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Abstract

Background: Zika virus (ZIKV) and dengue virus (DENV) are closely related flaviviruses primarily transmitted by Aedes
mosquitoes. Armigeres subalbatus is an emerging and widely distributed mosquito, and ZIKV has been detected and
isolated from it. However, it is not clear whether Ar. subalbatus could be a vector for ZIKV and DENV or not. In this
study, we investigated the infection and transmission of Ar. subalbatus to ZIKV and DENV.

Methods: A line of Ar. subalbatus was isolated from Guangdong, China, and further identified by the mitochondrial
cytochrome oxidase subunit 1 (CO/) gene. The adults of Ar. subalbatus were fed with blood meal containing ZIKV or
DENV-2. At 4,7,10, 14, and 21 days post-inoculation (dpi), the infections of ZIKV or DENV-2 in the midguts, ovaries
and salivary glands were detected and quantified by RT-PCR and RT-gPCR. To assess the transmissibility, suckling mice
were exposed to bites of ZIKV-infected mosquitoes, and ZIKV was detected in brain tissue by RT-gPCR and plaque
assays. Furthermore, the larvae of Ar. subalbatus were reared in artificial urine containing ZIKV or DENV-2. The infection
rates and viral titers of larvae and adults were analyzed by RT-PCR and RT-gPCR, and the viral distribution in larval tis-
sues was observed by immunohistochemistry. Chi-square test and one-way ANOVA analysis were used for assessing
the infection rate and viral titer in varied tissues and different time points, respectively.

Results: Following oral inoculation, ZIKV but not DENV-2 could be detected in Ar. subalbatus midguts at 4 dpi, ovaries
at 7 dpi and salivary glands at 10 dpi. The highest infection rate (IR) of ZIKV was 27.8% in midgut at 7 dpi, 9.7% in ovary
and 5.6% in salivary gland at 21 dpi. Eight days after being bitten by ZIKV-positive mosquitoes, ZIKV was detected in
three brain tissues out of four suckling mice exposed to bites. ZIKV could be detected in the larvae reared in artificial
urine contained ZIKV at a high concentration of 10° pfu/ml and various tissues of adults with a low infection rate
(0.70-1.35%). ZIKV could be observed in anal papillae and midgut of larvae at 4 dpi under laboratory conditions.

Conclusions: ZIKV but not DENV-2 can infect Ar. subalbatus by blood meal and artificial urine, and the infected
mosquitoes can transmit ZIKV to suckling mice by bite. From these findings, we can conclude that the Ar. subalbatus
isolated from Guangdong province, China, is a potential vector for ZIKV and should therefore be considered in vector
control programs to prevent and control of Zika virus disease.
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Background

Zika virus (ZIKV) is a mosquito-borne flavivirus which
causes Zika virus disease (Zika) with a range of symp-
toms, including serious neurological complications [1-
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indicated that there existed the sylvatic cycle of ZIKV.
The first large Zika outbreak was on the Micronesian
island of Yap in 2007 [6], and an extensive spread in the
French Polynesia followed in 2013-2014 [7]. Severe Zika
outbroke in Brazil in 2015 with increase cases of micro-
cephaly, and the epidemic rapidly spread to more than
30 other countries as of February 29, 2016 [8, 9]. WHO
classified the epidemic as a “public health emergency
of international concern” (PHEIC) [10]. The first case
of Zika was imported in the mainland of China in 2016
[11]. Since then, at least 22 cases have been reported in
Guangdong, Zhejiang and other provinces of China [12,
13]. As of July 2019, 87 countries and territories had the
evidence of autochthonous mosquito-borne transmis-
sion of ZIKV [14]. Dengue virus is another flavivirus and
causes dengue fever which is a rapidly emerging mos-
quito-borne infectious disease and now endemic in over
128 countries and regions around the world [15]. South
China especially Guangdong has often experienced den-
gue epidemics and had an outbreak in 2014 which docu-
mented more than 45,000 infections [16]. Aedes aegypti
and Ae. albopictus are currently considered to be the
major vectors for ZIKV and DENV [17-19].

Armigeres subalbatus (Diptera: Culicidae) adults can
inhabit houses, livestock sheds and wild grass fields [20].
Larvae mainly develop in bamboo tubes, tree holes,
dilute cesspools, sewage pits, sewers, and standing
water in containers [20]. Armigeres subalbatus has been
reported from many countries around the world, such
as Japan, Thailand, and Malaysia [20-23]. In China, the
mosquito is mainly distributed south of the Yangtze River
[20]. Armigeres subalbatus has been proved to be a vector
for a variety of pathogens including parasites and viruses,
such as Filaria and Japanese encephalitis virus [24, 25].
Recent investigations showed that ZIKV could be isolated
from the wild-caught Ar. subalbatus in Guizhou Province
of China [26] or detected from the wild-caught Ar. sub-
albatus in Thailand [27]. A laboratory strain of Ar sub-
albatus had been proved to be susceptible to ZIKV and
the infected mosquitoes could transmit virus to suckling
mice by bite [28]. Moreover, Du et al. revealed that Ae.
aegypti could be infected by ZIKV either by blood meal
or from the aquatic environments with infectious urine
[29]. In addition, Ar. subalbatus in Taiwan province had
been documented as one of the vectors of dengue fever
[20, 30], however, such reports cannot be checked in any
peer-reviewed journals. At present, it is not clear whether
Ar. subalbatus could be a vector for ZIKV and DENV or
not.

In this study, we explored the susceptibility of Ar. sub-
albatus isolated in Guangdong Province, China to ZIKV
and DENV and its ability to transmit these viruses in
the laboratory setting. Furthermore, we investigated the
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possibility of the larvae infection by ZIKV and DENV-2
from the artificial viral urine, and the route by which the
virus invades larvae.

Methods

The establishment of Ar. subalbatus laboratory strains
Armigeres subalbatus were collected from a campus
(23°12’03.1"N, 113°17'20.1"”E) located in Guangzhou
City, Guangdong Province, China. Representative mor-
phology and COI gene sequencing confirmed the identity
of Ar. subalbatus (Additional file 1: Fig. S1, Additional
file 2: Table S1) [20, 31]. All mosquitoes were maintained
under standard insectary conditions of 27 +1 °C, 70—-80%
relative humidity, and a light: dark cycle of 16 h:8 h [17].
The larvae of Ar. subalbatus were reared in stainless steel
trays (24 cm x 34 cm x 6 c¢cm) and fed daily with turtle
food (INCH-GOLD®). After pupation, the pupae were
picked with a pipette into a 300-ml plastic cup containing
200 ml of dechlorinated water and then transferred into
mosquito cages (25 cm x 25 ¢cm x 35 cm), and adults of
Ar. subalbatus were fed on 10% glucose water.

Cell line and virus

C6/36 cells were cultured in RPMI-1640 medium sup-
plemented with 10% heat inactivated fetal bovine serum
(FBS) and maintained at 28 C.

ZIKV (GenBank Acceptance No. KU820899.2) was
provided by the Centers for Disease Control of Guang-
dong Province, China, which was isolated from a ZIKV
patient in Zhejiang Province of China in 2016 and classi-
fied as the Asian lineage [32, 33]. The virus had been pas-
saged once via intracranial inoculation of suckling C57
mice and twice in C6/36 cells. ZIKV were collected after
5-7 days of enrichment in C6/36 cells at 28 °C and stored
at — 80 C.

DENV-2 (New Guinea C, GenBank: AF038403.1) was
provided by the Key Laboratory of Tropical Disease Con-
trol of Sun Yat-sen University (Guangzhou, China), and
had been passaged one generation in our lab. DENV-2
were collected after enrichment in C6/36 cells at 37 “C for
36—48 h until obvious cytopathic effects were observed
and stored at — 80 C.

ZIKV and DENV-2 supernatant were harvested and
the titers were ready to be quantified with plaque assay
before being blood-fed to the mosquitoes.

Oral infection of mosquitoes

The ZIKV and DENV-2 supernatant with the viral titer
of 10° pfu/ml were mixed with defibrinated sheep blood
at a ratio of 2:1. Armigeres subalbatus had been passaged
to the 12th generations in laboratory. Female adults aged
3-5 days post-emergence were anesthetized with CO,
and transferred into cages (60-70 females per pool).
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Female mosquitoes were starved for 20-24 h and allowed
to feed on the blood meal maintained at 37 °C for 1 h with
a Hemotek blood feeding system (Discovery Workshops,
Lancashire, UK). Fully engorged females were selected
and incubated at 28 “C, 80% relative humidity, and a light:
dark cycle of 16 h:8 h and fed on 10% glucose water for
viral detection. The midgut, ovaries, and salivary glands
were dissected to detect ZIKV at 4, 7, 10, 14 and 21 dpi
or DENV-2 at 4, 7, 10 and 14 (24 females at each time
point).

Horizontal transmission assays

After 10 days of the ZIKV-feeding blood meal, parts of
the leg of females were used to detect ZIKV by RT-PCR.
The ZIKV-positive females were selected and divided into
four groups (10-11 females per group). These females
continued to be reared for two days and then starved for
18-20 h. Each group was allowed to bite one 4-day-old
suckling mice for 2 h. All the suckling mice were eutha-
nized at 8 day post mosquitoes feeding and the brain of
each individual mouse was dissected to detect the virus
titer by RT-qPCR and plaque assay.

Urine infection

1 ml of ZIKV supernatant was mixed into 200 ml clean
water containing 0.5 ml urine as artificial viral urine (sin-
gle addition, final titers was 10° pfu/ml). The viral activity
of ZIKV in artificial viral urine was detected by RT-qPCR
at 0 h, 24 h and 48 h. Every 24 h until pupation, 1 ml of
ZIKV and DENV-2 (final titers was 10* pfu/ml) superna-
tant was added into 200 ml clean water containing 0.5 ml
urine, respectively as artificial virus urine (continuous
addition).

The larvae of Ar. subalbatus (200 larvae per pool), in
33rd generation in laboratory were reared in the artifi-
cial viral urine at first, second and third instar, respec-
tively. The larvae were reared to the fourth instar and
then washed in clean water for 3 times (5 min per time)
before ZIKV and DENV-2 detection. 8—12 days after the
emergence of larvae reared in artificial virus urine (con-
tinuous addition, final titers was 10° pfu/ml), the midgut,
ovaries and salivary glands of 426 females were dissected
to detect ZIKV in adult stage.

The route of ZIKV infection

1 ml of ZIKV supernatant was mixed into 20 ml clean
water containing 50 pl urine as artificial viral urine (sin-
gle addition, final titers was 10° pfu/ml). Third instar lar-
vae (160 larvae per pool) were reared in the artificial viral
urine. 16 pools of the urine-infected larvae (10 larvae per
pool) were collected at 1, 2, 3 and 4 dpi for ZIKV detec-
tion. Meanwhile, the midgut, anal papillae and carcass
of 37 pools of larvae (10 larvae per pool) were dissected
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at 4 dpi for the route of ZIKV infection. The remaining
of larvae were washed with clean water and allowed to
remove part of anal papillae at 4 dpi to detected ZIKV by
RT-PCR. ZIKV-positive larvae were fixed in 4% formal-
dehyde solution for Immunohistochemistry assay.

Saliva collection

ZIKV-positive female mosquitoes after 14 days of oral
infection were anesthetized with CO,. The legs and wings
of adults were removed with dissecting scissors, and the
mosquito’s proboscis was then inserted into a pipette
tip containing 20 pl of FBS for 30 min to collect mos-
quito saliva. Afterward, the saliva was placed into a 1.5-
ml RNase-free EP tubes containing 180 pl of Dulbecco’s
modified eagle medium (DMEM) and stored at —80 °C.

ZIKV and DENV-2 detection and quantification
Total RNA of collected samples were extracted according
to the manufacturer’s protocol with TRIzol reagent and
dissolved in 20 pl of RNase-free water. cDNA synthesis
was performed by using the GoScript Reverse Transcrip-
tion System (Promega, Madison, W1, USA), reverse spe-
cific primer (ZIKV) [17] or random primer (DENV-2).
Reverse transcriptase-PCR (RT-PCR) was used to
detect the viral genome in tissues of adults and larvae,
following previous protocol [17]. Absolute quantitative
real-time PCR (RT-qPCR) was used to quantify the viral
copies of the positive sample following previous proto-
col [17, 18]. A standard curve for ZIKV detection was
established by tenfold dilutions of the plasmid standard
(5.73 x 10°-5.73 x 107 copies/ul). A standard curve for
DENV-2 detection was established by tenfold dilutions
of the plasmid standard (1.83 x 103~1.83 x 107 copies/pl).
RNA copies from each sample were quantified by com-
paring the cycle threshold value with the standard curve.
These experiments were conducted according to stand-
ard procedures in a biosafety level 2 laboratory.

Plaque assay

BHK-21 cells were suspended in 10% FBS in DMEM and
plated in 12-well plates. The cells were incubated in a
cell culture incubator until 90% to 95% confluency was
reached. The saliva of female mosquitoes and super-
natants of the mouse brain were inoculated into the
well individually with serial dilutions. After incubating
cells and viruses in a cell incubator for 1 h, the cell cul-
ture medium was removed from the wells, and the cells
were washed twice with phosphate-buffered saline (PBS).
Monolayers of cells inoculated with the virus were cov-
ered with methylcellulose. Six days after incubation, the
cells were fixed in a 4% paraformaldehyde solution for 1 h
and then stained with a crystal violet solution for 30 min
at room temperature. The wells were washed with tap
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water and dried. The number of plaques in the wells was
easily observed and counted. The plaque forming units
(pfu/ml) per ml were calculated as follows: pfu/ml=aver-
age number of plaques/[(dilution factor for wells) (vol-
ume of inoculum per plate)].

Immunohistochemistry assay

The entire body of ZIKV-positive larvae fixed in 4%
formaldehyde solution was embedded in paraffin and
serially cut for histologic examination. The slides were
stained with rabbit monoclonal ZIKV NS1 protein anti-
body (Thermo Fisher) and anti-rabbit IgG secondary
antibody (Abcam) [34], and the specimens were exam-
ined under a light microscope (Olympus, Japan). Larvae
reared in artificial urine without ZIKV were used as the
control.

Statistical analysis
All statistical analyses were performed with SPSS 20.0
(IBM, Chicago, IL, USA). Chi-square test was applied to
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compare the infection rate (IR) of the same tissue at dif-
ferent time points. The P value significance was corrected
by Bonferroni adjustments. The RNA copy number of
ZIKV was first logarithmically converted, and then One-
way ANOVA was used to compare the amount of ZIKV
in the same tissue at different time point. P<0.05 was
considered statistically significant.

Results

Armigeres subalbatus can be infected with ZIKV

but not DENV-2 by blood feeding

Viral genome of ZIKV or DENV-2 of various tissues in
adults was detected at different dpi (Fig. 1A). RT-PCR
results showed that ZIKV could be initially detected in
the midgut (18.0%) at 4 dpi, in the ovaries (8.3%) at 7
dpi and in the salivary glands (4.2%) at 10 dpi (Fig. 1B;
Additional file 3: Table S2). We separately compared the
midgut infection rate of 4, 7, 10, 14, and 21 dpi in Ar. sub-
albatus. The midgut infection rate at 4, 10, 14, and 21 dpi
showed no significant differences (y*=4.237, P>0.05),
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but at 7 dpi is higher than the others four time points
(Y*=10.313, P<0.05) (Fig. 1B).

The highest titration (log;,) of ZIKV was 6.90+0.69 at
21 dpi in the midgut, 6.20£1.34 at 10 dpi in the ovaries
and 5.90£0.84 at 14 dpi in the salivary glands (Fig. 1C).
Compared with 4 dpi, the RNA copy number (log,,) of
ZIKV in midguts was significantly increase at 7, 10, 14
and 21 dpi (¢=13.214, P<0.05) (Fig. 1C).

The amounts (log;,) of ZIKV in ovaries (t=0.507,
P>0.05) and salivary glands (¢=0.072, P>0.05) showed
no significant difference at different time point (Fig. 1C).

Additionally, thirteen saliva samples were collected
from the salivary glands of ZIKV-positive mosquitoes,
and the result showed that 7 saliva samples contained
ZIKV, and the mean viral titer was 3.1240.64 log,, pfu/
ml. These results showed that ZIKV could infect and
overcome the midgut and salivary gland barriers of Ar.
subalbatus. Positive salivary glands and saliva indicated
that Ar. subalbatus has the potential risk of transmitting
ZIKV to host organisms.

RT-PCR and RT-qPCR results indicated that DENV-2
was not detected in midguts, ovaries, and salivary glands
of Ar. subalbatus females at 4 dpi, 7 dpi, 10 dpi and 14 dpi
(24 adults per time point) (Additional file 4: Fig. S2). The
result showed that the mosquito isolated from Guang-
dong province is not able to infect DENV-2.

Infected Ar. subalbatus can transmit ZIKV to suckling
mouse by bite

The results showed that three of the four suckling mouse
brains were ZIKV-positive, and the virus titers (log;,)
ranged from 6.36 to 7.30 copies/ml by RT-qPCR or 2.4
to 4.0 pfu/ml by plague assay (Table 1). These data dem-
onstrated that the infected Ar. subalbatus can transmit
ZIKV to suckling mice by bite.

Larvae of Ar. subalbatus can be infected by ZIKV

but not DENV-2 in an artificial urine environment

Viral genome in larvae and adults reared in artificial
virus urine was determined (Fig. 2A). RT-PCR results

Table 1 Zika virus titer in the brain tissue of suckling mice

Group No. of mosquitos No. of Zika virus titer in brain tissue

with positive suckling
legs mice RT-qPCR Plaque assay
(Log,q (Log,q, pfu/
copies/ml) ml)
1 10 1 6.36 24
2 10 1 6.65 24
3 10 1 - -
4 1 1 7.30 4.0

-:no ZIKV was detected
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showed ZIKV could not be detected in fourth instar lar-
vae (39 pools) reared in artificial urine containing ZIKV
in the single addition experiment (Table 2). ZIKV copies
in artificial urine decreased to 4.7% at 24 h and 1.2% at
48 h compared to 0 h (Additional file 5: Fig. S3A), and
the virus was added daily in artificial urine. In the con-
tinuous addition experiment, ZIKV could be detected in
fourth instar larvae (38 pools) with a low infection pro-
portion (4/38) (Table 2). The similar infection rates were
observed in different instar stage (Fig. 2B). The viral RNA
was also detected in various tissues of adults after eclo-
sion for 8—12 days (Table 2; Fig. 2C). The copy number
(log;,) in salivary gland of adults ranged from 4.23 to 6.76
copies/pl (Fig. 2C).

The detection result of fourth instar larvae (41 pools)
showed that the larvae of Ar. subalbatus could not be
infected by DENV-2 in the continuous addition experi-
ment. (Additional file 6: Table S3). These results indicate
that larvae of Ar. subalbatus can be infected by ZIKV but
not DENV in an artificial urine infection environment.

ZIKV can infect larvae via the anal papilla and midgut
Total of 85 pools fourth larvae were dissected for in the
continuous addition experiment, RT-PCR and RT-qPCR
indicated that the midgut and anal papilla were positive
in 7 of 85 pools, and carcass were positive in five pools
(Additional file 5: Fig. S3B). The similar infection rate was
observed in the midgut and anal papilla. We suspected
that the method of continuous addition provided plenty
of time for ZIKV to accumulate and spread in the larvae.
Thus, it is difficult for us to analyze the route of the virus
infects larvae.

Next, we intended to provide the larvae with a short
time window for ZIKV inoculation by single addition,
and detected ZIKV in early infected larvae. Given the
larvae could not be infected by ZIKV in artificial virus
urine (200 ml), we reared the larvae in a smaller artificial
urine water (20 ml) containing ZIKV at a higher-dose.
Due to similar infection rate in different instar (Fig. 2B)
and larger size of larvae that was convenient for us to dis-
sect various tissues, the third instar larvae were selected
and reared in artificial urine containing ZIKV (single
addition). RT-PCR and RT-qPCR showed that one ZIKV
positive pool was detected at 3 dpi and three pools at
4 dpi (Fig. 2D). Considering the relatively high rate of
infection and the experimental possibilities, the midgut,
anal papilla, and carcass of larvae at 4 dpi were dissected
for viral detection. RT-PCR and RT-qPCR also showed
similar infection rates (7/35) in midgut and anal papilla
(Fig. 2E).

The immunohistochemistry assay (IHC) was per-
formed to further verify infection and dissemination of
ZIKV in larvae. Viral particles were observed in midgut,
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Table 2 Infection rate of larvae for ZIKV in artificial urine
Infection method Viral titer (pfu/ml) Experiment No. of larvae in test No. of positive pools of Infection
repetition pools? larvae rate of adult
mosquitoes®
Single addition 10° 1 13 0 -
2 13 0 -
3 13 0 -
Continuous addition 10° 1 16 2 1.35(2/148)
2 Il 1 0.70(1/143)
3 1 1 0.74 (1/135)

Ten larvae per pool

b Infection rate: No. positive mosquitoes/No. of tested mosquitoes (%)

anal papilla and other tissues (Fig. 2F). These findings
revealed that ZIKV could infect the larvae of Ar. subalba-
tus via midgut and anal papilla.

Discussion

According to findings above, we confirmed that Ar. subal-
batus isolated from Guangdong province can be infected
with and transmit ZIKV, but this was not observed for
DENV. The larvae of Ar. subalbatus can acquire ZIKV via
multiple routes, including midgut and anal papillae, and
the ensuing adults have the potential to transmit ZIKV.
One thing we should indicate that Ar. subalbatus used in
this study had been passaged 12th generations in labo-
ratory, which might generate some differences with the
field population.

The international pandemic of Zika virus disease sug-
gests that its vectors might be diverse, and there may be
other vectors besides Aedes mosquitoes. Armigeres sub-
albatus is widely distributed, and previous studies have
shown that the mosquito has the potential of infecting
and spreading ZIKV [26-28]. Findings in this study are
consistent with previous reports [28] and further sug-
gest that Ar. subalbatus could be a neglected vector for
Zika, that needs to be paid attention to in the prevention
and control of Zika. Compared with Ae. aegypti and Ae.
albopictus, the main vectors of ZIKV [18], there is a rela-
tively low susceptibility to ZIKV in Ar. subalbatus.

Researches on Zika virus patients show that they can
excrete high concentration of ZIKV through urine [35—
37], estimated maximum viral load can reach to 2.2 x 10%
copies/ml [35], which may contaminate the water in the
external environment, including the breeding places of
mosquitoes. The larvae of Ar. subalbatus have the habit
of breeding in such an environment. Du’s research shows
that larvae of Ae. aegypti can be infected by ZIKV in pol-
luted water [29]. Consider the larvae of vector mosquito
could acquire ZIKV from the breeding place contami-
nated by patient’s urine once or many times, the methods

of single and continuous addition were used to infect the
larvae. This study confirmed that larvae of Ar. subalbatus
can be infected by the virus from the artificial virus urine,
and the infection can persist to the adult stage. The find-
ing that Ar. subalbatus can be infected by ZIKV through
breeding waters suggests that this could be a new mos-
quito-borne transmission route of Zika virus disease.
In our study, a higher dose of DENV than reported in
Andries’s study (10-10°? RNA copies/ml) was used [38].
Due to lower concentration of DENV in urine of patients,
it is almost impossible for the larvae to be infected by the
virus in the wild.

The midgut barrier is crucial for adult mosquitoes
to prevent virus infection and spread. In artificial urine
infection experiment, if oral infection is the only way
for larvae to acquire the virus, we suspect that the mid-
gut is preferentially infected by ZIKV and the infection
rate in the midgut is higher than other tissues. However,
beyond our expectations, the results of anatomical and
immunohistochemistry assay showed that ZIKV could
be detected in the midgut, anal papillae and other tis-
sues in early infection with a similar infection rate, which
implied that ZIKV invade the larvae via multiple routes.
According to previous findings in our study, the primary
infection site of mosquito densovirus in larvae of Ae.
albopictus was the anal papillae, followed by bristle cells
[39]. The anal papillae of mosquito larvae are osmoregu-
latory organs that are in direct contact with the external
aquatic environment [40]. The present study indicated
that anal papillae of Ar. subalbatus larvae are also respon-
sible for the infection by ZIKV, which could be another
route of infection besides the midgut.

Although Aedes mosquitoes are considered the primary
vectors of ZIKYV, the significance of Ar. subalbatus cannot
be neglected considering its widespread distribution and
preference for breeding in contaminated aquatic environ-
ments. However, the mosquito population and the virus
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isolate used in the present experiments may limit the
results and findings from this study.

Conclusions

A strain of Ar subalbatus isolated from Guangdong,
China, can infect and transmit ZIKV but not DENV-2
under laboratory conditions. Moreover, the larvae of Ar.
subalbatus can also be infected by ZIKV contaminated
urine. Because of the absence of vaccines and specific
treatment, exploring the vector competence of Ar. sub-
albatus for ZIKV and DENV provides an experimental
basis for vector control and the prevention and control of
mosquito-borne viral diseases.

Abbreviations

ZIKV: Zika virus; DENV: Dengue virus; COl: Cytochrome oxidase I; PBS: Phos-
phate-buffered saline; IHC: Immunohistochemistry; FBS: Fetal bovine serum;
RT-PCR: Reverse transcription polymerase chain reaction; RT-gPCR: Quantita-
tive reverse transcription polymerase chain reaction; RNA: Ribonucleic acid;
cDNA: Complementary deoxyribonucleic acid; PFU: Plaque-forming unit;
NS1: Nonstructural protein 1; RPMI: Roswell Park Memorial Institute; DMEM:
Dulbecco's Modified Eagle Medium.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/540249-022-00990-0.

Additional file 1: Fig. S1. The morphology of Ar. subalbatus isolated from
Guangdong Province, China. (A) Female adult. (B) Male adult.

Additional file 2: Table S1. Genetic analysis of the mosquito species
isolated in Guangdong based on the COI gene.

Additional file 3: Table S2. The infections of ZIKV in Ar. subalbatus.

Additional file 4: Fig. S2. The blood-fed infection of DENV-2 in Ar. subal-
batus. Infection rate (A) and RNA copies (B) of DENV-2 in infected midguts,
ovaries, and salivary glands. The results are expressed as means + standard
errors (SEs). The experiment was repeated three times.

Additional file 5: Fig. S3. Infection rate of ZIKV in various tissues of fourth
instar larvae (continuous addition). (A) ZIKV copies in artificial urine at dif-
ferent times. (B) ZIKV was detected in midgut, anal papillae and carcass of
4th instar larvae with RT-PCR and RT-qPCR.

Additional file 6: Table S3. Infection rate of DENV-2 in larvae of Ar.
subalbatus.

Acknowledgements

The authors would like to thank colleagues from Southern Medical University
who provided advice, helped with experiments and provided valuable
support.

Author contributions

All authors contributed significantly to this study. XC, WY, SZ, and YX con-
ceived the study and coordinated its implementation. The mosquito line was
isolated and established by WY, YXTL and ZX. The experiments and drafting
of the manuscript were conducted by XC, PL, GY and LK. All authors read and
approved the final manuscript.

Funding

This work was supported by grants from the National Key Research and
Development Program of China (2020YFC1200100), the National Natural Sci-
ence Foundation of China (31830087, 81829004), and the National Institutes
of Health, USA (Al136850) to X-G.C.

Page 8 of 9

Availability of data and materials
The data used in this study are available, if necessary; please contact the first
author (WQY) or corresponding author (XGC).

Declarations

Ethics approval and consent to participate

All animal experiments were conducted according to the guidelines estab-
lished by the Association for Assessment and Acceleration of Laboratory
Animal Care International. Animal experimental procedures were approved
by the Office of Laboratory Animal Welfare (approval number: A5867-01), and
animal care was performed in accordance with institutional guidelines.

Consent for publication
All authors provided consent for publication.

Competing interests
The authors declare that they have no competing interests.

Received: 12 January 2022 Accepted: 16 May 2022
Published online: 04 June 2022

References

1. Oehler E,Watrin L, Larre P, Leparc-Goffart |, Lastere S, Valour F, et al. Zika
virus infection complicated by Guillain-Barre syndrome—case report,
French Polynesia, December 2013. Euro Surveill. 2014;19(9).

2. Cordeiro MT, Pena LJ, Brito CA, Gil LH, Marques ET. Positive IgM for Zika
virus in the cerebrospinal fluid of 30 neonates with microcephaly in Brazil.
Lancet. 2016;387(10030):1811-2.

3. Rasmussen SA, Jamieson DJ, Honein MA, Petersen LR. Zika virus and
birth defects-reviewing the evidence for causality. N Engl J Med.
2016;374(20):1981-7.

4. Paixdo ES, Barreto F, Teixeira Mda G, Costa Mda C, Rodrigues LC. History,
epidemiology, and clinical manifestations of Zika: a systematic review.
Am J Public Health. 2016;106(4):606-12.

5. Dick GW, Kitchen SF, Haddow AJ. Zika virus. I. Isolations and serological
specificity. Trans R Soc Trop Med Hyg. 1952;46(5):509-20.

6. Duffy MR, Chen TH, Hancock WT, Powers AM, Kool JL, Lanciotti RS, et al.
Zika virus outbreak on Yap Island, Federated States of Micronesia. N Engl J
Med. 2009;360(24):2536-43.

7. Musso D, Bossin H, Mallet HP, Besnard M, Broult J, Baudouin L, et al. Zika
virus in French Polynesia 2013-14: anatomy of a completed outbreak.
Lancet Infect Dis. 2018;18(5):e172-82.

8. Campos GS, Bandeira AC, Sardi SI. Zika Virus Outbreak, Bahia, Brazil. Emerg
Infect Dis. 2015;21(10):1885-6.

9. Karwowski MP, Nelson JM, Staples JE, et al. Zika virus disease: a CDC
update for pediatric health care providers. Pediatrics. 2016;137(5):
e20160621.

10. WHO. WHO director-general briefs executive board on Zika situation.
2016. https://www.who.int/director-general/speeches/detail/who-direc
tor-general-briefs-executive-board-on-zika-situation. Accessed 10 May
2022.

11. Liu L, WuW, Zhao X, Xiong Y, Zhang S, Liu X, et al. Complete genome
sequence of Zika Virus from the first imported case in Mainland China.
Genome Announc. 2016;4(2).

12. Zhang, Chen W,Wong G, Bi Y, Yan J, Sun Y, et al. Highly diversified Zika
viruses imported to China, 2016. Protein Cell. 2016;7(6):461-4.

13. LiuL, Zhang S,Wu D, Jingdong S, Li A, Zhang H, et al. Identification and
genetic characterization of Zika virus isolated from an imported case in
China. Infect Genet Evol. 2017:48:40-6.

14. WHO. Zika epidemiology update. 2020. https://cdn.who.int/media/
docs/default-source/documents/emergencies/zika/zika-epidemiology-
update-july-2019.pdf?sfvrsn=14a1b3a7_2. Accessed 10 May 2022.

15. Brady OJ, Gething PW, Bhatt S, Messina JP, Brownstein JS, Hoen AG,
et al. Refining the global spatial limits of dengue virus transmission by
evidence-based consensus. PLoS Negl Trop Dis. 2012;6(8): e1760.


https://doi.org/10.1186/s40249-022-00990-0
https://doi.org/10.1186/s40249-022-00990-0
https://www.who.int/director-general/speeches/detail/who-director-general-briefs-executive-board-on-zika-situation
https://www.who.int/director-general/speeches/detail/who-director-general-briefs-executive-board-on-zika-situation
https://cdn.who.int/media/docs/default-source/documents/emergencies/zika/zika-epidemiology-update-july-2019.pdf?sfvrsn=14a1b3a7_2
https://cdn.who.int/media/docs/default-source/documents/emergencies/zika/zika-epidemiology-update-july-2019.pdf?sfvrsn=14a1b3a7_2
https://cdn.who.int/media/docs/default-source/documents/emergencies/zika/zika-epidemiology-update-july-2019.pdf?sfvrsn=14a1b3a7_2

Yang et al. Infectious Diseases of Poverty

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

(2022) 11:62

Xiao JP, He JF, Deng AP, Lin HL, Song T, Peng ZQ, et al. Characterizing a
large outbreak of dengue fever in Guangdong Province, China. Infect Dis
Poverty. 2016;5:44.

Liu Z, Zhou T, Lai Z, Zhang Z, Jia Z, Zhou G, et al. Competence of Aedes
aegypti, Ae. albopictus, and Culex quinquefasciatus Mosquitoes as Zika
Virus Vectors, China. Emerg Infect Dis. 2017;23(7):1085-91.

Liu Z, Zhang Z, Lai Z, Zhou T, Jia Z, Gu J, et al. Temperature increase
enhances Aedes albopictus competence to transmit dengue virus. Front
Microbiol. 2017,8:2337.

Lwande OW, Obanda V, Lindstrom A, Ahlm C, Evander M, Naslund J, et al.
Globe-trotting Aedes aegypti and Aedes albopictus: risk factors for arbovi-
rus pandemics. Vector Borne Zoonotic Dis. 2020;20(2):71-81.

Dong XS, Zhou HN, Gong ZD. Insecta. VOIII. Diptera: Culicidae: Yunnan
mosquito fauna. Yunnan Science & Technology Press; 2009. p. 200-202.
Chaves LF, Imanishi N, Hoshi T. Population dynamics of Armigeres sub-
albatus (Diptera: Culicidae) across a temperate altitudinal gradient. Bull
Entomol Res. 2015;105(5):589-97.

Intarapuk A, Bhumiratana A. Investigation of Armigeres subalbatus, a vec-
tor of zoonotic Brugia pahangi filariasis in plantation areas in Suratthani,
Southern Thailand. One Health. 2021;13: 100261.

Muslim A, Fong MY, Mahmud R, Lau YL, Sivanandam S. Armigeres sub-
albatus incriminated as a vector of zoonotic Brugia pahangi filariasis in
suburban Kuala Lumpur, Peninsular Malaysia. Parasit Vectors. 2013;6:219.
Zheng Y, Li M, Wang H, Liang G. Japanese encephalitis and Japanese
encephalitis virus in mainland China. Rev Med Virol. 2012,22(5):301-22.
Aliota MT, Fuchs JF, Rocheleau TA, Clark AK, Hillyer JF, Chen CC, et al. Mos-
quito transcriptome profiles and filarial worm susceptibility in Armigeres
subalbatus. PLoS Negl Trop Dis. 2010;4(4): e666.

Fus, Song S, Liu H, LiY, Li X, Gao X, et al. ZIKA virus isolated from mosqui-
toes: a field and laboratory investigation in China, 2016. Sci China Life Sci.
2017,60(12):1364-71.

Phumee A, Buathong R, Boonserm R, Intayot P, Aungsananta N, Jitt-
mittraphap A, et al. Molecular epidemiology and genetic diversity of
Zika virus from field-caught mosquitoes in various regions of Thailand.
Pathogens. 2019;8(1):30.

Li CX, Guo XX, Deng YQ, Liu QM, Xing D, Sun AJ, et al. Susceptibility of
Armigeres subalbatus Coquillett (Diptera: Culicidae) to Zika virus through
oral and urine infection. PLoS Negl Trop Dis. 2020;14(7): e0008450.

Du S, LiuY, Liu J, Zhao J, Champagne C, Tong L, et al. Aedes mosquitoes
acquire and transmit Zika virus by breeding in contaminated aquatic
environments. Nat Commun. 2019;10(1):1324.

Cheng HC. Infection and transmission of dengue virus in the mosquito,
Armigeres subalbatus. 2005. https://xueshu.baidu.com/usercenter/
paper/show?paperid=42de092f796b29b87fae274ff02cd708&site=
xueshu_se. Accessed 10 May 2022.

Laurito M, Oliveira TM, Almirén WR, Sallum MA. COI barcode versus
morphological identification of Culex (Culex) (Diptera: Culicidae) species:
a case study using samples from Argentina and Brazil. Mem Inst Oswaldo
Cruz. 2013;108(Suppl 1):110-22.

Deng C, Liu S, Zhang Q, Xu M, Zhang H, Gu D, et al. Isolation and char-
acterization of Zika virus imported to China using C6/36 mosquito cells.
Virol Sin. 2016;31(2):176-9.

Li S, ShiY, Zheng K, Dai J, Li X, Yuan S, et al. Morphologic and molecular
characterization of a strain of Zika virus imported into Guangdong, China.
PLoS ONE. 2017;12(1): e0169256.

Akturk G, Sweeney R, Remark R, Merad M, Gnjatic S. Multiplexed immuno-
histochemical consecutive staining on single slide (MICSSS): multiplexed
chromogenic IHC assay for high-dimensional tissue analysis. Methods
Mol Biol. 2020;2055:497-519.

Gourinat AC, O'Connor O, Calvez E, Goarant C, Dupont-Rouzeyrol M.
Detection of Zika virus in urine. Emerg Infect Dis. 2015;21(1):84-6.
Bonaldo MC, Ribeiro IP, Lima NS, Dos Santos AA, Menezes LS, da Cruz SO,
et al. Isolation of infective Zika virus from urine and saliva of patients in
Brazil. PLoS Negl Trop Dis. 2016;10(6): e0004816.

Zhang FC, Li XF, Deng YQ, Tong YG, Qin CF. Excretion of infectious Zika
virus in urine. Lancet Infect Dis. 2016;16(6):641-2.

Andries AC, DuongV, Ly S, Cappelle J, Kim KS, Lorn Try P, et al. Value of
routine dengue diagnostic tests in urine and saliva specimens. PLoS Negl
Trop Dis. 2015;9(9): €0004100.

39.

40.

Page 9 of 9

Liu P Li X, Gu J, Dong Y, Liu, Santhosh P, et al. Development of non-
defective recombinant densovirus vectors for microRNA delivery in the
invasive vector mosquito, Aedes albopictus. Sci Rep. 2016,6:20979.
Durant AC, Grieco Guardian E, Kolosov D, Donini A. The transcriptome
of anal papillae of Aedes aegypti reveals their importance in xenobiotic
detoxification and adds significant knowledge onion, water and ammo-
nia transport mechanisms. J Insect Physiol. 2021;132: 104269.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://xueshu.baidu.com/usercenter/paper/show?paperid=42de092f796b29b87fae274ff02cd708&site=xueshu_se
https://xueshu.baidu.com/usercenter/paper/show?paperid=42de092f796b29b87fae274ff02cd708&site=xueshu_se
https://xueshu.baidu.com/usercenter/paper/show?paperid=42de092f796b29b87fae274ff02cd708&site=xueshu_se

	Armigeres subalbatus is a potential vector for Zika virus but not dengue virus
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	The establishment of Ar. subalbatus laboratory strains
	Cell line and virus
	Oral infection of mosquitoes
	Horizontal transmission assays
	Urine infection
	The route of ZIKV infection
	Saliva collection
	ZIKV and DENV-2 detection and quantification
	Plaque assay
	Immunohistochemistry assay
	Statistical analysis

	Results
	Armigeres subalbatus can be infected with ZIKV but not DENV-2 by blood feeding
	Infected Ar. subalbatus can transmit ZIKV to suckling mouse by bite
	Larvae of Ar. subalbatus can be infected by ZIKV but not DENV-2 in an artificial urine environment
	ZIKV can infect larvae via the anal papilla and midgut

	Discussion
	Conclusions
	Acknowledgements
	References


