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Dense residential areas promote gene flow
in dengue vector mosquito Aedes albopictus

Huiging Yeo,"-?* Hui Zhen Tan," Qian Tang," Tyrone Ren Hao Tan,’ Nalini Puniamoorthy,"*
and Frank E. Rheindt'*

SUMMARY

Aedes albopictus is a successful disease vector due to its ability to survive in a wide range of habitats.
Despite its ubiquity and impact on public health, little is known about its differential gene flow capabilities
across different city habitats. We obtained a comprehensive dataset of >27,000 genome-wide DNA
markers across 105 wild-caught Ae. albopictus individuals from Singapore, a dengue-endemic tropical
city with heterogeneous landscapes from densely populated urban areas to forests. Despite Singapore’s
challenging small-scale heterogeneity, our landscape-genomic approach indicated that dense urban areas
are characterized by higher Aedes gene flow rates than managed parks and forests. We documented the
incidence of Wolbachia infections of Ae. albopictus involving two strains (wAIbA and wAlbB). Our results
dispel the misconception that substantial dispersal of Ae. albopictus is limited to urban greenery, with
wide implications for vector management and critical insights into urban planning strategies to combat
dengue transmission.

INTRODUCTION

Dengue is a major epidemiological threat to an estimated 3.9 billion people from over 120 countries.” The number of dengue cases has
increased 8-fold over the last two decades, with most of the disease burden (~70%) falling on countries in Asia.” With no specific therapeutics
and no effective vaccine that can be adopted widely, dengue can be a life-threatening disease.” Despite substantial global vector control
efforts, the rapid emergence and global spread of dengue have not been hindered.”

The dengue virus is mainly transmitted by Aedes mosquitoes in the subgenus Stegomyia, of which Aedes aegypti (Linnaeus, 1762) and
Aedes albopictus (Skuse, 1894) are the two most common invasive disease vectors. Besides dengue, these species are also incriminated
in epidemics of Zika, chikungunya, and yellow fever globally.” Widely considered as the primary vector for dengue virus, Ae. aegypti has
been the subject of intensive population control in the past few decades.® As this vector species commonly co-occurs with Ae. albopictus
and they engage in interspecific competition,”® the ongoing eradication efforts targeting Ae. aegypti raise concerns that Ae. albopictus
may take over the ecological niche of Ae. aegypti and become an even more efficient vector owing to its ability to adapt to a wide range
of habitats.”” Understanding and managing these vectors are an important public health issue especially considering that Ae. albopictus
can be a bridge vector'®'" and disease transmission in densely populated areas can be rapid.'”"® Successful vector control programs rely
crucially on our knowledge of gene flow dynamics and population genetic structure of vector species, including how natural landscape fea-
tures and man-made structures may affect or facilitate dispersal.'*~'® Many studies have explored the invasion pathways of Ae. albopictus at a
regional and international scale.”’ =" However, for city-specific vector control programs, fine-scale geographical data are needed to identify
specific urban landscape features that facilitate or impair gene flow. This is especially so since Ae. albopictus is able to thrive in a wide range of
natural and artificial habitats.”’

Widely thought to have originated in forests,'>?° Ae. albopictus is presently considered ecotonal and preferentially occurs in degraded
and managed landscapes.””"? It is even found in densely populated urban areas,” typically characterized by little vegetation and an abun-
dance of artificial larval breeding sources and human hosts. Despite its ubiquitous status, habitat fragmentation and various environmental
stressors can disrupt gene flow and lead to the buildup of population genetic structure.”® Certain environmental features such as human trans-
portation networks can facilitate passive dispersal®® or act as barriers to active dispersal.”” Importantly, such corridors and barriers to gene
flow may also impact allele frequencies that have a bearing on epidemiologically relevant traits such as vector competency”®?’ and insecticide
resistance.”®? This in turn may affect the adaptations of Ae. albopictus to local conditions and can be important for its survival.

In recent years, the artificial introduction of foreign Wolbachia strains into various mosquito vector species has been widely employed as a
sterile insect technique to control vector populations.’”*' In Singapore, the Wolbachia strain wAlbB naturally occurring in Ae. albopictus is
used in the control of Ae. aegypti.*” Following the success of Ae. aegypti population suppression using Wolbachia technology, there are
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increasing global concerns that niche replacement by Ae. albopictus can occur when Ae. aegyptiis reduced significantly or eliminated.**
Current countermeasures under consideration include the introduction of foreign Wolbachia strains into Ae. albopictus to attain the same
cytoplasmic incompatibility phenotype for population suppression.”** However, Ae. albopictus is naturally infected with multiple Wolbachia
strains at high prevalence in the field,”” rendering the additional introduction of a foreign Wolbachia strain for vector control more challenging
in this species. The distribution and interaction of superinfections are not well understood but are arguably important as the success of Wol-
bachia technology hinges on our knowledge of infection loads in natural populations and how the environment may influence Wolbachia
densities.

Different habitat types can influence Wolbachia infection type and densities across insects, and Wolbachia densities can be highly variable
even across populations.”*° This may be a result of abiotic factors, such as differences in temperature, as well as resource availability and
existing prevalent Wolbachia strains within a population.”' ™ Hence, it is important to characterize strains of Wolbachia in natural populations
of Ae. albopictus and establish their field prevalence across heterogeneous landscapes including forests, parks, and urban areas.

In this study, we implemented an integrative approach to shed light on factors influencing gene flow in Ae. albopictus and shaping disease
transmission dynamics in Singapore. By using a genomic technique (double-digest restriction-site-associated DNA sequencing [ddRADseq])
and employing real-time PCR, we elucidated the population structure of Ae. albopictus in Singapore and associated gene flow patterns with
landscape features and Wolbachia infection status. Importantly, we show that the highest gene flow rates are concentrated in dense urban
agglomerations and that urban landscape features can spur higher levels of gene flow than forests and belts of urban greenery (e.g., managed
parks, streetscape). This result sheds light on the role of man-made infrastructure facilitating vector movement and disease spread in high-
density urban areas.

RESULTS

Population genomic structure of Aedes albopictus in Singapore

Using a ddRADSeq protocol, more than 27,000 single-nucleotide polymorphisms (SNPs) at an average coverage of 17.3X were recovered
from 107 Ae. albopictus individuals. After removing two individuals which were closely related to other individuals, we observed weak pop-
ulation structure in the remaining 105 Ae. albopictus sampled across Singapore, suggesting the presence of corridors and barriers to gene
flow and that the population is not homogeneous.

The population in Singapore was characterized by a mean observed heterozygosity Ho (X = 0.03455, SE = 0.000317) that is lower than the
mean expected heterozygosity H, (X = 0.0548, SE = 0.000428), demonstrating the presence of population structure in Ae. albopictus. Corre-
spondingly, the calculated inbreeding coefficient Fis (X = 0.369, SE = 0.00203) was positive. High genetic homogeneity notwithstanding, fine-
scale population structure was detected with principal-component analysis (PCA) across a habitat cline from forest to managed parks and
urban areas (Figure 1A). This gradient along PC1 is partly influenced by isolation by distance across Singapore (Partial Mantel R = 0.146, p
value = 0.004). Model-based Bayesian population inference using STRUCTURE identified two main clusters (Figure S1) representing forest
and urban areas with broad admixture. Demographic history reconstruction using Stairway Plot2 suggested that Ae. albopictus in Singapore
commenced a decline in effective population size across all habitats about 3,000 years ago (Figure 1B).

Spatial population structure of Aedes albopictus in Singapore

Mapping isolation-by-distance (IBD) residuals allowed us to infer that the extent of gene flow in Ae. albopictus differs across Singapore and
underlies the weak population structure detected (Figure 2A). Significant negative IBD residuals indicated less genetic distance than ex-
pected under IBD and reflect corridors to gene flow mainly in the eastern parts of Singapore (Figure 2A; box i), corresponding with dense
urban areas (Figure 2B). Conversely, significantly positive IBD residuals revealed barriers to gene flow in the northwest and southeast regions
of Singapore (Figure 2A; boxes ii and iii). Regardless of whether resistance was calculated using sampled pairs within grids of 5 km, 10 km, or
20 km, high and low resistance areas remained consistent across Singapore (Figure S2).

Landscape genetics

To find out if differential gene flow of Ae. albopictus across Singapore was associated with certain environmental features, seven different
environmental layers (Figure S3) together with genetic data were optimized using the circuit theory resistance method. The analysis revealed
that leaf area index and land surface type best explained the variation in pairwise genetic divergences based on Akaike's information criterion
corrected for small/infinite sample size (AICc) (Figure S4A). These models ranked higher than the distance-only and null models, indicating
that gene flow among Ae. albopictus is not wholly attributable to IBD. In general, areas with a high leaf area index reflected lower resistance to
gene flow (Figure S5A). Similarly, when surface type was considered, unmanaged vegetated areas (forest and open greenery) were charac-
terized by lower resistance values (Figure S5B). However, artificial infrastructure was associated with heterogeneous resistance values, with
low resistance values assigned to buildings in residential areas, while higher resistance values were attributed to impervious surfaces such
as roads (Figure S5A).

The goodness of fit of both models was low (average R? = 0.00635 and 0.0195 for leaf area index and land surface type, respectively) (Docu-
ment S2), revealing that environmental features may not always exert the same influence on Ae. albopictus gene flow across highly hetero-
geneous environments. We highlight three key areas (Figures 2 and S5, boxes iiii) across Singapore in the discussion section where the fine-
scale effects of multiple environmental factors seemed to be at interplay.
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Figure 1. Population genomic profile and Wolbachia incidence in Aedes albopictus across Singapore

(A) Principal-component analysis (PCA) plot using 27,037 single-nucleotide polymorphisms (SNPs) showing weak clinal population structure of Ae. albopictus
across Singapore. The percentage variation explained by each axis is shown in brackets.

(B) Demographic history of Ae. albopictus with decreasing effective population size over time. Solid lines indicate mean estimates of effective population size
(N,), and dotted lines correspond to 95% confidence intervals.

(C) Using a standardized major axis (SMA) model, wAIbA and wAlbB densities within superinfected Ae. albopictus individuals follow a positive correlation. p value
= 3.2679e-09.

Distribution of Wolbachia wAIbA and wAIbB infections in Aedes albopictus

A total of 77 individual Ae. albopictus were screened for the presence of Wolbachia using gPCR (26 from forest, 15 from managed parks, and
36 from urban areas). A large proportion of the Ae. albopictus individuals screened (85.71%) emerged as superinfected with both wAlbA and
wAIbB strains (Table S1). Infection densities of wAIbB in Ae. albopictus may have differed across habitats (Kruskal-Wallis, H(2) = 6.91, p = 0.032)
(Figure S6), although this pattern could have stemmed from limitations in our sampling regime. On average, wAlbB densities were less var-
iable in Ae. albopictus from managed parks while they varied widely in mosquito individuals from forests and urban areas.

Standardized major axis (SMA) analysis was carried out to assess correlations between wAlbA and wAlbB densities within and across hab-
itats and to test if habitat type had an interactive effect on Wolbachia densities of both strains. The infection densities of wAIbA and wAlbB
were correlated with each other (R? = 0.379, p value = 3.2679e-09, Clsiope[0.799, 1.120], Clgjevationl0.180, 0.513]). Ae. albopictus individuals with
higher wAIbA densities tended to be associated with higher wAIbB densities, both as a whole (Figure 1D) and within habitats (Table S2). The
correlations between wAIbA and wAIbB displayed roughly the same slope and intercept among habitat types (p = 0.965), indicating that the
range of correlated Wolbachia densities is not significantly different across habitats.

DISCUSSION

Knowledge about mosquito dispersal is critical in the fight against dengue to untangle the dynamics of virus transmission and to design efficient
control strategies. In this study, we employed an integrative approach to shed light on environmental factors and reproductive endosymbionts
influencing gene flow in Ae. albopictus in a highly heterogeneous cityscape. In urban agglomerations, especially dense residential areas, gene
flow rates of the vector species are higher than those in forests and belts of urban greenery (Figure 2). Paradoxically, areas with large highways
also do notseem to promote high gene flow. This pattern indicates that while certain urban landscape features (e.g., wide roads) may not be the
most conducive environments for Ae. albopictus, the combination of other urban features with managed vegetation (e.g., buildings and potted
plants) may be responsible for high mosquito dispersal, vector movement, and disease spread in high-density urban areas.

Barriers and corridors to gene flow at a fine geographic scale

In Singapore, urban development is often accompanied by the planting and management of greenery, creating a “city in a garden”.** The
intricate mosaic structure of this urban landscape has resulted in differential gene flow of Ae. albopictus even at a small geographical scale.

In the urban residential “heartland” of Singapore (Figure 2A; box i), higher-than-expected gene flow rates are associated with large contig-
uous urban areas (Figure 2B), possibly on account of its central location. The dispersal range of Ae. albopictus in urban areas may be wider
than in individuals inhabiting vegetated areas. Urban areas are generally considered to be poorer quality habitats and spur larger dispersal

iScience 26, 107577, September 15, 2023 3




¢? CellPress iScience
OPEN ACCESS

ResDisMapper

Resistance

| ——— Managed park

Managed vegetation
Forest

Water bodies
Above-ground highways
— Semi-highways

Figure 2. Landscape heterogeneity across Singapore drives differences in Aedes albopictus gene flow

(A) Sampling localities of Ae. albopictus overlaid with resistance values showing higher (red) or lower resistance (gray) than expected when compared to an
isolation-by-distance model. Resistance values were calculated using ResDisMapper with pairs of sampled individuals within 10 km. Contour lines delineate
areas statistically significant for high (red) or low (gray) resistance, respectively. Cells with no statistical certainty are not shown. Points are colored according
to habitat types: forest (green), managed parks (yellow), and urban areas (blue). Boxes i, ii, and iii depict different scenarios of barriers and corridors to gene
flow as discussed in the text.

(B) Habitat map of Singapore modified from Gaw et al. (2019).

distances as gravid females have to move further to seek out suitable oviposition sites, which are relatively sparse and distributed heteroge-
neously within the urban matrix.*>~*® The flight range, which refers to the lifetime displacement from origin, of Ae. albopictus is widely
assumed to average around 600 m,"“" but individuals may also be dispersed passively through human-mediated displacement across
well-connected urban areas. Additionally, pockets of greenery within the urban matrix are common in Singapore (i.e., managed vegetation
under covered walkways and personal gardens of residents grown within the corridors of buildings) and can act as stepping stones in facil-
itating Ae. albopictus dispersal.

In contrast, Ae. albopictus individuals sampled from areas which are predominantly forested (Figure 2A, box ii) reflected lower gene
flow rates. Besides targeting humans, Ae. albopictus feeds on a wide range of host species including dogs, pigs, and chickens.”” As
breeding habitat tends to be more homogeneous in forested areas,” Ae. albopictus populations there may experience less dispersal
and hence less gene flow. Additionally, gene flow rates in the specific area we identified (Figure 2A, box ii) are likely disrupted by two
highways (Bukit Timah Road and Bukit Timah Expressway). While roads have been identified to facilitate long-range passive transport
of Aedes species likely through hitchhiking on ground vehicles,”' they have also been reported to act as barriers to gene flow across adja-
cent habitats.”
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Similarly, multiple highways in the southeast of Singapore likely contributed to the lower-than-expected gene flow rates there. A prom-
inent area of low gene flow in this part of Singapore (Figure 2A, narrow red band in box iii) corresponds to the presence of several highways
(Pan-Island Expressway and East Coast Parkway) which are nestled within the largely urban residential matrix (Figure 2B). In such areas, the
landscape is additionally characterized by a high leaf area index as a result of Singapore’s decades-old streetscaping efforts.” This practice
has given rise to mature trees with ample foliage lining high-traffic highways, while the four- to eight-lane highways themselves likely consti-
tute a barrier to gene flow in Aedes.”*>*

In the same vein, urban residential areas are not fully built out with concrete and are interspersed with streetscape and indoors greenery.
Such nuances in the landscape likely lead to high variability in the goodness of fit in our optimized models, highlighting the complexities of
inferring drivers and barriers to gene flow in a widely distributed vector across a heterogeneous cityscape.

Co-occurrence of Aedes aegypti and Aedes albopictus

Since the 1960s, Ae. aegypti has been designated the main dengue vector in Singapore.”>>° However, internationally, an increasing number
of dengue outbreaks are driven by Ae. albopictus,”” which is characterized by a highly anthropogenic blood-feeding habit even at a relatively
low abundance of humans.*® Our findings support the suitability of core residential areas in Singapore for Ae. albopictus dispersal, including
those that have historically harbored the highest number of dengue cases.”®*”° Against this backdrop, our results highlight that the relative
importance of Ae. aegyptiversus Ae. albopictus in dengue transmission remains understudied and caution that Ae. albopictus could poten-
tially develop into an even more serious disease vector in Singapore and beyond.

Despite the co-occurrence of Ae. albopictus with urban specialist and anthropophilic Ae. aegypti,”® interspecific competition does not
seem to negatively impact Ae. albopictus gene flow in urban areas (Figure S4A). Our results highlight the highly dynamic nature of Ae. albo-
pictus movement and gene flow in a heterogeneous landscape and point to a need to consider a combination of multiple environmental
factors to identify key corridors and barriers in urban planning.

Genetic connectivity of Aedes albopictus across Singapore

With a dataset spanning more than 27,000 genome-wide SNPs, we detected fine-scale population structure in Ae. albopictus across habitats
(Figures 1A and S1). Part of this structure is contributed by the ubiquitous background effects of IBD (Partial Mantel R: 14.6%), which leads to a
closer relationship among individuals in proximity than among those further apart. Most of the habitats with a dense forest character are
distributed in the northwest and central areas of Singapore. In contrast, urban habitats are more prevalent in the southeast region, dominated
by high-rise buildings with a dense human population.

Inference of past demographic history

Stairway plot analysis suggested a decrease in effective population size of Ae. albopictus through time across all habitats starting around
3,000 years ago, assuming ~17 generations per year (Figure 1B). This trend persists when accounting for uncertainty in generation time:
for instance, with a setting of 26 generations per year based on observations from a captive Ae. albopictus population in Singapore (data
not shown), the continuous decrease in effective population size would have commenced more than ~1,000 years ago. While this species
is thought to have originated in continental Southeast Asia,”” the first description of Ae. albopictus dates to 1894 from India, and closely
related species are mostly distributed across the subtropics extending from India through southern China and Japan.®' A recent population
genetic study examining Ae. albopictus from China, Japan, and Thailand placed the most basal Ae. albopictus population in China.®” The first

7,5%%" and itis currently not known if the Ae. albopictus population in Singapore has an

official record of Ae. albopictus in Singapore was in 195
invasive origin. A relatively recent arrival, paired with intensive local vector control efforts in the last six decades, could potentially explain the
low effective population size observed in our analysis, consistent with studies suggesting that invasive species tend to have a lower genetic

diversity as a result of founder effects.®>

Wolbachia wAIbA and wAIlbB infection loads in Aedes albopictus across habitats

Beyond physical landscape features, the distribution and infection load of Ae. albopictus with reproductive endosymbionts is crucial to un-
derstanding current patterns of mosquito prevalence and to informing control strategies. The significant positive association between wAIbA
and wAIbB densities across Ae. albopictus individuals indicates that superinfections of both strains within a mosquito are not in antagonistic

8 strongly suggesting that Wolbachia super-

competition. Our results corroborated a previous study of Wolbachia density in Ae. albopictus,
infections interact synergistically or are independent of one another within the mosquito host.

With the growing interest to adopt novel Wolbachia control techniques in various Aedes mosquitoes, infection loads and strain interaction
in mosquito hosts warrant more focus in future studies. Currently, there are only few studies employing methods to quantify Wolbachia infec-
tion load in wild mosquitoes.*®*” Knowledge of Wolbachia strains, infection status, and strain interactions can help improve implementation

of successful mosquito control programs, especially in vector species where Wolbachia superinfections are common.
Limitations of the study

We have included current available landscape rasters in the landscape-genomic analyses to identify key features associated with barriers and
corridors to gene flow. Geographical datasets at a finer scale can offer more accurate insights in model testing of Ae. albopictus gene flow
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across heterogeneous landscapes, but such datasets are unfortunately not available. Even with our efforts to sample comprehensively across
the city (which includes extensive terrain classified as sensitive military zones), multiple areas remain where additional sampling would have
yielded a more complete dataset.

Conclusions

The findings from this study shed light on the dispersal and invasive potential of Ae. albopictus and identify key landscape features associated
with barriers and corridors to gene flow within a heterogeneous city matrix. Importantly, we discovered that the highest gene flow rates in Ae.
albopictus are present in dense urban agglomerations. Surprisingly, gene flow rates of Ae. albopictus are lower in forests and belts of urban
greenery, demonstrating that these areas are not necessarily conducive to gene flow despite the species being widely known to inhabit these
areas preferentially. This conclusion has wide implications for vector management and provides useful insights into developing strategic ur-
ban planning (e.g., green space planning) to combat dengue transmission. The results of Wolbachia wAlbA and wAlbB infection densities,
distribution, and habitat association are useful to inform future vector control projects which rely on the release of Wolbachia-infected Aedes
mosquitoes and provide a baseline estimate for current Wolbachia superinfections in wild Ae. albopictus.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Enzyme EcoRlI BioLabs RO101S
Enzyme Mspl BioLabs RO106S
NEB CutSmart buffer BiolLabs B6004
T4 DNA ligase BioLabs M0202L
Ampure XP paramagnetic beads Beckman Coulter A63880
Pippin prep 2% gel cassette, external markers Sage Sciences CEF2010
Critical commercial assays

DNeasy Blood & Tissue Kit Qiagen 69506
NEBNext® Multiplex Oligos for lllumina® BioLabs E7600S
Qubit™ dsDNA HS Assay Kit Invotrogen Q32854
SsoAdvancedTM Universal SYBR® Green Supermix Bio-Rad 1725270
Q5 Hot Start High-Fidelity DNA polymerase and buffer BioLabs MO0493S

Deposited data

Raw sequence data
Sample metadata

Code

This paper, GenBank
This paper, Mendeley Data
This paper, Github

BioProject number: PRINA988429
https://data.mendeley.com/datasets/tsf62dsvd4/1

https://github.com/huigingyeooo/Ae_
albopictus_popgen

Oligonucleotides

Primers for Wolbachia wAIbA and wAIbB
detection, see Table S4

Primers for Aedes housekeeping gene, see Table S4

Hu et al.”®

Dutton and Sinkins®’

N/A

N/A

Software and algorithms

CutAdapt

FastQC

Stacks v2.41

BWA v.0.7.15
SAMtools v1.9
ADMIXTURE 1.3.0
PLINK v1.9

STRUCTURE v2.3.4
PGDSpider v.2.1.1.5
ANGSD v0.923
Stairway plot v2.1.1
Rv.4.0.3

R package, popgenome

R package, hierfstat

Martin’"
Babraham Bioinformatics’?

Catchen et al.”?

Heng’*

Heng et al.”®

Alexander and Novembre’®

Purcell et al.”’

Pritchard and Donnelly”®
Lischer and Excoffier’”
Korneliussen et al.®°
Liu and Fu®’

R core team®”

Pfeifer et al.®*

Goudet®*

https://journal.embnet.org/index.php/embnetjournal/
article/view/200

https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/
https://doi.org/10.1534/g3.111.000240
http://arxiv.org/abs/1303.3997
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1186/1471-2105-12-246

https://www.sciencedirect.com/science/article/pii/
$0002929707613524

https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1093/bioinformatics/btré642
https://doi.org/10.1186/s12859-014-0356-4
https://doi.org/10.1186/s13059-020-02196-9
https://www.R-project.org/
https://cran.r-hub.io/web/packages/PopGenome/

index.html

https://cran.r-project.org/web/packages/hierfstat/

index.html

(Continued on next page)
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https://doi.org/10.1186/1471-2105-12-246
https://www.sciencedirect.com/science/article/pii/S0002929707613524
https://www.sciencedirect.com/science/article/pii/S0002929707613524
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

R package, SNPRelate Zheng et al.® http://bioconductor.org/packages/release/bioc/
html/SNPRelate.html

R packags, ncf Bjornstad™ https://cran.r-project.org/package=ncf

R package, poppr Kamvar et al.”’ https://cran.r-project.org/web/packages/
poppr/index.html

R package, ResDisMapper Tang et al.®® https://github.com/takfung/ResDisMapper

R package, ResistanceGA Peterman®’ https://github.com/wpeterman/ResistanceGA

R package, smatr Warton” https://cran.r-project.org/web/packages/
smatr/index.html

Other

Olympus SZX16 Stereozoom microscope Olympus https://www.olympus-lifescience.com/en/
microscopes/stereo/szx16/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Yeo Huiging (huiging_yeo@u.
nus.edu).

Materials availability

This study did not generate new unique reagents or materials.

Data and code availability

® Data: All sequences are available on Genbank (PRINA988429) and metadata is available at: https://data.mendeley.com/datasets/
tsf62dsvd4/1.

@ Code: All R code and command line code is available at: https://github.com/huigingyeocoo/Ae_albopictus_popgen. Raw Sequences: All
raw sequences generated from this study are available on Genbank (BioProject number: PRINA988429)

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mosquito samples

Collection of Ae. albopictus was carried out in Singapore, one of the most densely populated cities in the world with a population size of 5.4
million residing in a total land area of 719.9 km?. Situated at the southern tip of the Malay Peninsula, the city experiences a tropical rainforest
climate with little temperature, rainfall and humidity fluctuations throughout the year.”' As a result of its small geographical size, land use is
highly fragmented with multiple habitat types embedded within an urban matrix. In this study, the sampling habitats of Ae. albopictus were
broadly grouped into three categories — urban, managed park, and forest (Figure 2A). The habitat categories were defined based on a high
resolution surface map of Singapore” (Table S3).

Samples were acquired from May 2019 to November 2021 throughout Singapore, including in restricted military areas and on offshore
islands — Pulau Tekong and Pulau Ubin (Figure 2A, Document S2). Larvae were collected through opportunistic searching of suitable breeding
containers (e.g., flower pots and tree holes). Larvae were also received from the Environmental Health Institute, National Environmental
Agency, which were collected as part of the nation-wide residential mosquito surveillance program. Larvae were fed with crushed fish
food Tetra® TetraBits and reared individually to the adult stage in an insectary (Department of Biological Sciences, National University of
Singapore). Adults were collected from the field by using Centres for Disease Control and Prevention miniature light traps and fan-based
aspirators. Trapping sites were at least 50 m apart.”*” Some adult samples were collected in military areas (Western Training Area and Pulau
Tekong) using Biogents traps by staff of the Singapore Armed Forces.

METHOD DETAILS
Identification and storage

All samples were morphologically identified under a stereozoom microscope SZX10 (Olympus, Japan), making sure to look out for charac-
teristics which differentiate Ae. albopictus from another sympatric and morphologically similar species, Ae. malayensis. A total of 114 Ae.
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albopictus individuals from 91 unique localities were included in the study, 95 of which were larvae, and the remaining 19 were adults. All
samples were stored dry at —80°C for subsequent processing.

Extraction and library preparation

To standardise the amount of starting material and account for damaged specimens with missing appendages, we removed all the legs and
wings of each sample, leaving the head, thorax and abdomen for extractions. We extracted genomic DNA from all samples using the DNeasy
Blood & Tissue Kit (Qiagen, Germany) following the manufacturer’s protocol. Double-digest restriction enzyme-associated sequencing li-
braries (ddRADSeq) were prepared as described elsewhere.”?° Briefly, 400 ng of genomic DNA from each sample was digested with 20 units
of EcoRl and 4.4 units of Mspl in a 50 ul reaction with NEB CutSmart buffer and water (New England Biolabs, Beverly MA, USA). Digestions
were carried out at 37.5°C for 3.5 hours with no heat kill step, and the digested products were cleaned with Ampure XP paramagnetic beads
(Beckman Coulter, Brea, CA). They were ligated to P1 and P2 adapters with T4 ligase (New England Biolabs, Beverly MA, USA) for 16 hours at
16°C, followed by 65°C for 20 minutes, and thereafter a stepwise decrease in temperature of 1°C per minute to 23°C.

We carried out size selection using a Pippin Prep 2% gel cassette (Sage Sciences, Beverly, MA), retaining DNA fragments of 305 to 365 bp,
which were cleaned with Ampure XP beads. Four libraries were created by pooling 26-29 samples into each library. Each library was enriched
by a 12-cycle PCR in 50 pl reactions containing 15 pl of cleaned library DNA, 10 ul of Q5 reaction buffer, 1 pl of 10 nM dNTPs, 1.5 ul of lllumina
P1 and P2 primers, 1 ul of Q5 Hotstart HF DNA polymerase and 20 ul of molecular-grade RNase-free water. PCR products were cleaned up
with Ampure XP beads. Sample library fragment size distributions were obtained using a Fragment Analyzer (Advanced Analytical Technol-
ogies, Ankeny, IA, USA). Final library concentrations were measured with a Qubit® 2.0 Fluorometer (Thermo Fisher Scientific) before pooling
with unrelated samples in equimolar volumes. Sequencing was carried out on an lllumina NovaSeq 6000 S4 flow cell using 150 bp paired-end
chemistry (Macrogen APAC, Seoul, South Korea).

Demultiplexing, filtering and SNP calling

Adapter sequences were removed with Cutadapt’' and sequence quality was analysed with FastQC (Babraham Biocinformatics, USA). We
retained all sequences with phred scores >20 without truncation. Demultiplexing and clean up were carried out with the program process_
radtags as implemented in Stacks v2.41”*" with the quality filters -q and -c to discard reads with phred scores <20 and to remove reads with
uncalled bases, respectively. In total 2.501 billion reads across all four libraries, averaging 22.133 million reads per individual (median:
23,790,498; range: 194,237-40,143,269) were retained for further filtering (Figure S7).

We carried out repeat masking to the most complete Ae. albopictus reference genome.”® Reads were aligned using BWA-MEM as imple-
mented in BWA v.0.7.15.”* Aligned reads with a minimum MAPQ score of 20 were retained and sorted into coordinate order with SAMtools
v1.9.7° We used the pipeline ref_map.pl in Stacks to call single nucleotide polymorphic markers (SNPs) without prior population assignment.

We first explored multiple SNP calling regimes using Populations in Stacks v1.34, allowing for 10%, 20% and 25% missing data across loci as
well as a minimum minor allele frequency (MAF) of 0, 0.01, 0.03 and 0.05. Sensitivity analyses were conducted by computing summary statistics
with the R packages popgenome and hierfstat,**®* carrying out principal component analysis (PCA) (Figure S8) and ADMIXTURE 1.3.07%7
(Figure S9). The results of sensitivity analyses were not different across datasets with varying percentages of missing data (Figures S8 and
S9). However, a decreasing stringency of MAF resulted in weaker population structure as more of the rarer alleles were included, thereby
diluting population signal.'® Taking these considerations into account, we decided on two separate datasets: dataset 1) allowing for 0.05
MAF for population structure and ancestry inference (PCA and STRUCTURE), and dataset 2) with 0 MAF for the rest of the analyses.

To reduce the effects of linkage disequilibrium in subsequent analyses, all pairwise SNPs with squared correlation (r?) greater than 0.9
within a 25 kbp window frame sliding 10 bp at a time were pruned using PLINK v1.9.”7'°" Using the same software, six individuals that
had less than 3X coverage across loci or more than 20% missing data across loci were removed before calling SNPs again. The final datasets
had a mean coverage of 17.3X (median: 18.3X) across loci from 107 individuals, ranging from 2,349,038 — 40,143,269 reads with an average of
23,022,078 reads and a median of 24,430,385 reads. Dataset 1 consisted of 27,037 SNPs and dataset 2 had 35,101 SNPs.

Quantitative PCR
We carried out quantitative PCR on a subset of 90 Ae. albopictus samples. As most of the samples used for estimating Wolbachia infection
loads were adult females (94.8%), we did not exclude the remaining few individuals (males and larvae: 5.2%) from the dataset as it did not
significantly affect the analysis. We refrained from analyzing Wolbachia density by sex and age of the mosquitoes because of the rarity of
males in our dataset and a lack of information about the age of wild-caught individuals which made up a substantial proportion of our dataset.
We utilised two primer sets to quantify Wolbachia density from two supergroups — wAIbA and wAlbB (Table 54).”° To make comparisons
across Ae. albopictus samples, the single copy ribosomal S7 gene was also quantified to allow for normalisation of Wolbachia density.”’
Quantitative PCR was carried out in 10 pl reactions, containing 5 ul of SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad, California,
USA), 1 ul each of 5 uM forward and reverse primers, 2 ul of molecular water and 1 pl of extracted DNA. We employed the following protocol:
98°C for 3 minutes, followed by 35 cycles of 98°C for 15 seconds, annealing temperature for 15 seconds, and 72°C for 15 seconds in a C1000
Touch™ Thermal Cycler (Bio-Rad). The PCR protocol was optimised by checking the melting curve profiles and primer efficiencies for each
gene before proceeding with all the samples. Each sample was amplified twice as duplicates.>” DNA from Wolbachia-infected Ae. albopictus
was used as a positive control and molecular-grade water was used as a negative control.
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QUANTIFICATION AND STATISTICAL ANALYSIS
Population genomic approaches

We conducted file format conversions necessary for all subsequent analyses with PGDSpider v2.1.1.5.”7 All analyses with R packages were
performed in R 4.0.3.%? Heterozygosity estimates were calculated with the R package hierfstat using dataset 2, ensuring that low-coverage
sites (<3x) were removed, filtering for <25% missingness and ensuring that minor allele frequency cutoffs were not implemented.'**'%* Pair-
wise relatedness was estimated across all individual pairs using a maximum likelihood algorithm'®*'%® as implemented in the R package
SNPRelate.®® Two pairs of individuals (APG41 and APG87, r = 0.259; APG48 and APG73, r = 0.233) were determined to be closely related
kin (r > 25%). As related individuals may affect downstream analyses, the individual with the lower coverage from each related pair was
removed. To visualise potential population structure among the remaining 105 individuals, we carried out PCA as implemented in
SNPRelate. A partial Mantel test was then carried out to test for IBD while accounting for pairwise leaf area index using the package ncf.*®
The genetic distance matrix was generated with prevosti.dist as implemented in poppr.”’

To explore population structure within Ae. albopictus across Singapore, we ran STRUCTURE v2.3.4’% as implemented in Structure_th-
reader.'” We tested one to eleven population subdivisions (K) with 10 runs for each K value tested; for each run, we discarded the first
100,000 generations as burnin and measured the posterior with the following 500,000 generations of Markov Chain Monte Carlo (MCMC).
To determine the most likely K value of population subdivisions, we evaluated Delta K'” using StructureHarvester v0.6.94."% Clumpp
v1.1.2'% was used to integrate and summarise runs from output files of the best K. The optimal number of K-clusters in STRUCTURE was deter-
mined to be K = 2 using the Evanno method.'"”

To examine the recent demographic history of Ae. albopictus in Singapore, a folded site frequency spectrum (SFS) was generated using
ANGSD v0.923 with the SAMtools genotype likelihood method and ANGSD function realSFS. Historical population size changes were then
estimated assuming a mutation rate of 2.8 x 1077 site™" generation™' ''° and a generation time of 0.0384 years®'""""'? using Stairway plot
v2.1.1.%

Landscape genetic optimisation

We further examined dispersal of Ae. albopictusin Singapore using a spatially explicit, individual-based approach implemented in the R pack-
age ResDisMapper.? This method is suitable for mapping resistance to ongoing dispersal within a geographically continuous population at
small spatiotemporal scales. Distributions of genetic distance (Prevosti's distance) and geographic distance were checked using linear and
non-linear modelling methods. The linear model was determined to be the best-fit model. We then calculated resistance values and their
corresponding statistical significance using 5 km, 10 km, and 20 km as maximum distance. The resistance values were visualized as raster layers
with two separate colours depicting lower and higher than expected gene flow respectively, and cells without statistical certainty were
masked in white.

To assess the effects of landscape features on gene flow in Ae. albopictus, we utilised a circuit theory resistance method implemented in
ResistanceGA.?” ResistanceGA is a novel approach to transform and optimise resistance surfaces to optimally fit genetic data while account-
ing for spatial autocorrelation.?” After pairwise genetic distances were calculated, Circuitscape''® was run to calculate pairwise resistance dis-
tances between individuals using their coordinates and employ a genetic algorithm to maximize fit of resistance values to the environmental
surfaces. Linear mixed effects models were fitted using the maximum likelihood population effects parameterization.''* We used AlCc
our objective criterion for optimization. A distance model was included to account for IBD, and a null model was also included for comparison.

A total of seven environmental surfaces were obtained from published sources and were tested (Figure S3). Categorical surfaces include
¢ and land surface type.” As the land surface raster consisted of 13 categorical landscape features, we also explored merging some
of the relevant categories to create a raster layer with five categories (Figure S3). Feature surfaces included location of dengue clusters in
2021,"" location of dengue cases in 2018,''® and areas with a high Ae. aegypti population from April to June 2019.""” We also included
the leaf area index,"?’ which is a continuous surface, and employed monomolecular functions to transform continuous resistance surfaces.®’
All raster surfaces had a cell size of 200 x 200 m. ResistanceGA was run five times for each model,?” and checked for convergence. Results from

‘H_)as

land use

the best model among all replicates were used.

Although both land surface and reclassified land surface raster layers had lower AICc values than the distance model (Figure S4A), the
variation in resistance values for the reclassified land surface layer was greater than the land surface layer (Figure S4B). Among the 13 cate-
gories of the land surface layer, resistance values in five were observed to be largely consistent across replicates (buildings, open greenery,
forest, marine and artificial impervious) (Figure S4C). Hence, we used results of these five categories from the land surface raster layer to inter-
pret the analysis.

We were additionally curious to explore if the distributions and infection densities of Wolbachia wAlbA and wAlbB could be optimised as
explanatory variables for Ae. albopictus gene flow using various estimates of kernel density (Figure S10). As these layers were only generated
from individual points where Ae. albopictus individuals were collected for this study, and do not account for false absence of Wolbachia-in-
fected individuals in non-sampled areas, we decided not to incorporate the results into our study but present them as supplementary results.
The results may be informative for researchers who wish to explore the use of biotic factors as explanatory variables in landscape genetic
analyses.
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Wolbachia density analyses

Our criterion for the inclusion of a sample in subsequent statistical analyses was that the difference between replicate Cq values must be less
than 0.5 across all genes.”' By applying a strict but reliable criterion, we excluded 14 out of 91 (15.4%) of our samples. The final dataset con-
sisted of 77 samples: 26 from forested areas, 15 from managed parkland and 36 from urban areas. We calculated relative Wolbachia densities
using the following formula:

Wolbachia density = 2€9(%S7) - Ca(walbA/Bq - wsp)

All Wolbachia density values were log10-transformed to normalize the distribution and reduce heteroscedasticity (Packard et al., 2011)
prior to analysis. As we were interested in investigating the relationship between wAlbA and wAlbB densities, as opposed to predicting Wol-
bachia infection loads, we carried out correlations with standardised major axis (SMA) analysis instead of linear regression models. We used
the R package smatr” to determine the best-fitting lines for the relationship between wAlbA and wAlbB and tested for differences in slope
and elevation of the best fit lines across the three habitat categories.
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