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The ecology of arthropod disease vectors can greatly influence their vectorial
capacity and thus both duration and severity of arboviral disease outbreaks. Elucidating
the genetic factors that influence these ecological characteristics is key in developing
mitigation strategies.

In Chapter 1, I report the results of a transcriptomic comparison between feral and
domestic forms of the northern house mosquito, Culex pipiens forms pipiens and
molestus. By examining the rate of nonsynonymous amino acid substitution between
orthologous protein pairs, I define fast and slowly evolving genes and gene families that
highlight the genetic variability in these two mosquito taxa. The results implicate genes
involved in olfaction, digestion and immunity as likely constituents of the genetic
component driving the dramatic differences in behavior and physiology so important to
understand.

In Chapter 2, I examine the mosaicism present within the genome of Culex
pipiens pallens, a putative hybrid mosquito resulting from a cross between Culex pipiens

and Culex quinquefasciatus. Using a phylogenomic analysis, I quantify shared ancestry
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between Cx. pipiens pallens gene sequences and those of either putative parental genome.
Additionally, I identify genes and gene ontologies that show evidence of evolving at
accelerated evolutionary rates among East Asian Culex species by calculating per-gene
rates of peptide evolution, and identifying lineages with differential rates of evolution to
examine how Cx. pipiens pallens has utilized and modified parental genes to exploit its
environment and persist as a species. My results show that Cx. pipiens pallens and Cx.
quinquefasciatus share a greater degree of phylogenetic affiliation and lower protein
divergence than either do with Cx. pipiens form molestus, and that the genetic component
of the Cx. pipiens pallens proteome assigned to Cx. pipiens contains genes that function
in energy metabolism, cell cycle / signaling, and redox reactions; the genes assigned to
Cx. quinquefasciatus are enriched in lipid transport function and extracellular scavenging
/ innate immunity.

In Chapters 3 and 4, I select a fast-evolving gene of interest, doublesex, from the
analysis performed in Chapter 1 and describe its evolution within the Culex pipiens
complex, and in all hexapods. Doublesex controls the somatic sexual fate of Drosophila
melanogaster and may function thusly in many metazoans, including the malaria
mosquito Anopheles gambiae and the dengue and yellow fever vector Adedes aegypti. In
these insects, upstream genetic signaling mechanisms regulate the splicing of the dsx
transcript to produce sex-specific peptide isoforms that ultimately differentiate male and
female insects. This conserved function makes dsx a prime target for sterile insect
technique (SIT) research. Here I provide a full-length gene sequence, with sex-specific
splicing, regulatory and evolutionary analyses of the doublesex gene from the southern

house mosquito Culex quinquefasciatus. 1 show that Cxgdsx maintains characters
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possibly derived in the Culicine mosquitoes and present in the Aedes aegypti dsx gene,
and retains presumably ancestral qualities present in Anopheles gambiae (Angdsx).
Interestingly, the cis-regulated splicing of Cxgdsx does not appear to follow either
currently described mosquito model; each of the three mosquito genera maintain unique
regulatory mechanisms. Additionally, using public sequence databases, I show doublesex
to be ubiquitous in the hexapods and likely to have been present in the last common

ancestor (LCA) of the group as a sex-specifically spliced multiple-copy gene.
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Introduction

The mosquitoes (Diptera: Culicidae) are a globally distributed family of arthropod
vectors that have inarguably shaped the evolution of mankind. Mosquito-borne diseases
affect over 475 million humans annually (WHO 2014

[http://www.who.int/heca/infomaterials/en/vector-borne.pdf, accessed Feb. 2015],

Fonseca et al. 2004a, Garske et al. 2014, Bailey et al. 2015) and confer significant
morbidity and mortality. Developing effective vector and pathogen control strategies is
thus of utmost importance to human health. These objectives require knowledge of the
ecological factors that influence pathogen transmission and contribute to vectorial
capacity. As many of these factors are influenced by or under the control of host
genetics, it follows that the genomic age stands to yield powerful insights into vector
biology and control.

For example, the deadliest human malaria agent (Plasmodium falciparum), the
agent of lymphatic filariasis (Wuchereria bancrofti) and both dengue and yellow fever
viruses are vectored by mosquitoes living in close association and feeding primarily on
humans, thus maximizing transmission rate, and allowing high parasite virulence
(Dieckmann et al. 2002). Emerging diseases such as West Nile Virus (WNV) or eastern
equine encephalitis however require a bridge vector (with a broader host range) to
generate epidemic events (Kilpatrick et al. 2006, Farajollahi et al. 2011). Multiple
studies have shown divergence of host preference between Culex species and/or species
forms (Fonseca et al. 2004a, Gomes et al. 2012, Fritz et al. 2015), however genetic
factors influencing host preference in mosquitoes remain largely unknown and only

recently has their identification begun (i.e Hodges et al. 2014, McBride et al. 2014).



Transmission and pathogen virulence of WNV, Saint Louis encephalitis (SLE)
virus, avian malaria (Plasmodium spp.) and W. bancrofti have all been shown to
modulate in accordance with mosquito genotype and/or gene expression (James 2002,
Kumar and Paily 2008, Shin et al. 2014), and each of these pathogens are often vectored
primarily by members of the Culex pipiens mosquito complex. The Cx. pipiens complex
contains four species that are evolutionarily closely related and often difficult to identify:
Cx. pipiens Linnaeus, Culex quinquefasciatus Say, Culex australicus Dobrotworsky &
Drummond and Culex globocoxitus Dobrotworsky (Farajollahi et al. 2011; see

http://www.wrbu.si.edu for current taxonomy). Cx. quinquefasciatus inhabits primarily

tropical regions of North and South America, the African lowlands, Southern Asia and
Australia (Fonseca et al. 2006) while Cx. pipiens is temperate and originally restricted to
Europe and Asia (Harbach et al. 1984). However, as a result of human migration and
commercial traffic, the two species overlap in sub-tropical areas leading to expansive
hybrid zones in North America, Argentina, Madagascar, Japan and South Korea (Barr
1957, Urbanelli et al. 1997, Wang et al. 2000, Cornel et al. 2003, Fonseca et al. 2009).
Hybridization between Cx. pipiens and Cx. quinquefasciatus in areas where both have
been introduced has often led to taxonomic confusion, particularly by those still
embracing old views of the biological species concept.

Culex pipiens is currently classified into two subspecies: Culex pipiens pipiens, a
cosmopolitan mosquito distributed throughout temperate Europe with a Southern reach to
the S. African highlands, and Culex pipiens pallens, distributed throughout temperate
Eastern Asia as far as Japan. Additionally, Culex p. pipiens has two recognized forms, or

biotypes: “pipiens” and “molestus”. Despite being morphologically identical, these two



forms exhibit stark behavioral and ecological contrasts. Form pipiens is a feral mosquito
that requires a vertebrate bloodmeal for egg development, enters winter diapause in
response to ambient light levels, swarms prior to mating and is primarily ornithophilic
(Spielman 2001, Fonseca et al. 2004a). Form molestus however can forego a bloodmeal
prior to its first gonotrophic cycle, remains gonoactive during winter months while
occupying warm subterranean environments (e.g subways, sewers), and mates in very
confined spaces. Female f. molestus mosquitoes will readily feed on mammals, including
humans (Fonseca et al. 2004a, Gomes et al. 2012, Fritz et al. 2015). This “domestic”
form of Culex pipiens thus maintains various phenotypic characteristics that allow it to
associate almost entirely with human ecosystems and consequently spread to all
continents except Antarctica (Farajollahi et al. 2011). Microsatellite analysis indicates
that evolutionarily divergence of forms pipiens and molestus occurred as recently as
10,000 years ago (Fonseca et al. 2004b).

The East Asian temperate subspecies of Cx. pipiens, Cx. pipiens pallens, exhibits
an intermediate or hybrid male phallosome that follows a morphological cline from
“pipiens-like” in the northern latitudes to “quinquefasciatus-like” in the south (Bekku
1956). Cx. pipiens pallens has long been hypothesized to be a hybrid of Cx. pipiens and
Cx. quinquefasciatus (Barr 1957, Tanaka et al. 1979). Fonseca et al. (2009) however
found that Japanese and Korean pallens mosquitoes have a distinctive genotypic
signature at both microsatellite and other nuclear loci even in the absence hybridization
between Cx. p. pallens and Cx. quinquefasciatus. Additionally, they found that all male
Cx. p. pallens, even in northern populations, contain both the diagnostic pallens ace-2

allele and a second copy identical to that of Cx. quinquefasciatus. These data point to an



ancient and independent origin of Cx. pipiens pallens resulting from a hybridization event
between Cx. quinquefasciatus (as evidenced by the ace-2 “relic”’) and Eastern European
Cx. pipiens (evidenced by external genitalia morphology and similarity of ecology and
behavior [Fonseca et al. 2009]).

The results of evolutionary processes that lead to cryptic and incipient speciation
as evidenced in the Culex pipiens complex are intriguing; the “domestication” or
adaptation to (and reliance on) the human environment by Culex pipiens resulting in form
molestus has placed a global vector mosquito in close association with man, yet apparent
morphological identity persists. Conversely, the natural hybridization (Arnold 1997) that
resulted in a homoploid yet morphologically distinct Cx. pipiens pallens presumably
conferred a fitness advantage, as witnessed by its ability to secure resources and persist.
Hybrid speciation is relatively rare among animals (see Mallet [2007] and Mavarez and
Linares [2008]), and these events afford us a unique opportunity to examine the genomic
consequences of both adaptive evolution and hybrid speciation in a single species
complex of medically important and globally distributed mosquito. Elucidating how the
genomes of these mosquitoes change concomitant with their phenotypes will highlight
the genetic toolkit that comprises a domestic mosquito (as in the form molestus system)
or the retention of parental alleles central to niche adaptation (in the Cx. pipiens pallens
system).

The Culicidae comprise the world’s deadliest animal(s), and thus evolutionary
studies dealing with them rarely neglect to address their control. One promising strategy
for population reduction and thus vector-borne disease mitigation is sterile insect

technique (SIT; Gilles et al. [2014]), which relies on the release of sterile insects (usually



male) to facilitate unsuccessful matings. Manipulation of sex ratio is thus central to SIT,
and it follows that molecular mechanisms of sex determination in mosquitoes and other
insects are a major focus of SIT research and development (Dafa'alla et al. 2010). The
mosquitoes (as do other Dipteran families) regulate somatic sexual differentiation via a
molecular cascade that ultimately results in the sex-specific splicing of the doublesex
gene.

Doublesex (dsx) is a member of the Doublesex/Mab-3 Related Transcription
factor (DMRT) family of zinc-finger proteins (Kopp 2012). These transcription factors
are widespread in eukaryotes and regulate a variety of downstream target genes (Clough
et al. 2014) to ultimately differentiate gender-specific somatic cell fate, gonadal and
neural tissues. Within the insects, this process involves a genetic cascade first elucidated
in the model fly Drosophila melanogaster (Baker and Wolfner 1988) whereby a primary
signal triggers sex-specific splicing of one or more regulatory factors which subsequently
bind pre-mRNA of the conserved DMRT “major switch” gene, doublesex, and direct its
sex-specific splicing, thus initiating development of male or female forms (Sanchez
2008). The primary upstream signals that initiate the cascade and splice sex-specific dsx
transcripts are diverse (see 1), however the gene appears conserved as the final major
switch (Geuverink and Beukeboom 2014, Wexler et al. 2014). Partial dsx gene models
have proposed for the mosquitoes Anopheles gambiae (Angdsx [Scali et al. 2005]) and
Aedes aegypti (Aeadsx [Salvemini et al. 2011]). Both genes show evidence of sex-
specific splicing, yet differ in several evolutionary aspects: Aeadsx exhibits instances of
exon gain, contains cis-regulatory binding sites not present in Angdsx, and presents

alternative signals to the splicesosomal machinery to facilitate alternative splicing. These



observations led Salvemini et al. (2011) to conclude that Aeadsx and Angdsx may be
under the influence of different upstream factors. This hypothesis is bolstered by the fact
that Anopheline mosquitoes possess heteromorphic (XY) sex chromosomes, while sex in
Aedes (and other Culicine mosquitoes, e.g Culex) is determined at a locus (Newton et al.
1974) and thus the top-level or primary signals may diverge.

Recently, Whyard et al. (2015) found that RNAi-mediated knockdown of the
female-specific dsx transcript in Aedes aegpyti resulted in male-biased adult development
via female mortality (and not gender reversal). Should SIT continue to pursue dsx as a
research target, it will be imperative to fully elucidate the breadth of its variation among
the vectors targeted; the striking variability that has been shown in the initial (and only)
two mosquito dsx genes described (Scali et al. 2005, Salvemini et al. 2011) attest to the
need for more research.

The evolutionary impact of doublesex extends far beyond vector control,
however. The gene has been shown to influence both behavioral and morphological
secondary sex characteristics (Siwicki and Kravitz 2009, Kijimoto et al. 2012, Devi and
Shyamala 2013) in addition to gender, and therefore may have extensive influence on
mating success and reproductive isolation. Additionally, dsx has been shown to be under
positive selection in multiple orders (Ruiz et al. 2007, Hughes 2011, Sobrinho and de
Brito 2012) and implicated in a system of “runaway evolution” due to its developmental
influence on secondary sex characteristics and the response of female preference to
genetic drift (Hughes 2011). These data inextricably link doublesex which mechanisms
of incipient speciation, but does this paradigm apply to all insects? Thus far dsx

homologs have been recovered from genome and/or transcriptome data of only seven



insect orders (Geuverink and Beukeboom 2014), yet are present in the crustacean
Daphnia magna (Kato et al. 2011) as well as the arachnid Metaseiulus occidentalis
(Pomerantz and Hoy 2015), both of which are hexapod outgroups within the Arthropoda.
In these organisms, dsx pre-mRNA shows no sign of alternative splicing and directs
sexual fate via sex-biased expression in males.

The Culex pipiens species complex presents an excellent model for the study of
genome evolution and phenotypic response in a global disease vector. To understand
how Culex pipiens forms pipiens and molestus have diverged on a molecular level, and to
associate this divergence with phenotype (i.e the “domestication” of form molestus), |
will examine evolution of the mosquito proteome and identify loci that are likely targets
of adaptive evolution in Chapter 1. In Chapter 2, I will examine the hybrid speciation
evidenced in Cx. pipiens pallens by defining genome-wide mosaicism as evidenced by
phylogenetic affinity to coding sequences of either donor (Cx. pipiens pipiens and Cx.
quinquefasciatus). Additionally, I examine peptide evolution between these three
mosquitoes (Cx. pipiens pallens, Cx. pipiens pipiens and Cx. quinquefasciatus), and
define genes and gene ontologies that may be central to the evolution and adaptation of
each taxon. In Chapter 3, I will characterize the doublesex gene from Culex
quinquefasciatus and perform comparative analyses that accentuate the rapid evolution at
the base of the mosquito sex determination cascade. Finally, in Chapter 4, I will illustrate
both the ubiquity and rapid evolution of dsx throughout all hexapods, and provide
evidence that the alternative splicing of sex-specific dsx transcripts was present in the last

common ancestor.



Chapter 1:

Genetic Divergence between Populations of Feral and Domestic forms of a Mosquito

Disease Vector assessed by transcriptomics

Abstract

Culex pipiens, an invasive mosquito and vector of West Nile virus in the US, has
two morphologically indistinguishable forms that differ dramatically in behavior and
physiology. Cx. pipiens form pipiens is primarily a bird-feeding temperate mosquito,
while the sub-tropical Cx. pipiens form molestus thrives in sewers and feeds on
mammals. Because the feral form can diapause during the cold winters but the domestic
form cannot, the two Cx. pipiens forms are allopatric in northern Europe and, although
viable, hybrids are rare. Cx. pipiens form molestus has spread across all inhabited
continents and hybrids of the two forms are common in the US. Here we elucidate the
genes and gene families with the greatest divergence rates between these phenotypically
diverged mosquito populations, and discuss them in light of their potential biological and
ecological effects. After generating and assembling novel transcriptome data for each
population, we performed pairwise tests for nonsynonymous divergence (Ka) of
homologous coding sequences and examined gene ontology terms that were statistically
over-represented in those sequences with the greatest divergence rates. We identified
genes involved in digestion (serine endopeptidases), innate immunity (fibrinogens and a-
macroglobulins), hemostasis (D7 salivary proteins), olfaction (odorant binding proteins)
and chitin binding (peritrophic matrix proteins). By examining molecular divergence

between closely related yet phenotypically divergent forms of the same species, our



results provide insights into the identity of rapidly-evolving genes between incipient
species. Additionally, we found that families of signal transducers, ATP synthases and
transcription regulators remained identical at the amino acid level, thus constituting
conserved components of the Cx. pipiens proteome. We provide a reference with which
to gauge the divergence reported in this analysis by performing a comparison of
transcriptome sequences from conspecific (yet allopatric) populations of another member

of the Cx. pipiens complex, Cx. quinquefasciatus.

Introduction

Specific life-history traits of arthropod disease vectors can determine the duration
and severity of outbreaks by influencing vectorial capacity (NAS 2008). Plasmodium
falciparum, the deadliest of human malaria agents, Wuchereria bancroffti, the widespread
causative agent of lymphatic filariasis, and both dengue and yellow fever viruses are
transmitted by mosquito vectors that live in close association with and feed near-
exclusively on humans. Anthropophilic mosquito phenotypes maximize transmission
rates and promote high pathogen virulence of these diseases (Dieckmann et al. 2002). In
contrast, zoonotic diseases requiring amplification cycles in non-human vertebrate hosts
such as West Nile virus or eastern equine encephalitis will only spill over to humans
(often to the detriment of the parasite and the human) if a vector with a broader range of
hosts becomes involved (Kilpatrick et al. 2006, Farajollahi et al. 2011). Although blood
meal analyses have demonstrated strong associations between vector species and suites of
vertebrate hosts, the mechanisms underlying host-choice are still broadly unknown and

are often ascribed to environmental instead of genetic causes (Chaves et al. 2010).
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The northern house mosquito, Culex pipiens, is comprised of two morphologically
indistinguishable forms (eco/biotypes), Cx. pipiens form pipiens L. and Cx. pipiens form
molestus Forskal (herein f. pipiens and f. molestus, respectively). Despite their
morphological identity and very close phylogenetic history (Fonseca et al. 2004b), the
two forms exhibit notable ecological and behavioral differences that make their
identification possible. The feral form, f. pipiens requires a vertebrate bloodmeal for all
egg development (anautogeny), enters winter diapause when ambient light levels
decrease below a locally pre-established threshold in the fall (heterodynamous), swarms
as a prelude to mating (eurygamous), and is primarily ornithophilic. In contrast, f.
molestus can forego a bloodmeal for its first gonotrophic cycle (autogeny), adults remain
gonoactive during winter months (homodynamous), which means they are often
restricted to subterranean environments with standing water such as subways and sewers
(hypogeous) that remain warm. Males of f. molestus will mate in very confined spaces
(stenogamous) and females frequently feed on mammals, including humans (references
summarized in Fonseca et al. [2004a]; see Gomes et al. [2012] for latest blood meal
studies). Cx. pipiens f. molestus is a worldwide invasive species, spread by humans to all
continents except Antarctica (Farajollahi et al. 2011) while f. pipiens has remained
restricted to Northern Europe. Cx. pipiens populations within the United States are
hybrids of the two forms (Fonseca et al. 2004b), and are implicated in the maintenance
and transmission of epizootic arboviruses such as West Nile Virus (WNV) to humans
resulting in illness and occasionally death (Kramer et al. 2008).

The two forms of Cx. pipiens are very closely related, as is evident from their

identical morphology and genetic similarity (Fonseca et al. 2004b). This has led to
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controversy over their taxonomic standing (Harbach et al. 1984, Spielman et al. 2004).
However, they are differentiated at hyper-variable loci such as the flanks of
microsatellites (Bahnck and Fonseca 2006) indicating recent separate evolutionary
histories. The genetic similarity despite striking differences in ecology, behavior and
physiology indicate that f. molestus may have diverged from f. pipiens and evolved its
association with humans as recently as 10,000 years ago (Fonseca et al. 2004b). This
recent split represents an exceptional opportunity to test whether targets of molecular
evolution in Cx. pipiens mosquitoes can be elucidated using two phenotypically diverged
populations. Additionally, by framing the results in context of phenotype, the data
generated would serve as a first look at the molecular basis for domestication.

To start testing this hypothesis, we generated and compared de-novo whole-
transcriptomes from one representative population each of Cx. pipiens f. pipiens and f.
molestus using the Cx. quinquefasciatus genome (CpipJ1.3 Johannesburg, South Africa,
(Arensburger et al. 2010)) as a reference. Cx. quinquefasciatus is a closely related sibling
species of Cx. pipiens (Farajollahi et al. 2011), and is the only available annotated Culex
genome assembly. We performed pairwise comparisons of orthologous coding (CDS)
nucleotide sequences to identify genes and gene ontologies that show evidence of
evolving at accelerated evolutionary rates between f. pipiens and f. molestus by
calculating per-gene rates of non-synonymous substitution per non-synonymous site (Ka,
or dN). Wang et al. (2011) show that commonly used tests for natural selection that
normalize Ka by a ‘background mutation rate’, or Ks (synonymous substitutions per
synonymous site) often produce non-uniform results among closely related genomes, yet

find that Ka alone remains stable and an adequate gauge for rate of “uncorrected” peptide
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evolution. This is primarily due to the varying manner in which Ks is calculated in a
likelihood framework by different algorithms, and can also be influenced by sequence
composition (Parmley and Hurst 2007, Wang et al. 2011). Additionally, Ka/Ks
calculations are often incorrectly elevated among isolated populations and closely related
lineages due to segregating polymorphisms (both neutral and slightly deleterious) present
at the time of divergence (Kryazhimskiy and Plotkin 2008, Peterson and Masel 2009,
Mugal et al. 2014). Since there is minimal phylogenetic distance between the two forms
we sequenced, synonymous substitutions would be expected to far outnumber those that
are non-synonymous. This scenario is particularly susceptible to the aforementioned
biases, as even small stochastic variation in synonymous substitution rates coupled with
artifacts in Ks calculation can exert disproportionately large influence on the selection
signature (Koonin and Rogozin 2003, Parmley and Hurst 2007, Wang et al. 2009). For
these reasons, we elected to use Ka as the primary metric for presentation of our data. As
the software we selected for our calculations implements the test in a likelihood
framework which corrects for multiple substitutions at sites, a process less likely to have
occurred in such closely related taxa, we performed primary calculations using also
observed substitutions in addition to those derived from the model and discuss
congruence between the two approaches. Although our primary objective was to
elucidate components of the mosquito genome evolving at accelerated rate, we also
report here ontologies enriched in the set of genes devoid of non-synonymous
substitutions as they provide candidates for targets of negative or purifying selection and

define critical biological processes and cellular components in the Cx. pipiens genome.



13

To contrast the amount of genetic variation uncovered in the comparison of Cix.
pipiens forms with another geographically isolated yet conspecific population, we
repeated the analysis with publicly available transcriptome data from two strains of Cx.
quinquefasciatus: a North American strain (Reid et al. 2012) and the Johannesburg
reference (Arensburger et al. 2010). We hypothesized that a greater amount of
divergence would be witnessed between the two Cx. pipiens populations, which exhibit
qualifiable phenotypic differences characteristic of the taxonomic forms, rather than
between conspecific Cx. quinquefasciatus populations. In addition, we examined
whether particular GO terms present in our results may be derived from ambiguous
placement of read data from paralogous or multiple-copy genes by testing for their
presence within an enriched ontology list derived from genes which share significant

DNA similarity with others in the genome.

Materials and Methods

Because only Cx. pipiens f. molestus or hybrids of the two Cx. pipiens forms
occur in the U.S, we obtained egg rafts of f. pipiens from Baden-Wiirttemberg in
southwestern Germany. Multiple individual egg rafts were isolated, hatched and DNA
was extracted from ca. 10 larvae from each using a Qiagen DNEasy Blood & Tissue kit
(Qiagen, Valencia CA). PCR-based positive species identification of Cx. pipiens was
performed via the acetylcholinesterase-2 assay developed by Smith and Fonseca (2004),
and further to f. pipiens using the CQ11 assay of Bahnck and Fonseca (2006). Field
populations of pure f. molestus are difficult to obtain since they are strictly subterranean

and mostly found by chance (Fonseca DM personal experience). Therefore, egg rafts of f.



molestus were obtained from a young colony, initiated from a large subterranean swarm
of females detected in a New York, NY residential basement in December 2010.
Blooded females that had been biting local residents were allowed to lay egg rafts in the
laboratory and henceforth the colony has been maintained without access to blood.
Representative specimens of the NYC colony of f. molestus have been genotyped with a
panel of 8 microsatellite loci and have a genetic signature that matches that of
populations of f. molestus from southwestern Germany, as do other f. molestus
specimens obtained from multiple locations around the world (Fonseca et al. 2004b,
Micieli et al. 2013, Turell et al. 2014).

Once eggs hatched, larvae of both forms were reared in ceramic pans under a 16:8
L:D cycle on a diet of ground rat chow prior to emergence. Four specimen groups were
created: thirty 1%/2" instar, eight 3"/4™ instar, eight pupae and eight non-blood fed adult
(4 male, 4 female) mosquitoes. Each group was placed in a separate plastic 2ml
microcentrifuge tube containing a Smm sterile stainless steel bead and 900ul QIAzol lysis
reagent prior to disruption with a TissueLyser II (Qiagen, Valencia CA) for 2 minutes at
20Hz. Total RNA extraction was then carried out on each group using the RNeasy Plus
Universial kit (Qiagen, Valencia CA) per manufacturer protocol and quantified on a
Qubit 2.0 fluorometer (Life Technologies) using the RNA Broad-range buffer. One ug of
RNA from each group was combined and used to prepare an Illumina sequencing library
using the TruSeq RNA Sample Prep kit v2 (Illumina, Inc. San Diego, CA) per
manufacturer protocol. The Cx. pipiens f. molestus library was sequenced twice on an
[llumina MiSeq (Illumina, Inc), once using a 500-cycle (2x250bp paired-end) MiSeq

Reagent Kit v2, and once using 1/3 of a multiplexed 600-cycle (2x300bp paired-end)

14



MiSeq Reagent Kit v3. Culex pipiens f. pipiens was sequenced once using 1/3 of a
multiplexed 600-cycle (2x300bp paired-end) MiSeq Reagent Kit v3. Raw sequence data
were quality trimmed using the CLC Genomics Workbench (Limit score cutoff = 0.05,
CLC Bio, Aarhus, DK).

To assemble EST sequences for each mosquito taxon (illustrated in Fig. 1.1), we
used the sequenced genome of another recognized member of the Cx. pipiens complex,
Culex quinquefasciatus Say (Arensburger et al. 2010) (for current taxonomy see
http://wrbu.si.edu) as a reference. We mapped raw read data for each form individually
to the Cx. quinquefasciatus genome CDS sequence, extracted from the CpipJ1.3 genome

assembly (http://www.vectobase.org/organisms/Culex-quinquefasciatus, [Megy et al.

2012]) using the CLC Genomics Workbench (CLC Bio, Aarhus, DK) at a nucleotide
similarity of 95% over a required length fraction of 95% of the read. Reads that had
more than one best alignment (i.e potentially paralogous DNA) were ignored. Consensus
sequences for each CDS were then generated from the alignment, with conflicts resolved
by choosing the base with the highest additive quality score and a minimum coverage of
2x. Areas of < 2x coverage were filled with Ns from the reference. The f. pipiens and f.
molestus CDS sequences were aligned with each other, and sites with Ns in either or both
forms were removed. Genewise (Birney et al. 2004) was used to create in-frame CDS
sequences using the homologous peptide sequence of the Cx. quinquefasciatus as a guide,
and any sequences that had stop codons introduced after this process were removed.
Codon alignments were created with TranslatorX (Abascal et al. 2010), guided by a
peptide alignment of their translations generated via MAFFT v.6.9 (Katoh and Toh

2010). This codon alignment was used to calculate Ka values using the KaKs Calculator
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v.2 (Wang et al. 2010) using both observed non-synonymous subsitutions and those
estimated via maximum-likelihood estimation under likelihood model averaging (MA).
We retained Ka values for CDS codon alignments greater than 200bp, or for alignments <
200bp for which >50% of the sequence length (as calculated from the Cx.
quinquefasciatus homolog) was recovered in the f. molestus — f. pipiens comparison. As
this test compares single haploid gene sequences, and we reduced allelic variation within
and among individuals sequenced from the population by generating haploid consensus
gene sequences (above), it is likely that our Ka calculations underestimate the true
amount of non-synonymous variation within the populations sequenced. Additionally,
the alignment stringency (95%) of the mapping will exclude genes that have diverged
significantly between the subject and the reference, however we find it a conservative
value with which to avoid false positives generated from gene paralogs. Enrichment tests
were performed using Blast2GO (Conesa et al. 2005) with a reference set consisting of
11,930 genes (Table 1.S1) that met the length criteria above (GO Term Filter Value =
.05, Term Filter Mode = FDR, single-tailed test) and a test set composed of the 95
percentile of CDS sequences with highest calculated Ka. Additionally, to discern
possible candidates of purifying selection, a test set of genes lacking non-synonymous
substitutions from the f. pipiens — f. molestus comparison was created by selecting 4,575
CDS alignments (generated above, Table 1.S1) from our data with 100% amino acid
identity and used in a separate enrichment test coupled with the reference set above.

For the intra-specific Cx. quinquefasciatus comparison, data generated by Reid et
al. (2012) from colonies started from an Alabama, USA population (strain HAmCql and

HAmCq8) were compared to the CpipJ1.3 reference as above; briefly, reads from NCBI
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SRA libraries SRR364515 and SRR364516 were combined and mapped to the CpipJ1.3
CDS sequence, consensus sequences were built using the same protocol and parameters
as above, and genewise / translatorX were used to construct the codon alignment prior to
Ka calculation. From this, we constructed a reference set containing 13,281 genes which
met the f. pipiens — f. molestus length cutoff above. As this was a conspecific
comparison (assuming minimal evolution), we used only observed substitutions as
opposed to those derived via maximum likelihood estimation (MLE) for the dN
calculation.

To examine whether particular gene ontologies present in our results may be
derived via ambiguous placement of read data from paralogous or multiple-copy genes,
we tested for their presence within an enriched ontology list derived from genes that
share significant DNA similarity with others in the genome. This was accomplished by
blasting the Cx. quinquefasciatus CpipJ1.3 CDS sequence data used above into itself via
BLASTN (Altschul et al. 1990) with an e-value cutoff of 1x10 and saving all ‘non-self’
hits for genes which had a 95% similarity over a local alignment of 200nt (a value we
chose as our average read length after trim was 211nt). This returned 3,687 (Table
1.S11) sequences that were used as a test set in a Blast2GO enrichment test against a
reference consisting of all CDS sequences.

In all tests, we retained GO terms with an False Discovery Rate (FDR) corrected
(Benjamini and Hochberg 1995) p-value of p <.05. Gene names reported are retained
from their Cx. quinquefasciatus reference used to construct the consensus. Annotations
were performed against the NCBI nr database and via InterProScan v.5 (Apweiler et al.

2000). Phylogenetic analysis of the Peritrophin-A domain-containing proteins was
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performed by extracting the peptide sequence for each chitin-binding domain from the
Cx. quinquefasciatus homolog corresponding to each of our candidate genes based on
coordinates returned via InterproScan v.5 prior to alignment with a selection of
peritrophic matrix protein (PMP) and cuticular proteins analogous to peritrophin (CPAP)
domains of Jasrapuria et al. (Jasrapuria et al. 2010) extracted in the same manner.
Sequences were aligned using T-COFFEE v.10.00.r1613 (Notredame et al. 2000) and
tree reconstruction under automatic model selection and 1500 bootstrap replicates was

performed using IQTREE v. 0.9.6 (Minh et al. 2013).

Results and Discussion
Transcriptome sequencing and Ka calculation

Transcriptome sequencing generated 58.7 million (11.2Gbp) and 24.7 million
(5.3Gbp) of short-read data for f. molestus and f. pipiens, respectively. The f. molestus
data mapped to 18.4 Mbp (74%) of the 25.0 Mbp Cx. quinquefasciatus CDS sequence
reference by length (15,624 of 19,019 transcripts had at least one mapped read), with an
average coverage of 71x and median coverage (50" percentile) value of 17x. The f.
pipiens RNAseq data mapped to 17.2 Mbp (70%) of the Cx. quinquefasciatus reference
by length (14,537 transcripts had at least 1 mapped read) with an average coverage of
45.5x and median of 8x at our alignment stringency (95% nt similarity over 95% of the
read length, see Methods). After refinement by length and coverage (see Methods), the
short read alignments were used to create 11,930 pairs of putative ortholog consensus
sequences (one pair for each of 11,930 genes). Each taxon contributed 14.15 Mbp of

sequence data. After codon alignment, the gene set was ranked by pairwise Ka value
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calculated via both the maximum-likelihood estimation and by observed count, and the
top 5% (n=597, Table 1.S1) of genes from each were selected to create two Blast2GO

test sets for Enrichment Analysis (Fisher’s Exact Test).

Enrichment within the fast-evolving genes

When reduced to most-specific terms (i.e parent terms removed), the analysis
identified the same seven Gene Ontology (GO) terms as enriched for both the observed
and log-likelihood test sets (Table 1.1): serine-type endopeptidase activity (GO0004252),
proteolysis (GO0006508), receptor binding (GO0005102), odorant binding
(GO0005549), extracellular space (GO0005615), chitin metabolic process (GO0006030)
and chitin binding (GO0008061). As both test sets converged on the same terms, we will
present all further results and data tables corresponding to output from the observed count
analysis.

The Serine-type endopeptidase activity (GO:0004252) ontology comprises a
family of enzymes that utilize a nucleophilic serine at the active site to cleave peptide
bonds in proteins. These enzymes are widely distributed throughout both pro- and
eukaryotes and classified into 16 superfamilies. Most eukaryotic serine endopeptidases
belong to the Chymotrypsin serine protease S1 family, where both chymotrypsin-like and
trypsin-like proteases function as digestive enzymes in hydrolyzing proteins to smaller
peptides and amino acids for further digestion (Rawlings and Barrett 1994, Madala et al.
2010). Annotation of the serine endopeptidases within our enriched set (Table 1.S2)
shows 45 of the 50 proteins carry a trypsin domain (Pfam PF00089). Mosquito trypsins,

secreted by gut epithelium, function in digestion of protein-rich bloodmeals within the
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female after encapsulation by a peritrophic matrix (Borovsky and Schlein 1987,
Borovsky 2003). In a process currently considered unique to mosquitoes (Diptera:
Culicidae), two forms of trypsin are critical for complete bloodmeal digestion (Felix et al.
1991). Within 1 hour following ingestion, early trypsin protein is translated from mRNA
stored in the gut epithelium. This early trypsin protein functions to partially digest the
bloodmeal, creating smaller peptides that in turn trigger and regulate late trypsin
transcription and translation (Noriega et al. 1999, Borovsky 2003). Late trypsins then
further digest the bloodmeal to free amino acids sourced for egg development. This
feedback mechanism ensures that digestive proteases are produced only in response to
blood (as opposed to carbohydrate/sugar) and in quantities commensurate with “pre-
assessment” of bloodmeal protein content by early trypsin digestion. In addition to
digestion, Valenzuela et al. (2002) found several secreted salivary serine proteases with
homology to Manduca prophenoloxidase-activating enzymes that are likely involved in
the innate melanotic immune response.

The presence of such elevated levels of trypsin variation between populations
may indicate that differences in the source of bloodmeal necessitated adaptive changes in
digestive enzymes to hydrolyze differentially abundant proteins. Further study will be
required to determine whether the proteins highlighted in our analysis represent early
and/or late trypsins, as two proteins carried an annotation of late trypsin and only four
trypsins have been annotated as early or late to date within the Cx. quinquefasciatus

genome project (via Vectorbase; https://www.vectorbase.org /organisms/culex-

quinquefasciatus retrieved Jun 2014). Five proteins in our set were annotated as

coagulation factors, however an NCBI Conserved Domain analysis



(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi, results not shown) fails to return

evidence for canonical Gla and/or EGF domains within these peptides, indicative of the
coagulation factors (Stavrou and Schmaier 2010).

The proteolytic enzymes within the Proteolysis (GO:0006508) ontology
hydrolyze proteins to smaller peptides and/or amino acids. This gene ontology contained
primarily the serine endopeptidase enzymes discussed above, with the addition of several
serine protease inhibitors, metallopeptidases and apoptotic caspases (Table 1.S3).

Receptor binding (GO:0005102) protein molecules interact selectively with
specific cellular receptors to initiate changes in cell function. Eighteen such proteins
were present in the enriched set, of which all were found to carry a fibrinogen beta and
gamma chain Pfam (PF00147, Table 1.S4) annotation. In the invertebrates, including
mosquitoes, fibrinogen-related proteins (FREPSs) are restricted to the innate immune
response, functioning in pathogen recognition and agglutination (Dong and Dimopoulos
2009, Hanington and Zhang 2011). Many Anopheles gambiae FREP genes display
immune-responsive transcription after being challenged with bacteria, fungi or both
rodent and human malaria protozoa (Dong and Dimopoulos 2009) indicating that they
play a pivotal role in mosquito vectorial capacity. This gene family has undergone
lineage-specific duplications with relaxed selective constraints, as the An. gambiae
genome contains 59 FREP members, with 32 and 87 members currently annotated in the
genomes of Ae. aegypti and Cx. quinquefasciatus, respectively (Arensburger et al. 2010),
while the Drosophila melanogaster genome contains twenty (Wang et al. 2005). This
likely reflects the diverse pathogen load faced by each particular dipteran species during

its life cycle. Further annotation reveals four putative ficolins in our set, a particular
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oligomeric lectin containing a C-terminal fibrinogen-like domain able to bind N-
acetylglucosamine, a chitin monomer, as part of immune response (Krarup et al. 2004).
It is likely that the two populations of Cx. pipiens sequenced here are challenged by
different bacterial communities within their respective environments, and experience both
varying larval habitat (subterranean sewers and subway systems [form molestus] vs.
stagnant, above-ground pools [form pipiens]) and bloodmeal hosts (with associated food-
borne pathogens; see Serine endopeptidases above). The rate of peptide evolution seen in
this component of the innate immune system may be a result of adaptation to these
ecological stressors.

Members of the odorant binding (GO:0005549) ontology compose a large multi-
gene family of water-soluble proteins secreted by support cells into sensillum lymph of
the female mosquito antennal hairs (Schultze et al. 2013). These proteins bind various
odorant molecules, thus triggering chemosensory mechanisms such as host-seeking and
oviposition site recognition (Pelosi and Maida 1995). Characterized by a six alpha-
helical domain and the disulphide bonds created by six conserved cysteine residues, the
mosquito odorant binding proteins (OBPs) have been studied extensively in the available
mosquito genomes. Like the fibrinogens, the OBP protein family has been found to be
very divergent within the Culicidae, with low sequence identity between interspecific
homologs (Vieira and Rozas 2011) and can be further divided into four subfamilies: (1)
Classic OBPs, which conform to the domain characterization above, (2) PlusC and
MinusC OBPs, which contain six additional disulfide-bonded cysteine residues or lack
two, respectively (Hekmat-Scafe et al. 2002), and (3) Atypical OBPs, which contain two

complete Classic OBP domains (e.g “dimer OBPs”, [Vieira and Rozas 2011]). Ina
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recent study, Manoharan et al. (2013) expanded the number of known OBPs from the
three published mosquito genomes by 110 members to a total of 289, while classifying
each by subfamily. Ascribing function to peptides based on sequence homology to
known OBPs can prove difficult. Leal et al. (2005) note that several gene families with
OBP-like domain structure show no evidence of involvement in olfactory or pheromone-
mediated responses, and suggests the term “encapsulins” supersede “odorant-binding
proteins” to more accurately describe the common function (ligand encapsulation)
performed by the peptide.

An additional protein family often included in evolutionary analyses of mosquito
OBPs is the D7 salivary protein family, which exhibits domain structure similar to that of
the OBPs with the addition of a seventh helix (Kalume et al. 2005). Classified into short
(15-20 kDa) and /long (30-36kDa) subfamilies, the long-form D7 salivary proteins contain
a second OBP-like domain in an N-terminal extension (Valenzuela et al. 2002, Calvo et
al. 2006). The singular domain in the short-form and C-terminus of the long-form
salivary D7 protein has been shown to bind biogenic amines (serotonin, histamines and
norepinephrine) with high affinity, while the N-terminal domain of the long-form protein
binds leukotriene inflammatory mediators, thus inhibiting platelet aggregation,
vasoconstriction and inflammation (collectively hemostasis) during blood-feeding (Calvo
et al. 2006, Calvo et al. 2009a).

Our analysis identified sixteen proteins with an odorant binding cellular function
(Table 1.S5), of which fourteen carried a Pfam ID of PF01395 (PBP/GOBP Family).
Annotation of these proteins via Vectorbase reveals the list is comprised of six D7

salivary peptides, representing 60% of the known D7 proteins in the Cx. quinquefasciatus
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genome (n=10, https://www.vectorbase.org/organisms/culex-quinquefasciatus) and eight
odorant-binding proteins. The Cx. quinquefasciatus homologs of all OBPs in our set
were recently classified by Manoharan et al. (2013), which allowed us to further assign
our representatives to subfamily and cluster. Seven of the eight proteins were of the
Classic OBP subfamily, i.e containing a singular OBP domain, with four of these being
minus-C type and lacking two of the canonical cysteines.

These results indicate that the transcriptome of the two representative Cx. pipiens
populations sequenced were most divergent within their odorant-binding domain-
containing proteome at the D7 salivary proteins, and predominantly among the minus-C
forms of the Classic Odorant-binding protein subfamily. Since the two forms differ in
their propensity for taking mammalian (including human) vs. bird bloodmeals (Huang et
al. 2008, Osodrio et al. 2014) the particular OBP subset highlighted here may contribute to
the olfactory response to differing host cues. Additionally, the oviposition habitat
available to subterranean mosquitoes (i.e. sewers) likely presents olfactory cues that
differ from those above ground. The concomitant chemosensory response may
necessitate evolution of OBP-encoding genes. As all but one OBP in our set were newly
described by Manoharan et al. (2013) and were not included in the tissue-specific
expression analysis of Leal et al. (2013), it is unknown whether they may be localized to
antennae, palps or other somatic tissues. However, the representation of D7 salivary
proteins in the enriched set may indicate that the immunosuppressive complement of
mosquito saliva has diverged in accordance with local environment. The mosquito
sialome has previously been shown to exhibit accelerated evolutionary pressures at the

interspecific level; in a comparative analysis of New World (4n. darlingi) and Old World
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(An. gambiae) Anopheline sialotranscriptomes, Calvo et al. (2009b) found that on
average, salivary proteins were only 53% identical at the amino acid level as opposed to
86% identity among housekeeping genes.

Components of the extracellular space (GO:0005615) gene ontology exist outside
the cell plasma membrane within interstitial fluids. Our test set contained ten such
proteins (Table 1.S6), with seven fibrinogens discussed above (and annotated as having
extracellular localization) being re-listed here. The remaining three proteins were of the
macroglobulin complement family, which carry alpha-2 macroglobulin family N-terminal
(Pfam PF07703) and alpha-macroglobulin receptor (Pfam PF07677) domains. Alpha-2
macroglobulins (a2M) are proteinase-binding and inhibiting glycoproteins commonly
secreted by hemocytes within insect hemolymph (Sottrup-Jensen et al. 1989), which have
been found recently to play integral roles in complement-like pathways that bind parasite
surface targets (Blandin et al. 2008). The full-length protein exposes a “baited” peptide
stretch, which when cleaved by proteinases present with septic injury will change protein
conformation to an active state that covalently binds the activating proteinase. This
conformational change also exposes binding sites with high affinity for both gram-
positive and negative bacteria (Sottrup-Jensen et al. 1989, Blandin et al. 2008). The
complex is then targeted for phagocytosis. Like the fibrinogens, the presence of these
proteins in the most diverged set indicates that the two populations of Cx. pipiens may
experience very different microbiome challenges, consistent with the differences between
forms (e.g. utilization of sewers) in larval habitat (Harbach et al. 1984). Furthermore, as

a2M inhibits the coagulation proteinases thrombin and factor Xa, it serves to inhibit the



coagulation cascade and thus may function in blood-feeding hemostasis as well (de Boer
et al. 1993).

The Chitin metabolic process (GO:0006030) ontology (inclusive of all genes
composing the Chitin binding (GO:0008061) ontology, Table 1.S7, 1.S8) is composed of
reactions and pathways involving chitin, a linear polysaccharide polymer that consists of
linked glucosamine residues and forms the main component of arthropod exoskeleton,
tracheae and peritrophic membrane (PM). Seventeen proteins in the test set were
annotated with this term; eleven with a Pfam Chitin binding Peritrophin-A domain
(PF01607). The additional two peptides were annotated with a chitinase molecular
function, each with two Pfam Chitinase class I domains (PF00182). Peritrophins are
structural proteins consisting of one to many chitin-binding domains responsible for
cross-linking chitin fibrils (Wang and Granados 2001). The semi-permeable lattice
created, known as the peritrophic membrane, surrounds the insect food bolus and
separates it from the midgut epithelial cells. This serves to protect the gut (and insect)
from physical damage, pathogens and toxins. There is evidence that the PM plays a
central role in binding toxic free heme via the chitin-binding domain (CBD) (Pascoa et al.
2002, Devenport et al. 2006) during bloodmeal digestion, indicating free CBDs on bound
peritrophins of the PM serve additional purposes. Pascoa et al. (2002) found an amount
of free heme bound to the Aedes aegypti PM equivalent to hydrolysis of 2ul of a typical
3ul bloodmeal. To determine whether our peptides were in fact peritrophins associated
with a midgut PM, as opposed to non-specific cuticular proteins analogous to
peritrophins (CPAPs, see Jasrapuria et al. [2010]) which also exhibit Peritrophin-A

domain homologs, we aligned our nine candidate peptide domains to a selection of those
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from the classification of Jasrapuria et al. (2010) and produced a maximum-likelihood
tree which grouped all 21 of our sequences in a Peritrophic Matrix Protein (PMP) clade at
a bootstrap support of 99% (Fig. 1.S1). This indicates our candidates are in fact likely
associated with the midgut PM and involved in digestion.

Chitinases are integral enzymes in the creation and destruction of the adult
mosquito PM. Initially synthesized as a zymogen upon ingestion of a blood meal, it is
later activated by removal of a propeptide from the N-terminus (Bhatnagar et al. 2003)
and begins to hydrolyze the glycosidic linkages of the PM chitin matrix to chitobiose (a
glucosamine dimer) as the blood meal is digested. Like the PM itself, chitinase enzymes
are important research targets for pathogen defense. The Plasmodium parasite ookinete
expresses a mosquito chitinase ortholog able to accelerate PM degradation and facilitate
escape (Langer and Vinetz 2001). Bhatnagar et al. (2003) were able to utilize the
inhibitory effect of the propeptide on its cognate enzyme to block chitinase activity in
both Anopheles gambiae and Ae. aegypti, thus suppressing development of human and
avian Plasmodium, respectively, in the two mosquito species. Initial blood meal
digestion within the female midgut requires transit of trypsins across the PM, and later,
diffusion back to the ectoperitrophic space (Terra and Ferreira 1981). The peritrophic
membrane has important dual-responsibilities in digestion and immunity, two systems we
have associated with other enriched GO terms, further implicating this structure as a
driving force in the differentiation of the two Cx. Pipiens populations.

The insect immune system has been shown to be a common target of positive
selection (Bulmer 2010, Roux et al. 2014), and the role it plays in differentiation of these

two mosquitoes is further exemplified by examining the gene with the largest calculated
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Ka in our comparison (Table 1.S1), a homolog of CP1J006559 representing a
peptidoglycan recognition protein (PGRP) containing a N-acetylmuramoyl-L-alanine
amidase (Pfam PF01510). This particular PGRP (PGRP-LC) is a transmembrane
molecule that, upon binding bacterial peptidoglycan, triggers the immune deficiency
(Imd) pathway in Drosophila (Choe et al. 2005). A manual scan of our test set for other
immune-related peptides that may bind peptidoglycan and/or carbohydrate yields eight
proteins with a carbohydrate binding cellular function (GO:0030246) of which seven are
lectins, with 5 annotated as salivary C-type lectins. These likely serve in food-borne
pathogen identification (Valenzuela et al. 2002, Ribeiro et al. 2004) however the
possibility exists that these proteins function instead as anti-clotting agents as has been
reported in snake venom (Koo et al. 2002) and in the phlebotomine sand fly Lutzomyia

longipalpis (Charlab et al. 1999).

Highly conserved genes

An enrichment test using the gene set devoid of non-synonymous substitutions
from the f. pipiens — f. molestus comparison retained 19 significantly enriched GO terms
(Table 1.2). These included primarily transcription and translational machinery
(Structural constituent of ribosome, rRNA binding, Transcription regulatory region
sequence-specific DNA binding), cell signaling components (GTP binding, GTPase
mediated signal transduction, postsynaptic membrane, cell junction, G-protein coupled
receptor signaling, outer membrane-bound periplasmic space, MAPK cascade, regulation
of ion transmembrane transport) and ATP coupled proton transport (ATP hydrolysis

coupled proton transport, ATP synthesis coupled proton transport, proton-transporting V-
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type ATPase). Of particular interest were the four GO terms for which all members were
present in the enriched set only (i.e the GO term constituents contained only synonymous
substitutions; Table 1.S13): (1) outer-membrane bound periplasmic space (GO0030288)
contained glutamate receptors responsible for postsynaptic excitation of insect neuronal
and muscle cells (Briley et al. 1981), (2) the MAPK cascade (GO0000165) that
communicates biotic and abiotic signals from extracellular ligands to the nucleus,
initiating a response (e.g division, apoptosis, etc.) from the cell (McKay and Morrison
2007), proton-transporting V-type ATPases (GO0033180) that are a diverse and highly
conserved membrane-spanning enzyme coupling ATP hydrolysis to proton transport
(Nelson et al. 2000), and (4) the transcription regulatory region sequence-specific DNA
binding ontology (GO0000976) that contains several homeobox domains encoding
transcription factors which activate and regulate patterns of morphogenesis (Gehring
1992). Several of these pathways have been previously described as highly conserved in
eukaryotes (Bejerano et al. 2004, Li et al. 2011), and when taken together define a
genetic “core” in Cx. pipiens that confer critical phenotypes and cellular processes
refractory to amino acid substitutions and are the strongest candidates for negative or

purifying selective pressures.

Comparison between geographically isolated populations

The populations of Cx. pipiens forms pipiens and molestus mosquitoes sequenced
in this study were geographically isolated. To assess how the amount of variation
between Cx. pipiens forms (defined by number and IDs of enriched GO terms) reported

in our analyses compared to conspecific isolated populations, we repeated our analysis



using publicly available data from a recently colonized population of Cx.
quinquefasciatus isolated from Alabama, USA (Reid et al. 2012) and the CpipJ1.3
Johannesburg reference CDS sequences. Short-read mapping produced alignments
covering 17,410 of 19,019 CDS sequences with > 1 read and covered 19.8 Mbp (79%) of
the reference, with average coverage of 133x and median coverage of 14.7x. After
applying the length and 2x coverage cutoff (see Methods), we retained 13,586 CDS
codon alignments for analysis with the 95™ percentile test set composed of 679 sequences
(Table 1.S9). Blast2GO analysis retained only two significant GO terms when reduced to
the most-specific set (Table 1.S10). Neither of these terms (both composed of the same
seven genes encoding reverse transcriptase enzymes and retrotransposons) are present in
our Cx. pipiens comparison, indicating that the f. pipiens — f. molestus populations
sampled here maintain a greater degree of evolutionary protein divergence than the

isolated yet conspecific Cx. quinquefasciatus populations.

Assessing effects of paralogy and sequence identity

Some of the gene families and protein domains reported in this study are among the most
abundant in the mosquito genome. For example, Interproscan5 analysis of the CpipJ1.3
transcripts (not shown) uncovers 477 trypsin and 283 peritrophin-A domains. Even
though we discarded sequencing reads with multiple top-scoring genome alignments, to
ensure our results were not reflective of incorrect short read placement among multiple
paralogous genes, we tested the propensity for our reported GO terms to be enriched
among those genes that share significant sequence identity to others in the genome.

Using all CpipJ1.3 CDS sequences with BLASTN alignments >200bp at >95% similarity
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to another CDS in the genome (Table 1.S11), we derived a test set which contained 41
enriched terms (Table 1.S12). This list contained no GO terms previously reported here,
thus we find no evidence that the resultant terms from our f. pipiens — f. molestus

comparison originate from gene families with biased sequence identity.

Conclusions

These are the first insights into the genome-wide molecular differentiation of two closely
related yet phenotypically divergent populations of an important disease vector, Cx.
pipiens. Analysis of over-represented gene ontology terms within the fastest evolving
peptides elucidates the biological systems that are targets of local adaptation. Although
further analyses with additional representative populations of the two forms are
necessary, our results likely hold clues as to the molecular mechanisms responsible for
phenotypic divergence between the two taxonomic forms, and subsequently confer Culex
pipiens form molestus the ability to exploit human environments. The recurring
localizations within our data to gene families functioning in odorant binding, hemostasis,
digestion, and innate immunity can all be linked to a differential propensity of these
forms to seek a mammalian host, ability to obtain and process a bloodmeal, and to thrive
as larvae and adults in subterranean sewers rich with organic wastes and associated
bacteria. In addition, we provide candidate loci for future functional in-vivo assays to
qualify effects on phenotype. Interestingly, of the seven GO terms reported in this study,
five terms (chitin metabolic process, chitin binding, serine-type endopeptidase activity,
proteolysis and odorant binding) were enriched along the ‘fly’ branch (represented by the

Drosophila melanogaster genome (Adams et al. 2000)]) of the branch-site selection tests
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conducted by Roux et al. (2014), indicating they may represent a genetic ‘core’
remaining under selection and responsible for adaptive evolution within the Diptera.
Further sequencing of members of the Culex pipiens complex (Farajollahi et al. 2011)
will enable additional tests involving lineage-specific estimates of evolutionary rates (e.g
Mensch et al. [2013]) and definition of functional classes of genes with significantly
elevated selection coefficients as compared to ancestral states in the phylogeny (Serra et
al. 2011), as well as defining the role of differential gene expression in the divergence of

a global mosquito vector.

Availability of supporting data
The Illumina sequencing libraries for Cx. pipiens forms pipiens and molestus are
available via NCBI BioProject PRINA275017. The pairwise codon alignments can be

downloaded from the Peer] website via http://dx.doi.org/10.7717/peerj.807/supp-15
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Figure 1.1 Illustration of codon alignment generation process. 1. Illumina short read
data are aligned to Cx. quinquefasciatus reference CDS sequence and used to build
consensus sequences for both Cx. pipiens forms pipiens and molestus. 2. Consensus
sequences for each gene are aligned, homologous positions free of Ns are removed and
spliced. 3. GeneWise is used along with the corresponding full length Cx. quing. peptide
to create in-frame f. pipiens/f. molestus EST sequences from spliced alignments. 4.
Codon alignments are created from EST sequences using TranslatorX. Ns denote
unknown and/or unrecovered nucleotide data.
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Figure 1.S1 Maximum-likelihood phylogenetic tree showing monophyly of peritrophin-
A domains reported here with peritrophic matrix proteins (labeled PMP), exclusive of the
cuticular proteins analogous to peritrophins (labeled CPAP) of Jasrapuria et al. (2010).
NCBI GI numbers are appended to Tribolium castaneum sequence IDs; all sequences are
suffixed with " subseq [coordinate of first amino acid extracted]-[length of extracted
peptide window]".

NOTE - An enlarged version of this figure is available in the dissertation supplement.
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Table 1.S1 Observed and estimated Ka calculations, annotation and top-scoring Pfam
IDs corresponding with 11,931 pairwise Culex pipiens forms pipiens and molestus
homologous codon sequence alignments (ordered by decreasing Ka). Columns two and
three denote genes present in the 95th percentile as ranked by Ka calculated using
observed and likelihood estimated non-synonymous substitutions, respectively.

Table 1.S1 is located in the online supplementary material.
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Table 1.S11 BLASTN output detailing the 3,687 Culex quinquefasciatus CDS
sequences with at least one BLASTN alignment >200bp at >95% similarity to another

CDS in the genome

Table 1.S11 is located in the online supplementary material.
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Table 1.S2 Gene set composing the serine-type endopeptidase ontology, found to be
enriched in the 95th percentile of top-scoring Culex pipiens forms pipiens and molestus

homologous codon sequence alignments as ranked by Ka value.

Table 1.S2 is located in the online supplementary material.



Table 1.S3 Gene set composing the proteolysis ontology, found to be enriched in the
95th percentile of top-scoring Culex pipiens forms pipiens and molestus homologous

codon sequence alignments as ranked by Ka value

Table 1.S3 is located in the online supplementary material.
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Table 1.S4 Gene set composing the receptor binding ontology, found to be enriched in
the 95th percentile of top-scoring Culex pipiens forms pipiens and molestus homologous

codon sequence alignments as ranked by Ka value.

Table 1.S4 is located in the online supplementary material.
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Table 1.S5 Gene set composing the odorant binding ontology, found to be enriched in
the 95th percentile of top-scoring Culex pipiens forms pipiens and molestus homologous
codon sequence alignments as ranked by Ka value. Column ‘MEA’ denotes Manoharan

et al. 2014 classification.

Table 1.S5 is located in the online supplementary material.



Table 1.S6 Gene set composing the extracellular space ontology, found to be enriched in
the 95th percentile of top-scoring Culex pipiens forms pipiens and molestus homologous

codon sequence alignments as ranked by Ka value.

Table 1.S6 is located in the online supplementary material.
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Table 1.S7 Gene set composing the chitin binding ontology, found to be enriched in the
95th percentile of top-scoring Culex pipiens forms pipiens and molestus homologous

codon sequence alignments as ranked by Ka value.

Table 1.S7 is located in the online supplementary material.
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Table 1.S8 Gene set composing the chitin metabolic process ontology, found to be
enriched in the 95th percentile of top-scoring Culex pipiens forms pipiens and molestus

homologous codon sequence alignments as ranked by Ka value.

Table 1.S8 is located in the online supplementary material.
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Table 1.S13 Extended analysis for all genes belonging to the GO terms from the highly

conserved set (Table 1.2) for which all members were present only in the test set.

Table 1.S13 is located in the online supplementary material.
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Table 1.S9 Ka calculations corresponding with 13,587 pairwise Culex quinquefasciatus
strain HAmCq and CpipJ1.3 homologous codon sequence alignments. Colum two
denotes genes present in the 95th percentile as ranked by Ka calculated using observed

non-synonymous substitutions.

Table 1.S9 is located in the online supplementary material.
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Table 1.S12 Gene ontology terms enriched in the set of 3,687 Culex quinquefasciatus

CDS sequences with at least one BLASTN alignment > 200bp at > 95% homology to

another CDS in the genome.

Adjusted #intest  #inreference
GOID Go Term p-val p-val  group group
GO0:0000786 nucleosome 7.60E-38 3.70E-41 99 34
GO:0006334 nucleosome assembly 3.50E-37 9.40E-40 107 47
GO:0046982 protein heterodimerization activity 2.60E-28 1.30E-30 87 43
G0:0005811 lipid particle 3.10E-11 3.60E-13 18 0
GO:0006426 glycyl-tRNA aminoacylation 2.80E-07 4.60E-09 17 4
G0:0004820 glycine-tRNA ligase activity 2.80E-07 4.60E-09 17 4
GO:0006420 arginyl-tRNA aminoacylation 1.40E-06 2.50E-08 11 0
G0:0004814 arginine-tRNA ligase activity 1.40E-06 2.50E-08 11 0
G0:0003677 DNA binding 1.60E-06 2.90E-08 275 732
G0:0003735  structural constituent of ribosome 4.80E-05 9.40E-07 91 188
GO0:0050567 glutaminyl-tRNA synthase (glutamine-hydrolyzing) activity 2.30E-04 5.00E-06 11 3
GO0:0030956 glutamyl-tRNA(GIn) amidotransferase complex 2.30E-04 5.00E-06 11 3
GO:0070681 glutaminyl-tRNAGIn biosynthesis via transamidation 2.30E-04 5.00E-06 11 3
GO0:0006310 DNA recombination 3.20E-04 7.20E-06 22 21
GO0:0031409 pigment binding 5.00E-04 1.10E-05 12 5
GO0:0003910 DNA ligase (ATP) activity 5.00E-04 1.10E-05 12 5
GO:0030060 L-malate dehydrogenase activity 5.50E-04 1.30E-05 14 8
GO0:0016075 rRNA catabolic process 9.10E-04 2.20E-05 9 2
G0:0032543 mitochondrial translation 1.60E-03 3.90E-05 11 5
GO0:0005643 nuclear pore 1.90E-03 5.20E-05 25 32
GO0:0030301 cholesterol transport 2.60E-03 7.30E-05 9 3
GO0:0042302  structural constituent of cuticle 2.80E-03 B8.20E-05 63 134
GO0:0006108 malate metabolic process 3.20E-03 9.50E-05 14 11
GO0:0005524 ATP binding 5.80E-03 1.70E-04 308 955
GO0:0004525 ribonuclease III activity 6.30E-03 1.90E-04 9 4
G0:0030127 COPII vesicle coat 1.10E-02 3.70E-04 11 8
GO0:0003857 3-hydroxyacyl-CoA dehydrogenase activity 1.20E-02 4.20E-04 6 1
GO:0051103 DNA ligation involved in DNA repair 1.20E-02 4.20E-04 6 1
GO0:0004527 exonuclease activity 1.60E-02 5.80E-04 21 30
G0:0008158 hedgehog receptor activity 4.10E-02 1.70E-03 9 7
GO0:0006433 prolyl-tRNA aminoacylation 4.10E-02 1.70E-03 4 0
G0:0004827 proline-tRNA ligase activity 4.10E-02 1.70E-03 4 0
GO0:0045028 G-protein coupled purinergic nucleotide receptor activity 4.10E-02 1.70E-03 4 0
GO0:0035589 G-protein coupled purinergic nucleotide receptor signaling pathway 4.10E-02 1.70E-03 4 0
G0:0008113 peptide-methionine (S)-S-oxide reductase activity 4.10E-02 1.70E-03 4 0
GO0:0004602 glutathione peroxidase activity 4.10E-02 1.80E-03 5 1
GO0:0015876 acetyl-CoA transport 4.20E-02 1.90E-03 11 11
G0:0008521 acetyl-CoA transporter activity 4.20E-02 1.90E-03 11 11
GO:0005097 Rab GTPase activator activity 4.20E-02 1.90E-03 16 22
GO0:0032851 positive regulation of Rab GTPase activity 4.20E-02 1.90E-03 16 22
G0:0070403 NAD+ binding 4.80E-02 2.20E-03 7 4
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Chapter 2:
Genome mosaicism and evolutionary divergence within the Asian Culex pipiens
complex
Abstract
Hybrid speciation provides evolutionary biology with a unique opportunity to
study the role of adaptive evolution over short time scales. Given the current
“postgenomic era” which has seen genome sequencing become commonplace, it then
follows that hybridization phenomena allow research into molecular mechanisms
responsible for adaptive traits within hybrid species that persist. We generated
transcriptome data for Culex pipiens pallens, an East Asian member of the Culex pipiens
complex that is hypothesized to be a hybrid between the Northern and Southern house
mosquitoes, Culex pipiens and Culex quinquefasciatus. We use a phylogenomic analysis
to identify shared ancestry between Cx. pipiens pallens gene sequences and those of

either putative parental genome. Additionally we identify genes and gene ontologies that

show evidence of evolving at accelerated evolutionary rates among East Asian Culex (Cx.

pipiens pipiens, Cx. pipiens pallens and Cx. quinquefasciatus) by calculating per-gene
rates of peptide evolution, and identifying lineages with differential rates of evolution to
examine how Cx. pipiens pallens has utilized and modified parental genes to exploit its
environment and persist as a species. We show the genetic component of the Cx. pipiens
pallens proteome assigned to Cx. pipiens contains genes that function in energy
metabolism, cell cycle / signaling, and redox reactions; the genes assigned to Cx.
quinquefasciatus are enriched in lipid transport function and extracellular scavenging /

innate immunity. Our analyses show that Cx. pipiens pallens and Cx. quinquefasciatus
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share a greater degree of phylogenetic affiliation and lower protein divergence than either
do with Cx. pipiens form molestus. Moreover, gene ontology enrichment shows a
substantial amount of divergence at common loci between Cx. pipiens pipiens and (Cx.
pipiens pallens + Cx. quinquefasciatus), yet that divergence between Cx. pipiens pallens
and Cx. quinquefasciatus is unique to their comparison. These data are consistent with a
close “degree of relatedness” between Cx. pipiens pallens and Cx. quinquefasciatus, as

would be imparted by hybridization.

Introduction

Hybrid speciation, or the formation of a new species via hybridization of two
different parental species (Mallet 2007) is believed to be infrequent in the Metazoa
(Mallet 2007, Mavarez and Linares 2008). Referred to by R.A Fisher (1930) as “the
grossest blunder in sexual preference which we can conceive of an animal making”, the
phenomenon has recently lead to fascinating studies on ecological adaptation and
accelerated adaptive radiations in well studied populations such as Darwin’s finches
(Grant and Grant 2002) and cichlid fish (Joyce et al. 2011). Incipient homoploid (i.e
maintaining parental ploidy) species formed as a result of hybridization are likely to be at
an immediate disadvantage due to competitive exclusion and/or species fusion (Abbott
and Rieseberg 2012) with the parental lineage(s). Those hybrids that do persist and
partition resources are of clear scientific interest, as the selective advantage imparted over
a brief evolutionary time may hold keys to rapid radiation and niche adaptation.

The Cx. pipiens complex contains four species that are evolutionarily closely

related and often difficult to identify: Cx. pipiens Linnaeus, Culex quinquefasciatus Say,



52

Culex australicus Dobrotworsky & Drummond and Culex globocoxitus Dobrotworsky

(Farajollahi et al. 2011) (see http://www.wrbu.si.edu for current taxonomy). Male

mosquitoes within the complex can be identified to species via external genitalia
(Dobrotworsky 1967), however females cannot. Hybridization in North America is
pervasive between Cx. pipiens and Cx. quinquefasciatus in areas where both have been
introduced (Kothera et al. 2013, Silverbush and Sharan 2014). In East Asia, a temperate
subspecies of Cx. pipiens, Cx. pipiens pallens, exhibits an intermediate or hybrid male
phallosome that follows a morphological cline from “pipiens-like” in the northern
latitudes to “quinquefasciatus-like” in the south (Bekku 1956). For this reason, Cx.
pipiens pallens has long been hypothesized to be a hybrid of Cx. pipiens and Cx.
quinquefasciatus (Barr 1957, Tanaka et al. 1979). Fonseca et al. (2009) however found
that pallens mosquitoes have a distinctive genotypic signature at both microsatellite and
nuclear loci even if there is evidence of ongoing hybridization with Cx. quinquefasciatus
in southern regions of Japan and the Korean peninsula. Additionally, they found that all
male Cx. p. pallens, even in northern populations, contain both the diagnostic pallens
ace-2 allele and a second copy identical to that of Cx. quinquefasciatus. These data point
to an ancient and independent origin of Cx. pipiens pallens resulting from a hybridization
event between Cx. quinquefasciatus (as evidenced by the ace-2 “relic”’) and Eastern
European Cx. pipiens (evidenced by external genitalia morphology and similarity of
ecology and behavior [Fonseca et al. 2009]).

During the mid-twentieth century, Cx. p. pipiens form molestus was introduced to
Tokyo, Japan (likely during World War II [Tanaka et al. 1979]), and subsequently spread

to all of temperate Japan, eastern Russia, Korea and Beijing, China by 1992 (summarized
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in Mogi [2012]). As the old world Culex p. pipiens form pipiens has not spread East of
northwestern Xinjiang Province, China (Lu 1997), form molestus represents the sole Cx.
p. pipiens biotype in East Asia. Therefore, three members of the Culex pipiens complex
occur in Eastern Asia: Culex p. pallens in the north; Culex quinquefasciatus in the south
and Cx. p. pipiens form molestus in urban areas.

The natural hybridization (Arnold 1997) that resulted in the homoploid Cx.
pipiens pallens presumably conferred a fitness advantage, as evidenced by its ability to
secure resources and persist. This event affords us a unique opportunity to elucidate the
genomic basis for this beneficial phenotype. Here we define the genome mosaicism
within Cx. pipiens pallens by constructing denovo transcriptome coding sequences and
identifying genes that remain phylogenetically attributable to either donor species (Cx.
pipiens, Cx. quinquefasciatus) via statistically supported monophyly with either taxon in
a phylogenomic analysis. Additionally, we performed pairwise comparisons of
orthologous coding nucleotide sequences to identify genes and gene ontologies that show
evidence of evolving at accelerated evolutionary rates among East Asian Culex (Cx. p.
pipiens, Cx. p. pallens and Cx. quinquefasciatus) by calculating per-gene rates of non-
synonymous substitution per non-synonymous site (Ka, or dN). This method has been
used previously to identify peptide evolution within and outside of the mosquitoes (Wang
etal. 2011, Price and Fonseca 2015). By qualifying and quantifying shared ancestry and
lineage-specific divergence within the Culex pipiens complex, our results highlight genes
and corresponding biological functions that may be central to adaptation within the
hybrid Cx. p. pallens, and evolutionary divergence within a complex of medically

important and globally distributed mosquitoes.
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Methods

Cx. p. pallens and Cx. pipiens form molestus mosquitoes were obtained from
young colonies initiated from individuals collected from Kyoto, Japan in Sept. of 2008,
and from a large subterranean swarm of blooded females detected in a New York City,
USA residential basement in December 2010, respectively. PCR-based positive species
identification of Cx. p. pallens was performed via the acetylcholinesterase-2 assay
developed by Smith and Fonseca (2004). RNA extraction and [llumina library
preparation for each species were carried out as described in Price and Fonseca (2015):
Larvae of both were reared in ceramic pans under a 16:8 L:D cycle on a diet of ground rat
chow prior to emergence. Four specimen groups were created: thirty 12" instar, eight
3'/4™ instar, eight pupae and eight non-blood fed adult (4 male, 4 female) mosquitoes.
Each group was placed in a separate plastic 2ml microcentrifuge tube containing a Smm
sterile stainless steel bead and 900ul QIAzol lysis reagent prior to disruption with a
TissueLyser II (Qiagen, Valencia CA) for 2 minutes at 20Hz. Total RNA extraction was
then carried out on each group using the RNeasy Plus Universial kit (Qiagen, Valencia
CA) per manufacturer protocol and quantified on a Qubit 2.0 fluorometer (Life
Technologies) using the RNA Broad-range buffer. One ug of RNA from each group was
combined and used to prepare an [llumina sequencing library using the TruSeq RNA
Sample Prep kit v2 (Illumina, Inc. San Diego, CA) per manufacturer protocol. Both
libraries were sequenced twice on an Illumina MiSeq (Illumina, Inc): once using a 500-
cycle (2x250bp paired-end) MiSeq Reagent Kit v2, and once using 1/3 of a multiplexed

600-cycle (2x300bp paired-end) MiSeq Reagent Kit v3. Raw sequence data were quality



trimmed using the CLC Genomics Workbench (Limit score cutoff = 0.05, CLC Bio,
Aarhus, DK). EST sequences were assembled using the Cx. quinquefasciatus nucleotide
transcripts as a reference, as described in Price and Fonseca (2015). Briefly, raw reads
for each species were individually mapped to the Cx. quinquefasciatus genome CDS
sequence, extracted from the CpipJ1.3 genome assembly available via VectorBase
(http://www.vectobase.org/organisms/Culex-quinquefasciatus; Megy et al. [2012]) using
the CLC Genomics Workbench (CLC Bio, Aarhus, DK) at a nucleotide similarity of 95%
over a required length fraction of 95% of the read. Reads that had more than one best
alignment (i.e., potentially paralogous DNA) were ignored. Consensus sequences for
each CDS were then generated from the alignment, with conflicts resolved by choosing
the base with the highest additive quality score and a minimum coverage of 2x. Areas of
<2x coverage were filled with Ns from the reference. In-frame coding sequences were
created for each EST using TranslatorX (Abascal et al. 2010) with the Cx.
quinquefasciatus peptide homolog as a guide.

Our phylogenetic tree-based analyses require constraint trees for probability
assignment of ingroup (Culex spp) monophyly. We therefore added a fourth proteome,
that of Adedes aegpyti (Nene et al. 2007) to achieve a 4-taxon bifurcating tree. Ae. aegpyti
was chosen as it is the closest relative to Culex with a fully sequenced and/or predicted
genome. A reciprocal BLASTp (Altschul et al. 1990, Moreno-Hagelsieb and Latimer
2008) was used to determine Cx. quinquefasciatus — Ae. aegpyti ortholog pairs. The Cx.
pipiens form molestus and Cx. p. pallens coding sequences were translated to amino
acids and aligned with the corresponding Cx. quinquefasciatus and Ae. aegpyti

homologous protein via MAFFT v.6.9 (Katoh and Toh 2010). This peptide alignment
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was then used to produce a codon alignment of all four nucleotide CDS sequences via
TranslatorX. All gaps were removed from the alignment, thus only sites with aligned
codons present in all four species were used. Alignments less than 200nt were removed
from the dataset unless they represented greater than 50% of the length of the
corresponding Cx. quinquefasciatus reference gene.

A model of sequence evolution was chosen for each alignment using jModelTest
v.2.1.6 (Darriba et al. 2012) and three maximum-likelihood phylogenetic trees were
generated via PhyML v.20120412 (Guindon et al. 2010) using the model chosen and
under each of three topological constraints:

1. (pallens,molestus),quinquefasciatus,aegypti 2.
(pallens,quinquefasciatus),molestus,aegypti and 3.
(molestus,quinquefasciatus),pallens,aegypti. Consel v0.20 (Shimodaira and Hasegawa
2001) was used to assess confidence and assign a probability value to each of the three
trees using the PhyML-generated site log-likelihood values. Additionally, a neighbor-
joining (F84 distance) tree was constructed using the PHYLIP package v.3.69
(Felsenstein 1989), and a majority-rule consensus was generated using 1000 bootstrap
replicates. We retained gene trees with Consel-generated Approximately Unbiased (AU)
test (Shimodaira 2002) p-values > 0.90 that congrued with the neighbor-joining topology,
and grouped them based on the topological constraints above. Each group was then used
as a test set in a Blast2GO (Conesa et al. 2005) enrichment analysis (Fisher’s Exact test),
with a reference set consisting of the 8,961 proteins for which we were able to derive
trees. All GO terms returned in the analysis failed the False Discovery Rate multiple test

correction (Benjamini and Hochberg 1995), however the FDR correction is often
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considered too conservative (i.e Huang et al. [2009]); given the close relationship of our
ingroup taxa, some test sets contained a comparatively small number of elements (118
genes from the [molestus + quinquefasciatus] topology, 299 genes from the [molestus +
pallens] topology). We therefore made the decision to use a single-test p-value cutoff of
1.0x10™.

To identify the subset(s) of genes and gene ontologies that were most highly
diverged between each species, we created two-taxon (pairwise) codon alignments using
the 4-taxon codon alignments above for all genes from each of the three species
groupings (Cx. p. pipiens form molestus + Cx. p. pallens, Cx. p. pallens + Cx.
quinquefasciatus and Cx. p. pipiens form molestus + Cx. quinquefasciatus). We then
used the KaKs calculator (Wang et al. 2010) under model averaging (MA) to calculate
Ka values for each pairwise alignment. The KaKs calculator implements the calculation
in a likelihood framework that corrects for multiple substitutions at sites. As the Culex
taxa examined are all very closely related, and multiple substitutions at any one site are
unlikely to be common enough to bias our findings, we performed primary calculations
using observed substitutions in the data. The gene sets for each of the three comparisons
were then ranked by descending Ka value, and the top 5% (95" percentile, or ‘diverged
set’) of each were retained for further analyses both alone and against each other. Those
genes found to be present in the diverged set of all three comparisons (i.e under
accelerated peptide evolution in all Culex comparisons) were used in a Blast2GO
enrichment analysis as above. This was repeated using members of the diverged set
found unique to the pallens — quinquefasciatus comparison and those shared uniquely

between the molestus — pallens and molestus — quinquefasciatus comparisons, as they
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constitute lineage-specific divergence. The reference gene set for these tests consisted of
the 8,961 peptides for which alignments were created (above). GO terms with a single
test p-value of 1x10~ were retained.

To test for differences in the mean protein evolutionary rate (Ka) among the genes
as grouped by phylogenetic affiliation above and by pairwise comparison group, we used

a non-parametric Kruskal-Wallace test implemented in R (http://www.R-project.org) as

the data were severely positive-skewed.

Results and Discussion

Paired-end Illumina sequencing of Cx. pipiens pallens mRNA generated 46.9M
150x150 (300bp) and 25.9M 150x150 (300bp) and 300x300 (600bp) reads that mapped
to 19.7Mbp (79% by length, average coverage = 137x) of the total Cx. quinquefasciatus
reference coding (CDS) nucleotide sequence. Using the 10,585 Ae. aegypti — Cx.
quinquefasciatus orthologs derived from the reciprocal BLASTp (not shown), and the
consensus nucleotide CDS sequences from our reference-based assembly of Cx. pipiens
form molestus and Cx. pipiens pallens, we constructed 9,043 multiple-sequence codon
alignments. Each alignment contained only homologous codons from each of the four

target taxa.

Phylogenetic assignment of Cx. pipiens pallens proteome
Length filtering and maximum-likelihood (ML) phylogenetic tree construction
produced 8,352 (Table 2.S1) trees, and the confidence of each was assessed by CONSEL.

Trees that yielded the same topology under both ML and neighbor-joining and passed the
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AU significance test at p > .90 were retained. As our ingroup (Culex spp.) taxa are very
closely related, many trees failed significance testing; our results produced 299 gene trees
grouping Cx. pipiens form molestus + Cx. pipiens pallens, 1,011 trees grouping Cx.
pipiens pallens + Cx. quinquefasciatus and 118 trees grouping Cx. pipiens form molestus
+ Cx. quinquefasciatus (see Table 2.S2). The genes composing each group were used as
individual test sets in a Blast2GO enrichment test.

At a single test p-value cutoff of 1x10 and using the 8,352 gene set (above) as a
reference, we retained seven GO terms enriched in the genes retained with (Cx. p. pipiens
form molestus + Cx. p. pallens) tree topologies (Table 2.1): protein phosphatase type 2A
regulator activity, which includes enzymes that regulate removal of phosphate from
serine and threonine side chains and influence cellular apoptosis, proliferation and
differentiation (Zolnierowicz 2000); L-alanine:2-oxoglutarate aminotransferase activity,
involved in energy (protein, carbohydrate) metabolism (Weeda et al. 1980); selenium
binding, which modulates redox homeostasis (Porat et al. 2000), phosphatidylinositol N-
acetylglucosaminyltransferase activity, containing enzymes involved in synthesis of
glycosylphosphatidylinositol (GPI) protein anchors (glycolipid anchors for plasma-
membrane proteins [Low and Kincade 1985, Porat et al. 2000]); phosphoglycolate
phosphatase activity, a haloacid dehydrogenase family of enzymes with varied functions
including amino acid biosynthesis and detoxification (Koonin and Tatusov 1994); NADP
binding, containing proteins that bind the coenzyme NADP during redox and biosynthetic
reactions, and regulation of cyclin-dependent protein serine/threonine kinase activity that

was comprised of three cyclins that regulate the cell cycle (Minshull et al. 1989).



Four enriched terms were retained from the gene set that maintained a Cx. p.
pallens + Cx. quinquefasciatus tree topology (Table 2.2): lipid transport, containing
alipophorins and phospholipid-transporting ATPases; scavenger receptor activity, used to
describe proteins that bind lipoproteins or anionic ligands (e.g apopototic cells, bacteria,
glycated products) and deliver the product to the cell via endocytosis (Peiser et al. 2002);
calcium ion binding, a very broad suite of proteins that interact selectively with calcium
ions, and ATPase activity, containing phospholipid-transporting ATPases recovered
under /ipid transport above combined with copper and sodium ion transporters.

Two enriched terms were retained from the gene set that maintained a (Cx. p.
pipiens form molestus + Cx. quinquefasciatus) tree topology (Table 2.3): structural
constituent of ribosome, containing ribosomal proteins, and aspartic-type endopeptidase
activity, a family of enzymes that hydrolyze peptide bonds via activated water molecules
bound to Aspartic acid residues. The enrichment of ribosomal proteins in this dataset is
curious, and may indicate that the ribosomal proteins of Cx. p. pallens have diverged
from those of Cx. pipiens and Cx. quinquefasciatus.

These results show that despite the evolutionary time-since-hybridization, we are
able to ascribe selected components of the Cx. p. pallens transcriptome via phylogenetics
to either of the Cx. quinquefasciatus or Cx. pipiens genomes. The genetic component
assigned to Cx. pipiens contains members that function in energy metabolism, cell cycle /
signaling, and redox reactions; the genes assigned to Cx. quinquefasciatus are enriched in

lipid transport function and extracellular scavenging / innate immunity.
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Common foci of peptide evolution among Culex complex members

Ka values were calculated from two-taxon (pairwise) alignments created from the
4-taxon alignments used in the phylogenetic tests (above) for each of the three groups
defined previously (Cx. p. pipiens form molestus + Cx. p. pallens, Cx. p. pallens + Cx.
quinquefasciatus and Cx. p. pipiens form molestus + Cx. quinquefasciatus). The 95"
percentile (n=434) of genes from each comparison (herein the “diverged set(s)”) as
ranked by descending Ka were then compared and contrasted.

We derived a set of 83 genes (19.0%, Table 2.4, Fig. 2.1) common to the diverged
sets of all three groups, and thus exhibiting rapid peptide divergence among all species in
our analysis. Gene ontology enrichment tests using these genes as a test set and a single
test significance cutoff of 1.0x10 returned 5 GO terms (Table 2.5). Interestingly, three
of these terms were also identified in our earlier comparison of feral and domestic forms
of Cx. pipiens pipiens (Chapter 1; Price and Fonseca [2015]): serine-type endopeptidase
activity, proteolysis (which contained all genes comprising serine-type endopeptidase
activity) and odorant binding. The single gene that comprises the biotin-[acetyl-CoA-
carboxylase] ligase activity ontology was also returned in the Ch. 1 analysis (Price and
Fonseca 2015), although it fell below the stringent significance cutoff used. This enzyme
(BirA) catalyzes the first step of lipid biosynthesis by biotinylating Acetyl Coenzyme A
Carboxylase, and is ubiquitous among eukaryotes; most encode only a single biotin
protein ligase (Chapman-Smith and Cronan 1999). BirA may bind many other putative
substrates (i.e pyruvate carboxylase, propionyl CoA carboxylase, etc), and co-evolution
of the enzyme with these substrates of each organism may lead to accelerated evolution

of the enzyme (our result shows it has maintained significant divergence among all
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mosquito comparisons thus far). The fifth GO term was a cysteine-type endopeptidase
ontology that contained two caspases (included in proteolysis) that play integral roles in

programmed cell death (apoptosis).

Differential targets of peptide evolution

We next compared the diverged sets from each pairwise comparison to the other
two, and isolated the genes unique to each (summarized in Fig. 2.1). Surprisingly, the
Cx. p. pallens — Cx. quinquefasciatus diverged set contained 225 unique genes of the 434
total, while the Cx. p. pipiens form molestus — Cx. p. pallens set contained 84 unique
genes and the Cx. p. pipiens form molestus — Cx. quinquefasciatus set contained 48.
These results indicate that the latter two comparisons share a substantial number of “most
diverged” genes; indeed, they contain 305 (70.2%) common members (Fig. 2.1), with
222 being specific to the two datasets (and not present in the pallens — quinquefasciatus
comparison). As the taxon common to both sets is Cx. pipiens form molestus, it is likely
that our analysis is highlighting divergence between this mosquito and both Cx. p. pallens
and Cx. quinquefasciatus, and that this divergence occurred at common loci.

Enrichment tests performed using the above set of 225 and 222 genes exhibiting
branch-specific evolutionary rates (Tables 2.6, 2.7) show that two GO terms are enriched
in both sets (serine-type endopeptidase/proteolysis and chitin binding) and thus that
common ontologies, yet different genes, are targeted by evolution. These ontologies
were also enriched in the set of rapidly evolving genes that describe divergence between
feral Cx. p. pipiens form pipiens and “domestic” form molestus (Chapter 1; Price and

Fonseca [2015]). Given these results, it is likely that they are central to molecular



63

evolution in the Culex pipiens complex. We find four additional ontologies enriched in
the set of 225 diverged genes unique to the pallens — quinquefasciatus comparison (and
thus “unique to their divergence”, Tables 2.S3): tissue regeneration, cyclin-dependent
protein serine/threonine kinase inhibitor, NADP binding and N,N dimethylaniline
monooxygenase. All members of the N,N dimethylaniline monooxygenase ontology were
also contained in NADP binding, thus we combined the discussion of both. All three
genes annotated with tissue regeneration processes carried Ninjurin domains (PF04923).
Ninjurins are small transmembrane proteins that are upregulated in response to cellular
injury and/or infection (Araki and Milbrandt 1996), and have recently been shown to
induce non-apoptotic cell death in Drosophila after septic injury (Broderick et al. 2012).
Both genes with cyclin-dependent protein serine/threonine kinase (CDK) inhibitor
ontologies currently lack annotations within the Cx. quinquefasciatus genome. CDK
inhibitors block transitions of the cell cycle at the G; phase (and are thus often discussed
as putative treatment for cancer (Kawamata et al. 1995, Guha 2012) and malaria (Brinen
and Stout 2003). When considered together with the cellular-death responsive Ninjurins,
a focus on the cell cycle for these gene sets becomes a possibility. The NADP binding
and N,N dimethylaniline monooxygenase ontologies share two genes, both with Flavin-
binding monooxygenase (FMO)-like domains (PF00743). Insect FMO genes, not unlike
P450 monooxygenases, act to convert toxic and xenobiotic chemicals to excretable
metabolites.

Four additional ontologies (aside from serine-type endopeptidase/proteolysis and
chitin binding, discussed above) were found to be enriched in the 222 genes unique to the

variable set of both molestus — pallens and molestus — quinquefasciatus (Tables 2.S4):
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tRNA-intron endonuclease activity, homophilic cell adhesion, chitinase activity and
nucleic acid phosphodiester bond hydrolysis. tRNA-intron endonucleases are responsible
for intron removal prior to maturation of tRNA molecules. Chitinases (discussed in
Chapter 1) function to degrade structures such as the midgut peritrophic membrane and
may thus co-evolve with the chitin-binding peritrophins. The nucleic acid
phosphodiester bond hydrolysis ontology contained both genes from the tRNA-intron
endonuclease ontology, with the addition of an exonuclease, All three members of the
homophilic cell adhesion ontology lacked annotation in the Cx. quinquefasciatus genome,
however all were found to contain multiple cadherin_repeat domains via NCBI conserved
domain database search (Marchler-Bauer et al. 2005) search. The cadherin_repeat
domain is an extracellular calcium ion-binding domain found in functional cadherin
proteins that facilitates cell-cell adhesion (Hulpiau and van Roy 2009); it is thus likely

that these peptides are cadherins.

Comparative evolutionary rates

To examine not only which gene ontologies were evolving at differential rates but also
how those rates compared between members of the pipiens complex, we next tested the
variance of our Ka calculations between groups. A Kruskal-Wallace one-way analysis of
variance conducted in R shows the mean Ka of the Cx. pipiens pallens — Cx.
quinquefasciatus diverged (434 gene) set to be significantly lower than those of either
remaining set (chi-squared = 537.1547, df =2, p <2.2e-16; Fig. 2.2, Table 2.8). We have
shown above that these two taxa share a greater discernible proportion of phylogenetic

affinity at the transcript level, and our results here indicate that the rate of non-
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synonymous change (even among the “fastest” evolving protein set) is less than that of
either mosquito as tested with Cx. p. pipiens form molestus. These results both suggest
that the “degree of relatedness” between pallens and quinquefasciatus is comparably

high, as would be expected given the hybridization hypothesis regarding its origin.

Conclusions

Our results here represent a first attempt at qualifying and quantifying the genetic
divergence between three Asian members of the Culex pipiens mosquito complex. We
illustrate the mosaic nature of the Cx. pipiens pallens genome by assigning 1,052 and 323
genes to sister group relationships with the Cx. quinquefasciatus or Cx. pipiens genomes,
respectively, which are hypothesized to have contributed to the hybridization that resulted
in present day pallens. Further, we show the targets (i.e genes and gene ontologies) of
peptide evolution within these three taxa to contain both shared and differential members;
the diverged sets (made of fastest evolving proteins) from all pairwise comparisons
shared 19% of their constituent genes, and these genes were enriched in digestive
enzymes, odorant binding proteins, and curiously, a ubiquitous biotinylating enzyme. As
these genes and/or ontologies have been suggested as also contributing divergence
between Cx. pipiens forms pipiens and molestus (Price and Fonseca 2015), they appear to
constitute a fulcrum of molecular divergence throughout the complex. By examining the
differential occurrence of specific GO terms and their gene members across the three
pairwise comparisons we find Cx. p. pallens diverges from Cx. quinquefasciatus at loci
related to cellular regeneration and death (Ninjurins, CDK inhibitors) as well as

detoxification (flavin-binding monooxygenases), while both Cx. p. pallens and Cx.
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quinquefasciatus diverge from Cx. p. pipiens form molestus at tRNA intron
endonucleases, chitinases, and a triplet of cadherin-like genes associated with homophilic
cell adhesion. Finally, we show that the quantified protein divergence within the
diverged sets as calculated by Ka values is significantly lower between Cx. pipiens
pallens and Cx. quinquefasciatus than between either of these mosquitoes and Cx. pipiens
form molestus, thus reinforcing the results of the phylogenetic tests and suggesting that
pallens and quinquefasciatus share a greater degree of genomic similarity. Further
sequencing of multiple populations of Cx. pipiens complex members from multiple
populations will be required to create a “representative” set of candidates for evolutionary
divergence and to further link genotype and phenotype in a manner that allows us to
pinpoint the precise set of genes and thus functions that impart fitness advantage within a

vector mosquito hybridization.



pallens — quing.

225

Fig. 2.1. Venn diagram illustrating shared members of the 432-gene diverged sets (upper
95 percentile of dataset as ranked by descending Ka) from the three pairwise

comparisons.
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Fig. 2.2. Kruskal-Wallace one-way analysis of variance illustrating relationships among
the Ka values obtained for each pairwise species comparison (chi-squared = 537.1547, df

=2, p<22e-16)



Table 2.S1 Genes for which phylogenetic trees were constructed, with AU and SH test
results. Filtered for alignments > 200nt or > 50% recovery of the Cx. quinquefasciatus

homolog by length.

Table 2.S1 is located in the online supplementary material.
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Table 2.S2 Gene set, with annotations and Ka/Ks, values for which significant topology

was reported by CONSEL.

Table 2.S2 is located in the online supplementary material.
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Table 2.8 Mutiple comparison test after Kruskal-Wallis one-way analysis of variance

Multiple comparison test after Kruskal-Wallis

p-value: 0.05

Comparison obs.dif critical.dif difference
MOL-PAL/MOL-QUINQ 59.27419 61.10513  FALSE
MOL-PAL/PAL-QUINQ 480.10023 61.10513  TRUE

MOL-QUINQ/PAL-QUINQ 539.37442  61.10513  TRUE
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Chapter 3:
Characterization of the doublesex gene within the Culex pipiens complex suggests

regulatory plasticity at the base of the mosquito sex determination cascade

Abstract

The doublesex gene controls somatic sexual differentiation in Drosophila
melanogaster, and may function thusly in other metazoans including the malaria
mosquito Anopheles gambiae and the dengue and yellow fever vector Aedes aegypti
(Diptera: Culicidae). As in other studied dipteran dsx homologs, the gene maintains
functionality via evolutionarily conserved protein domains and sex-specific
alternative splicing. The upstream factors that regulate splicing of dsx and the
manner in which they do so however remain variable even among closely related
organisms. As the induction of sex ratio biases is a central mode of action in many
emerging molecular insecticides, it is imperative to elucidate as much of the sex

determination pathway as possible in the mosquito disease vectors. Here we report

the full-length gene sequence of the doublesex gene in Culex quinquefasciatus
(Cxqdsx) and its male and female-specific isoforms. Cxqdsx maintains characteristics
possibly derived in the Culicinae and present in the Aedes aegypti dsx gene (Aeadsx)
such as gain of exon 3b and the presence of Rbp1 cis-regulatory binding sites, and
also retains presumably ancestral attributes present in Anopheles gambiae such as
maintenance of a singular female-specific exon 5. Unlike in Aedes aegypti, we find
no evidence for intron gain in the female transcript(s), yet recover a second female

isoform generated via selection of an alternate splice donor. Utilizing next-gen
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sequence (NGS) data, we complete the Aeadsx gene model and identify a putative
core promoter region in both Aeadsx and Cxqdsx. Also utilizing NGS data, we
construct a full-length gene sequence for the dsx homolog of the northern house
mosquito Culex pipiens form pipiens (Cxpipdsx). Analysis of peptide evolutionary
rates between Cxqdsx and Cxpipdsx (both members of the Culex pipiens complex)
shows the male-specific portion of the transcript to have evolved rapidly with
respect to female-specific and common regions. As in other studied insects,
doublesex maintains sex-specific splicing and conserved doublesex/mab-3 domains
in the mosquito Culex quinquefasciatus and Cx. pipiens. The cis-regulated splicing of
Cxqdsx does not appear to follow either currently described mosquito model (for An.
gambiae and Ae. aegypti); each of the three mosquito genera exhibit evidence of
unique cis-regulatory mechanisms. The male-specific dsx terminus exhibits rapid

peptide evolutionary rates, even among closely related sibling species.

Introduction

The manifestation of distinct sexes is fundamentally conserved among most
metazoans. However, the development of sex-specific somatic and gonadal tissues
and neuronal processes (e.g. behaviors) is governed by a variety of factors both
environmental and genetic, and often varying widely between and within taxa (Bull
and Vogt 1979, Marin and Baker 1998, Zarkower 2001). Most animals direct sex-
specific cell fate by function of the Doublesex/Mab-3 Related Transcription factor
(DMRT) family of zinc-finger proteins (Raymond et al. 1999, Kopp 2012) and the

genes they regulate. Within the insects, this process involves a genetic cascade first
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elucidated in the model fly Drosophila melanogaster (Baker and Wolfner 1988)
whereby a primary signal triggers sex-specific splicing of one or more regulatory
factors which subsequently bind pre-mRNA of the conserved DMRT “major switch”
gene, doublesex, and direct its sex-specific splicing, thus initiating development of
male or female forms (Sdnchez 2008).

Although there are many diverse primary signals that initiate the cascade
(e.g. X:A ratio, M-factors, W/Y chromosomes; see (Marin and Baker 1998)), dsx
appears to be conserved as the major switch at the base of the cascade (Geuverink
and Beukeboom 2014, Wexler et al. 2014). In many insects the male and female-
specific splicing of dsx is directed by the upstream regulator transformer, a
serine/arginine rich (SR) protein which itself is transcribed in a sex-specific
manner, as well as the constitutively expressed transformer-2 (Inoue et al. 1990,
Verhulst et al. 2010). The resultant TRA/TRA2 peptide complex binds the dsx
mRNA at the dsx repeat element (dsxRE), facilitated by the purine-rich enhancer
(PRE) element (Tian and Maniatis 1993, Lynch and Maniatis 1995), and directs sex-
specific splicing of dsx mRNA for translation into male (DSXM) or female (DSXF)
peptides. In Drosophila, an additional SR splicing enhancer component, RBP1, binds
to target sites in the splice acceptor preceding the female-specific exon and is
essential for efficient splicing of female dsx pre-mRNA (Heinrichs and Baker 1995).
The downstream targets of insect dsx are not well elucidated, however 58 optimal
binding sites and associated nearest genes have been identified for D. melanogaster
Dmdsx (Luo et al. 2011). The red flour beetle Tribolium castaneum Tcdsx has been

implicated in oocyte development including Vitellogenins and their associated
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receptors (Shukla and Palli 2012), while Lepidopteran dsx has been shown to
influence expression of pheromone-binding proteins and hexamerin storage
proteins (Suzuki et al. 2003).

Orthologs of the dsx gene have currently been identified in seven orders of
insects ranging from the primitive Pediculus humanus (human body louse) to several
genera of Hymenoptera, however a functional transformer homolog has not always
been recovered in these genomes (see Geuverink and Beukeboom [2014] for
summary) leading to speculation that some lineages have recruited alternate or
additional upstream regulators for dsx (Salvemini et al. 2011). For example,
TRA/TRA-2 mediated splicing of dsx has been shown in the Brachyceran flies
Ceratitis capitata (Salvemini et al. 2009), Musca domestica (Burghardt et al. 2005)
and Lucilia cuprina (Concha and Scott 2009) yet transformer appears lost in the
Nematoceran flies including mosquitoes (Geuverink and Beukeboom 2014).
Despite varying primary signals and upstream regulatory mechanisms, male and
female-specific DSX peptides of various Diptera including Anastrepha (Alvarez et al.
2009), Ceratitis (Saccone et al. 2008) and Musca (Hediger et al. 2004) effected
partial masculinization and feminization of genetically female and male D.
melanogaster, respectively, when expressed ectopically. This evolutionary
conservation is due in part to the retention of two functional protein domains
essential for peptide oligomerization: an atypical zinc-finger DNA-binding domain
found in multiple members of the DMRT superfamily (DBD/0OD1) and an
oligomerization domain (OD2) unique to dsx (An et al. 1996). The DBD/0OD1

domain functions to form a dimeric DNA-binding unit that maintains 92% sequence
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similarity between Dipteran (D. melanogaster) and Lepidopteran (Bombyx mori)
taxa while completely conserving the critical cysteine and histidine residues
(Ohbayashi et al. 2001). The OD2 domain is likely responsible for sex-specific
splicing activation or repression of downstream factors (An et al. 1996), and is
modified by sex-specific splicing to maintain both common and male/female-
specific portions; the common portion exhibits a greater degree of conservation
within and among insect taxa than the C-terminal sex-specific portion (Ohbayashi et
al. 2001, Salvemini et al. 2011).

Orthologs of dsx have been recovered from the mosquitoes Anopheles
gambiae (Angdsx [Scali et al. 200]) and Aedes aegypti (Aeadsx [Salvemini et al.
2011]). Both genes show sex-specific splicing and contain multiple copies of
TRA/TRAZ cis-regulatory elements including dsxREs and purine-rich enhancers,
however they differ in several evolutionary aspects. The Angdsx gene (Fig. 1) spans
an 85kb region of chromosome 2R and is composed of seven exons, of which the
first four code for 5’ UTR and a common non-sex specific region of the protein. Exon
5 is female-specific (i.e. is spliced out of the male mRNA) and contains an in-frame
stop codon terminating the female peptide. Exon 6 contains male-specific coding
sequence with termination codon and 3’ UTR, and exon 7 contains only 3’'UTR.
Exons 6 and 7 are present in transcripts of both sexes but are transcribed entirely as
UTR in the female isoform. Female-specific splicing of Angdsx and the retention of
exon 5 relies on activation of a 5’ splice donor (Fig. 1; see Black [2003] for
alternative splicing mechanism review) of the downstream intron 5 following

binding of a TRA/TRA2 complex to dsxREs which facilitates recruitment of the
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spliceosomal machinery. This is in contrast to doublesex genes of D. melanogaster,
Bactrocera tryoni, M. domestica, M. scalaris and C. capitata, which splice the female-
specific isoform after activation of a weak (due to the presence of purines in the
polypyrimidine tract) 3’ splice acceptor upstream of the female-specific exon to
facilitate its inclusion. This is evidenced by the location of the dsxRE in Angdsx
being at the 3’ end of the female-specific exon as opposed to the 5’ end as in Dmdsx.
The current Aeadsx gene model (Salvemini et al. 2011) (Fig. 1) spans 450kb
of genomic DNA of supercontig 1.370 and is composed of eight known exons,
although nine are likely. Unlike other sequenced Dipteran dsx genes, Aeadsx was
found to produce two female-specific isoforms by exon skipping, encoding peptides
with alternative C-termini via inclusion of both exons 5a and 5b, or 5b alone.
Additionally, analysis of cis-acting elements in Aeadsx revealed a cluster of TRA-2-
ISS and RBP1 elements upstream of exon 5a, and Dipteran dsxRE binding sites and
PRE elements present only in exon 5b (Fig. 1). Several instances of a motif strongly
resembling a potential dsxRE element previously only recovered in the
Hymenoptera (NvdsxRE, [Verhulst et al. 2010]) were found within exon and intron
5a. Unlike An. gambiae (and similar to Drosophila) Aeadsx possesses a weak splice
acceptor upstream of exon 5b that is activated to splice both female isoforms.
Salvemini et al. (2011) hypothesize that regulatory mechanisms governing the sex-
specific splicing of the gene in Ae. aegypti are different than in other Diptera
including An. gambiae, and that the two female-specific exons were each under the
control of a different splicing regulator: A female-specific TRA-like protein acts in

females as a splicing activator of exon 5b via dsxRE and PRE elements, while a splice



repressor acts on 5a (included by default splicing) in some transcripts. In the males,
a male-specific factor may act to repress inclusion of exon 5a via TRA-2-ISS and
NvdsxRE elements, while exon 5b is excluded due to lack of female-specific TRA.

Cho et al. (2007) proposed that default female-specific dsx splicing by
selective repression of the male isoform (i.e by the feminizer gene in A. mellifera
[Gempe et al. 2009]) and the recently discovered piRNA precursor Fem in B. mori
[Kiuchi et al. 2014]) is ancestral to holometabolous insects based on its
conservation in taxa as phylogenetically distant as A. mellifera and B. mori, and that
Diptera possess a derived splicing system where the male form is default and the
female form must be ‘splice-activated’ by a TRA/TRA2-like factor. While this
appears to be the case in Anastrepha, Drosophila, and An. gambiae doublesex, the
data from Salvemini et al. (Salvemini et al. 2011) strongly suggest that the female
spliceforms are default in Ae. aegypti; the “strong” exon 5a does not require
TRA/TRAZ2 enhancement, and must be repressed by a male factor. Culicine
mosquitoes (inclusive of the genera Aedes and Culex) determine sex at an autosomal
locus (Newton et al. 1974), while Anopheline mosquitoes possess heteromorphic
(XY) sex chromosomes (Gilchrist and Haldane 1947). The latter authors propose
that this locus (the M-locus) may either act on intermediary factors or on the dsx
gene itself (transformer appears to be either lost or extremely diverged in the
mosquitoes [Geuverink and Beukeboom 2014], however transformerZ is present) to
suppress female-specific dsx splicing and generate the male form. Further, Salvemini
et al (2011) posit that retention of the Hymenopteran-like NvdsxRE elements

coupled with Apis-like splicing regulation (and a likely female-specific default

86
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splicing) could represent a stably maintained ancestral state in Ae. aegypti exclusive
of the rest of known Dipteran doublesex. Recently, analysis of the red flour beetle
Tribolium castaneum (Shukla and Palli 2014) revealed three female-specific and one
male-specific dsx isoform, with male default splicing occurring via suppression of
maternally transferred zygotic TRA protein (required to activate female-specific
splicing) by a dominant male factor. This variation in the top-level regulation of dsx
among Hymenoptera, Diptera, Lepidoptera, and Coleoptera via upstream factors is
in agreement with the theory of Wilkins (1995) stating that the cascade has evolved
in reverse order, with the final double-switch gene (doublesex) remaining relatively
conserved as additional elements are added and/or neofunctionalization occurs at
the upper regulatory levels. As sex determination is critical to insect reproduction,
deleterious mutations in dsx could therefore have strong effects on fitness and be
selected against. Previous studies have shown the female-specific exon to be
evolutionarily conserved (Lagos et al. 2005, Ruiz et al. 2007, Hughes 2011), yet
disagree on evolutionary rate comparisons of the common and male-specific
portions of the transcript over longer evolutionary time frames. Hughes (2011)
found a much greater rate of non-synonymous substitutions within the male-
specific region as compared to the common region, while Sobrinho Jr. and de Brito
(2012) found nearly equivalent levels of positive selection between the two.

As the production of genetic sexing mosquito strains and molecular methods
that create male bias and/or elimination of the female sex are ideal strategies for
sterile insect technique (Gilles et al. 2014), it follows that a conserved sex regulator

like doublesex (and transformer) would be optimal molecular targets for such



control programs (Dafa'alla et al. 2010). Elucidating the variable mechanisms by
which dsx determines sexual fate in sequenced mosquito lineages is mandatory if
progress is to be made towards a control strategy for the world’s deadliest animals.
Here we provide full-length gene sequence, sex-specific splicing analyses, and
regulatory analysis of the doublesex gene from the southern house mosquito Culex
quinquefasciatus (herein Cxqdsx) via RT-PCR and Illumina transcriptome data.
Additionally, to discern the strength and location of early evolutionary drivers on
doublesex within the Culex pipiens complex, we conduct an evolutionary analysis
using Cxqdsx and a newly constructed dsx transcript from Culex pipiens form pipiens
(Cxpipdsx). These results provide a comparative platform with which to study sex
determination in those mosquitoes with currently sequenced genomes (An. gambiae
[Holt et al. 2002], Ae. aegypti [Nene et al. 2007] and Cx. quinquefasciatus

[Arensburger et al. 2010]).

Methods

We used the conserved OD1 and OD2 peptide sequences of the Aedes aegypti
doublesex gene (Salvemini et al. 2011) as a TBLASTN query to the Cx.
quinquefasciatus genome assembly (Arensburger et al. 2010) and identified strong
hits to both on genome supercontig 3.59. Further BLAST searches using the full
peptide sequence of Aeadsx identified very weak local alignments to the supercontig
representing putative female-specific (exon 5) and male specific/UTR (exon 6)
coding sequence. A putative start codon in exon 2 was identified via homology with

Aeadsx, and primers quinqOD12F, quingOD12Rcom and quinqOD12Rfem (See Fig.

38



89

3.2 and Table 3.51) were designed to amplify the putative 5’ end of the common and
female specific transcripts, respectively, and primers quingDSX8F, quinqDSX7F,
quingDSX6R and quingDSX7R were designed to amplify the 3’ end of male and
female specific transcripts.

Culex quinquefasciatus mosquitoes were obtained from a colony initiated in
2008 with egg rafts collected from Oahu, Hawaii, USA. Male and female total RNA
was extracted separately from twenty adult mosquitoes of each sex using the Qiagen
RNeasy Plus Universal Kit (Qiagen, Valencia CA) per manufacturer’s protocol. Prior
to extraction, samples were placed in a 2Zml eppendorf tube containing a sterile steel
bead + 800l Qiazol solution and homogenized for 1 minute @ 20Hz on a Qiagen
TissueLyser. Contaminant DNA was removed with the TURBO DNA-free DNA
Removal Kit (Invitrogen, Carlsbad CA) and first-strand cDNA was generated using
the Superscript First-Strand Synthesis System (Invitrogen) per manufacturer’s
protocol and diluted to 50ul in H20. Four microliters of the cDNA was used in each
25ul PCR reaction containing 12ul H20, 2.5ul Qiagen Q-solution, 2.5ul 10x PCR
buffer, 0.5ul dNTPs, 2.5 units AmpliTaq DNA Polymerase (Invitrogen) and 0.5ul
(200 uM final concentration) of each primer. Thermal cycling conditions were as
follows: 1 minute @ 95°C, followed by 30 cycles x (30 seconds @ 94°C, 30 seconds
@ 50-54°C primer-specific annealing, 60 seconds @ 68°C [120 seconds for products
> 1kb]), 5 minutes @ 68°C final extension.

To recover the complete 5’ end of the transcript, we performed 5’ RACE PCR
using the FirstChoice RLM-RACE Kit (Invitrogen) per manufacturer’s protocol using

internal gene-specific primers quingDSX5RACE-GSP1 and quingDSX5RACE-GSP2



placed adjacent to the OD1 domain. All RT-PCR and RACE-PCR amplicon products
were visualized on a 1.5% agarose gel in TAE buffer and gel-purified using the
QIAquick Gel Extraction Kit (Qiagen) prior to cloning via the TOPO TA Cloning Kit
(Invitrogen) and PCR-enrichment using the M13 forward/reverse primer pair per
manufacturer’s protocol. PCR products were cleaned with ExoSap (Invitrogen) per
manufacturer’s protocol, and cycle sequencing was performed by GENEWIZ (South
Plainfield, NJ) using the M13 primer pair.

The 3’ end of Cxqdsx was predicted, and the entire gene sequence qualified by
mapping the paired-end RNAseq data from NCBI SRA accession SRR991016
generated by Leal et al. (Leal et al. 2013) to Cx. quinquefasciatus supercontig 3.59
using the CLC Genomics Workbench (CLC Bio, Aarhus, Denmark) large-gap read
mapper (nucleotide similarity score of 95% over a 95% read length fraction) and
manually examining the output. This process was repeated using the Cx. pipiens f.
pipiens paired-end RNAseq library generated by Price and Fonseca (2014) and the
Cx. quinquefasciatus reference generated above to create the full-length gene
structure for Cx. pipiens f. pipiens doublesex (Cxpipdsx). To extend the gene model
for Aeadsx, we repeated this protocol yet again with the Ae. aegypti NCBI short-read
paired-end libraries SRR924024 and SRR789758 and AaegL1.4 supercontig 1.370.

To assess the distribution of the consensus dsxRE (TRA/TRA2) and RBP1
type-b motifs (derived from those of D. melanogaster, An. gambiae and Ae. aegypti),
we screened all transcript coding (CDS) sequences corresponding with the Cx.
quinquefasciatus Cpip1.3 dataset from VectorBase for their presence. The

degenerate motif was broken down into all possible constituents, and each was
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queried against the CDS dataset with BLASTn (e-val=999, word_size=13 [dsxRE] or
7 [RBP1b]). The output was parsed via custom Perl scripts, and transcripts
containing six copies of the motif in a 224bp (for the dsxRE; 546bp for RBP1b)
window were retained. The AhoPro software utility (Boeva et al. 2007) was used to
calculate the probability of observing the motif against a reference dataset of
nucleotides randomly generated under a Bernoulli/0-order Markov model.

The synonymous substitutions per synonymous site and nonsynonymous
substitutions per nonsynonymous site (Ks and Ka, respectively) and the Ka/Ks ratio
were calculated in a pairwise comparison between Cxqdsx and Cxpipdsx using the
KaKs Calculator v2.0 (Wang et al. 2010) under model averaging (MA). We re-
calculated these values for each sliding 30bp window while moving 3bp (1 amino
acid) downstream at a time. To examine base composition of splice acceptor sites,
we retrieved 52,278 internal (i.e. exclusive of exon 1) exons with 16nt of upstream
sequence from the Cpip] 1.3 assembly (Vectorbase, (Megy et al. 2012)) and
calculated the mean number of pyrimidines in the 12nt preceding the 4nt splice

acceptor.

Results and Discussion
Structure and splicing of Cxgdsx

TBLASTN identified strong alignments to both Aeadsx OD1 and OD2 domains
on Cx. quinquefasciatus supercontig 3.59. Further homology searches via TBLASTN
(not shown) identified putative local alignments to both the common (exons 2 and 4

of Aeadsx), female specific (exon 5) and male-specific (exon 6) CDS sequence on that
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same contig. The primer pair quingqOD12F/quinqOD12R (Fig. 2), designed to
amplify the common regions of the OD1 and OD2 domains, produced a double-band
in both male and female Cx. quinquefasciatus cDNA. Sequencing and genome
alignment revealed this was due to the presence of a 75bp (25 amino acid)
alternatively spliced in-frame intronic sequence within exon 2 that was present in
some transcripts but spliced out of others (Fig. 3). An equivalent 63bp (21 amino
acid) tract was reported from Aeadsx and a 72bp (24 amino acid) tract reported in
Angdsx (Salvemini et al. 2011), however this appears to be specific to the Culicidae
and has not been reported from sequenced dsx transcripts in other taxa. The
conservation and evolution of this splicing event within the mosquitoes is evidence
of an as yet undetermined functional role. Both male and female N-termini of the
Cxqdsx gene contained two small 45bp exons homologous to exons 3a and 3b of
Aeadsx (Fig. 1). The primer pair quinqOD12F/quinqOD12Rfem, designed to amplify
the putative female-specific transcript by binding the 3’ end of the OD2 domain in
exon 5, generated product only in female cDNA (Fig. 4A) thus confirming the sex-
specific splicing of the mRNA and the location of the female-specific exon. By using
a forward primer located downstream of the in-frame intron in exon 4 (DSX8F) and
reverse primer within the putative male-specific/common exon 6 (DSX6R), we
generated an amplicon spanning a ca. 1,079bp exon (exon 5, Fig. 4B) specific to the
female that was spliced to exon 6 after removal of 2.9kb of intronic sequence (Fig.
1). We find no evidence for an alternative female spliceform involving a second
female-specific exon as is present in Aeadsx (Salvemini et al. 2011), indicating that

the phenomenon is likely an intron gain in Aedes rather than a loss in Anopheles.
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The male RT-PCR product lacked this exon, and consisted of a smaller amplicon
splicing exons 4 and 6 (Fig. 4B). Both males and females shared the C-terminal
male-specific/common exon 6 (as UTR in the female) as in Angdsx and Aeadsx.

5’ RACE-PCR, after final amplification with primer DSX-5RACEGSP2,
produced an identical ca. 1400bp amplicon from both male and female cDNA (Fig.
4C) that extends exon 2 of the transcript 451bp upstream of the start codon, meets
9,005bp of intronic sequence, and is spliced to an 856bp exon 1/UTR (Fig. 1). The
transcription start site (TSS, position 671,074 of supercontig 3.59) falls on the
adenine nucleotide of an initiator (Inr) sequence YYANWY (Fig. 5, (Smale and
Baltimore 1989)) with a putative downstream promoter element (DPE) motif
RGWY(T) at position +28. No TATA box was found. Pending functional validation,
this region may thus represent a Cxqdsx promoter.

To qualify our Cxqdsx gene model, we mapped the short-read Illumina
RNAseq data in NCBI SRA accession SRR991016 generated by Leal et al. (Leal et al.
2013) to supercontig 3.59 and manually annotated Cxqdsx. The transcript was well
represented in these data, and the structure congrued with our RT-PCR and 5’'RACE
results in the placement and splicing of all previously described exons including the
lack of additional spliceforms in female-specific exon 5 as well as the sequenced 5’
common end of exon 6. Additionally, these data allowed us to define the C-terminus
of Cxqdsx, including the full 1,016bp male-specific/common exon 6 and its splicing
over 13,814bp of intron to a terminal 2,201bp 7t exon/UTR (Fig. 3.1, Fig. 3.S1). The
final Cxqdsx protein product (Fig. 3.3) initiates translation in both females and males

from the start codon in the common exon 2, and terminates in female mosquitoes at



the opal-ochre double stop codons (conserved in Diptera, see (Kuhn et al. 2000))
within exon 5 and in male mosquitoes at a stop codon within exon 6. Exons 6 and 7
are thus transcribed entirely as UTR in the female isoform, as has been shown in
other Dipterans including Megaselia scalaris (Kuhn et al. 2000), Anopheles gambiae
(Scali et al. 2005) and Aedes aegypti (Salvemini et al. 2011).

The RNAseq mapping revealed an additional alternative splicing event that
was not reflected in our RT-PCR experiments; a 160bp extension of exon 4
(exon4ex) resulting in use of an alternate downstream splice donor (Fig. 3.52) to the
female-specific exon 5 acceptor. The putative peptide from this mRNA terminates
within the extension at a double stop (TAATAA) codon 89bp from the previously
recognized splice donor site and encodes 30 amino acids. This is the same number
of amino acids encoded by the ORF within exon 5, thus both splice forms produce
peptides of equivalent length (Fig. 3.3). Of the 166 reads in the library splicing
exons 4 and 5, 47 (28.3%) splice exon 4 from the extension and 119 (71.7%) from
the canonical position. Our RT-PCR using male cDNA and primers
quinqOD12F/DSX6R produced only the expected double-band (with and without
the 75bp in-frame intron) at 950bp, while the female reaction using primers DSX8F
(downstream of the in-frame intron) and DSX6R produced the single band
mentioned previously (Fig. 3.4B). To address the possibility that we failed to detect
a second amplicon in the latter reaction, we performed a follow-up RT-PCR on
female cDNA with primers quinqOD12F/quinqOD12RF; this generated four bands
(Fig. 3.6) at sizes commensurate with those generated by removal of the exon 4

extension and/or the exon 2 in-frame intron (ca. 905, 830, 745 and 670bp). To
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confirm the occurrence of the transcript variant and its restriction to female cDNA,
we next searched Illumina RNAseq libraries prepared from Cx. pipiens f. pipiens and
f. molestus, and Cx. pipiens pallens mosquitoes of mixed sex and life stages (Price and
Fonseca 2014, in review; see additional file 2 for details and accession numbers) for
presence of the exon4ex donor and for male-specific splicing of the exon 4 extension
to exon 6. We found 58 amplicons (28.6%) that spliced the extension to the female-
specific exon 5 (n=36, 13 and 9 in Cx. p. f. pipiens, f. molestus and Cx. pip. pallens,
respectively) and 145 (71.4%) from the canonical position (n=100, 21 and 24 in Cx.
pip. f. pipiens, f. molestus and Cx. pip. pallens, respectively). These numbers are
nearly identical to those from Cx. quinquefasciatus, yet none were spliced to exon 6.
This is evidence that the alternate isoform is likely specific to the female and
comprises roughly 28% of female dsx isoforms in the mosquitoes studied.
Additionally, the alternate splice donor appears to be conserved within the Cx.
pipiens complex. The final Cxqdsx gene (Fig. 3.1) is composed of eight exons and

spans 247,017bp of supercontig 3.59.

Completing the Aeadsx gene

To compare the size, structure, intron characteristics and putative promoter
regions of our full-length gene model with that of the other sequenced Culicine
mosquito, Ae. aegypti, we used publicly available [llumina short-read RNAseq data
to discern in-silico the 5’UTR, transcription start site, exon 1 and full 3’'UTR of
Aeadsx (Salvemini et al. 2011). To predict the 5’ end of Aeadsx, we mapped Illumina

short-read RNAseq libraries from NCBI SRA accession SRR789758 to Aedes aegypti



strain Liverpool supercontig 1.370 as performed previously and located exon 2
defined by Salvemini et al. (Salvemini et al. 2011). By visual inspection of the
mapping, we were able to extend the 2" exon 472bp upstream of the start codon,
define a splice junction spanning 14,481bp of intronic sequence, and locate a
1,388bp 1stexon/5’UTR (Fig. 3.1, Fig. 3.S3). As RNAseq mapping provides only
approximate definition of transcript ends, we searched for a promoter motif within
an area +/- 250bp from the point at which 5’ short-read coverage for exon 1 ceased.
We located an initiator element (Inr) of the form YYANWYY at position 109460 of
the reverse-complemented supercontig 1.370 and a downstream promoter element
(DPE) of the form RGWYV at canonical position +28 from the Inr adenine (Fig. 3.5),
thus providing strong evidence for the Aeadsx transcription start site. As in Cxqdsx,
no TATA box was found.

These transcriptome data disagree slightly with the C-terminus of the
currently described Aeadsx transcript (see Table 3.1 of Salvemini et al. [2011]) in
that we find 16,895bp of intronic sequence between exon 6 and the terminal/UTR
exon 7 as opposed to the 22,437bp reported, and our data support a very large
6,382bp 7t exon (position 654172 - 660554 of reverse-complemented supercontig
3.59) as opposed to the reported 449bp (Fig. 3.54). Additionally, we find the
upstream splice acceptor to female-specific exon 5b to use canonical gt/ag splicing
(Fig. 3.S5) as opposed to the suboptimal gt/gt splicing reported. This does not
change the comparatively high number of purines in the polypyrimidine tract or the
status of exon 5b as weak (and requiring splice activation). The final Aeadsx gene

model (Fig. 3.1) spanned 471,155bp of supercontig 1.370.
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Repetitive elements

The genera Aedes and Culex are estimated to have diverged ca. 52 Mya
(Arensburger et al. 2010). The genome size for Cx. quinquefasciatus currently stands
at 540Mbp (Arensburger et al. 2010), while that of Ae. aegypti is estimated to be
over twice that size at 1.3Gbp, largely due to the accumulation of transposable
elements (TEs)(Nene et al. 2007). As TEs are not distributed randomly within
chromosomes (Duret et al. 2000, Bartolomé et al. 2002), we assessed the frequency
of repetitive elements within the doublesex gene in order to determine whether
different classes have invaded the respective dsx genes of Cx. quinquefasciatus and

Ae. aegypti. We used CENSOR (http://www.girinst.org/censor/index.php) to scan

Cxqdsx introns 2-7 and compared the results to those for Aeadsx intron 2-8
(Salvemini et al. 2011) (Table 3.S2, Table 3.53). The two genes contain nearly
identical numbers of DNA transposons and similar numbers of LTR
retrotransposons, however Aeadsx was found to contain nearly twice as many Non-
LTR retrotransposons (or LINEs). These elements persist with great success in
eukaryote genomes (Han 2010) and comprise 4% and 14% of the transposable
elements in the Cx. quinquefasciatus and Ae. aegypti genomes, respectively (Nene et
al. 2007, Arensburger et al. 2010), thus their abundance in doublesex likely reflects

the genome-wide pattern.
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Regulatory mechanisms of Cxqdsx

All splice junctions of Cxqdsx use conserved GT-AG splice donor/acceptor
motifs (Table 3.1). Interestingly, we find that the number of purines in the
polypyrimidine tract of the 3’ splice acceptor preceding the common/male-specific
exon 6 (n=5) deviates significantly from the calculated mean (8.58, */- 1.39 SE, see
Methods) and constitutes a suboptimal splice acceptor. This is contrary to Aeadsx,
which is hypothesized to activate a weak splice acceptor upstream of the female-
specific exon 5b (Salvemini et al. 2011), and Angdsx which likely relies on activation
of the 5’ weak splice donor downstream of exon 5 (Scali et al. 2005).

To define putative regulatory mechanisms which may govern the sex-specific
splicing of the female-specific exon 5 and/or the enhancement of the weak 3’ splice
acceptor preceding the male-specific exon 6, we searched intron 4, exon 5, intron 5
and exon 6 (8,045bp of sequence) for putative cis-acting elements derived from
consensus alignments of D. melanogaster, An. gambiae (when available) and Ae.
aegypti TRA/TRAZ2 binding sites (NMDNCRWNCWAYM), the Nasonia vitripennis
TRA/TRAZ2 binding site (NGAAGAWN), the RBP1 type A and B motifs (DCADCTTTA
and ATCYNNA) and the TRA-2-ISS motif (CAAGR, see Fig. 3.7 and Table 3.54, Fig.
3.56 for all cis-elements discussed below). Six copies of the TRA/TRA2 motif (two of
which were overlapping) were found within a 224bp stretch at the 3’ end of the
female-specific exon 5. Three copies exhibit strong similarity (269%) to the D.
melanogaster TRA/TRAZ2 sequence at the nucleotide level, while the remaining three
deviated from D. melanogaster (46-61%) yet adhered to the consensus motif. Other

dipterans including Drosophila maintain six copies of the dsxRE to facilitate
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recruitment of splice factors to the female-specific splice site (Tian and Maniatis
1993, Lynch and Maniatis 1995). Their presence may thus be evidence for a
functional significance in Cxqdsx splicing, and the action of a TRA-like factor in
splicing Cxqdsx pre-mRNA. To assess the significance of this cluster, we searched
the Cx. quinquefasciatus transcriptome for additional windows of 224 bp containing
six copies of the consensus motif. Two genes (.01% of 19,019 total CDS sequences),
CPIJ009301 (9 copies) and CPIJ007662 (8 copies) met this criterion. Both genes are
currently annotated as 'hypothetical proteins' in VectorBase and maintain little
homology to other peptides in the NCBI nr database (not shown). A single gene
(CP1J002327) contained 4 copies in 224 bp, while none remaining contained more
than three. Additionally, we used the AhoPro software of Boeva et al. (Boeva et al.
2007) to determine the probability of observing six copies of the motif in 8,045bp
(regardless of clustered distribution) to be 4.8 x 10-3. The probability of observing
six copies in 224bp is 1.91x10-7. Six putative purine-rich elements (PREs) were
identified, three of which were in the canonical position within exon 5 near the
TRA/TRAZ2 binding sites, however two copies were found in intron 4 and one in
intron 5. The function, if any, of the latter three elements currently remains unclear.
Movement of the TRA/TRA2 enhancer sites (proximal to the splice acceptor of the
female-specific exon in Drosophila dsx) downstream to the distal splice donor of the
female-specific exon (exon 5b of Aeadsx, see Fig. 3.1) appears to be conserved in the
mosquitoes, however the exact effect of this placement on splicing to create the
female isoform remains unknown. In Drosophila, they activate the splice acceptor of

the female-specific exon (Lynch and Maniatis 1995), and are hypothesized to do the
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same to exon 5b of Aeadsx (Salvemini et al. 2011); in Anopheles, they appear to
activate the splice donor immediately downstream of the female-specific exon (Scali
et al. 2005) (as they do in the fruitless gene of D. melanogaster [Lam et al. 2003]).
Twenty-two copies of an RBP1 type B motif were present; fourteen copies
were located outside of exon 6, however these were represented by eleven different
permutations of the consensus sequence. Each 7nt permutation had a BLASTn e-
value of 1.3 when queried against the full Cxqdsx gene sequence, and (in the absence
of a clustered distribution) can be expected to occur at least once by chance. Eight
copies, however, were clustered in a 546bp stretch at the 5’ end of the male-specific
exon 6. Repeating the protocol used in the TRA/TRA2-like enrichment test above,
we find 86 of 19,019 transcripts (0.45%) contain 8 or more copies of the RBP1b
consensus in a 546bp window. Many of these contigs generated positive results due
to tandem repeats however (Table 3.S5). Using AhoPro (Boeva et al. 2007), we
determined the probability of observing this motif in 546bp of randomly generated
sequence data to be 2.89x10-5. A cluster of Rbp1 binding sites and TRA-2-ISS
elements upstream of the “strong” female-specific exon 5a of Aeadsx are
hypothesized to manage the differential splicing of this exon while other
TRA/TRAZ2-like elements enhance the “weak” exon 5b (Salvemini et al. 2011) (see
Fig. 3.1). The localization of this RBP1-binding cluster near the “weak” or
suboptimal splice acceptor in Cxqdsx exon 6 indicates a SR-like factor may be
involved in its splicing. This presents a curious model, as exon 6 is included in both
male and female spliceforms. It is thus likely that if exon 6 requires activation by a

SR-like factor, it would occur in the male-specific spliceform and facilitate excision



of the female-specific exon 5. This would require use of the exon 6 splice acceptor
at the expense of exon 5, and could be facilitated by the Rbp1 elements. The
functional TRA/TRA2-like factor present in the female would then suffice to
maintain incorporation of exon 6 as UTR. Five copies of the TRA-2-ISS motif were
found but were not in significant representation. Three copies of the NvTRA
element were found, however unlike in Aeadsx that maintains four copies within a
cluster in exon 5, two copies were found in intron 4 and one in exon 5. The BLASTn
e-value of each 8bp hit within the search area was 0.37, thus we cannot exclude this

result as having occurred simply by chance.

Sequence evolution of Cxqdsx

Assembling the complete doublesex transcript from two members of the
Culex pipiens complex (Cx. quinquefasciatus and Cx. pipiens form pipiens) allowed us
to examine the rate of peptide evolution within this integral gene between closely
related mosquito species. Using a sliding window approach along a pairwise codon
alignment of the male and female doublesex isoforms (Fig. 3.S7, Fig. 3.S8) we
graphed the Ka/Ks values along the gene length. The female isoform alignment,
inclusive of the common OD1 and OD2 domains, was devoid of non-synonymous
substitutions and thus both Ka and Ka/Ks indicated only purifying selection. The
male isoform however exhibited elevated Ka and Ks values along the majority of the
male-specific C-terminus of the peptide, with w reaching maximal values in several
locations (Table 3.56). These results indicate that particular regions of the isoform

may be under positive selection. The 5' end of the male-specific region has been
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shown to exhibit signs of positive selection in the Anastrepha fraterculus species
group (Sobrinho and de Brito 2012), however unlike Anastrepha, we find
significantly higher levels of peptide evolution (Ka) and potential positively selected
sites (Ka/Ks) in the male-specific doublesex transcript as compared to the female-
specific and common regions in these closely related mosquitoes. Hughes (2011)
proposed a mechanism for this observation based on the fact that 1) doublesex
influences not only development of insect genitalia but also of morphological and
behavioral secondary sex characteristics (Siwicki and Kravitz 2009, Kijimoto et al.
2012, Devi and Shyamala 2013) and 2) these secondary traits are commonly
exaggerated and diverge rapidly during sexual selection in response to female
choice (Emlen 2008). If female choice itself were a product of neutral mutation (Nei
2007), the pleiotropic repercussions of evolving linked male characters in response
could create “runaway” evolutionary pressures on the male-specific DSX protein and

result in the Ka and Ka/Ks patterns witnessed in our data.

Conclusions

Our results show that the Cx. quinquefasciatus doublesex gene exhibits sex-
specific splicing, as it does in the mosquitoes Ae. aegypti and An. gambie, as well as
in other Diptera. Cxqdsx shares characteristics of both Aeadsx (gain of exon 3b, Rbp1
cis-regulatory binding sites) and Angdsx (singular female-specific exon, shared 3’
UTR), as well as a novel spliceform generated from an alternate exon 4 splice donor
that appears to occur only in the female. Additionally, we complete the full-length

Aeadsx model and identity a putative TATA-less Inr/DPE core promoter region in



both Cx. quinquefasciatus and Ae. aegypti mosquito genomes, allowing for future in
situ validation and studies of dsx gene transcription.

We find that cis-regulatory splicing regulation of Cxqdsx does not appear to
follow either currently described mosquito model, and instead involves activation of
a weak splice acceptor of the male-specific/common exon 6, possibly involving a
cluster of local Rbp1 binding sites as enhancers. This finding further exemplifies the
diversity present in upstream splicing regulation of dsx within mosquitoes, as each
of the three genera studied (Anopheles, Aedes and Culex) possess unique regulatory
mechanisms despite maintaining TRA/TRA2-like binding sites in the 3’ end of their
respective female-specific exons (exon 5b in Aeadsx).

An analysis of peptide evolutionary rates between Cxqdsx and the dsx gene of
the closely related Cx. pipiens form pipiens (Cxpipdsx, also generated in this study)
shows that the male-specific component of the transcript has evolved at accelerated
evolutionary rates relative to the female isoform, and contains sites exhibiting signs
of positive selection. This result accentuates the rapid evolution of doublesex within
the Culex species complex. Future research defining the degree to which doublesex
influences the sexual selection cycle may shed light on the role (if any) that this

integral gene plays in incipient speciation within insects.

Availability of supporting data
The nucleotide sequences for the male and female-specific Cxgdsx transcripts have been

submitted to GenBank under accession numbers KP033512 and KP033513, respectively.
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Sequences for male and female-specific Cxpipdsx transcripts have been submitted under

accession numbers KP033514 and KP033515.
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Table 3.S1 Primer sequences used for 5> RACE-PCR and to amplify RT-PCR products

of Cxgdsx.

Primer

quingOD12F
quingOD12Rcomm
quingOD12Rfem
quingDSX6R
quingDSX7F
quingDSX7R
quingDSX8F
quingDSX5RACE-GSP1
quingDSX5RACE-GSP2

Sequence 5'-3'
ATACCTGGATGGAGACGA
ACCCTTCAGTATCACGTACA
AGATTGTGTAACCGTGAG
TTGGCTGCTTTGGCTTGA
TGTGAGTGAGTGAAAGTG
GGAGTGCGTTTGATAGGG
CCCCTGATGTACGTGATACT
GTGATCTTCGATGTAGTG
AGCTTGGGTATGTGAATGT
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Table 3.2 CENSOR tabular output with heat-map diagram for Cx. quinquefasciatus

doublesex introns 1 though 7.

Table 3.S2 is located in the online supplementary material.
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Table 3.S4 Putative cis-element motifs (TRA/TRA2, N. vitripennis TRA/TRA2, TRA-2-

ISS and RBP1 type B) of D. melanogaster, An. gambiae, Ae. aegpyti and Cx.

quinquefasciatus. Genomic location of Cx. quinquefasciatus elements are listed.

TRA/TRA2 Sequence Location RBP1 type B Sequence Location
D. melanogaster TCTTCAATCAACA D. melanogaster ATCCNNA
TCAACAATCAACA ATCTNNA
An. gambiae TCGCCGATCAACC Ae. aegypti ATCCACA
CCATCGTTCAACC ATCTCTA
TCTCCAATCAATC ATCCGAA
ACATCAATCAATA ATCTGAA
ACATCAATCAATC ATCTAGA
Ae. aegypti AATACAAACAACA ATCCACA
TCAACAAGCAACA ATCTACA
TCTTCAACCAACC Consensus ATCYNNA
CCTACAATCTACA Cx. quinguefasciatus ATCTGAA intron 4
GCTGCAATCAACA ATCTACA intron 4
Consensus NMDNCRWNCWAYM ATCCTGA intron 4
Cx. quinguefagsciatus AAANCAACCAACC exon 5 ATCCAAA intron 4
AAACCGTGCAACC exon 5 ATCCGTA intron 4
CAACCATGCAACC exon 5 ATCTGAA exon 5
CATGCAACCAATA exon 5 ATCTGAA exon 5
CAATCAAACAACC exon 5 ATCCTTA exon 5
GCTTCAATCAACC exon 5 ATCTTTA intron 5
AAATCAATCAACC intron 5 ATCCGCA intron 5
ATCTCGA intron 5
N. vitripennis TRA/TRA2 Sequence Location ATCCTCA intron 5
N. vitripennis TGAAGATT ATCTTTA intron 5
GGAAGATA ATCTAAA intron 5
CGAAGATC ATCCCGA exon 6
Ae. aegypti CGAAGATC ATCTGGA exon 6
GGAAGAAG ATCCTTA exon 6
AGAAGAAT ATCTGCA exon 6
CGAAGAAR ATCTAGA exon 6
AGAAGAAT ATCCGCA exon 6
Consensus NGAAGAWN ATCCCTA exon 6
Cx. quinguefasciatus TGAAGATT ATCTCCA exon 6
AGAAGAAC
TGAAGAAA
TRA-2-18S Sequence Location
D. melanogaster CAAGG
GAAGA
Ae. aegypti CAAGG
GAAGA
Consensus CAAGR
Cx. quinguefasciatus CAAGA intron 4
CAAGG intron 4
CAAGG intron 4
CAAGG intron 4
CAAGA intron 4
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Table 3.S5 RBPI type-b motif enrichment scan results. Culex quinquefasciatus
transcript id, with maximum number of RBP1b motifs per 547bp window, unique RBP1b
motif sequence permutations present in the window, and nucleotide gene sequence are

shown.

Table 3.S6 is located in the online supplementary material.
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Table 3.S6 Sliding window coordinates, Ka, Ks and Ka/Ks values calculated for each
30bp window of Cx. quinquefasciatus and Cx. pipiens form pipiens dsx CDS nucleotide

alignment of male isoform.

Table 3.S6 is located in the online supplementary material.
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Figure 3.S1 Short-read mapping of Cx. quinquefasciatus RNAseq data (below; paired-end reads in blue, single-end reads in

red/green) generated by Leal et al. [42] to the derived location of Cxqdsx exon 7 (green arrow). Reads spanning the splice junction to
exon 6 are indicated with dashes at left. Data are as visualized in the CLC Genomics Workbench (CLC Bio, Aarhus, Denmark).

Exon 7/3prime UTR
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Figure 3.6 Female RT-PCR products. RT-PCR products derived from amplification of
female cDNA with primers quinqOD12F/quinqOD12Rfem illustrating the four female-
specific amplicons obtained by splicing of the exon 4 extension and/or the exon 2 in-
frame intron (ca. 905, 830, 745 and 670bp).
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Figure 3.S3 Short-read mapping of Ae. aegypti RNAseq data (below; paired-end reads in
blue, single-end reads in red/green) from NCBI SRA accession SRR789758 illustrating
the derived location of Aeadsx exon 1 (green arrow). Reads spanning the splice junction
to exon 2 are indicated with dashes at right. The exon 1 annotation begins at the
transcription start site (TSS), or the first adenine nucleotide of the initiator (Inr) sequence.
Data are as visualized in the CLC Genomics Workbench (CLC Bio, Aarhus, Denmark).
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junction to exon 6 are indicated with dashes at left. Data are as visualized in the CLC Genomics Workbench (CLC Bio, Aarhus,

NCBI SRA accession SRR789758 illustrating the derived location of Aeadsx exon 7 (green arrow). Reads spanning the splice
Denmark).

Figure 3.S4 Short-read mapping of Ae. aegypti RNAseq data (below; paired-end reads in blue, single-end reads in red/green) from
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Figure 3.S6 Nucleotide sequence of exon 4 extension, intron 4, exon 5, intron 5 and exon
6 with putative cis-element binding sites annotated. See Fig. 3.7 for graphical
representation.

Exon 4 alternate

GTATGGCCGAGTGTTCAGAGCTTGGGACGCTGATCAGCCAGATCCAACCGCCACCGTTCCGTACCGATGCTGGCTGTTGCTGGATTGACTAATAA

RBP1b 7/7
Exon 4 alternate TRA-2-ISS PRE

ACCACCACCTCTTGAGTTTTCAGCCTCCTCAAACCCCCAATCGGTTCTCACGGGGACAGTAAAATGTACGCAAGAGATTCGCCTTTTATCTGAAA

PPRE

GAAACAAATTAATAAGGGGCGGAAAAATGACAAGTGGGTAGGACCATCGATGTCAAGTCGCTTTCTACCAACCATGAATCGGGAGCAATTGTTTT
GGACGAGTGGAAAAGTACCTCTACACCTCAACCGAATCGGCAAAGTGCGCTGGGAATGAAAATTATGTCGTAAAATAAAAATTTACAACCATAAT
TACTCACGTCGTTCTGGCTGGAGCATGCGCCCGGCAGTCGGTGGTGGGTCAGACAACGACGGATGCGCAAACTGAACGAGATATTTCATCCGATT
GTGTGTTCGTTTGAGCAAATGTATTTTACGTAGTTATTGGGGAGCCGGAATGACCAAATCGTGCGAATGTATCATTTATATTACTAAGGGGCAAT
TATTCAATGTTGAAAGAGCCAACATTTGGTGGTGAAAGAGGTATTTTAATCACTTTTGAATATTTTTCCAATTTTTTGGCATGTTATTCTGAATT
TATTTTATAGAAGGGAATTACAAAGCATAGTTCAAATCGAAAATGTGGGTAAACGGGTTTATTTCATGGGTAATTCTCCGCCAACTCTCACAGCA

GTTGCCCCGACCCTTCTTCGATTTGCGTGAAACTTTGTCCTTAGGGGTAAATTTTGTCCCTGATCACGAACTCGAGGTCCGTTTTTTGATATCTC
PRE

GTGACGGAGGGGTGGTACGCCCCCTTCCATTTTTGAACAAGCGAAAAAAGAGGTGTTTTTCAATCATTTGCAGCCTGAAACGGTGATGTGATAGA
AATTTGGTGTCAAAGGGACTTTTATGTAAAATTGTACGCCCAATTTGATGGCGTACTCAGAATTCCGAAAAAAACATATGTTTCATCGATAAAAA

CACTTAAAAAAGTTTTAAAACTCTGCCATTTTTCGTTACTCCACTGTAAAAAATTTTGAAACTTGTCATTTTATGGGAAATTAAATGTTGTTTTC
RBP1b 7/7

GAATCTACATTGACCTAGAAGGGTCATTTTTTCAGTTAGAACAAAAAAATTCATATTAAAATTTCGTGTTTTTTCTACCTTTGCAGGATTATTTT

TAAGTGTGTAACAATGTTCGACAAAAAAAAGTTTTAAAAAAGTTGGTCGTCGTTGATCATGACCTGGGTCACGGGATTGAAACTCGTCTGAAAAA
TRA-2-ISS

CCTGTATCATTTTCTCATTCGAAACAGTGGCGCCACGTGGTGGTAGCTGCCCTGTTTATTACACTGTGAAATTATTCATGGCCAATCCAAGGAAC
CAGAAGGTGACAACAGAAATGTCCGTCCAAAAGGGGTTCTGCAAAAAAACTTATTATTTTTAACAAATTTTCGAACAAATCAGCAACGAATTACA
AGTTTGACAGTTGAACTACACTTAAATGTTGGTTTTGTTATTTGTTTTTGCAAAACCGCATATTTTTTAACGAAAGTGCCAAAAATATTCGTAAT

CACCTTTTGCCTCTTGGTGGCGCTTTGTGTTAGTATGTGTGTGGTCGATGTTTGCGGACGTGCACGCAGAACACAGAACAGTGAGAAATAGCGAA

NVTRA/TRA2 8/8
AATGCCTCACTCCTTCTGCTACAAGTCGCCATATTGAAATTGCTWCATACCCGTGCCTGGGTGCTGAAAAGACAGAATGCGTAACGTG
ATTTTCGAATGCTCCCAACTGCTCCTCACTACTACAAGTGCACTACTACTGTAAACATAAACAAAGTAGAAGGCTTTATTCAAGCTCAAGCGTGA
CATATTTTTTGCTGCTGAAGTGACTGGTTTTGAAACATTTTGAATCTGTTGATGTTAAAGTTTTCGCTGTAAAATTAAGTGCTTCGTGCATTTTT

TGTTTGTAGACTAAACGATGGGCGGCCAAAATATGCTTTTTTTATTTTCCACGTGACGATAAATTGCGTCAGAAGTGGGTGGAATTTTGTGAACC
INVTRA/TRA2 6/8

AGAAGAACAACCGAATGGAAATTCCGAGATTATGTATCTTTGTATTTTAAGATTTGTTGACTTCGAATACCTCAAAAGCTGGAGTAATTTTTTTT

RBP1b 7/7

AATCCTGACAAAATAAATTATAGATCGATTACAATACTTGCCATTTCTTGGTTTCATTTTGCAAACAGTAAATTGGTTCCGCTTTGACAGTTATA
AATTGAGGCCGCTTTGCGGATAACTATTCTGCAGCCAGATCATGACCGTTCATGGTCACCCGCGACAGACACGGACGACGAAACAAAGAGAAACG

CAAAAAGTAACTTTTTCTAAACTTTATTTTTCGTAAAATCGCGATAACTTGTGACGTTTATAAGCAAACCCCTCATGTTTATATATCATTTTTTG
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Figure 3.S6 Continued from previous page

TAATTGTTTGCTCAACAACTTTGTAGAACATTGTTGCACTCTTAAAAATAACCCTGCAAAGTTAGAAAAAGCACAAAATTTTTAAATGAAAATTT
GTGTTCTAAATGAAAAAATTACCCTTCTAGGTCAATGTAGATTCGAAACAGAGAATTTTGAAAATTTGCCATTTTTATTTTACTAAAATGGCTGT
ATCTTGGCACTGGAGTGACAAAAACTAATTGTTAAAATCGCAATTGTTCAGAAAGAAGTTACGGTATTGGTGCCAAAAACAGTGACCTCAGGGTT
TCCGCCACATCGTTTTTTTGAGATACATCACTACGCAATCATTTTGTAAATTTTGTTAGTTCTGTGTAATTAATTATAAACAGTTGAAATAAAAT
GATAATTTTGTAATTGAGGGCTAAGATCGGCAATTTTAGGGGACTATAGTACTCATCCGGGACCGTGATGCAGGGGTAAACGTGGCTGCCTCTCA
CCCAGTCGGCTTGGGTTCGATCCCAGACGGTCCCGGTGGCATTTTTGAGACGAGATTTGTCTGACCACGCCTTCCGTTGGACGGGGAAGTAAATG

TTGGCCCCGGTCTAACCTAGAGGGTTAGGTCGTTAGCTCAATCCAGGTGTAGGAGTCGTCTCCCTGGGTCCTGCCTCGGTGGAGTCGCTGGTAGG
RBP1b 7/7

CAATTGGACTAACAATCCAAAGGTCGTCAGTTCGAATCCTGGGGTGGATGGGAAGCCTAGGTTTAAAAAGAGGTTTGCAATTGCCTCAACAATCA
TRA-2-ISS

AGCCTTCGGACAACTTAGTTTCGAGTAGGAATCTCGTAATCGAGAACGCCAAGGCAATGCTGTAGAGGGAATAATTTGATTTGATTTTTGATAGT

TRA-2-ISS RBP1b 7/7

ACTCTGGAATGGTAGATTGAACTTTTCAAACAAACTCGTCTTGCGTCCAAGGTCCAAAATCCGTAACTTGTCATTTTTCCGTCTACTGCACTACT

ACATTCGAACTGCTTAATTCCGACTATTGACCCAAATCGGAAGTGTCCCCCTGGAAAATCTCCTCCCTCTTTAGTTGAGCTCCCGTTCAACCCAT

Exon 5 RBP1b 7/7

CAAACCACCACAACCATTCGTTCTATTGTCTATTCCGTTCCTACGCAGGTCAAGCCGTCGTCAACGAATACTCACGGTTACACAATCTGAACATG

Exon 5 stop codons

TTCGACGGGGTGGAGCTTCGCAGCACCCAACGCCAGTCCGGATGATAGACTTTTTACGCAATGTCCTCCGTCGGTCCGTTGGCTCCGGCTCCACC

Exon 5 PPRE PRE

GCCACTACCACCGCATCCGCTAGCCACGGACCTGAAACAGGAAAAGACGGAGCCGGGTTTACAATTTTGAAAATTGTGCGAGCGAAAAAAAAACA

PPRE
Exon 5

GTGGAGATGTATGTAAAAACAAAGTTTATTGCCGAGAGCAAACAAACGAAAACCCGCAAGTTCAAACTAGTGGTTAGAGATGAACGTTGAGTTCG

Exon 5 RBP1b 7/7

ATTTTATCTAGCTGTTTCATGGAAGGTCCCTTCGATACGATCGTGGGTTTTCATCTGAAACTGGGTGGAGCAGACCGAGTGACATGCAGAACCAA

Exon 5 INVTRA/TRA2 7/8

AGGTGGTCCAAAAAAACTTGTCGTTGTCACAAATTTGTAATAATTCTTCAGGAGTGAAGAAATGCTCAATCTCTCCAACGACTTCAACCCCACTT

Exon 5 RBP1b 7/7

ACCACAAAATCTGTTCAAAACATCTCTTTTAACTATTCTCTCGATGAACTACCATAAACTTTTTGAAAACCATTCAATTCAATCCTTAAAGTGAT

Exon 5 PRE

AATGCTGTTCAGTGAACATGGCGAAATGCAGCCATTGTGGGACTACCAAGCATAGCATCTTCTGTGAGTGAGTGAAAGTGTAAAAAAAGTAAGCA




127

Figure 3.S6 Continued from previous page

RBP1b 7/7
Exon 5 RBP1la 9/9 ' TRA/TRA2 9/13

TCTACGAGAAGTGCAAAGTTAAAATTTTAGGAAAGAAGTTTAACATCTTTAAGTATTAGGCAGCAAAAGTTTCGTATTGCGTGAAAAACAACCAA

TRA/TRA2 9/13 |\ TRA/TRA2 8/13
Exon 5 TRA/TRA2 6/13 TRA/TRA2 7/13

CCTGTGTTCCGTATCCACCGATGTCGACTATTTCACCAGAATAAACCGTGCAACCAAAACATTTTCAATCAACCATGCAACCAATAATACAAAGT

Exon 5 TRA/TRA2 9/13

CAACAGCAAAACAGCCTTTTCAATCAACCATACTGTCAACCGAGGTTTTTTTTCAATCAAACAACCGGGTCAAACATTGATTGACCAAACACAGG

Exon 5 TRA/TRA2 11/13

CCATATGAATGCTTCAATCAACCAAAAAAGGGACAAATTGTTTACTCAAAATGTCCCCAAGCAGCAGGAAATGCCCTGACAGGTACTTGAACTAA

TTATATTTGGCATTGACTAATAACTGGAAAACAGACAAAAATAACAGCATGGCAATACGAACGAAAGGACATTACAGCAGGAACAATGTTTTCTT
CAATTGTTTGAACCAAACAACTTGAAGTTGTGCATTATTTTTCATAATATTCTGAATGAAAATAAACAAAAAATATTCAGCCATTGGATGGTACT
ACACAGTAAAAAATAATGTAAATTCGGAAACTGTAATTTTGGAAGGTTGAATATTACCTCTTTTATGATGTAATTTTACCTCAATTTAGACTGAA
AAAGTGACATTACACCAGAAAAGATGTAAAATTACACATTTCCAGAGGTAAAATTACACCTTTTTCTGACATAAAAGATGTACCCCTTACCATGA

TTTTTTTTCTGTGTAGCTACGAGTTTTGGCCATTCAATTTGAGAAAAAGGATTTGGGCTCCCTGGACACCCTCTAATTGACAAAATTCGATTTTA

RBP1b 7/7
GTGACTTTCCGACAATAAAAAAAATTGTAAGTTTGGATAAAAATTCAATGGAATCAATGCAACCATGCGCACCATCTTTAAAGAAACCATGAGCA
CCCCCTTATTTTACAATTGAGCAATTCTCTACCAAAACCGGAAATGGATTTTATTTGTATTTTTTGATTTGGCTCAAACTTCCCTATACCCAAAT

ATGCTATTTTGTGTCATTGGTTCACCCATACAAGTCTCCATACAATTTTGGCAGCTGTCCATACAAAAATGGTATGTAAATATTCAAACAGCTGT
PRE

AACTTTTGAGTAAATTTTTTGATAAATTTGGTGTCTTCGGCAAAGTTGTAGGTATTGTTGAGAACTTTTGAGAAAAAAATAGGTACACGGAAAAA
PPRE 'TRA-2-ISS

AAATTTGAGGATTTTTTATCAACTTTTTTTACTGAAACTCAATTTACCAAGATACGTATTTTTTGATTTTCGAGATTTTTTGATATGTTTTAGGG
RBP1b 7/7

GACAAAAATCCGCAACTTTTGAGCCATAGAGAAACATGGTCAAAAAATCTGCCGCCGAGTTATGAATTTTTGAAAAAATAGTGATTTTTGGAAAA
AATCGAAGTTTTATGCAAAAACAAGTTTGACATTATTTTTTAATGCAAAATTGAATTTGAAATCGAAAAGTACTTTACAGATTTTTTGATTAAGG
GCTCCGTTTTCTAGATATAGCCACCGAAAGTTTGATTTTAGCGAAATATTTGCAGTTTTTCAATTTTTAAAAATAGTGACCATGAGTAACCATTT
CTAAAAATATTTTTTTTGAAAAGTCAGAAAATTTGCTATAAAACTGTCTGAGAGACATTAAAGATTGGACCTCTTGTTGCTGAGATACAGCGGCT
TAAAGAAAAAGAAACACGAAAATTGAAGTTTTCTAAGTCTCACCCAAACAGCCCACCANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
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Figure 3.S6 Continued from previous page

RBP1b 7/7 RBP1b 7/7

NNNNNNNNNNNNNNNNNNNNNAATATCTCGAAAATCAAAAATACGTATTTTGGGAAATTGAGTTTTAGTGAAAAAAAAGTTGATAAAAAAATCCT

ﬁPlb 717

CATTTTTTTCCGTGTACCTATTTTTTTCTCAATAGTCCTCAACAATACCTACAACTTTGCCGAAGACACCAAATTGATCAGAACATTCACTCAAA
AGTTACAGCTGTTTGAATATTTACATACCATTTTTGTATGGACAGCAGCCAAAATTGTATGGAGACTTGTATGGGTGAACCAATGACACAAAATA
GCATATTTGGTCATAGGGAAGGCCCCCACAAAGTTTGAGTCAAATCAAAAATTACAAAAAATAAAAATGGTCGAAATCGGCCGATTTCGTAGAGA
GTTGCTCAATTTTATTTATTGGTAGGGAAACCACGAAAGTTCAATTCTGTCGATAGGAACATGTTCAGGGAGCCCACATCTAATATTTCTTAACG

AAACTGCAGCGTTTATTGTGTAATAATTTAATTGAAAAAATGGTTTGGCCACGTGTAGCGTATAAAGATCAAAAATGTTGGTTCGATGATCAAAA

RBP1b 7/7
ACTAAACTTATTTGAAATTTTCTGCAGATTTCAATTAAAATAACTGTGGAATTGTAAATTATCTTTAACATTTTTAAATGTCTCAAATAATTTGT

TTGCCTTTATATAAAATAATATGTTATTTTCAAAATTTAGTTTTAGTTTTTACTGAAAATAGCAAAAAATCAACATCGAATATCTGAGATATCGT
RBP1b 7/7

GAGTTAAAAATAAGGACATATTACCTAGGATACCTGACCAAATGACAATGAAAAATCTAAATCAACTTACAAAAAAATAAAATGAGCGAAGCAGT

TRA/TRA2 11/13

AAATATGACTTAACGAAAATCAATCAACCAGGCAATCAATGTTGACAAAATGAGTCCAACACACTGTACTATAAAATCCATCCGCTAATGTATTG

Exon 6 Male/UTR

TTTTCCACAACCCTAAATATCACAATGTCAACCCCTAAATTCCAACCAACAAAACAGCTCAGGCTGTTGTTCTGCTTCATAGCAGAATCGGTCGG

Exon 6 Male/UTR

GATGACATCGACGACGAGAACATCTCGGTGACGGGCCGTACCAACTCGACGTCCCTGTCGCGGTGTAGCTCCACGTACCGGTCGCGGTCCCGCTC
RBP1b 7/7

Exon 6 Male/UTR RBP1b 7/7

GCCACCCCATCCCGACGAGGAAGGCGTGCTCAATCTGGACACCAAGTCGGCGAAAAATGCAGCATCCGACGATTCGTCGGCGTTCAACGACGTCA

Exon 6 Male/UTR TRA-2-ISS

AGCCAAAGCAGCCAAGCGAACACCAGTCCCGGCTGGAGGAGACGTACCAGAGCAGTGTCGATCAGCACCACAGTGCCAAGTCCAAGAGTAAAAAG

Exon 6 Male/UTR

CATAGCGTTGCTGACGATGCTGAACCAGTGTCGCAAGTGGCACCTCACGAAACGAACGGCTTCGAGAAGGGTCTGAAGCTGTTCAACAATACCAA

Exon 6 Male/UTR RBP1b 7/7 RBP1b 7/7

AGCCAGCAGACGAAGCACGCACAAAGATGACTCCGTGAACGAATCTTTCGCAGCCCGTGACAAACCATTATCCTTATTTCCGAGGCATCTGCATC

\RBP1b 7/7
Exon 6 Male/UTR

TAGCGGAAAATCTAGAGCTGCTCAAAACCCCGCTGTCCTTGCCATCGGCGGCAAACTTCCCACTTCCGTTCACAATTCCGCTTACCAACATGGAA

Exon 6 Male/UTR RBP1b 7/7 RBP1b 7/7 RBP1b 7/7

GCGATCCGGTCATATCCGCAGTTTTTCTATCCCTATCAAACGCACTCCGGTAGTGATCCACCCCATCCGCTGATCTCCAGTCCCTTCATGAACTA
Exon 6 Male/UTR

CCCGCACCATCCGCTGCTCTTCCCCGACGGCTACCGAAAGGAACTACCCAAGTTCCCGTGCCCCACGTCTCCGTCCAGAACGTCTTCTCCGCCGA
Exon 6 Male/UTR

AGGTGGGCGCCCAGCCTTTTTCGGGATCGCGGGTTGAACCCGTACTGCAGCCTAACCAACCGTCCGTGGCACCGATTCATTAACTGCACAATTGC
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Figure 3.S6 Continued from previous page

Exon 6 Male/UTR

TGAGGACCTATGAGGCGAGAGTTTGAGTTTCGAGTGAAAGGGCAGTTACACGATTGGTGATCAACCTCGACGGACTTTTCTTCCTATAGGAGGAA

Exon 6 Male/UTR

ACACCGCTTTGGAAAAGTGCTGGCGAAG
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Figure 3.8 Ka/Ks graph. Graphical representation of Ka (top), Ks (middle) and Ka/Ks (bottom) values calculated for male-specific
(10 amino acid) window, which slides 3nt (1 AA) at a time. Numbers on the x-axis denote the coordinate of the central nucleotide in
the window. Ka/Ks values were truncated at a maximal value of six for display purposes. The common portion of the transcript ends

Cx. quinquefasciatus / Cx. pipiens form pipiens doublesex pairwise codon alignment. Values are recalculated for each 30 nucleotide
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Chapter 4:

Doublesex is ubiquitous and ancestral in the insects

Abstract

The doublesex (dsx) gene functions as a master switch at the base of the insect sex
determination cascade. It is acted upon by diverse upstream genetic signals that result in
its sex-specific splicing, and ultimately serves to trigger male or female somatic sexual
differentiation. To the best of our knowledge, this gene has only been reported from
seven current insect orders, and thus the phylogenetic distribution within the largest
Arthropod sub-phylum, the Hexapoda, is unknown. In contrast to what has been shown
in insects, other arthropods such as chelicerates and crustaceans express at least two
copies of dsx, both of which lack alternative splicing. To understand the evolution of this
integral gene relative to other arthropods we qualified the presence of dsx from all 32
hexapod orders using public EST and genome sequencing projects. We find the dsx gene
to be ubiquitous, with likely dsx-encoding EST contigs recovered from 29 orders.
Additionally, we recovered both alternatively spliced and putative multi-copy dsx
transcripts from several orders of hexapods, including basal lineages, indicating the likely
presence of these characteristics in the hexapod common ancestor. Furthermore, we
discovered a large degree of length heterogeneity in dsx coding sequences, both within
and among orders, which we argue likely result from lineage-specific sexual selective
pressures inherent to each taxon. Our work serves as a valuable resource for
understanding the evolution of sex determination in insects, and in future research aimed

at developing genetic sexing strains of insect disease vectors and agricultural pests.
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Introduction

Somatic sexual differentiation is fundamentally conserved among metazoans.

The development of distinct male and female phenotypes integral to sexual reproduction
is directed by the Doublesex/Mab-3 Related Transcription factor (DMRT) family of zinc-
finger proteins (Raymond et al. 1999, Kopp 2012). The DMRT gene family has been
described from most animal genomes studied thus far, and likely has pre-eumetazoan
origins (Wexler et al. 2014). Despite conservation of DMRT presence, the specific
manner in which members of the family act upon the multigene cascade governing sexual
development varies widely among animal phyla (Matsuda et al. 2007, Marshall Graves
2008, Matson et al. 2011). One of the most functionally characterized DMRT genes is
insect doublesex, the gene that acts as the terminal “double-switch” in the insect sex
determination cascade.

Perhaps best elucidated in the model fly Drosophila melanogaster (Baker and
Wolfner 1988, Baker 1989), the insect sex-determination molecular cascade consists of a
primary signal (e.g X:A ratio, W/Y chromosomes, male-determining loci; see Marin et al.
(1998) that facilitates sex-specific splicing of intermediary factors such as sexlethal,
transformer and unknown others (sexlethal is limited to Drosophila while transformer
appears lost in several insect lineages [(Verhulst et al. 2010, Saccone et al. 2011)]).
These factors then facilitate splicing of doublesex to male- and female-specific mRNAs
that in turn encode sex-specific DSX" and DSX" peptides, respectively. The genes
targeted by DSX transcription factors remain elusive, however recent work has shown
that D. melanogaster male and female DSX binds thousands of targets from multiple

tissues (Clough et al. 2014). Many of these targets overlap with those identified for
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mouse DMRT1, attesting to the conserved functional nature of eukaryote sex
determination. In addition to determining sexual fate, dsx is also known to influence the
development of both behavioral and morphological secondary sex characteristics
(Siwicki and Kravitz 2009, Kijimoto et al. 2012, Devi and Shyamala 2013) and therefore
plays several key roles in determining the specific sexual characteristics of a species.

DSX peptides retain conserved domains essential for transcription factor activity
and protein oligomerization: an atypical zinc-finger DNA-binding domain (herein OD1)
found throughout the DMRT gene family that exhibits a characteristic C2ZH2C4 Cys-His
configuration (Erdman and Burtis 1993, Zhu et al. 2000), and a dimerization domain
(herein OD2) specific to doublesex (An et al. 1996). The OD2 domain is primarily
responsible for enhancing dimerization strength and thus OD1-DNA recognition (Cho
and Wensink 1998), a function achieved via ubiquitin-associated domain folds (Bayrer et
al. 2005). Mutations blocking dimer formation have produced intersex individuals
(Erdman et al. 1996), thus demonstrating the conformation is integral to peptide function.

Dsx transcripts have been recovered in the crustacean Daphnia magna (Kato et al.
2011), as well as the arachnid Metaseiulus occidentalis (Pomerantz et al. 2014), both of
which are hexapod outgroups within the Arthropoda. In these organisms, dsx pre-mRNA
shows no sign of alternative splicing and directs sexual fate via sex-biased expression in
males. The extent of conservation of this critical gene throughout hexapods however
remains unknown, as thus far dsx homologs have been recovered from genome and/or
transcriptome data of only seven insect orders (see Geuverink and Beukeboom 2014). As
the development of genetic sexing strains of insect vectors is a major focus of sterile

insect technique (SIT, a method of population control for disease vectors and other pest
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species [Gilles et al. 2014]), conserved genes that influence sexual development such as
dsx are optimal targets for emerging molecular insecticides (Dafa'alla et al. 2010).

To understand the breadth and functional conservation of these genes throughout
insects (as well as other Metazoa) we used public transcriptome datasets, including recent
EST data generated for all 32 current current hexapod orders (Misof et al. 2014) to
qualify the presence of dsx in this diverse group. We report transcript fragments
encoding domain motifs indicative of dsx from 30 orders. Additionally, we identified
EST contigs encoding both an OD1 and downstream OD2 domain from 22 orders, both
within the primitive entognathous members (i.e. Protura) and the derived pterygote

insects, suggesting doublesex was present in the common ancestor of the Hexapoda.

Materials and Methods

We queried the NCBI Transcriptome Shotgun Assembly (TSA), Whole-Genome
Shotgun (WGS), and non-redundant (nr) databases via tBLASTn/BLASTp (e-val = 1.0)
with the Pfam seed alignments for pfam00751 (DM DNA binding domain [OD1]) and
pfam08828 (Doublesex dimerization domain [OD2]). Contigs with both domains present
were extracted and translated in the proper reading frame as reported by BLAST. We
then extracted and manually aligned the two protein domain motifs with their respective
orthologs from other orders. These data compose the ‘high-confidence’ dataset, as the
presence of both domains on a single EST is strong evidence for doublesex homology.
We entered the remaining EST contigs encoding a singular OD1 or OD2 domain into the
alignment in the same manner. To search for remote (or diverged) homologs, an

alignment of OD2 domain sequences (OD1 maintained strong sequence similarity) from
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the high-confidence dataset was used to construct a profile hidden Markov model (HMM)
using HMMER v3.1b1 (Eddy 2011). This profile HMM was then used to query local
copies of the above NCBI databases. We examined manually the resultant hits scoring
below the inclusion threshold e-value of 0.01, and added candidate ESTs representing
orders not recovered in the BLAST analysis to the dataset. Contigs encoding both an
OD1 and OD2 domain were added to the high-confidence set.

We used several data sources outside of the NCBI TSA and nr databases as
secondary sources of evidence for orders in which we failed to recover a high-confidence
dsx EST. The Lepismachilis y-signata (Archaeognatha) Illumina-generated RNAseq data
deposited in NCBI SRA accessions ERR424579, ERR392013, ERR392014, and
ERR392008 were downloaded and assembled using the CLC Genomics Workbench de-
novo assembler (CLC Bio, Aarhus, DK). A BLAST database was created from the
resultant contigs and queried with the OD1 and OD2 consensus sequences. Both
domains were recovered on assembled contigs 383881 and 336923, respectively (Fig.
4.S6). To ensure our inability to recover an OD2 domain from the Embioptera was not
an assembly artifact (i.e that ‘singleton’ unassembled transcriptome reads may contain a
domain hit) we retrieved and queried the Haploembia palaui and Aposthonia japonica
short-read RNAseq libraries (NCBI accessions SRR921605 and SRR921566,
respectively) of Misof et al. (2014) via TBLASTN and profile HMM as described
previously.

The predicted proteome of the dampwood termite Zootermopsis nevadensis
(Terrapon et al. 2014; http://termitegenome.org) was retrieved from

http://termitegenome.org and queried via BLASTP with the OD1/2 peptide sequences
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reported here for the roaches (Blattodea, the sister taxon to the termites (Misof et al.
2014)), and with profile HMM as described previously. As a final check, we searched
the Nasutitermes takasagoensis raw sequencing reads generated by Hayashi et al. (2013)
in NCBI SRA accession DRR013047 again using TBLASTN and profile HMM. This
process was repeated using the genome contigs of the German cockroach Blattella
germanica (Blattodea; Baylor College of Medicine Human Genome Sequencing Center
[https://www.hgsc.bcm.edu/arthropods/german-cockroach-genome-project]) in an
attempt to isolate a high-confidence genomic contig encoding both OD1 and OD2
domains. We queried the assembled genome scaffolds via TBLASTN with roach OD1/2
sequences identified within the NCBI TSA, and with the OD2 profile HMM.

To search for alternative splicing of dsx transcripts within the basal hexapods, we
retrieved the sequencing reads from the NCBI SRA corresponding to species for which
we had recovered an OD2 domain: Protura (SRR921562 [Acerentomon sp. AD-2013]),
Collembola (SRR921564 [Anurida maritime], SRR921647 [ Tetrodontophora
bielanensis], SRR921641 [Sminthurus viridis], SRR921635 [ Pogonognathellus sp. AD-
2013]), Diplura (SRR921624 [Occasjapyx japonicas]), Archacognatha (ERR424579,
ERR392013, ERR392014, ERR392008 [Lepismachilis y-signata], SRR921617
[Meinertellus cundinamarcensis]) and Zygentoma (SRR921568 [Atelura formicaria],
SRR921648 [Thermobia domestica], SRR921654 [Tricholepidion gertschi]). These
reads were six-frame translated and pattern matched to the 3’ end of the OD2 domain to

discern divergent splice forms.
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Results and Discussion
Sequence and phylogenetic conservation of hexapod doublesex

Doublesex EST contigs containing both an OD1 and OD2 domain were
designated ‘high-confidence’ contigs and recovered from 22 hexapod orders (Figs. 4.1,
4.S1). We also recovered evidence for both domains existing as singleton (or separate)
contigs in an additional 7 orders (Figs. 4.S2, 4.S3, 4.S4). The remaining three orders
lacked one of the two domains: we failed to find evidence for the OD2 domain from the
Embioptera and Isoptera, while OD1 appears absent from the Mantophasmatodea. In
addition to the EST contigs deposited in NCBI, we denovo assembled contigs from short
read RNAseq libraries (see Methods) for Sipyloidea sipylus (Phasmatodea) and
Lepismachilis y-signata (Archaeognatha) that contained high-confidence ESTs.

With the exception of four orders, all high-confidence doublesex ESTs recovered
maintained a conserved Lysine amino acid residue at position 14 of the DM/OD1 domain
alignment, most frequently with a Thr-Pro-Pro-Asn-like motif at positions 1-4 (Figs.
4.S1, 4.S2; herein referred to as a type-A OD1 motif). There were multiple instances,
however, where we identified ESTs encoding an OD1 domain (often from species for
which we had already identified a type-A OD1-encoding EST) with an Ile-Ser-Cys
beginning at position 14 and an Arg-Thr-Pro-Lys-like motif at positions 1-4 (Fig. 4.S3;
herein a type-B OD1 motif). As the type-B OD1 motif was not present in any high-
confidence dsx transcript (members of the Zoraptera and Hemiptera contained proximal
matches), we find type-B singletons to be poor evidence for the presence of insect dsx
and may represent a convergent zinc-finger domain from an alternative DMRT-

superfamily gene. Of note, the conserved lysine at position 21 responsible for
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maintaining a salt bridge with the target DNA molecule (Zhang et al. 2006) was
maintained in all putative OD1 domain sequences of A and B types.

We failed to recover conclusive evidence for the presence of doublesex from the
termites (Isoptera) as only a single type-A OD1 motif was recovered, with no evidence
for OD2. Two BLAST hits to a type-B-like OD1 motif (contigs Znev_ 05388 and
Znev_16235) were recorded from the Zootermopsis nevadensis predicted proteome
(Terrapon et al. 2014), however these peptides encode a CUE-like (coupling of ubiquitin
to ER degradation) DMA domain in the C-terminus (cd14370, Pfam family PF03474)
characteristic of the DMRT family but not of doublesex. No BLAST hits to OD2 were
reported from Z. nevadensis. A profile HMM search using the model we created (see
Methods) failed to identity an OD2 motif. As a final check, we searched the
Nasutitermes takasagoensis raw sequencing reads generated by Hayashi et al. (2013) in
NCBI SRA accession DRR013047 again using TBLASTN and profile HMM. This
returned a single read (G5ZWOJF02FLJ2Z; Fig. 4.S3) encoding a type B-like OD1
motif, with no evidence for OD2.

Similarly, we did not recover an OD2 domain from webspinners (Embioptera)
thus we scanned the Haploembia palaui and Aposthonia japonica short-read RNAseq
libraries of Misof et al. (2014) via TBLASTN and profile HMM as described previously.
No OD2 hits were recovered in either test from either library. The H. palaui EST contig
that was found to encode a type-A OD1 (Fig. 4.S2) encodes a stop codon 423bp
downstream of the domain, thus terminating the putative dsx peptide without evidence of
a recognizable OD2 motif. Future work (and likely genomic sequence) will be required

to determine the exact genome organization and splicing of dsx within the Isoptera and
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Embioptera, and to confirm whether the dimerization domain has indeed been lost or
instead has diverged significantly (beyond recognition) from the other insects.

Since we recovered only singleton OD1 and OD2 domains from the roaches
(Blattodea), we chose to query the assembled genome of the German cockroach Blattella
germanica in an attempt to isolate a genomic contig encoding both OD1 and OD2
domains that could be considered high-confidence. A single type-A OD1 motif was
recovered on contig JPZV01136765, while a single OD2 domain was found on contig
JPZVO01136787 (Figs. 4.S2, 4.S3). Three additional type-B OD1 motifs were recovered,
however no hits shared a common genomic contig and thus we were unable to link them.

Several taxa were found to possess modified zinc finger structures responsible for
binding target DNA and modulating transcription. The canonical C2H2C4 Cys-His motif
(Erdman and Burtis 1993) was notably modified in the high-confidence structures of the
Orthoptera (C2H2CHC?2) and Zoraptera (C2H3C3) (Fig. 4.S1). Additional cysteine and
histidine residues were observed in members of multiple orders that may affect zinc ion
coordination (e.g Metallyticus splendidus, Mantis religiosa, Corydalus cornutus,
Xenophysella greensladeae), however further protein biochemistry will be required to

qualify the exact effects on DNA-binding affinity.

Gene copy number

The nearest hexapod outgroup taxa with reported doublesex homologs are the
water flea Daphnia magna (Arthropoda: Crustacea: Branchiopoda: Cladocera:
Daphniidae) (Kato et al. 2011) and the predatory mite Metaseiulus occidentalis

(Arthropoda: Chelicerata: Acari: Phytoseiidae) (Pomerantz et al. 2014). Both organisms
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express two copies of dsx and lack sex-specific alternative splicing in favor of sex-biased
expression in males. The possibility thus exists that the hexapod common ancestor may
have encoded two or more dsx genes.

Our analyses recovered at least one high-confidence dsx transcript and an
additional divergent OD2-encoding singleton (i.e. two putative divergent dsx transcripts)
from eight hexapod orders (Protura, Zygentoma, Ephemeroptera, Zoraptera,
Phasmatodea, Mantodea, Hymenoptera and Diptera; see Fig. 4.S1). In all three species of
Zygentoma reported here, the OD2 singleton transcript held a greater degree of similarity
to the “canonical” OD2 amino acid sequence observed, i.e. maintained a double Leucine
in the 5” end with a double Valine and conserved Glutamic acid in the 3’ direction. The
second transcript, also in all three species, contained both OD1/2 domains (i.e. was a
high-confidence dsx EST) yet diverged at several conserved amino acid positions and
produced significantly higher domain e-values in homology searches against the profile
HMM. Expression of the diverged transcript also appears to be much higher than that of
the canonical form; the zygentoman libraries SRR921568, SRR921654 and SRR921648
contained 148, 114 and 164 respective reads that mapped to the OD2 domain of the
diverged singleton EST, while 2, 2 and 5 reads from the same libraries mapped to the
domain on the high-confidence EST (not shown). Interestingly, the diverged high-
confidence transcript sequences of the Zygentoma exhibit a greater degree of amino acid
similarity to the high-confidence ESTs identified for the Ephemeroptera than to their
conspecific singleton reads encoding an OD2 domain (Fig. 4.S5). In turn, the singleton

reads encoding an OD2 domain are more similar between the two orders than within,



144

indicating these transcripts represent an alternate dsx gene motif shared between the two
orders.

The Zoraptera appear to maintain two copies of dsx, both of which were
recovered as high-confidence ESTs from Zorotypus caudelli and Zorotypus gurneyi (Fig.
4.S1). One copy exhibits a C2H2C4 zinc finger motif (a hallmark of the DMRT family,
see Introduction) while the other has lost a conserved cysteine to form a modified
C2H2C3 finger and encodes a diverged OD2 domain. A third high-confidence EST was
recovered from Zorotypus caudelli that contained a modification to the zinc finger as
above, yet differed in amino acid sequence.

Although previous studies have reported dsx in single-copy from the derived
orders of holometabolous insects (Scali et al. 2005, Shukla and Palli 2012), we find
evidence for multiple copies in single members of the Hymenoptera (Sphaeropthalma
orestes), Coleoptera (Meloe violaceus) and Diptera (Belgica antarctica). Further taxon
sampling will be required to determine whether these represent individual cases of gene
duplication, or retention of an ancestral state. Additionally, multiple members of the
Coleoptera (Gyrinus marinus, Meligethes aeneus and Onthophagus nigriventris) were
found to encode a second OD2 domain downstream of the first (Fig. 4.S1, 4.S4). The
duplicate domain recovered from Meligethes aeneus overlaps a portion of the upstream
OD2 and begins at the first amino acid located 3’ of the splice donor involved in
alternative splicing of other coleopteran dsx (Shukla and Palli 2012). The remaining
examples from G. marinus and O. nigriventris encode the second domain 425nt and 30nt
respectively downstream of the first, however both are in a different reading frame. In

the case of Meloe violaceous, we recovered a high-confidence dsx EST and an additional
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singleton OD2 contig that encodes the domain downstream of a stop codon. In the
absence of sequencing or assembly artifacts, these data suggest that the duplicated OD2
domains are not translated, yet have undergone domain duplication and/or gene

elongation at some point in the evolutionary history of beetles.

Alternative splicing

Insect male and female-specific sexual development has been shown in multiple
species to proceed via sex-specific splicing of doublesex pre-mRNA (Baker and Wolfner
1988, Ohbayashi et al. 2001, Scali et al. 2005, Salvemini et al. 2011, Shukla and Palli
2012). The closest insect outgroups for which a dsx homolog has been recovered are the
branchiopod crustacean genus Daphnia and the chelicerate Metaseiulus occidentalis, both
of which regulate sexual dimorphism via transcript abundance with no evidence of sex-
specific alternative splicing (Kato et al. 2011, Pomerantz and Hoy 2015). To assess the
extent of dsx sexually dimorphic splicing within the hexapods (currently reported only
from within the holometabolous insects), we mapped sequencing reads from basal orders
(Protura, Collembola, Diplura, Archacognatha and Zygentoma) to the 3’ end of the
respective OD2 domain identified for each. We chose this location as it has been shown
to harbor the sex-specific splice donor in the Diptera (Nagoshi and Baker 1990, Scali et
al. 2005, Ruiz et al. 2007, Salvemini et al. 2011) and Coleoptera (Shukla and Palli 2012).
We identified multiple reads from both the Archaeognatha (Lepismachilis y-signata) and
Collembola (4Anurida maritima) that support a divergent transcript isoform immediately
adjacent to the Glutamic acid residue in the 3° OD2 mRNA. This site is identical to that

from which alternative splicing occurs in higher insects (Fig. 4.2; see above references).
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These results suggest that not only dsx but also its alternative splicing were present in the
hexapod common ancestor. Further work (i.e. RT-PCR) will be required to confirm these

alternate i1soforms, and to qualify their sex-specific expression.

Evolution of doublesex

We observed significant length heterogeneity between doublesex homologs. The
length (in nucleotides) between the OD1 and OD2 domains varied widely both within
and between orders (Fig. 4.3). The average distance among all taxa, excluding putative
alternate isoforms, was 356+243bp. The parasitic hymenopteran Orussus abietinus
exhibited the largest dsx fragment recovered at 6,488bp with an OD1-to-OD2 distance of
1,724bp (more than 6-fold greater than the other hymenopteran dsx ESTs recovered).
Whether this pattern is maintained throughout the Orussidae is of future interest, as a
second member of the “Symphyta” (Tenthredo koehleri) had a much shorter inter-domain
distance. The phasmid Aretaon asperrimus had the smallest distance bridging the two
domains at only 84bp. This extreme length variation attests to the rapid evolution of the
gene throughout the insect tree of life. Although the function of dsx remains conserved,
it has been shown to be under positive selection in multiple orders (Ruiz et al. 2007,
Hughes 2011, Sobrinho and de Brito 2012) and implicated in a system of “runaway
evolution” due to its developmental influence on secondary sex characteristics and the
response of female preference to genetic drift (Hughes 2011). As the upstream regulators
of dsx are diverse and differ even among closely related taxa (Scali et al. 2005, Salvemini
et al. 2011), the variation in gene length witnessed here is likely a product of evolution

under these lineage-specific constraints.



Conclusions

Our results show doublesex to be present throughout the Hexapoda, and likely
present in the last common ancestor of the subphylum. The recovery of EST contigs that
encode both the DNA-binding (DBD/OD1) and dimerization domains (OD2) from
members of the primitive Entognatha to the derived orders of holometabolous insects
attests to the conservation of this integral double-switch gene in the sex-determination
cascade. Of note, we were unable to recover evidence for the OD2 domain in the
embiopteran and isopteran datasets. Despite the use of alternative short-read libraries in
addition to transcriptome sequence archives, the domain (if present) has diverged beyond
our ability to isolate it via profile hidden Markov model and/or BLAST in these orders.

We present evidence that dsx likely existed as a multi-copy gene in the hexapod
common ancestor, as at least two copies are transcribed in the basal Entognatha (among
other orders), and also present in sequenced crustacean and chelicerate outgroups.
Additionally, the phenomenon of sex-specific alternative splicing, currently undescribed
outside of the insects, appears to occur in the most basal orders and is thus likely to have
been present in the proto-hexapod. The advent of sex-specific alternative splicing
coupled with mutation and eventual loss of dsx gene copy in the higher insect orders are
perhaps concomitant, with neo-functionalization of the alternate isoform replacing the
lost copy. Tandem duplications of the OD2 domain in the Coleoptera reported here,
perhaps once functional, appear to have been inactivated via accrual of mutations. The
extreme variation in coding sequence length observed between and within orders is

evidence of the punctuated molecular response to sexual selection pressures influenced
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by the phenotypes that dsx modulates. The transcripts identified here serve as initial
candidates for studying pan-insect evolution, and for development of transgenic sexing

techniques for insect pests.



Figure 4.1 Summary of evidence for hexapod doublesex recovered in this study. Orders

for which we identified a high-confidence dsx EST encoding both OD1 and OD2
domains are marked ‘LINKED’; those for which only a Type-B OD1 domain was
recovered (with Type-A absent) are annotated as such. Phylogeny as per Misof et al.

(2014).
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Figure 4.3 Distance in nucleotides (grey) between the OD1 (red) and OD2 domains
(blue), for each high-confidence doublesex transcript reported in this study. Total EST
length (may include untranslated regions) is to the right of each bar.

5' OD1 OD1-->2 OD2 3'

Total EST length
Acerentomon sp. AD-2013 (Protura) [} 319 [ 1475
Atelura formicaria (Zygentoma) {] 160 ) 789
Tricholepidion gertschi (Zygentoma) ] [90] [] 1708
Thermobia domestica (Zygentoma) [] [90] [] 1049
Epiophlebia superstes (Odonata) {] [] 3582
Cordulegaster boltonii (Odonata) [} [ 589 1] [] 1557
Ephemera danica (Ephemeroptera) ] 172 ] 791
Isonychia bicolor (Ephemeroptera) [} [] 1044
Baetis sp. AD-2013 (Ephemeroptera) ] 234 [ 1245
Zorotypus caudelli (Zoraptera) ] [] 764
Zorotypus gurneyi (Zoraptera) ] [] 860
Apachyus charteceus (Dermaptera) ] ] 615
Forficula auricularia (Dermaptera) [} 247 [] 1551
Tetrix subulata (Orthoptera) [} [ 286 ] [) 649
Teleogryllus commodus (Orthoptera) ] [ 454 ] [] 2694
Aretaon asperrimus (Phasmatodea) [ [85] [] 1005
Ramulus artemis (Phasmatodea) ] [ 889
Medauroidea extradentata (Phasmatodea) [] [ 1660
Extatosoma tiaratum (Phasmatodea) ] [84] [] 2392
Sipyloidea sipylus (Phasmatodea) [} 293 [l 1192
Peruphasma schulteyi (Phasmatodea) ] [84] [] 1369
Timema cristinae (Phasmatodea) [99] [] 931
Metallyticus splendidus (Mantodea) [ [] 624
Mantis religiosa (Mantodea) {] ] 1170
Cercopis vulnerata (Hemiptera ) [} [] 1531
Okanagana villosa (Hemiptera ) [] 205 [] 1556
Notostira elongata (Hemiptera ) [} 175 [ 820
Xenophysella greensladeae (Hemiptera ) {] 184 [) 568
Menopon gallinae (Phthiraptera) [ 229 ] 1973
Liposcelis bostrychophila (Phthiraptera) {] 229 ) 995
Cotesia vestalis (Hymenoptera) 292 [] 1857
Chrysis viridula (Hymenoptera) {] 304 ] 5142
Orussus abietinus (Hymenoptera) [ 1724 6488
Tenthredo koehleri (Hymenoptera) [] [] 2360
Microplitis demolitor (Hymenoptera) [ [] 4555
Sphaeropthalma orestes (Hymenoptera) [} [] 2743
Osmia cornuta (Hymenoptera) [ 307 ] 2171
Xanthostigma xanthostigma (Raphidioptera) [] 445 ] 2572
Inocellia crassicornis (Raphidioptera) | 469 [] 1560
Corydalus cornutus (Megaloptera) [ [ 505 ] [] 1325
Conwentzia psociformis (Neuroptera) [} 727 [] 1816
Osmylus fulvicephalus (Neuroptera) [} 889 — ) 1262
Stylops melittae (Strepsiptera) ] 433 [] 4300
Meloe violaceus (Coleoptera) {] 280 [ 909
Gyrinus marinus (Coleoptera) [ [ 202 ] ] 1205
Meligethes aeneus (Coleoptera) ] 531 [ 2334
Aleochara curtula (Coleoptera) ] 707 [] 1353
Pogonus chalceus (Coleoptera) {] 211 [ 2353
Dendroctonus frontalis (Coleoptera) ] 279 [] 933
Annulipalpia sp. AD-2013 (Trichoptera) {] 448 ] 1213
Nemophora degeerella (Lepidoptera) ] 295 [] 873
Parides eurimedes (Lepidoptera) ] 280 ] 931
Spodoptera litura (Lepidoptera) [} 262 [ 825
Trichoplusia ni (Lepidoptera) [] [l 1182
Helicoverpa armigera (Lepidoptera) ] 270 [ 798
Ceratophyllus gallinae (Siphonaptera) ] 676 [ 2401
Ctenocephalides felis (Siphonaptera) [ [ 604 ] [] 2258
Oropsylla silantiewi (Siphonaptera) {] 741 [] 3414
Boreus hyemalis (Mecoptera) ] 298 [ 1133
Bombylius major (Diptera) [] 355 [] 1328
Triarthria setipennis (Diptera) ] [ 649 ] [] 1932
Trichocera saltator (Diptera) {] 316 [] 1065
Liparia lucens (Diptera) [ 707 ] 3161
Drosophila miranda (Diptera) [ 820 ) 3457
Sitodiplosis mosellana (Diptera) ] 409 [] 2030
Teleopsis dalmanni (Diptera) {] 451 ) 1864
Bactrocera dorsalis (Diptera) [} 475 [] 3802
Ceratitis capitata (Diptera) [} 457 [] 3262
Anopheles quadrimaculatus (Diptera) ] 253 [] 1637
Aedes albopictus (Diptera) [} 379 ] so7
Psorophora albipes (Diptera) [} 304 [] 762
Anopheles funestus (Diptera) {] 241 [ 1916
Corethrella appendiculata (Diptera) [] 274 [ 681
Culicoides sonorensis (Diptera) ] 321 [) 816
Belgica antarctica (Diptera) [ 213 ) 723
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Figure 4.S6 De-novo assembled contigs referenced in this study.

>Sipyloidea_sipylus contig22122
CTGTCCCGCGGAAGAAGGGGAGGGCCCCGGCTTGGGGCTTGCTTGCCTGCCA
CTTACTTGCACTCGCGGCGGGCAGTGAGTGCCGCGCGAACAAGAGTGCGTCA
CAAAACACCCGGTTAACCTCAAATCAACAAAACACAGCTTTAGCCGCGCGCG
CATGTCGGACACCGACACCAGCACGGACGCGACAGCCGLCaeeaeeaecececece
ACGTGCTCGTCATCGTCGGCGGCGGTGGCCGCCAGCAGCTCGCAGAACCCGC
GCACGCCGCCGAACTGCGCTCGTTGCCGCAACCACCGTCTCAAGATCGCCTT
GAAAGGCCACAAGAGATACTGCAAATACCGCTACTGCACTTGCAGCAAGTGC
CGGCTGACGGCGGAGCGACAACGCGTCATGGCGCTGCAGACGGCGTTGCGG
CGGGCACAAGCACAGGACGAGAGGTACCTGGCGCAGCAGGTGGCAGCCGTC
ACCGCCTCCGGCGTATCACCTCCACCGCCGCCGTTATCCTTGCATGCTGCTGC
AGGTACGTGCTCGCCGCCGCCGCTGCAGCCTACGTCGCTCGCCCCCGCTCGCT
CGGCCGACGGCAGCTGTGACTCGTCGTCATCGTCTCCGTGCTCGGCTAGGGT
AATCTCCGTGCCGGCGCCTCGTAAAGCGATGGCACCCGTGCACCCACCTGAC
ATCGCCGCCTCCACGGGGATGAGCGTGGATGCCATGATGGACGGAGTTTACA
CTTTATTGCACATGTTCCACTATCATGTGGAGATGCTGCCCTTACTATTGGTC
GTACTCAGTGACGCACACTGTGACGTCACAGAAGCCTATAACCGCATCCTGC
AGGAAACCCGGCCTCGGAAATTCGGGAATGCTAAGCTATGGTTGTCAGTATC
ATTCGTACGTGTTTGCTGAAGTAGATATGGCGACTCCAAACTGCTGATGAAG
ACTGTCATCGGCTGGGAACAACTCAACTACGGACCAGATTGGCGCAGCTTCT
AGAATGCCAAGGAAGAGGTGATAGCGATGGGGCGGCGGGAGGCGGCGCGAT
TGATGCAGTACCATCCGGCGGCGGCGGCGACCTACGGTGGCTGCTACGGATC
CGCAGCGCCCGCATACCTACCGGGGATGACCGCTAACGGGGCAATCTACCCC
ACGCCGCCTCCAAGTCTCATGTTCTCACCTCCTAGCGCCGCCGCC

>Lepismachilis_y-signata contig 383881
CGACCCCGGCGCCTCCAGCTCAAGCTCGGCCGTGCCGCGTGCGCCGCCCAAC
TGCGCGCGCTGCCGCAACCACCGGCTCAAGGTCGAGCTGAAGGGTCACAAGC
GCTACTGCAAGTACCGCTACTGCAACTGCGAGAAGTGCCGGCTGACGGCGGA
CCGGCAGCGTGTGATGGCGCTGCAGACGGCGCTGCGGCGGGCGCAGGCGCA
GGACGAGGCGCGCGCGCGCAACAACGGCCATCCGCCGCCGGGCGTGGAGCT
GGAATGCCCGGAGCCGCCGGTGGTGAAGGCGCCGCGCAGCCCGGTGATCCC
GCCGCGGTCCGTGGGCTCTACCAGCGGCGAGTCGGTGCCGGGGTCGCCGGTG
GTGTCTCCGTACGCGGCGCCGCCGCCCTCTGCGCCGCCGCCAACCATGCCGC
CGCTTCTCCCGCCACAACAGCCTGT

>[epismachilis_y-signata contig 336923
CCTTCATCTATCTTCCGTGACGCCTCATCCAGGTCGCTCCCCGCATAGTTGAG
GATCACCAGGACTAAGGGCATCATCTCCCAGGAGTAGTGGAACTTCTCCAGG
AGTTTGTTGCAGTTTTCAACCAGCGTCTCGAGGGATACAGGCTGTTGTGGCGG
GGGAAGCGGGGGCACGGGTGGGGGGGGGGCAGAGGGCGGGGGGGCCGCGG
ACGGGGGCACCACCCGCG
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