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Dengue remains a major public health challenge. In Costa Rica, we implemented the first 23 

nationwide genomic surveillance to track the emergence of the DENV2 Cosmopolitan genotype. 24 

Phylogenetic and eco-epidemiological analyses revealed early detection, climate-linked spread, 25 

and spatial heterogeneity. Findings underscore the need for integrated surveillance to guide 26 

adaptive responses to emerging arboviral threats. 27 

 28 

Keywords: Dengue virus, genomic monitoring, Cosmopolitan genotype, Costa Rica, eco-29 

epidemiological modelling.  30 

 31 

Text 32 

Dengue fever, caused by the mosquito-borne dengue virus (DENV), remains a major public 33 

health threat in tropical and subtropical regions, primarily transmitted by Aedes aegypti (1). The 34 

rising global incidence is driven by climate change and urbanization (2). In Costa Rica, dengue 35 

transmission has become increasingly complex, with the co-circulation of all four DENV 36 

serotypes (DENV1–4), increasing the risk of co-infections and severe outcomes (3). Historically, 37 

DENV1 and DENV2 predominated, but DENV4 emerged in late 2022, followed by the 38 

reappearance of DENV3 in early 2023 after a six-year absence (2). Reported cases rose from 39 

30,649 in 2023 (2) to 31,259 in 2024 (3), with high incidence in San José, Alajuela, and 40 

Puntarenas, prompting intensified control measures (4). Despite ongoing surveillance, significant 41 

gaps remained in understanding the genotypic shifts of dengue viruses circulating in Costa Rica. 42 

To address this, a nationwide sequencing program was launched in 2023 through Inciensa 43 

(Instituto Costarricense de Investigación y Enseñanza en Salud y Nutrición). Initial analyses 44 

identified DENV1 Genotype V, DENV2 Genotype III (Asian-American), DENV3 Genotype III, 45 
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and DENV4 Genotype IIb. However, in February 2024, the DENV2 Genotype II (Cosmopolitan 46 

Genotype) was detected for the first time, marking a significant shift. By September, it had fully 47 

replaced the previously dominant Genotype III, with early cases identified in coastal districts 48 

such as Cóbano and Cahuita. 49 

This genotype had never been reported in Costa Rica and aligns with recent detections in 50 

Peru’s Madre de Dios and Brazil’s Midwest, suggesting a broader regional pattern (5,6). Its 51 

association with more severe clinical outcomes (6) and rapid geographic spread raises concerns 52 

about increased virulence and transmissibility. Through integrated genomic, phylogenetic, and 53 

eco-epidemiological analyses, this study provides critical insights into genotype replacement 54 

dynamics, supporting the development of more adaptive and region-specific dengue control and 55 

surveillance strategies. 56 

 57 

To further understand the ecological drivers contributing to this shift and the broader 58 

dengue transmission landscape, we analyzed recent patterns of dengue incidence in relation to 59 

climatic conditions. Over the past decade, dengue activity in Costa Rica has shown largely 60 

irregular dynamics with intermittent seasonality (2016, 2019–2020), followed by a marked 61 

increase in reported cases between 2022 and 2024 (Figure 1a). To explore the role of climate in 62 

shaping these trends, we compared monthly dengue case counts with estimated climate-driven 63 

suitability for transmission. Focusing on years with pronounced seasonal signals and high case 64 

numbers, this analysis revealed a moderate temporal correlation (r= 0.38) between monthly 65 

suitability and incidence during the 2022–2023 epidemic period. Detailed methodologies are 66 

available in the Supplementary Appendix. 67 
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 68 

Figure 1. Temporal and spatial correlation between climate-driven suitability and dengue incidence in Costa Rica. a) Time69 

series of monthly dengue cases (black line, right axis) and climate-driven suitability index for transmission (blue line, left axis)70 

from June 2014 to November 2024. Shaded area (yellow) indicates the epidemic period during which enough cases with a clear71 

seasonal signal are reported allowing to estimate correlation (Spearman’s test, r = 0.38, p-value<0.05) between suitability and72 

incidence; b–c) Province-level correlation ((Spearman’s test) between monthly dengue incidence and climate suitability for the73 

years 2022 (b) and 2023 (c). Warmer colors indicate stronger correlations. Dashed boundaries (white) mark provinces with non-74 

significant correlation (p-value>0.05) and solid boundaries (dark grey) otherwise. In 2023, higher correlations were observed in75 

eastern and coastal provinces where early cases of the DENV2 Cosmopolitan genotype were detected. 76 

 77 

To further examine spatial heterogeneity, we assessed the province-level correlation78 

between climate-driven suitability and dengue incidence across two epidemic years (2022–79 
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2023). In 2022, correlations were intermediate-to-high and reasonably homogeneous across 80 

regions (Figure 1b). However, in 2023, provinces with early detection of the DENV2 81 

Cosmopolitan genotype - such as Puntarenas and Limón - exhibited high correlations, suggesting 82 

a convergence of factors (e.g. ecological, virological, immunity) that may have facilitated 83 

localized intensification of transmission (Figure 1c). 84 

Historically, DENV1 and DENV2 have been the predominant serotypes, fluctuating in 85 

their relative proportions. However, a major shift was observed in 2023–2024, characterized by 86 

the only period with co-circulation of the 4 serotypes, mirrored by a remergence of DENV3 and 87 

the emergence of DENV4 (Figure 2a). The remergence of DENV 3 aligns with the known 88 

ubiquitous serotype cycles observed every 7-9 years, while the emergence of DENV4 aligns with 89 

the recent expansion in South America (4). Over the years with available dengue reports, the 90 

yearly ranges in age of infection changed slightly, but no significant change could be quantified 91 

over the years (linear slope 0.17, p-value=0.048); (Figure 2b). This estimate did not strongly 92 

support a significant increase in the force-of-infection over the years, as also supported by the 93 

reasonably stable estimates of climate-driven suitability (Figure 1), since this should be mirrored 94 

by a decreasing age of reported infections. In contrast, the age of infection increased slightly by 95 

1.3 years for every extra circulating serotype (p-value=5.6e-06), independently of year (Figure 96 

2b), potentially reflecting that serotype mixing increases the prevalence of secondary infections, 97 

which in turn happen in already seropositive, older individuals.  98 

 99 
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 100 

Figure 2. Dengue Serotype Dynamics in Costa Rica. a) Proportional distribution of DENV serotypes over time; b) Age of101 

dengue cases over time (left) and by number of circulating serotypes (right). Median (red), interquartile range (dark gray), and102 

standard deviation (light gray) are shown; c) Geographic distribution of DENV2 genotypes in Costa Rica from May 2023 to103 

August 2024. 104 

 105 

Concurrently, a marked change was observed in circulating DENV2 strains, with the106 

previously dominant DENV2-III genotype being replaced by the DENV2-II genotype in early107 

2024 (Figure 2b-c). Between May 2023 and August 2024, the DENV2-III genotype was more108 

prevalent, particularly in Alajuela, San José, Puntarenas, and Limón - regions historically109 

associated with high dengue transmission. Over time, however, the DENV2-II genotype became110 

increasingly dominant, especially in San José, Cartago, and Alajuela, while the DENV2-III111 

genotype declined. This pattern suggests a gradual replacement, potentially driven by selective112 

advantage, immune escape or forcing from repeated introductions from external sources.  113 

Inciensa implemented the country’s first nationwide genomic surveillance program in114 

2023 as part of the epidemiological surveillance of dengue. This initiative enabled the generation115 

of 133 whole-genome sequences (WGS) of DENV-2 from 2023/2024. Using the dynamic DENV116 

lineage classification system (7), newly (n=110) identified DENV2 genotype III (Asian-117 
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American) genomes were classified as belonging to lineage D.1.2 and newly (n=23) identified 118 

DENV2 genotype II (Cosmopolitan) genomes were classified as belonging to lineage F.1.1.2.  119 

DENV2 Genotype III sequences were obtained from 58 female and 52 male individuals, 120 

with a mean age of 38 years. Samples originated from Alajuela, Puntarenas, Limón, San José, 121 

Heredia, Cartago, and Guanacaste (Table S1). The mean genome coverage was 92.62% (range: 122 

62.81%–97.80%) and the mean Ct value was 22 (range: 12–31). DENV2 Genotype II sequences 123 

were derived from 12 female and 11 male individuals, also with a mean age of 38 years, and 124 

were detected in Alajuela, Cartago, Limón, Puntarenas, and San José (Table S2). The average 125 

genome coverage was 80% (range: 77%–84%) and the mean Ct value was 24 (range: 18–28). 126 

To gain deeper insights into the spatiotemporal dynamics of DENV2-III and the emerging 127 

dominance of DENV2-II, we performed phylodynamic analyses (Figure 3), which revealed a 128 

well-supported monophyletic clade of Costa Rican DENV2-III, suggesting that local persistence 129 

has been sustained after introduction events from Central America over the last decade (Figure 130 

3a).   131 
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 132 

Figure 3. Evolutionary and spatiotemporal expansion of DENV2-III in Costa Rica. a) Maximum likelihood (ML) phylogeny133 

of DENV2-III, showing Costa Rican sequences (red) within the broader Central and South American clade. Phylogenetic support134 

is indicated at key nodes; b) ML reconstruction of DENV2-III lineage D.1.2 dispersal within Costa Rica; c) Population density135 

map of Costa Rica, highlighting areas with elevated transmission potential; d, e) Spatiotemporal expansion of DENV-2 III136 

lineage D.1.2, illustrating the progressive spread of two distinct clades—Clade I and II—from urban centers to coastal regions137 

between May 2023 and March 2024. 138 

 139 

Maximum likelihood phylogenetic reconstruction revealed the co-circulation of two140 

distinct clades within the DENV-2 III lineage D.1.2 i referred to here as clade I and II (Figure141 
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3b). Although these clades are phylogenetically distinct, both belong to the same lineage. 142 

Phylogeographic analysis further elucidated patterns of viral spread across regions. Initial 143 

circulation was concentrated in Alajuela, Cartago, and San José, followed by expansion toward 144 

Puntarenas and Limón coastal regions. Clade I (Figure 3d) was estimated to have emerged in 145 

May 2023, with a 95% highest posterior density (HPD) interval ranging from April to late May 146 

2023. Its inferred transmission pathways extended from San José and Cartago toward Puntarenas 147 

and Limón by early 2024. Clade II (Figure 3e) was detected as early as June 2023, with a 95% 148 

HPD covering a similar timeframe, and exhibited a broader dispersal pattern encompassing the 149 

densely populated areas of Alajuela and San José. The spatial overlap of these sublineages with 150 

regions of high population density (Figure 3c) underscores the role of urban centers as key 151 

transmission hubs facilitating the spread of DENV-2. 152 

Further phylogenetic resolution of DENV2-II sequences (Figure 4) revealed a distinct 153 

evolutionary trajectory compared to DENV2-III, supporting the hypothesis of a recent 154 

introduction followed by rapid establishment in Costa Rica. The time stamped phylogenetic tree 155 

indicated that at least two independent introduction of the DENV2-II F.1.1.2 lineage likely 156 

occurred, potentially mediated by regional viral flow from Latin American countries, including 157 

Bolivia and Brazil and resulted in the establishment of a well-supported monophyletic clade. 158 

Bayesian time-scaled phylogenetic analysis of this clade suggests an emergence around October 159 

2023, with a 95% HPD interval spanning from September to late November 2023. Early 160 

circulation was primarily concentrated in Puntarenas, Limón, and Cartago, with subsequent 161 

dissemination into San José, Alajuela, and Heredia (Figure 4b).  162 

 163 
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 164 

Figure 4. Emergence and spread of DENV2-II in Costa Rica. a) Maximum likelihood (ML) phylogeny of DENV2-II,165 

highlighting the American clade. The inset on the right displays the time-stamped phylogenetic tree, showing two independent166 

introductions of this genotype into Costa Rica, including one major transmission cluster. Tips are colored according to sampling167 

location; b) Time-scaled phylogenetic reconstruction of the major DENV2-II clade, illustrating its expansion from Puntarenas,168 

Limón, and Cartago in early 2024; c) Spatiotemporal dynamics of the major DENV2-II clade in Costa Rica. 169 
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 170 

Reconstruction of viral dispersal for this major clade (Figure 4c) further highlighted its 171 

rapid establishment across densely populated areas. Initially detected in coastal and central 172 

provinces, the virus quickly spread into high-transmission hubs, particularly those characterized 173 

by high population density. 174 

 175 

Conclusion 176 

This study offers the first nationwide genomic and eco-epidemiological assessment of dengue in 177 

Costa Rica, highlighting the recent replacement of DENV2-III (Asian-American) by the 178 

emerging DENV2-II (Cosmopolitan) genotype. Using whole-genome sequencing, 179 

phylodynamics, and climate-based modeling, we demonstrate how viral evolution and ecological 180 

factors shape transmission. Similar genotype replacements have occurred elsewhere, often linked 181 

to immunity shifts or viral fitness advantages (8–10). However, we found no evidence of 182 

increased transmission due to climate or age-related shifts in infection. DENV2-II, first detected 183 

in early 2024, rapidly replaced DENV2-III despite a decline in overall DENV2 circulation 184 

(15.8% in 2023 to 9.3% in 2024). Importantly, this shift was not associated with increased case 185 

severity, and no deaths in 2024 were attributed to this genotype. At least two independent 186 

introduction events led to widespread dissemination across provinces, consistent with patterns 187 

observed in Brazil and Southeast Asia (11, 12). The Cosmopolitan genotype, now dominant 188 

worldwide, was previously reported in Peru (2019), Brazil (2022), Colombia (2023), and Costa 189 

Rica (2024) (5,6,13). A moderate correlation (r = 0.38) between climate suitability and dengue 190 

incidence, especially in early DENV2-II hotspots, supports the role of environmental conditions 191 

in amplifying transmission (2,14). Its spread from coastal regions to urban centers such as San 192 

José and Alajuela reflects the influence of urbanization and mobility over ecological barriers 193 
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(15–17). While our genomic data are substantial, uneven geographic sampling and reliance on 194 

passive surveillance limited detection in some areas. Overall, this study highlights how genotype 195 

introductions, ecological conditions, and human mobility interact to shape dengue transmission 196 

dynamics in Costa Rica. Strengthening real-time genomic surveillance systems—integrated with 197 

environmental and mobility data—is essential for early detection of emerging threats and for 198 

guiding timely, targeted public health interventions. 199 
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