
Genetic appraisal of the Culex sitiens 

subgroup in Australasia: major 

arbovirus vectors 

by 

Stephane Paul Gerard Hemmerter 
B. Sc., rv1.Sc. (Universite Louis Pasteur, Strasbourg, France) 

A thesis submitted for the degree of Doctor of Philosophy in Science 

Institute for the Biotechnology of Infectious Diseases 

UNIVERSITY OF 
TECHNOLOGY SYDNEY 

Sydney, Australia 2009 



CERTIFICATE OF AUTHORSHIP/ORIGINALITY 

I certify that the work in this thesis has not previously been submitted for a degree nor has it 
been submitted as part of requirements for a degree except as fully acknowledged within the 
text. 

I also certify that the thesis has been written by me. Any help that I have received in my 
research work and the preparation of the thesis itself has been acknowledged. In addition, I 
certify that all information sources and literature used are indicated in the thesis. 

Stephane Hemmerter 

-I, 11 



AKNOWLEDGEMENTS 

Thanks to Dr. Nigel Beebe who welcomed me into his group and who always 

provided me valuable advice. Nigel, I am glad to have done my PhD with you and appreciate 

you letting me work independently while still being available to answer my questions and 

encourage new ideas. Thanks for letting me work on this topic and giving me the freedom to 

organise conferences and workshops. Nigel, I am very grateful for this. 

Prof. Nick Smith, thank you for your total and constant support from the first day 

onwards and in valuable proof reading. Thanks for welcoming me into your team. I am also 

very grateful to have met Dr. Jan Slapeta, your advice and your support was so much 

appreciated. You whetted my curiosity, challenged me, and pushed me. You also always find 

the right words to reassure me. Jan, your dynamism and enthusiasm are contagious and 

inspiring. Special thanks to Dr. Sheila Donnelly and Dr. Cheryl Johansen for proof reading 

drafts of my thesis and helping me to remove some Frenchness. 

A number of organisations and individuals helped in collection of samples for this 

study: Dr. Bob Cooper (Australian Army Malaria Institute), Prof. Richard Russell and John 

Clancy (Department of Medical Entomology at Westmead Hospital), Dr. Cheryl Johansen 

(Arbovirus Surveillance and Research Laboratory, University of Western Australia), Dr. 

Andrew van den Hurk (Department of Microbiology and Parasitology, University of 

Queensland), Dr. Craig Williams (Division of Health Sciences, University of South 

Australia), Peter Whelan (Medical Entomology, Darwin). Thank you, Tony Sweeney for your 

assistance with the maps. 

I would also like to acknowledge insights gained from the 2007 Workshop on 

Molecular Evolution at Woods Hole US. It was one of the most intense and useful course I 

attended. Thank you to Herr Prof. Dr. Axel Meyer for your advice and for accepting to co-

organise the 5MBE symposium on barcoding with me (Barcelona, Spain, 2008). Thank you 

Prof. Scott Edwards and Dr. Christopher Balakrishnan for your assistance with building the 

111 



input file for PHASE. Thanks to AlProf Peter Beerli, AlProf. Joseph Bielawski and Prof. 

David Swofford, for their time and advice. 

Finally, I would like to thank my parents, family, partner, friends and colleagues for 

their support and encouragement. 

This work would not have been possible without these funding bodies: Institute for the 

Biotechnology of Infectious Diseases Scholarship and Travel Awards, Vice-Chancellor's 

Postgraduate Research Student Conference Fund, University of Queensland Scholarship, 

Faculty of Science Travel Award and National Health and Medical Research Council 

(NHMRC) Research Network for Parasitology Travel Award. Thanks to all of you for 

supporting my scholarship, conference travel and workshops. 

IV 



PREFACE 

Malaria, Japanese encephalitis, Chikungunya, Dengue fever ... are responsible for 

millions of deaths. These diseases have one common point: they are transmitted by 

mosquitoes. These mosquitoes continually spread to new environments and at the same time 

lbecome insecticide resistant. This creates a real threat of global disease transmission and 

IPresents a real challenge for science. What could be more exciting than undertaking a PhD on 

tthe other side of the world investigating the major virus vectors of Australasia? 

English is not my first language so you will understand that I was a little confused 

when I arrived in Australia and I heard that people drink Cab Sav, go to Woop Woop and 

even adult men have barbies. And who can explain why when your alarm goes off, it goes on? 

Or why sun baking is not a new environmentally friendly way of cooking a cake? 

When I arrived four years ago from France I never imagined I would write a thesis, 

produce several papers, participate in exciting workshops, organize a symposium in Barcelona 

and even win a prize for "outstanding presentation" at the Mosquito Control Association of 

Australia / Arbovirus Research Australia conference in English! I came to do a challenging 

PhD, knowing nothing about mosquito vectors nor evolutionary biology and only speaking 

broken English so it was a great honour to finish my PhD and win the Dr. Elizabeth N. Marks 

Award. 

The question is would Dr Marks be concerned because a molecular phylogenetics won 

the prize? 

Dr. Elizabeth Nesta Marks (Pat) was one of Australia's leading entomologists and 

malaria experts, she spent much of her life studying and classifying mosquitoes and 

dliscovering new species. Today I think she would have totally embraced molecular 

t€echniques and phylogenetics as supplementary tools to reveal mosquito diversity. I would 

ruave loved to have met her (with a chocolat chaud and croissants of course) and I am sure we 
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would both agree that phylogenetics is exciting and useful. Morphological identification will 

always be an important way to discriminate mosquitoes. There is no competition between the 

two fields but there is a synergy. Phylogenetics should not be seen as obscure and it is no 

more difficult to learn than anything else. 

My PhD provides a good example of how collaboration can be fruitful: collaboration 

between disciplines (virology, entomology and evolutionary biology), collaboration between 

places (1 territory, 4 states and 4 countries) and collaboration between institutions 

(universities, public health institutes and the Department of Defense). 

Finally I would like to thank everyone involved for their support, advice, guidance and 

for helping me to discover and love my research and Australia in general. 

Stephane 
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PREFACE 

Le paludisme, l'encephalite japonaise, Chikungunya, dengue, .. . sont responsables de 

millions de morts. Ces maladies ont un point commun: e1les sont transmises par les 

moustiques. Ces moustiques colonisent continuellement de nouveaux environnements tout en 

devenant resistants aux insecticides. Cela cree une menace reelle de transmission de maladie 

a l'echelle mondiale et represente un reel defi pour la science. Qu'est-ce qui pourrait etre plus 

excitant que de faire un doctorat it l'autre bout du monde pour etudier les principaux vecteurs 

de virus de l'Australasie. 

L'anglais n'est pas rna langue matemelle, alors vous comprendrez rna surprise lorsque 

je suis arrive en Australie et j'ai entendu dire que les gens boivent du « Cab Sav», vont it 

« Woop Woop » et que meme les hommes adultes ont des « Barbies». Et qui peut m'expliquer 

pourquoi, lorsque votre reveil s'allume, on dit qu'il s'eteint? Pourquoi « cuire au soleil » n'est 

pas une nouvelle fayon ecologique de faire cuire un gateau? 

Quand je suis arrive de France, il y a quatre ans, je n'aurais jamais pu imaginer que 

j ' allais ecrire une these, produire plusieurs articles scientifiques, participer it des formations 

passionnantes, organiser un symposium it Barcelone et meme gagner Ie prix pour une 

"excellente presentation" lors de la conference de l' «association de controle des .moustiques 

d' Australie et de la recherche sur les arbovirus» et cela en anglais! Je suis venu pour faire un 

doctorat ambitieux, ne sachant rien sur les moustiques, ni en biologie de l'evolution et en 

parlant un mauvais anglais. C'est donc pour moi un grand honneur de finir rna these en 

remportaIlt Ie Prix Dr. Elizabeth N. Marks. 

La question est de savoir si Ie Dr. Marks s'inquieterait du fait qu'un phylogeneticien 

moleculaire ait remporte Ie prix qui porte son nom? 

Le Dr. Elizabeth Nesta Marques (Pat) a ete reconnue comme l'une des plus grandes 

entomologistes et specialiste du paludisme en Australie. Elle a passe une grande partie de sa 
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vie it etudier, it classer les moustiques et it decouvrir de nouvelles especes. Aujourd'hui, je 

pense qu'elle aurait totalement adopte les nouvelles techniques moleculaires et 

phylogenetiques en tant qu'outil permettant de reveler la diversite des moustiques. J'aurais 

bien aime l'avoir rencontre (devant un chocolat chaud et avec des croissants bien sur) et je 

suis sur que nous aurions ete tous les deux d'accord sur Ie fait que la phylogenetique est un 

domaine passionnant. La caracterisation morphologique sera toujours un moyen important de 

discrimination des moustiques. II n'y a pas de concurrence entre les deux domaines mais il y a 

une synergie. La Phylogenetique ne doit pas etre consideree comme obscure et elle n'est pas 

plus difficile it apprendre que tout autre chose si elle est bien expliquee 

Ma these est un bon exemple de la fac;on dont une collaboration peut etre fructueuse: 

la collaboration entre les disciplines (virologie, entomologie et biologie evolutive), la 

collaboration entre les lieux (un terri to ire, quatre etats et quatre pays) et la collaboration entre 

les institutions (universites, instituts de sante publique et la Departement de la defense). 

Enfin, je tiens it remercier tout Ie monde pour leur soutien, conseils et assistance. 

Merci de m'avoir fait decouvrir et aimer mes recherches ainsi que l'Australie. 

Stephane 
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ABSTRACT 

Culex annulirostris Skuse, Culex palpalis Taylor and Culex sitiens Wiedemann are 

members of the Culex sitiens subgroup that exist in Australasia. They are widely distributed 

and regularly comprise over the half of mosquitoes collected from arbovirus surveys and field 

collections in Australia and PNG. From these mosquitoes, Cx. annulirostris is the major 

vector of endemic arboviruses in Australia and is also responsible for the establishment of the 

Japanese encephalitis virus (JEV) in southern Papua New Guinea (PNG) as well as JEV 

incursions into northern Australia. 

Papua New Guinea and mainland Australia are separated by a small stretch of water, 

the Torres Strait, and its islands. While there has been regular JEV activity on these islands, 

JEV has not established on mainland Australia despite an abundance of its vector Cx. 

annulirostris and porcine amplifying hosts. Despite the public health significance of this 

mosquito and the fact that its adults show overlapping morphology with close relative Cx. 

palpalis, its evolution and genetic structure remain undetermined. I address a hypothesis that 

there is significant genetic diversity in Cx. annulirostris and that the identification of this 

diversity will shed light on the paradox that JEV can cycle on an island 70 km from mainland 

Australia while not establishing in Australia itself. 

My study assessed the biodiversity within ex. annulirostris and Cx. palpalis using a 

extensive collection of mosquitoes and analysing both mitochondrial (COl) and a nuclear 

(ace-2) markers using phylogenetic reconstruction and hypothesis testing. I provide evidence 

of subdivision of these two species into several geographically delimited lineages, which 

indicates the presence of highly divergent populations or cryptic species. However I found 

lack of congruence between nuclear and mitochondrial markers. While I found eight divergent 

lineages geographically restricted within Cx. annulirostris and Cx. palpalis at the 

mitochondrial level, only four lineages appeared at the nuclear level. Two lineages appeared 

consistent using both markers: Cx. palpalis S-AUS and CX.annulirostris PNG 1. 
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Notably, the southern limit of the Cx. annulirostris PNG 1 lineage coincides exactly with the 

current southern limit of JEV activity in Australasia suggesting that biological variation in 

this lineage may be the key to why JEV has not yet established yet on mainland Australia. 

I assessed the discrimination power of COl barcoding for Culex mosquitoes and 

conclude that DNA barcoding using COl may actually overestimate the diversity of Culex 

mosquitoes in Australasia and should be applied cautiously with support from nuclear DNA, 

such as the polymorphic ace-2 gene. 

Finally I designed and developed a PeR-based diagnostic tool to discriminate Cx. 

annulirostris PNG 1 from its morphologically identical relative. This tool will greatly assist 

identification and surveillance of Cx. annulirostris PNG 1 into Australia mainland in the 

future as it may move south into Australia as a consequence of climate change or population 

expanSion. 
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___________________________ Chapter 1: Introduction 

1.1 Introduction 

Arboviruses are a major public health problem, particularly considering that in the past 

30 years arboviral activity has increased dramatically worldwide (Gubler 2002). The word 

'Arbovirus' has no taxonomic significance; it is more an ecological description. Arbovirus is 

the contraction for ARthropod BOrn VIRUS; they are transmitted principally by mosquitoes. 

The virus cycle between the mosquito and the amplifying host; from time to time infected 

mosquitoes bite dead end hosts such as humans causing disease (humans are amplifying hosts 

for some viruses like dengue fever or chikungunya). Australia is the setting for numerous 

arbovirus activities. Some arboviruses are endemic (e.g. Ross River virus, Murray Valley 

encephalitis virus), some are newly emergent (e.g. Japanese encephalitis, dengue fever) and 

others are potentially emergent (e.g. West Nile virus, chikungunya). Because not all viruses 

are transmitted by all mosquito species, the study of specific mosquito species is therefore 

essential for any disease control. This introduction chapter will review the major mosquito 

vector of arboviruses in Australia, Cx. annulirostris, its distribution, host preference and 

infectious diseases that it transmits. This chapter will also describe mosquito species closely 

related to ex. annulirostris and investigate the different tools used to identify these species. 

1.2 The Culex sitiens subgroup 

The Culex sitiens subgroup has been classified in the Culex group and comprises eight 

species (Lee et al. 1989) (Table 1.1). 
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Table 1.1: Taxonomic classification of the Culex sitiens subgroup. Species from Australia 

studied in this thesis are in bold characteres. 

Phylum Arthropoda 
Superclass Hexapoda 
Class: Insecta 
Subclass Neoptera 
Infraclass Endopterygota 
Order: Diptera 
Suborder Nematocera 
Infraorder Culicimorpha 
Superfamily Culicoidea 
Family: Culicidae 
Subfamily: Culicinae 
Tribe Culicini 
Genus: Culex 
Subgenus: Culex 
Group : Culex sitiens group 
Sub group: Culex sitiens subgroup 
Species: Culex alis 

Culex annulirostris 
Culex palpalis 
Culex roseni 
Culex sitiens 
Culex toviiensis 
Culex whitmorei 
Culex whittingtoni 

In the Cx. sitiens subgroup, Cx. sitiens, Cx. annulirostris and Cx. palpalis are major 

vectors of viruses in Australasia (Lee et al. 1989). Each species of mosquito displays its own 

distinct behaviour, feeding, breeding habits and ability to amplify virus (Beebe and Cooper 

2000). 
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1.2.1 Culex annulirostris Skuse 

Culex annulirostris was first described in 1889 by Frederick A. Askew Skuse (1863, 

1896), an English-born entomologist who worked for the Australian museum (Skuse 1889). 

The holotype used for the description is kept at the Australian National Insect Collection 

(ANI C), CSIRO in Canberra (Lee et al. 1989). The holotype described is female and was 

collected at the Blue Mountains, New South Wales, Australia. In the literature some 

synonyms of Cx. annulirostris have been described: somerseti Taylor (Taylor 1912b); 

palpalis Taylor (Taylor 1912a); consimilis Taylor (Taylor 1913); and simplex Taylor (Taylor 

1914). 

1.2.1.1 Distribution 

The distribution of Cx. annulirostris includes Samoa, Belau, Cook Is, Fiji, French 

Polynesia (Austral Is, Society Is, Tuamotu Arch), Indonesia, Kiribati, Marshall Is, 

Micronesia, Nauru, New Caledonia, PNG, Bougainville, Solomon Is, Tonga, Tuvalu, 

Vanuatu, Wallis and Futuna, Samoa and the Philippines. In Australia, it is found in all states 

except Tasmania where it has been recorded only once, on the east coast (Lee et al. 1989). 

Culex annulirostris is not endemic in New Zealand but was intercepted several times at 

national entry ports (Derraik 2004) and it is therefore a public health threat for that country. 

1.2.1.2 Biology 

Culex annulirostris is a fresh water breeding mosquito that can breed in a wide range 

of habitats including containers and in diverse environments from natural river areas to urban 

areas. Culex annulirostris is found in a wide variety of larval habitats including fresh and 

slightly brackish water, and in habitats with relatively high levels of organic matter as well as 

transient habitats (Whelan 1983; Russell and Whelan 1986; Lee et al. 1989). Culex 

annulirostris has the ability to rapidly colonise both temporary and semipermanent pools 

(Kay 1979). 
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Culex annulirostris is an opportunist and can feed on a variety of birds and mammals 

(Lee et al. 1989). Host feeding pattern studies show that Cx. annulirostris feeds on pigs, 

marsupials, humans, cows, horses, dogs, cats and birds (van den Hurk et al. 2003a; Kay et al. 

2007). Mosquito host-feeding patterns in northern Australia suggested that marsupials were 

the major blood meal hosts of Cx. annulirostris (van den Hurk et al. 2003a; van den Hurk, 

Smith, and Smith 2007). Macropus agilis (Agile wallaby) have been show to be the primary 

host in Northern Queensland (van den Hurk, Smith, and Smith 2007). This difference in 

breeding behaviour has been suggested as a reason why Japanese encephalitis virus (JEV) has 

not become established in Australia mainland (see JEV in Australia section 1.3.2.2.1). It has 

been demonstrated that Cx. annulirostris also feeds on Brushtail possum (Trichosurus 

vulpecular) and Flying foxes (Pteropus alecto) (Kay et al. 2007; van den Hurk, Smith, and 

Smith 2007). It has also been shown that differences in Cx. annulirostris host preference exist 

and this appears dependent on geographic location suggesting local adaptation to vertebrate 

hosts (Williams, Kokkinn, and Smith 2003). Adults are generally most active from mid-

Spring to late autumn in southeast Australia (Russell 1993) with reported dispersal range from 

5-10km (local dispersal, active movement; Russell 1993) to 648 km (windswept dispersal; 

(Kay and Farrow 2000) 

1.2. 1.3 A vector of viruses 

Culex annulirostris is Australasia's main arbovirus vector, being involved in the 

transmission of endemic arboviruses that cause human disease, including Ross River virus 

(RRV) , Barmah Forest virus (BFV), Murray VaHey encephalitis virus (MVEV) and Kunjin 

virus (KV), which is a subtype of West Nile virus (Hanna et al. 1996; Ritchie et al. 1997b; 

Thompson et al. 1997; Russell 1998; Mackenzie et al. 2002; van den Hurk et al. 2003b; 

Mackenzie, Gubler, and Petersen 2004). Other viruses that have been isolated from Cx. 

annulirostris include Sindbis virus (Marshall, Woodroofe, and Hirsch 1982; Ritchie et al. 

1997b), dengue fever virus (Fauran 1996), Kokobera virus (van den Hurk et al. 2001a), Edge 

Hill virus (Marshall, Woodroofe, and Hirsch 1982), Koongol virus (Marshall, Woodroofe, 

and Hirsch 1982), Wongal virus (Marshall, Woodroofe, and Hirsch 1982), Kowanyama virus 
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(Marshall, Woodroofe, and Hirsch 1982), Paroo River virus (Marshall, Woodroofe, and 

Hirsch 1982), Picola virus (Marshall, Woodroofe, and Hirsch 1982), Corriparta virus 

(Standfast et al. 1984), Eubenangee virus (Standfast et al. 1984) and W ongorr virus (Standfast 

et al. 1984). It is also probably a major vector of myxomatosis (Lee et al. 1989; Russell 1993). 

Recently a new virus isolated in 2002, Stretch Lagoon orbivirus, was isolated from Cx. 

annulirostris trapped in Western Australia (Cowled et al. 2008). 

1.2.1.4 A vector ofparasites 

Culex annulirostris is able to carry dog heartworm, Dirofilaria immitis (Lee et al. 

1989; Russell and Geary 1992; Russell 1993). 

1.2.2 Culex palpalis Taylor 

Culex palpalis was first described in 1912 by Frank Henry Taylor (1886-1945) 

(Taylor 1912a). The holotype used for the description is kept at the Australian National Insect 

Collection, CSIRO at Canberra (Lee et al. 1989). The holotype described is female from 

Umbrawarra Creek, Northern Territory, Australia. 

Elizabeth N. Marks has compared the holotype of Cx. palpalis (ANIS) to her 

"Normanton sp." and found them conspecific (Marks 1982; Lee et al. 1989). This comparison 

was subsequently confirmed by Dr. Heather F. Chapman using allozymes methods (Chapman 

et al. 2000). Importantly Dr. Elizabeth N. Marks has resurrected Cx. palpalis from synonymy 

with Cx. annulirostris (Marks 1982; Lee et al. 1989). 
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1.2.2.1 Distribution 

The distribution of Cx. palpalis includes Australia (where it has been found in all 

states except Tasmania and Victoria) (Lee et al. 1989) and Papua New Guinea (Chapman et 

al. 2000; Chapman et al. 2003). 

1.2.2.2 Biology 

The larval habitats of this mosquito are fresh-water sites with relatively low levels of 

organic matter, including permanent or semi-permanent waterholes, lagoons and billabongs 

(Lee et al. 1989). There is no information about its host preferences. 

1.2.2.3 A vector of viruses and parasites 

There is currently little information regarding specific diseases transmitted by Cx. 

palpalis. Two strains of Kunjin virus from two pools of "sp. nr annulirostris", probably Cx. 

palpalis, were reported (Doherty, Gorman, and Whitehead 1964). However, the Inajority of 

studies on arboviruses gather isolate virus data from mosquitoes identified to species by 

morphology only. Given that Cx. palpalis can be very difficult to distinguish from Cx. 

annulirostris using morphology, it is possible that a number of isolations may be incorrectly 

attributed to Cx. annulirostris rather than Cx. palpalis. 

1.2.3 Culex sitiens Wiedemann 

Culex sitiens was first described in 1928 by the German entomologist Christian 

Rudolph Wilhelm Wiedemann (1770-1840) in Aussereuropaische Zweijlugelige Insekten 

(Wiedemann 1828). The holotype used for the description is kept at the Zoologisk Museum, 

Copenhagen, Denmark. The holotype described is female and is from Sumatra, Indonesia. 

Synonymy include: bancroftii Theobald (Theobald 1901); jepsoni Theobald (Theobald 1910); 
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saibaii Taylor (Taylor 1912b); paludis Taylor (Taylor 1913) and annulata Taylor (Taylor 

1914). 

1.2.3.1 Distribution 

Culex sitiens is widespread throughout strictly coastal areas from as far north as China 

to as far west as Ethiopia. In Australasia, it has been recorded in Fiji, Indonesia, Nauru, New 

Caledonia, PNG, Solomon Is, Tonga, Tuvalu, Vanuatu, Wallis & Futuna, Samoa (Lee et al. 

1989) and Australia (QLD, NSW, NT, W A) (Lee et al. 1989). 

1.2.3.2 Biology 

The use of salt and brackish water larval habitats for breeding of Cx. sitiens has 

allowed for the rapid exploitation of uniform coastal habitats throughout an extensive 

distribution that spans Asia to Australia (Lee et al. 1989; Hanna et al. 1996). It has been 

suggested that saltwater mosquitoes disperse further than freshwater because of their exposure 

to windsv/ept environments where they are more likely to be distributed by the wind than 

species breeding in sheltered habitats (Service 1997), and this may explain the widespread 

distribution of Cx. sitiens. 

It has been demonstrated that Cx. sitiens feeds on Flying Foxes (van den Hurk, Smith, 

and Smith 2007), pigs (van den Hurk et al. 2003a), marsupials (van den Hurk et al. 2003a), 

humans (Kay et al. 2007), dogs (Kay et al. 2007), horses (Kay et al. 2007) and birds (Kay et 

al. 2007). Adults are active during the warmer months but often most abundant in later 

summer (Russell 1993). 
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1.2.3.3 A vector of viruses 

In Australia, viruses isolated from field collected Cx. sitiens mosquitoes include RR V 

(Lindsay et al. 1993) and BFV (Frances et al. 2004a). Laboratory studies have indicated the 

species collected in Australia to be a competent vector ofRRV (Lee et al. 1989) and lEV (van 

den Hurk et al. 2003b). I can note that lEV has been isolated from field collected Cx. sitiens 

in Malaysia (Vythilingam et al. 1994). 

1.3 Culex as a vector of arboviruses 

1.3.1 The global threat of Arboviruses 

In the past 30 years arboviral activity has increased dramatically and is therefore a 

nlajor public health problem (Figure 1) (Gubler 2002). 
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Figure 1.1: Worldwide distribution of arboviruses. Most important epidemic arbovirus diseases between 1990 

and 2000 (Gubler 2002). 
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The Flavivirus, West Nile virus (WNV) is a good example of the establishment of a 

mosquito-borne virus in a new geographic area. It was first isolated from a person in Uganda 

in 1937 (Smithbum et al. 1940). In the last 10 years, several outbreaks of WNV causing 

human encephalitis have been reported in Europe and the Mediterranean Basin: Romania in 

1996 (Tsai et al. 1998); Tunisia in 1997 (Triki et al. 2001); Israel in 1999 (Giladi et al. 2001); 

the Czech Republic in 1999 (Hubalek et al. 2000) and Southern Russia in 1999 (Lvov et al. 

2000). It was discovered in New York in 1999 (Nash et al. 2001) and spread rapidly across 

the United States Nation was subsequently detected in Canada (Gancz et al. 2004) and 

Mexico in 2002 (Estrada-Franco et al. 2003). The virus had not been detected in South 

America before 2006, however, WNV has since been detected in Argentina (Morales et al. 

2006) and in Venezuela (Bosch et al. 2007). 

Another Flavivirus, dengue virus has spread from Asia to all tropical regions globally. 

The geographic distribution comprised nine countries in the 1950s, however, today dengue 

fever causes 50 million infections annually in more than 90 countries (Guha-Sapir and 

Schimmer 2005; Kay and Vu 2005). The reasons for this global pandemic are thought to 

result from major population growth, increased viremic travellers and increased movement of 

Aedes aegypti, the principal urban vector (Mackenzie, Gubler, and Petersen 2004). 

During the last 20 years, there has been a dramatic emergence of new viral diseases 

and the resurgence of viruses previously thought under control (Gubler 2002). Demographic 

and social changes are certainly major causes of resurgence of infectious diseases. Global 

population growth and increases in human and goods exchange all help the movement of 

vectors (Tatem, Hay, and Rogers 2006). Movement of populations due to conflict (resulting in 

the presence of a non immune person in an endemic zone), deforestation (entrance of human 

host into a new zone), poor housing and lack of reliable water and sewage systems which 

oblige people to store water and thus provide new breeding sites for mosquitoes (Gubler 

2002; Mackenzie, Gubler, and Petersen 2004). Humans have significantly contributed to the 

emergence and re-emergence of arboviral diseases globally. 
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1.3.2 Arboviruses: an Australian problem 

The main arboviruses in Australia, transmitted by Culex mosquitoes, belong to two 

genera Alphavirus and Flavivirus. 

1. 3. 2.1 Alphaviruses 

Alphaviruses are classified as a genus in the Togaviridae family. They are small (70 

nm of diameter) and the nucleocapsid contains a single, linear, positive sense RNA of 

approximately 11.7 kb. The icosahedral nucleocapsid is surrounded by a glycoprotein 

envelope (Strauss and Strauss 1994). Alphaviruses are mainly associated with polyarthritis in 

humans. The principal viruses belonging to this genus found in Australia are Ross River virus 

(RRV) and the Barmah Forest virus (BFV). These viruses cycle naturally in Australians' 

endemic fauna and spill over into the human population, causing disease. 

1.3.2.1.1 Ross River virus 

Ross River Virus is a mosquito-transmitted virus endemic in Australia, Papua New 

Guinea and some islands in the South Pacific region (Fauran et al. 1984; Hii et al. 1997). In 

1979, RRV caused a large epidemic in New Caledonia, Fiji, Samoa and Cook Island (Aaskov 

et al. 1981; Fauran et al. 1984; Mackenzie et al. 1994) and a report suggested the re-

emergence of the virus in Fiji in late 2003 and early 2004 (Klapsing et al. 2005). Ross River 

virus is the most important cause of arboviral disease in Australia. In RR V disease, 

polyarthritis is common and prominent, and is often accompanied by fever and a rash. 

Arthralgia, myalgia and lethargy have been observed for at least 6 months in up to half of the 

patients with RRV disease (Selden and Cameron 1996; Westley-Wise et al. 1996). 

Nevertheless a recent study involving a validated survey of patients with RRV disease, 

suggested that persistence of long-term disease (more than 6 months) may have been 

overestimated by previous studies and prolonged symptoms may have been due to other 

conditions such as chronic rheumatic diseases or depression (Mylonas et al. 2002). Many 
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people who are infected will be asymptomatic. Treatments such as non-steroidal anti-

inflammatory and analgesics drugs are aimed at reducing the patient's pain and are largely 

effective (Mylonas et al. 2002). 

Ross river virus was first isolated by Ralph Doherty from Aedes vigilax (previously 

Aedes) collected close to the Ross River in Queensland, in 1959 (Doherty, Whitehead, and 

Gorman 1963; Doherty, Carley, and Best 1972). Since then RRV has been isolated from 

numerous mosquito species. The major vectors in Australia are considerated to be Cx. 

annulirostris (inland), Aedes vigilax (on the coast) (Lindsay et al. 1993; Ritchie et al. 1997a; 

Harley et al. 2000) and Aedes camptorhynchus (Along the Southern Australian coast) 

(Campbell, Aldred, and Davis 1989; Robertson et al. 2004). It has also been isolated from 

other species such as Cx. sitiens (Lindsay et al. 1993; Ritchie et al. 1997a). The natural 

vertebrate hosts for RR V are believed to be native macropods such as kangaroos and 

wallabies (Wallabia agilis and J\1acropus giganteus, respectively) (Doherty et al. 1971), but 

horses (Azuolas et al. 2003) and flying-foxes (fruit bats, Pteropus spp.) (Harley et al. 2000) 

may also be ilnportant reservoir hosts. In Australia, all states regularly report the number of 

infections to the National Notifiable Diseases Surveillance Systeln (NNDSS). Between 1993 

and 2007, more than 64,000 case ofRRV were reported to the N1~DSS (Figure 1.2). 

Figure 1.2: Number of Ross River virus infections in Australia. Number reported by the National Notifiable 

Diseases Surveillance System (NNDSS) from 1993 and 2007. 

10000 
9000 
8000 

rJ) 7000 Q) 
rJ) 
co 6000 0 

"C 5000 Q) 
1::: 4000 0 
Q. 
Q) 3000 a;: 

2000 1 
1000 1 

o I 

I 
Year 

I 
I 

~-------------------------~ 12 



__________________________ Chapter 1: Introduction 

The number of RR V reported over the past 15 years has varied significantly with 

variation from year to year (Figure 1.2). Fluctuation of infected cases reported depends on a 

complex combination factors (Tong et al. 2005; Hu et al. 2007; Spokes, Doggett, and Webb 

2007). For example environmental factors such as rainfall and high tide inundations favors the 

breeding and development of mosquito populations (Tong et al. 2005), climatic factors such 

as temperature influence mosquito distribution and altered extrinsic incubation period of the 

pathogen (McManus et al. 1992), high humidity increases survival and dispersal of the 

mosquitoes (McMichael et al. 1996) and societal factors such as urbanization around coastal 

areas, increase the exposure risk of humans to infected mosquitoes (Hu et al. 2007). 

1.3.2.1.2 Barmah Forest virus 

Barmah Forest virus is enzootic. The disease is the second most common mosquito-

borne disease in Australia. It was first isolated from ex. annulirostris mosquitoes collected at 

the Barmah Forest in northern Victoria (south eastern Australia) during the summer of 1974 

(Marshall, Woodroofe, and Hirsch 1982). Now it has been detected in all the states of 

Australia, although the n1ajority of notifications to the NNDSS are received from Queensland. 

The symptoms of BFV disease are similar to those of RR V disease. The most common 

symptoms are rash, joint pain and lethargy (Beard et al. 1997). As the symptoms do not 

reliably distinguish the two diseases, a serological test is required. The disease is also 

managed symptomatically. 

Barmah Forest virus has been detected in many different species of mosquitoes caught 

in the wild: such as Ae. vigilax, Ae. procax and ex. annulirostris (Russell 1998; Ryan and 

Kay 1999). Barmah Forest virus has been isolated from field collected ex. sitiens (Frances et 

al. 2004a) but this species of mosquito did not become infected experimentally (Boyd and 

Kay 2000). The natural vertebrate host for BFV is unknown. It is believed that marsupials are 

possible hosts (Boyd et al. 2001; Johansen et al. 2005). However, although brushtail possums 

(Trichosurus vulpecula) can be infected by BFV they do not develop a viremia sufficient to 
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infect Ae. vigilax and cannot be considered as important hosts (Boyd et al. 2001; Johansen et 

al. 2005). Moreover, BFV is genetically conserved over both time and space suggesting that a 

more mobile host than marsupials is implicated in transmission cycles (Poidinger et al. 1997). 

1.3.2.2 Flaviviruses 

Flaviviruses are classified as a genus in the Flaviviridae family and are associated with 

epidemic encephalitis throughout the world (Mackenzie, Gubler, and Petersen 2004; 

Mackenzie 2005). Like the Alphavirus genus, they are small (50nm) and the nucleocapsid 

contains a single, linear, positive sense RNA of approximately 10.5 kb. Their icosahedral 

nucleocapsid is also surrounded by a glycoproteines envelope. However they differ from 

Alphaviruses by the presence of a matrix protein, their genetic organization and in some 

stages of replication (Chambers et al. 1990). 

Viruses belonging to the genus Flavivirus are some of the most significant examples 

of emerging diseases. The spread of WNV from Europe to America and dengue virus from 

Asia to all tropical regions has already been mentioned (section 1.3.1). Yellow fever is also 

caused by infection with a Flavivirus which has shown a tendency to extend to other 

geographic regions as it has spread from Africa to South America (Mackenzie, Gubler, and 

Petersen 2004; Barrett and Higgs 2007). 

The principal viruses belonging to this genus found in Australia and transmitted by 

Culex mosquitoes are Kunjin virus (KUNV), MVEV and JEV. 

1.3.2.2.1 Japanese encephalitis virus 

Japanese encephalitis is a major concern for the public health of all Asian countries. It 

is estimated that JEV causes 40,000 cases per year with at least 10,000 deaths annually. 

However, it is believed that these numbers are underestimated, and it is believed that, 
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annually, JEV causes 175,000 cases with 43,750 deaths (25%) and 78,750 (45%) surviving 

patients retaining a neurological deficit (Tsai 2000). Japanese encephalitis virus is recognized 

by the W orId Health Organization as one of the most important emerging flaviviruses because 

of its propensity to spread and colonize new areas. It is considered an emerging virus in the 

Australasian region (Mackenzie et al. 2002). 

Japanese encephalitis virus disease occurs commonly across eastern Asia, from Japan 

(Kuwayama et al. 2005), through China (Tseng et al. 2003), into south-east Asia extending as 

far east as Indonesia (Yoshida et al. 1999; Kari et al. 2006) and PNG (Johansen et al. 2000; 

Hanson et al. 2004), and as far west as India (Phukan, Borah, and Mahanta 2004; Parida et al. 

2006). 

Most infections of JEV are asymptomatic. When symptomatic, the clinical infection of 

JEV may include high fever, headache, vomiting and rash (Watt and Jongsakul 2003). It is 

estimated that one-quarter of symptomatic people develop a fatal infection. Neurologic 

sequelae in patients who recover are reported in up to 50% of cases and include epilepsy, 

blindness and parkinsonism (Hoke et al. 1988; Solomon et al. 2002; Diagana, Preux, and 

Dumas 2007). 

No specific antiviral therapy is available and the treatment is mainly symptomatic. 

Some inactivated virus vaccines against JEV are used and derived from either mouse brain 

cells (most frequently used and widely available) or hamster cell culture which is used mostly 

in China (Hoke et al. 1988; Liu et al. 1997; Diagana, Preux, and Dumas 2007). A new vaccine 

based on a live, attenuated, chimeric JEV vaccine (ChimeriVax-JEV; Acambis Inc.), which 

requires only one dose, has shown some efficacy, a high level of tolerance and a positive 

record in a clinical trial PHASE III and is now available (Jones 2003; Jones 2004). A clinical 

phase II trial of a novel, purified, inactived JEV vaccine has also recently demonstrated a 

prolnising ilnlnunogenicity and safety profile (Tauber et al. 2007). 
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The mosquito vectors of JEV differ in different regions. The major vectors in South-

East Asia are rice field mosquitoes of the Vishnui subgroup, ex. tritaeniorhynchus being the 

most important vector of this complex (Peiris et al. 1992; Vaughn and Hoke 1992; Gajanana 

et al. 1997; Endy and Nisalak 2002). 

In Australasia, the ex. sitiens subgroup is considered to be the major potential vector 

In Australia, particularly ex. annulirostris, which breed in fresh water environments 

(Johansen et al. 2000; Johansen et al. 2001; van den Hurk et al. 2002). Japanese encephalitis 

virus was also isolated from ex. gelidus in Badu island (Pyke et al. 2001; van den Hurk et al. 

2001 b). These results show that ex. gelidus may have a role in the transmission of JEV in 

Australasia as it does in other countries in Asia such as Thailand (Simasathien et al. 1972), 

Malaysia (Vythilingam et al. 1997) and Sri Lanka (Peiris et al. 1992). Moreover, vector 

competence experiments show a high infection and transmission rate for ex. gelidus (van den 

Hurk et al. 2003b). 

Water birds such as egret and herons (Ardeidae Family) (Rodrigues~ Guttikar, and 

Pinto 1981), and pigs (Suidae Family) (Johnsen et al. 1974; Burke et al. 1985) are the natural 

vertebrate host for JEV. Horses (Equidae Family) and humans (Hominidae Family), are 

considered dead-end hosts rather than amplifying hosts for JEV (Gould, Byrne, and Hayes 

1964; Mall, Kumar, and Malik 1995; Endy and Nisalak 2002). In terms of human disease, 

pigs are a dangerous reservoir host for JEV as they develop high levels of viraemia (Ilkal et 

al. 1994; Williams et al. 2001) and are often located close to humans. 

Emerging JEV in Australia 

In 1995, an outbreak of JEV occurred for the first time in Australia due to an incursion 

of JEV from southern New Guinea (Hanna et al. 1996). It caused three cases of encephalitis, 

two of which were fatal in Badu Island in the Torres Strait (Hanna et al. 1996). After the 1995 

JEV outbreak, most of the population of the Torres Strait Islands were vaccinated (Hanna et 

al. 2005). Additionally a surveillance system using sentinel pigs was established to monitor 
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potential future incursions (Shield, Hanna, and Phillips 1996). Since 1995, JEV activity has 

been recorded every year, with the exception of 1999. In 1998, another human case of JEV, 

an unvaccinated child was recorded on Badu Island. In the same year, the first recorded 

human case on mainland Australia also occurred (Hanna et al. 1999). Due to the vaccination 

program of the public health service, no further human cases have been reported since, despite 

the Torres Strait being considered endemic for JEV. Epidemiological studies show that the 

most important factors for these outbreaks were the number of domestic pigs that had 

seroconverted and the number of breeding sites for ex. annulirostris in proximity to human 

habitation (Hanna et al. 1996; Hanna et al. 1999). 

Why was Japanese encephalitis virus not yet established on the Australia mainland?: 

An Australian mystery 

Northern Australia has ideal conditions for the establishment of JEV because of the 

abundance of the principal vector ex. annulirostris in the region and the presence of good 

amplifying hosts, water birds and feral pigs. In Papua New Guinea, JEV appears to have 

become endemic. It also cycles regularly in the Torres Strait, 70 km from mainland Australia, 

but does not appear to have become established on the Australian mainland (Mackenzie 

2005). This mystery has puzzled scientists for the last decade. 

One hypothesis as to why JEV is not established yet on the Australian mainland was 

that ex. annulirostris in Northern Queensland feed principally on the Australia's endemic 

macropods, Agile Wallaby (Macropus agilis) as demonstrated in host feeding studies (van 

den Hurk et al. 2003a; van den Hurk, Smith, and Smith 2007). Experimental infection of 

Agile Wallabies with JEV produced only low or undetectable viraemia (Mackenzie et al. 

2002). Consequently, because of this preference to feed on the Agile Wallaby, ex. 
annulirostris may be less likely to feed on feral pigs, which are good amplifying host of the 

JEV (van den Hurk et al. 2003b). 
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A second hypothesis, which has not been investigated, is the possibility of the 

existence of cryptic species amongst ex. annulirostris. It is possible that there are two 

morphologically identical but distinct species in existence, one in Australia and one in PNG, 

which may have different behaviour and transmission ability. The species in PNG may be 

able to transmit JEV but the species in Australia may not. The possibility of the existence of 

cryptic species amongst ex. annulirostris will be investigated in Chapters 3 and 4 of this 

thesis using mitochondrial and nuclear markers. 

1.3.2.2.2 Murray Valley encephalitis virus 

Murray Valley encephalitis virus is endemic in Australia and has also been isolated 

from Papua New Guinea (Johansen et al. 2000). The first cases of MVEV were reported in 

1916 in the ~1urray Valley region in New South Wales. At that time, Murray Valley 

encephalitis disease was called "Australian X" disease (Mackenzie and Broom 1995). 

Murray Valley encephalitis virus is close genetically to JEV (Gaunt et al. 2001). The 

majority of MVEV infections are asymptomatic. When symptoms occur, they are usually 

fever, headache, nausea, vomiting, dizziness and, sometimes, COlna. The mortality rate is 

approximately 20% and there is a significant residual neurological deficit in around 50% of 

patients (Kienzle and Boyes 2003). As there are no specific therapies to treat the disease, it is 

Inanaged synlptomatically. 

The principal vector of MVEV in fresh water areas is ex. annulirostris (van den Hurk 

et al. 2002). There is also the possibility that MVEV survives for prolonged periods in the arid 

areas via vertical transmission in desiccation resistant eggs of Ae. tremulus (Broom et al. 

1995). Moreover MVEV has also been isolated from ex. palpalis (Mackenzie et al. 1994; 

Russell 1998). 
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The Rufus night heron (Nycticorax caledonicus) is recognised as a major vertebrate 

host of MVEV and birds are involved in movement of the virus (Marshall, Woodroofe, and 

Hirsch 1982). 

A recent study investigated genetic and phenotypic relationships and patterns of virus 

movement over a 32 year period and demonstrated likely movement of flaviviruses between 

PN G and Australia. Results of this study also suggested that MVEV moves from northern 

regions where the virus is enzootic to other areas further south depending on certain climatic 

conditions (Johansen et al. 2007). 

1.3.2.2.3 Jrunjin virus 

Most infections with KUNV are asymptomatic, but it occasionally causes a mild 

febrile illness or mild encephalitis similar to MVE disease. As for MVE, KUN disease is 

managed symptomatically. It received little attention until the sudden appearance in 1999 in 

USA of the related but encephalitic strain of WNV. Kunjin virus shares 98-99% of amino acid 

homology with some strains of WNV throughout the coding sequence (Lanciotti et al. 1999; 

Lanciotti et al. 2002). 

Could KUNV mutate to be as virulent as recent West Nile strains? It would be 

unlikely because Kunjin virus has been in the Australian ecological system for many years 

without becoming more virulent. Could WNV enter and become established in Australia? An 

immunisation with KUNV -based plasmid DNA may provide effective vaccination against 

WNV (Hall et al. 2003). In this publication, the authors showed that antibodies to KUNV 

neutralised WNV. Thus, people in Australia with prior exposure to KUNV should have a 

natural immunity against WNV. As KUNV is widespread around Australia, the possibility of 

an outbreak of WNV seems to be unlikely if it is introduced into Australia. 
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KUNV appears to have the same vectors and vertebrate hosts as MVEV. So Cx. 

annulirostris (van den Hurk et al. 2002) and the Rufus night heron (Marshall et al. 1982) are 

considered to be important in the life cycle of the virus. 

1.4 Species identification 

1.4.1 What is a species? 

In 1859, Charles R. Darwin wrote "No one definition [of species] has as yet satisfied 

all naturalists; yet every naturalist knows vaguely what he means when he speaks of a 

species" (Darwin 1859). Today, 150 years after Darwin's publication, the discussion about the 

definition of species remains open (Balakrishnan 2005; Miller 2007; Vogler and Monaghan 

2007). Species can be delimited broadly or narrowly leading to a variety of species concepts 

such as morphological, biological, recognition, cohesion, evolutionary, cladistic, ecological 

and phylogenetic. Each of these concepts has their advocates and limitations (Mallet 1995; 

Balakrishnan 2005). 

In this project, in order to avoid confusion, only one definition of species has been 

chosen: the biological species concept. Mayr defined species as "groups of actually or 

potentially interbreeding natural populations, which are reproductively isolated from other 

such groups" (Mayr 1942). Dobzhansky defined species as "systems of populations whereby 

the gene exchange between these systems is limited or prevented by one or more reproductive 

isolation mechanisms" (Dobzhansky 1951). The biological species concept of Dobzhansky 

(Dobzhansky 1951) and Mayr (Mayr 1942) defines species based on their ability to 

interbreed. The biological species concept has been criticised for its inapplicability to asexual 

taxa, its lack of temporal dimension (Balakrishnan 2005) and its difficult application to 

allopatric population (Mallet 1995). 

Culex annulirostris, Cx. palpalis and Cx. sitiens appeared to be biological different as 

they are ecologically and behaviourally different from each other (Chapman et al. 2000; 
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Chapman et al. 2003). To make the thesis clearer, I will describe as "species" these three 

mosquitoes despite no crossing experiments having been performed and I will describe as 

"lineages" all the diversity found under these three species. 

1.4.2 Why identify species? 

Because each species of mosquito displays its own distinct behaviour, feeding, 

breeding habits and ability to amplify virus (Beebe and Cooper 2000), correct species 

identification is essential for both applied and basic research. In the context of controlling 

mosquito disease transmission, an incorrect identification can lead to wasted time, effort and 

money into non-medically important species. Traditional morphological identification using 

taxonomic keys remains the most important, useful, and frequently used method to distinguish 

species (Beebe and Cooper 2000). However molecular methods are preferable in three 

different instances: when strong morphological similarity exists between species; when 

pronounced morphological variation within one species occurs; and in the differentiation of 

cryptic species, when two species look exactly the same. An ideal method should be fast, low 

cost, easy to use and applicable to both gender and all developmental stages of the mosquito 

(Krzywinski and Besansky 2003). In this section the .most important techniques used in 

mosquito species identification, their assets and their limitations will be reviewed. 

1.4.3 J.l1orph%gicai identification 

Morphological identification is based on specific features shared by individuals of the 

same species. Carl Linnaeus (1707 - 1 778) is considered to be the father of modem 

taxonomy. He established conventions for the naming of living organisms and described the 

entire known natural world under a system of binomial nomenclature (Linnaeus 1753; 

Linnaeus 1758). His groupings were based upon shared physical characteristics and enabled 

the development of taxonomic keys for species identification. Morphological taxonomic keys 

consist of a specific, fixed sequence of identification steps. Each step generates a number of 

alternatives which, in tum, determines the next step. For example, to distinguish ex. 

21 



___________________________ Chapter 1: Introduction 

annulirostris from other Culex mosquitoes, the key of Lee (Lee et al. 1989) includes the 

observation of 11 steps describing, in order, the proboscis, wings, abdominal tergites, other 

features of the wings, colour of the mid femur, colour of the anterior surfaces of fore and mid 

femora, again other features of the wings, fore tibia, abdominal sternites and, finally, the 

abdominal tergite and hind tibia. This identification process, while tedious, is the fastest 

method of identification. A trained entomologist will identify a mosquito to species in only a 

few seconds. This method incurs little material cost (requiring only a basic microscope) and 

can been performed in the field; these are the main advantages of the morphological 

identification. For these reasons, morphological identification remains the method of choice 

for mosquito species assignment. Nevertheless, some limitations exist; the morphological 

identification requires a good quality specimen (trapped mosquitoes are sometimes damaged), 

it needs to be performed with a microscope by experienced personnel and can only be used at 

a specific stage of the mosquito'S development (separate taxonomic keys need to be used for 

species identification of larva and adult mosquitoes). However, the main limitation of this 

method is the inability to discriminate between species that are very similar, cryptic species or 

species that are morphologically highly variable. 

1.4.4 Cytogenetics 

Cytogenetics involves analysis of the banding pattern of a polytene chromosome 

(somatic chromosomes that have undergone repeated rounds of DNA replication via endo-

replication) which reveals fixed differences between species (Noor et al. 2001). It was one 

the earliest tools for the identification of the anophelines. Cytogenetics has been sucessfully 

applied to discriminate mosquito complexes for the control of vectors of malaria (Coluzzi and 

Sabatini 1967). However, the presence of a polytene chromosome is stage and/or gender 

limited, and analysis of the chromosomal pattern is time consuming and requires expertise 

(Krzywinski and Besansky 2003). 
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1.4.5 Protein electrophoresis 

The principle of protein electrophoresis consists of separating proteins on the basis of 

electrical charge. The same protein from two species may have differences in amino acid 

sequences, thus changing its migration under an electric field. This method has been 

successfully applied to discriminate members of the An. albitarsis complex (Narang et al. 

1993) and An. punctulatus complex (Foley et al. 1993). Attempts to discriminate members of 

the ex. sitiens subgroup using protein electrophoresis have also been made (Chapman et al. 

2000) however, 6.90/0 of the specimens examined remained unidentified and these authors 

suggested the presence of cryptic species. There are major disadvantages to the use of this 

method. Proteins can differ in amount or in patterns of expression across the life stages of 

mosquitoes. In addition, proteins are easily degraded following the death of the insect, which 

necessitates storage of specimens at low temperature (-20°C) and this is often impractical for 

field collected mosquitoes (Beebe et al. 2002). 

1.4.6 DNA- based techniques 

The molecular identification of insects has undergone remarkable growth thanks to the 

progress of molecular biology and in particular, the development of the polymerase chain 

reaction (PCR). The great advantages of DNA based methods for species identification are 

that they are not limited by stage development or gender of the mosquito. DNA based 

techniques doesn't require storage of the specimen at -20°C, which is a critical factor 

considering many mosquito specimens are collected from remote regions. These methods are 

simple and can be easily performed by any researcher, which circumvents human error and is, 

therefore, more reliable. DNA based methods can also be performed with a poor quality 

sample; a leg alone has sufficient DNA to enable identification of a species (Kengne et al. 

2003; Walton et al. 2007). 

The only disadvantage (a major one) from morphological identification is that it is 

more time consuming than morphological identification. Typically morphological 
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identification can be made rapidly while molecular identification requires hours, including 

different steps such as DNA extraction, PCR and electrophoresis. 

1.4.6.1 Randomly Amplified Polymorphic DNA analysis (RAPD) 

Randomly Amplified Polymorphic DNA analysis is a PCR using random primers of 8-

10 nucleotides and genomic DNA. Primers amplify unknown targets and the pattern of 

amplified product on agarose gels are compared between species. This method has been used 

to identify subspecies of Anopheles species (Wilkerson et al. 1993; Sucharit and 

Komalamisra 1997). The advantage of this method is that no knowledge of the targeting gene 

is required. However, the quality of the specimen can impact on the results and inconsistent 

banding patterns can be generated from the same sample (Black 1993; Beebe and Cooper 

2000). Consequently, the presence of a band may confirm loci; however, the absence of a 

band does not confirm the absence of loci due to the variability of the products being 

generated. Such problems in reproducibility are the main reason why RAPD analysis is rarely 

used. 

1.4.6.2 Restriction Fragment Length Polymorphisms (RFLP) 

Restriction Fragment Length Polymorphisms include two steps. First the PCR 

products are amplified using specific primers targeted to flank polymorphic regions and then 

the PCR products are digested using restriction endonucleases. The digest is run on a agarose 

gel and the pattern for each species is visualised (Cockburn 1994). The use of RFLP is a 

common technique used for assessing polymorphisms or species identification. This method 

has successfully separated members of important malaria vectors in Southeast Asia, An. dirus 

(Yasothornsrikul, Panyim, and Rosenberg 1988) and An. farauti (Beebe et al. 2000). The 

three morpho species from the ex. sitiens subgroup: ex. annulirostris, ex. palpalis and ex. 
sitiens have also been identified using this method (Beebe et al. 2002). In this study ex. 
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palpalis presented two different patterns of restriction suggesting the existence of intraspecific 

variation within this morpho species or an inefficient concerted evolution of the rDNA used. 

The development of RFLP can be time consuming and can involve screening several 

expensive endonucleases and lor probes before a suitable polymorphism is detected. The 

disadvantage of the RFLP against all the other DNA based is the necessity of the extra step 

involved (digestion). 

1.4.6.3 Allele -specific PCR (ASPCR) 

This method is also called PASA-PCR Amplification of Specific Alleles (Bottema et 

al. 1993). At least one of the pair of primers used to amplify the template is designed to 

anneal to a specific allele. If the primer binds the DNA sequence elongation occurs and the 

PCR product can be visualised on an agarose gel. A variation, and more complex technique, is 

called PCR amplification of multiple specific allele - PAMSA (Dutton and Sommer 1991). 

Several alleles are detected by several specific primers in the same PCR mix. Primers are 

designed to amplify DNA of different lengths. Every species is therefore identified by a 

specific band length. This technique has been used to discriminate An. culicifacies, a complex 

of five isomorphic sibling species (Go swami et al. 2006), as well as the An. minimus group 

(Sharpe et al. 1999) and the An. dirus group (Walton et al. 1999). 

The allele specific PCR method presents nun1erous advantages in comparison to other 

methods of species identification: it is very specific (it can be design over a single nucleotide 

difference); the results are consistent in comparison to RAPD; and it is a one step method able 

to distinguish several species in one PCR mix (PCR-RFLP has a supplementary step of 

restriction). Nevertheless, it takes more effort to optimise the PCR conditions to achieve 

amplification by several primers that may exhibit different melting temperature. Because of 

its superiority, ASPCR was chosen as the method used to distinguish two morphologically 

identical mosquito species in this thesis (Chapter 5). 
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1.4.6.4 Phylogenetic methods 

Molecular phylogenetics is the SCIence of estimating and analysing evolutionary 

relationships from molecular data. Informative molecules, such as protein or DNA, are 

sequenced and compared. Different species will have different gene pools and, therefore, can 

be distinguished from each other. Methods of identification like DNA barcoding (see 

1.4.6.4.2) use DNA sequencing in order to discriminate individuals to species (Hebert et al. 

2003; Blaxter 2004; Hajibabaei et al. 2007). Phylogenetic analysis is also a very good starting 

point prior to designing a molecular identification tool as it will reveal molecular differences 

between species and therefore facilitate the design of specific primers. It may also reveal and 

identify hidden taxa or undescribed cryptic species and therefore highlight information that 

may allow the creation of an identification tool. Of course the aim of phylogenetics is not only 

to identify closeness between data and identify taxa but also enable researchers to address a 

wide variety of evolutionary questions and to test different hypotheses. 

The limitation of using phylogenetics to distinguish species arises from the choice of 

genetic marker. Some markers may be too conserved (slow evolving) between species; for 

example, the region coding for a site vital for the function of a protein will be conserved 

between species and two species may have the same D-NA sequence (McManus and Bowles 

1996). Other markers, over evolutionary time may accumulate mutations rapidly and are 

excessively polymorphic and thus may obscure the true phylogeny. The selection of a marker 

with rate suitable for the specific problem is required (McManus and Bowles 1996). Indeed 

concordance among analyses using different phylogenetic methods and different markers is 

considered strong support for identification of species/lineages. In Chapter 2 and 3 of this 

thesis different phylogenetic methods will be used to infer the molecular history and to test 

evolutionary hypotheses about Cx. annulirostris and Cx. palpalis mosquitoes. Both 

mitochondrial DNA and a nuclear DNA marker will be used in the analyses. The choice and 

the difference between these two markers are explained in the following sections. 
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1.4.6.4.1 Mitochondrial versus nuclear marker 

Mitochondrial markers have been used largely for studying population structure within 

species, for phylogenetics relationship between species and in the design of identification 

tools due to some important advantages (Besansky et al. 1997; Lehmann et al. 1997; Conn et 

al. 1999; Caterino, Cho, and Sperling 2000; Fairley, Renaud, and Conn 2000). Mitochondrial 

genes are present in high copy numbers per cell and are, therefore, easier to amplify than 

nuclear genes present usually only as two copies per cells (Hajibabaei et al. 2005). 

Mitochondrial DNA (mtDNA) is habitually maternally inherited and therefore lacks 

recombination (McManus and Bowles 1996; Ballard and Whitlock 2004). The mtDNA is 

transmitted through the female's eggs to the descendant, and enables the clear phylogenetic 

reconstruction of the maternal lineages (McManus and Bowles 1996; Ballard and Whitlock 

2004). Nuclear DNA (nrDNA) is subject to regular recombination events that need to be taken 

into account for any evolutionary history study. Mitochondrial DNA is generally considered 

to have higher mutation rates than nrDNA (McManus and Bowles 1996; Hewitt 2001; Ballard 

and Whitlock 2004), which gives an advantage for studying species recently evolved. For 

example, in Drosophila, it is estimated that the overall mtDNA mutation rate per base pair per 

fly generation is ten times higher than the nuclear mutation rate (Haag-Liautard et al. 2008). 

MtDNA has very little non coding sequence and no introns (McManus and Bowles 1996). 

However despite these overall advantages over nuclear markers, when studying 

mtDNA, researchers need to be careful of the four followings points that may effect the 

interpretation of results for phylogenetic studies. First, not alllntDNA mutate at the same rate 

nor ten times faster than nuclear sequence (Hewitt 2001; Ballard and Whitlock 2004). Second, 

heteroplasmy has been reported (coexistence of more than one genome into the mitochondria) 

and needs to be assessed during evolutionary history studies (Kondo et al. 1990; Ballard and 

Whitlock 2004). Third, it is important to exclude pseudogenes of mitochondrial genes located 

in the nuclear genome named "NUMTS" for nuclear mitochondrial DNA (Bensasson, Zhang, 

and Hewitt 2000; Bensasson et al. 2001; Ballard and Whitlock 2004). Finally, indirect 

selection of mtDNA can arise from linkage disequilibrium with maternally inherited 

27 



__________________________ Chapter 1: Introduction 

symbionts such as Wolbachia and, therefore, can confound the inference of evolutionary 

history of organisms, and the species grouping using mtDNA can differ from the true species 

grouping (Ballard and Whitlock 2004; Hurst and Jiggins 2005). 

1.4.6.4.2 Mitochondrial marker: the complex oxidase I (COl), DNA barcoding 

Numerous genes in the mitochondrial DNA have been used for phylogenetic analysis 

but most have concentrated on the cytochrome oxidase I region (COl) because of the DNA 

barcoding campaign initiated by Paul Hebert (Hebert et al. 2003; Hebert, Ratnasingham, and 

deWaard 2003). DNA barcoding has been proposed as a solution to the crisis of taxonomy 

and has received significant attention from scientific journals, grant agencies, natural history 

museums, government agencies and mainstream media (Frezal and Leblois 2008). In 2003, 

Prof. Paul Hebert and collaborators announced that the diversity of the 5' region of the COl 

was sufficient to identify species in all animal phyla except for Cnidaria (Hebert et al. 2003). 

The choice of mtDNA has been made for barcoding because of the inherent characteristics of 

the mitochondrial DNA described in the previous section (abundance, rare recombination and 

sequences easy to align). DNA barcoding aims to identify unknown specimens to species that 

have been described previously and facilitate the discovery of new species (Hebert et al. 2003; 

Hebert, Ratnasingham, and deWaard 2003; Hebert et al. 2004b; Smith et al. 2006). The use of 

COl barcodes to accurately identify species and discover cryptic species has been successfully 

demonstrated in numerous studies (Hebert et al. 2004a; Hebert et al. 2004b; Lambert et al. 

2005; Smith, Fisher, and Hebert 2005; Ward et al. 2005; Witt, Threloff, and Hebert 2006; 

Hajibabaei et al. 2007; Kumar et al. 2007; Smith et al. 2007). Recently, probably one of the 

most remarkable successes of DNA barcoding comes from the study of parasitoid flies 

(Tachinidae) (Smith et al. 2006). These flies, though morphologically identical, were shown 

to be comprised of groups of separated host specific cryptic species. The methodology for 

DNA barcoding is simple; sequences from the barcode region are obtained from different 

individuals and used to construct a phylogenetic tree using distance based methods 

(Dasmahapatra and Mallet 2006). DNA barcoding relies on the assumption that genetic 

variation within a species is much smaller that variation between species. The number of 

28 



__________________________ Chapter 1: Introduction 

formally described species that have been DNA barcoded and added to the BOLD database 

now exceeds 30,000 and it is expected to reach 500,000 within the next 5 years (Frezal and 

Leblois 2008). 

Barcoding studies previously claimed success in the identification of mosquitoes species 

across several genera (Cywinska, Hunter, and Hebert 2006; Kumar et al. 2007). However the 

data set used included few or no multiple sequences per species and lacked consideration of 

geographical variation, therefore underestimating intraspecific variation and overestimating 

the distinctness of species (Meier et al. 2006). I will address these specific issues for 

barcoding mosquitoes in my studies by using a rich data set of closely related mosquitoes 

collected over thousands of kilometres (Chapter 3 and 4). 

DNA barcoding is still highly controversial and some recent studies have shown the 

limitations of barcoding and criticized its methodology (Meyer and Paulay 2005; Will, 

Mishler, and Wheeler 2005; Hickerson, Meyer, and Moritz 2006; Meier et al. 2006; Elias et 

al. 2007; Hansen, Bakke, and Bachmann 2007; Whitworth et al. 2007). Most of problems 

arise from the use of a mitochondrial gene as a DNA barcode (e.g., existence of different 

mutation rates, heteroplasmy, presence of inherited symbionts, as described in the previous 

paragraph). Additional criticism of barcoding studies focuses on the lack of large data sets 

sample that including geographical variation and closely related species (Meyer and Paulay 

2005; Meier et al. 2006) Others criticize the methods used to analysed DNA barcoding 

(DeSalle, Egan, and Siddall 2005; Meier, Zhang, and Ali 2008). 

However, even if the COl barco ding is unable to identify and discover all cryptic 

species and the methodology requires improvement, DNA barcoding has made researchers 

focus on the same marker and enabled them to compare thousands of sequences from very 

diverse species. The great power of DNA barco ding is standardisation. And it may be the first 

step for discovering our biodiversity. 
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1.4.6.4.3 Nuclear marker: the acetylcholinesterase 2 (ace-2) 

Nuclear markers have been used in order to identify Culex members. The ace-2 gene, 

especially the second intron, which display variable sites (Bourguet et al. 1998), has been 

shown to be a useful marker to distinguish members of the Culex mosquitoes including Cx. 

pipiens pipiens, Cx. quinquefasciatus, Cx. salinarus, Culex restuans, Cx. pipiens pal/ens, Cx. 

nigripalpus Cx. australicus, Cx. torrentium, Cx. molestus, Cx. pervigilans and Cx. tarsalis 

(Bourguet et al. 1998; Smith and Fonseca 2004; Sanogo et al. 2007; Kasai et al. 2008). 

Diagnostic tests for the mosquitoes species described above used exactly the same 

region of the ace-2 gene. The choice of this region sequenced has been purely practical. The 

first author using ace-2 as an identification test in 1998 chose to investigate the exon 2 in the 

ace gene because, with the exception of intron 4, all other introns are very large and so, not 

practical for PCR arnplification (Bourguet et al. 1998). These authors showed that this 

sequence was useful to distinguish several mosquitoes species (Bourguet et al. 1998). 

Subsequent studies using ace-2 are based on this first publication (Smith and Fonseca 2004; 

Sanogo et al. 2007; Kasai et al. 2008). 

Since 1998, much progress has been made to understand the function of the 

acetylcholinesterase and the structure of the protein has been resolved- AChE Enzyme 

Commission number: EC 3.1.1.7 (Hare I et al. 2000). It is a crucial enzymes for nerve 

response and function as it stops neurotransmission in the central nervous system of insects 

(Toutant 1989). Acetylcholinesterases hydrolyses the neurotransmitter acetylcholine into 

acetate and choline and is thus the target of two major classes of insecticides that are used for 

pest management in agriculture and public health, the carbamates and organophosphates 

(OPs), both of which bind the active site of the acetylcholinesterase (Hemingway et al. 2004). 

Insects develop insecticide resistance through decreased sensitivity of AChE, be only a few 

amino acid residues replaced in resistant insects (Mutero et al. 1994; ffrench-Constant et al. 

1998; Weill et al. 2003; Fournier 2005; Hsu et al. 2006). In insecticide resistant Drosophila, 

only four point mutations in the AChE-2 enzyme have been found either isolated or in 
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combination have been reported (Menozzi et al. 2004). Only one mutation has been shown to 

be responsible for the insecticide-insensitivity of AChE in Culex tritaeniorhynchus, a vector 

of Japanese encephalitis (Nabeshima et al. 2004). 

In the majority of insects, two genes code for AChE: ace-J and ace-2, which evolved 

from a past duplication event, before the emergence of the Arthropoda have been describe 

(Weill et al. 2002). In the majority of Diptera genomes (including mosquitoes) there are two 

ace genes while all the other species belonging to the Cyclorrhapha suborder (or "true flies" 

like Drosophila) have lost their ace-J gene (Huchard et al. 2006). There is very little 

knowledge about the exact function of ace-2 in the mosquito (Huchard et al. 2006). However 

it has been suggested that ace-2 may have a very low or a much localized enzymatic activity 

(Huchard et al. 2006). Instead of having an important synaptic role, ace-2 may have a 

developmental involvement in neurogenesis or synaptogenesis (Huchard et al. 2006). 

The ace-J and ace-2 genes code for the AChE1 and AChE2 proteins. A major 

difference between AChE1 and AChE2 is an insertion of 31 amino acids in the AChE2 

sequence called the "hydrophilic insertion", which is hypervariable and is absent in the 

vertebrate and nematode AChE and could be characteristic of the AChE2 enzyme to the 

diptera (Weill et al. 2002). The structure of crystallized AChE2 of Drosophila melanogaster 

has been resolved but a long insert located at the surface corresponding to this "hydrophilic 

insertion" could not be resolved (Harel et al. 2000). Interestingly, this hydrophilic inserted 

region corresponds to a region of AChE2 that considerably diverges between Brachycera and 

Nematocera (Weill et al. 2002). 
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1.5 Thesis objectives 

My first objective (Chapter 2) will be to clarify the taxonomic keys for Cx. 

annulirostris and Cx. palpalis. In the context of arbovirus surveillance it is important to 

discriminate each species to assist future studies of species-specific virus transmission. 

Unfortunately, because these species are morphologically very similar, virus isolation studies 

often group these mosquitoes under the name Culex sitiens subgroup which does not reveal 

the contribution of the individual species to the transmission of viruses (Johansen et al. 2000; 

Johansen et al. 2001; van den Hurk et al. 2002; Johansen et al. 2004). I will compare the use 

of molecular tools and morphological taxonomy to determine if diagnostic features can be 

found. 

The second objective (Chapter 3 and 4) will be to assess the diversity within the Culex 

sitiens subgroup using molecular genetic markers including mtDNA (Chapter 3) and nuclear 

DNA (Chapter 4). I address a hypothesis that there is significant genetic diversity in Cx. 

annulirostris and that the identification of this diversity will shed light on the paradox that 

JEV can cycle on an island 70 km from mainland Australia while not establishing in Australia 

itself. Over these two chapters, I will also evaluate the discrimination power of COlbarcoding 

for Culex mosquitoes. Finally I will assess the evolutionary relationships among the subgroup 

members by phylogenetic reconstruction and hypothesis testing which may assist in 

understanding the evolutionary dynamics of disease transmission. I will show the 

identification of a distinct lineage, Cx. annulirostris PNG 1, and demonstrate that the southern 

limit of its distribution coincides exactly with the current southern limit of JEV activity in 

Australasia suggesting that variation in Cx. annulirostris may be the key to why JEV has not 

yet established on mainland Australia. 

My third objective (Chapter 5) will be to design and develop a molecular diagnostic 

tool to discriminate Cx. annulirostris PNG 1 from morphologically identical mosquitoes found 

in Australia and PNG. This tool will be used to study the epidemiology of virus transmission 

in PNG and Australia 
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2.1 Introduction 

Accurate identification is essential to assess the biodiversity of a region and to protect 

the species most at risk due to human disturbance. Accurate identification of mosquitoes is 

also important for public health authorities to protect human populations against those species 

carrying deadly viruses or parasites. This is especially true in the case of mosquitoes because 

of their importance as vectors of pathogens that cause diseases. Each species of mosquito will 

have its own distribution (ecological niche), breeding, feeding and resting habit, longevity and 

fecundity, and ability to amplify virus/parasite. Identification of all mosquito species is vital 

to any study of vector borne diseases, otherwise time, money and effort could be wasted on 

studying species of no medical importance (Beebe and Cooper 2000). 

In our region of Australasia, one species, Cx. annulirostris, is consider to be the major 

vector of arboviruses that causes human diseases such as Ross River, Barmah Forest, Murray 

Valley encephalitis and Kunjin (a subtype of West Nile virus) (Marshall, Woodroofe, and 

Hirsch 1982; Mackenzie et al. 1994; Ritchie et al. 1997a; Boyd and Kay 2000; Russell and 

Dwyer 2000; Azuolas et al. 2003). Culex annulirostris is also responsible for the introduction 

of Japanese encephalitis virus (JEV) in South West Papua new Guinea and northern Australia 

(Hanna et al. 1996; Ritchie et al. 1997b; Hanna et al. 1999; Mackenzie et al. 2002; van den 

Hurk et al. 2003b; Mackenzie, Gubler, and Petersen 2004). The introduction of JEV in 

Australia is a serious concern for public health authorities (Mackenzie, Gubler, and Petersen 

2004) and the identification of its main vector Cx. annulirostris is, therefore, crucial to better 

understanding transmission and how transmission can be best disrupted. 

Unfortunately Cx. annulirostris is closely related to Cx. palpalis and they share 

overlapping morphology (Lee et al. 1989; Chapman et al. 2000) which complicates the study 

of these two morpho-species. Because of the difficulty of distinguishing these two 

mosquitoes, researchers group them together under the name "Cx. sitiens subgroup" 

(Johansen et al. 2000; Johansen et al. 2001; van den Hurk et al. 2002; Johansen et al. 2004; 

van den Hurk et al. 2006a). These epidemiological studies do not separate Cx. annulirostris 
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from ex. palpalis for virus isolation and thus lack identification of the individual species and 

their associated diseases. In addition, incorrect morphological identification has been reported 

for this subgroup (Lee et al. 1989; Chapman et al. 2000). The specimen of ex. annulirostris 

(holotype) kept in the Australian National Insect Collection (Canberra, Australia) described 

by Skuse (1889) from the Blue Mountains in New South Wales is even thought to be ex. 
palpalis (Chapman et al. 2000). 

In 2000, Chapman et al. were the first to design a tool for molecular identification of 

species within the ex. sitiens subgroup in Australia and Papua New Guinea (Chapman et al. 

2000). However the allozyme electrophoretic methods showed limits; 6.9% of samples 

analysed remain unidentified (only ex. sitiens has been distinguished clearly from ex. 
annulirostris based on allozymes but not ex. palpalis) and the authors stated that allozymes 

could not resolve this problem any further. Also, it is difficult to use allozymes analysis in the 

field because the enzyme degrades quickly and the samples need to be kept at -50°C. In 

addition, the quantity and form of enzymes can differ at different life stages (Beebe et al. 

2002). In 2002, Beebe et al. developed a DNA-based PCR method to genetically identify 

these three species (Beebe et al. 2002). In this simple diagnostic tool, the ribosomal DNA 

internal spacer 1 (ITS 1) is amplified and cut with the restriction enzyme RsaI. The internal 

spacer 1 is a region commonly used in insect systematics due to its high diversity and its ease 

of amplification (Caterino, Cho, and Sperling 2000). 

Morphological identification by expert entomologists is the quickest way to 

discriminate mosquitoes; it can be performed in field and it only takes few seconds for a 

trained taxonomist. Morphological identification relies on taxonomic keys. In Australia 

several different keys co-exist to identify ex. annulirostris from its closely related species. 

However, how much does morphological identification differ from molecular identification? 

How accurate is morphological identification? Are there regions in Australasia where 

mosquitoes are more difficult to identify? What are the morphological differences between 

ex. annulirostris and ex. palpalis? Could we unify and improve the accuracy of current keys? 
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I will answer these questions by, first assessIng 849 mosquitoes over a large 

geographic scale (Australia, Papua New Guinea and the Solomon Islands), I will then 

compare morphological identification to molecular identification of ex. annulirostris and ex. 
palpalis and then determine the most problematic area. I will then focus on two regions 

(Queensland and Northern Territory) where hundreds of mosquitoes will be taxonomically 

detailed and I will determine which the most accurate taxonomic key is. 

2.2 Materials and methods 

2.2.1 Mosquito collection 

Mosquitoes were collected from 53 sites representing 34 map locations throughout 

Australia, PNG, Timor Leste and the Solomon Islands (Bougainville and Guada1canal) (see 

Figure 2.1). I assessed 849 adult mosquitoes collected using either CO2-baited encephalitis 

virus surveillance (EVS) traps or Centre for Disease Control (CDC) light traps baited with 

CO2 and 1-octen-3-01 (octenol), a mosquito chemo-attractant. Mosquitoes were then stored in 

either liquid nitrogen, dry ice, silica gel, or in 70% ethanol prior total DNA extraction. A 

colony of ex. annulirostris established from Brisbane populations at the Army Malaria 

Institute (Brisbane, Queensland, Australia) was used as reference material. 

2.2.2 Morphological identification 

Specimens were morphologically identified using the keys in Tables 2.1 to 2.6. Most 

individuals were identified using the keys of Marks (Marks 1982), Lee et al. (Lee et al. 1989), 

and other regional taxonomic keys (see below). A summary of the major keys in Australia are 

included in the Table 2.1. to Table 2.6 (only the relevant section have been reproduced here). 
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Figure 2.1 Map of mosquito collection sites in Australasia. Collection sites are indicated 1-34 (for locality 

details see Appendix 1). 
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Mosquitoes from Queensland were identified by Dr. Andrew van den Hurk 

(Queensland Health Forensic and Scientific Services) using the taxonomic keys in Tables 2.1 

(Marks 1982) and 2.3 (Lee et al. 1989). Mosquitoes from the Northern Territory were 

identified by Peter Whelan (Medical Entomogy laboratory of Darwin) using Tables 2.3 (Lee 

et al. 1989) and 2.6. Mosquitoes from Western Australia were identified by Dr. Cheryl 

Johansen (Arbovirus Surveillance and Research Laboratory, The University of Western 

Australia) using in priority Table 2.4 (Liehne 1991) and, then, if the species was not in the 

key, Table 2.3 (Lee et al. 1989) was used. In South Australia and New South Wales, 

mosquitoes were identified by Prof. Richard Russel (Medical entomology, Westmead 

Hospital, University of Sydney) using Tables 2.5 and 2.3 (Lee et al. 1989). 

Table 2.1. Culex taxonomic keys from Queensland. Taxonomic keys from "An Atlas of Common Queensland 

Mosquitoes" by Elizabeth N. Marks (Marks 1982) 

Scutum without pattern of lines, hind leg with femur and tibia mottled, tarsal 
segments II-IV with very narrow basal bands, V dark... . ........... . .. . .. . ..... 9 

9. Base of the forks in the wings level; basal bands on some tergites produced 
into median points; band on the proboscis extending from 0.3 to 0.6 from 
base; apical dark bands on sternites often interrupted by pale scales in mid 
line ........................................................................ .................... Cx. annulirostris 

Base of the second fork distinctly nearer base of wing than first; basal bands 
on tergites straight; band on proboscis extending from 0.45 to 0.6 from base; 
apical darl{ bands on sternites always complete ....................... .. ex. sitiens 
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Table 2.2 Culex taxonomic keys from Northern Australia and PNG. Key to three morphologically similar 

species of adult ex. mosquitoes with a banded proboscis from Northern Australia and Papua New Guinea based 

on morphological characters by Chapman (adapted from Marks 1970). (Chapman et al. 2000) 

1a. Small species with wing length -2.5 mm, some basal tergal bands usually 
produced into small median points. Femora mottled; pale blotch on hind 
tibia commencing at 0.4-0.5 from base and extending to 0.8; anterior of 
scutum usually with a pale broad lyre-pattern with median dark stripe and 
submedian whitish stripes (Taylor 1912) .............................. Cx. pa/palis 

1 b. Anterior half of scutum without lyre pattern or if pattern present, there is 
pale scaling in the midline. Pale blotch on the hind tibia absent ................ 2 

2a. Proboscis with median white band extending from 0.3 to 0.6 its length 
from base; pale tergal bands basally produced in middle, dark sternal bands 
incomplete as per Edwards (1924) description, although this may not be true 
in some progeny (Kay 1978); fore tibia with a row of pale dots associated 
with a row of bristles on the anterior surface ......... . .. . .... .. Cx. annulirostris 

2b. Proboscis with median white band extending from 0.45 to 0.6 its length 
from base; abdominal tergites always with straight basal bands continuous 
with lateral basal patches; sternites pale usually with complete dark apical 
band; no row of pale dots on fore tibia; base of second wing vein always 
nearer to base of wing than first wing vein ..........•... . .. . .. . .. . . .. .. ... Cx. sitiens 

Table 2.3. Culex taxonomic keys from Australia. From "The Culicidae of the Australasian region (Volume 7)" 

by David J. Lee et al. (Lee et al. 1989) (compiled by E.N. Marks, based in part on Sirivanakarn and Belkin 

work) 

Anterior surfaces of the fore and mid femora speckled with pale scales at 
least on apical dorsal surface . ............................. . .... . ... . .. . .. . .. . .. . ....... 30 

30. Base of the cell M t distinctly nearer base of wing than is base of cell R2 
(some paler scales at base of Costa wings; fore tibia not spotted) .. .. Cx. sitiens 

Base of the cell R2 and cell Mtlevel .......... . ........ . .. . .. . .. ... . .. . .. . .. ........... 31 

31. Fore tibia with a distinct row of pale spots among dorsal bristles; 
abdominal tergites with some basal bands widened in midline; abdominal 
sternites with apicolateral dark patches ................................... . .. . .. . ... 32 

32. Basal bands on several abdominal tergites produced in median triangles; 
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hind tibia usually without a large patch of pale scales 
anteriorly ............ ..... Cx. annulirostris * 
Basal bands on abdominal tergites widened in midline but seldom produced 
in distinct triangles; hind tibia often with a large elongate patch of pale scales 
anteriorly ...................................................................... Cx. palpalis* 
*In practice it is often difficult to distinguish females of Cx. annulirostris and 
Cx. palpalis with any certainty. 

Table 2.4: Culex taxonomic keys from Western Australia. From "An Atlas of the mosquitoes of Western 

Australia" by Peter F.S. Liehne (Liehne 1991) 

Femoral mottled (tergites with pale basal bands ) ............................... 11 

11 Anterior half of scutum with pale broad lyre-pattern with median dark 
stripe and submedian whitish (small species) ........................ ... Cx. palpa/is 

Scutum without broad lyre pattern, or if present then pale scaling in midline 
(larger species) ............................................................................ 12 

12. Tergites with pale basal bands extended in midline; bases of forked cells 
equidistant from base of wing; proboscis with pale band extending from 0.3-
0.6 from base; sternites usually with apical dark band often interrupted in 
midlin e ................................................................... Cx. ann ulirostris 
Tergites with straight pale basal bands; base of second forked cell nearer the 
base of wing; proboscis with pale band extending from 0.45-0.6 of length; I 
sternites with apical dark band complete ................................. . Cx. sitiensJ 

Table 2.5 Culex taxonomic keys South-eastern Australia. From "Mosquitoes and mosquito-borne disease in 

south-eastern Australia" (Russell 1993) 

Wings with dark scales on veins except at the base where there may be some 
pale scales .................................................................................. 12 

12. Pale basal tergal bands extended into median points; dark apical sternal 
bands interrupted by basal pale scaling ............................. Cx. annulirostris 

Pale basal tergal bands straight; dark apical sternal bands not interrupted by 
basal pale scaling ............................................................... Cx. sitiens 
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Table 2.6: Culex taxonomic keys from Northern Territory. Main characters used by the Medical 

Entomologist, Centre for Disease Control, Darwin, Northern Territory (Peter Whelan, personal communication) 

Pale band on proboscis: 

Narrow <= 1/3 pale scaling ... Cx. annulirostris (with little variation, up to 
--1/2) 

Medium> 1/3 -1/2 pale scaling .............................................. Cx. palpalis 
Broad> 1/2 pale scaling .......... .. . .. ................... .. Cx. palpalis (highly likely) 

Basal tergal bands: 

Forms pronounced peaks ........................ Cx. annulirostris (nearly always) 

Widened medially only, not "peaked" ............................. Cx. annulirostris 
......................................................................... Cx. palpalis (always) 

Pale steak on hind tibia: 

Present ......................................................... Cx. annulirostris (often) 

Present .. . .. . .............................................. Cx. palpa/is (nearly always) 

Pale dots associated with bristles on fore tibia: 

Present ...................................................... .. Cx. annulirostris (always) 

Present .......................................................... .... ex. palpalis (usually) 

Scutal scaling 

Pale scutal scaling forming indistinct (lyre) pattern . .. .............. . .. . .. ............. . 

. .. . ..... . .. . .. . ..... ............. Cx. palpalis (often, especially in classic specimen.s) 
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2.2.3 Molecular identification 

2.2.3.1 DNA extraction 

Total DNA was extracted from mosquitoes uSIng a salt extraction and ethanol 

procedure (Beebe et al. 2002). Mosquitoes (either partial or whole) were thoroughly ground in 

a 1.5-ml microfuge tube containing SO Jll of lysis buffer (0.1 M NaCl, 0.2 M sucrose, 0.1 M 

Tris-HCl, pH 9.0, O.OS M EDTA, and O.S% sodium dodecyl sulfate (SDS) using a 1.5-ml 

plastic grinding pestle (Kontes Glass, Vineland, NJ). Tubes were briefly centrifuged to 

concentrate the homogenate at the bottom of the tube before incubation at 6SoC for 30 min. 

While tubes are still warm, each tube, 7 Jll of 8M Potassium acetate (Kac) was added and 

mixed by tapping, the tubes were incubated in the freezer for at least 40 min, to precipitate 

SDS, and microfuged for IS min at 13,200g. Supernatants were transferred to a new tube, to 

which 100 J.lI of 100% ethanol (EtOH) were added. Tubes were incubated for 15 min at room 

temperature to precipitate the nucleic acid and microfuged for 15 min at 13,200g and 

supernatants were removed. EtOH (100 JlI, 70%) was added and tubes were centrifuged again 

at 13,200g for S min. Supernatants were again removed, tubes were air dried and resuspended 

in SO J.ll TE buffer (lOOmM TrislHCl, 10mM EDTA) containing RNase (S Jlg/ml). 

2.2.3.2 PCR-RFLP (Restriction Fragment Length Polymorphism) 

All mosquitoes were identified using the only available molecular tool to discriminate 

the members of the Cx. sitiens subgroup in Australia. PCR-RFLP was performed following 

the method of Beebe et al. (2002). All PCR were carried out in a 2SJll volume on a MJ-

PTC200 Thermocycler (MJ Research, Maltham, MA). The final PCR mixture contained 1 to 

10 ng of template DNA, 20 pM of each primer, 1.25 mM MgCI2, I.S mM of each dNTP, IX 

Taq reaction buffer and 1 U of Taq DNA polymerase. The ITS lA forward primer is the 

flanking segment of the 18S gene. (5'-CCTTTGTACACACCGCCCGTCG-3'). The ITSIB 

primer is the reverse complement of the ITS2A primer on the S.8S gene (S'-

ATGTGTCCTGCAGTTCACA-3 '). Cycling involved an initial denaturation at 94°C for 4 
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min, followed by 30 cycles of 94°C for 30 s, 51°C for 40 s, and 72°C for 30s. Restriction 

endonuclease digestion was carried out in a 0.5-ml microfuge tube containing 3 )ll of PCR 

product, to which was added 3 III of 2X RsaI buffer (premade stock) containing 1 U RsaI 

enzyme/reaction (NEB II, New England Biolabs, Beverly, MA). The mixture was incubated 

at 37°C for 1 h. The digest was then run out on a 3% agarose gel containing ethidium bromide 

(0.5 )lg/ml) at 100 V for 30 min and viewed on a UV transilluminator at 312 nm. 

2.3 Results 

2.3.1 Mosquito collection and fflorphoiogicai identification. 

The unique collection of mosquitoes used in this study spans a very wide range 

through space and time. The geographic range is from west to east Australia and from 

Southern Australia to Papua New Guinea, Timor Leste and the Solomon Islands. Most of the 

mosquitoes have been collected through collaboration with State Medical entomology 

laboratories and the Australia Army Malaria Institute based in Brisbane. Mosquitoes studied 

were collected between 1996 and 2007. 

From the 849 mosquitoes assessed, 768 mosquitoes were identified by expert 

entomologist using slightly different taxonomic keys (Table 2.1 to 2.6). Most of the 

unidentified mosquitoes came from Papua New Guinea and the Solomon Islands and were 

only collected as supplementary material from a separate Anopheles study. 

Some of the keys, for example the keys from South Australia (Table 2.5) do not 

include ex. palpalis because it is considered as uncommon or rare species. The keys of Marks 

(1982; Table 2.1) were modified recently by Chapman (Table 2.2) in order to include ex. 
palpalis. Taxonomic keys used different characters depending on the region. A summary of 

the key taxonomic features used to distinguish ex. annulirostris from ex. palpalis is included 
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in Table 2.7. Some features broadly used include the shape of the abdominal tergite (Table 2.1 

to 2.6) or the colour of the hind tibia (Table 2.2, 2.3, 2.6), though the last character is not used 

in Western Australia (Table 2.4) (Liehne 1991). Some features are rare, e.g. the size of the 

specimens was included only in the Chapman keys (Table 2.2). The size of the band of the 

proboscis is thought to be diagnostic for Table 2.1, 2.2, 2.4 and 2.6 but not for Tables 2.3, 2.5. 

All keys that distinguish Cx. annulirostris and Cx. palpalis used the scale colour of the 

hind leg as a feature to distinguish the species from each other (absence or presence of pale 

scale) (Table 2.2, 2.3, 2.4 and 2.6). 

Table 2.2 Table 2.3 Table 2.4 Table 2.6 (NT, 
Features (Chapman et (Lee et (Liehne 1991) Medical 

al. 2000) a1.1989) entomology) 

Size specimen X 
Femoral mottled X 

Pale band on hind tibia X X X 
Pattern on the scutum (lyre-pattern) X X X 

Pale band of the proboscis X X X 
Tergal bands X X X X 
Sternal bands X X 

Color of the Fore tibia X X 
Location of the base of the forked 

cells X 

Table 2.7: Summary of the Culex taxonomic keys. Summaries of the features used to distinguish Cx. palpalis 

from Cx. annulirostris from the different taxonomic keys used in Australia (see Materials and Methods) 

2.3.2 Comparison of morphological and molecular identification. 

Morphological identification has been compared for each region with the molecular 

identification tool developed by Beebe et al. (2002) (Beebe et al. 2002). 
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2.3.2.1 Queensland collection 

Approximately 83% of mosquitoes from Queensland were identified correctly using 

taxonomic key (Table 2.8). The colonies kept at QIMR and AMI were confirmed to be ex. 

annulirostris. It is interesting that 57% of the misidentification (12 out of 21) were due to 

some ex. annulirostris being mistakenly identified as ex. palpalis or vice versa. 

2.3.2.2 Northern Territory collection 

Of the 213 mosquitoes assessed in this study 85% were correctly identified using 

taxonomic key (Table 2.9). All misidentifications were ex. annulirostris and ex. palpalis 

misidentified as each other. All 22 individuals which could not be identified using taxonomic 

keys (called "ex annulirostris or palpalis" in Table 2.9) were in fact identified as ex. palpalis 

using molecular methods. 

2.3.2.3 Western Australia collection 

All 10 ex. sitiens and 50 ex. annulirostris collected from Western Australia were 

accurately identified using taxonomic key (Table 2.10) 

2.3.2.4 South Australia collection 

All 29 ex. annulirostris individuals collected In South Australia were identified 

correctly using the taxonomic key (Table 2.11). 
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T able 2.8: Comparison of morphological identification and molecular identification of Culex mosquitoes 

from different sites in Queensland. 

Mosquito Reference Number Number of Morphological PCR-RFLP Map 

Queensland individuals identification identification site 
264-267+ 263 5 ex. annulirostris ex. annulirostris 15 
253-257 5 ex. annulirostris ex. annulirostris 16 
42-46 + 41 6 ex. annulirostris ex. annulirostris 17 
50-62,64,96-101 , 103-107,127- 48 ex. annulirostris ex. annulirostris 18 
129,133-136,138, 141-151 + 132, 
137, 139, 140 
16-30,47,48, 65-73, 78, 80, 85- 93 ex. annulirostris ex. annulirostris 19 
95 ,156,157,161- 175,180-
195,228, 229, 231,233 , 243-245 
+ 158-1 60, 232, 234-242 
278-280, 282,283 5 ex. annulirostris ex. annulirostris 20 
284-291 8 ex. annulirostris ex. annulirostris 21 
269,270,292-303,305 15 ex. annulirostris ex. annulirostris 22 
271,272,274-277,306,310,313 12 ex. annulirostris ex. annulirostris 23 

74-77, 81-83 , 252 + 521 9 ex. annulirostris ex. annulirostris CLN 

8,9,152, 153, 246, 247,249,250 8 ex. palpa/is ex. palpa/is 18 

1,2,4,5-6,32-35,37,40, 108,111- 51 ex. pa/pa/is ~ ex. palpa/is 19 
1 ]3 , J 17-126, 176-179, 197-199, 
20 1, 202 , 206-2 17 + 109, 110, !l 

115, 116 ~ 

304 1 ex. palpalis ex. palpalis 22 
258-262 5 ex. sitiens ex. sitiens 16 
2 18, 219, 221 ,222 + 225, 226 6 ex. sitiens ex. sitiens 19 
154, 155 2 ex. p""alpalis ex. annulirostris 18 
3,31,38,39, 200, 203 + 114 7 ex. palpalis ex. annulirostris 19 
49, 220, 224,227 4 ex. sitiens ex. annulirostris 19 
268 1 ex. sitiens ex. annulirostris 22 
196 1 ex. annulirostris ex. palpalis 19 
281 1 ex. annulirostris ex. palpalis 20 
273 I ex. annulirostris ex. pa/pa/is 23 
130, 13 1,223 , 248 4 ex. sitiens ex. pa/palis 19 

Total= 298 
Full detail for each Mosquito Reference Number can be found in the supp lemetary data at the end of the thesis. 
Mosquito number in bold indicated mosquitoes that have been sequenced for further analysis (see chapter 3 and 
4) and therfore identification has been further confirmed at the molecular level. Morphological identification: 
identification based on morphology using taxonomic keys. PCR-RFLP identification -Identification throught 
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Table 2.9 Comparison of morphological identification and molecular identification of Culex mosquitoes 

from different sites in the Northern Territory 

Mosquito Reference Number Number of Morphological PCR-RFLP Map 

Northern terrictory individuals identification identification site 
407,408,4 10,4 12, 429-433, 435 14 ex. annulirostris ex. annulirostris 1 
43 8 
343, 344, 346, 350, 351 + 342, 10 ex. annulirostris ex. annulirostris 1 
245, 347-349 
352, 353, 355, 357-363, 372, 32 ex. annulirostris ex. annulirostris 2 
380, 395-397, 399, 522, 523, 
525, 526 + 354, 356, 520, 521 , 
524 
451 -453 + 448-450, 454-458 11 ex. annulirostris ex. annulirostris 3 1 
459-468 10 ex. annulirostris ex. annulirostris 33 
315-31 8, 320-327, 329-341,413- 68 ex. palpalis ex. palpalis 1 
4 18, 439-442, 472-474,476, 479 
484, 488, 490, 49 1, 492, 494, 
495 , 497-501 , 503 , 504, 506 + 
319, 328, 475, 477, 478, 485, 
486, 518, 519 

~ ... ... Of' 

365-367, 369, 381-383 , 387-393, 36 ex. palpalis ex. palpalis 2 
469, 470, 47 1, 510, 512-517, 
530, 531 , 534-536 + 386, 511, 
527,528,529,532,533 
487,293 2 ex. pa/palis ex. annulirostris 1 
364, 368, 370, 384, 385 + 371 6 ex. paipalis ex. annulirostris 2 
409 , 434 2 ex. annulirostris ex. palpalis 1 
400-406, 419-428 , 443-447 22 ex. annulirostris or ex. ex. palpalis 1 

palpalis 
Total= 213 

Full detail for each Mosquito Reference Number can be found in the supplemetary data at the end of the thesis. 
Mosquito number in bold indicated mosquitoes that have been sequenced for further analysis (see chapter 3 and 
4) and therfore identification has been further confirmed at the molecular level. Morphological identification: 
identification based on morphology us ing taxonomic keys. PCR-RFLP identification -Identification throught 
peR -RFLP of ITS 1 (ITS 1). 
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Table 2.10. Comparison of morphological identification and molecular identification of Culex mosquitoes 

from different sites in Western Australia 

Mosquito Reference Number Number of Morphological PCR-RFLP Map 

Western Australia individuals identification identification site 
576-580 5 ex. annulirostris ex. annulirostris 3 
547-560 + 537-546 24 ex. annulirostris ex. annulirostris 4 
561-565 5 ex. annulirostris ex. annulirostris 5 
571-575 5 ex. annulirostris ex. annulirostris 6 
599,601-608 + 598, 600 11 ex. annulirostris ex. annulirostris 32 
566-570 5 ex. sitiens ex. sitiens 5 
581-585 5 ex. sitiens ex. sitiens 7 

Total= 60 
Full detail for each mosquitoes' number can be found in the supplemetary data at the end of the thesis. 
Mosquitoes' number in bold indicated mosquitoes which have been sequence for further analysis (see chapter 3 
and 4) and where identification have been further confirmed. Morphology identification : identification based 
on morphology. PCR-RFLP identification -Identification throught PCR -RFLP of ITS 1 (ITS 1). CLN 
moquitoes from colony of AMI and QIMR 

Table 2.11. Comparison of morphological identification and molecular identification of Culex mosquitoes 

from different sites in South Australia 

Mosquito Reference Number Number of Morphological PCR-RFLP Map 

South Australia individuals identification identification site 
626, 629, 631, 634-645 + 624, 22 ex. annulirostris ex. annulirostris 8 
625,627,628,630,632,633 
612,613 + 610, 617, 619, 621,7 ex. annulirostris ex. annulirostris 9 
623 

Total= 29 
Full detail for each Mosquito Reference Number can be found in the supplemetary data at the end of the thesis. 
Mosquito number in bold indicated mosquitoes that have been sequenced for further analysis (see chapter 3 and 
4) and therfore identification has been further confirmed at the molecular level. Morphological identification: 
identification based on morphology using taxonomic keys. PCR-RFLP identification -Identification throught 
PCR -RFLP ofITS 1 (ITS 1). 

2.3.2.5 New South Wales collection 

Fron1 the 41 mosquitoes collected 85% were correctly identified using taxonomic keys 

(Tables 2.3, 2.5). All misidentifications were Cx. palpalis morphologically identified as Cx. 

annulirostris (Table 2.12). 
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2. 3.2.6 Papua New Guinea collection 

From 66 mosquitoes, 69% of which were correctly identified by the morphology using 

taxonomic key. Those, 84% of these misidentifications (16 individuals) were Cx. 

annulirostris identify as Cx. palpalis (Table 2.13) 

2. 3.2.7 Solomon Islands collection 

All Cx. annulirostris individuals collected in the Solomon Islands (16 individuals) 

were correctly identified using taxonomic key (Table 2. 14) 

2.3.2.8 Timor Leste collection 

From 6 mosquitoes, two Cx. annulirostris and three Cx. sitiens were identified 

correctly using taxonomic key (Table 2.2). One Cx. sitiens was incorrectly morphologically 

identified as Cx. annulirostris (Figure 2.15). 

2.3.2.9 Overall com12.arison of morphological and molecular identifications 

The different regions differ with their percentage of misidentification. The percentage 

of misidentification varied from 0% (W A, SA, Solomon Islands) to 29% (PNG). Despite the 

numbers of individuals being small the identification from Western Australia, South Australia 

and Solomon Island appeared to be correct. Most misidentifications confused Cx. 

annulirostris and Cx. palpalis. Identification of Culex sitiens using morphological keys 

appeared to be most consistent. 
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Table 2.12 Comparison of morphological identification and molecular identification of Culex mosquitoes 

from different sites from New South Wales 

Mosquito Reference Number Number of Morphological PCR-RFLP Map 

New South Wales individuals iden ti fica tion identification 
669, 671 ,673 3 ex. annulirostris ex. annulirostris 10 
680-683 + 679 5 ex. annulirostris ex. annulirostris 11 
684, 685 + 686, 688 4 ex. annulirostris ex. annulirostris 12 
655 , 662, 663 + 654, 656, 658- ]4 ex. annulirostris ex. annulirostris J3 
661 , 664-668 
651 , 652 + 649, 650, 653 5 ex. annulirostris ex. annulirostris J4 
657 1 ex. sitiens ex. sitiens J3 
646-648 3 ex. sitiens ex. sitiens J4 
672, 675 + 670, 674, 676, 677 6 ex. annulirostris ex. pa/palis 10 

Tota l= 41 
Full detail for each Mosquito Reference Number can be found In the supplemetary data at the end of the thesIs. 
Mosquito number in bold indicated mosquitoes that have been sequenced for further analysis (see chapter 3 and 
4) and therfore identification has been further confirmed at the molecular level. Morphological identification: 
identification based on morphology using taxonomic keys . PCR-RFLP identification -Identification throught 
PCR -RFLP of ITS 1 (ITS I). 

Table 2.13 Comparison of morphological identification and molecular identification of Culex mosq uitoes 

from different s ites in Papua New Guinea 

Mosquito Reference Number Number of Mo rphological PCR-RFLP Map 

Papua New Guinea individuals identification identification 
777-788,797-802,804-809,811- 28 ex. annulirostris ex. annulirostris 24 
814 
734, 735 , 741-744, 751 , 753 + 14 Cx. annuliroslris ex. annulirostris 26 
731-733,740,749,750 
818 + 792, 815-817 5 ex. pa/palis ex. pa/pa/is 25 
789-791, 793-796 7 ex. pa/palis ex. annulirostris 25 
745 , 747, 754-757 + 737, 739,9 ex. pa/palis ex. annulirostris 26 
746 
810 1 ex. annulirostris ex. pa/palis 24 
738 + 736 2 ex. pa/palis ex. sitiens 26 

Total= 66 
Full detail for each mosquitoes' number can be found in the supplemetary data at the end of the thes is. 

Mosquitoes' number in bold indicated mosquitoes which have been sequence for further analysis (see chapter 3 

and 4) and where identification have been further confirmed. Morphology identifica tion : identification based 

on morphology. PCR-RFLP iden tification -Identificat ion throught PCR -RFLP of ITS] (ITS 1). 
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Table 2.14 Comparison of morphological identification and molecular identification of Culex mosquitoes 

from different sites in the Solomon Islands 

Mosquito Reference Number Number of Morphological PCR-RFLP Map 

Solomon Island individuals identification identification 
835-837, 841-843 + 828, 829- 13 ex. annulirostris ex. annulirostris 28 
834 
839, 840 + 838 3 ex. annulirostris ex. annulirostris 29 

Total= 16 
Full detaIl for each MosquIto Reference Number can be found in the supplemetary data at the end of the thesis. 
Mosquito number in bold indicated mosquitoes that have been sequenced for further analysis (see chapter 3 and 
4) and therfore identification has been further confirmed at the molecular level. Morphological identification: 
identification based on morphology using taxonomic keys. PCR-RFLP identification -Identification throught 
PCR -RFLP of ITS 1 (ITS 1). 

Table 2.15 Comparison of morphological identification and molecular identification of Culex mosquitoes 

from different sites in Timor Leste. 

Mosquito Reference Number Number of MOI·phological PCR-RFLP Map 

Timor Leste individuals identification identification 
847 + 846 2 ex. annulirostris ex. annulirostris 30 
845 , 849 + 848 3 ex. sitiens ex. sitiens 30 
844 1 ex. annulirostris ex. sitiens 30 

Total= 6 
Full detail for each Mosquito Reference Num ber can be found in the supplemetary data at the end of the thesis. 
Mosquito number in bold indicated mosquitoes that have been sequenced for further analysis (see chapter 3 and 
4) and therfore identification has been further confi rmed at the molecular leve l. Morphological identification: 
ident ificat ion based on morpho logy using taxonomic keys. PCR-RFLP identification -Identification throught 
PCR -RFLP ofITS 1 (ITS1 ). 
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Figure 2.2: Map showing morphological and molecular identification comparisons of eX. annulirostris, ex. 
palpa/is and ex. sitiens in Australasia. Pie chart graphs indicate the frequency of correct identification versus 

misidentification. The pie charts are proportional in size to the number of mosquitoes identified (this number is 

also indicated in brackets). Misidentification rate is indicated as a percentage value. 
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2.3.3 Evaluation of morphological characters to improve the taxonomic keys 

2.3.3.1 Comparison of morphological identification and molecular identification 

The morphological characters of 126 mosquitoes from Northern Territory and 

Queensland have been recorded in Table 2.16. Of these 126, only four mosquitoes were 

misidentified, all from the Northern Territory. Two C.x palpalis were called Cx. annulirostris 

and two Cx. annulirostris was called Cx. palpalis. Despite this very good identification rate, 

22 mosquitoes from Northern Territory could not be identified using the taxonomic keys. All 

mosquitoes from Queensland (22 Cx. annulirostris) were identified accurately. Most species 

identified by Queensland Health Forensic and Scientific Services were correctly identified; 

only two out of 78 mosquitoes were incorrectly identified. All mosquitoes that could not be 

identified (22 mosquitoes called "Cx. annulirostris or Cx. palpalis" in Table 2.1 6) were in 

fact Cx. palpalis. 

2.3.3.2 Comparison of morphological characters and molecular identification 

By analysing the morphological characters in relation to the molecular identification I 

was able to determine which morphology features were species specific (Figure 2.3). Thus, 

for examples all Cx. annulirostris show a narrow band on the proboscis (l 00%), most have a 

tergal peaks present (93%) and the tibia is completely black (95%). Most of the Cx. palpalis 

show tergal peaks (98%) and a streak on the tibia (98%). The size of the band of the proboscis 

varied for Cx. palpalis from narrow to broad. With this information, an improved taxonomic 

key should be able to distinguish between Cx. annulirostris and Cx. palpalis (Table 2.17). 
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Table 2.16 Com parison of morphological identification and molecular identification. Comparison of Cx. 

annulirostr is and Cx. palpalis collected in Northern Australia and Queensland. The morphological characters are 

included in the Table (3 pages) . 

Morphology 
identificatio PCR-RFLP 

MRN n identification Region 
483 Cx. pa/palis Cx. pa/pa/is Australi a NT 
484 Cx. palpalis Cx. pa/polis Australi a, NT 
485 Cx. pa/palis Cx. palpalis Australia, NT 
486 Cx. palpalis Cx. polpalis Australia, NT 
487 Cx. pa/palis ex. annulirostris Australia, NT 
488 ex. palpolis Cx. pa/palis Australia, NT 
490 Cx. palpalis ex. palpalis Australi a, NT 
49 1 C,x. palpalis ex. po/palis Australi a, NT 
492 ex. pa/palis ex. pa/palis Australi a, NT 
493 Cx. pa/palis ex. annulirostris Australia, NT 
494 Cx.ptJ/palis ex. p~lpalis Australia, NT 
495 Cx. pa/palis Cx. pa/palis II Australia, NT 
497 ex. paipalis Cx. paipalis Australia, NT 
498 Cx. paipalis ex. palpa/is Australi a, NT 
499 Cx. paipalis Cx. paipalis Australia, NT 
500 ex. pa/palis Cx. palpalis Australia, NT 
50 ) ex.pa/palis Cx.~lis Australia, NT 
503 Cx. palpalis Cx. palpalis Australia, NT 
504 ex. palpalis e x. palpalis Australi a, NT 
506 ex. pa/palis ex. palpalis Austral ia, NT 
515 Cx. pa/palis ex. pa/palis Austral ia, NT 
516 Cx. pa/palis ex. palpalis Australia, NT 
517 ex. palpalis ex. palpalis Australi a, NT 
469 cx. paip/l/4 11 ex. Jialpalis ~ Australi a, NT 
470 ex. pa/palis ex. pa/palis Australia, NT 
471 Cx. polpalis ex. pa/palis Australia, NT 
510 Cx. palpalis Cx. palpalis Australia. NT 
511 ex. pa/polis ex. pa/palis Australia, NT 
512 Cx. pa/polis Cx. pa/palis Australia, NT 
513 Cx. pa/palis ex. pa/palis Austral ia, NT 
514 Cx. paipolis ex. palpalis Austral ia, NT 
472 ex. pa/polis Cx. paipolis Australi a, NT 
473 Cx. pa/polis Cx. pa/palis Austral ia, NT 
474 Cx. pa/palis ex. pa/palis Australi a, NT 
475 ex. pa/palis ex. pa/palis Australia, NT 
476 Cx. pa/palis ex. pa/palis Australi a, NT 
477 ex. pa/palis ex. pa/palis Australi a, NT 
478 ex. pa/palis ex. pa/palis " Australia. NT 
479 ex. paipalis ex. pa/palis Australia, NT 
518 Cx. pa/palis ex. pa/pa/is Austral ia. NT 
519 C'(. pa/palis Cx. pa/pa/is Australia, NT 
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LD X X X QHQ 

X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QH Q LD 
X X X Q H Q LD 
X X X Q H Q LD 
X X X Q HQ LD 
X X X QH Q LD 
X X X QHQ LD 
X X X Q H Q LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 

X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
X X X QHQ LD 
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520 ex. annulirostris ex. annulirostris Australia, NT 2 X X X QHQLD 
521 ex. annulirostris ex. annulirostris Australia, NT 2 X X X QHQLD 
522 ex. annulirostris ex. annulirostris Australia, NT 2 X X X QHQLD 
523 ex. annulirostris ex. annulirostris Australia, NT 2 X X X QHQLD 
524 ex. annulirostris ex. annulirostris Australia, NT 2 X X X QHQLD 
525 ex. annulirostris ex. annulirostris Australia, NT 2 X X X QHQLD 
526 ex. annulirostris ex. annulirostris Australia. NT 2 X X X QHQLD 
297 ex. annulirostris ex. annulirostris Australia, QLD 22 X X X QHQLD 
298 ex. annulirostris ex. annulirostris Australia, QLD 22 X X X QHQLD 
300 ex. annulirostris ex. annulirostris Australia, QLD 22 X X X QHQLD 
292 ex. annulirostris ex. annulirostris Australia, QLD 22 X X X QHQLD 
293 ex. annulirostris ex. annulirostris Austral ia, QLD 22 X X X QHQLD 
301 ex. annulirostris ex. annulirostris Australia, QLD 22 X X X QHQLD 
305 ex. annulirostris ex. annulirostris Australia, QLD 22 X X X QHQLD 
299 ex. annulirostris ex. annulirostris Australia, QLD 22 X X X QHQLD 
294 ex. annulirostris ex. annulirostris Australia, QLD 22 X X X QHQLD 
295 ex. annulirostris ex. annulirostris Australia, QLD 22 X X X QHQLD 
296 ex. annulirostris ex. annulirostris Australi a, QLD 22 X X X QHQLD 
302 ex. annulirostris ex. annulirostris Australia, QLD 22 X X X QHQLD 
303 ex. annulirostris ex. annulirostris Australia. QLD 22 X X X QHQLD 
532 ex. Pfl/palis ex. po/polis Australia, NT I X X X QHQLD 
533 • Cx. pa/palis Cx.pa/palis Australia. NT I X X X QHQLD 
534 ex. pa/palis ex. po/polis Australia. NT I X X X QHQLD 
535 ex. pa/palis ex. pa/palis Australia, NT 1 X X X QHQLD 
536 ex. pa/palis ex. pa/palis Austral ia, NT I X X X QHQLD 
530 ex. po/polis ex. pa/palis Australia, NT 1 X X X QHQLD 
531 ex. paipalis ex. pa/palis Australia, NT 1 X X X QHQLD 
527 ex. pa/paiis ex. pa/palis Australia, NT I X X X QHQLD 
528 ex. pa/palls ex. pa/palis Austral ia. NT I X X X QHQLD 
529 ex. pa/pb/is , ex. pa/palis , Austral ia, NT I X X X QHQLD 
306 ex. annulirostris ex. annulirostris Australi a, QLD 23 X X X QHQLD 
307 ex. annulirostris ex. annulirostris Australia, QLD 23 X X X QHQLD 
308 ex. annu/irostris ex. annulirostris Austral ia, QLD 23 X X X QHQLD 
313 ex. annulirostris ex. annulirostris Australia, QLD 23 X X X QHQLD 
309 ex. annulirostris ex. annulirostris Australia, QLD 23 X X X QHQLD 
310 ex. annulirostris ex. annulirostris Australia, QLD 23 X X X QHQLD 
304 ex. pa/palis ex. palpalis Australia, QLD 22 X X X QHQLD 
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PC R-R FLP 
M RN Morphology id entifi cation id entification Region Map 
400 ex. annulirostris or ex. pa/palis Cx. pa/palis Australia, 2 
401 e x. annulirostris or ex. pa/palis Cx. po/palis Australia, 2 
402 e x. annulirostris or e x. pa/palis Cx. pa/palis Australia, 2 
403 ex. annulirostris or e x. ~alpalis Cx. pa/pa/is Australia, 2 
404 ex. annulirostris or ex. lZJllpalis Cx. pa/pa/is Australia, 2 
405 ex. annulirostris or ex. pa/palis Cx. palpalis Australia, 2 
406 ex. annulirostris or ex. palpalis Cx. po/palis Australia, 2 
407 ex. annulirostris ex. annulirostris Australia, 2 
408 ex. annulirostris ex. annulirostris Australia, 2 
409 ex. annulirostris Cx. palpalis Australia, 2 
410 ex. annulirostris ex. annulirostris Australia, 2 
411 ex. annulirostris ex. annulirostris Australia, 2 
412 ex. annulirostris ex. annulirostris Australia, 2 
413 Cx. pa/polis ex. pa/polis Australia, 2 
414 Cx. polpalis Cx. PO/po/is Australia, 2 
415 Cx. DQj 'palts eX. DQ/oalts Australia, 2 
416 Cx. pOj 'polis ex. pa/paliS Australia, 2 
417 eX. pa 'pa/is ex. po/pa/is Australi a, 2 
418 Cx. pa/palis Cx.~lpalis Australia, 2 
419 ex. annulirostris or eX. pa/palis ex. pa/palis Australia, 2 
420 ex. annulirostris or ex. palpalis ex. po/palis. Australia, 2 
421 ex. annulirostris or ex. pa/palis ex. pa/palis Australia, 2 
422 ex. annulirostris or ex. pa/palis eX. paipa/is Australia, 2 
423 ex. annulirostris or ex. pa/palis Cx. paipalis Australia, 2 
424 ex. annulirostris or ex. pa/palis ex. pa/pa/is Australia, 2 
425 ex. annulirostris or ex. p_alpalis ex. pa/pahs Australia, 2 
426 ex. annulirostris or ex. pa/palis Cx. pa/pa/is Australia, 2 
427 ex. annulirostris or ex. palpalis ex. pa/palis Australia, 2 
428 ex. annulirostris or ex. pa/pa/is Cx. pa/palis Australia, 2 
429 ex. annulirostris ex. annulirostris Australia, 2 
430 ex. annulirostris ex. annulirostris Australia, 2 
431 e x. annulirostris ex. annulirostris Australia, 2 
432 e x. annulirostris ex. annulirostris Australia, 2 
433 ex. annulirostris ex. annulirostris Australia, 2 
434 ex. annu/irostris Cx. pa/palis Australia, 2 
435 ex. annulirostriS ex. annulirostris Australia, 2 
436 ex. annulirostris ex. annulirostris Austra lia, 2 
437 ex. annulirostris ex. annulirostris Australia, 2 
438 ex. annulirostriS ex. annulirostris Australia, 2 
439 ex. palpalis Cx. pa/palis Australia, 2 
440 e x. pa/pa/is Cx. palpa/ts Austral ia, 2 
441 Cx. pa/palis ex. pa/palis Australia, 2 
442 Cx. pa/palis ex. pa/palis Australia, 2 
443 ex. annulirostris or ex. ~alpalis Cx. pa/palis Australia, 2 
444 ex. annulirostris or ex. p_a/pa/is Cx. palpalis Australia, 2 
445 ex. annulirostris or ex. pa/palis Cx. pa/palis Australia, 2 
446 ex. annulirostris or ex. pa/palis ex. palpalis Australia, 2 
447 ex. annulirostris or eX. pa/palis Cx. pa/palis Australia, 2 
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MEN T 
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MEN T 
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MEN T 
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MEN' r 
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T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
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All morphological characters for each mosquito can be find in Appendix 1. Mosquito number in bold indicated 
mosquitoes that have been sequence in Chapters 3 and 4. Morphology identification: identification based on 
morphology using taxonomic keys. PCR-RFLP identification: Identification through PCR -RFLP of ITS 1 
(internal transcribed spacer 1, ribosomal DNA). QH QLD: Queensland Health Forensic and Scientific Services 
ME NT: Medical Entomology Northern Territory MRN: Mosquito Reference Number 
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Figure 2.3 Summary of the morphological characters and molecular identification. Narrow band on the 

proboscis indicates band inferior to one third of the size of the proboscis. Medium band from half to the third of 

the size of the proboscis and Broad indicated a band of more than the half of the size of the proboscis . Picture of 

ex. annulirostris have been added as illustration purpose and come from the Walter Reed Biosystematics 

websites http://wrbu.si.edu/SpeciesPagesnon-ANO/non-ANOA-det/CXannA-det.html. 

Table 2.17 Taxonomic keys derived from both details morphology and molecular identification. This key 

shou ld improve morphological identification of ex. annulirostris and ex. palpalis. 

1. Narrow band on the proboscis (inferior to 1/3), tergal peaks present and 

tibia uniformly black ................................................ . Cx. annulirostris 

2. Terga] peaks absent, streak on the tibia, band on the proboscis from 

narrow (inferior to 1/3) to broad (superior to Yi) .••....•••...•......• •. Cx. pa/palis 
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2.4 Discussion 

2.4.1 Comparison of morphology and molecular identification throughout Australasia 

The PCR-RFLP developed is the only tool currently available to distinguish 

accurately between Cx. annulirostris, Cx. palpalis and Cx. sitiens (Beebe et al. 2002). This 

Molecular identification tool is 100% supported by phylogeny studies at the mitochondrial 

DNA level using the Cytochrome Oxidase I (see Chapter 3) and at the nuclear DNA level 

using the acetylcholinesterase 2 (see Chapter 4). 

Culex annulirostris exists across Australia, Papua New Guinea, the Solomon Islands 

and Timor Leste (Figure 2.2; Table 8-15). Culex annulirostris can adapt to many varieties of 

environments (Lee et al. 1989). Culex sitiens is a coastal species and widespread throughout 

coastal areas (Lee et al. 1989) the individuals found at collection sites 5, 7,13,14,16,19,26 

and 30 on the collection map (Figure 2.1; Table 2.8/1 0/12/13/15). Culex palpalis is also 

common in Queensland, Northern Territory, north Western Australia and Papua New Guinea 

(Lee et al. 1989; Chapman et al. 2003) (Table 2.8/9/13). 

Culex palpalis has considerable morphological overlap with Cx. annulirostris and, 

therefore, it is not surprising that most of the misidentification reported (Table 2.8, 2.9, 2.13) 

was found in the area where Cx. annulirostris and Cx. palpalis occur in sympatry. Because 

Cx. palpalis appears absent in the drier climate of South Australia, only Cx. annulirostris has 

been identified in this region (Table 2.11). However, the unexpected presence of Cx. palpalis 

in site lOin the southern of New South Wales perhaps caused entomologists to misidentify 

these six individuals as Cx. annulirostris (Table 2.12). This NSW collection site lOis the 

most southern collection site reported so far for Cx. palpalis. One of the keys used by 

entomologists in New South Wales does not even include Cx. palpalis (Table 2.5; Russell 

1993). The identity of Cx. palpalis (mosquito reference numbers 670, 674, 676, 677) has also 

been confirmed by phylogenetic reconstruction using a nuclear (ace-2) and a mitochondrial 

(COl) marker (see Chapters 3 and 4). 
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2.4.2 Investigations of morphological characters to identify Cx. annulirostris and Cx. 
palpalis 

Morphological identification of mosquito species using taxonomic key has undoubted 

advantages; it can be perfonned in the field and is inexpensive (Beebe and Cooper 2000). It 

only takes few second for an expert entomologist, familiar with the mosquito biodiversity of 

their region, to distinguish an individual. In the field, the entomologist can rapidly sort large 

numbers of collected mosquitoes, which saves time and money (Beebe and Cooper 2000). 

However, I have highlighted in the previous section (paragraph 2.1) the problem of 

identification of mosquito members of ex. sitiens subgroup using existing taxonomic keys. 

Most misidentifications occur between ex. annulirostris and ex. palpalis, so I therefore 

assessed the morphological features that distinguish these two morphospecies. 

The morphological details of 126 mosquitoes from the Northern Territory and 

Queensland are recorded in Table 2.16. From these mosquitoes, 22 were not able to be 

identified by taxonomic keys and appeared to be ex. palpalis. Thanks to the accurate 

identification provided by the PCR-RFLP I was able to detennine which morphological 

feature is useful for the identification of the morpho species ex. palpalis versus ex. 
annulirostris. 

It is believed among Medical Entomologist that ex. annulirostris has a narrow band 

on the proboscis while ex. palpalis has a broad band (Table 2.6). I confirmed that ex. 
annulirostris has a band of maximum 1/3 of the size of the proboscis (Table 2.16, Figure 2.3) 

as described in Table 2.1, 2.2, 2.4 and 2.6. However, ex. palpalis has a variable band size 

from narrow to broad (superior to half of the size of the proboscis) and therefore the size of 

the band needs to be carefully integrated in the taxonomic key. All ex. annulirostris specimen 

have a narrow sized band but not all narrow sized bands are ex. annulirostris! From my data, 

only medium and broad band proboscis were ex. palpalis. The new key constructed in Table 

2.16 appear more robust with only 3% of mosquitoes being misidentified using this new key. 

Keys of Table 2.1 to 2.6 need to be completed, simplify and revised in the light of the new 
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key described here. More studies need to be performed for other key characters not assessed 

in this chapter (eg. size of the specimen, pale scaling forming indistinct lyre pattern). In the 

field of morphological identification it is difficult to obtain 0% misidentification because of 

poor quality of samples, intraspecific variations and human errors. For these reasons, 

identifications in all further studies (Chapter 3 to 5) will use PCR-RFLP to distinguish ex. 
palpalis from ex. annulirostris and ex. sitiens. 

2.5 Conclusion 

In this chapter 1 have highlight the discrepancy between morphological identification 

and molecular identification and highlight the difficulty in distinguishing ex. annulirostris 

from ex. palpalis using taxonomic keys. Thanks to the accuracy of the PCR-RFLP tool, I was 

able to determine which taxonomic character were most important for morphological 

identification of these two closely related morphospecies. However, I found in the following 

chapters, these morpho species are in fact a species complex composed of different cryptic 

species/lineages with indistinguishable morphologically (see Chapters 3 and 4). So the 

taxonomic key given is only able to distinguish these morpho species and will enable 

entomologist in the field to pre-sort mosquitoes before deeper DNA identification techniques 

are used. Because clarification of species status is, as previously mentioned, vital to any study 

of mosquitoes borne disease, I am now going to investigate deeper into each morpho species 

to reveal their genetic diversity (Chapter 3 and 4). 
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3.1 Introduction 

The mosquitoes, Cx. annulirostris Skuse, Cx. palpalis Taylor and Cx. sitiens 

Wiedemann, are widely distributed throughout Australia, Papua New Guinea (PNG), and the 

Solomon Islands and form members of a closely related group of mosquitoes termed the 

Culex sitiens subgroup (Lee et al. 1989). These mosquitoes regularly comprise over 50% of 

mosquitoes collected in arbovirus surveys in Australia and PNG (Johansen et al. 2000; van 

den Hurk et al. 2002; Frances et al. 2004b). Within this subgroup, Culex annulirostris is 

Australia's principal arbovirus vector transmitting endemic arboviruses that cause human 

disease, including Ross River virus (RRV) , Barmah Forest virus (BFV), Murray Valley 

encephalitis virus (MVEV) and Kunjin virus (KUNV) (Russell and Dwyer 2000) 

(Introduction 6.2.1.3). 

The possible introduction and establishment of the exotic arbovirus Japanese 

encephalitis virus (JEV), into Northern Australia from PNG is of considerable concern to 

public health officials in Australia (Introduction 1.3.2.2.1). Culex annulirostris, which is 

widely distributed throughout the continent, has been shown to be the primary vector of JEV 

in northern Australia (Mackenzie et al. 2002). JEV is responsible for thousands of deaths 

every year (Tsai 2000). Previously restricted to Southeast Asia, over the last decade it has 

invaded the southwest Pacific region, is now endemic in PNG, cycles in the Torres Strait and 

has appeared twice since 1998 on mainland Australia (Mackenzie 2005; van den Hurk et al. 

2006a) (introduction 1.3.2.2. 1). 

Japanese encephalitis VIrus cycles naturally between birds and Culex species 

mosquitoes (Mackenzie et al. 2002), although pigs are a main amplifying host. Feral pig 

populations are widespread throughout northern Australia (Mackenzie et al. 2002). However, 

despite regular JEV activity in the Torres Strait and infrequent seroconversions of sentinel 

animals at the top of Australia's Cape York Peninsula in 1998 and 2002, there is no evidence 

to suggest that JEV has become enzootic on the Australian mainland (van den Hurk et al. 

2006a). Northern Australia has the ideal conditions for the establishment of the JEV, given its 
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dual abundance of both Culex annulirostris Skuse - a vector identified as transmitting JEV in 

the region (Ritchie et al. 1997b; Johansen et al. 2000) - and the feral pig populations that act 

as principal amplifying hosts for the virus's transmission to humans (Mackenzie et al. 2002). 

Over the last decade, JEV has become endemic in Papua New Guinea (PNG), and now cycles 

yearly on islands in the Torres Strait, 70 km from mainland Australia (Mackenzie 2005). 

Given these conditions, the failure of JEV to establish itself on the Australian 

continent over the past decade has perplexed researchers. Suggested explanations for this have 

included the presence of alternative blood-meal hosts and competition with antigenically 

related arboviruses for susceptible vertebrate hosts (van den Hurk et al. 2006b). But another 

possibility is that unrecognized species or population variation of the mosquito vector 

throughout southern PNG and northern Australia itself may limit the establishment of JEV. 

Are there differences between the Cx. annulirostris populations that exist where JEV occurs 

in PNG and the Torres Strait, and in mainland Australia that work to contain rather than 

spread JEV throughout this region? As this first unravelling of the genetic diversity of this 

species and its closely related sister species suggests, population variation around the southern 

limit of JEV may in fact restrict the movement of this arbovirus. 

Difficulty currently exists in morphologically separating the adults of ex. annulirostris 

from its close relative ex. palpalis (Chapter 2). An allozyme and peR-based procedures have 

been developed as diagnostic tools to study these mosquitoes (Chapman et al. 2000; Beebe et 

al. 2002). Both these authors suggested the presence of cryptic species within these 

morphological species, however, allozymes could not resolve this issue any further. As each 

species of mosquitoes has its own distribution, biology and level of vector competence, the 

identification of all species is important to an effective study of mosquito-borne diseases 

transmission. 

Despite ex. annulirostris being a major public health concern in Australia and the 

southwest Pacific, its evolution, genetic structure and origins remain undetermined. This 

chapter assesses 538 bp of the mitochondrial DNA cytochrome oxydase 1 gene (mtDNA 
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COl) from 273 individuals collected from 45 sites representing 30 localities in Australia and 

the southwest Pacific region to describe the phylogeography of Cx. annulirostris and its sister 

species Cx. palpalis. Particular attention was given to the regions connecting northern 

Queensland, the Torres Strait and southwest PNG, as I am particularly interested in the 

diversity of plausible mosquito vectors in these regions. 

I present, in this chapter sequence data generated from 273 mosquitoes that support the 

distinction of three morpho species, as well as the recognition of multiple divergent lineages. 

The phylogeographic pattern is most complex in Cx. annulirostris with two distinct 

paraphyletic lineages recognized within Australia - both independently related to the PNG 

lineages. This data provides phylogenetic support for a recent historical connection of 

mosquito populations in Australia and PNG that will facilitate more rational arbovirus 

competency experiments and better surveillance for these mosquitoes in the future. 

Importantly, the southern limit of the two PNG Cx. annulirostris lineages equates exactly to 

the current southern limit of lEV activity in the Australasian region. I also discuss the 

suitability of COl marker for barco ding mosquitoes. 

3.2 Materials and methods 

3.2.1 Specimen collection and identification 

Mosquitoes studied in this chapter were collected from 43 sites representing 30 map 

locations in Australia, PNG, Timor Leste and the Solomon Islands (Bougainville and 

Guadalcanal) (Table 3.1). Adult nl0squitoes were collected using C02-baited encephalitis 

virus surveillance (EVS) traps with and without 1-octen-3-01 (octenol). Specimens were 

morphologically identified using the keys of Lee et al. (1989) and Marks (1982). Mosquitoes 

were stored in liquid nitrogen, dry ice, on silica gel, or in 70% ethanol prior to total DNA 

extraction. Colony Cx. annulirostris from the Australian Army Malaria Institute (Brisbane, 

Queensland, Australia) were used as reference material. Total DNA was extracted from 

mosquitoes using a salt extraction and ethanol precipitation procedure (Beebe et al. 2002). 
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Due to problems with adult morphology (Chapter 2), all material was genetically identified to 

species by an ITS 1 PCR-RFLP procedure developed previously to discriminate between ex. 
annulirostris, ex. palpalis and ex. sitiens (Beebe et al. 2002). 

Table 3.1: Data summary of mosquitoes used in Chapter 3. Details include their identification 

(morphological and molecular), location, mtDNA haplotypes and GenBank accession numbers 
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159 
160 
232 
521 
234 
235 
237 
238 
239 
240 
562 
242 
254 
255 
257 
132 
138 
139 
140 
271 
272 
274 
308 
275 
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668 
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241 
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345 
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348 
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288 
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a51 OQ673758 18 Cx.annulirostris"ann AUS" 
CX.annulirostris"ann AUS" 

Cx.annulirostris"ann AUS" 
CX.annulirostris"ann AUS" 
Cx.annulirostris"ann AUS" 
CX.annulirostris"ann AUS" 
CX.annulirostris"ann AUS" 
Cx.annulirostris"ann AUS" 

Cx.annulirostris"ann AUS" 
Cx.annulirostris"ann AUS" 
Cx.annulirostris"ann AUS" 

Cx.annulirostris"ann AUS" 
CX.annulirostris"ann AUS" 

CX.annulirostris"ann AUS" 
Cx.annulirostris"ann AUS· 

Cx.annulirostris"ann AUS· 
Cx.annulirostris"ann AUS· 
Cx.annulirostris"ann AUS· 

a52 OQ673759 CX.annulirostris"ann AUS" 

a53 OQ673760 Cx.annulirostris"ann AUS" 

a54 OQ673761 CX.annulirosiris"ann AUS" 

a55 OQ673762 Cx.annulirosiris"ann AUS· 

a56 OQ673763 CX.annulirostris"ann AUS· 

CX.annulirostris"ann AUS" 
a57 OQ673764 Cx.annulirostris"ann AUS· 

Cx.annulirosiris"ann AUS" 
CX.annulirostris"ann AUS" 

a58 OQ673765 CX.annulirostris"ann AUS" 
a59 OQ673766 Cx.annulirostris"ann AUS· 
a60 OQ673768 CX.annulirostris·ann AUS· 
361 OQ673769 CX.annulirostris"ann AUS· 
a62 OQ673770 CX.annulirostris·ann AUS" 
a63 OQ673771 CX. annulirosiris"ann AUS· 

CX.annulirostris·ann AUS· 

CX.annulirosiris"ann AUS· 
CX.annulirostris·ann AUS· 
CX. annulirostris"ann AUS" 

a64 OQ673772 CX. annulirostris"ann AUS· 
a65 OQ673773 CX.annulirostris·ann AUS" 

a66 OQ673774 CX. annulirostris "ann AUS" 
367 OQ673775 Cx.annulirosiris"ann AUS· 

a66 OQ673776 CX. annulirostris"ann AUS· 
a69 OQ673777 CX. annulirostris ·ann AUS" 

a70 OQ673779 CX. annulirostns·ann AUS" 

CX. annulirostris "ann AUS " 
a71 OQ673780 Cx. annulirostris "ann AUS· 

a72 OQ6'r3781 CX. annulirostris ·ann AUS" 

a73 OQ673782 CX. annulirostris ·anfl AUS· 

a74 OQ673783 CX. annulirosl ris·ann AUS· 

a75 OQ673784 CX. annulirostris·ann AUS· 

CX. annulirostris ·ann AUS" 
CX.annulirostris"ann AUS· 

CX.annulirostris"ann AUS" 
a76 OQ673785 CX. annulirosiris "ann AUS· 

a77 OQ673786 Cx.annulirosiris"ann AUS" 
CX.annulirosiris·ann AUS· 

a78 OQ673787 Cx.annulirosiris"ann AUS" 

a79 OQ673788 CX. annulirosiris"ann AUS" 
a60 OQ673790 CX.annulirosiris"ann AUS· 

a61 OQ673791 CX.annulirostris"ann AUS" 
CX. annulirostris·ann AUS" 

a82 OQ673792 CX.annulirostris·ann AUS" 

a83 OQ673793 CX.annulirostris"ann AUS" 

a84 OQ673794 CX. annulirostris"ann AUS" 

a85 OQ673795 CX. annulirostris"ann AUS" 

a86 OQ673796 CX.annulirostris"ann AUS" 

a87 OQ673797 CX. annulirostris"ann AUS" 

CX.annulirostris CX.annulirostris Australia, WA 
CX.annulirostris CX.annulirostris Australia, NSW 
CX.annulirostris CX.annulirostris Austral ia, WA 
CX.annulirostris CX.annulirostris Austral ia, QLO (tip of CY) 
CX.annulirostris CX.annulirostris Austral ia, WA 
CX.annulirostris CX.annulirostris Australia , QLO (CY) 
CX.annulirostris CX.annulirostris Austral ia, QLO 
CX.annulirostris CX.annulirostris Australia , QLO (Torres stra it) 
CX.annulirostris CX.annulirostris Austral ia, NT 
CX.annulirostris CX.annulirostris Australia, QLO (Torres stra it) 
CX.annulirostris CX.annulirostris Austra lia, QLO (CY) 

CX.annulirosiris CX.annulirostris Australia, WA 
CX.annulirostris CX.annulirostris Australia, QLO (CY) 
CX.annulirostris CX.annulirostris Austra lia, WA 
CX.annulirostris Cx.annulirostris Australia, WA 
CX.annulirostris CX.annulirostris Austral ia, NT 
CX.annulirostris CX.annulirostris Australia, NT 
CX.annulirostris CX.annulirostris Australia, QLO 
CX.annulirostris CX.annulirostris Australia, WA 
CX.annulirostris CX.annulirostris Australia, WA 
CX.annulirostris CX.annulirostris Australia, WA 
CX.annulirostris CX.annulirostris Australia, WA 
CX.annulirostris CX.annulirostris Austra lia, WA 
Cx.annulirostris CX.annulirosiris Australia, WA 
Cx.annulirostris CX.annulirostris Australia , WA 
CX.annulirostris CX. annulirostris Australia, QLO (CY) 
CX.annulirostris CX.annulirostris Australia, QLO (CY) 
CX.annulirostris Cx.annulirostris Australia, WA 
CX.annulirostris CX. annulirosiris Australia, WA 
CX.annulirostris CX.annulirostris Australia, WA 
CX.annulirostris CX.annulirostris Australia , NSW 
CX. annulirosiris CX. annulirostris Australia, NSW 
Cx. annulirostris CX.annulirostris Australia , NSW 
CX.annulirosiris CX.annulirostris Australia, QLO 
CX.annulirostris CX.annulirostris Austral ia, NT 
CX.annulirostris Cx,palpalis Australia, NT 
CX. annulirostris CX. annulirostris Australia , NSW 
CX.annulirostris CX.annulirostris Australia , NSW 
Cx.annulirostris CX.annulirostris Australia , NSW 
CX.annulirostris CX.annulirostris Australia, NSW 
CX.annulirostris CX. annulirostris Austra lia, NSW 
CX. annulirosiris CX. annulirostris Australia , NSW 
CX. annulirostris CX. annulirosiris Australia , NSW 
CX. annulirostns CX. annuliros trts Australia , NSW 
CX.annulirostris CX. annulirostris Australia , QLO (CY) 
CX. annulirostris CX.annulirostris Australia , NSW 
Cx. annulirostris CX. annulirostns Australia , NSW 
CX. annulirosttis CX. annulirosflis Australia , NSW 
CX. annulirostris CX. annulirostri.s Timor Leste 
CX. annulirostris CX. annulirostris Australia , SA 
CX. annulirosiris Cx. annulirostris Australia , WA 
CX. annulirostris Cx,pelpalis Australia , NT 
CX. annulirostris Cx.annulirosiris Australia , QLO (CY) 
CX. annulirosiris CX.annulirostris PNG (WP) 
CX. annulirostris CX. annulirostns PNG (WP) 
CX. annulirosiris CX. annulirostris PNG (WP) 
CX. annulirostris CX. annulirostris PNG 0NP) 
CX. annulirostris CX.annulirostris PNG (WP) 
CX.annulirosiris CX.annulirosiris PNG (WP) 
CX.annulirostris Cx.pe/palis PNG 0NP) 
CX.annulirostris CX.annulirostris PNG 0NP) 
CX.annulirostris CX.annulirostris PNG 0NP) 
CX.annulirostris Cx.annulirostris PNG (WP) 
CX.annulirostris CX. annulirostris PNG (WP) 
Cx. annulirostris CX. annulirostris PNG 0NP) 
CX. annulirostris CX. annulirostris PNG (WP) 
CX.annulirosiris CX.palpalis PNG (Gulf Province) 

Wynddham 
Port Stephens 13 
Kununurra 
Injinoo 22 
Kununurra 
Pormpuraaw 21 
Karumba 19 
Badu Island 23 
Jabiru 
Badu Island 23 
Pormpuraaw 21 
Wynddham 
Pormpuraaw 21 
Paraburdoo 
Port Hedland 
Mary River (1 5 km from MBTA) 
Jabi ru 
laboratory collony, AMI AMI 
Port Hedland 
Port Hedland 
Port Hedland 
Paraburdoo 
Paraburdoo 
Paraburdoo 
Paraburdoo 
Karumba 19 
Pormpuraaw 21 
Kununurra 
Kununurra 
Kununurra 
Ballina 14 
Ballina 14 
Port Stephens 13 
SWBTA 16 
Jabiru 
Jabiru 
Port Stephens 13 
Port Stephens 13 
Port Stephens 13 
Port Stephens 13 
Port Stephens 13 
Port Stephens 13 
Port Stephens 13 
Port Stephens 13 
Cairns 17 
Port Stephens 13 
Baulkham Hills (Sydney) 12 
Baulkham Hills (Sydney) 12 

30 
Mundic Creek 
Wynddham 
Mt Bundey 
Pormpuraaw 21 
Oorogori 24 
Abam 24 

Oorogori 24 
Wagliwag 24 
Boze 24 

Abam 24 
Balimo 25 
Oorogori 24 

Wagliwag 24 
Boze 24 
Wagliwag 24 
Abam 24 
Wagliwag 24 
CP/98 site 40 26 
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778 
310 
313 
812 
814 
780 
731 
787 
788 
270 
805 
783 
799 
802 
732 
733 
740 
307 
276 
819 
820 
825 
831 
833 
821 
822 
823 
826 
828 
829 
830 
832 
834 
838 
617 
621 
624 
625 
627 
628 
630 
632 
633 
263 
306 
253 
679 
610 
623 
299 
807 
758 
768 
772 
773 
776 
795 
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766 
769 
297 
770 
305 
800 
746 
302 
298 
301 
784 
774 
775 
790 
791 
794 

a88 00673798 

a89 00673799 

a90 00673801 
a91 00673802 
a92 00673803 
a93 00673804 
a94 00673805 
a95 00673806 
a96 00673807 
a97 00673808 
a98 00673809 

a99 00673810 

a100 00673679 
a101 00673680 
a102 00673681 
a103 00673682 
a104 00673683 
a105 00673684 
a106 00673685 
a107 00673686 
a108 00673687 
a109 00673688 
a110 00673690 
a111 00673691 
a112 00673692 
a113 00673693 
a114 00673694 
a115 00673695 
,,116 00673696 
a117 00673697 
a118 00673698 
a119 00673699 

a120 00673701 
a121 OQ673702 
a122 00673703 
a123 00673704 
a124 00673705 
a125 00673706 
a126 00673707 
a127 00673708 
a128 00673709 

a129 00673710 

CX. annulirostris"ann PNG-2" CX.annulirostris 
CX. annulirostris"ann PNG-2" CX.annulirostris 
CX.annulirostris"ann PNG-2" CX.annulirostris 
Cx.annulirostris"ann PNG-2" CX.annulirostris 
Cx.annulirostris"ann PNG-2" CX.annulirostris 
Cx.annulirostris"ann PNG-2" CX.annulirostris 
Cx.annulirostris"ann PNG-2" CX.annulirostris 
CX. annulirostris"ann PNG-2" CX.annulirostris 
CX.annulirostris"ann PNG-2" CX.annulirostris 
CX.annulirostris"ann PNG-2" CX.annulirostris 
CX.annulirostris"ann PNG-2" CX.annulirostris 
CX.annulirostrisHann PNG-2H CX.annulirostris 
Cx.annulirostris"ann PNG-2H CX.annulirostris 
CX.annulirostris"ann PNG-2H CX.annulirostris 
CX.annulirostris"ann PNG-2H CX.annulirostris 
CX.annulirostris"ann PNG-2" CX.annulirostris 
CX.annulirostris"ann PNG-2" CX.annulirostris 
CX.annulirostris"ann PNG-2" CX.annulirostris 
CX.annulirostris"ann PNG-2" CX.annulirostris 

CX. annulirostris "ann S/" CX.annulirostris 
Cx.annulirostris "ann S/" CX.annulirostris 
Cx.annulirostris "ann S/" Cx.annulirostris 
CX.annulirostris "ann SI" CX.annulirostris 
CX.annulirostris "ann S/" CX.annulirostris 
Cx.annulirostris "ann SI" CX.annulirostris 
CX.annulirostris "ann SI" CX.annulirostris 
CX.annulirostris "ann S/" CX.annulirostris 
CX.annulirostris "ann SI" CX.annulirostris 
CX.annulirostris "ann S/" CX.annulirostris 
Cx.annulirostris "ann S/" CX.annulirostris 
CX.annulirostris "ann SI" Cx.annulirostris 
CX.annulirostris "ann S/" CX.annulirostris 
CX.annulirostris "ann S/" CX.annulirostris 
CX.annulirostris "ann S/" CX.annulirostris 

CX.annulirostris "ann S-AUS" CX.annulirostris 
CX.annulirostris "ann S-AUS" CX.annulirostris 
CX.annulirostris "ann S-AUS" CX.annulirostris 
CX.annulirostris "ann S-AUS" CX.annulirostris 
Cx.annulirostris "ann S-AUS" CX.annulirostris 
CX.annulirostris "ann S-AUS" CX.annuliroslris 
CX.annulirostris "ann S-AUS" CX.annulirostris 
CX.annulirostris "ann S-AUS" CX.annulirostris 
Cx.annulirostris "ann S-AUS" CX.annulirostris 
CX.annulirostris "ann S-AUS" CX.annulirostris 
CX.annulirostris "ann S-AUS · Cx. annu/irostris 
CX.annulirostris "ann S-AUS" CX.annulirostris 
CX. annulirostris "ann S-AUS" CX. annulirostris 
CX.annulirostris "ann S-AUS" CX. annulirostris 
CX.annulirosfris "ann S-AUS" CX. annulirostris 
Cx. annulirostris"ann PNG- f " CX. annulirostris 
Cx.annulirostris"ann PtvG-1 " CX.annulirostris 
CX. annulirostris"ann PNG-1" CX.annulirostris 
CX. annulirostris"ann PNG-1 " CX.annu/irostris 
CX.annulirostris"ann PNG-1" CX.annulirostris 
CX.anllulirostris"ann PNG-1 " CX. annu/irostris 
CX. annulirostris "ann PNG-1 " CX.annulirostris 
CX.annulirostris"ann PNG-1" CX. annulirostris 

16 Cx.annulirostris"ann PNG-1" CX. annulirostris 
CX.annulirostris"ann PNG-1" CX.annulirostris 
CX.annulirostris"ann PNG-1" CX.annu/irostris 
Cx.annulirostris"ann PNG-1" CX.annu/irostris 
Cx.annulirostris"ann PNG-1" CX. annulirosfris 
Cx.annu/irostris"ann PNG-1" CX.annu/irostris 
CX.annulirostris"ann PNG-1" CX.annuliroslris 
CX.annuliroslris"ann PNG-1 " CX.annulirostris 
CX.annulirostris"ann PNG-1 " CX.annulirostris 
CX.annulirostris"ann PNG-1 " CX.annulirostris 
CX. annulirostris"ann PNG-1 " CX.annulirostris 
CX.annulirostris"ann PNG-1" CX.annulirostris 
CX.annulirostris"ann PNG-'I " CX.annulirostris 
CX.annulirostris"ann PNG-1 " Cx.annulirostris 
CX. annulirostris"ann PNG-1" CX.annulirostris 
CX.annulirostris"ann PNG-1 " CX.annulirostris 
CX. annulirostris"ann PNG-1 " CX.annulirostris 

CX.annulirostris PNG (WP) Boze 24 
CX.annulirostris Australia, OLO (Torres strait) Badu Island 23 
CX.annulirostris Austral ia, OLO (Torres strait) Badu Island 23 
CX.annulirostris PNG (WP) Abam 24 
CX.annulirostris PNG (WP) Abam 24 
CX.annulirostris PNG (WP) Boze 24 
CX.annulirostris PNG (Gulf Province) CP/98 site 40 26 
CX.annulirostris PNG (WP) Wagliwag 24 
CX.annulirostris PNG (WP) Wagliwag 24 
CX.annulirostris Australia , OLO (tip of CY) Umagico 22 
CX.annulirostris PNG (WP) Oorogori 24 
CX.annulirostris PNG (WP) Wagliwag 24 
CX.annulirostris PNG (WP) Abam 24 
CX.annulirostris PNG (WP) Abam 24 
CX.annulirostris PNG (Gulf Province) CP/98 site 40 26 
CX.annulirostris PNG (Gulf Province) CP/98 site 40 26 
CX.annulirostris PNG (Gulf Province) CP/98 site 36 26 
CX.annulirostris Australia, OLO (Torres stra it) Badu Island 23 
CX.annulirostris Australia, OLO (Torres strait) Yam Island 23 

n.a. Salomon Islands, NSI Buka Island 28 
n.a. Salomon Islands, NSI Buka Island 28 
n.a. Salomon Islands, NSI Buka Island 28 

CX.annulirostris Salomon Islands, NSI Buka Island 28 
CX.annulirostris Salomon Islands, NSI Bougainville Island 28 

n.a. Salomon Islands, NSI Buka Island 28 
n.a. Salomon Islands, NSI Buka Island 28 
n.a. Salomon Islands, NSI Buka Island 28 
n.a. Salomon Islands, NSI Buka Island 28 

CX.annulirostris Salomon Islands, NSI Buka Island 28 
CX.annulirostris Salomon Islands, NSI Buka Island 28 
CX.annulirostris Salomon Islands, NSI Buka Island 28 
Cx.annulirostris Salomon Islands, NSI Buka Island 28 
Cx.annulirostris Salomon Islands, NSI Bougainville Island 28 
CX.annulirostris Solomon Islands, SSI Guadalcanal 29 
CX.annulirostris Australia , SA Mundic Creek 
CX.annulirostris Australia , SA Mundic Creek 
Cx.annulirostris Austral ia, SA Mungeranie 
CX.annulirostris Australia . SA Mungeranie 
CX.annulirostris Australia , SA Mungeranie 
CX.annulirostris Australia , SA Mungeranie 
CX.annulirostris Austra lia, SA Mungeranie 
CX.annu/irostris Australia , SA Mungeranie 
CX.annulirostris Austra lia. SA Mungeranie 
CX.annu/irostris Australia, OLO Ipswich 15 
CX. annulirostris Australia, OLO (Torres stra it) Badu Island 23 
CX. annulirostris Australia , OLO SWBTA 16 
CX.annulirostris Australia , NSW Griffith 11 
CX.annulirostris Australia , SA Mundic Creek 
CX.annu/irostris Austra lia, SA Mundic Creek 
CX.annulirostris Australia, OLO (tip of CY) Injinoo 22 
CX.annulirostris PNG (WP) Oorogori 24 

n.a. PNG (WP) Balimo 25 
n.a. PNG (WP) Balimo 25 
n.a. PNG (WP) Balimo 25 
n.a. PNG (WP) Balimo 25 
n.a. PNG (WP) Balimo 25 

Cx.palpa/is PNG (WP) Balimo 25 
Cx.palpaJis PNG (WP) Balimo 25 
Cx.paJpalis PNG (WP) Balimo 25 

n.a. PNG (WP) Balimo 25 
CX.annulirostris Australia , OLO (tip of CY) Bamaga 22 

n.a. PNG (WP) Balimo 25 
CX.annulirostris Australia , OLO (tip of CY) Injinoo 22 
CX.annu/irostris PNG (WP) Abam 24 

Cx.paJpaJis PNG (Gulf Province) CP/98 site 36 26 
CX.annulirostris Australia. OLO (tip of CY) Inj inoo 22 
CX.annu/irostris Austra lia, OLO (tip of CY) Bamaga 22 
CX.annulirostris Australia , OLO (tip of CY) Bamaga 22 
CX.annulirostris PNG (WP) Wagliwag 24 

n.a PNG (WP) Balimo 25 
n.a. PNG (WP) Balimo 25 
n.a PNG (WP) Balimo 25 
n.a. PNG (WP) Balimo 25 

Cx.palpalis PNG (WP) Balimo 25 
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809 
303 
789 
760 
763 
771 
796 
801 
737 
749 
750 
813 
196 

1009 
11 0 
115 
116 
304 
281 
386 
511 
319 
486 
477 
475 
485 
478 
532 
527 
533 
518 
528 
529 
328 
519 
273 
765 
810 
761 
759 
792 
764 
815 
816 
817 
670 
674 
677 
676 
225 
226 
261 
262 
566 
569 
581 
583 

a130 

8131 
a132 
8133 
8134 

p1 

p2 
p3 

p4 
p5 
p6 
p7 
p8 
p9 

p10 
p11 
p12 
p13 
p14 

p15 
p16 
p17 
p18 
p19 
p33 

p20 

p21 
p22 
p23 
p24 
p25 
p26 
p27 
p28 
p29 
p30 
p31 

P32 
51 
52 
53 
54 
55 
s6 
57 

00673712 7 

00673713 1 
00673714 1 
00673715 1 
00673716 2 

0067381 1 1 

00673822 1 

00673833 2 

00673838 1 

00673839 1 

00673840 1 

00673841 1 

00673842 1 
00673843 1 

00673812 1 
00673813 1 
00673814 1 
00673815 1 
00673816 2 

00673817 1 
00673818 1 

00673819 1 

00673820 1 

0067382 1 1 
00673837 2 

00673823 2 

00673824 1 

00673825 1 
00673826 1 
00673827 1 
00673828 1 
D0673829 1 
00673830 1 
00673831 1 

00673832 1 
00673834 1 
00673835 1 

00673836 1 
00673844 1 
OQ673851 1 
00673852 1 
00673853 1 
00673854 1 
00673855 1 

00673856 2 

CX. annulirostris "ann PNG-1 " Cx. annulirostris 
CX.annulirostris"ann PNG-1 " Cx. annulirostris 

CX. annulirostris"ann PNG-1" Cx. annulirostris 
Cx. annulirostris"ann PNG-1" CX.annulirostris 
Cx. annulirostris"ann PNG-1" CX.annulirostris 

Cx. annulirostris"ann PNG-1 " CX.annulirostris 
CX. annulirostris"ann PNG-1" CX.annulirostris 
CX. annulirostris"ann PNG-1 " CX.annulirostris 
CX.annulirostris"ann PNG-1 " CX.annulirostris 
CX.annulirostris"ann PNG-1" CX.annulirostris 
CX.annulirostris"ann PNG-1H CX. annulirostris 
CX. annulirostris"ann PNG-1 " CX.annulirostris 

Cx.palpal'- "pal N-AUS" Cx.palpalia 

CX.palpe/is "pal N-AUS' Cx,palpalis 

Cx.palpalia 'paI N-AUS' Cx.paJpelia 

Cx.palpalis "pal N-AUS' Cx.palpali$ 

Cx,palpelis 'paI N-AUS' CX.palpel;. 
CX.palpalis .pat N-AUS' Cx.patpali$ 

Cx.palpali$ "pel N-AUS' Cx.palpeli$ 
Cx.paJpalis 'paI N-AUS" Cx.pelpalis 
Cx.palpalis .pat N-AUS' Cx.patpelia 

Cx.palpalis "pal N-AUS' Cx.palpalia 
C}(.palpalia "pal N-AUS' Cx,patpelis 
Cx,palpalis .pat N-AUS' Cx.palpells 

Cx.palpalis "pal N-AUS' Cx.~1i$ 

Cx.palpeli$ "pal N-AUS' Cx.patpeHs 
Cx.pa/paJis .pat N-AUS· Cx.palpeli$ 

Cx.palpalis "pet N-AUS" Cx.petpalis 

Cx.palpelis "pal N-AUS" Cx,palpalis 

Cx.petpe/is "pal N-AUS" Cx.patpa/ia 
Cx.paJpalis "pet N-AUS" Cx.patpalis 

Cx,palpalis "pal N-AUS' C}(.palpaHs 

Cx.pa/paJis "pet N-AUS" Cx.petpalis 
Cx.pelpa/is "pal N-AUS" Cx.palpeli$ 

Cx.palpelia "pal N-AUS' CX,pa/palis 
Cx.palpalis "pal PNG" Cx,palpaHs 

ex.palpalis "pel PNG" Cx.petpalia 

Cx.palpa/is "pal PNG" Cx.palpalis 

ex.palpalls "pal PNG" Cx.pelpaHs 
Cx,pe/plllis 'paI PNG" Cx,pelpelis 

CX.pelpalis 'pel PNG" Cx,palpeHs 
CX.pelpaiis 'paI PNG" Cx.palpeli$ 
ex,palpelis "pal PNG" Cx.palpalis 
Cx.palpalis "pal PNG" Cx.palpalis 
ex,palpalis "pal PNG" Cx.palpalis 

CX.palpalis "pal S-AUS" Cx.palpalis 
CX.palpalis "pal S-AUS" Cx.palpalis 
Cx,palpalis "pal S-AUS· Cx.pa/palis 
Cx.p8lpalis HpqJ S-AUS" Cx.palpalis 

CX.sWens Cx.sitiens 
CX. sitiens CX.sitiens 
CX.sWens Cx.sitiens 
eX.sitiens Cx.sitiens 
CX .sWens CX. sitiens 
Cx. sitiens ex.sitiens 
Cx.sitiens eX.sitiens 
eX.sitiens e X. sitiens 

Cx. annulirostris PNG (WP) Abam 
CX. annulirostris Australia , OLD (tip of CY) Injinoo 

CX.palpalis PNG (WP) Balimo 
n.a PNG (WP) Balimo 
n.a. PNG (WP) Balimo 
n.a. PNG (WP) Balimo 

CX.palpafis PNG (WP) Balimo 
Cx. annulirostris PNG (WP) Abam 

Cx.palpalis PNG (Gulf Province) CP/98 site 40 
Cx. annulirostris PNG (Gulf Province) CP/98 site 6 
CX.annulirostris PNG (Gulf Province) CP/98 site 6 
Cx. annulirostris PNG (WP) Abam 
Cx. annulirostris Austral ia, OLD (CY) Normanton 

Cx.paJpa/is Austral ia, OLD (CY) Normanton 

Cx.palpalis Austral ia, OLD (CY) Normanton 

Cx.palpa/is Australia, OLD (CY) Normanton 

Cx.palpalis Austral ia, OLD (CY) Normanton 
Cx.palpalis Australia , OLD (tip of CY) Injinoo 

Cx. annulirostris Australia , OLD (CY) Kowanyama 

Cx.palpalis Australia , NT Mary River (15 km from MBTA) 

Cx,palpalis Australia , NT Mt Bundey 
Cx.palpaOs Australia , NT Jabiru 
Cx.palpa/is Australia , NT Jabiru 
Cx.palpalis Australia , NT Jabiru 
Cx.palpeli$ Australia , NT Jabiru 

Cx.paIpa/is Australia , NT Jabiru 
Cx.palpelis Australia , NT Jabiru 
Cx.palpe/is Australia , NT Jabiru 

Cx.paJpaJis Australia , NT Jabiru 
Cx.palpali$ Australia , NT Jabiru 
Cx.palpalis Australia , NT Jabiru 

Cx.palpalis Australia , NT Jabiru 

Cx.palpalis Australia , NT Jabiru 
Cx.palpalis Australia , NT Jabiru 
ex.palpalis Australia , NT Jabiru 

Cx. annulirostris Australia , OLD (Torres strai t) Badu Island 
n.a. PNG (WP) Balimo 

Cx. annulirostris PNG (WP) Abam 
n.a. PNG (WP) Balimo 
l1 .a. PNG (WP) Balimo 

ex.palpalis PNG (WP) Balimo 
n.a. PNG (WP) Balimo 

CX.palpalis PNG (WP) Kawito 
ex,palpalis PNG (WP) Kawito 

CX.palpalis PNG (WP) Kawito 

Cx. annulirostris Australia , NSW Albury 
Cx. annultrostris Australia , NSW Albury 
Cx. annulirostris Australia , NSW Albury 

ex. annulirostris Australia , NSW Albury 
ex.sitiens Australia , OLD (CY) Karumba 
CX.sitiens Australia , OLD (CY) Karumba 
e X.sitiens Australia, OLD SWBTA 
ex.sitiens Australia , OLD SWBTA 
Cx.sitiens Australia , WA Port Hedland 

n.a Australia , WA Port Hedland 

CX.sitiens Australia , WA Exmouth 
CX.sitiens Australia , WA Exmouth 

68 

24 
22 
25 
25 
25 
25 
25 
24 
26 
26 
26 
24 
19 
19 
19 
19 
19 
22 
20 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

23 
25 
24 
25 
25 
25 
25 
25 
25 
25 
10 
10 
10 
10 
19 
19 
16 
16 
5 
5 
7 
7 



567 58 00673857 5 Cx.sitiens Cx.sitiens Cx. sitiens Australia , NSW Port Stephens 13 

258 Cx.sitiens Cx.sitiens Cx.sitiens Australia , OLD SWBTA 16 

260 Cx. sitiens Cx.sitiens Cx.sitiens Australia , OLD SWBTA 16 

567 Cx.sitiens Cx.sitiens Cx.sitiens Australia , WA Port Hedland 

568 Cx.sitiens Cx.sitiens Cx.sitiens Australia , WA Port Hedland 

646 s9 00673858 7 Cx.sitiens Cx.sitiens Cx. sitiens Australia , NSW Ballina 14 

259 Cx.sitiens Cx. sitiens Cx.sitiens Australia, OLD SWBTA 16 

570 Cx.sitiens Cx.sitiens Cx.sitiens Australia , WA Port Hedland 5 

582 Cx.sitiens Cx.sitiens Cx.sitiens Australia , WA Exmouth 7 

647 Cx.sitiens Cx.sitiens Cx. sitiens Austral ia, NSW Ballina 14 

585 Cx.sitiens Cx.sitiens Cx.sitiens Australia , WA Exmouth 

584 Cx.sitiens Cx.sitiens Cx.sitiens Australia, WA Exmouth 

648 s10 00673845 1 Cx.sitiens Cx.sitiens Cx.sitiens Australia , NSW Ballina 14 

763 511 00673846 Cx.sitiens Cx.sitiens n.a. PNG (Eastern Province) Popondetta 27 

705 512 00673847 Cx.sitiens Cx.sitiens n.a. PNG (Eastern Province) Popondetta 27 

700 513 00673848 Cx.sitiens Cx.sitiens n.a. PNG (Eastern Province) Popondetta 27 

701 Cx.sitiens Cx.sitiens n.a. PNG (Eastern Province) Popondetta 27 

702 514 00673849 2 Cx.sitiens Cx.sitiens CX.palpalis PNG (Gulf Province) CP/98 site 40 26 
703 Cx.sitiens Cx.sitiens n.a. PNG (Eastern Province) Popondetta 27 

848 515 0 0 673850 1 Cx.sitiens Cx.sitiens Cx.sitiens Timor Leste 30 

MRN: Mosquito reference number; H mtDNA haplotypes number (a - indicates Cx.annulirostris; p -
indicates Cx. palpalis; s - indicates Cx.sititens) Acc: accesion number of the mtDNA sequence in 
GenBank / EMBL / DDBJ ; No : number of individual mosquitoes with the respective COl haplotypes; 
mtDNA (COl) - mitochondrial DNA (cytochrome ox idase I) PCR-RFLP (ITS! rDNA) - PCR-RFLP 
( internal transcribed spacer 1 rONA); Morphological identification - identification based on 
morphology; Region - country, province, state of the mosquitoes collection site; Locality - locality of 
the collection, i.e. town or nearest important point Map - reference to the Figure 1; n.a. - not available 

3.2.2 COl amplification 

A 538 bp 5' fragment of the COl gene was PCR amplified and sequenced using the 

same primer pair for amplification and sequencing; F-COI50 (5'-GTA GTT TAG TAG AAA 

ATG GAG C-3') and R-COI650 (5'-TAG CAG AAG TAA AAT AAG CTC G-3') . Reactions 

of 25 1-11 contained 2.5 mM MgCb, 200 pM for each dNTP, 0.6 unit Taq (Fisher Biotech, W A, 

Australia), and approximately 1- 10 ng of genomic DNA template (~ 1 ~l) . The cycling was as 

follows; denaturing at 94°C for 3 min followed by 35 cycles of 94°C for 1 min, 48°C for 1 

min, 72°C for 1 min, and a final elongation for 3 min at 72°C. The correctly sized PCR 

product was verified on agarose gel and the remainder purified using a Q IAquick PCR 

purification kit (Qiagen). Individual PCR products were directly sequenced in both directions 

at the Australian Genome Research Facility (University of Queensland, Brisbane, Australia). 

Haplotype a126 was PCR amplified and sequenced three separate times to confirm its unique 
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amino acid substitution. Sequences have been deposited in GenBank [GenBank: DQ673677-

DQ673858]. 

3.2.3 Sequence and phylogenetics analysis 

Individual sequences were assembled with Sequencer 4.2.2 (GeneCodes, MI, USA). 

Nucleotide and haplotype diversity within the lineages identified were calculated using 

DNASP 4.1 0 (Rozas et al. 2003). Identical haplotypes were pooled and only unique 

haplotypes were used for further analysis. Composition of the nucleotide sequences was 

analysed using MEGA 3.1 (Kumar, Tamura, and Nei 2004). Sequence divergences were 

calculated using the Kimura 2 parameter distance model using MEGA 3.1 (Kumar, Tamura, 

and Nei 2004). Both the maximum of intra-population distance and the minimum of inter-

population distance were calculated using the Kimura's 2-parameter distance model (Kimura 

1980) in MEGA4 (Tamura et al. 2007). I applied a 3% threshold to represent different 

categories of "species" (Hebert et al. 2003) in order to assess the suitability of DNA barcoding 

and of this threshold in Culex sitiens mosquitoes. Importantly, I used the highest intraspecific 

distance and the smallest interspecific distance rather than means as recommended (Meier, 

Zhang, and Ali 2008). 

Both interspecific (interlineage) and intraspecific (intralineage) paIrWISe sequence 

divergences for ace-2 and COl were calculated using the Kimura's 2-parameter distance 

model (Kimura 1980) in MEGA4 (Tamura et al. 2007). I used the highest intraspecific 

distance and the smallest interspecific distance rather than means (Meier, Zhang, and Ali 

2008). 
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A multiple sequence alignment was constructed comprising 182 unique haplotypes 

from 208 ex. annulirostris, 37 ex. palpalis and 28 ex. sitiens (see Appendix 2). Haplotypes 

of ex. sitiens served as an outgroup. The alignment consisted of 538 nt coding for 179 amino 

acids using the invertebrate mitochondrial code (Appendix 2). The nucleotide sequence 

alignment was analysed using Maximum Likelihood with the GTR+r +1 model using PhyML 

2.4.4 (Guindon and Gascuel 2003). The robustness of the Maximum Likelihood tree was 

evaluated by the bootstrapping method with 500 replicates using PhyML. For the nucleotide 

model selection I employed a hierarchical likelihood ratio test (LRT) as well as the Akaike 

information criterion (AIC) implemented in ModelTest 3.6 (Posada and Crandall 1998) in 

cooperation with PAUP* 4bl0 (Swofford 2003). 

In addition, the dataset was analysed by Bayesian phylogenetic analysis using 

MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003). I took advantage of MrBayes' ability to 

relax the parameters of the nucleotide model over subsets of the alignment, in order to better 

model the nucleotide evolution - particularly at different nucleotide coding positions 

(Ronquist and Huelsenbeck 2003). A covarion model was used to better model the between-

lineage variability (Huelsenbeck 2002). 

Initially, the alignment was divided into partitions based on coding position. Then I 

unlinked the parameters (shape, revmat, statefreq) between these partitions and applied a 4x 4 

nucleotide model. Finally, for the 1 st and 2nd codon positions, I used the model with only one 

substitution category with all rates equal (F81 model) and, for the 3rd codon position, I used 

the model with six categories with a gamma shape parameter plus invariants including the 

covarion parameter (GTR+r +I+cov model). Metropolis-coupled Markov chain Monte Carlo 

analyses were run with one cold and three heated chains (temperature set to default 0.2) for 

5,000,000 generations and sampled every 200 generations. This process was performed three 

times from a random starting tree and ran well beyond convergence. Trees before 

convergence were discarded for the reconstruction of the consensus Bayesian tree with 

posterior probabilities. 
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3.2.4 Alternative tree topology testing using haplotypes subsets 

To further address the phylogenetic relationship within the obtained haplotypes, 1 

restricted the alignment into three subsets, each comprising 18 haplotypes (10 haplotypes 

from ex. annulirostris, six from ex. palpalis and two from ex. sitiens, which served as an 

outgroup). Given that Maximum Likelihood calculations with all haplotypes were 

prohibitively time-consuming, these subsets served as surrogate abstractions of the full 

dataset. For each lineage unit, 1 selected two haplotypes based on the following approach: 

Subset 1 - an ancestor haplotype and its closest haplotype (a44, a5l, a89, a92, a98, al03, 

a117, al19, a128, a132, p12, p25, p28, p29, p30, p33, s7, s8); Subset 2 - two haplotypes from 

network extremities (a5l, a64, a89, a93, a98, a99, al19, al07, a128, a13l, plO, p20, p25, p30, 

p32, p33, s9, s8); and Subset 3 - an ancestor and an extremity of the network (a64, a66, a88, 

a93, a99, al02, al07, al13, a130, a131, p5, plO, p20, p22, p3l, p32, s4, s9). Calculations on 

the three subsets enabled me to map the variability of the haplotype phylogenies. For each 

subset 1 calculated a Maximum Likelihood tree with bootstraps and applied a variety of 

constraints to test both my hypothesis and the robustness of the optimal tree. 

The best trees and all constraints were inferred in PAUP*4blO (Swofford 2003).1 first 

reconstructed a Neighbour joining tree and used it to estimate the GTR+r +1 likelihood 

parameter. Then the parameters were fixed and used in the inference of a Maximum 

Likelihood tree using a heuristic search with 20 random sequence additions with NNl 

swapping. The resulting GTR+r +1 model parameters were used for the Maximum Likelihood 

tree reconstruction for the unconstrained tree as well as for all constrained trees. For the 

unconstrained trees, 1 calculated bootstraps using 100 replicates. Site likelihoods for 

individual trees were calculated using PAUP*4blO (Swofford 2003) and these were used for 

the Approximately Unbiased (AU) test (Shimodaira 2002) and the Shimodaira-Hasegawa 

(SH) test (Shimodaira and Hasegawa 1999), both implemented in CONSEL 0.1 h (Shimodaira 

and Hasegawa 2001). A value of P>0.05 was considered statistically significant to reject the 

hypothesis that the two trees were significantly different. 
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Table 3.2. List of Culex COl baplotypes. List of Culex annulirostris, Cx. palpalis and Cx. sitiens obtained in 

this study. 

Country, Locality Map COl Haplotypes (n) Region site lineage 
Northern Jabiru 1 ann-AUS a38, a39, a40, a51(2), a63(2) Territory 

Australia Jabiru 1 pal-N- p9,pIO,pll,pI2,pI3,pI4(2)pI5,pI6,pI7, 
AUS p18, p19, p33 (2) 

Mary River 2 ann-AUS a41 , a42, a51 

Mary River 2 pal-N- p7 AUS 
Mt Bundey 2 ann-AUS aI8,a43,a75 

Mt Bundey 2 pal-N- p8 AUS 
Western Kununurra 3 ann-AUS a51 (2), a58, a59, a60 Australia 
Australia Wyndham 4 ann-AUS a44,a45,a46, a47,a48,a49,a50,a51(2), a75 --

Port 5 ann-AUS a24,a51, a52, a53,a54, Hedland 
Port 5 sit s5, s6, s8(2), s9 Hedland 
Paraburdoo 6 ann-AUS a51, a55, a56(2), a57 
Exmouth 7 sit s7(2) s9(3) 

South Mungerani 8 ann-S- al08,aI09,al10,al11,aI12,alI3,alI4 Australia e AUS 

Australia Mundie 9 ann-AUS a75 Creek 
Mundie 9 ann-S- al06, al07, al19(2) Creek AUS 

New South Albury 10 pal-S- p29,p30,p31,p32 Wales AUS 

Australia Griffith 11 ann-S- al18 AUS 
Baulkham 12 ann-AUS a72, a73 Hills 
Port 13 ann-AUS a47,a51 , a63(2)a64,a65,a66,a67,a68,a69, 
SteEhens a70,a71 
Port 13 sit s8 Stephens 
Ballina 14 ann-AUS a8,a61,a62 
Ball ina 14 sit s9(2) s10 
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Queensland Ipswich 15 ann-S- al15 AUS 

Australia Brisbane AMI ann-S- a5l AUS 
SWBTA* 16 ann-AUS a26, a27, a28, a63 

SWBTA* 16 ann-S- al17 AUS 
SWBTA* 16 sit s3, s4, s8(2), s9 
Cairns 17 ann-AUS a70 
Croydon 18 ann-AUS a29, a30, a31, a32 
Normanton 19 ann-AUS a14, a15, a16, a17 

Normanton 19 pal-N- pI, p2, p3(2) p4 AUS 
Karumba 19 ann-AUS aI8,a19, a20,a21,a22,a23 , a24,a25,a51,a57 
Karumba 19 sit sl, s2 
Kowanyam 20 ann-AUS a3 , a4, a5 , a6, a7 a 
Kowanyam 20 pal-N- p6 a AUS 
Pormpuraa 21 ann-AUS aI, a2, a46, a51(3), a57, a75 w 
Injinoo 22 ann-AUS all , a5l 

Injinoo 22 ann-PNG- a120, a128(2), a130 1 

Injinoo 22 pal-N- p5 AUS 
Bamaga 22 ann-AUS a8,a9,aIO 

Bamaga 22 ann-PNG- a 128(3) 1 
_Um~co 22 ann-AUS a13 

Umagico 22 ann-PNG- a89 2 
Seisia 22 ann-AUS al2 

Torres Badu 23 ann-AUS a33 , a34, a35, a36, a37, a51(2) Strait Island 

Queensland Badu 23 ann-PNG- a88(2), a96 Island 2 

Australia Badu 23 ann-S- a116 Is land AUS 
Badu 23 pal-PNG p20 Island 

Yam Island 23 ann-PNG- a97 2 
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Western Boze 24 ann-AUS a79,a83 Province 
Papua New Boze 24 ann-PNG- a88,a89 Guinea 2 

Abam 24 ann-AUS a77,a80,a85 

Abam 24 ann-PNG- aI28,aI30,aI31,aI34 1 

Abam 24 ann-PNG- a88(2), a91, a92 2 
Abam 24 pal-PNG p21 
Wagliwag 24 ann-AUS a78,a82,a84,a86 

Wagliwag 24 ann-PNG- a128 1 

Wagliwag 24 ann-PNG- a89(2), a90 2 
Dorogori 24 ann-AUS a76,a77,a81 

Dorogori 24 ann-PNG- a121 1 

Dorogori 24 ann-PNG- a89 2 
Kawito 25 pal-PNG p26,p27,p28 
Balimo 25 pal-PNG p20, p22,p23,p24, p25 
Balimo 25 ann-AUS a81 

Balimo 25 ann-PNG- aI22,aI23,aI24,aI25,aI26,aI27,aI28(8) 
1 a129 130(5) 

Gulf CP/98 site 26 ann-PNG- a133, a134 Province 6 1 
Papua New CP/98 site 26 ann-PNG- a89,a95 Guinea 36 2 

CP/98 site 26 ann-PNG- a128 36 1 
CP/98 site 26 ann-PNG- a132 40 1 
CP/98 site 26 ann-PNG- a93,a94 40 2 
CP/98 site 26 ann-AUS a87 40 
CP/98 site 26 sit s14 40 
Popondetta 27 sit sll, s12, sI3(2), s14 --
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Northern Buka 28 ann-SI a98(4) a99(4) aIOO, alOI, a102, al03 Solomons Island 
Bougainvill 28 ann-SI a98,a104 e Island 

Southern Guadalcana 29 ann-SI al05 Solomons I 
Timor Leste 30 ann-AUS a74 

30 sit sl5 

* SWBT A, Shoalwater Bay Training Area, Queensland, Australia; AMI - Army Malaria Institute, 

Brisbane, Queensland, Australia (Culex annulirostris mosquito colony); for additional details see Appendix I. 

3.3 Results 

3.3.1 Mosquito identification: morphology versus rDNA ITS1 and COl 

There was 10% incongruity between the ITS 1 diagnostic results and the morphology 

of 218 field collected adults (Table 3.1). For Cx. annulirostris, correct morphological 

identification occurred 95.6% of the time (eight individuals out of 180 were incorrectly 

identified as Cx. palpalis), 95 .5% for Cx. sitiens (one out of 22 individuals was incorrectly 

identified as Cx. annulirostris) and 62.5(% for Cx. palpalis (14 of 40 were incorrectly 

identified as Cx. annulirostris and one as Cx. sitiens). These results confirm the difficulty 

distinguishing Cx. palpalis from Cx. annulirostris and highlight the fact that Cx. palpalis is 

probably underrepresented in studies that use morphology only for species discrimination. 

Of 182 different COl haplotypes found in 273 field-collected mosquitoes - comprising 

28 Cx. sitiens, 208 Cx. annulirostris and 37 Cx. palpalis - there was 100% agreement 

between the ITSI diagnostic and the COl sequence grouping of Culex spp. The final sequence 

alignment (Appendix 2) was 538 nucleotides, of which 77% (414 nt) were constant, 19% (100 

nt) were parsimony informative and the remaining 4% (24 nt) represented unique singletons. 

The majority (890/0) of the parsimony informative sites were detected at the 3rd codon 

position, compared with 11 % at the 1 st codon position and none in the 2nd position. A 

pronounced AT-bias was observed at the 3rd codon position and when the three co dons were 
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examined separately, differences in nucleotide compositions were observed (Figure 3.1). For 

example, at the first codon position, guanine was represented 30.6% of the time, compared to 

15.7% in the second codon position and 2.4% in the third codon position, suggesting that 

significant differences in the model of sequence evolution between three codon positions are 

required. To counterbalance the effect of discrepancy between codon position and nucleotide 

diversity, a GTR model (which allows for the variation of base frequencies and unique 

probability for each of the six possible substitution classes) was selected in agreement with 

ModelTest 3.6 (Posada and Crandall 1998) for the Maximum Likelihood analyses. The 

complex model of substitution including gamma distribution and invariant sites (GTR+r +1) 

was selected for the full alignment by the hierarchical likelihood ratio test (LR T) as well as 

the Akaike information criterion (AIC). Moreover, the dataset for the Bayesian analysis was 

separated into partitions corresponding to first, second and third codon positions, thus 

allowing application of independent parameters for these partitions in order to better fit the 

model to the dataset. 

The translation of the nucleotide sequence into an amino acid sequence, using the 

invertebrate genetic code, showed identical amino acid sequences for all considered 

haplotypes in the three species, except for a single amino acid substitution valine to leucine in 

haplotype a126 (DQ673707) of Cx. annulirostris collected in PNG. Both valine and leucine 

are similar in their chemical properties, being non-charged and hydrophobic. This mutation 

has been verified using three independent PCR amplifications and direct bidirectional 

sequencing. 

3.3.2 Phylogenetics analysis: 

Both the Maximum Likelihood and Bayesian methods show that COl was able to 

discriminate the three taxa and confirmed all ITS 1 identifications as well as several divergent 

lineages within Cx. annulirostris and Cx. palpalis (Figure 3.2 and Table 3.1). Both 

phylogenetic methods produced the same tree with Maximum Likelihood showing lower 

branch support. 

77 



Figure 3.1: Nucleotide composition of COl gene. Nucleotide composition across all Culex sitiens subgroup 

taxa examined of all nucleotides, as well by I st, 2nd and third codon position 
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Figure 3.2 Phylogenetic tree of Culex spp. based on COl gene sequence. (A) Summarized Bayesian 
phylogenetic tree with 182 total COl haplotypes. Culex sitiens were used as an outgroup. (B) Expanded subtree 
of 15 haplotypes from 28 Cx. sitiens. (C) Expanded subtree of 33 haplotypes from 37 Cx. palpalis individuals. 
(D, E) Expanded subtree of 134 haplotypes from 208 Cx. annulirostris individuals. Bayesian tree was 
reconstructed based on nucleotide sequence alignment of 538 aligned coding positions using MrBayes 3.1.2 with 
a mixed nucleotide model. Bayesian posterior probabilitieslML bootstrap support values calculated with PhyML 
2.4.4 (500 replicates) are shown (>50/50%). For details about phylogenetic reconstruction see Materials and 
Methods (3.2 .3). 
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Culex sitiens was the most divergent taxon, showing little geographic structure; the 
same haplotypes (s9, s8) occurred on both the east and west coasts of Australia. The 
haplotypes (sll-sI4) from PNG to form a clade within the Australian grouping (sl-10, sI5), 
but as only 26 individuals were assessed, little can be interpreted from this. 

Both phylogenetic methods support the division of Cx. palpalis into three divergent 

lineages (pal-N-AUS, pal-SAUS and pal-PNG) that show no geographic overlap (Table 3.2). 

The pal-PNG lineage was restricted to PNG and the Torres Strait; the pal-N-AUS lineage was 

restricted to northern Australia; and the pal-S-AUS was found only in southern Australia. 

Culex annulirostris comprised four distinct lineages (ann- PNGl, ann-SI, ann-S-AUS 

and ann-AUS) with a fifth sublineage identified within the ann-AUS lineage (ann- PNG2) in 

Figures 1 and 2 due partly to the restricted distribution of this clade, which is the same as ann-

PNG 1. These lineages showed clear geographic structure (Figure 3.3). The ann-AUS lineage 

exists throughout Australia and southern PNG while the ann-S-AUS lineage appears to be 

more abundant in southern Australia making up 920/0 (11/12 mosquitoes) of collections in 

South Australia (sites 8 and 9) and also appearing sporadically along the east coast of 

Australia (single individuals identified at sites 15, 16 and 23). The PNG lineages, ann-PNG 1 

and ann- PNG2, accounted for 76% of ex. annulirostris in PNG (441 58 mosquitoes) with the 

Torres Strait and the top of Queensland's Cape York Peninsula representing their southern 

limit (sites 23 and 22). A fifth lineage ann-SI occurred only in the Solomon Islands (sites 28 

and 29). 

Haplotype diversity was very high in all lineages with most lineages showing values 

above 0.85 (Table 3.3). Apart from the major lineages described above and the sublineage 

ann-PNG2, no phylogeographic structure was found among the remaining haplotypes. 
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Figure 3.3. (A) Map of mosquito collection sites in Australasia with proportional distribution of Cx. 
annulirostris COl lineages. Collection sites are indicated 1- 30 (for locality details see Table 3.1, Appendix 1). 
Pie chart graphs indicate the distributional frequency of Cx. annulirostris haplotypes representing the five 
identified mtDNA COl lineages. The size of the pie charts' segments is proportional to the number of mosquitoes 
identified as Cx. annulirostris, which is also indicated in brackets. Haplotype aS1 from the laboratory colony at 
AMI in Queensland, Australia, is not included. (B) Summarized Bayesian phylogenetic tree. Phylogenetic tree 
of Cx. annulirostris showing 134 COl haplotypes compressed into the five different lineages of Cx. 
annulirostris. Branch support is Bayesian posterior probability/ML bootstraps (expanded in Figure 3.2). 
Haplotypes belonging to Cx. sitiens were used as an outgroup. 
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Table 3.3: Molecular diversity for the different lineages identified. 

Mosquito species "mtDNA lineage" N No. haplotypes Nucleotide diversity (SD) Haplotype diversity (SD) 
Culex annulirostris "ann AUS" 122 73 0.0080 (0.0005) 0.954 (0.014) 
Culex annulirostris "ann PNG-1" 37 15 0.0022 (0.0003) 0.787 (0.061) 
Culex annulirostris "ann PNG-2" 19 10 0.0025 (0.0004) 0.854 (0.061) 
Culex annulirostris "ann S-AUS" 15 14 0.0068 (0.0012) 0.990 (0.028) 
Culex annulirostris "ann SI" 15 8 0.0068 (0.0008) 0.848 (0.071) 
Culex palpalis "pal N-AUS" 23 17 0.0072 (0.0008) 0.960 (0.027) 
Culex palpalis "pal S-AUS" 4 4 0.0056 (0.0012) 1.000 (0.177) 
Culex palpalis "pal PNG" 10 9 0.0065 (0.0008) 0.978 (0.054) 
Culex sitiens 28 13 0.0077 (0.0015) 0.881 (0.041) 

Legend to table: SO - standard deviations; N - sample size 

3.3.3 Genetic relationships within and between identified COl lineages. 

To evaluate the effectiveness of the barcoding methodology for identifying species 

biodiversity, I assessed the inter- and intraspecies divergence before and after the split of Cx. 

annulirostis and Cx. palpalis into their eight different lineages. For each population (species 

or lineages) I compared their minimum distance to a congener with the maximum divergence 

\vithin each population (Figure 3.4). A threshold value of 30/0 was used to separate the graph 

into four quadrants representing the different categories of species (Hebert et al. 2003; Hebert 

et al. 2004b). The top left quadrant indicates high interspecific and low intraspecific diversity 

suggesting no cryptic species, the bottom right quadrant represents a high intra- and low 

interspecific diversity suggesting the possibility of misidentification (Hebert et al. 2004b). 

The morpho species ex. annulirostris and Cx. palpalis appear in the bottom right quadrant 

(Figure 3.4A), indicating high levels of genetic diversity within but low between species 

suggesting these are a possible misidentification as suggested (Hebert et al. 2004b). The 

presence of Cx. sitiens in the top left quadrant of Figure 3.4A indicates that it did not display 

sufficient within-species variation to generate doubt as to whether it was a single biological 

entity. When the five lineages of Cx. annulirostris and the three lineages of Cx. palpalis, 

identified through phylogenetic inference, were reanalysed, all eight lineages appeared in the 

bottom left quadrant (Figure 3.4B), suggesting recently diverged populations and/or newly 

emerged species (Hebert et al. 2004b). Culex sitiens present more interspecific divergence 

than intraspecific (Figure 3.4A). The morpho species Cx. annulirostris and Cx. palpalis 
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present more intraspecific divergence than interspecific divergence (Figure 3.4A) suggesting 

that using COl barcoding for the identification of these species may be difficult. In the same 

way Cx. annulirostris AUS lineages and Cx. palpalis PNG and SAUS display more 

divergence within each lineage than between them. 

3.3.4 Alternative tree topologies 

Maximum Likelihood methods were used to further characterize the phylogenetic 

relationship by testing alternative (constrained) trees. I used three haplotype subsets and 

inferred constrained trees using the AU-test and the SH-test (Shimodaira 2002) to test if the 

constrained trees were significantly better than my best unconstrained tree (Figure 4 and 

Table 2). First, I constructed and bootstrapped an unconstrained tree using two alternative 

heuristic searching algorithms; this found trees showing identical topology with marginal 

differences in branch support (Figure 3.5). The relationship of the three Cx. palpalis lineages 

was not fully resolved in the unconstrained tree and, so, I tested whether an alternative 

branching of these three lineages of Cx. palpalis would be rejected if compared to the 

unconstrained topology supporting the following: [ (pal- S-AUS, pal-PNG), pal-N-AUS]. The 

AU-test and SH-test could not reject the alternative topologies (Table 3.4, Nos. I and II), 

indicating a trichotomy of the three lineages due to the lack of a robust phylogenetic signal. 

Next I tested if I could reject the monophyly of the Australian lineages of Cx. 

annulirostris ann-AUS and ann- S-AUS as these two lineages appeared to be polyphyletic on 

the unconstrained tree (Figure 3.5). The AU-test and SH-test rejected this constraint in subset 

1 and 2 (Table 3.4, Nos. III), and thus supported the separate evolutionary origin of the two 

Australian Cx. annulirostris lineages. In subset 3, this topology was not rejected although the 

Pvalues for both tests were low. Similarly, the monophyly of the Cx. annulirostris lineage 

ann-PNG2 with ann-PNG 1 in PNG was rejected by both tests in all three subsets (Table 3.4, 

Nos. IV). 
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Figure 3.4: Intraspecific vs. interspecific distance of COl sequences. Sequences from ex. annulirostris, ex. 
palpalis and ex. sitiens. (A) Morphological taxa maximum intraspecific distance was compared to the minimum 
interspecific congeneric difference (Kimura 2 distance). (B) The morphological taxa were divided into several 
proposed lineages and their maximum intra-lineage distance was compared to the minimum inter-lineage 
difference. For both graphs the 3% threshold is highlighted by dash lines, dividing the graph into four quadrants 
that represent different categories of "species" [15] : top left - species concordant with current taxonomy; top 
right - probable composite species, i. e. candidates for taxonomic split; bottom left - species that have undergone 
recent divergence, hybridization, or synonymy; bottom right - Higher diversity within than between lineages that 
could be a specimen misidentification (Hebert et al. 2004b). Only points above the diagonal represent cases 
where the divergence between lineages is higher than the divergence within lineages and may be suitable for 
identification using DNA barcoding. 
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The Cx. annulirostris lineage ann-SI from the Solomon Islands proved problematic as 

its placement on the phylogenetic tree was ambiguous (Figure 3.5). Neither the AU-test nor 

the SH-test could reject the alternative placing of ann-SI: (i) as a sister to the rest of Cx. 

annulirostris with Cx. palpalis (Table 3.4, Nos. V); (ii) as a sister to the rest of Cx. palpalis 

only (Table 3.4, Nos. VI); or (iii) as a sister to the rest of Cx. annulirostris only (Table 3.5, 

Nos. VII). Hence, the evolutionary origin for the ann-SI lineage is unresolved. 

3.4 Discussion 

Culex annulirostris and Cx. palpalis have overlapping morphology and are made up of 

several distinct COl lineages whose major groupings are congruent with the ITS 1 diagnostic 

developed to separate these cryptic species (Beebe et al. 2002). Culex sitiens was most 

divergent and showed little genetic or geographic structure throughout the collection sites in 

Australia, PNG and Timor Leste. Its use of salt and brackish water larval habitats has allowed 

for the rapid exploitation of uniform coastal habitats throughout an extensive distribution that 

spans from Asia to Australia (Lee et al. 1989; Reuben et al. 1994). 

Culex palpalis comprises three geographically structured COl lineages. The branch to 

the pal-S-AUS lineage from southern Australia (site 10) is well supported. The pal- PNG and 

pal-N-AUS lineages are supported in that they appear restricted to southwest PNG and the 

Torres Strait (pal-PNG, sites 23, 24 and 25) and to northern Australia (pal-N-AUS, sites 1, 2, 

18, 20 and 22). The larval habitats of this mosquito are fresh-water sites with relatively low 

levels of organic matter (Lee et al. 1989). 
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B 87/75 90/71 80/68 

C 44/45 461 <5 53/58 

0 95/88 92/82 88/85 

E 48/45 52/51 45/51 

F 58/56 62/51 85/76 

G n.a.* 140 n.a.* I <5 100/96 

H 98/91 99/96 99/95 

I 98/87 89/80 90/85 

J 100/100 99/95 100/99 

K 100/98 95/93 100/98 

L 100/100 99/99 100/100 

M 91/57 84/65 98/85 

N 94/80 67/63 94/88 

* - "ann AUS" are paraphyletic, n. 8 . - not available 

Figure 3.5: Phylogenetic relationship of COl lineages. (A) Cladogram representing lineage classification of 
ex. annulirostris and ex. palpalis. Lineage names are indicated on the right of the tree. The tree was rooted 
using ex. sitiens and the outgroup is not shown. Maximum Likelihood bootstrap values for individual 
alphabetically labelled branches are summarized in Table B. (B) Three different dataset selections of 18 
haplotypes from the original alignment of 182 haplotypes were used to calculate the bootstrap support; for 
details see Materials and Methods. Values were calculated using Maximum Likelihood in PhyML 2.4.4 (500 
replicates) and PAUP* 4b10 (100 replicates); for details see Materials and Methods. Branches not supported by 
the analysis and dataset are indicated as * in the Table and indicate paraphyly of the selected ex. annulirostris 
ann-AUS sequences; n.a. indicates value not available. 
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The four major lineages of Cx. annulirostris indicate extended allopatric isolation, 

while the sublineage ann-PNG2 is a more recent event. The ann-SI lineage includes 

specimens from the north and south Solomon Islands and probably represents a separate 

Pacific island species. The ann-S-ADS lineage is more common throughout southern 

Australia and is found in much lower relative numbers along eastern Australia and in Torres 

Strait; no ann-S-ADS individuals were identified from the Northern Territory or Western 

Australia. The Australian lineage (ann-ADS) is the largest and most widespread, found 

throughout Australia and extending well into PNG with one haplotype found in Timor Leste 

(site 30). There is increasing evidence that ann-ADS may not have the intrinsic or extrinsic 

ability to be an effective JEV vector. Bloodmeal studies from Cx. annulirostris mosquitoes 

collected in northern Queensland and Cape York, that would represent ann-ADS, indicate a 

feeding preference for marsupials, thus diverting host-seeking mosquitoes away from pigs and 

decreasing this lineage's efficiency as JEV vector (van den Hurk et al. 2003a). Additionally, 

JEV vector competency studies suggest that ann-ADS may be a relatively inefficient 

laboratory vector for the JEV genotype I strain, which has been present in the Torres Strait 

and northern Queensland since 2000 (A. F. van den Hurk, unpublished data). The ann-PNG 1 

and ann-PNG2 lineages exist in PNG and the Torres Strait, and though the monophyly of 

these two lineages is rejected, they both show a southern limit at the top of Australia's Cape 

York Peninsula (site 22), which correlates exactly with the current southern limit of JEV 

activity (van den Hurk et al. 2006b). 

In light of this COl diversity, it is not surprising that Cx. annulirostris is found in a 

wide variety of larval habitats including fresh and slightly brackish water, and in habitats with 

relatively high levels of organic matter as well as transient habitats (Whelan 1983; Russell 

and Whelan 1986; Lee et al. 1989). If these divergent lineages represent separate biological 

species, it is unlikely that morphology will distinguish these taxa and another DNA based 

diagnostic tool will be required to study these mosquitoes. 
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3.4.1 Mosquito phy/ogeography in Australia 

The geological events of the Miocene, Pliocene and Pleistocene are believed to be 

responsible for considerable speciation events in the region (Belkin 1962; Cranston and 

Naumann 1991). These periods included the formation of the Indo-Malayan Archipelago, the 

islands of the southwest Pacific, and the glaciations of the Pleistocene, with its associated 

climate and sea level changes. Within the Australian region, the island of New Guinea is 

believed to be a major evolutionary centre of insect fauna originating from the Orient 

(Gressitt 1961). By the end of the Miocene, around 5 million years ago (mya), the present 

landmass of New Guinea had been created, although much of the lowlands were submerged 

(Dow 1977), and did not fully emerge until the late Pliocene (3.4-1.6 mya). The uplifting 

forces generated by the collision of the Australian and Pacific plates led to the formation of 

the central ranges, a process which continued until the Holocene «0.01 mya) (Kikkawa, 

Monteith, and Ingram 1981). 

There were two possible dispersal opportunities of culicid fauna east into the Australian 

region. The first was during the early Pliocene (5-3.4 mya) when the Indo-Malayan 

Archipelago was in place and an easterly spread of Oriental fauna were possible. The second 

was during the Pleistocene glaciations periods (1.6-0.01 mya), when sea levels were 120-180 

m below their current levels. During these periods of glaciations, which may have lasted for 

several thousand years, vast areas of the Sunda shelf Goining Malaysian and Indonesian 

archipelagos) and Sahul shelf Goining Australia and New Guinea) were exposed, facilitating 

the movement of fauna down the Indo-Malayan Archipelago (Kikkawa, Monteith, and Ingram 

1981). Present coastlines of New Guinea and northern Australia were formed approximately 

15,000-8,000 years ago with the sinking of the Gulf of Carpentaria and the formation of the 

Arafura Sea, due to flooding caused by sea level rises associated with the thawing of the last 

glaciations period (Nix and Kalma 1972). Land bridging Australia and the Torres Strait, 

which was joined to New Guinea during the Pleistocene, was last flooded 8,000-6,000 years 

ago (Kikkawa, Monteith, and Ingram 1981). 
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I suggest two different biogeographic histories for these Culex taxa. Culex 

annulirostris and Cx. palpalis have distributions limited mostly to Australasia, with genetic 

and geographic structure suggestive of an extended evolutionary history in this region 

allowing the evolution of multiple divergent lineages. Thus, Cx. annulirostris, Cx. palpalis, or 

an ancestor thereof, appeared during the early Pliocene (5-3.4 mya), which would have 

permitted the necessary evolutionary time for geographic expansion and the development of 

divergent lineages. Since Cx. sitiens displays little genetic or geographic structure in Australia 

and has a distribution spanning Australasia and Southeast Asia to as far north as India 

(Reuben et al. 1994), I suggest a more recent expansion into Australasia, probably during one 

of the more recent Pleistocene glaciations (1.6-0.01 mya). 

3.4.2 DNA Barcoding of closely related mosquito taxa 

The mtDNA COl sequence has been assessed as a marker for evaluating mosquito 

diversity and appeared successful in DNA barcoding studies of mosquitoes across several 

genera and species identified through conventional morphological taxonomy (Cywinska, 

Hunter, and Hebert 2006; Kumar et al. 2007). However, these two studies used only few 

mosquito samples for each species collected from very few places, which consequently hides 

the potential nucleotide divergence within each species. DNA barcodes for species 

identification rely on the fact that species should display more genetic divergence between 

each species than within (Meier, Zhang, and Ali 2008). By underestimating the intra specific 

divergence, the authors may overestimate the success of DNA barcoding for these 

mosquitoes. In my study, a large number of three morpho species have been studied over a 

large scale and should show no underestimate of the divergence within each species. The 

morpho species Cx. sitiens can be distinguished easily from Cx. annulirostris and Cx. palpalis 

using the barcoding methods as it shows much more inter species divergence than intra 

specific divergence (Figure 3.4 A). Barcoding using distance based analysis may fail to 

distinguish the morpho species Cx. annulirostris and Cx. palpalis, which show higher 
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divergence within each species than between. The identification of Cx. annulirostris AUS, Cx 

palpalis SAUS and NAUS lineages may also be difficult using DNA barcoding methodology 

(Figure 3.4 B). 

3.4.3 COl as a marker for phylogeographic studies 

Here, I have used the COl marker on closely related Culex mosquito taxa that were 

genetically identified to species using the ITS 1 (Beebe et al. 2002). I employed a Maximum 

Likelihood framework for hypothesis testing (Shimodaira 2002) that provided insights into 

the evolutionary history of these three taxa. As both ITS1 markers and COl concurred with 

the latter, revealing several more divergent lineages within these taxa, I advocate that COl is a 

reasonable starting point for molecular identification of potential cryptic mosquito species of 

the genus Culex. I used the COl gene sequence but avoided using distance-based analysis 

because of its restriction to hypothesis testing, such as weighting nucleotide positions and 

testing alternative topologies. Moreover, COl is one line of evidence from a genome that is 

not associated with the machinery of sex and DNA turnover but could be viewed as a 

reasonable starting point to evaluate the presence of cryptic species, but only if there has been 

sufficient time for the formation of discernable divergent lineages. Thus, COl will not detect 

recent speciation events. Evaluation of nuclear markers is required to determine gene flow 

barriers where divergent lineages are sympatric; this will be assessed in Chapter 4. 

3.4.4 Conclusion 

In light of this high genetic diversity (five lineages for Cx. annulirostris, three lineages 

for Cx. palpalis) it is not surprising that problems are encountered in identifying these 

mosquitoes using adult morphology. If these divergent lineages represent separate biological 

species, it is unlikely that morphology alone will distinguish these taxa. A genetically-based 

diagnostic tool will be required to study these mosquitoes particularly ex. annulirostris PNG 1 

as it is the potential invasive vector of lEV in Australia (see Chapter 5 for the development of 

the molecular identification tool). 
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The different geographic distributions of these distinct mitochondrial lineages suggest 

biological variety and, thus, it is reasonable to assume that many of these lineages will have 

different abilities to transmit endemic and exotic arboviruses. The coincidental southern limit 

of ann-PNG 1, ann-PNG2 and JEV activity presents a plausible hypothesis as to why JEV has 

not established on the Australian mainland, despite the apparent abundance of local ex. 
annulirostris vectors and feral pig amplifying hosts (Mackenzie et al. 2002). 
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Chapter 4 

Acetylcholine esterase 2 as a 

nuclear marker for the Culex sitiens 

subgroup 
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4.1 Introduction 

Allozyme studies and observations from a PCR diagnostic developed for Culex sitens 

subgroup in Australasia suggested the existence of a complex of cryptic species (Chapman et 

al. 2000; Beebe et al. 2002; Chapman et al. 2003). Mitochondrial DNA cytochrome oxidase I 

(COl) studies supported these findings by identifying eight separate lineages within the COl 

sequences (Chapter 3). Importantly, the discovery of the Cx. annulirostris PNG 1 lineages 

may explain why lEV has not establish in Australia despite evidence of invasions in Cap 

York peninsula (van den Hurk et al. 2006b). However, the last study may provide a partial 

solution to the problem as it shows only the phylogenetic history of one mitochondrial 

marker, which may not correspond to the phylogenetic history of the species. The 

confirmation from a nuclear marker would make stronger the explanation of the lEV limit. 

Moreover nuclear marker will reveal if there is shared allele between the sympatric related 

mosquitoes which may suggest interbreeding. 

The acetylcholinesterase 2 gene (ace-2) is currently the only protein coding nuclear 

marker used for the molecular identification of Culex mosquitoes and has been used for 

discrimination of the C. pipiens complex (Bourguet et al. 1998; Smith and Fonseca 2004; 

Sanogo et al. 2007; Kasai et al. 2008). The ace-2 codes for a crucial nerve response enzyme 

acetylcholinesterase (AChE) in Drosophila. The function of synaptic AChE is to stop 

neurotransmission in the central nervous system of insects by hydrolysing the 

neurotransmitter acetylcholine into acetate and choline (Toutant 1989). Due to AChE's 

function, it is the target of two major classes of insecticides used for pest management in 

agriculture and public health (Hemingway et al. 2004). 

The aim of this chapter is to test the usefulness of the nuclear gene, ace-2 as a 

phylogenetic Inarker and to reveal the genetic diversity within Cx. annulirostris and Cx. 

palpalis in Australasia. Nuclear markers with sufficient variability to allow cryptic taxa 

identification and phylogeography research are rare and I will focus my effort on a specific 
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region of this gene. I used the three-dimensional structure of Drosophila melanogaster AChE 

as the proxy to map the nucleotide diversity of the second intron to the flanking exons that 

code for a hypervariable external loop in Culex mosquitoes. The genetic diversity of ace-2 

and COl is then compared and the evolutionary history of these mosquitoes is retraced in a 

phylogenetic framework. I conclude that the external loop region of ace-2 is a useful marker 

to investigate diversity of Culex mosquitoes and strongly supports the existence of a novel 

divergent COl Culex lineage, matching the southern limit of JEV activity in Australasia. 

4.2 Materials and methods 

4.2.1 Specimen collection and identification 

Mosquitoes were collected from a wide geographic range that included Australia, 

PNG, Timor Leste and the Solomon Islands (Bougainville to the north and Guadalcanal to the 

south) (Table 4.1). Adult mosquitoes were collected using CO2-baited encephalitis ViruS 

surveillance traps both with and without 1-octen-3-o1 (octenol). Specimens were 

nl0rphologically identified using the available keys (Marks 1982; Lee et al. 1989). 

Mosquitoes were then stored in either liquid nitrogen or on dry ice, on silica gel, or in 70-

100% ethanol prior to DNA extraction. Total DNA was extracted from mosquitoes using a 

salt extraction and ethanol precipitation procedure (Beebe et al. 2002). Due to problems 

associated with separating these mosquitoes using adult morphology (Chapter 2), all material 

was genetically identified to species using an rDNA ITSI PCR-RFLP that discriminates Cx. 

annulirostris, Cx. palpalis and Cx. sitiens (Beebe et al. 2002). 
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Table 4.1: Summary of mosquitoes analysed in Chapter 4. Summary including individual mtDNA and 

nrD A haplotypes, identification and location on the Map_ 

MNR: Mosquito Number Reference; Acc nb - accesion number of the nucleotide sequence in GenBank / 
EMBL / DDBJ ; mtDNA (COl) - mitochondrial DNA (cytochrome oxidase 1); PCR-RFLP (ITS1 rDNA) -
PCR-RFLP (internal transcribed spacer 1 ribosomal DNA); n.d. - not done; COl haplotype - name of COl 
haplotype used in this study; ace-2 haplotype - name of ace-2 haplotypes inferred by PHASE used in this study; 
Morphological identification - identification based on morphology; 
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4.2.2 Amplification and sequencing of ace-2 

A 382 bp fragment of ace-2 was PCR amplified, including a partial sequence of the 3' 

region of exon 2 and the 5' region of exon 3 as well as 168 bp for the second intron. Primers 

were designed using an alignment of the ace-2 gene from the following Culex subgenus 

mosquitoes: Cx. pipiens quinquefasciatus (AYI96911), Cx. pipiens (AYI96910), Cx. 

nigripalpus (AYI96914), Cx. salinarius (AYI96913), Cx. restuans (AYI96912), Cx. pipiens 

pal/ens (AY497524), Cx. torrentium (AY497525), Cx. australicus (AY497523), Cx. pipiens 

(AMI59193) and Cx. tritaeniorhynchus (ABI22151). The same primer pair was also used for 

both PCR amplification and sequencing; ACE2SHF (5'- CAC GAA CGT ATC CGA AGA 

CTG-3') and ACE2SHR (5'-GCC ACG ATT ACG TTT CCA AC-3'). The 25 JlI PCR 

reaction contained 1.75mM MgCh, 200pM for each dNTP, 0.4 JlM for each primer, 0.6 U of 

Taq DNA polymerase (Fisher Biotech, W A, Australia) and approximately 1-20 ng of genomic 

DNA template. Cycling conditions included initial denaturing at 93°C for 4 min followed by 

35 cycles of 93°C for 1 min, 52°C for 1 min, 72°C for 1.5 min with a final elongation for 10 

min at 72°C. The PCR product was size verified on 1.5% agarose gel and the remainder 

purified using a QIAquick PCR purification kit (Qiagen). Individual PCR products were 

directly sequenced in both directions on ABI3730xl by the Australian Genome Research 

Facility (University of Queensland, St. Lucia, Australia). 

In total, 59 mosquitoes were sequenced for ace-2 (Table 4.1), of which 49 had 

previously been sequenced for COl in Chapter 3. Individual sequences were assembled and 

edited using Sequencer 4.2.2 (GeneCodes, MI, USA). Base polymorphism was coded using 

the IUPAC (International Union of Pure Applied Chemistry) ambiguity codes and deposited 

in GenBank under the accession numbers EU710617- EU710675. 

4.2.3 Amplification and sequencing of COl 

In addition to the COl sequences used in a previous study and described in Chapter 3, 

an additional ten mosquitoes were sequenced for COl. One haplotype was identical to a119 
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(Chapter 3) and nine were new haplotypes, a135-a143 (Table 4.1). Briefly, a 538 bp 5' 

fragment of the COl gene was PCR amplified and sequenced using the same primer pair and 

procedure; F-COI50 (5'-GTA GTT TAG TAG AAA ATG GAG C-3') and R-COI650 (5'-

TAG CAG AAG TAA AAT AAG CTC G-3') as previously described in Chapter 3. New 

sequences were deposited in GenBank under the Accession numbers EU710676- EU710684. 

4.2.4 Assembly and reconstruction of ace-2 haplotypes 

The Bayesian statistical method PHASE v2.1 was used to reconstruct distinct nuclear 

haplotypes for ace-2 of all individuals according to published methods (Stephens, Smith, and 

Donnelly 2001; Stephens and Scheet 2005). PHASE allowed the resolution of the ambiguities 

within the individual mosquitoes each comprising two haplotypes per genome. For each 

mosquito, PHASE reported two haplotypes (Table 4.1). The nuclear ace-2 sequences of Cx. 

annulirostris and Cx. palpalis were analysed separately and - for consistency - five 

independent runs were executed using different seeds and a thinning interval of one with a 

burn-in of 100, as recommended in the PHASE documentation. 

4.2.5 Alignment, composition and nucleotide diversity 

Nucleotide sequences of ace-2 haplotypes from ex. annulirostris and ex. palpalis 

\vere aligned in MEGA4 (Kumar, Tamura, and Nei 2004; Tamura et al. 2007). The nucleotide 

diversity of separate regions within the ace-2 sequences was calculated with DNASP v4.10 

(Rozas et al. 2003). Composition of the nucleotides and translation to amino acids was 

performed using MEGA4 (Tamura et al. 2007). Both interspecific (interlineage) and 

intraspecific (intralineage) pairwise sequence divergences for the ace-2 and the COl were 

calculated using the Kimura's 2-parameter distance model (Kimura 1980) in MEGA4 

(Tamura et al. 2007). I used the highest intraspecific distance and the smallest interspecific 

distance rather than means (Meier, Zhang, and Ali 2008). 
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An invertebrate AChE three-dimensional protein structure PDB 1 Q09 (Harel et al. 

2000) was used to map the ace-2 amino acid sequence. The three-dimensional image was 

generated using Y ASARA View (Yet Another Scientific Artificial Reality Application, 

http://www.yasara.org) with the manual addition of the external unresolved loop. 

4.2.6 Phylogenetic analysis 

Unique haplotypes of Cx. palpalis and Cx. annulirostris were used for phylogenetic 

analysis. A sister species Cx. sitiens previously sequenced for the COl as haplotypes s4 

(DQ673853) was used as the outgroup; ace-2 sequence EU710675. For each marker (COl and 

ace-2), I performed a Maximum Likelihood analysis using PhyML v2.4.4 (Guindon and 

Gascuel 2003) and a Bayesian analysis using MrBayes v3.1.2 (Ronquist and Huelsenbeck 

2003). The best model of DNA sequenced evolution was determined in Modeltest v3.6 

(Posada and Crandall 1998) in cooperation with PAUP* 4b 10 (Swofford 2003) using the 

Akaike Information Criterion (AIC). 

4.2.6.1 Maximum likelihood analysis 

The ace-2 alignment was analysed using Maximum Likelihood analysis with the AIC 

selected HKY +1 model (Hasegawa, Kishino, and Yano 1985), while the COl alignment was 

analysed with the AIC selected GTR+r+I model (Lanave et al. 1984). The ML phylogeny 

tree was generated and its branch robustness assessed by the bootstrapping method with 500 

replicates using PhyML v2.4.4 (Guindon and Gascuel 2003). 

4.2.6.2 Bayesien analysis 

In order to better model the nucleotide evolution, I took advantage of MrBayes' v3.1.2 

ability to relax the parameters of the nucleotide model over different partitions of data. The 

COl alignment was partitioned into the three coding position, while the ace-2 alignment was 

partitioned into the intron region as well as the three coding position of the exon with a 
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specific model nucleotide evolution determined for each partition. For ace-2, the AIC selected 

the JC model (Jukes and Cantor 1969) for the first and second codon position and the 

symmetrical (SYM) model (Zharkikh 1994) for the third codon position, while the intron 

used the HKY+I model. For the COl data, the AIC favoured the GTR model for the first 

codon position, the F81 model (Felsenstein 1981) for the second codon position, and the 

GTR+I+G model for the third codon position. Metropolis-coupled Markov chain Monte Carlo 

(MCMCMC) analyses were run with one cold and three heated chains (temperature set to 0.1) 

for 10,000,000 generations and sampled every 200 generations in MrBayes v3.1.2. I 

performed four independent runs from a random starting tree per dataset. I set the burn-in 

period - when the chains reached stationary phase - using the online program "A WTY: Are 

We There Yet?", utilising the cumulative and "sliding window" analysis of the posterior 

probabilities of the different runs (Nylander et al. 2008). 

4.2.6.3 Alternative tree topology testing using haplotype subsets 

To further address the phylogenetic relationships within the obtained haplotypes, I 

calculated a Maximum Likelihood tree for both markers (ace-2 and COl) and applied a 

variety of constraints to test both my hypotheses and the robustness of the optimal tree using 

CONSEL vO.l i (Shimodaira and Hasegawa 2001). The best trees and all constraints were 

inferred in PAUP*4b10 (Swofford 2003). I first reconstructed a Neighbour joining tree and 

used it to estimate the HKY+I model for ace-2 and the GTR+r+1 likelihood parameter for the 

COl. I partitioned the dataset into the intron, the first, second and third codon positions. The 

gamma distribution was calculated separately for each partition. Then the parameters were 

fixed and used in the inference of a Maximum Likelihood tree using a heuristic search with 20 

random sequence additions and NNI swapping. The resulting parameters were used for the 

Maximum Likelihood tree reconstruction for the unconstrained tree as well as for all 

constrained trees. Site likelihoods for individual trees were calculated using PAUP*4b10 

(Swofford 2003) and these were used for the Approximately Unbiased (AU) test (Shimodaira 

2002) and the Shimodaira-Hasegawa (SH) test (Shimodaira and Hasegawa 1999), both 
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implemented in CONSEL. A value of P<0.05 was considered statistically significant to reject 

the hypothesis that the two trees were significantly identical. 

4.3 Results 

4.3.1 Primer selection and sequencing 

I compared and analysed all available sequences of mosquito ace-2 retrieved from 

public databases using the BLAST capability in MEGA4 (Tamura et al. 2007). The available 

ace-2 region included the 3' region of exon 2 and the 5' region of ex on 3 and the entire 

second intron according to C. pipiens AY196910 (Bourguet et al. 1998; Smith and Fonseca 

2004; Sanogo et al. 2007). 

A three-dimensional structure of Drosophila melanogaster AChE2 was used 

(DmAChE; ace-2 equates to AChE) - the only available AChE structure published from an 

invertebrate (Harel et al. 2000). Mapping available mosquito sequences on this structure 

indicates that these sequences span both a conservative as well as a highly polymorphic 

region of the unstructured external loop. I designed a pair of primers ACE2SHF (5'- CAC 

GAA CGT ATC CGA AGA CTG-3') and ACE2SHR (5'-GCC ACG ATT ACG TTT CCA 

AC-3') annealing to the most conservative exon coding regions. The selected region amplified 

by ACE2SHF / ACE2SHR spans two ~-sheets and part of the a-helices of the determined 

structure of DmAChE (Figure 4.1 A). It also spans a portion of the DmAChE protein sequence 

- this structure could not be resolved in the electron density map and has been manually 

added to protein complex in Figure 4.1A. This external loop (hydrophilic region) represents 

31 amino acids of AChE Cx. annulirostris and Cx. palpalis, and 36 amino acids from D. 

melanogaster. 
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Figure 4.1: Structure of AChE and diversity of ace-2. Three-dimensional structure of the Drosophila 
melanogaster acetylcholinesterase, OmAChE (POB: I Q09) with the external hypervariable loop insertion added 
manually using Y ASARA (A). This "insertion" is not drawn to scale and is 36 amino acids long for the 
OmAChE. (B) Graphical representation of the ace-2 intron-exon region amplified in this study wh ich is 392 
residues. The vertical bars within the external loop region represent amino acid changes within Cx. annulirostris 
and Cx. palpalis. (C) Frequency of nucleotide diversity per site of the ace-2 sequence for Cx. annulirostris and 
Cx. pa/pa/is relative to its position and functionality. The nucleotide diversity per site is showed as a histogram: 
blue and red = exon; white= intron; red= exon coding for the external loop of the AChE protein. Standard 
deviations are represented for each region. 
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4.3.2 Nucleotide diversity within the ace-2 marker region 

In order to assess the ace-2 region's sequence diversity for ex. annulirostris and ex. 
palpalis, the 382 nt region of the ace-2 gene was sequenced from 41 ex. annulirostris and 17 

ex. palpalis. All sequences were of the same length (382 nt) including the 168 nt intron (44%; 

see Figure 4.1B). I also sequenced ace-2 from ex. sitiens, which was 389 nt consisting of a 

175 nt intron, (45%) which served as the outgroup (Table 4.1). The alignment was 392 

residues long; exon-2 spanned positions 1-76 and exon-3 spanned positions 258-292. 

To resolve the individual haplotypes from each of the nuclear chromosomes for ex. 
annulirostris and ex. palpalis, I used PHASE software (Appendix 3). PHASE identified 45 

distinct haplotypes from 58 ex. annulirostris and ex. palpalis; 320 nt positions were constant 

across all ex. annulirostris and ex. palpalis and 62 nt positions were variable (16% of the 

sequence). The majority of these polymorphic sites (37 positions) were within the intron and 

25 polymorphic positions were in the exon regions. The average nucleotide diversity for ex. 
annulirostris and ex. palpalis was 2.5% per site (Figure 4.1). The nucleotide diversity for the 

intron region was higher (3.3%) than the exon region (1.9%). Surprisingly the 3' region of the 

exon 2 containing the external loop showed the highest amount of nucleotide diversity per site 

(5.30/0). 

The coding region revealed a relatively homogeneous composition of T, C, A and G 

nucleotides with 21.9%, 24.5%, 24.4% and 29.1 %, respectively. The base composition at the 

three codon positions differs greatly: at the first codon position, G is represented with the 

highest frequency of 32.4%; at the second position A is predominant with 33.3%; in the third 

position C is predominant with 32.6%. 
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4.3.3 ace-2 phylogeny and phylogeography 

I first selected an overall model for nucleotide evolution to reconstruct the phylogeny 

of the ace-2 haplotypes. For the Bayesian analysis, I took advantage of MrBayes' ability to 

relax the parameters of the nucleotide model over subsets of the alignment, in order to better 

model the nucleotide evolution - particularly at different nucleotide coding positions 

(Ronquist and Huelsenbeck 2003). 

Using ex. sitiens as outgroup for the ace-2 marker, both Maximum likelihood and 

Bayesian methods showed the same phylogenetic tree topology (Figure 4.2). Both methods 

discriminate three highly supported lineages: ex. annulirostris, ex. palpalis and a third 

lineage termed ex. annulirostris "ann-PNG 1". The resolution between these three 

monophyletic lineages is ambiguous and the topology supporting the monophyly of ex. 
palpalis and ex. annulirostris "ann-PNG 1" is only weakly supported by 53% bootstrap 

support using PhyML and 51 % posterior probability using MrBayes. 

The ex. annulirostris "ann-PNG 1" lineages comprised 12 mosquitoes (haplotypes h15 

to h18) geographically restricted to PNG and the top of Queensland's Cape York Peninsula 

(Figure 4.3A, Table 4.1). The ex. annulirostris lineage comprised 29 mosquitoes collected 

over a large geographic area that included PNG, mainland Australia and the Solomon Islands. 

Additionally, some individual haplotypes were also dispersed throughout this region such as 

h9, which was found in Queensland, the Northern Tenitory, Western Australia, South 

Australia and PNG (Table 4.1). 

The ex. palpalis lineage comprised 13 mosquitoes and 15 different haplotypes 

collected from northern Australia and PNG with haplotypes h26 and h27 appearing in both 

northern Australia and PNG. A second well-supported monophyletic lineage of ex. palpalis 

was also identified in southern Australia (Albury, NSW), comprising four mosquitoes and six 

different haplotypes (h38 to h43), and was tentatively termed ex. palpalis "pal S-AUS" 

(Table 4.1). 
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Figure 4.2: Phylogenetic tree of Culex spp. based on ace-2 and COl markers. (A) The ace-2 Bayesian tree 

was reconstructed using the nucleotide sequence alignment of 382 nucleotides from 59 field collected 

mosquitoes (46 different haplotypes). The translated amino acids at positions 23 and 33 are indicated above the 

three principal branches (B) The COl Bayesian tree was reconstructed based on nucleotide sequence alignment 

of 538 nucleotides from the same 59 field collected mosquitoes (5\ distinct haplotypes). Bayesian posterior 

probabilities calculated using MrBayes 3.1.2 and ML bootstrap support values calculated with PhyML 2.4.4 (500 

replicates) above 50% are shown . Lineage designation is indicated on the right. The geometric shapes 

correspond to the different COl lineages and were mapped onto ace-2. 
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4.3.4 COl phylogeny and phylogeography 

In this study, the same 59 field collected mosquitoes that were sequenced for the ace-2 

were also assessed for the COl. This data comprised both new COl material and sequences 

from Chapter 3. The new COl sequences included ten mosquitoes collected from Alice 

Springs in central Australia (site 31, Northern Territory) and Forrestdale (site 32, Western 

Australia (Table 4.1). When these new COl sequences were compared to the existing dataset 

of COl haplotypes (Chapter 3), nine out of the ten haplotypes were unique and one was 

identical to a119 (DQ673699). 

Again, using Cx. sitiens as the outgroup, both Maximum likelihood and Bayesian 

methods showed the same phylogenetic tree topology for the major lineages (Figure 4.2B). In 

Chapter 3 using only the COl, Cx. annulirostris revealed four major lineages and one 

sublineage while Cx. palpalis revealed three lineages. 

I again found well-supported lineages within Cx. annulirostris - termed "ann S-AUS" 

and "ann SI" - that were geographically restricted to southern Australia (South Australia and 

Western Australia) and the Solomon Islands, respectively. The Cx. annulirostris "ann AUS" 

lineage was distributed throughout Australia and PNG and included a sub lineage ("ann PNG-

2") that was present in northernmost Cape York and PNG. The Cx. annulirostris "ann PNG-

1" lineage is well supported and is also restricted to northernmost Cape York and PNG 

(Figure 4.2B). 

Culex palpalis was well resolved and showed the well supported monophyletic 

lineages "pal S-AUS" found in New South Wales (Albury), a distinct "pal PNG" lineage from 

PNG, and a third lineage with reduced branch support "pal N-AUS" (Figure 4.2B). 
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Figure 4.3: Phylogeography of Cx. annulirostris and Cx. pa/pa/is. Map of collection sites in Australasia with 
the proportional distribution of ace-2 lineages (A) and CO! lineages (B) and with collection site numbering the 
same as that used in Chapter 3. Pie chart graphs indicate the distributional frequency of identified lineages; four 
ace-2 lineages and eight COl lineages, The size of the pie charts ' segments is proportional to the number of 
mosquitoes identified as Cx. annulirostris and Cx. palpalis, which is also indicated in brackets. Fifty-eight Cx, 
annulirostris and Cx. palpalis mosquitoes were genotyped and the outgroup taxa Cx. sitiens is from locality 16 
(Queensland, empty circle). 
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4.3.5 Phylogenetic status of the ex. annulirostris "ann PNG-l" lineage 

The seven COl lineages identified within Cx. annulirostris and Cx. palpalis collapsed 

to four ace-2 lineages. In terms of Cx. annulirostris, the "ann PNG-l " lineage is supported by 

both markers while the additional COl lineages ("ann SI", "ann S-AUS", "ann AUS") are 

scattered within a single ace-2 monophyletic lineage of Cx. annulirostris (Figure 4.3A and B). 

Culex palpalis remains monophyletic but only two lineages are recognised for the ace-2, and 

three lineages for the COl - the "pal PNG" and "pal N-AUS" were not supported by the ace-

2. In a "total evidence" analysis (Figure 4.5), all the lineages identified by the COl are 

supported. This analysis confirms strongly the presence of Cx. annulirostris PNG-l. 

To test the effectiveness of ace-2 and COl as molecular markers for C. annulisorstris 

and Cx. palpalis, I calculated the maximum intraspecific (intralineage) distance and the 

minimum interspecific (interlineage) distance within the respective sequences. The more 

discriminating a genetic marker, the lower intraspecific diversity and the higher interspecific 

diversity; if plotted against each other this value will move towards the top left comer of the 

graph (Figure 4.4). First, I plotted two formally described species Cx. annulirostris and Cx. 

palpalis, which gave values near or below the diagonal threshold line of resolution for ace-2 

and COl (Figure 4.4A). Second, I assumed the lineage ex. annulirostris "ann PNG-l" to be 

distinct (Figure 4.4B) and, in the third alternative, I included the fourth lineage Cx. palpalis 

"pal S-AUS" (Figure 4.4C). This analysis indicates that the second scenario (Figure 4.4B), 

using the ace-2 with three recognised lineages, has the lowest intralineage diversity and the 

highest interlineage diversity (i.e. ace-2 ••• are the nearest, towards the top left comer of 

the graph, Figure 4.4B). Thus the preferred assumption about diversity is to recognise three 

distinct lineages: Cx. annulirostris, Cx. annulirostris "ann PN G-l ", and ex. palpalis. 
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Minimum interspecific (interlineage) divergence is plotted against maximum intraspecific (intralineage) 
divergence. Points above the diagonal represent cases where the divergence between lineages is higher than the 
divergence within lineages. The best molecular markers should occur above the diagonal line towards the top left 
comer and display low intraspecific divergence and high interspecific divergence. (A) The two formally 
described species ex. annulirostris and ex. palpalis are recognised; (B) three distinct lineages including ex. 
annulirostris "ann PNG-I" are assumed; and (C) the fourth lineage ex. palpalis "pal S-AUS" is included. Note 
that ace-2 (B) with three recognised lineages has the lowest intralineage diversity and a high interlineage 
diversity and is the preferred assumption, revealing ex. annulirostris, ex. annulirostris "ann PNG-I" and ex. 
palpalis. 

109 



Because of the lack of resolved relationships between Cx. palpalis, Cx. annulirostris 

and Cx. annulirostris "ann PNG-1 ", I attempted to test three different evolutionary hypotheses 

at both loci (Table 4.2); either: (i) that Cx. annulirostris "ann PNG-1" is a sister to Cx. 

annulirostris; (ii) that Cx. annulirostris "ann PNG-1" is sister to Cx. palpalis; or, (iii) that Cx. 

palpalis is sister to Cx. annulirostris. The SH test could not reject any alternative topology for 

ace-2 and COl. The AU test could not reject any topology for the COl tree while the AU test 

at ace-2 rejected the monophyly of Cx. palpalis and Cx. annulirostris. These results indicate a 

lack of robust phylogenetic signal in both ace-2 and COl for these mosquitoes. 

4.3.6 Amino acid changes in ace-2 

On assessment of the amino acids sequence of the ace-2 exons, 69 of 71 amino acids 

were identical. Inclusion of available sequences from Culex spp. in GenBank revealed a total 

of four variable residues across these 71 amino acids. Within Cx. palpalis, Cx. annulirostris 

and Cx. sitiens, the two amino acid changes occur in the hydrophilic external loop (Figure 

4.1 C). Both residue changes resulted from nucleotide substitution at the second coding 

position - the first at 23 (68-70 nucleotides) and the second at position 33 (98-100 

nucleotides) (Figure 4.6). The first was found as asparagine in Cx. annulirostris "ann-PNG 1 ", 

and serine in Cx. annulirostris, Cx. palpalis and Cx. sitiens. This asparagine also appears in 

Cx. australicus, ex. pipines palenr; and Cx. pipiens quinquefasciatus. Both asparagine and 

Serine are similar in their chemical properties, being small and polar. The second amino acid 

polymorphism was identified as tyrosine in Cx. annulirostris "ann-PNG 1" and Cx. palpalis 

while phenylalanine was found in Cx. annulirostris "ann-AUS" and Cx. sitiens. This change 

provides evidence to support their monophyly according to the hypothetical (ii) scenario and 

ace-2 phylogeny (Figure 4.2A). No other member of the Culex subgenus available in 

GenBank shows this amino acid change. Both phenylalanine and tyrosine are similar in their 

chemical properties, being aromatic and hydrophobic. 
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Table 4.2: Confidence values from the Approximately Unbiased (AU) and Shimodaira-

Hasegawa (SH) tests for the unconstrained and constrained tree topologies . 

Nudeardata (ace-2) Mitochondrial data (COl) 

Topology Obs. AU SH Obs. AU SH 

ann 

ldPNG1 
0 0.765 0.632 0 0.727 0.69 

pal 

pal 

LQ PNG1 
0.2 0.659 0.585 2.4 0.197 0_365 

ann 

LQann 
* pal 2 0_01 0.454 1-4 0.435 0_507 

P G1 

* p-value <0.05 suggested that the constrained tree is significantly different from the unconstrained 
tree. 
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4.4 Discussion 

N orthem Australia has the perfect conditions for the spread of lEV but it has never 

established (Chapter 1), a situation that puzzles both scientists and public health community. 

The presence of a specific lineage, Culex PN G 1, has been proposed to explain this paradox 

(Chapter 3). However, this Culex PNG 1 lineage has only been identified using one 

mitochondrial gene and confirmation at the nuclear level has been required (Chapter 3). The 

results presented in this chapter confirm the presence of Culex PNG 1, which has a geographic 

distribution that correspond to the limit of the lEV. This lineage occurs in PNG, Torres Strait 

and at the top of Cape York in Australia and is morphologically identical to Culex 

annulirostris. The discovery of this new lineage may represent cryptic taxa with the 

appropriate biology and behaviour to cycle lEV. 

4.4.1 Phylogeny and phylogeography of the ace-2 marker and COl 

Initially, the mitochondrial and the nuclear dataset were analysed separately and not 

combined in a "total evidence" analysis as it has been suggested that total evidence approach 

can produce incorrect estimates of phylogeny (FlYlli"1 and Nedbal 1998). Our nuclear and 

mitochondrial datasets represent two different systems with different mode of inheritance, 

effective population size and different mutation rate (Introduction: 1.4.6.4.1). It is therefore 

possible that this two dataset possess different evolutionary histories (Moore 1995). It has also 

been argued that performing separate analyses can gain important information and reveal any 

conflicting results that would otherwise be unavailable if the data were combined a priori 

(Miyamoto and Fitch 1995). Moreover, separate analysis can be used to corroborate certain 

groupings of taxa. It is often claimed that congruence among different data partitions provides 

the strongest evidence that a specific phylogenetic grouping is accurate (Penny and Hendy 

1986; Swofford 1991). However the total analysed approach also has its supporters who think 

that phylogenetic analysis should always be executed using all the evidence (Kluge 1989). It 

is also believed that concatenated slowly and rapidly evolving genes might be useful in 
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resolving old and young evolutionary spits. My sequences from COl and ace-2 markers have 

been concatenated, and the total evidence analysis strongly support the presence of Cx. 

annulirostris PNG 1 (Figure 4.5). 

Maximum likelihood and Bayesian analyses produced a similar phylogeny for each 

marker considered in this subsequent study (Figure 4.2). The major difference between the 

COl and ace-2 trees was the position of Cx. annulirostris "ann PNG-1", which was placed as 

the sister taxa to Cx. annulirostris or Cx. palpalis depending on the marker (Figure 4.3). In 

addition, the SH test and AU test could not reject these hypotheses for each marker (Table 

4.2). It is not surprising to see tree resolution differences between the ace-2 and COl as the 

mitochondrial genes generally have a higher rate of substitution than nuclear genes and, thus, 

may provide more resolution (Hall and Khromykh 2004). However, while the nuclear marker 

did display better branch support than the COl for the main lineages, its evolution was either 

too slow to reveal the diversity evident in the COlor these branches have recently collapsed 

due to interbreeding and gene flow between the COl divergent lineages. The potential exists 

when using the COl barcode, to overestimate species diversity due to problems with the 

amplification of nuclear mitochondrial pseudogenes-NUMTS (Song et al. 2008), and in 

insects, through the selective effects of maternally inherited symbionts (Frezal and Leblois 

2008). I found no evidence of mtDNA pseudogenes, and it seems unlikely that the 

incongruence I observe is driven by maternally inherited symbionts like Wolbachia which 

cause selective mtDNA haplotype sweeps through populations, severely reducing the mtDNA 

haplotype diversity (Hurst and Jiggins 2005), as all mtDNA COl lineages showed high 

haplotype diversity and no evidence was found of Wolbachia DNA in mosquitoes sampled 

from each lineage (Dr. Andrew van den Hurk, Jansen Cassie, personal communication). 

Mitochondrial markers are frequently used for phylogenetic studies as the genome is 

represented in high copy numbers per cell and is maternally inherited; because recombination 

is rare, there is a relatively linear evolution. Also, nuclear genes evolve generally more slowly 

than mitochondrial genes (Lin and Danforth 2004) which, in combination with its smaller 

effective population size (compared to nuclear DNA), means lineages will resolve more 
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quickly (Ballard and Whitlock 2004). However, as useful as the mtDNA is in revealing 

historical biodiversity through the identification of divergent lineages such as those revealed 

by the COl barcode, these lineages may not equate to extant species as this requires some 

evidence for reproductive isolation that mtDNA cannot provide - i.e. the ace-2 lineages of Cx. 

annulirostris "ann PNG-1" show strong phylogenetic signal and no evidence of shared alleles 

in sympatric populations, which can be seen as evidence of reproductive isolation. Thus, the 

advantage of nuclear DNA over the mtDNA is that the haplotypes identified from each 

chromosome (alleles) can be dissected out to identify the haplotypes shared within and 

between individuals and COl lineages - in this case I used the PHASE software rather than 

cloning and sequencing. Evidence of shared haplotypes between divergent lineages may be 

indicative of recent gene flow or incomplete lineage sorting because recent speciation events 

may mean ancestral haplotypes are still contained in the population. Examples of shared ace-2 

haplotypes from individuals that exist across well-supported COl lineages include the ace-2 

haplotype h6, the only haplotype in the Solomon Islands, that is also present in PNG, and h9, 

which was found in southern Australia, northern Australia and in PNG-collected individuals 

(Figure 4.2 and Table 4.1). 

Applying a phylogenetic framework to the mtDNA COl and nuclear ace-2, my results 

discriminate Cx. palpalis, Cx. annulirostris and Cx. annulirostris "ann-PNG 1" with a strong 

branch suppo11 (Figure 4.3). The later cryptic taxon will now be tentatively called Culex sp. 

"PNG" , 

4.4.2 The ace-2 nuclear marker 

In this study I assessed the intron-exon region of the ace-2 gene as a molecular genetic 

marker to confirm the presence of mtDNA lineages found using the COl (Chapter 3). I found, 

through three-dimensional mapping studies, that the DNA sequence flanking this intron codes 

for an external protein loop that appeared to be highly polymorphic, contributing notably to 

the resolution of the whole DNA sequence (Figure 4.1). Surprisingly, the 5' external protein 

loop shows an elevated level of polymorphisms compared to the intron which suggests that 
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the loop's position and orientation on the protein is under a decreased evolutionary selection 

pressure and that the amino acid substitutions on the 5' and 3' exons of this loop can also 

contribute to the identification of the three Culex lineages (Figure 4.1). 

The presence of the external loop was found to be an important distinction between 

the AChEl and AChE2 proteins - this region is also called the "hydrophilic insertion" and it 

is absent from vertebrate and nematode AChE (Weill et al. 2002). The synaptic 

acetylcholinesterase AChE 2 gene function has been identified in true flies (Cyclorrhapha) as 

the termination of the transmission of the cholinergic synapse, where in the other diptera this 

function is performed by AChE 1 (Huchard et al. 2006). The functionality of AChE2 in 

mosquitoes still remains unclear although results from enzymatic assays suggest that AChE 2 

has a small or very localized synaptic function (Huchard et al. 2006). 

The three-dimensional structure of crystallized AChE2 from Drosophila melanogaster 

is available for comparison, however the external loop, located on the surface of the protein, 

could not be resolved (Harel et al. 2000). The sequence conservation of the remaining ace-2 

gene among all insects suggests that most of the protein is functionally imperative and under 

purifying selection - i.e., most amino acid substitutions are deleterious (Huchard et al. 2006). 

Nonetheless, it appears that this external "hydrophilic" loop is not under as stringent selection 

and thus was useful for this molecular genetic study in combination with the intron. 

4.4.3 Just another molecular marker for the identification ofinsects? 

The efforts to understand and control the transmission of the pathogens responsible for 

human diseases require the use of molecular diagnostic tools to identify and then distinguish 

morphologically cryptic species to accurately identify those that vector pathogens from those 

that do not. The nuclear ribosomal DNA (often the internal transcribed spacers) and 

mitochondrial DNA (in particular the cytochrome oxidase I) have been utilised extensively to 

identify cryptic mosquito taxa within morpho species (Collins and Paskewitz 1996; Wells and 

Sperling 2000; Norris 2002). Ribosomal DNA is a highly polymorphic multi copy gene family 
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that frequently requires a cloning step for sequence analyses. The COl is being utilised in 

"DNA barco ding" and is now more widely used to visualise recent historical events and 

species groups (Hebert et al. 2003; Hebert, Ratnasingham, and de Waard 2003; Hebert et al. 

2004a; Hebert et al. 2004b; Ward et al. 2005). However there are limits to the ways in which 

DNA barcoding using COl can be serviceable for insect systermatics when they fail to 

identify species due to overlaps between intra- and interspecific genetic variability, recent 

speciation events causing incomplete lineage sorting, and maternally inherited bacteria that 

cause mtDNA selective sweeps (Meier et al. 2006; Elias et al. 2007; Whitworth et al. 2007). 

When searching for a useful molecular marker for species identification it is important 

to show that the nucleotide diversity within species is no greater than the nucleotide 

divergence between species (Meyer and Paulay 2005). In this, ace-2 displays a lower 

intraspecific distance and higher interspecific distance than the COl thus revealing its capacity 

as a species diagnostic marker as well as its potential as a diagnostic tool. It is unlikely that 

these results are due to the fact that the COl sequence analysed in this study does not match 

exactly the 5' end COl barcode region, as it has been shown that this barcoding region is no 

more optimal than other regions downstream in COl (Roe and Sperling 2007). The second 

intron-exon region of ace-2 is a single copy autosomomal gene that shows a high diversity 

between populations and low diversity within a population, making ace-2 a useful marker for 

molecular identification. 

4.5 Conclusions 

Molecular diagnostic tools resolving complexes of cryptic mosquito species have been 

utilised successfully for a number of medically and veterinary important vector-borne diseases 

(Walton et al. 1999; Beebe and Cooper 2000; Krzywinski and Besansky 2003). The 

usefulness of a specific region of ace-2 has previously been assessed as a marker to 

discriminate between cryptic Culex species (Bourguet et al. 1998; Smith and Fonseca 2004; 
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Sanogo et al. 2007; Kasai et al. 2008). My work supports the ability of the ace-2 sequence to 

reveal closely related Culex species and to reconstruct the evolutionary history of the 

mosquitoes implicated in the distribution of JEV in Australasia. Thus, I could confirm the 

presence of Cx. annulirostris PNG 1 specie that shares the same southern limit as JEV - an 

important mosquito-borne flavivirus already responsible for thousands of human deaths 

annually in southeastern and southern Asia. A molecular diagnostic can now be developed 

from this ace-2 marker, delivering another useful mosquito diagnostic tool to assist 

epidemiological studies and surveillance programs by facilitating accurate identification of 

pathogen-transmitting vectors. The development of this tool will be the focus of the Chapter 

5. 

Additionally, I looked into the functional components of the ace-2 marker to find fast 

evolving coding DNA flanking the intron that forms an external loop on the protein's tertiary 

structure. With the growth of protein crystal structure analysis, I would advocate either 

mapping coding sequences onto these structures - where they are available - as this produces 

useful insights into their functionality or alternatively, designing molecular markers based on 

protein structure features such as external protein loops that may be highly polymorphic and 

can also be better modelled than noncoding introns. Finally, the COl marker may be 

overestimating the extant species diversity of these mosquitoes, although other nuclear 

markers would be required to confirm this incongruence. 
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Chapter 5 

Development of a Molecular 

Identification Tool to Discriminate 

Members of the Culex annulirostris 

complex 
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__ ~ ______________________ Chapter 5: Diagnostic tool 

5.1 Introduction 

Culex annulirostris is the major vector of arboviruses in Australasia (Mackenzie et al. 

1994; Ritchie et al. 1997b; Russell and Dwyer 2000). Culex annulirostris consists of a 

complex of mosquitoes, each of which is geographically limited (Chapter 3 and 4). In this 

complex, one lineage, Cx. annulirostris "PNG 1" (Chapters 3 and 4), is suspected potentially 

to be the responsible of the transmission of Japanese Encephalitis Virus (JEV) in Papua New 

Guinea and of the incursion of JEV in Torres Strait and on the top of Cape York Peninsula in 

Australia (van den Hurk et al. 2001b; van den Hurk et al. 2006b). This lineage is 

morphologically identical to the other lineages on mainland Australia but is genetically 

different at the mitochondrial level (Chapter 3), nuclear level (Chapter 4) and protein level 

(Chapter 4). Because JEV is the major arbovirus in South Eastern Asia and it is believed to be 

responsible for 175,000 cases of encephalitis annually (Tsai 2000; Mackenzie, Williams, and 

Smith 2007), Cx. annulirostris PNG 1 may pose a threat to the Australian population and, 

therefore, a concern for the public health in Australia. A quick method of discrimination is 

essential to monitor and control the spread of these mosquitoes. 

Sequencing followed by tree building analysis is currently the only method available 

to discriminate these species but it is time and lTIOney consmning. Thus, the aim of this study 

was to develop a simple, rapid and accurate method to discriminate Cx. annulirostris PNG 1 

from its close relatives using a polymerase chain reaction (PCR). The PCR method is rapid, 

reliable, extremely sensitive and has been used to discriminate numerous species of complex 

(Walton et al. 1999; Beebe and Cooper 2000; Beebe et al. 2002). A PCR protocol was 

developed based on the acetylcholinesterase 2 gene (ace-2) sequence, as recommended in 

Chapter 4. Specific primers for Cx. annulirostris PNG 1 and for Cx. annulirostris Australian 

lineages have been designed. A multiplex PCR including these two primers and two external 

positive control primers has been developed. 
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5.2 Materials and methods 

5.2.1 Mosquito collection 

Mosquitoes were collected from 19 sites representing 15 map locations in Australia, 

PN G, Timor Leste and the Solomon Islands (Bougainville and Guada1canal) (see Figure 5.1). 

Adult mosquitoes were collected using either CO2-baited encephalitis virus surveillance 

(EVS) traps or the Centre for Disease Control (CDC) light traps baited with CO2 and l-octen-

3-01 (octenol). Specimens were morphologically identified using the keys from Table 2.1 to 

2.6 (section 2.2.2). Mosquitoes were then stored in liquid nitrogen, dry ice, on silica gel, or in 

70% ethanol prior total DNA extraction. 

Western Australia 

-33 
Northern Australia 

32 -Australia 

South Australia 

Queensland 

New South Wales 

Figure 5.1: Map of Culex collection sites in Australasia used in this Chapter. Collection sites showing the 

origin of mosquitoes tested in this chapter are indicated (for locality details see Appendix 1). 
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5.2.2 Morphospecies identification 

From the collection (Chapter 2), 50 specimens have been selected in order to span a 

large geographical area (Figure 5.1) and maximum genetic diversity (all eight lineages found 

at the COl level for Cx. annulirostris and Cx. palpalis). Morphospecies were first identified 

using the keys of Marks (1982), Lee et al. (1989), then and all morpho species was confirmed 

using the PCR-RFLP designed to identify morpho species member of the Cx. sitiens subgroup 

in Australia as described in Chapter 2 (Beebe et al. 2002). 

5.2.3 Molecular identification 

5.2.3.1 DNA extraction 

Total DNA was extracted from mosquitoes uSIng a salt extraction and ethanol 

procedure described in Chapter 2 (Section 2.2.3.1). Mosquitoes (either partial or whole) were 

thoroughly ground in a 1.5-ml microfuge tube containing 50~1 of lysis buffer (0.1 M NaCI, 

0.2 M sucrose, 0.1 M Tris-HCI, pH 9.0, 0.05 M EDTA, and 0.5% sodium dodecyl sulfate 

(SDS) using a 1.5ml plastic grinding pestle (Kontes Glass, Vineland, NJ). Tubes were briefly 

centrifuged to concentrate the homogenate at the bottom of the tube before incubation at 65°C 

for 30 min. While, the tubes were still warm, 7~1 of 8M Potassium acetate (Kac) was added 

and mixed; the tubes were incubated in the freezer for at least 40 min, and microfuged for 15 

min at 13,200g. Supernatants were placed in a new tube, to which 1 00 ~l of 100% Ethanol 

(EtOH). Tubes were incubated for 15 min at room temprerature and supernatants were 

removed EtOH (100 JlI of 70%) was added and tubes were centrifuged again at 13,200g for 5 

min. Supernatants were again removed, tubes were air dried and resuspended in 50 ~l TE 

buffer (100mM TrisIHCI, 10mM EDTA) containing RNase (5 Jlg/ml). All DNA 

quantification was performed spectrophotometrically against the diluent blank with the 

NanoDrop ND-l 000 (NanoDrop Technologies, Montchamin, DE, USA). 
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5.2.4 Multiplex peR identification tool 

The PCR amplification conditions that produced optimal species/lineage specific 

fragments in 26 Jl.l reactions were the following: each reaction tube contained 1 Jl.l of 1/S0th of 

the DNA extracted from a single mosquito, 3 Jl.l of the lOX buffer; 0.2Jll of each 4 primers at 

6.2SJl.M (Table S.l); 16.8SJlI of water; 2 Jl.l of dNTP mix at 2mM; 1Jl.l of MgCl at 2SmM; 

1.2SJl.l DMSO; and 0.1 Jl.l of DNA polymerase at 10U/Jl.l (Fisher Biotech, W A, Australia). 

All polymerase chain reactions were carried out on a MJ-PTC200 Thermocycler (MJ 

Research, Maltham, MA). Cycling involved an initial denaturation at 94°C for 4 min, 

followed by 3S cycles of 94°C for 1 min, SO°C for 1 min, and 72°C for 1 min. A final 

elongation step of 72°C for 10 min was added at the end of the cycles. The PCR product was 

then run out on a 1,S% agarose gel containing 3 Jl.l of GelRed nucleic acid stain at 100 V for 

30 min and viewed on an UV transillun1inator at 312 nm. 

Table 5.1: Primer sequences used in this study. Tm is the Melting Temperature. 

Primer Sequences and function of the primer Size Tm 

AUS-Ace2-SHF 5'-GTG GTT GGT CTT ACT GTT GGR-3' 21 bp 60 .3 °C 

Internal specific primer to Cx. annulirostris 

PNG-Ace2-SHR 5'-CAC TCA AAA CCA ACA GCA AGA AT-3' 23 bp 64°C 

Internal specific primer to Cx. annulirostris PNG 1 

ACE-SHF 5'-CAC GAA CGT ATC CGA AGA CTG-3' 21 bp 64.5 °C 

External universal primer Culex specific 

ACE-SHR 5'- GCC ACG ATT ACG TTT CCA AC-3' 20 bp 64.1 °C 

External universal primer Culex specific 
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5.3 Results 

5.3.1 Primer design and peR optimization 

The strategy to design specific primers to distinguish Cx. annulirostris PNG 1 from Cx. 

annulirostris followed the recommendation made in Chapter 4. The ace-2 gene showed its 

superiority for this lineage over the COl gene as a marker for the identification purposes as 

this gene showed very low diversity within species and high diversity between species. 

Primers have been designed from the alignment of ace-2 gene (Chapter 4) and have also been 

designed in order to have their 3' end on discriminating bases. The melting temperatures of 

the different primers have been kept similar to each other in order to be able to be combined 

easily in a single mUltiplex PCR. I design appropriate primers to amplify DNA template 

avoiding primer dimer, self dimmer and hairpin reactions. A blast was performed for each 

primer to assure the unique specificity of the primer. Consideration was given to generate 

PCR products of different size that could be visualized easily on an agarose gel. A forward 

primer specific to Cx. annulirostris was designed (AUS-Ace2-SHF) to produce a band of 

292bp. A reverse primer specific to Cx annulirostris PNG 1 mosquito was designed to produce 

a band of 161 bp. My test includes an internal positive control so that there will always be an 

amplification even if no Cx. annulirostris are detected. Without this positive control, it would 

be difficult to distinguish the absence of amplification due to the absence of a specific lineage 

from non-amplification due to an error (eg, absence of primers, absence of DNA templates, 

PCR machine not working etc.). To achieve this in addition to my two internal specific 

primers, two external universal primers specific to Culex mosquitoes were added resulting in 

a band always present at 423bp. The schematic diagram of this multiplex and the relative 

position of the different primers are illustrated in Figure 5.2. The PCR conditions were 

optimized for the annealing temperature and for the concentration of MgCh, primers, dNTP 

and DMSO. The objective was to maximize the yield of the desired product whilst retaining 

specificity. The final optimized reaction conditions are indicated in the Materials and Methods 

of this Chapter. 

125 



~~~ ________________________ Chapter 5: Diagnostic tool 

ACE-SHF AUS-Ace2-SHF 

Exon 1 Intron 2 Exon2 

PNG-Ace2-SHR ACE-SHR 

----------Universal Culex band : 423 bp 

_----- Specific Cx. annulirostris AUS band . 292 bp 

_ Specific Cx annulirostris PNG 1 band · 161 bp _ 

Figure 5.2: Schematic diagram of the multiplex peR to discriminate from Cx. annulirostris PNG 1 and Cx. 

annulirostris AUS. The name and the position of the four primers are shown. The predicted sizes of the peR 

product are given. 

5.3.2 Specificity of the multiplex peR using field-collected mosquitoes 

To test the specificity and the efficiency of the multiplex I analysed 50 field collected 

mosquitoes from a wide geographic range, from the south of Australia to the North of 

Solomon Islands and through Papua New Guinea. Mosquitoes used are included in Table 5.2. 

All individuals were identified using the PCR-RFLP developed to distinguish the 

morphospecies Cx. palpalis, Cx. annulirostris and Cx_ sitiens (Beebe et al. 2002) (Chapter 2). 

A1l different lineages have been assigned using the CO] marker (Chapter 3) and / or the ace-2 

marker (Chapter 4). 

The specificity validation was processed on 50 adult mosquitoes. Figure 5.3 displays 

examples of banding patterns and includes the two bands for Cx. annulirostris PNG 1 (423 bp 

+ 161 bp), the two bands for Cx. annulirostris (423 bp + 292bp) and the constant Culex band 

(423bp); all bands have the size predicted in Figure 5.2. 

Tests were also performed on Cx. bitaeniorhynchus and Cx. gelidus resulting in the 

same genetic Culex band (423bp) as shown on Figure 5.3 for Cx. sitiens (lane 13) or Cx. 

palpalis (lane 10-12). Aedes mosquitoes, Anopheles mosquitoes, moth do not produce any 

bands (data not show). 
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Table 5.2 : Location of the mosquitoes included in Chapter 5. The site numbers (in parentheses) are 

defmed on the map (Fig. 2.1). Details of the location, collection date, and gene accession number for each 

mosquito number can be found in Appendix 1. 

Taxon 

C.X annulirostris 

PNGI 

ex. annulirostris 

ex. palpalis 

ex. sitiens 

Mosquito identification number (map 

number) 

795 (25), 791 (25), 789 (25), 790 (25), 758 (25), 768 (25), 

773 (25), 813 (24), 298 (22), 807 ( 24), 796 (25), 621 

(24), 766 (25), 800 (24) 

Number of 

mosquitoes 

tested 

14 mosquitoes 

454 (33), 793 (25),806 (24), 804 (24), 798 (24), 798 (24), 15 mosquitoes 

786 (24), 347 (1), 821 (28), 830 (28), 456 (32), 455 (32), 

457 (32), 805 (24), 778 (24), 446 (23) 

475 (1),486 (1 ), 477 (1), 328 (1), 792 (25), 810 (24),674 7 mosquitoes 

(1 0) 

258 (16), 646 (14), 647 (14), 648 (14), 657 (13),261 (16), 10 mosquitoes 

567 (5), 570 (5), 584 (7), 585 (7) 

ex. bitaeniorhynchus 1 mosquito from Timor Leste (30) 

ex. gelidus 1 mosquito from a colony kept at the Army Malaria Institute (Brisbane) 

Anopheles 1 mosquito from PNG 

longirostris 

Aedes albopictus 1 mosquito from Torres Strait 
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Figure 5.3: Multiplex peR banding pattern of Culex species. Number above in italic correspond to 

the lane number. MNR: Mosquito Number Reference. Identification of Cx. annulirostris PNG 1 (lane 2-5), Cx. 

annulirostris (lane 6-9) and other Culex mosquitoes (lane1 0-l3) including Cx. palpalis (lane 10-12) and Cx. 

sitiens (lane 13). Lane 14, negative control; lane 1, 100bp ladder. The eight COl lineages described in Chapter 2 

for Cx. palpalis and Cx. annulirostris have been used here in lanes 5 to 12. 

5.3.3 Verification of the sensitivity of the multiplex. 

In order to test the sensitivity of the multIplex the total DNA genomIc of a mosquito 

belonging to ex. annulirostris, the PNG 1 lineage and ex. palpalis were freshly extract 

following the extraction procedure indicated in Materials and Methods. The total genomic 

DNA was first diluted to 1150, then diluted three times by a factor 10 (ie, 11500, 115000, 

1/50000). A dilution of 11500 (5.3-8.2 ng/ml) are able to identify mosquitoes without any 

ambiguities. At the dilution of 115000 (0.53-0.82 ng/ml), the specific band for ex. 
annulirostris PNG 1 and for ex. annulirostris appears but is faint. No detection is possible at a 

dilution of 1150000 (0.053-0.082 ng/ml) of the total DNA genomic (Figure 5.4). 
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Figure 5.4: Sensitivity test for the Culex multiplex. Number above in italic correspond to the lane number. 

Dilution factor are including above the samples. Line 2, 5, 8 and 11: Cx. annulirostris. Line 3, 6, 9 and 12:Cx. 

annulirostris PNG 1. Line 4, 7, 10 and 13 Cx. pa/palis. Lane 14, negative control; lane 1, 100bp ladder. DNA 

quantification using NanoDrop is included below the samples. 

5.4 Discussion 

5.4.1 Discrimination of Cx. annulirostris PNGI from Cx. annulirostris. 

The multiplex described above is able to distinguish Cx. annulirostris PNG 1 from Cx. 

annulirostris despite both showing identical morphology. This tool is based on the 

amplification of a hypervariable region of ace-2 following the study of the Chapter 4. This 

gene has already been used to discriminate close relative Culex mosquitoes (Bourguet et al. 

1998; Smith and Fonseca 2004; Sanogo et al. 2007; Kasai et al. 2008). The multiplex is robust 

and is able to distinguish the two sympatric Cx. annulirostris PNG 1 from Cx. annulirostris 

with 100% success. This multiplex has been designed to overcome two difficulties. The first 

requirement was a specific tool that is quick, cheap and easy to use by any laboratories in 

Australia without expensive materials. The second requirement was to include a handy 

internal positive control where any Culex mosquitoes will have a specific band. Without this 

universal band for Culex, it would have been difficult to distinguish the absence of band 

because the mosquitoes are not a PNG 1 and the absence of band due to manipulation error 
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due to lack of template, lack of polymerase or the PCR machine not working). The PCR has 

been tested only with adult mosquitoes but it should work on either sex or at any 

developmental stage. In order to limit the possibility of finding exceptional mosquitoes that 

do not fit the previously observed PCR pattern, I tested the multiplex against mosquitoes that 

come from a wide distribution (PNG, whole Australia, Timor Leste and Solomon Islands (see 

Figure 5.1). I also tested all the different COl lineages found in Chapter 3. The five different 

COl lineages for Cx. annulirostris and the three different COl lineages for Cx. palpalis found 

in Chapter 3 have also been tested (Figure 5.3, lane 5 to 12). In addition the test is not only 

specific but it is also very sensitive as it is possible to detect Cx. annulirostris PNG 1 with a 

dilution of 1/5000 from the total DNA genomic (Figure 5.3). This may be necessary when 

mosquito DNA is degraded. 

5.5 Conclusion 

This Chapter reports the first method for identification of morphologically 

undistinguishable species/lineages, Cx. annulirostris PNG 1 and ADS. It is a multiplex peR 

method that is very robust, specific and sensitive, based on the amplification of a variable 

region of the ace-2 gene. The possible JEV vector, Cx. annulirostris PNG 1, can now easily be 

distinguished from it close relative ex. annulirostris AUS. A combination of four primers 

resulted in the development of a simple, fast, single multiplex PCR able to identify these two 

sympatric lineages. This multiplex also includes a handy internal positive control. 

Laboratories in Australia that are able to perform PCR will be able to use this multiplex 

method of discrimination. This test will aid identification and control Cx. annulirostris and 

Cx. annulirostris PNG 1 and overcome obstacles for studies of their biology, ecology, 

behaviour and virus transmission abilities (see general discussion). This will facilitate better 

targeting of the vector of JEV and trigger specific control measures. 
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6.1 Culex biodiversity in Australasia 

Culex annulirostris, Cx. palpalis and Cx. sitiens are members of the Culex sitiens 

subgroup that exist Australasia, they are widely distributed and regularly comprise over the 

half of mosquitoes collected in arbovirus surveys/field collections in Australia and PNG 

(Russell and Whelan 1986; Johansen et al. 2000; van den Hurk et al. 2002; Frances et al. 

2004a; van den Hurk et al. 2006a; Kay et al. 2007). From these mosquitoes, Culex 

annulirostris is considered to be the major arbovirus vector in Australasia (Russell and Dwyer 

2000). 

Despite Cx. annulirostris being a major public health concern in Australia and the 

southwest Pacific, its evolution, genetic structure and origins remain undetermined. It has 

been suggested cryptic species exist within the morphological species Cx. annulirostris and 

Cx. palpalis (Chapman et al. 2000; Beebe et al. 2002). My study assessed the biodiversity 

within these morpho species using a wide collection of mosquitoes and analysing a 

mitochondrial and a nuclear marker using both Maximum Likelihood and Bayesian analyses 

(Chapter 3 and 4). I provide evidence of genetic subdivision of these two species into several 

geographically delimited lineages, which indicates the presence of highly divergent 

populations or cryptic species. However, I found a lack of congruence between nuclear and 

mitochondrial markers (Chapter 4). While I found eight divergent lineages geographically 

restricted within ex. annulirostris and Cx. palpalis at the mitochondrial DNA level, only four 

lineages appeared at the nuclear DNA level. Two lineages appeared consistent using both 

mitochondrial and nuclear markers: Cx. palpalis S-AUS and ex. annulirostris PNG 1. Other 

markers should be used to confirm these results. 

In light of the genetic diversities within the morpho species Cx. annulirostris and ex. 

palpalis, it is not surprising that problems were encountered in identifying these mosquitoes 

using adult morphology (Chapter 2). If these divergent lineages represent separate biological 

species showing reproductive isolation, it is unlikely that morphology alone will distinguish 

these taxa. 
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Are these populations separate species or are these populations members of the same 

species but highly polymorphic? My data alone cannot answer this question. However, my 

data do demonstrate an extraordinary level of genetic variation, opening the door for 

numerous studies such as the analysis of interbreeding, host feeding patterns, taxonomic, 

ecology and behaviour observation. 

6.2 Understanding Japanese encephalitis virus distribution in Australasia: past, 

present and future 

Japanese encephalitis is a major concern for the public health of East Asian countries. 

It is estimated that, annually, JEV causes 175,000 cases with 43,750 deaths (Tsai 2000). 

Japanese encephalitis, has relatively recently reached and become established in Papua New 

Guinea and Torres Straits islands in 1995 (Hanna et al. 1996; Hanna et al. 1999; Hanna et al. 

2005). However, it has not established in Australia mainland. This situation has puzzled 

scientists for the last decade given that Northern Australia has ideal conditions for the 

establishment of JEV because of the abundance of principal vector ex. annulirostris in the 

region, the presence of lEV in Torres Strait, 70 km from mainland Australia and the presence 

of good amplifying hosts, water birds and feral pigs (Mackenzie 2005). 

The coincidental southern limit of ex. annulirostris PNG 1 (found using mitochondrial 

and nuclear markers) and lEV activity presents a plausible hypothesis as to why JEV has not 

established on the Australian mainland (Chapter 3 and 4). As a potential invasive vector of 

JEV in Australia ex. annulirostris PNG 1 needs to be studied further and its movement 

monitored. Therefore, a genetically-based diagnostic tool was required to study these 

mosquitoes and has now been developed (see Chapter 5 for the development of the molecular 

identification tool). 
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6.3 Is Culex annulirostris PNG 1 a new species? 

Culex annulirostris PNG 1 is genetically distinct in this closely related group of 

mosquitoes at several levels: mitochondrial DNA (Chapter 3), nuclear DNA (Chapter 4) and 

predicted protein sequence (Chapter 4). The logical question of whether or not Cx. 

annulirostris PNG 1 a new species is therefore justified. In the introduction, I defined species 

on their ability to interbreed (biological species concept). I could not detect any shared allele 

between Cx. annulirostris PNG 1 and its sympatric related mosquitoes, which may suggest 

there is no interbreeding and that natural mating barriers exist. However, this observation is 

based on only one nuclear marker over only 59 mosquitoes and, so, no definitive conclusion 

can be made. Only full complementary research will answer this question by the analysis of 

interbreeding, taxonomic, ecology and behaviour observation. 

However, I have three indications that Cx. annulirostris PNG 1 is ecologically and 

behaviourally different to Cx. annulirostris. First over the large data set use in this study Cx. 

annulirostris PNG 1 appeared to be geographically restricted to the southern limit of JEV in 

Australasia (PNG and Torres Strait). Second, Cx. annulirostris from PNG and Australia 

appear to have different feeding habits (van den Hurk et al. 2003a). And, finally, while JEV 

has been mostly isolated from Cx. annulirostris collected in PNG and the Torres Straits 

during the outbreak of JEV (Ritchie et al. 1997b; Johansen et al. 2000), laboratory studies 

show that Cx. annulirostris from Australia is a relatively inefficient laboratory vector of the 

genotype I strain of JEV present since 2000 (A. F. van den Hurk and P. L. Johnson, 

unpublished data). Therefore, these observations would suggest that ex annulirostris PNG 1 is 

more efficient at transmitting JEV than Cx annulirostris. 

6.4 Barcoding Culex in Australia 

Barcoding in an ideal world would be an extraordinary tool to identify, discover and 

reveal biodiversity. While barcoding has shown clear success in different genera, it also fails 

in others (see introduction 1.4.6.4.2). How could we expect one single molecule (COl) to be 

134 



___________________ Chapter 6: Discussion and Future Direction 

able to discriminate all species in all genera? One of my aims was to determine if barcoding is 

suitable for discriminating mosquito species. Barcoding studies previously claimed success in 

the identification of mosquito species across several genera (Cywinska, Hunter, and Hebert 

2006; Kumar et al. 2007). However, because these studies used data sets had with few or no 

multiple sequences for each species and lacked consideration of geographical variation 

(Cywinska, Hunter, and Hebert 2006; Kumar et al. 2007), it is difficult to comment on the 

true usefulness of COl barcoding as these studies may have underestimated the intraspecific 

variation within each species (Meier et al. 2006). I addressed this specific issue in my studies 

by using a rich data set of closely related mosquitoes collected over a wide distribution 

(thousands of kilometres apart- Chapters 3 and 4). Wide overlap between intra- and 

interspecific variability for the COl gene appeared in this data set, and this appeared 

consistent despite all alternative species/ lineages assessed (Figure 4.4). This overlap may 

cause misidentification of DNA barcoding using simple distance method analysis. However, 

despite the lack of resolving power in Cx. sitiens subgroup, COl was still able to uncover the 

high species variation of these mosquitoes in Australia and, thus, constituted the first step in 

revealing their biodiversity. Barcoding Culex mosquitoes can be a tool for taxonomists to 

direct and focus their effort. 

Chapter 4 documented a lack of congruence between nuclear and mitochondrial markers 

implying that using only mitochondrial markers in phylogeography and for species 

identification is problematic. The lack of resolving power of COl-sequence in different genera 

let to the idea of making the transition between primary single-gene barcode to a multi locus 

barcoding system, including COl region and lor independent markers (Rubinoff and Holland 

2005; Dasmahapatra and Mallet 2006; Kress and Erickson 2007; Frezal and Leblois 2008). I 

totally support this idea but I consider that a good balance needs to be found between not 

enough markers and too many markers, which would dilute the global barcoding effort. A 

multi locus system would reduce the problem of using a single gene and help identify cases 

where mtDNA behaves differently from the nuclear DNA (Dasmahapatra and Mallet 2006). 

To identify a single DNA region (COl) that fit all species in all genera was possibly a utopia, 

so to use two regions to identify all genera appears impossible. We can imagine a system 
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including different set of specific multi locus barcode for different Families or Orders. The 

nuclear marker, ace-2 could be part of this multi locus barcode for mosquitoes as this marker 

has already shows sufficient variability to allow species identification and phylogeographic 

research (Bourguet et al. 1998; Smith and Fonseca 2004; Sanogo et al. 2007; Kasai et al. 

2008) and has shows its usefulness for molecular identification of members of the Culex 

sitiens subgroup (Chapters 4 and 5). Moreover ace-2 showed a better resolution power than 

COl in Chapter 4 (higher interspecific variation and lower intraspecific variation than COl). I 

also presented the analysis of why particular parts of the ace-2 gene are variable (Chapter 4). 

Despite the limitation of barcoding I strongly believed that barco ding using a more 

elaborated systems (eg. multi locus ) and more evolved techniques of analysis will have a 

bright future. Opponents and supporters of barco ding will all agree that the greatest power of 

DNA barcoding is to be the first genetic construction of a standard system and is an amazing 

enhancer of a global collaboration and discussion between molecular phylogenetics, 

taxonomists, population geneticists and ecologists. 

6.5 Importance of the Multiplex peR tool for further studies 

The presence of Cx. annulirostris PNG 1 may explain why lEV has not established yet 

in Australia. The development of a rapid and reliable diagnostic tool discriminating Cx 

annulirostris PNG 1 from Cx. annulirostris will facilitate more studies as these mosquitoes are 

both morphologically identical. Using this new diagnostic tool a number of questions can now 

be answered such as: 

Biological question: Is Cx annulirostris PNG 1 more efficient at transmitting JEV than 

Cx annulirostris? This can be answered by vector competency studies of each lineage to 

different strains of lEV. Adult female mosquitoes from each lineage can be collected and be 

fed with lEV infected blood and the infection, dissemination and transmission rates can be 

assessed. 
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Ecological question: If ex. annulirostris PNG 1 is responsible for JEV activity, what is 

its distribution? Is it moving south? A survey over a large scale and different time may be able 

to answer this question. In case of migration of these mosquitoes, the human population could 

be vaccinated to avoid infection. Other ecological studies can be completed by analysing the 

behaviour, blood feeding preference, seasonality and biting habits of the different lineages. It 

is possible to begin to understand the large scale ecology of a species by comparing collection 

sites where specific mosquitoes are found and all environmental parameters correspondent to 

this site. A study recently determined the environmental factors associated with the 

distribution of the malaria vector Anopheles farauti in Australia (Sweeney et al. 2006) and 

this can be done in the same way for the ex. annulirostris PNG 1 mosquito. The climatic 

factor that limits ex. annulirostris PNG 1 can also be accessed. What are the ecological / 

climatic factors that stop ex. annulirostris PNG 1 from invading Australia mainland? 

Taxonomic question: Is ex. annulirostris PNG 1 really morphologically 

indistinguishable to ex. annulirostris? Is it possible to find morphological differences over 

different stages of life? If different taxonomical features appeared, thanks to the accuracy of 

the multiplex tool described, it may be possible to determine which taxonomic features are 

important for morphological identification of these lineages, as I have done in Chapter 2. 

Answers to these questions will have an important impact on public health in 

Australia, enhance our understanding of JEV in our region and influence the ability to control 

the transmission of Japanese encephalitis virus in Australasia. 
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APPENDICES 

For convenience, Appendix 1 is submitted on compact disc in the form of Excel spreadsheets. 

Appendices 2 to 4 (sequence data) are submitted in the form of three different word 

documents. The CD is attached to the back cover (inner side) of the thesis, while the footnotes 

are listed below. 

Appendix 1 (Excel spreadsheet) 

Full data set including morphology, PCR identification, mitochondrial and nuclear haplotypes 

of mosquitoes analysed in this thesis, including also the GenBank accession numbers, locality 

of collection and the Mosquito Reference Number (MRN) system used throught the thesis. 

Appendix 2 (Word document) 

Multiple sequence alignment of 182 mitochondrial haplotypes (COl) obtained In the 

phylogeographic study of the Chapter 3 presented in PHYLIP format. 

Appendix 3 (Word document) 

Multiple sequence alignment of 46 nuclear haplotypes (ace-2) reconstructed using PHASE. 

The alignment used in Chapter 4 is presented in PHYLIP format. 

Appendix 4 (Word document) 

Multiple sequence alignment of 52 mitochondrial haplotypes (COl) using in Chapter 4 

presented in PHYLIP forn1at. 
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