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Emergence of Dengue Virus Serotype 3, 
Lineage III_B.3.2, Angola 

Appendix 

Materials and Methods 

Real-time RT-qPCR for dengue, chikungunya, and Zika viruses 

Serum samples were collected from 136 randomly selected from a convenience sample of 

individuals testing negative for malaria and presenting with suspected arbovirus infection that 

were tested locally for routine diagnostic using the SD. Bioline Dengue Duo NS1 Ag/IgG/IgM 

RDT assay, following the manufacturer’s instructions. Viral RNA was extracted from all patient 

serum samples using the QIAamp Viral RNA Mini Kit (Qiagen, Germany), following the 

manufacturer’s instructions. The extracted RNA was then subjected to reverse transcription 

quantitative PCR (RT-qPCR) using the TaqMan Arbovirus Triplex Kit (Thermo Fisher 

Scientific, UK), which allows simultaneous detection of dengue virus (DENV), chikungunya 

virus (CHIKV), and Zika virus (ZIKV) (1) and the TaqMan Arbovirus Triplex Control Kit as a 

positive control. Amplification was carried out on an ABI 7500 Fast Real-Time PCR system 

(Applied Biosystems, USA), and the results were interpreted according to the cycle threshold 

(Ct) criteria for each viral target. Samples were considered positive if Ct values were ≤38, 

indeterminate between >38 and ≤40, and negative if no amplification occurred or Ct >40. A 

summary of the number of tested cases per month, along with RT-qPCR results are shown in 

Appendix Figure 1. 

Genome sequencing using the DENV pan-serotype primer set and analysis 

Genome sequencing was performed on 16 DENV-positive samples identified by real-

time RT-qPCR, using a multiplex-PCR amplicon-based approach, adapted from a previously 

described protocol (2). Specifically, a 350-bp “pan-serotype” DENV primer set was designed 

using thermodynamic modeling to amplify all four dengue virus serotypes. New primer set is 
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available at: https://labs.primalscheme.com/detail/artic-pan-dengue/400/v1.0.0/?q = ). MinION 

sequencing libraries were prepared using the EXP-NBD114.96 Native Barcoding Kit (Oxford 

Nanopore Technologies [ONT], UK) and sequenced on a MinION device using R10.4.1 flow 

cells (ONT, UK). Barcoded read mapping and lineage identification were performed in real time 

using Rampart v1.2.0 (3), using DENV1–4 reference genomes (GenBank accession numbers: 

NC_001477, NC_001474, NC_001475, and NC_002640, respectively). Following identification 

of DENV3, consensus genome sequence reconstruction was performed with the ViralUnity 

workflow (4). Briefly, barcoded FASTQ files were aligned to the DENV3 reference genome 

using Minimap2 v2.22-r1101 (5). The resulting mapping files were converted to the BAM 

format, sorted and indexed with SAMtools v1.17 (6), which was also used to infer consensus 

genome sequences. Genome regions with coverage below 10× were masked. Genome coverage 

and assembly metrics were calculated using Bedtools v2.30.0 (7). Detailed assembly statistics 

are provided in Appendix Table. Correlation between RT-qPCR cycle thresholds (CT) and 

genome coverage is shown in Appendix Figure 2. 

Collation of nucleotide datasets for primer design 

Reference DENV genome sequences were downloaded from the GISAID EpiArbo 

database (8,9), as available on November 22, 2024. Only sequences with complete collection 

dates from November 2014 onward were considered. These were chosen to represent the past ten 

years of dengue virus diversity. Further, only complete coding sequences longer than 10,000 bp 

and with less than 25% ambiguous characters were retained. For each serotype, sequences were 

aligned using MAFFT v7.526 (10) and manually trimmed to remove untranslated regions. 

Maximum-likelihood phylogenetic trees were inferred using IQ-TREE v2.4.0 (11). Temporal 

signal assessment was then performed using TempEst v1.5.3 (12), and outliers in serotype-

specific root-to-tip regressions were excluded. Final datasets for each serotype were registered 

with episets on GISAID, using the following identifiers: EPI_SET_250513 gp (DENV1, n = 

6,482), EPI_SET_250513na (DENV2, n = 4,252), EPI_SET_250513ke (DENV3, n = 1,052), 

EPI_SET_250513ez (DENV4, n = 334). 

Collation of nucleotide datasets for phylogenetic analyses 

Complete and near-complete DENV3 genomes (minimum 7,500 bp, ≈70% of the genome 

of DENV3 reference genome (GenBank accession number: NC_001475) were downloaded from 

NCBI Viral Genome Resource (13), alongside available metadata associated with each sequence, 
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including date and location of sample collection and travel history. A total of 1,650 DENV3 

sequences (sampling date range: 1953 to 2024), including the 6 new sequences generated in this 

study, were typed according to the most updated DENV lineage nomenclature (14) both with 

NextClade (15) and a recent alignment-free viral sequence classification tool (16). Overall, we 

observed a 94.12% (n = 1553/1650) agreement between the two classification tools at the minor-

lineage level, and 83.33% (n = 5/6) agreement in the minor lineage classification of the Angolan 

sequences (classified as either DENV3 III_B3.2 or DENV3 III_B3), likely due to the small 

genome size of Angolan sequences. No disagreement between the two classification systems was 

observed at the genotype and major lineage levels. 

Maximum likelihood phylogenetic analyses 

DENV3 genotype III sequences from major lineage B (n = 1,100) were selected for 

phylogenetic analyses. Sequences were aligned using MAFFT v7.526 (10) and manually 

trimmed to remove untranslated regions. Five sequences from Angola (coverage >20%) were 

used for phylogenetic analyses. Preliminary maximum-likelihood phylogenetic trees were 

inferred using IQ-TREE v2.4.0 (11). Temporal signal assessment was then performed using 

TempEst v1.5.3 (12), and outliers in root-to-tip regressions were excluded, as described above. 

The final dataset comprised 1,013 DENV3_III sequences. Final maximum likelihood 

phylogenetic inference reconstruction was conducted using IQ-TREE v2.4.0 (11) with a best-fit 

model best nucleotide substitution model (17), and 1000 ultrafast bootstrap replicates to measure 

branch support (18) (-m MFP -bb 1000). A strong correlation between sampling time and genetic 

divergence (R2 = 0.83) shows a strong temporal signal in our dataset (Appendix Figure 3), as 

expected for a relatively large dataset (n = 1,013) of dengue virus complete and near-complete 

genomes collected over 19.4 years. It also shows that Angola sequences, despite being near 

complete and partial, are not incongruent with their genetic diversity and phylogenetic position. 

We next used a phylogenetic molecular clock approach to explore the date of emergence of 

DENV3 in Angola. We inferred DENV evolutionary history in BEAST X (19) with BEAGLE v3 

(20) under a HKY nucleotide substitution model (21) with a gamma distribution for rate 

heterogeneity, an uncorrelated molecular clock model (22), drawing branch rates from a 

lognormal distribution and a flexible non-parametric skygrid model (23) (with 59 grid points; 

cutoff 30 years). An ML tree was used as starting tree. MCMC was run for 100 million steps, 
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sampling trees and evolutionary parameters every 10,000 steps. Maximum clade credibility trees 

are shown in Appendix Figures 4,5. 

Aedes aegypti suitability 

Global hourly data for 2m dew point temperature and 2m mean temperature between 1 

January 2023 to 31 December 2025 were downloaded from the ERA5-Land reanalysis dataset 

(ERA5-Land hourly data from 1950 to present) provided by Copernicus Climate Change Service 

at 0.1 × 0.1 degrees resolution (24). Relative humidity (RH) was calculated using the dew point 

(d) and temperature (T) following the August-Roche-Magnus formula 

𝑅𝑅𝑅𝑅 = 100 ∗
exp (𝑑𝑑 ∗ 17.625)/(𝑑𝑑 + 243.04)
exp (𝑇𝑇 ∗ 17.625)/(𝑇𝑇 + 243.04)

 . 

The points within Luanda province were sampled, categorised using administrative level 

1 borders specified by a GADM shapefile (25). The surface area of each point grid square, which 

varies by latitude, was used to calculate the weighted average of the mean daily temperature and 

mean daily relative humidity. 

IndexP, a measure of Aedes transmission potential, was calculated using the temperature 

and humidity data and the MVSE (Mosquito-borne Viral Suitability Estimator) R package 

(26,27). MVSE estimates indexP using a mechanistic transmission model implemented in a 

Bayesian Markov Chain Monte Carlo (MCMC) framework. The following priors were assumed 

for the model parameters, mosquito life expectancy (days): mean 14 and standard deviation 3, 

mosquito incubation period (days): mean 7 and standard deviation 2, mosquito biting frequency 

(bites/female/day): mean 0.25 and standard deviation 0.05, human life expectancy (years): mean 

73 and standard deviation 2, human incubation period (days): mean 5 and standard deviation 1, 

human infectious period (days): mean 5 and standard deviation 1, and human-mosquito 

transmission probability: mean 0.5, standard deviation 0.01. All parameters were assumed to 

follow a Gaussian distribution. MCMC was run for 100000 steps and the posterior distributions 

were sampled 1000 times. Daily index P estimates were aggregated to calculate monthly 

averages for each year. The 2023–2025 estimates were further averaged to give the January to 

December seasonal curve in an average year and are shown in the context of confirmed cases in 

Appendix Figure 1. 
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Air travel data 

Flight volumes to Angola were obtained from the International Air Transport Association 

(IATA). Calculated passenger volumes at the individual airport level were aggregated at the 

country level, focusing on countries where III_B3.2 lineage has been detected. For these, we 

compiled the mean number of passengers arriving in Angola between 2012 and 2021 (Appendix 

Figure 6). 
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Appendix Table. Clinical, demographic, and sequencing data for NS1-positive suspected dengue virus infections, Luanda Province, 
Angola, 2024* 
ID Date dT Location Sex Age NS1 Ct # mapped reads Depth Coverage 
1 02/06/2024 0 Zango M 67 + 19.6 7771 277 91.9 
2 07/04/2024 0 Luanda M 38 + 27.1 1902 60 59.6 
3 01/06/2024 1 Camama F 13 + 25.9 1071 36 49.6 
4 24/07/2024 4 Viana F 9 + 31.6 579 23 25.6 
5 12/04/2024 5 Luanda F 39 + 32.3 169 6 20.1 
6 31/07/2024 0 Luanda F 48 Neg 28.8 896 36 15.8 
7 12/04/2024 2 Luanda F 74 + 30.6 143 5 11.6 
8 04/06/2024 0 Luanda M 35 + 26.8 103 4 4.4 
9 11/05/2024 3 Luanda M 28 + 28.8 79 3 4.2 
10 05/06/2024 1 Viana M 8 + 25.2 97 3 2.0 
11 12/07/2024 3 Luanda M 39 + 32.5 64 2 0.9 
12 09/06/2024 1 Luanda F 9 NA 26.9 33 1 0.0 
13 03/06/2024 4 Zango F 11 + 31.5 30 1 0.0 
14 28/05/2024 3 Luanda F 0 + 32.1 18 0.73 0.0 
15 30/05/2024 0 Zango F 24 – 36.8 17 0.67 0.0 
16 28/05/2024 † Viana – 45 NA 32.6 NA NA 0.0 
*Ct-values are from RT-qPCR. Sequencing metrics include number of DENV mapped reads, average depth, and genome coverage (%) against 
DENV3 reference strain. NA, not tested for DENV. Samples with IDs 1–5 were included in phylogenetic analyses. RT-PCR positive (including 
sequenced) samples were obtained from three of the nine municipalities in the Province of Luanda. Zango is a large urban district within the 
municipality of Viana, and ≈32 Km from Luanda city center. Camama is a neighborhood within Talatona municipality, and ≈111 Km from Luanda city 
center. Viana is a municipality within Luanda Province and around 18 Km from Luanda city center. 
†Sample was collected within the scope of the Occupational Medicine Service (patient with no symptoms). Sample IDs 2 and 11 pertain to patients 
admitted to hospital with thrombocytopenia and required platelet transfusion. dT corresponds to the number of days between symptom onset and 
sample collection. 

 

 

Appendix Figure 1. Monthly distribution of tested febrile cases in Luanda Province, Angola, 2024. Bars 

show RT-qPCR and sequencing results: PCR-negative (gray), PCR-positive (light red), and PCR-positive 

with sequencing (dark red). Lines indicate the IndexP climatic suitability index for Aedes aegypti 

transmission (lagged by 2 months), with gray representing 2023, black 2024, and red the multi-year 

average. 
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Appendix Figure 2. Correlation between RT-PCR cycle thresholds (Ct) and DENV horizontal genome 

coverage. Data points are color-coded based on NS1 status: positive (green), negative (orange), and not 

available (gray). Line indicates a significant negative relationship, with a Spearman correlation coefficient 

of –0.44 and a p-value of 0.1. 
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Appendix Figure 3. Root-to-tip regression of DENV 3III_B sequences (n = 1,013) over time. Data points 

show the relationship between genetic distance and sample collection dates for DENV 3III_B sequences 

from infections across four global regions. Each point represents a sequence, colored by its geographic 

origin: Africa (blue), Americas (yellow), Asia (gray) and Europe (red). Five sequences generated in this 

study (coverage >20%) are shown as blue circles highlighted with a red stroke. 
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Appendix Figure 4. Maximum clade credibility tree generated from 1,013 DENV 3III_B lineage genomes. 

Tips are colored according to sampling region. Angolan clade (n = 5) is highlighted in a gray box. 
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Appendix Figure 5. Subset of the maximum clade credibility tree shown in Appendix Figure 4. Branches 

are colored according to sampling region inferred using a standard parsimony approach implemented in 

FigTree v1.4.4 (28). 
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Appendix Figure 6. Average annual number of air passengers arriving in Angola between 2012–2021 

from countries where DENV3III_B.3.2 lineage has been detected (see also Appendix Figure 8). 
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Appendix Figure 7. Number of DENV3 III_B sequences globally (n = 1,013 sequences) per year 

stratified by geographic region (a) and lineage (b). Upper panel highlights limited availability of DENV3_B 

sequences from Africa (n = 63/1,013), while lower panel highlights the recent boom of 3III_B.3.2 minor 

lineage. We identified only eight 3III_B.3.2 sequences from Africa: seven from Angola (six identified in 

this study), and one from Niger identified in 2022 (Accession Number OQ132878.1). 
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Appendix Figure 8. Cumulative number of DENV3III_B3.2 lineage sequences by country and year of 

sample collection. Countries with <10 sequences are grouped as “Other” and include Costa Rica (n = 7), 

Trinidad and Tobago (n = 7), Haiti (n = 4), Guyana (n = 3), Italy (n = 2), El Salvador (n = 2), Saint Lucia (n 

= 1), Saint Martin (n = 1), Panama (n = 1), Niger (n = 1) and Venezuela (n = 1). 
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Appendix Figure 9. Correlation between DENV 3III_B.3.2 lineage sequence counts per country (log 

scale) and the mean annual passenger volume to Angola (log scale), highlighting countries with frequent 

or uncertain dengue transmission risk. 
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