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Abstract: The successful spread and maintenance of the dengue virus (DENV) in mosquito vectors
depends on their viral infection susceptibility, and parameters related to vector competence are the
most valuable for measuring the risk of viral transmission by mosquitoes. These parameters may
vary according to the viral serotype in circulation and in accordance with the geographic origin of
the mosquito population that is being assessed. In this study, we investigated the effect of DENV
serotypes (1–4) with regards to the infection susceptibility of five Brazilian Ae. aegypti populations
from Manaus, the capital of the state of Amazonas, Brazil. Mosquitoes were challenged by oral
infection with the DENV serotypes and then tested for the presence of the arbovirus using quantitative
PCR at 14 days post-infection, which is the time point that corresponds to the extrinsic incubation
period of Ae. aegypti when reared at 28 ◦C. Thus, we were able to determine the infection patterns for
DENV-1, -2, -3 and -4 in the mosquito populations. The mosquitoes had both interpopulation and
inter-serotype variation in their viral susceptibilities. All DENV serotypes showed a similar tendency
to accumulate in the body in a greater amount than in the head/salivary gland (head/SG), which
does not occur with other flaviviruses. For DENV-1, DENV-3, and DENV-4, the body viral load varied
among populations, but the head/SG viral loads were similar. Differently for DENV-2, both body and
head/SG viral loads varied among populations. As the lack of phenotypic homogeneity represents
one of the most important reasons for the long-term fight against dengue incidence, we expect that
this study will help us to understand the dynamics of the infection patterns that are triggered by the
distinct serotypes of DENV in mosquitoes.

Keywords: DENV; antiviral response; mosquito population; vector-borne disease; vector competence;
infection rate; viral load

1. Introduction

Dengue is an arthropod-borne disease that affects many people globally and causes
about 300–400 million cases/year [1]. Today, the disease affects the populations of more
than 100 countries in Asia, the Americas, Africa, the Caribbean, and the Pacific. Despite all
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the control strategies, the dengue virus (DENV) continues to spread in many regions due to
highly competent mosquito vectors [2]. The primary vector of dengue in the New World is
Aedes (Stegomyia) aegypti, which circulates in great abundance in many locations [3,4]. The
Pan American Health Organization [5] reported 2,326,115 and 1,067,849 cases of dengue in
the Americas in 2020 and 2021, respectively, with 63.1 and 80.1% of these cases occurring in
Brazil [6].

In all, four phylogenetically related but antigenically distinct dengue virus serotypes
(DENV-1, DENV-2, DENV-3, and DENV-4) currently circulate around the globe. This co-
circulation of different serotypes is epidemiologically important since antibodies derived
from an initial DENV infection may enhance the severity of a secondary infection by a
heterologous serotype [7–9]. Presently, all four DENV serotypes are in circulation in the
Americas (PAHO, 2021). In Brazil, although dengue has been present since the 1600s [10],
the first DENV serotypes identified were DENV-1 and DENV-2 in 1990s, followed by
DENV-3 in 2000 [11]. These three serotypes were detected every year until 2008, when
DENV-4 was introduced in the country’s northern region [11–14]. In 2020, all four DENV
serotypes were detected in Brazil [6,15]. In Manaus, the capital city of the Amazonas state,
all of the DENV serotypes have already been detected [16].

Many factors, such as the immunity of the human host, vector density, vector com-
petence, and environmental conditions, influence the dispersal of DENV [17–19], and the
best method for controlling the disease is to fight the mosquito vector. Several studies
have focused on understanding the vector-virus interface of DENV in Ae. aegypti up until
the point when it is transmitted to humans. A mosquito’s susceptibility or resistance
to arboviruses like DENV is associated with its anatomical barriers, such as the midgut
and the salivary gland, and these determine vector competence [20]. The assessment of
vector-competence-related parameters in Ae. aegypti populations have been long used to
monitor areas at risk of dengue and to prevent a resurgence of dengue outbreaks [21–24].

The susceptibility of Ae. aegypti to DENV infections varies among populations from
different countries, states of the same country, and even among separate locations within
the same city [22,25–27]. Susceptibility to arbovirus infection [28] and the efficiency of
disease transmission [29] depend on the genetic and geographical background of mosquito
populations [30]. In addition, a mosquito’s susceptibility to arboviruses is also dependent
on the DENV serotype/genome involved in the infection [24,31–33].

Some studies of the population genetics of Ae. aegypti have found genetic divergence
in distinct mosquito populations within a city [34–39]. Two studies compared the genome
of Ae. aegypti populations from Manaus and showed a small genetic divergence [40,41]. As
a result, we decided to investigate the level of variation in infection susceptibility presented
by regionally separated Ae. aegypti mosquitoes in Manaus. Since the virus genome is
one of the factors that causes differences in infection patterns, we challenged mosquito
populations with the four DENV-serotypes to attest to whether their infection parameters
would tend to similarity.

In the present study, we analyzed the infection rate, disseminated infection rate,
assumed vector competence, and viral loads of five geographically distinct field popula-
tions of Ae. aegypti of a Brazilian city after challenging them with the DENV serotypes
1–4. Mosquito eggs were collected in field sites of distinct regions in the city of Manaus,
and the adult females derived from them at F3–F4 generations were used in experiments.
The Ae. aegypti infection patterns related to all DENV serotypes were characterized and
compared, and their relationship with the mosquito’s anatomical barriers are discussed in
the context of interpopulation and inter-serotype variability.

2. Materials and Methods
2.1. Study Area and Mosquito Collection

The study was conducted in Manaus, the capital of Amazonas state (03◦06′07” S,
60◦01′30′′ W), which is the largest and the most populous metropolitan city in the northern
region of Brazil (11,401,092 km2 and 2,219,580 inhabitants). The city is divided into six
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health districts: northern, southern, eastern, western, south-central and west-central [42].
The last two districts have comparatively small geographic areas, and, in this study, to
avoid inconsistency in the size of the collection areas, they were combined and named the
central district.

In order to collect eggs laid by Ae. aegypti females, 20 ovitraps were positioned for
5 days in several urbanized locations of each district, considering previous knowledge of
the vector presence. The eggs of these 20 ovitraps (30 to 200 eggs per ovitrap) were mixed
and allowed to hatch, then reared until the adult stage. The adult Ae. aegypti were separated,
and each collection was named according to the health district of origin. The mosquitoes
were kept in an insectary at a controlled temperature of 28 ◦C, 80% relative humidity, and
12 h/12 h light-dark photoperiod. The Ae. aegypti were raised for 3–4 generations until
there were enough adult specimens to be used in the experimental infections.

Samples of first-generation adults (parental generation) from the collection in each
district were confirmed to be negative for natural DENV infection using real-time PCR
(qPCR), as described below. This examination of possible natural DENV infection of the
samples was necessary since this study was developed with adult mosquitoes derived from
field-collected eggs from endemic areas.

2.2. Virus Culture

Ae. aegypti from each city district were simultaneously challenged with isolated
strains of DENV-1 (KP188540), DENV-2 (KP188569), DENV-3 (BR74886/02), and DENV-4
(KP188566). These strains were kindly provided by the Virology Research Laboratory at
the São José do Rio Preto College of Medicine, São Paulo. Virus titers of 1 × 105 plaque-
forming units per mL (titration performed according TCID50 method) [43] were maintained
and multiplied in C6/36 cell culture supernatants using Leibowtiz (L-15) medium supple-
mented with 5 µg/mL amphotericin B, 200 U/mL penicillin-streptomycin and inactivated
fetal bovine serum [23].

2.3. Experimental Infection with the DENV Serotypes

A total of 150 females (n = 150) of each population were placed in separate cages. For
the experimental infections, glass mosquito feeders were filled with mouse (Mus musculus)
blood (two-thirds) mixed with each of the DENV serotypes (one third, viral suspension at
3 × 105 PFU/mL) and offered to the mosquitoes for 2 h, as described elsewhere [22,27,44].
After the blood meal, all fully engorged females were separated and maintained with 10%
glucose solution ad libitum under insectary conditions until the 14th day post infection
(dpi), which is when the extrinsic incubation period (EIP) is complete and the Ae. aegypti
become infectious [45].

2.4. Extraction and Quantification of Viral RNA Using Real-Time PCR (RT-qPCR)

After the completion of the EIP (14 dpi), 40 Ae. aegypti that were experimentally
infected with the DENV serotypes from each health district were randomly separated into
5 groups. These mosquitoes were anesthetized on ice and dissected under a stereoscope.
Their bodies and heads with the attached salivary gland (heads/SG) were individualized
and transferred to separate microtubes. According to the manufacturer’s instructions, the
viral RNA was extracted from each mosquito sample using the QIAamp® viral RNA mini
kit (Qiagen, Germantown, MD, USA) and subsequently stored at −70 ◦C.

RT-qPCR reactions were performed in an ABI Prism 7500 Fast Real-time PCR ma-
chine (Applied Biosystems, Waltham, MA, USA) using the Power SYBR® Green RNA-
to-Ct 1-step detection system (Applied Biosystems). A pair of generic primers was used
to amplify all DENV, forward (5′-AGGACYAGAGGTTAGAGGAGA-3′) and reverse (5′-
CGYTCTGTGCCTGGAWTGAT-3′) [46]. The viral RNA extracted from the bodies and
heads/SG of the Ae. aegypti were tested, and testing of all samples was performed in dupli-
cate, with positive and negative controls. The negative controls were the mosquitoes from
the health districts that had been submitted to a non-infective blood meal. The positive
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controls were Ae. aegypti from a colonized PP strain that are used routinely and always
present viral detection after an infective blood meal [47]. The results were considered
positive, according to the melting curve (78.6 ± 0.5 ◦C) and Ct < 35, following the rigorous
criteria from the literature for the minimum information for publication of quantitative
real-time PCR experiments (MIQE) (Bennett et al., 2002). For measurement of viral load,
we compared the ∆∆Ct value of each sample with the values from a reference curve of
samples containing 3 × 101 to 3 × 107 copies of a linearized plasmid with the DENV
genome fragment corresponding to the non-coded portion of the 3′ region of the RNA
(nt10576 to nt10683). This protocol has been previously used in other studies for estimating
viral load and comparing different experimental conditions [22,26,48].

2.5. Infection Rate, Disseminated Infection Rate, and Vector Competence

Infection rate (IR), disseminated infection rate (DIR), and vector competence (VC) were
determined for the five Ae. aegypti populations of Manaus that were challenged with each
of the four DENV serotypes. IR was calculated as the proportion of infected mosquitoes in
relation to the total number of tested mosquitoes (n = 40), and DIR was the proportion of
infected mosquito heads/SG in relation to the number of infected mosquitoes. VC was the
proportion of infected mosquito heads/SG in relation to the number of tested mosquitoes.
Therefore, the mosquitoes were not assayed for salivary-gland infection or actual virus
transmission. Instead, VC was assumed to be the same as the rate of virus dissemination to
the head/SG tissues, following the same method used elsewhere [26,27,49,50].

2.6. Statistical Analyses

For comparison of IR, DIR, and VC sets between DENV-1, DENV-2, DENV-3, and
DENV-4, two-way ANOVA (multiple comparisons) and Tukey’s range test were used.
Mann-Whitney U tests were used to evaluate significance between viral-load medians in
the bodies and heads/SG for each mosquito population infected with all DENV serotypes,
and viral-load medians in the bodies and heads/SG for the total population (considering
the sum of all populations) infected with all DENV serotypes. Evaluations of the body
viral loads and head/SG viral loads among all populations and among all serotypes were
performed using Kruskal-Wallis one-way ANOVA tests. All statistical analyses were
performed using GraphPad Prism, version 7.00 (GraphPad, San Diego, CA, USA), and
p values ≤ 0.05 were considered statistically significant.

3. Results
3.1. Vector Competence of Ae. aegypti Populations in Relation to DENV Serotypes

All of the Ae. aegypti populations from the five health districts of Manaus had individ-
uals that were susceptible to infection with the four DENV serotypes. Infection rate (IR),
disseminated infection rate (DIR), and vector competence (VC) showed differences for all
DENV serotypes among the five populations (Figures 1 and 2A):

DENV-1 infection. IR ranged from 19.4% (northern) to 92.5% (southern) and DIR
ranged from 56.3% (Central) to 81.1% (Southern). The lowest VC was 11.1%, from the
northern population, and the highest VC was 75%, from the southern population.

DENV-2 infection. The IR was 95% (Southern and Western) or 100% (Northern, Eastern
and Central), and the DIR ranged from 92.1% (Western) to 100% (Eastern). The lowest
VC was 87.5%, from the Western population, and the highest VC was 100%, from the
Eastern population.

DENV-3 infection. IR ranged from 45% (eastern) to 74.1% (southern), and DIR ranged
from 20% (southern) to 31.8% (northern). The lowest VC was 10%, from the western
population, and the highest VC was 17.5%, from the northern and eastern populations.

DENV-4 infection. IR ranged from 57.5% (central) to 94.4% (eastern), and DIR ranged
from 73% (southern) to 91.7% (northern). The lowest VC was 42.5%, from the central
population, and the highest VC was 75%, from the eastern population.
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Figure 1. Infection rate (IR), disseminated infection rate (DIR), and assumed vector competence (VC)
of Ae. aegypti populations from Manaus (Brazil) for DENV serotypes 1–4.

Considering the infection response of each Ae. aegypti population to the DENV
serotypes, the western, southern and central populations were more competent at trans-
mitting DENV-2, which was followed by DENV-1, DENV-4, and DENV-3. The northern
population was more competent at transmitting DENV-2, followed by DENV-4, DENV-3,
and DENV-1. For the eastern population, greater competence was observed for DENV-2,
followed by DENV-4, DENV-1, and DENV-3 (Figure 2A).

The mean IRs for DENV-1, DENV-2, DENV-3, and DENV-4, respectively, were 65.3, 98,
57, and 81.4%. Is this same order, the mean DIRs were 69.6, 94.4, 23.1, and 79.6%; and the
mean VCs were 45.32, 92.5, 14.68, and 58.28%. To obtain the estimate of DENV infection
susceptibility for all of the Ae. aegypti mosquitoes from Manaus, we combined the results of
all Ae. aegypti populations, assuming that they represent the natural mosquito diversity
in the total territory of the city. The means of the IRs, DIRs, and VCs of all mosquito
populations among the DENV serotypes were compared, and it was observed that the
DENV-1 results were similar to those of DENV-4; all the other possible comparisons were
statistically distinct. The IR and DIR means were similar to each other for infection with
DENV-1, DENV-2, and DENV-4; however, for DENV-3, the DIR was lower than the IR
(Figure 2B).

3.2. Viral Quantification of the Ae. aegypti Populations

Viral quantification of the Ae. aegypti populations, which compared the infections with
the same DENV serotypes, showed significant dissimilarities (Figure 3):

DENV-1 infection. The head/SG viral loads in western and southern populations were
lower than the body viral loads (p = 0.005 and p < 0.0001, respectively). However, the body
and head/SG viral loads were similar for the northern, eastern, and central populations
(p = 0.0579, p = 0.7632, and p = 0.1394, respectively). The body viral loads varied among
themselves (p < 0.001), but the head/SG viral loads were similar to one another (p = 0.7741)
(Figure 3A).
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(B): IR, DIR, and VC averages of all populations show similarity in infection patterns between DENV-1
and DENV-4. The error bars on the graph are the standard deviations. The standard deviations of the
IRs, DIRs, and VCs, respectively, were 28.7%, 10.6%, and 23.3% for DENV-1; 2.7%, 4.1%, and 4.7% for
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DENV-2 infection. The head/SG viral loads in northern, western, southern, and central
populations were lower than the body viral loads (p = 0.0047, p = 0.0056, p = 0.0010, and
p < 0.0001, respectively). The body and head/SG viral loads in the eastern population were
analogous (p = 0.1504). Both the body and head/SG viral loads varied among themselves
(p = 0.0008 and p < 0.0001, respectively) (Figure 3B).

DENV-3 infection. The head/SG viral loads in the northern, western, southern, and
central populations were lower than the body viral loads (p = 0.0337, p = 0.0356, p = 0.0086,
and p = 0.0087, respectively). The body and head/SG viral loads in the eastern population
were similar (p = 0.5218). The body viral loads varied among themselves (p = 0.0258), but
the head/SG viral loads were similar to one another (p = 0.7434) (Figure 3C).

DENV-4 infection. The head/SG viral loads in the eastern and southern populations
were lower than body viral loads (both showed p < 0.0001). The viral loads between
the body and head/SG in the northern, western and central populations were similar
(p = 0.1279, p = 0.9431, and p = 0.8673, respectively). The body viral loads varied among
themselves (p = 0.0011), but the head/SG viral loads were similar to one another (p = 0.3309)
(Figure 3D).

For DENV-1, DENV-3, and DENV-4, the body viral load varied among the populations,
but the head/SG viral loads were similar. Differently for DENV-2, both body and head/SG
viral loads varied among the populations. These patterns of variability can be visualized in
Figure 3 through the statistical representation of the general comparison among the popu-
lations [p (body) and p (head)]; and in more detail in Figure 4, in which the comparisons
were made one by one. The pattern of interpopulation variability of the body viral loads
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showed similarity between DENV-2 and DENV-4 infections; however, for the head viral
load, the pattern differed (Figure 4).

Considering the variability in viral load among the DENV serotypes, both body viral
loads and head/SG viral loads vary considerably (Figure 5A–E). When we combine the
results of all Ae. aegypti populations, assuming that they represent the natural diversity
of mosquitoes in the whole of the territory of the city, viral load also shows substantial
variability among the serotypes in both body and head/SG tissues. In addition, body viral
load is higher than head/SG viral load for all DENV serotypes (Figure 5F). The statistical
representation of the general comparison among the serotypes [p (body) and p (head)]
is shown in Figure 5, and the details of this analysis, with one-by-one comparison, are
represented in Figure 6. The pattern of inter-serotype variability of body viral loads shows
similarity between the western and southern populations; however, for head/SG viral load,
the pattern differs. The pattern seen for the eastern and southern populations is similar for
the head/SG viral loads, but differs for body viral loads (Figure 6).

In general, the five Ae. aegypti populations had distinct viral responses when consider-
ing all the parameters assessed and the four DENV serotypes. No association was detected
among neighboring mosquito populations or between any of the mosquito populations
from Manaus.
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gypti in the northern, southern, eastern, western, and central populations (different colored symbols).
Each bar represents a median viral load in the data. In (A), we represent only the non-significant
results (more results were statistically distinct) to simplify the demonstration and facilitate compar-
isons. In (B), we represent only the significant results. All p values were listed for the 10 possible
comparisons among the mosquito populations to each DENV serotype. N = northern; E = eastern;
W = western; S = southern; C = central. p values > 0.05 (non-significant) are represented as “ns”.
p values ≤ 0.05, ≤0.01, ≤0.001, and ≤0.0001 are summarized with one (*), two (**), three (***), and
four (****) asterisks, respectively.



Viruses 2022, 14, 20 9 of 17

Viruses 2022, 14, x FOR PEER REVIEW 10 of 18 
 

 

eastern; W = western; S = southern; C = central. p values > 0.05 (non-significant) are represented as 
“ns”. p values ≤ 0.05, ≤0.01, ≤0.001, and ≤0.0001 are summarized with one (*), two (**), three (***), 
and four (****) asterisks, respectively. 

 
Figure 5. Body and head/SG viral loads of Ae. aegypti for the four DENV serotypes in the northern 
(A), southern (B), eastern (C), western (D), and central (E) populations; and the overall body and 
head/SG viral loads (F). p values > 0.05 [non-significant (ns)] are not represented. p values ≤ 0.05, 
≤0.01, ≤0.001, and ≤0.0001 are summarized with one (*), two (**), three (***), and four (****) asterisks, 
respectively. 

Figure 5. Body and head/SG viral loads of Ae. aegypti for the four DENV serotypes in the northern (A),
southern (B), eastern (C), western (D), and central (E) populations; and the overall body and head/SG
viral loads (F). p values > 0.05 [non-significant (ns)] are not represented. p values≤ 0.05,≤0.01,≤0.001,
and ≤0.0001 are summarized with one (*), two (**), three (***), and four (****) asterisks, respectively.



Viruses 2022, 14, 20 10 of 17Viruses 2022, 14, x FOR PEER REVIEW 11 of 18 
 

 

 
Figure 6. Inter-serotype variability of the patterns of body (A) and head/SG (B) viral loads for DENV 
serotypes 1–4 (different colored symbols) in each of the five Ae. aegypti populations. Each bar in the 
figures represents a median viral load in the data. In (A), we represent only the non-significant re-
sults (more results were statistically distinct) to simplify the demonstration and facilitate compari-
sons. In (B), only the significant results are represented. All p values are listed for the six possible 
comparisons among the DENV serotypes to each population. D1 = DENV-1; D2 = DENV-2; D3 = 
DENV-3; D4 = DENV-4. p values > 0.05 (non-significant) are represented as “ns”. p values ≤ 0.05, 
≤0.01, ≤0.001, and ≤0.0001 are summarized with one (*), two (**), three (***), and four (****) asterisks, 
respectively. 

4. Discussion 

Figure 6. Inter-serotype variability of the patterns of body (A) and head/SG (B) viral loads for
DENV serotypes 1–4 (different colored symbols) in each of the five Ae. aegypti populations. Each
bar in the figures represents a median viral load in the data. In (A), we represent only the non-
significant results (more results were statistically distinct) to simplify the demonstration and fa-
cilitate comparisons. In (B), only the significant results are represented. All p values are listed
for the six possible comparisons among the DENV serotypes to each population. D1 = DENV-1;
D2 = DENV-2; D3 = DENV-3; D4 = DENV-4. p values > 0.05 (non-significant) are represented as “ns”.
p values ≤ 0.05, ≤0.01, ≤0.001, and ≤0.0001 are summarized with one (*), two (**), three (***), and
four (****) asterisks, respectively.
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4. Discussion

This study shows that Brazilian Ae. aegypti mosquitoes from Manaus have inter-
population variations in response to DENV serotype infections. Specific environmental
conditions associated with the level and period of exposure to different pathogens, such
as the temperature, nutrition, and breeding water of mosquitoes while in the immature
stages, are factors that may drive the capability of invertebrate vectors to host and spread
vector-borne pathogens in the short and long term [22,26,27,47]. The distinct selection pres-
sures to which the vectors are subjected tend to modulate their evolution and favor genetic
divergence. In turn, distinct vector genomes influence the resistance and/or susceptibility
to arboviral invasion, as well as viral dissemination to salivary glands after an infected
blood meal. Essentially, the vector’s immunity, microbiota composition, mechanisms of
midgut cell regeneration, and intrinsic physical barriers are aspects that may vary among
mosquito populations as a result of genetic divergence [17,47,51]. Low to high levels of
genetic divergence have been detected in the neighborhoods of cities where Ae. aegypti is
present [34,35,37,38], including those of Manaus [40,41].

The lack of association among Ae. aegypti populations regarding the parameters
assessed for susceptibility to DENV 1–4 can be related to the distinct geographical char-
acteristics presented by the five regions of origin of the mosquitoes. In general, the entire
territory has a hot and humid climate, with significant rainfall almost every month of
the year [52]. The western and the eastern regions possess the largest green areas com-
pared to other regions, while hypsometry and the geothermal profiles differ among the
regions [53,54]. The central, northern, and southern regions also have distinct urbanization
and geothermal profiles [53]. These geographical differences among the regions of Manaus
may indirectly drive the discrepancy in DENV susceptibilities of the mosquito populations
by reflecting the distinct selective pressures to which they are subjected. The level of genetic
divergence that Da Costa-Fraga et al. (2003) [40] and Santos et al. (2011) [41] found for
the regionally separated Ae. aegypti populations from Manaus was small, indicating that
gene flow in the city may be high, thus alleviating the genetic structure. In the present year
(2021), we do not know whether the status of the genetic divergence among the mosquitos
has changed so that we can make a more up-to-date inference. However, as we have shown
in the present work, the differences presented by the Ae. aegypti populations are already
capable of affecting susceptibility to DENV infection.

The variability observed in the infection patterns of the same mosquito population for
the distinct serotypes may be mainly attributed to the influence of the genetic divergence
of the viral genomes. An important point to be considered is that there are DENV lineages
of the same serotype that present lower levels of genetic divergence compared to that
which exists among distinct serotypes [55]. Therefore, we can use our findings to represent
the variability among serotypes, although we cannot state that all lineages would behave
identically. In addition, to better represent virus-vector interactions in the field, all DENV
lineages that we used are strains that circulate in Brazil. The genetic divergences of these
four DENV serotypes can be seen by accessing their genomes on the NCBI Database
[accession numbers: KP188540 (DENV-1), KP188569 (DENV-2), BR74886/02 (DENV-3), and
KP188566 (DENV-4)].

The populations of Ae. aegypti in Manaus present distinct degrees of susceptibility
to the four DENV serotypes. The five Ae. aegypti populations evaluated had different
quantities of susceptible individuals that could transmit DENV-1, -2, -3 and -4. This shows
possible virus-vector encounters in nature that could cause dengue outbreaks involving
any of the four serotypes. Among the serotypes, the mosquitoes were more susceptible to
DENV-2 since all the Ae. aegypti populations tested were highly susceptible to infection, and
the viral loads were higher than those of the other serotypes. This result was expected since
in Manaus and the rest of the country, most dengue cases are caused by DENV-2 [56,57].

Regarding the other serotypes, DENV-1 and DENV-4 come in second place according
to mosquito susceptibility, with similar VC between them, followed by DENV-3, with the
lowest VC and lowest viral loads of the four serotypes. Although we detected similarities
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between DENV-1 and DENV-4 infections in Ae. aegypti mosquitoes, it is important to
note that their IR, DIR, VC, and viral loads differed in the context of the different vector
populations. In practice, the similarities detected between DENV-1 and DENV-4 infections
in Ae. aegypti mosquitoes led to a similar general risk estimate for causing dengue epidemics
in Manaus. However, this does not mean that both serotypes produce similar infection
responses in the vectors, as demonstrated by the regional results. This highlights the
importance of monitoring Ae. aegypti mosquitoes in a more geographically restricted way
in order to avoid potential erroneous estimates arising from generalizations.

Natural selection favors viral strains with higher virulence, which is characterized by
higher infection and dissemination rates in mosquito vectors [58]. We may infer that for
the mosquito populations tested, DENV-2 was and will probably continue to be favored by
natural selection, contrasted with DENV-3, which tends to spread less among its Ae. aegypti
vectors. Nonetheless, since the DENV serotypes are under constant and diverse selection
pressures [58,59] and are also dependent on the susceptibility of human hosts to ensure
evolutive success [60], this scenario is not static; it may change with the possible emergence
of new positively selected mutations that occur in specific DENV serotype genotypes.

VC is defined as the intrinsic capacity of a mosquito to acquire and transmit a vector-
borne pathogen. Conceptually, the assumed VC value is a product of the infection rate (IR)
and the disseminated infection rate (DIR) (VC = IR × DIR), and these two rates are directly
related to a vector’s susceptibility to the virus’s two main target organs: the midgut and
the salivary gland (SG). IR indicates the virus’s ability to establish an initial infection in
the vector’s midgut after ingesting an infective blood meal. Consequently, IR is related to
the action of midgut infection barriers (MIBs), which is the first step in combating viral
infection. MIBs may be related to incompatibilities between viruses and the epithelial
midgut receptors, which prevent viral binding and entry into the mosquito’s cells [17].
Unlike IR, DIR shows the virus’s ability to disseminate from the midgut to the vector’s
secondary organs and reach the SG. Therefore, the antiviral responses that affect DIR are
the midgut escape barriers (MEBs). These responses prevent viruses inside the midgut
from escaping and crossing the epithelium, the basal lamina, and/or tracheal system and
reaching the hemocoel. Consequently, viruses inside the midgut are destroyed by the
digestion of the blood meal or remain sequestered in the infected midgut cells. Salivary-
gland infection barriers (SGIBs) prevent circulating viruses inside the hemocoel from
invading, infecting, and replicating in the SG secretory cells [17,61]. Lastly, VC reflects the
fluctuation of IR and DIR in a determined group or population of vectors since it indicates
the vector’s capacity to be infected and maintain and transmit pathogens to humans in the
next blood meal.

MIBs, MEBs, and SGIBs are physical barriers that may occur via innate immune
responses of mosquitoes, such as the RNA interference (RNAi) pathway [62,63] and virion-
tissue surface structure incompatibilities. They prevent the virus binding and/or traversal
of target tissues that obstruct the pathogen’s life cycle [17]. The similarities between IR
and DIR seen in Ae. aegypti infections (considering the total population) with the serotypes
DENV-1, DENV-2, and DENV-4 suggest that the MIB, which is related to IR, and the MEB,
which is related to DIR, influence the VC on an equal basis. Distinctly for DENV-3 infection,
the MIB seems to be less effective in combating viral spread than the MEB.

Although the four DENV serotypes are phylogenetically related, they only share
approximately 65% of their genomes, differing at similar levels to the diversity among
flavivirus species [59,64]. These dissimilarities among the DENV serotypes lead to different
efficiency levels in escaping the physical barriers and the immune response of the vectors.
Notably, it has been demonstrated that the expression levels of immune factors in Ae. aegypti,
such as the Toll receptor Spaetzle, its negative regulator Cactus, and the intracellular NF-
kB-like factor, vary between DENV-1 and DENV-2 infections, thus implying the effects
of inter-serotype variability [33]. Additionally, as viral invasion also depends on tissue-
specific intrinsic factors (physical barriers), viruses from the same viral serotype/genotype
may face distinct challenges when invading and replicating in target tissues/cells. This
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occurs because both general and virus-specific components are involved in virus-vector
interactions [65,66]. Moreover, even though some of the defense mechanisms that are
triggered are shared among the serotypes, serotype-specific responses strongly affect
the vector’s capacity to deal with the viral infection. Characteristics such as pathogen-
associated molecular patterns (PAMPs), pathogenicity, and/or cell/tissue tropisms may
vary, depending on the specific DENV serotype [65,67].

Considering each of the Ae. aegypti populations of Manaus, viral loads (virus num-
ber) in the mosquito bodies were similar or superior to the head/SG loads for all DENV
serotypes. However, if we consider all of the mosquito populations, the overall load was
superior in the body than in the head/SG. Recent research using the same parameters to
evaluate DENV-2 infections in nine Ae. aegypti populations in an endemic southeastern
Brazilian city found similar results related to viral load [27]. This fact strengthens the
hypothesis that DENV serotypes have tropisms for diverse mosquito tissues that repli-
cate intensely and in large quantities in the mosquito hemocoel. A high viral load in the
mosquito body may correspond to a striking viral strategy to ensure vertical transmis-
sion (ovary infection) [68], and it could ensure the maintenance of infection during the
mosquito’s life span, thus improving viral transmission to vertebrate hosts. This condition
of body viral load being superior to head/SG loads was not found in another two species
of flavivirus infecting Ae. aegypti—the yellow fever virus (YFV) and Zika virus (ZIKV) [69].
YFV accumulates in greater amounts in the Ae. aegypti head/SG than in the body, even
in coinfections with other arboviruses [69]. With regards to ZIKV, this virus accumulates
in the head/SG tissues in detriment to the body in some Ae. aegypti populations, but it
may also present a pattern similar to DENV in other populations. Therefore, although
DENV, YFV, and ZIKV are phylogenetically related species of viruses, Ae. aegypti infection
responses to them can vary significantly.

Interestingly, body viral loads show interpopulation variation for all DENV serotypes.
Nonetheless, head/SG viral loads were similar in interpopulation variation for DENV-1,
-3, and -4. Greater differences in viral efficiency in invasion of the midgut and secondary
organs compared to viral efficiency in invasion and replication in the head tissues/SG may
explain this result. As arboviruses possess tropisms in diverse body tissues, such as the
ovaries, fat body, hemocytes, and muscle tissues [70,71], the source of variation is more
prominent than that which occurs in the head/SG tissues, which have a smaller range of
target tissues. However, as the literature lacks studies regarding DENV tropisms in vector
tissues, this hypothesis cannot be strengthened by more consistent evidence.

In contrast to our results with the Brazilian vectors, Ae. aegypti from Cape Verde
showed low vector competence for transmission of DENV-1 and DENV-4 and intermedi-
ate to high competence for transmission of DENV-2 and DENV-3 [72]. In another study,
Ae. aegypti from the Caribbean were more competent at transmitting DENV-4 and less
competent for the other three serotypes [23]. It seems there is no common tendency
in Ae. aegypti susceptibility to infection according to distinct DENV serotypes. There-
fore, mosquito susceptibility to viruses seems to be very particular to each pair of virus
serotype/individual vector interaction. This specificity of coevolution between Ae. aegypti
and viral serotypes and strains creates a problem when developing common strategies for
combating dengue and other arthropod-borne diseases since some strategies may not work
for all target vectors.

In conclusion, a particular mosquito population may exhibit variability in tissue-
barrier efficiency for the DENV serotypes, and a particular viral serotype/genotype may
encounter distinct infection barriers in different mosquito populations. It was observed
that the mosquitoes had greater inter-serotype-related variations than interpopulation-
related variations in terms of viral susceptibility, which indicates that the phenotypic
discrepancies among the serotypes determined a wider range of infection variabilities
than the phenotypic discrepancies among nearby mosquito populations in the city. The
viruses of all DENV serotypes show a similar tendency to accumulate in the body in greater
amounts than in the head/SG, which does not occur with other flaviviruses, such as YFV.
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Understanding the dynamics of infection-response variability in the vectors helps us to
discover the reflex of the forces that shape DENV/vector coevolution in the triggering
of antiviral defenses. Our results indicate the existence of a wide range of factors that,
when combined, may generate a striking diversity of patterns of susceptibility to DENV
infection, and this represents one of the most important reasons for the long-term fight
against dengue incidence. Further studies focusing on the action of the distinct proteins
coded by the DENV serotypes on the performance of the mosquito infection barriers, as
well as studies analyzing which phenotypic characteristics are determined by the antiviral
defense-related alleles of Ae. aegypti, could improve our understanding of infection-barrier
functions in these mosquitoes.
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