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Abstract. The objective of this work was to summarize and quantify Japanese encephalitis virus (JEV) infection,
dissemination, and transmission rates in mosquitoes, using a meta-analysis approach. Data were obtained from ex-
perimental studies, gathered by means of a systematic review of the literature. Random-effects subgroup meta-analysis
models by mosquito species were fitted to estimate pooled estimates and to calculate the variance between studies for
three outcomes of interest: JEV infection, dissemination, and transmission rates in mosquitoes. To identify sources of
heterogeneity among studies and to assess the association between different predictors (mosquito species, virus ad-
ministration route, incubation period, and diagnostic method) with the outcome JEV infection rate in vectors, we fitted
univariable meta-regression models. Mosquito species and administration route represented the main sources of het-
erogeneity associated with JEV infection rate in vectors. This study provided summary effect size estimates to be used as
reference for other investigators when assessing transmission efficiency of vectors and explored sources of variability for
JEV infection rates in vectors. Because transmission efficiency, as part of vector competence assessment, is an important
parameter when studying the relative contribution of vectors to JEV transmission, our findings contribute to further our
knowledge, potentially moving us toward more informed and targeted actions to prevent and control JEV in both affected

and susceptible regions worldwide.

INTRODUCTION

Japanese encephalitis virus (JEV) is a Flavivirus responsible
for approximately 67,900 annual cases of Japanese enceph-
alitis (JE) in Southeastern Asia and the Pacific Rim, and it is
considered the most important cause of viral encephalitis
worldwide."> Most of China, Southeast Asia, and the Indian
subcontinent experience JE outbreaks, with 75% of JE cases
occurring in children up to 14 years old. Clinical disease varies
from flu-like to severe neuropsychiatric symptoms.3*

Across all endemic regions, JEV is transmitted by mosqui-
toes, mainly from the Culex genus, and its epidemiology is
complex and dynamic. The most known competent vectors
within the Culex genus are: Culex tritaeniorhynchus, Culex
annulirostris, Culex annulus, Culex fuscocephala, Culex gelidus,
Culex sitiens, and the Culex vishnui species complex.® There
are two main transmission patterns, a wild cycle maintained by
birds, especially ardeid birds, such as egrets and herons, and
a domestic cycle associated with pigs. Humans do not con-
tribute to JEV transmission, as they are incidental hosts who
may become infected but are not able to transmit the virus.®
Viral genetic determinants appear to contribute only partially
to the epidemiological pattern of JEV, with environmental,
ecological, and immunological factors playing a paramount
role on the dynamics of the enzootic cycle of JE and JEV."2®
The emergence or reemergence of arboviruses is a global
concern, with JEV being among the viruses considered to be a
public health threat, due to its changing epidemiology and
geographic expansion over the past decades.” Furthermore,
the wide range of susceptible vector species for JEV and the
current scientific evidence pointing to the possibility of JEV
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introduction into new geographic regions, given the wide-
spread presence of competent mosquito and vertebrate host
species, calls for an accurate assessment of the different
parameters taking part in the epidemiology of JEV. Among
these parameters, vector competence is considered crucial,
as flavivirus-mosquito interactions are central to the epide-
miology of JEV and its epidemic potential.®#-"°

Transmission experiments allow the identification of the
mechanisms of infection, dissemination, and transmission of
JEV in mosquitoes, demonstrating which factors are de-
terminant for the mosquito’s ability to acquire, maintain, and
transmit the virus, i.e., virus competence.'® Reports of such
experiments are found in the literature, but no comprehensive
assessment of vector competence in all different mosquito
species tested to date has been performed."

A systematic review is a methodology used to gather in-
formation from the literature, providing a systematic, repeatable,
and robust framework for its compilation and evaluation.'>'3 A
further quantitative summary of the data extracted from the
systematic review is provided by a meta-analysis, which is a
statistical method that combines results from studies with the
purpose of estimating a summary effect measure. When data
are too heterogeneous to allow for such estimation, a meta-
regression may be performed to explore the sources of het-
erogeneity and thus further our understanding on the research
question being studied.®7'® To thoroughly assess infection,
dissemination, and transmission rates of mosquitoes, we
carried out a meta-analysis with the objective of quantitatively
assessing vector competence from experimental studies,
using data obtained from a systematic review of the literature.

METHODS

Systematic review of the literature. The first step of the
systematic review was to determine the research question and
search the literature in eight electronic databases and journal
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websites. These consisted of Web of Science, Pubmed,
Armed Forces Pest Management Board, The American Jour-
nal of Tropical Medicine and Hygiene, Journal of Medical
Entomology, Journal of the American Mosquito Control As-
sociation, Vector Borne and Zoonotic Diseases, and Google
Scholar. We performed an additional hand search of refer-
ences of nine key publications on JE and JEV (available in
Supplemental Table 1 of the Supplemental Materials) and all
literature searches were conducted between March and April
2016.

After identifying the articles, we screened the abstracts
for relevance, according to a set of inclusion and exclusion
criteria (available in the supplementary materials). The rele-
vance screening step was performed by two reviewers
(A.R.S.O. and L.E.), who worked independently and resolved all
conflicts by consensus or by consulting a third reviewer (N.C.).
Data from the relevant articles were subsequently retrieved
and recorded in an Excel (Microsoft Corp., Redmond WA)
spreadsheet template.

The assessment of the risk of bias, which aimed at evalu-
ating the internal and external validity of the relevant articles,
was performed based on a set of specific criteria that con-
sidered the study question, study population, inclusion and
exclusion criteria, study period, study area, exposures, out-
comes, and bias (for observational studies); and study ques-
tion, study population, intervention, experimental conditions,
experimental setting, randomization, blinding, and outcomes
(for experimental studies).

A complete list of search terms, summary of search results,
inclusion and exclusion criteria, outcomes, and identification
of key domains for the risk of bias assessment in observational
and experimental studies are available elsewhere.!” The ref-
erences of the articles included in the systematic review are
included in the supplementary materials (Supplemental
Table 2). We followed the guidelines described by Sargeant
and O’Connor'®'® and O’Connor et al.'>'® to perform the
systematic review, and the Cochrane Review Handbook
guidelines?® to conduct the risk of bias assessment.

Data analysis. Meta-analysis. To quantitatively assess
vector competence from experimental studies gathered in the
systematic review, three independent meta-analysis models
were carried out for outcomes of interest pertaining to vector
transmission efficiency, specifically: JEV infection rate in
vectors, JEV dissemination rate in vectors, and JEV trans-
mission rate in vectors. Infection rate is defined as the sum
of individual mosquitoes that test positive for JEV (or pools of
mosquitoes, if applicable) divided by the total number of
mosquitoes (or pools) tested. Dissemination rate, as defined
by Golnar et al.,?" is the proportion of mosquitoes that contain
virusin their legs, irrespective of their infection status, whereas
transmission rate is defined as the proportion of mosquitoes
that were orally exposed to JEV and transmitted the virus on
refeeding or contained the virus in their saliva or salivary
glands. All observations pertaining to all mosquito species
were included in the assessment of our outcomes of interest
with each entry corresponding to an observation within each
outcome. Several entries may pertain to the same article,
given that different records of the same mosquito species
(under different temperatures or incubation periods) may be
reported within the same article. Although the outcomes are
referred to as rates, infection, dissemination, and transmission
events are actually proportions, as the denominator does not

include atime component.22 Nonetheless, because these are
the terms most commonly used and recognized among en-
tomologists, we kept their usage, bearing in mind their appli-
cation within the context.

Infection, dissemination, and transmission rates reported
were first logit-transformed and standard errors (SE) of the
logit of the rates were computed, following the formulae pro-
vided by Sanchez et al.2%;

. (P _ !
Logit proportion =In (1 ) SE = nxpx(=p)

where p is the proportion of infection, dissemination, or
transmission and n is the sample size (i.e., total number of
mosquitoes).

Pooled logit estimates and their 95% confidence intervals
(Cl) were back-transformed for interpretation purposes,*
using the following formula:

elogit
P = ghogit 17

Because we assumed a priori that there was substantial
heterogeneity among the studies, we fitted a random-effects
meta-analysis model. We used the method of DerSimonian
and Laird®® to estimate the variance between studies, using a
restricted maximum likelihood (REML) algorithm. Weights are
reported as the percentage of the overall total and were
computed by mosquito species using a variation of the
inverse-variance approach.?® Using the metan command in
Stata-SE 12.0 (Stata Corp., College Station, TX), we ran in-
dependent models for the three different outcomes and per-
formed subgroup meta-analyses by mosquito species.

Meta-regression. Meta-regression models were fitted to
determine the association between predictors of interest with
infection, dissemination, and transmission rates in mosqui-
toes, as well as to identify sources of heterogeneity among the
studies.

Random effects meta-regression models were fitted with a
REML method using the metareg command in Stata-SE 12.0.
Outcomes and within-study SE were logit transformed. Ran-
dom effects meta-regression assumes that the true effects
follow a normal distribution around the linear predictor ac-
counting for residual heterogeneity and including study-level
predictors®? as follows:

Logit proportion ; = Bq 4 BX; + 1; + €,

where B is the intercept, BX; is the coefficient for the jth pre-
dictor, y; is the effect of study j, ¢; is the error term (differences
between studies due to sampling variation), ; ~ N(O, 2),
and e ~N(0,07).

For the quantification of heterogeneity between studies, we
used /-squared (/2), which depicts the proportion of total var-
iability in point estimates that can be attributed to heteroge-
neity.’® J-squared values were interpreted following the
recommendations by O’Connor et al.'® /? values of 0-40%:
unimportant heterogeneity; 30-60%: moderate heterogene-
ity; 50-90%: substantial heterogeneity; and 75-100%: con-
siderable heterogeneity.

Univariable meta-regression models were fitted to assess
the contribution of each predictor to the variation reported in
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the results across all studies. After that, a multivariable model
was carried out, when possible, by testing conditional asso-
ciations among multiple predictors.

Partial F-tests were used to assess the significance of the
association between the predictors and outcomes of interest
and P values < 0.1 were considered statistically significant,
determining the inclusion of the predictors in the multivariable
meta-regression models.

Predictors of interest for all three outcomes (JEV infection,
dissemination, and transmission rates) included mosquito
species, administration route, incubation period (in days), and
diagnostic method. Table 1 provides a detailed description of
these predictors.

Confounders were considered a priori based on causal di-
agrams, and assessment of confounding was performed by
carrying out bivariable analysis including each predictor in the
model at a time and checking for changes in the coefficients,
both in magnitude (> 30%) and direction, and changes in P
values of our main predictor of interest. If there was evidence
of aconfounding effect, the confounder was kept in the model.

Because overfitting of the model may affect the precision of
the parameter estimates and test statistics, which would
prevent us from building multivariable models, results from
univariable analyses are presented when fewer than 10 (k + 1)
observations were available in the dataset, where k is the
number of predictors in the model, as recommended by
Hosmer and Lemeshow (2000) (cited by 22).

Predictors and outcomes. Predictors of interest were se-
lected for model inclusion based on biological importance and
completeness of observations, and their definition is given in
Table 1.

Our main predictor of interest was mosquito species, which
included 50 genera or species (as reported in the articles).

Referent categories of predictors in the meta-regression
models were selected based on biological plausibility or
highest frequency of observations.

RESULTS

Systematic review of the literature. Thirty-three experi-
mental studies (out of the total 171 relevant articles) extracted
in the systematic review reported JEV infection, dissemina-
tion, or transmission rates in vectors and thus were consid-
ered in this meta-analysis.

Meta-analyses. A subgroup analysis by mosquito species
was performed for the three outcomes of interest. Tables 2-4

TaBLE 1

display the pooled estimates for each outcome and their 95%
Cl (logit and back-transformed estimates).

The magnitude of the pooled estimates across studies dif-
fered largely across all mosquito species. When reporting JEV
infection in vectors, pooled estimates ranged between 2% in
Aedes nigromaculis and 96% in C. annulirostris across the 29
studies included for this outcome. Japanese encephalitis virus
infection rate in C. tritaeniorhynchus was 52%, whereas the
overall pooled estimate of JEV infection rate across all mos-
quito species was 39% (Table 2).

Heterogeneity was considered unimportant for articles
reporting infection rates in Aedes togoi (° = 11.9%) and
Ochlerotatus vigilax (° = 28.6%), moderate (° values between
50% and 60%) for Culex pipiens, C. annulirostris, and C. annulus,
substantial ( greater than 60%) for studies reporting Aedes
albopictus, Culex pseudovishnui, and Ochlerotatus detritus and
considerable heterogeneity (i greater than 80%) for C. gelidus,
Culex pipiens molestus, C. tritaeniorhynchus, Culex pipiens
pallens, and Culex pipiens fatigans.

Subgroup analysis for JEV dissemination rate produced
pooled estimates ranging from 8% in Ochlerotatus noto-
scriptus to 76% in O. detritus. The overall pooled estimate of
JEV dissemination rate across all mosquito species was 42%
(Table 3).

Pooled estimates of JEV dissemination rate showed con-
siderable heterogeneity (/> > 80%) in Culex quinquefasciatus
and C. annulirostris, and moderate to substantial heteroge-
neity in C. sitiens, O. vigilax, and O. detritus (I2 = 50-60%)
across studies.

Pooled estimates from subgroup meta-analysis of studies
reporting JEV transmission rates varied between 0% in A. albo-
pictus and 80% in C. pipiens molestus (overall estimate = 33%)
(Table 4). Pooled estimates of JEV transmission rates showed
considerable heterogeneity across studies in C. gelidus (1 =
92.4%) and C. sitiens (/> = 83.9%); substantial heterogeneity
(P greater than 70%) in C. annulirostris, C. quinquefasciatus,
and C. tritaeniorhynchus; and moderate heterogeneity in
O. detritus (I? = 54.6%).

Because of the high heterogeneity found in the meta-analysis
models for the three outcomes reported, pooled estimates
were provided for reference only, and a meta-regression model
was fitted to explore sources of heterogeneity for the infection
rate outcome.

Meta-regression. Despite our a priori plan to conduct
univariable and multivariable meta-regression models for the
three outcomes of interest, we could only perform a univariable

Predictors pertaining to study characteristics included in the meta-analyses of infection, dissemination, and transmission rates

Variable Description

Categories

Mosquito species
Administration route

Diagnostic method Diagnostic method used for detecting JEV

Incubation period

Mosquito species or genera (reported as recorded)
Administration route used to experimentally infect mosquitoes

Several species (N = 50)

Oral feeding, intrathoracic inoculation, and vertical
transmission*

PCR, virus isolation (cell culture techniques or insect
bioassays), and virus isolation (with
immunofluorescence, hemagglutination inhibition
tests, or neutralization tests)t

Period (in days) between experimental infection and testingt -

JEV = Japanese encephalitis virus; PCR = polymerase chain reaction; RT-PCR = reverse transcription-polymerase chain reaction.
*Oral feeding comprises feeding on pledgets/membranes, on a host, or both. Intrathoracic inoculation pertains to virus inoculation in the thoracic region of the mosquito. Vertical transmission

includes parents infected intrathoracically or by oral feeding.

T PCRincludes real-time RT-PCR, RT-PCR alone, orin combination with antigen-capture enzyme assays (e.g., enzyme-linked immunosorbent assay) or virus isolation. Virus isolation (cell culture
techniques orinsect bioassays) may use cell culture techniques or insect bioassays. Virus isolation (withimmunofluorescence, hemagglutination inhibition tests, or neutralization tests) refers to virus
identification by serotype identification with antibodies (indirect immunofluorescence assay), hemagglutination inhibition tests, or neutralization tests.

1A mean value of incubation period was calculated whenever a range of days was reported, otherwise the actual incubation period, in days, was presented.
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TaBLE 2
Subgroup meta-analysis* of studies reporting JEV infection rates in vectors by mosquito species

Mosquito speciest Nt Effect size (logit) 95% Cl (logit) JEV infection rates§ 95% Cl (rates) % Weight I-squared (%)||
Aedes aegypti 1 -1.01 -1.58, -0.44 0.27 0.17,0.39 0.51 -
Aedes albopictus 14 -1.37 -1.84, -0.90 0.20 0.14,0.29 5.74 66.2
Aedes alcasidi 1 -0.92 -2.57,0.73 0.28 0.07,0.67 0.34 -
Aedes dorsalis 1 -3.40 -5.40, -1.40 0.03 0.00, 0.20 0.29 -
Aedes japonicus 1 2.20 0.73, 3.67 0.90 0.67,0.98 0.37 -
Aedes nigromaculis 1 -3.97 -4.95, -2.99 0.02 0.01,0.05 0.45 -
Aedes togoi 4 -0.24 -0.91,0.45 0.44 0.29, 0.61 1.50 11.9
Aedes vexans 1 -3.14 -5.14,-1.14 0.04 0.01,0.24 0.29 -
Aedes vexans nipponi 1 -0.20 -1.08, 0.68 0.45 0.25, 0.66 0.46 -
Armigeres flavus 1 -2.64 -4.68, -0.60 0.07 0.01,0.35 0.28 -
Armigeres subalbatus 6 -0.13 -1.08, 0.82 0.47 0.25, 0.69 2.18 65.0
Coquillettidia xanth 1 -2.08 -3.12,-1.04 0.11 0.04,0.26 0.44 -
Culex annulirostris 9 1.11 0.24,1.98 0.75 0.56, 0.88 2.79 55.7
Culex annulus 5 -0.30 -1.70,1.10 0.43 0.15,0.75 1.44 59.9
Culex fuscocephala 2 2.79 1.36, 4.23 0.94 0.80, 0.99 0.57 0.0
Culex gelidus 4 1.17 -0.65, 2.98 0.76 0.34,0.95 1.45 85.3
Culex pipiens 12 -0.35 -1.11,0.42 0.41 0.25, 0.60 3.82 58.9
C. pipiens (pipiens) 1 -1.87 -3.36, -0.38 0.13 0.03, 0.41 0.36 -
Culex pipiens fatiga 2 -1.66 -4.24,0.92 0.16 0.01,0.72 0.75 82.3
Culex pipiens molestus 2 -3.04 -5.39, -0.69 0.05 0.00, 0.33 0.88 90.2
Culex pipiens pallen 6 -1.73 -3.15,-0.32 0.15 0.04,0.42 2.27 86.6
Culex pseudovishnui 32 -0.74 -1.05, -0.42 0.32 0.26, 0.40 13.90 77.9
Culex quinquefasciatus 20 -0.67 -1.66, 0.31 0.34 0.16, 0.58 7.93 93.6
Culex sitiens 4 1.93 1.29, 2.56 0.87 0.78,0.93 1.60 0.0
Culex tarsalis 1 -4.40 -5.79, -3.01 0.01 0.00, 0.05 0.38 -
Culex tritaeniorhynchus 66 0.09 -0.17,0.35 0.52 0.46, 0.59 27.22 86.9
Culex vishnui 29 -0.94 -1.23, -0.65 0.28 0.23,0.34 12.52 69.4
Culiseta incidens 1 -3.16 -4.32,-2.00 0.04 0.01,0.12 0.42 -
Culiseta inornata 1 -3.27 -4.43, -2.11 0.04 0.01, 0.11 0.42 -
Mansonia septempunctata 1 0.69 -0.15,1.53 0.67 0.46, 0.82 0.47 -
Ochlerotatus detritus 4 0.25 -0.74,1.25 0.56 0.32,0.78 1.72 73.2
Ochlerotatus kochi 1 -1.30 -2.20, -0.40 0.21 0.10, 0.40 0.46 -
Ochlerotatus notoscr 2 -1.02 -1.62, -0.42 0.27 0.16, 0.40 0.76 0.0
Ochlerotatus vigilax 3 -1.21 -1.94,-0.48 0.23 0.13,0.38 1.20 28.6
Opifex fuscus 1 1.05 0.42,1.68 0.74 0.60, 0.84 0.50 -
Toxorhynchites amboinensis 5 -0.25 -1.04, 0.55 0.44 0.26, 0.63 1.59 0.0
Toxorhynchites brevipalpis 2 -0.80 -2.18,0.59 0.31 0.10, 0.64 0.58 0.0
Toxorhynchites rutilus 1 -0.41 -2.19,1.37 0.40 0.10, 0.80 0.32 -
Toxorhynchites theobaldi 1 -0.41 -2.19,1.37 0.40 0.10, 0.80 0.32 -
Verrallina funerea 1 0.30 -0.15,0.75 0.57 0.46, 0.68 0.52 -
Overall - -0.43 -0.59, -0.28 0.39 0.36, 0.43 100.00 -

Cl=confidence interval; JEV = Japanese encephalitis virus. Each effect size€ represents pooled estimates of the outcome for each mosquito species, and the overall represents the overall pooled
estimate across all mosquito species. N = 251 entries.

*Random-effects meta-analysis using the method of DerSimonian and Laird?® to estimate the variance between studies, using a restricted maximum likelihood algorithm.

1 Species are reported as recorded in the original articles.

1 Entries correspond to the times a certain mosquito species was recorded within a specific outcome (# number of articles, i.e., several entries may pertain to the same article).

§p = (godit /[gogt + 1]).

|| I-squared = proportion of total variability in point estimates that can be attributed to heterogeneity. Prange: 11.9% (Aedes togoi, P value = 0.50) to 93.6% (Culex quinquefasciatus, P value = 0.18).

9 Computed for the group of studies reporting JEV infection rates in each mosquito species.

meta-regression model for JEV infection rate. No multivariable
meta-regression models could be fitted because of the insufficient
number of observations or lack of evidence of statistically signif-
icant conditional associations between predictors and outcomes.

Mosquito species and administration route were signifi-
cantly associated (P value < 0.1) with JEV infection in vectors
in the univariable screen (Table 5).

Aedes japonicus, C. annulirostris, C. fuscocephala, C. gelidus,
C. sitiens, Mansonia septempunctata, O. detritus, Opifex fuscus,
and Verrallina funerea showed higher proportion of JEV in-
fection rates compared with C. tritaeniorhynchus, which is
considered the most relevant vector species for JEV.

Furthermore, higher JEV infection rates were reported across
studies in which intrathoracic inoculation was used, compared
with oral feeding. Conversely, compared with oral feeding, vertical
transmission was associated with lower infection rates (Table 5).

Associations between incubation period and diagnostic
method with dissemination rate were not statistically significant

(P value = 0.51; and P value = 0.37, respectively). We could not
fit univariable meta-regression models to evaluate associations
between the administration route or mosquito species with
dissemination rate because of an insufficient number of articles
reporting values for these predictors. Similarly, univariable
meta-regression models could not be carried out to investigate
the association between the administration route with the JEV
transmission rate. Associations between mosquito species,
incubation period, and diagnostic method with JEV trans-
mission rate were not statistically significant (P value = 0.46;
P value = 0.51; and P value = 0.37, respectively).

DISCUSSION

To date, this is the first study aiming at summarizing in-
formation from experiments related to JEV infection, dissemi-
nation, and transmission rates in vectors using a meta-analysis
methodology and by combining the results from multiple
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TaBLE 3
Subgroup meta-analysis* of studies reporting JEV dissemination rates in vectors grouped by mosquito species
Mosquito speciest Nt Effect size (logit) 95% Cl (logit) JEV dissemination rates§ 95% Cl (rates) % Weight I-squared (%)||
Culex annulirostris 5 -0.40 -1.48, 0.68 0.40 0.19, 0.66 21.90 85.4
Culex gelidus 1 -1.21 -1.68, -0.74 0.23 0.16, 0.32 5.26 -
Culex pipiens 1 -0.41 -2.19,1.37 0.40 0.10, 0.80 3.20 -
Culex quinquefasciatus 5 0.42 -0.57,1.41 0.60 0.36, 0.80 22.26 82.6
Culex sitiens 4 -1.44 -2.28,-0.60 0.19 0.09, 0.35 16.41 51.7
Ochlerotatus detritus 3 1.18 -0.11,2.46 0.76 0.47,0.92 12.21 69.7
Ochlerotatus notoscriptus 1 -2.44 -3.48,-1.40 0.08 0.03,0.20 4.44 -
Ochlerotatus vigilax 2 -1.09 -2.12,-0.06 0.25 0.11,0.49 9.35 62.1
Opifex fuscus 1 0.85 0.14,1.56 0.70 0.54,0.83 4.96 -
Overall - -0.33 -0.83,0.16 0.42 0.30, 0.54 100.00 -

Cl =confidence interval; JEV = Japanese encephalitis virus. Each effect sizeq represents pooled estimates of the outcome for each mosquito species and the overall represents the overall pooled

estimate across all mosquito species. N = 23 entries.

*Random-effects meta-analysis using the method of DerSimonian and Laird?® to estimate the variance between studies, using a restricted maximum likelihood algorithm.

T Species are reported as recorded in the original articles.

1 Entries correspond to the times a certain mosquito species was recorded within a specific outcome (# number of articles, i.e., several entries may pertain to the same article).

§p= (€09 /[go9t + 1]).

|| /-squared = proportion of total variability in point estimates that can be attributed to heterogeneity. P range: 62.1% (Ochlerotatus vigilax, P-value = 0.04) to 85.4% (Culex annulirostris,

P value = 0.47).

€ Computed for the group of studies reporting JEV dissemination rates in each mosquito species.

research articles gathered using a systematic review of the lit-
erature. Moreover, by performing meta-regression models, we
explored some sources of heterogeneity that could explain the
variation reported in pooled estimates from the meta-analysis
models. Differences across studies, including those related to
study design (e.g., observation period and duration, blinding,
type of test used to measure outcomes, misclassification of the
outcomes, etc.), can explain artifactual (methodological) het-
erogeneity. Real sources of variability, arising when there are
true differences in effects across studies, along with artifactual
variability are reflected in the evaluation of heterogeneity.??
Because most studies included in this work were animal and
entomological studies, real sources of variability are expected,
as these correspond to the biological diversity inherently as-
sociated with this type of studies. Diverse ecological and

helped us assess the consistency of effects across studies to
then determine the value and generalizability of the findings.

Highest JEV infection rates were reported in C. annulirostris,
C. sitiens, and C. fuscocephala, which supports previous re-
search claiming that mosquito species with importance as
JEV vectors belong to the Culex genus.?® A. japonicus, how-
ever, was also among the species with the highest JEV in-
fection rates (90%), reflecting the wide range of mosquito
species that may become infected with JEV, as pointed by
previous research.®1°

Nonetheless, and although infection rates usually provide
an estimate of prevalence of viral infection in a mosquito
population, it is not always a direct indicator of risk for reasons
discussed by Bustamante and Lord.?” The proportion of
mosquitoes that are capable of virus transmission (i.e., in-

fectious mosquitoes) is not a constant fraction of the number
of infected mosquitoes. Also, mosquito sampling, pooling,

geographical characteristics can also contribute toward bi-
ological variation. The statistical quantification of heterogeneity

TaBLE 4
Subgroup meta-analysis* of studies reporting JEV transmission rates in vectors grouped by mosquito species

Mosquito speciest Nt Effect size (logit) 95% Cl (logit) JEV transmission rates§ 95% Cl (rates) % Weight I-squared (%)||
Aedes aegypti 1 -1.10 -1.69, -0.51 0.25 0.16,0.37 2.66 -
Aedes albopictus 3 -5.57 -11.02, -0.13 0.00 0.00, 0.47 0.32 0.0
Aedes japonicus 1 1.10 -1.15,3.35 0.75 0.24,0.97 1.16 -
Aedes vexans nipponi 1 -0.69 -2.40,1.02 0.33 0.08,0.73 1.57 -
Coquillettidia xanthogaster 1 -2.64 —-4.68, —0.60 0.07 0.01,0.35 1.31 -
Culex annulirostris 4 -0.13 -1.31,1.05 0.47 0.21,0.74 8.27 74.9
Culex fuscocephala 4 -1.64 -2.52,-0.76 0.16 0.07,0.32 5.96 0.0
Culex gelidus 5 -0.71 -1.64,0.23 0.33 0.16, 0.56 12.25 92.4
Culex pipiens 2 -2.44 -3.62, -1.26 0.08 0.03,0.22 3.12 0.0
Culex pipiens molestus 1 1.39 -0.81, 3.59 0.80 0.31,0.97 1.20 -
Culex quinquefasciatus 6 -0.23 -1.21,0.75 0.44 0.23, 0.68 12.20 76.4
Culex sitiens 3 -1.15 -3.30, 0.99 0.24 0.04,0.73 5.28 83.9
Culex tritaeniorhynchus 13 -0.56 -1.25,0.14 0.36 0.22,0.53 25.40 76.4
Mansonia septempunctata 1 0.17 -0.63, 0.97 0.54 0.35,0.73 2.46 -
Ochlerotatus detritus 6 -0.70 -1.56, 0.17 0.33 0.17,0.54 10.44 54.6
Ochlerotatus notoscriptus 2 -1.10 -2.24,0.04 0.25 0.10, 0.51 3.12 0.0
Ochlerotatus vigilax 1 -1.95 -4.05,0.15 0.12 0.02, 0.54 1.27 -
Verrallina funerea 1 -1.61 -2.85, -0.38 0.17 0.05, 0.41 2.02 -
Overall - -0.71 -1.02, -0.40 0.33 0.26, 0.40 100.00 -

Cl =confidence interval; JEV = Japanese encephalitis virus. Each effect sizeq represents pooled estimates of the outcome for each mosquito species and the overall represents the overall pooled
estimate across all mosquito species. N = 56 entries.

*Random-effects meta-analysis using the method of DerSimonian and Laird®® to estimate the variance between studies, using a restricted maximum likelihood algorithm.

T Species are reported as recorded in the original articles.

I Entrie‘s corrlespond to the times a certain mosquito species was recorded within a specific outcome (# number of articles, i.e., several entries may pertain to the same article).

§p=(e°9" /[t +1]).

|| I-squared = proportion of total variability in point estimates that can be attributed to heterogeneity. 1 range: 54.6% (Ochlerotatus detritus, P-value = 0.11)to 92.4% (Culex gelidus, P-value = 0.14).

€ Computed for the group of studies reporting JEV transmission rates in each mosquito species.
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TABLE 5
Coefficients, P values, and 95% CI of the association of predictors of interest on JEV infection rates in vectors (from univariable meta-regression

models®) N = 29 studies

Variable N Coefficient (logit) Standard error (logit) 95% Cl (logit) P value Overall P value
Mosquito speciest - - - - - <0.01
Culex tritaeniorhynchus 13 Reference - - - -
Aedes aegypti 2 -1.15 1.21 -3.54,1.23 0.34 -
Aedes albopictus 5 -1.57 0.39 -2.33,-0.80 <0.01 -
Aedes alcasidi 1 -1.06 1.45 -3.92,1.79 0.46 -
Aedes dorsalis 1 -3.54 1.56 -6.62, -0.47 0.02 -
Aedes japonicus 1 2.06 1.40 -0.70, 4.81 0.14 -
Aedes nigromaculis 1 -4.11 1.28 -6.63, -1.60 0.00 -
Aedes togoi 1 -0.20 0.71 -1.60, 1.19 0.77 -
Aedes vexans 2 -3.28 1.56 -6.36, —-0.21 0.04 -
Aedes vexans nipponii 1 -0.34 1.26 -2.82,2.14 0.79 -
Armigeres flavus 1 -2.78 1.57 -5.89, 0.32 0.08 -
Armigeres subalbatus 2 -0.27 0.59 -1.44,0.90 0.65 -
Coquilletiidia xanthogaster 1 -2.22 1.29 -4.76, 0.32 0.09 -
Culex annulirostris 3 0.70 0.55 -0.38,1.79 0.20 -
Culex annulus 1 -0.44 0.71 -1.84,0.97 0.54 -
Culex fuscocephala 1 2.65 1.12 0.45,4.85 0.02 -
Culex gelidus 3 0.92 0.72 -0.49,2.34 0.20 -
Culex pipiens 3 -0.48 0.46 -1.38, 0.42 0.30 -
Culex pipiens (pipiens) 1 -2.01 1.40 -4.78,0.75 0.15 -
Culex pipiens fatigans 1 -1.67 0.99 -3.62,0.27 0.09 -
Culex pipiens molestus 2 -3.16 0.92 -4.97,-1.35 <0.01 -
Culex pipiens pallens 4 -1.79 0.58 -2.94, -0.65 <0.01 -
Culex pseudovishnui 2 -0.82 0.28 -1.37,-0.27 <0.01 -
Culex quinquefasciatus 8 -0.77 0.34 -1.44,-0.09 0.03 -
Culex sitiens 1 1.78 0.69 0.43,3.14 0.01 -
Culex tarsalis 1 -4.54 1.37 -7.25,-1.83 <0.01 -
Culex vishnui 1 -1.00 0.29 -1.57,-0.43 <0.01 -
Culiseta incidens 1 -3.30 1.32 -5.90, -0.71 0.01 -
Culiseta inornata 1 -3.41 1.32 -6.01, -0.82 0.01 -
Mansonia septempunctata 1 0.55 1.25 -1.92, 3.01 0.66 -
Ochlerotatus detritus 1 0.10 0.67 -1.21,1.41 0.88 -
Ochlerotatus kochi 1 -1.44 1.26 -3.93,1.04 0.25 -
Ochlerotatus notoscriptus 1 -1.28 0.98 -3.21,0.66 0.20 -
Ochlerotatus vigilax 1 -1.39 0.79 -2.94,0.16 0.08 -
Opifex fuscus 1 0.91 1.22 -1.49, 3.30 0.46 -
Toxorhynchites theobaldi 1 -0.55 1.49 -3.49, 2.38 0.71 -
Toxorhynchites amboinensis 1 -0.39 0.68 -1.73,0.96 0.57 -
Toxorhynchites brevipalpis 1 -1.00 1.11 -3.18,1.18 0.37 -
Toxorhynchites rutilus 1 -0.55 1.49 -3.49,2.38 0.71 -
Verrallina funerea 1 0.16 1.20 -2.20, 2.51 0.90 -
Intercept - 0.14 0.16 -0.18,0.46 0.38 -
Administration route
Oral feeding 24 Reference - - - <0.01
Intrathoracic inoculation 3 0.14 0.44 -0.73,1.00 0.75 -
Vertical transmission 4 -1.05 0.27 -1.58, -0.52 <0.01 -
Intercept - -0.27 0.11 —-0.48, -0.06 0.01 -

Cl = confidence intervals; JEV = Japanese encephalitis virus.

*Random effects meta-regression models using the restricted maximum likelihood method.

T Species are reported as recorded in the original articles.

and virus testing tend to underestimate infection rates in
mosquito populations. Thus, the risk of arbovirus transmission
to humans and animals is not always directly proportional to
higher infection rates. For this reason, when estimating the risk
of arbovirus transmission, infection rates should always be
taken into account along with other parameters, such as
mosquito abundance (including abundance of parous females
and changes in the relative abundance of total mosquitoes),
age, climate, and other environmental factors (temperature,
humidity, and rainfall patterns), and previous data records that
compare baseline transmission patterns with those occurring
in periods of epizootics and epidemics.?’

Dissemination and transmission rates provide us with more
information regarding mosquito infectiousness, as opposed
to mosquito infection.?! Mosquito species with the highest

dissemination rates included O. detritus (76%) and O. fuscus
(70%), none of which were among the species with the highest
infection rates, actually supporting the hypothesis provided by
Bustamante and Lord.?” The highest JEV transmission rates
were reported in C. pipiens molestus (80%) and A. japonicus
(75%). Whereas the former reported a low infection rate (5%),
the latter had one of the highest infection rates reported in the
meta-analysis model for that outcome. According to the
European Center for Disease Prevention and Control,?®
A. japonicus has become the third most abundant invasive
mosquito species reported in Europe, mainly because of in-
ternational trade in used tires. Similarly, this mosquito species
has also been reported in the United States,?® thus making
A. japonicus a potential JEV vectorin North America, should all
other transmission conditions be met.
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Nevertheless, it is important to point out that mosquito
species with high infection, dissemination, and transmission
rates are reported in very few studies (with the exception of
C. annulirostris, which is represented in three articles, all other
mosquito species mentioned as having high infection, dis-
semination, and transmission rates are reported in one article).
The limited number of studies used in the meta-analysis
models affects the precision of the estimates and warrants
the need of future research focusing on dissemination and
transmission experiments on mosquito species which have
been previously identified as competent for JEV.

Studies pertaining to C. tritaeniorhynchus, which is considered
the most significant JEV vector in Asia®>*®3%3! and whose
competence for JEV has been demonstrated in laboratory ex-
periments,® resulted in a pooled estimate of the JEV trans-
mission rate of 36%, which is lower than many other mosquito
species not commonly associated with JEV infection and
transmission, such as A. japonicus (although transmission re-
sults for C. tritaeniorhynchus pertained to six experimental
studies, as opposed to only one for A. japonicus).

The low number of articles included in the models, especially
for the outcomes JEV dissemination (N = 7) and JEV trans-
mission rates (N = 15), prevented us from building multivariable
meta-regression models to explore concurrent sources of
heterogeneity. Univariable meta-regression models could,
nonetheless, be fitted for the JEV infection rate outcome.
Factors contributing to the heterogeneity observed were
mosquito species and administration route. Several mosquito
species (A. japonicus, C. annulirostris, C. fuscocephala,
C. gelidus, C. sitiens, M. septempunctata, O. detritus, O. fuscus,
and V. funerea) reported higher proportion of JEV infection rates
compared with C. tritaeniorhynchus. Pooled estimates for JEV
infection showed unimportant heterogeneity for A. togoi and
O. vigilax, and moderate for C. pipiens fatigans, C. pipiens, and
C. annulirostris. Similarly, O. detritus showed moderate het-
erogeneity in the JEV transmission outcome. Therefore, those
pooled estimates could be used as input parameters in risk
assessment models that aim at estimating risk profiles of JEV
introduction in susceptible regions. However, except for
C. pipiens and C. annulirostris, all other mosquito species
pertained to one article, which might explain the lower values of
I? observed, limiting their usefulness.

Administration route was another important source of het-
erogeneity, with higher JEV infection rates being reported
across studies in which intrathoracic inoculation was the ad-
ministration route used, compared with oral feeding. In-
trathoracic inoculation is considered a more direct method of
experimental mosquito infection, as the virus is directly in-
oculated into the thorax of mosquitoes, which may explain the
higher rates reported. Oral feeding, on the other hand, as a
method of inoculation has higher external validity, as it re-
sembles the actual infection process occurring in nature,
where mosquitoes feed orally on infected hosts before they
become infected. Because JEV must pass the mosquito’s
midgut barrier, not all infected mosquitoes become in-
fectious,27 which aligns with the lower rates found in articles
reporting this inoculation route. Vertical transmission, which
occurs when an infected female mosquito passes the virus to
its offspring, either by transovarial transmission or during
oviposition in the fully formed egg,® is associated with lower
JEV infection rates across mosquito species. Considered as a
strategy by which JEV survives the cold season in temperate

regions in Asia, the lower infection rates reported in articles
where vertical transmission occurred is not surprising, as the
virus has more barriers to cross (the ovaries of the female
parent mosquito or the egg), other than the midgut, before
reaching the salivary glands, where it is readily available for
infecting a host.

Incubation period and the diagnostic method, considered
sources of methodological heterogeneity for these outcomes,
did not explain the variability found across studies. In addition
to the low number of studies eligible for data extraction, most
studies reported general, as opposed to specific, methodo-
logical details (e.g., range of days versus specific number of
days of incubation period and type of diagnostic test versus
specific test used), which limited our ability to determine
whether the variation in findings was compatible with chance
alone. In addition, although temperature was recorded in the
datasets, it was not considered as a predictor in the meta-
regression models because we assumed it was causally re-
lated to the outcomes only through incubation period, which
was considered a predictor of interest. Based on our causal
diagrams, temperature was considered a simple antecedent
variable, and its inclusion in the meta-regression models
would have not changed the association between incubation
period with the vector competence outcomes.? Nonetheless,
incubation period was not a significant source of heteroge-
neity explaining the variation among studies for any of the
outcomes. This could be related to the limited number of
studies included, which prevented us from finding a significant
statistical association.

The meta-analyses performed in the present study allowed
us to recognize the large variability among experimental
studies reporting JEV infection, dissemination, and trans-
mission rates in vectors, making results challenging to con-
trast and synthesize. Regardless, we provided a quantitative
summary of the results of multiple articles reporting JEV in-
fection, dissemination, and transmission rates in vectors,
expanding our knowledge on transmission efficiency of vec-
tors, thus leading to a better understanding of vector com-
petence and the relative importance of vectors in JEV
transmission.

As suggested by Lord et al.,'" assessing the ability of
mosquito species to become infected and subsequently
transmit JEV is an important step that leads to the accurate
quantification of the role different vectors play in JEV trans-
mission. The relative roles of potential vector species in JEV
transmission are useful parameters to be inputted in different
models, such as mathematical models that study the trans-
mission patterns of arboviruses.”' Furthermore, the relative
importance of different vectors is considered as a surrogate
measure for direct estimates of vectorial capacity (i.e., daily
rate at which future inoculations arise from an infective case),
which are highly demanding of data and thus impractical to
assess.®*

Because JEV competence experiments, particularly trans-
mission efficiency experiments, improve our understanding of
which vector species contribute to JEV transmission, they aid
in the assessment of the potential for JEV to spread to new
geographical areas globally. By advancing our knowledge on
transmission risk in space and time, better decisions re-
garding mitigation strategies, including vaccination programs
directed toward the populations and regions at higher risk,
may be achieved and more informed efforts targeted. "
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Due to the limited number of studies available for the JEV
dissemination and transmission outcomes, sources of het-
erogeneity could not be explored. Therefore, more studies on
JEV dissemination and transmission in vectors should be
carried out to address this gap and provide more data to help
further our knowledge and to increase the precision of esti-
mates for the different mosquito species, to use them as input
parameters in risk assessment models aiming at studying risk
profiles of JEV introduction in presently JEV-free regions.
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