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Abstract 

 

BACKGROUND 

Understanding pest incursion pathways is critical for preventing new invasions and for stop-
ping the transfer of alleles that reduce the efficacy of local control methods. The mosquitoes 
Aedes albopictus (Skuse) and Ae. aegypti (Linnaeus) are both highly invasive disease vectors, 
and through a series of ongoing international incursions are continuing to colonise new regions 
and spread insecticide resistance alleles among established populations. This study uses high-
resolution molecular markers and a set of 241 reference genotypes to trace incursion pathways 
of Ae. albopictus into mainland Australia, where no successful invasions have yet been ob-
served. We contrast these results with incursion pathways of Ae. aegypti, investigated previ-
ously.  

 

RESULTS 

Assignments successful identified China, Japan, Singapore and Taiwan as source locations. In-
cursion pathways of Ae. albopictus were entirely different to those of Ae. aegypti, despite broad 
sympatry of these species throughout the Indo-Pacific region. Incursions of Ae. albopictus ap-
peared to have come predominantly along marine routes from key trading locations, while Ae. 
aegypti was mostly linked to aerial routes from tourism hotspots.  

 

CONCLUSION 

These results demonstrate how genomics can help decipher otherwise cryptic incursion path-
ways. The inclusion of reference genotypes from the Americas may help resolve some unsuc-
cessful assignments. While many congeneric taxa will share common incursion pathways, this 
study highlights that this is not always the case, and incursion pathways of important taxa 
should be specifically investigated. Species differences in aerial and marine incursion rates 
may reflect the efficacy of ongoing control programs such as aircraft disinsection.  

 

Keywords 
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1 Introduction 

 

Incursions of invasive pests present a range of threats to local biodiversity, agriculture and hu-
man health.1–4 Pest incursions into new regions threaten the colonisation of these regions, 
while incursions into regions with established populations threaten the introduction of advan-
tageous alleles that reduce the efficacy of control programs.5 Following these criteria, an incur-
sion may not only refer to the dispersal of exotic taxa but to the dispersal of any taxa with con-
sequences for pest management. Dispersing pests are frequently transported as “stowaways” 
on trade and transport vessels,6–8 and the distributions of these species have increased accord-
ingly with the upsurge in recent decades of trade and transport activity.9 Intercepting incursive 
material at borders can be an effective means of stopping incursions,10 but is resource-inten-
sive. Knowledge of incursion pathways is vital for strategic deployment of these resources, al-
lowing inspections to focus on likely source locations11 and common entry points.12 

The Asian tiger mosquito (Aedes albopictus, Skuse) is a hyperaggressive dengue vector that has 
successfully invaded tropical and temperate regions worldwide from its native range in Asia.13 
It is considered one of the world’s most dangerous invasive species (Global Invasive Species 
Database, http://www.issg.org/database/). In Australia, border security makes frequent inter-
ceptions of Ae. albopictus at international ports across the country.14 While much of the Aus-
tralian mainland likely presents suitable habitat for Ae. albopictus,15 no successful establish-
ment has yet been recorded. However, an invasion of Ae. albopictus was recently recorded in 
the Torres Strait Islands,16 where its present distribution is only tens of kilometres from the 
Australian mainland.14 

A recent study that traced incursion routes of the congeneric mosquito Ae. aegypti (Linnaeus) 
into Australia found that most (62) had come from Bali, Indonesia, with others (21) mostly as-
signed to other locations in Southeast Asia.8 These assignments were derived using a reference 
panel of Ae. aegypti genotypes taken predominantly from locations with direct flights into Aus-
tralia. Certain locations with direct flights and presumably large Ae. aegypti populations, such 
as Singapore, Taiwan, and Ho Chi Minh City, were not found to be source populations of any of 
the Ae. aegypti.  

Although Ae. albopictus and Ae. aegypti both disperse internationally on vessels like ships and 
aeroplanes,17–19 analysis of their genetic structure in the Indo-Pacific has indicated that gene 
flow pathways are different in these species.20 Likewise, interceptions at New Zealand borders 
found that most Ae. albopictus were transported as larvae on ships, while most Ae. aegypti were 
transported as adults on aeroplanes.17 One potential reason for these differences is that Ae. 
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albopictus may be able to withstand longer transportation times and colder minimum temper-
atures by undergoing diapause,21–23 an option unavailable to Ae. aegypti.24 Diapause has also 
been proposed as a means by which Ae. albopictus has been able to colonise distant locations 
without undergoing ‘stepping stone’ colonisation of intermediate sites.20,25–27 If gene flow pro-
ceeds along different pathways for Ae. albopictus and Ae. aegypti, incursion routes may also be 
different, even if both species are locally abundant and can be transported by the same vessels.  

This study investigates Ae. albopictus incursion pathways into mainland Australia, and con-
trasts these with previously determined incursion pathways of Ae. aegypti (c.f. Schmidt et al.8). 
By genotyping Ae. albopictus detected at Australian borders, and comparing these genotypes 
with a panel of reference genotypes from across the Indo-Pacific region, the likely source pop-
ulation of each mosquito can be identified. Accurate identification is conditional on several 
factors, including sufficiently high-quality DNA of the intercepted sample, a wide geographic 
range of reference genotypes, and sufficient genetic differentiation among the reference gen-
otypes. This latter factor is important to consider in assigning Ae. albopictus, as Ae. albopictus 
populations are typically less differentiated than those of Ae. aegypti,20,28 which may lead to 
lower precision when assigning Ae. albopictus. Nevertheless, the strong differentiation be-
tween Indonesian and non-Indonesian populations of Ae. albopictus20 should allow for assign-
ment between these groups, and thus determine whether Ae. albopictus, like Ae. aegypti, are 
transported to Australia predominantly from nearby Indonesian source populations. 

 

 

2 Materials and Methods 
2.1 Samples 

Twenty Ae. albopictus were collected at Australian borders between April 4th, 2016, and Decem-
ber 17th, 2018. These mosquitoes, hereafter called ‘incursives’, were intercepted at passenger 
and freight terminals at airports and seaports in Australia, with most collected at marine ter-
minals. Table 1 contains information for each of these 20 incursives. Overall, 2 Ae. albopictus 
(representing 2 independent detections) were collected at airports, and 18 Ae. albopictus (rep-
resenting 10 independent detections) were collected at seaports. Incursives were collected at 
adult and immature life stages using several methods: adults were collected with BG-Sentinel 
traps (Biogents AG, Regensburg, Germany), BG- Gravid Aedes traps (Pacific Biologics, Scar-
borough, Queensland, Australia) or with aspirators; larvae and pupae were collected in tyre 
traps, ovitraps or through inspection of goods. Incursives were identified to species using mor-
phology which was later confirmed in our genomic analysis. 
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For the panel of reference genotypes, we used 241 Ae. albopictus collected from 18 locations in 
the Indo-Pacific region (Fig 1), with details listed in Supporting Information Appendix S1. These 
18 locations were: China (Guangzhou), Christmas Island, Fiji, Japan (Matsuyama), Malaysia 
(Peninsula Malaysia), Mauritius, Philippines (Manila), Singapore, Sri Lanka (Colombo), Taiwan 
(Kaohsiung City), Thailand (Bangkok and Chiang Mai), Timor-Leste, Torres Strait Islands, Vanu-
atu, Vietnam (Ho Chi Minh City), and three locations in Indonesia: Bali, Bandung, and Jakarta. 
We considered different countries to represent different locations and aggregated mosquitoes 
accordingly, except in the case of Indonesia, where we treated samples from Bali, Bandung, 
and Jakarta as different locations. This was due to the proximity of Indonesia to Australia and 
the previous finding that most Ae. aegypti incursions into Australia were from Bali.8 

 

 
Fig 1. Reference genotypes of Aedes albopictus. Pie charts are sized by the number of reference gen-
otypes available, and colours denote clustering established during the initial discriminant analysis of 
principal components (DAPC; see Results). Populations are: A) Mauritius; B) Sri Lanka; C) Thailand; D) 
Malaysia; E) Singapore; F) Vietnam; G) Christmas Island; H) Jakarta, Indonesia; I) Bandung, Indonesia; J) 
Bali, Indonesia; K) China; L) Taiwan; M) Philippines; N) Japan; O) Timor-Leste; P) Torres Strait Islands; Q) 
Vanuatu; and R) Fiji. 
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2.2 Genotyping 

DNA was extracted from incursive and reference mosquitoes using either Qiagen DNeasy Blood 
& Tissue Kits (Qiagen, Hilden, Germany) or Roche High Pure™ PCR Template Preparation Kits 
(Roche Molecular Systems, Inc., Pleasanton, CA, USA), each with an RNase A treatment step.  

We constructed double digest restriction-site associated DNA (ddRAD) libraries following the 
ddRAD protocol for Ae. albopictus adapted in Schmidt et al.29 from the protocol of Rašić, Fil-
ipović, Weeks, & Hoffmann.30 We performed initial digestions of 50 – 200 ng of genomic DNA, 
using 10 units each of MluCI and NlaIII restriction enzymes (New England Biolabs, Beverly MA, 
USA), NEB CutSmart buffer, and water. Digestions were run for 3 hours at 37 °C with no heat kill 
step, and the products were cleaned with paramagnetic beads. These were ligated to modified 
Illumina P1 and P2 adapters overnight at 16 °C with 1,000 units of T4 ligase (New England Bi-
olabs, Beverly, MA, USA), followed by a 10-minute heat-deactivation step at 65 °C. We per-
formed size selection with a Pippin-Prep 2% gel cassette (Sage Sciences, Beverly, MA) to retain 
DNA fragments of 350 – 450 bp.  

Final libraries were amplified by PCR, using 1 μL of size-selected DNA, 5 μL of Phusion High 
Fidelity 2× Master mix (New England Biolabs, Beverly MA, USA) and 2 μL of 10 μM standard Illu-
mina P1 and P2 primers. These were run for 12 PCR cycles, then cleaned and concentrated us-
ing 0.8× paramagnetic beads. Each ddRAD library contained between 30 and 65 mosquitoes, 
and each was sequenced on a single sequencing lane using 100 bp chemistry. Libraries were 
sequenced paired-end at either the Australian Genome Research Facility (AGRF, Melbourne, 
Australia), the University of Melbourne (Pathology), or GeneWiz, Inc (Suzhou, China) on either 
a HiSeq 2500 or a HiSeq 4000 (Illumina, California, USA). 

Raw sequence reads were processed using the Stacks 2.0 REF_MAP pipeline.31 Reads were de-
multiplexed and trimmed to 80 bp length, and low-quality reads were discarded. Bowtie 
2.3.4.332 was used to align reads to the Aedes albopictus reference genome (GenBank assembly 
accession: GCA_006496715.1) using end-to-end alignment and the --sensitive preset options. 
The 20 incursive individuals and 241 reference individuals were built into a Stacks loci catalog 
and the Stacks program POPULATIONS was used to call SNPs and export genotypes as a VCF file. 
Only SNPs called in 75% of individuals from each reference population and in 75% of incursives 
were retained (-p 19 -r 0.75). We used VCFTOOLS33 to ensure no first-order relatives were in-
cluded in the reference populations (--relatedness2; only including individuals with kinship 
scores < 0.177). 
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2.3 Population assignment 

We used two R packages for population assignment: ‘adegenet v2.1.2’,34 for cluster detection 
with discriminant analysis of principal components (DAPC); and ‘assignPOP v1.1.9’,35 for Monte 
Carlo assignment tests using a support vector machine predictive model. Our methodology 
was adapted from that of Schmidt et al.8 as follows. First, we performed DAPC on the whole 
dataset to partition the reference and incursive genotypes into broad genetic clusters, which 
provided an initial, rough assignment for each incursive. We then analysed each genetic cluster 
in isolation, and used assignPOP to generate assignment probabilities for each incursive to 
each of the reference populations within the genetic cluster. 

For the initial analysis with DAPC, we used all 261 genotypes. These were filtered with POPULA-

TIONS to retain SNPs scored in 75% of individuals from each reference population and in 75% of 
incursives. The dataset was then filtered with VCFTOOLS using the following settings: SNPs must 
be biallelic; have a minor allele count ≥ 2;36 have a minimum read depth of 3 and a maximum 
of 45 ((mean depth) + 3√(mean depth));37 and must be called in at least 90% of individuals. We 
then used BEAGLE 4.138 to impute missing genotypes, with 10 iterations.  

We used the find.clusters function to detect genetic clusters, with 109 iterations. We ran cluster 
detection separately for each incursive, so that each incursive genotype was compared with all 
reference genotypes and none of the other incursive genotypes. We used find.clusters to parti-
tion the genotypes into a number of clusters (K) ranging from 1 to 20, and considered the K with 
the lowest Akaike Information Criterion (AIC) as the best partitioning. Following this partition-
ing, the dataset was divided into K clusters, each containing a set of reference genotypes and 
between 0 and 20 incursives. 

The genetic clusters that contained at least one incursive were then analysed independently. 
New VCF files for each cluster were exported following the same filtering steps described 
above. We used the assignPOP function assign.X to generate posterior probabilities of assign-
ment for incursives to the reference populations within their genetic cluster, using a support 
vector machine predictive model. Following Schmidt et al.,8 we applied these posterior proba-
bilities to calculate ‘relative probabilities’ of assignment, defined as the probability of assign-
ment to the most likely population divided by the probability of assignment to the second most 
likely population. We considered incursives assigned with posterior probability > 0.5 and rela-
tive probability > 3 to be well-assigned.  

We performed final DAPCs using these assignments, with genotypes grouped by population of 
origin (for reference genotypes) or population of assignment (for well-assigned incursives). We 
omitted poorly-assigned incursives from these DAPCs. For each DAPC, we used the function 
xvalDapc with 100 repetitions to determine an optimal number of principal components to use, 
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based on lowest mean squared error. DAPCs for each genetic cluster were plotted to investi-
gate relationships between reference and incursive genotypes graphically.  

We used the assignment results to compare incursion pathways of Ae. albopictus with those of 
Ae. aegypti established in Schmidt et al..8 For each species, we plotted the incursion routes 
(source population to interception location) into Australia of all well-assigned incursives. 

 

 

3 Results 

After filtering, we retained 21,931 SNPs for the initial analysis with DAPC. Lowest AIC was ob-
served at K = 10. Accordingly, the reference genotypes were partitioned into 10 genetic clusters 
(Fig 1), and the incursives were assigned to these 10 clusters one by one. Only three of the clus-
ters were assigned incursives. Twelve of these were assigned to an “East Asian” cluster con-
taining China, Mauritius, Taiwan, and four of the Vietnamese genotypes (Fig 1, yellow). Two 
were assigned to a “Southeast Asian” cluster containing Ae. albopictus from Christmas Island, 
Malaysia, Singapore, Thailand, and the remaining 14 Vietnamese genotypes (Fig 1, red). The 
other six incursives were assigned to a “Japanese” cluster containing the Japanese genotypes. 

More precise assignments were obtained by analysing each cluster separately, using assign-
POP to produce posterior and relative probabilities of assignment for each incursive. Although 
the Vietnamese genotypes were split between the East Asian and Southeast Asian clusters, we 
included all Vietnamese genotypes in analyses of each cluster. Also, as multiple populations 
were needed for assignment tests, we included the Chinese and Taiwanese genotypes in anal-
yses of the Japanese cluster, due to their geographic proximity with Japan. After filtering the 
East Asian cluster, there remained 14,149 SNPs for analysis. Analysis of the Southeast Asian 
cluster was with 12,346 SNPs, and the Japanese cluster was analysed with 26,980 SNPs.  

Five of the 12 incursives initially assigned to the East Asian cluster were considered well-as-
signed (posterior probability > 0.5 and relative probability > 3) (Table 1). These incursives were 
all assigned to either China (4) or Taiwan (1), with none assigned to Mauritius or Vietnam. 
Graphical investigation of assignments using DAPC (Fig 2a) showed that two of the less-confi-
dently assigned incursives (i.e. those displayed as smaller white squares) had some ambiguity 
of assignment between China (red circles) and Taiwan (blue circles). This suggests that the ge-
netic similarity of these two populations may make precise assignments between them diffi-
cult.  
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The two incursives initially assigned to the Southeast Asian cluster were both assigned very 
confidently to Singapore (both posterior probabilities > 0.9, relative probabilities > 11) (Table 
1). DAPC of this cluster (Fig 2b) indicated that the confidence of these assignments was likely 
due in part to the clear differentiation of the Singaporean genotypes (blue triangles) from those 
from Malaysia (yellow triangles), Thailand (green triangles), and Vietnam (brown triangles), 
which clustered together. Of the six incursives initially assigned to the Japanese cluster, two 
were well-assigned (Table 1). Graphical investigation of these assignments indicated that these 
incursives were unlikely to have come from either China or Taiwan (Fig 2c). 

Aedes albopictus incursion routes into Australia were clearly different from those of Ae. aegypti 
(Fig 3, Table 2). Aedes aegypti incursives from international sources were assigned to Brazil 
(8%, not pictured in Fig 3) and three locations in the Indo-Pacific: Bali (75%), Malaysia (16%), 
and Thailand (1%). Although reference genotypes from these three Indo-Pacific locations were 
used in this study, no Ae. albopictus incursives were assigned to these populations. Likewise, 
no Ae. aegypti were assigned to either Singapore or Taiwan, despite available reference geno-
types from these populations. Overall, most Ae. albopictus incursion pathways were from East 
Asian sources into ports in eastern Australia, particularly Brisbane, and all 11 poorly-assigned 
incursives were collected at Brisbane. Most Ae. aegypti incursives were from Southeast Asia, 
and were detected at ports throughout Australia (but not Brisbane). 
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Table 1. Detection and assignment results for the 9 well-assigned and 11 poorly-assigned Aedes albopictus incursives.  

Well-assigned incursives are in regular typeface, poorly-assigned incursives are in italics. 

Incursive Port type City of 
detection 

Date of           
collection 

Initial  
assignment 

Final  
assignment 

Posterior  
probability 

Relative  
probability 

AP01 Airport Sydney 2016-04-30 East Asia China 0.59 3.15 

AP02 Airport Melbourne 2018-12-17 East Asia China 0.77 5.50 

SP04 Seaport Darwin 2017-06-05 Southeast Asia Singapore 0.92 19.27 

SP05 Seaport Darwin 2017-06-06 Southeast Asia Singapore 0.91 11.43 

SP06 Seaport Brisbane 2017-07-18 Japan Japan 0.72 3.54 

SP09 Seaport Brisbane 2018-03-26 East Asia Taiwan 0.66 3.02 

SP15 Seaport Brisbane 2018-10-24 East Asia China 0.72 3.54 

SP16 Seaport Brisbane 2018-10-24 East Asia China 0.66 4.18 

SP18 Seaport Brisbane 2018-10-26 Japan Japan 0.82 6.09 

SP01 Seaport Brisbane 2016-12-23 East Asia n/a 0.62 2.35 

SP02 Seaport Brisbane 2016-12-23 East Asia n/a 0.51 2.37 

SP03 Seaport Brisbane 2016-12-23 East Asia n/a 0.49 1.45 

SP07 Seaport Brisbane 2017-07-18 Japan n/a 0.63 2.49 

SP08 Seaport Brisbane 2017-07-18 East Asia n/a 0.48 1.73 

SP10 Seaport Brisbane 2018-03-29 East Asia n/a 0.59 2.30 

SP11 Seaport Brisbane 2018-05-21 Japan n/a 0.50 1.32 

SP12 Seaport Brisbane 2018-05-21 Japan n/a 0.50 1.42 

SP13 Seaport Brisbane 2018-05-28 Japan  n/a 0.52 1.56 

SP14 Seaport Brisbane 2018-05-28 East Asia n/a 0.64 2.83 
SP17 Seaport Brisbane 2018-10-24 East Asia n/a 0.53 2.48 
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Table 2. Proportions of incursives assigned to each possible source population, for Aedes albopictus and 
Aedes aegypti.  

Assignments for Aedes aegypti incursions are from Schmidt et al..8 

 

  Aedes albopictus Aedes aegypti 

China 0.444 n/a 
Singapore 0.222 0 
Taiwan 0.111 0 
Japan 0.222 n/a 

Bali 0 0.747 
Malaysia 0 0.157 
Brazil n/a 0.084 
Thailand 0 0.012 
Fiji 0 0 
Sri Lanka 0 0 
Vanuatu 0 0 

Vietnam 0 0 
Bandung 0 n/a 
Christmas Island 0 n/a 
Jakarta 0 n/a 
Mauritius 0 n/a 
Philippines 0 n/a 
Timor-Leste 0 n/a 

Torres Strait Islands 0 n/a 
Kiribati n/a 0 
New Caledonia n/a 0 
Yogyakarta n/a 0 
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Fig 2. Discriminant analysis of principal compo-
nents (DAPC) of the three clusters. 
White squares depict well-assigned incursive geno-
types, which are sized by a logarithmic function of 
their relative probability of assignment. (a) East 
Asian cluster, horizontal axis describes 61.6% of to-
tal variation, vertical axis describes 26.5% of total 
variation; (b) Southeast Asian cluster, horizontal 
axis describes 60.3% of total variation, vertical axis 
describes 21.4% of total variation; (c) Japanese clus-
ter, horizontal axis describes 88.3% of total varia-
tion, vertical axis describes 11.7% of total variation. 
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Fig 3. Indo-Pacific incursion pathways of Aedes albopictus (white) and Aedes aegypti (red). 
Line thickness follows a logarithmic function of the number of incursives transported along that path-
way. Assignments for Aedes aegypti incursions are from Schmidt et al..8 Not shown are seven Aedes 
aegypti incursives, transported into Perth, Australia, from a putative origin in the Americas.  
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4 Discussion 

This study has identified incursion pathways of Ae. albopictus mosquitoes into Australia, and 
shown that these pathways are strikingly different from those of its close relative, Ae. aegypti. 
We identified four locations from which intercepted Ae. albopictus were transported to Aus-
tralia: three in East Asia (China, Taiwan, Japan) and one in Southeast Asia (Singapore). No Aus-
tralian Ae. aegypti incursions have been linked to any of these locations, despite the presence 
of Ae. aegypti in both Taiwan and Singapore.8 Likewise, no Ae. albopictus in this study were 
found to have come from either Indonesia or Malaysia, the most common source populations 
of Ae. aegypti. These results show how even congeneric taxa with similar capacity for active 
dispersal can differ greatly in the dispersal pathways they take. Given that both Ae. albopictus 
and Ae. aegypti represent dangerous pest disease vectors and quarantine risks, the work high-
lights the importance of evaluating incursion pathways of pest species individually rather than 
by assuming that related species will have similar incursion pathways. For Australia and other 
countries yet to be invaded by Ae. albopictus, our findings should help current efforts to pre-
vent further spread of this species. Additionally, with both species carrying insecticide re-
sistance mutations,39,40 the identification of incursion pathways can help to reduce the risk of 
resistance alleles spreading into resident populations. For instance, in Ae. aegypti resistance 
alleles have spread between geographically distant populations within the Indo-Pacific re-
gion,5 highlighting the risk involved in genetic incursions as well as species incursions into ar-
eas where resistance alleles are absent.41 

Using the composite methodology of DAPC and assignment tests, 9 of the 20 Ae. albopictus 
were well-assigned (posterior probability > 0.5 and relative probability > 3). This proportion 
(45%) is lower than the proportion of well-assigned Ae. aegypti in Schmidt et al.8 (76%), which 
is likely in part due to this study using a more conservative cut-off for assignment than used in 
Schmidt et al.8 (posterior probability > 0.5 and relative probability > 2). The methodology here 
proved sufficient for confidently assigning among the genetically and geographically close 
populations of Singapore and Malaysia (FST’ = 0.025120), with the assignments to Singapore 
having the highest posterior and relative probabilities of all incursives (Table 1). Likewise, con-
fident assignments were made to Japan, the source of Ae. albopictus incursions into Towns-
ville, Australia, in 2012.14 One of these incursives (SP18) was detected in a shipment of used 
tyres originally from Japan, providing a clear concordance between genetic inferences and ob-
servations at point of detection.  

Among the poorly-assigned incursives were three Ae. albopictus (SP01-03) intercepted on a 
used power boat that was brought to Brisbane from Florida, USA, and four Ae. albopictus (SP11-
14) found in a shipment of used tyres from the USA that transhipped through Colombia. These 

.CC-BY-NC 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted June 19, 2020. ; https://doi.org/10.1101/2020.03.27.012666doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.27.012666
http://creativecommons.org/licenses/by-nc/4.0/


16 
 

were initially assigned to the East Asian cluster with low confidence (Table 1). In comparison, 
two of three Ae. albopictus (SP15-17) detected in fish bins from Hong Kong and one incursive 
(AP01) detected on cut-flowers from China were well-assigned to China, despite the high ge-
netic similarity of Chinese and Taiwanese reference populations (FST’ = 0.019720). Considering 
these results, the low confidence in specific assignments for incursives SP01-03 and SP11-14 
may reflect the absence of reference genotypes from the Americas. Aedes albopictus in North 
America have genetic similarities with East Asian populations,25 and North American incursions 
of Ae. albopictus have been linked to goods transported from South China.42 As our databank 
of reference genotypes grows and we are able to add populations from the Americas, we may 
find some of these incursives are confidently assigned to North America.  

Despite the absence of American reference genotypes, the methodology used in this study is 
sufficient to show clear differences in incursion pathways between this species and Ae. aegypti 
(Fig 5). In contrast to Ae. aegypti, for which most incursives are transported to Australia from 
popular tourism locations like Bali, the Ae. albopictus incursions investigated in this study 
came from locations that, while popular as tourist destinations, are also major trading partners 
of Australia (https://dfat.gov.au/trade/resources/trade-at-a-glance/). We estimate that 90% of 
Ae. albopictus incursives came to Australia by marine routes, compared with only 5% of Ae. ae-
gypti,8 though the sample size for Ae. albopictus is currently small at 20 individuals and these 
patterns may change as more incursives are detected. Other observations linking Ae. albopic-
tus with marine incursions and Ae. aegypti with aerial incursions have been noted at New Zea-
land ports.17 Considering the broad sympatry of these species throughout the Indo-Pacific,43 
these findings raise questions about why marine incursions are relatively rare for Ae. aegypti 
and why aerial incursions are relatively rare for Ae. albopictus.  

The low incidence of marine incursions for Ae. aegypti may reflect a lack of diapause in this 
species.24 By undergoing diapause, Ae. albopictus may be able to withstand longer transporta-
tion times and colder minimum temperatures than Ae. aegypti,21 which may increase its likeli-
hood of surviving marine transportation to Australia. Thus even if a vessel is transporting sim-
ilar numbers of Ae. albopictus and Ae. aegypti at departure, only Ae. albopictus may survive long 
marine voyages. This is concordant with the patterns of clustering observed in this study show-
ing genetic similarities between East Asian and Mauritian Ae. albopictus populations (Fig 1). 
Given the very high frequency of international shipping past Mauritius,20 similarity of these lo-
cations likely reflects recent gene flow associated with marine transportation. Similar patterns 
of genetic clustering among distant populations has not been observed in Ae. aegypti. 

A tentative explanation for the paucity of aerial incursions of Ae. albopictus into Australia and 
New Zealand may relate to aircraft disinsection44 and insecticide resistance. All international 
flights into Australia and New Zealand undergo disinsection with synthetic pyrethroids,45 a 
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class of insecticide to which both species have developed some resistance via mutations at the 
Vssc gene.39,40 All Ae. aegypti incursives into Australia and New Zealand carry these resistance 
mutations;8 in Bali, the most common source population for Ae. aegypti incursions, every mos-
quito was homozygous for a pair of resistance mutations conferring strong resistance to Type 
I and Type II synthetic pyrethroids. Although homologous resistance mutations putatively con-
ferring Type I pyrethroid resistance have been recorded in Ae. albopictus,46 there have been no 
reports of mutations for Type II resistance and it is unclear how widely distributed the homol-
ogous mutations are in the Indo-Pacific region. If Ae. albopictus from locations such as Bali re-
main susceptible to certain types of pyrethroids, aircraft disinsection may be more effective at 
killing Ae. albopictus than Ae. aegypti. A comprehensive geographic investigation of resistance 
mutations in Ae. albopictus will be required to evaluate this hypothesis, and to test whether 
disinsection is more effective at stopping incursions of this species than Ae. aegypti. Other fac-
tors potentially influencing the relative frequency of aerial and marine incursions include any 
differences in relative abundance of Ae. albopictus and Ae. aegypti around airports and sea-
ports and any differences in behaviour that affect the likelihood of mosquitoes boarding and 
travelling on vessels. 

 

Conclusions 

Understanding pest incursion pathways is critical for preventing new invasions and stopping 
the transfer of alleles that reduce the efficacy of control methods. This study has traced incur-
sion pathways of Ae. albopictus into mainland Australia, where no successful invasions have 
been observed. Most strikingly, we found that the source populations of Ae. albopictus incur-
sions were all different to those of the closely-related mosquito Ae. aegypti, despite broad sym-
patry of these species in the Indo-Pacific region. Incursions of Ae. albopictus came mostly along 
marine routes, from key trading locations, while Ae. aegypti mostly came by aerial routes from 
tourism hotspots. As with our previous research on Ae. aegypti,8 our new results for Ae. albopic-
tus highlight the value of genomics for deciphering otherwise cryptic incursion pathways. Of 
particular importance are the findings from the comparative analysis of both datasets. Based 
on the different pathways of the two species, we strongly recommend against assuming that 
closely-related taxa will share common incursion pathways, and propose that incursion path-
ways of important taxa should be investigated individually. Management plans for Ae. albopic-
tus and Ae. aegypti should incorporate knowledge of how insecticide resistance directs and 
modifies incursion pathways, and how it is transmitted along incursion pathways into areas 
where resistance alleles are absent. 
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