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The lack of precise and timely knowledge about the molecular epidemiology of arboviruses of public health importance, particularly in the vector, has limited the comprehensive control of arboviruses. In Colombia and the Americas, entomovirological studies are scarce. Therefore, this study aimed to describe the frequency of natural infection and/or co-infection by Dengue (DENV), Zika (ZIKV), and Chikungunya (CHIKV) in Aedes spp. circulating in different departments of Colombia (Amazonas, Boyacá, Magdalena, and Vichada) and identifying vector species by barcoding. Aedes mosquitoes were collected in departments with reported prevalence or incidence of arbovirus cases during 2020–2021, located in different biogeographic zones of the country: Amazonas, Boyacá, Magdalena, and Vichada. The insects were processed individually for RNA extraction, cDNA synthesis, and subsequent detection of DENV (serotypes DENV1-4 by multiplex PCR), CHIKV, and ZIKV (qRT-PCR). The positive mosquitoes for arboviruses were sequenced (Sanger method) using the subunit I of the cytochrome oxidase (COI) gene for species-level identification. In total, 558 Aedes mosquitoes were captured, 28.1% (n = 157) predominantly infected by DENV in all departments. The serotypes with the highest frequency of infection were DENV-1 and DENV-2 with 10.7% (n = 58) and 14.5% (n = 81), respectively. Coinfections between serotypes represented 3.9% (n = 22). CHIKV infection was detected in one individual (0.2%), and ZIKV infections were not detected. All infected samples were identified as A. aegypti (100%). From the COI dataset (593 bp), high levels of haplotype diversity (H = 0.948 ± 0.012) and moderate nucleotide diversity (π = 0.0225 ± 0.003) were identified, suggesting recent population expansions. Constructed phylogenetic analyses showed our COI sequences’ association with lineage I, which was reported widespread and related to a West African conspecific. We conclude that natural infection in A. aegypti by arbovirus might reflect the country’s epidemiological behavior, with a higher incidence of serotypes DENV-1 and DENV-2, which may be associated with high seroprevalence and asymptomatic infections in humans. This study demonstrates the high susceptibility of this species to arbovirus infection and confirms that A. aegypti is the main vector in Colombia. The importance of including entomovirological surveillance strategy within public health systems to understand transmission dynamics and the potential risk to the population is highlighted herein.
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Introduction

Dengue virus (DENV), Zika virus (ZIKV), and Chikungunya virus (CHIKV) are considered to be arboviruses of major medical importance, capable of causing febrile syndromes, hemorrhagic fevers, and neurodegenerative diseases (Gould et al., 2017; Wilder-Smith et al., 2017; Paixao et al., 2018; Young, 2018). Dengue has been described as the most prevalent arboviral infection, with 40% of the human population at risk of infection, especially in tropical and subtropical countries (Wilder-Smith et al., 2010; Bhatt et al., 2013; Murray et al., 2013; Patterson et al., 2016; Sukhralia et al., 2019). Its incidence has increased 30 times in the last decades (Guzman et al., 2016; Pollett et al., 2018), with reports of more than 390 million infections annually (Bhatt et al., 2013). This virus has four serotypes, DENV-1, DENV-2, DENV-3, and DENV-4; each serotype confers specific lifelong immunity (Martina et al., 2009). However, with second infections by heterologous serotype, there is a higher risk of developing severe and/or lethal forms of the disease (Klungthong et al., 2004; Ngono and Shresta, 2018). CHIKV has caused widespread epidemics in Asian countries and East Africa; since 2004, it has spread to more than 60 countries, including the Americas, in 2013 (Leparc-Goffart et al., 2014; Gordon et al., 2018). Similarly, ZIKV has produced major outbreaks in 86 countries and territories in the Pacific, Asia, and the Americas, generating devastating congenital anomalies and neurological disorders, including microcephaly and Guillain-Barré syndrome post-2015 (Kazmi et al., 2020).

Aedes aegypti and Aedes albopictus are the main vectors of epidemic arboviruses DENV, CHIKV, and ZIKV (Kraemer et al., 2015; Leta et al., 2018; Lwande et al., 2020). These insects show broad ecological plasticity under different anthropic, climatic, and environmental conditions (Bonizzoni et al., 2013; Brady et al., 2014; Liu-Helmersson et al., 2016; Ciota et al., 2018), facilitating its spread in tropical, subtropical and some temperate zones (Leta et al., 2018; Kraemer et al., 2019; Ryan et al., 2019). In recent years, virological surveillance using molecular techniques has been proposed as a highly sensitive and efficient tool for detecting arboviral infection in vectors (Faye et al., 2013; Santiago et al., 2013; Alvarez-Diaz et al., 2021). Studies with this approach show that infection rates in A. aegypti and A. albopictus mosquitoes in endemic areas of Latin America may vary depending on the arboviral species, thus providing a promising approach to trigger control strategies. In the Aedes mosquitoes, DENV is more prevalent, with ranges between zero and 16.2% (Dos Santos et al., 2017; Kirstein et al., 2021), and CHIKV is between zero and 12.5% (Cevallos et al., 2018; Monteiro et al., 2020), while ZIKV represents the lowest rate between zero and 9.0% (Monteiro et al., 2020). Although data on arboviral co-infections in mosquitoes are limited, some studies demonstrate differences in susceptibility to mixed infections by species and serotype in mosquitoes, with frequencies ranging from 0.9 to 13.3% (Caron et al., 2012; Pena-Garcia et al., 2016; Pérez-Castro et al., 2016; Martínez et al., 2020).

The identification of Aedes species and their genetic variability has also been described using molecular markers to understand population dynamics and possible implications for disease transmission (Scarpassa et al., 2008; Paupy et al., 2012; Jaimes-Duenez et al., 2015; Pereira et al., 2017). This indicates that the infection rates and the identification of vector genetic diversity are essential from the point of view of molecular epidemiology to determine the possible routes of arboviral transmission and the progressive dispersion and/or invasion of the Aedes mosquito in endemic areas (Caron et al., 2012; Paupy et al., 2012; Jimenez-Silva et al., 2018; Joyce et al., 2018).

Colombia is a hyper-endemic country for Dengue, where the four serotypes co-circulate (Padilla et al., 2017). Moreover, it is one of the countries with the highest reported cases in the Americas and the Caribbean. Since 2016, there has been co-circulation of other arboviruses, such as CHIKV and ZIKV, a condition given by the geographical characteristics, the conditions of virus transmission, and the presence of the vector in about 90% of the national territory (Instituto Nacional De Salud, 2019b). Currently, more than 26 million people, corresponding to more than half of the national population, are exposed to arbovirus infection (Hoyos-Lopez et al., 2016; Gómez and Zapata-Úsuga, 2019; Instituto Nacional De Salud, 2019b,2020; Ministerio De Salud Y Protección Social, 2020). Despite this epidemiological situation, there is insufficient notification in some regions and a narrow active search for the circulation of different arboviral species (Gutierrez-Barbosa et al., 2020). An alarming aspect is the co-circulation of arboviral species in the same region by the same vector species (Wilder-Smith et al., 2017; Ciota, 2019; Vogels et al., 2019).

The lack of accurate and timely knowledge about the molecular epidemiology of arboviruses of public health importance, particularly in the mosquito vector, has limited the prediction of the genuine risk of emergence and spread of new arboviral strains in human populations. In Colombia and the Americas, studies on entomological characterization of Aedes mosquitoes and detection of arboviruses are scarce (Jaimes-Duenez et al., 2015; Pena-Garcia et al., 2016; Pérez-Castro et al., 2016; Peña-Garcia et al., 2017; Martínez et al., 2020; Carrasquilla et al., 2021), which has implications for effective arboviral control strategies. Therefore, this study aimed to describe the frequency of infection and/or natural co-infection by DENV, CHIKV, and ZIKV in Aedes spp. mosquitoes circulating in different Colombian departments and identify using molecular barcoding the vector species. We highlight the potential of molecular tests for the surveillance of arboviruses in mosquitoes and the identification of the vector species (entomovirologial surveillance).



Materials and methods


Location and capture of adult Aedes

Adult mosquitoes of the genus Aedes were captured between December 2020 and August 2021 in different municipalities of four departments of Colombia: the municipality of Leticia (4°12′29″S, 69°56′36″W) located in the department of Amazonas, in the south of the country in the Amazon region, shares borders with Brazil; municipalities of Puerto Boyacá (5°58′33.6″N 74°35.11″W) and Otanche (5°39′24.2″N 74°10.949′W), located in the department of Boyacá, in the central Andean region; municipality of Retén (10°36′40.9.9″ N 74°16. 094′W), in the department of Magdalena, located on the Colombian Caribbean coast; and the municipalities of Santa Rosalia (5°07′1″N 70°52′1″W) and La Primavera (5°28′59″ N 70°24′ 0″W) in the department of Vichada, located on the east in the vast plains of the Orinoco region, bordering Venezuela to the east (Figure 1). The selection of the study sites was made considering the location of the departments in different biogeographic areas of Colombia and the records of incidence of cases of arbovirus infection (Dengue, Chikungunya, and Zika), as reported by the Colombian Public Health Surveillance System (Sivigila) (Instituto Nacional De Salud, 2020, 2022; Figure 1). With the support of the local Public Health Secretaries, a non-probabilistic convenience sampling was conducted to obtain a range of sampling efforts from 100 to 150 individuals in urban and/or peri-urban areas. Adult mosquitoes were collected in a single sampling moment per department. The department of Boyacá was sampled in November 2020 (end of rainy season), while the departments of Magdalena, Amazonas and Vichada were sampled in the months of April and June 2021 (rainy season). Black light traps placed in the selected areas for 24 h and/or manually captured with mechanical vacuum cleaners during the day were used. At each site, only mosquitoes of the Aedes genus were selected, and subsequently pooled to optimize both the transport and storage of insects from the sampling sites. The entomological material was preserved in RNA later (DNA/RNA shield, Zymo. R1100-50) at 4°C in flasks marked with the coordinates and/or collection site. The samples were then sent to the Universidad del Rosario microbiology laboratory in Bogotá, Colombia, for processing and molecular analysis.
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FIGURE 1
Dengue incidence in Colombia during 2020–2021 and study sites. Map of Colombia, showing Dengue incidence data (reported cases per 100,000 population at risk) for the years 2020 (left) and 2021 (right). The sampled departments and municipalities are highlighted. Entomological sampling of Aedes mosquitoes in 2020 in the department of Boyacá (Dengue incidence data 241-533). Entomological sampling of Aedes mosquitoes in 2021 in the departments of Magdalena (Dengue incidence data 127-185), Amazonas and Vichada (Dengue incidence data 185-451). The data used for these maps were obtained from Colombia’s Public Health Surveillance System (Sivigila) (Instituto Nacional De Salud, 2020, 2022).




RNA extraction and cDNA synthesis

In the laboratory, Aedes mosquitoes collected from each department were processed individually as a more accurate strategy for arbovirus detection, as previously reported (Martínez et al., 2020). Each mosquito (each specimen) was disrupted using ZR BashingBead™ lysis tubes (Lysis Tubes-ref. S6003-50) with 200 μL of DNA/RNA Shield buffer in TissueLyser II® tissue homogenizer (Qiagen, Hilden, Germany), followed by centrifugation at 10,000 rpm for 2 min. RNA extraction was performed with the Quick-RNA Viral–ZYMO kit (Zymo, ref 1035), following the manufacturer’s recommended instructions. Once RNA was obtained, its concentration and quality were measured using a Nanodrop-2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and stored at −80°C in a Revco freezer (Thermo Fisher Scientific, Waltham, MA, United States). From the RNA obtained, RT-PCR was performed to generate cDNA using LunaScript RT SuperMix Reverse Transcriptase Kit (NEB #E3010). Finally, the cDNA was stored at −30°C.



Conventional polymerase chain reaction for the identification of Dengue virus serotypes

Detection of DENV serotypes (DENV 1-4) was performed by multiplex PCR, using primers for the region of the C-prM gene previously reported (Table 1; Chien et al., 2006). GoTaq®Green PCR Master Mix (2×) enzyme (Promega, # M7123) was used with 10 μmol of each primer (MD1, rTS1, rTS2, rTS3, and rTS4) and 0.8 μl of cDNA. The thermal profile consisted of the following: an initial denaturation cycle at 95°C for 5 min, 35 cycles of 95°C for 30 s, 57°C for 45 s and 72°C for 33 s, and finally, a final extension cycle of 72°C for 10 min. Visualization of the gene fragments was carried out using 2% agarose gel electrophoresis in 1× TBE buffer and as an intercalating agent 1 μL of SYBR® Safe (Invitrogen®, Carlsbad, CA, United States), then the gel was placed under UV light to observe the amplification band of each serotype, in the case of DENV-1 a band of 208 base pairs (bp) was observed, DENV-2 a band of 119 bp, DENV-3 a band of 288 bp and DENV-4 a band of 260 bp. The DENV positive controls (supernatant of culture cells individually infected with serotypes DENV1, DENV2, DENV3, DENV4) were provided by the Universities of Antioquia and Antonio Nariño in Colombia. Finally, confirmation of positive samples was performed in duplicate.


TABLE 1    List of primers and Taqman probes used in PCR for the detection of DENV, serotypes DENV1-4 (Chien et al., 2006), CHIKV (Alvarez-Diaz et al., 2021), and ZIKV (Faye et al., 2013).
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Real-time polymerase chain reaction for the detection of Chikungunya and Zika

The identification of CHIKV and ZIKV was performed by real-time reverse transcription-polymerase chain reaction (qRT-PCR) using the corresponding primers and Taqman probes previously proposed (Faye et al., 2013; Alvarez-Diaz et al., 2021; Table 1). The qRT-PCR reaction for CHIKV and ZIKV (per sample) contained qScriptTM One-Step (2×), Low ROXTM (Quantabio, Carlsbad, CA, United States). For CHIKV, 10 μM of each primer (F-5′RAAGGAGTGAGTGCCGGAARGACAT) and (R-5′ GACAACCCCCGGACGACCACAG), 5 μM of the probe (5′FAM-GARAAGCTYYYTGGGGGGGTCAGAGA) and 5 μL of RNA were used. The thermal profile used consisted of one cycle at 50°C for reverse transcriptase activation for 10 min, followed by initial denaturation at 95°C for 2 min, 40 cycles of 95°C for 15 s, 55°C for 45 s. For ZIKV, 10 μM of each primer (F-5′ AARTACACATACCARAACACCARAACAAAGTG GT) and (R-5 TCCRCTCCCYCTYCTYTGGTCTTG), 25 μM of the probe (5′-FAM-CTYAGACCAGCTGAAR) and 5 μL of RNA were used. Amplification conditions were: one cycle at 50°C for 10 min, 95°C for 1 min, 40 cycles of 95°C for 15 s, and 56°C for 1 min. To perform the real-time PCR, the cut-off Ct value was ≤ 39 based on different criteria, among which are CDC (Centers for Disease Control and Prevention) interpretation criteria, considering a specimen positive if primer sets showed amplification with cycle threshold (Ct) values ≤ 38.5. Likewise, positive tests were confirmed in duplicate. The positive controls for CHIKV and ZIKV were donated by the Universidad de Antioquia and the Universidad Antonio Nariño. The frequency of infection for CHIKV and ZIKV was expressed as the infection rate.



Molecular identification of Aedes species

A fragment of subunit I of the mitochondrial Cytochrome Oxidase gene (mt-COI) (species-specific barcode) was amplified from the resulting positive mosquitoes for DENV, CHIKV, or ZIKV. Reactions contained 2× GoTaq®Green Master Mix, (Promega, # M7123), 10 μM of each primer LCO1490 (5′-GGTCAAATCATAATAAAGATATTGG-3′) and HCO2198 (5′-TAAACT TCAGGGTGACCAAAAAATCA-3′) (Joyce et al., 2018), and 5 μL of cDNA. Thermal profiling started with a DNA polymerase activation step at 95°C for 1 min, 45 cycles of 94°C for 10 s for denaturation, 60°C for 1 min for primer annealing, and a final extension at 72°C for 10 min. This was followed by 2% agarose gel electrophoresis and SYBR-Safe as an intercalating agent (Invitrogen®, Carlsbad, CA, United States) to observe a band of ∼650 base pairs (bp). The amplified products were sequenced using the Sanger sequencing platform, following cleanup using ExoSAP-IT™ PCR Product Cleanup Reagent (Applied Biosystems™ #78205). In addition to rule out degradation of the samples, the COI amplification was used as internal control. Therefore, a random selection of 10 negative mosquitoes per collection site were analyzed observing the amplification of the marker COI in all of them.



Cytochrome oxidase gene sequence analysis (barcoding)

Consensus sequences were obtained using Geneious Prime program.1 Each sequence was then compared with the GenBank database using the BLAST (Basic Local Alignment Search Tool) sequence alignment tool (Mount, 2007), and the Aedes species were assigned considering the percentage of identity (higher than 95%) and the best e-value result. Multiple sequence alignments were performed with the MAFFT algorithm (Katoh and Standley, 2013) in Unipro UGENE software (Okonechnikov et al., 2012) using sequences retrieved from Genbank (Supplementary Table 1).

Subsequently, the genetic variability of the COI marker for A. aegypti in the samples from the study departments was evaluated through genetic diversity indices, including the number of haplotypes (h), the number of segregation sites (s), the average number of differences (k), haplotype diversity (hd), nucleotide diversity (π), using DnaSP software (Rozas et al., 2017). Using the same software, the divergence test was performed using Tajima’s D (Rozas et al., 2017). In addition, haplotype networks were constructed using the median joint method (MJN) in PopART (Population Analysis with Reticulate Trees) software (Leigh and Bryant, 2015) in order to observe the relationships between the sequences of COI haplotypes obtained for Colombia. Additionally, to infer relationships between the COI haplotypes of A. aegypti generated in our study with COI haplotypes from outside Colombia, a Maximum Likelihood (ML) phylogenetic analysis was performed on the haplotypes from each department, together with haplotypes from Africa, Asia, America, and the Caribbean regions published in similar studies, and obtained from the GenBank database (Supplementary Table 1). Representative COI haplotype sequences between and within each department were selected for phylogenetic analysis. IQtree version 1.6.12 software was used (Nguyen et al., 2015), with the TIM3 + F + I + G4 substitution model (chosen as the best in software). Branch support was performed using 10,000 repeats by ultrafast bootstrap approximation (UFBoot), visualized iTOL.2 The COI gene sequence of Culex spinosus (KM593059.1) was used as outgroup (Martínez et al., 2020).



Statistical analyses

Initially, the results of arbovirus infection were analyzed in terms of absolute and relative frequencies for the variables considered in the study (departments and arboviral species and/or serotypes). Subsequently, the Chi-square test was used to establish possible associations between these variables. In order to perform multiple comparisons between the different departments under study with the arbovirus species, post hoc tests were implemented through the vcd package in R software using the chisq.post hoc.test function that allows pairwise comparisons using the Bonferroni adjustment method. Statistical analyses were carried out using the R software (RStudio Team, 2019). All significance tests were two-tailed, and p-values < 0.01 were considered statistically significant.




Results


Natural arbovirus infection in Aedes mosquitoes

A total of 558 Aedes specimens were captured (female and male), with 150 individuals collected in Amazonas, Boyacá, and Magdalena, respectively, and 108 in the department of Vichada (Table 2). In general, in all study departments, the arbovirus with the highest frequency was DENV, found in 28.1% (n = 157) of Aedes specimens, with a predominance of serotypes DENV-1 and DENV-2, with a frequency of 9.9% (n = 55) and 14.2% (n = 79), respectively (Supplementary Table 2). Only one individual was infected by CHIKV (0.18%), and none by ZIKV (0.0%). The DENV-1 serotype was detected with a higher frequency in Boyacá at 18% (n = 27), followed by the department of Amazonas with a frequency of 11.3% (n = 17) and Magdalena with 6.0% (n = 9), while Vichada with 1.9% (n = 2) registered the lowest frequency of infection by this serotype (Figure 2 and Supplementary Table 2). In contrast, DENV-2 was detected with a higher frequency in samples from Vichada 30.6% (n = 33), with the highest infection rate per serotype, followed by 14.7% in Amazonas (n = 22), 9.3% in Boyacá (n = 14) and 6.7% in Magdalena (n = 10). A significant relationship was found between the distribution of DENV among departments (chi-square tests, p < 0.005). Multiple comparisons showed that only DENV-2 was specifically associated with the department of Vichada (chisq.post hoc.test p < 0.000036). In addition, the total study areas found a frequency of 3.9% (n = 22) of mixed infections by DENV serotypes. Co-infections by DENV-1/DENV-2 were found in all departments, with a higher frequency in Amazonas at 5.3% (n = 8). Only in Magdalena were two individuals coinfected with DENV-1/DENV-3 (1.3%) and three individuals with DENV-1/DENV-2/DENV-3 (2.0%), while in Vichada, one (1) individual was coinfected with DENV-2/DENV-3 (0.9%) (Figure 2). No relationship was found between the distribution of DENV co-infections between departments (chi-square tests, p < 0.1549).


TABLE 2    Frequency of infection by arbovirus in Colombian departments.
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FIGURE 2
Frequency of infection and co-infection by Dengue serotypes in Aedes aegypti mosquitoes in Colombia.




Cytochrome oxidase gene sequence analysis (haplotypes)

Based on the analysis of the COI sequences of the arbovirus-positive mosquito samples infected with DENV and CHIKV (157 sequences), they were all classified as A. aegypti using the BLASTn algorithm in the NCBI database. Subsequently, a total of 145 sequences were used to study genetic variations in the COI gene: 44 from the department of Amazonas, 42 from the department of Boyacá, 28 from the department of Magdalena, and 31 from the department of Vichada (Table 3).


TABLE 3    Genetic diversity analysis in Aedes aegypti mosquitoes based on molecular analysis of the COI gene.
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Eighty-seven haplotypes were identified from the COI dataset, with 197 variable sites. High levels of haplotypic diversity (H = 0.948 ± 0.012) and moderate nucleotide diversity were observed (π = 0.0225 ± 0.003) (Table 3). The number of haplotypes per department was similar in Boyacá (h = 28), Magdalena, and Vichada (h = 24), while it varied in Amazonas (h = 19). Haplotypic diversity was comparatively higher in the departments of Magdalena (H = 0.9814 ± 0.018), Vichada (H = 0.9655 ± 0.022), and Boyacá (H = 0.8919 ± 0.033) compared to the departments of Amazonas (H = 0.78647 ± 0.048), while nucleotide diversity was similar in all departments (∼π = 0.017) and marginally higher in the department of Vichada (π = 0.0330 ± 0.0036). The mean number of haplotypic differences (K) for the populations of the departments of Amazonas, Boyacá, Magdalena, and Vichada were, respectively, 9,016, 10,683, 11,010, and 19,217.

The mean value of Tajima’s D in the analyzed sequences from the four study departments was negative (-2.283) (Table 3). In addition, the Tajima D values for Amazonas and Boyacá were negative and statistically significant (p < 0.01), suggesting recent population expansions. In Magdalena and Vichada, however, Tajima’s D was negative but not significant (p > 0.1). A significant difference in π values was observed between the municipalities.

Figure 3A shows the COI haplotype network of A. aegypti from the study departments produced by the median junction network (MJN). Of the 145 mitochondrial sequences analyzed, we obtained 87 haplotypes distributed among the four departments, with many low-frequency haplotypes. A dispersed haplotype network was observed; 51.72% of the haplotypes were shared among the departments. The network shows two main haplogroups of higher frequency and geographic distribution. The first (haplotype color network) predominantly consists of Amazon haplotypes, composed of ancestral haplotypes (H1). The second haplogroup (haplotype color red, pink, yellow, and blue) consists of haplotypes from all locations (H6).
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FIGURE 3
Median-joining network (MJN) and phylogenetic analysis of mitochondrial COI haplotypes between Aedes aegypti populations in different departments of Colombia. (A) The haplotype network from A. aegypti sequences was collected in the departments of Amazonas, Boyacá, Magdalena, and Vichada. The lines on each branch indicate the number of mutational steps between haplotypes, and the size of the circle is proportional to the number of individuals. (B) A maximum likelihood (ML) tree based on the TIM3 + F + I + G4 nucleotide substitution model of A. aegypti individuals from the study departments. Black dots indicate bootstrap support > 80. The red, yellow, purple, and turquoise indicate haplotypes found in Colombia’s Amazonas, Boyacá, Magdalena, and Vichada departments. Shown in gray are haplotype sequences from Africa, Asia, the Americas, and the Caribbean, obtained from the GenBank database.


A multiple sequence alignment of A. aegypti haplotype sequences was constructed with the COI sequences generated in this study and with the 22 COI haplotype sequences retrieved from NCBI genebank worldwide (Supplementary Table 1). Phylogenetic relationships between COI gene haplotype sequences from a representative group of our samples (30%) were examined along with sequences from around the world using maximum likelihood methods. The phylogenetic tree showed two main clusters, with Bootstrap support > 80% (Figure 3B). One group was associated with COI sequences of haplotypes from East Africa (Tanzania), the Caribbean region (H2 Martinique), and the Americas (Mexico, H1 Brazil, Colombia, and H1, H2, H3, and H4 Bolivia) reported as Lineage II (Bracco et al., 2007; Paupy et al., 2012). The second cluster was associated with haplotypes from West Africa (H1 Cameroon, H1 Guinea, and H1 Cambodia) and the Americas (H1 Venezuela, H1 United States, H1 Colombia, H4, H58.) reported as Lineage I. (Bracco et al., 2007; Paupy et al., 2012). All A. aegypti sequences in the present study were associated with Lineage I (Figure 3B).




Discussion

Currently, vector control efforts and active surveillance for the early detection of epidemic events caused by arboviruses are fundamental for the integrated management of arboviral diseases (Kilpatrick and Randolph, 2012; Golding et al., 2015; Kauffman and Kramer, 2017). In the present study, we identified natural infection by DENV and CHIKV in specimens of Aedes spp., collected from different departments of Colombia. However, ZIKV was not detected in this study. DENV was the arbovirus with the highest frequency of infected mosquitoes (28.1%), while CHIKV and ZIKV had low (0.2%) or none (0.0%) infection rates, respectively (Table 2). These results are consistent with the behavior of arboviruses in Colombia, where in recent years, Dengue notifications have represented 99.5% of the total number of arbovirus notifications in the country (Instituto Nacional De Salud, 2020, 2022). They are also related to the high seroprevalence of asymptomatic cases of DENV infections, more than 85% in children and 90% in adults identified in the national territory (Velandia-Romero et al., 2020), which may play an important role in the silent maintenance and progression of the transmission cycle, between humans and mosquitoes (Pollett et al., 2018). In addition, the detection of CHIKV in only one individual and the non-detection of ZIKV in Aedes mosquitoes may reflect the decrease in transmission of these viruses following the outbreaks that occurred in 2015 and 2016. In recent years, a gradual decrease in the notification of Chikungunya and Zika cases has been observed (Instituto Nacional De Salud, 2020, 2022), with a low incidence in 2020 and 2021 (0.3–0.5 cases per 100.000 inhab) for both arboviruses. The reduced circulation of these arboviruses may be associated with low rates of susceptible population turnover and reintroduction (Carrasquilla et al., 2021), which limits the circulation of these viruses in humans and Aedes.

Our results on the frequency of infection by arboviruses are within the ranges found in other studies of infection in A. aegypti in Latin America. The most prevalent viral infection in A. aegypti is DENV, with frequencies in Brazil of 0.81% from 2012 to 2013 (Dos Santos et al., 2017) and 0.2% in 2017 (Monteiro et al., 2020), while in Mexico, 7.7% frequency was found for 2016 and 2017 (Kirstein et al., 2021). In Colombia, studies on DENV infection frequencies in this mosquito-vector show infection rates between 12% in the north and center of the country in 2012–2013 (Pena-Garcia et al., 2016) of 62% in the central region by 2015 (Pérez-Castro et al., 2016) and 29.6% for eastern Colombia in 2018–2019 (Martínez et al., 2020). These results may be closely related to the epidemic and inter-epidemic periods for Dengue in Colombia and the Americas (Ramos-Castaneda et al., 2017), as well as sampling effort, local abundance of A. aegypti and intensity of arbovirus circulation (Kirstein et al., 2021). Several studies reveal the vast and permanent circulation of DENV in the continent, which is related to the extensive distribution of A. aegypti in the region, the co-circulation of the four serotypes (DENV 1-4) (Ramos-Castaneda et al., 2017; Gutierrez-Barbosa et al., 2020; Instituto Nacional De Salud, 2020) and the susceptibility profiles of the local populations (Jimenez-Silva et al., 2018; Velandia-Romero et al., 2020). In addition, some authors indicate that the successful transmission of arboviruses such as DENV by A. aegypti may also be due to transovarial or vertical transmission (Pena-Garcia et al., 2016; Pérez-Castro et al., 2016; Ferreira-De-Lima and Lima-Camara, 2018), which can become an efficient strategy to maintain the constant circulation of arboviruses in a territory.

We reported the circulation of DENV-1-3 serotypes in A. aegypti mosquitoes. The highest frequency of infection by serotypes DENV-1 and DENV-2 was identified in all the departments studied, while DENV-3 was detected only in the department of Magdalena in one individual, and no infection by DENV-4 was detected (Figure 2). This finding is consistent with epidemiological trends for Colombia, which indicate that DENV-1 and DENV-2 are the predominant serotypes in the national territory (Gutierrez-Barbosa et al., 2020; Instituto Nacional De Salud, 2022), while DENV-3, followed by DENV-4 are the serotypes with the lowest incidence (Gutierrez-Barbosa et al., 2020). According to the historical dynamics of Dengue transmission in Colombia, DENV-1 and DENV-2 are responsible for the last epidemic outbreaks from 2010 to 2019. National registries report changes in the dominant serotype over time, evidencing the shift from the most prevalent serotype of DENV-1 toward DENV-2 between 2014 and 2016; and subsequently reported DENV-1 as the predominant serotype, followed by DENV-2 in 2019 (Instituto Nacional De Salud, 2019a,b, 2020; Gutierrez-Barbosa et al., 2020). Also, studies of natural infection in Aedes mosquitoes in central departments of the country in 2016 reported high rates of DENV-2 infection in A. aegypti, possibly associated with the epidemic that occurred during that year (Pérez-Castro et al., 2016; Ruiz-López et al., 2016; Gómez-Palacio et al., 2017; Pérez-Pérez et al., 2017). Similarly, reports of infection in Aedes during 2018 and 2019 showed DENV-1 infections related to the latest outbreak in Colombia (Martínez et al., 2020; Carrasquilla et al., 2021). Given this scenario, our findings on the frequency of infection in A. aegypti could be associated with this national trend and reveal the predominant serotype transition from serotype DENV-1 to DENV-2 in all departments, suggesting that the latter serotype could be the cause of the next outbreak in the country. In addition, some authors suggest that changing serotype prevalence has been associated with lineage extinction and replacement (Allicock et al., 2012; Salvo et al., 2019). However, epidemiological and entomovirological surveillance should be continued to verify these assertions coupled with genomic surveillance.

Interestingly, we demonstrate that in departments located in different biogeographic regions, there is an active circulation of DENV in A. aegypti mosquitoes. The department of Vichada presented the lowest frequency of DENV-1 infection (1.9%) and the highest frequency of DENV-2 infection (30.6%) in A. aegypti mosquitoes with significant differences compared to the other departments studied. These findings may be explained by the proportion of dependent serotypes per department and the local viral population dynamics, as previously reported for other Colombian departments (Jimenez-Silva et al., 2018; Gutierrez-Barbosa et al., 2020; Velandia-Romero et al., 2020). In addition, it may imply a regional evolutionary process of the virus probably associated with vector populations, immunological characteristics, and geographical barriers that prevent the homogenization of circulating serotypes (Gutierrez-Barbosa et al., 2020). Furthermore, the geographic proximity between Vichada and Venezuela probably reflects one of the most significant viral diffusion routes between geographic locations and shows a migratory pathway of Dengue viral lineages (Jimenez-Silva et al., 2018). Therefore, this information highlights the importance of comprehensive monitoring DENV transmission in transboundary mosquito and human regions, such as Vichada and even Amazonas (an area bordering Brazil), which can contribute to controlling the diversification, transmission, and persistence of strains or gene variants of this or other arboviruses.

The data on co-infections between species, serotypes, or viral genotypes in Aedes mosquitos are limited. However, laboratory evidence confirms that A. aegypti mosquitoes can be simultaneously or sequentially infected with different arbovirus species in all combinations and that they are capable of co-transmitting simultaneously without affecting vectorial competence (Nuckols et al., 2015; Goertz et al., 2017; Ruckert et al., 2017; Magalhaes et al., 2018; Mourya et al., 2018; Vogels et al., 2019). Here, we found natural co-infection in A. aegypti by different Dengue serotypes, with the highest frequency between DENV-1 and DENV-2 (2.9%, n = 16). Recent investigations in Colombia also found mixed infections in Aedes with serotypes DENV-1 and DENV-2, DENV-2 and DENV-4 (Pérez-Castro et al., 2016), DENV-4 and DENV-1 (Pena-Garcia et al., 2016), and by arboviral species DENV-CHIKV (Martínez et al., 2020), which could be related to the differences in the endemic and entomological patterns. Some reports indicate that Aedes mosquitoes have a high probability of infection by two or more DENV serotypes (Guzman et al., 2016; Vazeille et al., 2016), and may be related to increased susceptibility to infection by one of these serotypes. Currently, the implications of co-infection and co-transmission on the epidemiology, pathogenesis, and evolution of these viral agents remain unclear, mainly due to limited clinical information, underdiagnosis, and poor detection in both humans and mosquitoes (Carrillo-Hernandez et al., 2018; Mercado-Reyes et al., 2019; Vogels et al., 2019). Nevertheless, in regions where there is active co-circulation of arboviral agents, especially in areas with high endemicity for Dengue, it is essential to clarify the dynamics of infection in mosquitoes and possible implications for arboviral transmission and evolution. The implementation of accurate diagnostic tests for single or multiple arboviral detections deserves greater attention as part of epidemiological surveillance.

The present study shows that A. aegypti populations sampled in different departments of Colombia exhibited high haplotype diversity 0.948 ± 0.012, but medium nucleotide diversity (0.0225 ± 0.003) (Table 3). Similar results were found in studies on the genetic structure of A. aegypti in Latin American countries such as Brazil (Bracco et al., 2007), Mexico (Gorrochotegui-Escalante et al., 2002), Venezuela (Herrera et al., 2006), and Colombia (Jaimes-Duenez et al., 2015). The high diversity of haplotypes in different populations of A. aegypti in the continent indicates a rapid population demographic expansion in a relatively recent period (Joyce et al., 2018) and a gene flow between countries in the region (Jaimes-Duenez et al., 2015). In contrast, other countries such as Bolivia (Paupy et al., 2012) show low genetic diversity, probably related to geographical isolation and limited terrestrial access, which prevents reinvasion processes by A. aegypti in this country. Analysis of Tajima’s D test showed negative values in all study departments and significant values for A. aegypti samples in Amazonas and Boyacá (P < 0.05), suggesting an excess of rare alleles, which may reflect demographic instability and confirm the population expansion of this vector species (Paupy et al., 2012). These analyses are related to the haplotype network (Figure 3A), which shows the genetic diversity of A. aegypti in the study populations, with greater nucleotide diversity for samples from the department of Vichada. It also reveals a haplogroup among most Amazon sequences, which presented the lowest haplotype diversity, while departments with the highest haplotype diversity (Boyacá, Magdalena, and Vichada) are in the second-highest haplogroup. This may suggest that the Amazonas populations present some degree of isolation from the other A. aegypti populations in the study areas, while the populations of the other departments may present a greater genetic flow between them. As the Colombian Aedes populations from Amazonas seem to be different from the rest of the country, future studies should study the complex ecological, evolutionary, and epidemiological context of Amazonas, as this department limits with the Brazilian, Venezuelan, and Peruvian amazon comprising a fascinating hotspot for understanding Aedes population structure.

In addition, phylogenetic analyses of haplotype sequences from our study and haplotype sequences from other countries suggest the predominance of a Lineage I of A. aegypti in Colombia, where all sequences from Amazonas, Boyacá, Magdalena, and Vichada were related (Figure 3B). This lineage has been described as the most widespread in countries of the Americas (Herrera et al., 2006; Bracco et al., 2007; Paupy et al., 2012) and is related to West African ancestors (Moore et al., 2013). Recent studies on the genetic characteristics and population structure of A. aegypti in Colombia, based on COI and NAD4 (dehydrogenase subunit 4) molecular markers, show the existence of a second lineage (Lineage II), recently introduced to the country and related to East African analogs (Jaimes-Duenez et al., 2015). According to the authors, Lineage I is found in areas with a high incidence of Dengue and chemical insecticides, while Lineage II is present in cities with a low incidence of Dengue where chemical insecticides are not constant (Jaimes-Duenez et al., 2015). This suggests that the epidemiology of Dengue may be influenced by the population dynamics of A. aegypti in the territory. However, it is necessary to continue molecular epidemiology studies in this type of vector populations, including more molecular markers or even comparative genomics, which would help to clarify the associations between vector competence and the origin of the populations of Aedes species.

Finally, our study shows that entomovirological surveillance using molecular tools is a powerful tool that can support decision-making for preventing and controlling vector-borne diseases such as Dengue. Thus, individual detection of infection and/or co-infection by arboviruses (DENV, CHIKV, ZIKV) in field-collected Aedes mosquitoes, and molecular discrimination of vector species using molecular markers, can become a strategy that generates highly accurate entomological information. It could be used as an early warning system to support the adoption of vector control and prevention measures in emergency or re-emergence of arboviral outbreaks, especially in predicting infections up to six weeks before the onset of cases (Pena-Garcia et al., 2016). On the other hand, considering the installed capacity due to the Coronavirus disease (COVID-19) sanitary contingency (Alvarez-Diaz et al., 2021), health entities could take advantage of the Next Generation Sequencing (NGS) technology initiative of viral strains to detect new DENV lineages, in both humans and mosquitoes, and learn about regional dissemination patterns. These sequencing strategies, routinely implemented for pathogen detection and monitoring by public health agencies in Europe (Public Health England) and North America (Centers for Disease Control and Prevention, Public Health Agency of Canada), have enabled the successful surveillance of arboviruses such as West Nile virus (WNV) (Wollants et al., 2018) and Zika (Quick et al., 2017), which provided crucial information for early decision making to prevent the spread of these diseases, as well as assisting in the development of new schemes for the comprehensive management of these outbreaks.

It is essential to recognize some limitations in our study, such as the sample size of Aedes mosquitoes in the study areas, as well as the use of a single molecular marker to perform the population structure analysis, that would allow us to carry out a more robust analysis. We consider that our findings on entomovirological surveillance in different areas of Colombia provide valuable information that supports comprehensive surveillance and control systems for A. aegypti (Lineage I) as the primary vector of arboviruses in Colombia. Likewise, our findings highlight the importance of protecting the population at risk of serotype transmission, especially DENV-1 and DENV-2, and focusing on the potential serotype change in the next epidemic outbreak.



Conclusion

This study reports on the natural infection by DENV-1, DENV-2, DENV-3, and CHIKV of A. aegypti from departments in different biogeographical regions of Colombia. Furthermore, it confirms that co-infection with DENV serotypes in different combinations is possible. This demonstrates the high susceptibility of this species to arbovirus infection and confirms that A. aegypti is the primary vector in Colombia. The high rates of DENV infection may be associated with the high seroprevalence and asymptomatic infections in the human population, which may influence the constant maintenance of the arboviral infection cycle. In contrast, the low and null detection of CHIKV and ZIKV, respectively, may reflect the decrease in transmission after the outbreaks in 2015 and 2016. Finally, from the analysis of genetic diversity, we demonstrate the predominance of lineage I of A. aegypti in Colombia, widely spread in the Americas, and previously related to areas with a high incidence of Dengue. Our findings highlight the importance of including entomovirological surveillance to better understand its epidemiological dynamics and take preventive measures against future outbreaks. We suggest, especially to health and government entities, to take advantage of the installed capacity in the face of sanitary containment by COVID-19 to monitor the circulation of DENV serotypes and genotypes as a strategy for comprehensive disease management of arboviruses. We also recommend that future studies include and identify other disease-carrying vectors circulating in the area (e.g., Culex spp.). This would be useful to inform the public system of new viruses and vectors. Finally, we believe that our results on the molecular epidemiology of arboviruses in different areas of Colombia provide valuable information that supports institutional capacities for the prevention and control of arboviral agents.
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