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Abstract

Despite the increasing burden of dengue in Kenya and Africa, the introduction and expansion of the virus in the region remain poorly
understood. The objective of this study is to examine the genetic diversity and evolutionary histories of dengue virus (DENV) serotypes
1 and 3 in Kenya and contextualize their circulation within circulation dynamics in the broader African region. Viral RNA was extracted
from samples collected from a cohort of febrile patients recruited at clinical sites in Kenya from 2013 to 2022. Samples were tested
by polymerase chain reaction (PCR) for DENV presence. Five DENV-positive samples were serotyped, and complete viral genomes for
phylogenetic inference were obtained via sequencing on Illlumina platforms. Sequences generated in our study were combined with
global datasets of sequences, and Bayesian and maximum likelihood methods were used to infer phylogenetic trees and geographic
patterns of spread with a focus on Kenya and Africa as a whole. Four new DENV-1 and one new DENV-3 genomes were successfully
sequenced and combined with 328 DENV-1 and 395 DENV-3 genomes from elsewhere for phylogenetic analyses. The DENV-1 sequences
from our study formed a monophyletic cluster with an inferred common ancestor in 2019 (most recent common ancestor 2019 and 95%
high posterior density 2018-19), which was closely related to sequences from Tanzania. The single DENV-3 sequence clustered with
sequences from Tanzania and Kenya, was collected between 2017 and 2019 and was related to recent outbreaks in the region. Phylo-
genetic trees resolved multiple clades of DENV-1 and DENV-3 concurrently circulating in Africa, introduced in the early-to mid-2000s.
Three DENV-1 and four DENV-3 clades are highlighted, introduced between 2000 and 2015. Phylogeographic models suggest frequent,
independent importations of DENV lineages into Kenya and Africa from East and South-East Asia via distinct geographic pathways.
DENV-1 and DENV-3 evolutionary dynamics in Africa are characterized by the cocirculation of multiple recently introduced lineages.
Circulating lineages are introduced via distinct geographic pathways that may be centered around regional nexus locations. Increased
surveillance is required to identify key regional locations that drive spread, and dengue interventions should focus on interrupting
spread at these locations.
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Introduction etal. 2017, Gainor et al. 2022, Bosire et al. 2023). In order to respond
to the threat of DENV in the African region, effective surveillance
to understand the spread of the virus is required.

DENV exists as four genetically distinct serotypes (DENV-1,
DENV-2, DENV-3, and DENV-4), which are further divided into
genotypes (Rico-Hesse 1990). The genetic diversity of DENV results
in complex epidemiological behaviors such as serotype/genotype
replacement (Cummings et al. 2004, Zhang et al. 2005), wave-
like dynamics, and geographic variations in detection and severity.

Dengue virus (DENV) is an emerging arbovirus of great public
health importance (Bhatt et al. 2013, Messina et al. 2014). The
geographic expansion of the virus is linked to human and eco-
logical factors such as climate change, large urban centers, and
global travel, as well as evolutionary factors such as genetic diver-
sity (Brady and Hay 2020). DENV outbreaks are being observed in
Kenya and Africa more broadly with increasing frequency and are
likely driven by both importations and local undetected spread (Vu
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Several regions in the tropics are known to be endemic for at
least one DENV serotype. Recently, multiple serotypes have been
concurrently detected in some regions, suggesting hyperendemic
circulation, which is characterized by the concurrent circulation
of multiple serotypes within a location (Messina et al. 2014).
Hyperendemicity contributes to a greater risk of severe disease
due to the immunological phenomenon of antibody-dependent
enhancement (Halstead 1988). As such, understanding the circu-
lation dynamics of multiple dengue serotypes is a key element of
DENV surveillance and outbreak response.

DENV has been circulating in Kenya and East Africa since the
middle of the 20th century, and its spread is thought to have been
accelerated by the increased travel associated with World War II
(Messina et al. 2014, Brady and Hay 2020). Despite early detec-
tion in Kenya in the 1940s and an initial outbreak in 1982, little
DENV sequence data exist between the time of initial detection
and the early 2000s (Johnson et al. 1982a, 1982b). Serological stud-
ies in Kenya provide some evidence of past circulation of multiple
serotypes in the region, but no molecular studies exist (Labeaud
et al. 2007, Sutherland et al. 2011). The first confirmed DENV out-
break since 1982 was in Mombasa in 2011, and since then several
outbreaks have been detected in coastal towns and inland cities
such as Kisumu (Obonyo et al. 2018). Due to this relative lack of
data from early outbreaks, early dynamics of DENV circulation,
including any serotype dominance or replacement events that
occurred, remain unknown. Recent work indicates that although
all four serotypes occur during epidemic and interepidemic peri-
ods, DENV-2 is the most prevalent (Shah et al. 2020, Pollett et al.
2021). While previous work has shown that DENV-2 circulation in
Kenya is characterized by multiple cocirculating lineages, likely
independently introduced (Nyathi et al. 2024), the introduction

and expansion of the additional circulating DENV-1 and DENV-
3 serotypes have not been contextualized within the circulation
dynamics in the broader African region.

In this study, we investigate the genetic diversity of DENV-1
and DENV-3 serotypes in Kenya relative to the broader African
region. Specifically, we ask if DENV-1 and DENV-3 circulation and
outbreaks in the region are driven by low-level undetected circula-
tion or importations. We examine the local and regional spread of
DENV-1 and DENV-3 serotypes and determine the geographic his-
tories of detected lineages. Finally, we test whether the geographic
routes of DENV-1 and DENV-3 circulation in Africa are two realiza-
tions of the same underlying stochastic transmission process or,
alternatively, governed by distinct underlying transmission pro-
cesses. Understanding the circulation and expansion of DENV
in Africa will enable more effective disease control, outbreak
response, and preparedness.

Methods
Clinical surveillance

Data were collected as part of two arbovirus surveillance cohorts
in Kenya, Cohort A and Cohort B. The cohorts have been charac-
terized in detail in previous work (Shah et al. 2020, Vu et al. 2023,
Kiener et al. 2024, Nyathi et al. 2024, Tariq et al. 2024). Briefly,
for both cohorts, participants were recruited into the study from
outpatient clinics in one of four dengue endemic sites in Kenya:
Chulaimbo, Kisumu, Msambweni, and Ukunda as shown in Fig. 1.
For Cohort A, children (1-17 years) who presented with an acute
febrile illness (reported during the previous 2 weeks and including
temperature >38°C at presentation) were recruited into the study
from all four study sites between January 2014 and June 2018. For
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Figure 1. Locations of four data collection sites in Kenya. Participants were recruited from outpatient clinics in Chulaimbo, a rural inland site; Kisumu
an urban inland site; Msambweni, a rural coastal site; and Ukunda, an urban coastal site.
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Cohort B, children and adults from the Ukunda and Kisumu sites
who were part of an ongoing longitudinal cohort were followed
through clinical visits during acute febrile illness events between
July 2018 and June 2022. A comprehensive clinical examination
was conducted including collection of demographic and clinical
history data and blood draw for serological and molecular testing.
Demographic data were stored in RedCap (Version 12.2.11) hosted
at Stanford University, while human samples were frozen, shipped
to Stanford University, and stored at —70°C until use (Harris et al.
2009). Ethical approval and oversight for data collection for this
study were obtained from the Institutional Review Board of Stan-
ford University (IRB 31488), as well as the Kenya Medical Research
Institutes (KEMRI SSC 2611) and Technical University of Mombasa
Ethical Review Committee (TUM/ERC EXT/004/2019).

Molecular testing and DENV-1 and DENV-3 viral
amplification

Nucleic acid material was extracted from total blood using RNA
extraction kits (Omega) following the manufacturer’s instruc-
tions. Total RNA was converted into complementary DNA (cDNA)
and tested for viral presence using a SuperScript III One-Step
gPCR assay with a set of published primers and probes capa-
ble of detecting all four DENV serotypes (Waggoner et al. 2016).
DENV-positive samples were serotyped via an additional quan-
titative reverse transcription PCR (RT-qPCR), with a set of pub-
lished serotype-specific primers and probes (Waggoner et al. 2013).
DENV-positive samples identified in the serotype-specific RT-qPCR
reaction were run through a viral amplicon enrichment protocol
using custom, serotype-specific primers. Custom DENV enrich-
ment primers were designed to capture the circulating diversity
of each DENV serotype circulating in Africa using PrimalScheme
(Supplementary Material Appendix A) (Grubaugh et al. 2019).
Primers were designed to enrich the genome in 400-bp amplicons
with an average overlap of 75 bp between amplicons.

Next-generation sequencing and bioinformatics
pipeline

Purified, enriched cDNA was cleaned using AMPure XP beads
(Beckman Coulter) and quantified using a Qubit 4 assay (Thermo
Fisher Scientific), and library preparation was conducted using the
SparQ library preparation kit (Quantabio) with Illumina TruSeq
adapters. Additional quality control steps were conducted using
the Agilent Bioanalyzer assay to determine average fragment size
and the KAPA HyperPrep kit (Roche Sequencing) to determine final
concentrations. The prepared samples were pooled in equimo-
lar amounts and sequenced on Illumina’s MiSeq platform using a
2 x 250-bp V2 kit and paired-end dual-indexed sequencing. Blanks
and no template controls were included in all reactions from RNA
extraction to sequencing.

Sequencing data were processed using custom scripts based
on the iVar bioinformatics pipeline (Grubaugh et al. 2019). Raw
reads were downloaded from Illumina’s BaseSpace platform and
aligned to a serotype-specific reference downloaded from Gen-
Bank (DENV-1—MT076932 and DENV-3—MT076948) using BWA-
MEM (Li and Durbin 2010). Fastqc was used to visualize read quality
data. Adapters and enrichment primer sequences were trimmed
from aligned reads using the iVar trim command, and low-quality
reads were trimmed using a PHRED score cutoff of 20. Reads whose
length was <10 bases after trimming and quality filtering were
discarded. Trimmed reads were sorted using samtools, and con-
sensus genomes were generated using samtools mpileup and ivar
consensus commands (Li et al. 2009). The consensus base at a

position was called for a minimum depth of 10 reads and at a fre-
quency of at least 80%. samtools was used to retrieve coverage and
depth statistics. Consensus genomes for the sequences generated
as part of this study were exported for phylogenetic analysis and
also uploaded to GenBank with accession numbers as shown in
Supplementary Table S1.

Phylogenetic analyses

Consensus genomes generated from this study were combined
with publicly available complete or partially complete (envelope
gene >1400bp) DENV-1 and DENV-3 genomes downloaded from
GenBank. A 1400-bp cutoff was used for inclusion in order to
include several DENV genomes sequenced at the envelope gene
level from locations in Africa. Sequence collection date and geo-
graphic location data were also downloaded from GenBank. For
countries with many genomes available, a hierarchical cluster-
ing approach was used on preliminary country-specific datasets to
define clusters of high similarity from the same location based on
distance-based similarity measures and randomly sample a frac-
tion of the sequences from within clusters to trim the sequence
dataset. To do this, geographic location information from coun-
tries with sequence and location data available was used to create
location-specific sequence datasets. Location-specific sequence
datasets were separately aligned and hierarchically clustered
based on similarity evaluated with pairwise distance-based mea-
sures using the Bioconductor package, MSA2dist (Ullrich 2024).
Similar clusters in each location were randomly down-sampled by
a factor r, depending on the original location-specific dataset size,
N (i.e. N<30, r=0.25; 30<N <100, r=0.125; 100<N <500, r=0.067;
and N>500, r=0.05). This served to reduce the size of the dataset
while maintaining information about the geographic spread con-
tained in sequences. Sequences in the final dataset were geno-
typed using Genome Detective’s Dengue Typing tool (https://www.
genomedetective.com/app/typingtool/dengue/). TempEst (version
1.5.3) was used to evaluate the suitability of our data for timed-
phylogeny analyses with root-to-tip regressions (Supplementary
Fig. Sla and b) (Rambaut et al. 2016, Fonseca et al. 2019). Out-
liers as indicated by the TempEst residuals were excluded from
the analysis (Chen et al. 2021).

The sequence datasets for each serotype were aligned using
MAFFT (version 7.310), and the alignhments were examined and
manually curated in AliView, including pruning of redundant
sequences as well as the exclusion of 3’ and 5’ untranslated
regions (Larsson 2014). RDP4 was used for recombination detec-
tion, and additional sequences with evidence of recombina-
tion were excluded from the analysis (Supplementary Materials
Appendix B).

Bayesian and maximum likelihood (ML) approaches were used
to infer phylogenetic trees. Initial phylogenetic trees were esti-
mated using an ML approach with RAXML-NG (Kozlov et al. 2019).
ModelTest-NG (version 0.1.7) was used to determine the best
nucleotide substitution model on the ML tree (Supplementary
Tables S2 and S3) (Posada and Crandall 1998, Darriba et al. 2020).
Bayesian tree estimation was conducted on BEAST 1.10.4 using
a relaxed molecular clock and the general time reversible (GTR)
nucleotide substitution model with a Gamma distributed rate
and invariant sites (GTR+G4+]I), as determined by ModelTest-
NG. Three independent runs of a 150 million step Markov Chain
Monte Carlo (MCMC) procedure were conducted, with sampling
every 15 000 generations and 10% burn-in. Output convergence
and effective sample sizes were evaluated using Tracer (version
1.7), with independent runs down-sampled and combined in Log-
Combiner and final tree data generated in TreeAnnotator (version
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1.10). Maximum clade credibility (MCC) phylogenetic trees were
visualized and modified using FigTree (version 1.4) and the R ggtree
package (version 3.8.2). Key clades corresponding to DENV-1 and
DENV-3 circulation in Kenya and Africa are highlighted. These
“clades” of interest were defined as groups of sequences within
the genotypes descended from a single ancestral introduction
into a defined study region in Africa (i.e. Northern Africa, South-
ern Africa, Eastern Africa, Central Africa, or Western Africa) and
exhibiting continued general circulation in Africa. Evolutionary
characteristics including evolution rates and time to most recent
common ancestors (tMRCAs) were calculated based on the nodes
of the MCC tree, and uncertainty was expressed using 95% high
posterior density (HPD) intervals.

Phylogeographic analyses

Phylogeography of DENV-1 and DENV-3 in Africa was jointly esti-
mated along with the timed tree, using a Bayesian Stochastic
Search Variable (BSSV) selection procedure to evaluate support,
with location included as a discrete trait and an asymmetric
substitution model to account for different rates of inward ver-
sus outward gene flow and ancestral state reconstruction of the
location trait. Sequence country data were recategorized into 16
regions to create a more computationally feasible dataset (Sup-
plementary Table S6), with samples collected from geographic
locations in Africa grouped into Southern, Western, Central, East-
ern, or Northern Africa. To quantify the contribution of key regions
to the genetic diversity of DENV in Kenya and Africa, the number
of Markov jumps from one location to another and the reward time
spentin each location, across the history of the inferred phylogeny,
were stored and visualized, along with geographic transitions
across regions of interest. Finally, to investigate the cocircula-
tion of DENV-1 and DENV-3 clades and evaluate the potential for
hyperendemicity in study regions within the African continent,
the Markov jump histories for each clade were summarized and
combined. To summarize the “reward times” or periods of time, a
lineage remains in a given location, for each location, a clade was
inferred to have circulated in, and the median start and end times
from the Markov jump history were calculated for each location
for that clade and visually inspected.

Comparing DENV-1 and DENV-3 geographic
transmission routes

To evaluate whether the reported DENV-1 and DENV-3 trans-
mission routes result from the same underlying stochastic pro-
cess, or from distinct underlying processes, we used path-
sampling/stepping-stone sampling approaches to estimate the
marginal likelihoods of the two models. To do this, the DENV-1 and
DENV-3 sequence alignments were included as separate partitions
in the same .xml file. Bayesian tree estimation and phylogeog-
raphy were jointly conducted on each partition, with a relaxed
molecular clock and the GTR nucleotide substitution model with
a Gamma distributed rate and invariant sites (GTR + G4 + 1), which
were unlinked for the two partitions to account for underlying dif-
ferences in nucleotide substitution or molecular clock processes.
The same 16 regions as in the primary analysis were used to
define serotype-specific location traits (i.e. DENV-1 location trait
and DENV-3 location trait), a Bayesian stochastic search variable
procedure was used to evaluate support for transition rates, and
ancestral states were reconstructed. While the clock models were
linked for both serotype-specific location partitions, in order to
test whether DENV-1 and DENV-3 transmission could be described
by a single rate matrix, we ran a model in which the substitu-
tion models for the location partitions were linked to represent a

single underlying process (M;), and another in which they were
unlinked to represent two separate underlying processes (M,).
Both models were run for 100 million steps of the MCMC pro-
cedure, with sampling every 1000 steps and 10% burn-in. The
path-sampling/stepping-stone sampling procedures to estimate
the marginal likelihoods of both models were run for 100 steps,
each with a chain length of 1 million and sampling every 1000
MCMC steps within each chain. Both marginal likelihood val-
ues and their difference, representing the log Bayes Factor, are
reported to compare models.

Posterior node support values are reported to indicate support
for each clade or branch in the MCC trees. Location probability
values are also reported for each branch to indicate the proba-
bility of the ancestral location inferred from the phylogeographic
analysis. Auxiliary data analysis and final data visualization were
conducted in R (version 4.1.2). The sequences generated as part of
this study have been deposited to GenBank with accession num-
bers: OR765987-OR765990 and PQ412806 (https://www.ncbi.nlm.
nih.gov/genbank/). All other sequences used in this analysis are
available in the Supplementary data (Supplementary Tables S4
and S5). All .xml files generated as part of these analyses are
available online (https://github.com/SindisoNyathi/doctoralrepo_
dengue_phylo/tree/main/beast_xmls).

Results

A total of four DENV-1 (Fig 2) and one DENV-3-positive (Fig 3 sam-
ples in this study had adequate sequencing coverage and read
quality (PHRED score > 20 and depth > 10 reads/position) for inclu-
sion in downstream workflows, from a total of 31 DENV cases
detected between 2019 and 2022 by PCR. Sequences from this
study were combined with 328 DENV-1 and 395 DENV-3 sequences
downloaded from GenBank and collected from elsewhere to cre-
ate serotype-specific datasets. The predominant genotypes in the
study datasets were DENV-1 Genotype III (93 of 332 sequences)
and DENV-3 Genotype III (249 of 396 sequences) (Supplemen-
tary Tables S4 and S5). The four DENV-1 samples collected in
this study fell into DENV-1 Genotype III, while the single DENV-
3 sample clustered within DENV-3 Genotype III. The accession
numbers of all sequences analyzed in this study, including collec-
tion date, location, and genotyping information, are included in
the Supplementary data (Supplementary Table S1). Final datasets
exhibited a strong temporal signal with the R? values of 0.70 for
the DENV-1 dataset and 0.83 for the DENV-3 dataset (Supplemen-
tary Fig. S1). Nucleotide substitution rates resolved from Bayesian
timed trees were relatively similar for both serotypes (DENV-17.17
x107%, 95% HPD 6.57-7.77 x 10~ and DENV-3 9.49 x 1074, 95% HPD
8.74-10.17 x 107%).

ML and Bayesian trees resolved three recent clades related to
DENV-1 circulating in Africa (Clades a, b, and c in Figs 2 and
4). The most recent was a DENV-1 Genotype III clade contain-
ing sequences collected from East Africa, in Tanzania between
2020-19 and in Kenya in 2020 (Figs 2 and 4, Clade a). Phylo-
geographic models suggest that this clade may have been intro-
duced into East Africa from Upper Southeast Asia in 2009 (node
date=2009, 95% HPD 2007-11, and location probability =0.86)
(Fig. 4, Clade a). The DENV-1 sequences collected from our
study sites formed a monophyletic clade within this larger clade
(MRCA=2019, 95% HPD 2018-19) (Fig. 4). The second clade was
also in DENV-1 Genotype III and included sequences collected
from Western Africa, including Burkina Faso, Cote d'Ivoire, and
Senegal, from 2017 to 2019 and sequences collected from East
Africa (Seychelles, Kenya, and Eritrea) in 2016 (Figs 2 and 4,
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Figure 2. ML tree for DENV-1 showing three significant DENV-1 clades detected in Kenya and Africa inferred using RAXML-NG. Four DENV-1 sequences
collected in this study were combined with 328 sequences from elsewhere, and RAXML-NG was used to infer ML phylogenetic trees. Tip colors indicate
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in these clades labeled.

Clade b). This clade may have been introduced into Eastern Africa
from Upper Southeast Asia in 2010 (node date=2010, 95% HPD
2009-12, and location probability =0.81) and eventually made its
way into Western Africa via Central Southeast Asia in 2013 (node
date=2013, 95% HPD 2012-14, and location probability=0.42)
(Fig. 4). The oldest DENV-1 clade contained sequences from Cen-
tral Africa (Cameroon and Gabon) collected from 2017 to 2021 and
Southern Africa (Angola) collected in 2013 (Figs 2 and 4, Clade
c). This clade was introduced from Central America/Caribbean
in 1950 (node date=1950, 95% HPD 1935-61, and location prob-
ability =0.91). Additional smaller clusters of sequences collected
from regions in Africa fell into DENV-1 Genotypes I, IV, and V and
were collected from East Africa in 2004-06 and 2010-13 and South-
ern Africa in 1988 with geographic origins in Lower Southeastern
Asia, Western Asia, and Central America/Caribbean, respectively
(Supplementary Fig. S2).

Phylogenetic trees resolved four clades of DENV-3 circulat-
ing in Africa, with shared evolutionary history (Clades a, b, c,
and d in Figs 3 and 5). The newest clade contains sequences
from Western Africa (Senegal and Burkina Faso) collected from
2017 to 2019 and Central Africa (Cameroon) collected in 2017
(Figs 3 and 5, Clade a). This lineage was introduced from Western
Asia (node date=2003, 95% HPD 2002-04, and location probabil-
ity=0.92). The second clade contained sequences from Central
Africa (Gabon) collected from 2016 to 2017 (Figs 3 and 5, Clade b).
This clade was introduced from Western Africa (node date =2006,

95% HPD 2005-07, and location probability=1) and had recent
shared ancestry with DENV-3 Clade a above. The third clade con-
tained sequences from Eastern Africa (Djibouti, Comoros, and
Madagascar) collected from 2010 to 2012 (Figs 3 and 5, Clade c)
and introduced from Western Africa (node date=2004, 95% HPD
2003-05, and location probability =0.59). The final clade also con-
tained sequences from East Africa (Kenya and Tanzania) collected
from 2017 to 2019 (Figs 3 and 5, Lineage d), and may have been
introduced from Upper Southeast Asia (node date =2007, 95% HPD
2004-09, and location probability = 1). All four clades of DENV-3 are
closely related and inferred to be descended from sequences from
Upper Southeast Asia, imported into Africa independently in the
early to mid-2000s.

Geographic transition rates among regions and support for
each rate were inferred via a Bayesian stochastic search variable
procedure. Transition rate matrixes corresponding to DENV-1 and
DENV-3 circulation show high rates of gene flow out of Upper, Cen-
tral, and Lower Southeast Asia, with a relatively high rate of gene
flow for DENV-1 from Upper Southeast Asia into Eastern Africa
and high rates of gene flow into East Asia (Supplementary Figs S5
and S6 Transition matrixes also show high rates of bidirectional
gene flow between Central America and the Caribbean, and South
America. Markov jump history persistence traces show that all
the clades highlighted in this study, with the exception of DENV-
1 Clade ¢, were introduced relatively recently and cocirculated
for short periods of time before detection (Figs 6 and 7). DENV-1
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ted in Kenya and Africa inferred using RAXML-NG. One DENV-3 sequence

collected in this study was combined with 395 sequences from elsewhere and RAXML-NG was used to infer ML phylogenetic trees. Tip colors indicate
the region of sequence collection with regions in Africa shown in color as indicated in the legend and regions outside Africa shown in gray. The black
star indicates the isolate from this study. Colored vertical bars on the main tree indicate the genotype of sequences in that clade. Four significant
clades of sequences collected in Africa are highlighted and plotted as insets (Boxes a, b, ¢, and d) with country locations and collection dates of

sequences in these clades labeled.

Clade ¢, unlike the other highlighted clades, exhibited prolonged
circulation in Southern Africa before eventual detection in Central
Africa (Fig. 6¢). Western Africa and Eastern Africa contribute the
most to introduction of clades into Africa and their subsequent
spread to other locations and also exhibit cocirculation of DENV-1
and DENV-3 (Fig. 8).

Finally, in the comparison of two models of DENV-1 and DENV-3
circulation, M;, the model in which DENV-1 and DENV-3 circula-
tion routes are two realizations of the same underlying process
had a log marginal likelihood of -196454.63 estimated by path
sampling and -196 523.75 estimated by stepping-stone sampling.
M,, the model in which DENV-1 and DENV-3 circulation routes are
governed by two separate processes, had a log marginal likelihood
of —196470.50 estimated by path sampling and -196 540.13 esti-
mated by stepping-stone sampling. These log marginal likelihood
estimates give differences, denoting the log of the Bayes Factor,
log(BF,o) =[log marginal likelihood (M,)-log marginal likelihood
(M,)] of 15.88 from path sampling comparison and 16.38 from the
stepping-stone sampling comparison in favor of M;, the model in

which DENV-1 and DENV-3 circulation routes are two realizations
of the same underlying process and can thus be modeled using a
single rate transition matrix.

Discussion

DENV has a unique ecology and epidemiology due to the emer-
gence and subsequent spread of four genetically and antigenically
distinct serotypes. In Kenya, serological and molecular evidence
suggests hyperendemic circulation of DENV serotypes, causing
frequent outbreaks in cities such as Malindi, Mombasa, and
Kisumu (Ellis et al. 2015, Konongoi et al. 2016, Vu et al. 2017, Lan-
gat et al. 2020, Shah et al. 2020, Muthanje et al. 2022). Despite the
initial detection of DENV in Kenya in 1982, limited molecular data
exist examining the spread and circulation of DENV, particularly
serotypes 1 and 3. DENV-1 and DENV-3 have also been detected
in other countries in East Africa and Africa more broadly, caus-
ing recent outbreaks in Tanzania (Kelly et al. 2023), Burkina Faso
(Letizia et al. 2022), Senegal (Faye et al. 2014, Gaye et al. 2021),
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Figure 4. Timed Bayesian phylogenetic trees of DENV-1. Timed Bayesian phylogenetic trees and phylogeography were jointly inferred using the four
DENV-1 isolates from this study and 328 publicly available sequences downloaded from Genbank. Branch colors on the inset trees correspond to
inferred ancestral locations and tip colors indicate the isolate collection location, while colored bars indicate genotypes from the dengue typing tool.
Three significant clades of sequences collected from Africa are highlighted (Boxes a, b, and c) and shown as insets. Collection location and dates of
sequences in these clades are labeled within insets to highlight the geographic distributions of these clades. The black star indicates the clade of
isolates from this study. Clades of interest are annotated with posterior node support values and location probability values (i.e. node support and
location probability).
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Figure 5. Timed Bayesian phylogenetic trees of DENV-3. Timed Bayesian phylogenetic trees and phylogeography were jointly inferred using one
DENV-3 isolate from this study and 395 publicly available sequences downloaded from Genbank. Branch colors on the inset trees correspond to the
inferred ancestral location and tip colors indicate the isolates collection location, while colored bars indicate genotypes from the dengue typing tool.
Four significant clades of sequences collected from Africa are highlighted (Boxes a, b, ¢, and d) and shown as insets. Collection location and dates of
sequences in these clades are labeled within insets to highlight geographic distributions of these clades. The black star indicates the sequence
collected from this study. Clades of interest are annotated with posterior node support values and location probability values (i.e. node support and
location probability).
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Figure 6. Geographic history of three DENV-1 clades. Bayesian MCC trees from phylogeographic analyses of 332 DENV-1 sequences were used to
reconstruct geographic history of the three clades circulating in Africa. Each arrow in the map corresponds to a node on the MCC tree ancestral to the
detected clade indicated in the plot, where a geographic transition between two locations occurred labeled with the inferred node date and 95% HPD
interval. In order to represent the uncertainty in the timing of geographic transitions, Markov jumps were recorded along the history of the phylogeny
and are shown in secondary plots for each clade. Vertical lines represent jumps or inferred transitions from the lower to the upper locations, while
horizontal lines represent reward times or times during which clades are inferred to have remained in the same locations. The distribution of vertical
lines represents uncertainty in geographic transition dates, with sparse lines indicating high uncertainty around a date and dense lines representing

lower uncertainty around a date.

and Angola (Sessions et al. 2013, Hill et al. 2019). These outbreaks (Vu et al. 2017). In this analysis, we use a set of novel sequences
have been characterized using molecular surveillance although  collected from study sites in Kenya from 2019 to 2020, along with
there were likely several other outbreaks that went undetected  global sequence datasets to investigate the spread of DENV-1 and
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Figure 7. Geographic history of four DENV-3 clades. Bayesian MCC trees from phylogeographic analyses of 396 DENV-3 sequences were used to
reconstruct geographic history of the four clades circulating in Africa. Each arrow in the map corresponds to a node on the MCC tree ancestral to the
detected clade indicated in the plot, where a geographic transition between two locations occurred labeled with the inferred node date and 95% HPD
interval. In order to represent the uncertainty in timing of geographic transitions, Markov jumps were recorded along the history of the phylogeny and
are shown in secondary plots for each clade. Vertical lines represent jumps or inferred transitions from the lower to the upper locations, while
horizontal lines represent reward times or times during which lineages are inferred to have remained in the same locations. The distribution of
vertical lines represents uncertainty in geographic transition dates, with sparse lines indicating high uncertainty around a date and dense lines
representing lower uncertainty around a date.
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Figure 8. Identifying periods of cocirculation of DENV-1 and DENV-3 clades in Africa. The reward times from Markov jump analyses corresponding to
study regions within Africa were summarized in order to investigate cocirculation and potential for hyperendemicity of DENV-1 and DENV-3 clades in
Africa. Each bar in the plot denotes a summary of the time during which a clade circulated in the region. Circulation of a clade ends with either its
detection during sampling (shown as an arrow with a bar: —|) or a “jump” from the original location to another location (shown as an arrow with no
bar —). Start and end times for the circulation of each lineage were calculated using the median start and end times from the Markov jump history
recorded along the phylogeny for each clade. Overlap of bars along the x-axis suggests cocirculation of two or more clades as seen in the Eastern and

Western Africa regions.

DENV-3 in Kenya. We also analyze sequences collected from other
locations in Africa to paint a complete picture of DENV expansion
and circulation in the region.

Sequences collected from our study were closely associated
with recent DENV-1 and DENV-3 outbreaks in Tanzania, indicating
gene flow between the two locations. Our phylogenetic analysis
resolved multiple clades of DENV-1 and DENV-3 circulating and
causing outbreaks in East Africa as well as other regions (Figs 2
and 3). Most detected clades are recent importations (early to mid-
2000s) from Asia (DENV-1 Clades a and b, DENV-3 Clades a, b,
¢, and d). The remaining DENV-1 clade is an older importation
that seems to have circulated undetected since its putative intro-
duction in the mid-1900s (DENV-1 Clade c). Our analysis shows
that dengue circulation is characterized by a combination of
local, within-region importations/exportations between adjacent

or nearby countries and global importations/exportations involv-
ing Lower and Upper Southeast Asia and the Americas/Caribbean.
Finally, our analyses reveal multiple geographic histories of DENV-
1 and DENV-3 clades circulating in Africa, with distal origins in
Lower Southeast Asia and the Americas (Figs 6 and 7).

The DENV-1 and DENV-3 isolates from this study were closely
associated with samples collected from recent outbreaks in Tanza-
nia, a 2017 DENV-3 outbreak and a 2019 DENV-1 outbreak (Fig. 4:
DENV-1 Clade a and Fig. 5: DENV-3 Clade d) (Kelly et al. 2023).
The four DENV-1 samples formed a monophyletic clade with an
MRCA in 2019, suggesting a single importation from the Tanza-
nia outbreak. The DENV-3 samples collected from this study and
other studies in Kenya also resolved distinct clades for groups of
samples collected from Kenya and Tanzania (Supplementary Fig.
S5). This suggests that while there is gene flow between the two
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Eastern African locations, their virus populations are not entirely
panmictic and lineages circulate locally following initial regional
importations. In addition to the Tanzania DENV-1 outbreak, the
detected DENV-3 clade caused a reported 2019 outbreak in Kenya
(Muthanje et al. 2022). These consecutive outbreaks in East Africa
were caused by independent introductions of DENV-1 and DENV-
3 from Upper Southeast Asia for DENV-1 and Western Asia for
DENV-3 (Khan et al. 2020). Branch lengths suggest that these
lineages circulated for ~ 5 years before detection during these out-
breaks, and previous analyses of this outbreak support this finding
(Muthanje et al. 2022) (Figs 2 and 4).

Due to the resolution of the phylogeographic analysis, our
current results are unable to resolve the specific pathways of intro-
duction of the clades circulating in East Africa. The clustering of
sequences within the clades suggests that they were introduced
in one of the two locations (Kenya or Tanzania) and spread to
the other. Previous work has shown that Mombasa, an impor-
tant regional port city in Kenya, is often the epicenter of dengue
outbreaks and also plays a key role in DENV importations from
Asia and exportations into other regions in Africa (Lutomiah et al.
2016, Lim et al. 2020). In order to identify the specific pathways
of introductions from global dengue hotspots into regional nexus
locations (such as Mombasa) and other locations using molec-
ular epidemiology methods, more dense molecular surveillance
at finer geographic resolutions is required. Identifying the spe-
cific pathways delineating global introductions from local spread
would inform the design of effective interventions that would
interrupt these pathways.

DENV-1 and DENV-3 circulation dynamics in other regions in
Africa exhibit similar trends to those observed in East Africa. For
example, many of the sequences isolated from West Africa form
distinct geographic clades which are most closely related to clades
from other nearby countries in the region and descended from a
single importation from a region external to Africa (DENV-1 Clades
a and b and DENV-3 Clades b and c). Many of these clades are
recent introductions from Asia, with the exception of a single
clade introduced from the Americas/Caribbean in the mid-1900s
(DENV-1 Clade c). This pattern of independent importations into
a region, and subsequent spread to nearby locations within that
region, in contrast to multiple independent introductions into spe-
cific countries from global hotspots, is similar to observed DENV-2
dynamics in East Africa and indicates continuous importations of
different lineages into Africa via different geographic pathways
that are connected by nexus locations within regions. Our com-
parison of two different models of DENV-1 and DENV-3 circulation
supports this, suggesting that DENV-1 and DENV-3 circulation
routes may be governed by the same underlying process, cen-
tered around the same key locations. This is further supported
by the rate matrixes from the primary models, which show that
the same sets of locations contribute to DENV-1 and DENV-3 geo-
graphic spread, namely, East Asia and Lower Southeast Asia as
well as South America. Targeted interventions at these key “nexus”
or “source” locations may be a cost-effective way to reduce DENV
expansion in Africa.

In addition to the clades highlighted in Figs 4 and 5, addi-
tional dengue sequences collected from Africa occur across the
DENV-1 and DENV-3 phylogenetic trees, isolated at varying times
since the late 1900s (Supplementary Figs S4 and S5). The earli-
est DENV-1 sequence included was collected in 1988 in Southern
Africa, while the earliest DENV-3 sequence included was col-
lected in 1985. These sequences as well as additional sequences
scattered along the phylogenetic trees provide evidence of unde-
tected DENV circulation in the region in the late 1900s, and early

2000s tied to circulation in Asia, based on the geographic history
of these sequences. The lack of more widespread detection and
characterization of early DENV circulation highlights the need for
increased surveillance in Kenya and Africa more broadly.

Notably, despite only including the most well-represented
clades of DENV-1 and DENV-3 in this analysis, our data suggest
that there may be periods of cocirculation of DENV-1 and DENV-3
as early as the mid-2000s (Fig. 8). Visual inspection of the sum-
marized Markov jump reward times shows that DENV-1 Clade
a and DENV-3 Clade a cocirculated in East Africa before their
near-simultaneous detection during surveillance of recent out-
breaks, as previously reported (Kelly et al. 2023). Our analysis
also highlights the cocirculation of DENV-1 Clade b and DENV-
3 Clade a in West Africa between 2015 and 2020, with several
isolates from both serotypes sampled from multiple countries
in West Africa, including Senegal and Burkina Faso. Cocircula-
tion of DENV-1 Clade ¢ and DENV-3 Clade b is also observed in
Central Africa, with sequences from both clades isolated from
Gabon a few years apart (Fig. 4 Clade c and Fig. 5 Clade b). No
cocirculation is observed in Southern Africa despite the inferred
duration of the lineage’s circulation in the region (Fig. 8). Early
detection of both serotypes in the region (one DENV-3 sequence
isolated from Mozambique in 1985 and three DENV-1 sequences
isolated from Angola in 1988) suggests that there may have been
periods of cocirculation in this region as well (Supplementary
Figs S5 and S6).

Introduction and local cocirculation of multiple DENV
serotypes and genotypes, leading to hyperendemicity, have impor-
tant implications for disease control. While vector reduction is the
primary form of disease control for DENV, vaccine interventions
have also been proposed and tested in certain high-risk regions,
and several vaccine candidates are currently under Phase III tri-
als, with only two, Dengvaxia (CDY-TDV) and QDenga (TAK-003),
approved for limited use in certain regions (Pintado Silva and
Fernandez-Sesma 2023). Despite approval, vaccine efficacy has
been shown to be complex, particularly in naive populations or
nonendemic settings (Flasche et al. 2016). Our data demonstrate
that multiple DENV serotypes and lineages may circulate in popu-
lations undetected, complicating the determination of population
immunity status for the purpose of dengue vaccination. As the
range of DENV expands and more areas become suitable for trans-
mission, silent circulation may become a barrier to accurately
capturing population immune status, which is required for safe
and effective vaccination campaigns.

Clade assignments within DENV genotypes in this analysis
were used to delineate locally circulating clades within the African
regions of interest, as no clear lineage designation system for
DENV virus existed. Hill et al. have recently proposed a novel lin-
eage assignment system for DENV that further assigns major and
minor lineages within DENV genotypes (Hill et al. 2024). Using
this new system, DENV-3 Clades a and b, identified in this analy-
sis, are assigned Major lineage B and Minor lineage 2 (abbreviated
3III_B.2), while Clades c and d are assigned Major lineage B (abbre-
viated 3III_B). The majority of the DENV-1 Clade a samples are
classified as Major lineage A and Minor lineage 2 (1III_A.2), with
the four samples collected from our study classified as 1I_H,
1II_A, and 11_B.

At the genotype level, the majority of samples fall into the
same genotype in both the older and newly proposed clas-
sification systems, with a few exceptions, such as DENV-1
Clade c. This clade consists of samples collected from Central
and Southern Africa between 2010 and 2021 and, according to
the new classification, may fall into a new DENV-1 genotype,
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Genotype VII. A complete list of major and minor lineage clas-
sifications according to this new proposed system is included
in the Supplementary data (Supplementary Tables S4 and S5). In
the absence of a widely adopted subgenotype classification sys-
tem, multiple studies investigating DENV circulation in the region
have resorted to applying different systems based on the study
goals, as we have done here (Langat et al. 2020, Nyathi et al.
2024). A unified system of DENV classification at the sub-genotype
levels, such as proposed by Hill et al., will enable more uni-
form approaches to investigating DENV diversity at sub-genotype
levels.

While this analysis presents a broad multiserotype assess-
ment of DENV in Kenya and Africa, it has several limitations.
Due to the low level of DENV surveillance in the region, while we
are able to investigate contemporary patterns of circulation and
spread, we are unable to compare these to earlier circulation pat-
terns and determine how circulation dynamics may be shifting
due to changing human, ecological, or evolutionary drivers. As
anthropogenic environmental change continues, understanding
how disease systems and their resulting dynamics shift over time
will be vital for disease control. In these analyses, we are also only
able to use a small number of sequences collected in our study and
other studies in the region. As such, while we have made a contri-
bution to the sequencing data available for these DENV serotypes,
the total available sequences still pose a challenge to more granu-
lar analyses of any heterogeneous disease dynamics between the
DENV serotypes within Kenya and Africa.

An additional limitation is that our analyses are only able
to use data collected from recent significant outbreaks in
large urban areas (Mombasa—Kenya, Ouagadougou-Burkina Faso,
Thies-Senegal, etc.). Surveillance has shown that DENV is
exported to and circulates in smaller, rural, and periurban
locations (Masika et al. 2020). While DENV generally occurs
in urban areas, rural locations may occur in close proximity
to arboviral emergence and spillover zones. Human proximity
with nonhuman primates and multihost vectors such as the for-
est dwelling, Aedes albopictus mosquito, found in West Africa,
may enable rural locations to facilitate the emergence or spill-
back/spillover of DENV into/from sylvatic cycles (Longbottom
et al. 2023). Without additional data and increased surveillance of
rural and periurban locations, these hypotheses will be difficult to
investigate.

In this analysis, we use dengue sequence data collected in
2020 from study sites in Kenya, along with sequences collected
from other regions in Africa, to show that dengue circulation in
East Africa and Africa more broadly is characterized by cocircu-
lation of multiple serotypes and clades within a serotype. We
show that most of these lineages were introduced recently from
Asia via independent geographic pathways that focus on key
locations in Africa although our resolution is not able to specif-
ically identify these locations. Additional DENV surveillance is
required to identify these key locations facilitating introductions
and spread in the region, and interventions should be designed
to interrupt DENV spread in these locations. Furthermore, the
simultaneous contribution of multiple clades introduced at vary-
ing points to the observed dengue outbreaks suggests that dengue
outbreak potential may be strongly influenced by factors other
than virus lineage and corresponding evolutionary characteristics,
reinforcing the importance of interrupting transmission links at
the human and ecological level via interventions such as vector
control.
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