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A B S T R A C T   

Studies focused on identifying the viral species of Flavivirus in vectors are scarce in Latin America and partic
ularly in Colombia. Therefore, the frequency of infection of the Flavivirus genus and its feeding preferences were 
identified in the mosquito species circulating in the municipality of Puerto Carreño-Vichada, located in the 
Eastern Plains of Colombia. This was done by sequencing the viral NS5 and vertebrate 12S rRNA genes, 
respectively, using Oxford Nanopore Technologies (ONT). A total of 1,159 mosquitoes were captured, with the 
most abundant species being Aedes serratus at 73.6% (n = 853). All the mosquitoes were processed in 230 pools 
(2–6 individuals) and 51 individuals, where 37.01% (n = 104) were found to be infected with Flavivirus. In these 
samples, infection by arboviruses of epidemiological importance, such as dengue virus (DENV), Zika virus 
(ZIKV), and chikungunya virus (CHIKV), was ruled out by PCR. However, through sequencing, infection by 
different insect-specific viruses (ISFVs) and a medically important virus, West Nile virus (WNV), were identified 
in a mosquito of the Culex browni species. Additionally, the feeding patterns showed that most species present a 
generalist behavior. Given the above, conducting entomovirological surveillance studies is crucial, especially in 
areas of low anthropogenic intervention, due to the high probability that potentially pathogenic viruses could 
generate spillover events under deforestation scenarios.   

1. Introduction 

Arthropod-Borne Viruses are a group of microorganisms mainly 
transmitted by mosquitoes. Among this group, the Flaviviridae family 
stands out for harboring virus species that pose a public health problem, 
particularly those belonging to the genus Flavivirus. Based on phyloge
netic reconstructions, the species in this genus are grouped into clusters 
based on the vector: (1) mosquito-borne viruses (dengue virus (DENV), 
Zika Virus (ZIKV), chikungunya virus (CHIKV), yellow fever virus (YFV) 
and West Nile virus (WNV)), which can infect a wide range of hosts and 
cause severe public health problems ; (2) tick-borne viruses (Tick-borne 
encephalitis viruses); (3) viruses whose the vector is unknown, but with 
the ability to replicate in vertebrate cells (Kuno et al., 2017); and (4) 

insect-specific flaviviruses (ISFVs), known as mosquito-specific and 
unable to replicate in mammalian cells (Bolling et al., 2015). Despite 
this, only a few studies have focused on determining the circulation of 
each of these Flavivirus viral species and their interaction with insect 
vectors in endemic areas. 

In recent years, molecular techniques such as PCR and/or sequencing 
have become established as supportive tools in entomovirological sur
veillance for identifying Flavivirus in vectors (de Oliveira Ribeiro et al., 
2021). Studies utilizing this approach have characterized the 
co-circulation of different ISFVs and pathogenic arboviruses in the same 
area (WNV-Culex Flavivirus (CxF)), and have shown that the co-infection 
of these viruses can modify the vectorial capacity of mosquitoes (Bolling 
et al., 2012; Newman et al., 2011). Thus, the importance of applying 

* Corresponding author. 
E-mail address: juand.ramirez@urosario.edu.co (J.D. Ramírez).  

Contents lists available at ScienceDirect 

Acta Tropica 

journal homepage: www.elsevier.com/locate/actatropica 

https://doi.org/10.1016/j.actatropica.2023.106972 
Received 28 March 2023; Received in revised form 23 May 2023; Accepted 15 June 2023   

mailto:juand.ramirez@urosario.edu.co
www.sciencedirect.com/science/journal/0001706X
https://www.elsevier.com/locate/actatropica
https://doi.org/10.1016/j.actatropica.2023.106972
https://doi.org/10.1016/j.actatropica.2023.106972
https://doi.org/10.1016/j.actatropica.2023.106972
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actatropica.2023.106972&domain=pdf


Acta Tropica 245 (2023) 106972

2

these molecular techniques to identify the simultaneous distribution of 
different circulating flaviviruses in the vectors is highlighted (Fang et al., 
2018; Hoyos-López et al., 2016). However, the sequencing techniques 
used have limitations in their ability to perform highly sensitive iden
tification of viral species. This is due to two factors. Firstly, vectors may 
be co-infected with different flaviviruses, and sequencing techniques, 
such as the Sanger method, cannot identify them (Hoyos et al., 2021). 
Secondly, the next-generation sequencing (NGS) technique, Illumina, 
commonly used for vector virome characterization, provides sufficient 
information to assemble viral genomes and identify co-infections, but at 
the economic level it ends up generating high costs and its accessibility is 
limited, particularly in endemic areas or areas with restricted resources 
(Gómez et al., 2022). Recently, third-generation sequencing (3GS) 
techniques such as Oxford Nanopore Technologies (ONT), have been 
widely implemented thanks to the SARS-CoV-2 pandemic, with low cost, 
easy accessbility, high throughput, and allows deep sequencing (Jain 
et al., 2016; Merhi et al., 2022; Wang et al., 2021). 

Studies suggest that Flavivirus transmission may be conditioned by 
the feeding preferences of the mosquito vector (Figueiredo, 2019; Hayes 
et al., 2005; Huang et al., 2019). Defining these feeding patterns in rural 
ecosystems with low anthropogenic disturbance is necessary to under
stand transmission dynamics and to incriminate hosts potentially asso
ciated with transmission. This knowledge can help characterize possible 
changes in pathogen transmission and the risk of generating spillover 
events. Some mosquito species, like Aedes aegypti, are specialists that 
feed primarily on human hosts, while others, like Culex, are highly 
generalist and often show opportunistic feeding behavior (Harrington 
et al., 2001; Mendenhall et al., 2012). Therefore, in rural areas where 
humans, mosquitoes, and animals (domestic and wild) coexist, the risk 
of zoonotic diseases being transmitted to humans, such as some 
emerging arboviruses DENV, ZIKV, and CHIKV, increases (Borremans 
et al., 2019; Patterson et al., 2016). Considering the above, it is of great 
importance to understand the interactions between mosquitoes and 
transmitted viruses, which present a significant challenge for the 
designing prevention and control strategies (Guth et al., 2020). 

Most studies have focused on detecting Flavivirus in mosquito pop
ulations associated with urban cycles, such as Aedes aegypti and Aedes 
albopictus. However, other wild species are considered vectors, or their 
vectorial capacity is unknown or has been little studied. The main wild 
vectors that transmit mosquito-borne flaviviruses belong to the genera 
Aedes and Culex (Subgenera Culex and Melanoconion), and individuals of 
the genera Haemagogus, Sabethes, Mansonia, and Psorophora have been 
established as potential vectors. In general, different species of the genus 
Culex have been identified as responsible for West Nile Virus (WNV) 
transmission in Asia, Europe, and the Americas (Hoyos-López et al., 
2016; Jiang et al., 2023; Kampen et al., 2021; Rochlin et al., 2019). The 
species of the genus Culex associated with WNV transmission may vary 
according to geographic regions, changes in climate, and host avail
ability, highlighting the species Cx. quinquefasciatus, Cx. pipiens and Cx. 
tarsalis (Conway et al., 2014). Individuals of the genera Haemagogus and 
Sabethes are associated with YFV transmission in the sylvatic cycle (Li 
et al., 2022), while individuals of the genera Mansonia and Psorophora 
have been mainly associated with the transmission of Mayaro virus 
(MAYV) (Gonzalez-Escobar et al., 2021; Langendries et al., 2021). 

In Latin America, particularly in Colombia, few studies have focused 
on identifying flaviviruses in vectors circulating in rural areas. CxFv is 
the ISFV with the highest number of reports and has mainly been 
identified in different species of the Culex genus in Guatemala (Moral
es-Betoulle et al., 2008), Mexico (Saiyasombat et al., 2010), Brazil 
(Machado et al., 2012), and Argentina (Goenaga et al., 2014). In addi
tion, in Guatemala, the co-circulation of CxFv and WNV in individuals of 
Cx. quinquefasciatus was described (Morales-Betoulle et al., 2008). In 
Colombia, two studies stand out; The first study was conducted by 
Hoyoz-López, R. et al. (2016), in which they identified flaviviruses of 
epidemiological importance such as St. Louis encephalitis virus (SLEV), 
WNV, and ISFV like CxFV, in individuals of Culex (Hoyos-López et al., 

2016). The second study by Hoyos et al. (2021) found 25 positive 
samples for the detection of the NS5 gene fragment. However, 
sequencing of these fragments by Sanger failed to detect known Flavi
virus sequences (Hoyos et al., 2021). The limitations of Sanger 
sequencing are highlighted in cases where the presence of multiple viral 
species of Flavivirus may occur. 

Therefore, this study initially focused on identifying the mosquito 
species circulating in the municipality of Puerto Carreño-Vichada 
(located in the Eastern Plains of Colombia). This municipality is pri
marily a rural territory that promotes the presence of arboviruses in 
enzootic cycles. PCR and RT-PCR techniques were employed to detect 
the arboviruses of primary epidemiological interest, DENV, CHIKV, and 
ZIKV in mosquitoes. Finally, the viral species of the Flavivirus genus and 
feeding preferences were identified by sequencing the NS5 and 12S 
markers, respectively. A new methodology was developed and stan
dardized for this purpose, which allowed the sequencing of these 
markers by ONT, facilitating the identification of different flaviviruses in 
the same sample and characterization of multiple feeding preferences. 

2. Material and methods 

2.1. Mosquito sampling and collection area 

Mosquito collection was conducted at eight points in different rural 
areas of Puerto Carreño in the department of Vichada, Colombia as 
shown in Table S1. The municipality of Puerto Carreño has a total area 
of 12,409 km2, with 99.9% of the territory being rural area. It is 
bordered to the north and east by the Bolivarian Republic of Venezuela 
and is surrounded by one of the most important rivers in South America, 
the Orinoco River. Sampling sites were chosen based on strategic points 
of Sportfishing and ecotourism with mosquito proliferation, nearby 
human settlements, and low anthropogenic intervention in the area 
(these areas have not been significantly altered or disturbed by human 
activity). Sampling point 1 was located near the Juriepe river, point 2 
between the Juriepe river and Laguna La Estacada, point three near 
Laguna Tres Matas, and points 4 to 8 were located in different areas 
along the Orinoco River (Fig. 1). A non-probabilistic convenience sam
pling was carried out with the help of the departmental secretary of 
Vichada on December 8, 10, 11, and 12, 2020 (beginning of the dry 
season), with a single sampling time per site (Table S1). Mosquitoes 
were manually captured using mechanical aspirators during the day in 
the forests. To prevent contamination of the biological material, we 
maintained the use of gowns and gloves throughout the handling pro
cess. In addition, we sterilized the capture materials, as well as those 
used for storage and transport, beforehand. The mosquitoes of greatest 
entomovirological importance, belonging to the subfamily Culicinae, 
were selected at each sampling point and grouped into pools of 2 to 6 
individuals according to the species identified (Table S2). 

In some cases, the mosquitoes were stored individually to confirm 
the species using molecular tools. The entomological material was pre
served in RNA later (DNA/RNA shield, Zymo. R1100–50) at − 4 ◦C in 
vials marked with the coordinates and collection site. Finally, the sam
ples were transported to the microbiology laboratory at the Universidad 
del Rosario in Bogotá, Colombia for processing and molecular analysis. 

2.2. Nucleic acids extraction and cDNA synthesis 

Pooled and individual entomological material (Table S2) was ho
mogenized at 30 rpm for 20 min using ZR BashingBead™ lysis tubes 
(Lysis Tubes-ref. S6003–50) with 200 μL of DNA/RNA shield buffer in 
the TissueLyser II® tissue homogenizer (Qiagen, Hilden, Germany), 
followed by centrifugation at 10,000 rpm for 2 min and the supernatant 
was saved. From the supernatant obtained in the previous step, nucleic 
acid extraction was performed using the Hamilton Microlab Star auto
mated system and the MagBead Quick-DNA/Viral RNA kit (Ref. R2141, 
Zymo Research) following the manufacturer’s recommended 
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instructions. Once the genetic material was obtained, its concentration 
and quality were quantified using the Nanodrop-2000 spectrophotom
eter (Thermo Fisher Scientific, Waltham, MA, United States) and stored 
at − 80 ◦C. Subsequently, RT-PCR was performed from the genetic ma
terial to generate cDNA (complementary DNA) using the LunaScript RT 
SuperMix Reverse Transcriptase Kit enzyme (NEB #E3010). The cDNA 
was stored at − 30 ◦C. 

2.3. Molecular identification of mosquitoes and analysis of cytochrome c 
oxidase sequences (Barcoding) 

A fragment of the COI (cytochrome oxidase subunit 1) gene was 
amplified from mosquitoes requiring species confirmation by molecular 
analysis (Table S2). PCR reactions were performed in final volume of 25 
μL containing 2 × GoTaq®Green Master Mix (Promega, # M7123), ten 
μM of each primer, and 5 μL of the cDNA. The primers used were 
LCO1490 (5′-GGT CAA ATC ATA AAG ATA TTG G-3′) and HCO2198 (5′- 
TAA ACT TCA GGG TGA CCA AAA AAT CA-3′). Thermal profiling con
sisted of an initial denaturation cycle at 95 ◦C for 1 min, 45 cycles of 
94 ◦C for 1 min, 60 ◦C for 1 min, 72 ◦C for 1 min, and finally, a final 
extension cycle of 72 ◦C for 10 min. The gene fragment amplification 
was confirmed by 2% agarose gel electrophoresis in 1x TBE buffer. As an 
intercalating agent, 1 μL of SYBR® Safe (Invitrogen®, Carlsbad, CA, 
USA) was then visualized under UV light to observe a band of ~650 base 
pairs (bp). 

The Sanger sequencing platform sequenced the amplified products 
after cleanup with the enzyme ExoSAP-IT™ (Applied Biosystems™ 
#78,205). Sequence cleaning and alignment were performed in Laser
gene SeqMan software (DNASTAR, Madison, WI, USA), and each 
sequence was compared against the GenBank database using the Blastn 
(Basic Local Alignment Search Tool of nucleotides). The mosquito spe
cies were assigned considering the percentage of identity (higher than 
95%) and the best e-value result. To confirm the assigned species, a 
phylogenetic reconstruction was generated on the sequences of each 
species obtained previously and reference sequences of each species 
(Table S3). Sequence alignment was initially carried out using MAFFT 
V.5. With this alignment, a Maximum Likelihood (ML) tree was con
structed in iQtree tool version 1.6.12 using the substitution model 
GTR+F + G4 (Model chosen according to the BIC generated by Model
Finder). Node support was performed using 1000 iterations by the 

Ultrafast Bootstrap (UFBoot) approach and visualized in iTOL. 

2.4. Detection of flaviviruses using PCR and oxford nanopore technologies 
(ONT) and phylogenetic analysis 

As previously described, the samples were initially processed to 
detect the epidemiologically important arboviruses (DENV, CHIKV, and 
ZIKV. However, all samples were negative. Therefore Flavivirus detec
tion was performed. Detection was performed by PCR using the primers 
MAMD (5′-AAC ATG GGR AAR AGR GAR AA-3′) and cFD2 (5′-GTG TCC 
CAG CCG GCG GTG TCA GC-3′). This primer pair amplifies a conserved 
region of the NS5 gene of the Flavivirus genus. PCR reactions were per
formed in a final volume of 12.5 μL containing 2 × GoTaq®Colorless 
Master Mix (Promega, # M7133), 10 μM of each primer, and 0.8 μL of 
the cDNA. The thermal profile consisted of an initial denaturation cycle 
at 95 ◦C for 3 min, 40 cycles of 95 ◦C for 30 s, 59 ◦C for 1 min, 72 ◦C for 1 
min, and finally, a final extension cycle of 72 ◦C for 5 min. Gene frag
ment amplification was verified by 2% agarose gel electrophoresis in 1x 
TBE buffer and as an intercalating agent 1 μL of SYBR® Safe (Invi
trogen®, Carlsbad, CA, USA), then visualized under UV light to observe 
a band of ~252 base pairs (bp). Culture supernatant from cells infected 
with the DENV-1 serotype provided by the University of Antioquia 
(Colombia) was used as a positive control. 

Due to economic restrictions, 36 Flavivirus-positive samples were 
randomly selected. The amplified products were sequenced by ONT, for 
which barcode ligation (assigning one barcode per sample) was initially 
performed using the ONT Barcode Kit (EXP-NBD196). Subsequently, the 
library was constructed by joining the amplicons in equal volumes (with 
their barcode ligated) and proceeded to adapter ligation using the ONT 
ligation sequencing kit (SQK.LSK109). The constructed library was 
sequenced in ONT MinION using R.9.4 flow cells and MinKnow V.3.1.4 
software. The bioinformatics analysis was performed on the raw Fast5 
files, using Super Accuracy base-calling (SUP) (Q>10) to obtain the 
Fastq files and then demultiplexed with the Guppy V3.1.5 tool. The 
cleaned sequences were processed with the Centrifuge V1.0.4 tool to 
perform the taxonomic assignment of reads by global alignments. Te 
assignment was generated by comparison with a reference dataset using 
GenBank sequences of the NS5 gene of different viruses belonging to the 
genus Flavivirus. The Centrifuge tool performs a count of the number of 
reads that map to each taxon and generates a table with that 

Fig. 1. Geographical distribution of collection sites. 
The map shows on the left the geographic location of the municipality of Puerto Carreño in the department of Vichada. On the right side are the georeferenced 
locations of the eight sampling points. The legend of each point indicates the local name of each sampling point. Built with the tool QGIS 3.22.14 (Basemap: Esri 
Satellite World_Imagery (MapServer) https://bit.ly/3MRtYCf; Sources: Esri, Maxar, Earthstar Geographics, and the GIS User Community; CC BY-SA 3.0). 
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information. The number of reads in the output table was converted into 
relative values using the Pavian tool (https://fbreitwieser.shinyapps. 
io/pavian/) and grouped by sample using RStudio and further used as 
an approximation of the abundance of the flaviviruses found. Finally, a 
relative abundance barplot was made using the ggplot2 package. 

To confirm the assigned species, a phylogenetic reconstruction was 
generated on the sequences of each species obtained previously and 
reference sequences of each species (Fig. 4B). Sequence alignment was 
initially carried out using MAFFT V.5. With this alignment, a Maximum 
Likelihood (ML) tree was constructed in iQtree tool version 1.6.12 using 
the substitution model K2P+R2 (Model chosen according to the BIC 
generated by ModelFinder). Node support was performed using 1000 
iterations by the Ultrafast Bootstrap (UFBoot) approach and visualized 
in iTOL. 

2.5. Molecular characterization of feeding sources 

The same 36 previously selected samples were used to amplify a 12S 
rRNA gene fragment (215 bp) and subsequent sequencing by ONT. 
Initially, PCR reactions were performed in a final volume of 12.5 μL 
containing 2 × GoTaq®Colorless Master Mix (Promega, # M7133), 10 
μM of each primer, and 1.5 μL of the cDNA. The thermal profile consisted 
of an initial denaturation cycle at 95 ◦C for 3 min, 40 cycles of 95 ◦C for 
30 s, 59 ◦C for 1 min, 72 ◦C for 1 min, and finally, a final extension cycle 
of 72 ◦C for 5 min. The gene fragment amplification was confirmed by 
2% agarose gel electrophoresis in 1x TBE buffer. As an intercalating 
agent, 1 μL of SYBR® Safe (Invitrogen®, Carlsbad, CA, USA) was then 
visualized under UV light to observe a band of ~215 base pairs (bp). 

The amplified products were sequenced by ONT, followed by bio
informatic analysis of the reads obtained as previously described. 
Taxonomic assignment of reads was also performed by global align
ments using the Centrifuge V 1.0.4 tool with the previously reported 
reference base for feeding sources. First, the Centrifuge V.1.0.4 tool 
performs a count of the number of reads that map to each taxon and 
generates a table with that information. Second, the output table’s 
values are normalized and converted to relative values using the Pavian 

tool (https://fbreitwieser.shinyapps.io/pavian/). These values by sam
ple are used to estimate the feeding sources based on the calculated 
relative abundances. Finally, the calculation of relative values and the 
abundance barplot were performed as previously described. 

2.6. Statistical analysis 

Descriptive analyses of the frequency of each species were carried 
out based on percentages, abundance analyses of the flaviviruses iden
tified, and feeding preferences. Subsequently, the Chi-square test was 
used to establish possible associations between the different sampling 
points, vector species, and Flavivirus infection frequency. To perform 
multiple comparisons between variables, post hoc tests were imple
mented in R software (RStudio Team, 2019) using the Rcmdr and chisq. 
posthoc.test packages, performing pairwise comparisons using the 
Bonferroni adjustment method. Values of p < 0.05 were considered 
statistically significant. 

3. Results 

3.1. Mosquito diversity and geographic distribution 

During the days 8, 10–12 December 2020 a total of 1159 individuals 
were captured at the eight sampling points, of which 1108 were pro
cessed in pools (n = 230) and 51 individually (Table S2). Twelve mos
quito species representing seven genera were identified, and 11 were 
confirmed from COI sequence analysis. The phylogenetic reconstruction 
obtained from the sequences shows 11 well-supported clusters (Boot
strap ≥90) corresponding to each of the confirmed species (Fig. 2A). 
Aedes (Ochlerotatus) serratus (Theobald, 1901) was the species found in 
the highest abundance (74.1% n = 859) and was identified in all eight 
sampling points (Fig. 2B and S1). Culex was the most diverse genus, with 
five species identified; four were reported simultaneously at sampling 
point 6 (Figs. 2B and S1). This same sampling point has the highest di
versity of mosquitoes captured, with eight species identified. Individuals 
identified as Culex (Melanoconion) theobaldi (Lutz, 1904), Cx. (Mel.) 

Fig. 2. Vector diversity and abundance. 
A) Maximum likelihood phylogenetic reconstruction based on the GTR+F + G4 substitution model using COI sequences obtained in this study and GenBank. Black 
dots indicate bootstrap ≥90, colored dots indicate sequences obtained in this study and arrows indicate sequences obtained from GenBank. B) Shows the abundance 
of mosquito species captured per sampling point. 
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serratimarge (Root, 1927), Sabethes (Sabethoides) chloropterus (von 
Humboldt, 1819), and Wyeomya (Wyeomyia) abebela (Dyar & Knab, 
1908) were found only at sampling points 2, 6, 4 and 8, respectively. 

3.2. Flavivirus detection 

Of the 281 pools processed, the Flavivirus genus’s overall infection 
rate was 37.01% (104/281). A higher rate of Flavivirus infection was 
observed in the Ochlerotatus serratus species (Table 1), most of which 
were found at sampling point 8. According to the chi-square test, no 
associations were found between the frequency of Flavivirus infection 
and sampling point and vector species (X-squared=14.242, df=10, p- 
value=0.1622). Identification of the viral species of the genus Flavivirus 
was achieved using ONT amplicon sequencing. We could estimate the 
relative abundance (calculated with the number of reads per taxon) of 
the different viral species identified in each sample (Fig. 3). In all the 
samples, sequences that could not be assigned to known viral species 
were found, and their taxonomic assignment was achieved up to the 
genus Flavivirus. In the case of Mansonia (Mansonia) indubitans (Dyar & 
Shannon, 1925) none of the sequences could be assigned. 

The viral species found in the highest abundance was the Guapiacu 
virus (GUAPV), present in 6 mosquito species (Fig. 3). On the other hand, 
CxFv was found only in Cx. (Mel.) eknomios (Forattini & Sallum, 1992) 
species and Aedes Flavivirus (AeFV) were only identified in Oc. Serratus 
species. One individual of the species Cx. (Anoedioporpa) browni (Komp, 
1936) was found infected with WNV. It is worth mentioning that some of 
the samples analyzed were found to be simultaneously infected with 
three or more viruses (Fig. S2). The phylogenetic reconstruction 

obtained from the sequences shows six well-supported clusters (Boot
strap ≥90) corresponding to each of the confirmed species (Fig. 4B). 

3.3. Feeding sources 

ONT sequencing of the 12S rRNA gene allowed the characterization 
of feeding sources in six of the 12 mosquito species collected. The 
vertebrate species identified comprised five mammals, including 
humans, two birds, and one reptile (Fig. 4A). Humans (Homo sapiens) 
and pigs (Sus scrofa domesticus) were found to be the primary food 
sources for the six mosquito species. Oc. serratus was the mosquito 
species that presented the greatest range of food sources with eight 
identified sources and Wy. abbela was the species that presented the 
most significant restriction in its diet because it presents only three 
sources, among them individuals of the genus Procyonidae. We found 
that Cx. eknomios was the only species that managed to feed on the 
Iguana iguana (Fig. 4A). To evaluate whether there was a relationship 
between the number of flaviviruses identified and the number of feeding 
sources, a Shapiro-Wilk normality test was performed. The two variables 
do not have a normal distribution (p < 0.05). Consequently, a Spearman 
correlation test was performed to compare the number of feeding 
sources against the number of flaviviruses identified, but no statistically 
significant correlations were found (p > 0.05). 

Additionally, a graph integrating information on mosquito species, 
relative abundances of identified flaviviruses, and feeding sources per 
sampling point were constructed (Fig. 3). In general, it can be observed 
that the species Oc. serratus (present in all sampling points) has a vari
able behavior in terms of its feeding sources since it can be present from 
three feeding sources (Point 8) to eight sources (Point 1). Finally, to 
evaluate whether there is a relationship between the sampling points 
and the number of feeding sources found, a Shapiro-Wilk normality test 
was initially performed for the number of feeding sources, showing a 
normal distribution (p>0.05). Accordingly, a one-factor ANOVA test 
was performed, and it was found that there are significant differences 
between the number of feeding sources per sampling point. This in
dicates a relationship between feeding sources and sampling point, 
showing that the mosquitoes at point 1 have the highest number of 
feeding sources and point 8 has the lowest number of sources. 

4. Discussion 

Strategies for arbovirus prevention and vector control rely on un
derstanding the dynamics and interactions between mosquitoes, trans
mitted viruses, and hosts. Entomovirological surveillance plays a crucial 
role in studying these dynamics and providing valuable information on 
local arbovirus transmission. Therefore, in this study, we evaluated 
these dynamics by identifying flaviviruses and feeding sources in 
mosquitoes circulating in rural areas of the municipality of Puerto 
Carreño-Vichada, an area with low anthropogenic disturbance and low 
fragmentation. For this, we initially identified the species of mosquitoes 
captured, where we found that 51 individuals presented confusing 
morphological characters that did not allow the corresponding taxo
nomic assignment. However, using COI gene sequences, we successfully 
classified 11 mosquito species out of the 51 individuals. Among them, 
60.7% (31/51) belonged to the genus Culex with five species identified, 
representing many individuals we found with problems with taxonomic 
identification. Similar studies have reported such challenges due to the 
diversity and taxonomic revisions gaps in the Culex genus. (Hoyos et al., 
2021; Torres-Gutierrez and Sallum, 2015). Therefore, in these cases, the 
COI gene has been established to classify mosquito species based on 
inter- and intraspecific genetic distances (Torres-Gutierrez et al., 2016). 
Our phylogenetic reconstruction (Fig. 2A) supported this classification, 
showing distinct clusters with robust node support (>90) for each spe
cies. Notably, this study reports the first occurrence of Sa. chloropterus 
species in the country. While the COI gene fragment was used for clas
sification, further confirmation using other molecular markers is 

Table 1 
Number and percentage of species per sampling site positive for Flavivirus.  

Species Sampling point Positive Negative Total 

Oc. serratus  72 (40) 108 (60) 180  
1.Bocas de Juriepe 16 30 46  
2.Finca la Sonora 0 2 2  
3.Laguna Tres Matas 6 14 20  
4. Laguna La Estacada 0 1 1  
5.Reserva Bojonawi 15 13 28  
6.Reserva Ventanas 10 7 17  
7. Isla Santa Elena 0 1 1  
8.Bocas de Dagua 25 40 65 

Cx. browni  1 (25) 3 (75) 4  
6.Reserva Ventanas 0 1 1  
7. Isla Santa Elena 1 2 3 

Cx. eknomios  4 (17) 20 (83) 24  
1.Bocas de Juriepe 4 10 14  
2.Finca la Sonora 0 2 2  
6.Reserva Ventanas 0 3 3  
7. Isla Santa Elena 0 3 3  
8.Bocas de Dagua 0 2 2 

Ma. indubitans  1 (33) 2 (67) 3  
2.Finca la Sonora 0 1 1  
4. Laguna La Estacada 1 0 1  
7. Isla Santa Elena 0 1 1 

Ps. albipes  19 (49) 20 (51) 39  
1.Bocas de Juriepe 15 14 29  
2.Finca la Sonora 0 1 1  
4. Laguna La Estacada 0 1 1  
5.Reserva Bojonawi 4 1 5  
6.Reserva Ventanas 0 1 1  
7. Isla Santa Elena 0 1 1  
8.Bocas de Dagua 0 1 1 

Ps. ferox  6 (32) 13 (68) 19  
1.Bocas de Juriepe 0 3 3  
2.Finca la Sonora 0 1 1  
4. Laguna La Estacada 0 1 1  
5.Reserva Bojonawi 6 5 11  
6.Reserva Ventanas 0 1 1  
8.Bocas de Dagua 0 2 2 

Wy. abebela  1 (100) 0 (0) 1  
8.Bocas de Dagua 1 0 1  
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Fig. 3. Relative abundance of identified flaviviruses. 
A) Graphical representation of the abundance of Flavivirus identified, as well as the food sources for each of the mosquito species found by sampling point. The 
barplot shows the relative abundance of flaviviruses identified in each of the mosquito species by sampling point. 

Fig. 4. Relative abundance of food sources and Phylogenetic analyzes of Flavivirus. 
A) The barplot shows the relative abundance of the number of reads found for each vertebrate by mosquito species. B) Maximum likelihood phylogenetic recon
struction based on the K2P+R2 substitution model using NS5 fragment sequences obtained in this study and GenBank. Black dots indicate bootstrap ≥90, labels 
names in bold indicate sequences obtained in this study. 
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neccesary given its importance as a vector for YFV. 
The correct identification of mosquito species is crucial in studies 

such as ours that aim to understand the ecology of vectors and the 
transmission dynamics of viruses of importance for public health. In 
contrast, incorrect identification can lead to erroneous conclusions and 
invalid associations. Additionally, knowing the vector species specif
ically provides a priori information on the transmission dynamics that 
may occur locally. Previous studies have identified specific relationships 
between virus transmission, mosquito species, and their feeding pref
erences. For example, Cx. pipiens has been associated with active WNV 
transmission in the northeastern United States, with a preference for 
avian hosts (Nasci et al., 2001). However, molecular techniques are too 
costly for the massive use of vector identification. Therefore, we 
emphasize to highlight the importance of their use as a complementary 
tool for surveillance under the specific situations described above 
(Martínez et al., 2020). 

Our results show Flavivirus infection in seven of the 12 species 
identified (Table 1), of which, in only three species (Oc. serratus, Psor
ophora (Janthinosoma) albipes (Theobald, 1907), Ps. (Jan.) ferox (von 
Humboldt, 1819) Flavivirus infection has been previously reported 
(Auguste et al., 2021; Ramos et al., 2022; Saiyasombat et al., 2010). As 
for the flaviviruses identified, we found GUAPV and Anopheles associated 
Flavivirus (AnFv) present in six species; these results are inconsistent 
with previous reports since GUAPV had only one in Brazil during 2021 
in Ae. terrens and Ae. scapularis species (Fig. 4B) (de Oliveira Ribeiro 
et al., 2021). Therefore, this study presents the first report of GUAPV 
circulation in mosquitoes circulating in Colombia, specifically in these 
species. This new report and its high prevalence in our study may be due 
to the failure of previous studies to identify this virus adequately. This is 
since the sequences of this ISFV were included in the databases recently 
(less than two years ago); then, previous studies, when performing the 
assignment by alignments (global and/or local), could not find this new 
virus. In addition, the sequencing methodology we propose allowed us 
to perform an approximate calculation of the relative abundance of the 
flaviviruses we identified. However, future studies should be conducted 
to understand the impact of GUAPV circulation in mosquitoes, whether 
it affects the development of other viruses of public health importance, 
and their cryptic circulation in arbovirus endemic areas. 

One of the most important results was the identification of WNV in 
Cx. browni, the first report of WNV infection in this species. Previously, 
only Cx. pipiens, Cx. quinquefasciatus and Cx. torrentium species have 
been implicated in WNV transmission in the northern United States and 
central Europe (Jansen et al., 2019; Rochlin et al., 2019). In Latin 
America, specifically in Colombia, the circulation of WNV has been 
previously reported in Culex mosquitoes (Fig. 4B). However, the authors 
were unable to identify the mosquito species of the infected individuals 
(Hoyos-López et al., 2016). This information has public health relevance 
since it exposes the species Cx. browni as a potential vector of WNV in the 
municipality of Puerto de Carreño. However, it is essential to conduct 
vector capacity studies to clarify the current situation of WNV trans
mission dynamics in the country, again highlighting the importance of 
using molecular techniques as a complementary tool for the taxonomic 
identification of mosquitoes since there is information on the circulation 
of the virus, but not precisely the species that are maintaining its 
transmission. 

On the other hand, a relationship between the simultaneous infection 
of WNV and CxFV, an ISFV, has been described in some cases, where an 
in vitro study initially identified that WNV replication is suppressed 
when the abundance of CxFv is 10 to 100 times higher (Goenaga et al., 
2020). However, another study suggests that CxFv infection cannot 
exclude secondary infection by genetically distinct flaviviruses such as 
WNV and that these two viruses may be present simultaneously in the 
same mosquito (Newman et al., 2011). In our study, the WNV-infected 
Cx. browni individual was not found to be co-infected with CxFv. 
Additionally, the Cx. eknomios and Ps. albipes species were found to be 
infected with CxFv (Fig. 3). Therefore, the data obtained are highly 

variable, and the exact reason for these patterns has yet to be discovered 
since no clear relationships have been found between these two viruses. 
Therefore, it is necessary to continue studies that focus on determining 
the relationships between these two viruses and the interaction between 
other ISFVs and viruses of public health importance. This is remarkable, 
given recent evidence of how ISVs can modulate vector competence in 
Aedes and, thus, DENV transmission in vitro (Olmo et al., 2023). Ulti
mately, a better understanding of this pattern will allow generating 
future control strategies that permit preventive intervention to stop the 
transmission of flaviviruses causing human diseases. 

The present study identified Homo sapiens and Sus scrofa as the pri
mary feeding sources for the seven mosquito species (Fig. 4A). The 
preferences of Oc. serratus and Ps. albipes species for Homo sapiens have 
been previously reported (Hoyos et al., 2021). This shows that, despite 
the low fragmentation of the area, it is evident that anthropogenic dis
turbances facilitate human blood as a potential food source, with the 
possibility of adaptation to this source and, thus, the potential emer
gence of arboviruses in the region. Thanks to our analyses, we found that 
the number of feeding sources identified for our study was associated 
with the sampling points (Fig. 3). This is related to the availability of 
food sources that can be found in each area and added that regular 
interaction with specific hosts results in a robust vector-vertebrate 
relationship which in turn can lead to enhanced virus transmission 
(Scott and Takken, 2012). In addition, it is essential to highlight that 
although the species Oc. serratus belongs to a rural cycle; its opportu
nistic behavior can occasionally lead this species to feed on human 
blood, as previously reported in Colombia (Hoyos et al., 2021). This is of 
great importance since, in Brazil, this species has been incriminated as a 
possible secondary vector of YFV (Cardoso et al., 2010). 

Finally, our study shows that entomovirological surveillance using 
sequencing techniques such as ONT is a useful tool that can identify the 
early circulation of pathogenic viruses. Accordingly, the design of ap
proaches that integrate different objectives, such as 1) the molecular 
identification of mosquito species using molecular markers as a com
plementary tool, 2) the identification of viral species of the genus Fla
vivirus present in mosquitoes in rural areas, and 3) the characterization 
of the food sources of these mosquitoes, can become a potential tool for 
understanding the dynamics associated with the ecology and trans
mission of pathogenic viruses and early detection of emerging viruses. 
Therefore, it is proposed to use this tool as an early warning system that 
identifies the transmission dynamics of different emerging and re- 
emerging viruses by monitoring potential vectors and hosts. The 
above, with the support of the sequencing capacity that was acquired 
during the pure contingency of the Coronavirus disease 2019 (COVID- 
19) (Álvarez-Díaz et al., 2021). The use of these sequencing tools, 
together with approaches similar to our study, has allowed the identi
fication of epidemiologically essential viruses such as Japanese en
cephalitis virus (JEV) in mosquitoes from Xinjiang, China (Hameed 
et al., 2021), ZIKV in patients from the Brazilian Amazon (M. L. G. de 
Figueiredo et al., 2022) and in Colombia with the recent identification of 
Oropuche virus (OROV) associating it to the cause of emerging febrile 
illness in patients (Ciuoderis et al., 2022). 

However, it is important to recognize certain limitations in our study. 
Firstly, the sample size of the mosquitoes captured at the sampling 
points, which may impact the generalizability of our findings. Addi
tionally, the identification of flaviviruses was based on Amplicon Based 
Sequencing rather than a comprehensive virome characterization con
ducted in previous studies. This limited approach restricted our ability 
to perform a deeper analysis, including the identification of interactions 
among different viral families. Furthermore, a more extensive sampling 
strategy encompassing wider spatio-temporal scales would provide a 
more comprehensive understanding of the dynamics and distribution of 
these viruses. Moreover, the lack of inclusion of negative controls 
throughout the sample collection to rule out human contamination that 
could be observed during the sequencing process. Lastly, we believe that 
our findings from entomovirological surveillance in the municipality of 
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Puerto Carreño-Vichada contribute to elucidating the ecological and 
transmission dynamics of flaviviruses in the local area. Likewise, our 
results highlight the importance of continuing studies to determine the 
dynamics of virus transmission in our country and to understand the 
importance of ISFVs in these dynamics. 

5. Conclusions 

This study reports on the co-circulation of ISFVs (CxFv, GUAPV, 
AnFv, and AeFv) in mosquitoes circulating in rural areas of the Puerto 
Carreño-Vichada. The high abundance of ISFVs may be the result of the 
new sampling technique employed, which allowed us to identify the co- 
infection of two to four flaviviruses in the same individual and estimate 
their relative abundance. The identification of WNV circulation gener
ates an alert about the incipient transmission in the municipality and the 
possible incrimination of the Cx. browni. Additionally, our analysis of 
food sources demonstrated the opportunistic behavior of the Oc. Serratus 
and diverse feeding hosts, including humans. These findings underscore 
the potential impact of anthropogenic disturbances in arbovirus out
breaks. Our findings highlight the importance of including ONT in 
entomovirological surveillance to better understand the dynamics 
associated with the ecology and transmission of viruses. We suggest that 
health and governmental entities take advantage of the installed ca
pacity for health containment by COVID-19 to adopt these comple
mentary tools. We also recommend that future studies focus on 
determining the importance of ISFVs in the transmission dynamics of 
pathogenic viruses. Finally, we consider that our results on Flavivirus 
circulation and food sources in circulating mosquitoes in the munici
pality of Puerto Carreño provide valuable information that supports 
institutional capacities for the prevention and control of viral agents in 
our country and the region. 
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