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Abstract
The globalization of mosquito-borne arboviral diseases has placed more than half of the
human population at risk. Understanding arbovirus ecology, including the role individual
mosquito species play in virus transmission cycles, is critical for limiting disease. Canonical
virus-vector groupings, such as 4edes- or Culex-associated flaviviruses, have historically
been defined using phylogenetic associations, virus isolation in the field, and mosquito
feeding patterns. These associations less frequently rely on vector competence, which
quantifies the intrinsic ability of a mosquito to become infected with and transmit a virus
during a subsequent blood feed. Herein, we quantitatively synthesize data from 80 laboratory
vector competence studies of 115 mosquito-virus pairings of Australian mosquito species and
viruses of public health concern to further substantiate existing canonical vector-virus
groupings, uncover new associations, and quantify variation within these groupings. Our
synthesis reinforces current canonical vector-virus groupings but reveals substantial variation
within them. While 4edes species were generally the most competent vectors of canonical
“Aedes-associated flaviviruses” (such as dengue, Zika, and yellow fever viruses), there are
some notable exceptions; for example, Aedes notoscriptus is an incompetent vector of dengue
viruses. Culex spp. were the most competent vectors of many traditionally Culex-associated
flaviviruses including West Nile, Japanese encephalitis and Murray Valley encephalitis
viruses, although some Aedes spp. are also moderately competent vectors of these viruses.
Conversely, many mosquito genera were associated with the transmission of the arthritogenic
alphaviruses, Ross River, Barmah Forest, and chikungunya viruses. We also confirm that
vector competence is impacted by multiple barriers to infection and transmission within the
mesenteron and salivary glands of the mosquito. Although these barriers represent important

bottlenecks, species that were susceptible to infection with a virus were often likely to
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transmit it. Importantly, this synthesis provides essential information on what species need to

be targeted in mosquito control programs.

Keywords

Mosquito; arbovirus; vector competence; public health; Australia; infection barriers

Author summary

There are over 3,500 species of mosquitoes in the world, but only a small proportion are
considered important vectors of arboviruses. Vector competence, the physiological ability of
a mosquito to become infected with and transmit arboviruses, is used in combination with
virus detection in field populations and analysis of vertebrate host feeding patterns to
incriminate mosquito species in virus transmission cycles. Here, we quantified the vector
competence of Australian mosquitoes for endemic and exotic viruses of public health concern
by analyzing 80 laboratory studies of 115 mosquito-virus pairings. We found that Australia
has species that could serve as efficient vectors for each virus tested and it is these species
that should be targeted in control programs. We also corroborate previously identified virus-
mosquito associations at the mosquito genus level but show that there is considerable
variation in vector competence between species within a genus. We also confirmed that
vector competence is influenced by infection barriers within the mosquito and the
experimental protocols employed. The framework we developed could be used to synthesize

vector competence experiments in other regions or expanded to a world-wide overview.
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Introduction
Mosquito-borne arboviruses infect hundreds of millions of people and animals annually thus
representing a major global public and veterinary health threat [1, 2]. The viruses responsible
for severe clinical disease predominately belong to the viral families Flaviviridae and
Togaviridae [2]. Globally important flaviviruses include the dengue viruses (DENVs) which
cause 50 to 100 million symptomatic infections each year, the encephalitogenic Japanese
encephalitis (JEV) and West Nile (WNV) viruses, which have expanded their geographical
ranges in the last 25 years, and Zika virus (ZIKV), which is now recognized as a potential
cause of severe congenital abnormalities [3-5]. Alphaviruses in the family Togaviridae from
the Americas, such as eastern, western and Venezuelan encephalitis viruses are associated
with encephalitis, whilst chikungunya (CHIKV) and Ross River (RRV) viruses, which
originated in Africa and Australasia, respectively, have caused explosive epidemics of
debilitating polyarthritis as they have invaded virgin ecosystems [6].

Combating mosquito-borne disease begins with understanding which mosquito
species can transmit these viruses and how effectively they do so. Broad and extensive
knowledge regarding the importance of different mosquito genera as arbovirus vectors has
been gained in previous studies through phylogenetic analyses of the genetic groupings of
arboviral families and their correlation with known associated mosquito genera. Phylogenetic
analysis of non-structural five (NS5) gene sequences coupled with their respective vector
associations initially classified the flaviviruses into three clusters: viruses without a known
vector, tick-borne viruses, and mosquito-borne viruses [7]. Further analyses by Gaunt et al.
[8] and Moureau et al. [9] using additional genes and more comprehensive datasets
subdivided the mosquito-borne flaviviruses into 4edes-associated flaviviruses (AAFVs; e.g.,
DENVs in de. aegypti [10]) and Culex-associated flaviviruses (CAFVs; e.g., WNV in

members of the Culex pipiens species complex [11]). Isolation of viruses from mosquitoes in
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97  the field and identification of mosquito host-feeding patterns, specifically whether vector

98  species feed on vertebrate hosts of the virus [8], has been used to reinforce these

99 classifications.
100 Groupings based on these criteria can only provide an indirect or inferred measure of
101  the importance of different mosquito genera as arbovirus vectors. Assessing the innate
102 physiological ability of each mosquito species to act as a vector can strengthen mosquito
103 genus—viral family groupings and help to quantify variation within them. Laboratory-based
104  vector competence studies provide quantitative measures of a mosquito’s physiological
105  ability to become infected with and transmit arboviruses by assessing the progression of a
106  pathogen through four different barriers primarily associated with the mosquito mesenteron
107  (midgut) and salivary glands (Fig 1), all of which must be overcome for the virus to
108  ultimately be transmitted to a susceptible host [12-15]. After a mosquito takes a virus-laden
109  blood meal, the virus must first overcome the mosquito's mesenteronal infection barrier by
110  binding to specific receptors on the epithelial cells (Fig 1, part 2). Passage of this barrier is
111  measured by detecting virus in an infected mosquito’s body or the dissected mesenteron. The
112 pathogen must then bypass the mesenteronal escape barrier, which limits dissemination of the
113 pathogen from the mesenteronal epithelial cells [16, 17] (Fig 1, part 3). The detection of virus
114  in the legs, wings or head of a mosquito indicates that the virus has disseminated from the
115  mesenteron via the hemolymph to other tissues and organs (Fig 1, part 4; [18]). Finally, the
116  pathogen must successfully travel to, infect and replicate within, the salivary glands to a level
117  sufficient for transmission [14, 19-21] (Fig 1, parts 5-6). Alternatively, if the virus does not
118 infect the salivary glands or is not released in the saliva during probing and/or feeding, then
119  the mosquito is considered to possess salivary gland infection or escape barriers, respectively.
120  Expression of one or more of these barriers ultimately limits the ability of a given mosquito

121  to transmit a virus.
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122

123 Figure 1. The steps involved in the successful transmission of an arbovirus by a

124 mosquito. 1. Virus is ingested along with the blood meal from a viremic host; 2. The

125  infected blood meal is deposited in the posterior section of the mesenteron (midgut). 3. The
126  virus infects and replicates in the epithelial cells of the mesenteron; 4. The virus disseminates
127  from the mesenteronal epithelial cells via the hemolymph and infects other tissues, such as fat
128  bodies or neural tissue, where it can undergo another round of replication. 5. The virus then
129  infects the cells of the salivary glands. 6. The virus is then released in the saliva when the
130  mosquito probes another vertebrate host.

131

132 In vector competence experiments, mosquitoes are exposed to either a previously

133 infected animal or an artificial blood meal containing the virus [22]. At different time points
134 post-exposure, mosquito infection and disseminated infection status is tested by processing

135  whole bodies or body parts, such as mesenterons, heads, legs and/or wings. Mosquitoes are
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136  then assessed for their ability to transmit the pathogen using either a susceptible animal

137  model [18, 23] or an in vitro system of saliva collection [24]. Mosquitoes that do not express
138  Dbarriers to infection, dissemination, and transmission from the salivary glands are considered
139  competent vectors. Conversely, species that strongly express any barriers that limit

140  transmission are considered either poorly competent or incompetent; species whose

141  mesenterons do not get infected after being exposed to an infectious blood meal are

142 refractory to infection.

143 As single experiments tend to focus on the competence of specific mosquito species
144  for a specific virus, a synthesis of many vector competence experiments is needed to

145  corroborate known, identify new, and quantify variation within virus—mosquito associations
146  across a broad range of mosquito and virus species. Australia is a particularly interesting case
147  study for assessing vector competence because the island continent is climatically and

148  biologically diverse, contains many ecologically distinct native and introduced mosquito

149  species, and has experienced historical and emerging arbovirus threats. Australia has a

150  history of outbreaks of endemic and exotic mosquito-borne arboviruses, the latter initiated by
151  arrival of viremic travelers [25-28], and is potentially receptive to transmission of globally
152  emergent arboviruses, such as ZIKV, CHIKV and the highly pathogenic North American

153  WNV strains [29-31]. Thus, numerous laboratory-based experiments have been undertaken to
154  assess the vector competence of Australian mosquito species for a range of virus species,

155  with the overall aims of incriminating vectors and aiding targeted control strategies. Using
156  data and measures of vector competence from 80 publications on Australian mosquito

157  species, this study broadly assesses patterns of vector competence between mosquito genera
158  and medically important viruses of the Togaviridae and Flaviviridae families. Importantly,
159 Dby focusing on a single geographical region where common mosquito species have been

160  tested for a range of endemic and exotic viruses, we avoid the issues of using data on a global
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scale, which is disproportionately centered on a limited number of mosquito species and

viruses that present the largest public health threats. The Australian vector competence

studies provide the ideal data for us to address four primary sets of questions:

1.

Do mosquito—virus associations derived from Australian vector competence
experiments reinforce or refute canonical associations based on phylogenetic
relationships, virus isolation studies, and analysis of host feeding patterns? For
example, are the canonical groupings of Aedes- or Culex-associated flaviviruses
supported at the genus level, and are AAFVs and CAFVs only transmitted by Adedes
spp. and Culex spp. respectively?

How much variation exists among mosquito species within a genus in their
competence for the viruses within a given group?

What is the strength of the correlation between infection, dissemination, and
transmission and which barriers to these processes are most limiting for vector
competence?

What implications do the experimental design, methodology and extensiveness of
individual studies have, and how does this affect our understanding of vector

competence?

Methods

Data collection

All available Australian vector competence studies were collected by a single author (AvdH)

using electronic databases, reference lists, hand searches, and institutional reports. A second

author (EBS) then systematically searched for additional publications using a combination of

the following search terms on Google Scholar: (mosquito* OR vector*) AND (competence

OR infection OR dissemination OR transmission) AND (virus OR arbovirus OR flavivirus
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186  OR alphavirus) AND Australia. Studies were included if: a) they were original research; b)
187  the viruses used were of human health importance; ¢) they assessed at least one mosquito
188  species with an Australian genetic background. These studies were then filtered to ensure
189  that: a) viruses originated from field isolates and were not derived from infectious clones or
190  recombinants (i.e. [32]); b) mosquitoes had not been modified so that virus replication was
191  impacted (i.e. Wolbachia transinfected [33]); ¢) mosquitoes were exposed to virus by feeding
192  on a viremic animal or an artificial infectious blood meal (i.e. not by intrathoracic inoculation
193 [34], whereby the mesonteronal infection and escape barriers are bypassed); d) all mosquitoes
194  were tested individually (i.e. transmission was not measured in batches); €) a minimum
195  sample size of five mosquitoes at the experimental endpoint for each mosquito-vector pair;
196  and f) transmission was measured via feeding on a suitable animal model or detection in
197  saliva expectorates collected using in vitro saliva collection methods (as opposed to detection
198  of virus in salivary glands which does not take into account the presence of a salivary gland
199  escape barrier to transmission). In total, we gathered data from 80 publications, which
200  included 295 individual experimental treatments (i.e., the exposure of a single cohort of
201  mosquitoes of a given species to a given virus in a set of experimental conditions) on more
202  than 25,000 total individual mosquitoes across 27 species spanning 6 genera and 13 viruses

203  spanning 2 families (counting the four dengue virus serotypes separately) (Table 1). All data

204  are available in the S1 File. The following data were extracted from each study:

205 e Vector characteristics: Mosquito species; origin

206 e Arbovirus characteristics: Virus species; isolate or strain

207 e Study methods: Virus dose to which mosquitoes were exposed; unit of measure of
208 viral titer of the infectious blood meal (such as plaque forming units (PFU), tissue
209 culture infectious doseso (TCIDso), suckling mouse intracerebral inoculation lethal
210 doseso (SMIC IDso) which were all converted to infectious units per milliliter (IU/mL)
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for the analysis); method of virus exposure; method used to demonstrate transmission;
assay to detect evidence of infection and/or transmission; days post exposure (DPE)
to virus that infection, dissemination, and transmission were assessed; temperature at
which mosquitoes were maintained; total number of mosquitoes exposed to the virus
that were tested for infection, dissemination, and transmission

e Study results: proportion of mosquitoes that were exposed to the virus that were

positive for infection, dissemination, and transmission

10
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219  Table 1. Arboviruses assessed in vector competence experiments involving Australian mosquito species and included in the analysis

Virus family Virus species Geographical Disease syndrome?® | Vertebrate hosts® | Associated
distribution mosquito genera‘
Flaviviridae Dengue types 1-4 Asia, Africa, South and Haemorrhagic fever | Humans, non- Aedes
Central America human primates
Yellow fever Africa, South America Haemorrhagic fever | Humans, non- Aedes,
human primates Haemagogus,
Sabethes
Zika Africa, Asia, South and Congenital Humans, non- Aedes
Central America malformations, human primates
Guillain-Barré
syndrome
Japanese encephalitis Asia, Australasia Encephalitis, Birds, Pigs Culex
meningitis
Murray Valley Australasia Encephalitis Birds Culex
encephalitis

11
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West Niled Africa, Asia, Australasia, | Encephalitis, Birds Culex
North and South meningitis
America, Europe
Togaviridae Barmah Forest Australasia Arthritis Mammals, birds Aedes, Culex,
Coquillettidia,
Verrallina
Chikungunya Africa, Asia, South and Arthritis Humans, non- Aedes
Central America human primates
Ross River Australasia Arthritis Marsupials, humans | Aedes, Culex,
Coquillettidia,
Verrallina

220  *Many arbovirus infections cause non-specific febrile illness; the syndromes presented are the severe manifestations of disease.

221  PThese are the major vertebrate hosts associated with transmission.

222 “Association of mosquito genera with the virus is based on virus isolation from the field and interaction with the vertebrate host as based on
223 blood feeding patterns

224 ‘Includes the highly pathogenic North American strain and the Kunjin subtype which occurs in Australasia.

12
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225  Vector competence metrics and analysis

226  Maximal proportion infected, disseminated, and transmitting

227  Across each unique mosquito species—virus pairing assessed in the vector competence

228  experiments, we extracted the highest observed proportion of mosquitoes of a given species
229  that became infected with a given virus after ingestion of an infectious blood meal,

230  irrespective of the dose administered or the day tested. We similarly identified the highest
231  observed proportion of mosquitoes that developed a disseminated infection and that

232 transmitted the virus. For each mosquito-virus pair, these maximal measures captured the

233 single highest proportion observed across all viral doses the mosquito species was exposed to
234 and all the days on which the species was tested. We chose this maximal measure, instead of
235 ametric such as an average, to ensure that potentially meaningful mosquito-virus associations
236  were not diluted by larger numbers of mosquitoes infected at low doses or tested at early time
237  points post-exposure. Due to destructive sampling, experimentally observed proportions of
238  mosquitoes positive for infection, dissemination, and transmission are conditioned on

239  exposure (i.e., transmission is not conditioned on those already testing positive for

240  dissemination).

241 For each virus, infection data were available for at least three species of mosquitoes
242 (median of 7.5 species per virus) and dissemination data for at least two mosquito species per
243 virus (median of 4 species per virus). Whilst transmission by individual mosquitoes was not
244  assessed for some viruses (i.e. dengue virus type 1 (DENV-1)), the median number of species
245  tested for transmission capability per virus was higher than for both infection and

246  dissemination (median of 9 species per virus).

247 We statistically tested for differences in maximal infection proportion and maximal
248  transmission proportion among the mosquito genera in our data set (4edes, Anopheles,

249  Coquillettidia, Culex, Mansonia, and Verrallina) for the following virus groups: Aedes-

13
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250  associated flaviviruses (AAFVs; yellow fever [YFV], ZIKV, DENV 1-4; Culex-associated
251  flaviviruses (CAFVs; JEV, West Nile New York strain [WNVny99], West Nile Kunjin strain
252 [WNVkun], Murray Valley encephalitis [MVEV]); and arthritogenic alphaviruses (CHIKV,
253  RRV and Barmah Forest virus [BFV]). To do so we fit two regression models, each with a
254 Binomial error distribution, that used the maximum detected proportion of mosquitoes
255  infected or transmitting as the response variable; for weights (sample size) we used the
256  number of mosquitoes included in the experimental treatment(s) in which the maximum
257  proportion infected or transmitting was found. Each model included the following fixed
258  effects: an interaction of mosquito genus and virus group, experimental dose, the number of
259  DPE that mosquitoes were tested for infection or transmission, and the total mosquitoes
260  exposed across all experimental infections as a measure of total research effort. Given our
261 interest in identifying differences in the ability of mosquito genera to become infected with
262  and transmit different viral groups, each unique mosquito species—virus pair within a broader
263  mosquito genus—virus group pairing was considered a replicate for that mosquito genus—virus
264  group. If more than one experimental treatment for a given mosquito-virus pair found an
265  equivalent maximum, we summed the number of mosquitoes across the experimental
266  treatments and used the average of virus titer the mosquitoes were exposed to and the number
267  of DPE that the mosquitoes were tested to keep the total number of replicate data points for
268  all mosquito genus—virus group pairings equal to the total number of unique combinations of
269  mosquito species exposed to viruses within that virus group.
270 We fitted these regression models using the g/m function in R [35] using the penalized
271  maximum likelihood estimation procedure brglmFit from the brgim?2 package [36]. This
272  procedure implements a quasi-Fisher scoring iteration [37] to allow for the estimation of
273  confidence intervals (CI) in the presence of complete separation (groups with all zeros) [38]

274 (e.g. all Culex mosquitoes tested negative for transmission of AAFVs). We extracted

14
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275  estimates and 95% CI for the average response of each mosquito genera—viral group pairing
276  from the fitted models using the function emmeans in the package emmeans [39]. Finally, we
277  estimated the strength of the overall correlation between the maximum detected proportions
278  of mosquitoes infected and transmitting across all mosquito—virus pairs using a simple

279  correlation test (using the R function cor.test).

280 For these statistical analyses we focused on infection and transmission because they
281  are the critical components of vector competence and were historically measured most

282  frequently in experiments. Quantifying dissemination of the virus is a relatively recent

283  addition to measurements used to assess the vector competence of mosquitoes for arboviruses
284  [18], so including this metric in our statistical testing may limit the inclusion of studies

285  reported prior to its introduction.

286

287  Dose- and time-dependent measures

288  Continuous dose- and time-response curves can better capture the full spectrum of conditions
289  experienced by mosquitoes feeding on viremic vertebrate hosts in real-world conditions.

290  However, a lack of comprehensive data for all mosquito-virus pairings prevented us from
291  fully examining dose- and time-dependent infection, dissemination, and transmission for each
292  mosquito-virus pair. As sufficient data was available, we fitted time- and dose-dependent

293  regression models for Ae. aegypti as a case study to: 1) explore variation in the shapes of

294  infection and transmission curves across viruses; and 2) highlight the differences between a
295  single metric obtained across all experiments (e.g., maximum observed) and the full infection
296  and transmission functions estimated using all available experimental data. We fitted the

297  proportion of Ae. aegypti infected, disseminated, and transmitting using generalized linear
298  mixed effects models (GLMM) with Binomial error distributions in R using the package /me4

299  [40]. For each model, the proportion of mosquitoes that became infected, developed a

15
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300 disseminated infection, or transmitted the virus was taken as the response variable and the
301  total numbers of mosquitoes exposed were used as weights.

302 The model for infection included an interaction between virus species and virus dose,
303 a fixed effect for DPE, and a random intercept of “study” to control for variation among

304 citations not captured by the included fixed effects. The models for both dissemination and
305 transmission included an interaction between virus species and DPE, a fixed effect for virus
306 dose, and a random intercept for citation. Logistic regression assumes that probability reaches
307  an asymptote of one, which implies that at some dose and day, all Ae. aegypti individuals are
308  expected to become infected, develop a disseminated infection and transmit each virus. While
309  amodel that explicitly estimates the asymptotic value is desirable, we were unable to

310  estimate variable asymptotes by virus species due to paucity of data, even for the relatively
311  well-studied 4e. aegypti. Confidence intervals for the fitted models were obtained using 500
312  parametric bootstraps.

313

314  Results

315 Virus group and mosquito genera associations

316  Aedes-associated flaviviruses

317  Only two Australian mosquito genera, Aedes and Culex, have been tested for their

318  competence for AAFVs. Of these, a significantly larger proportion of Aedes individuals

319  became infected with (mean: 43%; 95% CI: 39%-48%) and could transmit (mean: 30%; 95%
320  CI: 25%-36%) these viruses than Culex individuals (infection: mean: 4%; 95% CI: 1.1%-
321  13%; transmission: mean: 0.9%; 95% CI: .05%-13%) (Fig 2).

322
323 Culex-associated flaviviruses

324 A significantly higher proportion of Culex mosquitoes became infected with CAFVs (mean:

325  88%, 95% CI: 84%-91%) than any of the other five genera; significantly more Culex
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326  transmitted (mean: 60%, 95% CI: 54%-66%) than Aedes, Coquillettidia, and Verrallina (Fig
327  2). Wide 95% confidence intervals for both Anopheles and Mansonia, due to small sample
328  sizes in these genera (8-9 mosquitoes tested), obscured our ability to statistically differentiate
329  their transmission ability from that of Culex despite large differences in their estimated means
330 (Fig2). The CAFVs were the only group in the data set that contained at least one response

331  from each mosquito genus for both infection and transmission, which strengthens the

332 evidence for the importance of Culex as vectors of these viruses.
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335  Figure 2. Estimated proportion of mosquitoes (grouped by genus: color) infected by (x-
336  axis) and transmitting (y-axis) three virus groups (panels). Points show mean estimates
337  and intervals show 95% confidence intervals (CI) obtained from the logistic regression

338  models. Non-overlapping horizontal and vertical CI between two mosquito genera for a given
339  viral group indicate statistically different infection and transmission capabilities, respectively,
340  for those genera.

341

342 Arthritogenic alphaviruses

343  There were some clear differences among mosquito genera for vector competence for

344  arthritogenic alphaviruses. In particular, the largest proportion of Coquillettidia and

345  Verrallina mosquitoes became infected with arthritogenic alphaviruses, although more
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346  Coquillettidia transmitted these viruses than Verrallina (Fig 2). Although Aedes were

347  generally less susceptible to infection than Coquillettidia, a similar proportion transmitted the
348  virus (Fig 2). Overall, arthritogenic alphaviruses stood out as having the strongest ability to
349  infect and be transmitted by multiple mosquito genera. A larger proportion of mosquitoes
350  across all genera became infected with and transmitted arthritogenic alphaviruses than for
351 CAFVs (difference in infection: f=1.21, SE=0.17, p <0.05; transmission: § =1.25, SE =
352 0.20, p <0.05; coefficient on the logit-scale) and AAFVs (difference in infection: f = 0.98,
353  SE=0.15, p <0.05; transmission: B = 1.21, SE =0.19, p < 0.05; coefficient on the logit-

354  scale).

355

356  Variation within virus groups and mosquito genera

357  These results reveal many clear differences in the mean response of mosquito genera to

358  exposure to different virus groups (Fig 2). However, mosquito species within a genus vary
359  substantially in their ability to became infected with, disseminate, and transmit each of the
360  virus species within each viral group.

361

362 Aedes-associated flaviviruses

363  Aedes spp. varied strongly in their ability to become infected with different AAFVs, from a
364  minimum of 3% of Aedes notoscriptus individuals becoming infected with DENV-4 to a

365 maximum of 100% of 4e. aegypti individuals becoming infected with each DENV strain and
366  100% of Aedes albopictus individuals becoming infected with ZIKV (Fig 3B). Similar to the
367  variation in infection, Aedes species also varied in their ability to transmit AAFVs, from zero
368  percent of Aedes katherinensis transmitting DENV-2, or Aedes procax and Aedes vigilax
369  transmitting ZIKV, to a maximum of 87% of Ae. aegypti transmitting ZIKV (Fig 4B). In

370  contrast to the large variation among Aedes spp., none of the three Culex species (Culex
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371  annulirostris, Culex quinquefasciatus, and Culex sitiens) experimentally exposed to ZIKV
372  were able to transmit the virus (Fig 4B) and only one individual Cx. quinquefasciatus (of 50
373  tested) was infected (Fig 3B). Similarly, Cx. annulirostris was refractory to infection with

374 DENV-4 in the only experiment where Australian Culex spp. had been exposed to any of the

375  DENVs (Fig 3B).
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378  Figure 3. A) Maximum proportion of mosquitoes positive for infection across all mosquito
379  species tested for each virus (median and 80% quantiles across all mosquitoes). B) Maximum
380  proportion of each mosquito species found positive for infection among all of the laboratory
381  experiments for each mosquito-virus pair (represented by color and the bold-face top number
382  in each box). The number of experimental mosquitoes tested in the study[s] in which the

383  maximum proportion was observed is displayed in square brackets (in the case of multiple
384  experiments finding the same maximum, the sample sizes were summed). Viruses are

385  organized into three groups: Aedes-associated flaviviruses (yellow fever [YFV], Zika [ZIKV]
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386  and dengue [DENV, separated by serotype]); Culex-associated flaviviruses (Japanese

387  Encephalitis [JEV], West Nile New York strain [WNVny99], West Nile Kunjin strain

388  [WNVkunv] and Murray Valley encephalitis [MVEV]); and arthritogenic alphaviruses

389  (chikungunya [CHIKV], Ross River [RRV] and Barmah Forest [BFV]). Vertical dotted lines

390  separate mosquito genera, from left to right: Aedes [Ae], Anopheles [An], Coquillettidia [Cq],

391  Culex [Cx], Mansonia [Ma] and Verrallina [Ve].
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394  Figure 4. A) Maximum proportion of mosquitoes positive for transmission across all

395  mosquito species tested for each virus (median and 80% quantiles across all mosquitoes). B)
396  Maximum proportion of each mosquito species found positive for transmission among all of
397  the laboratory experiments for each mosquito-virus pair (represented by color and the bold-
398  face top number in each box). The number of experimental mosquitoes tested in the study([s]

399  in which the maximum proportion was observed is displayed in square brackets (in the case
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400  of multiple experiments finding the same maximum, the sample sizes were summed). Viruses
401  are organized into three groups and mosquito species are grouped into genera as in Figure 2.
402

403  Culex-associated flaviviruses

404  Variation among the CAFVs was more difficult to generalize than that of the other viral

405  groups. MVEV had the highest average overall infection and transmission proportions (78%
406  and 53%, respectively) of all viruses within the group, and one of the highest across all

407  viruses (Fig 3, 4). By contrast, WNV (New York 1999 strain; WNVny99) had the lowest

408 infection and transmission proportions (43% and 26%, respectively) of all CAFVs (Fig 3, 4).
409  All Culex species were highly susceptible to infection with CAFVs except Cx. sitiens

410  exposed to WNVnyoo (Fig 3B). Cx. annulirostris and Culex gelidus transmitted the CAFVs at
411  rates above 40% (Fig 4B). Although not as susceptible as Culex species for the CAFVs, the
412  majority of Aedes spp. including Ae. aegypti, Ae. vigilax, Aedes sagax, and Aedes

413 lineatopennis demonstrated relatively high infection proportions (>50%) with MVEV (Fig
414  3B). All examined Verrallina and Mansonia species were susceptible to infection with

415  CAFVs, but in almost all cases, the proportion infected and transmitting these viruses were
416  lower than Culex spp. (Fig 3B, 4B).

417

418  Arthritogenic alphaviruses

419  The high susceptibility to infection and subsequent transmission of arthritogenic alphaviruses
420 by most Australian mosquitoes (Fig 3, 4) potentially points to a general virus genus attribute,
421  especially given the high number of mosquito species (19 out of 27) representing different
422 genera that were exposed to these viruses. Aedes spp. were generally highly susceptible to
423 infection and readily transmitted most arthritogenic arboviruses (Fig 3, 4). For example, both

424 Ae. aegypti and Ae. albopictus were highly susceptible to RRV and CHIKYV, and readily
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425  transmitted these viruses at rates above 60%. However, both species had low infection
426  proportions for BFV (< 9% and < 40%, respectively; Fig 3B). There was more variation
427  among Culex spp. in competence for arthritogenic alphaviruses than for other mosquito
428  genera. All species of Culex were highly susceptible to infection with RRV (> 60%) but had
429  very low susceptibility to CHIKV and BFV (Fig 3B). All Culex spp. were capable of
430 transmitting RRV, although they had a much lower probability than either Aedes or
431  Coquillettidia. Verrallina were highly susceptible to infection with all anthritogenic
432  alphaviruses, but like Culex, had lower transmission proportions than other mosquito genera
433 tested (Fig 3, 4).
434
435  Correlations among Infection, Dissemination, and Transmission
436  Across all mosquito species and viruses, we found a strong positive correlation (r = 0.80,
437  95% CI: 0.71-0.87) between mosquito species' maxima for infection and transmission (Fig 5).
438  While some of this correlation can be attributed to research effort (mosquitoes studied more
439  for infection are also studied more for transmission (S1 Fig), and detected maxima increase
440  with increased sample sizes (p < 0.05, S2 Fig)), the strength of this correlation points to the
441  strong biological link between infection and transmission within mosquitoes.
442 Aedes spp. typified this relationship, falling close to the 1:1 line, with similar infection
443  and transmission probabilities for all viral groups (Fig 5). Other mosquito genera and many
444  individual species stood apart from this general trend. For instance, Verrallina lineata had the
445  largest difference between their average (across all species) maximum infection and
446  transmission probabilities (infection: 76%; transmission: 13%) for the two viruses (WNV and
447  RRV) they were exposed to in our dataset. Similarly, those Culex spp. that did become

448  infected with arthritogenic alphaviruses transmitted these viruses at very low rates, especially

449  when compared with other genera (Fig 3, 4). Among all mosquitoes tested for both infection
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and transmission with at least five viruses, Cx. quinquefasciatus had the largest difference

(infection: 53%; transmission: 19%) and Ae. notoscriptus had the smallest difference in

average observed maxima across all viruses (infection: 52%; transmission: 49%).
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Figure 5. Infection and transmission probabilities for each mosquito-virus pairing

tested. Multiple points of the same color and shape within a viral group represent results

from different viruses within that group. The dashed line is a 1:1 line; points beneath the line

represent mosquito-virus pairings with a greater infection probability than transmission

probability.

While these data make it difficult to quantitatively compare the impacts of each

barrier (only 19% of all mosquito-virus pairings were assessed for infection, dissemination,

and transmission, and only a small subset of these were assessed in the same laboratory

setting), we obtained a coarse measure of the proportion of mosquitoes where the virus was

unable to pass through each successive barrier using a sample size weighted average across

all mosquito-virus pairs for each barrier. Across all mosquito-virus pairs and all experiments,
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466  conditional on exposure, 72% of mosquitoes became infected, 56% of mosquitoes

467  disseminated virus, and 38% transmitted, implying that on average 72% of mosquitoes

468  became infected, 77% of infected mosquitoes developed a disseminated infection, and 68%
469  of mosquitoes with a disseminated infection went on to transmit. Although this method

470  provides only a coarse measure of barrier importance relative to using single studies

471  measuring infection, dissemination, and transmission for each vector — virus pair [41], these
472  results indicate that no single barrier stands out as the sole restriction to transmission ability,
473  suggesting that all three are important.

474

475  Variation among experimental design and study effort

jzg Vector competence studies vary greatly in their experimental design, which can influence
478  study outcomes. In particular, the experimental doses that mosquitoes were exposed to varied
479  strongly both within and between viruses (S3 Fig, S4 Fig). For example, only a single dose
480  was used for WNVnyo (6.7 logio infectious units (IU)/mL)), while doses spanned a wide
481  range for other viruses, capturing more of the potential range of natural exposure to a viremic
482  host (e.g., 3.2 to 10 logio IU/mL for DENV-4 and 2.9 to 9.3 logio [U/mL for RRV; S3 Fig).
483  For species that were exposed to a range of virus doses, the dose that infected the maximum
484  number of mosquitoes was generally among the higher of the doses that the mosquitoes were
485  exposed to (S3 Fig). Similarly, the DPE on which mosquitoes were tested also varied among
486  studies (S3 Fig - S6 Fig).

487

488  Dose- and time-dependent vector competence responses of Aedes aegypti exposed to

489  dengue, chikungunya and Zika viruses

jg(l) As a case study, we used a GLMM to model the continuous dose- and time-dependent

492 responses (instead of just maximum potential) of Ae. aegypti, which has been the subject of

493  the most extensive assessment of vector competence of all Australian mosquito species. Even
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494  for the best-studied pairings, Ae. aegypti exposed to CHIKV, ZIKV, and DENV-3,

495  confidence intervals were wide mostly due to few data points and highly variable results at
496  single doses and days across experiments (S7 Fig). Despite this uncertainty, these dose- and
497  time-dependent continuous functions help to illustrate how relying on a single maximal

498  competence measure could bias estimates of competence in practice, as it does not capture
499  the conditions mosquitoes will experience when transmitting under natural conditions.

500 However, until the substantial uncertainty is reduced, estimates from dose- and time-

501  dependent continuous functions are unlikely to be more useful than a maximal measure.

502

503  Discussion

504 Our analysis of vector competence experiments, involving 115 mosquito-virus

505  pairings across 295 total experimental treatments, quantified virus group—mosquito genus
506  associations, corroborated existing canonical groupings, and refined our understanding of
507  wvariation in the ability for different mosquito species to become infected with and transmit
508 different arboviruses. Our synthesis reinforced the canonical groupings of Aedes- and Culex-
509 associated flaviviruses; Aedes spp. were more competent than Culex spp. for AAFVs (the
510  only two genera tested in our data set), whilst Culex spp. had the highest infection and

511  transmission potential for CAFVs of all six genera tested (Fig 2). The association of CAFVs
512 with Culex spp. in the Australian context is supported by field studies that have detected the
513  majority of CAFVs in Culex spp., particularly Cx. annulirostris [42-44]. Though AAFVs are
514  not endemic to Australia, a few instances of field evidence of AAFV carriage by Australian
515  mosquitoes provide some independent support for our vector competence-based Aedes-

516  flaviviruses associations. For example, DENV-2 RNA was detected in Ae. aegypti collected
517  during a dengue outbreak in north Queensland in 2003 [45], and early experiments by

518  Bancroft [46] and Cleland et al. [47] conducted during dengue outbreaks in the early 20
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519  century in Australia demonstrated that Ae. aegypti were infected with DENV as evidenced by
520  transmission of the viruses to susceptible humans. Further, no Cx. quinquefasciatus tested by
521  Cleland et al. [47] transmitted the virus, suggesting a low or negligible field infection rate and
522 reinforcing the overall poor vector competence of members of the Culex genus for AAFVs.
523  There have been no reported autochthonous cases of ZIKV or YFV in Australia.
524 In contrast to the flaviviruses, our analysis revealed that no single mosquito genus was
525  clearly the most competent for infection with and transmission of the alphaviruses, which fits
526  their previous description of vector promiscuity [48, 49]. Broadly, Culex spp. had the lowest
527  vector competence, Coquillettidia had the highest vector competence, and Aedes spp. had
528  average susceptibility to infection but higher than average ability to transmit alphaviruses
529  (Fig 2, 5). These results concur with the plasticity in vector utilization observed for the
530 arthritogenic alphaviruses [49] and the diversity of mosquitoes found infected with RRV and
531  BFV in Australian mosquito populations [50-52]. Like the exotic flaviviruses, to date, there
532 has been no evidence of local transmission of CHIKV nor field isolation of this virus from
533 Australian mosquitoes, despite the presence of populations of highly competent vectors,
534  including de. aegypti and Ae. albopictus in the state of Queensland and close geographical
535  proximity of Australia to CHIKV endemic regions, such as Indonesia.
536 As vector competence tends to cluster by mosquito genus and virus sub-family (Fig
537  2),using genus and family-level information could help to constrain uncertainty about an
538  unmeasured mosquito species-virus pair. This is potentially useful for predicting the
539  consequences of an invading virus into a location with indigenous mosquito fauna not
540 historically associated with the virus, or for the range expansion of a mosquito species that
541  brings them into contact with circulating viruses in their new ecological niche. Whilst

542  mosquito genus-level virus group associations were relatively robust, we did find substantial

543  variation in vector competence at the mosquito species level (Fig 3-5). Although many of the
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544  Aedes spp. established as global vectors of AAFVs had high competence for many AAFVs,
545  we observed substantial variation in competence among Aedes species for individual AAFVs
546  (Fig 3, 4). Commensurate with its role globally, Australian Ae. aegypti are highly susceptible
547  to infection and readily transmit DENV, YFV and ZIKV. In contrast, Ae. notoscriptus, which
548  shares an overlapping ecological niche with Ae. aegypti, was an efficient laboratory vector of
549  YFV, varied in response to challenge with different ZIKV strains, and was a poor vector of
550 DENVs (Fig 3, 4). Although it could not be captured in our analysis, there is also

551  considerable intraspecific variation in vector competence. For instance, Cx. annulirostris and
552 Ae. aegypti collected from different locations in Australia significantly differed in their

553  response to exposure to WNV [53, 54] and DENVs [55], respectively.

554 There are numerous intrinsic and interacting viral and vector traits that could

555  determine the specificity or promiscuity of arbovirus-mosquito associations. Amino acid

556  changes, even as a result of a single point mutation in an envelope protein, can facilitate virus
557  adaptation to local mosquito vectors increasing the efficiency of their transmission [56-58].
558  While mutations that give rise to virus adaptation have the capacity to occur through a single
559  passage in the mosquito [59], they are more likely to arise after many transmission

560  generations. We found multiple instances where viruses were efficiently transmitted by a

561  mosquito species they have never encountered in the field, a situation exemplified by the high
562  vector competence of Ae. vigilax and Ae. procax for CHIKYV, and of Ae. notoscriptus for

563  YFV. This indicates that viral mutations and adaptation to local mosquito species are not

564  necessarily a prerequisite for transmission by mosquito species the virus has not encountered.
565  This supports a study in Thailand that found no evidence of adaptation of sympatric or

566 allopatric isolates of DENVs to local Ae. aegypti populations [60]. It also indicates that some
567  molecular determinants of vector competence may be conserved within mosquito and/or virus

568  taxa, while others may be more specific. For example, Aedes spp. potentially possess a
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569  receptor or multiple receptors on the mesenteronal epithelial cells to which the envelope

570  glycoproteins on the surface of AAFVs bind, thus initiating infection of the mesenteron [12].
571  In contrast, Culex spp. may not possess these specific receptors (or they may be restricted in
572  density or diversity), limiting the number of binding sites for this group of viruses. Other

573  intrinsic factors that influence virus—vector interactions are linked to diversity in the mosquito
574  microbiome [61] and virome [62], and antiviral mechanisms in the mosquito [63]. Any of
575  these factors could not only explain the virus-mosquito associations described above, but also
576  how viruses that invade a virgin ecosystem are able to exploit the resident mosquito

577  population, as occurred with WNV in North America [11] and establishment of YFV in

578  Haemagogus/Sabethes-driven sylvatic cycles in South America [64].

579 We also found considerable variation in experimental conditions among the vector
580  competence studies; mosquito and virus genotype, temperature, virus dose (S3 Fig), the DPE
581  on which mosquitoes were tested (S4 Fig - S6 Fig), and the nutritional status of the mosquito
582  are just a few of the many factors that varied among studies that have been known to strongly
583 influence the outcomes of individual mosquito-virus pairings [14, 22]. Further, experimental
584  methods, such as the feeding protocol used to expose mosquitoes to the virus (e.g., live

585  animal, membrane or blood-soaked pledget), virus isolate and passage used, origin of

586  mosquito, mosquito laboratory generation number, and method used to assess transmission or
587  assay to detect the presence of virus varied greatly among studies (see Online Supplemental
588  Data Files).

589 On one hand, such variation makes it more difficult to predict the realized ability of a
590  given mosquito to transmit a given virus and likely added much experimental uncertainty to
591  the intrinsic variation within mosquito genera-virus family groupings. On the other hand,

592  identifying the conditions a species requires to reach maximal transmission potential requires

593  variation between and within experiments given the vast amount of variation that occurs
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594  during a transmission cycle under natural conditions. That is, when mosquitoes have been
595 infected with only a single dose (e.g., see WNVny99 in S3 Fig), and measured at the same
596  time points (e.g., see YFV in S4 Fig), we are limited to an understanding of which species are
597  more competent under a narrowly-bounded setting and not the range of conditions that a

598  mosquito would experience in nature when biting viremic hosts. By contrast, when

599  mosquitoes are exposed to a wide range of doses and measured on many different DPE (e.g.,
600 see RRV in S3 Fig - S6 Fig), we are better able to capture variation in maxima among species
601  and can take steps to quantify the full dose- and time-dependency of infection and

602  transmission.

603 Dose-and time-dependent infection and transmission functions that utilize the full
604  range of experimental conditions are powerful tools for quantifying the role different

605  mosquito species play in viral transmission cycles. Specifically, when these continuous

606  functions are combined with additional data, such as host viremia, mosquito feeding patterns,
607  and/or climate conditions favorable to mosquito longevity, we are best able to gain

608  understanding of the circumstances that allow different species to have increased

609  transmission potential (i.e., vectorial capacity; see [65, 66]). Regression models like those we
610  used for Ae. aegypti (S7 Fig) can provide the required data but are useful for only very well
611  studied mosquito-virus pairs as they are more data intensive than calculating a maxima.

612  Ultimately, using the maxima is necessary for most mosquito-virus pairs (for many of which
613  there is little data) and despite collapsing much variation it enables rapid incrimination of
614  mosquitoes as arbovirus vectors.

615 This synthesis of vector competence studies provides a foundational tool for

616  understanding the vector competence of mosquitoes for many of the medically important

617  arboviruses. Although we focused our analysis on mosquitoes originating from Australia, a

618  synthesis of vector competence experiments from around the world would potentially
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619  reinforce and expand on the outcomes of the current study. The degree of variation within
620  each of the taxonomic levels highlights that although general virus—mosquito associations can
621  help incriminate mosquitoes as vectors of arboviruses, location-specific experiments

622  assessing the susceptibility and transmission ability of uncharacterized virus—mosquito

623  pairing are still critical for establishing the role of a mosquito species in transmission cycles.
624  When combined with data on vector abundance and human contact patterns [67], this

625 information can guide public health responses to arbovirus outbreaks with view to limiting

626  the disease incidence in susceptible populations.
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820  Supporting information

821  S1 Fig. Number of mosquitoes of each species assessed for infection and transmission in vector
822  competence experiments. Mosquito species frequently measured in infection experiments (total
823  sample size across all experiments; X axis) were also more frequently measured in transmission
824  experiments (total sample size across all experiments; Y axis). Each point for a mosquito species
825  represents a different virus.

826

827  S2 Fig. Total number of mosquitoes assessed for infection, dissemination and transmission in
828  vector competence experiments. Increased research effort leads to a higher maximum proportion for
829  infection, dissemination, and transmission (logistic regression, p < 0.05). Increased dose does not lead
830  to a detectable increase in maximum proportion (logistic regression, p > 0.05). Each point represents a
831  single virus-species pair.

832

833  S3 Fig. Viral doses mosquitoes were exposed to across all laboratory experiments that measured
834 infection. Blue points show experimental doses that did not lead to the highest detected proportion of
835  infected mosquitoes; red points show the infectious dose[s] that resulted in the highest observed

836  infected proportion.

837

838  S4 Fig. Days post viral exposure on which mosquitoes were tested for infection status. Blue
839  points show experimental days that did not lead to the highest detected proportion of infected
840  mosquitoes; red points show the day[s] that resulted in the highest observed infected proportion.

841

842 S5 Fig. Viral doses mosquitoes were exposed to across all laboratory experiments that measured
843  transmission. Blue points show experimental doses that did not lead to the highest detected

844  proportion of transmitting mosquitoes; red points show the infectious dose[s] that resulted in the

845  highest observed transmitting proportion.

846

40


https://doi.org/10.1101/2022.03.08.22272101
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2022.03.08.22272101; this version posted March 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in
erpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

847  S6 Fig. Days post viral exposure on which mosquitoes were tested for their ability to transmit
848  viruses. Blue points show experimental days that did not lead to the highest detected proportion of
849  transmitting mosquitoes; red points show the day[s] that resulted in the highest observed transmitting
850  proportion.

851

852  S7 Fig. Continuous functions for mosquito infection over dose (top), and for dissemination and
853  transmission over time (middle and bottom, respectively). The results pictured here are from a
854  generalized linear mixed effects model (GLMM) using Aedes aegpyti for all viruses they have been
855  tested with in the lab; however, here we only show the three viruses for which more than one data
856  point exist for infection, dissemination, and transmission. For infection (top), medians (solid lines)
857  and 95% confidence intervals (grey bands) are estimated using twelve days post inoculation; for
858  dissemination (middle) and transmission (bottom) estimates are drawn for a dose of 7 log;o IU/mL.

859
860  S1 File. Australian mosquito vector competence source data.

861
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