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Abstract

The importance of Zika virus (ZIKV) has increased noticeably since the outbreak in the
Americas in 2015, when the illness was associated with congenital disorders. Although
there is evidence of sexual transmission of the virus, the mosquito Aedes aegyptiis believed
to be the main vector for transmission to humans. This species of mosquito has not only
been found naturally infected with ZIKV, but also has been the subject of study in many vec-
tor competence assays that employ different strains of ZIKV around the world. In Argentina,
the first case was reported in February 2016 and a total of 278 autochthonous cases have
since been confirmed, however, ZIKV virus has not been isolated from any mosquito spe-
cies yet in Argentina. In order to elucidate if Argentinian Ae. aegyptipopulations could be a
possible vector of ZIKV, we conducted vector competence studies that involved a local
strain of ZIKV from Chaco province, and a Venezuelan strain obtained from an imported
case. For this purpose, Ae. aegypti adults from the temperate area of Argentina (Buenos
Aires province) were fed with infected blood. Body, legs and saliva were harvested and
tested by plaque titration on plates of Vero cells for ZIKV at 7, 11 and 14 days post infection
(DPI) in order to calculate infection, transmission, and dissemination rates, respectively.
Both strains were able to infect mosquitoes at all DPIs, whereas dissemination and trans-
mission were observed at all DPIs for the Argentinian strain but only at 14 DPI for the Vene-
zuelan strain. This study proves the ability of Ae. aegypti mosquitoes from Argentina to
become infected with two different strains of ZIKV, both belonging to the Asian lineage, and
that the virus can disseminate to the legs and salivary glands.

Author summary

Zika virus is a flavivirus transmitted by mosquitoes, isolated for the first time in the Ziika
Forest in Uganda in 1947 from a rhesus macaque monkey. The disease is usually asymp-
tomatic, but sometimes it causes a mild illness that comes with fever, rash, joint pain, and
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conjunctivitis. The World Health Organization focused the attention on this virus after
the outbreak in the Americas, when the virus was linked to microcephaly and serious neu-
rological diseases, including Guillain-Barré syndrome. Aedes aegypti was incriminated as
the main vector of the virus as it was found both naturally and experimentally infected.
This mosquito species was declared eradicated in Argentina by 1970 but re-emerged in
1989. Recent studies found a peculiarity in the genetics of Argentinian Ae. aegypti popula-
tions that consists in a combination between both subspecies: Ae. aegypti formosus and
Ae. aegypti aegypti. Our study tries to elucidate if Ae. aegypti from Argentina are able to
transmit the virus in order to add these mosquitoes to the list of possible vectors of ZIKV
and, in future prospect, orient to fight the virus by controlling the vector.

Introduction

Zika virus (ZIKV) is a single-stranded positive sense RNA virus that was first isolated in 1947
in the Ziika Forest in Uganda from a sentinel Rhesus monkey [1,2]. One year later, this arthro-
pod-borne virus (arbovirus) member of the genus Flavivirus was isolated from Aedes africanus
mosquitoes in the same forest, suggesting the mosquito as vector of the virus [2]. Outside
Africa, ZIKV was isolated for the first time from Aedes aegypti in Malaysia in 1966, providing
evidence of transmission by an urban vector [3]. Since then, human cases were reported occa-
sionally in Africa and Asia, until 2007, when a massive outbreak was reported in Yap Island
where the virus seems to have emerged from its sylvatic cycle to a rural habitat, causing fever,
rash, conjunctivitis, and arthralgia [4,5]. Successively, a ZIKV outbreak that affected approxi-
mately 11% of the population occurred in French Polynesia in 2013. During this outbreak, the
Guillain-Barré syndrome (GBS) was associated with ZIKV for the first time [5].

In the Americas, the virus was introduced in Brazil [6], probably after the World Cup soccer
games held between June and July 2014, or during the 2014 World Sprint Championship held
in Rio de Janeiro in August, in which four Pacific countries participated [7]. The first cases in
patients were reported in 2015 [8]. Since this outbreak, the virus had spread all over the coun-
try by the end of 2015, reaching other 28 countries in South and Central America by February
2016 [5]. The interest in ZIKV has increased when the infection was correlated with severe
congenital disorders such as microcephaly (MC) and other neurological malformations in
fetuses and newborns [9], especially when mothers are infected during the first trimester of
pregnancy [10]. Due to the consequences caused by MC that severely affects cognitive and
motor skills, many families are force to leave their jobs to care for their children having an
impact in their socioeconomic status [5].

Although there is evidence that sexual intercourse is a route of transmission between
humans [11,12], the mosquito bite is still believed to be responsible for the dispersion of the
virus, with humans as amplification hosts in endemic and epidemic zones during the urban
cycle [13]. Sixteen different Aedes spp. mosquitoes were found naturally infected in the field
with ZIKV. Among all, Ae. aegypti is considered to be the predominant species in the trans-
mission of the virus, probably because it is close associated with humans in urban areas [14].
Additionally, ZIKV has been isolated from Ae. aegypti in field-caught specimens, although
very occasionally, with evidence of vertical transmission detected in a few cases [3,15-20]. Fur-
thermore, Ae. aegypti was confirmed to be competent in the transmission of ZIKV in a large
number of experimental assays [4,14], with differences in transmission efficiency been attrib-
uted to the genetic background of the vector population and the virus strain utilized [4,14,21-
24].
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In Argentina, ZIKV was first detected in the Cérdoba province (temperate central area) in
February 2016, with the case being attributed to the sexual transmission of the virus (Fig 1). A
few weeks later, the first outbreak occurred in Tucumadn province resulting in 25 confirmed
autochthonous cases. During October 2016, the first case of congenital syndrome caused by
ZIKV infection was confirmed in a newborn in Tucuman [25]. During the first semester of
2017, 251 autochthonous cases of Zika were registered in Formosa, Salta and Chaco, all prov-
inces located in North Argentina close to the Bolivian and Paraguayan borders (Fig 1) [25].
Additionally, a MC case was detected in a newborn in Santa Fe province. Although the mother
had no recent travel records, additional studies confirmed her ZIKV infection status [25].
Interestingly, during 2018 ZIKV circulation seems to be confined to Salta province where 54
locally acquired cases where confirmed. Additionally, in Buenos Aires province the only ZIKV
case without travel antecedent was registered until now [26].

Due to the lack of entomological surveillance studies in Argentina during the ZIKV out-
break, as well as no vector competence studies in Argentinian mosquitoes, we aim to evaluate
the potential role of Ae. aegypti in ZIKV transmission. To do so, we challenged a population of
Ae. aegypti from La Plata in the Buenos Aires province against two different strains of ZIKV,
in order to determine not only if the mosquito population from this region would be capable
of transmitting the virus, but also to test for different levels of vector competence using distinct
viral strains. One strain derives from an imported case from Venezuela, whereas the other
strain was isolated from an autochthon case from Chaco province in Argentina.

Methods
Mosquitoes and viral strains

Aedes aegypti mosquitoes employed in this study are derived from a laboratory colony estab-
lished from La Plata in Buenos Aires province (Argentina). The colony was originated in 2014
from larvae mosquitoes originally collected from La Plata cemetery, and since then it has been
maintained at Centro de Estudios Parasitologicos y de Vectores (CEPAVE) in La Plata. Period-
ical introgressions of field mosquitoes from the same area of the city are incorporated season-
ally to the colony in order to keep the genetic background as close as possible to the field.
Multilocus genotype analysis was carried out with some individuals from the same area of
collection [27]. For this study we selected two Zika virus strains: one strain (ZIKV-VEN) was
isolated from a patient who travelled from Venezuela to Argentina (strain ARCB116141, Gen-
Bank accession no. MK637519), whereas the other strain (ZIKV-ARG) was isolated from a
patient in Chaco where the virus circulated among the population (strain ARCH125797, Gen-
Bank accession no. MK637518). These strains show a nucleotide identity of 99.5% and an
amino acid identity of 100% for a fragment that enclosed the last part of the capsid (C), the
precursor membrane segment (prM), and the first part of the envelope (E).

The viral stock was prepared after four passages on Vero cells and frozen at —86°C before
being employed in oral infections. The titers of each strain were analyzed by plaque assays on
12-well plates of Vero cells. The titer for the ZIKV-VEN strain was 7.17 log;o PFU/ml whereas
the titer for the ZIKV-ARG was 5.3 log;o PFU/ml. These values are close to the range of vire-
mia that has been previously reported for ZIKV infection [28].

Oral infection

Adult mosquitoes were maintained via incubation at 27 + 1°C, 70 + 10% RH, 16:8 hours light:
dark cycle, and supply with sugar and water, except for a period of 24 hours of starvation prior
to the oral infection. Four-five days after emergence, mosquitoes were offered a blood meal
supplied by a glass artificial feeder which allows maintaining the blood temperature at 37°C.
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Fig 1. Distribution of autochthonous cases of ZIKV in Argentina. The figure shows Argentinian provinces with
autochthonous cases of ZIKV (grey) registered between 2016 and 2018, and bordering countries.

https://doi.org/10.1371/journal.pntd.0007433.9001

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007433  June 12,2019 4/12


https://doi.org/10.1371/journal.pntd.0007433.g001
https://doi.org/10.1371/journal.pntd.0007433

@' PLOS NEGLECTED
2 ’ TROPICAL DISEASES Vector competence for ZIKV in Argentina

Blood meals were comprised of 4 ml of ovine blood (Laboratorio Alfredo Gutierrez, C.A.B.A.,
Argentina), 0.5 ml of sucrose 50%, and 0.5 ml of previously frozen cell culture supernatant
containing ZIKV. Mosquitoes were fed for one hour. Engorged females were counted and sep-
arated in three cardboard cages to be analysed at 7, 11, and 14 days post infection (DPI). The
cages were placed back into the incubator at the same conditions of temperature and humidity
until sample collection at each time point. Each group was offered sugar and water ad libitum.
All the infections assays were performed in biosafety level 3 facilities at Instituto Nacional de
Enfermedades Virales Humanas (INEVH) in Pergamino.

Mosquito samples processing

At 7,11 and 14 DPI mosquitoes were anesthetized with triethylamine as previously described
[29], and bodies, legs, and saliva were harvested from each mosquito. Different time points
were selected in order to determine the extrinsic incubation period (EIP), which corresponds
to the time between oral infection and presence of virus in saliva. The proboscis of each immo-
bilized mosquito was inserted into a capillary tube containing 5 pl of Minimum Essential
Medium (MEM) supplemented with 20% of fetal bovine serum (FBS). After 30 min of saliva-
tion, the proboscis was removed from the capillary tubes, and legs and bodies separated into
individual tubes. Each capillary tube containing salivary expectorate was collected from the
capillary into a tube containing 300 pl of MEM supplemented with 20% FBS. All samples were
stored at -86 °C until processing. Bodies and legs were each homogenized separately in micro-
centrifuge tubes containing 1.4 mm ceramic beads and 1 ml MEM with 20% FBS, for one min
at 20 cycles per second using a Bead Ruptor 24 Elite (OMNI international, Kennesaw, Georgia,
USA). Homogenates were clarified by centrifugation at 5000xG for 10 min at 4 “C. In order to
detect ZIKV infectious virions, all samples were analysed by plaque titration on 12-well plates
of Vero C76 cells. Titration was performed as previously described [30]. Briefly, tenfold serial
dilutions of each sample in MEM supplemented with 2% FBS and antibiotics were added in a
confluent Vero C76 monolayers attached to 12-well plates and incubated for 1 hour with peri-
odic gentle rocking to facilitate virus adsorption at 37°C. The volume of the inoculums was
100 ul in each well. Plaques were incubated undisturbed for 5 days at 37°C. Vital dye neutral
red was used at 2% for plaque visualization. The mosquito body was examined to estimate the
infection rate (IR), the legs to estimate the dissemination rate (DR), and saliva for the transmis-
sion rate (TR) of the virus. IR is defined as the percentage of mosquitoes with infected body
among total engorged mosquitoes. DR corresponds to the percentage of mosquitoes that con-
tained infectious virus in their legs among the previously infected mosquitoes detected. TR is
reported as the percentage of mosquitoes that contained infectious virus in the saliva, among
mosquitoes with disseminated infection. Transmission efficiency (TE) refers to the proportion
of mosquitoes with infectious saliva among the total number of engorged mosquitoes. Differ-
ences in the IR, DR and TR between the two strains (ZIKV-VEN and ZIKV-ARG) were com-
pared by a Fisher exact test, considering statistically significant p-value < 0.05. Comparisons
of viral titers in body and legs between both strains were performed at 14 DPI by using Stu-
dent’s t-test or permutation test according to data normality. All analyses were performed
using R software (v. 3.5.0) [31-34].

Results

The total number of mosquitoes employed in the assay for both strains were similar (60 and 61
specimens) (Table 1). Infection was successful for both ZIKV strains in all three DPIs, and IR
varied from 15.8% to 50% for ZIKV-ARG and from 11.1% to 61.8% for the ZIKV-VEN strain
(Table 1). Virus dissemination was found at 7, 11 and 14 DPI for the ZIKV-ARG strain, with a
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Table 1. IR, DR, TR, and TE of ZIKV-ARG and ZIKV-VEN at 7, 11 and 14 DPIs in Ae. aegypti from La Plata, Argentina. No statistical differences were found
between both strains.

Strain DPI N° Fed mosq. Infected mosq. IR (%) Disseminated mosq. DR (%) Transmitting mosq. TR (%) TE (%)

ZIKV-ARG 7 19 3 15.8 1 333 1 100.0 5.25

11 20 10 50.0 7 70.0 2 28.6 10.0

14 22 10 45.5 6 60.0 1 16.7 4.5

Total 61 23 37.7 14 60.9 4 28.6 6.6
ZIKV-VEN 7 18 2 11.1 0 0.0 0 0
11 8 2 25.0 0 0.0 0 0

14 34 21 61.8 11 52.4 1 9.1 2.9

Total 60 25 41.7 11 44.0 1 9.1 1.7

https://doi.org/10.1371/journal.pntd.0007433.t001

total of 14 mosquitoes confirmed to have disseminated virus during the experiment (60.9%).
On the other hand, for the ZIKV-VEN strain, dissemination was observed only at 14 DPI,
where virus dissemination was detected in 52.4% of the mosquitoes. Although the proportion
of ZIKV-infected saliva from Ae. aegypti was low for both strains, transmission was still
observed. One of 11 samples was found positive for ZIKV-VEN strain in saliva at 14 DP],
whereas one sample of 6 was found positive for ZIKV-ARG in saliva by the same DPI. How-
ever, unlike the imported strain, TR was detected at all DPIs for the ZIKV-ARG strain. The
ZIKV-ARG strain exhibited a minimum extrinsic incubation period (EIP) of 7 days, while the
EIP for ZIKV-VEN was 14 days. Finally, the total TE was 6.6% for ZIKV-ARG and 1.7% for
ZIKV-VEN. No significant differences were detected for the total IR (p-value = 0.71), DR (p-
value = 0.61), TR (p-value = 0.34) and TE (p-value = 0.71) between both strains. Virus titer in
saliva was detected by plaque assay in all samples despite the results of IR and DR. We did not
find any saliva sample positive where infection and dissemination were negative.

For both ZIKV strains the mean titers in body, legs and saliva were calculated for each DPI
(Table 2). Furthermore, comparisons between two strains were performed at 14 DPI for body
and legs, when data was available. There were not significant differences in the body between
both strains (Student’s t-test, t = -0.47, df = 26, p-value = 0.64). When comparing viral titers
between legs, a permutation test was preferred due to the low number of samples. In this case,
significant differences were found between both strains, being the viral titers in legs for ZIKV-
VEN higher than those for ZIKV-ARG (Z = -2.04, p-value = 0.04). Additionally, comparisons

Table 2. Mean titers in body, legs and saliva in mosquitoes for ZIKV strains from Argentina and Venezuela at each DPI (7, 11 and 14).

Strain DPI Mean body titer (log;o PFU/ml) + SD (N) Mean legs titer (log;o PFU/ml) + SD (N) Mean saliva titer (log;o PFU/ml) + SD (N)
ZIKV-ARG 7 3.8+0.0(3) 1.3(1) 1(1)
11 3.5+ 1.5(9) 1.2+0.2(7) 1.4+0.1(2)
14 4.1+ 1.2(10)* 1.7 £ 0.8 (6)° 1.3(1)
Total 3.8+1.2(22) 1.4+ 0.6 (14) 1.3+0.2(4)
ZIKV-VEN 7 34+0.6(2) NA (0) NA (0)
11 53+0.1(2) NA (0) NA (0)
14 43 +0.8 (18) 2.5+0.6(11)° 1.5 (1)
Total 43+0.9(22) 2.5+ 0.6 (11) 1.5(1)

NA: not applicable.
% no statistical differences were found (Student’s t-test).
¢ statistical differences were found (Permutation test).

https://doi.org/10.1371/journal.pntd.0007433.t002
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between legs and saliva showed that the average viral titers in saliva dropped respect to the legs
8.4% for ZIKV-ARG, and 40.7% for ZIKV-VEN.

Discussion

The ZIKV outbreak in Brazil in 2015 triggered an international alarm, especially when neuro-
logical disorders and microcephaly in newborns were associated with the infection [5]. Due to
its proximity to Brazil, and the presence of the implicated vector, Argentina also focused the
attention on this neglected disease. Interestingly, 137,288 Zika autochthonous cases were
reported by the Brazilian Ministry of Health by January 2018, whereas in Argentina 278
autochthonous cases were confirmed by the Argentinian Ministry of Health in the same
period, confined to five provinces in the Northern region of the country [35]. In America, Ae.
albopictus was found naturally infected with ZIKV in Brazil, while Ae. aegypti-infected mos-
quitoes were detected in Brazil, Ecuador and Mexico [17,20,36,37]. Vector competence studies
that involved Ae. aegypti population from different countries corroborated the efficiency of
this species in transmitting different strains of ZIKV, however competence varies greatly, and
depending mainly on mosquito origin, Zika strain and type of blood meal used [21-24,38-41].
Vector competence of Ae. aegypti for ZIKV has been evaluated through all five continents. In
Africa, mosquitoes populations from Senegal and Nigeria were tested for 14 different ZIKV
strains, all of them infected this species but only two strains reached the saliva. In Asia, mos-
quitos from Singapore were able to transmit three strains of ZIKV showing an EIP of 3 and 4
days. Three ZIKV strains were also transmitted by Ae. aegypti from Australia and French
Polynesia. In Europe a population of Ae. aegypti from Madeira Island was tested against two
different strains of ZIKV; both strains infected the mosquitoes but only one of them was trans-
mitted (EIP = 9). Finally, vector competence studies were also carried out in Mexican and Bra-
zilian mosquitoes, which were able to transmit seven and three different strains of ZIKV,
respectively [13]. These studies, together with the isolation of ZIKV from field-collected mos-
quitoes, confirm Ae. aegypti as the main vector of ZIKV [13,14]. In Argentina, ZIKV has not
yet been isolated in the field from any mosquito species, and no vector competence studies
were performed so far with local ZIKV strains.

In this study we evaluated the vector competence of a local population of Ae. aegypti from
the temperate area of Argentina (La Plata), for two different Zika virus strains both belonging
to the Asian lineage. One strain was isolated from a patient who has travelled to Venezuela
(ZIKV-VEN), whereas the other strain was isolated in Chaco, Argentina, during the outbreak
in 2017 (ZIKV-ARG). We demonstrated that the Argentinian Ae. aegypti population is able to
be infected by both ZIKV-VEN and ZIKV-ARG strains. Despite the fact that the proportion of
mosquitoes infected with these strains was relatively high, the TR remains very low for both
strains. Moreover, the titers in the transmitting mosquitoes were also very low. However, it
should be considered that due to the low number of infected mosquitoes at 7 DPI for both
strains, and 11 DPI for ZIKV-VEN, DR and TR at these time points may not reflect the actual
susceptibility of the population used in this study. For the Argentinian strain we detected an
overall TE (6.6%) that was slightly higher than the overall TE for the Venezuelan strain (1.7%).
These data are closer to the TE detected in Ae. aegypti from Rio de Janeiro (10%), than the TE
found for ZIKV strains transmitted by Ae. aegypti populations from Los Angeles (53-75%)
[22,42]. One possible explanation for the low levels of transmission could be due to the
employment of frozen virus stocks. The difficulty in conducting the experiment with fresh
virus leaves us questions about whether the susceptibility of the strains may vary according to
a different response to the virus freeze/thaw, leading to a decrease of transmission efficiency
[23,43,44]. Another factor that could influence on the transmission is the genetics of the
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mosquito. In fact, Ae. aegypti s.1. is divided into two genetic units which correspond to the
standard defined subspecies: Ae. aegypti formosus, in Africa, and Ae. aegypti aegypti outside
Africa. In Argentina, a mixture between both subspecies was detected in four different popula-
tions, including that from La Plata [45]. The fact that Argentinian populations have an African
background could be an explanation for the low transmission of ZIKV, since some Ae. aegypti
populations from Senegal were not competent for the transmission of this virus [46]. The cir-
culation of the virus in Argentina was very low compared to Brazil. Interestingly, during 2016,
Argentina had the greatest Dengue outbreak in magnitude and geographical dissemination to
date. The infection spread through 15 provinces of the center and north of the country, with
41,207 confirmed cases. This situation could have affected the detection of ZIKV infection
from both the clinical aspect and the serological studies (IgM cross reactivity) [47]. In Argen-
tina, laboratory assays indicates high vector competence for DENV-2 of Ae. aegypti popula-
tions from both subtropical and temperate areas. Mosquitoes from the subtropics were even
more efficient that those of temperate Argentina [48]. Additionally, vector competence studies
for DENV and chikungunya virus (CHIKV) in genetically distinct populations of Ae. aegypti
from Argentina (one of these belong to the same population that we used in this study),
showed a large variability in vector competence for these viruses. In particular, La Plata Ae.
aegypti were highly refractory to CHIKV infection and even at mean temperatures (higher
than the specific-site temperature for La Plata) the population was more refractory than other
populations for both pathogens [27].

It is remarkable that although Buenos Aires is the most populated province in the country,
and many imported cases were diagnosed from travellers who arrived to the province from
all over the world, and considering that the abundance of Ae. aegypti has increased during the
last 20 years, only one autochthonous ZIKV case was reported by the Ministry of Health
[26,49,50]. Additionally, Ae. aegypti is the only invasive species in the province since Ae. albo-
pictus is present only in the Misiones province bordering Brazil [51,52]. The low TE of the La
Plata Ae. aegypti population observed here might be an explanation for the absence of an out-
break in the region.

The various barriers encountered during the extrinsic incubation period could probably
influence the infection and replication in different tissues [53]. Our results show that the
decrease in the titers in saliva related to those in legs is four times higher in the Venezuelan
strain than in the Argentinian, although mean viral titers were significantly higher in legs for
ZIKV-VEN than ZIKV-ARG, suggesting differences in the viral strain fitness. Another differ-
ence in the fitness between both viral strains is observed by the shorter EIP of the strain that
circulated in the country (ZIKV-ARG) compared to the imported strain.

As was mentioned before, ZIKV outbreak in Argentina was simultaneous with DENV out-
break. Further studies will be necessary in order to evaluate the impact of arboviruses coinfec-
tions on the epidemiology of these diseases. Moreover, we will explore in future studies the
transmission of the virus among other populations of Ae. aegypti belonging to areas of Argen-
tina where Zika outbreaks were reported. Because of the genetic diversity observed among Ae.
aegypti in Argentina, these populations could be more susceptible to ZIKV transmission than
those from La Plata [27]. Furthermore, albeit the attention is focused on Ae. aegypti, we do not
preclude that other species of Aedes could be involved in the transmission of the virus, espe-
cially in other provinces affected by the outbreak with a higher diversity of Aedes spp. mosqui-
toes than Buenos Aires [54]. Another factor that should be considered is that RNA viruses
replicate with low genetic fidelity that results in high mutation rates. If these genetic changes
are able to generate new variants, there could be variability in epidemiological fitness and
therefore an increment of vector competence [55,56]. Evidence of the importance of mutation
in arbovirus is provided by Chikungunya virus, which adapted to the vector Ae. albopictus
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after a single adaptive mutation [57], and for West Nile virus (WNV) which with a single-
amino acid substitution became resistant to lycorine [58]. Also, the spread and continuous
evolution of WNV led to the change from attenuated to virulent phenotype for lineage 2 [59].
For these reasons we could expect ZIKV to adapt further to local Ae. aegypti populations.
Therefore active surveillance on circulating strains and other vector competence studies could
contribute to elucidate the dynamics of the virus in this region.
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