/andersen-lab/paper_2018_cuba-travel-zika.
ADDITIONAL RESOURCES
Data analysis methods: https://github.com/andersen-lab/paper_2018_cuba-travel-zika

Sequencing protocols: http://grubaughlab.com/open-science/amplicon-sequencing/ and https://andersen-lab.com/secrets/

protocols/.
Sequencing bioinformatic software: https://github.com/andersen-lab/ivar
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Figure S1. Increase in Travel Zika Cases from Cuba Is Not Due to an Increase in Travel, Related to Figure 1

To assess if the 2016 to 2017 increase in Zika cases reported from travelers who recently visited Cuba were due to a Zika outbreak in Cuba or an increase in air
travel passengers leaving Cuba, we compared the yearly travel volumes from Cuba to Florida, Spain, and Italy to the travel Zika cases from Cuba reported by the
same countries during 2016 and 2017. The greater increase from 2016 to 2017 of travel cases compared to travel volume suggests that a Zika outbreak in Cuba
was the cause.
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Figure S2. Relationship between the Number of Travel-Associated Zika Cases and the Correlation between Local and Travel Incidence
Rates, Related to Figure 2

To determine the number of travel-associated infections needed to infer the shape of a local outbreak, we compared the total travel-associated Zika cases from
each exposure-reporting country/territory combination (x axis) with Pearson correlation between the local and travel incidence rates corresponding to the
combination (y axis). The travel-associated Zika cases were totaled from 2016-2017. For the Pearson correlations between local-travel incidence rates, monthly
incidence values from 2016-2017 were compared. When there were > 20 travel-associated cases, the local-travel Pearson r was > 0.5, indicating a strong positive
correlation and that the travel cases can help determine the shape of the local outbreak. The lone exception to that finding was from travelers from Barbados
diagnosed in the United Kingdom (UK) because the travel cases miss the locally reported Zika virus peak during January-February, 2016, but they correlate with
the second local peak during July-October, 2016 (Figure 2A). In our dataset, there were 25 Zika virus infections diagnosed in Italy with recent travel to Cuba, 30
diagnosed in Spain, and 98 diagnosed in Florida. These totals are all within the range of strong positive correlations between local and travel incidence, justifying
their use to infer the local Zika outbreak dynamics in Cuba (Figure 2B).
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Figure S3. Cruise Ship Travel from Cuba to Florida Is Minimal Compared to Air Travel, Related to Figure 2

Cruise ships may be a mechanism for infected individuals to travel to other countries, thus we investigated if we should incorporated cruise ship passenger
volumes for calculating travel Zika incidence. The ~7 X smaller volume of scheduled monthly cruise ship travel from 2019 compared to air travel in 2017
suggested that this would minimally impact our estimates and the data was not included in our final analyses.
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Figure S4. Posterior Predictions of Estimated Total Travel Incidence from Origin Country into Florida, Related to Figure 2

These distributions were used to inform the joint distribution between travel incidence and local incidence that was used to estimate local incidence in Cuba.
Empirical total travel cases per country indicated by red vertical line. All of the countries shown above, besides Cuba, had > 0.25 correlation between local

incidence and travel incidence and had the observed value fall within the 95% posterior predictive interval of the distribution.
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Figure S5. Posterior Predictions of Estimated Total Local Incidence from Origin Country into Florida, Related to Figure 2

These distributions were used to inform the joint distribution between travel incidence and local incidence that was used to estimate local incidence in Cuba.
Empirical total local cases per country indicated by red vertical line. Estimated local incidence of Cuba indicated in blue with no empirical value. All of the countries
shown above, besides Cuba, had > 0.25 correlation between local incidence and travel incidence and had the observed value fall within the 95% posterior
predictive interval of the distribution.
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Figure S6. Maximum Likelihood Tree and Root-to-Tip Regression of Zika Virus Genomes from Cuba and the Epidemic in the Americas,

Related to Figure 4

(A) Maximum likelihood tree of publicly available Zika virus sequences (n = 269) and sequences generated in this study (n = 14). Tips are colored by location.
Bootstrap support values are colored at the nodes. Divergence shown as substitutions per site. “1-3 Cuba” represent three independent introductions of Zika
virus into Cuba. (B) Linear regression of sample tip dates against divergence from root based on sequences with known collection dates estimates an evolutionary

rate for the Zika virus phylogeny of 5.71 x 10—3 nucleotide substitutions per site per year.



