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Abstract

Aedes-borne viruses (ABVs) such as dengue (DENV), chikungunya (CHIKV), and Zika (ZIKV) contribute signif-
icantly to the global burden of infectious diseases, disproportionately affecting disadvantaged populations
from tropical and subtropical urban areas. ABVs can be transmitted from female mosquitoes to their progeny
by vertical transmission via transovarial and/or trans-egg vertical transmission and contribute to the mainte-
nance of infected-mosquito populations year-round in endemic regions. This study describes the natural infec-
tion rate of DENV, CHIKV, and ZIKV in field-caught male Aedes (Sergentomyia) aegypti (Linnaeus) mosquitoes
from Mérida, Yucatan, México, as a proxy for the occurrence of vertical virus transmission. We used indoor
sequential sampling with Prokopack aspirators to collect all mosquitoes inside houses from ABV hotspots
areas. Collections were performed in a DENV and CHIKV post-epidemic phase and during a period of active
ZIKV transmission. We individually RT-qPCR tested all indoor collected Ae. aegypti males (1,278) followed by
Sanger sequencing analysis for final confirmation. A total of 6.7% male mosquitoes were positive for ABV
(CHIKV = 5.7%; DENV = 0.9%; ZIKV = 0.1%) and came from 21.0% (30/143) houses infested with males. Most
ABV-positive male mosquitoes were positive for CHIKV (84.8%). The distribution of ABV-positive Ae. aegypti
males was aggregated in a few households, with two houses having 11 ABV-positive males each. We found
a positive association between ABV-positive males and females per house. These findings suggested the oc-
currence of vertical arbovirus transmission within the mosquito populations in an ABV-endemic area and,
a mechanism contributing to viral maintenance and virus re-emergence among humans in post-epidemic
periods.
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Aedes-borne viruses (ABV) such as dengue (DENV), Zika (ZIKV)
(family Flaviviridae, genus Flavivirus), and chikungunya (CHIKV)
(family Togaviridae, genus Alphavirus) are transmitted by the
bites of infected female Aedes (Sergemtoyia) aegypti (Linnaeus),
considered the primary vector in urban and peri-urban areas (Gubler
2006, Wilder-Smith et al. 2020). Ae. aegypti, generally described as
a highly anthropophilic and endophilic mosquito, is considered a
very efficient ABV vector even at low population densities (Kuno
1997, Braks et al. 2006, Barrera et al. 2019, Devine et al. 2021). The
widespread distribution of ZIKV and CHIKYV in areas co-circulating
with the four DENV serotypes is a significant public health concern,
challenging disease surveillance, clinical diagnosis, and case manage-
ment, especially in endemic areas (Pistone et al. 2009, Dash et al.
2013, Dzul-Manzanilla et al. 2016, Pavia-Ruz et al. 2018a, Aragao
et al. 2019, Dos Reis et al. 2019, Dzul-Manzanilla et al. 2021). With
no effective antiviral therapy or commercially available vaccine, sur-
veillance and vector control are the primary approaches to detect
and prevent ABVs transmissions in human populations. The im-
plementation of highly effective vector control strategies has been
challenging to sustain (Vazquez-Prokopec et al. 2010, Bowman et al.
2016, Manrique-Saide et al. 2020). Early detection of ABV transmis-
sion, including asymptomatic carriers, and a more accurate and reli-
able methodology to quantify ABV natural infection in mosquitoes
are key elements for improving ABVs control.

DENV, ZIKV, and CHIKYV, as other arboviruses, are hori-
zontally transmitted (HT) between a vertebrate and Ae. aegypti
mosquitoes and maintained due to significant heterogeneities at
the mosquito — virus — human — environment interface (Lequime
et al. 2016, Vazquez-Prokopec et al. 2016). In the Americas, the
expected pattern of ABVs transmission is characterized by inter-
epidemic periods replaced by aggressive breakouts (Rojas et al.
2018, Segura et al. 2021). What is often challenging to understand
is how ABVs are maintained in the population even in the absence
of reported illnesses in the passive surveillance system and during

unfavorable conditions for vector activity. Mosquito populations
fluctuate, impacting human-mosquito contacts and horizontal
virus transmission (Fig. 1), due to micro and macro environmental
variability such as weather or vector control campaigns that can
reduce vector density and thus opportunities for HT (Conway
et al. 2014, Erguler et al. 2017, Gould et al. 2017). Additionally,
reductions in human susceptibility to ABVs can prevent HT during
subsequent epidemic periods and could lead to interannual varia-
bility if no new viruses (e.g., DENV serotypes) are introduced into
a given area.

There are several possibilities for how ABVs can be maintained
year-round in a population, the most likely route is introducing
or re-introducing ABVs across multiple years from other re-
gions (Lequime et al. 2016), and/or mechanisms where viruses
are transmitted between mosquitoes and then to vertebrate host
populations, known as mix-mode transmission (Mavale et al. 2010,
Lequime et al. 2016). Another possibility is alternative host species
or asymptomatic human carriers that may act as a target amplifier
host of ABVs (Chevillon et al. 2008, Moghadas et al. 2017, Munoz
2018).

ABVs can be transmitted from female mosquitoes to their
progeny by vertical transmission (VT, Fig. 1) before eggs are
fertilized (transovarial transmission, TOT) or during fertilization im-
mediately followed by oviposition (trans-egg vertical transmission,
TET). While TOT leads to a much higher percentage of progeny
that carries the viruses, both ways may contribute to the mix-mode
transmission model to maintaining an ABV infected population, at a
certain level, to explain year-to-year transmission (Adams and Boots
2010, Lequime and Lambrechts 2014, Lequime et al. 2016, Agboli
et al. 2019). Additionally, ABVs may persist during unfavorable
periods through the infection of eggs, larvae, or adults (including
diapausing individuals) without the need for HT (Lequime et al.
2016). Another route of ABVs transmission at a lower rate could
be during mating (horizontal venereal transmission, HVT, Fig. 1).
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Fig. 1. Potential transmission routes for Aedes-borne viruses: Horizontal (HT) when a female mosquito vector acquires the virus through blood-feeding on an
infected vertebrate host (vector-borne transmission) is the most common and efficient route. Another type of HT includes the passage of the virus during mating
(venereal transmission, HVT). Vertical transmission (TV), also called hereditary, occurs when an infected female mosquito transmits the virus to its progeny. VT
can occur when germinal tissues of the female mosquitoes are infected (transovarial transmission, TOT) or during oviposition (trans-egg transmission, TET).

A better understanding of the nature and importance of these alter-
native routes of viral persistence is fundamental for understanding
ABV epidemiology in inter-epidemic periods.

In the published literature, several studies have provided field
and laboratory evidence demonstrating the existence of alterna-
tive transmission modes of DENV, ZIKV, and CHIKV. Laboratory
trials include experimental feeding of field-collected and/or lab-
reared mosquitoes with artificially infected blood (Chompoosri et
al. 2016, Ciota et al. 2017, Honorio et al. 2019, Manuel et al. 2020)
or infected blood from positive patients (Goncalves et al. 2020) or
in vivo intra-thoracic inoculation of parental mosquitoes (Freier and
Rosen 1987, Bosio et al. 1992, Joshi et al. 2002). Despite positive
results and persistence of infection over consecutive generations in
Ae. aegypti, infections are ephemeral, and the significance of main-
tenance of mosquito ABV-infections in nature is not yet elucidated.

Evidence from field observations includes detecting ABV-
infections by virus isolation and/ or PCR-based molecular assays
on immature and adult stages from field-collected Ae. aegypti and
Aedes (Sergentoyia) albopictus (Skuse). In Morelos, México, ZIKV
has been detected and successtully isolated from larvae hatched from
field-collected eggs of Ae. aegypti mosquitoes (Izquierdo-Suzan et
al. 2019). Studies carried out in Oaxaca and Acapulco, México,
reported similar results for DENV (Giinther et al. 2007, Martinez
et al. 2014). Additionally, results from entomological collections
performed in urban environments in Culiacan and Navolato,
Sinaloa, México, revealed infected larvae of Ae. aegypti DENV-2
and DENV-4 (Apodaca-Medina et al. 2018, Torres-Avendano et al.
2021). Previous studies in the Brazilian Amazon have shown similar
results (da Costa et al. 2018). In Kenya, sample pools of field-caught
adult males, females, and immature stages of Aedes mosquitoes were
PCR-positive for DENV and CHIKV (Heath et al. 2020).

Natural ABV-infected male mosquitoes could serve as a proxy
for quantifying the rate of alternative ways of viral transmission.

In a study carried out in Chennai, Tamil Nadu, India, DENV-2
and DENV-3 positive male adult Ae. aegypti were detected using
immunological assays (Arunachalam et al. 2008). Similar findings
were reported in Singapore, reporting that male Ae. aegypti and Ae.
albopictus were positive for four DENV serotypes (Kow et al. 2001).
Most of those studies relied on testing pooled males and originated
from sampling the adult population with methods that could not
help inferring the natural vertical AVB infection rates and its fre-
quency in nature.

In the current study, we report ABV infections in individually-
tested male Ae. aegypti mosquitoes collected by complete removal
of vectors from houses using Prokopack aspirators in a previously
identified ABV hotspot located in the city of Mérida, Yucatdn,
Meéxico (Vazquez-Prokopec et al. 2009, Bisanzio et al. 2018), and
during a DENV and CHIKV postepidemic period and as ZIKV
was actively transmitted in the area. We describe the distribution
of arbovirus infection in male Ae. aegypti across houses and the as-
sociation between ABV infections in male Ae. aegypti and the pres-
ence of infected female Ae. aegypti, for which infection rates and
distributions were previously published (Kirstein et al. 2021).

Materials and Methods
Study Design

Samples were collected from 200 houses located in ABV transmis-
sion hotspots in the city of Mérida, Yucatan, México (Bisanzio et al.
2018, Dzul-Manzanilla et al. 2021). Hotspot areas are the results of
a risk stratification study using historical human ABV infection data
(2008-2022) to identify census tracts within the city where ABV
transmission intensity is consistently and significantly higher than
expected by chance. The analysis is based on the Getis Gi*(d) statistic
(Bisanzio et al. 2018, Dzul-Manzanilla et al. 2021). DENV hotspots
are located in the central-southern area of Mérida and were also
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found to be associated with CHIKV and ZIKV hotspots (Bisanzio
et al. 2018, Dzul-Manzanilla et al. 2021). ABV transmission in
Mérida peaks during the rainy season (July-November). Collections
occurred in 2016 (N = 83 houses) and 2017 (N = 117 houses) be-
tween June and December. Houses were located within city blocks
where recent (one to two months) ABV human cases were reported
by the passive surveillance data collected by the Yucatan Ministry of
Health (MOH). Supp Fig. 1 (online only) shows the yearly trend in
cases reported to Yucatan’s MOH in relation to our field collections.
DENV transmission (human cases) was reported by the MOH
during 2016-2017 (SINAVE 2017), while CHIKV was first reported
and caused an outbreak during 2015 and sharply decreased with
very few cases reported during 2016. As for ZIKV, human cases were
first reported in 2016 and continued with an outbreak during 2017
(Bisanzio et al. 2018, Dzul-Manzanilla et al. 2021).

As previously described (Koyoc-Cardea et al. 2019), the study
design originally involved selecting 200 houses where recent (within
one month) CHIKYV, ZIKV, or DENV occurred. The study team was
provided a list of blocks that the MOH identified as having had
a human ABV infection within the previous 1-2 mo. No informa-
tion of the number of cases or how many individuals were infected
(or when onset of symptoms occurred) was provided due to patient
confidentiality restrictions. The entomological team only had a list
of houses to visit, and they were blind to any information about
arbovirus infection status. Field technicians from the Collaborative
Unit for Entomological Bioassays of the Autonomous University of
Yucatidn (UCBE-UADY) captured adult indoor resting Ae. aegypti
using Prokopack aspirators by active removal sampling over three
hours at predetermined intervals of 10 minutes or if no mosquitoes
were aspirated in two consecutive rounds. Collectors and field staff
wore traditional field clothing, including closed-toe shoes, socks,
pants, a long-sleeved shirt, and no personal insecticide or repellent
was applied.

Collected mosquitoes were transferred alive to the entomology
lab (UCBE-UADY) for sexing and identification. Male and female
Ae. aegypti were individually dissected, their heads and bodies were
separated and preserved in 1.5 ml vials containing 1ml RNALater
(Thermo Fisher Scientific, Waltham, MA) and 1 pl of Tween 20
(Sigma-Aldrich Co. St. Louis, MO) to increase cuticle penetrance
and break the superficial tension of the solution. Samples were then
stored at -20°C for future virus detection.

RNA Extraction and Molecular Detection of

Arboviral Infections

The nucleic acids isolation and detection of DENV, ZIKV, and
CHIKV genomes in individually processed adult male and female
Ae. aegypti was conducted at the Laboratorio de Virologia, Centro
de Investigaciones Regionales ‘Dr. Hideyo Noguchi’, Universidad
Auténoma de Yucatdn. The molecular processing of the samples was
performed following previously described procedures (Kirstein et al.
2021). Briefly, RNA was extracted from 3,439 male and female Ae.
aegypti (including thorax, abdomen, and extremities) using QIAamp
Viral RNA Mini Kit (QIAGEN). Viral RNA was detected by re-
verse transcription quantitative real-time PCR (RT-qPCR) using a
QuantiFast Probe RT-PCR Kit (QIAGEN). RT-qPCR reactions
were performed following standard protocols in a Step One Plus
Real-Time PCR System (Applied Biosystems). Reactions (samples)
were considered positive when a sigmoidal curve was detected at
a Ct value of <38 cycles of amplification. Supp Table 1 (online
only) shows the Primers and probes used to target CHIKV, ZIKV
(Lanciotti et al. 2007, 2008), and DENV (personal communication

from Davis Arbovirus Research & Training). Positive samples for
CHIKV and ZIKV were confirmed by end-point RT-PCR using a
high-fidelity polymerase, SuperScript III One-Step RT-qPCR System
with Platinum Taq DNA polymerase (Thermo Fisher Scientific) as
previously described (Kirstein et al. 2021). Detection of ABVs by
RT-qPCR was confirmed by Sanger sequencing of positive amplicons
(Macrogen corp., MD, USA).

Sequence Analysis

Raw sequencing data obtained using single forward and re-
verse primers were filtered and trimmed based on quality scores.
BLASTN analysis against the NCBI nucleotides database (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) (Acland et al. 2013, Boratyn et
al. 2013, Thannesberger et al. 2021) with a minimum E-value
threshold of 1E-05, and retention of at least the first 10 hits, was
used to assign sequences identity. BLASTN hits that did not ful-
fill these conditions were considered potential chimeric sequences
and discarded. To confirm BLASTN results, high-quality
sequences were mapped to the virus reference genome in the soft-
ware Geneious Prime 2020 using the highest sensitivity and up
to S-times iterations. Forward and reverse sequences were also
merged using De Novo Assemble (Geneious Assembler) with high
sensitivity, and these consensus sequences were also compared to
the GenBank database using NCBI BLASTN and the parameters
as mentioned above.

Visualization of electropherograms, nucleotide sequences align-
ment, and analysis was performed using the software Geneious
Prime 2020. Reference genomes were downloaded from RefSeq
NCBI (Reference Sequence Database, https:/www.ncbi.nlm.nih.
gov/refseq/), and the accession numbers of each reference genomes
used are: MG967666.1 for CIHKV, NC_012532.1 for ZIKV, and
NC_002640.1 for DENV. BLASTN Hit Table shows only the first
hit out of 10 retained.

Data Analysis

Absolute Ae. aegypti density per house (termed ‘total catch’) was
calculated as the sum of adult males collected across all sampling
rounds. For analyses, houses were categorized based on the total
catch of male Ae. aegypti as high density (210 collected) or low
density (<10 collected); houses without mosquitoes were excluded
from the analysis (Koyoc-Cardefia et al. 2019). The absolute nat-
ural infection rate was calculated as the total number of infected
males divided by the total catch per house. A chi-squared test was
used to compare infection rates by houses, based on their den-
sity category (low vs. high). A general linear model (GLM) was
used to quantify the relationship between the ABV infections in
males at house level (as response binary variable: infected = 1,
not infected = 0) and infected female adult Ae. aegypti density
(as an explanatory variable), assuming binomial distribution and
logit link function. Additionally, a negative binomial regression
model (NegGLM) quantified the association between total ABV-
infected males per house (as an explanatory variable) and total
ABV-infected females (as response variable) per infested houses.
All analyses were performed within the R programming envi-
ronment (https://www.r-project.org/) using the packages ‘stats’,
‘lme4’, and ‘ggplot2’.

Data Availability
Original data of this study including mosquito collections raw data,
DNA raw sequences and sequences analysis, are available online
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Table 1. Descriptive measures and infection rates in Aedes aegypti males collected indoors in houses of suspected ABV-infected cases from

Yucatan, Mexico, 2016-2017

Collection year

Entomologic measure 2016 2017 Total

# of houses screened 83 117 200

# of infested houses with Ae. aegypti (% of infested 72 (86.7%) 107(91.4%) 179 (89.5%)
houses)

# of infested houses with Ae. aegypti females (% of 66 (91.7%) 103 (96.3%) 169 (94.4%)
positive houses)

# of infested houses with Ae. aegypti males (% of 56 (77.8%) 87 (84.5%) 143 (79.9%)
positive houses)

Total # of Ae. aegypti 1,341 2,098 3,439

# of Ae. aegypti females (% of females) 851 (63.5%) 1,310 (62.4%) 2,161 (62.8%)

# of Ae. aegypti males (% of males) 490 (36.5%)
Sex ratio F:M 1.7:1
Ae. aegypti males

# of positive Ae. aegypti males for any virus (% 75 (15.3%)
males tested)

# of positive Ae. aegypti males for CHIKV (% 73 (14.9%)
males tested)

# of positive Ae. aegypti males for DENV (% males 2(0.4%)
tested)

# of positive Ae. aegypti males for ZIKV (% males 0 (0%)
tested)

Fraction of each virus to all ABV positive male
mosquitoes (CHIKV, DENYV, ZIKV)

# of houses with positive Ae. aegypti (+) for any virus 30 (41.6%)
(% of tested mosquitoes/infested houses)
# of houses with positive Ae. aegypti males (+) for any 23 (41.1%)

virus (% of males tested/infested houses with males)
# of houses (+) CHIKV (% of males tested/infested
houses with males)

21 (37.5%)

# of houses (+) DENV (% of males tested/infested 1(1.8%)
houses with males)

# of houses (+) ZIKV (% of males tested/ infested -
houses with males)

# of houses (+) ZIKV + DENV (% of males tested/ 0(0%)
infested houses with males)

# of houses (+) CHIKV + DENV (% of males tested/ 1(1.8%)

infested houses with males)

(98.6%,2.6%,0%)

788 (37.5%) 1,278 (37.2%)

1.7:1 1.7:1
11 (1.4%) 86 (6.7%)
0(0%) 73 (5.7%)
10 (1.3%) 12 (0.9%)
1(0.1%) 1(0.1%)

(0%, 90.9%, 9.9%) (84.8%, 13.9%, 1.1%)

22 (20.5%) 52(29.5%)
7 (8.0%) 30 (21.0%)
0 (0%) 21 (14.7%)
6 (6.9%) 7 (4.9%)
1(1.1%) 1(0.7%)
0(0%) 1(0.7%)

via Mendeley at: https://data.mendeley.com/datasets/whr6x8std7/
draft?a=7f8057ae-9ff7-4ca3-821b-7cc63a622302.

Ethics Statement

Protocols for this study were approved by Emory University’s ethics
committee under the protocol ID: IRB00082848 and the Ethics and
Research Committee from the O’Horan General Hospital from the
Ministry of Health of Yucatan, Register No. CEI-0-34-1-14. Written
informed consent was obtained from the head of the household prior
to mosquito collections.

Results

A total of 3,439 Ae. aegypti were collected: 1,278 (37.2%) were
males and 2,161 (62.8%) were females (sex ratio: 1.7:1). The ma-
jority of male specimens were collected in 2017, but the average
number of male Ae. aegypti per house and their sex ratio were sim-
ilar between 2016 and 2017 (8.7 and 9.0, respectively) (Table 1).
At the house level, 179 out of 200 premises were infested with Ae.
aegypti. At least one male Ae. aegypti was found in 79.9% (143

houses infested with Ae. aegypti males/ 179 houses infested with
male and female Ae. aegypti) of the houses. The Ae. aegypti male
infestation prevalence by premises was similar between 2016 and
2017 (77.8% and 84.5%, respectively). Finally, the distribution of
male Ae. aegypti per house was aggregated in a few premises [80.0%
(1,023/1,278) of males were collected in 41.2% (59/143) houses
infested with male Ae. Aegypti], with five houses harboring at least
seven males each and one house having up to 69 males. This pattern
was also consistent during both years.

Natural ABV Infection Rate of Male Ae. aegypti

From the total of 1,278 males collected, 86 (6.7%) were positive
for arbovirus infection (Table 1). The majority of ABV-positive male
mosquitoes were positive for CHIKV (5.7%), followed by DENV
(0.9%) and ZIKV (0.1%). Overall, the fraction of each virus to all
ABV-positive male mosquitoes was 84.8% for CHIKV, 13.9% for
DENYV, and 1.1% for ZIKV. Although the average number of male
Ae. aegypti per house was similar between 2016 and 2017 (8.7 and
9.0, respectively), the rate of ABV-positive male Ae. aegypti did differ
significantly between years (15.3% in 2016 and 1.4% in 2017; X?
=93.1,df = 1; P <0.001; Table 1). CHIKV positive males were only
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prevalent in 2016 (14.9%), while DENV positive males were slightly
but not significantly less prevalent in 2016 than in 2017 (0.4-1.3%,
respectively). Male mosquitoes positive with ZIKV were detected
only in 2017 (0% in 2016 and 0.1% in 2017) (Table 1).
ABV-positive Ae. aegypti males were collected in 30 (21.0%)
houses out of 143 infested with male mosquitoes (Table 1). CHIKV-
positive male mosquitoes were found in 14.7% of the houses, only
during 2016, while 4.9% of the houses were infested with DENV-
positive Ae. aegypti males. The only ZIKV-positive male Ae. aegypti
was concurrent with DENV-positive males in one house (0.7%) during

18 -

14 -
12 -

10 A

No of houses

1 2 3 4 5

a collection performed in 2017. Additionally, CHIKV- and DENV-
positive male Ae. aegypti were also concurrent in one house (0.7%)
(Table 1).

The median number of positive male mosquitoes collected per
ABV-positive house was 1 (interquartile range [IQR] = 0-2.3). The
ABV-positive male distribution per house was highly heteroge-
neous, with a maximum of 11 CHIKV-positive males detected in
two houses (Fig. 2). Male infection was highly aggregated in a few
houses, with 81.3% (70/86) infected mosquitoes collected in 46.6%
(14/30) houses infested with male Ae. aegypti (Fig. 2).

B ZIKV
B DENV

B CHIKV

No of infected Ae. aegypti per house

Fig. 2. Distribution of the number of male Ae. aegypti positive for CHIKV, DENV, and ZIKV detected per house in Mérida, Yucatan, México during 2016-2017.

ECHIKY @EDENV mZIKV @OCo-occurrence

n=100
100% A

80% -

60% -

% of houses

40% -

20% -

0% -

O Negative

n=42

<10

210

Absolute density of male Ae. aegypti per house

Fig. 3. Percentage of houses infested with CHIKV, DENV, and/or ZIKV-positive male Ae. aegypti from low-density (<10 total male mosquitos collected per house,
N=101) and high-density (>10 total male mosquitoes collected per house, N = 42) premises inYucatan, México.The variable co-occurrence contains percentages
of houses where mosquitoes were positive for two viruses within the same house.
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15% A
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0%

A - Only Males +

B - Only Females +

C- M+/F+

Total houses Total houses A - Houses with

B - Houses with

C - Houses with
Total house with

with positive with positive only Positive only Positive positive Males
Positive Ae. aegypti
Males Females Males + Females and Females
30(57.7%) 43 (82.7%) 9 (17.3%) 22 (42.3%) 21 (40.4%) 52

Fig. 4. Relationship between infected female Ae. aegypti and positive males at house level.

Overall, ABV-positive males were significantly more abun-
dant in houses with a high density of males collected [33.3% (14
houses with positive Ae. aegypti for any virus/42 house infested
with 10 or more male Ae. aegypti)] compared to houses with a
low density of males [15.8% (16 houses with positive Ae. aegypti
for any virus/101 houses infested with less than 10 Ae. aegypti
males)] (X? = 4.3, df = 1; P < 0.05) (Fig. 3). A larger propor-
tion of houses harbored CHIKV-positive males in both low- and
high-density houses (13.0 and 19.0%, respectively) compared to
DENV-positive mosquitoes (3.0 and 10.0%, respectively); such
difference was not significantly significant (X? = 1.5, df = 1; P >
0.05). Co-occurrence of CHIKV- and DENV-positive males was
observed in one high-density house [2.4% (1/42 house infested
with 10 or more male Ae. aegypti)]. Additionally, only one ZIKV-
positive male Ae. aegypti was detected in co-occurrence with
DENV-positive male mosquitoes in a high-density house (2.4%)
(Fig. 3).

ABV-positive males were found in 16.7% (30 houses with pos-
itive Ae. aegypti males for any virus/179 houses infested with male
and female Ae. aegypti) of the houses infested with mosquitoes
(males and females), while ABV-positive males and females
co-occurred in 40.4% (21/52 houses with positive Ae. aegypti for
any virus) of houses infested with infected male and female Ae.
aegypti mosquitoes (Fig. 4). The number of ABV-positive males
was significantly and positively associated with the number of pos-
itive females (NegGLM, IRR = 1.3, 65% CI = 1.2-1.5, P < 0.001).
The probability of finding ABV-positive males was significantly
and positively associated with the presence of infected Ae. aegypti
females in the same house (Binomial GLM, OD = 2.4, 95% CI =
1.6-3.9, P < 0.001), with houses having more than four infected
females having a probability of observing positive males above
87.3% (Fig. 5).
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0.75 1

0.50 1

0.251

Probability of having infected males

0.001 & o o J

T T T T

0 5 10 15

Number of infected Ae. aegypti females per house

Fig. 5. Predicted probability of ABV infection in male Ae. aegypti as a function
of the number of infected females detected in the same house. The solid line
represents the mean prediction from a binomial generalized linear model
(GLM) and gray band the 95% CI of the prediction. The dots indicate the
binomial data, with dark dots showing multiple (overlapping) observations.

Nucleotide Sequence Analysis

ABVs detected by RT-qPCR were identified with high fidelity by
Sanger sequencing (Table 2). High-quality reads matched DENV
and CHIKV genomes published in NCBI GenBank (BLASTN
search hit >90 percent identity). DENV-4 was confirmed as
the circulating serotype (Table 2). The two sequences that
were DENV-4 were also found in houses along with DENV-4
infected female Ae. aegypti. One sample showed a positive peak
for RT-qPCR using ZIKV specific primers, but no sequence was
obtained. However, we decided to consider this sample ZIKV-
positive. Supplementary information (online only) spreadsheets
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Table 2. Summary of sequence analysis of all ABV-positive male Ae. aegypti considered in this study

Sex Virus Positive samples # of sequences from samples Blast samples

Males CHIKV 73 58 51
DENV: 12 10 5
ZIKV 1 No sample sequence

The number is based in samples, for each sample forward and reverse sequences were obtained and analyzed

“DENV serotype corresponded to DENV-4.

show sequences of quality information and BLASTN results
for each sequenced sample; only the first most relevant hits are
shown. Nucleotide raw data and BLASTN hits are available at
Mendley data (D2, D3).

Discussion

Here, we report the natural infection rates of CHIKV, DENV, and
ZIKV in field-caught male Aedes aegypti mosquitoes collected in
houses located within identified ABV-disease transmission hotspots
in the city of Mérida, Yucatin, México (Dzul-Manzanilla et al.
2021). We found that 6.7% of the total male mosquitoes collected
were RT-PCR-positive for an ABV, and up to 20% of houses had ev-
idence of at least one positive male Ae. aegypti.

Multiple factors may be responsible for maintaining arboviral
infections in non-epidemic periods, ranging from infrequent virus
re-introductions, low-level horizontal transmission, and possible
vertical transmission between mosquitoes. Horizontal transmis-
sion of ABVs between a vertebrate host and the mosquito vector
is considered the most efficient transmission route (Lequime and
Lambrechts 2014, Lequime et al. 2016, Agboli et al. 2019), par-
ticularly during epidemics periods. Evidence of alternative routes
of ABV transmission such as TOT or TET as well as VT between
male and female mosquitoes (Kow et al. 2001; Dzul-Manzanilla et
al. 2015, 2016; Dos Reis et al. 2019; Heath et al. 2020; Manuel et
al. 2020) have been considered infrequent or alternative routes of
ABV transmission between mosquitoes (Lequime and Lambrechts
2014, Goncalves et al. 2020). These strategies could play an impor-
tant role in maintaining the circulation of the virus during inter or
post-epidemic periods and unfavorable climate conditions when
horizontal transmission becomes difficult (Freier and Rosen 1987,
Kuno 1997, Goncalves et al. 2020). However, the epidemiological
role of such transmissions is still unclear (Adams and Boots 2010,
Lequime and Lambrechts 2014, Grunnill and Boots 2016, Lequime
et al. 2016).

The idea of alternative ways of viral transmission in mosquitoes
has rarely taken center stage in arbovirology and has remained a
debate topic since it was initially discovered more than a century
ago (Lequime and Lambrechts 2014, Grunnill and Boots 2016).
Studies from laboratory experiments have reported the existence
of VT of ABVs such as CHIKV, DENV, and ZIVK in Ae. aegypti
and Ae. albopictus with a certain level of success (Arunachalam et
al. 2008, Grunnill and Boots 2016, Apodaca-Medina et al. 2018,
Aragao et al. 2019). A review of the literature by Adams and Boots
(2010) described that vertical infection efficiencies for DENV are
1-4% (Adams and Boots 2010). Another comprehensive review by
Grunnill and Boots (2016) reported the calculation of three meas-
ures to compute VT of DENV in laboratory experiments [the ver-
tical transmission rate (VIR), the filial infection rate (FIR), and the
vertical infection rate (VIR)] demonstrating meager rates of trans-
mission, typically <10/1,000 MIR or MLE. This report points out

the existing bias when infections rates are calculated based on pools
of samples, inappropriate collection methodologies and sample size,
lack of statistical analysis, and rigorous tests of the sensitivity of
the different molecular and immunological screening methods in
detecting DENVs (and other ABVs) in larvae and other life stages
(Grunnill and Boots 2016).

Evidence of ABV VT, detected from field-collected immature
stages, and males in México led to estimates of natural VT prev-
alence <0.1% (Giinther et al. 2007, Dzul-Manzanilla et al. 20135,
Apodaca-Medina et al. 2018, Torres-Avendano et al. 2021). Our
study shows that male Ae. aegypti can have a higher prevalence of
ABV infection when the natural infection rate is calculated. Most
males were positive for CHIKV (5.7%) and only found during 2016,
followed by DENV and ZIKV. These findings are consistent with our
previously published data on ABV infections in Ae. aegypti females
from the same population, showing a relatively high natural infec-
tion rate for CHIKV (6.0%, only in 2016) compared to other virus
(Kirstein et al. 2021).

Our first collections started a year after the first case of CHIKV
was reported in Mérida and months after a CHIKV outbreak
occurred in Meérida (with 1,531 cases reported) during the year
2015. During the study (2016-2017), CHIKV transmission (human
cases reported by the MOH) decreased from 11 cases in 2016 to
0 cases in 2017. ZIKV transmission was initially detected in May
2016, with 2,199 cases reported, but transmission decreased to 24
cases in 2017 (Bisanzio et al. 2018, Dzul-Manzanilla et al. 2021).
Reports of DENV human cases were low during this period in
Meérida (158 cases in 2016 and 30 cases in 2017) (SINAVE 2020).
Thus, a collection of more male Ae. aegypti mosquitoes with CHIKV
during a post-epidemic year suggest the existence of alternative
routes for virus maintenance like VT. To better support our results,
we sequenced single positive male samples to confirm the RT-PCR
results. Our sequence readings backed up the RT-PCR results. We
also found a correlation between the DENV serotype in females and
males from the same house. We identified the DENV serotype as
DENV-4. This finding is consistent with prior findings from other
studies in the area, which identified DENV-4 being the most common
serotype in most years, followed by DENV-1 and DENV-3 (Bisanzio
et al. 2018, Pavia-Ruz et al. 2018Db).

Our results show few male Ae. aegypti mosquitoes positive for
DENV lines up with the infection rates found in females (Kirstein et
al. 2021) and a low number of reported symptomatic DENV human
cases captured by the MOH during 2016-2017. Nevertheless, we
expected to find more male and female Ae. aegypti mosquitoes pos-
itive for ZIKV since it was first reported in Mérida in 2016 and
continued to spread throughout 2017. Furthermore, such findings
were confirmed by the Yucatin MOH and by the longitudinal family
cohort study ongoing in Mérida at the time of the entomological
collections (Pavia-Ruz et al. 2018b). These data sets did not register
any specific ZIKV human case within the area or houses where mos-
quito collections were conducted weeks or months before collection.
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We are aware of several limitations of our study. First, because
we can only use males as proxies to assume a VT route, we assumed
that male infections might follow infections in females (i.e., male
VT prevalence would translate to similar VT prevalence in females).
Furthermore, since we conducted an observational study, we could
not identify females that were infected by VT versus horizontal in-
fection. Similarly, Sanger sequencing was used as confirmation of
viral infection, but more in-depth sequencing would have provided
information about the genomic match between viruses in males and
females, likely increasing the resolution of our data to ascertain the
rate of VT in females. Finally, we conducted this evaluation as a
cross-sectional study during a period following active ABV infec-
tion. While few cases were detected during the study, all selected
houses were located within city blocks where recent AVB (within
1-2 mo) infections in humans occurred (Koyoc-Cardena et al. 2019,
Kirstein et al. 2021). Conducting a longitudinal study throughout
the low transmission season would have expanded our findings to
determine whether VT could be a mechanism for the persistence of
ABVs during periods of low transmission.

The distribution of ABV-positive males Ae. aegypti within houses
was strongly aggregated, with four houses harboring more than five
ABV-positive males each and two houses with up to 11 CHIKV-
positive males. Such evidence of aggregation (rarely observed, as
mosquitoes are generally pooled per house) supports the hypothesis
of an alternative route or transmission, such as VT, as it is very plau-
sible that those males collected at the same house and time were all
siblings. Aggregated pockets of infection at the household level were
previously reported for the identical houses when female Ae. aegypti
were analyzed for ABV infections (Koyoc-Cardefia et al. 2019,
Kirstein et al. 2021). Not surprisingly, the probability of finding
infected males was associated with the number of ABV-infected
females in the house; residences with four or more infected females
had a probability of having positive males of more than 80%. It is
likely, then, that some of those ABV-infected females (especially in
houses with high male infection rates) may have been infected by
VT instead of horizontal transmission. Infections in females were
quantified from their heads (Koyoc-Cardefia et al. 2019, Kirstein et
al. 2021), leading us to assume that if VT occurred, it likely led to
potentially infectious females.

In conclusion, we found a large number of male Ae. aegypti posi-
tive for DENV, CHIKYV, and ZIKV,, circulation inside houses in the city
of Mérida Yucatin, México, and the number of ABV-positive males
was significantly and positively associated with the number of infected
females within the same premises. VT of ABVs from female mosquitoes
to their progeny may be a critical natural phenomenon that contributes
to maintaining an ABV infected population of mosquitoes in endemic
areas and may lead to enhance sporadic outbreaks affecting human
populations yearly. A better understanding of the nature and impor-
tance of these alternative routes of viral persistence is fundamental for
understanding ABV epidemiology in inter or post-epidemic periods
and facilitating the establishment of active surveillance and vector con-
trol strategies to prematurely detect and prevent ABVs transmissions.
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