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Abstract

The current outbreak of yellow fever virus (YFV) that is afflicting Brazil since the end of 2016 probably
originated from a re-introduction of YFV from endemic areas into the non-endemic Southeastern
Brazil. However, the lack of genomic sequences from endemic regions hinders the tracking of YFV’s
dissemination routes. We assessed the origin and spread of the ongoing YFV Brazilian outbreak
analyzing a new set of YFV strains infecting humans, non-human primates (NHP) and mosquitoes
sampled across five Brazilian states from endemic and non-endemic regions between 2015 and 2018.
We found two YFV sub-clade 1E lineages circulating in NHP from Goias state (GO), resulting from
independent viral introductions into the Araguaia tributary river basin: while the strain from 2017
clustered intermingled with Venezuelan YFV strains from 2000, the YFV strain sampled in 2015
clustered with sequences of the current YFV outbreak in the Brazilian Southeastern region (named
YF V20152018 lineage), displaying the same molecular signature associated to the current YFV outbreak.
After its introduction in GO at around mid-2014, the YFV20152018 linecage followed two paths of
dissemination outside GO, originating two major YFV sub-lineages: 1) the YFVwmciEsry sub-lineage
spread sequentially from the eastern area of Minas Gerais state to Espirito Santo and then to Rio de
Janeiro states, following the Southeast Atlantic basin; 2) the YFVwmac/sp sub-lineage spread from the
southwestern area of Minas Gerais to the metropolitan region of Sao Paulo state, following the Parana
basin. These results indicate the ongoing YFV outbreak in Southeastern Brazil originated from a
dissemination event from GO almost two years before its recognition at the end of 2016. From GO this
lineage was introduced in Minas Gerais state at least two times, originating two sub-lineages that
followed different routes towards densely populated areas. The spread of YFV outside endemic regions
for at least four years stresses the imperative importance of the continuous monitoring of YFV to aid
decision-making for effective control policies aiming the increase of vaccination coverage to avoid the
YFV transmission in densely populated urban centers.
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1 Introduction

In Brazil, the yellow fever virus (YFV) have been sporadically detected in human and non-
human primates (NHPs) populations from the enzootic/endemic Northern (Amazon) and epidemic
Central-Western regions during the second half of the 20" century (Carrington and Auguste,
2013;Monath and Vasconcelos, 2015). Since the early 2000s, the virus has progressively expanded to
the Southeastern and Southern Brazilian regions and in December 2016 began the largest
epizootic/epidemic of sylvatic YF registered in the country over the last 50 years (Vasconcelos,
2010;Possas et al., 2018a;Possas et al., 2018b). Between December 2016 and June 2018, a total of
2,139 YF human cases were confirmed in all Southeastern Brazilian states of Minas Gerais (n = 997),
Sao Paulo (n = 577), Rio de Janeiro (n = 307) and Espirito Santo (n = 258) with 735 deaths (case-
fatality, 34%). Moreover, in 2019 YFV transmission continues in Sdo Paulo and is emerging in the
north of Parana state from South region of Brazil (Supplementary Figure 1) (Secretaria de Vigilancia
em Saude, 2019).

Sequential YF outbreaks reported in the Southeastern and Southern Brazilian regions in 2000—
2001, 2008-2009 and 2016-2018 were more likely caused by single independent events of re-
introduction of YFV strains from endemic areas (Mir et al., 2017). A recent study speculated that the
YFV strain causing the current outbreak would have been originated in the Brazilian Central-West
region. This conjecture was based on the date of the most recent common ancestor of the 2016-2018
Brazilian YFV, which was estimated in a period (July 2014 to January 2016) when YFV circulation
was reported in the state of Goias (Central-Western region) (Rezende et al., 2018). However, the
precise routes of dissemination of YFV strains from endemic to non-endemic areas observed in Brazil
in the last 15-20 years are difficult to elucidate because of the scarcity of sequences sampled from

endemic regions in that period.

The spatiotemporal dynamics of dissemination of the 2016-2018 Brazilian YFV lineage within
the Southeastern region also remained unclear. The first study considering full-genome YFV sequences
based on samples from Espirito Santo and Rio de Janeiro states from 2017 placed the origin of the
Southeastern outbreak in Espirito Santo in April 2016 (July 2015 to October 2016) and supported a
rapid southward viral dissemination in direction to the great metropolitan area of Rio de Janeiro
(Gomez et al., 2018). A second study also comprising full-genome YFV sequences sampled from
Minas Gerais, Espirito Santo and Rio de Janeiro in 2017 supports that the outbreak arose in Minas
Gerais in July 2016 (March to November 2016) and was then southerly disseminated toward Espirito

Santo and Rio de Janeiro (Faria et al., 2018). A third study, based on partial genome sequences, showed
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that YFV strains isolated in the state of Sdo Paulo in 2016 branched in basal position relatively to those
isolated in Minas Gerais and Espirito Santo at 2017-2018 and traced the origin of current outbreak to
July 2015 (July 2014 to January 2016), thus suggesting that the 2016-2018 YFV Brazilian lineage may
have circulated in Sdo Paulo state before spread to Minas Gerais and Espirito Santo (Rezende et al.,
2018).

Therefore, to define in greater detail the geographic origin and subsequent dissemination routes
of the 2016-2018 Brazilian YFV clade, we generated and analyzed 12 YFV new genomes obtained
from humans, NHPs and mosquitoes, between 2015 and 2018, from all Southeast Brazilian states
(Minas Gerais, Espirito Santo, Rio de Janeiro e Sao Paulo) and from Central-West region (Goiés).
Interestingly, we identified two YFV lineages circulating in Central-West (Goids) during 2015-2017,
one (GO27/2015) displaying the nine unique amino acid signatures characteristic of the 2016-2018
YFV Southeastern outbreak (Bonaldo et al., 2017) and the other (GO05/2017) isolated two year later
that displayed an amino acid pattern typical of older YFV sub-clade 1E strains sampled in Brazil and
Venezuela between 2000 and 2010 (de Souza et al., 2010). Besides, these 12 new YFV complete coding
region sequences (CDS) were combined with previously described YFV CDS from Brazil (n = 67),
Venezuela (n = 5) and Trinidad and Tobago (n = 1) and then subjected to phylogeographic analyses to
get a better picture of the ongoing YFV epidemic in Brazil.

2 Materials and Methods

2.1 YFYV samples

Viral samples from 12 infected hosts from distinct biomes and river basins in the states of Goias
(n =2), Central-Western region, and Rio de Janeiro (n = 2), Minas Gerais (n = 3), Espirito Santo (n =
3) and Sao Paulo (n = 2), Southeastern region of Brazil, were analyzed (Table 1). Serum samples of
human cases, liver samples of NHPs and homogenates of entire bodies of pooled adult female
mosquitoes were collected and processed as previously described (Ferreira-de-Brito et al.,
2016;Bonaldo et al., 2017;Gomez et al., 2018;Abreu et al., 2019). The YFV isolates ABR1005 and
ABR1009 were obtained from the sera of a 64 and 30-year-old male patients, respectively. The
ABR1005 patient was hospitalized four days after onset of symptoms and died due to multiple organ
failure. The ABR1009 patient was hospitalized four days after onset of symptoms, but fully recovered
from the infection. These two subjects were included in a study protocol approved by the institutional

review boards at the Hospital das Clinicas (School of Medicine, University of Sao Paulo) and the
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Infectiology Institute Emilio Ribas (CAAE: 59542216.3.1001.0068). The analysis of human samples
was carried out in accordance with the recommendations of the Ethics Committees for human research
at Instituto Oswaldo Cruz (CAAE 69206217.8.0000.5248), which exempted the need of a specific
written informed consent from patients or their legal representatives. Capture of NHPs and mosquitoes,
as well as management of NHP samples, were carried out in accordance with the Brazilian
environmental authorities (SISBIO-MMA licenses 54707-6 and 52472-2, and INEA licenses
012/2016, 019/2018) and Ethics Committee of Animal use at Instituto Oswaldo Cruz (I0OC) (CEUA
license L037/2016).

2.2 YFV genome detection and Nucleotide Sequencing

The sera from the individuals from Sao Paulo state (ABR1005 and ABR1009) and an NHP
liver homogenate sample from Goias (GO27) were employed to obtain first-passage YFV isolates by
infection of monolayer cell cultures of the C6/36 clone of Aedes albopictus. Viral RNA was obtained
from cell cultures or directly from samples as described elsewhere (Bonaldo et al., 2017). The set of
primers utilized in PCR and sequencing procedures followed a previous report (Gomez et al., 2018).
Nucleotide sequences were determined by capillary electrophoresis at the sequencing facility of
Fiocruz-RJ (RPTO1A — Sequenciamento de DNA — RJ). The sequences were assembled with SeqMan
Pro version 8.1.5 (DNASTAR, Madison, WI, USA). The Molecular Evolutionary Genetics Analysis
(MEGA) 7.0 program (Kumar et al., 2016) was adopted to explore the amino acid differences as well

as to calculate nucleotide and amino acid distances.

2.3 Evolutionary and Phylogeographic analyses

Complete CDS (10,239 nt in length) of the 12 newly generated YFV genomes were combined
with CDS of YFV American sequences available in GenBank (www.ncbi.nlm.nih.gov) according to
the following inclusion criteria: 1) link to a publication, 2) coverage of at least 99% of the viral CDS,
and 3) known date and country of collection. The sequences were aligned with MAFFT (Katoh and
Standley, 2013) and viral phylogenies were reconstructed by maximum likelihood (ML) analysis
implemented in PhyML (Guindon et al., 2010) applying the best substitution model selected by
jModelTest v1.6 (Darriba et al., 2012). The temporal signal of different combinations of sequences
representing the South American genotypes I and II (SA-I+II), the South American genotype I (SA-I),
and the Modern lineage of SA-I (Mir et al., 2017) were examined with TempEst v1.5.1 (Rambaut et
al., 2016). The dataset with the best temporal structure (SA-I) was chosen for the subsequent time tree

reconstructions by Bayesian method (Supplementary Table 1).
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The time scale of the SA-I and 2016-2018 Brazilian YFV datasets were estimated using the
Markov chain Monte Carlo (MCMC) algorithms implemented in the BEAST v1.8.4 package
(Drummond and Rambaut, 2007;Drummond et al., 2012) with BEAGLE (Ayres et al., 2012) to
improve running time. The evolutionary process was estimated using the best-fit nucleotide
substitution model (GTR+I+I'4), a relaxed uncorrelated lognormal molecular clock model (Drummond
et al., 2006) and the non-parametric Bayesian Skyline coalescent tree prior (Drummond et al., 2005).
A CTMC rate reference prior (Ferreira and Suchard, 2008) and a normal prior (mean = 4.5x10*
substitution/site/year, standard deviation = 1.0x10#) in the evolutionary rate were used for the analysis

of the SA-I and 2016-2018 Brazilian YFV datasets, respectively.

The reconstruction of migration events throughout the phylogeny for the 2016-2018 Brazilian
YFV lineage also employed the BEAST package using discrete and continuous models. The discrete
phylogeographic analysis was performed using reversible (symmetric) and nonreversible (asymmetric)
discrete phylogeographic models (Lemey et al., 2009), assigning discrete traits for each sequence
representing the Brazilian state of isolation, except for MG, in which further geographic subdivision
were employed. The spatiotemporal reconstruction in continuous space utilizing the geographic
coordinates (latitude and longitude) of each YFV isolate was estimated with a homogenous Brownian
diffusion (BD) model and the heterogeneous Cauchy, Gamma and Lognormal relaxed random walk
(RRW) models (Lemey et al.,, 2010). Comparisons among the different discrete and continuous
phylogeographic models were performed using the log marginal likelihood estimation (MLE) based
on path sampling (PS) and stepping-stone sampling (SS) methods (Baele et al., 2012). Bayesian
analyses were run for 10® generations and convergence (effective sample size > 200) was inspected
using TRACER v1.7 (Rambaut et al., 2018) after discarding 10% burn-in. The maximum clade
credibility (MCC) trees were summarized using TreeAnnotator v.1.8.4 (Drummond et al., 2012) and

visualized with FigTree v.1.4.4 (http://tree.bio.ed.ac.uk). The viral spatio-temporal diffusion was

analyzed and visualized in SPREAD (Bielejec et al., 2011) and further projected in maps generated
with QGIS software (http://qgis.org) using public access data collected from the Brazilian Institute of
Geography and Statistics (IBGE, 2019) and National Water Agency (ANA, 2019).

3 Results

3.1 Identification of two YFV lineages circulating in the state of Goias during 2015-2017
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Initially, we sequenced the complete genomes of YFV obtained at two Brazilian biomes to infer
the origin and dissemination routes of YFV during the 2016-2018 outbreak in the country. Ten YFV
strains were sampled from human, NHP and mosquitoes in all Southeastern Brazilian states: Minas
Gerais, Espirito Santo, Rio de Janeiro and Sao Paulo, located in the Atlantic Forest biome and where
massive epizootics and human cases occurred. Two other YFV genomes were recovered from NHP
sampled in Goias, a state of the Brazilian Central-Western region whose predominant vegetation is the
Cerrado, a savanna-like biome occupying the territory between the Amazon and Atlantic rain forest of
the Southeast region (Table 1). Both YFV strains from Goias were sampled from sites located in the
Tocantins-Araguaia river basin. The ML and Bayesian phylogenetic analyses placed the newly
generated YFV genomes inside the sub-clade 1E (de Souza et al., 2010) of the Modern lineage of SA-
I (Mir et al.,, 2017), with high support [aLRT/posterior probability (PP) = 1] (Figure 1 and
Supplementary Figure 2). One virus sample from Goids (GO27/2015) infecting a capuchin-monkey
from Novo Brasil on August 2015, clustered in a highly supported (PP = 1) clade (YFV2015-2018) with
all Brazilian YFV sequences from the Southeastern region associated with the current outbreak. By
contrast, the other strain from Goids (GO05/2017) that infected a howler-monkey from Nova Crixas
on April 2017, was intermingled among Venezuelan YFV genomic sequences from the 2000s. The
mean evolutionary rate for the YFV SA-1 was estimated at 4.6x10* substitution/site/year
(Supplementary Table 2), fully consistent with that previously reported (Nunes et al., 2012;Gomez et
al., 2018), while the time of the most recent common ancestor (Tmrca) of the YF V20152018 clade was

estimated on December 2013 [95% Bayesian credible interval (BCI): August 2012 to December 2014].

Analysis of amino acid signatures showed the ubiquitous presence of the nine unique amino
acid substitutions previously described (Bonaldo et al., 2017;Gomez et al., 2018) in almost all new
YFV Brazilian genomes from the Southeastern region and in one sample from Goids (GO27/2015)
(Supplementary Table 3 and Supplementary Figure 3). Distinctly, the other YFV strain from Goias
(GO05/2017), exhibited an amino acid pattern more similar to older YFV sub-clade 1E strains sampled
in Brazil and Venezuela between 2000 and 2010 (Supplementary Table 3 and Supplementary Figure
3). These results clearly support the circulation of at least two YFV sub-clade 1E lineages in the
Cerrado between 2015 and 2017 that probably resulted from independent viral introductions in the
Araguaia tributary basin of the Tocantins-Araguaia primary watershed. Moreover, these results
revealed that the molecular signature previously associated to the 2016-2017 YFV Southeastern

Brazilian strains was already present in a YFV strain isolated in the Cerrado biome in 2015.

3.2 The YFV2o152018 lineage likely arose in Goias in 2014 and was disseminated to the

Southeastern region following two major routes

7
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To determine with more precision the geographic origin and dissemination routes of the
YFVa015-2018 lineage, we first applied discrete Bayesian symmetric and asymmetric phylogeographic
models. The Bayes Factor test showed no significant support in favor of one of the discrete
phylogeographic models (Supplementary Table 4), thus we presented the resulting phylogeographic
reconstruction of the simpler symmetric model (Figure 2). According to this analysis, the YFV2015-2018
lineage likely originated in the state of Goias [posterior state probability (PSP) = 0.44] in June 2014
(95% BCI: January 2013 to June 2015). From there, it followed two paths of dissemination towards
the state of Minas Gerais, originating two major YFV sub-lineages in the Southeastern region here

called YFVwma/Esry and YFVma/sp.

The YFVwmaEsry sub-lineage probably reached initially the eastern region of Minas Gerais
(MG-E, PSP =0.59) on December 2015 (95% BCI: May 2015 to June 2016), from where it most likely
spread to Espirito Santo state (PSP = 0.99) on April 2016 (95% BCI: December 2015 to September
2016) and to the northern area of Minas Gerais (MG-N, PSP = 0.47) on June 2016 (95% BCI: January
2016 to October 2016). From MG-N, the YFV spread to the south of the state of Bahia, in the
Northeastern Brazilian region. From ES, the YFV was introduced in Rio de Janeiro at least four times,
generating two successful intrastate transmission chains that advanced southwards: 1) one chain
followed the northern side of the Serra do Mar along the Paraiba do Sul tributary basin, surpassing the
Rio de Janeiro metropolitan region towards the south (Valenga municipality) and affecting the
southeastern region of Minas Gerais (MG-SE, PSP = 0.65); 2) the other transmission chain spread
through the coastal area South of Serra do Mar, crossing the Rio de Janeiro state metropolitan region

and reaching an island located in the southern region of Rio de Janeiro (Ilha Grande).

The YFVwma/sp sub-lineage most likely spread from Goids into the southwestern area of Minas
Gerais (MG-SW, PSP = 0.99) on April 2016 (95% BCI: October 2015 to September 2016) and then
disseminated from MG-SW to the metropolitan region of the state of Sdo Paulo. Remarkably, four
YFV genomes from MG-E and one from MG-SW displayed differences in the molecular amino acid
signature (D15762E; R2607Q). Nevertheless, the variations were not fixed in 2018 YFV samples as
identified in the position 12176V clustering in YFVwmc/esry, which were collected in Vale do Paraiba
basin in 2017 and 2018, suggesting the maintenance of the YFV polymorphism in this region. Overall,
these results expanded the geographical and temporal edge of the YFV2015.2018 lineage and further
revealed a very low degree of phylogenetic intermixing of YFV2015-2018 strains from different Brazilian

states during viral dissemination in the Southeastern region.
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3.3 The YFVis2018 lineage was disseminated following primary river basins in the

Southeastern region

To get some insight regarding the spatiotemporal dynamics of dissemination of the YFV2o1s-
2018 lineage, we applied different continuous phylogeographical models, assuming homogeneous (BD)
and heterogeneous (RRW) dispersion rates among lineages. The RRW model with Gamma distribution
was strongly supported as the fittest diffusion model (Supplementary Table 5), indicating significant
variation in the diffusion rate among the branches. The phylogeographic continuous model (Figure 3)
changed slightly the epicenter of the YF V20152018 lineage but supports the existence of two main routes
of dissemination within the Brazilian Southeastern region and few viral migrations between different
states, consistent with the discrete phylogeographic reconstruction. This analysis also supports that the

YFV was disseminated following major river basins.

According to the continuous model, the origin of the YFV2015-2018 lineage would be the central
region of Minas Gerais, within the S3o Francisco watershed, from where it would have independently
spread to the west, east and south, reaching the Tocantins-Araguaia basin in the Goias in 2015, the
Southeast Atlantic hydrographic region in Minas Gerais at the beginning of 2016, and the Parana
hydrographic region of that state in the middle of 2016, respectively. From the eastern of Minas Gerais,
the virus moved southward following the Southeast Atlantic watersheds distributed among the states
of Minas Gerais, Espirito Santo, and Rio de Janeiro (an area covered by the Atlantic forest biome) and
northward, returning to the Sao Francisco river basin and south of Bahia. Simultaneously, the YFV
lineage showed southerly dissemination from the southwestern region of Minas Gerais toward the Sao
Paulo state, following the Parana basin. We estimate that YFV lineages moved, on average, 0.8 km/day
(95% BCI: 0.5 to 1.0 km/day).

4 Discussion

The current re-emergence of YFV in the Southeastern Brazilian region resulted in the largest
outbreak of sylvatic YF observed in South America in the last decades. The transmission has been
expanding southward in Brazil reaching sites considered YFV-free areas for 80 years, and therefore
with scanty YFV vaccination coverage. As a result, 38 cases and nine deaths have been reported in
January 2019, around 1,160 km from the first signal of increased incidence of YF in the Southeast

(north-western region of Minas Gerais) in late 2016 (Secretaria de Vigilancia em Saude, 2019).
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Previous studies pointed out that the ongoing YFV outbreak in the Brazilian Southeastern region
resulted from a single introduction event of a YFV Modern lineage strain from an endemic area (Mir
et al., 2017;Faria et al., 2018;Gomez et al., 2018;Rezende et al., 2018). However, the precise route of
viral dissemination was not achieved due to the scarcity of Brazilian YFV sequences sampled from
endemic regions over the last years. Here, the analysis of an NHP YFV sample from Goias (Central-
Western region) in 2015 revealed that it is phylogenetically related with and carry the same amino acid
signature of the YFV strains causing the current outbreak in the Southeastern region. Moreover, the
discrete phylogeographic analysis showed that the YFV causing the current Brazilian outbreak
probably originated in Goids at around mid-2014, a result congruent with epidemiological reports on
human NHP infections (Supplementary Figure 1). Altogether, our data stressed the origin of the current
YFV outbreak in the Central-western region and expanded the estimated Tmrca of the ongoing YFV
outbreak to almost two years before it gained epidemiological visibility in the end of 2016 (Secretaria
de Vigilancia em Satde, 2017). Interestingly, we also identified for the first time, two YFV lineages
circulating in Goias during 2015-2017, one of which followed two independent paths of dissemination
towards Minas Gerais, originating two major YFV sub-lineages in the Southeast region responsible for

the severe ongoing outbreak.

The discrete phylogeographic analysis pointed out that the current YFV Brazilian outbreak
probably originated in Goias, while the continuous phylogeographic model placed the epicenter in the
central region of Minas Gerais state. The paucity of YFV sequences from the Cerrado biome of the
state of Goids probably explained such discordant results. The placement of the root location of the
YFV2015-2018 lineage in Goids is more consistent with the official reports of the Brazilian Ministry of
Health (Secretaria de Vigilancia em Saude, 2015). According to the spatiotemporal epidemiologic
reports of YFV infections in both humans and NHPs in the national surveillance system, after five
years of no records of YFV cases outside the Amazon, 31 NHPs died between May and August 2014
in seven municipalities in the Tocantins state, in the Tocantins-Araguaia basin. The only corpse found
still adequate to diagnosis was positive to YFV (Secretaria de Vigilancia em Saude 2014). The
Tocantins-Araguaia basin drains the territory of Tocantins and the great northern part of the neighbor
state of Goias into de Amazon river, and the gallery forests along its tributaries consist of a large
network of corridors between the Amazon and Cerrado biomes. Thus, soon in early 2015, besides in
Tocantins, YFV infections were detected in Goids, and the virus spilled over from the Tocantins-
Araguaia into the Sao Francisco and Parana basins, with reports scattered in northwestern Minas Gerais

and southern Goias and the Federal District (Brasilia) (Figure 4).

10
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Brazilian Health authorities consider this YFV reemergence as the start of the north-southeast
virus spreading wave that has not stopped yet (Secretaria de Vigilancia em Satude, 2015;2017;2019).
Accordingly, in late 2015 and early 2016, the circulation of YFV was detected in sites of Minas Gerais
and Goias, but still essentially limited to the Cerrado biome in the three above mentioned river basins.
Intriguingly, in late 2016, human cases and epizooties due to YFV were recorded simultaneously and
independently in the northeast Minas Gerais as well as in southeastern Minas Gerais/northern Sao
Paulo, where the virus has then gained the Atlantic forest ecosystem. In fact, the outbreak was officially
recognized only when the epidemiological records rapidly peaked and as that the virus reached the
Southeast Atlantic river basin in Espirito Santo and Rio de Janeiro, as well as continued to spread in
all primary watershed of Sao Paulo and Minas Gerais throughout 2017. One of the causes of this delay
was the introduction of Chikungunya (2014) and Zika (2015) virus in Brazil and the resulting
epidemics, which probably reduced sensitivity of surveillance and interfered with the visibility of the
YFV reemergene. In 2017, scattered records of YFV circulation were also made in the states of Bahia,
Goias, Mato Grosso and even in the Amazon. In early 2018, epidemiological data suggested that
transmission was mostly concentrated in the Southeast Atlantic basin in the states of Rio de Janeiro,
Minas Gerais and Sao Paulo and eastern Parana basin (Figure 4). Then, the place and time of origin for
the current YFV Brazilian outbreak here estimated fully agree with the above mentioned officially
confirmed infections in NHP and humans reported by the Brazilian Ministry of Health (Secretaria de
Vigilancia em Saude, 2015). Indeed, the Novo Brasil municipality in Goids, from where the NHP YFV
sample analyzed here was taken, is located about 100 km from the banks of the Araguaia river. The
earlier detection of YFV in NHP from the Tocantins indicates that the state of Goids probably acted as
a staging post during the dissemination of the YFV2015-2018 lineage from the North (Amazon basin) to
the Southeast Brazilian regions. In this sense, the Tocantins-Araguaia watersheds may have played a
major role in YFV dissemination as it extends from more than 2.500 km following two river axes
(Araguaia and the Tocantins), offering a contiguous connection between the Cerrado (southward,

Goias and Tocantins states) and Amazon (northward, Pard state) biomes (ANA, 2019).

Both discrete and continuous phylogeographic models combined with the epidemiological
records support of the YFVi152018 lineage moved toward densely populated Southeastern urban
regions with low YFV vaccine coverages following major routes along different primary river basins.
The phylogeographic analyses pointed out that the YFVa2oi5.2018 lineage probably arrived in the
Southeast region via the Sao Francisco watershed located in Minas Gerais and then moved to the
Southeast Atlantic watersheds in the east and the Parand hydrographic region in the southwest. The

viral lineage that moved following the Southeast Atlantic watersheds reached the eastern and northern
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areas of Minas Gerais state, as well as the south of Bahia, Espirito Santo and Rio de Janeiro states. The
viral lineage that followed the Parand hydrographic region spread to the Southwest of Minas Gerais
and Sao Paulo states. A previous study proposed that the YFV2015-2018 lineage was introduced in the
southeastern region through Sao Paulo and then moved to other Southeastern states (Rezende et al.,
2018). However, this conclusion is hampered as they used only partial genomes (with a very low
number of nucleotide substitutions supporting the phylogenetic relationships) and did not conduct a
formal phylogeographic analysis. Although Faria et al. (2018) already described that the YFV2015-2018
lineage displayed southward and eastward expansion from its inferred origin in Minas Gerais, our
results consist of the first description of concurrent dispersion of the YFV2015-2018 lineage following

two independent routes that seems to be linked to the main hydrographical basins.

Our phylogeographic analyses also support that the rapid spread of the YFV2015-2018 lineage in
the Southeastern region seems to have resulted from a few successful viral disseminations events
between states. Most YFV transmission in Espirito Santo was probably originated from a single
successfully transmission from Minas Gerais, while most viral transmissions in Rio de Janeiro seems
to have resulted from two independent introductions from Espirito Santo that subsequently spread
along the coastal and northern sides of the Serra do Mar mountain system, as previously described
(Gomez et al., 2018). We found that both transmission chains previously detected in Rio de Janeiro
state continued to expand to beyond the metropolitan region, reaching municipalities close to the border
with the state of Sdo Paulo during 2018. The two YFV 2018 genomes from Sao Paulo analyzed here
are the first described of the current YFV outbreak from that state and were the result of independent
dissemination from southwestern region of Minas Gerais, but more sequences from Sao Paulo are
necessary to understand the epidemic dynamic in this state. It is unclear if most YFV infections in Sao
Paulo resulted from a single or a few founder viral strains that spread from the southwest of Minas
Gerais along the Paranéa hydrographic basin, or if other viral strains may have also been disseminated
from Rio de Janeiro along the Southeast Atlantic watersheds. The recent detection of YFV in NHP
from the coastal area of Parana state in 2019 (Secretaria de Vigilancia em Saude, 2019) indicates
continuous dissemination of YFV into the Southern region probably following the Parana and/or the

Southeast Atlantic hydrographic basins.

We estimated that the YFV2015-2018 lineage moved on average 0.8 km/day and similar results were
obtained when the YFV2015-2018’s outgroup sequence GO27/2015 was removed from the analysis. This
velocity is lower than the estimates described by Faria et al. (2018) and Gomez et al. (2018) that also
analyzed the dispersion of the ongoing YFV outbreak in Brazil and found dispersion rates of 4.2 and

3.4 km/day, respectively. However, those studies analyzed sequences sampled between January-April
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of2017, corresponding to the wet and warmer season, when there is an increase in the density of vectors
(Alencar et al., 2018) facilitating the transmission. The primary vectors in the current outbreak in
Southeast Brazil are the mosquitoes Haemagogus leucocelaenus and Haemagogus janthinomys (Abreu
et al. 2019), which can disperse large distances in short time (Causey et al., 1950). Our conservative
velocity of YFV dispersion fully agrees with the observed distances traveled by mosquitoes, but also
with howler monkeys in Southeastern Brazil (Jung et al., 2015) and also agrees with an epidemiological
model based on dates and place of reported monkey deaths, which estimated YFV displacement speeds
of 2.7 km/day in the warmer months and 0.5 km/day in the coldest months (Fioravanti, 2018). Thus,
the YFV dispersion velocity estimated in this study would correspond to a median value between these

two speeds.

Surprisingly, we found two YFV sub-clade 1E lineages circulating in the Araguaia tributary
basin, indicating at least two independent introductions of YFV in that region probably from the
enzootic/endemic Amazon biome in a narrow time frame. While sample GO27/2015 isolated in 2015
displays the nine unique amino acid signatures characteristic of the 2016-2018 YFV Southeastern
outbreak, sample GO05/2017 isolated two years later at the same watershed exhibited an amino acid
pattern typical of older YFV sub-clade 1E strains sampled in Brazil and Venezuela between 2000 and
2010. According to our analysis, only YFV strains related to the GO27/2015 were able to further
disseminate from Goias towards the Southeast region. We can speculate that the different pattern of
molecular signatures present in the two YFV strains from Goias modulate the spread of each viral
lineage since some of them were located in key viral enzymes (Gomez et al., 2018). Alternatively, the
GO05/2017 lineage may have been introduced from the Amazon into Goias at a later time, and its
dissemination towards the Southeast was hampered due to the reduction or even exhaustion of
susceptible NHP hosts caused by the previous passage of the lineage that originated the YFV2015-2018
clade. Consistent with this last hypothesis, a recent ecological study concludes that dissemination of
YFV in South America is not random, but it is influenced by key geo-environmental factors like
diversity and number of susceptible NHP hosts (Hamrick et al., 2017). Curiously, epidemiological
records showed YFV transmission in several sites in the Amazon in early 2017, including in the

Tocantins-Araguaia basin in Para state (Figure 4)

In summary, we showed that at least two different YFV lineages circulated in the Cerrado biome
(Araguaia tributary basin) in a narrow time frame. One of these lineages further spread out the Cerrado
biome in Goids to the Atlantic forest biome in the Brazilian Southeastern region, originating the current
Brazilian outbreak (YFV2o15-2018 lineage) at around mid-2014. The ongoing YFV outbreak in Brazil

disseminated in the Southeast region following two independent routes that seems to be linked to the
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Parana and Southeast Atlantic hydrographic basins, comprising densely populated regions. The spread
of the YFV outside the Amazon and Cerrado biomes following primary hydrographic watersheds
comprising large metropolis stresses the imperative importance of the continuous monitoring of YFV
coupled with in depth phylogeographic analysis to aid decision-making Health authorities for effective
prophylactic and control policies aiming the increase of vaccination coverage to avoid the YFV

transmission in densely populated urban centers.

5 Figure legends

Figure 1. Bayesian maximum clade credibility phylogeny of the YFV South American genotype
I. Only posterior probabilities (PP) of key nodes are denoted. The external node color indicates sample
location (geographic region or country) accordingly to the legend. The samples obtained from NHP
from Goias state are indicated by arrows. The clade comprising the GO217/2015 sample and all YFV
genomes from the ongoing outbreak (YFV2015-2018) 1s highlighted by a red box, and inner clades were
collapsed for clarity. The node representing the most recent common ancestor of YFV2015.2018 lineage
is indicated by a red circle along with its temporal origin estimate. All horizontal branch lengths are
drawn to a scale of years. Sequences names are coded as accession number/date of collection/host (H
— human, V — mosquito vector, M — NHP.

Figure 2. Time-scaled maximum clade credibility phylogeny of the YFV30152018 lineage. The
branches’ colors represent the most probable location of their descendent nodes as indicated in the
legend. The posterior (PP) and posterior state (PSP) probabilities are denoted above and below key
branches, respectively. The time for the most common ancestor of lineage YFV2015-2015 1s indicated at
the basal node (red circle) with the 95% HPD in parenthesis. Tips names were codified as accession
number/date/region/host. The tips corresponding to the samples sequenced in this study are indicated
by arrows. All horizontal branch lengths are drawn to a scale of years. BA, Bahia; ES, Espirito Santo;
GO, Goias; MG-E, Eastern Minas Gerais; MG-N, Northern Minas Gerais; MG-SE, Southeastern Minas
Gerais; MG-SW, Southwest Minas Gerais; RJ, Rio de Janeiro; SP, Sdo Paulo.

Figure 3. Reconstructed spatiotemporal diffusion of the YFV215-2018 lineage. Phylogeny branches
were arranged in space according the internal nodes locations inferred by the continuous
phylogeographic model. Branches were colored according to time as indicated by the legend. The dark
gray lines represent the Brazilian states boundaries while the colored areas the different primary river
basins, as indicated. Brazilian states: DF, Distrito Federal; ES, Espirito Santo; GO, Goiéds; MG, Minas
Gerais; RJ, Rio de Janeiro; SP, Sdo Paulo.

Figure 4. Municipalities reporting YFV in Brazil from late 2014 to late 2018 according to
epidemiological data. Colors distinguish the semester when the first confirmed human and/or non-
human YFV infection was recorded in such a municipality in a half-yearly basis during the period.
Brazilian states: AC, Acre; AL, Alagoas; AP, Amapa; AM, Amazonas; BA, Bahia; CE, Ceara; DF,
Distrito Federal; ES, Espirito Santo; GO, Goids; MA, Maranhdo; MT, Mato Grosso; MS, Mato Grosso
do Sul; MG, Minas Gerais; PA, Para; PB, Paraiba; PR, Parana; PE, Pernambuco; PI, Piaui; RJ, Rio de
Janeiro; RN, Rio Grande do Norte; RS, Rio Grande do Sul; RO, Rondonia; RR, Roraima; SC, Santa
Catarina; SP, Sao Paulo; SE, Sergipe; TO, Tocantins.
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6 Tables
Table 1: YFV samples from Brazil sampled in 2015, 2017 and 2018.
Primary river . Genbank
StaF N Biome basin Locality Geogrgphlc Date (.)f Sample ID Host Accession
(Region) . . coordinate collection
(Tributary basin) number
Tocantins- OMA > 1 A9 . g
Araguaia Novo Brasil | J802712°S 1 17:080015 | GO27 Sapajus libidinosus MK333804
., . 50°43°24”W (capuchin-monkey)
Goias (Araguaia)
Cerrado .
(CW) Tocantins- 13°40°39”’S Alouatta caraya
Araguaia Nova Crixas 50°44° 55" W 20/04/2017 GOO05 howl K MK333803
(Araguaia) (howler-monkey)
Belmiro 22°00°56”'S Haemagogus. leucocelaenus
Southonst Braga 4392°19"W 18/01/2018 | MG3121 (3 mosquitoes) MK333807
Minas Gerais Inland Atlantic Atlantic Belmiro 22O 04’ 50” S 29/01/2018 MG3155 Haemagogus ]qnlhlnomys MK333808
(SE) Forest , Braga 43°33°33"W (5 mosquitoes)
(Paraiba do Sul) 21°45°14°S )77 anthi 3
Juiz de Fora o1 0m gy 27/01/2018 | JF2793 ACMAEOLUS JANIATROMYS MK333806
43°19°42”W mosquitoes)
Domingos 20°16'52"S Alouatta clamitans (howler-
Southeast Martins 40°49'39"W 20/02/2017 ES03 monkey) MK333800
Espirito Santo Coastal Atlantic Santa 20°05'12"S Haemagogus. leucocelaenus
(SE) Atlantic Forest (Itapemirim Leopoldina 40°31'07"W 05/04/2017 ES2750 (1 mosquito) MK333802
conjugated) Santa 20°04'51"S Haemagogus janthinomys
Leopoldina 40°35'48"W 05/04/2017 ES2682 (2 mosquitoes) MK333801
Inland Atlantic Southeast 22°1026"S Haemagogus janthinomys
. . Atlantic Valenga o A1 et 19/01/2018 VL2926 . MK333809
Rio de Janeiro Forest Paraiba do Sul 43°43"25"W (1 mosquito)
(SE) T E— 23°1101"S Sabethes chloropt.
oasta °1r'or” abethes chloropterus
Atlantic Forest Sea Island Ilha Grande 44°11'56"W 07/02/2018 1G3036 (1 mosquito) MK333805
Inland Atlantic Parana Metropolitan 23°23'S .
S Paulo Forest (Tietd) Sio Paulo 46°34'W 08/01/2018 | ABR1005 Homo sapiens MK333798
(SE) Inland Atlantic Parana Metropolitan 23°23'S .
Forest (Tieté) Sio Paulo 46°34'W 08/01/2018 | ABR1009 Homo sapiens MK333799

CW: Central-West region; SE: Southeast region




455

456
457

458

459
460
461
462
463
464
465
466
467
468
469
470
471
472

473

474
475
476
477
478
479
480
481
482
483
484
485

486

487

Running Title: Distinct YFV lineages co-circulated in Brazil

7 Conflict of Interest

The authors declare that the research was conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict of interest.
8 Author Contributions

Conceived the study: ED, GB, MCB, RLO

Carried out the collection of biological specimens: FVSA, MSASN

Provided samples: EGK

Identification of mosquito species: IB, MSASN

Carried out viral RNA extraction from the biological specimens and the diagnosis by RT-PCR: AFB,
FVSA, IB, LFFS, MGC, RMM

Inoculation of biological specimens in cell culture: LFFS, LMSR

Performed rapid viral RNA extraction and genome sequencing: AACS, IPR, MMG
Analyzed the genome sequences: AACS, MCB, MMG, NDF

Performed phylogenetic/phylogeographic analysis: ED, GB

Prepared figures, tables and/or supplementary material: ED, GB, MCB, MMG, NDF, RLO
Prepared the manuscript: ED, FVSA, GB, IPR, MCB, MMG, RLO, EGK, ACPV
Gathered, systematized and illustrated epidemiological records: APR, DGR, FVSA

All authors critically read and approved the final version of the manuscript.

9 Funding

ED was financed by a Postdoctoral fellowship from the “Programa Nacional de Po6s-Doutorado
(PNPD)” by the Coordenacgdo de Aperfeigoamento de Pessoal de Nivel Superior — Brazil (CAPES) —
Finance Code 001. MMG and IPR received a Postdoctoral fellowship from the Coordenacdo de
Aperfeicoamento de Pessoal de Nivel Superior - Brasil (CAPES) - Finance Code 001. RLO is funded
by grants from Conselho Nacional Desenvolvimento Cientifico e Tecnolégico (CNPq) (Grants no.
309577/2013-6 and 312446/2018-7), Fundagdo Carlos Chagas Filho de Amparo a Pesquisa do Estado
do Rio de Janeiro (Grant E-26/203.064/2016), Institut Pasteur, Transversal Research Program (PTR
Grant no. 528) and Coordenagdo de Aperfeicoamento de Pessoal de Nivel Superior (Grant no.
COFECUB 799-14, AUXPE 1731/2014). MCB is a recipient of CNPq fellowship for Productivity in
Technological Development and Innovative Extension (grant 309471/2016-8) and is funded by grants
from Preventing and Combating the Zika Virus, MCTIC/FNDCT -CNPq/MEC-CAPES/MS-Decit.
(Grants. 426767/2018-7 and 88881.130684/2016-01) and INOV A-Fiocruz (Grant VPPIS-004-FIO18).

10 Acknowledgments



488
489
490
491
492
493
494
495
496
497
498
499
500

501

502

503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525

Delatorre et al., 2019 - Distinct YFV lineages co-circulated in Brazil

To Vinicius Lemes da Silva, Myriam A. F Campos, Angélica Bastos, Yulla Fernandes, Marcelo
Santalucia (Secretaria de Saude de Goias), Romario Gabriel Aquino (Environmental Surveillance,
Secretaria Municipal de Saude de Angra dos Reis), Rodrigo F. C. Said (Secretria de Saude de Minas
Gerais), Claudia Aarestrup, Livia Passarela, Adalberto Mitterofhe, Milton F. Castro, Adilson C. Lima
(Secretarias Municipais de Satde de Juiz de Fora e Belmiro Braga), Omar Figueiredo Neto
(Environmental Surveillance, Secretaria Municipal de Saude de Valenga), Marilza L. Lange, Luciano
L. Salles, Nucleo de Entomologia e Malacologia do Espirito Santo (NEMES), Tercius Barrada (Parque
Estadual da Ilha Grande), Gilsa Aparecida P. Rodrigues (Secretaria de Satde do Estado do Espirito
Santo), Gilton Luiz Almada (Centro de Informacao Estratégica de Vigilancia em Saude-ES), Mario
Sérgio Ribeiro e Patricia Menegueti (Secretaria de Saude do Estado do Rio de Janeiro), Prefeitura de
Macaé, Centro de Estudos Ambientais ¢ Desenvolvimento Sustentavel (CEADS/UERJ), Marcelo
Celestino dos Santos, Mauro M. Muniz, Marcelo Q. Gomes, Teresa F. Silva-do-Nascimento for the

help in obtaining the viral samples and support in the field work.

11  References

Abreu, F.V.S.D., Ribeiro, I.P., Ferreira-De-Brito, A., Santos, A.a.C.D., Miranda, R.M.D., Bonelly,
I.D.S., Neves, M.S.a.S., Bersot, M.1., Santos, T.P.D., Gomes, M.Q., Silva, J.L.D., Romano,
A.P.M., Carvalho, R.G., Said, R.F.D.C., Ribeiro, M.S., Laperric¢re, R.D.C., Fonseca, E.O.L.,
Falqueto, A., Paupy, C., Failloux, A.-B., Moutailler, S., Castro, M.G.D., Gomez, M.M., Motta,
M.D.A., Bonaldo, M.C., and Lourencgo-De-Oliveira, R. (2019). Haemagogus leucocelaenus and
Haemagogus janthinomys are the primary vectors in the major yellow fever outbreak in Brazil,
2016-2018. Emerging Microbes & Infections 8, 218-231.

Alencar, J., Mello, C.F.D., Morone, F., Albuquerque, H.G., Serra-Freire, N.M., Gleiser, R.M., Silva,
S.O.F., and Guimardes, A.E. (2018). Distribution of Haemagogus and Sabethes Species in
Relation to Forest Cover and Climatic Factors in the Chapada Dos Guimaraes National Park,
State of Mato Grosso, Brazil. 34, 85-92.

ANA, Agéncia Nacional de Aguas (2019). Divisées hidrogrdficas do Brasil [Online]. Available from:
http://www3.ana.gov.br/portal/ ANA/aguas-no-brasil/panorama-das-aguas/copy_of divisoes-
hidrograficas [Accessed 2019/01/31].

Ayres, D.L., Darling, A., Zwickl, D.J., Beerli, P., Holder, M.T., Lewis, P.O., Huelsenbeck, J.P.,
Ronquist, F., Swofford, D.L., Cummings, M.P., Rambaut, A., and Suchard, M.A. (2012).
BEAGLE: an application programming interface and high-performance computing library for
statistical phylogenetics. Syst Biol 61, 170-173.

Bacele, G., Lemey, P., Bedford, T., Rambaut, A., Suchard, M.A., and Alekseyenko, A.V. (2012).
Improving the accuracy of demographic and molecular clock model comparison while
accommodating phylogenetic uncertainty. Mol Biol Evol 29, 2157-2167.

Bielejec, F., Rambaut, A., Suchard, M.A., and Lemey, P. (2011). SPREAD: spatial phylogenetic
reconstruction of evolutionary dynamics. Bioinformatics 27, 2910-2912.

17



526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576

Delatorre et al., 2019 - Distinct YFV lineages co-circulated in Brazil

Bonaldo, M.C., Gomez, M.M., Dos Santos, A.A., Abreu, F.V.S., Ferreira-De-Brito, A., Miranda, R. M.,
Castro, M.G., and Lourenco-De-Oliveira, R. (2017). Genome analysis of yellow fever virus of
the ongoing outbreak in Brazil reveals polymorphisms. Mem Inst Oswaldo Cruz 112, 447-451.

Carrington, C.V., and Auguste, A.J. (2013). Evolutionary and ecological factors underlying the tempo
and distribution of yellow fever virus activity. Infect Genet Evol 13, 198-210.

Causey, O.R., Kumm, H.W., and Laemmert, H-W., Jr. (1950). Dispersion of forest mosquitoes in
Brazil; further studies. Am J Trop Med Hyg 30, 301-312.

Darriba, D., Taboada, G.L., Doallo, R., and Posada, D. (2012). jModelTest 2: more models, new
heuristics and parallel computing. Nature Methods 9, 772.

De Souza, R.P., Foster, P.G., Sallum, M.A., Coimbra, T.L., Maeda, A.Y ., Silveira, V.R., Moreno, E.S.,
Da Silva, F.G., Rocco, I.M., Ferreira, 1.B., Suzuki, A., Oshiro, F.M., Petrella, S.M., Pereira,
L.E., Katz, G., Tengan, C.H., Siciliano, M.M., and Dos Santos, C.L. (2010). Detection of a new
yellow fever virus lineage within the South American genotype I in Brazil. J Med Virol 82,
175-185.

Drummond, A.J., Ho, S.Y., Phillips, M.J., and Rambaut, A. (2006). Relaxed phylogenetics and dating
with confidence. PLoS Biol 4, ¢88.

Drummond, A.J., and Rambaut, A. (2007). BEAST: Bayesian evolutionary analysis by sampling trees.
BMC Evol Biol 7,214.

Drummond, A.J., Rambaut, A., Shapiro, B., and Pybus, O.G. (2005). Bayesian coalescent inference of
past population dynamics from molecular sequences. Mol Biol Evol 22, 1185-1192.

Drummond, A.J., Suchard, M.A., Xie, D., and Rambaut, A. (2012). Bayesian phylogenetics with
BEAUti and the BEAST 1.7. Mol Biol Evol 29, 1969-1973.

Faria, N.R., Kraemer, M.U.G., Hill, S.C., Goes De Jesus, J., Aguiar, R.S., lani, F.C.M., Xavier, J.,
Quick, J., Du Plessis, L., Dellicour, S., Theze, J., Carvalho, R.D.O., Bacle, G., Wu, C.H.,
Silveira, P.P., Arruda, M.B., Pereira, M. A., Pereira, G.C., Lourenco, J., Obolski, U., Abade, L.,
Vasylyeva, T.I., Giovanetti, M., Yi, D., Weiss, D.J., Wint, G.R.W., Shearer, F.M., Funk, S.,
Nikolay, B., Fonseca, V., Adelino, T.E.R., Oliveira, M.a.A., Silva, M.V.F., Sacchetto, L.,
Figueiredo, P.O., Rezende, I.M., Mello, E.M., Said, R.F.C., Santos, D.A., Ferraz, M.L., Brito,
M.G., Santana, L.F., Menezes, M.T., Brindeiro, R.M., Tanuri, A., Dos Santos, F.C.P., Cunha,
M.S., Nogueira, J.S., Rocco, .M., Da Costa, A.C., Komninakis, S.C.V., Azevedo, V., Chieppe,
A.O., Araujo, E.S.M., Mendonca, M.C.L., Dos Santos, C.C., Dos Santos, C.D., Mares-Guia,
A.M., Nogueira, R.M.R., Sequeira, P.C., Abreu, R.G., Garcia, M.H.O., Abreu, A.L., Okumoto,
0., Kroon, E.G., De Albuquerque, C.F.C., Lewandowski, K., Pullan, S.T., Carroll, M., De
Oliveira, T., Sabino, E.C., Souza, R.P., Suchard, M.A., Lemey, P., Trindade, G.S., Drumond,
B.P., Filippis, A.M.B., Loman, N.J., Cauchemez, S., Alcantara, L.C.J., and Pybus, O.G. (2018).
Genomic and epidemiological monitoring of yellow fever virus transmission potential. Science
361, 894-899.

Ferreira, M.a.R., and Suchard, M.A. (2008). Bayesian analysis of elapsed times in continuous-time
Markov chains. 36, 355-368.

Ferreira-De-Brito, A., Ribeiro, I.P., Miranda, R.M., Fernandes, R.S., Campos, S.S., Silva, K.A., Castro,
M.G., Bonaldo, M.C., Brasil, P., and Lourenco-De-Oliveira, R. (2016). First detection of
natural infection of Aedes aegypti with Zika virus in Brazil and throughout South America.
Mem Inst Oswaldo Cruz 111, 655-658.

Fioravanti, C. (2018). O alarme dos  macacos [Online].  Available from:
http://revistapesquisa.fapesp.br/2018/01/11/0-alarme-dos-macacos/ [Accessed 31/02/2019].

Gomez, M.M., Abreu, F.V.S., Santos, A., Mello, I.S., Santos, M.P., Ribeiro, I.P., Ferreira-De-Brito,
A., Miranda, R.M., Castro, M.G., Ribeiro, M.S., Laterriere Junior, R.D.C., Aguiar, S.F., Meira,
G.L.S., Antunes, D., Torres, P.H.M., Mir, D., Vicente, A.C.P., Guimaraes, A.C.R., Caffarena,
E.R., Bello, G., Lourenco-De-Oliveira, R., and Bonaldo, M.C. (2018). Genomic and structural
features of the yellow fever virus from the 2016-2017 Brazilian outbreak. J Gen Virol 99, 536-
548.

18



577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627

Delatorre et al., 2019 - Distinct YFV lineages co-circulated in Brazil

Guindon, S., Dufayard, J.F., Lefort, V., Anisimova, M., Hordijk, W., and Gascuel, O. (2010). New
algorithms and methods to estimate maximum-likelthood phylogenies: assessing the
performance of PhyML 3.0. Syst Biol 59, 307-321.

Hamrick, P.N., Aldighieri, S., Machado, G., Leonel, D.G., Vilca, L.M., Uriona, S., and Schneider,
M.C. (2017). Geographic patterns and environmental factors associated with human yellow
fever presence in the Americas. PLoS Negl Trop Dis 11, €0005897.

IBGE, Instituto Brasileiro de Geografia e Estatistica (2019). Portal de mapas [Online]. Available from:
https://mapas.ibge.gov.br/ [Accessed 2019/01/31].

Jung, L., Mourthe, I., Grelle, C.E., Strier, K.B., and Boubli, J.P. (2015). Effects of Local Habitat
Variation on the Behavioral Ecology of Two Sympatric Groups of Brown Howler Monkey
(Alouatta clamitans). PLoS One 10, €0129789.

Katoh, K., and Standley, D.M. (2013). MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol Biol Evol 30, 772-780.

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: Molecular Evolutionary Genetics Analysis
Version 7.0 for Bigger Datasets. Mol Biol Evol 33, 1870-1874.

Lemey, P., Rambaut, A., Drummond, A.J., and Suchard, M.A. (2009). Bayesian phylogeography finds
its roots. PLoS Comput Biol 5, €1000520.

Lemey, P., Rambaut, A., Welch, J.J., and Suchard, M.A. (2010). Phylogeography takes a relaxed
random walk in continuous space and time. Mol Biol Evol 27, 1877-1885.

Mir, D., Delatorre, E., Bonaldo, M., Lourenco-De-Oliveira, R., Vicente, A.C., and Bello, G. (2017).
Phylodynamics of Yellow Fever Virus in the Americas: new insights into the origin of the 2017
Brazilian outbreak. Sci Rep 7, 7385.

Monath, T.P., and Vasconcelos, P.F. (2015). Yellow fever. J Clin Virol 64, 160-173.

Nunes, M.R., Palacios, G., Cardoso, J.F., Martins, L.C., Sousa, E.C., Jr., De Lima, C.P., Medeiros,
D.B., Savji, N., Desai, A., Rodrigues, S.G., Carvalho, V.L., Lipkin, W.I., and Vasconcelos, P.F.
(2012). Genomic and phylogenetic characterization of Brazilian yellow fever virus strains. J
Virol 86, 13263-13271.

Possas, C., Lourenco-De-Oliveira, R., Tauil, P.L., Pinheiro, F.P., Pissinatti, A., Cunha, R.V.D., Freire,
M., Martins, R.M., and Homma, A. (2018a). Yellow fever outbreak in Brazil: the puzzle of
rapid viral spread and challenges for immunisation. Mem Inst Oswaldo Cruz 113, e180278.

Possas, C., Martins, R.M., Oliveira, R.L., and Homma, A. (2018b). Urgent call for action: avoiding
spread and re-urbanisation of yellow fever in Brazil. Mem Inst Oswaldo Cruz 113, 1-2.

Rambaut, A., Drummond, A.J., Xie, D., Baele, G., and Suchard, M.A. (2018). Posterior Summarization
in Bayesian Phylogenetics Using Tracer 1.7. Syst Biol 67, 901-904.

Rambaut, A., Lam, T.T., Max Carvalho, L., and Pybus, O.G. (2016). Exploring the temporal structure
of heterochronous sequences using TempEst (formerly Path-O-Gen). Virus Evol 2.

Rezende, .M., Sacchetto, L., Munhoz De Mello, E., Alves, P.A., Iani, F.C.M., Adelino, T.E.R., Duarte,
M.M., Cury, A.L.F., Bernardes, A.F.L., Santos, T.A., Pereira, L.S., Dutra, M.R.T., Ramalho,
D.B., De Thoisy, B., Kroon, E.G., Trindade, G.S., and Drumond, B.P. (2018). Persistence of
Yellow fever virus outside the Amazon Basin, causing epidemics in Southeast Brazil, from
2016 to 2018. PLoS Negl Trop Dis 12, e0006538.

Secretaria De Vigilancia Em Satde (2014). "Epizootia em Primatas Nao Humanos — PNH (macacos)
confirmada para Febre Amarela em Taguatinga, Tocantins, Agosto de 2014". (Brazil:
Ministério da Saude). Available from:
http://portalarquivos2.saude.gov.br/images/pdf/2014/outubro/09/Epizootia-PNH-Confirmada-
Febre-Amarela.pdf. In Portuguese.

Secretaria De Vigilancia Em Saude (2015). "Reemergéncia da Febre Amarela Silvestre no Brasil,
2014/2015: situacao epidemioldgica e a importancia da vacinacao preventiva e da vigilancia
intensificada no periodo sazonal". (Brazil: Ministério da Satde). Available from:
http://portalarquivos2.saude.gov.br/images/pdf/2015/outubro/19/2015-032---FA-ok.pdf.  In
Portuguese.

19



628
629
630
631
632
633
634
635
636
637

638

639

640

641
642

Delatorre et al., 2019 - Distinct YFV lineages co-circulated in Brazil

Secretaria De Vigilancia Em Sauade (2017). "Emergéncia epidemiologica de febre amarela no Brasil,
no periodo de dezembro de 2016 a julho de 2017". (Brazil: Ministério da Satude). Available
from: http://portalarquivos2.saude.gov.br/images/pdf/2017/setembro/06/2017 027.pdf. In

Portuguese.
Secretaria De Vigilancia Em Satude (2019). "Monitoramento do Periodo Sazonal da Febre Amarela
Brasil —  2018/2019".  (Brazil:  Ministério da  Saade).  Available  from:

http://portalarquivos2.saude.gov.br/images/pdf/2019/janeiro/28/informe-FA-n.3-21jan19.pdf.
In Portuguese.

Vasconcelos, P.F. (2010). Yellow fever in Brazil: thoughts and hypotheses on the emergence in
previously free areas. Rev Saude Publica 44, 1144-1149.

12 Data Availability Statement

All new YFV genomes generated for this study were submitted to GenBank and their accession
numbers are included in the manuscript. The information of all YFV genomes used in this study is

provided in the Supplementary Table 1.

20



Geographic location

. Brazil Central-West region
. Brazil South region

. Brazil Southeast region
. Trinidad and Tobago

Figure 1

- ES/RJ/MG/BA (2017/2018)

Docember 2013 1< Ma/sp (2017/2018)
(Aug 2012 - Dec 2014) Lgy \k333804/2015-08-17/M <

0.84 KM388818/2006/M

KM388815/2007/M
KM388814/2005/H

r
1940

@ Verezuela KM388816/2010/M
E KM388817/2004/M
. @ MK333803/2017-04-20/M <«
KY861728/2008-02-09/M
(D JF912190/2002/H
0.83] MHO018100/2003-03-15/H
MH018101/2003-08-15/H
JF912188/2000/H
1 . JF912187/2000/H
MG969501/2001-03-07/H
@ JF912189/2001/V
@ HM582851/2009/M
|—O JF912182/1984/H
@ Jrot2i85/1902V
QO JF912180/1981/H
JF912179/1980V
_| ALO JF912184/1987/H
Q.97 @ JF912186/1994/H
—_— 0 JF912183/1984/H
T T T T T T T 1
1950 1960 1970 1980 1990 2000 2010 2020

Y FV201 5-2018



Figure 2

MK333809/2018-01-19/V «
MK333807/2018-01-18/V <«

Geographic locations

@) @ MG-SE
@cs @ vG-sw
@0 @rJ
@VGE @sP

@}

PP=0.64

PP=0.81
P3p=0.94

MF538785/2017-04-21/M
_E MF423377/2017-04-19/M
MF423378/2017-04-19/M
@ MF423373/2017-02-21V
@ MF170975/2017-03-03/H
MK333800/2017-02-20/M <«
MF423374/2017-02-23/V
MF538782/2017-03-16/H
MF538784/2017-02-26/H
MF170977/2017-02-10/H

PP=092
Psp=0. ?'

Psp=0.60

PP=0.87

© MF170968/2017-04-13/H
MF170976/2017-01-25/H

KY885000/2017-02-20/M
KY885001/2017-02-22/M

O MF170978/2017-03-28/H
MF170979/2017-04-06/H
MF170981/2017-04-05/H

MF170970/2017-03-21/H
MK333801/2017-04-05/V <«

MF170972/2017-03-31/H

PP=1.00,

=100 June 2014
PsP=0.44
(January 2013 to June 2015)

o

PSP=0.59

PP=0.57

—

PsP=1.00

© MF170973/2017-04-10/H
I_: MK333802/2017-04-05/V <
MF170974/2017-03-29/H
MF423376/2017-04-13/M
_EMF538783/201 7-03-18/H
MF434851/2017-04-25/H

PP =0.60,

PsP=0.98 4 MK333805/2018-02-07/V <
MF538786/2017-06-05/M
MF423375/2017-04-04/M

© MF170980/2017-03-23/H
MH018096/2017-01-13/M
MH018079/2017-01-28/H
MH018095/2017-01-19/M
MH018076/2017-01-19/H
MHO018083/2017-02-17/M

_EMHO18078/2017—01—18/H
MH018091/2017-01-30/H

PP=0.79

PSP=0.59

MHO018088/2017-01-21/H
MHO018093/2017-01-20/H
MHO018084/2017-02-09/M
MH018089/2017-01-02/H
MH018092/2017-01-27/H
MH018080/2017-01-28/H
MH018090/2017-01-12/H
MH484434/2017-01-22/H
MH484427/2017-01-24/M
O MF465805/2017-01-17/H
O MH484429/2017-02-03/M
O MH018099/2017-03-10/M

PP=0.98
PSP= 0.47O

MHO018064/2017-02-15/M
MHO018067/2017-02-13/M
MHO018066/2017-02-15/M

E MHO018065/2017-02-14/M
MHO018082/2017-02-20/M
MF170971/2017-01-30/M

MH484430/2017-02-09/M

—) \K333804/2015-08-17/M <

MK333798/2018-01-08/H<
MK333799/2018-01-08/H<

MK333806/2018-01-27/V<
MK333808/2018-01-29/V <

YFV

2013

2014

2015

2016

2017 2018

2019

YFV

MG/ES/RJ

MG/SP



Figure 3

GO  {DF]

Primary river
basins

O Araguaia/Tocantins

@ $Séo Francisco

OParana

OEast Atlantic

O Southeast Atlantic

s 4

0 100 200 km July 2014 Feb 2018




Figure 4

D (X X
P oo

"u‘
%
k

Il 20142
I 2015.1
Il 20152
I 2016.1
B 20162
[ 2017.1
B 2017.2
I 2018.1
I 20182

PRIMARY RIVER BASINS

S@o Francisco Parana Oriental Northeast Atlantic South Atlantic
Amazon Occidental Northeast Atlantic Southeast Atlantic Uruguai
Parnaiba Tocantins-Araguaia Paraguai East Atlantic



Supplementary information of “Distinct YFV lineages co-circulated in the Central-

Western and Southeastern Brazilian regions from 2015 to 2018”

Edson Delatorre!*, Filipe Vieira Santos de Abreu?3*, Ieda Pereira Ribeiro*’, Mariela Martinez
Goémez*5, Alexandre Aradjo Cunha dos Santos?, Anielly Ferreira-de-Brito?, Maycon Sebastifio
Alberto Santos Neves?, Iule Bonelly?, Rafaella Moraes de Miranda?, Nathalia Dias Furtado*, Lidiane
Menezes Souza Raphael’, Lucileis de Fatima Fernandes da Silva®, Marcia Gongalves de Castro?,
Daniel Gaskauskas Ramos’, Alessandro Pecégo Martins Romano’, Esper Georges Kallis®, Ana
Carolina Paulo Vicente!, Gonzalo Bello®S, Ricardo Lourenco-de-Oliveira’, Myrna Cristina
Bonaldo*

! Laboratério de Genética Molecular de Microorganismos, Instituto Oswaldo Cruz, Fundagdo Oswaldo
Cruz, Rio de Janeiro, Brazil

2 Laboratério de Mosquitos Transmissores de Hematozoarios, Instituto Oswaldo Cruz, Fundagdo Oswaldo
Cruz, Rio de Janeiro, Brazil

3 Instituto Federal do Norte de Minas Gerais, Salinas, MG, Brazil

4 Laboratério de Biologia Molecular de Flavivirus, Instituto Oswaldo Cruz, Fundagdo Oswaldo Cruz, Rio
de Janeiro, Brazil

> Division Biologia Molecular y Genética, Departamento de Biologia Molecular, Instituto de
Investigaciones Biologicas Clemente Estable, Montevideo, Uruguay

6 Laboratério Central de Saude Publica Dr. Giovanni Cysneiros, Secretaria de Saude de Goids, Brazil

7 Coordenag¢do Geral de Vigilancia das Doengas Transmissiveis, Departamento de Vigilancia das Doengas
Transmissiveis, Secretaria de Vigilancia em Satude, Ministério da Saude, Brasilia, DF, Brazil,

8 Departamento de Moléstias Infecciosas, Hospital das Clinicas HCFMUSP, Faculdade de Medicina,
Universidade de Sdo Paulo, Brazil.

9 Laboratério de AIDS e Imunologia Molecular, Instituto Oswaldo Cruz, Fundag¢do Oswaldo Cruz, Rio de
Janeiro, Brazil

Correspondence to:
Edson Delatorre
edsonod@ioc.fiocruz.br/delatorre.ioc@gmail.com



Supplementary Table 1. Information about all YFV complete genomes used in this
study.

ic:lensls)ie(;n Country State Coggizion Host Analysis* Lat Long
MHO018099 Brazil Bahia 2017-03-10 Monkey ML/B/P 150378010 | 41.9346810
MF170972 Brazil Espirito Santo 2017-03-31 Human ML/B/P 202632020 | 404165490
MF170974 Brazil Espirito Santo 2017-03-29 Human ML/B/P 202632020 | 404165490
MF170978 Brazil Espirito Santo 2017-03-28 Human ML/B/P 200252960 | 407439310
MF170976 Brazil Espirito Santo 2017-01-25 Human ML/B/P 202261658 | 41,6886832
MF170980 Brazil Espirito Santo 2017-03-23 Human ML/B/P 206356507 | 40.7484424
MF423374 Brazil Espirito Santo 2017-02-23 | Mosquito ML/B/P 202855556 | 40.8375000
KY885001 Brazil Espirito Santo 2017-02-22 Monkey ML/B/P 202855556 | 40.8375000
MF170970 Brazil Espirito Santo 2017-03-21 Human ML/B/P 203646483 | 40.6585797
MF423373 Brazil Espirito Santo 2017-02-21 Mosquito ML/B/P 202855556 | 40.8375000
KY885000 Brazil Espirito Santo 2017-02-20 Monkey ML/B/P 202855556 | 40.8375000
MF170968 Brazil Espirito Santo 2017-04-13 Human ML/B/P 204124966 | 40,6749858
MF170973 Brazil Espirito Santo 2017-04-10 Human ML/B/P 203646483 | 40.6585797
MF170977 Brazil Espirito Santo 2017-02-10 Human ML/B/P 203601311 | 412470343
MF170979 Brazil Espirito Santo 2017-04-06 Human ML/B/P 200252960 | 407439310
MF170981 Brazil Espirito Santo 2017-04-05 Human ML/B/P 200087046 | 405269434
MF170975 Brazil Espirito Santo 2017-03-03 Human ML/B/P 201475033 | 412868561
JF912179 Brazil Goias 1980 Mosquito ML/B - -
JF912187 Brazil Goias 2000 Human ML/B - -
JF912188 Brazil Goias 2000 Human ML/B - -
JF912185 | Brazil M"‘a‘;g{l‘fs" 1992 Mosquito ML/B ; ;
MHO018101 Brazil Minas Gerais 2003-08-15 Human ML/B - -
MHO018100 Brazil Minas Gerais 2003-03-15 Human ML/B - -
MF170971 Brazil Minas Gerais 2017-01-30 Monkey ML/B/P 202452770 | 463658330
MHO018091 Brazil Minas Gerais 2017-01-30 Human ML/B/P 174328950 | 41.9989720
MHO018079 Brazil Minas Gerais 2017-01-28 Human ML/B/P 180340920 | 41,6833370
MHO018080 Brazil Minas Gerais 2017-01-28 Human ML/B/P 175981970 | 41.8004410
MHO018092 Brazil Minas Gerais 2017-01-27 Human ML/B/P 180340920 | 41,6833370
MH484427 Brazil Minas Gerais 2017-01-24 Monkey ML/B/P 180779540 | 43.2478260
JF912186 Brazil Minas Gerais 1994 Human ML/B

MH484434 Brazil Minas Gerais 2017-01-22 Human ML/B/P 18.4968390 | 42.7979660
MHO018088 Brazil Minas Gerais 2017-01-21 Human ML/B/P 17.8600090 | 41.5091040
MHO018082 Brazil Minas Gerais 2017-02-20 Monkey ML/B/P 203589040 | 472356990
MHO018093 Brazil Minas Gerais 2017-01-20 Human ML/B/P 19.9748220 | 42.1375090
MHO018076 Brazil Minas Gerais 2017-01-19 Human ML/B/P 176095930 | 42.1344660
MHO018095 Brazil Minas Gerais 2017-01-19 Monkey ML/B/P 186658770 | 43.0816280
MHO018078 Brazil Minas Gerais 2017-01-18 Human ML/B/P 174328950 | 41.9989720
MHO018083 Brazil Minas Gerais 2017-02-17 Monkey ML/B/P 203001340 | 424747050




MF465805

Brazil

Minas Gerais

2017-01-17

Human

ML/B/P

15,4878000

44,3619000

MHO018064 Brazil Minas Gerais 2017-02-15 Monkey ML/B/P 22.0195820 | 46.2609600
MHO018066 Brazil Minas Gerais 2017-02-15 Monkey ML/B/P 222668370 | 463755990
MHO018065 Brazil Minas Gerais 2017-02-14 Monkey ML/B/P 203223950 | 467865520
MHO018067 Brazil Minas Gerais 2017-02-13 Monkey ML/B/P 218710940 | 464008720
MHO018096 Brazil Minas Gerais 2017-01-13 Monkey ML/B/P 182213480 | 42.4985130
MHO018090 Brazil Minas Gerais 2017-01-12 Human ML/B/P 197624160 | 42,0461860
MHO018084 Brazil Minas Gerais 2017-02-09 Monkey ML/B/P 175981970 | 41.8004410
MH484430 Brazil Minas Gerais 2017-02-09 Monkey ML/B/P 19.8502340 | 47.3706550
MH484429 Brazil Minas Gerais 2017-02-03 Monkey ML/B/P 15.5694080 | 453745360
MHO018089 Brazil Minas Gerais 2017-01-02 Human ML/B/P 175981970 | 41.8004410
JF912180 Brazil Para 1981 Human ML/B - -
JF912182 Brazil Para 1984 Human ML/B - -
JF912183 Brazil Para 1984 Human ML/B - -
JF912184 Brazil Para 1987 Human ML/B - -
MF434851 Brazil Rio de Janeiro 2017-04-25 Human ML/B/P 224619444 | 423080556
MF538784 Brazil Rio de Janeiro 2017-02-26 Human ML/B/P 208216667 | 419108333
MF538785 Brazil Rio de Janeiro 2017-04-21 Monkey ML/B/P 223975000 | 43.1825000
MF423377 Brazil Rio de Janeiro 2017-04-19 Monkey ML/B/P 218847222 | 42.5416667
MF423378 Brazil Rio de Janeiro 2017-04-19 Monkey ML/B/P 218847222 | 42.5416667
MF538783 Brazil Rio de Janeiro 2017-03-18 Human ML/B/P 224863889 | 422016667
MF538782 Brazil Rio de Janeiro 2017-03-16 Human ML/B/P 21.6380556 | 417636111
MF423376 Brazil Rio de Janeiro 2017-04-13 Monkey ML/B/P 222397222 | 42.1513889
MF538786 Brazil Rio de Janeiro 2017-06-05 Monkey ML/B/P 224933333 | 429497222
MF423375 Brazil Rio de Janeiro 2017-04-04 Monkey ML/B/P 223088889 | 42,0005556
KY861728 |  Brazil Rio Géi‘:llde do 1 2008-02-09 | Monkey ML/B ; ;
JF912189 |  Brazil Rio Géi‘:llde do 2001 Mosquito ML/B ; ;
JF912190 Brazil Roraima 2002 Human ML/B - -
Trinidad
HM582851 and - 2009 Monkey ML/B - -
Tobago
KM388817 | Venezuela - 2004 Monkey ML/B - -
KM388814 | Venezuela - 2005 Human ML/B - -
KM388818 | Venezuela - 2006 Monkey ML/B - -
KM388815 | Venezuela - 2007 Monkey ML/B - -
KM388816 | Venezuela - 2010 Monkey ML/B - -

* ML/B, maximum likelihood and Bayesian; ML/B/P, ML/B and phylogeography.




Supplementary Table 2. Molecular cock rates and Tmrca obtained for the YF V20152018

lineage using different combinations of clock rate priors and phylogeographic models

Dataset Coalescent Model/Prior Phylogeographic Posterior Tmrca
model clock rate model clock rate (s/s/y) YFVa20152018
4.6 x 10 2013.9
SA- UCLD/CTMC i (3.5x104-5.7x 104  (2012.7-2014.9)
discrete 5.8 x 104 2014.5
Bayesian mgéi;? ﬂogr: la (1).4 symmetric (42x104-7.4x10% (2013.1-2015.5)
Brazil skyline stdev = 1 dxl 0 discrete 5.8 x 10 2014.6
2015-2018 ' asymmetric (43 x 10*— 7.4 x 104)  (2013.3-2015.6)
UCLD/Normal continuous
median = 4.5x10 RRW 6'94X o -4 (201%021421'061 5.6)
stdev = 1.0x10 gamma (4.4 x104-7.7x 104 - .

SA-I, South American I genotype; UCLD, uncorrelated lognormal relaxed clock; CTMC, continuous-time
Markov chain; RRW, relaxed random walk; s/s/y, substitutions/site/year; TMRCA, time for the most recent

common ancestor.



Supplementary Table 3. Amino acid molecular signature present in 2016-2018 YFV

samples in Southeastern Brazil.

2016-2018 YFV genomes Polyprotein position

(GenBank accession number) 108 | 1572 | 1605 | 2607 | 2644 | 2679 | 2803 | 3149 | 3215

KY885000; KY&885001; MF170968;
MF170970; MF170971; MF170972;
MF170973; MF170974; MF170975;
MF170976; MF170977; MF170978;
MF170979; MF170980; MF170981;
MF423373; MF423374; MF423375;
MF423376; MF423377; MF423378;
MF434851; MF465805; MF538782;
MF538783; MF538784; MF538785;
MF538786; MH018065; MH018066; I D K R I S S A S
MHO018067; MH018076; MHO018078;
MHO018079; MH018080; MHO018082;
MHO018083; MH018090; MHO018091;
MHO018092; MH018095; MH018096;
MHO018099; MH484427; MH484429;
MH484430; MH484434; MK333798;
MK333799; MK333800; MK333801;
MK333802; MK333805; MK333806;
MK333807; MK333808; MK333809

MHO018088; MH018084; MH018089;
MHO018064

MHO018093 I E K Q I S S A S




Supplementary Table 4. Comparison of discrete spatial models fit to the 2015-2018

Brazilian YFV dataset.
PS Models SS Models

Model Log ML compared Log BF Log ML compared Log BF
Sym -16226.06 - - -16226.54 - -
Asym -16225.78  Asym/Sym 0.28 -16226.60  Sym/Asym 0.06

Sym, symmetric; Asym, asymmetric, PS, path sampling, SS, stepping-stone; ML, marginal likelihood;
BF, Bayes factor.



Supplementary Table 5. Comparison of continuous spatial models fit to the 2015-2018
Brazilian YFV dataset and estimate of YFV215:2018 lineage dispersal rate under the

different models.

Homogeneous Heterogeneous Heterogeneous Heterogeneous
Brownian diffusion RRW Cauchy RRW Gamma RRW Lognormal

PS - Log ML#? -16339 -16321 -15777 -16324

PS — Log BF® 562 544 Fittest model 547

SS - Log ML? -16340 -16321 -14807 -16324

SS — Log BF? 1533 1514 Fittest model 1517
Dispersal rate 0.7 0.7 0.8 0.7

(km/day)° (0.4-1.0) (0.5-1.0) (0.5-1.0) (0.5-1.0)

2 Log marginal likelihood (ML) estimates for the different continuous phylogeographic models obtained
using the path sampling (PS) and stepping-stone sampling (SS) methods. ® The Log Bayes factor (BF) is
the difference of the Log ML between of alternative (H1) and null (HO) models (H1/HO). Log BFs > 3
indicates that model H1 is more strongly supported by the data than model HO. ¢ Posterior mean and 95%
HPD (in parenthesis) estimates of the dispersal rate.
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Supplementary figure 1. Half-yearly based spatial spread of YFV in Brazil from the 2"* semester 2014 (2014.2) to 2"* semester 2018
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Ministry of Health.
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L @ JF912185/BR-MS/1992/V

Geographic locations

. Central-West Brazil

. Trinidad and Tobago

0.77

0.003

Supplementary Figure 2. Maximum likelihood phylogeny of YFV South American | complete genome sequences. The aLRT support
value of key nodes are indicated. Tip circcles are colored following the legend at top left indicating the Brazilian region or country

of sampling. The branch lengths are drawn to scale with bar at the bottom indicating nucleotide substitutions per site.

Tips names of the sequences from this study were colored red. The last letter of the sequence name indicate the host: H - human;

V - mosquito vector; M - non-human primate.



Supplementary Figure 3. Amino acid polymorphisms in YFV in the precursor polyprotein
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