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Resumo

As duas espécies do compleRalex pipienscom maior distribuicdo geografica,
Culex quinquefasciatug Culex pipiens sensu strict@do importantes vectores de
filarias e arbovirusCulex pipiens s.sapresenta categorias intra-especificas definidas
por caracteristicas ecolégicas e fisiologicas,qlass as formas pipiens e molestus tém
sido implicadas na transmissdo do virus da FebreéNitto Ocidental na Europa e

América do Norte.

Hibridagdo entreCx. quinquefasciatus Cx. pipiens s.sfoi documentada em
algumas regides geograficas onde ambas espécigssteae simpatricamente. Este
fendmeno também foi descrito entre as formas maest pipiens, em areas de
simpatria e quando existe contacto limitado emaseépocas do ano. No entanto, o
impacto da hibridagdo na divergéncia genética esdrespécies ou formas estd por
clarificar. Além disso, a hibridacdo pode afectaracteristicas ecoldgicas/fisiologicas
das espécies/formas, que podem influenciar a quecickade vectorial. Neste contexto,
foram analisadas populacbes do comple@r. pipiens da Europa, EUA e da
Macaronésia com objectivo de determinar niveis itBrahciacdo genética e taxas de
hibridacdo entre os membros do complexo.

As amostras de mosquitos foram obtidas por difeeentétodos de colheita no
terreno e a partir de colonias laboratoriais, e@065 e 2011. As analises genéticas
realizadas foram baseadas em microssatélites pagtiarorfismos de comprimento de
fragmentos amplificados Foram efectuadas comparacdes abordando questdes
especificas a diferentes niveis taxonomicos, qté® afescritas nos cinco capitulos de

resultados da tese.

A distribuicdo e niveis de hibridacdo en€g. quinquefasciatus Cx. pipiens
s.s.foram avaliados nas ilhas da Macaronésia, o queiperdetectar hibridos (~40%)
em duas ilhas do arquipélago de Cabo Verde. Aillistdo destas espécies na regiao

reflecte a biogeografia e aspectos histéricos tanacdo humana.

A coexisténcia em habitats de superficie das fommestus e pipiens na regiao
da Comporta (Portugal), foi demostrada pela congdioade andlises fenotipicas e
genéticas. As analises moleculares também sugerexisténcia de um padrdao de

introgressa@o assimeétrica, de molestus para pipiesisidos adicionais, sugerem uma



maior tendéncia da forma molestus para explorar itdtab
intradomiciliares/antropogénicos quando comparada & forma pipiens. Em ambas as

formas, mais de 90% das refeicbes sanguineas feamadas em aves.

Foi ainda efectuada a primeira analise genomicad@aa divergéncia entre os
genomas das formas molestus e pipiens. Esta amadizmu uma baixa divergéncia
entre os dois genomas (1,4%-3,1%), o que € conEsteom um processo de

especiacao simpatrica com fluxo génico.

Finalmente, foram realizadas analises genéticaaraastras d€x. pipiens s.s.
colhidas na Grécia durante um surto de Febre do Qdidental, em 2010. Populagfes
simpatricas de molestus e pipiens com introgreasdonmétrica foram identificadas na
regido onde o surto ocorreu, enquanto uma populagiioogénea de molestus foi

encontrada numa regido sem transmissao do virus.

Estes resultados evidenciam a importancia da earz@tdo da variagcéo
genética e das relacdes evolutivas entre 0os menamrasomplexoCx. pipienspara
entender o seu potencial como vectores de doehgatém abrem novas perspectivas
para a investigacdo da ecologia e evolucdo destplero de espécies com importancia

médica.

PALAVRAS -CHAVE : Culex pipiens, Culex quinquefasciatmsolestus, genética

populacional, hibridacdo, especiacdo com fluxoggniirus de Febre do Nilo.
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Abstract

The two widespread species of th€ulex pipiens complex, Culex
quinquefasciatusnd Culex pipiens sensu strigtare major vectors of filarial worms
and arbovirusesCulex pipiens s.d9s also divided into intraspecific categories dedl
by ecological and physiological traits. Of theswp tforms, denoted pipiens and
molestus, have been implicated in West Nile vimasmgmission in Europe and North

America.

Inter-specific hybridisation betwee@x. quinquefasciatuand Cx. pipiens s.s.
has been documented in some geographic regionsewheth species occur
sympatrically. Likewise, hybridisation between nstles and pipiens forms has been
described in areas of sympatry or when the forntoine in contact during certain
times of the year. However, the impact of hybrii@a on the extent of genetic
divergence between species or forms remains umteMBreover, hybridisation may
affect ecological and physiological traits of thgesies/forms, which may influence
their vectorial capacity. In this context, the dsgrof genetic differentiation and
hybridisation between members of {G&. pipienscomplex was studied in populations
from Europe, USA and Macaronesian islands.

Mosquito samples were obtained from field collexsiaor laboratory colonies
between 2005 and 2011. Genetic analyses were loasadcrosatellite genotypes and
amplified fragment length polymorphisms. Compargsowere made at different
taxonomic levels, addressing specific questionges&hare described in the five results

chapters of this thesis.

The distribution and hybridisation betwe€r. quinquefasciatuandCx. pipiens
s.s.were assessed in Macaronesian islands. Hybrid ra46% were detected in two
islands of the Cape Verde archipelago. The didiobuwof the species reflects both the

islands' biogeography and historical aspects ofdnuowolonization.

A combination of phenotypic and genetic analysesdaoted in Comporta
(Portugal) revealed the co-occurrence of molestasppiens forms o€x. pipiens s.s.
in aboveground habitatsMoreover, a pattern of asymmetric introgressionmfro
molestus into pipiens was found. Subsequent mae@uid ecological analyses carried

out in the same region suggested that the moldstms has a higher tendency to
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explore indoor/anthropogenic habitats, when congai¢h the sympatric pipiens form.
In both forms, over 90% of blood meals were madawan hosts.

The first genomic scan addressing levels of genalivergence between
molestus and pipiens forms was implemented. Loweltewf inter-form genomic
divergence (1.4%-3.1%) were detected, consisterth & process of sympatric

speciation with gene flow.

Finally, Cx. pipiens s.ssamples collected in Greece during a WNV outbiaak
2010 were genetically characterised. Sympatric stoteand pipiens populations with
asymmetric introgression were detected in the regiubere the outbreak occurred,
whereas a more genetically homogenous molestuslggapu was found in a region

with no WNV transmission.

These results highlight the importance of char&tey patterns of genetic
variation and evolutionary relations among memimérghe Cx. pipienscomplex as a
requirement for understanding the potential of ¢hggecies to act as disease vectors.
They also open new perspectives for further rebeancthe ecology and evolution of

this species complex of medical importance.

KEYwORDS: Culex pipiens, Culex quinquefasciatus)olestus, population

genetics, hybridisation, speciation with gene flaMest Nile virus.
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General Introduction

Vector -bor ne diseases: an emer ging challenge

Arthropods are involved in the transmission of pgtms to vertebrates being
responsible for the dissemination of several indest diseases which impact human
populations. The phylum Arthropoda is the largest enost diverse animal group and
occupies almost every habitat and major food cladirnthe planet. An important
behavioural feature for an arthropod to becomedoveof pathogens is blood feeding
(hematophagy). This behaviour evolved independentbeveral arthropod taxa such as
ticks, fleas, and dipterous insects (Grimaldi & Eing2005). The family Culicidae
(Order: Diptera) is considered to be the most ingyararthropod taxa from a medical
perspective due to their role in the transmissiénvector-borne diseases such as

malaria, yellow fever and dengue (Eldridge, 2005).

Malaria, caused bfPlasmodium sppparasites, is the vector-borne disease with
the highest impact in terms of human deaths woddywvith more than 650,000 deaths
per year estimated in 2010 (WHO, 2011). Malaria tdncampaigns in the
1950s/1960s successfully eradicated the disease fih@ majority of the temperate
regions. However, malaria control efforts have eugti several setbacks in the last
decades, including the emergence of drug resistamcparasite populations and
insecticide resistance in some of the major mosquéctors (Vinayaket al., 2010;
Ransonet al., 2011; Goldberget al., 2012; Khamsiriwatcharat al., 2012; Tanet al.,
2012).

Over the past few decades, other vector-borne shsehave increased their
impact on human populations, especially diseasasechby arthropod-borne viruses
(arboviruses), expanding their original endemi@ar@to new/naive territories. Dengue
virus has been estimated to cause 50-100 milliges<af dengue fever and 250,000 to
500,000 cases of dengue haemorrhagic fever woresry year (Rigau-Pérez al.,
1998; WHO 2012a). It was first reported in the"1@ntury as a benign, nonfatal
disease of visitors to the tropics. The first dengandemics occurred during World
War Il in southeast Asia and it became a globablem after the expansion of the virus
and its main vecto\edes aegypfiLinnaeus 1762), during the 1980s (Gubler & Clark,
1995).
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West Nile virus (WNV) originally detected as a caws encephalitis in Uganda
in 1937, and confined to the eastern hemisphertd, avitbreaks in Africa, Europe and
Asia, until 1999, made its appearance that same igeldew York (USA). West Nile
virus rapidly spread throughout the USA, reaching west coast in only three years
(1999-2002). In the first decade in that contin&MiVV caused ~360,000 illness cases
of which over 1,300 were fatal (Kilpatrick, 2011).

In the summer of 2007, the first large outbreak @hikungunya virus
documented in a temperate climate and Europeantryooocurred in Italy. Molecular
analysis confirmed 204 of the 281 suspected cassted (Angeliniet al., 2007). A
recently established mosquito populatiorAetdes albopictuSkuse 1894, introduced in
the early 1990s, was the vector of the diseasentlgtinfected about 10% of the 3,968
inhabitants of two small towns in north-easterryligMoro et al., 2010; Polettiet al.,
2011; Medlocket al.,2012).

More recently, a dengue outbreak occurred in Madkitand (Portugal). The
first infections were detected in the beginningoatober 2012 and by the beginning of
December, a total of 1993 cases had been repoi&®, 2012). Transmission of
DENV1 virus has been sustained by a recently iniced Ae. aegyptpopulation that
was first recorded in 2005 (Almei@a al, 2007).

Several factors may contribute to the emergence em@mergence of
vector-borne diseases. The spread of resistandeiys and insecticides is considered a
major obstacle for the sustainability of controbgmammes (Ransoet al., 2011).
Climate/environmental changes, especially the am®eof temperature and variation in
rainfall partners, has been associated with expansi vector populations and higher
vector-borne incidence (McMichaet al., 2006; Vora, 2008). The wide geographic
distribution and high abundance of synanthropidarespecies such ase. aegyptand
Culex quinquefasciatuSay 1823 have been associated with human-mediapdrsal
(human travelling) and the increase of urbanizaiiSabra, 1981; Lounibos, 2002;
Gubler, 2011). Also, the increase of urbanizatiowl aeforestation has promoted a
higher contact of humans with pathogens and thesitors previously restricted to wild
habitats (Vora, 2008). This new paradigm is a cafis®ncern in public health systems

of many temperate countries which have discontinuector control programs for
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almost 50 years. Such was the case of several Eamopountries after obtaining the
malaria eradication status by the World Health @izgtion, during the 1970s (WHO,
2006).

The complexity of host-parasite relations and vectorial systems

The life-cycle of vector-borne pathogens is complexnvolves the interaction
of the pathogen with two very different host orgams, normally an arthropod vector

and a vertebrate host.

Most arthropod species are not involved in transiois of pathogens since
several traits are required in order to acquire toreccompetence. Intrinsic
permissiveness to infection, replication/multiptioa, and transmission of the pathogen
(vector competence) is essential for an arthropmdhdt as a vector. In addition,
ecological/physiological characteristics of the teede.g. host preference, longevity
and biting cycle) and interactions with the ecosystlso influence its role as a vector
in the natural life-cycle of the pathogen. Therefatepending on the ecological setting
an arthropod species with high vector competencg ma&e a minor importance than
another with lower vector competence. Finally, $rarssion of pathogens in nature is

often sustained by more than one vector speci¢®tear sympatrically.

Some of the better studied vectorial systems aoseththat sustain malaria
transmission. There are fivelasmodiumspecies that infect humans, which can be
transmitted by females afirca 70 out of 480Anophelesspecies. The importance of
these species in the spread of malaria may vaopugfimout geographic regions, and
primary vector species in one area may have littportance in another (Service,
1993a,b).

Dengue virus transmission may involve a sylvaticleyamongmonkeys and
arboreal canopy-dwelling Aedes spp.mosquitoes in Southeast Asia and West Africa
This cycle is restricted to the forest but accidemfection of humans antransient
spillover to peri-urban areas may occur. However, dengue is also maimamen
urban cycle among humans by two urban mosquito ispede. aegyptiand Ae.

albopictus in tropical and subtropical areas (Vasilagisl.,2011).
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In addition to being transmitted by several vedpecies, pathogens can also
infect more than one vertebrate taxon. Pathogeriseases that normally circulate in
non-human hosts but can occasionally infect humames designated as zoonotic.
Bubonic plague was probably the vector-borne zognegh highest impact in human
history, with three large pandemics occurring betweancient and modern ages
(Wallge, 2008). This disease is caused by a battafection,Yersinia pestit.ehmann
& Neumann 1896, which is maintained in nature byeamootic cycle among small
rodents and fleas. Human infections are acquirethbybite of infected fleas (Gage,
2005). Several vector-borne zoonosis caused byviadses such as Japanese
encephalitis virus (JEV) and Venezuelan equine gmaléis virus (VEEV) also have a
heavy toll on human health. The JEV circulate ineazootic cycle among birds and
mosquitoes, being transmitted mostly by mosquitdfethe genusCulex Humans and
domestic mammals are accidentally infected (Ha3@81). The VEEV is maintained in
nature by an enzootic cycle in rodents or a seagndgcle in horses. The mosquito
species involved in those cycles vary with the elardte hosts (Weaver & Barrett,
2004).

The ability of a vector to transmit a pathogen agdifferent vertebrate species
depends on its blood feeding preferences. Somewspecies bite a wider range of
vertebrate hosts while others are more specifie fBeding behaviour may also vary
between populations of the same species since hwatlability and habitat
characteristics may also influence this trait (Bglgen et al., 2011). Species and
populations with a wider range of hosts will betéetzoonotic vectors than specialist
species. A catholic feeding behaviour may also mmnpted by gene flow between
populations with different feeding preferencesywich, members of th€ulex pipiens

complex are one of the classic examples (Fonseah, 2004).

The strategies used to control vector-borne diseaass according to the type of
pathogen, vectors and hosts involved, thus, theades ecosystem. The characterisation
of the vectorial systems at local and regional Ievg therefore, crucial for the design
and implementation of sustainable control strategied programmes, especially when
control measures are focused on the vector popukin order to prevent or interrupt
the transmission chain (Higgs & Beaty, 2004).
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Population structure, speciation and hybridisation of vectors

The identification of the vector species involvedtihe transmission of vector-
borne diseases has presented many challenges tcamedtomologists. A classic
example is the¢Anophelism without malaria’paradigm. Following the discovery of
malaria transmission by mosquitoes of the gefAinsphelegGrassiet al., 1899 fidé
Bruce-Chwatt, 1988; Gilles, 1993), malaria epiddogsts soon realised that the
incidence of malaria cases in Europe at the beginaf the 28 century only partially
overlapped with the distribution of the malaria teenopheles maculipennideigen
1818sensu latqStepphens & Christophers 196@¢ Fantini, 1994). This scenario was
only fully understood when the notion of sibling/gtic species emerged during the
1930s/1940s:"We have defined as sibling species sympatric forwisich are
morphologically very similar or indistinguishableut which possess specific biological
characteristics and are reproductively isolate(Wayr, 1999). This concept supported
the description of five sibling species related\to maculipennign Europe that showed
differences in vector competence for malaria trassion (Bates, 1940). Today, many
major insect vectors of various pathogens were dotm belong to sibling species
complexes. Among the many examples are Ahepheles gambiaeomplex, which
includesAnopheles gambia@iles 1902sensu strictaand Anopheles arabiensiBatton
1905 as major Afrotropical malaria vectors; tlilex pipienscomplex, that includes
two ubiquitous vectors of arboviroses and filavi@rms,Culex pipiend.. 1758s.s.and
Cx. quinquefasciatysand theSimulium damnosumomplex that gathers 12 cytoforms
capable of transmitting the human onchocerciasigr(iblindness) worm@nchocerca
volvulus Leuckart 1893, in West Africa (Smith & Fonseca, 20@ostet al., 2007,
2011; Kamaliet al, 2012).

The definition of species and the interspecificiatesn among vectors are not
the only challenges in vector studies. Intraspecririation among populations often
occurs when the geographic distribution range @pacies exceeds the capacity of
individual dispersal, or when different selectiveegsures act in the different
populations. In both scenarios, the evolutionamgde promoting genetic variation in
local populations, coupled with restricted genewflomay result in population
differentiation across the species range. This miymately lead to sufficient

phenotypic differentiation resulting in reproduetivsolation and speciation. In this
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context, incipient species are considered to ber@upy of genetically distinct
populations that are in the process of becominge“tspecies” i(e. reproductively
isolated). The divergence among intraspecific pafahs may promote variation in the

ability of transmitting pathogens.

Hybridisation is the inter-crossing of geneticatlistinct taxa leading to the
production of viable offspring. Hybridisation wasnsidered to be a rare phenomenon
but several studies have shown a greater ranggboidisation in nature than previously
predicted (Mallet, 2005). Hybridisation can leadimtrogressionj.e. the invasion of
foreign genetic material into a genome, which mayehgreat evolutionary impact. The
genetic exchange can vary among the entities imebf.g.asymmetric, bidirectional),
and across the genome of each entity. The generflayw be overcome by divergent
selection in specific genomic regions leading tamiye divergence (Mallet, 2005;
Nosil et al., 2009). This process of heterogeneous genetic diveryis considered a
major process of sympatric ecological speciatiod aas been described in several
insect species (Machaa al.,2002; Turneet al.,2005; Egaret al.,2008; Weetmaset
al., 2012).

In medically important arthropods, the evolutionagjevance of hybridisation
has also a public health dimension, as they affesgtersal of genes of interest such as
those related with insecticide resistance or rébratess to infection. As an example,
the Afrotropical malaria vectoAn. gambiae s.scomprises two molecular forms,
denoted M and S, that are considered units of agoomy incipient speciation process
(della Torreet al, 2001). Genetic analyses have revealed remarkadibierences
between sympatric M and S populations in genes dingofor the complement-like
Thioester-Containing Protein 1 with antiparasitictivaty and in the frequency of
insecticide knockdown resistance mutations (Samtafzaet al., 2008; Whiteet al.,
2011).

The genomic leap of population genetics

Genomics and molecular biology have enabled theodesy of several types of
DNA markers that have been used in population gersetd evolutionary studies

(Sunnucks, 2000). The information obtained fromhe&ge of marker varies with
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characteristics such as abundance/distributiomengenome, degree of polymorphism
and dominance. Different markers may also servéeréiit research purposes and
selection of the appropriate genetic marker depenuis the type of

biological/evolutionary question to be addressed.

Population genetic studies often rely on assesganigtion at a relatively small
number of loci, which may not be sufficient to fulinderstand the genetic factors that
influence evolutionary processes in natural popadat Molecular techniques that
collect high amounts of genetic data across th@menhave been recently developed
resulting in the emergence of population genomigsaascientific field. Population
genomics allows tracing levels of diversity andatiéntiation across the whole genome
by the identification of genome-wide averages amdlier regions for population
genetics parameter®.(. nucleotide diversity, fixation index). Therefoneppulation
genomics provides a genome-wide view of the eftdcboth neutral processes and
selective pressures acting on specific genomioreg{Hohenlohet al.,2012).

Microsatellites are among the most popular markesed by the scientific
community. These DNA sequences are composed beragdrepeated short motifs
(Guichouxet al., 2011). These markers are largely abundant in gakargenomes,
highly polymorphic due to elevated mutation ratesd codominant with respect to
amplification and genotyping. Since their discovernycrosatellites have been used for
a variety of purposes and the first population geics studies have utilised these
markers (Payseuet al, 2002). However, there are limitations for anailgsilarge
numbers of microsatellites inherent to the labaigenotyping procedures, especially
when compared to more recent methods based ore singleotide polymorphisms.

Amplified fragment length polymorphism (AFLP) igechnique used to collect
anonymous genetic variation among the genome antbioes a global enzymatic
restriction with subsequent amplification of randrlagments. This technique provides
a large number of loci across the genome that allavierence of genome-wide
population divergence averages and detection dieolbci. The markers obtained by
this technique are traditionally dominant, withedds being scored by the presence or
absence of fragments of a particular size. The lomfermation obtained for each locus

(e.g. no direct estimation of heterozygosity) is compeed by the large dataset
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obtained, which allows a statistical power in p@pioin structure analysis similar to that
of codominant markers (Campbetlal.,2003).

More recently, new technologies based on DNA migceys and next generation
sequencing (NGS) are promoting significant advamt@®pulation genomic studies. In
the case of NGS, these methods intend to colleaptete genetic information for entire
genome sequences of multiple individuals. Howetlrex, high cost associated to these
techniques is still a drawback for its application many population genetic and

evolutionary studies (Hohenlolet al.,2012).

Population genetics has also benefited from breakths in bioinformatics and
computation science that have allowed the widespragplication of simulation
methods €.g. Markov-chain Monte Carlo procedures) to statistioaference in
biological and evolutionary studies (Hartl & Cla2Q07; Okasha, 2012). These novel
statistical approaches can now be applied to ldajasets such as those obtained by
NGS methods, which has been a major advance farlgign genomics studies.

The Culex pipiens complex

Taxonomy and systematics

According to the classification of Grimaldi & Eng@005) for higher taxai.é.
above Family) and Knight & Stone 1977 for lowerdathe systematic position of the
genusCulexis:

Kingdom Animalia
Phylum Arthropoda
Subphylum Mandibulata
Superclass Panhexapoda
Epiclass Hexapoda
Class Insecta (Ectognatha)
Subclass Dicondylia
Superorder Panorpida
Order Diptera
Suborder Culicomorpha
Family Culicidae
Subfamily Culicinae
Tribe Culicini
Genus Culex

10
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The genusCulex is divided into 26 subgenus and includes 768 fdlgma
recognized species. The species of @he pipienscomplex belong to the subgenus
Culex(Harbach, 2011). The taxonomy of this complex hesnbunder debate since the
1950s (Vinogradova, 2000). Consequently, the numbkrmembers and their

classification varies according to the authors.

According to the mosquito systematic reference b6ék Catalog of the
Mosquitoes of the World(Knight & Stone, 1977; Knight, 1978; Ward, 198992) the
six entities of the complex include three specigthaut intraspecific stratification:
Culex quinquefasciatus, Culex australich®brotworsky & Drummond 1953and
Culex globocoxituPobrotworsky 1953; and one speci€sjlex pipiens s.swhich is
subdivided into three intraspecific forms, denopadlens (Coquillett 1898), molestus
(Forskal 1775), and pipiens (Knight & Stone, 19Kidight, 1978; Ward, 1984, 1992).

The status of pallens as an intraspecific form hasn abandoned by most
authors, who have upgraded this entity to a sulbsp@tCx. pipiens s.4Culex pipiens
palleng. However, the main debate surroundig. pipienspallensis its existence as
an evolutionary entity. Previous studies regarding male genitalia, length of the
dorsal and ventral arms of the phallosome (DV/Dojatlassified the populations of
Cx. pipiens pallens as hybrid populations betwee@x. pipiens s.s.and Cx.
quinquefasciatugBekku, 1956; Laven, 1967; Cornefl al., 2003) This idea has been
abandoned with molecular studies suggesting th&tende oifCx. pipienspallensas a
single entity (Fonseceat al.,2009).

The status oCx. quinquefasciatuas a species has been questioned by authors
that consider this taxon subspecie€afex pipiens.s Culex pipiens quinquefasciajus
(Kotheraet al., 2009; Diaz-Badilloet al., 2011; Atyameet al.,2011). This alternative
classification is based on the incomplete isolati@weenCx. quinquefasciatuand
Culex pipiens s.9n the contact zone of North America (Barr, 195%theraet al.,
2009). Hybridisation between these entities isexafusive to North America as it has
also been described in Argentina and in islands teaAfrican continent (Urbanelét
al., 1995; Humereset al., 1998; Alveset al., 2010). However, this scenario of
incomplete isolation has not been found in all sgtrip populations of these taxa.q.

East Africa) (Corneét al.,2003).

11
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Culex pervigilansvon Bergroth 1889 (New Zealandjulex torrentiumMartini
1925 (Europe)and Culex vagansWiedemann 1828 (central and eastern Asia) have
been originally included in the complex based omrirthmorphological similarity
(classical sibling species) with the other complgpecies (Vinogradova, 2000).
However, other studies, including phylogenetic gsead, have classified these species
in a different subgroup (Trifilatus subgroup) (Millet al., 1996; Weitzelet al., 2009;
Harbach, 2011). OtheCulex species outside the complex have shown morpholiogica
similarity with the complex members but the scigntcommunity does not include
them in the complexe(g. Culex restuang heobald 1901Culex nigripalpusTheobald
1901 andCulex salinariusCoquillett 1904) The females of these species are considered
to be undistinguishable from ti@. pipienscomplex and several molecular approaches
have been developed in order to avoid misidentiboa(Farajollahiet al., 2011).
Therefore, at the present date, e. pipienscomplex is considered to includex.
australicus Cx. globocoxitus, Cx. pipiersss, andCx. quinquefasciatus

The European intraspecific forms. pipiens and molestus

The taxonomic status of molestus is probably thetroontroversial of th€x.
pipienscomplex entities. The elevation of molestus to g€ulex molestysin the
1970s was based in pre-mating isolation mechanfemsd in crossing experiments
between molestus ardx. quinquefasciatu@Miles, 1977, 1978). However, this claim
was not supported by molecular studies performeditbgs & Paterson (1979) which
showed a higher similarity between molestus &dex pipiens s.sthan with Cx.
guinquefasciatusThe return of molestus to an infraspecific clasatfon level was
promoted by the work of Harbaeh al. (1984) describing a neotype for this entity with
high genetic and morphological similarity @x. pipiens s.sbut displaying differences
in behaviour and physiology. This intraspecifictssalaunched the debate about the
evolutionary origin of molestus populations thatvidéd authors between two
hypotheses: 1) the molestus form derives from theeps form through multiple local
adaptations to anthropogenic underground habitdisogradova, 2000), 2) the
molestus form is an evolutionarily independenttgraind the colonization of northern
underground habitats was made by molestus popaotaticom southern latitudes
(Fonseceet al., 2004). The last hypothesis has been reinforced bgmmon ancestry

12
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among geographically distinct molestus populatidetermined by microsatellite based

analyses (Fonsee al.,2004).
Ecology and Behaviour

The distribution of the membefiSx. pipienscomplex varies according to the
geographic regions and reflects bioecological femstof the taxaCulex australicusand
Cx. globocoxitusare endemic to Australia whiléx. quinquefasciatuand Cx. pipiens
s.s.show ubiquitous distribution in tropical and termaderregions, respectively. Within
Cx. pipiens s.s.the pallens form is restricted to Southeast Asialevmolestus and
pipiens forms have a continental distribution inrffldcAmerica, Europe and most of the
Asian continent (Table 1; Dobrotworsky, 1953; Vimadpva, 2000; Corneét al.,
2003).

Table 1. Distribution and ecology/behaviour in tBalex pipiencomplex.

Classification Physiology/Ecology
Distribution Male genitalia
Species form ED MB LC
Culex australicus Australia An Er He  DV/D ratio 0.2-0.4
Culex globocoxitus South Australia An St Ho Enlarged coxit
p}%':(:]‘c’ Southeast Asia An Er He  DV/D ratio 0.2-0.4
All temperate
- pipiens regions .
Culex pipiens.s. form except Australia An Er He DV/D Irauo <bc|)2
(Holarctic) Dorsal arm blunt
molestus All temperate ended
: Au St Ho
form regions
Culex DV/D ratio >0.4
Cosmotropical An St Ho Dorsal arm sharp

quinquefasciatus

tipped

ED: egg development; MB: mating behaviour; LC: kfgcle; An: anautogenous (requires a bloodmeal to
develop eggs); Au: autogenous (egg developmentbwuith bloodmeal); Er: Eurigamous (requires open
spaces to mate); St: stenogamous (able to matenfined spaces); He: heterodynamic (performs
diapause); Ho: homodynamic (unable to perform diapa (Dobrotworsky, 1953; Vinogradova, 2000;
Cornelet al, 2003)

Most ecological studies have focused mainly ontén@ ubiquitous species of
the complex. These studies were particularly ingmrtto distinguish pipiens and

molestus forms since no significant morphologicdfedences have been described.

13
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Autogeny {.e. the capacity of laying eggs without a blood méel¥ been considered
one of the main ecological differences betweenwueforms. The molestus form is the
only entity in the complex considered to be autogsnas females of the other entities
require a blood meal to lay eggs (Table 1). Differess in mating behaviour (stenogamy
versus eurygamy) and life cycle (homodynamy vetseterodynamy) have also been
found between molestus and pipiens forfsglex quinquefasciatusndCx. australicus
share the same characteristics of molestus (stemmgaand homodynamic) while the
pallens form andCx. globocoxitugpresent similar behaviours to those of the pipiens
form (Table 1; Dobrotworsky & Drummond, 1953; Dotworsky, 1953; Harbackt

al., 1984, 1985; Vinogradova, 2000).

The species of this complex are generally assatiatgh humans. In this
context, Cx. quinquefasciatugnd Cx. pipienss.s. are commonly referred to as the
southern and northern house mosquito, respectividigwever, the tolerance to
urbanization varies among speci€silex australicus, Cx. globocoxitasidCx. pipiens
are considered common in countryside rural areagew®x. quinquefasciatuss
associated to highly urbanized regions (Dobrotwprs& Drummond, 1953;
Dobrotworsky, 1953, Ribeir@t al., 1980; Subra, 1981). The molestus form is an
exception withinCx. pipiens s.ssince it is found mostly associated to urban aseas
restricted to underground habitats such as sevsersway tunnels and sellers in
northern latitudes (Byrne & Nichols, 1999; Vinogoad, 2000; Huangt al, 2008).

Taxa without the capacity of performing diapause biomodynamic) are likely
to be less adapted to survive the cold winterepfperate regions. This characteristic
may explain the confinement of the global distnbatof Cx. quinquefasciatuso
tropical and subtropical regions, and also of tleestus form to underground habitats
at northern latitudes. The capacity of molestusuiwive in underground habitats is also
favoured by its ability to mate in confined spa¢stenogamy) and lay eggs without

requiring a blood meal (autogeny).

The involvement of the entities of this complex the transmission of
arboviruses is dependent, among other factors,ash preferences. This trait varies
among members of the complex between ornithophiy freference in biting birds)
and mammophily ife. preference in biting mammals). Four of the erditef the
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complex, namel\Cx. australicus Cx. globocoxituspallens and pipiens forms &fx.
pipiens s.s.are associated with ornithophilic behavidareference for biting mammals
(and humans in particular) is normally attributed the molestus form and tGx.
quinquefasciatusHowever, ornithophilic populations of the lattgpecies have been
described in North America (Subra, 1981; Harbatlal., 1984; Savaget al., 2007;
Molaeiet al.,2010).

Hybridisation between members of t8&. pipienscomplex with different host
preferences may promote a catholic feeding behgvtbus increasing the importance
of host availability (Fonsecet al.,2004; Balenghieet al.,2011). A broader host range
of these populations would increase the potentialbfidge vector transmission since
variations in the abundance of the traditional figsig. bird migrations) may promote a
shift of the feeding preference to non-traditiohatts, as described in USA in the end
of the summer (Kilpatriclet al.,2006).

Notes on the Culex pipiens genome

Most mosquito genomes are organized in three mdichromosomes (2n=6).
Species of the Anophelinae subfamiliy present tawmspof metacentric chromosomes
of unequal size and one pair of heteromorphic $ermosomes while species of the
Toxorhynchitinae and Culicinae subfamilies haveeé¢hrpairs of homomorphic
metacentric or slightly submetacentric chromosomiésout sexual dimorphism. I8x.
pipiens s.l. sex is determined by genes located in chromosoifvénbgradova, 2000;
Severson & Black 1V, 2005).

The genome ofx. quinquefasciatusas sequenced in 2010 (Arensburegeal.,
2010). A large fraction (29%) of the genome assgma@s found to be composed by
transposable elements and 18,883 protein-codinggsgérave been described. This
number of protein-coding genes is larger than ia tdther two known mosquito
genomes (15,419 genes Ae. aegyptiand 12,457 genes iAn. gambiae s.5.which
may be explained by a substantially high numbeexgfanded gene families observed
(Arensburgetret al., 2010). Among the expanded families identified, aveytochrome
P450s, glutathione-S-transferases and choline/ggidgierases, involved in
detoxification processes associated with inseaiaesistance (Reddgt al., 2012).
These families may also be important in adaptaiopolluted water at urban breeding
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sites, characteristic o€x. quinquefasciatusExpanded gene families also included
genes related to ecological and behavioural tth@sdiffer among taxa of the complex,
such as juvenile hormone genes and olfactory-recemnes. Juvenile hormones have
been associated with regulation of diapause and elggelopment, while
olfactory-receptors may be involved in mating clegikost-seeking behaviour and host
preference (Raikhel & Lea, 1991; Robiat al., 2007; Nozawa & Nei, 2007,
Arensburgeet al.,2010).

Diseases transmitted by the Culex pipiens complex

Females of th€x. pipienscomplex have been implicated as vectors of several
infections with impact on both human and animallthedhe majority of the infectious
agents transmitted by theéx. pipienscomplex are arboviruses, such as the Japanese
encephalitis virus serocomplex (Flaviviridae), Rilley virus (Bunyaviridae), and
viruses from the Togaviridae family.€. Western equine virus and Sindbis virus)
(Solomon, 2004; Hubélek, 2008). The Japanese eabgplvirus serocomplex (JEVS)
belongs to the genus Flavivirus. Five members efsgérocomplex cause encephalitis in
humans in tropical and temperate regions: Japamesephalitis virus (JEV), Murray
Valley encephalitis virus, St. Louis encephalitisug, Usutu virus and West Nile virus
(WNV) that include the Kunjin virus in Australia ¢®mon, 2004; Rosst al., 2010).
These viruses have enzootic cycles which alterbateveen birds and mosquitoes
mainly from the genugCulex. The accidental transmission to mammals, including

humans, often results into a “dead-end” infection.

The disease transmitted Bx. pipienscomplex mosquitoes with higher impact
on human health is lymphatic filariasis. This pam@snfection affects over 120 million
people in 80 countries throughout tropical and sagatal regions (WHO, 2012b). The
disease is caused by three nematode spéWiaeshereria bancroftiCobbold 1877,
Brugia malayiBrug 1927 andBrugia timori Partonoet al. 1977. These worms invade
the lymph nodes and cause improper functioningheflymphatic system, resulting in
fluid collection and swelling (lymphedema). The wsed function of the lymph
system by the parasite impairs the immune systetheopatient reducing its capacity to

respond to other infections. An increase in baatenfections of the skin and lymph
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system may lead to a hardening and thickening efstkin, which together with the

underlying lymphedema and increase in volume ofithbs is called elephantiasis.

Finally, members of theCx. pipiens complex have important roles in
transmitting several veterinary diseases such #&mnawalaria and avian pox. These
diseases have caused the decline of a number efreadird populations in oceanic
islands leading to conservation concerns in Hawail other biodiversity hotspots
(Fonsecat al.,2000; Batailleet al.,2009; Carlsoret al.,2011).

West Nilevirus

Of the arboviral infections transmitted by mosqegpWNV has been the virus
with highest impact in temperate regions of NortimeXica and Europe. It is the most
widely distributed arthropod-borne flavivirus inethworld, occurring in all continents
except Antarctica (Briton, 2002). Although the bemdof WNV on human and animal
health may not be as severe as that imposed byideargyellow fever flaviruses, it still
is a significant and frequently underestimated atié®. Most WNV infections of
humans are asymptomatica( 80%), while clinical cases translate into an acdH-
limited illness (known as West Nile fever) accomipdnby non-specific influenza-like
symptoms (Zeller & Schuffenecker, 2004). Howevewese forms of this disease do
occur, usually in elderly or debilitated patieritsless than 1% of cases, the virus gains
access to the central nervous system where itcegpli, resulting in encephalitis and/or
meningitis, acute flaccid-paralysis and respirattajure. In such cases, those who
survive may experience long-lasting or permaneniraiegical sequelae (Dauphit
al., 2004).

As in the case of the other JEVs viruses, the WNitural cycle involves
enzootic transmission between mosquitoes and ayacies. Therefore, transmission of
WNV to humans requires previous infection of thesmqato with WNV acquired from
a blood meal on an infected bird, while humansasatiead-end hosts as viraemia is not
sufficient for these to become infective/resernmsts (Figure 1).
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Figure 1. West Nile virus transmission cycle (Butte Countgdquito & Vector Control District 2012).

Species from different genera of mosquitoes (D@teZulicidae) have been
found to be infected with WNV (Higgst al., 2004). In Europe, three species are
considered the main vectors of WN&ulex pipiens s.sCulex modestubicalbi 1889
andCoquillettidia richiardii Ficalbi 1889 (Higgst al., 2004; Hubalek, 2008). A fourth
mosquito speciesCulex perexiguuslheobald 1903was recently found to play an
important role in the transmission of WNV in theefian Peninsula (Mufioet al.,
2012). Interestingly, the first detection of thigug in Portugal was irAnopheles
atroparvusVan Thiel 1927 (Filipe 1972).

Knowledge of the infection rates in the local avilEmuna and contributing
ecological factors such as migratory routes andicadion areas/seasons are important
to establish the risk of WNV outbreaks (Konedral.,2003; Rappole & Hubalek, 2003).
Bird migration journeys normally follow a north-gbuaxis, linking breeding regions
(Arctic and temperate) to non-breeding regions ferate and tropical). Eight well-
established migration routes, called flyways, h#&een described (St al., 2009;
Birdlife International, 2010; Boere & Piersma, 2D12Zhe two flyways involving the
European continent are the East Atlantic flywayttimcludes sites from the east of
Canada, central Siberia, western Europe and wegtéroa (Birdlife International,
2010) (Figure 2); and the Mediterranean/Black 3pady (Figure 2), which includes
sites from western Siberia, eastern and centrabgeyrthe Middle East and Africa
(Birdlife International, 2010).
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Figure 2. Main waterbird (including shorebirds) flyways detworld (Boere & Piersma, 2012).

Different avian groups also display differenceshea capacity to build sufficient
viraemia for infecting mosquitoes. Bird species obging to orders such as
Passeriformes, Charadriiformes, Pelecaniformessamnge raptors (Falconiformes and
Strigiformes) are known to present higher resereompetences than other bird groups
(Komaret al.,2003; Wheeleet al.,2009).

In 1996, WNV became a public health concern in Barathen an outbreak of
WNV occurred in Romania, with over 500 cases. Mus followed by other smaller
outbreaks in ltaly, France, Israel, Tunisia, Momend Russia (Ts&t al.,1998; Zeller
& Schuffenecker, 2004). West Nile virus activity Europe is usually transient and
mostly seasonal (associated with the summer momthigh are coincident with the
peak periods of mosquito populations), giving rige occasional outbreaks. This
observation supports the hypothesis that WNV isaggdly introduced into Europe
from Africa via migratory birds (Mayet al., 2011). The WNV episodes in North
America have been the most severe in temperatenggwith ~360,000 WNV human
cases reported in the last decade, of which 1,388 ¥atal (Kilpatrick, 2011).

In Portugal, the incidence of WNV infections in hams remains relatively
unknown. Serological surveys of WNV-specific nelierag antibodies carried out from
the 1960s in humans and horses suggested a logntission level of the virus (Filipe
et al.,1972; Filipe & Andrade, 1990; Formosinkbal.,2006; Barro®t al.,2011).
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Until the present day, West Nile fever has onlyrbeenfirmed in two linked
cases. These were two Irish bird-watching toutisét visited Ria Formosa, a natural
reserve and bird sanctuary in Algarve, southerrtugal (Connellet al., 2004). The
virus was subsequently isolated fr@r. pipienss.s.andCx. univittatus s.Imosquitoes

collected in the putative infection area of therer (Estevest al.,2005).

Thesisoutline and objectives

The central objective of this thesis was to ingzde the evolutionary and
genetic relations among different taxa of tBe. pipienscomplex and to assess how
these relations may impact the transmission ofordmbrne diseases sustained by these
vectors, the WNV in particular. The major reseancterests focused on accurately
determining levels of genetic differentiation, satef hybridisation and to detect the

occurrence of genomic regions under divergent gelec

The thesis is divided into seven chapters. The eotrrchapter, General
Introduction, intends to provide the reader with background information required to
appreciate the research questions addressed amititally interpret the results
obtained and conclusions drawn. Therefore, bastermation and general concepts are
given for key topics such as the increasing impmeaof emergent vector-borne
diseases, the complexity of vector systems andirty@ortance of bio-ecological,
population genetics and evolutionary studies ofande vector populations. Following
this introduction, five results chapters are présein the form of scientific articlés

Chapter 2 focuses on the interaction between thmgispecie<x. pipiens s.s.
and Cx. quinquefasciatudn the islands of Macaronesia. This is the firstlesular
study addressing levels of hybridisation betweees¢htwo sibling species in the
western African biogeographic region, where thes@nee of the Sahara desert imposes
a natural barrier between them. Furthermore, tloelj@e history of human colonization
of these islands coupled with their biogeographgvigled an opportunity to address
issues of island colonization by insect vector sggec

! Two published, two submitted, and one in preparati
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Chapter 3 is devoted to the intraspecific hetereggnvithin Cx. pipiens s.9n a
southern European continental area (Comporta, @ajtuUsing a combination of
phenotypic and genetic data, the basis for the aymepoccurrence of molestus and
pipiens forms in surface habitats is established #e levels of hybridisation and

introgression between them are quantified.

The finding of molestus and pipiens sympatric papahs in the region of
Comporta (Portugal) and the occurrence of impotargls of gene flow between these
two forms led to subsequent investigations aimeeésaablishing the role of genetic
introgression in key behavioural traits, such astlppeferences and biting behaviour,
for WNV transmission. These results are descringdhapter 4.

In Chapter 5, a different methodological approa&kLP analysis, was
implemented to genetically characteri€. pipiens s.s.samples from different
geographic origins from Europe and North Amerithis is the first genomic scan that
specifically addresses levels of genome divergemesveen molestus and pipiens
forms. This is, therefore, to the best of our krexge, a first attempt to determine
genomic regions under divergent selection that owagain genes putatively associated

with reproductive isolation between these two farms

In the last results chapter (Chapter 6) the midedga-based approach
developed in Chapter 3, which allowed discrimingtmolestus and pipiens genetic
backgrounds, was used to characte@ge pipiens s.spopulations collected in another
southern European continental region (Greece),hm midst of an active WNV

transmission outbreak that occurred in 2010.

The final chapter (chapter 7) aims to integratertfan findings in a discussion
about how evolutionary and genetic relations amitregdifferent taxa analysed, may
affect their role as vectors of disease. In additib provides future perspectives for
further research to clarify the evolution of themiers of theCx. pipienscomplex and
its impact on human health.
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Culex pipiengomplex in Macaronesian islands

Abstract

The Culex pipienscomplex includes two widespread mosquito vect@cEs,
Cx. pipiensand Cx. quinquefasciatusThe distribution of these species varies in
latitude, with the former being present in temperagions and the latter in tropical and
subtropical regions. However, their distributiomgea overlaps in certain areas and
interspecific hybridisation has been documentecheBe introgression between these
species may have epidemiological repercussions it@st Nile virus (WNV)
transmission. Bayesian clustering analysis basedmutftiiocus genotypes of 12
microsatellites was used to determine levels ofididation between these two species
in Macaronesian islands, the only contact zone ridest in West Africa. The
distribution of the two species reflects both tsknds' biogeography and historical
aspects of human colonization. Madeira Island diggd a homogenous population of
Cx. pipiens whereas Cape Verde showed a more intriguing sicemath extensive
hybridisation. In the islands of Brava and Santjagoly Cx. quinquefasciatusvas
found, while in Fogo and Maio high hybrid rates %) between the two species were
detected. Within the admixed populations, secontegdion hybrids (~50%) were
identified suggesting a lack of isolation mecharssnThe observed levels of
hybridisation may locally potentiate the transmossio humans of zoonotic arboviruses
such as WNV.

Introduction

The biological diversity of islands with recent gahic origin and high isolation
from mainland is a result of the colonizers abititybreak the isolation and survive the
island's environmental conditions. The highly ststlc nature of colonizing events
means that only a very limited number of taxa maypbbesent in each archipelago
(Gillespie & Roderick, 2002). For example, in Hawainly 15% of the known insect
families were observed (Howarth & Ramsay, 1991l asimilar scenario occurs in the
Macaronesian region (Juat al., 2000; Gillespie & Roderick, 2002). This region is
formed by four archipelagos of volcanic islandsaled in the northern hemisphere of
the Atlantic Ocean: Azores, Canary Islands, Caped®&,eand Madeira. Isolation and

low colonization rates in these islands promoteedjence by adaptive radiation,
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leading to a higher proportion of neoendemic sggethan in regions with lower levels
of genetic isolation (Gillespie & Roderick, 2002 Macaronesia, there are several
examples of adaptive radiations in vertebrate gsesuch as lizards (Gallotiinae,
Gekkonidae, and Scincidae; Carraetal.,2001, 2002; Carranza & Arnold 2006; Cox
et al.,2010) and invertebrates such as bee@edathus MelademaPimelia Tarphiug,
butterflies Gonepteryk and spidersRholcus Brunton & Hurst 1998; Emerscet al.,
2000a,b; Contreras-Diaet al., 2003; Riberaet al., 2003; Dimitrov et al., 2008).
However, rates of island endemism appear to be rldwe mosquitoes (Diptera:
Culicidae). Of the 11 mosquito species/subspemesd in the Canary Islands, only
two are endemic for Macaronesia and these are ¢slveith Madeira (Capela, 1982;
Baez & Oromi, 2010). This contrasts with the nea&Bf6 endemism rate among
terrestrial invertebrate species in Canary Islafdsnet al., 2000). A similarly low
proportion of endemic mosquitoes is observed irewtlolcanic islands such as Cape
Verde and Hawaii (Shroyer, 1981; Alves al., 2010). The reason for the relative
paucity of adaptive radiation in island mosquitg@plations is that they are very recent
colonizers often as a result of multiple human-rattl introductions (Fonsee al.,
2000; Lounibos, 2002; Batailkt al.,2009).

Invasions of certain mosquito species can havegative impact in vertebrates
and humans due to their ability to serve as trassion vectors of diseases (Lounibos,
2002; Delatteet al., 2011). A remarkable example was the decline oiveabird'
populations in Hawaii associated with avian maland avian pox virus transmitted by
the introduced mosquito vectGulex quinquefasciatuSay, 1823 (Fonsea al.,2000;
Lapointeet al.,2012).

The Culex pipienscomplex (Figure 1) comprises mosquito vectors aesible
for the transmission of lymphatic filariasis andurwropic arboviruses from the
Japanese encephalitis serogroup including the Wadst virus (WNV) to humans
(Smith & Fonseca, 2004; Solomon, 2004). The nomspaicies of the compleGulex
pipiens Linnaeus 1758sensu stricto (hereafter termedCx. pipieny and Cx.
quinquefasciatusare the most common and widespread species. Theefds found
primarily in temperate zones, whereas the latteuin tropical and subtropical zones.
Cx. pipienshas a greater ecological range with populationsndofrom the low

subarctic of Siberia and Scandinavian countriesthi® semidesert regions of the
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Maghreb (Vinogradova, 2000Lx. quinquefasciatus confined to warmer tropical and
subtropical regions with a higher degree of humidqBubra, 1981; Fonsecsat al.,
2006). However, it is possible to find regions wheoth species coexist sympatrically
and where hybrids of the two species have beennddsgUrbanelliet al., 1995;
Humerest al.,1998; Kotheraet al.,2009; Alveset al.,2010).

Figure 1. Mosquito (female) of th€ulex pipiencomplex.

Photograph with a digital camera SC30 (OLYMPUS, yimkJapan) under a stereomicroscope
OLYMPUS SZ61 (12x magnification).

In North America, morphological identification ofates based on the length of
the dorsal and ventral arms of the phallosome, hathe DV/D ratio, revealed the
presence of onlZx. pipiensat latitudes above 39°N whi@x. quinquefasciatugas the
only species found at latitudes below 36°N (Ba®57). In the areas between 36°N and
39°N, a hybrid zone between the two species has described (Barr, 1957; Savage
al., 2008). Females are morphologically indistinguiséakand several molecular
methods have been described to identify thesengilsipecies (Farajollalet al.,2011).

Of these, the PCR assay based on species-spaayim@phisms in the intron-2 of the
acetylcholinesterase-2 genacé2) has been one of the most widely used (Smith &
Fonseca, 2004). Allozyme studies confirmed thetudinal cline between the two
species (Cornelet al., 2003). A recent microsatellite-based study extdndee
geographic limits of “Barr's hybrid zone” suggesgtia wider area between 30°N and
40°N (Kothereet al.,2009).

In contrast with the American continent, isolatibatweenCx. pipiensfrom

Mediterranean Europe ai@k. quinquefasciatusom the northern hemisphere of Africa
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appears to be absolute. The most plausible expbantr this isolation is the presence
of the Sahara desert. This inhospitable regionglyoetween 15°N and 33°N acts as a
barrier to gene flow not only for insects but afso other organisms (Douadst al.,
2003; Kodandaramaiah & Wahlberg, 2007). An excepitolikely to be found in the
Macaronesian region. Madeira, the Canary Islandd, @ape Verde locate within the
latitudinal interval of the Saharan desert. Inesjit the influence of the Saharan winds,
the islands that compose these archipelagos hate warying climates, ranging from
temperate with dry summers (Madeira: Csbh, Koppeass$ilication System) to arid with
hot temperatures (Cape Verde: BWh; Peehl., 2007). Importantly, many of these
islands display environmental conditions for sustaj mosquito populations.

Populations ofCx. pipienshave been identified in the four archipelagos, @rd
quinquefasciatudas been recorded in Cape Verde (Capela, 1982sAlval., 2010;
Béez & Oromi, 2010; Vieirat al.,2010). The observation of intermediate DV/D values
for the male genitalia of some specimens from Cépele suggested the presence of
hybrids (Ribeiroet al., 1980). Similarly, in a recent update on the maosqgtauna of
Cape Verde, molecular identification based on #loe2 marker suggested hybrid
frequencies of 39-67% in two islands of the ardaipe (Alveset al.,2010). However,
the extent of hybridisation and genetic introgressbetweenCx. pipiensand Cx.
quinquefasciatus these islands is still largely unknown.

There are several examples of species expansiomteeédy human activity
that have broken the geographic isolation betwdéaing species of insects and other
organisms (Pintoet al., 2005; Steevest al., 2010). The lack of other isolation
mechanisms between these species may allow ingsigre leading to species
assimilation or erosion of species boundaries. & herevidence supporting that two
isolation mechanisms betwe@x. pipiensandCx. quinquefasciatuare likely to occur:
(1) prezygotic isolation may result from differescen species distribution and in
mating behavior; and (2) intrinsic postzygotic magsult from cytoplasmic
incompatibility that creates unviable hybrids (Vgnadova, 2000; Cornglt al., 2003).

A role of extrinsic postzygotic mechanisms linkechiybrid fithess (McBride & Singer,

2010) in the isolation of théx. pipienscomplex members remains unclear.
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Both species also display important bio-ecologiddifferences. Culex
quinquefasciatuss generally considered a more synanthropic urbasquito compared
with a more ruralCx. pipiens(Ribeiro et al., 1980; Subra, 1981). In Brazil and in
Africa, Cx. quinquefasciatuglisplays a strong preference for mammals (inclgidin
humans; Subra, 1981; Mutwet al.,2008; Loroseet al.,2010). In North America, there
are differences in host preference among populst@inCx. quinquefasciatyswith
some preferring mammals (Zinset al., 2004; Molaeiet al., 2007) and others birds
(Savageet al.,2007; Molaeiet al.,2010).Culex pipiengreferentially feeds upon birds
(Kilpatrick et al., 2006, 2007; Molaeet al.,2006). Hybridisation between members of
the Cx. pipiens complex with different host preferences may pra@mae more
opportunistic feeding behavior increasing the intgmoce of the host availability
(Fonsecat al.,2004; Balenghieet al.,2011). Consequently, this population with more
catholic feeding behavior would have an increassdrgial as a bridge vector between
bird and humans for the transmission of WNV (Moleteal.,2007; Savaget al.,2007;
Kilpatrick, 2011).

In this study, Bayesian model-based methods wemdieab to multilocus
microsatellite genotypes to infer the genetic stmee of theCx. pipienscomplex in
Madeira and in four islands of Cape Verde. The awaese (1) to determine the degree
of genetic differentiation among island population®) to measure rates of
hybridisation and genetic introgression between ditding species; and (3) to infer

about the colonization process and their impachacaronesian region.

Material and methods

Mosquito collections

Indoor resting collections of adult mosquitoes gsmechanical aspirators were
carried out in four localities of Madeira Island $eptember 2006 and in June 2007
(Figure 2). Given the very low adult mosquito déesifound in Cape Verde (Pin&t
al., 1999), collections of immature culicids were unidkeen using dippers and pipettes,
between November and December 2007, in four islafid3ape Verde: Brava, Fogo,
Santiago, and Maio (Figure 2). Immature collectiovere made on a wide range of

breeding sites such as ponds, pools, swamps, \péter tanks, and septic tanks.
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Information on the localities in whicx. pipienss.l. larvae were sampled in Cape
Verde is shown in Table S1 (Supporting informatieeg also Alvest al., 2010).
Collected larvae were transported to a laboratorriaia (Santiago Island) and reared
to adulthood. Adult mosquitoes were killed by fregz and identified to
species/complex using morphological keys (RibeirdR&mos, 1995, 1999). Samples

were stored over silica gel until DNA extraction.
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Figure 2. Maps of the North Atlantic region showing the Ibtbas/islands sampled.

(1) North Atlantic region including West Africa amdediterranean region; (2) Madeira archipelago; PM:

Porto Moniz; RB: Ribeira Brava; SC: Santa Cruz; Santana; (3) Cape Verde archipelago; (4) Islands
sampled in Cape Verde; B: Brava; F: Fogo; S: Sgatid: Maio. Images collected in Google Maps —

©2012 Googleltttp://maps.google.com/

Molecular analyses

DNA extraction from individual female mosquitoes svperformed using the
method of Collinset al. (1987). Each specimen was identified to speciea bltiplex
PCR assay targeting species-specific polymorphianrgron-2 of theace2 gene using
primers specific forCx. pipiens Cx. quinquefasciatysand Cx. torrentium(Smith &
Fonseca, 2004).

Twelve microsatellites (Fonseed al., 1998; Keyghobadet al., 2004; Smithet
al., 2005) were genotyped (see Table S2). For eachinspeceach locus was amplified
separately in a 2QL PCR reaction that contained 1X GoTalexi Buffer (Promega,
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Madison, Wisconsin), 2.5 mM Mggl0.25 mM dNTPs, 0.20 mg/mL Bovine Serum
Albumin, 0.20 pm of each primer, and 0.5 U GoTadlexi DNA polymerase
(Promega). For each locus, one of the primers Wwasescently labeled (NED, HEX
our 6-FAM; Applied Biosystems, Carlsbad, Califopnia hermocycling conditions
included an initial denaturation step of 5 min &2®, followed by 30 cycles each of
96°C for 30 sec, annealing at 52°C-56°C (locus+udgrat) for 30 sec and 72°C for 30

sec. After a final extension step of 5 min at 72%2ctions were stopped at 4°C.

Amplified products were separated by capillary etgzhoresis in a genetic
analyzer ABI3730 (Applied Biosystems) at Yale DNAnalysis Facility (USA).
Fragment sizes and genotypes were scored usingsdfievare GeneMarker 1.4.

(Softgenetics, State College, Pennsylvania).
Data analysis

Genetic diversity at each microsatellite locus wharacterized by estimates of
expected heterozygosity (Nei, 1987) and inbreedogfficient s). Significance of s
values was assessed by randomization tests. Thedgses were performed using
FSTAT v. 2.9.3.2. (Goudet, 1995). Estimates oflaltechness4g), a measure of allele
diversity adjusted for the lowest sample size, vdrined by the statistical rarefaction
approach implemented in HP-RARE (Kalinowski, 200Bepartures from Hardy—
Weinberg proportions were tested by exact testslaika in ARLEQUIN v.3.11
(Excoffier et al., 2005). The same software was used to perform dgats of linkage
equilibrium between pairs of loci based on the eigi@n-maximization approach
described by Slatkin & Excoffier (1996). The softeaMicro-Checker 2.2.3. (van
Oosterhoutet al., 2004) was used to test for the presence of nildlesl (99%

confidence interval) at each locus/sample.

Bayesian clustering analysis as implemented by STRURE 2.3.3 (Pritchard
et al.,2000) was used to infer population substructucgsiny from the data set without
prior information of sampling groups under the dtinds of admixture ¢ allowed to
vary between 0 and 10), and allele frequenciestaied among populations (as set
at 1, default value). Ten independent runs witA itérations and replications were
performed for each value & (K = 1-10 clusters). The inference of the number of
genetic clustersK) in the Bayesian method implemented by STRUCTUREhot
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straightforward, and it is normally performed &g hocapproaches: an estimation of
In[Pr(X|K)], described in the original publication (Pritctaet al., 2000) and thelK
statistic (Evanncet al., 2005). We used a combination of these approachts av
sequential procedure in which data were analyzetirat levels: (1) all samples, (2)
each archipelago, and (3) each island. Followireggghggestions of Vaha & Primmer
(2006), individual genetic assignment to clusteeswased on a minimum posterior
probability threshold Tg) of 0.90. Individuals displaying 0.X g < 0.90 were
considered of admixed ancestry. The informatiomftbe outputs of eadk (10 runs)
was aligned by the Greedy method implemented in BB (Jakobsson & Rosenberg,
2007).

The Bayesian method implemented by NEWHYBRIDS 1(Anderson &
Thompson, 2002) was used to assign individualssita@lasses: two pure (paren@i.
pipiens and Cx. quinquefasciatysand four hybrid (F1, F2, and backcrosses with the
parental populations). The approach of uniform nsriwas used because it reduces the
influence of low-frequency alleles thus which magult from sampling and genotyping
errors in closely related populations. Results wkased on the average of five
independent runs of Y@erations. Following the suggestions of Ander&€ofihompson
(2002), individual genetic assignment to classes b@sed on a minimum posterior
probability thresholdTq) of 0.50.

A neighbor-joining (NJ) tree based on Cavalli-Sébo& Edwards (1967) chord
distance (Dc) was used to represent the relatipashimong genetic clusters and
geographic samples. Individuals with an admixedetjenbackground ife. with a
probability of assignment not attributable to afyhe purebred or hybrid clusters) were
excluded from this analysis. A consensus tree waairmed by bootstrapping (1000
replicates) distance values over loci. Calculatiarese performed with the program
Populations 1.2.30 (Langella, 1999). The softwareeView (Page, 1996) was used to

visualize the tree.

Whenever multiple testing was performed, the nomsignificance level of
rejection of the null hypothesis € 0.05) was corrected by the sequential Bonferroni
procedure (Holm, 1979).
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Results

ace-2 molecular identification

A total of 374 females (Madeira: 190 and Cape Vert#4, distributed as
follows, Brava: 31, Fogo, 36, Santiago: 54, MaiB) @ere analyzed by the molecular
assayace?2 (Smith & Fonseca, 2004; Table 1). Of these, 2@Bewdentified asCx.
pipiens and were collected in MadeirdN (= 190) and in Maio N = 13). Culex
quinquefasciatusvas found in the four islands of Cape Verbe=(115), and it was the
only member of the complex present in the colledtidrom Brava Nl = 31) and
Santiago N = 54). Fifty-six mosquitoes displayed a heterongypattern foace2 and
were collected in Fogd\(= 14) and MaioN = 42). The island of Maio was the only

island where the two species and putative hybrieleviound in sympatry.

Table 1. Molecular identification ofCulex pipienscomplex species based on the molecular assayin th
ace-2.

Localities
N Madeira Cape Verde

PM RB SC SA B F S M

Cx. pipiens 203 66 39 34 51 0 0 0 13
PP (100.0) (100.0) (100.0) (100.0)  (0.0) (0.0) (0.0) (20.6)
Hvbrids 56 0 0 0 0 0 14 0 42
y (0.0) (0.0) (0.0) (0.0) (0.0) (38.9) (0.00 (66.7)

. . 0 0 0 0 31 22 54 8

Cx. quinquefasciatus 115

(0.0) (0.0) (0.0) (0.0) (100.0) (61.1) (100.0) (12.7)

N: number of individuals; PM: Porto Moniz; RB: RibeiBrava; SC: Santa Cruz; SA: Santana; B: Brava
Island; F: Fogo Island; S: Santiago Island; M: M&tand. Values in parenthesis refer to the redativ
genotypic frequencies (in percentage) within eachlity.

Clustering analysis

Genetic diversity estimates for the 12 microsdgslin whole sampleN(= 374)
and subsamples determined dge2 identification and geographic location are shown
in Table S3. Loci CQ26 and CQ41 exhibited heteromygieficits in all subsamples
from Madeira, possibly reflecting locus-specifi¢eets, such as null alleles or selection.
The analysis performed by the Micro-Checker sofean@nfirmed the possibility of null
alleles at loci CQ26 and CQ41 in samples from Madiland (see Table S3). These
loci were therefore excluded from Bayesian assigrinad genetic differentiation

analyses.
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The Bayesian analysis implemented in STRUCTURE #rel two ad hoc
approaches to define the number of clusters redealdhlomogeneous population in
Madeira K = 1) and the intriguing scenario of Cape Verdehwitree possible
subdivisions K = 2, K = 3, orK = 4; Figure 3, see Figure S1, S2). The sequential
procedure under the three levels of organizatidm(evsample, archipelago, and island)
highlighted a further subdivision within the islanaf Maio and Fogo providing support
for K = 3 in the archipelago of Cape Verde and consdbjuarK = 4 for the whole
sample (Figure 3, see Figure S3).

Figure 3. Bayesian cluster analysis
conducted by STRUCTURE at
three different levels.
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The combination of the Bayesian clustering reswith theace? identification
clarified the separation of sampled mosquitoes fotor different clusters (Table 2):
Cluster 1 (C1) grouped all the 19x. pipiensfrom Madeira, while the other three
clusters were restricted to Cape Verde. Cluste€C4) (vas the most abundant in the
archipelago with 91 specimens from three islandsa\(8 Fogo and Santiago), all
identified asCx. quinquefasciatusy ace2 PCR. Cluster 2 (C2) was the smallest cluster
with 25 specimens from Maio Island being classieCx. pipiensor hybrid byace2
PCR. Cluster 3 (C3) includes individuals from Fa@ga Maio Islands, and the majority
(87.2%) of the specimens were identified as hybhgsace2 PCR. Twenty-nine
specimens, the majority of which from Maio and Fogere not assigned to any of the

four clusters and were thus considered admixed.

Table 2. ace-2 PCR species composition and relative distributpen locality/island of each genetic
cluster revealed by STRUCTURE.

ace-2 Localities
N Madeira Cape Verde
P H Q
PM RB SC SA B F S M
190 0 0 66 39 34 51 0 0 0 0
Cluster1 190
(100.0) (0.0) (0.0 (34.7) (20.5) (17.8) (26.8) (0.00 (0.0) (0.00 (0.0
9 16 0 0 0 0 0 0 0 0 25
Cluster 2
(36.0) (64.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.00 (0.0) (0.0) (100.0)
1 34 4 0 0 0 0 0 14 0 25
Cluster 3
(2.6) (87.2) (10.2) (0.0) (0.0) (0.0) (0.0) (0.0) (35.9) (0.0) (64.1)
0 0 91 0 0 0 0 31 7 53 0
Cluster4 91
(0.0) (0.0) (100.0) (0.0) (0.00 (0.0) (0.0 (34.1) (7.7) (58.2) (0.0)
) 3 6 20 0 0 0 0 0 15 1 13
Admixed
(10.3) (20.7) (69.0) (0.0) (0.0)0 (0.0) (0.0 (0.0) (51.6) (3.4) (44.8)

N: number of individuals; PCulex pipienshy ace-2identification; Q:Culex quinquefasciatulsy ace-2
identification; H: hybrids betwee@ulex pipiensaandCulex quinquefasciatusy ace-2identification; PM:
Porto Moniz; RB: Ribeira Brava; SC: Santa Cruz; $&ntana; B: Brava Island; F: Fogo Island; S:
Santiago Island; M: Maio Island. Values in paresibeefer to the frequencies (in percentage) within
each cluster.

The analysis with NEWHYBRIDS confirmed the homoggnef the Madeira
population (C1). In Cape Verde, all the samplesnfic4 were classified as pu@x.
quinquefasciatuswhile the majority of the individuals of C2 (964d) were classified as
pure Cx. pipiensand one individual was classified as a backcrogs @x. pipiens
(BxP). The majority of individuals of C3 (87.1%) meclassified as hybrids. Of these,
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10 (nine in Fogo, one in Maio) were classified &shiybrids and nine individuals from

Maio were backcrosses wi@x. pipieng BxP; Table 3).

Table 3. Frequencies purebred and hybrid individuals detedty NEWHYBRIDS in each of the
ancestry clusters revealed by STRUCTURE.

NEWHYBRIDS
N H
p Q H
FI  F2 BxP BxQ H
189 0 1 0o 0 o o0 1
Cluster1 190
99.4) (0.0) (06) (00) (0.0) (0.0) (0.0) (0.6)
cueers 25 2 0 1 0o o0 1 0 o0
uster 96.0) (0.0) (40) (0.0) (0.0) (4.0) (0.0) (0.0)
cisers a2 1 34 o 1 9 o0 15
uster (103) (26) (87.1) (0.0) (25.6) (23.1) (0.0) (38.4)
cusers o1 ° 01 0 0o o0 o 0 0
uster (0.0) (100.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)
_ 3 13 13 0o 8 o o0 5
Admixed

(10.4) (44.8) (44.8) (0.0) (27.6) (0.0) (0.0) (17.2)

N: number of individuals; P: purt@ulex pipiensQ: pureCulex quinquefasciatu$l: hybrids between the
pure groupsQulex pipiensand Culex quinquefasciatlisF1: hybrid first generation; F2: hybrids second
generation; BxP: backcrogdulex pipiens BxQ: backcrosCulex quinquefasciatudd”: hybrids defined

by the sum of assignment probabilities for all hgbclasses. Values in parenthesis refer to the
frequencies (in percentage) within each cluster.

The Dc-based NJ tree was consistent with the pcesenn the four clusters
identified in the analysis performed by STRUCTURRg(re 4).Culex pipiensamples
from Madeira (C1) and Maio (C2) displayed a higmejee distance but were still
grouped in a common cluster separated from the inngasamples. Samples from
cluster C3, composed mainly by hybrid individualsplayed an intermediate position
in the topology of the tre€Culex quinquefasciatusamples from cluster C4 shared the
same cluster, but it was possible to observe sggmt divergence between the

populations of the three islands (Brava, Fogo, Sautiago).

Discussion

In this study, the distribution and levels of hylisation betwee&x. pipiensand
Cx. quinquefasciatusvere found to differ among islands of the Macasiae region.
Madeira showed a genetically homogen@s pipienspopulation. In Cape Verde, it

was possible to identify monospecific populatioh€a. quinquefasciatusm Brava and
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Santiago, while admixed populations between bo#tisg were observed in Maio and
Fogo. The species diagnosaace?2 PCR was effective in the identification of each
species in the allopatric populations of Madeiraava, and Santiago. However, in
sympatric populations with interspecific admixtwgech as those of Maio and Fogo,
repeated introgression and recombination leaddigraption of the linkage between the
diagnostic alleles and the respective genetic lrackgls of each species. Under these
conditions, a more cautious interpretation of tbgutts obtained by a single diagnostic
marker such as thace2 is needed for the correct identification of eagecies and
hybrids (McAbeeet al.,2008; Fonsecat al.,2009).

Figure 4. Phylogenetic tree of the
Culex pipiencomplex in Madeira
and Cape Verde.

CVM: Maio; CVF:. Fogo; CVB:

Brava; CVS: Santiago; MSC:
Santa Cruz (Madeira); MAS:
Santana (Madeira); MPM: Porto
Moniz (Madeira); MRB: Ribeira
Brava (Madeira); C1: cluster 1,
C2: cluster 2; C3: cluster 3; and
C4: cluster 4.

Cx. pipiens

Hybrids

The presence of a monospecific populationCat pipiensin Madeira agrees
with previous reports (Capela, 1981; Fonsetal.,2004). This volcanic island locates
in the temperate zone of the North Atlantic, 700 édinthe coast of Morocco and 850
km from continental Portugal. In both countries|yo@x. pipienshas been identified
(Trari et al., 2002; Almeidaet al., 2008). Since its discovery in the ™ &entury,

Madeira has been an important port-of-call in thikartic so that the introduction afx.
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pipienscould have resulted from human-mediated passisgedsal (Lounibos, 2002).
The Mediterranean temperate climate of this islsimould also be compatible with the
establishment o€x. pipiens The absence dfx. quinquefasciatumay reflect a lower
tolerance of this species to more temperate clisnatiéh lower temperatures during
winter. The possibility of this vector having neuaen introduced into this island is
probably less likely in spite of thea. 2000 km distance between Madeira Island and the
sub-Saharan African coast. Migration by human-ntediadispersal inCx. pipiens
complex includes long-distance introductions th@atad organophosphate insecticides
resistance genes between continents and establishasive populations in isolated
archipelagos such as Hawaii (Chevilletral.,1999; Fonsecat al.,2006).

The distribution of the two members of t6&. pipienscomplex in Cape Verde
is more intricate and reflects both bio-geograghatures and historical aspects of the
human peopling of the islands. The apparent predance ofCx. quinquefasciatusn
the archipelago agrees with the bio-geographicecdrdf the islands, which lie in the
tropical zone of the North Atlantic. The most likedrigin of this species would be the
West African continent. However, Fonsestaal. (2006) in a worldwide genetic survey
of Cx. quinquefasciatusprovided evidence for a recent introduction Gk.
quinquefasciatusin West Africa from the New World. Given the geaghic
intermediate location and the strategic importanc€ape Verde in maritime routes,
one cannot exclude the possibility of introductadmmosquitoes of New World origin.
The occurrence o€x. pipiensmost likely reflects the historical relationship the
archipelago with the Mediterranean region of theolggan continent. The islands were
discovered by Portuguese sailors in th& tBntury, and the subsequent peopling was
made by migrants of both European and African origihe Portuguese traders used the
archipelago as a port-of-call for ship provisionithgring travels between Europe and
the African continent and also as a Senegambia slatpost for the Atlantic (Brehm
et al.,, 2002). The considerable movement of ships betw&enislands and both
continents could have provided the opportunity tfee introduction of both mosquito
species. It remains to be determined whether tesept mosquito populations in Cape
Verde islands result from multiple introduction ete of one or both species. The
analysis of mainland samples and of other moleaularkers ¢.g. mtDNA) would be

required for this purpose (Hardowenal.,2010).
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In Maio and Fogo, a considerable number of indiglduwere assigned as
hybrids and yet one of the parental species wagnabSom the samplesCk.
quinquefasciatugn Maio; Cx. pipiensn Fogo). A possible explanation for this apparent
contradiction could be insufficient sampling of tleast abundant species. Factors that
may have contributed for an insufficient samplingrev the collection method used
(immature captures) coupled with the low numbebafeding sites positive faCx.
pipienss.l. larvae. In Cape Verde, very low adult mosquitosites preclude the use of
collection methods targeting adult mosquitoes fampgling sufficient numbers of
individuals (Ribeiroet al., 1980; Pintoet al., 1999). However, other explanations may
be proposed for these observations. Maio is thestiof the islands sampled and a
lower density or virtual absence of a staBle quinquefasciatugopulation agrees with
its lower tolerance to aridity. Fogo has a vergpt®opography marked by the presence
of a volcanic cone. A similar scenario to that ofaddgascar, whereCx.
guinquefasciatupredominated in the lowland urban areas @md pipienswere found
at altitudes above 1300 m (Urbaneitial., 1995), may occur in this island. Insufficient
sampling could also explain the apparent absen€xopipiensin Brava and Santiago,
although in these cases there was no evidencenoikde. While the absence of this
species agrees with previous surveys in Bravasdmee does not hold for Santiago. In
this island, Cx. pipiens prevailed overCx. quinquefasciatusn larval collections
performed in the late 1970s (Ribegbal.,1980). This apparent inversion in the relative
abundance of both species may be associated withcegase in urbanization of this
island over the past recent years. Such an incieagbanization could confer a greater
adaptive advantage f@x. quinquefasciatugverCx. pipiens

High hybridisation rates betweedx. pipiensand Cx. quinquefasciatusvere
detected in two islands of Cape Verde. These r@fego: 39%; Maio: 40%) are
comparable with those recorded in the hybrid zohdlath America (Savaget al.,
2008; Kotheraet al., 2009) and contrast with the pattern of sympatryhout
hybridisation observed in southeast Africa (Correl al., 2003). The lack of
hybridisation in southeast Africa was justified the presence diVolbachia pipientis
only in Cx. quinquefasciatysvhereas in North America, both species are iefégtith
the same strain (Corndt al., 2003; Rasgon & Scott, 2003yVolbachia pipientis

infection can induce sterility by cytoplasmic ingoatibility (an intrinsic postzygotic
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isolation mechanism) between infected males andfected females or females
infected by incompatible strains (Atyans al., 2011). In West Africa and in the
Mediterranean region, bot@x. pipiensand Cx. quinquefasciatugopulations share
closely related strains aV¥. pipientis(Atyameet al.,2011). Assuming a putative origin
of both species from those regions, the introdmctibmosquito populations possessing
similar strains of W. pipientis (or no infection) may explain the high levels of
hybridisation in Cape Verde. Molecular analysis\Wf pipientisin these mosquito

populations would help clarifying this hypothesis.

Isolation between close species can be promotedelbgral mechanisms that
may act in simultaneous. The lack or incompleteoacbf prezygotic €.g. mating
behavior) and intrinsic postzygotie.§. cytoplasmic incompatibility) mechanisms
allows hybridisation creating first generation (Fiybrids. However, an extrinsic
postzygotic mechanism such as hybrid sterility yorid low fithess can restrict gene
flow to one generation avoiding introgression (BafaoMarkow, 2009; McBride &
Singer, 2010; Mufioet al.,2010). The analysis performed by NEWHYBRIDS in €ap
Verde samples showed the presence of ~50% of sepemetation hybrids (25.6% F2
and 23.1% BxP; Table 3) within the hybrid clust€éhe repeated hybridisation and
backcrossing withCx. pipiensindicate mating success of F1 individuals (maled a
females) suggesting a low effect of extrinsic ppgteic isolation mechanisms between

the Cx. pipiensandCx. quinquefasciatus Cape Verde.

Macaronesia is a passage route and breeding régionigratory birds (Garcia-
del-Rey, 2011). These birds may potentially intrmelyparasites and viruses that are
known to be transmitted by théx. pipienscomplex such a®lasmodium relictum
(avian malaria), avian pox virus, Usutu virus andNW The introduction of these
pathogens may place the endemic bird populatiordaiger (Kilpatrick, 2011; Savini
et al., 2011; Lapointeet al., 2012). Furthermore, the high levels of hybridisati
betweenCx. pipiensand Cx. quinquefasciatusnay promote a more opportunistic
feeding behavior increasing the chance for thedactal transmission of WNV to
humans. A serologic survey in 1980s showed 40%tigescases of WNV in Cape
Verdean children (Vieira, 1985). However, it hagfmeecognized that WNV serologic
surveys of the last century had considerable fatsstives due to cross-reactivity with

other flavivirus (Tardeiet al., 2000). Even so, the possibility of disease outtsea
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should not be neglected given the outcome of ttredaction of WNV to the western
hemisphere (Kilpatrick, 2011), or the more receemgle epidemic in Cape Verde in
2009 (Franccet al., 2010), highlighting the receptivity of a territopnce a suitable

vector is present.
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Figure S1 Graphics ofd hocapproaches to infer the number of clust&dsifi STRUCTURE analysis
with all samples, Cape Verde and Madeira.

K: number of clustersjK: see Evannet al. (2005); In[Pr(XK)]: estimated log probability of the data
under eaclK
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Figure S2.Bayesian cluster analysis conducted by STRUCTURMadeira.

‘Material and Methods’).
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Table S1.Localities positive foCulex pipiensomplex in Cape Verde.

i ) Altitude
Island SS locality Type PS Coordinates
(meters)
Travessa Rural 1  14°52'N 24°42'W 504
Brava 7
Figueira Grande Rural 1  14°52'N 24°42'W 565
Patim Rural 2  14°52'N 24°25'W 544
Fogo 12 Monte Largo Rural 1 14°52°N 24°22'W 813
Fonte Cabrito Rural 1  14°51'N 24°19'W 657
Morro Rural 1  15°11'N 23°13'W 21
Maio 18
Vila de Maio Urban 1  15°08’'N 23°12'W 48
Praia - Varzea Urban 5  14°54'N 23°30'W 5
Praia - Palmarejinho  Urban 2 14°54'N 23°31'W 5
Praia — Eugénio Lima Urban 2  14°54'N 23°30'W 5
Santiago 131 Jodo Garrido Rural 2  15°1'N 23°34'W 400*
Achada Leite Rural 1  15°07'N 23°45'W 20*
Calhetona Rural 1

15°10'N 23°35'W 44
Séao Martinho Grande  Rural 1  14°55'N 23°34'W 50*

SS: total number of breeding sites sampled pendsI®S: positive sites fa€x. pipienssensu lato per
locality; *Estimated from Google® Earth, remainimglues were obtained from Global Positioning

System measurements.
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Table S2 Microsatellite loci used in the analysis.

Locus Repeat Primers T (°C) Ref
F: GATCCTAGCAAGCGAGAAC 1
CQ11 (GTYACTTC(GT) 52
R: 6-fam-GAGCGGCCAAATATTGAGAC
F: TCCGACATGGGAAGAGCGCA 1
CQ26 (GTGTGTATHHGT)g+H(GT)s 56
R: 6-fam-ACGCGCCCTTCTTCTGCAAC
F: CTGCCACTGCCTGACTGAAA 1
CQ41 (GT)2 52
R: Hex-ACCACTCAGCAACATCCGGC
F: GTCGTCGCTAACCCTTGTT 2
CxpGT4 (GTYGTTT),GC(GTYCT(GT) 54
R: Ned-CGCGATAGTCGGTAATCGT
F: AATCTCCCCGTATAATTGTG 2
CxpGT9 (GT)13 52
R: Ned-TATAAGACCAGTGAAGCCAG
F: AACGTGAGCGTGATTGCTC 2
CxpGT12 (TG)4 54
R: 6-fam-CAGCTGTTGCACCAATGTC
F: CATCATCTGTCCACGATCC 2
CxpGT40 (GT)s 52
R: Hex-TTATGCAGTTGCTGTCATATCC
F: Hex-CCGACACCGTGTTCAAAGAG 2
CxpGT46 (TG)15 52
R: TGACGACGACGGTACAAGAG
F: GAGTATCGCTCGTTGGAGATT 2
CxpGT51 (TG)CG(TG)s 54
R: Hex-ACCCTCTTTTCTTTCTATGTCTGT
F: ATAGAACTTGTTCGCCGTCTC 3
CxqGT4 (GT)2 52
R: 6-fam-TCTAAACACGCACCACGTACA
F: CAACCAGCAAAACCCTCATC 3
CxqGT6b (CAy 54
R: Ned-TAGCCGGGCAGATTCATTAC
) F: Hex-CTAGCCCGGTATTTACAAGAAC 3
CxqTri4 (TGCy 54
R: AACGCCAGTAGTCTCAGCAG

Ta: annealing temperature. Ref: ReferenteBonsecaet al. 1998. Molecular Ecology 7: 1613-1621.
Keyghobadiet al. 2004. Molecular Ecology Notes 4: 20-22.Smith et al. 2005. Molecular Ecology

Notes 5: 697-700.
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Table S3 Genetic diversity at microsatellite loci Glilex pipiensomplex from Macaronesian Islands.
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Asymmetric introgression between sympatric moleatus pipiens forms

Abstract

Background

Culex pipiend.. is the most widespread mosquito vector in te@geregions.
This species consists of two forms, denoted madesitwl pipiens, that exhibit important
behavioural and physiological differences. The wttohary relationships and
taxonomic status of these forms remain unclear.némthern European latitudes
molestus and pipiens populations occupy differerabitats (undergroundvs.
aboveground), a separation that most likely prosmgtnetic isolation between forms.
However, the same does not hold in southern Eunepere both forms occur
aboveground in sympatry. In these southern habifagsextent of hybridisation and its
impact on the extent of genetic divergence betwieams under sympatric conditions
has not been clarified. For this purpose, we haex phenotypic and genetic data to
characteris€x. pipienscollected aboveground in Portugal. Our aims werdetermine
levels of genetic differentiation and the degree hgbridisation between forms
occurring in sympatry, and to relate these withhbetolutionary and epidemiological

tenets of this biological group.
Results

Autogeny and stenogamy was evaluated in the Flepsogf 145 individuaCx.
pipiens females. Bayesian clustering analysis based @ dgbnotypes of 13
microsatellites revealed two distinct genetic @usthat were highly correlated with the
alternative traits that define pipiens and molesAdmixture analysis yielded hybrid
rate estimates of 8-10%. Higher proportions of adiume were observed in pipiens
individuals suggesting that more molestus genedeairgy introgressed into the pipiens

form than the opposite.
Conclusion

Both physiological/behavioural and genetic datavig® evidence for the
sympatric occurrence of molestus and pipiens fasfSx. pipiensn the study area. In
spite of the significant genetic differentiationtlween forms, hybridisation occurs at
considerable levels. The observed pattern of asynurietrogression probably relates
to the different mating strategies adopted by dacm. Furthermore, the differential
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introgression of molestus genes into the pipiemsifmay induce a more opportunistic
biting behaviour in the latter thus potentiating ¢apacity to act as a bridge-vector for

the transmission of arboviral infections.

Background

The Culex pipienscomplex includes two of the most ubiquitous mosxgui
species in the worldCulex quinquefasciatusm tropical and subtropical regions, and
Culex pipiensl. 1958 in temperate regions. The nominal speafethe complexCx.
pipiens s.s.comprises two distinct forms, denoted pipiens anodlestus, that are
morphologically indistinguishable but exhibit impamt behavioural and physiological
differences. The molestus form is stenogamous @riateonfined spacese. < 0.1 nf;
Clements, 1999), autogenous (can oviposit withoubl@od meal), mammophilic
(prefers to feed on mammals, including humans) lamehodynamic (remains active
during winter). In contrast, the pipiens form isrygamous (mates in open spaces),
anautogenous (oviposition requires a blood meabittmphilic (feeds predominantly
on birds) and heterodynamic (undergoes winter dis@a(Harbaclet al, 1984, 1985).
In the northern regions of Europe, Russia and UBd&lestus and pipiens forms occupy
different habitats, underground and abovegrourspeetively (Byrne & Nichols, 1999;
Vinogradova, 2000; Huargt al, 2008).

The taxonomic status and evolutionary relationstopsthese forms remain
controversial. One hypothesis is that the molesba® derives from surface pipiens
populations that have undergone local adaptatiaintterground conditions (Byrne &
Nichols, 1999). Another hypothesis is that thesem® may represent two distinct
genetic entities (Fonsecat al, 2004). Under the latter scenario, underground
populations from northern Europe would have deriyemn southern autogenous
populations that have subsequently dispersed amghised underground habitats
(Fonseceet al, 2004; Kentet al, 2007). If in northern regions a physical disconitiyu
(undergroundrs. surface) is likely to significantly reduce genewl between molestus
and pipiens, hence promoting genetic isolation, same may not hold for southern
regions, where both autogenous and anautogenouglatiops co-occur in surface
habitats (Harbachkt al, 1984, 1985; Chevilloet al.,1995). Moreover, individuals with
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hybrid genetic signatures between molestus an@msgnave been described both in the
USA and in southern Europe (Fonsetal, 2004; Kilpatricketal., 2007; Huangt al,
2008). These results agree with reports of hykatthe between forms that result in
hybrid females with intermediate physiological dehavioural traits (Chevilloet al.,
1995; Spielman, 2001). Hybrids between molestuspapigéns forms are considered of
great epidemiological importance. They can reai@digd on both avian and mammalian
hosts, including humans. This opportunistic bitbehaviour will potentiate the role of
Cx. pipiensas a bridge-vector for the transmission of arb®asusuch as West Nile
virus (WNV), from their amplification hosts (bird#) humans (Fonsecat al, 2004;
Hameret al, 2008).

Despite the conspicuous behavioural and physichbgitifferences between
molestus and pipiens, analysis of molecular markevealed overall shallow genetic
divergence and a paucity of diagnostic fixed défezes between forms (Vinogradova &
Shaikevich, 2007; Kergt al, 2007). Exceptions are the contrasting differencethe
degree of polymorphism found in the SH60 locusCxa pipiens specific fragment
originally described by Crabtree and co-worker9{)2o distinguish this species from
its tropical siblingCx. quinquefasciatysand the significant differentiation detected by
analysis of microsatellites (Fonsestaal, 2004; Kentet al, 2007). The most promising
diagnostic marker so far obtained is a sequenderdifce in the flanking region of
microsatellite CQ11, hereafter termed CQ11FL, #ilmws PCR-based discrimination
of molestus, pipiens and putative hybrids (Bahnckdaseca, 2006)

In Portugal,Cx. pipiensis the most widespread mosquito species, reachiag t
highest densities in coastal estuarine areas dsungner (Almeidat al, 2008). Some
of these areas are important sanctuaries for noigrdirds and hence potential sites for
the introduction of arbovirus (Rappole & HubaleRP3). In the summer of 2004, WNV
was isolated fronCx. pipienscollected in the southern province of the Algamwvea
mosquito survey that followed the description obteases of WNV fever acquired by
Irish bird-watchers in the region (Connetlal.,2004; Estevest al, 2005). In Portugal,
autogenous/stenogamo@s. pipienstypical of the molestus form, have been described
from the analysis of larvae collected in urban acef habitats (Ribeiret al, 1983).
However, there is currently no information on theeat of genetic isolation between

79



Chapter 3

molestus and pipiens forms when they co-occur symepdly in southern European
aboveground habitats.

In this study, we used the CQ11FL marker and matedkte loci to analyse
samples ofCulex pipienscollected aboveground in the estuarine regionahorta in
order to: i) determine levels of differentiationtlveen samples displaying behavioural
and physiological characteristics of pipiens andestas forms; ii) assess the degree of
hybridisation between forms and relate this with plotential for arbovirus transmission

in the area.

Results

Autogeny, stenogamy and molecular identification

A total of 145 F1 families were analysed in theertary to determine autogeny
and stenogamy (Table 1). Of these, 115 (79.3%) wvable to lay a first egg batch
without blood feeding, hence being considered arogs. The great majority of
autogenous families (109 out of the 115) laid tingt £gg batch within two days after
the emergence of the last adult. In the remaini@gfénilies (20.7%), oviposition
occurred only after blood feeding in 11 (36.7%) am oviposition was seen in the
other 19 (63.3%) during the 10 days of the expamimEor subsequent comparisons,

these families were put together into a single grdenoted as non-autogenous.

Table 1. Autogeny and insemination ratesGulex pipiendrom Comporta, Portugal.

INS =0% 0%c< INS <100% INS =100%  Total

Autogenous 1 (0.9) 30 (26.1) 84 (73.0) 115
Non-autogenous 22 (73.3) 8 (26.7) 0 (0.0) 30
Total 23 (15.9) 38 (26.2) 84 (57.9) 145

INS: proportion of inseminated females in each fami

There were significant associations of autogencamilies with complete
insemination and of non-autogenous families witsesize of inseminationy{= 100.7,
df. = 2, P < 0.001; Table 1). In the autogenous group, the@mproportion of
inseminated females was 92.9%, with 84 families.q%g showing 100% of

inseminated females. There was a single autogeiaouity in which insemination was
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not observed. This family oviposited without blotekding only after the two-days

period from the emergence of the last adult, afteich the family was subdivided (see
Methods). In this family, the level of inseminatiarould have been too low to

accurately determining the insemination rate byeobeg the spermathecae, but also
the possibility of a parthenogenic egg batch cabeatxcluded (Vinogradova, 2000). In
contrast, the non-autogenous group had a mean pi@pof inseminated females of

4.1% and no inseminated females were observed (@23%) families. The remaining

8 inseminated families all laid eggs but only aftdood feeding. The frequency

distribution of insemination rates was bimodal, hwimost of the observations

concentrating in the extreme values (Figure 1). eMtiran 91% of the autogenous
families had insemination rates above 80% whereas 3% of the non-autogenous
families had insemination rates below 20%.

80
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Figure 1. Frequency distribution of insemination rates inogenous and non-autogenous families of
Culex pipiens

X-axis: proportion of inseminated females in eaamify at intervals of 5%. Y-axis: proportion of
families (in percentage). Blue bars: non-autogenBesl bars: autogenous.

A total of 145 females were molecularly analysegyresenting one female per
family. Of these, 134 (92.4%) were identified@s. pipiens s.shy ace-2PCR (Smith
& Fonseca, 2004). For the remaining 11 females mpliied product was obtained

despite several attempts changing PCR conditioossiply due to alterations in the
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primers binding site. The families of these specisne/ere identified as belonging to
Cx. pipienss.s by the observation of the genitalia of male sigi (Ribeiro & Ramos,
1999).

The genotypic frequencies of the CQ11FL markeisamvn in Table 2. Overall,
78 (53.8%) females were homozygous for the 250 lgdeacharacteristic of the
molestus form and 41 (28.3%) were homozygous fer2®0 bp allele associated with
the pipiens form. The remainder 26 (17.9%) femalese heterozygous. There were
significant associations between homozygous gemstygnd alternative phenotypic
traits. The "pipiens” genotype (CQ11FL200/200) prathated in non-autogenous and
strictly non-stenogamous families.e( proportion of inseminated females = 0%)
whereas the "molestus” genotype (CQ11FL250/250) pvadominant in autogenous

and strictly stenogamous familiase( proportion of inseminated females = 100%).

Table 2. Polymorphism at the flanking region of microsatelCQ11 (CQ11FL) according to phenotypic
groups ofCulex pipiens

Autogeny Insemination rates
Total
Autogenous Non-autogenous INS =100% 0%< INS <100% INS =0%

CQ11FL250/250 8 7 ! 60 17 !

(53.8) (67.0) (3.3) (71.4) (44.7) (4.3)
CQ11FL200/250 26 22 4 16 ! 3

(17.9) (19.1) (13.3) (19.0) (18.4) (13.0)

41 16 25 8 14 19

CQ11FL200/200

(28.3) (13.9) (83.3) (9.5) (36.8) (82.6)
Chi-square tests Xx2=58.9, d.f.=2P<0.001 Xx2=51.7,d.f.=4pP<0.001

INS: proportion of inseminated females in a fami#alues in parenthesis refer to the relative gepioty
frequencies (in percentage) within each phenotygioup. x2: P-values of chi-square tests of
homogeneity of genotypic frequencies among phemstyp

Microsatellite analysis

Genetic diversity estimates for the 14 microsaeelioci analysed are shown in
Table S1, available in the Additional File 1. Apfmdm the whole sampleN(= 145),
calculations were also made for subsamples detedriny genotypes at the CQ11FL
locus. Although coincidence of genotypes and phgrest was not absolute, the
significant associations between CQ11FL homozyggesotypes and alternative

phenotypes justified this tentative partitioningiv@sity estimates were lower in
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CQ11FL250/250 homozygotes (me&An = 6, meanH, = 0.600) when compared to
CQ11FL200/200 homozygotes (mep = 11, mearHe = 0.762). These differences
were significant for both parameters (Wilcoxon sidiranks testsig: P = 0.001,He: P

= 0.004). Microsatellite CQ11 was polymorphic in TEL200/200 homozygous and
in CQ11FL200/250 heterozygous groups. In conttast,locus was nearly fixed for a
286 bp allele f(= 0.984) in the CQ11FL250/250 homozygous groups Hilele was
also the most frequent in the heterozygous grdup ©.480) while it was absent in
CQ11FL200/200 homozygotes.

Significant departures from Hardy-Weinberg propors were detected in 10
loci (78.6%) when all specimens were analysed asingle sample (Table S1).
Significant departures were seen at the same Ib@nwanalysis was repeated with
pooled CQ11FL250/250 and CQ11FL200/200 homozygouecisiens,i.e. when
CQ11FL200/250 heterozygotes were excluded (datahmmi/n). These departures were
generally associated with significant positikg values indicative of a heterozygote
deficit (Table S1). However, when the sample wasdsided according to CQ11FL
genotypes, significant heterozygote deficits webseoved only in seven occasions
(16.7% out of 42 tests). Of these, locus CxpGT9letdd heterozygote deficits in all
three subsamples, possibly reflecting locus-speafifects such as null alleles or
selective pressures. There was also one significeeparture that resulted from
heterozygous excess, namely for locus CQ11 in tREIEL200/250 heterozygous
group.

Exact tests of linkage disequilibrium revealed 6@8.1%) significant
associations between pairs of loci out of 91 tpstformed for the whole sample. When
each form was treated in separate, significantcietsons were reduced to 12 in the
CQ11FL250/250 homozygous group, four in CQ11FL200/Bomozygous and one in
CQ11FL200/250 heterozygous. Of the total 17 sigaiit tests detected in the
subsamples nine involved locus CxpGT9, that alsmwsk significant heterozygote

deficits. This locus was therefore excluded frormsaguent analyses.

Bayesian clustering analysis implemented by STRUREUPritchardet al,
2000) revealed twoK( = 2) genetically distinct ancestry clusters (Feg@A). Cluster 1
grouped 96 specimens, 70 (72.9%) of which had aodaggous CQ11FL250/250
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genotype and seven (7.3%) were CQ11FL200/200 hogutey. Interestingly, all 96
specimens assigned to cluster 1 belonged to autagefamilies, with nearly 80% of
these having 100% insemination rates and with atilies displaying at least some
proportion of inseminated females, thus providinogport for cluster 1 to represent the
molestus form (Table 3). In contrast, cluster 2 wgwesentative of the pipiens form,
with 30 (83.3%) out of the 36 specimens assignessgnting a CQ11FL200/200
homozygous genotype and only two (5.6%) were CQ25BI250 homozygotes. In this
cluster, 75% of females belonged to non-autogefeuagies and nearly 65% were from
families with no insemination. None of the femasssigned to cluster 2 belonged to
families with 100% insemination. Very similar resul were obtained when
microsatellite CQ11, which exhibited the highedelal differences between CQ11FL
genotypes, was removed from the analysis (Figurg ¥Bth the exception of three
individuals, all the remaining 142 (98%) specimemsre assigned in to the same

clusters as in the previous analysis, indicatirag subdivision was not locus-dependent.

CQ1IFL 550,55 CQ11FL 49550 CQLIFL 00,50

Figure 2. Bayesian cluster analysis conducted by STRUCT (iRifchardet al, 2000).

Columns correspond to the multilocus genotype ofheandividual, partitioned in two colours
representing the probability of ancestry) (to each cluster. Red: cluster 1 (molestus); btlester 2
(pipiens). Individuals were ordered according teirtrgenotype at the CQ11FL locus. Dashed lines
indicate theqi threshold used to determine admixed individuale (8kethods). A: analysis performed
with 13 loci; B: analysis performed without locu€QCl. Arrows indicate individuals with different
assignment between analyses.
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There were 13 (9.0%) individuals of the total saan = 145) exhibiting an
admixed ancestryi.€. g > 0.10 for both clusters). Of these, only 3 (23.1841 a
heterozygous CQ11FL200/250 genotype while the rigj6f6.9%) were homozygous
for either of the two alleles present at the CQ11édus. Regarding phenotypes, the
proportion of admixed individuals was lower in fdies that displayed alternative
extreme traitsi(e. autogenous with 100% insemination and non-autagemnwath no
insemination: 8 out of 106 or 7.6%) when comparcethé remaining families that were
either autogenous or non-autogenous with a vargnogortion of insemination above
0% and below 100% (5 out of 39 or 12.8%).

Table 3. Frequencies (in percentage) of genotypes at @#1EL locus and phenotypes for autogeny and
insemination rates in each of the ancestry cluseamsaled by STRUCTURE (Pritchagtial, 2000).

CQ11FL genotype Autogeny Insemination rate

250/250 200/250 200/200 autogenous non-autogenous INS=0% 0%<INS<100% INS=100%

Cluster 1 96 72.9 19.8 7.3 100.0 0.0 0.0 20.8 79.2
Admixed 13 46.2 23.1 30.8 76.9 23.1 0.0 38.5 61.5
Cluster 2 36 5.6 111 83.3 25.0 75.0 63.9 36.1 0.0

INS: proportion of inseminated females in each fami

The microsatellite allele frequency arrays togetigth estimates of allele
richness Ag) and private allele richnespAg) for the clusters representative of the
molestus and pipiens forms are shown in Figure Ilié diversity was higher in the
pipiens cluster, with a meai of 10 compared to a mean estimate of 6 for theegtos
cluster. Most but not all of the alleles found inetmolestus cluster were also
represented in the pipiens cluster. In the molesiusterpAg estimates per locus varied
from 0 to 3 (mean = 1) whereas in the pipiens elysfs ranged from 1 to 12 (mean =
6). The pipiens and molestus clusters shared trst frequent allele at only four loci.
For the remainder 9 loci, the most frequent allglesach cluster were separated from
each other on average by 8 base pairs, or fourtiongh steps (range: 2-12) as expected
from their dinucleotide repeat constitution. Thestneemarkable difference was found
in CQ11, with the most frequent alleles of pipiemsl molestus being separated by 12

mutational steps.

Heterozygosity tests provided no evidence of regapuulation contraction in
both molestus and pipiens clusters (Table 4). Theas a single departure from
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mutation drift equilibrium (MDE) in the pipiens dter, that resulted from an apparent
heterozygote deficiencyP(ie<neq= 0.003) suggestive of population expansion ancund

the strict stepwise mutation model (SMM).

Table 4. Results of heterozygosity tests (Cornuet & Luika®96) for molestus and pipiens clusters of
Cx. pipiens.

SMM TPM (10%) TPM (20%) TPM (30%)
Cluster 1 He>Heq 4 6 8 9
(molestus)  py e 0.027 0.685 0.736 0.497
Cluster 2 He>Heq 2 3 6 8
(pipiens) PhesHeq 0.005 0.057 0.340 0.893

He>Heq number of loci in which expected heterozygosisyiraated from allele frequenciesld was
higher than the estimate obtained from the numbatieles and sample size under MDHEd). P ve s Heg
P-values of Wilcoxon tests to detecHt differs fromHcqin a significant number of loci. SMM: stepwise
mutation model. TPM: two-phase model. In bold: gigant P-value after correction for multiple testing
by the sequential Bonferroni procedure.

A global Fst of 0.104 was obtained when subsamples were amlaageording
to the assignment into ancestry clusters reveale@ TRUCTURE (Pritcharcet al,
2000; i.e. cluster 1, cluster 2 and admixed). The comparibetween cluster 1
(molestus) and cluster 2 (pipiens) yielded a sigaift Fst of 0.127. Differentiation was
generalised, in that significaritst values were observed in 12 out of the 13 loci
analysed, as shown in Table S2 of the Additionk Ei The single exception was locus
CxqGT4, that was nearly monomorphic for the saneeain both forms (Figure 3).
Locus CQ11 exhibited the higheBgr value (0.405) compared to the remaining loci
(0.002-0.272). Excluding this locus from analyssulted in a decrease of the overall
Fst between molestus and pipiens to 0.103. Similault®svere obtained with thBst
estimator (Table S2). In comparisons between madeahd pipiensRst was higher
thanFstin 6 out of 13 loci and the mean over-loci estiesawere also higher, withRér
=0.191) and without locus CQ1Rd4r= 0.123).

The results of the admixture analysis performedNBEYWHYBRIDS (Anderson
& Thompson, 2002) on simulated genotypes generaye#i YBRIDLAB (Nielsen et
al., 2006) are shown in Figure 4 and in Table S3 ef Aldditional File 1. Maximum
accuracy was achieved for allq but there were variations in power. All parental

individuals were correctly identified akg = 0.70 (minimumg, = 0.724). At this
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threshold, 93% of F1 hybrids were correctly assigndaximum power i(e. 100%
correct assignment) was obtained for this classTag= 0.60.
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Figure 3. Microsatellite allele richness and frequencyulex pipienof Comporta, Portugal.

Allele frequencies, allele richnes8g] and private alleles richnessAg) were calculated for samples of
common ancestry determined by Bayesian clusterimglyais using STRUCTURE. Red: molestus
cluster, blue: pipiens cluster. X-axis: allele sizebasepairs. Y-axis: allele frequency.
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The analysis performed poorly in the assignmenttha& remaining hybrid
classes, with proportions of correctly assignedviddals below 85% regardless o8,
Given this poor performance, posterior probabsité hybrid classes were summed and
used as an estimate for the detection of hybridsvithout definition of their admixture
ancestry (Figure 4B). For this category, maximunvg@owas achieved only foFq =
0.50. Based on these results, thresholds of 0.8Mafd were used for the detection of

hybrids on the real dataset.

A
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g;g J'N | Ml ““ !' l}l \‘,“‘. i
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Pure molestus Pure pipiens F1 F2 Bx molestus Bx pipiens

I molestus [l pipiens [l F1 I F2 BxM Bx P

‘le ..Jl‘ 1“

Pure molestus Pure pipiens Hybrid

Jl

Il molestus [l pipiens hybrid

Figure 4. Bayesian assignment of simulated purebred anddytdividuals obtained by HYBRIDLAB
(Nielsenet al, 2006), as implemented by NEWHYBRIDS (Anderson Bompson, 2002).

Pure molestus, pure pipiens and hybrid (F1, F2 laackcrosses with each parental line) simulated
individuals were generated from the genotypes @f. pipiens specimens that displayed by
NEWHYBRIDS ag>0.90 of being pure molestus & 100) and pure pipiendl(= 11). Simulations were
done using HYBRIDLAB to produce 100 simulated iridisals for each class. Each vertical line
represents a simulated individual. Lines are pamtd in colours according to the probabilities of
assignment to each class. A: probabilities weraiobt for each of the six classes. B: the "hybrid"
category is the sum of probabilities of assignntergach of the four hybrid classes originally siated.

All individuals with a molestus ancestril (= 96) revealed by STRUCTURE
(Pritchardet al, 2000) were assigned to the same purebred clas¢éEhyYHYBRIDS
(Anderson & Thompson, 2002) with probabilities eignment close to 1 (minimuag
= 0.927, Figure 5). In addition, five individuals admixed ancestry were also included

in this class. In contrast, of the 36 specimen$ \pipiens ancestry, only 26 (72.2%)
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displayed aj > 0.50 of being assigned as parental pipiens (mimimgu= 0.510). AtTq

= 0.70 this number decreased to 19 (52.8%) withranmum g = 0.706. The individual
probabilities of assignment into the parental pipielass were lower than those of
purebred molestus. For individuals assigned asnparpipiens, the average proportion
of assignment into a different clas®(molestus and/or hybrid) was 0.144 far= 0.70
and 0.218 foifq = 0.50.

T | T O T W
: (L
0.80 I I : I
|
| i : i I

0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Cluster 1 (molestus) Admixed  Cluster 2 (pipiens)

Bl molestus [l pipiens [lF1 [{F2 [OBxM []]BxP

Figure 5. Bayesian assignment of individuals into pure andrid classes as implemented by
NEWHYBRIDS (Anderson & Thompson, 2002).

Each column represents an individual analysed &nd partitioned into colours according to the
probability of assignment to each of the six clasdenoted in the label (pure molestus, pure pipiEhs
hybrid, F2 hybrid, BxM: backcross with molestus, Bxbackcross with pipiens). Individuals were
arranged according to their probability of ancesibtained by STRUCTURE analysis. Dashed lines
highlight the two probability threshold$d) used to assign individuals into classes (see ttkth

Depending on the threshold, the proportion of hy/bndividuals detected by
NEWHYBRIDS (Anderson & Thompson, 2002) varied betwe&’.6% Tq = 0.70) and
10.3% {Tq = 0.50), values comparable to the 9.0% proportmstained by
STRUCTURE (Pritchareét al, 2000) analysis (Table 5).

Table 5. Proportions of pure and admix&llex pipiensindividuals inferred by Bayesian assignment
methods implemented by STRUCTURE (Pritchatdal, 2000) and NEWHYBRIDS (Anderson &
Thompson, 2002).

molestus admixed pipiens
Structure 96 (66.2) 13  (9.0) 36 (24.8)
Newhybrids Tq= 0.50) 104 (71.7) 15 (10.3) 26 (17.9)
Newhybrids Tg= 0.70)* 101 (69.7) 11  (7.6) 19 (13.1)

* At this threshold, only 131 specimens were assigto classes. The remainder 14 analysed indisdual
presented}<0.70 of belonging to any of the classes and waus tindetermined.
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Discussion

Insectary experiments based on the progeny of-GaldyhtCx. pipiens females
revealed strong associations between alternates that define molestus and pipiens
forms. The highest proportions of inseminated fe&wmalvere seen in autogenous
families. These two associated traits are expebfbedan autogenous/stenogamous
molestus population. Conversely, non-autogenousilieam exhibited the lowest
insemination rates suggesting that these famiépsesent the anautogenous/eurygamic
pipiens population. The non-autogenous group ireduidmilies that oviposited after a
blood meal and those in which no oviposition wateded throughout the experiment.
Factors such as poor adaptation to insectary donditausing gonotrophic dissociation
could have resulted in the absence of ovipositiofamilies that otherwise could in fact
be autogenous. On the other hand, low insemina#tas could also determine the lack
of oviposition. Coincidently, no inseminated fensaleiere detected in all the 19
families that did not oviposit after blood feedindgnder the experimental conditions
used, absence of insemination reflects the inglofitmating in confined spaces, a trait

of the pipiens form.

The observed phenotypic separation was confirmednizyosatellite analysis.
Extensive heterozygote deficits and linkage betwémn were detected when all
individuals were treated as a single sample. Tiiegmrtures were greatly reduced
when the sample was tentatively subdivided intosaniples defined by the CQ11FL
locus, a single-locus marker available to distisgumolestus and pipiens forms
(Bahnck & Fonseca, 2006). The Bayesian method ibHard and co-worker2000)
identifies clusters from multilocus genotypic freqeies based on the minimisation of
departures from Hardy-Weinberg equilibrium and iok&ge disequilibrium between
loci. This analysis revealed two distinct genetigsters that were largely coincident
with the molestus and pipiens forms defined by bt phenotypic traits and the
CQ11FL locus. Altogether, these results suggest thalestus and pipiens forms

represent distinct gene pools of a subdivi@ad pipiengpopulation.

From the comparison with the ancestry groups rededly STRUCTURE
(Pritchardet al, 2000), CQ11FL was only partially effective asiagthostic marker.

There was a good concordance between alternatineiymous genotypes and each
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form but heterozygous CQ11FL genotypes performssl \eell in determining admixed
individuals. Under conditions of continued hybratisn, recombination and
independent assortment will break the linkage betwaternative diagnostic genotypes
and their respective genetic ancestry backgroursdpdinted by Bahnck & Fonseca
(2006), results from this marker should thus berjrieted only at the population level.
Nevertheless CQ11FL still served as a good indigaftthe sympatric presence of both

molestus and pipiens forms in the study area.

Based on the partitioning of samples accordingnicestry clusters revealed by
STRUCTURE (Pritcharcet al, 2000), a globaFst of 0.127 was obtained between
molestus and pipiens forms. This estimate is digdbtver but still comparable to those
reported in previous comparisons between undergrauplestus and aboveground
pipiens populations (usually between 0.130 and @).18%ing similar microsatellite
datasets (Huangt al, 2008; Huanget al, 2009). Although no molestus underground
populations from the study area were available&nparison, it appears that gene flow
between molestus and pipiens forms is not sigmifigancreased by the sympatric co-
existence of both populations in the surface. Tdngument plays in favour of the
hypothesis of at least partial reproductive isolatbetween molestus and pipiens forms
and that the under/aboveground physical discoryinsinot the only factor promoting
genetic divergence, as previously debated (Byrn&li€hols, 1999; Fonsecat al,
2004; Kentet al.,, 2007). Under this particular situation of sympatpositive
reinforcement may play a role in counteracting ¢ffects of gene flow (Noor, 1999),

hence maintaining isolation between forms.

Microsatellite CQ11 displayed the highest differaindon between molestus and
pipiens, with arFst estimateca. 2-fold greater than for the other loci. This loauas
close to fixation in molestus form for a 286 bpekd| but this was a low-frequency
allele in the pipiens form (Figure 3). This alleficofile is not unique for the study area.
High frequencies of a CQ11 allele in the same s@®e (283-285 bp) have been
reported for underground and aboveground molestpsilptions from Europe and the
USA (Fonsecaet al, 2004; Bahnck & Fonseca, 2006; Keet al., 2007). This
continental-wide genetic signature is consisterth \&i single evolutionary origin of the
molestus form, possibly arising in the southeritudes of Europe or North Africa as a

human-adapted commensal form, that later dispeisénl northern latitudes as
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underground suitable habitats became availablesgaaet al, 2004). Furthermore, this
locus-specific differentiation may indicate that ClQocates in a genomic region under
divergent selection. In these genomic regions, cedurecombination and selection
against introgression maintain differentiation woty at loci associated with traits of
ecological adaptation or reproductive isolation lalgo at surrounding neutral loci
through genetic hitchhiking (Via & West, 2008; Nosi al, 2009). This mechanism is
considered a major process of sympatric/ecologipatiation and has been described in
several insect species (Machagioal, 2002; Turneret al, 2005; Egaret al, 2008).
Genome-wide scans will be necessary to confirnptiesence of such genomic regions
in Cx. pipiens

Estimates of hybrid rates between molestus ancempgpforms between 7-10%
were obtained by STRUCTURE (Pritchatal, 2000) and NEWHYBRIDS (Anderson
& Thompson, 2002) admixture analysis. These valaes similar to the estimates
obtained for southern European aboveground popukt{10%) using STRUCTURE,
although the authors used a differdrg of 0.06 (Fonsecat al, 2004). Adjusting
ancestry assignment to this threshold still yieldembmparable hybrid rate of 15.2% for
our sample. In comparisons between underground stusieand aboveground pipiens
populations from the USA hybrid rates of 12% haeerb documented (Huareg al,
2008) but up to 40% admixed individuals have beecuthented in USACX. pipiens
populations by Fonseca and co-work@®804). According to the authors, a more recent
colonisation and posterior contact of separate ®@ldrld molestus and pipiens
populations may explain the higher levels of hyisation found in the USA. On the
other hand, the low levels of hybridisation in d$wmrh EuropeanCx. pipiens
populations, even when both forms occur sympatyiGad here demonstrated, provides
additional support for reproductive/ecological s to gene flow other than habitat

segregation.

The degree of microsatellite differentiation in alataset was insufficient to
identify hybrids beyond the F1 class, as revealethb analysis of simulated data. This
was not an unexpected result as NEWHYBRIDS (Ande&d hompson, 2002) often
requires a large number of highly diagnostic maslsmtween populations to identify F2
and backcrossed hybrids with confidence (Gaval, 2006; Vaha & Primmer, 2006).

However, this analysis revealed important diffeemno the proportions of admixture
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within forms. Individuals with molestus ancestry rereall classified as purebred
molestus with probabilities of assignment above20.8 contrast, individuals with
pipiens ancestry had a mean proportion of admixtir®.387 (as measured by the
individual posterior probabilities of belonging ena non-pipiens class) and 28-48%
(depending orirq) were classified as hybrids. These differencegyssiga pattern of
asymmetrical gene flow, in which higher proportiom$ molestus alleles are
introgressed into the pipiens form. A similar trehds also been described in a
population from Chicago IL (USA), in which the p#pis form presented higher

proportions of molestus ar@k. quinquefasciatusncestry (Huangt al, 2009).

Another hypothesis could be raised if the moledtusn would have locally
evolved from the pipiens form through a recent fiing event. Under this scenario, the
microsatellite composition of the molestus popolatiwould be made almost
exclusively of only a subset of the alleles preserthe pipiens form which might result
in an apparent signal of admixture in the lattehil/estimates of allele and private
allele richness seem to support this view, thereeveensiderable differences between
forms in the microsatellite allele arrays that a consistent with this hypothesis.
These differences are illustrated by the numbenuifational steps separating the most
frequent alleles at each locus. Size variance-bd&gdvalues were higher than
frequency-base®st values in nearly half of the loci and also for tnean over-loci
estimates. HigheRst estimates do not conciliate with a recent foundawgnt that
would otherwise imply that genetic drift rather nhenutation would be the primary
evolutionary force shaping genetic divergence betwdorms (Slatkin, 1995).
Moreover, heterozygosity tests provided no evideforethe molestus form to have
recently undergone any major population reductioait twould be expected from a
founding event. Finally, the peculiar compositiohtlbe CQ11 microsatellite in the
molestus form, displaying a high frequency alle@mmon to all other molestus
populations regardless of geographic origin is aleb consistent with local multiple
origins of the molestus form. Altogether, thesedewces render the hypothesis of the
molestus population being derived from the localigns form unlikely. Extending the
analysis to other regions of sympatry between ntatesnd pipiens would provide
insights on whether the observed patterns of inéiggjon are a local phenomenon or a

general trend for the species in its southernidigion.
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The mechanisms underlying the patterns of asymaoagtintrogression between
molestus and pipiens are unknown. One hypothesisbeadrawn from the different
mating strategies displayed by molestus and pipfenss. Preferential introgression
from molestus to pipiens could be expected if sj@anwous molestus males mate readily
with both molestus and pipiens females in abovegtooabitats. On the other hand,
pipiens males require open spaces to mate due #&nsbased mating behaviour
(Downes, 1969). This more specialised behaviour reaylt in a higher propensity to
mate with pipiens females. This hypothesis reliedveo main assumptions. The first is
that introgression between molestus and pipiensaisly male-mediated and to test for
this hypothesis the analysis of sex-linked markewssld be required. In a recent study
analysing Asian populations of two additional mershea theCx. pipienscomplex, the
allele specific ofCx. quinquefasciatuat the sex-linkedce-2locus was found to have
introgressed intcCulex pipiengpallens Coquillett 1898 through the males (Fonseca
al.,, 2009). Patterns of male-mediated asymmetricalognéssion have also been
reported in several other non-insect organismsh g tree frogs (Lamb & Avise,
1986), warbler birds (Benscét al, 2002), mouse lemurs (Gligat al, 2009) and
macaque monkeys (Bonhomnst al, 2009). The second assumption is that both
pipiens and hybrid females have a greater propefwitseeking swarms for mating. To
address this question, more studies are needdthtaaterise the swarming and mating

behaviours irCx. pipiens in areas of sympatry between forms.

The molestus form was predominant in the study arehthis trend appeared to
be maintained throughout the year (data not showwhile this factor may also
contribute to a higher introgression of genes fromlestus to pipiens, it may also
suggest fitness differences between forms. In swothegions with mild winters, the
inability of the molestus form to undergo diapauleing winter may be a lesser
disadvantage than at northern latitudes. When dogum sympatry with the pipiens
form in surface habitats, autogeny and a more gésemating behaviour are likely to

result in a greater fithess molestus form.
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Conclusion

Both physiological/behavioural and genetic datavig® evidence for the
sympatric occurrence of molestus and pipiens foain€x. pipiensin aboveground
habitats of the study area. In spite of the synpaiccurrence, estimated hybridisation
rates were not much higher than those reportedotogical settings where both forms
are physically separated which suggests at leattlpeeproductive isolation between
molestus and pipiens. More importantly, hybridisatappears not to be bidirectional
and this is possibly a result of the different mgtstrategies exhibited by each form.
The observed patterns of asymmetrical introgressioaly have epidemiological
repercussions. In two recent studies covering thi8A States, pipiens form females
that have fed upon mammals (humans in particulagsgnted significantly higher
proportions of molestus genetic ancestry (Kilp&tret al, 2007; Huanget al, 2009).
These findings suggest a genetic basis for hostctah by Cx. pipiens The
introgression of molestus genes into the pipiemsfomay induce a more opportunistic
biting behaviour thus potentiating the capacitytlod latter form to act as a bridge-
vector for the transmission of arbovirus such asWMMNameret al, 2008). Further
studies focusing on the feeding habits and pomralynamics of molestus and pipiens
forms are required in order to clarify the impadt hybridisation in the vectorial
capacity ofCx. pipiensand, consequently, on the potential for transmissif arboviral

infections.

Material and methods

Study region and mosquito collection

Mosquito collections took place between May 2008 &ugust 2006 in the
Comporta region (38° 22' 60 N, 8° 46' 60 W), Dittof Setubal, Portugal. Comporta is
a low-lying area (altitude <60 m) with diverse gqms. Residential areas are situated
along a national road that crosses the study refgom north to south. The south and
east is mainly occupied by pine foreBtr(us pinaste/Aiton 1789;Pinus pined.. 1753)
and semi-natural agro-forest systems of cork-@daefcus subeL. 1753). In the west
there are extensive areas of rice fields and aesysif sand-dunes. The north and

northwest is part of a protected landscape areapoed by marshland, rice fields and

95



Chapter 3

saltpans. This protected area extends northwatdstie national wildlife reserve of
Estuario do Sado. The reserve harbours over 240spiecies. These include migratory
birds such as the European starlir®fufnus vulgarisL. 1758), the mallard Anas
platyrhynchosL. 1758) and the white storlkC{conia ciconiaL. 1758), that have been
reported as WNV hosts (Rappole & Hubalek, 2003).

The region has a warm temperate climate with ahdrtysummer and a mild
winter (class Csa, Koppen Classification Systemftédoet al, 2006). Monthly
averages of mean daily temperatures vary betwe®d 40d 21°C and relative humidity
between 76% and 89%. Monthly averages of dailyfadifluctuate between 0.12 and

3.4 mm.

Bimonthly mosquito collections were made by indooesting captures and
CDC light traps baited with CQOinside animal shelters (chicken, rabbit and pig).
Collected live mosquitoes were transported to aéitv@idatory and identified to species or
complex of sibling species using morphological kébeiro & Ramos, 1999).

Determination of autogeny and stenogamy

Blood fed and gravicCx. pipiensfemales were placed in individual cages in an
Insectary (25 = 2°C; 70 £ 10% RH) until ovipositidndividual egg rafts were reared
until the adult stage to obtain F1 families. Pufraen each F1 family were transferred
into cages with 20 cm side (0.008)rfor adult emergence. After emergence of the first
adult the family was kept in the cage with access ffructose 10% solution and an
oviposition tray. Both pupae and oviposition traykere daily observed for the
presence of egg-rafts. If oviposition occurred lumid days after the emergence of the
last adult (e. on average 14 days after the emergence of theatitdt of the egg batch)
the family was deemed autogenous. Families thaindidlay eggs during this period
were divided into two cages keeping similar sejosain each cage. In one of the cages
mosquitoes were maintained in similar conditionspeasviously in order to recover
eventually autogenous families that had delayeg@astiion. In the other cage, females
were given the opportunity to take a daily bloodden a vertebrate host (mouse and

chicken) for a period of 10 days.

After the end of the experiment, all F1 specimemsensacrificed by chilling.
Females had their abdomen dissected to determing¢hdir spermatheca was
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inseminated, as an indicator of the capacity toenmatconfined spaces. The head and
thorax of each female were preserved in individudles with silica gel and kept at

room temperature until DNA extraction.
Molecular analyses

DNA extraction from individual F1 females was penfied by the method of
Collins and co-workers (1987). Specimens were itfledtto species of the&ulex
pipienscomplex by a multiplex PCR assay that targets sgespecific polymorphisms
at the intron-2 of the acetylcholinesterase-2 gawe-2, using primers specific faCx.
pipiens s.s5.Culex torrentiumMartini 1925 andCx. quinquefasciatu$Smith & Fonseca,
2004). The first two species have been annotateBddugal (Ribeiro & Ramos, 1999).
Although Cx. quinquefasciatushas not been found in Portugal, its subtropical
distribution with a northern limit around 36° latite prompted us to test this additional
primer. The PCR assay described by Bahnck & Fong&@6) was used to detect a
size polymorphism in the 5' flanking region of 811 microsatellite o€x. pipiens
This marker, here denoted as CQ11FL, differentiafgecimens of the pipiens form,
that display a PCR product of 200 bp, from the sinie form (250 bp). Hybrids exhibit
both amplicons (200 bp/250 bp).

Fourteen microsatellite loci (Fonseea al, 1998; Keyghobadet al, 2004;
Smithet al, 2005) were analysed in this study (Table S4, Aol File 1). Each locus
was amplified separately in a 20 PCR reaction that contained 1x GoTaHlexi
Buffer (Promega, USA), 2.5 mM Mg&10.20 mg/ml Bovine Serum Albumin, 0.25 mM
dNTPs, 0.2QuM of each primer and 0.5 U GoTadflexi DNA polymerase (Promega,
USA). For each locus, one of the primers was flsceatly labelled (NED, HEX or 6-
FAM; Applied Biosystems, USA). Thermocycling condits included an initial
denaturation step of 5 min at 96°C followed by 3@les each with 96°C for 30 s,
Annealing at 52°C-58°C (locus dependent, Tablef®430 s, and 72°C for 30 s. After
a final extension step of 5 min at 72°C, reactiese stopped at 4°C.

Amplified products were separated by capillary etgzhoresis in a genetic
analyser ABI3730 (Applied Biosystems, USA) at thieAAnalysis Facility on Science
Hill, Yale University (USA). Fragment sizes and ggrpes were scored using the

software GeneMarker 1.4. (Softgenetics, USA).

97



Chapter 3

Data analysis

Pearson's Chi-square tests were used to deternsseciations between

autogeny and stenogamy phenotypic traits and W@ IF-L genotypes.

Genetic diversity at each microsatellite locus wharacterised by estimates of
expected heterozygosity using Nei's unbiased egimm@lei, 1987) and inbreeding
coefficient E,s). Significance ofF s values was assessed by randomisation tests. These
analyses were performed using FSTAT v. 2.9.3.2.uf@oet al, 1995). In addition,
estimates of allele richnesaq) and private allele richnesgAg) adjusted for the lowest
sample size were obtained by a rarefaction stegisapproach implemented by the
programme HP-RARE (Kalinowski, 2005).

Departures from Hardy-Weinberg proportions weretetbésby exact tests
available in ARLEQUIN v.3.11 (Excoffiegt al, 2005). The same software was used to
perform exact tests of linkage disequilibrium betwepairs of loci based on the
expectation-maximisation approach described byk®Bla& Excoffier (1996). Cornuet
& Luikart's (1996) heterozygosity tests were used detect recent population
perturbations. This method compares two estimatescpected heterozygosity, based
on allele frequency He) and on the number of alleles and sample sidg),(
respectively. At mutation-drift equilibrium (MDElpoth estimates should be similar but
if a population experiences a recent bottlenecketiagll be a transient state in whieh
> Heq due to a rapid loss of rare alleles. Converstly Heq is an indicator of a recent
population expansion. Estimates I8, under MDE were obtained assuming a strict
stepwise mutation model (SMM) and two-phase mod€RM) with proportions of
indels larger than one repeat of 10%, 20% and 3@Atcoxon tests were used to
determine if there were a significant number of lacwhich He # Heq @s an indication
of departure from MDE. Calculations were done u€sB@TTLENECK version 1.2.02
(Cornuet & Luikart, 1996).

Genetic differentiation between groups was measurgdestimates of the
fixation index, Fsy, calculated according to Weir & Cockerham (1988gnotypic
permutation tests available in FSTAT (Goudetl, 1995) were performed to infer if
the estimates differed significantly from zero. Thacrosatellites equivalenRst
(Slatkin, 1995) was estimated as implemented by BRUIN (Excoffieret al, 2005).
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Bayesian clustering analysis as implemented by STRURE 2.2 (Pritcharet
al., 2000) was used to infer population substructa®satry from the dataset without
prior information of sampling groupsd. phenotypes), under the admixture model with
correlated allele frequencies. Ten independent mitls 1 burn-in steps and %0
iterations were done for each valuekofK = 1 to 4 clusters). The method of Evanno
and co-workers (2005) was used to determine thd hkesy number of clusters in the
sample. Following the suggestions of Vaha & Primr{@d06), individual genetic
assignment to clusters was based on a minimum mpmrspeobability thresholdTq) of

0.90. Individuals displaying 04 g; < 0.90 were considered of admixed ancestry.

The Bayesian method implemented by NEWHYBRIDS I1Anderson &
Thompson, 2002) was used to assign individuals @éhidasses: pure molestus, pure
pipiens, and hybrids (F1, F2 and backcrosses wilestus or pipiens). The approach
of uniform priors was used and results were basethe average of five independent

runs each with T0burn-in steps and @erations.

The performance of NEWHYBRIDS to detect purebred hgbrid individuals
with the present microsatellite dataset was asdassieag simulated data generated by
HYBRIDLAB (Nielsen et al, 2006). From the initial NEWHYBRIDS analysis, pure
molestus and pipiens individuals were selecteddaseaq>0.90. From this sampling,
100 simulated genotypes of each parental and hyilads were generated. These
artificial genotypes, without prior population imfoation, were analysed in
NEWHYBRIDS. Following the examples of previous wer/aha & Primmer, 2006;
Burgarellaet al, 2009), power (number of correctly identified widuals for a class
over the actual number of individuals of that cJemsd accuracy (number of correctly
identified individuals for a class over the totalnmber of individuals assigned to that
class) were calculated for fotlig values (0.50, 0.70, 0.80 and 0.90). Analysis vased

on the mean of five replicates of simulated dataset

Whenever multiple testing was performed, the nomsignificance level of
rejection of the null hypothesis € 0.05) was corrected by the sequential Bonferroni
procedure (Holm, 1979).
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Additional File 1

Table S1.Genetic diversity at microsatellite loci Gllex pipiengrom Portugal.

Locus CQ11FLzsops0  CQLIFLagos0  CQLIFLapo00  All sSamples

(N=78) (N=26) (N=41) (N=145)

Ax 1.7 4.8 7.2 6.5

CQll  H. 0.031 0.620 0.801 0.607
Fis -0.004 -0.548* 0.190 0.346

Ar 6.6 7.0 10.1 8.7

CQ26  H. 0.756 0.826 0.862 0.835
Fis 0.537 0.579 0.001 0.396

Ar 9.3 8.8 12.0 10.8

CQ41  H. 0.789 0.789 0.833 0.812
Fis 0.144 0.088 0.262 0.179

Ar 4.4 8.5 11.9 9.0
CxpGT04  H, 0.637 0.727 0.879 0.748
Fis 0.092 -0.111 0.062 0.077

Ar 6.1 10.0 10.3 9.3
CxpGT09  H, 0.743 0.855 0.847 0.818
Fis 0.521 0.491 0.366 0.482

Ar 3.9 4.9 7.4 5.9
CxpGT12 He 0.380 0.470 0.766 0.545
Fis 0.184 0.202 0.106 0.213

Ar 10.8 125 16.7 13.2
CxpGT20 H, 0.867 0.888 0.916 0.895
Fis 0.135 -0.082 0.121 0.104

Ar 6.6 6.8 9.6 8.1
CxpGT40  H, 0.805 0.735 0.719 0.814
Fis 0.038 0.238 0.185 0.166

Ax 5.5 8.8 10.1 8.1
CxpGT46 H, 0.667 0.776 0.853 0.748
Fis 0.110 0.034 ~0.194 0.131

Ax 11.8 13.4 18.3 14.3
CxpGT51  H, 0.866 0.885 0.932 0.891
Fis 0.131 0.044 0.035 0.089

Ar 14.1 12.7 22.4 16.5
CxpGT53  He 0.893 0.888 0.954 0.914
Fis 0.186 0.009 0.106 0.134

Ar 1.7 2.8 1.8 1.8
CxqQGT4 H, 0.038 0.076 0.048 0.047
Fis -0.013 -0.010 -0.013 -0.018

Ar 3.3 3.9 6.9 5.0
CxqGT6B  H. 0.635 0.686 0.754 0.681
Fis 0.079 -0.166 0.006 0.017

Ar 2.5 3.0 3.6 3.1

CxqTRI4  H, 0.301 0.306 0.543 _0.380
Fis 0.105 0.121 0.146 0.148

Ax 6.3 7.7 10.6 8.6

Allloci  H, 0.601 0.681 0.765 0.695
Fis 0.192 0.078 0.135 0.190

N: sample sizeAg: allelic richnessHe: expected heterozygosit;s: inbreeding coefficient. Values in
bold indicate a significant P-value after corregtfor multiple tests (see Methods). *Significahwalue
for a negativeFis. Per locus and over samples Hardy-Weinberg tests werformed using ARLEQUIN.
For over loci estimates the global test availablE$STAT was used.
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Table S2.Estimates oFstandRstbetween forms ofulex pipiensdentified by Bayesian clustering
analysis performed in STRUCTURE (Pritchatdal, 2000).

Clusterl (molestus) Admixed Clusterl (molestus)
Locus VS. VS, VS, All samples
Admixed Cluster2 (pipiens) Cluster2 (pipiens)
CQ11 Fst 0.207 0.032 0.405 0.360
Rst 0.266 0.239 0.612 0.566
CQ26 Fst 0.099 -0.017 0.132 0.117
Rst 0.079 0.018 0.004 0.017
CQ41 Fst 0.038 0.014 0.072 0.059
Rst 0.059 -0.013 0.025 0.030
CxpGT4 Fst 0.043 0.033 0.155 0.120
Rst 0.032 0.001 0.151 0.110
CxpGT12 Fst 0.072 0.049 0.272 0.216
Rst -0.020 0.061 0.131 0.099
CxpGT20 Fst 0.023 0.045 0.060 0.050
Rst 0.082 0.013 -0.009 0.009
CxpGT40 Fst -0.019 0.184 0.205 0.164
Rst -0.022 0.157 0.267 0.219
CxpGT46 Fst -0.043 0.061 0.060 0.049
Rst -0.043 -0.058 0.010 0.001
CxpGT51 Fst 0.002 0.021 0.025 0.019
Rst 0.151 0.063 0.346 0.284
CxpGT53 Fst 0.020 0.010 0.035 0.032
Rst 0.123 -0.038 0.076 0.078
CxqGT4 Fst -0.007 -0.024 0.002 -0.004
Rst -0.008 -0.015 0.007 0.001
CxqGT6b Fst -0.003 0.001 0.015 0.010
Rst 0.033 0.093 0.010 0.024
CxqTrid Fst -0.009 0.053 0.164 0.119
Rst -0.018 0.146 0.321 0.256
All loci Fst 0.031 0.039 0.127 0.104
Rst -0.003 -0.055 0.191 0.135
Without CQ11  Fgy 0.021 0.039 0.103 0.082
Rst -0.016 -0.067 0.123 0.079

Individuals with a minimum posterior probability<0.90 were considered admixed genotypes between
the two clusters (molestus and pipiens). In balghificant Fst or Rsr after correction for multiple testing
by the sequential Bonferroni procedure.
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Table S3.Power and accuracy of NEWHYBRIDS to detect purdlaned hybrid simulated individuals.

ol Tq=0.900 Tq=0.800 Tgq=0.700 Tq=0.600 Tq =0.500
ass
Power Accuracy Power Accuracy Power Accuracy Power Accuracy Power Accuracy

Pure molestus 0.890 1.000 0.990 1.000 1.000 1.000 1.000 1.000 001.0 1.000
Pure pipiens  1.000 1.000 1.000 1.000 1.000 1.000 0001. 1.000 1.000 1.000
Hybrid 0.678 1.000 0.860 1.000 0.953 1.000 0.988 00a. 1.000 1.000

F1 0.110 1.000 0.720 1.000 0.930 1.000 1.000 1.000.000 1.000

F2 0.000 - 0.010 1.000 0.030 1.000 0.160 1.000 (.411.000
Bx molestus  0.010 1.000 0.110 1.000 0.410 1.000 00.621.000 0.840 1.000
Bx pipiens  0.000 - 0.060 1.000 0.280 1.000 0.570 0.0 0.830 1.000

Five threshold valuesT'() were analysed for power and accuracy to detaetnpa and hybrid simulated
individuals. The “hybrid” category represents thensof assignment probabilities to each of the four
hybrid lineages originally tested. Power: numbercofrectly identified individuals for a class owiae
actual number of individuals of that class in thenple N=100 for purebred, F1, F2, Bx molestus and Bx
pipiens;N=400 for the hybrid class category). Accuracy: namif correctly identified individuals for a
class over the total number of individuals assigieetthat class.
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Table S4.Microsatellite loci analysed.

Locus Repeat Primers T (°C) Ref
F:GATCCTAGCAAGCGAGAAC 1
CQ11 (GTYACTTC(GT) 52
R:6-fam-GAGCGGCCAAATATTGAGAC
F: TCCGACATGGGAAGAGCGCA 1
CQ26 (GTGTGTATHHGT)g+H(GT)s 56
R: 6-fam-ACGCGCCCTTCTTCTGCAAC
F: CTGCCACTGCCTGACTGAAA 1
CQ41 (GT)2 52
R: Hex-ACCACTCAGCAACATCCGGC
F: GTCGTCGCTAACCCTTGTT 2
CxpGT4 (GTYGTTT),GC(GTYCT(GT) 54
R: Ned-CGCGATAGTCGGTAATCGT
F: AATCTCCCCGTATAATTGTG 2
CxpGT9 (GT)13 52
R: Ned-TATAAGACCAGTGAAGCCAG
F: AACGTGAGCGTGATTGCTC 2
CxpGT12 (TG)4 54
R: 6-fam-CAGCTGTTGCACCAATGTC
F: CAACCGCTAAATTGCCTCA 2
CxpGT20 (TG)s 54
R: Ned-GCAAACCCGATACCGAAT
F: CATCATCTGTCCACGATCC 2
CxpGT40 (GT)s 52
R: Hex-TTATGCAGTTGCTGTCATATCC
F: Hex-CCGACACCGTGTTCAAAGAG 2
CxpGT46 (TG)15 52
R: TGACGACGACGGTACAAGAG
F: GAGTATCGCTCGTTGGAGATT 2
CxpGT51 (TG)CG(TG)s 54
R: Hex-ACCCTCTTTTCTTTCTATGTCTGT
F: 6-fam-GTCCCGTTTGGTTGGTTG 2
CxpGT53 (TG), 58
R: CCATCTCCTCCTGAATCCTG
F: ATAGAACTTGTTCGCCGTCTC 3
CxqGT4 (GT)2 52
R: 6-fam-TCTAAACACGCACCACGTACA
F: CAACCAGCAAAACCCTCATC 3
CxqGT6b (CAy 54
R: Ned-TAGCCGGGCAGATTCATTAC
) F: Hex-CTAGCCCGGTATTTACAAGAAC 3
CxqTrid (TGCy 54
R: AACGCCAGTAGTCTCAGCAG

Ta: annealing temperature. Ref: Referende§onsecaet al. 1998.Molecular Ecology7: 1613-1621%
Molecular Ecology Note4: 20-22.3: Molecular Ecology NoteS: 697—700.
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Chapter 4.
Feeding patterns of molestus and pipiens forms @ulex

pipiens (Diptera: Culicidae) in a region of high hybridisation

Submitted tdParasites & Vectorsas:

Gomes, B., Sousa, C.A., Vicente, J.L., Pinho, Lald€ron, I., Arez, E.,
Almeida, A.P., Donnelly, M.J. & Pinto, J. Feedingtierns of molestus and pipiens
forms of Culex pipiengDiptera: Culicidae) in a region of high hybridise.

111



112



Feeding patterns @ulex pipiengorms

Abstract

Background

Two biological forms of the mosquitGulex pipienss.s, denoted pipiens and
molestus, display behavioural differences that naffect their role as vectors of
arboviruses. In this study, the feeding patternanolestus and pipiens forms were
investigated in Comporta (Portugal), where highelswof inter-form admixture have
been recorded. Microsatellite data were used terchéhe genetic backgrounds of
blood-fed females collected indoors resting. Outdeamples collected by CDC light
trap and landing catches were also genotyped. Tlggnoof the blood meal was

determined by ELISA and mtDNA sequencing.
Results

The distribution of the forms differed according tollection method. The
molestus form was present only in indoors collediovhereas pipiens and admixed
individuals were sampled both indoors and outddorgoth forms, over 90% of blood

meals were made on avian hosts.
Conclusion

The identification of blood meals taken from Pagsenes Passer domesticus
andTurdus merulain females from both forms caught resting inaadgomestic shelter

highlights a potential for accidental transmissabrarboviruses to humans in the region.

Background

Culex pipienss.s. is a major vector of Japanese encephalitis seupgro
arboviruses to their natural hosts birds (Medletkal., 2005) and in the accidental
bridge-transmission from birds to humans and domesaimmals (Fonseca al.,2004;
Hameret al., 2008). This serogroup includes West Nile virus (WNwnd Usutu virus
for which human cases have been reported in thepean continent (Zeller &
Schuffenecker, 2004; Calzolat al.,2012).

Culex pipienss.s.is a synanthropic mosquito with a widespread ithigtion in

temperate regions (Vinogradova, 2000). This spescesirs as two biological forms,
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named molestus and pipiens, which exhibit importaghavioural and physiological
differences. The molestus form is stenogamous @riateonfined spacese. < 0.1 nf;
Clements, 1999), autogenous (can oviposit withoubl@d meal), homodynamic
(remains active during winter) and mammophilic fpre to feed on mammals,
including humans). In contrast, the pipiens fornetusygamous (mates in open spaces),
anautogenous (oviposition requires a blood meaerbdynamic (undergoes winter
diapause) and ornithophilic (feeds predominantipds) (Harbaclet al.,1984, 1985).

The degree of synanthropy also varies between foilthe molestus form is
more restricted to habitats with human influencerglas the pipiens form has a greater
ecological plasticity (Vinogradova, 2000). In nath temperate latitudes, molestus
populations are confined to underground habitatereds the pipiens form occupies
aboveground habitats (Byrne & Nichols 1999; Vinatyrea, 2000; Huangt al.,2008).

In southern Europe and in the Mediterranean regiopulations of both forms occur
sympatrically in aboveground habitats (Nudelreaal.,1988; Gomest al.,2009).

Hybridisation betweex. pipiens s.d§orms has been considered a major factor
influencing WNV transmission (Fonseegal., 2004). Hybridisation between molestus
and pipiens may result in a catholic feeding betnavihereby increasing the risk of
admixed populations to act as bridge-vectors of Whitween birds and humans
(Chevillon et al., 1995). An influence of different molestus and i@ genetic
backgrounds on host preference has been previawsiymented (Kilpatricket al.,
2007). The increase @Xx. pipiens s.shites on mammals, including humans, at the end
of summer in the USA, has been attributed to a pédlybrids in aboveground habitats
in this period (Spielman, 2001). However, a reducof bird populations in the region
at the end of the summer (specifically thedus migratoriud.. 1766, American robin)
may also potentiate a shift of the feeding behavinCx. pipiens s.gKilpatrick et al.,
2006).

West Nile virus surveillance studies in Europe hawainly focused on the
detection of the virus (or viral antigens) in nalumosquito populations (Ton&t al.,
2008, Almeidaet al., 2010; Calzolariet al., 2010). Particular attention has also been
given to the blood feeding preferences of thesdovgmpulations (Balenghieet al.,
2011; Mufozet al., 2012; Osdérioet al., 2012). However, information about the
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distribution of theCx. pipiens s.§orms and hybridisation rates is generally abfemh

these reports. More importantly, it remains to beednined how hybridisation between
molestus and pipiens forms can affect certain hehav that influence pathogen
transmission to humans, including blood feedingfgemces, and the degree of

synanthropy of the mosquito populations.

A previous study carried out in 2005-2006 in Comi@oan estuarine area in
south-central Portugal, described aboveground sigopanolestus and pipiens
populations with incomplete genetic isolation (Garaeal.,2009). The region is home
to over 240 bird species, including migratory birdgat host WNV, such as the
European starlingSturnus vulgarid.. 1758) and the white storlCi{conia ciconial.
1758). The interaction of the migratory birds wilx. pipiens s.smosquitoes may
establish a WNV enzootic cycle with the infectidnresident WNV host birds such as
the house sparrowP@sser domesticuks. 1758) and carrion crowCrvus coroneL.
1758) (Rappole & Hubdélek, 2003; Hubalek, 2008). ktlibation rates of 7.6-10.3%
between molestus and pipiens were recorded inati@a, providing an opportunity to
study the behavioural consequences of admixtunedsst these forms (Gomes al.,
2009).

In the present study, we have characterized maleand pipiens genetic
backgrounds in the Comporta region and relatedethesepidemiologically relevant
traits, in particular their blood-meal host prefezes. Results are discussed with respect
to the relative contribution of the forms, and theybrids, to the establishment of

arboviral transmission cycles.

Methods

Study region and mosquito collection

The Comporta region (District of Setubal, Portu@a 22' 60" N, 8° 46' 60" W)
is a wet lowland (altitude <60 m) that includeseansnatural farming ecosystem (rice
production and cork-oak forest) and a protecteddaape, the national wildlife reserve
of Estuario do Sado. The region has a warm tempealahate with hot dry summers
and mild winters (class Csa, Koppen Classificat®ystem, Peekt al., 2007) with

115



Chapter 4

monthly averages of mean daily temperature varggtgveen 10°C and 21°C and daily
rainfall between 0.12 and 3.4 mm.

Mosquito collections took place in two weeks in @q19" - 239 July and 7 -
13" August) in 7 localities of the region (Table Sidditional file 1). Three sampling
methods were used: i) indoor resting collectioh®) (vere performed inside domestic
animal shelters using hand mechanical aspirataist@ches. Each animal shelter was
inspected for mosquitoes for a period of 10 minputdoor CDC light trap (Centers for
Disease Control; Sudia & Chamberlain, 1962) caites, placed in the canopy of trees
(CDC-C) and at ground level (CDC-G), were perfornmeekrnight between 19:00-
09:00; iii) outdoor human landing catches (HLC) &vperformed between 20:00-23:00

by a team of four collectors using hand mecharasplrators and torches.

Collected mosquitoes were killed by freezing anehidied to species/complex
using morphological keys (Ribeiro & Ramos, 1999Yedhly blood-fed female
mosquitoes obtained by indoors resting and CDCt ligap collections had their
abdomens removed and preserved in 20 ul EDTA (OMR&at -20°C for subsequent
blood meal identification. The thorax and head areblood-fed female was preserved
individually at -20°C until DNA extraction. Non hidd-fed whole mosquitoes were
preserved in the same conditions as the head$harates.

Mosquito DNA extraction and molecular analysis

DNA was extracted from individual females usingheemol-chloroform method
with ethanol precipitation (Donnellgt al., 1999). Each specimen was identified to
species by a multiplex PCR assay targeting spepesHic polymorphisms in the
intron-2 of the acetylcholinesterase-ac¢2) gene using primers specific fdEx.

pipiens s.s., Cx. quinquefasciamsdCulex torrentium(Smith & Fonseca, 2004).
Selection and analysis of microsatellite loci

The software WHICHLOCI (Bankset al., 2003) was applied to the
microsatellite dataset used by Gonstsal. (2009) to determine molestus and pipiens
genetic backgrounds in Comporta, in order to seletibset of six loci to be analysed in
this study. Of the 13 microsatellites genotype@Gomeset al. (2009), locus CQ11 was
excluded due to its linkage with the diagnostic @RIl marker (see below). The
remaining 12 microsatellites dataset was useddaterthree samples of 500 simulated
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individuals (molestus, pipiens and hybrids) to infender 18 iterations, which
combinations of microsatellites allow to assignreotly the simulated individuals with

a minimum accuracy of 90%. Bayesian clustering y@mi®l as implemented by
STRUCTURE 2.3.3 (Pritcharet al.,2000) was then used to infer population structure
in the data set of Gomext al. (2009) with the best six microsatellites and unither
same run conditions. The results obtained for treaskts with six and 13
microsatellites were compared to establish the sttass of the analysis with the lowest

battery of microsatellite loci.€. six).

Microsatellite genotyping was performed by PCR wililorescently-labelled
primers under the same conditions as in Goeted. (2009). Amplified products were
separated by capillary electrophoresis in a genatalyser ABI3730 (Applied
Biosystems) at Yale DNA Analysis Facility (USA).dgment sizes and genotypes were
scored using the software GeneMarker 1.4. (SoftgendJSA).

The multiplex PCR assay described by Bahnck & Foamg006) was used to
detect a size polymorphism in the 5' flanking regad the CQ11 microsatellite @x.
pipiens s.sthat differentiates molestus and pipiens formsval as their hybrids. This
marker, here denoted as CQ11FL, differentiatesisms of the pipiens form (200 bp)
from the molestus form (250 bp PCR product) whierids exhibit both pipiens and
molestus amplicons (Bahnck & Fonseca, 2006). Giteerelatively good performance
at the population level in the region (Gonetsal.,2009), this marker was used to label
distinct microsatellite-based genetic clusters akrming to the molestus or pipiens

forms.
Blood meal identification

A Sandwich ELISA protocol (Simfest al., 1995) was used to identify blood
meals of blood-fed indoor resting mosquitoes. Blooghls were tested for the presence
of chicken, cow, dog, goat/sheep, horse/donkey, a@mimpig, and rabbit
immunoglobulin G (IgG). Four positive controls (btbfrom the tested species) and 14
negative controls (two blood samples from the o®fen species) were used in every
96-well microplate. Absorbance values were readl92t nm wave length in an ELISA
reader (Anthos 2018, Anthos Labtec Instruments). Cut-off values weatealated for
each plate, as the mean plus three times the sthddsaiation of the negative controls.
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Fragments of the mitochondrial DN&ytochrome kcyt b gene were sequenced
to identify the blood meal source of female mossgstcollected in the canopy of trees
(CDC-C) and for a subsample of females caught indesting (ELISA-negative blood
meals and random blood meals from all the diffetgpes of blood meal identified).
DNA extraction from blood samples was performedhvilie DNeasy Blood &Tissue
Kit (Qiagen, Valencia, CA). The vertebratgt b gene was amplified following a
modified version of the protocol of Hamet al. (2009) that excluded the fourth primer
pair amplification. PCR products were purified witle QIAquick PCR Purification kit
(Qiagen) and sequenced in a biotechnology comp@&tgbyida, Oeiras) on an
ABI3730XL automated sequencer (Applied Biosysten&quences were manually
corrected and aligned using BioEdit 7.0.9.0 (H&99). Identification of host species

was performed by comparison withit bsequences deposited at NCBI GenBank.
Data analysis

Bayesian clustering analysis as implemented by STRURE 2.3.3 (Pritchard
et al.,2000) was used to infer population substructudsiny from the data set without
prior information of sampling groups under the dtinds of admixture 4 allowed to
vary between 0 and 10), and allele frequenciestaiead among populations Was set
at 1, default value). Ten independent runs with ifations and Ireplications were
performed for each value &f (K=1 to 10 clusters). To infer the most likely numbér
clusters in the sample, thiK statistic was used (Evaneobal.,2005). Information from
the outputs of eacK (10 runs) was compiled by the Greedy method impleed in
CLUMPP (Jakobsson & Rosenberg, 2007). Following siggestions of Vaha &
Primmer (2006), individual genetic assignment tostdrs was based on a minimum
posterior probability thresholdrq) of 0.90. Individuals displaying (x1qg; <0.90 were

considered of admixed ancestry.

Genetic diversity at each microsatellite locus wharacterised by estimates of
expected heterozygositide (Nei, 1987) and inbreeding coefficierffd). Significance
of Fis values was assessed by randomisation tests. &haggses were performed using
FSTAT v. 2.9.3.2. (Goudet, 1995). Estimates oflallichness Ag), adjusted for the
lowest sample size, were obtained by a rarefadiatistical approach implemented by
the programme HP-RARE (Kalinowski, 2005). Depatufrom Hardy—\Weinberg
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equilibrium were tested by exact tests availablARLEQUIN v.3.5 (Excoffieret al.,
2005). The same software was used to perform etests of linkage equilibrium
between pairs of loci based on the expectation-mastion approach described by
Slatkin & Excoffier (1996). The software Micro-Cher 2.2.3. was used to search

(99% confidence interval) for null alleles at lseimples (van Oosterhoeit al.,2004).

Fisher's exact tests (2x2) were performed withassarStats: Website for
Statistical Computation(Lowry, 2012) to determine associations the gendtisters
identified by STRUCTURE and the origin of blood risea

Whenever multiple testing was performed, the nomsignificance level of
rejection of the null hypothesig£ 0.05) was corrected by the sequential Bonferroni
procedure (Holm, 1979).

Results
Mosquito sampling

A total of 80 IR collections were performed in d&s (Table 1). The majority
of animal shelters found in the area were chickeops (46.4%). Consequently, 44
(55.0%) of the IR collections were made in chickeops whereas 19 (23.8%) were
made in shelters harbouring mammalian hosts witldmrhestics birdsi.e. rabbit
hutches, cattle barns and pig pens). Seven (8.8%ctons were performed in shelters
with both avian and mammalian hosts and 10 (12.5%jle installations without any
visible vertebrate host. The IR collections yieldetbtal of 235Cx. pipiens s.lfemales,
of which 174 (74.0%) were blood fed. Of the totélfemales caught, 88.5% were
sampled inside chicken coops, 4.3% in mammaliantesbe 3.8% in mixed avian-
mammal shelters and 3.4% in installations with amdstic vertebrates (Table 1). None
of the 10 females caught inside shelters exclugiwvelh mammalian hosts was blood
fed and only 6 (3.4%) engorged females were catech mixed avian-mammalian

shelters.

A total of 24 outdoor CDC light trap collections neeperformed (Table S1,
Additional file 1). Of these, 17 were performed lwittaps hung at the canopy of trees
(CDC-C), yielding 1,093x. pipiens s.Ifemales, and 7 were placed at ground level

119



Chapter 4

yielding a total of 625 females. Human landing batcwere performed six times at a
single site (Table S1, Additional file 1). Thesdlections yielded a total of 156x.
pipiens s.l.females. The mean number of bites per human per Wwas 2.2 for this
species.

Table 1. Number of indoor resting collections a@x. pipiens s.Imosquitoes caught according to the
type of shelter.

Collections Cx. pipienssl.

Shelters IR sites
Nc Npc Ne Nar
. 13 44 31 208 164
Chicken coops
(46.4)  (55.0) (70.5) (88.5) (94.3)
. 11 4 10 0
Rabbit hutches
(10.7)  (13.8) (9.1) (4.3) (0.0)
Cattle barns 4 0 0 0
(3.6) (5.0) (0.0) (0.0) (0.0)
Pig pens 4 0 0 0
ap (107) (5.0) (0.0) (0.0) (0.0)
Mixed composition ! > o 6
P (107) (8.8) (11.4) (38) (3.4)
. 10 4 8 4
Without vertebrates
(1790 (125) (9.1) (3.4) (2.3)
Total 28 80 44 235 174

IR sites: number of indoor resting collection sitesveyed;Nc: number of collections performedtc:
number of collections positive f&@x. pipiens s.J.Ng: number ofCx. pipiens s.Ifemales collected\g:
number of blood-fed females collected; Mixed conifpms. Shelter with domestic birds and domestic
mammals. Values in brackets represent relativauérgies (in percentage).

Microsatellite analysis

The best combination of six microsatellites (asstyscore of 92.0%) included
loci CxpGT04, CQ26, CxpGT20, CxpGT12, CQ41, and GXA0 (see Additional file
1, Table S2). The analysis with six loci was ableplit the Gomest al. (2009) dataset
in to two clusters with a highly similar result tbat obtained with 13 loci (see
Additional file 1, Table S3). Taking the 13 locitdset as the golden standard, the
analysis with six loci had an average accura®y dverage of the number of correctly
identified individuals for a class over the totalnmber of individuals assigned to that
class) of 81.6% and average powee.(@verage of the number of correctly identified

individuals for a class over the actual numbemndividuals of that class) of 88.6%.
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Of the IR collections, only blood-fed females caughside shelters with
vertebrate hosts were selected for molecular geimgy(N = 174). Of these, four
specimens failed in PCR amplifications and weres tixcluded. A total of 170 females
from five of the seven localities (Cambadd= 14; ComportaN = 27; PegoN = 47;
Possanco:N = 80; Torre:N = 2) were analysed. In addition to IR mosquitoes,
subsamples from CDC-ON(= 39, of which 9 were blood fed), CDC-@®l £42) and
HLC (N = 40) were also included, giving a total of 291 @peens used for molecular
identification and microsatellite genotyping. Aflecimens were molecularly identified
asCx. pipiens s.y PCR (Smith & Fonseca, 2004).

Bayesian clustering analysis implemented by STRUREUrevealed two

clusters (Figure 1A).
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Figure 1. Bayesian cluster analysis @x. pipiens s.smosquitoes conducted by STRUCTURE in
Comporta (2010).

A: Individuals sorted by their ancestral probahijliB: Individuals sorted by collection method and
ancestral probability; IR: indoor resting insidekérs; CDC-G: CDC light traps in ground level; CIoC
CDC light traps in canopy of trees; HLC: human lagdcatchesa: admixed individuals (0.1Trg<0.9).
Columns correspond to the multilocus genotype afhemdividual, partitioned in different colours
representing the probability of ancestry) (o each cluster (Red: molestus; Blue: pipiensilividuals
were ordered according to their geographic infoiromatLines indicate the; threshold used to determine
admixed individuals (see Methods).

Cluster 1 grouped 48 specimens of which 42 (87 \w&se classified as molestus
form by the CQ11FL locus (Table 2). The majorityl.@B%) of the 204 specimens in

cluster 2 was classified as pipiens form by CQ1{Fable 2). There were 39 females
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exhibiting an admixed ancestrye( g>0.10 for both clusters). Of these, seven (17.9%)
had a heterozygous CQ11FL200/250 genotype whilendgerity (N = 31, 79.5%) were
classified as pipiens form by CQ11FL PCR (TableT2)ere were twelve individuals
displaying a 350 bp CQ11FL allele. Of these, 11engmouped in the pipiens cluster,
while one CQ11FL200/350 heterozygote was assignéuetadmixed cluster (Table 2).

Table 2 Genotypic frequencies at the CQ11FL locus in eathhe ancestry clusters revealed by
STRUCTURE.

CQ11FL genotype
250/250 200/250 200/200

42 2 4
Cluster 1 (molestus) 48
(87.5) (4.2 (8.3)
. 6 25 177
Cluster 2 (pipiens) 2064
(2.9) (12.3) (84.3)
Admixed 39 ! ! 3
(2.6) (17.9) (79.5)
49 34 207
Total 291

(11.7) (16.8) (71.1)

N: number of individuals; Values in parenthesis refe the frequencies (in percentage) within each
cluster. * includes one specimen without CQ11FL identificati@ includes one CQ11FL250/350
heterozygote® includes one CQ11FL350/350 homozygote and nine EQ200/350 heterozygote$.
includes one CQ11FL200/350.

Genetic diversity estimates for the 6 microsaeelldci analysed for the whole
datasetNl = 291) and in subsamples determined by clustenadyais (STRUCTURE)
and by sampling type.€. collections inside animal shelters versus outadmdliections)
are shown in Table S4 (see Additional file 1). $igant departures from Hardy-
Weinberg equilibrium were detected at 5 loci (83)3%hen all specimens were
analysed as a single sample (see Additional filefdhle S4). However, when the
sample was subdivided according to clustering assgmt and sampling site, significant
heterozygote deficits were observed only on sixasimmns (21.4% out of 28 tests).
These departures were generally associated withifisent positive Fis values
indicative of a heterozygote deficit. Exact testdilmkage disequilibrium revealed 12
(80.0%) significant associations between pairsoafi for the whole dataset. When
samples were divided by clustering assignment gpd bf sampling site, only one

significant association was observed (1.3% out Bf cémbinations). The analysis
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performed by Micro-Checker did not find a consisteignal of null alleles in any loci.

All microsatellite loci were maintained for subseqtianalyses.

Bayesian clustering analysis showed a non-uniforstridution of the forms
among collection methods (Figure 1B). All specimemgh a molestus genetic
background were sampled solely by IR collectionsergas individuals with pipiens or
admixed ancestry were collected by both IR andaartdollectionsi(e. CDC-C, CDC-
G and HLC). In IR collections, the proportion of estus individuals caught inside
chicken coops was 28.8% of the total catch and%én7avian-mammal mixed shelters.
The proportion of admixed individuals caught by (R4.7%, 25 out of 170) was
comparable to that sampled by outdoors collectiethods (11.6%, 14 out of 121).

The distribution ofCx. pipiens s.sforms in IR collections appeared not to be
homogenous among the localities surveyed (Figuréng8)viduals of molestus ancestry
were concentrated mainly in Pego (79.2%), consgtiqu80.9% of the total IR catch at
this locality. The proportion of IR collections nedt avian shelters €. chicken coops)
in Pego was 45.0% whereas it varied between 61158088.3% in the two localities

where the pipiens form predominated (Comporta ars$&nco; Figure 2).
Blood meal identification

Blood meal identification by ELISA revealed that sh@\ = 159; 93.5%) of the
170 blood feeds analysed were from avian hostsl€¢Tap The proportion of blood
meals taken on avian hosts by pipiens (95.9%) aakbstus (91.6%) forms was not
significantly different (Fisher’s exact tegt:= 0.108; Table 3). All admixed individuals
fed on avian hosts. There were only three singmdlmeals taken on mammalian
hosts. All consisted of human blood taken by twdesins and one pipiens females.
There were also two females (one molestus and dméxad) with a mixed blood meal
with cow and avian blood. The ELISA did not identthe origin of six blood meals

(three pipiens, two molestus and one hybrid).
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Cambado Possanco

e0 ©2

Figure 2. Frequency of the groups defined by the STRUCTURIbbality.

Black dot: positive sample site f@Xx. pipiens s.s(Cambado, Comporta, Pego, Possanco, Torre); Red
dot: negative sample site f@x. pipiens s.qCarvalhal, Monte Novo do Sul). Color graphicsoportion

of females; Red: cluster 1 (molestus form); Bluester 2 (pipiens form); Purple: Admixed (hybrids).
Grey-scale graphics: proportion of mosquito coltatt; Dark grey: proportion of collection performiad
chicken coops; Light grey: proportion of collectiparformed in other type of shelter.

Sequence analysis of thgt bgene in blood samples was performed for the nine
engorged females caught in light traps from the é@nopy (CDC-C) and 19 specimens
from IR collections (the six females without ELISdentification, two females with
mixed feeds, three females with only mammalian ¢jcend eight females with only
avian blood). Two samples did not ampldyt b gene of any vertebrate (one molestus
female without identification and one female fromanopy). Thecyt b analysis
confirmed the ELISA results for the females withgle feed but identified only chicken
(Gallus gallusL. 1758; GenBank: DQ512918.1) mtDNA in the blood tbe two
females with mixed feeds. Two bird species weratifled in the five females caught
IR without ELISA identification: house sparrowPdsser domesticusGenBank:
AY495393.1) in four females (two pipiens, one malssand one hybrid), and blackbird
(Turdus merulaL. 1758; GenBank: EU154637.1) in one pipiens feméaiethe nine
females collected by CDC-C, two other bird speciese identified: long-eared owl
(Asio otusL. 1758; GenBank: AF082067.2) blood in eight fersalgeven pipiens and
one hybrid) and blue ti{Cyanistes caeruleud.. 1758); GenBank: AF347961.1) blood

in one pipiens female.
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Table 3. Frequencies of blood meals identified by SandwithSA in each of the ancestry clusters
revealed by STRUCTURE of indoor collections.

Blood feed — Indoor

N
Mammal Bird Mixed WiI
2 43 1 2
Cluster 1 (molestus) 48
(4.2) (89.5) (2.1) (4.2
. 1 93 0 3
Cluster 2 (pipiens) 97
(2.0) (95.9) (0.00 (3.1)
Admixed 25 0 23 ! !
(0.0) (92.0) (4.00 (4.0
3 159 2 6
Total 170

(1.8) (935) (1.2) (3.5)

N: number of individuals; Mammal: feeds in mammadl {@a Human); Bird: feeds in Bird (chicken
antibody); Mixed: mixed fed in mammal and bird (&l cow and chicken); WI: without positive
identification. Values in parenthesis refer to fiteguencies (in percentage) within each cluster.

Discussion

In this study, a notable difference was found ia dhistribution of molestus and
pipiens forms according to collection methods. Wliie pipiens form was sampled by
all methods, molestus individuals were caught oinlylR collections. This result
suggests differences between forms in biting arding behaviours. When placed
outdoors, CDC light traps are appropriate for samgpboth host seeking mosquitoes
and recently blood-fed mosquitoes searching fouitalsle resting site (WHO, 1975).
These traps have been successfully used as anagiverto outdoor resting collections
in feeding pattern studies @Xx. pipienss.l. conducted in the USA (Kilpatrickt al.,
2006, Molaeiet al., 2006). The absence of the molestus form from art@DC light
trap collections may suggest a more endophagiceaddphilic behaviour of this form.
A tendency of the molestus form to bite indoors Wwather highlighted by its absence
from outdoor landing catches. These results paintatpredominantly indoor and
synanthropic behaviour of the molestus form, agmlesd for populations of this form
at northern latitudes where inter-form hybridisatis rare (Byrne & Nichols, 1999;
Vinogradova, 2000; Spielman, 2001). Therefore,pipears that in spite of the high
hybridisation levels and in addition to autogeny atenogamy, the molestus population

of Comporta maintains behavioural phenotypes tymtthis form. This observation is
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consistent with a pure molestus genetic backgrofouhd in the region, which
contrasted with a more introgressed pipiens backgti¢Gomest al.,2009).

Also compatible with a pattern of asymmetric hytsation, with more molestus
genes introgressing the pipiens form, is an applgrerore plastic resting behaviour of
the pipiens form, suggested by the fact that bli@odfemales of this form were
collected both indoors and outdoors. However, tmalrer of blood-fedCx. pipienss.s.
females collected in outdoor CDC light traps (9 otit1,718) was much lower than
those in IR collections (174 out of 235). Furtherejothe apparent behavioural
differences observed between pipiens and molestumssf should be considered with
caution given the sampling design used in thisystuehich did not include paired
collections with the same method. Additional suss/@wolving paired indoor/outdoor
landing catches (to directly evaluate endo/exophagyd indoor/outdoor resting

collections would be required to confirm these obstons.

The approach used for the selection of microstdsllio differentiate molestus
and pipiens forms allowed reducing the number of to be genotyped from 13 to 6
whilst maintaining high accuracy and power. Theacefhcy of multilocus analyses
tends to increase with the number of microsatslifigah& & Primmer, 2006). However,
the use of a more limited number of loci can bertsieir application in surveillance
studies by minimising genotyping costs and thuswatllg genotyping of larger
sampling sizes. Given the importance of accuratidyermining the intra-specific
composition of Cx. pipiens s.sit is recommend that similar microsatellite-based
approaches are used in epidemiological surveyotaptement the information based
on a single marker (CQ11FL) that has limitationsareas of continued introgression
(Bahnck & Fonseca, 2006; Gometsal., 2009).

As in the survey conducted in 2005-2006 (Gorneesal., 2009), sympatric
molestus and pipiens populations displaying highrioysation levels were identified
aboveground in the region of Comporta. Howeverighdr proportion of the molestus
form was found in 2005-2006 survey (66.2%; Goreéesal., 2009), whereas in the
present study the pipiens form prevailed (70.1%)is difference most likely reflects
the outdoor sampling carried out in this study adch was not carried out in the
previous survey. In addition, the survey of 2006&2@0vas mainly concentrated in the
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locality of Pego ¢a. 77% of females), where 79% of molestus individuadsre
collected in the present survey.

Blood meal analysis revealed that the great mgjofitCx. pipiens s.sfemales
fed on avian hosts. The pipiens form showed a jidgtigher proportion of avian blood
feeds when compared with the molestus form. Howethas difference was non-
significant and the proportion of avian blood meaigs above 90% in both forms,
suggesting an ornithophilic tendency fQx. pipiens s.sin the region. Such an
ornithophilic tendency was also observed in a stadglysingCx. pipienss.l. from
urban and countryside areas of Portugal, in whidr @0% of the females fed on birds
(Osodrioet al.,2012), and from south-west countryside areas afr§pvhere over 80%
of the females fed on birds (Mufiez al.,2012). The pipiens form has been described
as ornithophilic whereas molestus populations weoegnised as being mammophilic
(Harbach et al., 1984, 1985). However, the feeding patterns @X{. pipiens s.s.
populations depend not only on their genetic bamkigd but also on the availability of
vertebrate hosts and on host defensive mechanisipsitfick et al.,2007; Balenghien
et al.,, 2011). Consequently, exceptions to the generatlifige pattern have been
reported for both forms in the USA and in the Med#nean region (Ribeiret al.,
1983; Kilpatricket al.,2007; Huanget al.,2009). Hybridisation between the two forms
may also promote a catholic feeding behavioun pipiens s.JFonsecat al.,2004).
Such behaviour would thus increase the relativeomaymce of host availability and host

defensive mechanisms in the feeding pattern ofrtbgquito population.

While molestus and pipiens appear to be mainlytioophilic in the Comporta
region, this may reflect host availability in thegron rather than an intrinsic host
preference. A lower availability of mammals (indlugl humans) is suggested by a
higher proportion of chicken coops (46.4%) when pared to mammalian shelters
without domestic birds (25.0%), and the well-baittd protected human dwellings with
door and window screens that prevent mosquito €B8oysa, 2008). On the other hand,
pipiens form mosquitoes were caught biting humandamnrs in HLC collections which
play in favour of a more opportunistic feeding pait promoted by hybridisation.
Altogether, these findings suggest a closer assogiaf both molestus and pipiens
forms with avian hosts and that this ornithophiBadency, albeit possibly genetically

conditioned, is primarily modulated by host avaiipin the region. In this scenario,
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molestus females, with preference for biting manmmahosts, may feed more readily
on the available bird hosts which may increaseotth@s for alternate feeding on birds
and mammals. This feeding behaviour increases idke af WNV transmission to

humans and domestic mammals from birds, ampliboatiosts.

Blood meal host identification based on mtDNA segureg identified bird
species from Passeriformes and Strigiformes ordeimsls from these orders were
identified with anti-WNV antibodies in Portugal idting the circulation of WNV in
these populations (Formosinkbal.,2006). The Passeriformes are a well-known WNV
reservoir (Komaret al., 2003; Wheelert al., 2009). Species of this order, such as
Passer domesticusdisplayed the highest WNV prevalence in USA (Mokt al., 2007,
Hameret al.,2009).

Conclusion

The presence of females from both forms collecteside domestic animal
shelters with a blood meal taken from wild Paseamies gives a clear indication of the
proximity between the WNV natural cycle and the lannpopulation in the Comporta
region. Species such as the house sparrow andatiebbrd have tolerance for humans
and the blood meal could have been taken indooenwhose birds enter in human
constructions searching for food or shelter. Howgettee combination of the genetic
structure and blood meal analysis suggest thaeamst la proportion of pipiens form
females may bite outdoors in sylvian habitats dmhtsearch for anthropogenic indoor
resting sites to complete their gonotrophic cybieboth scenarios, alternative domestic
hosts and humans are available in those sitesuftgesjuent blood feeding which may

promote the accidental transmission of WNV and io#ineoviruses in this region.
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Additional file 1

Table S1 Localities surveyed, number of sites sampled munthber of collections performed for each
collection method.

Collection method

Locality latitude longitude
IR CDC-C CDC-G HLC
Cambado 38°23'39"N 8°47'16"W 3 (7)) 2 (4 1 (1) 0 (0)
Carvalhal 38°18'35"N  8°4505"'W 2 (6) 3 (3) 1 (1) 00)(
Comporta 38022'42"N  8°46'59"W 7 (18) 2 (3) 0 (0) 1) (
Monte Novo do Sul  38°24'28"N  8°4053'W 4 (7) 1 (1 (1) 0 (0)
Pego 38°17'36"N 8°46'05'W 4 (200 1 (20 1 (1) 0 (0)
Possanco 38°23'48"N  8°4623'W 4 (13) 2 (2) 1 (1) O
Torre 38°21'09"N  8°46'50'W 4 (9) 1 (20 2 (2 0 (0)
Total 28 (80) 12 (17) 7 () 1 (6)

IR: number of sites (shelters) sampled by indostimg collections; CDC-C: number of sites samplgd b
CDC light traps in canopy of trees; CDC-G: numbksites sampled by CDC light traps at ground level;
HLC: number of sites sampled by human landing @scWalues in parenthesis refer to the number of
collections performed.
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Table S2.Loci ranking performed by WHICHLOCI with 12 miciatellites.

Rank Locus Score Score (%) A (%)

1 CxpGT04 0.688 10.27

2 CQ26 0.661 9.87

3 CxpGT20 0.660 9.85 92.00
4 CxpGT12 0.655 9.78

5 CQ41 0.649 9.69

6 CxpGT40 0.618 9.22

7 CxpGT51 0.557 8.31

8 CxqTri4 0.513 7.65

9 CxqGT6b 0.483 7.20

10 CxpGT53 0.463 6.90 NA
11 CxpGT46 0.403 6.01
12 CxqGT4 0.351 5.24

A: correct assignment with 6 loci; NA: Not applidab
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Table S3 Accuracy and power of the clustering analysiSgrered by STRUCTURE (Prichareit al.
2000) with 6 loci for the 13 microsatellites dataseGomeset al.(2009).

Golden standard Assigned Correctly assigned
Power Accuracy

(13 loci) (6 loci) (6 loci)
Cluster 1 (molestus) 96 88 88 0.916 1.000
Cluster 2 (pipiens) 36 38 35 0.972 0.921
hybrids 13 19 10 0.769 0.526

Power: number of correctly identified individuats fa class over the actual number of individualthat
class; Accuracy: number of correctly identifiediinduals for a class over the total number of indials
assigned to that class. Individual assignment vaasdbon 8g>0.9, hybrids: 0.1%g<0.9.
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Table S4.Genetic diversity at microsatellite loci 6ulex pipiens.s.from Comporta.

Inside animal shelters Outdoor
L ocus 5 o " 5 o Total
(N=291)
(N=98) (N=25) (N=48) (N=107) (N=14)

Arps) 6.4 7.1 6.0 7.4 6.9 7.7

CQ26 He 0.768* 0.820* 0.765* 0.813 0.804 0.825
Fis 0.151 0.370 0.349 0.078 0.207 0.209

Arsy 9.8 9.7 6.4 10.3 8.8 10.5

CQ41 He 0.839* 0.840 0.795 0.842*  0.817 0.853
Fis 0.163 0.145 -0.098 0.273 0.220 0.184

Arps) 8.7 7.3 3.3 8.7 8.9 8.5
CxpGT04 He 0.864 0.735 0.573 0.865 0.857 0.836
Fis -0.014 -0.091 -0.277 -0.005 0.000 -0.008

Arpsy 7.0 4.7 2.3 6.9 9.0 6.7
CxpGT12 H. 0.768* 0.596* 0.463 0.804*  0.840 0.769
Fis 0.236 0422  0.237 0.235  0.087 0.289

Arpsy 153 13.8 8.3 14.4 125 14.4
CxpGT20 He 0.945 0.926 0.854 0.925* 0.915 0.937
Fis 0.062 0.095 0.074 0.107 0.226 0.107

Arps) 4.4 8.2 5.1 8.9 9.0 6.0
CxpGT40 He 0.425 0.718 0.514 0.513 0.712 0.619
Fis 0.176  0.111 0.110 0.070 -0.004  0.262

Arsy 8.6 8.2 5.1 8.9 9.0 9.0

All loci He 0.768 0.773 0.661 0.794  0.824 0.806
Fis 0.121  0.169 0.066 0.129  0.127 0.167

P: pipiens cluster; Hadmixedindividuals; M: molestus clusteRge; allelic richness for a minimum
sample sizes of 26 genes (13 individuald);, expected heterozygosit¥,s: inbreeding coefficient.
Values in bold indicate a significaRtvalue after correction for multiple tests (see hMets). Asterisks
indicate presence of null alleles determined by rblChecker. Per locus and over sample Hardy-
Weinberg tests were performed using ARLEQUIN. Feerdoci estimates the global test available in

FSTAT was used.
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forms of theCulex pipiengunder different ecological pressures.
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Abstract

The West Nile virus vectoCulex pipiens s.ds divided into two intraspecific
forms termed pipiens and molestus, characterizediffigring ecological traits. Whilst
in northern Europe and the USA these forms occugtyndt habitats (aboveground and
underground), in southern Europe they are foundpsyrtally aboveground. Previous
molecular studies have shown common ancestry ajrgebically distinct populations
of each form. However, the levels and patterns exfegic differentiation across the
genome remain unknown. Here, an amplified fragntemgth polymorphism (AFLP)
based genome scan was undertaken on samples edliom both sympatric and
allopatric populations from Europe and USA in order quantify the extent and
consistency of differentiation between the two ferniihe forms pipiens and molestus
were clearly distinct but with major sub-structgribetween continents within each
form, and also more marked differentiation amongogaan molestus than pipiens
populations. Three outlier analyses applied to I8tDshowed low genomic divergence
between pipiens and molestus (1.4% — 3.1%), whgltansistent with sympatric
speciation with gene flow. Only two outlier commiogi (0.25%) were detected in both
Europe and the USA suggesting a low number of genaeagions involved in the
typological traits ite. autogeny, stenogamy, ability for diapause) thdlueémce the
adaptation of molestus to anthropogenic habitats the speciation process between

pipiens and molestus forms.

I ntroduction

Divergent selection is a major driving force in sipgion models involving taxa
with overlapping geographic distributions, eithersympatric speciatioper seor via
reinforcement of isolation between allopatric ineid species after secondary contact
(Nosil et al., 2009, 2012; Hopkins & Rausher 2011). The capafoty divergent
selection to promote reproductive isolation amoagypations depends on the strength
of selection, the number of traits upon which iagiing and rates of realised gene flow
(Nosil et al., 2009). Multifarious selection (divergent selectiacting upon multiple
traits) only appears sufficient to cause speciatien gene flow is lowi.g. allopatric

speciation; Nosikt al., 2009). However, strong selection concentrated dewatraits
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may overcome substantial gene flow, at least iciipgenomic regions, which initiate
sympatric speciation (Wu, 2001). This mechanisncdesidered a major process of
sympatric/ecological speciation and has been de=triin several insect species
(Machadcet al.,2002; Turneet al.,2005; Egaret al.,2008; Weetmaset al.,2012).

In insect groups of medical importance, the evohdry relevance of the
speciation process also has a public health dimenSulex pipiens s.3s a widespread
mosquito species with an important medical andriretey impact owing to its role in
the transmission of arthropod-borne viruses (amoses) such as the potentially fatal
West Nile virus (Solomon, 2004 ulex pipiens s.scomprises two distinct forms,
denoted pipiens and molestus, which are morphalgindistinguishable but exhibit
behavioural and physiological differences that nmawpact their ability to transmit
pathogens. The molestus form is differentiated frdme pipiens form by four
ecological/physiological characteristics: autog€ftye capacity to lay eggs without
taking a blood meal), stenogamy (the capacity totemsn confined spaces),
homodynamy (a continuous life cycle without diapgusand mammophily (a

preference to bite mammals, including humans) (bieibt al., 1984, 1985).

In southern European/Mediterranean regions, the@wopipiens s.sforms are
sympatric in aboveground habitats, but in northemgions of Europe, Russia and the
USA, molestus and pipiens forms segregate into ngndend and aboveground
habitats, respectively (Vinogradova, 2000; Fonssca.,2004; Gomeet al.,2009). A
continuous life cycle may be a limitation for swiwng in colder climates which may
restrain the habitat choice of molestus, while gebhy and stenogamy are important
traits for survival in underground and confined itets with restricted access to blood
meal sources. The consequences of the differeribgical pressures in underground
(northern latitudes) and aboveground (southertuldds) habitats at the genomic level

remain unknown.

Populations with mixed characteristics between stakand pipiens have been
found in southern European regions (Callot & Van 1I943; Pasteuet al., 1977;
Gomeset al.,2009). In these regions, inter-form gene flow bhasn detected, resulting
in a pattern of asymmetric introgression from milgesinto pipiens (Gomest al.,
2009). Moreover, a catholic feeding behaviour digptl by admixed molestus and
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pipiens populations may increase the chance oflantal transmission of West Nile
virus (WNV) from birds to mammals, including humgfsnsecat al.,2004; Hameet
al., 2008).

The evolutionary origin of the molestus populatiansnorthern latitudes has
been under debate. In one hypothesis, the moléstusderived from the pipien®rm
by multiple independent adaptations to undergrouadthropogenic habitats
(Vinogradova, 2000). The second hypothesis corsideslestus as an evolutionarily
independent entity. Under this scenario, colonimatf northern underground habitats
would have been made by molestus populations frauthsern latitudes (Fonseeaal.,
2004). Molecular studies with microsatellite lo¢ciosved common ancestry among
geographically distinct populations of molestusinfi@cing its status as a single
evolutionary entity (Fonseaat al., 2004; Kotheraet al., 2010). The common ancestry
revealed by microsatellite analyses suggests agoorg incipient speciation process,
which may imply the existence of divergent genomagions between molestus and
pipiens forms. If involved in the speciation progethese divergent genomic regions are
likely to be consistent among different geograppapulations of the forms. Other
genomic regions may vary among different geograpégions due to other selective
pressures not involved in the speciation proceskierto genetic drift.

In this study, an AFLP-based genome scan was peeirin geographically
distinct Cx. pipiens s.ssamples in order to identify outlier loci betweewolestus and
pipiens, candidates to be under divergent selecfiondentify outlier loci and reduce
false positives caused by population substructbxedffier et al., 2009), we explicitly
tested for substructure within the data and usezktbutlier detection approaches. The
objectives were to determine the extent of genasivergence between molestus and
pipiens forms and to infer about the implicatioristtee divergence in the speciation

process and in the adaptation to anthropogeniddtaly the molestus form.
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Material and Methods
Mosquito samples

Six field samples analysed in this study were ctdlé in three regions of
Portugal and one in the United Kingdom, while twortd American samples were
obtained from laboratory colonies (Table 1).

North American form-specific colonies derived frdi@ld mosquitoes collected
in the area of Chicago IL. The molestus colony established with mosquitoes from a
drainage sump collected by backpack aspirator amhll dipping in January 2009
(Mutebi & Savage, 2009) while the pipiens colonysvestablished with overwintering
adults collected from a large culvert by aspirationJanuary 2010. The mosquitoes

used in this study were taken from the colonieSahruary 2011.

In Portugal, indoor resting females were colleaisthg mechanical aspirators
between May 2005 and August 2006 in Comporta (Goates., 2009), in Alqueva
during June 2007, and in Sandim during August 20h@. sample from Comporta was
split into molestus and pipiens based on differgahetic signatures defined by
clustering analysis with microsatellites (Gonedsal., 2009). A second collection in
Comporta was performed by CDC-light traps placettees between July and August
2010 (Comporta-Tree). The individuals of this saanwkre provisionally identified as
pipiens by a diagnostic size polymorphism at thdldking region of the CQ11
microsatellite (CQ11FL, Bahnck & Fonseca, 2006)e dame marker classified all
individuals collected in Sandim and Algueva as rsinlse. However, it should be noted
that under in areas of inter-form hybridisatione t8Q11FL marker is only partially
effective in discriminating molestus and pipiensris at the individual level (Gomes
al., 2009).

The sampling in UK took place in March 2010, at #egerinary facility of the
University of Liverpool, in Wirral. Adults overwieting inside farm buildings (a typical
behaviour of the pipiens form) were collected bydityrum Spray Collection and were

provisionally classified as pipiens by the CQ11Farker.
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Table 1. Localities of the samples used in the AFLP protoco

Country  Locality Latitude Longitude Method Form Insectary  Ref

Alqgueva  38°17'54"N  7°35'17"W IR molestus* Au/St
molestus Au/St

IR
Portugal Comporta 38°21'09"N  8°46'51"W pipiens N-Au/N-St

CDC pipiens*

Sandim  41°01'19"N  8°30'20"W IR molestus* -

UK Wirral 53°17'24"N ~ 3°02'01"W IR-I pipiens*

41°43'09"N  87°45'23"W MA pipiens N-Au/N-St -
USA Chicago

41°39'49"N 87°36'30"W BA/LC  molestus Au/St 2

IR: Indoor resting collection with mechanical agpirs; IR-I: Indoor resting collections using inseide
spraying; CDC: collections performed by CDC ligtatps in trees; MA: hand-held mechanical aspirators
(Clarke, Roselle, IL); BA: Collections performed bgckpack aspirator (Model 1412; BioQuip, Rancho
Dominguez, CA); LC: larvae collections using dippelnsectary: insectary experiments performed to
determine autogeny and stenogamy (Goeted, 2009; Mutebi & Savage 2009) Au: autogenous; N-Au:
non-autogenous; St: stenogamous; N-St: non-stenmgsinRef: References; Gomeset. al 2009; %
Mutebi & Savage 2009. *: specimens provisionallgritified by the CQ11FL marker.

AFLP genotyping

DNA extraction was performed using the DNeasy blaad tissue kit (Qiagen,
Inc., Manchester, UK). The DNA concentration of leaample was fluorometrically
quantified by the Quant-iT™ PicoGreen® dsDNA redgand kit (Invitrogen™,
Paisley, UK) as recommended by Wildiegal.(2009).

For each specimen, 100 ng of genomic DNA was useddraplate in the AFLP
protocol described by Wildingt al. (2001), but without a dilution step between the
ligation and the pre-selective PCRs. Primers ugetthe amplification are provided in
Table S1 (see Supplementary Materials). Selectimngos were labelled to allow
separation of amplified products on a CEQB000 capillary sequencer (Beckman
Coulter Inc., CA, USA) using a DNA size standartlki600bp to quantify fragments
between 50 and 700 base pairs. Peaks were onlgdsdaihey exceeded thresholds of
both 3% of the maximum fluorescence peak heights@tdRelative Fluorescence Units
of intensity. A raw matrix of the marker peak datas defined using a bin width of 1.0
bp.

The recommendation of Whitlockt al. (2008) was followed in order to

determine which peaks from the raw matrix could rbkably scored. A two-step
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approach using two relative thresholds in the figoence peak height (20% to select
the markers and 15% to score the chosen markers) psdormed by AFLPscore
(Whitlock et al., 2008) in order to score the peaks of the raw matbtained by the
CEQ™ 8000 Genetic analysis system.

AFLP analysis was repeated on a sub-set of samiplesall the primer
combinations (Table S2, Supplementary Materialsyriter to assess the error of this
approach by mismatch rates and Bayesian AFLPscwog analysis (proportion of
mismatch; probability of mis-scoring allele 1 akel@ 0, denotedt1; and probability of
mis-scoring allele 0 as allele 1, denoE Whitlock et al.,2008).

Population genetic structure and genetic diversity

Bayesian cluster analysis as implemented by STRURH2.3.3 (Pritcharebt
al., 2000) was used to infer population substructucgsiny from the AFLP data set
without prior information of sampling groups, undée conditions of admixtureo (
allowed to vary between 0 and 10) with allele frexgies correlated among populations
(L was set at the default value of 1). Ten independers, with 10 iterations during
burn-in followed by 18 replications, were performed for each valueKofK=1 to 10
clusters for all samples). Information from thepmus of each (10 runs) was compiled
by the Greedy method implemented in CLUMPP (Jakmbss Rosenberg, 2007).To
infer the most likely number of clusters in the gdanmwe used twad hocapproaches:
an estimation of In[Pr(X])], described in the original publication (Pritctast al.,
2000) and thefK statistic (Evannet al.,2005).

Divergence among the sampled populations was a&skdss an analysis of
molecular variance (AMOVA, Excoffiegt al.,1992) using GENALEX 6.41 (Peakall &
Smouse, 2006).

Principal Coordinates Analysis was used to visealmatterns of genetic
differentiation among samples in two-dimensionatgl Calculations were performed
in GENALEX 6.41 (Peakall & Smouse, 2006) using ttandardised covariance

method for the distance matrix conversion.

To test for significant genetic structurés() between collection sites, the data
were randomly resampled (10,000 iterations) in ARSIPRV (Vekemanget al.,2002).
To construct a bootstrapped, neighbor-joining tE&000 replicates of pairwidest
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tables (based on all loci) were calculated in ARRPRV. These tables were used as
input for PHYLIP 3.68 (Felsenstein, 2008), in whitte programs NEIGHBOR and
CONSENSE were used to produce the bootstrappechlmamigoining tree. Figtree
v.1.3.1 (Rambaut, 2009) was used to visualizerte t

The proportion of polymorphic loci at the 5% lewsld expected heterozygosity
(Lynch & Milligan, 1994) were estimated assumingréiaWeinberg equilibrium by
AFLP-SURV (Vekemant al., 2002). Mann-Whitney tests were performed by SPSS
statistic 19 (IBM, NY, USA) to test for differences between pipiearsd molestus
forms in the genetic diversity estimates.

Detecting outlier loci

BAYESCAN 2.1 (Foll & Gaggiotti, 2008; Fo#t al.,2010) was used to compare
neutral models with models including selection am@stimate Posterior Odds (PO) in
support of selection over neutrality for each locBAYESCAN was applied to the
binary code i(e. allele presence/absence) typical for dominant erarkA second
approach was implemented using the amplificatidgenisity matrix which can enhance
the information obtained from the AFLP markers aneld similar power to co-
dominant markers (Fischat al., 2011). We employed lagPO)>1.5, equivalent to
96.9% of PO, as the threshold for the rejectiothef null hypothesis of neutrality. We
conducted 20 pilot runs with a length of 5,000atems each and a burn-in of 50,000
iterations, as preceding tests indicated thatvtlais sufficient to achieve convergence in
the MCMC. Default values were used for sample &z@00) and thinning interval (10).
For the amplification intensity matrix we used 0.4 threshold for the recessive
genotype as a fraction of maximum band intensity.

The third approach for outlier detection used tHeDIST algorithm (Beaumont
& Balding, 2004), as implemented in the software WEZA (Antao & Beaumont,
2011). The DFDIST method compares the empirigal values to a null distribution
derived from coalescent simulations and determthesprobability that observelest
values are as large as, or larger than, the olsmmvander neutrality. Runs were
conducted under ‘neutral me&yy, which involves computing the initial medfst
uninfluenced by outliers, with the following seti;n 50,000 simulations; false
discovery rate, theta, beta-a, beta-b at the defallies of 0.1, 0.1, 0.25 and 0.25,
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respectively. The significance threshold for outletection was set aD.95 percentile

of simulations.

Detection of outlier loci was conducted differendligcording to the geographic
origin of samples. For European samples, outlieesewfirst identified over all six
samples and then within molestus and pipiens san@etliers identified among all
populations but not among either of the within-foamalyses were considered as
candidate loci under divergent selection betwegrieps and molestus. This indirect
approach was not possible to apply in the USA sampince only one sample from
each form was analysed. Therefore, outliers wesatified from the direct comparison
between pipiens and molestus samples. The dirgogbaph between two population
samples requires a cautious interpretation sintieeodetection methods are known to

be less robust with a small number of populatiél & Gaggiotti, 2008).

Results

Dominant markers and error rates

A total of 894 dominant markers were obtained frbZnprimer combinations
used in the selective amplification. The markertaiied by the primer combinations
EcoRI-ACG/Msel-CGA (Mix1D3) and EcoRI-ACG/Msel-ACQMix3D3) presented
high proportions of mismatches between replicai2s50% and 19.58%, respectively)
and were removed prior to subsequent analysespiidportion of mismatch from the
remaining 810 dominant markers varied between 0.@0% 1.02% (mean: 0.33%).
Error rates for these 10 primer combinations awstad.41% and 0.04% for the
probabilities of mis-scoring a peak as absent éspnt, andiice versaError rates for

each primer combination are detailed in Table S pEmentary Materials).
Population structure analysis

STRUCTURE analysis with the 810 loci indicated gotimum of two clusters
(Figure S1, Supplementary Materials). Divisionlod 827 females into the two clusters
closely matched the molestus and pipiens formsigienally identified by CQ11FL.
However, the assignment of individuals by STRUCTUR&ced eight individuals from

two molestus populations (Sandim and Comporta) thi cluster representing the
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pipiens form (Figure 1A). Principal component as&y(PCA) confirmed the division
between the two forms and the misidentificatiortha eight molestus females (Figure
2). These eight individuals were excluded from subsequent analysis. Clustering
analysis was also performed within each molecutamfseparately; each indicated a
division into two clusters, which split the Chicagamples from European samples
within both forms (Figure 1B and Figure S1, Suppetary Materials).

Figure 1. Bayesian cluster analysis conducted by STRUCTURE

A: analysis with the eight populations Gk. pipiens s.9B: analysis within the populations of each form.
M_Ch: molestus from Chicago; M_Al: molestus fromgaéva; M_CS: molestus from Comporta,
collected inside shelters; M_Sa: molestus from 8and_Ch: pipiens from Chicago; P_CC: pipiens
from Comporta, collected in trees by CDC light sap_CS: pipiens from Comporta, collected inside
shelters; P_Wi: pipiens from Wirral. Columns copmasd to the multilocus genotype of each individual,
partitioned in different colours representing thelability of ancestryd) to each cluster. Individuals
were grouped according to their geographic locatigmes indicate the; threshold (0.50) used to assign
individuals.

PCA supported the geographic (continental) divismathin molestus (Figure
2A) and pipiens (Figure 2B), with European samplesach form comprising a single
group but the samples from Chicago (USA) separ&tma all the other samples. A
neighbor-joining tree based dtyt supported the division between the forms and also
high differentiation between the European and Acagrisamples, especially in the
molestus form (Figure 3).
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Coord. 2 (23.84%)
Coord. 3 (15.44%)

Coord. 1 {29.65%) Coord. 1(29.65%)

A B

Figure 2. Principal Coordinates Analysis of the ei@k. pipiens s.gpopulations

A: two-dimensional plots with coordinates 1 andB2two-dimensional plots with coordinates 1 and 3;
M_Ch: molestus from Chicago; M_Al: molestus fromgaéva; M_CS: molestus from Comporta,
collected inside shelters; M_Sa: molestus from 8andP_Ch: pipiens from Chicago; P_CC: pipiens
from Comporta, collected in trees by CDC light sap_CS: pipiens from Comporta, collected inside
shelters; P_Wi: pipiens from Wirral. Coord: coomi® (percentage of variation explained by each
coordinate).

AMOVA showed 17.6% molecular variance among popaest, of which only
5.9% of the variation was distributed between the forms. When the analysis was
repeated with only European samples, the molemalaance between forms increased

to 8.4%, whereas that among each form fell to 5.6%.

Figure 3. Unrooted Neighbor-joining tree,
based on Fsy values obtained from 810
dominant loci. Bootstrap (%) support of each
branch is given.

M_Ch: molestus from Chicago; M_Al: molestus
from Alqueva; M_CS: molestus from
Comporta, collected inside shelters; M_Sa:
molestus from Sandim; P_Ch: pipiens from
Chicago; P_CC: pipiens from Comporta,
collected in trees by CDC light traps; P_CS:
pipiens from Comporta, collected inside
shelters; P_Wi: pipiens from Wirral.

The expected heterozygosityld and proportion of polymorphic loci at the 5%
level (PLP) are shown in Table S3 (Supplementaryekiigls). The calculations were

made for each population analysed and no signifiddferences were found between
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pipiens and molestus forms (Mann-Whitney tékt; P = 0.248, PLPP = 0.248; Table
S3, Supplementary Materials).

Detecting loci under selection

Due to the geographic genetic structure, the deteadf outlier loci was
performed within samples of the same continent.uResof the outlier analysis,
performed using three approaches among all thepearo populationsN = 6) and
within each form in EuropeN = 3) are shown in Figure 4 and Figure S2

(Supplementary Materials).
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Figure 4. Outlier detection results from BAYESCAN analyses European populations.

N: number of samples; Black loci: hon-outlier lolcigho(PO)<1.5); Blue triangle: outlier loci within form
analysis (logo(PO}1.5); Red dot: candidate loci for divergent setattbetween pipiens and molestus
(log;o(POX®1.5 only for all populations outlier analysis). Bdhat logarithm of Posterior Odds to base 10
(log;o(PO)) is arbitrarily fixed to 4 when the postermobability is 1 (should be infinity).

A total of 25 (3.1%) outlier loci were detected ttne three methods. However,
this number varied among the methods: BAYESCAN tyirede analysisN = 11,
1.4%), BAYESCAN amplification intensity analysisl (= 12; 1.5%), and MCHEZA
(N= 20; 2.5%). Only six out of the 25 outlier loci wedetected by all methods:
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Mix1D2_022, Mix3D4 041, Mix4D2_004, Mix4D3_016, M4 011, and
Mix4D4_037 (Figure 5).

MCHEZA detected 13 (1.6%) outlier loci between tinelestus and pipiens
samples from Chicago but the approaches implemdipe®AYESCAN did not detect
any outlier (Figure 5). Of the total 36 outlierildound either in Europe or in USA, only
two (0.25%), Mix3D4_041 (outlier by all methodskuarope) and Mix4D4_027 (outlier
only by MCHEZA), were consistently detected in botiontinents (Table S4,

BS(B)
A

) CER

Europe (N=6) USA (N=2)

Supplementary Materials).

Figure 5. Number of loci detected as outliers in Europe &I8A by each method and replicated as
outliers in multiple methods.

BS(B): BAYESCAN with binary code; BS(AM) BAYESCAN ith amplification intensity matrix\N:
number of samples.

Discussion

The AFLP genome scan here conducted provided addlitievidence for
molestus and pipiens forms corresponding to ewvatatilly distinct entities (Fonseed
al., 2004). Independently of geographic origin, malesamples clustered together and
were genetically separated from the pipiens samfles result was consistent in all
analyses of population structure conducted. In teddito the molestus/pipiens
partitioning, population sub-structuring was foubdtween continents, within each
form. However, inter-continental differentiation svaigher within the molestus form,
possibly due to two factors: 1) a recent undergdolgbitat colonization of molestus in
USA, possibly associated with bottlenecks. In taatext, high differentiation was also
observed between molestus natural populations afa@b and New York (Kotherat

al., 2010); and 2) the laboratory colonization and neaiahce for two years may also
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have inflated differentiation from the natural ptgiions, such as observed in other
insect taxa (Kinet al.,2007).

Outlier analyses have been used in order to edigexttomic divergence and its
pattern across the genome among incipient spediet€l et al.,2010; Weetmaset al.,
2012). On average, estimates have varied betwetddb-of outlier loci found (range:
0.4— 24.5%; Micheét al.,2010). In some studies, outlier loci were foundltgster in a
low number of genomic regions (Turnetral., 2005; Via & West, 2008). The genomic
divergence between pipiens and molestus appeds mwver, 1.6% in USA to 3.1% in
Europe, than in the majority of those studies. Hmvethese estimates are comparable
to those obtained for the M and S molecular forrhshe malaria vectoAnopheles
gambiae s.5(3.6%), in an area of high hybridisation in Guiiiasau (Oliveiraet al,
2008; Weetmaet al, 2012). The low proportion of outlier loci found Guinea Bissau
contrasted with estimates obtained in Ghana (12&% Cameroon (16.6%), areas of
low gene flow/hybridisation between M and S forgegtmaret al.,2012). Similarity
between the outlier rates found in the presentyaiglin Europe ¢x. pipien$ and
Guinea BissauAn. gambiaes.s) might be expected since both included the aralysi
sympatric mosquito populations with elevated hylates (at least for the samples of

Comporta, in Portugal).

The low divergence (<3.0%) found between the USAestas and pipiens
samples was not expected since they were deriveth fallopatric populations
(aboveground versus underground) and maintaindaltésbin laboratory colonies for at
least one year. These results may be explaine@dyhypotheses: 1) molestus/pipiens
habitat segregation in USA is not complete, whicaynallow genetic exchange in
intermediate habitats at least during a short gesictime; and 2) the molestus form has
derived from the pipientorm through local adaptation to underground angbgenic
habitats. Previous reports of hybridisation betwakopatric populations molestus and
pipiens populations in the USA (Spielman, 2001; J6maet al.,2004) and the common
ancestry found among geographically distinct makegptopulations (Fonsecat al,
2004), including the ones in this genome scan, esigiipe first hypothesis as the more
plausible explanation for the lower divergence fblretween the two USA samples.
Further analysis, with additional field-collectemhsples from USA and northern Europe
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would be required to fully understand the genomariation associated with the
colonization of underground habitats by the mole$tum.

The detection of divergent selection by outlier lgsia-based genome scans is
dependent upon the genetic architecture of thestréhe sampling density of the
molecular markers and the effects of linkage digidgium between the genomic
regions under selection and marker loci (Tice &l@ar2011). TheCx. pipiens s.l.
genome is ~580Mb distributed over three chromoso(esnsburgeret al., 2010).
Assuming a uniform distribution in the genome df lati, this suggests there is an
average distance of 700Kb between the 810 loci usélis study. The lower number
of outlier loci detected between the USA samplesmufilestus and pipiens when
compared to European samples might be at leasty pattributable to marker
differences; with the USA samples exhibiting onfypeoximately half N = 450) as
many positive bands as the European samples. tn ftacsix of the within-Europe
outliers (MlaD4 006, MlaD4 063, M2aD2 039, M4aDz3,02M4aD2 049,
M4aD3_044) no positive band was detected in the Us#nples, precluding its
inclusion in the USA analysis. This difference rees the coverage of the analysis
between USA samples and increases the averageadistanong loci (1.4 Mb) thus
reducing the odds for finding divergent selectidMthen accounting for this, the
divergence rates obtained by MCHEZA between USAptasn(N = 13; 2.9%) were
actually higher than the rates between the Europaaiples = 20; 2.5%). However,
this contrasts with the BAYESCAN results where oci lwere considered as outliers in
USA samples. The underestimate of the outlier ratay lead to wrong conclusions,
which should be avoided by adjusting the outligesao the number of loci used in
each analysis to allow the comparison of the resdlhe 450 loci used in the USA
analysis are in the range of loci used in previdgsP genome scans (Buckley al.,
2012; Mattersdorfeet al., 2012) but the reduction of the number of loci cavéh
consequences in the power of the analysis, whialldwequire cautious when different

data sets are compared.

Only two loci (0.25%), Mix3D4 41 and Mix4D4 027, wefound with a
consistent outlier signal in both Europe and USKBeSe loci are likely to be associated
with genomic regions involved in ecological sympatspeciation and/or in the
adaptation to anthropogenic habitats by the madefstum. The capacity of molestus of
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occupying underground habitats associated with Imsimsuch as subways, sewers and
caves (Byrne & Nichols, 1999; Vinogradova, 200@s lbeen promoted by stenogamy
and autogeny, which allow a continuous permanenceonfined habitats with low
availability of blood meal source. These traits evésund to be kept even when the
molestus form coexists with the pipiens form in\aground habitats, such as in the
case of Comporta, Portugal (Gonedsal, 2009). Likewise, there was a tendency for
molestus individuals to occupy aboveground indaabitats in this region (Gomext

al., unpublished observations). Genomic regions irelw these traits may be located
at the vicinity of those outlier loci consistentifgtected in both European and USA

samples.

This genetic study reinforces the status of thenfolas distinct evolutionary
entities of an on-going process of incipient spemia The low genomic divergence
between pipiens and molestus forms is comparabtghter mosquito incipient species
that coexist with genetic exchange (Weetrearal., 2012). Most of the divergent loci
varied between geographic regions, which suggdstvanumber of genomic regions
underlying the major typological traits involved lnabitat adaptation. Further studies
focusing on natural molestus and pipiens populatiosing wider genomic scans with
high-throughput technologies (Stoltireg al., 2012) and identification of candidate
genes and their function (Woed al.,2008; Nune%t al.,2012) are required in order to
fully understand the extent of the genomic regiamsler selection and the genes

involved in this process of incipient speciation.
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Supplementary Materials

Table S1. Primers used in the AFLP protocol

Primer Sequence ExtraBase fluorescence Stage
A
Pre-Selective PCRs
C
ACG D3 (HEX)
EcoRI GACTGCGTACCAATTC AGT D2 (NED)
CAG D2 (NED) Selective PCRs
CTC D2 (NED)
CTC D4 (6-fam)
A
Pre-Selective PCRs
C
ACC
AGT
ATC

Msel GATGAGTCCTGAGTAA CAA
CCA Selective PCRs
CGA
CTC
AGTC
CGAG

Labels D2-D4 are Beckman-Coulter WellRED dyes, whthir Applied Biosystem equivalents shown in
parentheses
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Table S2. Error rates of the loci obtained by each primer bim@tion in the selective amplification

Group Fluorescence Primer EcoRI  Primer Msel SR Markers E1(%) E2(%) M (%)

D2 (NED) EcoRI-CTC Msel-CTC 16 69 3.02 0.03 0.72
Mix1 D3 (HEX) EcoRI-ACG Msel-CGA 16 40 4.33 0.06 12.50
D4 (6-fam) EcoRI-CTC Msel-CGA 16 80 1.30 0.06 0.39
D2 (NED) EcoRI-AGT Msel-CGAG 14 46 0.46 0.03 0.00
Mix2 D3 (HEX) EcoRI-ACG Msel-ATC 14 59 0.67 0.03 0.12
D4 (6-fam) EcoRI-CTC Msel-CAA 14 108 0.34 0.02 0.07
D2 (NED) EcoRI-CTC Msel-CCA 19 100 1.08 0.03 0.26
Mix3 D3 (HEX) EcoRI-ACG Msel-ACC 19 44 0.67 0.03 19.58
D4 (6-fam) EcoRI-CTC Msel-ATC 19 85 0.95 0.04 0.25
D2 (NED) EcoRI-CAG Msel-CGA 17 81 1.88 0.03 0.44
Mix4 D3 (HEX) EcoRI-ACG Msel-AGTC 17 46 4.16 0.08 1.02
D4 (6-fam) EcoRI-CTC Msel-AGT 17 136 0.26 0.01 0.04

SR: samples repeated to infer the error analydispEobability of miss-scoring allele 1 as alleleE2:
probability of miss-scoring allele 0 as allele 1; Mhismatch. Labels D2-D4 are Beckman-Coulter
WellRED dyes, with their Applied Biosystem equivake shown in parentheses
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Table S3. Population diversity of the eight populations ugethe study

Population N Form #oc #oc P PLP He SE.(He)
M_Ch 39 M 810 129 15.90.053 0.004
M_AI 15 M 810 268  33.10.113 0.005
M_CS 49(50) M 810 253  31.20.093 0.005

M_Sa 39 M 810 179 22.10.074 0.005

P
P

P_Ch 43 810 200 24.0.080 0.005
P CC 42 810 249  30.0.091 0.004
PCS 34(3) P 810 320 3950116 0.004
PW 55(56) P 810 356 44 0.120 0.004

N: number of individuals without missing data (withssing data); #Loc: number of loci; #Loc_P:
number of loci with positive bands; PLP: proportiehpolymorphic loci at the 5% level; He: expected
heterozygosity; S.Be): standard error dfle; M: molestus form; P: pipiens form; M_Ch: molesft@mm
Chicago; M_Al: molestus from Alqueva; M_CS: molestiitom Comporta, collected inside shelters;
M_Sa: molestus from Sandim; P_Ch: pipiens from &gic P_CC: pipiens from Comporta, collected in
trees by CDC light traps; P_CS: pipiens from Cortmocollected inside shelters; P_Wi: pipiens from
Wirral.
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Table $4. Loci detected as outliers in each comparativeysia(Europe and USA).

Loci Europe USA

Mix3D4_041 X X
Mix4D4_027 X

~ Mmixtbzo1r x
Mix1D2_021 X
Mix1D2_022
Mix1D2_024
Mix1D4_006
Mix1D4_007
Mix1D4_009 X
Mix1D4_024 X
Mix1D4_054 X
Mix1D4_063
Mix2D2_039
Mix2D3_001
Mix2D4_012
Mix2D4_026
Mix2D4_042
Mix2D4_059
Mix2D4_062
Mix2D4_076
Mix3D2_006 X
Mix3D4_007 X
Mix3D4_017 X
Mix3D4_026
Mix4D2_002
Mix4D2_004
Mix4D2_023
Mix4D2_025 X
Mix4D2_049 X
Mix4D3_011 X
Mix4D3_016 X
Mix4D3_044 X
Mix4D4_011 X
Mix4D4_026 X
Mix4D4_037 X
Mix4D4_063 X

X X X X X X X X X X X X X

X X X X
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Figure S1. Graphics ofad hocapproaches to infer the number of clusté&sit STRUCTURE analysis
with all samples

K: number of clustersAK: see Evannet al., (2005); In[Pr(XK)]: estimated log probability of the data
under eaclK.
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Figure S2. Outlier detection results from MCHEZA analyses

N: number of samples; Plots shdw; values, conditional on heterozygosity, of the 84BELP loci
studied. Blue dot: locus; Yellow area: candidatefalancing selection; Red area: Candidate fortpesi
selection (Outliers); Grey area: candidate for radity.
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Distribution and hybridisation of Culex pipiensformsin

Greeceduring the West Nile virus outbreak of 2010
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Distribution and hybridization o€ulex pipiensorms in Greece during the West Nile
virus outbreak of 2010.
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Distribution and hybridization dfulex pipiengorms in Greece

Abstract

In 2010, an outbreak of West Nile virus (WNV) infieas occurred in the region
of Thessaloniki, Central Macedonia, in northern ée8ee During this periodCulex
pipiens sensu strictmosquitoesvere found infected by WNV lineage CQulex pipiens
s.s.presents two distinct biological forms, denoted estis and pipiens and hybrids
between the two forms may potentiate the accidéraabmission of WNV to humans.
We have genetically characterized the form compmusibf Cx. pipiens s.ssamples
collected during the outbreak from the region ofe3galoniki, where WNV cases
occurred, and from the region Schinias-Marathownét$, no reported cases at the time.
Information on bird fauna was also obtained for tiwe regions. Application of the
CQ11FL diagnostic marker revealed a 350 bp varadnthe pipiens-specific allele.
Sympatric pipiens and molestus populations wereatied in Thessaloniki, whereas
Schinias-Marathonas presented a more geneticathogenous molestus population. A
pattern of asymmetric introgression between mogeahd pipiens was also observed in
Thessaloniki. The presence of hybrids between muesnd pipiens forms suggests a
greater receptivity of the Thessaloniki region foe establishment of WNV zoonotic
cycles. However, the Schinias-Marathonas regiomm a@isplayed characteristics to
sustain WNV transmission cycles. These observatingblight the importance of
maintaining active surveillance systems in seleategions geographically located

within the range of major migratory bird flyways.

I ntroduction

Culex pipiens s.sis considered a main vector of West Nile virus (WNn
Europe (Hubalek, 2008). This mosquito species c@aprtwo distinct forms, denoted
pipiens and molestus, which are morphologically istidguishable but exhibit
important behavioural and physiological differencHse molestus form is stenogamous
(mates in confined spacese. < 0.1 ni; Clements, 1999), autogenous (can oviposit
without a blood meal), homodynamic (remains actiueng winter) and mammophilic
(prefers to feed on mammals, including humans)cdntrast, the pipiens form is

eurygamous (mates in open spaces), anautogenopegmwn requires a blood meal),
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heterodynamic (undergoes winter diapause) andhapitilic (feeds predominantly on
birds) (Harbactet al.,1984, 1985; Vinogradova, 2000).

While in northern latitudes molestus and pipiensn® are physically separated
by occupying underground and surface habitats,easely, in southern European
regions, populations of both forms have been foanthe surface (Chevilloet al.,
1995; Vinogradova, 2000; Gomest al., 2009). This sympatric occurrence in
aboveground habitats promotes hybridisation betweems (Fonsecat al., 2004;
Gomeset al., 2009). Populations with intermediate behavioumeen the two forms
have been described in southern Europe (Callot & Vi 1943; Pastewst al., 1977,
Gomeset al., 2009). Hybrids are considered of great epidemiokigmportance as
they may display a more opportunistic biting bebavi This behaviour may potentiate
the role ofCx. pipienss.s.as a bridge-vector for the transmission of WN\onirtheir

avian amplification hosts to humans (Fonsetcal.,2004; Hameket al.,2008).

Bird migrations have been associated with the shbgdNVNV. High infection
rates in migratory birds have been described arsdhis been considered a possible
cause for virus introduction in Europe and in NoAmerica (Rappole & Hubalek,
2003; Hubalek, 2004; Figueroé al., 2008). Bird migrations normally follow a north-
south axis, linking breeding regions (arctic anchgierate) with non-breeding regions
(temperate and tropical). Eight well-establishednation routes (flyways) have been
identified (Siet al., 2009). Of these, the Mediterranean/Black sea flyigahe largest
bird migration system in the world, linking a vasea from Africa to west Siberia. The
Bosphorus strait is the main entrance for Africad populations in Europe and it is the
major migratory bottleneck of this flyway (Birdlifénternational, 2012). After the
passage of the strait, migratory birds find théistfEuropean refuge in Greece and
Bulgaria, where they rest and breed. In theseilmtsit migratory birds may be bitten by
local Cx. pipiens s.smosquitoes, or other WNV vectors.g. Culex modestyswhich
may lead to the establishment of local WNV transiois cycles.

In 2010, northern Greece experienced one of thge&ir WNV outbreaks
described in Europe, with 262 human cases of WN¥ction: 197 with neuroinvasive
disease (encephalitis, meningitis, or acute flaqmadalysis) and 65 with West Nile
fever; 35 (13.4%) cases were fatal (Dagtisal., 2011). The outbreak was restricted to
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the north of the country and most human cases aleserved in Central Macedonia, in
wetland areas located between four major riversstwe the city of Thessaloniki
(Valiakos et al. 2011). Molecular analyses ideatifthe WNV lineage 2 strain in birds,
sentinel chickens an@x. pipiens s.smosquitoes in this region (Chaskopouletual.,
2011; Papaet al., 2011; Valiakoset al., 2011). However, WNV epidemiologic studies
conducted during this period have trea@x pipienss.s.as a single entity, without
determining the relative composition of molestud @ipiens forms and their relative
impact in WNV transmission. Furthermore, it is Istibt fully understood why the

outbreak was largely confined to the region of €driWlacedonia in northern Greece.

In this study, Bayesian model-based clustering oushwere applied to
multi-locus microsatellite genotypes to infer thengtic structure o€x. pipienss.s.in
Thessaloniki during the 2010 WNV outbreak and alsSchinias-Marathonas, southern
Greece, a region without WNV transmission. Inforioraton the wild avian fauna was
also collected for each region, with particulaeation to trans-Saharan migratory birds
and species for which WNV infection has been regmbit previous studies in Europe
and North America. Our objectives were: i) to ass#fferences in the molestus/pipiens
form composition ofCx. pipiens s.s.as well as in hybrid frequency, between northern
and southern Greece: ii) to compare the distrilbuod migratory bird species and/or
species with previous records of WNV infection betw the two regions; iii) to
determine if differences in bot®x. pipiens s.gorm composition and avian fauna could
be consistent with a higher receptivity of northeBmneece (Thessaloniki) for the
establishment of a WNV transmission cycle when camrag to the region of Schinias-
Marathonas in southern Greece.

Material and Methods

Study regions and mosquito collection

Mosquito collections in the region of Thessalon(kiorthern Greece) were
performed between 30August and 18 September 2010 by CDC light traps baited
with CO, (Sudia & Chamberlain, 1962). Traps were hung omtsl@atca. 1.5 m height
and approximately 20 m away from human dwellingeanfling was carried out in the

villages of Chalastra, Anatoliko, Kimina, Malgaradendro, Brachia, Vathilakos,
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Eleousa and Nea Xalkidona, locatsl 10-15 km west of Thessaloniki city (Figure 1).
These villages lie in the region where most hunmases of WNV were reported during
the outbreak and also where both mosquitoes arh évasts were found infected (Papa
et al. 2011; Valiakos et al. 2011). This region hawarm temperate climate with hot
dry summers and mild winters (class Csa, KoppersSiflaation System; Peelt al.,
2007). The villages are situated close to the deltaivers Axios and Aliakmonas.
Irrigation channels derived from these rivers fead 20,000 hectares of rice fields, the
main crop in the area, and provide suitable brepdites for mosquito larvae.
Additional breeding sites such as open sewagesesgpits are found in or close to the
villages. A population ota. 70 wild horses is present in an isolated parthef river
delta. Cattle, sheep and domestic birds are commamost villages of the region and
domestic horses are found in several horse-ridthgals.

Figure 1. Map of Greece showing collection sites and sanmgiless.

A: Thessaloniki region (Totdll=37); B: Schinias-Marathonas region (Td&d40); 1: Vathilakos N=2);
2: Eleousa Ni=5); 3: Nea XalkidonaN=5); 4: Adendro ll=5); 5: Brachia I{=4); 6: Malgara =4); 7:
Kimina (N=5); 8: Anatoliko N=3); 9: ChalastraN=4); 10: Marathonas VillageN&40); 11: Schinias-
Marathonas wetland\E20).

Mosquito collections in Schinias-Marathonas regigouthern Greece) were
performed in the same time period as in Thessalomiko collection methods were
used. CDC light traps baited with @@ere placed outdoors at an average height of

1.5m and approximately 20 m away from human dwgdlilm the wetland areas of

174



Distribution and hybridization dfulex pipiengorms in Greece

Marathonas-Schinias. Collections of resting mosesitwere performed with mouth
aspirators inside and around houses at the vitbidéarathonas (Figure 1). The region
has the same warm temperate climate with hot dmgnsers and mild winters as in
Thessaloniki (class Csa; Pestlal., 2007). A large number of annual vegetable crops
and greenhouses are present in the area. The ietevetland of Schinias-Marathonas,
as well as neighboring streams and cesspits iagal constitute the major mosquito
breeding sites of the area. No cases of WNV indactiuring 2010 were reported in the
Schinias-Marathonas area, as well as in the whigkeia of Attiki, to which the area
belongs. Sheep, chickens and a few horses aredahedomestic animals found in this

region.
Migratory birds and WNV avian hosts

Information on bird species diversity for each studgion was obtained from
the OrnithoTopos database, hosted at the Hellenmmti®@logical Society website
(OrnithoTopos, 2012). This database displays bpec®s observation records from
birdwatchers, organized by geo-referenced locatiéios each species recorded, the
maximum number of individuals counted at a singlesesvation is also given.
Information from location summary reports, betwetanmuary 2008 and December
2010, was collected from three locations in Thesski (Axios, Loudias and Aliakmon
estuaries) and two locations in Schinias-Marathof@hinias and Schinias marsh).
Species without information on maximum bird courg.(corresponding to non-visual
records) were excluded from the analysis. Recosjezties from each region were
classified as trans-Saharan migratory birds acogrdo the list of Walther (2005).
Information about records of WNV infection in bipdpulations of Europe and North
America was also obtained for each species basgdlgished reports (Figuerod al.,
2007, 2008, 2009; Formosinlesd al.,2006; Hubalek, 2004, 2008; Jourdainal., 2008;
Malkinsonet al.,2002; Rappole & Hubalek, 2003; Valiakeisal.,2012).

Molecular analysis

DNA extraction from individual females was perfonnesing the DNAzol
method (Invitrogen). Each specimen was identifedpecies by multiplex PCR assay

targeting species-specific polymorphisms at themseadntron of theace2 gene using
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primers specific forCx. pipiens s.s.Culex quinquefasciatuand Culex torrentium
(Smith & Fonseca, 2004).

Fourteen microsatellites (Fonsestaal., 1998; Keyghobadet al.,2004; Smithet
al., 2005) were analysed following the procedures desdrin Gomes et al. (2009).
Amplified products were separated by capillary gtgzhoresis in a genetic analyser
ABI3730 (Applied Biosystems) at Yale DNA Analysiadility (USA). Fragment sizes
were scored using the software GeneMarker 1.41¢8oétics, USA).

Mosquitoes were also genotyped for the molestuigipgp diagnostic marker
described by Bahnck & Fonseca (2006). This markézals a size polymorphism in the
5' flanking region of the CQ11 microsatellite Gi. pipiens s.sthat differentiates
specimens of the pipiens form (200 bp PCR prodinoth the molestus form (250 bp
PCR product). Hybrids exhibit both amplicons. Induals displaying doubtful
genotypes were clarified by sequencing of the nsamtellite CQ11 (that contains the
CQ11FL polymorphism), using primers CQ11R3 and G&2land conditions described
by Smith et al. (2005). The PCR products were pdifwith the QIAquick PCR
Purification kit (Qiagen) and sequenced (forward agverse) using the same primers.
Sequencing reaction products were electrophoresedaro ABI3730XL automated
sequencer (Applied Biosystems). Sequences wergedaigsing BioEdit 7.0.9.0 (Hall,
1999) and identified by comparison with CQ11 segasrdeposited in GenBank.

Data analysis

Chi-square tests on contingency tables availabMassarStats (Lowry, 2012),
were performed to assess differences between egionthe proportion of trans-
Saharan migratory bird species and species repagt®iNV carriers. As a measure of
diversity, Shannon’$d’ index (Shannon, 1948) was calculated using therdscof
maximum bird count for each species as an apprdmaf abundance. Differences in
H between regions were determined by Studettissts, according to Jayaraman
(1999).

Bayesian clustering analysis as implemented by STRURE 2.3.3 (Pritchard
et al.,2000) was used to infer population substructudsiny from the data set without
prior information of sampling groups under the dtinds of admixture ¢ allowed to
vary between 0 and 10), and allele frequenciestaied among populations yas set
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at 1, default value). Ten independent runs with ifations and Ireplications were
performed for each value & (K=1 to 10 clusters). Information from the outputs of
eachK (10 runs) was compiled by the Greedy method impled in CLUMPP
(Jakobsson & Rosenberg, 2007). To infer the mastiylinumber of clusters in the
sample, we used a combined approach with an estimat In[Pr(XK)], described in
the original publication (Pritchardt al., 2000) and theAK statistic (Evanncet al.,
2005). Following the suggestions of Vaha & Primn{8006), individual genetic
assignment to clusters was based on a minimum npmrspgobability thresholdTq) of

0.90. Individuals displaying 04 q; < 0.90 were considered of admixed ancestry.

Genetic diversity at each microsatellite locus wharacterised by estimates of
expected heterozygosity (Nei, 1987) and inbreedogfficient €s). Significance of s
values was assessed by randomisation tests. Timedgs@s were performed using
FSTAT v. 2.9.3.2. (Goudet, 1995). Estimates oflallichness Ag), adjusted for the
lowest sample size, were obtained by a rarefadiatistical approach implemented by
the programme HP-RARE (Kalinowski, 2005). Depatufrom Hardy—\Weinberg
proportions were tested by exact tests availableRhEQUIN v.3.5 (Excoffieret al.,
2005). The same software was used to perform ebesmts of linkage equilibrium
between pairs of loci based on the expectation-mastion approach described by
Slatkin & Excoffier (1996). The software Micro-Cher 2.2.3. was used to search
(99% confidence interval) for null alleles at lsaimples (van Oosterhoeit al.,2004).

The Bayesian method implemented by NEWHYBRIDS 1(Anderson &
Thompson, 2002) was used to assign individuals $itoclasses: Two pure and four
hybrid (F1, F2 and backcrosses with the two puassds). The approach of uniform
priors was used because it down-weighs the infleesfclow frequency alleles, thus
preventing sampling and genotyping errors in clpselated populations. Results were
based on the average of five independent runs &f iteBations. Following the
suggestions of Anderson & Thompson (2002), indigldyenetic assignment to classes
was based on a minimum posterior probability thoésrg) of 0.50.

Whenever multiple testing was performed, the nomsignificance level of
rejection of the null hypothesisr£0.05) was corrected by the sequential Bonferroni
procedure (Holm, 1979).
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Results
Bird species

A list of the bird species retrieved from Ornith@bs database can be found in
Table S1 of the Supplementary Materials. The lias wompiled based on 144 data
records available for the region of Thessalonikil d%7 for the region of Schinias-
Marathonas. Number of bird species and diversifgxes obtained by region are shown
in Table 1. Overall, there were 172 species reabfdeThessaloniki and 167 species in
Schinias-Marathonas. The proportion of trans-Saharagratory bird species was
approximately 62% in both regiong*t 0.02; d.f.=1;P=0.888) and the proportion of
species with records of WNV infection was also famiaround 22% in both regions
(¥*= 0.01; d.f.=1;P=0.920). However, there were significant differende=tween
regions in the Shannon®’ index estimates. Overall bird diversity was higher
Thessaloniki (Student's-test: P<0.001) and so was the diversity with the group of
WNV carriers (Student'stest:P<0.001). Conversely, Schinias-Marathonas displayed
higher diversity within the group of species withtrans-Saharan migration route
(Student’'st-test:P<0.001).

Table 1. Number of bird species and diversity indexes réedrin the study regions.

Total T-S WNV

108 40

Thessaloniki (62.8%) (22.3%)

H 2817 2.091 2.458

103 38

N
(61.7%) (22.8%)

Schinias-Marathonas
H  1.772 3.249 0.763

Total: total number of species recorded; T-S: nunafdérans-Saharan species; WNV: number of species
with record of WNV infectionN: number of species (in brackets: proportion reéato the total number
of species recordedht’: Shannon’s index.

Molecular identification of Cx. pipienss.s. forms

All 77 individuals analysed in this study were itged asCx. pipiens s.dy the
ace2 marker of Smith & Fonseca (2004).
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Bayesian clustering analysis implemented by STRUREUrevealed two
clusters, as determined by both In[PK)Y|(Pritchardet al.,2000) and the&\K statistic
(Evannoet al., 2005) (Figure 2A; Supplementary Figure S1). Clu&tegrouped 29
specimens from Thessaloniki, while most of the Bpens from Schinias-Marathonas
(N=39) were grouped in cluster-2 that also includmat individuals from Thessaloniki.
Five females (four from Thessaloniki and one froohiSias-Marathonas) of the total

sample N=77) exhibited admixed ancestiye( 0.1< g; < 0.90; Figure 2A).
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Figure 2. Bayesian clustering analysis conducted by STRUREU

A: Individuals sorted by region and ancestry pralitsh(all loci). B: Individuals sorted by regionnd
ancestry probability (excluding locus CQ41). Clustér 1;a: admixed individuals (0.IFg<0.9); C2:
Cluster 2. Columns correspond to the multilocusoggre of each individual, partitioned in different
colours representing the probability of ancestfyto each cluster. Lines indicate thethreshold used to
determine admixed individuals (see Methods).

Estimates of genetic diversity and tests for Hardginberg equilibrium for the
14 microsatellite loci in the whole sampl € 77) and in subsamples determined by
clustering analysis (STRUCTURE) and geographic tlona are shown in
Supplementary Table S2. Locus CQ41 exhibited heygate deficits in the cluster-1
sample of Thessaloniki and cluster-2 sample of iBakiMarathonas (as well as in the

179



Chapter 6

total sample), possibly reflecting locus-specifiteets. The analysis performed by
Micro-Checker suggests the possibility of null Eteat locus CQ41. The exclusion of
locus CQ41 from Bayesian clustering conducted INRSTTURE shifted the
assignment of two Schinias-Marathonas specimems frinister-2 to admixed (Figure
2B).

The results of the molestus/pipiens diagnostic G&1lfinarker are shown in
Table 1. The combination of STRUCTURE and CQ11Fhlgses suggest that each
Bayesian cluster represents a different fornCaf pipiens s.sA higher proportion of
the pipiens CQ11FL genotype (79.3%) was observeduster 1 while the majority of
individuals in cluster 2 (78.0%) had the molestesaype (Table 2).

Table 2. Association between ancestry clusters revealedSBRUCTURE with molestus/pipiens
genotypes at the CQ11FL marker and NEWHYBRIDS pediglasses.

CQFL11 NEWHYBRIDS
N
M H P M H P
Cluster-1 29 2 4 23 0 ! 28
(6.9) (13.8) (79.3) (0.0) (3.4) (96.6)
) 6 1 0 7 0 0
STRUCTURE Admixed 7
(85.7) (14.3) (0.0) (100.0) (0.0) (0.0)
Cluster-2 41 32 ! 2 41 0 0
(78.0) (17.1) (4.9 (100.0) (0.0) (0.0)
40 12 25 48 1 28
Total 77

(51.9) (15.6) (32.5) (62.3) (1.3) (36.4)

N: number of individuals; M: molestus CQ11FL genatypr NEWHYBRIDS pure class; H: hybrid
CQL11FL genotype or NEWHYBRIDS class; P: pipiens CRI1genotype or NEWHYBRIDS pure class.

The results obtained by NEWHYBRIDS were similathose of STRUCTURE
(Table 2). Of the 29 individuals of cluster-1, 2@re assigned to a purebred pipiens
class (96.6%) and all 41 cluster-2 individuals wassigned to a purebred molestus
class. However, the seven admixed individuals rfededy STRUCTURE were
classified as pure molestus. All individuals clasdi as molestus by NEWHYBRIDS
showed &agi>0.850 for this class. There were 15 individual3.§%6) assigned to the
pure pipiens class witlji<0.850 for that class (Figure 3). There was a sirgjlbrid
individual (backcross pipiens) identified by NEWHRBDS, collected in Thessaloniki.
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Figure 3. Bayesian cluster analysis conducted by NEWHYBRIOS Thessaloniki and
Schinias-Marathonas.

Each column represents an individual analyzed dni ipartitioned into colors according to the
probability of assignment to each of the six clasdenoted in the label (P: pure pipiens; M: pure
molestus; F1 hybrid; F2 hybrid; BxP: backcross wgipiens; BxM: backcross with molestud):
assigned as hybrids. Line indicates ¢hthreshold used to assign individuals into clagses Methods).

CQ11 sequencing

One specimen of Thessaloniki (collected in theagdl of Anatoliko) showed a
previously unknown fragment of 350 bp in the CQllddsay. This novel fragment,
here termed as Anatoliko_350bp, was amplified l&yghmer combination pipCQ11R
and CQ11F2 that normally amplifies the 200 bp mipispecific fragment. Excluding
the variable microsatellite TG repeat (139-156 kpgre was an almost complete
similarity between Anatoliko_350bp and the CQ11ligng-specific sequences (Table 3;
Supplementary Figure S2). The single exception wasl9 bp insertion starting at
position 219 found in Anatoliko_350bp that was aib$eom both molestus and pipiens
sequences. This unique insertion explains the diiference of the Anatoliko _350bp

that could otherwise be considered as a pipiencHspallele.

Table 3. Nucleotide differences at microsatellite CQ11 kv Cx. pipiens s.sforms and the
Anatoliko_350bp sequence.

34/ 55/ 81/ 91/ 131 139/ 219/
Sequence Form 41 45 159
40 66 85 99 134 156 367
DQ470141.1 (TG)9
pipiens - c - - -TTTC - GTGAA T
DQ470148.1 (TG)6
DQ470149.1 (TG)4
molestus| 7bp T C 17bp AGATT 9bp - C
DQ470150.1 (TG)4
Anatoliko_350bp - c - - -TTTC - GTGAA (TG)5 T  149bp

C: Cytosine; T: Thymine; G: Guanine; A: Adeninewithout nucleotide; bp: base pair of nucleotide.
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Discussion

The genetic analysis conducted in this study rexkahportant differences in
Cx. pipiens s.shetween the two geographic regions studied. Thebowed results of
the two Bayesian analyses and of the CQ1l1FL gemmyguggest a sympatric
occurrence of molestus and pipiens forms in Thess#a| northern Greece, albeit with
a higher frequency of pipiens. In this region, axkdi individuals were consistently
identified by the three analyses. Conversely, tespbint to a more homogeneous
molestus form population in the region of Schinidarathonas, southern Greece.
NEWHYBRIDS did not detect any hybrid and no pipiendividual was identified by
any of the methods in this region. The detectioradiigher proportion of admixed
individuals by STRUCTURE (9.1%) when compared ViWBWHYBRIDS (1.3%) may
reflect differences in power and accuracy of thehmes in detecting contemporary
hybridization (Vaha & Primmer, 2006).

If the initial subdivision ofCx. pipiens s.ssamples into two clusters obtained by
STRUCTURE was coincident with the geographic origih samples, subsequent
genotyping of the diagnostic CQl1FL marker disdibsa further partitioning
corresponding to molestus and pipiens forms. Téssilt agrees with the usefulness of
the CQ11FL marker in identifying the presence ofl@stus and pipiens forms at the
population level, even when inter-form hybridisatioccurs (Bahnck & Fonseca, 2006;
Gomeset al., 2009; Kothereet al., 2010). In this context, it is worth mentioning the
finding of a previously unknown 350bp allele atstlocus. Sequence analysis supports
that the novel allele is a variant of the pipiepsafic 200 bp allele. Moreover, the
specimen harbouring this allele was consistentsigagd to a pipiens form genetic
background in both Bayesian analyses. Future aemlgECx. pipienspopulations with
the CQ11FL marker should take into consideratiaog tiovel allele as a variant of the

pipiens form specific allele.

In the analysis conducted by NEWHYBRIDS, a highemgrge of genetic
backcrossing (mean: 16.2%) was detected in pigiems individuals when compared
to molestus form individuals (mean: 2.6%), in tlegion of Thessaloniki. This result
suggests a pattern of asymmetric introgressionh witore molestus genes being

introgressed into the pipiens form. This resultassistent with previous observations
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carried out in a wetland region of Portugal with esological landscape (river delta
with rice fields) and climate similar to Thessakir(iGomeset al.,2009). Therefore, it
appears that a pattern of asymmetric introgressetween molestus and pipiens forms
is not a localised phenomenon and may reflect nsiti reproductive isolation
mechanisms g.g. different mating strategies, Gomes al., 2009) shared among
southern Europea@Xx. pipiens s.spopulations. It would be interesting to investigate
whether this happens in other south European gsitsuch as Spain, Italy and France,

and whether this bears any correlation with WN\¢uliation.

The occurrence of hybridisation between sympatmtestus and pipiens forms
found in Thessaloniki suggests the possibility ofi@re opportunistic feeding behaviour
of Cx. pipiens s.swhich may potentiate its role as bridge-vectoréNV (Fonsecaet
al., 2004; Hametret al., 2008). This could thus be a major factor contiitmytfor the
establishment of WNV transmission in this regionmlay also explain the apparent
confinement of the 2010 WNV outbreak to northerne€se. To confirm this
hypothesis, genotyping of samples from geograpitations intermediate to those here
analysed is required in order to determine thergxté molestus/pipiens sympatry and
hybridisation southwards of northern Greece. Funtioee, bioecological studies
focusing on biting behaviour and host preferenae ragcessary in order to further
characterize the vector potential of molestus aipieps forms in northern Greece.
These studies should also include different mosgséimpling strategies as these may
affect the correct estimation of the relative atamz of both forms. In the region of
Comporta (Portugal), the molestus form was predantiin samples collected indoors
resting while the pipiens form prevailed in outdgotlections performed by CDC light

traps.

Thessaloniki and Schinias-Marathonas are lowlandititareas with excellent
conditions for wild bird fauna. These areas carnveseas stopover places (bird
sanctuaries) for migratory birds following the Miedianean/Black Sea flyway during
their travel between Africa and their breeding ssite Europe. The analysis performed
on the avian fauna composition did not disclose amgjor differences in species
richness i(e. number of different species recorded) betweenréggons studied in
northern and southern Greece. The proportion ofst@aharan migratory birds and of

species with records of WNV infection was similar both regions. However,
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differences were found in the estimates of Shargidhindex which suggest that levels
of bird diversity may differ between regions. Thegher Shannon’'sH’ estimate
obtained in Thessaloniki for the group of WNV carsi, indicating a more balanced
number of species in terms of relative abundarscepmnsistent with a higher receptivity
of this region in northern Greece for the introdarctof WNV. On the other hand, the
higher diversity of trans-Saharan migratory spe@eglenced by the Shannont$
estimate in Schinias-Marathonas also suggests entpalt of this region in southern
Greece for receiving WNV infected birds from Afnrckocations. However, care should
be taken when interpreting these diversity estigjamce values of absolute abundance
for each species were not available (only maximunsh dounts).

Conclusion

The results obtained on the genetic structur@€ofpipiens s.ssuggest a greater
receptivity of the Thessaloniki region for the é&dishment of WNV zoonotic cycles.
The region has &x. pipienss.s.population with a predominance of the pipiens form
This form, being ornitophilic, should be able tointain the enzootic viral cycle among
avian hosts. Furthermore, the sympatric presencahef molestus form and the
occurrence of hybrids may promote a more opportienisting behaviour that would
facilitate the accidental transmission of the viries mammalian hosts, including
humans. This coupled with the presence of an imporfraction of trans-Saharan
migratory bird species, some of which have beewipusly described as potential
WNV amplification hosts, could have favoured thesenof the 2010 epidemic that
occurred in the region. Although the situation afhfBias-Marathonas, in southern
Greece, appears to be different, with a more gealBtihomogenous molestus form
population, the region is still likely to meet catmhs to sustain WNV transmission. In
fact, the last data on WNV cases reported by theofgan Centre for Disease
Prevention and Control show an increase in the munolb confirmed cases in this
region (ECDC, 2012). These observations highlidgie tmportance of maintaining
active surveillance systems in selected regionk asavetlands that lie within the range
of major migratory bird flyways.
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Supplementary Materials

Table S1. List of the bird species in Thessaloniki and SisrMarathonas for which the presence of
WNV infections or trans-Saharan migration were déscl.
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Scientific name* Common Name' TS WNV Max. Count
T SM
Accipiter brevipes Levant Sparrowhawk X 1 -
Accipiter nisus Eurasian Sparrowhawk X 2 3
Acrocephalus arundinaceus Great Reed-warbler X 9 16
Acrocephalus melanopogon Moustached Warbler 1 6
Acrocephalus schoenobaenus Sedge Warbler X - 6
Acrocephalus scirpaceus Reed Warbler X 3 7
Actitis hypoleucos Common Sandpiper X 6 2
Aegithalos caudatus Long-tailed Tit 18 -
Alauda arvensis Eurasian Skylark 35 10
Alcedo atthis Common Kingfisher 8 1
Anas acuta Northern Pintail X 214 10
Anas clypeata Northern Shoveler X 46 30
Anas crecca Common Teal X 18140 30
Anas penelope Eurasian Wigeon X 312 3
Anas platyrhynchos Mallard X 202 122
Anas querquedula Garganey X 85 50
Anas strepera Gadwall X 15 29
Anthus campestris Tawny Pipit X - 4
Anthus cervinus Red-throated Pipit X 4 1
Anthus pratensis Meadow Pipit 3 20
Anthus spinoletta Water Pipit 25 12
Anthus trivialis Tree Pipit X - 1
Apus apus Common Swift X 35 75
Apus pallidus Pallid Swift X 7 -
Aquila clanga Greater Spotted Eagle X 6 2
Aquila pomarina Lesser Spotted Eagle X 1 -
Ardea cinerea Grey Heron X 53 14
Ardea purpurea Purple Heron X 22 11
Ardeola ralloides Squacco Heron X 74 20
Arenaria interpres Ruddy Turnstone X 25 -
Athene noctua Little Owl 6 2
Aythya ferina Common Pochard 17 3
Aythya nyroca Ferruginous Duck 11 28
Botaurus stellaris Great Bittern X 1 1
Bubulcus ibis Cattle Egret 9 -
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Scientific name* Common Name' TS WNV Max. CZJMm
Burhinus oedicnemus Eurasian Thick-knee X 97 -
Buteo buteo Common Buzzard X 40 5
Buteo rufinus Long-legged Buzzard X 2 1
Calandrella brachydactyla Greater Short-toed Lark X 2 -
Calidris alba Sanderling X 15 4
Calidris alpina Dunlin X 220 -
Calidris ferruginea Curlew Sandpiper 200 4
Calidris melanotos Pectoral Sandpiper 2 -
Calidris minuta Little Stint X 300 30
Calidris temminckii Temminck's Stint X 4 4
Carduelis cannabina Eurasian Linnet 145 10
Carduelis carduelis European Goldfinch 18 40
Carduelis chloris European Greenfinch 8 20
Carduelis spinus Eurasian Siskin 6 -
Casmerodius albus Great Egret 115 1
Certhia brachydactyla Short-toed Treecreeper - 2
Cettia cetti Cetti's Warbler 7 30
Charadrius alexandrinus Kentish Plover X 125 -
Charadrius dubius Little Ringed Plover X 20 20
Charadrius hiaticula Common Ringed Plover X 11 -
Chlidonias hybrida Whiskered Tern X 7 17
Chlidonias leucopterus White-winged Tern X - 4
Chlidonias niger Black Tern X 600 3
Ciconia ciconia White Stork X 14 -
Circaetus gallicus Short-toed Snake-eagle X 3 3
Circus aeruginosus Western Marsh-harrier X 24 9
Circus cyaneus Northern Harrier 3 2
Circus macrourus Pallid Harrier X - 1
Circus pygargus Montagu's Harrier X - 3
Cisticola juncidis Zitting Cisticola - 11
Coccothraustes coccothraustes Hawfinch 2 -
Columba livia Rock Pigeon - 20
Columba palumbus Common Wood-pigeon - 1
Coracias garrulus European Roller X 1 -
Corvus corone Carrion Crow 600 20
Corvus frugilegus Rook 70 -
Corvus monedula Eurasian Jackdaw 10 -
Coturnix coturnix Common Quail X - 2
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Scientific name* Common Name* TS WNV Max. C(:I\:t
Cuculus canorus Common Cuckoo X 1 2
Cygnus cygnus Whooper Swan - 3
Cygnus olor Mute Swan X 242 29
Delichon urbicum Northern House-martin X 120 20
Egretta garzetta Little Egret X 90 100
Emberiza caesia Cretzschmar's Bunting - 3
Emberiza cia Rock Bunting - 4
Emberiza cirlus Cirl Bunting - 3
Emberiza citrinella Yellowhammer 6 -
Emberiza schoeniclus Reed Bunting 35 30
Erithacus rubecula European Robin X 100 25
Eudromias morinellus Eurasian Dotterel 1 -
Falco columbarius Merlin X 4 -
Falco peregrinus Peregrine Falcon X 2 1
Falco subbuteo Eurasian Hobby X 1 2
Falco tinnunculus Common Kestrel X X 18 6
Falco vespertinus Red-footed Falcon X 1 1
Fringilla coelebs Chaffinch 300 200
Fringilla montifringilla Brambling - 1
Fulica atra Common Coot X X 600 675
Galerida cristata Crested Lark 26 20
Gallinago gallinago Common Snipe X 60 6
Gallinula chloropus Common Moorhen X 120 25
Gavia arctica Arctic Loon 7 1
Gavia stellata Red-throated Loon 1 -
Glareola pratincola Collared Pratincole X 200 3
Grus grus Common Crane 2 -
Gyps fulvus Eurasian Griffon X X - 3
Haematopus ostralegus Eurasian Oystercatcher 32 -
Haliaeetus albicilla White-tailed Eagle 1 -
Hieraaetus fasciatus Bonelli's Eagle - 1
Himantopus himantopus Black-winged Stilt X 215 40
Hirundo daurica Red-rumped Swallow X 4 5
Hirundo rupestris Eurasian Crag-martin - 10
Hirundo rustica Barn Swallow 60 111
Ixobrychus minutus Little Bittern X X 3 2
Jynx torquilla Eurasian Wryneck 1 1
Lanius collurio Red-backed Shrike X 50 10
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Scientific name* Common Name' TS WNV Max. CZJMm
Lanius excubitor Northern Grey Shrike - 1
Lanius isabellinus Isabelline Shrike X - 1
Lanius minor Lesser Grey Shrike 3 2
Lanius senator Woodchat Shrike X 1 2
Larus canus Mew Gull 54 -
Larus fuscus Lesser Black-backed Gull X - 1
Larus genei Slender-billed Gull X 124 -
Larus melanocephalus Mediterranean Gull 1640 1
Larus michahellis Yellow-legged Gull 2000 200
Larus minutus Little Gull 3 5
Larus ridibundus Common Black-headed Gull X 460 50
Limicola falcinellus Broad-billed Sandpiper X 19 -
Limosa lapponica Bar-tailed Godwit X 2 -
Limosa limosa Black-tailed Godwit X 320 5
Lullula arborea Wood Lark - 4
Luscinia megarhynchos Common Nightingale X 3 2
Luscinia svecica Bluethroat X - 1
Lymnocryptes minimus Jack Snipe - 1
Melanocorypha calandra Calandra Lark 50 -
Mergus serrator Red-breasted Merganser 64 -
Merops apiaster European Bee-eater X 135 4
Miliaria calandra Corn Bunting 400 50
Monticola solitarius Blue Rock-thrush X - 1
Motacilla alba White Wagtail X 7 10
Motacilla cinerea Grey Wagtail X 2 1
Motacilla flava Yellow Wagtail X 60 26
Muscicapa striata Spotted Flycatcher X 5 10
Netta rufina Red-crested Pochard - 2
Numenius arquata Eurasian Curlew X 409 -
Numenius phaeopus Whimbrel X 4 -
Nycticorax nycticorax Black-crowned Night-heron X 142 8
Oenanthe hispanica Black-eared Wheatear X - 4
Oenanthe oenanthe Northern Wheatear X 8
Oriolus oriolus Eurasian Golden-oriole X 4 -
Otus scops Common Scops-owl X - 2
Pandion haliaetus Osprey X 1 1
Parus ater Coal Tit - 1
Parus caeruleus Blue Tit 12 4
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Scientific name* Common Name* TS WNV Max. C(:I\:t
Parus major Great Tit 40 9
Passer domesticus House Sparrow X 140 40
Passer hispaniolensis Spanish Sparrow 200 -
Passer montanus Eurasian Tree Sparrow - 5
Pelecanus crispus Dalmatian Pelican 112 -
Pelecanus onocrotalus Great White Pelican X 17 -
Phalacrocorax aristotelis European Shag 1 1
Phalacrocorax carbo Great Cormorant X 4500 5
Phalacrocorax pygmeus Pygmy Cormorant 300 -
Phalaropus fulicarius Grey Phalarope X 1 -
Phalaropus lobatus Red-necked Phalarope X 6 -
Philomachus pugnax Ruff X 300 60

Phoenicopterus roseus

Phoenicurus ochruros

Phoenicurus phoenicurus

Phylloscopus collybita
Phylloscopus trochilus
Pica pica

Platalea leucorodia
Plegadis falcinellus
Pluvialis apricaria
Pluvialis squatarola
Podiceps auritus
Podiceps cristatus
Podiceps nigricollis
Porzana parva
Porzana porzana
Prunella modularis
Puffinus yelkouan
Rallus aquaticus
Recurvirostra avosetta
Remiz pendulinus
Riparia riparia
Saxicola rubetra
Saxicola torquatus
Serinus serinus

Sitta neumayer

Somateria mollissima

Greater Flamingo
Black Redstart
Common Redstart
Common Chiffchaff
Willow Warbler
Black-billed Magpie
Eurasian Spoonbill
Glossy lbis

Eurasian Golden-plover
Grey Plover

Horned Grebe

Great Crested Grebe
Black-necked Grebe
Little Crake

Spotted Crake

Hedge Accentor
Yelkouan Shearwater
Water Rail

Pied Avocet

Eurasian Penduline-tit
Sand Martin
Whinchat

Common Stonechat
European Serin
Western Rock-nuthatch

Common Eider

X X 2000 1

X 3 16
X X 3 26
X 41 100

X 69 -
X X 66 85
X 350 -
X 150 -

1 -
50 2
65 -
X - 1
X - 1
- 1
- 160
2 8
X 220 -
14 11
215 11
13 10
X 15 25
- 15
- 3
1 -
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Scientific name* Common Name' TS WNV Max. CZJMm
Sterna albifrons Little Tern X 100 -
Sterna caspia Caspian Tern X 6 -
Sterna hirundo Common Tern 930 40
Sterna nilotica Gull-billed Tern 80 3
Sterna sandvicensis Sandwich Tern X 90 5
Streptopelia decaocto Eurasian Collared-dove 13 30
Streptopelia turtur European Turtle-dove X 9 5
Sturnus vulgaris Common Starling 1000 8000
Sylvia atricapilla Blackcap X - 4
Sylvia cantillans Subalpine Warbler - 1
Sylvia communis Common Whitethroat X 11 3
Sylvia hortensis Orphean Warbler X - 1
Sylvia melanocephala Sardinian Warbler - 7
Tachybaptus ruficollis Little Grebe 111 30
Tachymarptis melba Alpine Swift X - 3
Tadorna tadorna Common Shelduck 1350 6
Tringa erythropus Spotted Redshank X 57 3
Tringa glareola Wood Sandpiper X 55 50
Tringa nebularia Common Greenshank X 20 15
Tringa ochropus Green Sandpiper X 14 20
Tringa stagnatilis Marsh Sandpiper X 54 20
Tringa totanus Common Redshank X 200 8
Troglodytes troglodytes Winter Wren - 2
Turdus iliacus Redwing - 1
Turdus merula Eurasian Blackbird 25 20
Turdus philomelos Song Thrush 2 3
Turdus pilaris Fieldfare - 8
Upupa epops Eurasian Hoopoe X 6 10
Vanellus spinosus Spur-winged Lapwing 1 -
Vanellus vanellus Northern Lapwing 1200 3
Xenus cinereus Terek Sandpiper X 5 -

'OrnithoTopos (2012); T: Thessaloniki; SM: SchinMarathonas; TS: performed trans-Saharan
migration route (Walther, 2005); WNV: detection WNV (Figuerola et al., 2007, 2008, 2009;
Formosinhoet al., 2006; Hubalek 2004, 2008; Jourda&ihal., 2008;Malkinsonet al.,2002; Rappole &
Hubalek 2003; Valiakogt al., 2012); Max. Count: the maximum number of individuaounted at a
single observation; T: Thessaloniki; SM: Schiniaarkthonas.
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Table S2. Genetic diversity at microsatellite loci 6lilex pipiens s.grom Greece.

Region Thessaloniki Schinias-Mar athonas Total
Locus C1(P) Ad C2(M) Total Ad C2(M) Total _
STRUCTURE U o0)  (N=4)  (N=4)  (N=37) | (N=1)  (N=39) (N=d0) | '
Are) 3.9 1.0 1.0 3.9 NA 1.4 1.4 3.0
CQ11 He 0.800* NA NA 0.813* NA 0.148 0.144 0.609
Fis 0.314 NA NA 0.425 NA -0.041 -0.040 0.513
Are) 3.2 1.0 2.0 2.9 NA 3.0 3.0 35
CQ26 He 0.693 NA 0.536 0.641 NA 0.682 0.677 0.767
Fis 0.157 NA 0.571 0.222 NA 0.270 0.283 0.358
Are) 4.0 29 3.3 3.9 NA 4.4 4.4 4.3
CQ41 He 0.820* 0.714 0.643 0.806* NA 0.866* 0.866* 0.852
Fis 0.331 1.000 -0.200 0.366 NA 0.476 0.476 0.431
Are) 4.4 35 3.7 4.4 NA 2.9 29 4.0
CxpGT04 He 0.872 0.750 0.821 0.879 NA 0.670 0.670 0.810
Fis 0.132 0.700 -0.263 0.172 NA 0.137 0.137 0.1%4
Are) 4.1 2.7 2.7 4.0 NA 2.8 2.8 3.8
CxpGT09 He 0.846 0.607 0.607 0.833 NA 0.616* 0.622* 0.773
Fis -0.019 -0.286 -0.286 -0.006 NA 0.494 0.468 0.239
Are) 3.8 2.7 2.8 3.7 NA 3.0 3.0 34
CxpGT12 He 0.803* 0.607 0.679 0.795* NA 0.665 0.656 0.736
Fis 0.446 0.200 0.294 0.425 NA 0.037 0.048 0.261
Are) 5.1 4.2 2.0 4.8 NA 5.0 5.0 51
CxpGT20 He 0.931 0.857 0.571 0.915 NA 0.929* 0.929* 0.934
Fis 0.038 0.143 1.000 0.145 NA 0.363 0.363 0.263
Are) 5.1 35 35 4.9 NA 3.3 3.3 4.2
CxpGT40 He 0.931 0.750 0.750 0.926 NA 0.707 0.708 0.843
Fis 0.037 0.000 0.000 0.066 NA 0.058 0.047 0.091
Are) 3.2 35 2.7 3.3 NA 2.7 2.8 3.0
CxpGT46 He 0.700 0.786 0.607 0.726 NA 0.636 0.651 0.687
Fis 0.015 0.400 0.625 0.146 NA -0.035 -0.024 0.062
Are) 5.4 4.2 35 5.3 NA 4.8 4.8 53
CxpGT51 He 0.954 0.857 0.786 0.951 NA 0.908 0.910 0.949
Fis 0.025 0.143 -0.333 0.034 NA -0.046 -0.045 0.015
Are) 5.4 4.9 25 5.2 NA 4.4 4.4 5.0
CxpGT53 He 0.954 0.929 0.464 0.942 NA 0.870* 0.866* 0.920
Fis 0.025 0.217 -0.091 0.083 NA 0.281 0.297 0.197
Are) 1.3 1.0 1.0 1.2 NA 1.1 1.2 1.2
CxqQGT4 He 0.102 NA NA 0.080* NA 0.026 0.073 0.076
Fis -0.014 NA NA -0.014 NA 0.000 0.661 0.321
Arg) 3.5 35 3.0 34 NA 3.1 3.2 3.4
CxqGT6B He 0.761 0.786 0.750 0.752 NA 0.710 0.724 0.751
Fis 0.049 -0.333 -0,412 -0.043 NA 0.062 0.104 0.049
Arg) 2.6 1.0 1.0 2.3 NA 1.1 1.2 1.9
CxqTRI4 He 0.574 NA NA 0.488 NA 0.026 0.074 0.300
Fis -0.144 NA NA -0.054 NA 0.000 0.664 0.134
Are) 3.9 2.8 25 3.8 NA 3.1 3.1 3.7
All loci He 0.767 0.764 0.656 0.753 NA 0.604 0.612 0.715
Fis 0.109 0.242 0.074 0.154 NA 0.191 0.205 0.215

C1(P): pipiens cluster; Ad: Admixed; C2(M): molestaluster;Age) allelic richness with 6 geneste:
expected heterozygosit¥,s: inbreeding coefficient. Values in bold indicatesignificantP-value after
correction for multiple tests (see Methods). Astesiindicate presence of null alleles determined by
Micro-Checker (Populations Thessaloniki/Ad, Thess#li/C2, and Schinias-Marathonas/Ad showed
insufficient number of individuals for this analgki Per locus and over samples Hardy-Weinberg tests
were performed using ARLEQUIN. For over loci estiesathe global test available in FSTAT was used.
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Discussion

Hybridisation was found in all the sympatric popigdas of the members of the
Cx. pipiens complex. In the sympatri€Cx. quinquefasciatus and Cx. pipiens s.S.
populations of Cape Verde, interspecific hybridmat reached ~40%. A high
percentage of these hybrids (~50%) were shownwuolve second generation hybrids
(F2 and backcros€x. pipiens s.s.), highlighting the potential for introgression of
adaptively important genes between the two spe€ape Verde archipelago is located
at the extreme limits of the geographic distribntad both species. Given its geographic
location, the volcanic nature of the archipelagd #e history of human peopling of the
islands, the sympatric occurrence ©%. pipiens s.s. and Cx quinquefasciatus most
likely reflects a case of recent secondary conbativeen the two species. Secondary
contact has led to high hybridisation rates in ptheoups of insects and also in
mammals €.g. Gompertet al., 2010; Latchet al., 2011). The existence of hybridisation
between different species in secondary contactsadeses not necessarily imply a
scenario of admixture. Hybrids may display lowéndss which would allow selective
pressures to counteract gene flow (Hopkins & RaysttE1). However, fithess studies
were not possible to carry out, which would helarifying the consequences of
hybridisation between the two species in Cape V&tdapter 2).

In the case o€x. pipiens s.s. in southern Europe, coexistence with hybridisation
(7-16%) between molestus and pipiens forms wasdannaboveground habitats. A
pattern of asymmetric introgression from molestu® ipipiens was also observed in
two geographic areaxd. ~2700 km from each other), which may be a common
phenomenon in areas of southern Europe with sim#leological characteristics
(Chapter 3 and 6). The maintenance of differerdigfenetic backgrounds for each of
the Cx. pipiens s.s. forms under asymmetric introgression may be expthilby
divergent selection acting on some genomic regionkjch would promote a
heterogeneous genetic divergence across the geidme2001). This phenomenon has
been considered a crucial factor in speciation nsod&olving sympatric taxa or in the
reinforcement of isolation between allopatric inemd species after secondary contact
(Nosil et al., 2009, 2012; Hopkins & Rausher, 2011). The outhealysis performed

using AFLPs indicate that only 1.4-3.1% of loci wennder divergent selection in

203



Chapter 7

European populations (Chapter 5). The relativelyalsmumber of genomic regions
under strong divergence is consistent with a motlecological sympatric speciation at
an early stage (Nos#t al., 2009). Such a low genomic divergence was alsoreédean
another mosquito species undergoing sympatric apeciwith gene flow (Weetmast
al., 2012).

In Comporta (Portugal), the€x. pipiens s.s. forms displayed differences
according to the type and location of the collawigerformed. The lack of molestus
individuals in collections performed outside animshelters suggests possible
differences in the selection of aboveground habibgt the adult females, which may
lead to habitat segregation (Chapter 4). This pattmay be influenced by the
typological traits of this form, namely autogenydastenogamy, which may favour a
propensity for exploring more confined indoor epmiments. Habitat segregation has
been considered a major factor underlying the deece between incipient species of
An. gambiae s.s. in sympatry (Diabatét al., 2008, 2009), and may also play an
important role in speciation and heterogeneous mendivergence between the pipiens

and molestus form in southern Europe.

In addition to genetic determinants, the behavidpingsiological traits that
define molestus and pipiens forms are also infladnzy environmental factors. In the
study conducted in Comporta (Portugal), a precefenidion of the feeding patterns of
molestus and pipiens forms was more challenging tha definition of autogeny and
stenogamy (Chapter 3 and 4). Of the blood meallysed the great majority was made
on avian hosts regardless of form. This observati@y result not only by intrinsic
factors but also from external factors such asatfalability and behaviour of the hosts
(Balenghieret al., 2011). In additionCx. pipiens s.s. forms from Comporta (Portugal)
also displayed differences in resting behaviourjctwvhs considered a determinant
behaviour for indoors-based vector control. Requbisit for a capacity of pipiens form
females to explore both indoors and outdoors rgsites, suggesting a higher plasticity

for this trait when compared to a more endophilalestus form.

In conclusion, the characterization of t6&. pipiens complex members is an
important requirement for understanding the epidéwgly of West Nile virus (WNV).
Their evolutionary relationships and ecologicaltsraare essential for evaluating the
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potential of these species to act as bridge-vettetween avian amplification hosts and
mammals, including humans. Risk assessment for WN¥smission should also
include information on other vector species, suslxa modestus and Cx. perexiguus,

and on the distribution and migration patternsiad populations.

Futur e per spectives

Further ecological studieson Cx. pipiens s.s. populations.

The ecological and physiological differences betwesolestus and pipiens
forms have been well established in allopatric pajpens of northern latitudes. The
habitat segregation between forms at these last@de undergroundss. aboveground)
facilitated this distinction. The analyses perfodma this thesis with samples from
southern Europe, have shown that broadly the fopecific differences in egg
development, life cycle and mating behaviour désctiat northern latitudes are kept,
albeit with some exceptions.¢. small proportions of autogenous and non-stenogamou
females). It is tempting to speculate that thia iesult of the low but significant gene
flow between the two forms documented in this thesiowever the established
differences in host selection were not recordedyonpatric aboveground molestus and
pipiens populations. This result may have been nrdheenced by host availability at
the study site rather than reflecting intrinsic thmeference. Further studies, preferably
in other study areas with similar hybridisation esatbut with a more balanced
mammal/avian host availability, will be required farther clarify the effect of
hybridisation and introgression in the feeding béhiar of molestus and pipiens forms.
Given that this is a key trait for predicting thetgntial role ofCx. pipiens s.s. as a
bridge-vector for transmission of WNV and other auibal infections there is some

urgency to these studies.

Another relevant aspect that was left unexploredhiese studies was larval
ecology. In the malaria vectén. gambiae s.s., there is evidence for habitat segregation
at the larval stage between M and S forms withis $pecies (Diabatet al. 2008). The
S-form is more adapted to small temporary breeginddles whereas the M-form
explores more successfully larval habitats of npemanent nature such as rice fields,

arguably due to a superior predator avoidance dgp@iabatéet al. 2008; Gimonneau
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et al., 2012). This difference has been considered agempal mechanism of divergent
selection between these two incipient speciesofthern latitudes, the larval habitat of
the allopatric populations of pipiens and moledtusns varies between open air and
underground, respectively (Vinogradova, 2000). Haevefew studies have specifically
addressed the larval ecology of the forms in saouathiatitudes. No systematic
characterization of larval biotopes was made is #tudy. However, based on the adult
surveys, it appears that the pipiens form may prevar molestus in humid areas with
rice fields. Such was the case for Thessalonike€éGe) and Comporta (Portugal), both
rice cultivation areas, when compared to otheramgisuch as Alqueva and Sandim
(Portugal), and Schinias-Marathonas (Greece). 8sufticusing on the larval ecology
study should be implemented in order to unveil ptad differences between molestus
and pipiens in southern latitudes. If a common @vmhary origin for northern and
southern latitude populations of the molestus fasmassumed, one would predict a
tendency for this form to explore more readily HEraabitats of anthropogenic nature.
Larval ecology studies would also be important tfee application of vector control
strategies based either in ecological managemebtesding sites or in biolarvicides

(e.g. Bacillus thuringiensis).
Correlation between ecological traits and genomic regions

The results presented in this thesis showed arciasism between ecological
traits such as autogeny and stenogamy with thetigebackground of the forms.
However, it is still unknown which genomic regioae involved in the expression of
the typological traits of the forms. Data collecfemm theCx. quinguefasciatus genome
suggest an expansion, when compared with other urtosgpecies, of several gene
families that may be involved in these traits, sashjuvenile hormone genes and
olfactory-receptor genes (Arensburgral., 2010). However, no comparative studies
between pipiens and molestus forms have yet beeate.mBhe application of Next
Generation Sequencing methods would allow the cidle of genomic information
from both forms that would refine the data obtailbgdAFLP about divergent regions
putatively involved in the speciation process. Tdrge amount of DNA sequence data
would also be useful for identifying differencesgene families that may be involved in
the expression of ecological traits, as well asegethat influence the capacity for

pathogen transmission, such as mosquito immuneecetenes.
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Therole of endosymbiotic bacteria in the evolution of the Cx. pipiens complex

Populations of theCx. pipiens complex may harbour maternally-inherited
Wolbachia pipientis endosymbiotic bacteriaThis bacterium reduces reproductive
success by cytoplasmic incompatibility in the progeof mating pairs that present
different infection statesi.é. infected male with uninfected female or infectiothw
different W. pipientis strains) (Morningstaet al., 2012). This mechanism has been
proposed to be involved in the isolation@f{. pipiens s.s. andCx. quinquefasciatus in
East Africa, where uninfected @Xx. pipiens s.s. populations were found in sympatry
with infected Cx. quinquefasciatus (Cornel et al., 2003; Walkeret al., 2009). In this
context, it would be interesting to analyse thespnee of\V. pipientisin Cx. pipiens s.s.
and Cx. quinquefasciatus from Cape Verde islands, in order to verify if thes an
association between incomplete isolation of thgseies and the presence and genetic
composition of their endosymbionts.

Wolbachia pipientis was also associated with low reproductive succeassng
populations of Cx. quinquefasciatus, especially from Asia (Sinkingt al., 2005).
However, it is still unclear whether this infectipfays a role in the divergence between
the intraspecific forms ofx. pipiens s.s. Surveys for endosymbiotic bacterial fauna in
molestus and pipiens forms would be important #oifgl the mechanisms involved in
the asymmetric introgression in Comporta (Portugal] Thessaloniki (Greece), which
may be induced by unidirectional cytoplasmic incaiiplity. Furthermore, given that
W. pipientis seems to affect the infection Gk. quinquefasciatus with WNV (Glaser &
Meola, 2010), it would be interesting to determiméether infection with this

endosymbiont also affects vector competence for VUNEX pipiens s.s.
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Introduction

Abstract

The Culex pipiens complex includes two widespread mosquito vector species,
Cx. pipiens and Cx. quinquefasciatus. The distribution of these species varies in
latitude, with the former being present in temperate regions and the latter in
tropical and subtropical regions. However, their distribution range overlaps in
certain areas and interspecific hybridization has been documented. Genetic
introgression between these species may have epidemiological repercussions for
West Nile virus (WNV) transmission. Bayesian clustering analysis based on
multilocus genotypes of 12 microsatellites was used to determine levels of
hybridization between these two species in Macaronesian islands, the only con-
tact zone described in West Africa. The distribution of the two species reflects
both the islands’ biogeography and historical aspects of human colonization.
Madeira Island displayed a homogenous population of Cx. pipiens, whereas
Cape Verde showed a more intriguing scenario with extensive hybridization. In
the islands of Brava and Santiago, only Cx. quinquefasciatus was found, while in
Fogo and Maio high hybrid rates (~40%) between the two species were
detected. Within the admixed populations, second-generation hybrids (~50%)
were identified suggesting a lack of isolation mechanisms. The observed levels
of hybridization may locally potentiate the transmission to humans of zoonotic
arboviruses such as WNV.

number of taxa may be present in each archipelago
(Gillespie and Roderick 2002). For example, in Hawaii,

The biological diversity of islands with recent volcanic
origin and high isolation from mainland is a result of the
colonizers ability to break the isolation and survive the
island’s environmental conditions. The highly stochastic
nature of colonizing events means that only a very limited

© 2012 The Authors. Published by Blackwell Publishing Ltd. This is an open access article under the terms of the Creative

only 15% of the known insect families were observed
(Howarth and Ramsay 1991), and a similar scenario
occurs in the Macaronesian region (Juan et al. 2000;
Gillespie and Roderick 2002). This region is formed by
four archipelagos of volcanic islands located in the north-
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Abstract

Background: Culex pipiens L. is the most widespread mosquito vector in temperate regions. This species consists of
two forms, denoted molestus and pipiens, that exhibit important behavioural and physiological differences. The
evolutionary relationships and taxonomic status of these forms remain unclear. In northern European latitudes molestus
and pipiens populations occupy different habitats (underground vs. aboveground), a separation that most likely promotes
genetic isolation between forms. However, the same does not hold in southern Europe where both forms occur
aboveground in sympatry. In these southern habitats, the extent of hybridisation and its impact on the extent of genetic
divergence between forms under sympatric conditions has not been clarified. For this purpose, we have used phenotypic
and genetic data to characterise Cx. pipiens collected aboveground in Portugal. Our aims were to determine levels of
genetic differentiation and the degree of hybridisation between forms occurring in sympatry, and to relate these with
both evolutionary and epidemiological tenets of this biological group.

Results: Autogeny and stenogamy was evaluated in the FI progeny of 145 individual Cx. pipiens females. Bayesian
clustering analysis based on the genotypes of |13 microsatellites revealed two distinct genetic clusters that were highly
correlated with the alternative traits that define pipiens and molestus. Admixture analysis yielded hybrid rate estimates
of 8-10%. Higher proportions of admixture were observed in pipiens individuals suggesting that more molestus genes are
being introgressed into the pipiens form than the opposite.

Conclusion: Both physiological/behavioural and genetic data provide evidence for the sympatric occurrence of molestus
and pipiens forms of Cx. pipiens in the study area. In spite of the significant genetic differentiation between forms,
hybridisation occurs at considerable levels. The observed pattern of asymmetric introgression probably relates to the
different mating strategies adopted by each form. Furthermore, the differential introgression of molestus genes into the
pipiens form may induce a more opportunistic biting behaviour in the latter thus potentiating its capacity to act as a
bridge-vector for the transmission of arboviral infections.
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