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Abstract

As a widespread vector of disease with an expanding range, the mosquito Aedes albopictus

Skuse (Diptera: Culicidae) is a high priority for research and management. A. albopictus has

a complex life history with aquatic egg, larval and pupal stages, and a terrestrial adult stage.

This requires targeted management strategies for each life stage, coordinated across time

and space. Population genetics can aid in A. albopictus control by evaluating patterns of

genetic diversity and dispersal. However, how life stage impacts population genetic char-

acteristics is unknown. We examined whether patterns of A. albopictus genetic diversity

and differentiation changed with life stage at a spatial scale relevant to management

efforts. We first conducted a literature review of field-caught A. albopictus population

genetic papers and identified 101 peer-reviewed publications, none of which compared

results between life stages. Our study uniquely examines population genomic patterns of

egg and adult A. albopictus at five sites in Wake County, North Carolina, USA, using 8425

single nucleotide polymorphisms. We found that the level of genetic diversity and connec-

tivity between sites varied between adults and eggs. This warrants further study and is

critical for research aimed at informing local management.
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INTRODUCTION

The tiger mosquito, Aedes albopictus, a vector of zoonotic and human

diseases, is pervasive across human-inhabited landscapes around the

globe (Paupy et al., 2009; Pereira-Dos-Santos et al., 2020). Native to

eastern Asia, A. albopictus became globally invasive through intercon-

tinental trade (Hawley et al., 1987). The invasion success of

A. albopictus is likely due to its oviposition ecology (Bonizzoni

et al., 2013). Females lay eggs in containers with ephemeral water

sources, and eggs require a wet-dry-wet cycle before hatching. Eggs

are desiccant-resistant and can survive for long periods before hatch-

ing, including through winters, dry seasons and intercontinental travel

(Bentley & Day, 1989; Lounibos, 2002). This behaviour, which likely

evolved as a form of predator avoidance for larvae, preadapted

A. albopictus to thrive in human-dominated areas where artificial

containers are abundant (Bonizzoni et al., 2013). This anthropophilic

tendency combined with opportunistic, aggressive biting behaviours

and competence to transmit viruses makes the tiger mosquito one of

the most abundant human pests and disease vectors in the world

(Gratz, 2004; Hawley, 1988; Hawley et al., 1987).

Due to its global distribution and threat to public health,

A. albopictus has been a priority for mosquito control (Benedict et al.,

2007; Bonizzoni et al., 2013). Control of A. albopictus has included con-

ventional approaches like larval habitat removal and adult insecticidal

spraying, as well as the use of the symbiont Wolbachia and genetically

modified (GM) mosquito releases to suppress population growth

(Hollingsworth et al., 2020; Mains et al., 2016; Roiz et al., 2018).

Informed decisions about mosquito control rely on accurate assess-

ments of population genetic structure and gene flow (Takken &

Scott, 2003). Population structure and dispersal are especially impor-

tant for genetic control programs, as these rely on the controlled spread

of population-limiting genes or, in the case of Wolbachia infection, bac-

teria (Takken & Scott, 2003). For example, a gene will spread more

slowly in a highly fragmented and genetically differentiated
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A. albopictus metapopulation than in a panmictic, interbreeding popula-

tion. In addition to providing insight into the ecological and evolution-

ary dynamics of the targeted mosquito population, researchers can use

population genetic analyses to identify strategic areas for modified

mosquito releases, track and interrupt the spread of insecticide resis-

tance and evaluate programme success (Goubert et al., 2016; Harris

et al., 2012).

Because of the important role of population genetics in

A. albopictus vector control decisions, sampling methods for these stud-

ies should be thorough, unbiased and reflect the specific questions and

needs of practitioners. There are numerous reviews and simulation

studies that examine how population genetic results are affected by

the number of sampling locations, individuals and genetic markers

(e.g., Hoban et al., 2013; Meirmans, 2015; Peterman et al., 2016). For

example, sampling many individuals from a few populations is appropri-

ate for detecting genetic bottlenecks, but may not be suitable in land-

scape genetics studies where it is necessary to capture a wide range of

environmental variation (Meirmans, 2015). Failing to capture environ-

mental variation can lead to erroneous estimates about the effect of

landscape features on populations (Lotterhos & Whitlock, 2014). To

avoid bias within sampled populations, researchers should randomize

which individuals are genotyped in a way that is appropriate to the

study system and research questions. Randomized sampling decreases

the probability of genotyping related individuals, such as siblings. If rela-

tives are overrepresented in the population, estimates of population

level allele frequencies will be inaccurate. This can underestimate

within-population genetic diversity and overestimate between-

population differentiation (Goldberg & Waits, 2010). An important

question for container mosquitoes is what life history stage best repre-

sents an unbiased, random sample.

There is less clear guidance in the literature about how sampling

different mosquito life stages affects population genetics results.

Researchers regularly collect eggs and larvae for genetic studies on

container-breeding mosquitoes, such as A. albopictus because these

methods are inexpensive, time efficient and do not require specialized

equipment (Reed et al., 2019). To minimize bias from sampling related

individuals, researchers will either pool or subsample immature mosqui-

toes caught in the same trap for genotyping. This approach has been

adequate to correct for bias from sampling related larvae in several

amphibian species (Goldberg & Waits, 2010; Peterman et al., 2016).

However, this does not address whether genetic variation and structure

in immature A. albopictus reflects that of the adult population.

Genetically modified mosquito releases generally target adult

populations, particularly those that involve the release of sterile males.

Therefore, decisions based on the population genetics of field-

collected mosquito eggs sampled at a single time point may be mis-

guided if gene flow and genetic structure differ between immature

and adult mosquitoes. Several processes could result in incongruent

population genetic patterns between life stages. For example, instabil-

ity of local populations could mean that adult A. albopictus are not the

progenitors of eggs sampled simultaneously. In addition, dispersal

mechanisms vary between life stages. Research suggests that anthro-

pogenic transport networks facilitate long distance dispersal of eggs

and larvae (Ibáñez-Justicia, 2020; Medley et al., 2015), while adult

movement tends to be unaided or via passive dispersal, primarily at

smaller spatial scales (Eritja et al., 2017; Flacio et al., 2015; Ibáñez-Jus-

ticia, 2020). The impacts of adult, egg and larval dispersal on other life

stages further complicate our ability to interpret population structure

and connectivity. To account for variation in migration patterns and

selection between mosquito life stages, continuous monitoring paired

with temporal patterns of gene flow and genetic structure would be

more appropriate and informative for management.

In this study, we first conducted a literature review of

A. albopictus population genetic studies to evaluate the life stages

sampled to assess genetic diversity and structure. We then used field-

collected adult and egg A. albopictus at five sites in Wake County, NC

to directly compare population genetic patterns between life stages.

We measured genetic diversity, differentiation and structure among

these sites for adults, eggs and combined using methods commonly

used in population genetic research. Based on these results, we identi-

fied avenues for continued research and offered recommendations

for study design to inform mosquito control.

MATERIALS AND METHODS

Literature review

To identify peer-reviewed articles on the population genetics of

A. albopictus, we conducted a systematic literature review following

the PRISMA 2020 flowchart (Page et al., 2021). We extracted study

citations on 1 September 2022 from the Web of Science Core Collec-

tion database using three criteria, separated by the “AND” Boolean

operator: (1) “Aedes albopictus”; (2) at least one term matching

genetic, genomic, gene flow, or population structure; and (3) at least

one term matching structure, variation, diversity, or population. With

the resulting articles, we screened and extracted metadata using Covi-

dence, an online systematic review software (Covidence, 2022). We

conducted two levels of screening, one for titles and abstracts and

one for full texts. For the former, we excluded papers that did not

include the species name “Aedes albopictus” and a reference to

genetic or genomic analysis, review articles, experimental research

and research conducted on laboratory populations in the title or

abstract. During the full text screening, we further removed studies

that (1) did not use field-caught A. albopictus genetic data, (2) did not

include original data and (3) did not state the life stage sampled. For

each article, we recorded the year published, type(s) of genetic

markers used, the life-stage(s) sampled, the number of individuals and

locations sampled, the spatial extent sampled (local, regional, national,

continental, global) and the primary population genetic goal(s) of the

study. For research goals, we extracted terms used by the authors

based on titles, abstracts and the objectives paragraph in the introduc-

tion. We then grouped these terms into seven broad categories:

genetic structure, genetic variation, invasion origin, gene flow, phylo-

genetics and phylogeographic, natural selection and species identifica-

tion. We examined associations between these factors and choice of
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life stage using a chi-squared test, and we simulated p values using a

Monte Carlo test with 10,000 replicates (Hope, 1968 ). For this statis-

tical test and subsequent analyses, we used R v.4.0.3 in RStudio

v.1.3.1093 RStudio Team (2021).

Egg and adult sampling

For this study, we used adult and egg A. albopictus collected between

7 June and 25 June 2018 from five sites in Wake County, North Caro-

lina, USA. These individuals were sampled as part of a larger project,

where we sampled A. albopictus adults from 61 locations across the

county. We selected sites by randomly generating points across Wake

County using the r.random.cells function in GRASS GIS (GRASS

Development Team, 2018). We collected A. albopictus eggs from

20 of these sites, determined by a random number generator. We

sampled adults using BG sentinels baited with BG Lures, a chemical

attractant targeted for Aedes species (Biogents GmbH, Regensburg,

Germany). We sampled each location once per week for 3 weeks and

left traps in the field for 24 h each. After the 24-h period, we collected

trapped mosquitoes and euthanized them by placing the collection

bag in a �20�C freezer for 8–12 h. We then counted and identified

the trapped mosquitoes and retained A. albopictus individuals.

We sampled mosquito eggs using ovitraps following the methods

of Reed et al. (2019). We made ovitraps using black plastic cups filled

with �350 ml of tap water and lined with seed germination paper.

We placed three ovitraps in a triangle around the BG Sentinel trap at

the selected locations. Each ovitrap was within 100 m of the BG Sen-

tinel and at least 25 m away from other ovitraps to decrease the prob-

ability of an A. albopictus female laying eggs in multiple traps. We left

ovitraps in the field for 2 weeks and collected egg papers once a week

(six egg papers total per site). We stored egg papers in a sealed plastic

bag with a damp paper towel until they were ready to hatch. We then

counted the number of eggs on the paper before placing it in a nutri-

ent broth to facilitate hatching. We identified mosquitoes as fourth

instar larvae and placed A. albopictus larvae in microcentrifuge tubes

with 90% ethanol for DNA extraction.

DNA extraction, sequencing and processing

For a site to be considered for genomic sequencing, it required at least

10 preserved A. albopictus adults and 10 A. albopictus larvae, with a

maximum of three larvae per ovitrap. This reduced potential bias from

sampling siblings (Goldberg & Waits, 2010) and was consistent with

previous population genetic studies using container-breeding Aedes

larvae (Schmidt et al., 2018). Of the 20 locations where we sampled

both eggs and adults, five sites met these criteria. We extracted DNA

from larvae with the Qiagen DNeasy Blood & Tissue Kit (Qiagen Inc.,

Valencia, CA, USA) and quantified DNA with a Qubit 2.0 fluorometer

(Invitrogen, Carlsbad, CA, USA). We included all five sites in the final

genomic libraries (Figure 1) and extracted DNA concentrations of 8 ng

DNA/μl or greater for at least eight adults and eight larvae. We built

genomic libraries of 48 individuals each using double-digest restriction

enzyme associated DNA sequencing (ddRADseq) following Burford

Reiskind et al. (2016). We used MluCI and SphI restriction enzymes to

fragment extracted DNA. We sized selected fragments between

350 and 475 base pairs using the BluePippin™ gel cassette (BLF7510,

Sage Science) at the North Carolina State University Genomic Sci-

ences Laboratory (Raleigh, NC, USA) and amplified using PCR. The

amplified libraries were sequenced using single-end reads of 100 base

pairs on the Illumina HiSeq 4000 at the University of Oregon Geno-

mics & Cell Characterization Core Facility (GC3F; Eugene, OR, USA).

We used STACKS version 1.09 (Catchen et al., 2011) to

process samples post-sequencing. Using the process_radtags com-

mand, we demultiplexed individual barcodes, trimmed sequences to

F I GU R E 1 Map of (A) Wake County, North Carolina and the five sites for Aedes albopictus adult and egg samples. We sequenced DNA from
6 to 10 individuals of each life stage per site. (B) and (C) show the location of Wake County in the United States and North Carolina, respectively.
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90 base pairs, and filtered reads with a phred score of below 33.

We generated a SNP catalogue using the denovo pipeline with a mini-

mum read depth of size (�m flag), a maximum of three mismatches

between loci within an individual (�M flag), and a maximum of two

mismatches between loci within the catalogue (�n flag). To filter

SNPS, we first ran the populations pipeline in STACKS with the adult

and larval samples from sites where we collected A. albopictus eggs

(five sites, 80 individuals). We included SNPs that were present in at

least 75% of individuals (�r flag) from at least two sampling locations

(�p flag). We treated the two life stages as separate groups for 10

separate ‘populations’ in the pipeline. We further filtered SNPs in

PLINK v1.19 (Purcell et al., 2007) to remove SNPs with a minimum

allele frequency of less than 0.01 and a genotyping rate of less than

75% and individuals with over 25% missing data. We used a more

stringent genotyping rate to accommodate the sensitivity to missing

data in connectivity analyses (Arnold et al., 2013; Gautier et al., 2013).

Finally, we removed SNPs significantly out of Hardy–Weinberg Equi-

librium after applying a sequential Bonferroni correction using the hw.

test function in the R package pegas v0.14 (Paradis, 2010).

Genetic diversity and differentiation

For population genetic analyses, we made comparisons between sam-

pling locations for (a) egg samples, (b) adult samples, and (c) combined

adult and egg samples. We estimated genetic diversity by calculating

expected heterozygosity (HE), observed heterozygosity (HO) and

inbreeding coefficient (FIS = 1 � HO/HE), corrected for small sample

sizes, with the genetic_diversity function in the R package gStudio (Dyer,

2021). We tested for statistically significant differentiation between

groups with an exact G test implemented in GENEPOP (Rousset, 2008)

with the following parameters: dememorization: 10,000, batches:

500, iterations per batch: 5000.

We also directly compared genetic variation between adult and egg

sampled from the same location using discriminant analysis of principal

components (DAPC) in the R package adegenet (Jombart, 2008;

Jombart & Ahmed, 2011). DAPC is a multivariate method for assessing

population structure. Raw genetic data are first transformed through a

principal component analysis (PCA) for individuals, and then a discrimi-

nant analysis (DA) is used on the retained PCs to maximize differences

between populations (Liu et al., 2019). For these comparisons, we

retained five principal components. This was equivalent to roughly one-

third of individuals sampled at a site, following the best practices of dis-

criminant function analysis (Huberty, 1975; Williams & Titus, 1988).

Genetic structure

We used two approaches to evaluate the genetic structure between sam-

pled individuals. For the first, we used fastStructure v.1.0 (Raj et al., 2014),

F I GU R E 2 Results of literature search for population genetics studies on field-caught Aedes albopictus. We identified 101 studies that
involved sampling wild populations of A. albopictus and conducted population genetics analyses. (A) Shows the number of articles that sampled
different life stage(s) of A. albopictus. (B–E) show histograms of (B) publication year, (C) genetic markers used in the studies (mtDNA,
mitochondrial DNA sequencing; μSat = microsatellite loci; SNP, single nucleotide polymorphisms), (D) spatial extent and (E) study goal.
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a Bayesian k clustering algorithm adapted from STRUCTURE (Pritchard

et al., 2000) for large SNP datasets. We used a logistic prior for values of

k ranging from 1 to 6 with 10 iterations per value of k. We used the web-

based software StructureSelect (Li & Liu, 2018) to evaluate the optimal

k value using maximum marginal likelihood. We also evaluated genetic

structure using principal components analysis (PCA) implemented with

the prcomp function in RStudio. We found the percent variance explained

by each principal component and plotted the first two PCs for each of

the three groups (adults only, eggs only and combined) to visualize poten-

tial genetic clusters.

Genetic connectivity

We investigated site-level patterns of genetic structure and connec-

tivity for adults, eggs and combined. We first ran DAPC using the

maximum number of principal components per group (the number of

individuals �1) and generated minimum-spanning trees to compare

patterns of connectivity between the three groups. We also looked at

connectivity between sites by generating population graphs, which

we created using the R package popgraph (Dyer & Nason, 2004). Pop-

ulation graphs use a multivariate network model to define relation-

ships among groups of populations simultaneously. An algorithm

identifies the minimum number of connections between populations

while still retaining enough information to accurately describe pat-

terns of among-population genetic variation. We compared the popu-

lation graphs to the minimum spanning trees generated in DAPC to

look at the level of congruence between the methods for each group

of individuals.

RESULTS

Literature review

We identified 604 unique peer-reviewed papers during our literature

review. We excluded 447 studies during the title and abstract screen-

ing and an additional 28 when reviewing full texts, leaving 101 studies

that fulfilled all criteria for inclusion (Data S1). Of these papers, 59%

(n = 60) sampled one life stage, 29% (n = 29) sampled two life stages,

and 12 sampled all three life stages (Figure 2A). For the studies that

used one life stage, we found roughly equal representation of sam-

pling choice (eggs: n = 17; larvae: n = 20; adults: n = 23). None of the

studies that used more than one life stage separated genetic analyses

by stage.

Publication years ranged from 1990 to 2021, though 85% have

been published since 2010 (Figure 2B). The most common genetic

marker used to address the study objectives was mitochondrial DNA

sequencing (e.g., COI), followed by SNPS and nuclear microsatellite

loci (Figure 2C). In addition, 14 studies used multiple marker types.

The spatial extent of the studies ranged from local (e.g., within a city

or county) to global. Studies at the country level were the most com-

mon, but we found a relatively even distribution across scales

(Figure 2D). Most studies (65%) had multiple goals. The majority of

papers included characterization of the genetic structure and/or

genetic variation of A. albopictus populations in their objectives

T AB L E 1 Metrics of genetic diversity, observed heterozygosity
(HO), expected heterozygosity (HE) and inbreeding coefficient
(FIS = 1 � HO/HE) for different life stages of A. albopictus at five
locations in Wake County, North Carolina.

Site HO HE FIS

Adults

S-09 0.1072 0.1249 0.1415

S-17 0.1083 0.1243 0.1286

S-31 0.1167 0.1287 0.0934

S-42 0.1092 0.1258 0.1316

S-58 0.1112 0.1261 0.1180

Eggs

S-09 0.1131 0.1252 0.0968

S-17 0.1064 0.1221 0.1285

S-31 0.1063 0.1212 0.1224

S-42 0.1092 0.1224 0.1081

S-58 0.1207 0.1289 0.1218

Combined

S-09 0.1088 0.125 0.1296

S-17 0.1073 0.1241 0.1357

S-31 0.1105 0.1247 0.1139

S-42 0.1093 0.1245 0.1218

S-58 0.1146 0.1274 0.1009

Note: The life stages measured were adults, eggs and adults + eggs

combined.

T AB L E 2 Pairwise Wright’s FST for A. albopictus individuals at five
sites in Wake County, North Carolina for different life stages: Adults
only, eggs only and adults and eggs combined.

S-09 S-17 S-31 S-42

Adults

S-17 0.0000

S-31 0.0000 0.0108

S-42 0.0000 0.0043 0.0000

S-58 0.0000 0.0024 0.0000 0.0000

Eggs

S-17 0.0015

S-31 0.0000 0.0000

S-42 0.0000 0.0000 0.0000

S-58 0.0030 0.0000 0.0000 0.0000

Combined

S-17 0.0014

S-31 0.0000 0.0039

S-42 0.0000 0.0022 0.0000

S-58 0.0000 0.0002 0.0000 0.0000
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(n = 59 for each; Figure 2E). Other common objectives were to iden-

tify the geographic origins of A. albopictus introductions outside its

native range (n = 25), to investigate patterns of gene flow and con-

nectivity (n = 20), and to analyse phylogenetic or phylogeographic

patterns (n = 20).

We found a statistically significant pattern of association between

decade of study and life stage (χ 2 = 50.19, simulated p = 0.0006).

The six studies published in the 1990s only used A. albopictus eggs,

while adult sampling was more common after 2010. Similarly, eggs

were more likely to be used in global studies. No other variables were

associated with the life stage.

Genomic sequencing

The STACKS Populations pipeline retained 77,996 SNPs. PLINK filter-

ing removed 4228 SNPs and 63,894 SNPs for not meeting the mini-

mum allele frequency and genotyping rate thresholds, respectively.

Seven individuals were removed for missing data. Finally, we found

1449 SNPs violated HWE, leaving 8425 SNPs and 73 individuals for

further analysis.

Genetic diversity and differentiation

We found that heterozygosity and FIS were similar between sites regard-

less of life stage (ΔHO = 0.0144; ΔHE = 0.0077; ΔFIS = 0.0481). Mean

observed heterozygosity among sites was highest for egg populations,

while adults had the highest expected heterozygosity and FIS on average

(Table 1). This indicates that adult A. albopictus had higher rates of homo-

zygosity than eggs compared to than expected with HWE. The sites with

the highest and lowest genetic diversity varied depending on the life

stage we sampled (adults, eggs, or combined). For example, the site with

the lowest inbreeding coefficient was S-31 for adults only, S-09 for eggs

only and S-58 when we combined all individuals (Table 1).

We did not find evidence of genetic differentiation between sites

for all life stages, with pairwise FST values ranging from 0.000 to

0.0108 (Table 2). However, the sites that were most differentiated

varied depending on life stage. For example, the adult sample at S-17

had greater genetic differentiation among other adult sites, while eggs

at S-09 showed greater differentiation among other egg sites. How-

ever, there was no evidence of significant genetic differentiation

between populations for any life stage or for combined life stages

(exact G test, p > 0.05 for all pairwise comparisons; Table 2).

F I GU R E 3 Discriminant analysis of principal components (DAPC) of the genetic variation between eggs and adult Aedes albopictus within
sampling locations (adults: Lighter colour, eggs: Darker colour). Density plots are shown within the plot space, and location of individuals along
discriminant function 1 are represented as tic marks along the x-axis. The number of individuals per sampling site ranged from 14 to 16, and we
used 5 principal components for each site to facilitate direct comparison without overfitting the data.
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We did not find significant genetic differentiation between adults

and eggs sampled from the same location. DAPC correctly assigned

68.755% to 85.71% of individuals to their corresponding life stage,

depending on the site. We observed overlap in adult and egg density

curves along the discriminant axis (Figure 3). If individuals from differ-

ent life stages were more genetically differentiated than those in the

same age class, we would expect to see higher assignment rates and

isolated clusters of density. While this was not the case, we did find

differences in genetic variance between life stages, seen as contrast-

ing widths of the density curves between life stages along the discrim-

inant axis. The life stage with greater variance differed among sites.

We found that genetic variance was higher in adults than in eggs at

F I GU R E 5 Minimum spanning trees (MST; a–c) and population graphs (D–F) of Aedes albopictus across the five sites, where each point
represents one site. We generated minimum spanning trees using discriminant analysis of principal components and population graphs from the
gstudio R package. The location of points in (A–C) are the centroid of the individuals at a sampling location along the first two principal
components. To understand how the individuals sampled were related to one another, we used the maximum number of PCs possible for each
scatterplot (max PCs = #individuals �1). In the population graphs, size of shapes shows the relative amount of total genetic variation captured
within a sampling location. Points are arranged based on edge length, where longer edges indicate more genetic variation between the two
connected sites. (A) and (D) used adult mosquitoes, represented by triangles; (B) and (E) used mosquito eggs, represented by squares; and (C) and
(F) used all individuals combined, represented by circles.

F I GU R E 4 Principal component analysis plots for Aedes albopictus (A) adults, (B) eggs and (C) adults and eggs combined at five sampling sites.
Adults are represented by upside-down triangles and eggs by squares. Shape colours show the different sampling locations.
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S17, S42 and S58 (ratio of variances for adults: eggs = 1.6377,

15.1277 and 1.2886, respectively; Figure 3A,C,D), while the opposite

was true at the remaining sites (ratio of variances for adults:

eggs = 0.6518 at S31 and 0.2254 at S09; Figure 3B,E).

Genetic structure

fastSTRUCTURE identified an optimal K of 1 for all groups (eggs, adults

and combined) with maximum marginal likelihood, indicating one pan-

mictic population. We also investigated results from non-optimal

K values, which did not reveal any potential sub-structuring of popula-

tions and supported panmixia. However, when we explored patterns

using PCA, we found several groups of individuals that clustered sepa-

rately along the first two principal components (Figure 4). Among

adults, individuals from S17 and S31 formed unique groups (Figure 4A).

Among eggs, S09 and S58 were distinct (Figure 4B), and this remained

the dominant pattern when all individuals were combined (Figure 4C).

Genetic connectivity

We found that patterns of genetic connectivity were inconsistent

between life stages and between the minimum spanning trees and popu-

lation graphs (Figure 5). We evaluated connectivity using minimum span-

ning trees (Figure 5A–C) and using population graphs (Figure 5D–F).

Minimum spanning trees were necessarily composed of five nodes repre-

senting the sampled sites and four connecting edges. In contrast, popula-

tion graphs allowed the number of edges to vary and did not necessitate

all nodes to be connected. Using the minimum spanning method, adult

and combination trees showed all four allowed edges connected to a

single site, which acted as a hub connecting the remaining sites

(Figure 5A,C). However, the identity of the central site differed between

adult and combined trees (S09 and S42, respectively). The minimum

spanning tree based on eggs was more complex and had two sites with

multiple connections (Figure 5B). No edges were shared between all

three trees. We found S09-S3 was shared between adult and egg trees,

S09-S42 was shared between adult and combined trees, and S31-S42

and S42-S58 were shared between egg and combined trees. Population

graphs for adult, egg and combined individuals ranged from four to six

edges (Figure 5D–F). Two node pairs, S09-S17 and S31-S42, shared

edges in all three population graphs. The latter was also present in two

of the three minimum spanning trees, missing only in the adult tree.

DISCUSSION

Overall, we found evidence that life stage did affect population

genetic results for A. albopictus in our study. Comparisons of site-level

genetic diversity and between-site genetic connectivity changed

depending on the life stage sampled, which led to inconsistent results

between mosquitoes trapped as eggs versus adults. For example, site

S-58 had the highest expected heterozygosity for eggs, versus site

S-31 for adults (Table 2). We also found that S-58 eggs and S-31

adults formed distinct clusters in the principal component analysis

(Figure 4). Though we only had five sample sites, these results demon-

strate a need for further investigation.

One way to assess the observed differences between egg and

adult population genetic patterns is to consider the expected results

in a demographically stable population not under selection, with con-

sistent birth rates, death rates and population size over time. In this

scenario, we would expect to see similar levels of genetic diversity

and genetic variance between adult and egg life stages. The genetic

diversity within an individual mosquito would reflect the overall diver-

sity of the population, so even though only a subset of adults contrib-

ute to the gene pool at a given point in time, rates of heterozygosity

would remain consistent between generations. This was true for

some, but not all, of the sites we sampled. One reason for this pattern

may be due to the fitness of mosquitoes at different life stages. In a

scenario where different selective pressures are acting on immature

and adult mosquitoes, we would expect mortality-induced bottlenecks

between life stages to impact genetic diversity between eggs and

adults. In this case, we would posit that expected heterozygosity in

adults would be lower than that of eggs if selection favours homozy-

gous alleles and vice versa if selection favours heterozygotes. Because

we hatched collected eggs in a laboratory environment, we changed

potential selective pressures that may influence which eggs hatch into

larvae, and we removed the bottleneck effect for mortality before

emergence by extracting DNA from larvae.

In addition, we may expect to see differences in genetic structure

between adults and eggs depending on the primary mode of dispersal

and the spatial scale. Natural dispersal occurs during adulthood at fine

scales; most A. albopictus adults disperse within 200 m of their larval

habitat (Hon�orio et al., 2003). Passive dispersal mediated by human

transportation networks tends to occur at the egg stage and is more

commonly observed at regional or larger scales (Lounibos, 2002;

Medley et al., 2015). If the major mode of dispersal is at the adult

stage and migration rates are relatively low, we would expect to see

higher levels of genetic connectivity among adults, while eggs may

appear more differentiated if migrants are not immediately contribut-

ing to the gene pool. Our results are consistent with this prediction,

indicating that adult dispersal may be more important than human-

mediated spread of eggs at local scales. However, we would also

expect between-site patterns of genetic structure to be consistent

between life stages. For example, the most genetically distinct adult

population would also have the most genetically distinct eggs, which

we did not observe in this study. This suggests that mosquito popula-

tions have high rates of turnover and temporal variability within one

location. This makes it harder to predict patterns of connectivity using

a single time point.

In this study, we found eggs had lower expected heterozygosity

and FIS on average than adults. While these are both measures of

genetic diversity, they can be inversely related. Higher expected het-

erozygosity can indicate that a population has many loci with more

than one allele and that the frequencies of these alleles are similar

across the population. In comparison, FIS measures the difference
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between the number of individuals expected to be heterozygous at a

locus under HW expectations compared to the observed number of

heterozygotes. A. albopictus eggs have lower heterozygosity and FIS

suggests there were fewer biallelic loci and/or alleles at lower fre-

quencies than in adults. In contrast, gametic frequencies in individual

eggs were closer to the estimated number under HWE expectations

than for adults. This scenario could arise if unrelated adults fixed for

different alleles at a locus were bred to produce heterozygous off-

spring. If this is the case, then sites with the largest differences

between adult and egg FIS, such as S09 and S58, may have high immi-

gration or turnover rates (Table 1).

We were surprised to find inconsistent patterns of genetic variance

between adults and eggs across locations using DAPC. We expected to

see higher variance among adults, as eggs represent only a fraction of

the adult gene pool, but this was the case at only three of five sites.

One of these sites, S42, had much higher variance among adults, with

an approximate 15:1 ratio to eggs (Figure 3C). At the remaining two

sites, one to two individuals contributed to elevated variance among

eggs (Figure 3B,E). This could indicate that these individuals were unre-

lated to the adult population. One explanation is that we failed to sam-

ple enough individuals at each life stage to fully capture the range of

genetic variation in the population. While next generation sequencing

can capture the genetic patterns of a population with fewer individuals,

this advantage is somewhat tempered by reoccurring introductions of

A. albopictus from different source populations. Therefore, the genetic

variation of adults at a location may be similar to that of eggs but was

not reflected in the individuals we sequenced. Alternatively, the adult

population could be highly ephemeral, possibly due to high mortality or

emigration rates. The two sites with higher variance among eggs were

the most rural sites, with the lowest percent of impervious surface and

the highest percent of forested land within a 1 km radius (Figure 1). In

contrast, the site where we observed 15 times more genetic variance

among adults was highly suburban, characterized by low density, large

single family residences and manicured green spaces. These trends war-

rant further investigation using more sampling sites and highlight the

value of examining population genetic characteristics of different life

stages for A. albopictus.

Populations were not genetically differentiated between sites

regardless of life stage, demonstrated by the lack of significant patterns

in both pairwise FST estimates and fastSTRUCTURE. However, in the

PCA analysis, we found evidence that eggs were more differentiated

than adults, which matched our expectations. Our connectivity analyses

were inconsistent between life stages and between minimum spanning

trees versus population graphs. However, two node pairs, S09-S17 and

S31-S42, were present in the majority of the six connectivity analyses

(Figure 5). This suggests that these two sites are more genetically con-

nected than other site pairs, despite being geographically closer to

other locations (Figure 1). These results highlight the importance of

defining study goals and tailoring sampling and assessment methods to

those objectives a priori, as patterns of genetic connectivity may differ

depending on life stage at this spatial scale. This is particularly crucial

for applied research related to mosquito management. Control methods

often target different life stages, which should be informed by research

for that stage. For example, a manager may decide to release sterile

males at locations with high genetic connectivity. However, those loca-

tions may differ with life stage.

Collectively, our results show that choice in life stage to sample

can lead to different conclusions about the population genetic pat-

terns of A. albopictus. While we found little genetic structure across

sampling sites, this is not unusual for A. albopictus (Goubert

et al., 2016; Maia et al., 2009; Schmidt et al., 2018). None of the stud-

ies we identified during our literature search conducted separate ana-

lyses based on life stage, and most studies sampled only one life

stage. The degree to which results are affected by life stage will

depend largely on the specific objectives and spatial or temporal scale

of the study in question. For example, there is less likely to be a life-

stage effect for research on A. albopictus phylogenetics or invasion

origin at continental to global scales. However, there may be more

pronounced effects for studies seeking to measure genetic diversity

and gene flow at local to regional scales, especially at a single time

point or when the population is only weakly differentiated.

While the scope of this paper is limited to a small geographic area

and a few sampling sites, this is the spatial scale relevant to manage-

ment questions. The differences we found in population genetic pat-

terns between A. albopictus life stages warrant caution when

interpreting studies that sample immature A. albopictus to infer adult

genetic structure. To further illuminate how population genetic char-

acteristics may reflect different ecological and evolutionary processes

on egg, immature and adult mosquitoes, we may consider re-analysing

data from previously published research that sampled both adult and

immature A. albopictus (for example, Bibi et al., 2015; Sherpa

et al., 2019). Future research could further investigate how conclu-

sions from population genetic studies are influenced by sampling

techniques. Because of this potential impact, publications on

A. albopictus population genetics should provide detailed and precise

descriptions of their sampling methods, explicitly discuss how they

minimized sampling bias, and justify their decision to collect one or

more life stages in the context of their research goals (e.g., Medley

et al., 2015; Schmidt et al., 2018).

We recommend that research intended to inform mosquito con-

trol consider the context and nuances of the specific study location as

it relates to the natural history of A. albopictus. In particular, complex

management programs, including releases of Wolbachia-infected or

genetically modified mosquitoes, should not be developed solely on

results from mosquitoes sampled at a single life stage or time point. If

levels of genetic diversity, differentiation and connectivity constantly

vary between adult and immature life stages, it is likely that the

magnitude and direction of those differences will depend on the sur-

rounding landscape. Land use, habitat configuration and level of

urbanization all affect the ecology and evolution of A. albopictus (Bibi

et al., 2015; Hawley, 1988; Medley et al., 2015). For example, we

observed that the percent impervious surface seemed related to

within-site genetic variance between life stages, though this was not

an explicit hypothesis a priori. Consequently, place-based approaches

and knowledge are essential to develop adaptive and effective manage-

ment programs. Further, investigating population genetic differences
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between life stages offers new opportunities in the fields of vector

ecology and evolution. For example, this approach can be used to gain

more detailed information on the sources of new A. albopictus inva-

sions. Such research can also elucidate divergent selective pressures on

different life stages and provide insight into local adaptation of

A. albopictus in novel environments, including under different manage-

ment regimes.
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