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Background.  Several tropical cities are permissive to Aedes aegypti and dengue virus (DENV) endemicity and have allowed for 
invasion and circulation of Zika virus (ZIKV) in the same areas. People living in arbovirus-endemic regions have been simultane-
ously infected with ≥2 arboviruses.

Methods.  A. aegypti mosquitoes from Manaus, the capital city of Amazonas State in Brazil, were coinfected with circulating 
strains of DENV and ZIKV. The coinfected vectors were allowed to bite BALB/c mice.

Results.  A. aegypti from Manaus is highly permissive to monoinfection and coinfection with DENV and ZIKV and is capable 
of cotransmitting both pathogens by bite. Coinfection strongly influences vector competence, favoring transmission of ZIKV to the 
vertebrate host.

Conclusions.  This finding suggests that A. aegypti is an efficient vector of ZIKV and that ZIKV would be preferentially trans-
mitted by coinfected A. aegypti. Coinfection in the vector population should be considered a new critical epidemiological factor and 
may represent a major public health challenge.
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Dengue virus (DENV) is considered to be the most important 
arbovirus, owing to the number and severity of human infec-
tions worldwide [1]. However, Zika virus (ZIKV) has emerged 
as a global health threat. To date, 563 168 suspected cases of 
Zika have been reported from Latin America and the Caribbean 
[2]. In contrast to this newly introduced pathogen, DENV was 
introduced into the Americas in the 1600s [3]. It is estimated 
that DENV infects 390 million people worldwide every year, 
of whom approximately 96 million present with mild-to-se-
vere symptoms [4]. In the Americas alone, 2 338 848 suspected 
dengue cases were reported in the 2016 [5].

ZIKV and DENV are primarily spread via the bite of infected 
mosquitoes. Aedes aegypti is widespread in the Americas and 
is responsible for most autochthonous transmission. To be-
come a vector, the virus must replicate in a series of mosquito 
tissues and disseminate to and cross several biological barri-
ers, including target organs, such as the midgut and salivary 
gland [6, 7]. These dynamics will also determine the inten-
sity of viral infection in the salivary glands, which is related to 
the amount of virus that can be inoculated by vector bite into 
human skin.

Sociological, ecological, and epidemiological conditions in 
Latin American cities are permissive to A. aegypti and DENV 
endemicity and have allowed for invasion and circulation of 
ZIKV into the same large geographic areas. Consequently, as the 
distribution of ZIKV expands, vectors will have an increasing 
opportunity to acquire simultaneous and/or mixed infections 
with >1 arbovirus. This will occur by either a single infectious 
blood meal from a viremic human concurrently infected with 
DENV and ZIKV or by sequential blood meals from 2 individ-
uals, each carrying a single arboviral infection.

There are reports of DENV and ZIKV coinfection [8, 9] and 
ZIKV and chikungunya virus (CHIKV) coinfection [10] among 
humans in the Americas and of DENV and CHIKV coinfection 
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among those in other regions [11–14]. Rare multiple coinfec-
tions with all 3 arboviruses—CHIKV, DENV, and ZIKV—have 
also been reported [15, 16]. Concurrent infections of humans 
with DENV and ZIKV or even other arboviruses are not so un-
common and may have epidemiologic implications, including 
more-severe disease with overlapping symptoms, a situation 
where the diagnosis and management of such patients could be 
even more challenging than for a patient infected with a single 
arbovirus.

This study was performed in Manaus, capital city of the state 
of Amazonas, Brazil. The city is located in the middle of the 
Amazon forest and, with population growth, has undergone 
unplanned sprawl, which inadvertently contributes to the pro-
liferation of A.  aegypti and consequently, the endemicity of 
arboviruses, including ZIKV and DENV [17]. With a realistic 
potential that vector coinfection could occur in this area of 
ZIKV and DENV endemicity, a local population of A. aegypti 
was assessed to determine whether it was susceptible to infection 
with strains of DENV and ZIKV circulating in Brazil, as well as 
whether coinfection with both arboviruses will modulate repli-
cation or interfere with the vector competence of either virus. 
We found that almost all A. aegypti mosquitoes evaluated were 
susceptible to coinfection with the 2 arboviruses and that coin-
fection strongly influenced vector competence, with preferential 
transmission of ZIKV by A. aegypti bite to the vertebrate host.

METHODS

Mosquitoes

A. (Stegomyia) aegypti eggs were collected with oviposition 
traps placed during 4 weeks in 5 regional districts of Manaus. 
A total of 2501 eggs were collected and used to start a colony. 
Eggs were allowed to hatch, and resulting larvae were reared to 
adults, allowed to feed on blood, and reared through 3 succes-
sive generations as a single locality colony. However, parental 
generation of mosquitoes derived from the field-collected 
eggs were evaluated by quantitative polymerase chain reaction 
(qPCR) as described below, to ensure that they were free of 
ZIKV and DENV.

Viruses

ZIKV (ZikaSPH2015) [18] and DENV-2 (GenBank accession 
number KP188569) are currently circulating in Brazil and were 
used in these vector competence experiments. Virus stocks were 
propagated in an Aedes albopictus cell line (C6/36) growing in 
Leibowitz L-15 medium supplemented with 2% inactivated fetal 
bovine serum, 20 μg/mL gentamicin, 5 μg/mL amphotericin B, and 
200 U/mL penicillin (all from Sigma Aldrich, St Louis). Virus titra-
tion followed the 50% tissue culture infectious dose method [19, 20]

Monoinfection and Coinfection of A. aegypti

Six hundred 3–5-day-old adult female mosquitoes were divided in 
3 groups and infected with ZIKV and/or DENV via a membrane 
feeding assay [20, 21] with blood meals containing either 1 virus 

(monoinfection) or both viruses (coinfection). Identical titers of 
ZIKV and DENV were used in single or coinfection experiments. 
Virus titers of 1 × 105 plaque-forming units per mL from C6/36 cell 
culture supernatants of each virus were mixed with fresh mouse 
blood (ratio, 2:1) and offered to the mosquitoes as described else-
where [20, 21]. Three groups of exposed A. aegypti were obtained: 
(1) DENV monoinfection, (2) ZIKV monoinfection, and (3) 
DENV/ZIKV coinfection. The blood-fed mosquitoes were main-
tained on 10% sucrose ad libitum. Seven and 14 days after blood 
meal, 30 infected mosquitoes from each experimental group were 
randomly chosen from each group to be analyzed by qPCR.

Transmission by Bite of Coinfected A. aegypti

Fourteen days after infection, 80 ZIKV/DENV-coinfected 
A. aegypti were separated into 10 groups of 8 mosquitoes and 
placed in small plastic vials (11.1-mL volume, 4.8-cm height, 
and 1.8-cm diameter) covered at one end with a 0.25-mm nylon 
mesh [20]. Mice were immediately euthanized following mos-
quito bite exposure, and the mosquito-exposed region of each 
ear was biopsied with a 4-mm tissue punch. All fully engorged 
mosquitoes were killed quickly via cold exposure, removed 
from the vials, and dissected as detailed below.

The mosquito tissues, as well as the mouse ears, were macer-
ated after vector bite assays and processed for RNA extraction 
using the QIAamp Viral RNA Mini Kit (Qiagen) according to 
the manufacturer’s protocols.

Real-Time qPCR for Quantification of ZIKV and DENV Complementary DNA 

(cDNA) in Mosquitoes and Mouse Ears

Mosquito heads and salivary glands (heads/SGs) were dissected 
from the bodies of the 3 experimental groups (described above). 
These mosquito tissues, as well as the mouse ear biopsy speci-
mens obtained after vector bite exposures, were macerated and 
processed for RNA extraction. Primer and probe sets specific for 
DENV and ZIKV were designed as previously described [22, 23].  
Primers were synthesized by Integrated DNA Technologies and 
by probes with 5-FAM as the reporter dye (ThermoFisher). All 
real-time assays were performed by using the TaqMan RNA-
to-CT 1-Step Kit, with amplification in the 7500 Fast and 7500 
Real-Time PCR System, according the manufacturer’s protocol. 
The infection rate (IR) was calculated as the proportion (ie, per-
centage) of all experimentally blood-fed mosquitoes in which 
the 2 arboviruses were detected in the mosquito. The intensity of 
the infection was estimated by determining the number of viral 
cDNA copies present in the sample. The disseminated infection 
rate (DIR) was calculated as the proportion of DENV- or ZIKV-
infected mosquito heads/SGs among all infected mosquitoes.

Infectivity of ZIKV and DENV in A. aegypti SG

To verify viral the viability and the infectivity of ZIKV and 
DENV isolates, 10 A. aegypti from each group of mosquitoes for 
which blood meals were either monoinfected (DENV or ZIKV) 
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or coinfected (ZIKV+DENV) were randomly selected from the 
cage 14  days after feeding, and their SGs were dissected and 
macerated individually. Each SG supernatant was divided into 2 
subsets: one directly tested for cDNA copies of the 2 arboviruses 
by qPCR and the other cultivated in C6/36 cells for 3–4 days at 
27°C to develop infection and observe viral cytopathic effects as 
describe elsewhere [24]. These infected C6/36 cell supernatants 
were also processed by qPCR 4 days after inoculation to confirm 
the presence of ZIKV and DENV cDNA copies, respectively. 
Figure 4 shows the main steps of the experimental protocol.

Statistical Analyses

Shapiro Wilk and Wilcoxon–Mann-Whitney tests were used to 
evaluate significance among groups in relation median amounts 
or virus. Two-tailed χ2 or Fisher exact tests were used to eval-
uate differences between IRs and the intensity of the infection 
(ie, the number of viral cDNA copies) present in the mosquito 
tissues of the experimental infected groups. The Spearman non-
parametric r test was used to test for a statistically significant 
correlation between the numbers of DENV and ZIKV cDNA 
copies. All statistical analyses were performed in GraphPad 
Prism, version 7.00 (La Jolla, CA), and P values ≤.05 were con-
sidered statistically significant.

Ethics Approval

This study was conducted in accordance with the Manual for 
the Use of Animals, Oswaldo Cruz Foundation, Ministry of 
Health of Brazil (national decree 3179). It was approved by 
the Ethics Committee for the Use of Animals, Oswaldo Cruz 
Foundation (number L-1715), and by the Animal Research 
Ethics Committee of Tropical Medicine, Foundation Dr. Heitor 
Vieira Dourado (002380/2016).

RESULTS

Susceptibility of A. aegypti to DENV and ZIKV Monoinfection and 

Coinfection

Fourteen days after infection, the monoinfected and coinfected 
mosquitoes were evaluated for infections. Coinfected mosquitoes 
were also used to test for virus transmission to a vertebrate host 
[20]. The IR for monoinfection, calculated as the percentage of in-
dividual A. aegypti infected with either DENV or ZIKV, was 100%. 
The DIR for these single infections, reported as the percentage 
of individual A.  aegypti monoinfected with DENV or ZIKV in 
the head/SG, was 57% and 100%, respectively (Figure 1). In the 
coinfected A. aegypti, the IR for DENV and ZIKV was 96.7% and 
100%, respectively. The DIR for these same coinfected mosquitoes 
for DENV and ZIKV was 75% and 100%, respectively (Figure 2).

Quantification of DENV and ZIKV cDNA Copies in Single and Coinfected 

A. aegypti

In A. aegypti with DENV or ZIKV monoinfection, 4.5 × 102 or 
4.6 × 107 cDNA copies, respectively, were detected in the body. 

The heads/SGs of these same monoinfected mosquitoes con-
tained 1.7 × 104 and 8.8 × 106 DENV and ZIKV cDNA copies, 
respectively. Comparatively, in the monoinfected mosquitoes, 
the number of ZIKV cDNA copies was significantly greater 
than the number of DENV cDNA copies in both the bodies and 
heads/SGs (P < .001; Figure 1).

In the coinfected A.  aegypti, there were 5.8  ×  102 DENV 
cDNA copies and 5.0 × 106 ZIKV cDNA copies in the mosquito 
bodies and 2.1 × 105 DENV cDNA copies and 1.5 × 106 ZIKV 
cDNA copies in the heads/SGs. Similar to monoinfections, the 
number of viral cDNA copies in the coinfected mosquitoes 
was significantly greater for ZIKV than for DENV in both the 
bodies (P < .001) and the heads/SGs (P = .01; Figure 2A). This 
remained true for comparisons within individual mosquitoes, 
although the numbers of DENV and ZIKV cDNA copies were 
much more similar in the heads/SGs as compared to the bodies 
of coinfected mosquitoes (Figure 2B and 2C).

In addition, the number of ZIKV cDNA copies was higher 
in monoinfected mosquitoes as compared to coinfected mos-
quitoes in both the body (P = .002) and head/SG (P = .0144). 
However, there was no significant difference in the number 
of DNV cDNA copies between monoinfected and coinfected 
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Figure 1.  Analysis of monoinfection of Aedes aegypti with dengue virus (DENV; 
blue) and Zika virus (ZIKV; red). The intensity of infection of each experimental group 
is presented as in the graph as the number of complementary DNA (cDNA) copies 
per mosquito (top). The infection rate (IR) and the disseminated infection rate (DIR) 
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mosquito bodies, and in contrast to ZIKV, the number DENV 
cDNA copies in mosquito heads was greater in coinfected mos-
quitoes than in monoinfected individuals (P = .0443).

There is a direct positive correlation between the number 
of DENV and ZIKV cDNA copies in the body (R2  =  0.8542; 
P < .0001) and head/SG (R2 = 0.8515; P < .0001) of each coin-
fected A.  aegypti (Figure  2D and 2E). For example, a high 
number of ZIKV cDNA copies in the body correspond to a high 
number of ZIKV cDNA copies in the head/SG of individual 
mosquitoes. This positive relationship was stronger in the bod-
ies of coinfected mosquitoes. Four mosquitoes were negative 
for DENV (1 body and 3 head/SG). Interestingly, these nega-
tive DENV mosquitoes were positive for ZIKV, but at relatively 
low cDNA values (Figure 2B and 2C). The data also revealed a 
direct, positive correlation between the quantity of the DENV 
and ZIKV cDNA copies in the body (R2 = 0.8542, P <  .0001) 
and head/SG (R2  =  0.8515, P  <  .0001; Figure  2D and 2E). In 
this comparison, high ZIKV cDNA levels in the body correlated 
with high DENV cDNA levels in body samples from the same 
mosquito.

Preferential Transmission of ZIKV by Coinfected A. aegypti Bite

Ten groups of 8 coinfected A. aegypti were evaluated for arbo-
virus transmission by bite to BALB/c mice (Figure 3). At least 
1 mosquito placed on mouse ears in all 10 groups fed to vis-
ible engorgement. This transmission experiment resulted in 
3 sample types: postbite A.  aegypti bodies and dissected SGs, 
and BALB/c mouse ear punch biopsy specimens. Samples were 
pooled by type within each of the 10 feeding groups (Table 1). 
All 10 pools of A. aegypti bodies from the transmission experi-
ment were positive for both DENV and ZIKV, with cDNA levels 
ranging from 1.0 ×  102 to 4.41 ×  104 cDNA copies and from 

1.23 × 106 to 4.26 × 108 cDNA copies, respectively. DENV was 
only detected in 8 SG pools, whereas ZIKV was detected in all 
10 SG pools, with values ranging from 3.88 × 103 to 1.53 × 106 
DENV cDNA copies and from 1.42 × 106 to 1.73 × 107 ZIKV 
cDNA copies.

The ZIKV transmission rate by bite from coinfected A. aegypti 
to mouse ears was 100%. ZIKV cDNA was detected in all 
mouse ears, with a wide range of viral cDNA levels (1.92 × 102–
1.76  ×  1010 copies) and a median value of 6.00  ×  107 cDNA 
copies. In contrast, the DENV transmission rate was only 20%. 
DENV cDNA was detected in only 2 of 10 mouse ears, with low 
numbers of DENV cDNA copies (4.55 × 102 and 1.83 × 103 cop-
ies). These 2 mouse ears were also positive for ZIKV, illustrating 
that simultaneous transmission of ZIKV and DENV is possible 
(Table 1).

Viability of DENV and ZIKV in A. aegypti SGs

Viability of DENV and ZIKV from SGs was verified 14  days 
after infectious blood feed by determining cytopathic effect 
on monolayers of C6/36 cells [24]. DENV and ZIKV from 
monoinfected SGs were infectious to C6/36 cells. Ten of 10 SGs 
from ZIKV-exposed mosquitoes and 7 of 10 SGs from DENV-
exposed mosquitoes caused cytopathic effect in C6/36 cells and 
were positive for viral cDNA by qPCR. Viral quantification by 
qPCR analysis of culture supernatants showed that the median 
numbers of DENV and ZIKV cDNA copies were 5.1 × 104 and 
1.33 × 104 copies, respectively. Nine of 10 SGs from mosquitoes 
coinfected with DENV and ZIKV were infectious and caused 
cytopathic effect in C6/36 cells. However, of these 9 SGs, 5 
SG supernatants were positive for DENV, and all 9 were pos-
itive for ZIKV by qPCR analysis. qPCR quantitation revealed 
a mean number of 1.08  ×  104 cDNA copies in the 5 DENV-
positive SGs and 1.05 × 105 cDNA copies in the 9 ZIKV-positive 
SGs. These complementary assays confirmed the presence and 

Figure 3.  Dengue virus and Zika virus transmission by bites of coinfected Aedes 
aegypti. A group of 8 coinfected mosquitoes were placed in a vial with the nylon 
mesh side against the ears of an anesthetized BALB/c mouse. Mosquitoes can be 
seen probing on the right ear of the mouse. The mosquito-exposed region of the left 
ear is visible after removing the plastic feeding vial (white arrows).

Table  1.  Number of Complementary DNA (cDNA) Copies of Zika Virus 
(ZIKV) and Dengue Virus (DENV) Transmitted by Coinfected Aedes aegypti 
to BALB/c Mouse Ears

Pool No.
Engorged Mosquitoes,  

No./Poola

cDNA Copies

DENV ZIKV

1 1b 4.55 × 102 5.00 × 103

2 2 0 2.00 × 103

3 2 0 1.36 × 1010

4 4 0 1.76 × 1010

5 5 0 4.88 × 109

6 5 0 4.65 × 108

7 3 0 2.74 × 102

8 4b 1.83 × 103 1.92 × 102

9 8 0 6.50 × 103

10 1 0 1.20 × 108

aNumber of fully engorged mosquitoes per pool after bite exposure.
bPool of mosquitoes positive for DENV cDNA copies.
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infectivity of ZIKV and DENV, their ability to be cotransmitted 
by A. aegypti bite, and their potential to initiate coinfections in 
a host vertebrate.

DISCUSSION

People living in arbovirus-endemic regions have presented 
complex arbovirus infections involving simultaneous infec-
tion with ≥2 arboviruses, including DENV, ZIKV, and CHIKV 
[8–16]. Coinfection with ZIKV and CHIKV has already been 
identified in regions of Brazil where both viruses are endemic 
[25, 26]. In Brazilian cities like Manaus, where DENV is already 
highly endemic, the introduction of ZIKV puts thousands of 
people at risk for coinfection with these 2 potentially highly 
pathogenic arboviruses.

Studies evaluating potential simultaneous transmission of coin-
fected mosquitoes support our results, although they observed 
different mosquito species. One study could not illustrate coin-
fection with DENV and CHIKV in A. aegypti [27], but a second 

detected both arboviruses in saliva specimens from A. albopictus 
[28]. Potential cotransmission of CHIKV and DENV was also re-
ported at low rates in A. aegypti and A. albopictus from the same 
region [29]. A. aegypti from Mexico were experimentally infected 
with CHICK, DENV, and ZIKV, resulting in monoinfection and 
coinfection involving 2 or 3 viruses. These mosquitoes can po-
tentially transmit all combinations of these 3 viruses simultane-
ously, based on findings from qPCR analysis and cell culture of 
saliva specimens [30]. Another study evaluated coinfection of 
ZIKV and CHIKV in colonized A. aegypti and found that 84.4% 
of mosquitoes were coinfected but that only 11.5% had both 
viruses in saliva [31]. The number of ZIKA cDNA copies was 
higher than the number of CHIKV cDNA copies, similar to what 
we have observed, but in contrast there was no apparent impact 
of coinfection when they compared ZIKV/CHIKV-coinfected 
mosquitoes to mosquitoes with ZIKV or CHIKV monoinfection 
[31]. Another study involving A.  aegypti reported that rates of 
neither DENV nor ZIKV infection were significantly affected by  
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5 Manaus districts
Total number = 2501 eggs

PARENTAL GENERATION (P)
Virus-free Ae. aegypti
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Figure 4.  Diagram showing the main steps of the experimental protocol of Aedes aegypti coinfection with Zika virus and dengue virus. Abbreviations: cDNA, comple-
mentary DNA; DENV, dengue virus; qPCR, quantitative polymerase chain reaction; ZIKV, Zika virus
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DENV/ZIKV coinfection, compared with DENV nor ZIKV 
monoinfection [30]. However, it is important to note that all of 
these cotransmission reports are based on forced salivation and 
equate this fact to the “potential transmission” by the vector. In 
contrast, our study is the first to evaluate arbovirus transmis-
sion by a natural route, the bite from ZIKV/DENV-coinfected 
A. aegypti in a mouse ear model, to provide irrefutable evidence 
of a cotransmission event. Our study also paired A. aegypti re-
cently colonized from the field (F3) with DENV and ZIKV strains 
that are currently cocirculating in Brazil.

The Amazonian A.  aegypti population demonstrated high 
permissiveness and competence for monoinfection with DENV 
or ZIKV, resulting in high infection rates and disseminated 
infections. The extrinsic incubation period [32], defined as in-
terval between ingestion of the infective blood meal and the 
ability of the vector to transmit the acquired virus to a verte-
brate, is 7–10 days for ZIKV [22] and 7–14 days for DENV [23]. 
Therefore, we opted to evaluate A. aegypti infection 14 after in-
fection, to verify the potential for dual arbovirus transmission. 
Fourteen days after infection, these Amazonian A. aegypti were 
efficiently coinfected with ZIKV and DENV, with both viruses 
capable of being transmitted by mosquito bite. However, in these 
coinfections, ZIKV grew to higher titers and more efficiently 
infected the SGs. Despite an apparent difference in the replica-
tion efficiency of ZIKV and DENV in this A.  aegypti popula-
tion, there was a positive correlation between replication and 
dissemination of the 2 viruses in coinfected mosquitoes. The 
analysis of each individual coinfected mosquito showed a ro-
bust direct positive relationship between the amount of DENV 
and ZIKV in the mosquito body and head/SG. This is the first 
demonstration of a positive correlation of the permissiveness of 
individual mosquitoes to infection with 2 different arboviruses. 
Individual mosquitoes that were more permissive to DENV 
localized and disseminated infection were also more permis-
sive to ZIKV localized and disseminated infection. However, of 
those evaluated from this A. aegypti population, a few individual 
mosquitoes that did not develop SG infection with DENV, which 
suggests that there is a potential barrier to DENV invasion that 
should be more thoroughly evaluated. This was even true in the 
coinfection experiments, in which the same individual mosqui-
toes had both the body and the head/SG invaded by ZIKV.

ZIKV replicated to greater titers and was preferentially trans-
mitted to mouse tissue during the bite experiments. In fact, ZIKV 
replicated to higher titers (defined as the number of cDNA cop-
ies) than DENV in both monoinfection and coinfection, with 
infection and dissemination rates of 100% in all experiments. 
The lower infection and dissemination rates for DENV reported 
here as compared to other studies may be attributable to the 
innate permissiveness of the Amazonian A. aegypti population 
to DENV. However, it should be reinforced that this mosquito 
colony was only the third generation from the field and should 
be representative of the vector population in Manaus, which, 

although highly permissive to DENV, appears to be completely 
permissive to ZIKV.

In conclusion, A. aegypti from Manaus is highly permissive 
to monoinfection and coinfection with DENV and ZIKV and 
is capable of cotransmitting both arboviruses, as demonstrated 
through a transmission-by-bite model. We provide the first ev-
idence of a positive correlation in permissiveness for 2 different 
arboviruses in a mosquito population. Individual mosquitoes 
with relatively high or low DENV titers had similarly high or 
low ZIKV titers when coinfected. Although ZIKV had efficient 
replication and tissue invasion, with high IRs, DIRs in both the 
monoinfections and coinfections were lower in both body and 
head/SG tissues during coinfection. However, despite some-
what suppressed viral titers, all infection, dissemination, and 
transmission rates were 100% for ZIKV. This important find-
ing suggests that ZIKV would be efficiently transmitted via this 
population of mosquito vectors and would be preferentially 
transmitted if these mosquitoes were coinfected and, therefore, 
had the potential to cotransmit both viruses.
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