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Abstract

The global impact of mosquito-borne diseases has increased significantly over recent
decades. Ebinur Lake virus (EBIV), a newly classified orthobunyavirus, is reported to be
highly pathogenic in adult mice. The evaluation of vector competence is essential for pre-
dicting the arbovirus transmission risk. Here, Aedes aegypti was applied to evaluate EBIV
infection and dissemination in mosquitos. Our experiments indicated that Ae. aegyptihad
the possibility to spread EBIV (with a transmission rate of up to 11.8% at 14 days post-infec-
tion) through biting, with the highest viral dose in a single mosquito’s saliva reaching 6.3 pla-
que-forming units. The highest infection, dissemination and ovary infection rates were 70%,
42.9%, and 29.4%, respectively. The high viral infection rates in Ae. aegyptiovaries imply
the possibility of EBIV vertical transmission. Ae. aegyptiwas highly susceptible to intratho-
racic infection and the saliva-positive rate reached 90% at 10 days post-infection. Transcrip-
tomic analysis revealed Toll and Imd signaling pathways were implicated in the mosquito’s
defensive response to EBIV infection. Defensin C and chitinase 10 were continuously down-
regulated in mosquitoes infected via intrathoracic inoculation of EBIV. Comprehensive anal-
ysis of the vector competence of Ae. aegyptifor EBIV in laboratory has indicated the
potential risk of EBIV transmission through mosquitoes. Moreover, our findings support a
complex interplay between EBIV and the immune system of mosquito, which could affect its
vector competence.
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Author summary

Aedes aegypti, the major vector of numerous clinically important arboviruses such as den-
gue virus, is frequently used in studies of vector competence for arboviruses. Our findings
imply that Ae. aegypti can get infected with EBIV following either oral feeding or intratho-
racic injection, posing a risk of viral transmission. After oral infection, EBIV was able to
enter saliva when the viral titer in the gut exceeded a threshold. Remarkably, the saliva-
positive rates in mosquitoes infected by intrathoracic injection were greater than those
infected by oral feeding. The results of oral feeding and intrathoracic injection indicate
that the midgut escape barrier (MEB) is the principal barrier to EBIV infection in Ae.
aegypti. According to our analysis of the changes in gene expression after infection, we
also found that the expression of some immune-related genes changed during early viral
infection, whereas the expression of mosquito genes involved in metabolism showed sig-
nificant differences at late stage of virus infection.

1 Introduction

Mosquito-borne viruses (MBV), a group of heterogeneous RNA viruses, naturally replicate in
both mosquitoes and vertebrate hosts and are the etiological agents of several human and ani-
mal diseases [1]. The clinically important MBVs are primarily distributed into four families:
Flaviviridae (dengue viruses 1-4 (DENV), Zika virus (ZIKV), West Nile virus, Japanese
encephalitis virus), Togaviridae (Chikungunya virus), Reoviridae (Yunnan orbivirus) and Peri-
bunyavividae (Bunyamwera virus (BUNV)) [2-4]. Over the past few decades, the extensive
global spread of arbovirus has been an issue of significant concern. In view of the dramatic
emergence and unprecedented rapid spread of epidemic arboviral diseases, strong surveillance
and risk assessments are necessary [5,6].

The genus Orthobunyavirus belonging to the family Peribunyaviridae (order Bunyavirales)
contains numerous mosquito-borne bunyaviruses [7]. So far, orthobunyaviruses have been
detected in various of mosquito species, including Ochlerotatus spp., Culex spp. and Aedes
spp.» and midges, such as Culicoides paraenesis, a vector of Oropouche virus (OROV) in South
America [8-10]. A number of viruses in this genus cause severe human diseases, for instance,
acute but self-limiting febrile illness (OROV), encephalitis (OROV and La Crosse virus
(LACV)) and hemorrhagic fever (Ngari virus) [11,12]. Widespread epidemic distribution of
orthobunyaviruses within the human population is reported, such as BUNV, which is endemic
in many African countries as well as North America, and Batai virus (BATV) that is geographi-
cally prevalent in Europe [12]. In view of the global expansion of mosquito vectors, these
viruses pose a considerable threat to human and animal health as well as food security.

Ebinur Lake virus (EBIV), a newly identified orthobunyavirus in China, was originally iso-
lated from Culex modestus mosquito pools in Xinjiang Province [13]. The whole genome
sequence of EBIV shares the greatest similarity with Germiston virus originating from South
Africa [14]. EBIV has been shown to efficiently infect cell lines derived from rodent, avian,
non-human primate, mosquito and human subjects [15]. Additionally, EBIV induces encepha-
lopathy, hepatic and immunological system damage with a high mortality index in experimen-
tally infected BALB/c mice [16]. While no confirmed human cases of EBIV have been
recorded, IgM and/or IgG positive for EBIV were identified from several serum samples and
two neutralizing antibody-positive cases detected via the plaque reduction neutralization test
assay in an earlier study by Xia et al. [15].
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Aedes aegypti is an important vector of MBVs [17]. Originally, Ae. aegypti was mainly dis-
tributed in Africa and Southeast Asia but has since colonized almost all other continents [18].
The distribution of Ae. aegypti is continuously expanding, with a further ~20% increase esti-
mated by the end of this century [19]. Assessment of the vector competence of Ae. aegypti for
transmission of newly emerging viruses is therefore critical for management of infection rates.
And Ae. aegypti has been identified as a vector for many orthobunyaviruses, such as BUNV,
LACV, and Cache Valley virus [12,20-22]. In the current study, we evaluated EBIV infection
rates of Ae. Aegypti though both blood-feeding and intrathoracic injection routes. Transcrip-
tome analysis of intrathoracically infected Ae. aegypti was additionally performed to explore
the innate immune response of mosquito. The collective results provide valuable insights into
the interactions between orthobunyaviruses and mosquito vectors that should aid in assessing
the potential risk of EBIV.

2 Materials and methods
2.1 Viruses and cell lines

BHK cells were maintained in Dulbecco’s modified Eagle’s medium (Gibco) containing 10%
fetal bovine serum (Bio-One) under 37°C and 5% CO,. Aedes albopictus C6/36 cells were
grown in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco) supplemented with
10% FBS (Gibco) at 28°C and 5% CO..

EBIV (strain Cu20-XJ) was stored in our laboratory. The titer for the working stock of
EBIV (propagated in BHK-21 cells) was 2.4 x 10 plaque-forming units mL ™" (PFU mL™").
Viral titers were determined using the plaque formation assay [23].

2.2 Mosquito rearing

Eggs of Ae. aegypti (Rockefeller strain) were acquired from the Laboratory of Tropical Veteri-
nary Medicine and Vector Biology at Hainan University. Eggs and larvae of Ae. aegypti were
maintained in a mosquito room under the following conditions: 28°C under a light:dark cycle
of 12:12 h and relative humidity of 75% + 5%. Emerged adult mosquitoes were fed an 8% glu-
cose solution and maintained in mesh cages (30 x 30 x 30 cm) within incubators at 28 + 1°C
under relative humidity of 80% and light:dark cycle of 12:12 h. Mosquitoes were reared in an
arthropod containment level 1 (ACL-1) laboratory.

2.3 Oral infection and intrathoracic inoculation

Prior to oral infection and intrathoracic inoculation, female mosquitoes (5 to 8 day-old) were
starved for 24 h. The mosquito infection works were performed in an ACL-2 laboratory.

2.3.1 Infection via blood feeding. A virus-blood mixture (the defibrinate horse blood and
virus ratio of 1:1) was used to feed female Ae. aegypti through an artificial mosquito feeding
system (Hemotek). Fully engorged female mosquitoes (n > 30) were transferred into new con-
tainers and maintained in an incubator at 28°C and humidity of 80% for 4 to 14 days until
experimental use.

1. In a previous study by our group, following infection of adult female BALB/c mice with 10
PFU of EBIV, viremia reached 10° PFU ml™" at 2 dpi [16]. Based on this finding, female
mosquitoes fed a virus-blood mixture (final virus concentration of 3.7 x 10° PFU ml™")
were used to evaluate whether EBIV could effectively infect Ae. aegypti. Infected mosquitoes
were subsequently collected at 4, 7, 10 and 14 dpi for viral RNA determination.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010642  July 18, 2022 3/18


https://doi.org/10.1371/journal.pntd.0010642

PLOS NEGLECTED TROPICAL DISEASES Vector competence and immune response of Aedes aegyptifor EBIV

2. To establish the minimum concentration of EBIV in Ae. aegypti, female mosquitoes were
fed different virus-blood concentrations (six serial titers ranging from 10* to 10" PFU
ml ™). Infected mosquitoes were subsequently collected at 4 and 10 dpi for viral RNA
determination.

3. To determine EBIV distribution in infected mosquitoes via artificial blood feeding (final
viral titer of 6.4 x 10° PFU ml™"), the presence of viral RNA in saliva, head, gut, and ovary
of mosquitoes at 4, 7, 10 and 14 dpi was examined. For collection of mosquito saliva, a pre-
viously reported protocol was employed [24]. Firstly, the wings and legs of mosquitoes were
cut off, following which mouthparts were inserted into pipette tips filled with immersion
oil. Mosquitoes secreted saliva into the oil for a 45-60 min period at room temperature. Dif-
ferent tissues examined under a dissecting microscope.

Four parameters were calculated, specifically, infection rate (%) = 100 x (number of mos-
quitoes with virus-positive bodies or midguts/number of total mosquitoes), dissemination rate
(%) = 100 x (number of mosquitoes with virus-positive heads/number of mosquitoes with
virus-positive bodies or midguts), transmission rate (%) = 100 x (number of mosquitoes with
virus-positive saliva/number of mosquitoes with virus-positive bodies or midguts) and ovary
infection rate (%) = 100 x (number of mosquitoes with virus-positive ovaries/number of mos-
quitoes with virus-positive midguts).

2.3.2 Infection via intrathoracic injection. Intrathoracic injection was performed as fol-
lows: mosquitoes were anesthetized at -20°C for 1 min. Female mosquitoes were selected and
placed on an ice plate. Under the dissecting microscope, a loaded needle (filled with EBIV)
was inserted into the mosquito thorax using a Nanoject III auto-nanoliter injector (Drum-
mond). Each mosquito was administered 100 nL EBIV by pressing the INJECT button.
Injected mosquitoes (n = 30) were transferred into new containers and maintained in the incu-
bator at 28°C and humidity of 80% for 2 to 14 days.

1. To evaluate the effects of the different barriers of Ae. aegypti after EBIV infection, female
mosquitoes were injected with 340 PFU virus and subsequently collected at 2, 4, 7, 10 and
14 dpi for viral RNA determination.

2. To establish the minimum concentration of EBIV infection in Ae. aegypti, female mosqui-
toes were injected with different doses of virus (three serial concentrations ranging from
0.34 to 340 PFU) and infected mosquitoes collected at 7 dpi for viral RNA determination.

3. To assess EBIV distribution in infected mosquitoes subjected to intrathoracic injection (at a
viral dose of 340 PFU), viral RNAs in saliva, head, gut, and ovary of mosquitoes at 2, 4, 7
and 10 dpi were determined and tissue/saliva collection was performed as above.

Four parameters were calculated, specifically, gut infection rate (%) = 100 x (number of
mosquitoes with virus-positive guts/number of total mosquitoes), head infection rate (%) =
100 x (number of mosquitoes with virus-positive heads/number of total mosquitoes), saliva-
positive rate (%) = 100 x (number of mosquitoes with virus-positive saliva/number of total
mosquitoes) and ovary infection rate (%) = 100 x (number of mosquitoes with virus-positive
ovaries/number of total mosquitoes).

2.4 qRT-PCR analysis of viral RNA

To detect the virus load in whole female mosquitoes or tissue/saliva samples from female mos-
quitoes, each mosquito or tissue/saliva sample was placed in 200-300 uL RPMI 1640 and
stored at -80°C until experimental use. All samples were initially homogenized using a Low
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Temperature Tissue Homogenizer Grinding Machine (Servicebio) (operating frequency = 60
Hz, operation time = 15 s, pause time = 10 s, cycles = 2, and setting temperature = 4°C), fol-
lowed by centrifugation for 10 min at 12, 000 x g min and 4°C. Total RNA of each sample was
extracted using an automated nucleic acid extraction system following the manufacturer’s
instructions (NanoMagBio).

Using the CFX96 Touch Real-Time PCR Detection System (Bio-Rad) and One Step TB
Green PrimeScript PLUS RT-PCR Kit (Takara), viral RNA copies of each sample were quanti-
fied. The primers used are presented in S1 Table. The cutoff for EBIV-positive samples deter-
mined via QRT-PCR was Ct < 35. The positive cutoff value was evaluated by comparing paired
serial ten-fold dilutions either inoculated on cells or assayed via qRT-PCR (S2 Table) [25]. The
equation for the standard curve was y = —3.5566x + 37.887 [x = Ig (titer of EBIV), y = Ct value
and R® = 0.9979], which was generated using 10-fold serial dilutions of virus (1.3 x 10° PFU
ml™) and used to calculate the EBIV titer in each sample [26].

2.5 Immunohistochemical detection of EBIV antigen

Midguts and ovaries were dissected from orally infected female mosquitoes (n = 30) at 14 dpi
and intrathoracically infected female mosquitoes (n = 15) at 7 dpi, respectively. Tissues were
fixed using 4% paraformaldehyde for 1 h and washed with PBS containing 0.3% Triton X-100
(PBST) five times. Next, tissues were placed in blocking solution (PBS containing 5% goat
serum and 0.3% Triton X-100) for 1 h and incubated with primary mouse anti-EBIV-NP anti-
body (derived from mice serum, diluted 1:200 in PBST containing 5% goat serum) for 24 h,
followed by secondary Alexa Fluor 549-conjugated goat anti-mouse IgG (H+L) (diluted 1:250
in PBST containing 5% goat serum; Invitrogen) overnight. The actin cytoskeleton was stained
with Alexa Fluor 488 Phalloidin (Invitrogen) for 1 h. After each step, tissues were washed at
least five times in 0.3% PBST to avoid effects of reagents on subsequent affecting following
operations. Finally, tissues were mounted onto slides using SlowFade Diamond Antifade
Mountant (Invitrogen) and images recorded with the aid of a Leica SP8 confocal microscope
(filter information TD 458/514/561; Leica, Germany). Using LAS X software (Leica), z-stack
images were merged and scale bars added. PowerPoint 2019 was utilized for image grouping.
All samples were analyzed under the same microscope and software settings.

2.6 Visualization of EBIV particles via transmission electron microscopy

Ovaries and midguts were obtained from female mosquitoes (n = 20) infected via intrathoracic
inoculation at 7 dpi with the aid of a dissection microscope and tissues fixed in 2.5% glutaral-
dehyde until experimental use. Fixed samples were handled in the Center for Instrumental
Analysis and Metrology (Wuhan Institute of Virology, China), sectioned using an ultramicro-
tome and visualized under a Tecnai G20 TWIN transmission electron microscope (FEI,
United States). PowerPoint 2019 was used for image grouping.

2.7 Transcriptomic analysis

Female mosquitoes infected via intrathoracic inoculation and mock-infected mosquitoes were
collected at 2 and 7 dpi. Each pool (comprising ten mosquitoes) was subjected to total RNA
extraction using TRIzol reagent (Invitrogen). Three independent biological replicates were
prepared for each sample. Next, samples were delivered to Wuhan Benagen Tech Solutions
Company for commercial RNA-seq and data analysis. RNA degradation and contamination
were monitored via agarose gel electrophoresis on 1% gels. RNA purity was assessed using the
NanoPhotometer spectrophotometer (IMPLEN, CA, USA) and RNA integrity determined
using the RN'A Nano 6000 Assay kit of the Bioanalyzer 2100 system (Agilent Technologies,
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CA, USA). Sequencing libraries were generated using NEBNext Ultra RNA Library Prep Kit
for Illumina (NEB, USA) following the manufacturer’s recommendations and index codes
added to attribute sequences to each sample. Clustering of index-coded samples was per-
formed on a cBot Cluster Generation System using the TruSeq PE Cluster Kit v3-cBot-HS
(lumina) according to the manufacturer’s instructions. After cluster generation, library prep-
arations were sequenced on an Illumina Novaseq platform and 150 bp paired-end reads gener-
ated. Clean reads were obtained by removing reads containing adapter, reads containing ploy-
N and low-quality reads from raw data and subsequently used for de novo assembly using
Trinity program (http://trinityrnaseq.sourceforge.net/) and mapped to the Ae. aegypti genome
database (RefSeq: GCF_002204515.2). The Unigene sequences of samples were searched
against the Nr, KEGG and GO databases (E-value < 1E-5) using BLASTX to retrieve protein
functional annotations based on sequence similarity. The fragments per kilobase of exon per
million mapped fragments values were directly applied to compare gene expression differences
between samples. The DESeq package was employed to obtain the “base mean” value for iden-
tification of differentially expressed genes (DEGs). Absolute value of log, ratio > 1 and

p < 0.05 were set as the thresholds for significance of gene expression differences between two
samples. Scatter diagrams and bubble diagrams were generated with GraphPad Prism statisti-
cal software 9.1.0.

2.8 Statistical analysis

All data were analyzed with GraphPad Prism statistical software 9.1.0. Differences in continu-
ous variables and mosquito infection, dissemination, transmission and ovary infection rates
were analyzed using the non-parametric Kruskal-Wallis test for multiple comparisons and
Fisher’s exact test where appropriate, as specified in the figure legends. P values < 0.05 were
considered statistically significant.

3. Results

3.1 EBIV is disseminated from midgut to saliva in Ae. aegypti through
blood feeding

The mean viral titers of EBIV-positive mosquitoes at the four time-points were not signifi-
cantly different and all values were above 10> PFU ml ™. Notably, viral levels in some infected
mosquitoes were remarkably higher, with the highest viral titer recorded as 10®* PFU ml™ (Fig
1A). The infection rates at the four time-points ranged from 40.3% to 70.7%. The infection
rate at 4 dpi was significantly higher than that at 7 (p = 0.0086) and 14 dpi (p = 0.0005) and
comparable with that at 10 dpi (Fig 1B).

With increasing levels of EBIV in blood meals, the proportion of infected mosquitoes grad-
ually increased and mean viral titers at 4 dpi and 10 dpi in mosquitoes fed the same dose of
EBIV showed no significant differences (Fig 1C). The infection rates of mosquitoes fed 10°
and 10’ PFU ml™ EBIV at 4 dpi (30.3% and 62.2%) and 10 dpi (48.6% and 52.4%) were signifi-
cantly higher relative to the other groups while differences between these groups were not
marked (Fig 1D).

The mean titers in EBIV-positive guts at 4 (10*7 PFU mL™), 7 (10*° PFU mL™"), and 10
(10*® PFU mL™") dpi were higher than those in heads, saliva and ovaries (Fig 1E). At 14 dpi,
the mean viral titer in heads (10> PFU mL™") was comparable to that in guts (10*? PFU mL™)
(Fig 1F). Notably, the mean viral titer in saliva was highest at 14 dpi (10>° PFU mL™") (Fig 1G)
and at this time-point, the highest mean virus titer was also detected in the ovary (10*° PFU
mL™) (Fig 1H). The infection rates at the four time-points ranged from 50%-70% and were
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https://doi.org/10.1371/journal.pntd.0010642.9001

not significantly different (Fig 1I). The dissemination rates ranged from 13.3% to 42.9% (Fig
1]). The transmission rates ranged from 0% to 11.8%, with the highest rate (11.8%) recorded at
14 dpi (Fig 1K). The ovary infection rates at 4, 10 and 14 dpi were 23.8%, 28.6% and 29.4%,
respectively. All ovary samples at 7 dpi did not contain detectable levels of virus (Fig 1L).

3.2 Ae. aegypti is highly susceptible to EBIV infection through intrathoracic
inoculation

After injection of 340 PFU EBIV, mean viral titer of EBIV-positive mosquitoes at 2 dpi (10>
PFU mL™', H = 48.01, p < 0.0001) was significantly higher than that at 4, 7 and 10 dpi. The
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Fig 2. EBIV titers and infection rates of Ae. aegypti through intrathoracic inoculation. EBIV titers (A) and infection rates (B) of mosquitoes at 4, 7, 10 and
14 days after injection with 340 PFU EBIV. EBIV titers (C) and infection rates (D) of mosquitoes injected with 0.34 to 340 PFU EBIV at 7 dpi. EBIV titers in gut
(E), head (F), saliva (G) and ovary (H) samples of mosquitoes injected with 34 PFU EBIV at 2, 4, 7 and 10 dpi. Gut (I), head (J), saliva (K) and ovary (L)
infection rates of mosquitoes injected with 34 PFU EBIV at 2, 4, 7 and 10 dpi. Each dot represents an individual mosquito. The same letters indicate no

significant differences (multiple comparisons using non-parametric Kruskal-Wallis analysis). Differences in rates were analyzed with Fisher’s exact test (*:
p<0.05,%": p < 0.01,"**: p < 0.005 and ****: p < 0.001).

https://doi.org/10.1371/journal.pntd.0010642.g002
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mean viral titer at 14 dpi (10>? PFU ml™") was the second highest among all five time-points
(Fig 2A). Infection rates at the five time-points were 100% (Fig 2B).

The mean viral titer was the lowest in EBIV-positive mosquitoes injected with 0.34 PFU
EBIV (10** PFU ml™"). Mean viral titer values of EBIV-positive mosquitoes injected with 3.4,
34 and 340 PFU EBIV were 10> PFU mL ™', 10°® PFU mL™" and 10°° PFU mL", respectively,
which were not significantly different (Fig 2C). The infection rates of all groups of mosquitoes
were 100%, except that injected with 0.34 PFU EBIV, which had an infection rate of only 46%
(Fig 2D).

Mean titers in EBIV-positive guts at 4 dpi (10°° PFU ml™") and 10 dpi (10>! PFU mL™")
were significantly higher than that at 2 dpi (10*' PFU ml™}, H = 13.70, p = 0.0033) (Fig 2E).
The mean titers in EBIV-positive head samples were gradually increased at the four time-
points, with the highest value of 10>” PFU ml™" observed at 7 dpi (H = 63.88, p < 0.0001) (Fig
2F). Notably, viral titers in saliva at the four time-points were not significantly different and
the highest recorded value was 10> PFU ml ™" at 4 dpi (H = 20.27 and p = 0.0001) (Fig 2G).
Mean viral titers in ovary samples were also high at 4 dpi (10*° PFU ml™"), 7 dpi (10°° PFU
ml™") and 10 dpi (10*° PFU ml™") relative to that at 2 dpi (10*° PFU ml™") (Fig 2H). Gut, head
and ovary infection rates were 100% (Fig 2I, 2] and 2L). With increasing days after infection,
saliva infection rates were slightly increased, ranging from 34.5% to 90%. The saliva infection
rate was highest (up to 90%) at 10 dpi (p < 0.0001, comparison between 2 and 10 dpi)

(Fig 2K).

3.3 Presence of EBIV antigens and viral particles in infected mosquitoes

Immunohistochemical analysis confirmed the presence of EBIV antigen in the midgut region
of orally infected mosquitoes at 14 dpi (Fig 3A) and midgut and ovary samples of mosquitoes
infected via intrathoracic inoculation at 7 dpi (Fig 3B and 3C). The EBIV antigen accumulated
around the cytoskeleton in midgut endothelial cells (Fig 3A and 3B). In ovarioles, viral signals
accumulated around the nucleus in nurse cells but not follicle cells (Fig 3C). The EBIV antigen
was not detected in tissues from uninfected mosquitoes (Fig 3D-3F).

To confirm the presence of EBIV viral particles in infected mosquitoes, sections of the
digestive tract and ovaries from mosquitoes infected via intrathoracic inoculation were pre-
pared and examined via transmission electron microscopy. Notably, spherically shaped virus-
like particles (VLPs) 78-140 nm in diameter were stacked in intracellular vesicles and detect-
able in cells of the digestive tract (Fig 3G-3]). Similarly, VLPs 60-100 nm in diameter were
present in nurse cells of the ovary (Fig 3K-3N). As expected, VLPs were not detectable in
uninfected mosquitoes.

3.4 Immune and metabolic responses of Ae. aegypti to EBIV infection

Transcriptome experiments showed significant upregulation of 17 genes and downregulation
of 28 genes in mosquitoes subjected to intrathoracic inoculation of EBIV at 2 dpi while signifi-
cant upregulation of 45 genes and downregulation of 65 genes was observed in infected mos-
quitoes at 7 dpi (p value < 0.05, |log2foldchange| > 1) (Fig 4A and 4B).

Limited genes were upregulated in mosquitoes infected via intrathoracic inoculation at 2
dpi, most of which were undefined (S3 Table). The top three upregulated genes encoded mac-
rophage erythroblast attacher-like (E3 Ubiquitin Ligase), zinc finger protein 37 homolog iso-
form X1/X2 and beta-galactoside-binding lectin-like (Fig 4A). Among the upregulated genes
at this time-point, adult-specific cuticular protein 20 (ACP-20) showed the highest expression
(S3 Table). Moreover, the number of downregulated genes was similar with that of upregulated
genes. The most of proteins encoded by these genes were related to cellular immunity and

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010642  July 18, 2022 9/18


https://doi.org/10.1371/journal.pntd.0010642

PLOS NEGLECTED TROPICAL DISEASES Vector competence and immune response of Aedes aegyptifor EBIV

Blood-feeding Intrathoracic injection

I [ !
Midgut idgut Ovary

EBIV infection
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Fig 3. Immunohistochemical visualization and electron micrographs of EBIV in Ae. aegypti midgut and ovary.
Immunolocalization of EBIV antigen in midguts of mosquitoes with oral infection at 14 dpi (A) and intrathoracic inoculation at 7
dpi (B). Immunolocalization of EBIV antigen in ovaries of mosquitoes infected via intrathoracic inoculation at 7 dpi (C).
Immunolocalization of EBIV antigen in midguts of mosquitoes fed blood without EBIV at 14 dpi (D) and mosquitoes injected with
100 nl RPMI 1640 at 7 dpi (E). Immunolocalization of EBIV antigen in ovaries from mock-injected mosquitoes at 7 dpi (F). F-actin
was stained with phalloidin (green). The cell nucleus was stained with DAPI (blue). NC: nurse cells, FC: follicle cells. (G-J) Virions
observed in gut are indicated by red arrows on electron micrographs. H and J are the enlarged insets of the boxes in G and I,
respectively. (K-N) Virions observed in ovary are indicated by red arrows on electron micrographs. L and N are the enlarged insets of
the boxes in K and M, respectively. EBIV virion clusters were detected using a mouse anti-EBIV polyclonal antibody and goat anti-
mouse IgG labeled with red fluorescent secondary antibody.

https://doi.org/10.1371/journal.pntd.0010642.g003
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Fig 4. EBIV affects specific gene expression patterns in intrathoracically infected mosquitoes. Significantly upregulated (orange) and downregulated (blue)
genes in EBIV-infected compared with mock-infected mosquitoes at 2 dpi (A) and 7 dpi (B). (C) Genes displaying differential responses in EBIV-infected

mosquitoes at 2

and 7 dpi were determined via a scatter plot of expression changes. KEGG pathway analyses of DEGs at 2 dpi and 7 dpi are presented in (D)

and (E), respectively. Enriched GO categories associated with DEGs at 2 dpi and 7 dpi are shown in (F) and (G), respectively.
https://doi.org/10.1371/journal.pntd.0010642.g004

apoptosis, including antimicrobial peptides (AAEL000625-PA, cecropin A precursor and
defensin-C), toll-like receptor 13, cell death abnormality protein 1 isoform X2 and putative
lysozyme-like protein. In addition, three odorant binding genes (gene-LOC5577119, gene-
LOC5571968 and gene-LOC5567749) and three serine protease easter genes (gene-
LOC5579410, gene-LOC5568135 and gene-LOC5569890) were significantly downregulated (S3
Table). The top four proteins encoded by downregulated genes were fizzy-related protein
homolog involved in the protein ubiquitination pathway, AAEL000625-PA, angiopoietin-
2-like (a growth factor whose activities are mediated through tyrosine kinase receptors [27])
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and cecropin A precursor (Fig 4A). Among the downregulated genes at this time-point, defen-
sin-C gene showed the greatest decrease expression (S3 Table).

Nearly half the upregulated genes in mosquitoes infected via intrathoracic inoculation at 7
dpi were undefined (S4 Table). Moreover, the top three proteins encoded by upregulated
genes were uncharacterized (Fig 4B). Among the downregulated genes at this time point, gene-
LOC110676601 encoding the voltage-dependent anion-selective channel, a pore-forming pro-
tein located in the outer mitochondrial membrane, showed the greatest decrease expression
(54 Table). Among the four genes showing the most significant downregulation, the protein
encoded by gene-LOC110680747 was identified as zinc finger protein 827-like while the other
three were unknown (Fig 4B). In addition, four venom allergen 5 genes (gene-LOC5575393,
gene-LOC5575399, gene-LOC5575400 and gene-LOC5575401) were significantly downregu-
lated. Previous findings suggest that venom allergen 5 is associated with deltamethrin resis-
tance in mosquitoes [28] and Ae. aegypti venom allergen-1 promotes DENV and ZIKV
transmission through activating autophagy in host immune cells [29]. Statistical comparison
of differentially expressed genes between mosquitoes infected via intrathoracic inoculation at 2
dpi and 7 dpi revealed significant differences among three genes, specifically, defensin C, chiti-
nase 10 (gene-LOC5570579) and gene-LOC5569955 (Fig 4C).

KEGG pathway and GO enrichment analyses were performed to identify the biological
functions and pathways activated in EBIV-infected Ae. aegypti at 2 and 7 dpi. KEGG results
revealed significantly enriched genes in four pathways at 2 dpi, including Toll and Imd signal-
ing and endocytosis (Fig 4D). However, the enrichment pathways at 7 dpi were mainly related
to biosynthesis and metabolism, including steroid hormone biosynthesis, N-glycan biosynthe-
sis, ribosome, RNA degradation, and steroid biosynthesis at 7 dpi (Fig 4E). Similarly, GO anal-
ysis showed significant enrichment of immune-related processes at 2 dpi and metabolism-
related processes at 7 dpi (Fig 4F and 4G).

4. Discussion

This study explored the vector competence of Ae. aegypti for EBIV in view of the susceptibility
of this mosquito species to other orthobunyaviruses [22,24]. For instance, Cx. quinquefasciatus
is reported to be refractory to BUNV, but not Ae. aegypti [21]. Further studies on additional
species and geographic strains of mosquitoes, such as Ae. albopictus, Cx. quinquefasciatus, and
Cx. tritaeniorhynchus, should be conducted to identify the primary mosquito vectors for EBIV.

Generally, adult mice show resistance to orthobunyavirus infections while three-week-old
or younger mice are more susceptible [16,30-32]. However, a previous study by our group
showed that > 90% adult BALB/c mice succumbed to death upon intraperitoneal infection
with an extremely low dose of EBIV (1-10 PFU), indicating greater pathogenicity of EBIV to
mice compared to other orthobunyavirus [16]. Here, the mean viral titer of EBIV-positive
saliva was > 10" PFU ml " (the average dose of EBIV per mosquito was > 6.3 PFU) at 14 dpi
in mosquitoes infected via blood feeding, highlighting the potential risk of EBIV transmission
to vertebrate hosts by mosquito. However, the issue of whether EBIV-positive mosquitoes are
capable of transmitting viruses to naive vertebrate hosts via biting is yet to be established and
further studies on the EBIV-mosquito-vertebrate transmission cycle are warranted.

The highest saliva-positive rate in intrathoracic-injected mosquitoes reached 90%, com-
pared to mosquitoes subjected to oral feeding (11.8%). Notably, after oral infection, a few
EBIV-positive saliva samples of infected mosquitoes with viral gut loads > 10* PFU mL™" were
detected (Fig 1G), suggesting that EBIV can enter saliva when virus titer in the gut reaches a
threshold of 10* PFU ml™". Following intrathoracic injection, EBIV bypassed the midgut bar-
rier and was able to rapidly infect the whole mosquito body, including saliva and ovary (Fig
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2G-2H). The distinct results obtained with the two routes indicate that the midgut of Ae.
aegypti is the main barrier to EBIV transmission. In view of the characteristics of arbovirus,
which need to maintain their life cycle by switching between vertebrate hosts and invertebrate
vectors, a strong possibility of evolutionary adaptation during this process is suggested [33,34].
For instance, a single amino acid substitution could increase susceptibility of Ae. albopictus
and lead to virus dissemination more rapidly from the midgut to secondary tissues [35]. A sim-
ilar situation was observed with ZIKV, whereby the mutation enhanced ZIKV infectivity in
mosquitoes [36]. Therefore, once the virus evolves to increase ease of cross through the midgut
barrier, it may present an emerging threat to human or animal health. In addition, it is not
uncommon for orthobunyaviruses to spread during the immature life stages of mosquitoes
through a mode of vertical transmission [37,38]. The high EBIV infection rates in ovary
observed in the current study support the possibility of vertical transmission (Figs 1H and
2H).

During the process of invasion, arboviruses need to cope with innate immune responses
and overcome several barriers of mosquito vectors. To date, four major barriers have been
identified, specifically, the midgut infection barrier, midgut escape barrier (MEB), salivary
gland infection barrier, and salivary gland escape barrier [39]. Ae. aegypti was moderately sus-
ceptible to EBIV after oral feeding, with 70.0% mosquitoes showing midgut infection at 10 dpi,
whereas the dissemination rate was significantly lower than the infection rate (38.1%) at this
time-point (p = 0.0432). Notably, the proportion of EBIV-positive saliva samples was 90.0% at
10 days post intrathoracic injection. The combined results of blood feeding and intrathoracic
injection experiments suggest that MEB presents the primary barrier to systematic EBIV infec-
tion of Ae. aegypti. In the presence of an efficient MEB, virus replication is limited to the mid-
gut or inefficient dissemination occurs [40]. The basal lamina of the midgut may exert effects
on effective dissemination [41]. Several studies have reported an inverse relationship between
LACYV dissemination rates and thickness of basal lamina of Ae. triseriatus [42,43]. An alterna-
tive reason for ineffective dissemination could be that EBIV is unable to overcome or evade
antiviral immune responses in midgut. Electron microscopy of the midgut section of mosqui-
toes infected via intrathoracic injection revealed the presence of a large number of autophago-
somes and lysosomes, suggesting the involvement of autophagy in EBIV infection. Recent
studies on arbovirus infection have demonstrated that autophagy serves as an antiviral defense
mechanism [44-46]. Similarly, replication of Rift Valley fever virus belonging to the family
Phenuivridae is reported to be limited by activation of autophagy in Drosophila [47]. However,
other studies suggest that autophagy is beneficial for flavivirus replication and transmission in
Ae. aegypti [29,48]. Additionally, evidence supporting dose-dependent competence of midgut
infection has been obtained [39,49,50], which indicates that with increasing viral titers in host
blood, the risk of EBIV transmission to vertebrates is bigger.

Based on transcriptome analysis of intrathoracic-infected Ae. aegypti, Toll and Imd signal-
ing pathways are implicated in the protective response of mosquito to EBIV infection [22].
Endocytosis plays an important role in host entry of several virus types, such as flaviviruses
and bunyaviruses [51,52]. Several immune-related genes have been identified in EBIV-infected
Ae. aegypti, such as E3 ubiquitin ligase related to autophagy [53], zinc finger protein 37 homo-
log isoform X1/X2 (a transcription factor) and beta-galactoside-binding lectin-like involved in
the process of virus infection [54] (Fig 4A). Moreover, five zinc-finger protein-encoding genes
showed differential expression patterns (gene-LOCI110680747, gene-LOC5571062, gene-
LOC5576563 and gene-LOC110680309 were downregulated while gene-LOC5573104 was upre-
gulated) (S4 Table). Zinc-finger proteins are one of the most abundant groups of proteins with
a wide range of molecular functions. Recently, the zinc-finger protein ZFP36L1 was shown to
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enhance host anti-viral defense against influenza A virus [55], supporting a role of these pro-
teins in response to viral infection.

In conclusion, Ae. aegypti can be infected by EBIV and presents a potential risk of virus
transmission. Further research on the vector competence of various mosquito species for this
newly classified orthobunyavirus and epidemiological studies are essential to provide valuable
insights that could aid in management of potential future outbreaks.

Supporting information

S1 Table. Primer sequences of genes used for qRT-PCR.
(DOCX)

S2 Table. Correlations between the EBIV-induced cytopathic effect in BHK-21 cells and
CT values of virus RNA determined via qRT-PCR.
(DOCX)

§3 Table. Differentially expressed genes in mosquitoes infected via intrathoracic inocula-
tion compared to mock-infected mosquitoes at 2 dpi.
(XLSX)

$4 Table. Differentially expressed genes in mosquitoes infected via intrathoracic inocula-
tion compared to mock-infected mosquitoes at 7 dpi.
(XLSX)

Acknowledgments

We are grateful to staff at the Center for Instrumental Analysis and Metrology of Wuhan Insti-
tute of Virology, Chinese Academy of Sciences, and the Analysis and Testing Center of Insti-
tute of Hydrobiology, Chinese Academy of Sciences, for their assistance.

Author Contributions

Conceptualization: Zhiming Yuan, Han Xia.

Funding acquisition: Han Xia.

Investigation: Cihan Yang, Fei Wang.

Resources: Doudou Huang, Haixia Ma, Guilin Zhang, Hailong Li.
Validation: Zhiming Yuan, Han Xia.

Visualization: Cihan Yang, Fei Wang.

Writing - original draft: Cihan Yang.

Writing - review & editing: Cihan Yang, Fei Wang, Lu Zhao, Guilin Zhang, Qian Han, Den-
nis Bente, Ferdinand Villanueva Salazar, Zhiming Yuan, Han Xia.

References

1. YuX, ZhuY, Xiao X, Wang P, Cheng G. Progress towards understanding the Mosquito-borne virus life
cycle. Trends in Parasitology. 2019; 35(12):1009—-1017. Epub 2019/11/02. https://doi.org/10.1016/j.pt.
2019.09.006 PMID: 31669148.

2. Schulz C, Becker SC. Mosquitoes as arbovirus vectors: from species identification to vector compe-
tence. Mosquito-borne Diseases: Implications for Public Health. 2018; 10:163—212. https://doi.org/10.
1007/978-3-319-94075-5_9 PubMed Central PMCID: PMC7122353.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010642  July 18, 2022 14/18


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010642.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010642.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010642.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010642.s004
https://doi.org/10.1016/j.pt.2019.09.006
https://doi.org/10.1016/j.pt.2019.09.006
http://www.ncbi.nlm.nih.gov/pubmed/31669148
https://doi.org/10.1007/978-3-319-94075-5%5F9
https://doi.org/10.1007/978-3-319-94075-5%5F9
https://doi.org/10.1371/journal.pntd.0010642

PLOS NEGLECTED TROPICAL DISEASES Vector competence and immune response of Aedes aegyptifor EBIV

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

Xia H, Wang Y, Atoni E, Zhang B, Yuan Z. Mosquito-associated viruses in China. Virologica Sinica.
2018; 33(1):5-20. Epub 2018/03/12. https://doi.org/10.1007/s12250-018-0002-9 PMID: 29532388;
PubMed Central PMCID: PMC5866263.

Liang G, Li X, Gao X, Fu S, Wang H, Li M, et al. Arboviruses and their related infections in China: A com-
prehensive field and laboratory investigation over the last 3 decades. Reviews in Medical Virology.
2018; 28(1). Epub 2017/12/06. https://doi.org/10.1002/rmv.1959 PMID: 29210509.

Soong L, Dong X. Emerging and re-emerging zoonoses are major and global challenges for public
health. Zoonoses. 2021; Vol. 1(1). https://doi.org/10.15212/Z00NOSES-2021-0001

Huang YS, Higgs S, Vanlandingham DL. Emergence and re-emergence of mosquito-borne arbovi-
ruses. Current Opinion in Virology. 2019; 34:104-9. Epub 2019/02/12. https://doi.org/10.1016/j.coviro.
2019.01.001 PMID: 30743191.

Evans AB, Winkler CW, Peterson KE. Orthobunyaviruses (Peribunyaviridae). In: Bamford DH, Zucker-
man M, editors. Encyclopedia of Virology ( Fourth Edition). Oxford: Academic Press; 2021. p. 654—65.

Tauro LB, Batallan GP, Rivarola ME, Visintin A, Berron Cl, Sousa EC, et al. Detection of Orthobunya-
virus in mosquitoes collected in Argentina. Medical and Veterinary Entomology. 2015; 29(3):338—43.
https://doi.org/10.1111/mve.12121 PMID: 25991544

Camp JV, Kniha E, Obwaller AG, Walochnik J, Nowotny N. The transmission ecology of Tahyna ortho-
bunyavirus in Austria as revealed by longitudinal mosquito sampling and blood meal analysis in flood-
plain habitats. Parasites & Vectors. 2021; 14(1):561. Epub 2021/11/01. https://doi.org/10.1186/s13071-
021-05061-1 PMID: 34717742; PubMed Central PMCID: PMC8556901.

Koka H, Lutomiah J, Langat S, Koskei E, Nyunja A, Mutisya J, et al. Evidence of circulation of Orthobu-
nyaviruses in diverse mosquito species in Kwale County, Kenya. Virology Journal. 2021; 18(1). https:/
doi.org/10.1186/512985-021-01670-5 PMID: 34641884; PubMed Central PMCID: PMC8507213.

Elliott RM. Orthobunyaviruses: recent genetic and structural insights. Nature Reviews Microbiology.
2014; 12(10):673-85. Epub 2014/09/10. https://doi.org/10.1038/nrmicro3332 PMID: 25198140.

Dutuze MF, Nzayirambaho M, Mores CN, Christofferson RC. A review of Bunyamwera, Batai, and
Ngari Viruses: understudied Orthobunyaviruses with potential One Health implications. Frontiers in Vet-
erinary Science. 2018; 5:69. Epub 2018/05/01. https://doi.org/10.3389/fvets.2018.00069 PMID:
29707545; PubMed Central PMCID: PMC5906542.

Liu R, Zhang G, Yang Y, Dang R, Zhao T. Genome sequence of abbey lake virus, a novel orthobunya-
virus isolated from China. Genome Announcements. 2014; 2(3). Epub 2014/06/21. https://doi.org/10.
1128/genomeA.00433-14 PMID: 24948753; PubMed Central PMCID: PMC4064019.

Liu R, Zhang G, Sun X, Zheng Z, Liu X, Zhao Y, et al. Isolation and molecular characterization on Abbey
Lake Orthobunyavirus (Bunyaviridae) in Xinjiang, China. Zhonghua Liu Xing Bing Xue Za Zhi. 2014; 35
(8):939-942. Epub 2014/11/08. PMID: 25376687.

Xia H, Liu R, Zhao L, Sun X, Zheng Z, Atoni E, et al. Characterization of Ebinur Lake virus and its
human seroprevalence at the China-Kazakhstan border. Frontiers in Microbiology. 2019; 10:3111.
Epub 2020/02/28. https://doi.org/10.3389/fmicb.2019.03111 PMID: 32082268; PubMed Central
PMCID: PMC7002386.

ZhaoL, Luo H, Huang D, Yu P, Dong Q, Mwaliko C, et al. Pathogenesis and immune response of Ebinur
Lake virus: A Newly Identified Orthobunyavirus That Exhibited Strong Virulence in Mice. Frontiers in
Microbiology. 2020; 11:625661. Epub 2021/02/19. https://doi.org/10.3389/fmicb.2020.625661 PMID:
33597934; PubMed Central PMCID: PMC7882632.

Naslund J, Ahim C, Islam K, Evander M, Bucht G, Lwande OW. Emerging mosquito-borne viruses
linked to Aedes aegyptiand Aedes albopictus: Global Status and Preventive Strategies. Vector-Borne
and Zoonotic Diseases. 2021; 21(10):731-746. Epub 2021/08/24. https://doi.org/10.1089/vbz.2020.
2762 PMID: 34424778.

Lwande OW, Obanda V, Lindstrom A, Ahim C, Evander M, Naslund J, et al. Globe-Trotting Aedes
aegyptiand Aedes albopictus: Risk Factors for Arbovirus Pandemics. Vector-Borne and Zoonotic Dis-
eases. 2020; 20(2):71-81. https://doi.org/10.1089/vbz.2019.2486 PMID: 31556813; PubMed Central
PMCID: PMC7041325.

Liu-Helmersson J, Brannstrom A, Sewe MO, Semenza JC, Rocklov J. Estimating past, present, and
future trends in the global distribution and abundance of the arbovirus vector Aedes aegyptiunder cli-
mate change scenarios. Fronters in Public Health. 2019; 7:148. Epub 2019/06/30. https://doi.org/10.
3389/fpubh.2019.00148 PMID: 31249824; PubMed Central PMCID: PMC6582658.

Odhiambo C, Venter M, Chepkorir E, Mbaika S, Lutomiah J, Swanepoel R, et al. Vector competence of
selected mosquito species in Kenya for Ngari and Bunyamwera viruses. Journal of Medical Entomol-
ogy. 2014; 51(6):1248-53. Epub 2015/08/27. https://doi.org/10.1603/ME14063 PMID: 26309314.

Bara JJ, Parker AT, Muturi EJ. Comparative Susceptibility of Ochlerotatus japonicus, Ochlerotatus tri-
seriatus, Aedes albopictus, and Aedes aegypti (Diptera: Culicidae) to La Crosse virus. Journal of

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010642  July 18, 2022 15/18


https://doi.org/10.1007/s12250-018-0002-9
http://www.ncbi.nlm.nih.gov/pubmed/29532388
https://doi.org/10.1002/rmv.1959
http://www.ncbi.nlm.nih.gov/pubmed/29210509
https://doi.org/10.15212/ZOONOSES-2021-0001
https://doi.org/10.1016/j.coviro.2019.01.001
https://doi.org/10.1016/j.coviro.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30743191
https://doi.org/10.1111/mve.12121
http://www.ncbi.nlm.nih.gov/pubmed/25991544
https://doi.org/10.1186/s13071-021-05061-1
https://doi.org/10.1186/s13071-021-05061-1
http://www.ncbi.nlm.nih.gov/pubmed/34717742
https://doi.org/10.1186/s12985-021-01670-5
https://doi.org/10.1186/s12985-021-01670-5
http://www.ncbi.nlm.nih.gov/pubmed/34641884
https://doi.org/10.1038/nrmicro3332
http://www.ncbi.nlm.nih.gov/pubmed/25198140
https://doi.org/10.3389/fvets.2018.00069
http://www.ncbi.nlm.nih.gov/pubmed/29707545
https://doi.org/10.1128/genomeA.00433-14
https://doi.org/10.1128/genomeA.00433-14
http://www.ncbi.nlm.nih.gov/pubmed/24948753
http://www.ncbi.nlm.nih.gov/pubmed/25376687
https://doi.org/10.3389/fmicb.2019.03111
http://www.ncbi.nlm.nih.gov/pubmed/32082268
https://doi.org/10.3389/fmicb.2020.625661
http://www.ncbi.nlm.nih.gov/pubmed/33597934
https://doi.org/10.1089/vbz.2020.2762
https://doi.org/10.1089/vbz.2020.2762
http://www.ncbi.nlm.nih.gov/pubmed/34424778
https://doi.org/10.1089/vbz.2019.2486
http://www.ncbi.nlm.nih.gov/pubmed/31556813
https://doi.org/10.3389/fpubh.2019.00148
https://doi.org/10.3389/fpubh.2019.00148
http://www.ncbi.nlm.nih.gov/pubmed/31249824
https://doi.org/10.1603/ME14063
http://www.ncbi.nlm.nih.gov/pubmed/26309314
https://doi.org/10.1371/journal.pntd.0010642

PLOS NEGLECTED TROPICAL DISEASES Vector competence and immune response of Aedes aegyptifor EBIV

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Medical Entomology. 2016; 53(6):1415-21. Epub 2016/09/09. https://doi.org/10.1093/jme/tjw097
PMID: 27605372.

Ayers VB, Huang YS, Lyons AC, Park SL, Dunlop JI, Unlu |, et al. Infection and transmission of Cache
Valley virus by Aedes albopictus and Aedes aegyptimosquitoes. Parasites & Vectors. 2019; 12(1):384.
Epub 2019/08/02. https://doi.org/10.1186/s13071-019-3643-0 PMID: 31366369; PubMed Central
PMCID: PMC6670168.

Dulbecco R. Production of plaques in monolayer tissue cultures by single particles of an animal virus.
Proceedings of the National Academy of Sciences. 1952; 38(8):747-52. Epub 1952/08/01. https://doi.
org/10.1073/pnas.38.8.747 PMID: 16589172; PubMed Central PMCID: PMC1063645.

Sanchez-Vargas |, Harrington LC, Black WC, Olson KE. Analysis of salivary glands and saliva from
Aedes albopictus and Aedes aegyptiinfected with Chikungunya viruses. Insects. 2019; 10(2). Epub
2019/02/06. https://doi.org/10.3390/insects 10020039 PMID: 30717086; PubMed Central PMCID:
PMC6410068.

Armstrong PM, Ehrlich HY, Magalhaes T, Miller MR, Conway PJ, Bransfield A, et al. Successive blood
meals enhance virus dissemination within mosquitoes and increase transmission potential. Nature
Microbiology. 2020; 5(2):239-47. Epub 2019/12/11. https://doi.org/10.1038/s41564-019-0619-y PMID:
31819213; PubMed Central PMCID: PMC7199921.

Xu MY, Liu SQ, Deng CL, Zhang QY, Zhang B. Detection of Zika virus by SYBR green one-step real-
time RT-PCR. Journal of Virological Methods. 2016; 236:93—7. Epub 2016/07/23. https://doi.org/10.
1016/j.jviromet.2016.07.014 PMID: 27444120.

Akwii RG, Sajib MS, Zahra FT, Mikelis CM. Role of Angiopoietin-2 in vascular physiology and patho-
physiology. Cells. 2019; 8(5). Epub 2019/05/22. https://doi.org/10.3390/cells8050471 PMID: 31108880;
PubMed Central PMCID: PMC6562915.

LvY, Lei ZT, Hong SC, Wang WJ, Zhang DH, Zhou D, et al. Venom allergen 5 is associated with delta-
methrin resistance in Culex pipiens pallens (Diptera: Culicidae). Journal of Medical Entomology. 2015;
52(4):672—682. https://doi.org/10.1093/jme/tjv059 PMID: 26335474; PubMed Central PMCID:
PMC4592351.

Sun P, Nie K, Zhu Y, Liu Y, Wu P, Liu Z, et al. A mosquito salivary protein promotes flavivirus transmis-
sion by activation of autophagy. Nature communications. 2020; 11(1):260. Epub 2020/01/16. https://
doi.org/10.1038/s41467-019-14115-z PMID: 31937766; PubMed Central PMCID: PMC6959235.

Bennett RS, Gresko AK, Murphy BR, Whitehead SS. Tahyna virus genetics, infectivity, and immunoge-
nicity in mice and monkeys. Virology Journal 2011; 8:135. Epub 2011/03/26. https://doi.org/10.1186/
1743-422X-8-135 PMID: 21435229; PubMed Central PMCID: PMC3080826.

Santos RI, Aimeida MF, Paula FE, Rodrigues AH, Saranzo AM, Paula AE, et al. Experimental infection
of suckling mice by subcutaneous inoculation with Oropouche virus. Virus Research. 2012; 170(1—
2):25-33. Epub 2012/08/11. https://doi.org/10.1016/j.virusres.2012.07.006 PMID: 22877689.

Winkler CW, Myers LM, Woods TA, Carmody AB, Taylor KG, Peterson KE. Lymphocytes have a role in
protection, but not in pathogenesis, during La Crosse Virus infection in mice. Journal of Neuroinflamma-
tion. 2017; 14(1):62. Epub 2017/03/28. https://doi.org/10.1186/s12974-017-0836-3 PMID: 28340587
PubMed Central PMCID: PMC5364665.

LiuY, LiuJ, Du S, Shan C, Nie K, Zhang R, et al. Evolutionary enhancement of Zika virus infectivity in
Aedes aegyptimosquitoes. Nature. 2017; 545(7655):482—6. Epub 2017/05/18. https://doi.org/10.1038/
nature22365 PMID: 28514450; PubMed Central PMCID: PMC5885636.

Brault AC, Powers AM, Ortiz D, Estrada-Franco JG, Navarro-Lopez R, Weaver SC. Venezuelan equine
encephalitis emergence: enhanced vector infection from a single amino acid substitution in the enve-
lope glycoprotein. Proceedings of the National Academy of Sciences. 2004; 101(31):11344-9. Epub
2004/07/28. https://doi.org/10.1073/pnas.0402905101 PMID: 15277679; PubMed Central PMCID:
PMC509205.

Tsetsarkin KA, Vanlandingham DL, McGee CE, Higgs S. A single mutation in chikungunya virus affects
vector specificity and epidemic potential. PLOS Pathogens. 2007; 3(12):e201. Epub 2007/12/12.
https://doi.org/10.1371/journal.ppat.0030201 PMID: 18069894; PubMed Central PMCID:
PMC2134949.

Yu X, Shan C, Zhu 'Y, Ma E, Wang J, Wang P, et al. A mutation-mediated evolutionary adaptation of
Zika virus in mosquito and mammalian host. Proceedings of the National Academy of Sciences.
2021;118(42). Epub 2021/10/09. https://doi.org/10.1073/pnas.2113015118 PMID: 34620704; PubMed
Central PMCID: PMC8545446.

Ajamma YU, Onchuru TO, Ouso DO, Omondi D, Masiga DK, Villinger J. Vertical transmission of natu-
rally occurring Bunyamwera and insect-specific flavivirus infections in mosquitoes from islands and
mainland shores of Lakes Victoria and Baringo in Kenya. PLOS Neglected Tropical Diseases. 2018; 12

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010642  July 18, 2022 16/18


https://doi.org/10.1093/jme/tjw097
http://www.ncbi.nlm.nih.gov/pubmed/27605372
https://doi.org/10.1186/s13071-019-3643-0
http://www.ncbi.nlm.nih.gov/pubmed/31366369
https://doi.org/10.1073/pnas.38.8.747
https://doi.org/10.1073/pnas.38.8.747
http://www.ncbi.nlm.nih.gov/pubmed/16589172
https://doi.org/10.3390/insects10020039
http://www.ncbi.nlm.nih.gov/pubmed/30717086
https://doi.org/10.1038/s41564-019-0619-y
http://www.ncbi.nlm.nih.gov/pubmed/31819213
https://doi.org/10.1016/j.jviromet.2016.07.014
https://doi.org/10.1016/j.jviromet.2016.07.014
http://www.ncbi.nlm.nih.gov/pubmed/27444120
https://doi.org/10.3390/cells8050471
http://www.ncbi.nlm.nih.gov/pubmed/31108880
https://doi.org/10.1093/jme/tjv059
http://www.ncbi.nlm.nih.gov/pubmed/26335474
https://doi.org/10.1038/s41467-019-14115-z
https://doi.org/10.1038/s41467-019-14115-z
http://www.ncbi.nlm.nih.gov/pubmed/31937766
https://doi.org/10.1186/1743-422X-8-135
https://doi.org/10.1186/1743-422X-8-135
http://www.ncbi.nlm.nih.gov/pubmed/21435229
https://doi.org/10.1016/j.virusres.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/22877689
https://doi.org/10.1186/s12974-017-0836-3
http://www.ncbi.nlm.nih.gov/pubmed/28340587
https://doi.org/10.1038/nature22365
https://doi.org/10.1038/nature22365
http://www.ncbi.nlm.nih.gov/pubmed/28514450
https://doi.org/10.1073/pnas.0402905101
http://www.ncbi.nlm.nih.gov/pubmed/15277679
https://doi.org/10.1371/journal.ppat.0030201
http://www.ncbi.nlm.nih.gov/pubmed/18069894
https://doi.org/10.1073/pnas.2113015118
http://www.ncbi.nlm.nih.gov/pubmed/34620704
https://doi.org/10.1371/journal.pntd.0010642

PLOS NEGLECTED TROPICAL DISEASES Vector competence and immune response of Aedes aegyptifor EBIV

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

(11):e0006949. Epub 2018/11/20. https://doi.org/10.1371/journal.pntd.0006949 PMID: 30452443;
PubMed Central PMCID: PMC6287884.

Borucki MK, Kempf BJ, Blitvich BJ, Blair CD, Beaty BJ. La Crosse virus: replication in vertebrate and
invertebrate hosts. Microbes and Infection. 2002; 4(3):341-50. https://doi.org/10.1016/s1286-4579(02)
01547-2 PMID: 11909745.

Franz AW, Kantor AM, Passarelli AL, Clem RJ. Tissue barriers to arbovirus infection in mosquitoes.
Viruses. 2015; 7(7):3741—-67. Epub 2015/07/18. https://doi.org/10.3390/v7072795 PMID: 26184281;
PubMed Central PMCID: PMC4517124.

Ruckert C, Ebel GD. How do virus-mosquito interactions lead to viral emergence? Trends in Parasitol-
ogy. 2018; 34(4):310-21. Epub 2018/01/07. https://doi.org/10.1016/j.pt.2017.12.004 PMID: 29305089;
PubMed Central PMCID: PMC5879000.

Thomas RE, Wu WK, Verleye D, Rai KS. Midgut basal lamina thickness and dengue-1 virus dis-
semination rates in laboratory strains of Aedes albopictus (Diptera: Culicidae). Journal of Medical
Entomology. 1993; 30(2):326—-31. Epub 1993/03/01. https://doi.org/10.1093/jmedent/30.2.326
PMID: 8459409

Paulson SL, Hawley WA. Effect of body size on the vector competence of field and laboratory popula-
tions of Aedes triseriatus for La Crosse virus. Journal of the American Mosquito Control Association.
1991;7(2):170-5. Epub 1991/06/01. PMID: 1895074

Grimstad PR, Walker ED. Aedes triseriatus (Diptera: Culicidae) and La Crosse virus. IV. Nutritional dep-
rivation of larvae affects the adult barriers to infection and transmission. Journal of Medical Entomology.
1991; 28(3):378-386. Epub 1991/05/01. https://doi.org/10.1093/jmedent/28.3.378 PMID: 1875364

Brackney DE, Correa MA, Cozens DW. The impact of autophagy on arbovirus infection of mosquito
cells. PLOS Neglected Tropical Diseases. 2020; 14(5):e0007754. Epub 2020/05/19. https://doi.org/10.
1371/journal.pntd.0007754 PMID: 32421713; PubMed Central PMCID: PMC7259790.

Shelly S, Lukinova N, Bambina S, Berman A, Cherry S. Autophagy is an essential component of Dro-
sophilaimmunity against vesicular stomatitis virus. Immunity. 2009; 30(4):588-98. Epub 2009/04/14.
https://doi.org/10.1016/j.immuni.2009.02.009 PMID: 19362021; PubMed Central PMCID:
PMC2754303.

Nakamoto M, Moy RH, Xu J, Bambina S, Yasunaga A, Shelly SS, et al. Virus recognition by Toll-7 acti-
vates antiviral autophagy in Drosophila. Immunity. 2012; 36(4):658—67. Epub 2012/04/03. https://doi.
org/10.1016/j.immuni.2012.03.003 PMID: 22464169; PubMed Central PMCID: PMC3334418.

Moy RH, Gold B, Molleston JM, Schad V, Yanger K, Salzano MV, et al. Antiviral autophagy restricts Rift
Valley fever virus infection and is conserved from flies to mammals. Immunity. 2014; 40(1):51-65. Epub
2014/01/01. https://doi.org/10.1016/j.immuni.2013.10.020 PMID: 24374193; PubMed Central PMCID:
PMC3951734.

Brackney DE. Implications of autophagy on arbovirus infection of mosquitoes. Current Opinion in Insect
Science. 2017; 22:1-6. Epub 2017/08/15. https://doi.org/10.1016/j.cois.2017.05.001 PMID: 28805630;
PubMed Central PMCID: PMC6527323.

Turell MJ, Gargan TP, Bailey CL. Replication and dissemination of Rift Valley Fever Virus in Culex
Pipiens. The American Journal of Tropical Medicine and Hygiene. 1984; 33(1):176-81. https://doi.org/
10.4269/ajtmh.1984.33.176 PMID: 6696176

Weaver SC, Scherer WF, Cupp EW, Castello DA. Barriers to dissemination of Venezuelan Encephalitis
viruses in the middle American enzootic vector mosquito, Culex (Melanoconion) Taeniopus. The Ameri-
can Journal of Tropical Medicine and Hygiene. 1984; 33(5):953-60. https://doi.org/10.4269/ajtmh.1984.
33.953 PMID: 6541436

Mercer J, Schelhaas M, Helenius A. Virus entry by endocytosis. Annual Review of Biochemistry. 2010;
79:803-33. Epub 2010/03/04. https://doi.org/10.1146/annurev-biochem-060208-104626 PMID:
20196649.

Lozach PY, Mancini R, Bitto D, Meier R, Oestereich L, Overby AK, et al. Entry of Bunyaviruses into
mammalian cells. Cell Host & Microbe. 2010; 7(6):488—99. https://doi.org/10.1016/j.chom.2010.05.007
PMID: 20542252; PubMed Central PMCID: PMC7172475.

Wei QZ, Pinho S, Dong SX, Pierce H, Li HH, Nakahara F, et al. MAEA is an E3 ubiquitin ligase promot-
ing autophagy and maintenance of haematopoietic stem cells. Nature Communications. 2021;12(1).
https://doi.org/10.1038/s41467-021-22749-1 PMID: 33947846; PubMed Central PMCID:
PMC8097058.

Wang WH, Lin CY, Chang MR, Urbina AN, Assavalapsakul W, Thitithanyanont A, et al. The role of
galectins in virus infection—A systemic literature review. Journal of Microbiology, Immunology and
Infection. 2020; 53(6):925-35. Epub 2019/10/22. https://doi.org/10.1016/).jmii.2019.09.005 PMID:
31630962.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010642  July 18, 2022 17/18


https://doi.org/10.1371/journal.pntd.0006949
http://www.ncbi.nlm.nih.gov/pubmed/30452443
https://doi.org/10.1016/s1286-4579%2802%2901547-2
https://doi.org/10.1016/s1286-4579%2802%2901547-2
http://www.ncbi.nlm.nih.gov/pubmed/11909745
https://doi.org/10.3390/v7072795
http://www.ncbi.nlm.nih.gov/pubmed/26184281
https://doi.org/10.1016/j.pt.2017.12.004
http://www.ncbi.nlm.nih.gov/pubmed/29305089
https://doi.org/10.1093/jmedent/30.2.326
http://www.ncbi.nlm.nih.gov/pubmed/8459409
http://www.ncbi.nlm.nih.gov/pubmed/1895074
https://doi.org/10.1093/jmedent/28.3.378
http://www.ncbi.nlm.nih.gov/pubmed/1875364
https://doi.org/10.1371/journal.pntd.0007754
https://doi.org/10.1371/journal.pntd.0007754
http://www.ncbi.nlm.nih.gov/pubmed/32421713
https://doi.org/10.1016/j.immuni.2009.02.009
http://www.ncbi.nlm.nih.gov/pubmed/19362021
https://doi.org/10.1016/j.immuni.2012.03.003
https://doi.org/10.1016/j.immuni.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22464169
https://doi.org/10.1016/j.immuni.2013.10.020
http://www.ncbi.nlm.nih.gov/pubmed/24374193
https://doi.org/10.1016/j.cois.2017.05.001
http://www.ncbi.nlm.nih.gov/pubmed/28805630
https://doi.org/10.4269/ajtmh.1984.33.176
https://doi.org/10.4269/ajtmh.1984.33.176
http://www.ncbi.nlm.nih.gov/pubmed/6696176
https://doi.org/10.4269/ajtmh.1984.33.953
https://doi.org/10.4269/ajtmh.1984.33.953
http://www.ncbi.nlm.nih.gov/pubmed/6541436
https://doi.org/10.1146/annurev-biochem-060208-104626
http://www.ncbi.nlm.nih.gov/pubmed/20196649
https://doi.org/10.1016/j.chom.2010.05.007
http://www.ncbi.nlm.nih.gov/pubmed/20542252
https://doi.org/10.1038/s41467-021-22749-1
http://www.ncbi.nlm.nih.gov/pubmed/33947846
https://doi.org/10.1016/j.jmii.2019.09.005
http://www.ncbi.nlm.nih.gov/pubmed/31630962
https://doi.org/10.1371/journal.pntd.0010642

PLOS NEGLECTED TROPICAL DISEASES Vector competence and immune response of Aedes aegyptifor EBIV

55. Lin RJ, Huang CH, Liu PC, Lin IC, Huang YL, Chen AY, et al. Zinc finger protein ZFP36L1 inhibits influ-
enza A virus through translational repression by targeting HA, M and NS RNA transcripts. Nucleic Acids
Research. 2020; 48(13):7371-84. https://doi.org/10.1093/nar/gkaa458 PMID: 32556261; PubMed Cen-

tral PMCID: PMC7367194.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010642  July 18, 2022 18/18


https://doi.org/10.1093/nar/gkaa458
http://www.ncbi.nlm.nih.gov/pubmed/32556261
https://doi.org/10.1371/journal.pntd.0010642

