
Article https://doi.org/10.1038/s41467-024-46143-9

Dispersion patterns of SARS-CoV-2 variants
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and the Caribbean
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Latin America andCaribbean (LAC) regionswere an important epicenter of the
COVID-19 pandemic and SARS-CoV-2 evolution. Through the COVID-19
Genomic Surveillance Regional Network (COVIGEN), LAC countries produced
an important number of genomic sequencing data that made possible an
enhanced SARS-CoV-2 genomic surveillance capacity in the Americas, paving
the way for characterization of emerging variants and helping to guide the
public health response. In this study we analyzed approximately 300,000
SARS-CoV-2 sequences generated between February 2020 andMarch 2022 by
multiple genomic surveillance efforts in LAC and reconstructed the diffusion
patterns of themain variants of concern (VOCs) and of interest (VOIs) possibly
originated in the Region. Our phylogenetic analysis revealed that the spread of
variants Gamma, Lambda and Mu reflects human mobility patterns due to
variations of international air passenger transportation and gradual lifting of
social distance measures previously implemented in countries. Our results
highlight the potential of genetic data to reconstruct viral spread and unveil
preferential routes of viral migrations that are shaped by human mobility
patterns.

The COVID-19 pandemic had a significant impact on Latin America and
the Caribbean (LAC) countries, with an estimated number of 289
cumulative deaths/100k inhabitants, surpassing Europe and South-
East Asia with 240 and 40 reported deaths/100k inhabitants,
respectively1. Due to its size, ecological diversity and human devel-
opment inequalities, the COVID-19 burden in LAC countries varied
substantially ranging from 4 to 658 deaths/100k hab., although
underdiagnosismay have impacted numbers in some countries due to
different surveillance strategies. Concomitantly, social distance

measures were heterogeneously implemented by governments to
contain SARS-CoV-2 spread, both in duration and in strictness2. These
features, along with the emergence and introduction of new viral
lineages in the region, shaped a complex scenario of multiple epi-
demic waves.

Since the beginning of the pandemic, SARS-CoV-2 genomic sur-
veillance has proven to be a valuable tool to monitor viral spread and
the evolution of new variants3–7. The timely sequencing of viral gen-
omes and their release in public databases, allowed the identification
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of viral variants that are more transmissible and/or might evade
immunity, helping to guide public health response8. In the LAC region,
the Pan American Health Organization (PAHO), in collaboration with
countries’ reference and public health laboratories, implemented the
COVID-19 Genomic Surveillance Regional Network (COVIGEN), not
only for enhancing SARS-CoV-2 genomic sequencing but to generate
timely genomic data9.

Among a myriad of SARS-CoV-2 lineages that evolved during the
pandemic, some posed an increased risk to global public health due to
significant amino acid substitutions, especially in Spike protein. WHO
classified those lineages as Variants of Interest (VOI), when having a
regional risk, and Variants of Concern (VOC), when constituting a
global concern10. In LAC, the emergence of three VOIs (Zeta, Lambda,
andMu) and one VOC (Gamma) demonstrated the regional capacity in
genomic sequencing and data analysis. VOI Zeta (P.2, Pango-lineage
classification11) was firstly detected in Brazil, in October 2020, leading
to the resurgence of COVID-19 in the country after the first epidemic
wave12. Although Zeta was detected world-wide13, its epidemiological
relevance was more evident in Brazil. Zeta’s increased growth rate in
Brazil was surpassed by the emergence of VOC Gamma (P.1), in
December 202014,15. Gamma rapidly spread throughout Brazil16, caus-
ing a second COVID-19 wave, and was detected in more than 80
countries. Still, in December 2020, the first cases of VOI Lambda (C.37)
were detected in Peru, triggering a new epidemic wave in the first
months of 202117. Lambda has been detected in more than 40 coun-
tries. Finally, VOIMu (B.1.621) was initially identified in January 2021, in
Colombia18, and its spread was also associated with a surge of COVID-
19 cases. Almost 60 countries have reported cases of Mu infection19.

By early 2021, LAC region became an important epicenter of the
COVID-19 pandemic. With the emergence of highly transmissible var-
iants, the establishment of COVIGEN, was pivotal to generate the data
that allowed variant identification and dispersion tracking. In this
study, we analyzed the genetic diversity of the first two years of the
SARS-CoV-2 circulation in LAC, focusing on the detailed reconstruc-
tion and the diffusion patterns of the three most widespread local
variants, Gamma, Lambda and Mu. We used air passenger transpor-
tation data to inform phylogeographic models inferring viral flow

between locations, accounting for the impact of the different mea-
sures of mobility restriction in each country.

Results
Sampling overview and molecular diversity
Since the implementation of COVIGEN in March 2020, an increasing
number of countries were sampled, withmany of themadvancing to in
country sequencing capacity, resulting in the upscaling of Reference
Sequencing Laboratories in the network (Supplementary Table 1).
From February 2020 until March 2022, COVIGEN fostered the gen-
eration of 126,985 SARS-CoV-2 genomes, sampled in 32 countries/
territories of LAC region. To create a comprehensive view of the viral
lineage diversity in the LAC during the pandemic first two years, we
complemented the COVIGEN sampling with all SARS-CoV-2 genomes
and metadata from the same period and countries as available in Epi-
CoV database in GISAID (https://www.gisaid.org/). This approach led
to a dataset of 296,286 genomes sampled in 41 countries/terri-
tories (Fig. 1).

Among the sampled countries/territories, a highly variable pro-
portionof the total COVID-19 caseswere sequenced, frombelow0.05%
tomore than 10%, with amedian of 0.6% for the entire region. The top
five countries in number of COVID-19 cases (i.e., Brazil, Argentina,
Colombia, Mexico, and Peru, in descending order) were responsible
for generating ~80% of the sampled genomes, representing 0.4%, 0.1%,
0.3%, 1.0%, and 0.6%, respectively, of their epidemics. To better sum-
marize the diversity of lineages that circulated in the LAC region, we
reduced the number of countries/territories (n = 41) by aggregating
them into 16 countries/regions (hereafter called locations), according
to geographical proximity (Fig. 1). For most of these 16 locations,
genomic surveillance intensified in the beginning of 2021, after the
local emergence of Gamma, Lambda and Mu, and were maintained
throughout 2021 and early 2022, due to the introduction and rapid
spread of Delta and Omicron, in mid 2021 and late/early 2021/2022,
respectively (Supplementary Fig. 1).

Different B.1 descendent lineages (here called “Others”) were
prevalent during 2020 in the LAC region and different variants domi-
nated the epidemic in 2021 (Fig. 2). Gamma successfully disseminated

Fig. 1 | Total number of SARS-CoV-2 genomes per country and proportion of
sequenced COVID-19 cases. a Total number of genomes (top x axis; dots) and
proportion of sequenced COVID-19 cases (bottom x axis; bars). b Latin America
and Caribbean map detailing the sampled countries. Colors are according to the

legend, showing the aggregation of countries/territories into locations. Circle sizes
are according to the number of genomes generated per country/territory. Source
data are provided as a Source data file.
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in LAC region with an increasing number of COVID-19 cases attribu-
table to it in almost all analyzed locations since early 2021. Gamma
dominated the epidemic in the first half of 2021 in Brazil, Bolivia,
Paraguay, Uruguay, the Guianas and the Lesser Antilles. In the first half
of 2021, Lambda dominated the epidemic in Peru,whileMudominated
the epidemic in Colombia. Some countries displayed a co-circulation
of variants Gamma and Lambda (Argentina and Chile), GammaandMu
(Venezuela, Mexico, Central America, and the Greater Antilles), or all
three variants (Ecuador) (Figs. 2 and 3a). Delta was the dominant var-
iant in all countries in the second half of 2021. Except for Venezuela
and the Guianas, inmost South American countries, Delta did not lead
to a resurgence of COVID-19 cases as was observed in Mexico, Central
America, and the Caribbean (Fig. 2). In contrast to Delta, Omicron
introduction and spread in the LAC region translated into a steep
increase in the number of cases in late/early 2021/2022 for all locations
sampled in this study, although for some locations genomic data on
the circulating virus in this period was not available.

Phylogeography of the Gamma, Lambda and Mu variants in
Latin American and Caribbean
To study the patterns of viral migration between countries in LAC
region, we performedBayesianphylogeographic analyses for the three
most important VOC/VOIs that emerged in the region. Genomes
classified as Gamma (P.1 + P.1.*), Lambda (C.37 +C.37.*) or Mu
(B.1.621 + B.1.621.*) and with >29,000 nt and <5% of Ns were selected
(Supplementary Table 1). After removing identical sequences, we
downsampled the dataset proportionally to the attributablenumber of
COVID-19 cases per variant in each location (see “Methods” for details).
This approach resulted in a dataset of 2299 genomes for Gamma, 1903
genomes for Lambda and 2586 genomes for Mu. To reconstruct the
potential pattern of viral spread, we used international air passenger

transportation data to inform the phylogeographic model in an inte-
grated framework. Variation in the total air passenger transportation
among locationswas also integrated in themodel to accommodate the
different pandemic containment strategies implemented in each
country (see “Methods” for details).

Bayesian phylogeography estimated that the ancestral location at
the root of the Gamma, Lambda and Mu phylogenies, were Brazil
(0.99, posterior probability [pp]), Peru (0.99, pp), andColombia (0.68,
pp), respectively, from where these variants disseminated regionally
(Fig. 3a). The dynamics between viral flow (estimated from the phy-
logenies) and the number of COVID-19 cases attributable to each var-
iant is remarkably well synchronized (Fig. 3a). This is clearly observed
in Argentina and Chile, where the number of Gamma and Lambda
cases rises soonafter themost intenseperiodof variant inflow. In these
countries, as the Gamma and Lambda epidemics increase locally, viral
outflow increased aswell. A similar pattern is observed for the variants
Mu in the Greater Antilles and Gamma in Venezuela. The latter country
seems to havemade an early (January and February 2021) contribution
to the spread of Gamma. International spread was inferred to have
occurredmainly between December 2020 andMarch 2021 for Gamma
and Lambda and between April and June 2021 for Mu (Fig. 3a and
Supplementary Fig. 2).

Our analyses support a significant association between air pas-
senger transportation data and among-location viral flow for Gamma
[β = 0.86 (0.60, 1.11, 95%HPD)] and Lambda [β = 1.11 (0.75, 1.48, 95%
HPD)], but less evident for Mu [β = 0.28 [0.07, 0.47, 95%HPD)]. The
most intensive period of Gamma and Lambda international spread
(December 2020 toMarch 2021) coincided with a transient increase in
the number of flights associated with holiday season, particularly in
South America (Fig. 3b). The total viral flow for Gamma and Lambda
between sampled locations significantly decreased after travel

Fig. 2 | Weekly number of COVID-19 cases attributable to the main viral lineages circulating between February 2020 and March 2022 in each studied location.
Source data are provided as a Source data file.
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restrictions (April to June 2021), even though the number of COVID-19
cases attributable to these variants were still high, especially in Brazil
for Gamma variant (Fig. 3a). The air traffic in Venezuela, Mexico,
Central America, and the Caribbean remained relatively limited
between December 2020 and March 2021, and this might have
reduced the chance of exportation of Gamma and Lambda variants to
those locations. On the other hand, the main bulk of Mu variant out-
flow from Colombia (April to June 2021) coincided with the period of

most intense international air travel restrictions inColombia andmany
other countries in South America. This might explain the lower pre-
dictive value of air traffic whenmodeling theMu diffusion process and
land and water-based types of transport might have played an
important role, especially for the spread of Mu to Venezuela/Ecuador
and Central America/Caribbean, respectively.

Besides the main role of the countries where Gamma, Lambda
andMu emerged (i.e., Brazil, Peru, and Colombia, respectively), our

Fig. 3 | SARS-CoV-2 variants and air passenger flow among Latin America and
Caribbean locations. a Ratio of variant specific viral outflow over total viral flow
and number of COVID-19 confirmed cases through time. Left y-axis, number of viral
exportations (outflow) over total viral flow (viral inflow plus viral outflow) per
location. Size of the circles are proportional to the total viral flow in each location.
Right y-axis, weekly number of COVID-19 confirmed cases attributable to variants

Gamma (green), Lambda (red) and Mu (blue). b Monthly number of incoming
flights by studied location. Total number of flights considers only flights between
countries in Latin America and the Caribbean. Since incoming and outgoing flights
are almost symmetrical,we showonly incoming flights. Source data are provided as
a Source data file.
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study unveiled complex migration pattern where many locations
contributed for the regional dissemination (Fig. 4a). The exchange
of viral lineages among locations was higher for Gamma than for
the other variants, and many locations played a role on interna-
tional transmission. Argentina, Colombia, Peru, Venezuela, and
Central America were estimated as secondary locations of Gamma
spread when considering the total number of jumps (Fig. 4b and
Supplementary Fig 2). This is observed at a lesser degree for
Lambda, for which Argentina, Chile, and Colombia were estimated
as locations where secondary routes disseminations were identi-
fied. Meanwhile, Bolivia and the Greater Antilles appeared to be
important secondary routes for Mu (Fig. 4b and Supplementary
Fig 2). Other countries from South America (Guyana, Suriname,
Paraguay, and Uruguay) and the Caribbean (Lesser Antilles) did not
appear to play a relevant role for regional dissemination of Gamma,
Lambda or Mu.

Since not every lineage introduction will necessarily spread suc-
cessfully within a new location, we measured the proportion of des-
cendants by the total number of introductions by each location
(Fig. 4c). This analysis produced a clearer picture of the role of each
location in seeding viral lineages. Besides the expected impact of
Brazil, Peru, and Colombia, other countries were route for viral spread
through the region. Viral outflow from Venezuela was estimated to
contribute to 57% of the Gamma lineages circulating in the Lesser
Antilles and 38% in Ecuador. Around 32% of the Gamma lineages in
Colombia moved from Venezuela or Central America, and 41% of the
Gamma sequences in Chile were estimated to be linked to Argentina.
When reconstructing the Lambda spread, our analysis estimated that
76% of the viruses circulating in Central America are related to
Colombia, 65% and 48% of Lambda in the Lesser Antilles and Mexico,
respectively, are linked toArgentina, and 77% in theGreaterAntilles are
related to Chile. Finally, the spread of 37% and 32% of the Mu lineages

Fig. 4 | Spatio-temporal viral spread of SARS-CoV-2 variants Gamma, Lambda, and Mu. a Time-scaled maximum clade credibility tree with ancestral node locations
inferred by Bayesian Phylogeography. Nodes with posterior probability higher than 0.90 are indicated with a black dot. b Circular migration flow plots for all sampled
locations based on the number of Markov jumps. c Proportion of descendant lineages by total number of introductions from each location. The colors of (a) and (c) are
according to the circular migration flow plots (b). Source data are provided as a Source Data file.
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circulating in Argentina and Brazil, respectively, were estimated to
have moved from Bolivia, and the Greater Antilles was responsible for
24% of the Mu lineages in the Lesser Antilles.

Discussion
Previously limited to highly specialized laboratories, SARS-CoV-2
genomic sequencing had a critical role in the surveillance of viral
lineages during the pandemic. In this sense, COVIGEN played a central
role in strengthening localized genomic surveillance capacity through
access to equipment, critical reagents, and training of laboratory
personnel, or by fostering the use of external sequencing refence
laboratories based in Mexico, Brazil, Chile, Colombia, Costa-Rica,
Panama, Trinidad y Tobago, and USA9. In the first two years of the
pandemic, approximately 43% of all SARS-CoV-2 genomes from the
LAC region were generated in laboratories being supported by PAHO,
showing the importance of international collaboration networking.

With the pandemic emergence, an unprecedented number of
genomeswere generated, demanding the development of new and the
improvement of existingmethods for genetic data analyses, from viral
lineage classification schemes and data storage/sharing
solutions11,20–22, to complex inference of virus evolution and
migration4,23. In the current study, we have used state-of-the-art
methods to investigate the spread of SARS-CoV-2 variants Gamma,
Lambda and Mu in the LAC region. Specifically, to account for the
effect of divergent travel restrictionsmeasures across the territory, we
have implemented a recently developed method that incorporates
variation in mobility over time in the phylogeographic model4. This
allowed us to unveil patterns of viral migration that are related to
epidemic scenarios that follows intense periods of viral inflow. Inter-
estingly, our study revealed the role of Colombia and Venezuela con-
necting SouthAmericawithCentral America andCaribbean. Venezuela
was estimated to have an early role in Gammadissemination,mainly to
the Lesser Antilles, and this might be related to its geographical
proximity to the Brazilian Amazon region, where Gamma has first
emerged15. Colombia was the main origin of Lambda lineages circu-
lating in Central America, which might be related to the dominance of
Lambda in the country’s Pacific region24, and the whole Mu epidemic,
originating from Colombia, was much more effective in spreading
towards the north than to the south. Argentina and Chile were also
observed as important routes of Lambda spreading towards the Car-
ibbean and Mexico, which agreed with previous studies investigating
the Lambda epidemic wave in these two countries25,26. Another iden-
tified pattern that emerged within South America is the preferential
viral migration among neighboring countries located in the western
side (Colombia, Ecuador, and Peru) or the eastern side (Brazil,
Argentina, Paraguay, and Uruguay) of the Andes; while Chile, Bolivia
and Venezuela seem to be strongly connected with both sides.

Although all possible country points of entry considered by the
International Health Regulation, IHR (i.e., international airports, ports,
and ground crossing) might have played a role in the variants’ dis-
persion, in this study air passenger transportation data was estimated
as an important predictor of viral diffusion in the LAC region. In Eur-
ope, Google mobility data (encompassing both air and land-based
transport) was shown to offer a stronger correlation with SARS-CoV-2
spread than international air travel alone4. Although we could not
access Google mobility data for the LAC region, the association
between air travel and virus dispersion is in line with the big territory
and large distances between main cities. It is important to note that
three of the top five air transportation hubs in Latin America (Guar-
ulhos InternationalAirport in Brazil, JorgeChávez International Airport
in Peru, and El Dorado International Airport in Colombia)24 are located
in the countries where Gamma, Lambda and Mu firstly originated.
Further, the air connectivity index27, which measure the degree of
integration of a country into the global air transport network, suggests
that VOCs and VOIs emerging in Brazil, Colombia, Peru, Mexico, or

Panama may have a greater chance of spreading. However, data from
Mexico suggest that travel restrictions are not the only effective con-
trol measure. Mexico, which did not implement strict travel restric-
tions and had a strong genomic surveillance system (with one of
COVIGEN Reference Sequencing Laboratory), was not estimated as
contributing to VOC/VOI disseminations. These findings show that
othermeasures as social distancing anduse ofmaskwere also effective
to control dispersion.

Although the total number of viral transition events between
sampled locations significantly decreased upon imposing travel
restrictions, the virus diffusion across countries was not completely
blocked. This ismainly due to two factors. First, in absenceof complete
travel bans (i.e., zero air traffic), importations still occur, despite at a
lower rate, due to the residual air travel fluxes coupled with the large
case growth in the origin country28–30. Second, short-distances dis-
persal through land and water might have also played an important
role in the spreading of SARS-CoV-2 variants among LAC regions. This
could be particularly relevant for Mu dissemination outside Colombia
during a period of intense international air travel restrictions in the
country. Consistent with this pattern, air passenger transportation
data had a smaller predictive value to reconstruct the spread of Mu.
Previous studies already pointed to the relevanceof land-based human
movements for the spread of SARS-CoV-2 across the Brazilian-Uru-
guayan, Brazilian-Venezuelan, andColombian-Venezuelanborders31–34,
suggesting that short-distance travels by land could also be a sig-
nificant contributor to the spread of SARS-CoV-2. Moreover, maritime
transport across major hub ports in the Caribbean could also be an
alternative route of viral dissemination between northern South
America, Central America, and the Caribbean. The presence of natural
barriers, such as the Darien Gap (a dense forest in the border of
Colombia and Panamá), hinder the land transport between South and
Central America, highlighting the importance of maritime transport.
However, a direct assessment of alternative (besides airplanes) modes
of transportation is challenging due to the lack of detailed data on its
routes. In agreement with the results presented here, a study investi-
gating the initial chikungunya virus spread in the Caribbean islands
found that spatial transmission was better described by geographic
proximity than by air transportation fluxes, which is very likely
explained by the movement of individuals by boat35.

Studies have shown that VOI Mu is less susceptible to antibody
neutralization, from both convalescent and vaccinated sera, when
compared to the VOCs Alpha, Beta, Gamma and Delta36,37. Never-
theless, such high immune evasiveness was not enough to promote a
successful spreadofMuon the LAC region. Several factorsmayexplain
that. First, Gamma and Lambda spread during the holidays and school
summer vacation (mid-December to February) in SouthAmerica,when
family traveling is frequent and the impact of summer travel on SARS-
CoV-2 dissemination was also demonstrated in Europe4,38,39. COVID-19
cases attributable to Mu variant, by contrast, started to increase in
Colombia after summer holidays (March 2021) and during a period of
intense international air travel restrictions. Second,whenMuemerged,
Gamma and Lambda were already established in many countries and
local social distance measures to control the increasing number of
COVID-19 cases might have decreased the probability of Mu to
establish successful community transmission. Third, Mu faced com-
petition from Gamma/Lambda in South American countries and from
Delta in Mexico, Central America, and the Caribbean. Delta variant
transmissibility was estimated as being the highest among the variants
that emerged before it36,40 and this feature might have offered an
advantage to Delta over Mu where they co-circulated, as also sug-
gested by41. Fourth, dissemination ofMumay have been limited by the
“hybrid immunity” generated by the combination of natural infection
and vaccination in LAC region42–44. Indeed, a previous study shows the
loss of correlation between population mobility and Gamma and
Lambda effective reproduction number in countries from South
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American Southern cone sincemiddle 202145. This was associated with
the increasing population hybrid immunity, andwemay speculate that
during the period of most intense international spread of Mu (April-
June 2021), populations from the South America may have already
achieved the conditional herd immunity threshold to contain the dis-
semination of regional SARS-CoV-2 variants, including Mu.

Our study has somecaveats and the results presented here should
be interpreted considering that. Firstly, the uneven sampling between
studied regions may impact the phylogeographic reconstructions,
particularly from Guianas, a potential intermediate region for viral
dissemination between Lesser Antilles and South America. Tomitigate
this bias, we have sub-sampled genomes based on variant attributable
case counts in each location, even though we were limited by the
number of genomes publicly available. Secondly, although we have
focused on the VOC/VOI that emerged in the LAC, the exclusion of
countries from North America and Europe might preclude the identi-
fication of transition events between such countries and the LAC. For
example, USA and Mexico were shown to have a related Gamma epi-
demic, with genomes clustering together, especially for the P.1.17
Gammasublineage46. However, the exclusionof countries fromEurope
and North America probably did not have a great impact on the
inferred spread patterns of Lambda and Mu due to the very low pre-
valence of those variants outside South America. Thirdly, it was not
possible to obtain and analyze data from all the different country
points of entry according to the IHR; nevertheless, the international air
transportation might represent a critical and important source to
estimate international movement patterns.

In summary, our study revealed that SARS-CoV-2 variants Gamma,
Lambda and Mu dissemination in LAC region was facilitated by corri-
dors that had Colombia and Venezuela as possiblemajor staging-posts
between South America, Central America and the Caribbean. The
geographic dispersal of Gamma and Lambda that arose in Brazil and
Peru, respectively, and mostly spread during the holidays and school
summer vacations between December 2020 and February 2021, was
mostly explained by international air passenger transportation. The
variant Mu arose in Colombia and mainly spread between April and
June 2021, after the summer vacations and during a period of intense
international air travel restrictions in Colombia that might explain the
more restricted regional dissemination of this variant and the lower
predictive value of air traffic whenmodeling theMu diffusion process.
These findings help to understand the impact of SARS-CoV-2 variants
in the COVID-19 epidemic dynamics in LAC region and highlight viral
genomic surveillance as a powerful tool not only to rapidly identify
genetic variants with relevant mutations, but also to infer dispersion
patterns that might explain outbreaks and epidemics. In this sense,
PAHO has lunched the Strategy on Regional Genomic Surveillance for
Epidemic and Pandemic Preparedness and Response47, aiming to
strength the genomic surveillance in the Americas to other pathogens,
fostering timely release of the genomic data and the fully integration
to surveillance systems, which will be ultimately useful during imple-
mentation of public health control measures and decision making.

Methods
Strengtheningof genomic surveillance capacity throughCOVID-
19 Genomic Surveillance Regional Network (COVIGEN)
As a collaborative networking among PAHO, national authorities, and
national public health laboratories, COVIGEN was implemented for
strengthening timely SARS-CoV-2 genomic surveillance, facilitating
streamlined logistics, procurement and distribution of sequencing
reagents, in-country and sub-regional trainings in genomic sequencing
and bioinformatics, and for guidance on official notifications through
international health regulations. The heterogenic network was based
on Nanopore and Illumina technologies and was composed by coun-
tries that perform in-house sequencing or external sequencing, held
on reference sequencing laboratories.

SARS-CoV-2 sequencing strategies and ethical aspects
Sequencing was not conducted as part of this study, but the study
instead used sequences previously generated by COVIGEN and other
genomic surveillance initiatives in Latin America and the Caribbean.
The COVIGEN network, selected samples from routine surveillance
based on representativeness and virologic criteria48. According to
national protocols, samples collected in the context of the national
epidemiological surveillance, do not require informed concern if they
are going to be use only to detect and characterize the possible
pathogen involved in an outbreak or the pathogen under surveillance.
The identity of the patients sampled in this context remained anon-
ymous and samples were not used to detect or research for human
biological markers or any other different to the surveillance purposes.
Sequences generated by countries in COVIGEN networkwereobtained
through next-generation sequencing (NGS) methodology, based on
Illumina or Nanopore technologies, implemented in countries refer-
ence laboratories or through external sequencing at one of the
COVIGEN Regional Sequencing Laboratory. Nanopore sequencing was
performed following a previously published protocol49. Illumina
sequencing was performed with the Illumina COVIDseq Test, accord-
ing to manufacturer’s instructions, and clustered with MiSeq Reagent
Kit v2 (500-cycles - MS-102-2003) on 2 × 250 cycles (in-house proto-
cols) or 2 × 150 cycles (MS-103-1002) paired-end runs. All sequencing
data was collected using the IlluminaMiSeq sequencing platforms and
MiSeq Control software v2.6.2.1. Details are provided in ref. 15.
Sequences were made available in a timely manner, into the EpiCov
database in GISAID platform21.

Sequence data and subsampling
Initially, all SARS-CoV-2 genomic metadata from all countries and ter-
ritories in Latin America and the Caribbean (LAC), collected up to 31
March 2022, were retrieved from the EpiCoV database in GISAID
(https://www.gisaid.org/) as accessed on 13 April 2022. Sequences
without a complete collectiondatewere excluded andvariants different
from Alpha (B.1.1.7 +Q.*), Gamma (P.1 + P.1.*), Delta (B.1.617.2 +AY.*),
Lambda (C.37 +C.37.*), Mu (B.1.621 + B.1.621.*) and Omicron
(B.1.1.529 +BA.*) were aggregated as “Others”. To better summarize the
diversity of variants in the LAC region, we reduced the number of
countries/territories (n =41) by aggregating them into 16 countries/
regions (hereafter called locations), according to geographical proxi-
mity. This dataset was used to produce the sampling visualizations and
SARS-CoV-2 variants diversity through time for each sampled location.

From this dataset, we then selected only Gamma, Lambda andMu
entries whose genome sequences had >29,000 nt and <5% of Ns and
those were retrieved from the GISAID complete alignment. To reduce
computational burden and sampling disparities among locations, we
removed duplicated sequences for each location with Seqkit
program50 and sub-sampled each variant dataset proportionally to the
cumulative number of COVID-19 cases attributable toGamma, Lambda
and Mu in each location. An arbitrary number of 1 sequence/10,000
Gamma attributable COVID-19 cases and 1 sequence/1000 Lambda or
Mu attributable COVID-19 cases were selected, with a minimum num-
ber of 100 sequences (or the maximum available when less than that)
per location. To maximize the temporal coverage, sequences were
grouped by epidemiologicalweek and sampled as evenly as possible in
each location. This approach resulted in alignments of 2417 Gamma
genomes, 1992 Lambda genomes and 2618 Mu genomes, which were
visually inspected in AliView51.

Maximum likelihood (ML) phylogenetic trees were inferred in IQ-
TREE v2.1.252 under the general time-reversible (GTR) model of
nucleotide substitutionwith four categories of gamma-distributed rate
variation among sites (G4). To maximize the temporal signal of the
Gamma, Lambda andMu datasets, a regression analysis of the root-to-
tip divergence against tip sampling time of the ML phylogenetic trees
was performed in TempEst53 and outlier sequences that deviate more
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than 1.5 interquartile ranges from the root-to-tip regression line were
excluded. Final datasets contained 2299 genomes for Gamma, 1903
genomes for Lambda, and 2586 genomes for Mu.

Bayesian phylogeography
Time-scaled phylogenetic trees were inferred in BEAST 1.1054 using the
GTR +G4nucleotide substitutionmodel, a strictmolecular clockwith a
fixed rate of 7.5 × 10−4 substitutions/site/year, and the Bayesian skygrid
coalescentmodel to infer effective population size trajectories in grids
encompassing a two-week interval55. We made use of the Hamiltonian
Monte Carlo (HMC) gradient-based sampler to efficiently estimate the
skygridmodel parameters56. Viralmigrationpatternsbetween sampled
locations were modeled by treating discrete location states as an
evolving character and the transition between states was estimated
with a continuous-time Markov chain (CTMC)57. Viral transition rates
between sampled locations were modeled as a log-linear function of
the population mobility among locations58. This is implemented in
BEAST 1.10 as an integrated framework to reconstruct phylogenetic
history, ancestral location states and the contribution of the mobility
data (the β coefficient) as a covariate of the viral transition rates esti-
mated from the genetic data. We used air passenger transportation
data based on the number of origin-destination tickets, obtained from
the International Air Transport Association (http://www.iata.org), as a
predictor for people’s mobility.

Initially, we set-up a time-homogeneousmodelwhere a single viral
transition matrix between locations is estimated, summarizing the
whole variant evolutionary history, and the contribution of the mobi-
lity data is assessed as the sum of all air passengers between each pair
of locations in the analyzed time. This approach does not take into
account the time variability of mobility between locations but can
efficiently be used in an integrated framework to jointly estimate the
phylogenetic trees and viral migration patterns. The BEAGLE library
v.359 was used to increase computational performance and multiple
independentMarkov chainMonteCarlo (MCMC) runswere performed
and later combined to ensure that all continuous parameters had an
effective sample size (ESS) > 200, as visualized in Tracer v1.760.

To accommodate the severe mobility restrictions implemented
during the pandemic, a time-inhomogeneous model was constructed
where we specified arbitrary time intervals over the evolutionary his-
tory (epochs) and applied differentmodel parameters to them61. In the
time-inhomogeneous model we implemented monthly air-passenger
flowmatrices and estimated the contribution of allmatrices as a single
model predictor. To reduce the computational burden associatedwith
the time-inhomogeneousmodel, it was fitted to a set of posterior trees
estimated from the full-time-homogeneousmodel. This eliminated the
necessity of the simultaneous tree estimation and only spatial-
diffusion-related parameters were inferred, reducing the parameter
space and facilitating MCMC sampling.

Posterior summarization and visualization
After removing 10% of burn-in, transitions to (inflow) and from (out-
flow) each sampled location were summarized based on the Markov
jump estimation62. Each location’s total viral flowwas calculated as the
sum of the inflow and outflow. The BEAST tool TreeMarkovJumpHis-
toryAnalyzer (available at: https://github.com/beast-dev/beast-mcmc)
was used to extract location transition history from the posterior tree
distribution and the number of descendants of the same state each
transition resulted. Plots were generated in the “ggplot2” package63.
Maximum clade credibility (MCC) trees were summarized with the
TreeAnnotator, and plotted with “treeio”64 and “ggtree”65 package.
Finally, circular migration plots were generated with the Markov jump
data in the “circlize”66. COVID-19 cases and deaths data in Latin
America and the Caribbean were assembled by PAHO and kindly
provided to this study.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
SARS-CoV-2 genomes used in these analyses were downloaded from
EpiCoV database in GISAID (https://www.gisaid.org/) and are available
at https://gisaid.org under the EPI_SET_230926ex code locator. Pro-
prietary air travel data are commercially available from the Interna-
tional Air Transport Association (https://www.iata.org/) databases and
cannot be publicly shared. Source data are provided with this paper.

Code availability
All BEAST xml files used in this study are available at https://github.
com/viromol/SC2_LAC-region_phylogeography.git (https://zenodo.
org/doi/10.5281/zenodo.10594221).
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