10

bioRxiv preprint doi: https://doi.org/10.1101/103598; this version posted June 19, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Fine-scale landscape genomics helps explain the slow spread of Wolbachia

through the Aedes aegypti population in Cairns, Australia

Thomas. L. Schmidt*, Igor. Filipovi¢, Ary A. Hoffmann, Gordana Rasi¢

Affiliation: School of BioSciences, Bio21 Institute, University of Melbourne, 30 Flemington Road,

Parkville, 3010 VIC, Australia

*Correspondence: T.L. Schmidt, E-mail: t.ludovic.schmidt@gmail.com

Keywords: Aedes aegypti, dispersal, Wolbachia, kinship, genomics

Running Title: Dispersal and Wolbachia loss in Aedes aegypti


mailto:tschmidt@student.unimelb.edu.au
https://doi.org/10.1101/103598
http://creativecommons.org/licenses/by/4.0/

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

bioRxiv preprint doi: https://doi.org/10.1101/103598; this version posted June 19, 2017. The copyright holder for this preprint (which was

not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Abstract

The endosymbiotic bacterium Wolbachia is a promising tool for controlling arboviral diseases
transmitted by the mosquito Aedes aegypti, and can spread unassisted through wild mosquito
populations following local introductions. Recent Wolbachia introductions into Ae. aegypti
populations in Cairns, Australia have produced a slower than anticipated spread that could be due to:
i) barriers to Ae. aegypti dispersal; ii) dispersal being leptokurtically biased towards long distances in
adults; and iii) non-perfect transmission of Wolbachia from mother to offspring. We investigated
these three potential causes using double-digest RAD-sequencing and Wolbachia screening in 161
Ae. aegypti collected from Cairns in 2015. We detected a significant barrier effect of Cairns highways
on Ae. aegypti dispersal using distance-based redundancy analysis (dbRDA) and patch-based
simulation analysis. We detected putative full-siblings in ovitraps 1312 m apart, indicating the
potential for long-distance movement in Ae. aegypti females that are generally considered weak
dispersers. We also detected a pair of full-siblings, only one of which was Wolbachia-infected,
indicating transmission failure of Wolbachia in the field. While the long-distance movement and
Wolbachia loss currently represent single observations, these findings together with the identified
dispersal barriers help explain the slow spread of Wolbachia through the Ae. aegypti population in
Cairns. Our landscape genomics approach can be extended to other host/symbiont systems that are

increasingly being considered for the biocontrol of disease vectors and pests.
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Introduction

The mosquito Aedes aegypti (Diptera, Culicinae) is the primary vector of arboviral diseases
such as Dengue, Zika and Chikungunya fever that pose an increasing burden to human health
worldwide (Weaver and Lecuit, 2015; Bogoch et al., 2016). The conventional approaches to combatting
these diseases have involved the suppression of Ae. aegypti populations through source reduction or
insecticide-based programs, but these have demonstrated a limited efficacy in combatting worldwide
escalation of disease risk (Focks et al., 2000; Gubler, 2002). One of several alternative strategies
involves the release of the virus-inhibiting, endosymbiotic bacteria Wolbachia into Ae. aegypti
populations (McGraw and O’Neill, 2013). Once they are widespread in host populations, Wolbachia
are expected to diminish the disease transmission rate enough to prevent outbreaks (Ferguson et al.,
2015). Aedes aegypti does not naturally carry Wolbachia, but several Wolbachia strains have been
successfully transferred into Ae. aegypti from other hosts like Drosophila melanogaster (Walker et al.,

2011) and Ae. albopictus (Xi et al. 2005).

The Wolbachia strain wMel, originating from D. melanogaster, has proven suitable for field
deployments in Ae. aegypti given its substantial viral blockage (Ferguson et al., 2015), relatively small
fitness cost (Walker et al., 2011), high transmission fidelity from mother to offspring (Hoffmann et al.,
2014) and complete cytoplasmic incompatibility (Blagrove et al., 2013). Cytoplasmic incompatibility
(Cl) is a phenomenon where- offspring of uninfected females mated with Wolbachia-infected males
are almost always unviable, and offspring of Wolbachia-infected females are viable regardless of the
male infection status (Hoffmann and Turelli, 1997). Because Cl greatly reduces the relative fitness of
uninfected females when Wolbachia-infected males are common, it drives establishment of Wolbachia
in isolated mosquito populations (Caspari and Watson, 1959). However, Wolbachia infection also
imposes some fitness cost in the host, such as reduced larval competitive ability (Ross et al., 2016).

The interaction between costs and benefits produces a critical frequency of Wolbachia infection (p)
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that needs to be exceeded for Wolbachia to invade the mosquito population (Caspari and Watson,

1959; Hoffmann et al., 1990; Turelli, 2010).

Releases of wMel-infected Ae. aegypti into two sites near Cairns, Australia, have confirmed
that Wolbachia can establish stably in quasi-isolated habitat patches (Hoffmann et al., 2011; 2014). A
subsequent study with releases centred within continuous mosquito habitat demonstrated the
successful spread of the invasion into surrounding habitat when releases were conducted over a large
enough area, so that the infection region grew = 70 — 85% over the ensuing 18 months (Schmidt et al.,
2017). However, this rate of spread of approximately 100 — 200 m per year is slow compared with the
much more rapid spread observed in some natural infections of other insects of 100 km per year or
more (Kriesner et al. 2013; Turelli and Hoffmann, 1991), which could reflect lower fitness costs

associated with natural Wolbachia infections.

Slow spread of wMel through Ae. aegypti in Cairns may be a product of various biological and
environmental factors (Barton and Turelli, 2011; Turelli and Barton, 2016), three of which are
investigated in this study: i) the presence of barriers to mosquito dispersal; ii) a leptokurtic dispersal
kernel skewed towards long-distance movement of Ae. aegypti adults; and iii) the occasional loss of
Wolbachia from mother to offspring (u). Understanding the factors that produced slow wMel spread
in Cairns is important for designing future Wolbachia release strategies that maximise the area invaded

while minimising both the cost and the time taken to achieve invasion.

This study evaluates dispersal barriers and leptokutically-biased dispersal, as well as loss of
wMel through maternal transmission, in the Ae. aegypti population from Cairns. We screened Ae.
aegypti collected from Cairns in 2015 for the wMel transinfection and genotyped individuals at
genome-wide single nucleotide polymorphisms (SNPs) using double-digest restriction-site associated
DNA sequencing (ddRADseq; Peterson et al., 2012). SNP datasets produced with ddRADseq have been

used to elucidate genetic structure in Ae. aegypti at broad geographic scales (Rasic¢ et al., 2014a; 2014b;
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77 2015a; 2015b) as well as within cities (Rasi¢ et al.,, 2015a; 2015b), and have power superior to
78  microsatellites when inferring relationships between Ae. aegypti individuals and populations (Rasi¢ et

79  al, 2014a).

80 Dispersal of Ae. aegypti by flight is generally thought to be limited to short distances, and
81 highways have been proposed as likely barriers to Ae. aegypti’s dispersal. For example, patches
82  separated by a 120 m-wide highway in Trinidad were found to have different frequencies of
83 mitochondrial haplotypes (Hemme et al., 2010). A Mark-Release-Recapture (MRR) study in Cairns with
84  releases centred next to a = 20m-wide road recorded lower recapture rates at sites across the road
85 (Russell et al., 2005). Indirect inference of an inhibitive effect of highways on dispersal was made from
86  the observed dynamics of Wolbachia invasions in the vicinity of highways. Namely, Wolbachia failed
87 toinvade aregion across a highway in Gordonvale, Queensland after several years (Turelli and Barton,
88 2016), and similar dynamics were recently observed in urban Cairns (Schmidt et al., 2017). Here we
89 explicitly tested the hypothesis that Ae. aegypti’s genetic structure in Cairns is affected by highways
90 acting as barriers to dispersal. This was tested against the alternative hypotheses of isolation-by-
91  distance (IBD; Wright, 1943) and a pattern of patchy and asynchronous releases of Wolbachia-infected

92 mosquitoes in the region.

93 If host dispersal distances follow a leptokurtic distribution, Wolbachia spread is expected to
94 be slower than if the distribution is Gaussian (Turelli and Barton, 2016). This is because under
95 leptokurtic dispersal, long-distance migrants with Wolbachia infection will be too infrequent in a new
96 location to be able to initiate a Wolbachia spread. MMR studies have produced a wide range of
97  estimates for female flight distance in Ae. aegypti, ranging from 50 - 100m (McDonald, 1977; Muir and
98 Kay, 1998; Harrington et al., 2005; Russell et al., 2005; Maciel-de-Freitas et al., 2007; 2010) to over 800
99 m within a single gonotrophic cycle (Shannon and Davis, 1930; Reiter et al., 1995; Hondrio et al., 2003).

100  Aedes aegypti females lay batches of eggs through multiple acts of oviposition (Reiter, 2007) and over
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101 multiple gonotrophic cycles (Christophers, 1960). This means that full-siblings can be found at different
102  sites. The distance of separation between sampled full-siblings is indicative of female flight ranges (or
103 passive movement such as following entry into vehicles) within one or two gonotrophic cycles. In this
104  study we can compare the distance between full-siblings to those previously obtained from the MRR

105  studies with fluorescent dust marking.

106 A slower than anticipated and heterogeneous Wolbachia spread, such as that recorded in Cairns,
107 Australia (Schmidt et al., 2017), can also result from a non-perfect vertical transmission of Wolbachia.
108  The loss of wMel during maternal transmission has not been detected in laboratory populations of Ae.
109  aegypti (u = 0) (e.g. Walker et al., 2011; Ross et al., 2016). However, recent studies showed that
110 laboratory populations subjected to high fluctuating temperatures exhibited considerable decreases
111 in wMel infection density (Ross et al. 2017, Urlich et al. 2016), and this could lead to reduced
112 transmission fidelity of the infection to offspring (Clancy and Hoffmann, 1998; Ikeda et al., 2003). We
113 looked for evidence of maternal transmission failure in Ae. aegypti from Cairns (u > 0) by comparing
114  the infection status of all individuals belonging to the same matrilineage. If some members of a single
115 matrilineage have wMel infection and others do not, we can assume that individuals without the wMel

116 infection have failed to inherit it.

117

118 Methods

119  Study site and sample collection

120  We deployed 110 ovitraps within the properties of consenting householders in Cairns, Australia
121 between 13 and 16 April, 2015. The traps covered a 3300 x 1900 m region of central Cairns, which we
122 partitioned into 6 “plots” for reference: Cairns North West (CNW), Cairns North East (CNE), Parramatta

123 Park North (PPN), Parramatta Park South (PPS), Westcourt (WC) and Bungalow (BN) (Fig 1). Partitions
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124  were established based on geographic location, location of highways, and the release history of wMel.
125 Each of these had three possible assignments: the locational groupings of Cairns North [CNW, CNE],
126 Parramatta Park [PPN, PPS] and Westcourt/Bungalow [WC, BN]; the highway groupings of southeast
127 of Bruce Highway [PPS, BN], west of both highways [CNW, PPN, WC], or northeast of Captain Cook
128 Highway [CNE]; and the Wolbachia release groupings of releases in 2013 [PPN, WC], releases in 2014

129 [CNW, BN], or no history of releases [CNE, PPS] (see Schmidt et al., 2017).

130 Within each plot, ovitraps were deployed in a quasi-random pattern. at bungalows, two-storey
131  Queenslander-style houses, multi-storey apartment complexes and local businesses. Our sampling
132 period of mid-April was at the end of the region’s monsoonal wet season with high abundance of Ae.
133  aegypti. Each ovitrap consisted of a black plastic bucket filled halfway with an infusion of water and
134  alfalfa (lucerne) pellets to attract gravid female Ae. aegypti (Ritchie, 2001), which oviposit on strips of
135 red felt clipped to the bucket and extending into the liquid. With a generation time of > 14 days in Ae.
136  aegypti (Christophers, 1960), we allowed only a brief window of time for oviposition to ensure that
137  our sampling did not spread over multiple mosquito generations. Traps were left in place for 5 - 7 days,
138  then the felt strips were removed and dried. Dried strips of mosquito eggs were transferred into the
139  laboratory and hatched by immersing all strips from each trap into vessels filled with reverse osmosis
140  water, with 2 — 3 grains of yeast and one quarter of a crushed tablet of TetraMin tropical fish food
141 (Tetra, Melle, Germany). The water, food and yeast were replaced after three days. Emerging virgin

142  adults were transferred to freezing ethanol and stored at -20°C until DNA extraction.

143 Genomic DNA was extracted using Roche DNA Isolation Kit for Cells and Tissues (Roche,
144  Pleasanton, CA, USA), with an additional step of RNAse treatment. Of the 110 ovitraps deployed, 74
145 produced adult Ae. aegypti, from which we selected 161 individuals for sequencing. As we expected
146  ovitraps to contain many full-siblings from the same oviposition (Apostol et al., 1993; Hoffmann et

147  al.,, 2014; Rasi¢ et al., 2014a), which can bias analyses of population structure (Goldberg and Waits,
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148  2010), we limited the number of samples per ovitrap to three individuals. This ensured that, after
149  removing closely related individuals, we retained a large enough sample for a powerful analysis of

150 genetic structure.

151

152 SNP discovery

153  Double-digest RADseq library preparation

154  We applied the method of Rasi¢ et al., (2014a) for our double-digest RAD-seq (ddRAD-seq) library
155 preparation, but selected a smaller size range (350-450 bp) of genomic fragments to accommodate a
156 larger number of mosquitoes per library. An initial digestion of 100 ng of genomic DNA from each
157  individual was performed in a 40 plL reaction, using 10 units each of Nlalll and MluCl restriction
158 enzymes (New England Biolabs, Beverly MA, USA), NEB CutSmart® buffer, and water. Digestions were
159  run for 3 hours at 37°C with no heat kill step, and the products were cleaned with 60 uL Ampure XP™
160 paramagnetic beads (Beckman Coulter, Brea, CA). These were ligated to modified lllumina P1 and P2
161  adapters overnight at 16°C with 1000 units of T4 ligase (New England Biolabs, Beverly, MA, USA),

162 before undergoing heat-deactivation at 65°C for 10 minutes.

163 Size selection of fragments was performed using a Pippin-Prep 2% gel cassette (Sage Sciences,
164  Beverly, MA). Final libraries were created by pooling eight 10 pL PCR reactions per library, each
165  consisting of 1 pL size-selected DNA, 5uL of Phusion High Fidelity 2x Master mix (New England Biolabs,
166  Beverly MA, USA) and 2 pL of 10 uM standard lllumina P1 and P2 primers, run for 12 PCR cycles. These
167  were cleaned and concentrated using an 0.8x concentration of Ampure XP™ paramagnetic beads
168  (Beckman Coulter, Brea, CA) to make the final libraries. Three libraries containing a total of 161 Ae.

169  aegypti were sequenced in three lllumina HiSeq2500 lanes using 100 bp paired-end chemistry.

170


https://doi.org/10.1101/103598
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/103598; this version posted June 19, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

171 Sequence data processing

172 Raw fastq sequences were processed within a customized pipeline (Rasi¢ et al., 2014a), with reads
173  filtered based on a minimum phred score of 13 and trimmed to the same length of 90 bp. High-quality
174  reads were aligned sequentially to the Ae. aegypti reference nuclear genome AaeglLl (Nene et al.,
175  2007), and the Ae. aegypti reference mitochondrial genome (Behura et al. 2011), using the program
176  Bowtie (Langmead et al., 2009). We allowed for up to three mismatches in the alignment seed, and
177  uniquely aligned reads were analysed with the Stacks pipeline (Catchen et al., 2013), which we used

178  to call genotypes at RAD stacks of a minimum depth of five reads.

179 The Stacks program populations was used to export VCF files that were then further
180 manipulated with the program VCFtools (Danecek et al., 2011). We first removed individuals with >
181  20% missing data, leaving 134 individuals. We then extracted the 42,183 SNPs that were present in at
182 least 75% of individuals. We applied further filtering to retain only those loci that were at Hardy-
183  Weinberg Equilibrium and with minor allele frequencies of 2 0.05. To avoid using markers in high
184 linkage disequilibrium, data were thinned so that no single SNP was within 250 kbp of another. As
185  Aedes genome is thought to contain approximately 2.1 megabases per cM (Brown et al., 2001), 250
186  kbp roughly corresponds to eight SNPs per map unit, a sampling density that has been shown to largely
187 eradicate the effects of linkage in SNPs (Cho and Dupuis, 2009). Our final dataset had 3,784 unlinked

188  and informative SNPs for analyses of relatedness and genetic structure.

189

190  Assessing barriers to dispersal

191  Landscape resistance modelling

192  We tested the hypotheses that highways had a significant effect on Ae. aegypti genetic structure in

193  Cairns (H4), and that genetic structure was significantly affected by recent releases of Wolbachia (H,).
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194  For H,, we considered each individual as occupying a position southeast of Bruce Highway, west of
195 both highways, or northeast of Captain Cook Highway (Fig 1), and from this assigned them a score of
196 [0, 1, 2] respectively, so that the distance between two individuals’ scores represented the number of
197 highways between them; we called this variable “Highways”. We approached H, similarly, but with the
198  distances representing the time since Wolbachia releases were commenced in the area (Fig 1). Thus
199 each individual also received a score of [0, 1, 2], depending on whether the plot it occupied underwent
200 releases in 2013, 2014 or had never been treated; we called this variable “Releases”. Plots with 2013
201 releases were considered more ‘distant’ from those never experiencing releases than those with 2014
202 releases, as potential structuring effects such as selection or reductions in diversity would presumably
203  display a greater effect over time. Treating the geographical or temporal separation of individuals as
204  additive variables analogous to landscape resistance surfaces avoids issues associated with detecting
205  discrete barriers (Landguth et al., 2010). Analyses of population structure are generally thought to be
206 biased when full-siblings are included in analyses (Goldberg and Waits, 2010; Porras-Hurtado et al.,
207 2013), though specific testing of this effect has produced ambiguous results (Peterman et al., 2016).
208  Forthe distance-based redundancy analyses (dbRDA, Legendre and Anderson, 1999), we sampled one
209  individual from each group of full-siblings with the smallest percentage of missing data, retaining 100

210 individuals.

211 We performed partial dbRDA to test H, and H; as explicit hypotheses, while controlling for the
212 potentially confounding effects of IBD and latitudinal and longitudinal clining. We placed potentially
213 confounding variables (Easting and Northing UTM coordinates and a binary variable representing
214 Wolbachia infection status for each individual) inside a conditional matrix. The dependent variable was
215  adistance matrix of Rousset’s a scores (Rousset, 2000) calculated for each pair of individuals using the

216 program SPAGeDi.

10
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217 All remaining model procedures were performed in the package VEGAN (Oksanen et al., 2007).
218  The dbRDA models were built using the function capscale. For all models, we applied the effects of the
219 conditional matrix described above, and assessed the significance of “Highways” and “Releases”. We
220 built three models: one implementing both predictor variables and the other two implementing each
221  variable in isolation. We assessed the statistical significance of predictor variables with the function
222 anova.cca, using 99999 permutations to test for the marginal significance of each term after
223 accounting for the effects of the others. The entire procedure was then repeated with the binary
224  variable representing Wolbachia infection status removed from the conditional matrix and used as a
225 predictor variable alongside “Highways” and “Releases”. While constructing models, we calculated
226  variance-inflation factors (VIF) to check for multicollinearity between predictor variables, using the

227 function vif.cca. All VIFs were < 1.1, so none were rejected.

228 We tested the sensitivity of the variables used to investigate H, and H, by performing
229  additional dbRDAs that followed the above procedure but with modifications made to “Highways” and
230  “Releases”. In each case, instead of a given barrier being 100% the strength of the other, it was
231 assigned strengths of 150% and 200%. Thus, instead of scores of [0, 1, 2] for a given variable, these

232 scores were [0, 1.5, 2.5] or [0, 1, 2.5] for strengths 150%, and [0, 2, 3] or [0, 1, 3] for strengths 200%.

233

234 Type I error testing

235  Although ordination methods such as dbRDA are thought to detect genetic structure with greater
236 power than traditional Mantel tests (Legendre and Fortin, 2010; Cushman et al., 2013), they also suffer
237  from elevated risk of Type | error (Kierepka and Latch, 2015a). Specifically, Type | errors can be made
238  if hypotheses of geographical structure are proposed against only null hypotheses of panmixia, rather
239  than against alternative geographical hypotheses (Cushman et al., 2006; Cushman and Landguth,

240 2010). We considered IBD an alternative hypothesis of genetic structure. A Mantel test performed with

11
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241  the function mantel in the R package VEGAN showed slight correlation between geographical and
242 genetic distances (r = 0.047, P < 0.05), and high correlations between geographical distance and both
243 “Highways” (r=0.424, P <0.001) and “Releases” (r =0.305, P < 0.001). When genetic structure exhibits
244 IBD, spatial dependence of barrier variables and inadequately extensive sampling can lead to
245 significance being observed when no barrier effect exists (Kierepka and Latch, 2015b). Therefore, in
246 order to confirm any significance observed among variables in dbRDA, further analyses were required

247 to eliminate IBD as a cause of genetic structure.

248 We adapted the method of Kierepka and Latch (2015b) to evaluate whether the spatial
249 distribution of our traps relative to barriers would lead to a high risk of Type | error. We used CD-POP
250 to simulate the field site without any highways, Wolbachia infections, or mosquito release histories,
251 thus creating an artificial environment in which only IBD could explain the pattern of structuring. We
252 designated 1000 locations as the positions of individual mosquitoes, which included the locations of
253  the 100 individuals used in dbRDA and 900 new locations placed at random throughout our field site.
254  We used parameters coding for high recruitment and high mortality, and negative exponential
255  dispersal approximating a leptokurtic dispersal kernel with no maximum limit to dispersal, but where
256  dispersal over 300 m was relatively rare. Dispersal was unbiased by sex, given that Ae. aegypti males
257  generally disperse more readily early in their lives, and females tend to travel greater distances over
258  their lifetimes (Sheppard et al., 1969; McDonald, 1977). The CD-POP input file listing all relevant

259  parameters is supplied in Supplementary Information A.

260 We allowed CD-POP to generate genotypes for each individual. As this process sets initial allele
261  frequencies so that populations are initially at maximum genetic diversity, we used fewer loci than the
262 3,784 in our data set so that the real and simulated data would have similar numbers of effective
263 alleles. Effective allele counts have been found to correspond well with analytical power across

264  different types of genetic data (Wang, 2006; Hauser et al., 2011). We used the method of Kimura and

12
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265 Crow (1964) to calculate the number of effective alleles in our 3,784 loci set, which gave 5,618 effective

266 alleles, corresponding to 2,809 biallelic loci at maximum diversity.

267 We constructed 100 simulations and ran each for 80 discrete generations, after which we
268  sampled the genotypes of the mosquitoes now present at the original 100 locations. The number of
269  generations was chosen iteratively, to achieve similar values of the Mantel correlation coefficient in
270 the simulated and empirical datasets (rsimulated, X = 0.082, 6 = 0.022, all P < 0.05; rempiricat = 0.047, P <
271  0.05). For each sample we constructed new dbRDA models with the same parameters as the observed
272  data, and calculated the marginal significance of “Highways” and “Releases” with ANOVAs. We
273  considered that more than 5 of the 100 simulated samples showed significance for a variable is an

274  indication of an elevated risk of Type | error.

275

276  Assessing the long-distance host movement and loss of Wolbachia infection

277  Estimating relatedness/kinship

278  We used the program SPAGeDi (Hardy and Veckmans, 2002) to calculate Loiselle’s k (Loiselle et al.,
279  1995) among individuals. First degree kin relations (full-sibling or parent/offspring) can be ascertained
280 with only hundreds of SNPs (Tokarska et al., 2009; Cramer et al., 2011; Sellars et al., 2014; Weinman
281 et al,, 2015), and with the thousands of SNPs available through ddRADseq this confidence can be
282  extended to include second-degree relations (half-sibling or grandparent/grandchild) (Rasi¢ et al.,
283 2014a; Bateson et al., 2016; Munshi-South et al., 2016; Shultz et al., 2016). Considering that our cross-
284  sectional study design provided a period for sampling (7 days) shorter than that required for mosquito
285 development (> 14 days; Christophers, 1960), we assumed that related individuals were of the same
286  generation, and thus pairs with first degree levels of relatedness were considered to be full-siblings

287  and those with second degree relatedness were considered half-siblings.
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288 The estimated pairwise kinship k > 0.1875 represented putative full-siblings, and 0.1875 > k >
289  0.09375 represented putative half-siblings, with each pair being assigned the most likely kinship
290 category (lacchei et al., 2013). We considered half-siblings to be paternal because polyandry is much
291 rarer than polygyny in wild Ae. aegypti (Richardson et al., 2015). Therefore, we assumed full-siblings

292  to come from the same matrilineage, and half-siblings from different matrilineages.

293 As our investigations of long-distance mosquito movement and Wolbachia loss both require
294  precise assignment to kinship categories, we also used the program ML-Relate (Kalinowski et al., 2006)
295  to run specific hypothesis tests of putative relationships. These were run for all pairs of putative full-
296 siblings with different infection statuses, and for all individual pairs with k > 0.09375 collected across
297  different ovitraps. For each pair we ran one standard test that estimated the relationship assuming
298  that the kinship category assigned using k was more likely than the next most likely kinship category,
299 followed by a conservative test that assumed that the kinship category assigned using k was less likely

300 to be correct. All tests were run using 10,000,000 simulations.

301 We estimated the distance of separation between full-siblings as an indication of female
302 movement range. Full-siblings found within a single ovitrap would likely be from the same gonotrophic
303  cycle, while those further apart would likely be from one or two gonotrophic cycles. The distance of
304  separation between half-siblings is more difficult to characterise, but could reflect the total movement
305 of the male and two females involved. Although passive dispersal of mosquitoes by humans is usually
306  thought to occur at the egg rather than adult stage, we could not rule out human interference in the
307  dispersal of adults. Importantly, the distinction between active and passive adult dispersal is irrelevant
308 for the purpose of our study, given that both types contribute to a Wolbachia invasion. Our measure
309  of flight range is therefore a composite of active mosquito flight and potential passive movement, and

310 is more informative for understanding the Wolbachia invasion success than active dispersal alone.

311

14


https://doi.org/10.1101/103598
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/103598; this version posted June 19, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

312 Wolbachia infection screening

313 Mosquitoes were screened for Wolbachia using the protocol of Lee et al. (2012). The infection
314 is diagnosed with polymerase chain reactions (PCR) run on the Roche LightCycler® 480 system (384-
315  well format). For each mosquito, PCR was performed using three primer sets, Aedes universal primers
316  (mRpS6_F/mRpS6_R), Ae. aegypti-specific primers (aRpS6_F/aRpS6_R) and Wolbachia-specific
317 primers (wl_F/wl_R). A sample was scored as Wolbachia positive when there was robust
318  amplification of all three primer sets mRpS6, aRpS6 and wi, while an Ae. aegypti sample that was
319 Wolbachia negative amplified only mRpS6, and aRpS6. Each PCR was run using three positive
320 Wolbachia controls and three negative Wolbachia controls. Wolbachia titre, defined as the ratio of
321  Wolbachia gene copies to host gene copies, was estimated using 2[CPA)=cPW)] \yhere cp(A) is the

322  crossing point of the aRpS6 marker and cp(W) is the crossing point of the w1 marker (Lee et al., 2012).

323 To provide a comparison between lab-raised and field-raised mosquitoes, we also assayed 23
324  field-caught adult mosquitoes from Gordonvale, Australia. This small town 23 km south of Cairns was
325  subjected to intensive Wolbachia releases in 2011 (c.f. Hoffmann et al., 2011). The sample was taken
326  in January 2013, after the Wolbachia invasion had successfully established and remained at near-
327 fixation (Hoffmann et al., 2014). Adult mosquitoes were collected using BG-Sentinel traps (Biogents
328  AG, Weissenburgstr. 22, 93055, Regensburg, Germany), and were processed and assayed in a manner
329 identical to those from Cairns. Field-caught adult Gordonvale mosquitoes were expected to exhibit
330  broader variation in age and physiological state (Williams et al., 2006) compared with our Cairns

331  sample.

332 For each individual from Cairns and Gordonvale we performed three PCR replicates to confirm
333 its wMel infection status. No inconsistencies in assigning Wolbachia infection status were observed
334  across replicates of samples and controls, and similar titres were also observed across replicates (single

335 factor ANOVA F-value = 0.341, P = 0.711). Within individuals, only 11.3% had a maximum titre more
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336  than twice the magnitude of their minimum titre. In comparison, the lowest-scoring replicate from the
337  individual with the highest mean titre had a titre 86.8 times larger than the highest-scoring replicate
338 from the infected individual with the lowest mean titre. Considering the relative consistency of titres
339 across replicates, we used the mean of the three scores to attain final estimates of Wolbachia titre for

340 each individual.

341 From our Wolbachia-infection screening and relatedness analysis, we identified wMel-infected
342 matrilineages as being any group of full-siblings containing at least one individual infected with
343 Wolbachia. An uninfected individual within an infected matrilineage was considered to have either
344  failed to inherit the infection from its mother or to have lost it during development. We estimated the
345 rate of infection loss per generation (1) by comparing the number of these individuals with the total

346  number of full-siblings from infected matrilineages.

347

348  Results

349  Barriers to dispersal

350 Landscape Resistance Modelling and Type | Error Assessment

351  ANOVAs performed on partial dbRDA models showed that only the “Highways” variable was predictive
352  of genetic structure (Table 1; 1.55 < F-value < 1.64; P < 0.05). “Highways” was a significant effect
353 regardless of “Wolbachia infection” being included or not. Based on the partial Eta squared (n,?
354 Tabachnick and Fidell, 1996), this variable explained 1.7% of the variance in each model.
355  Supplementary Information B describes additional analyses of genetic structure among groups, with
356 results that are in accordance with these findings. Of the 100 CD-POP simulations only two showed

357  significant structuring by “Highways” at the P < 0.05 level, and inclusion of the “Releases” variable in
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358 the models did not change this observation. This suggests that the effect of “Highways” observed in

359 thereal datais unlikely a Type | error caused by sampling bias or residual autocorrelation.

360 Sensitivity analyses of “Highways” and “Releases” showed similar results for different relative
361 resistances. Increasing the relative barrier strength of Captain Cook Highway to 150% increased the
362  variance explained in each model to 1.82%, and increasing it to 200% increased the variance explained
363  to 1.90%. Conversely, increasing the relative barrier strength of Bruce Highway to 150% and 200%
364  decreased the variance explained to 1.59% and 1.54% respectively, and the variable was not
365  statistically significant at 95% confidence when Bruce Highway was 200% the barrier strength of
366 Captain Cook Highway. Sensitivity analyses of “Releases” showed no statistical significance for any

367  variation in relative strengths.

368 Although an effect size of n,*> = 1.7% suggests only a slight reduction in dispersal across
369  highways, Wolbachia invasions with bistable dynamics are particularly sensitive to barriers (Barton and
370  Turelli, 2011) and dispersal does not need to be completely disrupted to slow or stop an advancing
371  wave (Turelli and Barton, 2016). To demonstrate this, we used a patch-based simulator derived from
372 Nemo2 (Guillaume and Rougemont, 2006) and empirical data from Schmidt et al. (2017) to simulate
373  the spread of wMel in the absence of barriers. Parameters, methodology and results are detailed in
374  Supplementary Information C. Our simulations showed that the patches separated by highways that
375  donot pose any barriers to dispersal tended to have higher wMel frequencies than what was observed
376  in the field (Schmidt et al. (2017). The average overestimation in simulations was 6.5%. Importantly,
377  nodiscrepancy between the simulated and field data (i.e. overestimation in simulations) was detected
378  for patches that are not separated by highways. Overall, simulation of the Wolbachia invasion progress
379  south of Bruce Highway (Supplementary Information C) indicated that barrier strength corresponded

380 toanadded 30 - 35 m of separation.

381
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382 Estimates of Long-distance movement

383 We detected 31 putative full-sibling groups that contained 43 full-sibling pairs, 41 of which were found
384  within single ovitraps. Two pairs were spread between different plots (Fig 2): one was split between
385 CNW and CNE (239 m separation, k = 0.203); the other between CNW and PPS (1312 m, k = 0.235).
386  Standard maximume-likelihood simulations gave strong support to both pairs being full-siblings (both P
387 < 0.0001). However, conservative simulations were unable to reject the hypotheses that either pair
388  represented half-siblings (P < 0.0001 and P < 0.02 respectively), but rejected them as unrelated (both

389 pP=1).

390 Eight of the 27 putative half-sibling pairs (0.0989 < k < 0.187) were found across multiple traps
391 (47 - 560 m separation), though none of these were located in different plots. There was a gap in k
392  scores (Ak = 8.6%) between the most closely related half-siblings (k = 0.187) and the most distantly
393 related full-siblings (k = 0.203), indicating that the cut-off point in relatedness between full-siblings and
394  half-siblings (k =0.1875) is valid. This 8.6% difference between the two categories is much greater than
395  the difference between the top two half-sibling pairs (Ak = 0.9%) and the bottom two full-sibling pairs
396  (Ak = 2.9%). However, conservative maximume-likelihood simulations could not assign these pairs
397  exclusively to one or the other kinship category. Of the eight putative half-sib pairs found in different
398  traps (0.0989 < k < 0.1412), only the most closely related pair (k = 0.1412, 54 m separation, P < 0.07)
399  was confidently assigned as half-siblings and not assigned as unrelated using conservative maximum

400 likelihood estimation.

401

402  Loss of Wolbachia

403  Triplicate runs of real-time PCR assay for wMel detection indicated that 60 out of 161 individuals from

404 Cairns were infected with Wolbachia. The six samples from PPN were all infected, none of PPS and CNE
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405  were infected; and the remaining plots had a mixture of infection rates (Fig 1). All individuals caught
406  in the 2013 Gordonvale sample were infected with wMel. Wolbachia titre scores in Gordonvale (X =
407 18.4, 0 = 10.8) were almost three times higher than those of Cairns (X = 6.6, 0 = 3.8; t-test with unequal
408  variances, P < 0.001), but were also three times as variable (Fig S1). One infected mosquito from
409 Gordonvale had a titre of just one gene copy for every three Aedes gene copies, while the lowest titre
410 in Cairns was more than three times this amount. The highest titre in Gordonvale was 56 Wolbachia

411  gene copies for each Aedes gene copy, more than double the highest recorded in Cairns (Fig S1).

412  We detected 10 full-sibling groups from the Wolbachia-infected matrilineages (containing 21
413 individuals) and 21 full-sibling groups from uninfected matrilineages. Importantly, we recorded a single
414 case of infection loss in CNW. The sample from this matrilineage consisted of a pair of putative full-
415 siblings (k = 0.376), one of which carried the infection (titre = 6.15) and one of which did not. Maximum
416 likelihood simulation provided strong support for the hypothesis that this pair represented full-siblings
417 (P <0.0001) and subsequently rejected the hypotheses that they were either half-siblings or unrelated
418  (both P = 1). We calculated a tentative probability of infection loss among offspring within infected
419  matrilineages, giving a likelihood of loss of one in 21 (i1 = 0.048), although the 95% binomial confidence

420 intervals around this estimate were very wide (0.001, 0.238).

421

422 Discussion

423  Our study produced three main findings: i) highways exert a small but significant influence on Ae.
424  aegypti genetic structure and the expected spread of Wolbachia; ii) some Ae. aegypti females may
425 oviposit at distances spanning > 1 km; and (iii) the wMel infection in Ae. aegypti in Cairns may show
426  <100% maternal transmission rate (u > 0). Each phenomenon is expected to have a slowing effect on

427 wMel invasion (Barton and Turelli, 2011; Turelli and Barton, 2016). Because ii) and iii) were based on
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428  single observations, we cannot confidently predict how common they are among Ae. aegypti in Cairns.
429 However, field observations of a slow spread of wMel through Cairns (Schmidt et al., 2017; Turelli and
430 Barton, 2016) are congruent with some long-distance movement operating in Cairns and may also

431 reflect occasional imperfect transmission.

432

433 Major Cairns roads act as dispersal barriers

434 While previous population genetic studies suggested that major roads could be barriers to Ae. aegypti
435  dispersal (e.g Hemme et al., 2010), we provide the first evidence for such an effect through explicit
436  hypothesis testing within a landscape genetics framework. We detected a minor but statistically
437  significant barrier effect of highways, corresponding to 1.7% of dbRDA variance in genetic distance
438  between individuals. Our simulations of the Wolbachia invasion progress south of Bruce Highway
439  (Supplementary Information C) showed that barrier strength corresponded to an added 30-35 m of
440  separation. The wMel invasion observed at PP was slow (100-200 m per year) (Schmidt et al., 2017)
441  with the infection frequencies at the wave front being only slightly above the critical threshold (p =
442 0.35 for wMel in Ae. aegypti (Turelli and Barton, 2016)). Therefore, an added “cost” to cross the
443 highway could prove to be influential in halting the invasion. If the restrictive effect of highways on
444  dispersal increase with highway width and traffic levels, then many urban highways in cities earmarked

445  for future wMel releases would likely be effective barriers to spread.

446 On the other hand, the restrictive effects of highways on dispersal can strengthen the invasion
447  within the area they enclose. The habitat patches along these highway boundaries will have increased
448 infection frequencies relative to patches in regions that are not subdivided, and could fortify the local
449 Wolbachia frequency from the counteracting effect of uninfected immigrants. Following the 2013
450 Wolbachia releases in Cairns, the largest and most successfully invaded release site at Edge

451 Hill/Whitfield recorded a large influx of uninfected Ae. aegypti at the start of the 2014/2015 wet
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452  season (Schmidt et al, 2017). This was likely in part due to the greater connectivity of Edge
453 Hill/Whitfield with surrounding uninfected regions. Prospective release sites in areas with such
454 characteristics should be positioned adjacent to dispersal barriers such as highways, as this may help
455 reduce the threat of reinvasion of uninfected mosquitoes. Additionally, the slow rate of spread (100-
456 200 m/year, Schmidt et al., 2017) observed at Cairns emphasizes the need to focus on area-wide
457 releases rather than rapid regional invasions, and denser release points even in regions that are not

458  subdivided (Turelli and Barton, 2016).

459

460  Movement range of Aedes aegypti in CairnsAnalyses of local patterns of kinship have provided several
461 useful inferences regarding Ae. aegypti ecology. We have recorded two pairs of probable full-siblings
462 (k> 0.18375, 28% larger than the category boundary) that were 1312 m apart, This suggests a single
463  female moving 1312 m between oviposition events, which represents either the extreme end of the
464  flight range in Ae. aegypti or some combination of active and passive dispersal. Previous maximum
465  dispersal estimates of gravid Ae. aegypti females have been less than a kilometre in a single
466  gonotrophic (egg producing) cycle (Reiter et al., 1995; Hondrio et al., 2003). In our study, seven days
467  passed between deployment and sampling of the two ovitraps (1312 m apart), which is long enough
468  for an additional unobserved egg deposition somewhere between them (Christophers, 1960). If we
469  assume this distance to reflect active dispersal, an additional gonotrophic cycle is likely. The length of
470  a single such cycle is rarely more than a few days, particularly when temperatures exceed 30°C
471 (Christophers, 1960) as they did during our sampling. If the distance was crossed in a single gonotrophic
472  cycle, an average daily speed would have to be almost an order of magnitude greater than the previous
473  estimates of average female flight speed in Cairns (Muir and Kay, 1998). Therefore, it is likely that a
474 passive, human-assisted transport occurred. With relatively heavy traffic along Bruce and Captain Cook

475 Highways and an increased frequency of re-entering vehicles in commercial areas, the two highways
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476  may act as conduits for passive female dispersal. After allowing for mosquito “hitchhiking” along
477  highways, the total distance between the ovitraps (measured from each trap to the nearest highway

478  segment) is reduced to 277 m.

479 Using a continuous coefficient of relationship such as k to assign pairs of individuals to discrete
480  kinship categories can be problematic when scores are close to the critical cut-off values. Pairing this
481  method with conservative maximum likelihood estimation resolved some of the clearer distinctions
482 (i.e. the full-siblings exhibiting Wolbachia loss) but not others (i.e. the putative full-siblings exhibiting
483 long-distance movement). However, the k scores of putative full-siblings and putative half-siblings
484  were clearly separated from each other relative to the variability in k scores within each category. This
485 reflects the power of genome-wide SNPs for inferring relationships (Blouin, 2003; Tokarska et al., 2009;
486 Cramer et al., 2011; Sellars et al., 2014; Weinman et al., 2015). Inferring dispersal from relatedness
487 also avoids potential biases resulting from lab-raised Ae. aegypti used in MRR studies failing to develop
488 experience in local conditions that will inform their future oviposition choices (Kaur et al., 2003;
489  Ruktanonchai et al., 2015). Our findings are broadly consistent with the results of several MRR studies
490 in Ae. aegypti adults (Shannon and Davis, 1930; Reiter et al., 1995; Honério et al., 2003; Reiter, 2007),

491  and suggest that this method provides an alternative to MRR for studying dispersal.

492

493  Non-perfect Wolbachia transmission could occur in Aedes aegypti in Cairns

494  We found the first evidence in support of maternal transmission failure (u = 4.8%) in the Ae.
495  aegypti/wMel system, albeit from a single data point. It is worth noting that a comparable loss of 3.3%
496  was recorded for the wAIbA infection in the field-collected Ae. albopictus (Kittayapong et al., 2002).
497  Transmission of wMel in Ae. aegypti has previously been estimated as perfect or quasi-perfect in the
498 laboratory (Walker et al., 2011) or in the field (Hoffmann et al., 2014), but this was based on assaying

499  eggs that were oviposited in the laboratory (Hoffmann et al., 2014). By comparison, samples in this
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500 study were eclosed from eggs that had spent days in the field before collection, potentially exposing
501 them to stressors such as high heat fluctuations, which have been observed to affect wMel

502  transmission in laboratory populations (Ross et al., 2017).

503 Another line of evidence in support of the influence of the rearing conditions on Wolbachia
504  titres comes from the considerable disparity in Wolbachia titre between Cairns and Gordonvale
505 samples. Namely, the Gordonvale sample had titres that were both higher on average and more
506  variable than the Cairns sample. The Gordonvale sample was collected from BG-Sentinel traps and
507 consisted of field-raised adults of variable age and physiological state (Williams et al,, 2006). In
508 contrast, the Cairns sample was collected from ovitraps, where mosquitoes eclosed in the laboratory
509 and were stored within a day of eclosion as virgin adults. The inclusion of blood-fed females in the
510 Gordonvale sample may partially explain the occurrence of very high titres, as wMel titres within Ae.
511  aegypti are known to double in blood-fed individuals (Frentiu et al., 2014), which approximates the
512 difference between the maximum titres from Gordonvale and Cairns. The very low titres recorded for
513 some Gordonvale individuals, on the other hand, might result from high temperature fluctuations
514  during development in the field (Ross et al., 2017), or from a reduction in titre with age, which has

515 been recorded for wAlbA in Ae. albopictus males (Tortosa et al., 2010).

516 The wMel strain successfully invaded Ae. aegypti populations in Gordonvale and Yorkey’s
517 Knob, two quasi-isolated release sites near Cairns, in 2011 (Hoffmann et al., 2011) and these areas
518  have maintained infection rates close to 95% for years without reaching fixation (Hoffmann et al,,
519  2014). Under the assumptions of u = 0, high migration rates of uninfected gravid females would be
520 required to maintain the observed frequencies of infection (0.03 into Gordonvale, 0.06 into Yorkey’s
521 Knob) (Hoffmann et al., 2014). Alternatively, the failure to reach fixation in these areas could be due
522 to a combination of migration and infection loss, which would mean that migration rates of uninfected,

523  gravid females may be lower than 0.06.
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Conclusions

Our study has provided empirical evidence for the processes predicted to slow down the spread of
wMel in Ae. aegypti, using a landscape genomics analytical framework and molecular assays of
Wolbachia infection. This approach could be extended to other host/Wolbachia systems that are
increasingly considered for the biocontrol of disease vectors and pests. Non-perfect maternal
transmission of wMel in Ae. aegypti may not occur in other Wolbachia strains such as wAIbB, whose
density shows greater constancy under fluctuating high temperatures (Ross et al., 2017). Also, it is as
yet unclear whether the observed transmission failure of wMel occurs at a high enough frequency to
affect invasion dynamics, and a more extensive field test of transmission fidelity will be necessary to
derive an accurate estimate of u. On the other hand, regardless of the Wolbachia strain deployed,
presence of barriers like highways and leptokurtic dispersal are potential problems for any Wolbachia

invasion strategy requiring spatial spread (Turelli and Barton, 2016).
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779  Table and Figure Captions
780

781

782  Table 1: Results of ANOVAs testing marginal significance of “Highways” and “Releases” variables in
783 dbRDA. The two variables were each analysed in isolation in separate models, then together in a single
784 model. In every case, “Highways” was predictive of genetic structure while “Releases” was not. Partial
785 Eta squared (n,?) showed that “Highways” accounted for 1.7% of the variation within each model.

786
787

788  Figure 1: Sampling locations of the mosquitoes analysed with ddRADseq, set within the six sampling
789 plots. Each sample was assigned a Wolbachia infection status, a score indicating its position relative
790  to the two highways, and a score indicating when Wolbachia releases were carried out in the area.
791 Plot abbreviations are: CNW (Cairns North West), CNE (Cairns North East), PPN (Parramatta Park
792 North), PPS (Parramatta Park South), WC (Westcourt) and BN (Bungalow). (The underlying road

793 network is derived from "Australia Oceania Continent Roads" made available by MapCruzin.com and
794  OpenStreetMap.org under the Open Database License

795 [https://opendatacommons.org/licenses/odbl/1.0/].)

796
797

798  Figure 2: Loiselle’s k estimates for sample pairs of relatedness k > 0.046875. Pairs of 0.09375 < k <
799  0.1875 are most likely half-sibs, those of k < 0.1875 are most likely full-sibs. Most related pairs were
800 found within the same trap, but separation distances of up to 1312 m were observed.

801
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Table 1: Results of ANOVAs testing marginal significance of “Highways” and “Releases

variables in dbRDA

sum of
squares F-value P Ny
analysed in isolation HIGHWAYS 0.021 1.635 0.021 0.017
RELEASES 0.016 1.241 0.163 0.013
analysed together HIGHWAYS 0.020 1.555 0.032 0.017
RELEASES 0.015 1.165 0.231 0.012

The two variables were each analysed in isolation in separate models, then together in a single model. In every case,

“Highways” was predictive of genetic structure while “Releases” was not. Partial Eta squared (T]pz) showed that “Highways”

accounted for 1.7% of the variation within each model.
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