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Abstract

DNA barcoding is a modern species identification technique that can be used

to distinguish morphologically similar species, and is particularly useful when

using small amounts of starting material from partial specimens or from imma-

ture stages. In order to use DNA barcoding in a surveillance program, a data-

base containing mosquito barcode sequences is required. This study obtained

Cytochrome Oxidase I (COI) sequences for 113 morphologically identified

specimens, representing 29 species, six tribes and 12 genera; 17 of these species

have not been previously barcoded. Three of the 29 species ─ Culex palpalis,

Macleaya macmillani, and an unknown species originally identified as Tripter-

oides atripes ─ were initially misidentified as they are difficult to separate mor-

phologically, highlighting the utility of DNA barcoding. While most species

grouped separately (reciprocally monophyletic), the Cx. pipiens subgroup could

not be genetically separated using COI. The average conspecific and congeneric

p-distance was 0.8% and 7.6%, respectively. In our study, we also demonstrate

the utility of DNA barcoding in distinguishing exotics from endemic mosqui-

toes by identifying a single intercepted Stegomyia aegypti egg at an international

airport. The use of DNA barcoding dramatically reduced the identification time

required compared with rearing specimens through to adults, thereby demon-

strating the value of this technique in biosecurity surveillance. The DNA bar-

codes produced by this study have been uploaded to the ‘Mosquitoes of

Australia–Victoria’ project on the Barcode of Life Database (BOLD), which will

serve as a resource for the Victorian Arbovirus Disease Control Program and

other national and international mosquito surveillance programs.

Introduction

Vector surveillance requires a rapid and accurate method

to identify species of importance. Over 300 species of

mosquitoes are known to occur in Australia, many of

which have the potential to vector pathogens of disease

significant to human and animal health (Ehlersm and

Alsemgeest 2011). Surveillance is also conducted for inter-

national mosquito vectors, such as Stegomyia albopicta

(currently exotic) and St. aegypti (established in tropical

Australia), which pose a considerable public health risk

due to the variety of diseases they can transmit. Mosquito

identification in Australian surveillance programs cur-

rently relies on morphological identification of specimens

using dichotomous keys. This traditional approach is

time-consuming, requires specialist knowledge and can be

problematic when trying to identify damaged specimens

or distinguish morphologically similar species. DNA bar-

coding is a complementary identification method, which

has the potential to overcome these current limitations.

DNA barcoding is a molecular approach to species

identification, which involves the use of a short DNA

sequence that has much less variance within species than

it does between species. To date, molecular studies of

endemic Australian mosquitoes have investigated only

one genus at a time (Foley et al. 1998, 2007; Hemmerter

et al. 2007; Ballard et al. 2009; Puslednik et al. 2012;

Endersby et al. 2013; Kassim et al. 2013). These studies

have demonstrated the potential of DNA barcoding by

further defining geographical distributions and genetic

diversity of species. However, they represent only a small

minority of the total number of mosquito species in
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Australia and the data obtained is difficult to compare

due to the variety of genetic regions used as DNA bar-

codes.

Currently, the most commonly used barcode region for

animals is a 50-segment of the mitochondrial gene Cyto-

chrome Oxidase I (COI) called the ‘Universal’ or ‘Folmer’

region. This region is the standard marker chosen by the

Barcode of Life Database (BOLD), which is an online

platform for collating and curating DNA barcoding infor-

mation from around the world (Ratnasingham and

Hebert 2007). While the majority of mosquito barcoding

studies use this region, some studies have used other

areas of COI (Fig. 1). Often more than one marker will

be used, with both mitochondrial and nuclear genes

exhibiting utility in distinguishing species (Lin and Dan-

forth 2004). In mosquito barcoding studies, a variety of

nuclear markers have been used, including elongation fac-

tor-1 alpha (EF-1a), acetylcholinesterase 2 (ace-2), alpha

amylase, zinc finger, and internal transcribed spacer sub-

unit 2 (ITS2) (Foley et al. 2007; Hasan et al. 2009; Hem-

merter et al. 2009; Puslednik et al. 2012). Using multiple

genes can help to distinguish members of species com-

plexes and subgroups, which are closely related species

that may not be genetically distinct when using just one

barcoding region (Foster et al. 2013; Jiang et al. 2014).

In order to efficiently use DNA barcoding as a mos-

quito identification method within a surveillance pro-

gram, a barcode library based on accurate identifications

must first be established. For example, 36 different ende-

mic mosquito species have been previously detected in a

mosquito surveillance program in Victoria, Australia

(Lynch et al. 2015 unpublished data), however only 10 of

these species have COI sequences publically available in

GenBank and BOLD, and only eight species (<25%) are

sampled from Australia (accessed 05.11.15). The creation

of a barcode library of the mosquitoes commonly col-

lected in temperate southeastern Australia will allow DNA

barcoding to become a useful identification technique,

forming the foundation for a larger library of mosquito

sequences from all around Australia, as well as contribut-

ing to reference mosquito sequences available internation-

ally. The development of a regionally targeted barcode

library will help improve the accuracy of mosquito identi-

fication as currently DNA barcoding is an under-utilized

technique in mosquito vector surveillance programs.

Barcoding a broad range of mosquito species also

allows insight into the composition of genera. In recent

years, mosquito taxonomy has undergone a series of

debated reclassifications, with the tribe Aedini undergoing

the most changes (Reinert and Harbach 2005; Reinert

et al. 2009). Traditional classification of mosquitoes is

based primarily on similarities in morphology, resulting

in broad genus groups which under-represent the true

diversity, with more recent phylogenetic studies suggest-

ing many of these genera contain paraphyletic and poly-

phyletic taxa (Harbach 2007). Genetic techniques are

considered to be relatively free from the subjectivity of

identifying morphological features and can reveal the

presence of cryptic species complexes that are often over-

looked (e.g., Hemmerter et al. 2007). As such, barcoding

as a method for identifying mosquitoes is vital to the

accuracy of a surveillance program.

In this study, we primarily sought to improve current

vector surveillance programs by expanding the COI DNA

barcode information available for endemic mosquito spe-

cies in Australia by generating a barcode library for 26 spe-

cies collected from temperate southeastern Australia. The

DNA barcode library was supported by diagnostic speci-

Figure 1. Comparison of primer locations

within COI in different mosquito DNA

barcoding studies. Mitochondrial gene

positions sourced from (Hardy et al. 2014),

GenBank accession number: NC_025473.
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men images and collection details uploaded to BOLD as

part of the “Mosquitoes of Australia–Victoria” (MOAV)

project, adding temperate southeastern Australia to the

Mosquitoes of the World campaign. We also aimed to test

the utility of DNA barcoding in biosecurity scenarios by

identifying a mosquito egg intercepted at an airport. Lastly,

we evaluated the use of a larger COI fragment as a barcode

to overlap with data from previous studies that have exam-

ined various regions of COI (Fig. 1), and discuss the rela-

tionships between different mosquito species and the

composition of mosquito genera.

Materials and Methods

Specimen collection and identification

Adult mosquitoes were collected using a combination of

CO2-baited encephalitis virus surveillance traps (Australian

Entomological Supplies, Murwillumbah, Australia) and

Biogents Sentinel traps (Biogents, Regensburg, Germany)

as part of the Victorian Arbovirus Disease Control

Program. The traps were located in 13 different sites within

five regions around Victoria (Fig. 2). The majority of speci-

mens were trapped during the 2013/2014 season and stored

dry at �20°C prior to analysis. For uncommon mosquito

species, pinned specimens stored dry in the Victorian Agri-

cultural Insect Collection (VAIC) were also used for the

study (Table 1). In addition to the adult mosquitoes, one

St. aegypti egg discovered by the Australian Department of

Agriculture at Melbourne Airport in January 2015 was used

in this study (stored in 95% ethanol at room temperature).

Mosquitoes were morphologically identified using taxo-

nomic keys (Dobrotworsky 1965; Russell 1996). Composite

auto-montage images were taken of a representative speci-

men from each species using a Leica M205 C microscope

and camera, and the images were submitted to BOLD as

part of the Mosquitoes of Australia–Victoria (MOAV) pro-

ject. The representative specimens were then pinned as

voucher specimens and stored in the VAIC. Database num-

bers for all examined specimens are included in MOAV

and listed in Table 1.

In total, 113 mosquito specimens were used, compris-

ing of 12 genera and 29 species (Table 1). In light of the

results found in this study, the currently accepted generic

designations from the Mosquito Taxonomic Inventory’s

Valid Species List (http://mosquito-taxonomic-inventor-

y.info/valid-species-list, accessed 15 September 2015) and

the Atlas of Living Australia (http://www.ala.org.au/,

accessed 15 September 2015) have been used instead of

traditional species names, however both are provided in

Table 1 to avoid confusion and for comparison with pre-

vious literature. The Atlas of Living Australia lists Culex

molestus as a valid species due to its widespread usage in

Australia (Russell 2012), however Cx. pipiens form moles-

tus is used in this paper as Cx. molestus is a physiological

variant of Cx. pipiens (Harbach et al. 1984).

DNA isolation

A leg was removed from each frozen mosquito and half

of the dry-pinned specimens for DNA isolation. Each leg

was homogenized using beads in 20 lL of proteinase K,

then incubated in 50 lL of Buffer ATL (QIAGEN,

Hilden, Germany) for 60 min at 56°C. Of this lysate,

50 lL was used for total DNA extraction in a MagMAX

Express Magnetic Particles Processor using the MagMAX

Figure 2. Map of mosquito trapping locations

around Victoria State, Australia. 1 = Mildura,

2 = Swan Hill, 3 = Kerang, 4 = Toolamba,

5 = Cobram, 6 = Wodonga, 7 = Armstrong

Creek, 8 = Ocean Grove, 9 = Point Lonsdale,

10 = Melbourne Airport, 11 = Heatherton,

12 = Clydebank, 13 = Meerlieu, 14 =

Paynesville.
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DNA Multi-Sample Kit (Life Technologies, Gaithersburg,

MD, USA). The extraction procedure followed the manu-

facturer’s instructions with the exception that RNase A

mix was not used. Approximately 50 lL of total DNA

was extracted for each sample. All DNA isolates were

stored at �20°C.
An alternative DNA extraction method was employed

for the St. aegypti egg and the other half of the dry-

pinned specimens. The egg was taken out of the 95%

ethanol, and a leg was removed from each pinned speci-

men. The egg and legs were homogenized individually in

20 lL of proteinase K, then incubated in 180 lL of Buffer

ATL for 60 min at 56°C. DNA was extracted using a

DNeasy Blood & Tissue Kit (QIAGEN) according to the

manufacturer’s instructions, including a double final elu-

tion step. For each sample, a total of 100 lL of DNA was

extracted. All DNA isolates were stored at �20°C.

COI amplification, sequencing, and data
analysis

An 840 bp COI fragment was amplified using the primer

pairs LCO1490 (Folmer et al. 1994) and R-COI650

(Hemmerter et al. 2007). Two dry-pinned specimens

appeared to have degraded DNA due to prolonged stor-

age, hence a smaller 648 bp COI fragment was amplified

using the ‘Universal’ primer pair LCO1490 and HCO2198

(Folmer et al. 1994). The total PCR volume was 25 lL
and consisted of 15.3 lL 1 9 bovine serum albumin

(BSA), 2.5 lL 10 9 ThermoPol Reaction Buffer (New

England Biolabs, Beverly, MA, USA), 2 lL 2.5 lM
dNTPs, 1.25 lL of each 10 lM/L primer, 0.2 lL 1.0 U

Taq DNA Polymerase, and 2.5 lL template DNA. Unsuc-

cessful PCRs were repeated using 5 lL of template DNA

and a proportionally adjusted BSA volume. The COI PCR

cycle was as follows: 94°C for 2 min, 40 cycles of 94°C
for 30 s, 49°C for 45 s and 72°C for 45 s, then finally

72°C for 1 min. The PCR products were verified on a 2%

agarose gel.

Size-verified COI PCR products were enzymatically

purified and sequenced commercially in both directions

on an ABI3730XL by Macrogen Inc. (Korea). Forward

and reverse sequences were assembled and edited in Gen-

eious version 8.1 (http://www.geneious.com, Kearse et al.

2012). In a small number of specimens (see Results), clear

double bases were called by eye using International Union

of Pure Applied Chemistry (IUPAC) ambiguity codes.

Edited sequences (744 bp) were aligned with ClustalW,

sequence divergence was calculated (p-distance values),

and a bootstrap neighbor-joining tree (1000 replicates)

was created using MEGA version 6 (Tamura et al. 2007).

All COI sequences have been uploaded to the MOAV

project in BOLD and deposited in GenBank; accession

numbers are provided in Table 1 and in the Data Accessi-

bility section.

Results

Comparison between DNA barcodes and
morphological assessments

Using taxonomic keys, 26 species were morphologically

identified from the 113 mosquito specimens. Molecular

identification revealed a further three species, resulting in a

total of 29 species. The three additional species were

Cx. palpalis (originally identified as Cx. annulirostris),

Macleaya macmillani (originally identified as Mc. tremula),

and an unknown species (originally identified as Tripter-

oides atripes, referred to here as Tp. sp.).

COI analyses

All 113 mosquito specimens had the COI target gene

sequenced and were used in the final analysis. The

sequences were AT-rich, with an average of 69.6% AT

content for all codons. Coquillettidia linealis had the low-

est AT content with 65.9%, whereas Cx. cylindricus had

the most with 71.2%. None of the sequences contained

indels or stop codons. Culiseta inconspicua was the only

species with COI sequences containing ambiguous bases,

with 1.3–2.6% of the final 744 bases being called as

heterozygous double bases, suggesting the likely presence

of pseudogenes (i.e., numts) in this species.

The neighbor-joining analyses of the COI sequences

revealed that all 29 species grouped separately, except for

Cx. quinquefasciatus and Cx. pipiens form molestus, and

Cx. australicus and Cx. globocoxitus (Fig. 3). These four

species are part of the Cx. pipiens subgroup, whereas

Cx. quinquefasciatus, Cx. pipiens form molestus and

Cx. australicus form the Cx. pipiens complex (Smith and

Fonseca 2004). The average conspecific p-distance was

0.8% (range 0–4.2%), compared to 7.6% (range 0–12.3%)

for congeneric divergence (Fig. 4A). Species with less than

4% divergence were considered to be species complexes.

Between genera, p-distances increased to an average of

12% (range 5.5–16.9%) (Fig. 4B).

The egg intercepted at the Melbourne Airport was

identified through DNA sequence analysis as St. aegypti.

The COI sequence had 100% similarity to other

St. aegypti COI sequences stored on BOLD.

Discussion

The primary aim of this study was to create a DNA bar-

code library for the common mosquito species found in

temperate south eastern Australia. The majority of the 26
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barcoded species formed distinctive clusters, confirming

the utility of the DNA barcoding method in mosquito

surveillance programs. Furthermore, the sequencing

results revealed additional species that had been initially

morphologically misidentified.

Cryptic species

This study is the first to report the detection of Cx. pal-

palis (originally identified as Cx. annulirostris) in Victoria.

Culex palpalis was detected from trapping locations in the

North West and Gippsland regions of the state (Table 1,

Fig. 2), extending the geographical distribution of this

species along the entire Australian East Coast (Hemmerter

et al. 2007). Morphological features were consistent with

those described by Jansen et al. (2013). Another species

that was discovered after molecular identification was

Mc. macmillani (originally identified as Mc. tremula). The

trapping location in the Gippsland region corresponds

with the distribution described by (Dobrotworsky (1965).

The final additional species was originally identified as

Tp. atripes, however it grouped separately (>5% diver-

gence, Fig. 3) and showed a distinct geographical distri-

bution (Tp. atripes specimens were collected in the inland

northern Victoria region, whereas the undetermined Tp.

specimens were from the coastal Gippsland region) sug-

gesting the presence of a cryptic species. The two groups

could not be separated morphologically due to damaged

Figure 3. A summarized neighbor-joining

tree, with bootstrap support values (%), based

on p-distance comparisons between COI

sequences from 113 mosquito specimens. The

groups highlighted in blue are species

complexes or subgroups (defined as species

with ≤4% divergence between them). The

brackets indicate the tribal groups.
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specimens, however Tp. marksae is morphologically

similar to Tp. atripes and is only known from the

Gippsland region (Dobrotworsky 1965), so might be a

possible candidate for the undetermined Tp. species.

Additional sampling should help to clarify species identifi-

cations by providing specimens in better morphological

condition.

Species complexes and subgroups

Whereas the majority of species clustered separately, COI

was not able to distinguish members of the Cx. pipiens

subgroup (Fig. 3), which consists of morphologically dis-

tinct species. Culex globocoxitus and Cx. australicus had

0–1% divergence, while Cx. quinquefasciatus and Cx. pipi-

ens form molestus had 0%. The genetic similarity within

the Cx. pipiens subgroup is well documented, and various

molecular techniques have been developed to distinguish

between these species, including the use of the ace-2 gene

(Smith and Fonseca 2004; Lee et al. 2012; Al-Hussaini

et al. 2013; Laurito et al. 2013). Culex australicus is con-

sidered to be part of the Cx. pipiens complex (Smith and

Fonseca 2004), however its similarity to Cx. globocoxitus

suggests it may only belong to the subgroup.

Other species groups with low congeneric divergence

included Ochlerotatus sagax and Oc. vittiger (2–3%),

Cx. annulirostris and Cx. palpalis (3–4%), and Dobrot-

worskyius alboannulatus and Db. rubrithorax (4–5%)

(Fig. 3). Along with the Cx. pipiens subgroup, these

groups account for all of the overlap between conspecific

and congeneric differences seen in Figure 4A. Species

complexes are known to create issues with applying the

‘barcoding gap’ and the ability to separate species (�Can-

dek and Kuntner 2015). However, despite the low diver-

gence between these groups, all species other than those

in the Cx. pipiens subgroup clustered separately, thereby

confirming the diagnostic capability of DNA barcoding

using COI.

Figure 4. Distribution of percentage

difference (p-distances) for COI in different

taxonomic categories. (A) Comparison of

conspecific and congeneric differences in 113

COI samples. (B) Differences in 113 COI

samples between genera.
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Generic designations

Although phylogenetic analyses were not performed in

the current study, the clustering of the genera found

here appears to mostly agree with the reclassification in

the tribe Aedini made by Reinert et al. (2009). The gen-

era Dobrotworskyius, Mucidus, Macleaya, Rampamyia,

and Stegomyia all appear monophyletic and distinct from

one another, whereas Ochlerotatus was not recovered as

a single group, with Oc. camptorhynchus and Oc. theo-

baldi distinct from other species. However, it is difficult

to make conclusions from this study about what the

relationships between species means for mosquito taxon-

omy, as only one marker and a select few species from

each genus were used. Far broader and thorough sam-

pling using multiple markers, if not entire genome

sequences, is required to make definitive conclusions

about mosquito taxonomy (Foster et al. 2013; Wilkerson

et al. 2015).

Utility of DNA barcoding in mosquito
surveillance programs

The barcoding of 29 mosquito species from temperate

southeastern Australia has expanded the database of bar-

codes available on the Mosquitoes of the World campaign

(BOLD). Targeted barcode libraries allow DNA barcoding

to become a useful tool for vector surveillance programs,

and countries such as Belgium, China, Canada, India, and

Singapore have established barcode libraries for their

regions (Cywinska et al. 2006; Kumar et al. 2007; Wang

et al. 2012; Chan et al. 2014; Versteirt et al. 2015). These

studies have all utilized the ‘Universal’ COI region as a

DNA barcode, making their data compatible with the

data from this study.

The use of a larger COI fragment allows our data to

also be compatible with other studies (Fig. 1). The

successful amplification of the larger fragment in 111 of

the 113 specimens suggests the primer pair used in this

study is suitable for DNA barcoding. For comparable

data, it is recommended the larger COI fragment be

used in studies investigating species that have had the

central region of the COI gene previously sequenced,

such as Cx. annulirostris (Hemmerter et al. 2007). How-

ever, studies using specimens with potentially degraded

DNA, such as dry-pinned reference specimens, should

use the ‘Universal’ region as it has higher amplification

success and is the region used by the majority of DNA

barcoding studies worldwide (Ratnasingham and Hebert

2007).

Vector surveillance is often conducted at high-risk

international ports worldwide due to the increasing

threat of invasive exotic mosquitoes such as St. aegypti

and St. albopicta. These mosquitoes transmit nonen-

demic agents of diseases such as dengue, chikungunya, and

yellow fever and pose a significant public health risk

(Richards et al. 2012). This study has demonstrated an

additional biosecurity application of DNA barcoding with

the screening of a single egg to confirm the presence of

St. aegypti at an international port in Melbourne. Unlike

morphological identification, DNA barcoding does not

require the egg to be hatched, thereby reducing the inter-

ception response times and helping to prevent the estab-

lishment of exotic mosquitoes.

Conclusions

In summary, this study established the utility of DNA

barcoding in vector surveillance through generating a

regionally targeted barcode library for mosquitoes found

in temperate southeastern Australia. This barcode library

will enable the use of DNA barcoding as an additional

identification tool in vector surveillance programs and

can continue to be built upon within Australia and

internationally. The ability to identify species from any

life stage, including eggs, means DNA barcoding is not

only useful in surveillance programs, but also biosecu-

rity operations. Future applications of this approach

should involve barcoding more species and adding

other genetic markers that increase the discriminatory

power of this identification method. DNA barcoding

could also be utilized with next-generation sequencing

to identify large numbers of mosquitoes at one time

(i.e., bulk samples), thereby significantly lowering the

processing time involved in species identification

(McCormack et al. 2013). The accuracy and versatility

of DNA barcoding as a species identification tool makes

it an essential part of vector surveillance and will con-

tinue to grow in value as further barcode libraries and

resources are developed.

Acknowledgments

From the Department of Medical Entomology at West-

mead Hospital (Sydney) we thank John Clancy, Stephen

Doggett, Richard Russell, and Cameron Webb for provid-

ing advice on taxonomic classifications and for confirm-

ing the identification of uncommon mosquito species. We

also thank the Australian Department of Agriculture and

Water Resources for providing the St. aegypti egg, and to

the mosquito monitors for collecting mosquito samples.

Data Accessibility

DNA sequences are stored on GenBank (accessions

KU494977–KU495089). Specimen information, images

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 3009

J. Batovska et al. DNA Barcoding of Australian Mosquitoes

http://www.ncbi.nlm.nih.gov/nuccore/KU494977
http://www.ncbi.nlm.nih.gov/nuccore/KU495089


and DNA sequences were uploaded to BOLD as part of

the Mosquitoes of Australia–Victoria project (accessions

MOAV001-15–MOAV116-15). The phylogenetic data are

available on TreeBASE (accession S18559).

References

Al-Hussaini, M. T., A. K. Muhammed Ali, and H. M. Al-

Rubae. 2013. PCR based identification of Culex pipiens

complex (Diptera: Culicidae) collected in Al-Najaf

governorate. Mag. Al-Kufa Uni. Biol. 5:177–186.
Ballard, J., L. Puslednik, J. Wolff, and R. Russell. 2009.

Variation under nature: a sesquicentennial DNA barcoding

perspective. Chiang Mai J. Sci. 36:188–199.
�Candek, K., and M. Kuntner. 2015. DNA barcoding gap:

reliable species identification over morphological and

geographical scales. Mol. Ecol. Resour. 15:268–277.
Chan, A., L. P. Chiang, H. C. Hapuarachchi, C. H. Tan, S. C.

Pang, R. Lee, et al. 2014. DNA barcoding: complementing

morphological identification of mosquito species in

Singapore. Parasit. Vectors 7:569.

Cywinska, A., F. F. Hunter, and P. D. N. Hebert. 2006.

Identifying Canadian mosquito species through DNA

barcodes. Med. Vet. Entomol. 20:413–424.
Dobrotworsky, N. V. 1965. The mosquitoes of Victoria.

Melbourne University Press, London.

Ehlersm, G., and D. Alsemgeest. 2011. Common mosquitoes of

north Queensland: identification and biology of adult

mosquitoes. Mosquito Control Association of Australia,

Kirwan, QLD, Australia.

Endersby, N. M., V. L. White, J. Chan, T. Hurst, G. Ra�sic, A.

Miller, et al. 2013. Evidence of cryptic genetic lineages

within Aedes notoscriptus (Skuse). Infect. Genet. Evol.

18:191–201.
Foley, D. H., J. H. Bryan, D. Yeates, and A. Saul. 1998.

Evolution and systematics of Anopheles: insights from a

molecular phylogeny of Australasian mosquitoes. Mol.

Phylogenet. Evol. 9:262–275.
Foley, D. H., R. C. Wilkerson, R. D. Cooper, M. E. Volovsek,

and J. H. Bryan. 2007. A molecular phylogeny of Anopheles

annulipes (Diptera: Culicidae) sensu lato: the most species-

rich anopheline complex. Mol. Phylogenet. Evol. 43:283–297.
Folmer, O., M. Black, W. Hoeh, R. Lutz, and R. Vrijenhoek.

1994. DNA primers for amplification of mitochondrial

cytochrome c oxidase subunit I from diverse metazoan

invertebrates. Mol. Mar. Biol. Biotech. 3:294–299.
Foster, P. G., E. S. Bergo, B. P. Bourke, T. M. Oliveira, S. S.

Nagaki, D. C. Sant’Ana, et al. 2013. Phylogenetic analysis

and DNA-based species confirmation in Anopheles

(Nyssorhynchus). PLoS One 8:e54063.

Harbach, R. E. 2007. The Culicidae (Diptera): a review of

taxonomy, classification and phylogeny. Pp. 591–688.
Linnaeus tercentenary: progress in invertebrate taxonomy.

Magnolia Press, Auckland.

Harbach, R., B. Harrison, and A. Gad. 1984. Culex (Culex)

Molestus Forsk�al (Diptera: Culicidae): neotype designation,

description, variation, and taxonomic status. Proc. Entomol.

Soc. Wash. 86:521–542.

Hardy, C. M., L. N. Court, M. J. Morgan, and C. E. Webb. 2014.

The complete mitochondrial DNA genomes for two lineages

of Aedes notoscriptus (Diptera: Culicidae). Mitochondrial

DNA. http://dx.doi.org/10.3109/19401736.2014.974171.

Hasan, A. U., S. Suguri, S. M. Ahmed, C. Fujimoto, M.

Harada, S. M. Rahman, et al. 2009. Molecular

phylogeography of Culex quinquefasciatus mosquitoes in

central Bangladesh. Acta Trop. 112:106–114.
Hemmerter, S., J. �Slapeta, van den Hurk A. F., R. D. Cooper,

P. I. Whelan, R. C. Russell, et al. 2007. A curious

coincidence: mosquito biodiversity and the limits of the

Japanese encephalitis virus in Australasia. BMC Evol. Biol.

7:100.

Hemmerter, S., J. �Slapeta, and N. W. Beebe. 2009. Resolving

genetic diversity in Australasian Culex mosquitoes:

incongruence between the mitochondrial cytochrome c

oxidase I and nuclear acetylcholine esterase 2. Mol.

Phylogenet. Evol. 50:317–325.
Jansen, C. C., S. Hemmerter, A. F. van den Hurk, P. I.

Whelan, and N. W. Beebe. 2013. Morphological versus

molecular identification of Culex annulirostris Skuse and

Culex palpalis Taylor: key members of the Culex sitiens

(Diptera: Culicidae) subgroup in Australasia. Aust. J.

Entomol. 52:356–362.
Jiang, F., Q. Jin, L. Liang, A. B. Zhang, and Z. H. Li. 2014.

Existence of species complex largely reduced barcoding

success for invasive species of Tephritidae: a case study in

Bactrocera spp. Mol. Ecol. Resour. 14:1114–1128.
Kassim, N. F. A., C. E. Webb, Q. Wang, and R. C. Russell.

2013. Australian distribution, genetic status and seasonal

abundance of the exotic mosquito Culex molestus (Forskal)

(Diptera: Culicidae). Aust. J. Entomol. 52:185–198.
Kearse, M., R. Moir, A. Wilson, S. Stones-Havas, M. Cheung,

S. Sturrock, et al. 2012. Geneious Basic: an integrated and

extendable desktop software platform for the organization

and analysis of sequence data. Bioinformatics 28:1647–1649.

Kumar, N. P., A. R. Rajavel, R. Natarajan, and P.

Jambulingam. 2007. DNA barcodes can distinguish species

of Indian mosquitoes (Diptera: Culicidae). J. Med. Entomol.

44:1–7.

Laurito, M., T. M. P. de Oliveira, W. R. Almir�on, and M. A.

M. Sallum. 2013. COI barcode versus morphological

identification of Culex (Culex) (Diptera: Culicidae) species:

a case study using samples from Argentina and Brazil. Mem.

Inst. Oswaldo Cruz 108(Suppl 1):110–122.
Lee, Y., S. N. Seifert, C. C. Nieman, R. D. McAbee, P. Goodell,

R. T. Fryxell, et al. 2012. High degree of single nucleotide

polymorphisms in California Culex pipiens (Diptera:

Culicidae) sensu lato. J. Med. Entomol. 49:299–306.

3010 ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

DNA Barcoding of Australian Mosquitoes J. Batovska et al.

http://dx.doi.org/10.3109/19401736.2014.974171


Lin, C.-P., and B. N. Danforth. 2004. How do insect nuclear

and mitochondrial gene substitution patterns differ? Insights

from Bayesian analyses of combined datasets. Mol.

Phylogenet. Evol. 30:686–702.

Lunt, D. H., D. X. Zhang, J. M. Szymura, and G. M. Hewitt.

1996. The insect cytochrome oxidase I gene: evolutionary

patterns and conserved primers for phylogenetic studies.

Insect Mol. Biol. 5:153–165.
McCormack, J. E., S. M. Hird, A. J. Zellmer, B. C. Carstens,

and R. T. Brumfield. 2013. Applications of next-generation

sequencing to phylogeography and phylogenetics. Mol.

Phylogenet. Evol. 66:526–538.
Puslednik, L., R. C. Russell, and J. W. O. Ballard. 2012.

Phylogeography of the medically important mosquito Aedes

(Ochlerotatus) vigilax (Diptera: Culicidae) in Australasia. J.

Biogeogr. 39:1333–1346.
Ratnasingham, S., and P. D. N. Hebert. 2007. bold: the

Barcode of Life Data System (http://www.barcodinglife.org).

Mol. Ecol. Notes, 7:355–364.

Reinert, J. F., and R. E. Harbach. 2005. Generic and subgeneric

status of Aedine mosquito species (Diptera: Culicidae:

Aedini) occurring in the Australasian region. Zootaxa 887:

1–10.

Reinert, J. F., R. E. Harbach, and I. J. Kitching. 2009.

Phylogeny and classification of tribe Aedini (Diptera:

Culicidae). Zool. J. Linn. Soc. 157:700–794.
Richards, S. L., S. L. Anderson, and B. W. Alto. 2012. Vector

competence of Aedes aegypti and Aedes albopictus (Diptera:

Culicidae) for dengue virus in the Florida Keys. J. Med.

Entomol. 49:942–946.

Russell, R. C. 1996. A colour photo atlas of mosquitoes of

southeastern Australia. The Department of Medical

Entomology, Westmead Hospital and the University of

Sydney, Sydney, Australia.

Russell, R. C. 2012. A review of the status and significance of

the species within the Culex pipiens group in Australia. J.

Am. Mosq. Control Assoc. 28:24–27.

Smith, J. L., and D. M. Fonseca. 2004. Rapid assays for

identification of members of the Culex (Culex) pipiens

complex, their hybrids, and other sibling species (Diptera:

Culicidae). Am. J. Trop. Med. Hyg. 70:339–345.

Tamura, K., J. Dudley, M. Nei, and S. Kumar. 2007. MEGA4:

Molecular Evolutionary Genetics Analysis (MEGA) software

version 4.0. Mol. Biol. Evol. 24:1596–1599.
Versteirt, V., Z. T. Nagy, P. Roelants, L. Denis, F. C. Breman,

D. Damiens, et al. 2015. Identification of Belgian mosquito

species (Diptera: Culicidae) by DNA barcoding. Mol. Ecol.

Resour. 15:449–457.
Wang, G., C. Li, X. Guo, D. Xing, Y. Dong, Z. Wang, et al.

2012. Identifying the main mosquito species in China based

on DNA barcoding. PLoS One 7:e47051.

Wilkerson, R. C., Y. M. Linton, D. M. Fonseca, T. R. Schultz,

D. C. Price, and D. A. Strickman. 2015. Making mosquito

taxonomy useful: a stable classification of tribe Aedini that

balances utility with current knowledge of evolutionary

relationships. PLoS One 10:e0133602.

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 3011

J. Batovska et al. DNA Barcoding of Australian Mosquitoes

http://www.barcodinglife.org

