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Simple Summary: We screened Aedes mosquitoes in an urban area in southeastern Brazil for emerg-
ing arboviruses using RT-PCR assays and sequencing. We detected DENV-2 RNA in Aedes albopictus
and Guadeloupe mosquito virus RNA in Aedes aegypti.

Abstract: In 2018–2019, we conducted mosquito collections in a municipal vehicle impound yard,
which is 10 km from the Serra do Mar Environmental Protection Area in Santo André, SP, Brazil.
Our aim is to study arboviruses in the impound yard, to understand the transmission of arboviruses
in an urban environment in Brazil. We captured the mosquitoes using human-landing catches
and processed them for arbovirus detection by conventional and quantitative RT-PCR assays. We
captured two mosquito species, Aedes aegypti (73 total specimens; 18 females and 55 males) and Ae.
albopictus (34 specimens; 27 females and 7 males). The minimum infection rate for DENV-2 was 11.5
per 1000 (CI95%: 1–33.9). The detection of DENV-2 RNA in an Ae. albopictus female suggests that
this virus might occur in high infection rates in the sampled mosquito population and is endemic in
the urban areas of Santo André. In addition, Guadeloupe mosquito virus RNA was detected in an
Ae. aegypti female. To our knowledge, this was the first detection of the Guadeloupe mosquito virus
in Brazil.

Keywords: arbovirus; mosquito-borne diseases; surveillance

1. Introduction

The transmission dynamics of arboviruses of public health importance are currently
not well understood in urban areas of Brazil [1–3]. Arboviral outbreaks periodically
occur, causing widespread morbidity and mortality in human populations and other
vertebrates [4–6]. Accumulated deforestation is a major driver of arbovirus spillover [7–9].
Human land-use activities bring humans into close contact with the sylvatic vectors, which
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may lead to spillover events in both humans and domestic animals [10,11]. This was what
public health authorities were afraid of during the yellow fever (YF) outbreak, which lasted
from 2016 to 2019 in Brazil [12]. This outbreak was caused by mutant strains of yellow fever
virus (YFV) (Family Flaviviridae, Genus Flavivirus) [13]. These strains are highly virulent
and caused death in 750 humans and thousands of new world monkeys [13]. Fortunately,
Aedes (Stegomyia) aegypti (L.) has not shown competence to transmit these strains, which
would have led to urban YF [14].

The danger of urban YF has been highlighted by the recent outbreaks of Zika virus
(ZIKV) and chikungunya virus (CHIKV) [15,16]. There is currently an increased potential
for disseminating YFV and other arboviruses of public health importance due to urban
crowding conditions, rapid national and international air travel, and favorable climatic
conditions [17–19]. The manifestation of clinical outcomes such as the newborn micro-
cephaly associated with zika infections in pregnant women [20] further highlights the
public health importance of Ae. aegypti, which is the primary vector for ZIKV, CHIKV,
and dengue virus (DENV) [17]. The closely related Aedes (Stegomyia) albopictus (Skuse) is
the primary vector of DENV in the United States [21] and in China [22] and of CHIKV in
Europe [21], but has not been implicated as a vector in arboviral outbreaks in Brazil, so
far [5].

Habitats for immature stages of Ae. aegypti and Ae. albopictus are artificial recipients
in urbanized area of Santo André county, São Paulo state [23], where 3,356 dengue cases
were confirmed from 2014 to 2017 [23]. Three YF human cases and four YF epizootics
with dead monkeys were reported in 2018 [23]. Human cases caused by ZIKV and CHIKV
infections have not been detected, so far. Because molecular surveillance techniques are
not routinely used for arbovirus detection in mosquito vectors [24,25], ZIKV and CHIKV
could be circulating undetected.

The success of the current arbovirus surveillance and control programs in Brazilian
cities is limited by the limited availability of funds [18]. This problem is further com-
pounded by a lack of specific therapeutics and the paucity of the licensed vaccines for most
arboviral diseases [17]. It is increasingly important to develop novel vector surveillance
and control strategies, with the primary goal of preventing spillover events initiating large-
scale outbreaks [12]. One such strategy is to initiate and sustain molecular surveillance
of RNA arboviruses in field-collected Ae. aegypti and Ae. albopictus populations, in order
to effectively monitor potential vector-borne arboviral outbreaks in the future [14,24,25].
Arboviral molecular detection in mosquitoes relies on the use of reverse transcription (RT)
PCR-based techniques, which are preferable to time-consuming in vitro cell culturing and
more sensitive than serological testing [11,26,27]. The Sanger sequencing approach can
quickly yield genetic sequences for arboviruses [28], which can be compared with the
known sequences in GenBank [29]. Such comparison provides a powerful bioinformat-
ics tool for quickly identifying the arboviral agents detected in field-collected mosquito
vectors [28,30]. In this manuscript, we used the molecular surveillance technique to screen
for arboviruses in mosquitoes collected in a vehicle impound yard, Santo André, SP, Brazil,
from August 2018 to July 2019.

2. Materials and Methods
2.1. Study Area

Santo André is an industrial municipality within the metropolitan region of São
Paulo, state of São Paulo, southeastern Brazil. More than 700 thousand people live in
this municipality, and half of its 175 km2 territory is covered by the Atlantic rainforest
(Figure 1A,B). DENV has been endemic to this area since the 2000s [23]; in addition, CHIKV,
ZIKV, and YFV have recently been detected in the region [4,31,32].

The study area was a vehicle impound yard (−46.49 W, −23.63 S; see Figure 1C,D). The
vehicle impound yard was an ideal location to monitor Aedes infestation. Impounded vehi-
cles provide a wide variety of larval habitats, as well as resting sites for adult mosquitoes
(Figure 1D).
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Figure 1. Study area: (A) Brazilian Atlantic rainforest; (B) municipality of Santo André (white
borders) in the metropolitan region of São Paulo, state of São Paulo, southeastern Brazil; (C) vehicle
impound yard in the Ana Maria Garden district; and (D) 1—3 are the sites where we collected
mosquitoes. Sources: IBGE (biomes), USGS (Landsat 8OLI), SEMASA (aerophotogrammetric image),
and ArcGIS v. 10.3.1.

2.2. Field Collections

Human-landing catches with small battery-powered aspirators were conducted bi-
weekly for a one-year period from August 2018 to July 2019. Two catchers were used on
each sampling occasion; the collections started at 9AM and ended at 1PM. The catchers
wore trousers and long socks to minimize contact with wild mosquitoes [33].

The sampling sites were rotated every two weeks to eliminate collection site bias. All
specimens (male or female) were transported live to the laboratory, chilled in a −20 ◦C
freezer for 5 min, morphologically identified to species using the keys of Forattini [34],
sorted by sex and collection date, and individually stored in microtubes in a −80 ◦C freezer.

2.3. RNA Extraction

The single-insect non-destructive RNA extraction method was used, following Molina
et al. [28]. With this method, chitinous exoskeleton is preserved intact and the proteina-
ceous tissues are dissolved with proteinase K. The RNA can then be extracted from the
solution [35]. To each individual mosquito, 200 uL of lysis buffer [200 mM Tris HCl (pH 7.5),
250 mM NaCl, 25 mM EDTA 372 (pH 8.0), 0.5% SDS, and 400 µg/mL proteinase K] were
added, following incubation for 16 h at 56 ◦C. Total RNA was purified by using Invitrogen
PureLink RNA Mini Kits (ThermoFisher Scientific, Waltham, MA, USA), following to the
manufacturer’s instructions, and eluted in 60 uL of RNase free water. The concentration of
the extracted RNA was evaluated by spectrophotometry using BioDrop µLITE (Biochrom,
Harvard Bioscience, Holliston, MA, USA).
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2.4. Arbovirus Detection

To screen the mosquitoes for arboviruses, cDNA from 5.5 µL total RNA of each speci-
men was synthesized using the MMLV reverse transcriptase purchased from ThermoFisher
Scientific (Waltham, MA, USA) according to manufacturer’s instructions, using two differ-
ent approaches: one with specific arboviruses oligonucleotides and the other with random
hexamers. The reverse transcription reactions were set up at 42 ◦C for one hour, followed
by enzyme inactivation at 80 ◦C for 5 min.

The cDNA synthesized with specific oligonucleotides were used to detect arboviruses
by endpoint PCR in order to detect flaviviruses, South American alphaviruses, and CHIKV,
according to methods previously described [28,36–39]. The primer sequences, cycling con-
dition, target regions, and expected DNA fragment size we used are outlined in Table S1.
PCR was performed with Platinum Taq DNA polymerase purchased from ThermoFisher
Scientific according to manufacturer’s instructions and the obtained products were sub-
jected to 1.5% agarose gel electrophoresis in 0.5 × TBE buffers after staining with SafeBlue.
All PCR fragments with the expected size were ligated into pGEM-T vector (Promega)—
transformed into Mach1-T1R chemical competent Escherichia coli strain (ThermoFisher
Scientific). Ampicillin-resistant colonies were selected. From each amplicon, two to three
recombinant plasmids were purified using the Thermo Scientific GeneJET plasmid Pu-
rification Kit (ThermoFisher Scientific, Waltham, MA, USA) and sequenced by Sanger
methodology [28] with BigDye v3.1 (Applied Biosystems) and oligonucleotides M13F
and M13R, complementary to vector sequence. Sequence cycle conditions were 96 ◦C for
1 min, 39 cycles at 96 ◦C for 15 s, 50 ◦C for 15 s, and 60 ◦C for 4 min. Sequencing reac-
tions were loaded in an ABI PRISM 3130XL Genetic Analyzer/HITACHI (16 capillaries)
(ThermoFisher Scientific, Waltham, MA, USA). The source and specificity of the obtained
sequences were evaluated by BLAST in GenBank [29,30].

The cDNA synthesized with random hexamers was used to detect the arboviruses by
three multiplex real time PCR (RT-qPCR) reactions according to the methodology approved
by the Sociedade Brasileira de Patologia Clínica, division of Laboratorial Medicine and
routinely used in the diagnosis of DENV serotypes 1–4, CHIKV, ZIKV, and YFV of human
samples, in the Clinical Laboratory of the Faculdade de Medicina do ABC (Gehrke et al.,
unpublished data). The primers and probes used in the reactions are summarized in
Table S2 and each reaction was divided into: multiplex 1 (DENV-1, DENV-2, and YFV);
multiplex 2 (DENV-3 and DENV-4); and multiplex 3 (CHIKV and ZIKV). The RT-qPCR
reactions were carried out in an ABI Prism 7500 Fast thermal cycler (Applied Biosystems,
Foster City, CA, USA), using the RT-qPCR expression kit purchased from ThermoFisher
Scientific, with an initial cycle of 95 ◦C for 3 min, followed by 45 cycles of 95 ◦C for 15 s
and 60 ◦C for 30 s, in a final volume of 15 µL. To identify the positive and negative samples,
positive and negative controls were included on each sample plate. Samples with Ct < 39
were considered positive. The positive controls were kindly provided by external partners
(see Acknowledgments). Two uL of each pool of up to 10 cDNA samples were used in each
reaction. The mosquito pools were set up by adding 0.3 µL of each individual sample—or
3 µL from 10 individual samples—and 27 µL of water, totaling 30 µL in the microtube.
If a pool went positive in any testing, we opened it and tested each mosquito specimen
individually, using the same approach.

The minimum infection rate (MIR) was calculated by the number of positive pools/total
mosquitoes tested × 1000. Confidence intervals of 95% were calculated as the sample
proportion ± 1.96 times the standard deviation of the sample proportion × 1000. If MIR > 0,
the CI95% lower limit was assumed as 1.

3. Results and Discussion

The total human-landing catch sampling effort was 192 man-hours (12 months × 2
collections per month × 2 collectors × 4 h per collection). We captured two species: Ae.
aegypti, 73 specimens (18♀, 55♂) and Ae. albopictus, 34 specimens (27♀and 7♂). RNA
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extraction from individual mosquitoes was successful, resulting in a total of 107 samples
for arbovirus screening testing.

3.1. Endpoint PCR

We tested all 107 samples in endpoint PCR, resulting in fragments of expected sizes
after agarose gel electrophoresis. Considering results from these fragments, we could detect
14 Flavivirus NS5 encoding gene, 3 Alphavirus nonstructural protein 1 gene, and 6 CHIKV
E2 gene in 21 mosquito specimens (Table 1). After cloning and sequencing, however, these
amplicons resulted in unspecific sequences in BLAST analysis, except in one case.

Table 1. Results of virus RNA testing of Aedes (Stegomyia) spp. in endpoint PCR and RT-qPCR assays.

Specimens Endpoint PCR RT-qPCR 1

ID Sex Species Sample Site NS5 Chik1/4 M2W/cM3W Multiplex 1 Multiplex 2 Multiplex 3

1 F albopictus 1 1 - - - ND ND ND
2 F aegypti 2 1 X GMV - - - -
3 F albopictus 3 1 - - - ND ND ND
4 M aegypti 5 2 - - - - - -
5 M aegypti 6 2 - X - - - -
6 F aegypti 7 1 - - - ND ND ND
7 F albopictus 8 1 - - - ND ND ND
8 F albopictus 10 1 - - - ND ND ND
9 F albopictus 9 3 - - - - - -

10 F albopictus 9 3 - - - - - -
11 M aegypti 4 1 - - - - - -
12 M aegypti 4 1 - - - - - -
13 M aegypti 4 1 - X - - - -
14 F aegypti 11 1 X - - - - -
15 F aegypti 11 1 - - - - - -
16 F aegypti 11 1 X - X - - -
17 F aegypti 11 1 X - - - - -
18 M aegypti 12 1 - - - - - -
19 M aegypti 12 1 - - - - - -
20 M aegypti 12 1 - - - - - -
21 M aegypti 12 1 - - - - - -
22 M aegypti 12 1 - - - - - -
23 M aegypti 12 1 - - - - - -
24 F aegypti 23 2 X - - - - -
25 F aegypti 13 3 X - - - - -
26 F aegypti 13 3 X - - - - -
27 F aegypti 13 3 X - - - - -
28 F aegypti 13 3 X - - - - -
29 F aegypti 13 3 - - - ND ND ND
30 F aegypti 13 3 X - - - - -
31 F aegypti 13 3 X - - - - -
32 F aegypti 13 3 X - - - - -
33 F albopictus 14 3 - - - ND ND ND
34 F albopictus 14 3 - - - ND ND ND
35 F albopictus 14 3 - - - ND ND ND
36 F albopictus 14 3 - - - ND ND ND
37 F albopictus 14 3 - - - - - -
38 F albopictus 14 3 - - - ND ND ND
39 F albopictus 14 3 - - - DENV-2 - -
40 F aegypti 21 3 X - - - - -
41 F aegypti 21 3 X - - - - -
42 F aegypti 21 3 - - - ND ND ND
43 F albopictus 22 3 - - - ND ND ND
44 F albopictus 22 3 - - - ND ND ND
45 F albopictus 22 3 - - - ND ND ND
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Table 1. Cont.

Specimens Endpoint PCR RT-qPCR 1

ID Sex Species Sample Site NS5 Chik1/4 M2W/cM3W Multiplex 1 Multiplex 2 Multiplex 3

46 F albopictus 22 3 - - - ND ND ND
47 F albopictus 22 3 - - - - - -
48 F albopictus 22 3 - - - ND ND ND
49 M aegypti 16 3 - - - - - -
50 M aegypti 16 3 - - - ND ND ND
51 M aegypti 16 3 - - - - - -
52 M aegypti 16 3 - - - - - -
53 M aegypti 16 3 - - - - - -
54 M aegypti 16 3 - - - ND ND ND
55 M aegypti 16 3 - - - - - -
56 M aegypti 16 3 - - - - - -
57 M aegypti 16 3 - - - - - -
58 M aegypti 16 3 - - - ND ND ND
59 M aegypti 16 3 - - - - - -
60 M aegypti 16 3 - - - ND ND ND
61 M aegypti 18 3 - - - ND ND ND
62 M aegypti 18 3 - - - ND ND ND
63 M aegypti 18 3 - - - ND ND ND
64 M aegypti 18 3 - - - - - -
65 M aegypti 18 3 - - - ND ND ND
66 M aegypti 18 3 - - - - - -
67 M aegypti 18 3 - - - - - -
68 M aegypti 18 3 - - - ND ND ND
69 M aegypti 18 3 - - - - - -
70 M aegypti 18 3 - - - ND ND ND
71 M aegypti 18 3 - - - ND ND ND
72 M aegypti 18 3 - - - - - -
73 M aegypti 15 3 - - - ND ND ND
74 M aegypti 15 3 - - - - - -
75 M aegypti 15 3 - - - ND ND ND
76 M aegypti 15 3 - - - - - -
77 M aegypti 15 3 - - - ND ND ND
78 M aegypti 15 3 - - - - - -
79 M aegypti 15 3 - - - ND ND ND
80 M aegypti 15 3 - - - ND ND ND
81 M aegypti 15 3 - - - - - -
82 F albopictus 17 3 - - - - - -
83 F albopictus 17 3 - - - - - -
84 F albopictus 17 3 - - - - - -
85 F albopictus 17 3 - - - - - -
86 F albopictus 17 3 - - - - - -
87 F albopictus 17 3 - - - - - -
88 F albopictus 17 3 - - - ND ND ND
89 M aegypti 24 2 - - - - - -
90 M aegypti 24 2 - - - ND ND ND
91 M aegypti 24 2 - - - ND ND ND
92 M aegypti 24 2 - - - - - -
93 M aegypti 19 3 - - - - - -
94 M aegypti 19 3 - - - ND ND ND
95 M aegypti 19 3 - X - - - -
96 M aegypti 19 3 - - - - - -
97 M aegypti 19 3 - - - - - -
98 M aegypti 19 3 - - - ND ND ND
99 M aegypti 19 3 - - - - - -

100 M aegypti 19 3 - - - ND ND ND
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Table 1. Cont.

Specimens Endpoint PCR RT-qPCR 1

ID Sex Species Sample Site NS5 Chik1/4 M2W/cM3W Multiplex 1 Multiplex 2 Multiplex 3

101 M albopictus 20 3 - X - - - -
102 M albopictus 20 3 - - X - - -
103 M albopictus 20 3 - X - - - -
104 M albopictus 20 3 - - - - - -
105 M albopictus 20 3 - - - - - -
106 M albopictus 20 3 - - - - - -
107 M albopictus 20 3 - - X - - -

RT-qPCR1: multiplex 1, DENV-1, DENV-2, and YFV; multiplex 2, DENV-3 and DENV-4; multiplex 3, CHIKV and ZIKV. GMV: Guadeloupe
mosquito virus RNA detection; X: unspecific sequence detection; -: no detection; ND: not done.

Amplicons with expected size for Flavivirus NS5-encoding gene in 14 Ae. aegypti
specimens (Table 1) resulted in unknown sequences or in sequences with similarity to
Ae. aegypti glycogen debranching enzyme (GenBank: XM_021853942.1) or to Ae. aegypti
unknown mRNA sequence (GenBank: AY433243.1). Amplicons with expected size for
Alphavirus nonstructural protein 1 gene in one female Ae. aegypti and two males Ae.
albopictus (Table 1) showed no similarity to known GenBank sequences.

Amplicons with expected size for CHIKV E2 gene were obtained from six specimens
(Table 1). While amplicons of five specimens showed unspecific sequences in BLAST
analysis, two clones of an amplicon obtained from a female of Ae. aegypti (Table 1; ID 2)
were identified as an unclassified virus belonging to the Riboviria group. Nucleotide
sequence of this amplicon (341 bp) corresponded to the bases from 64 to 387 of the gene
ORF2, which encodes an RNA-dependent RNA polymerase. This nucleotide sequence was
98% like Guadeloupe mosquito virus (GenBank: MN053797). Its amino acid sequence was
99% to the amino acid sequence from 22 to 129, of the RNA-dependent RNA polymerase
of Guadeloupe mosquito virus. The nucleotide sequence of the obtained cDNA fragment
(amplicon 341 bp) was deposited in GenBank under the accession number MW414904.

Guadeloupe mosquito virus is a newly discovered virus [40]. This virus does not
infect vertebrate cells; however, it has been suggested that the origin of human pathogenic
viruses may be tied to the evolution of arthropod-specific viruses [41,42]. With the growing
number of mosquito-specific viruses identified in recent years, one question that arises is
how—if at all—these viruses can have a specific influence on the transmission of pathogenic
arboviruses to humans and animals. The closest relatives to the newly identified Guade-
loupe mosquito virus are Wenzhou sobemo-like virus-4 (WSLV4) and Hubei mosquito virus-2
(HMV2) [40]. Another interesting point is that this virus could also be used in phylogenetic
studies of Ae. aegypti. The Euclidean distance from the first detection of this virus in
Guadeloupe Island in the Caribbean [40] to our study site is 3000 miles. This virus may
be widely distributed in Ae. aegypti populations, suggesting that genetic variance among
this virus population could be associated with the genetic variation among Ae. aegypti
populations in the Americas.

3.2. RT-qPCR Assay

Considering unconfirmed positivity detection in endpoint PCR (Table 1), we sought to
further test them using specific primers for DENV-1–4, CHIKV, ZIKV, and YFV. A total of
87 out of 107 specimens were screened for arbovirus RNA (Table 1). One pool containing 8
Ae. aegypti females and 2 Ae. albopictus was positive for DENV-2 with a Ct < 39 (Table 1; ID
26–28, 30–32, 37, 39–41). This pool was opened, and specimens were tested individually.
Female Ae. albopictus (ID 39) went positive for DENV-2 testing (Table 1), which showed
reaction curve of Ct = 38.7 in amplification plot (Figure S1).

The minimum infection rate for DENV-2 was 11.5 ([1/87] × 1000; CI95%: 1–33.9),
which corresponds to 1% of infected mosquitoes. This result suggests that DENV-2 is hy-
perendemic in the vehicle impound yard, in urban area of Santo André. Other studies have
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found comparable DENV minimum infection rates in other endemic areas in Brazil [43,44]
and abroad [45,46]. The minimum infection rate for DENV has been estimated to be 19.8
per 1000, considering both Ae. aegypti and Ae. albopictus, in northeastern Brazil [43] and
ranged between 0 and 5.5 per 1000 in Ae. albopictus in Indonesia [47]. The minimum
infection rate (11.5/1000) for DENV-2 reported here is considerably high, but was not
surprising because dengue cases have been detected every year in Santo André [6,23].

We did not detect YFV, ZIKV, and CHIKV in our samples. This result was not surpris-
ing either. Yellow fever virus has not been detected in Ae. aegypti in Brazil in the recent past
including the re-emergence from 2016–2019 [13,14,31]. Thus, urban YF, YFV-transmitted
by Ae. aegypti, is unlikely. ZIKV and CHIKV have spread from the northeast to all over
Brazil [4,16,32], but the incidence in southern Brazil has been very low, particularly in
São Paulo [48]. However, there is the possibility that these viruses are circulating but at
exceptionally low levels and thus difficult to detect in small sample sizes. As with other
methods, the sensitivity of molecular surveillance increases with sample size.

Testing of the Ae. albopictus specimen (Table 1, ID 39) went positive for DENV-2
when RT-qPCR was employed; however, it went negative when we applied endpoint PCR
targeting Flavivirus NS5-encoding gene. This discrepancy can be explained by comparative
studies that showed higher sensitivity of RT-qPCR to detect DENV than that of endpoint
PCR [49–51].

Supplementary Materials: The following are available online at https://www.mdpi.com/2075-4
450/12/3/248/s1, Table S1, Oligonucleotides and target regions in endpoint PCR assay; Table S2,
Oligonucleotides, probes, and targets in RT-qPCR assay; Figure S1, Reaction curve of Ae. albopictus
female specimen (39) in amplification plot in RT-qPCR.
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