ABSTRACT
Genomic Analysis of the Diapause Program in the West Nile Virus Vector Culex pipiens
David S. Kang, Ph.D.
Mentor: Cheolho Sim, Ph.D.

The Culex pipiens complex of mosquitoes is a major vector for several pathogens
responsible for infectious human diseases including West Nile virus in North America.
With the growth of the American population, the prevalence of vector-borne diseases has
become an increasing threat to human safety. This complex of mosquitoes includes the
northern house mosquito Culex pipiens form pipiens, the underground mosquito Culex
pipiens form molestus, and the southern house mosquito Culex quinquefasciatus. While
each of these closely related mosquitoes share similar morphology, they all employ
unique life strategies suited to their unique ecological niches, including overwintering
diapause, host biting preference, ecological niche distribution and reproductive strategies.
Despite these similarities and differences historically being obstacles to the control of
these mosquitoes, new molecular technologies have enabled us to use these factors as a
foundation for novel forms of vector control.
Diapause is an overwintering dormancy characterized by a suite of adaptations in
response to seasonal changes. As survival mechanisms in anticipation of harsh winter
conditions, these adaptations include alterations in the female Culex pipiens form pipiens
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life cycle such as increased stress tolerance, increased nutrient allocation and alternative
reproductive development. In Culex pipiens form pipiens, it is initiated by the shortened
day lengths of fall.
One of the main obstacles in vector control of the Culex pipiens complex of
mosquitoes is accurate identification of specimens, which relied on the historically
unreliable measurement of the dorsal and ventral arms of the male phallosome
(genetalia). Here we offer high resolution melting curve analysis which allows the use of
fixed, single nucleotide polymorphisms (SNPs) to cheaply and quickly validate the
identities of mosquito specimens.
Isolating and disruption of genes contributing to the life strategies of Culex
pipiens complex mosquitoes is central to control of these vectors. Fortunately, the shared
ancestry and divergent genetics of these mosquitoes provides an excellent opportunity for
mapping studies, and consequently identification of candidate genes for disruption. The
next chapters describe development of SNP markers for genetic mapping, and
transcriptomic analysis utilizing RNAseq technologies to simultaneously identify and
quantify expression differences between Culex pipiens biotypes and diapausing and
nondiapausing specimens.
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CHAPTER ONE
Introduction

Overview of Culex pipiens Complex Mosquitoes
Comprised of Culex pipiens form pipiens, Culex pipiens form molestus, and
Culex quinquefasciatus the Culex pipiens complex mosquitoes are vectors for globally
significant viruses and pathogens that result in diseases such as West Nile encephalitis,
Rift Valley Fever, Lymphatic filariasis and other human pathogens (Diamond 2009; Lai
et al. 2000; Meegan et al. 1980; Monath 1988). Unfortunately, while they differ in
regard to vector competence, geographical distribution, and behavioral/reproductive
traits, similar morphology hinders accurate identification of Culex pipiens complex
mosquitoes (Barr 1957; Clements 1992; Harbach et al. 1984; Spielman 1967). While
these unique adaptations have profound implications in the transmission of human
diseases, they may serve as the key to the control and suppression of these vectors.

Gonotrophic Cycle
Like most mosquitoes, Culex pipiens form pipiens and Culex quinquefasciatus
require protein from a blood meal in order to produce eggs, while the autogenous Culex
pipiens form molestus does not for initial oviposition. The cycle of blood feeding and egg
development in Culex pipiens mosquitoes is known as a gonotrophic cycle, with adult
females able to take multiple blood meals during a cycle and undergo multiple cycles in
their life spans (Clements 1992; Vinogradova 2000a). In optimal conditions (23-25˚C)
1

Culex pipiens complex mosquitoes are capable of laying eggs after a little less than 3
days, and ovarian development is categorized into five Christophers stages based on
follicle length. Consequently those eggs consequently develop to larvae, then to pupae to
adults 11 days. In contrast, at lower temperatures (15-16˚C) egg production took over 8
days and an additional 36 days to develop fully into adults (Christophers 1911; Eldridge
1966; Jobling 1938).

Geographic Distribution
Given the importance of temperature on the life cycle of Culex pipiens
mosquitoes, geographic distribution serves as an important factor in their capacity to
transmit disease. Culex pipiens complex mosquitoes have a global distribution, and are
found domestically in the continental United States. Culex pipiens form pipiens, also
known as the northern house mosquito is found in the northern temperate regions. A
sister species, the Culex quinquefasciatus or the southern house mosquitoes is found in
southern, more tropical regions. A third biotype, Culex pipiens form molestus, also
known as the underground mosquito is closely adjacent with the aboveground form
pipiens, but is found in protected drainages and subways (Byrne & Nichols 1999;
Harbach et al. 1984; Knight & Stone 1977; Vinogradova 2000a). While the taxonomy of
these mosquitoes has long been in debate, it is clear that these mosquitoes are able to
hybridize and are closely related (Amraoui et al. 2012; Fonseca et al. 2004).
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Mosquito Identification
Historically, a morphometric approach has been used to identify mosquitoes.
Unfortunately, many of the common taxonomic characteristics such as thorax patterning,
wing shape and abdominal banding are conserved across the Culex pipiens complex,
requiring biologists to largely rely on geographic location when identifying these
mosquitoes (Clements 1992). Methods comparing the dorsal and ventral arms of the
male phallosome (DV/D ratio), fell short in that they could not identify females of the
species and that they have been reported to be difficult and unreliable (Barr 1957;
Bourguet et al. 1998; Darsie et al. 1981; Sundararaman 1949; Wilton & Jakob 1985).

Life Strategies
Despite sharing similar physiology the unique characteristics of Culex pipiens
complex mosquitoes greatly influence their life strategies and consequently, their
behaviors as vectors of disease. The eurygamous (requiring large space for mating)
northern Culex pipiens f. pipiens is adapted to exposure to the harsh northern climates,
while the Culex pipiens f. molestus and Culex quinquefacsiatus are stenogamous and are
capable of surviving and reproducing in small, manmade spaces, just as storm drains
(Clements 1992; Spielman 1967; Vinogradova 2000b). Additionally, each of these
species exhibit different blood meal preferences for the creation of eggs. Culex pipiens f.
pipiens prefers avian blood, while Culex quinquefasciatus is more of a generalized blood
feeder. In contrast, Culex pipiens f. molestus is autogenous and does not require a
bloodmeal in order to product an initial batch of eggs (Clements 1992; Kent et al. 2007;
Vinogradova 2000b). Furthermore, the heterodynamic diapausing behavior of Culex

3

pipiens f. pipiens allows for survival of harsh above ground exposure of winter, while the
homodynamic Culex pipiens f. molestus relies on manmade subterranean infrastructure
and the homodynamic Culex quinquefasciatus relies on mild southern temperatures
(Byrne & Nichols 1999; Harbach et al. 1985; Harbach et al. 1984; Sirivanakarn & White
1978; Spielman & Wong 1973).

Diapause
It is crucial for animals to be able to detect changes in their environment and
adapt accordingly. Nutrient availability, seasonal differences in photoperiod and
temperature, moisture, and breeding site availability are all important factors to which
organisms commonly respond. In particular, response to seasonal variation is an
important factor in the success of many living organisms. One such adaptation, diapause
is an anticipated, preprogrammed response to low temperatures and shortened
photoperiods, characterized by cell cycle and developmental delay or arrest, suppressed
metabolism, fat hypotrophy, and enhanced stress tolerance (Sim & Denlinger 2013).
Not to be confused with the temporary dormancy of quiescence, in female Culex
pipiens f. pipiens, this alternative developmental pathway allows mosquitoes to enter a
long term dormant state in which they may overwinter, and resume transmission of
disease, such as West Nile Virus, during the following spring (Nasci et al. 2001). Due to
this long-term dormancy, mosquitoes anticipating diapause delay reproductive
development and blood feeding and rather prioritize the accumulation of nutrients.
Altering the initiation or termination of diapause insects would significantly lower their
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fitness. Thus, understanding diapause is critical for both the control of mosquito
populations and preventing the proliferation of disease from year to year.

Environmental Initiation of Diapause
A key advantage of insect diapause is that it is an anticipatory rather than
reactionary response. Thus, when harsh conditions arrive insects have already prepared
for stressful conditions. In Culex pipiens mosquitoes, photoperiod is a crucial initiator of
diapause, as it is the most reliable indicator of seasonal variation. Nonetheless, in many
mosquitoes temperature acts to fine tune the intensity of the diapause response initiated
by day length, indicating complex genetic interactions (Christophers 1911; Eldridge
1966; Jobling 1938). In other insects diapause may be initiated at any stage between
embryo and adult, but in Culex pipiens complex mosquitoes photosensitivity persists
from larval to adult development with the last larval instar being the most sensitive
(Sanburg & Larsen 1973; Spielman & Wong 1973).

Endocrine Control of Diapause
The genes behind diapause are associated with endocrine effectors resulting in a
myriad of adaptations such as enhanced lipid stores, reduced metabolism, increased
innate immunity and resistance to the rigors of low temperatures (Denlinger 2002).
Observation of metabolic pathways has implicated insulin peptides as a major upstream
regulator of diapause. In Culex pipiens f. pipiens, the forkhead transcription factor or
(FOXO) acts as a developmental switch, initiating or priming the production of insulin by
the corpora allata, which controls molting and vitellogenesis in addition to diapause
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(Hahn & Denlinger 2007; Ragland et al. 2010; Sim & Denlinger 2008, 2013; Tatar et al.
2001; Williams et al. 2010). While much is known about diapause, the full basis behind
the syndrome has yet to be fully examined from genetic and molecular perspectives. It is
our hope that elucidating the genetic and molecular basis behind diapause will serve as a
platform for the development of new methods of vector control.

Thesis Overview
It is clear the eco-physiological differences between Culex pipiens complex
biotypes is rooted in genetic architecture, and that these differences may be exploited by
vector biologists in the control of disease transmission. In particular, the environmental
cues that initiate diapause in Culex pipiens complex mosquitoes is well documented, but
the mechanisms behind the diapause syndrome are not yet completely understood at a
molecular level.
The obvious first step in vector control is correct identification of mosquito
biotypes. As simple as this seems the classic morphometric approach is difficult to
employ and yields unreliable data at best. In the following chapter (Chapter Two),
“Identification of Culex complex species using SNP markers based on high resolution
melting analysis” I utilize melting curve technology to classify the Culex pipiens form
pipiens, Culex pipiens form molestus, and Culex quinquefasciatus mosquitoes based on
single nucleotide polymorphisms of the acetylcholinesterase-2 (ace-2) locus.
In Chapter Three, entitled “Identification and assessment of single nucleotide
polymorphisms (SNPs) between Culex complex mosquitoes” we develop an array of 28
SNP markers for mapping studies. It is our expectation that these markers will improve
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the resolution of existing microsatellite marker sets, and will consequently employed in
quantitative trait loci (QTL) studies, which in turn will narrow down candidate genes
contributing to traits unique to Culex pipiens complex biotypes.
Chapter Four, entitled “A comparative examination of key expression differences
between the Culex pipiens form pipiens and Culex pipiens form molestus biotypes”
further examines expression profile differences between females via Illumina RNAseq,
and then sorts candidate genes by statistical significance, fold change differences, and
biological relevance. Chapter Five, entitled “A transcriptomic approach to identification
of candidate genes for vector control of Culex pipiens mosquitoes” further narrows down
screening of expression profiles by comparing diapausing and nondiapausing female
mosquitoes of the same Culex pipiens form pipiens biotype.
The goal of this dissertation is further the understanding of gene expression
affects the many divergent traits of Culex pipiens complex mosquitoes, and resulted in
the identification of several candidate genes for the manipulation of their life strategies,
providing a strong launching point for further functional study of these genes.
This dissertation and the experiments herein was designed, performed and written
by David S. Kang under the supervision of Cheolho Sim, Ph.D. who also helped edit this
manuscript.
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CHAPTER TWO
Identification of Culex complex species using SNP markers based on high resolution
melting analysis

This chapter published as Kang D, Sim C (2013) Identification of Culex complex species
using SNP markers based on high-resolution melting analysis. Molecular Ecology
Resources. 13: 369-376.

Abstract
Mosquitoes belonging to the Culex pipiens complex are primary vectors for
diseases such as West Nile encephalitis, Eastern equine encephalitis, many arboviruses,
as well as lymphatic filariases. Despite sharing physiological characteristics, each
mosquito species within the Culex complex has unique behavioral and reproductive traits
that necessitate a proper method of identification. Unfortunately, morphometric methods
of distinguishing members of this complex have failed to yield consistent results, giving
rise to the need for molecular methods of identification. In this study we propose a novel
identification method using high-resolution melting analysis by examining single
nucleotide polymorphisms in the acetylcholinesterase-2 (ace-2) locus. Our method
provides a high confidence for species determination among the three Culex complex
mosquitoes.
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Introduction
Culex pipiens complex mosquitoes are the primary vectors for West Nile
encephalitis, Eastern equine encephalitis, lymphatic filariasis, as well as many
arboviruses (Diamond 2009; Hubalek & Halouzka 1999; Lai et al. 2000; Lanciotti et al.
2000; Margulies 2004; Monath 1988). While these mosquitoes share similar morphology,
divergent behavioral,and reproductive traits result in limited geographical distribution or
unique ecological niches (Barr 1957; Clements 1992; Harbach et al. 1984; Spielman
1967).
C. pipiens f. pipiens is eurygamous (requires a mating flight before copulation)
whereas C. pipiens f. molestus and C. quinquefasciatus are stenogamous (capable of
mating in small spaces such as sewer drains) (Clements 1992; Kent et al. 2007; Roth
1948; Spielman 1967; Vinogradova 2000). In addition, these three species have varied
blood meal preferences for the process of vitellogenesis. C. pipiens f. pipiens and C.
quinquefasciatus are both anautogenous (require a blood meal to produce eggs), yet C.
pipiens f. pipiens prefers avian blood hosts while the C. quinquefasciatus has been
documented as generalized blood feeders that prey on both mammals and avian hosts
(Clements 1992; Kent et al. 2007; Molaei et al. 2007; Spielman 1967; Vinogradova
2000). In contrast C. pipiens f. molestus is autogenous and does not require a blood meal
to produce their initial batch of offspring (Kent et al. 2007). C. pipiens f. pipiens
undergoes an adult reproductive diapause to overwinter while both C. quinquefasciatus
and C. pipiens f. molestus are homodynamic (nondiapausing) despite the aboveground
dwelling f. pipiens and the belowground dwelling f. molestus being considered sympatric
while the C. quinquefasciatus is geographically remote (Bourguet et al. 1998; Clements
9

1992; Kent et al. 2007; Roth 1948; Sim & Denlinger 2008; Vinogradova 2000). The
implications of these diverse behavioral differences in the transmission of disease and
host-shifting are profound. From these ecological and life history differences arises the
need for methods to correctly identify these mosquitoes before an accurate assessment
can be made on their roles as vectors. Unfortunately, despite their unique life-history
traits, the morphological differences are very limited and species identification remains
difficult, which complicates attempts to study and subsequently control these mosquitoes.
Early attempts to identify the different Culex pipiens complex mosquitoes have
been based on morphological methods. Unfortunately, many of the taxonomic
characteristics describing these mosquitoes such as thorax markings, wing shape, and
abdominal banding are shared among Culex pipiens complex species, forcing researchers
to posit identity largely based on geographic location (Clements 1992; National
Communicable Disease Center (U.S.) & Communicable Disease Center (U.S.). 1969).
The advent of the DV/D ratio method, a comparison of the dorsal and ventral arms of the
male phallosome, seemed to be a breakthrough in discerning between C. pipiens f.
pipiens and C. quinquefasciatus. However, this method could only identify the non-blood
feeding males and has proven to be a difficult and inconsistent diagnostic tool(Barr 1957;
Bourguet et al. 1998; Smith & Fonseca 2004; Sundararaman 1949; Wilton & Jakob
1985).
Recently, molecular biology has provided new tools to identify species (Hebert et
al. 2003). Early attempts at utilizing restriction fragment length polymorphisms of
cytochrome oxidase I (COI) and actylcholinesterase (ACE) provided inaccurate results,
yet recent advances in molecular techniques have provided reliable methods of
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identification (Bourguet et al. 1998; Kothera et al. 2010). Researchers have attempted to
create rapid, cost effective methods of genotype identification using the polymerase chain
reaction (PCR) but have been met with limited success, yielding ambiguous results that
are susceptible to the slightest changes in reaction conditions (Bahnck & Fonseca 2006;
Kothera et al. 2010; McAbee et al. 2008; Smith & Fonseca 2004). Attempts to use
traditional barcoding to distinguish between Culex pipiens f. molestus and Culex pipiens
f. pipiens via mtDNA (small subunit ribosomal 12S, CO1, and Nd4) exhibited no genetic
differences, possibly because lineages have not had enough time to gain unique genetic
identity (Kent et al. 2007). Microsatellite markers have quickly become the gold
standard in genotyping, proving to be highly accurate at a population level, but requiring
the use of an experienced sequencing core which can be time consuming, expensive, and
difficult to interpret (Ewing et al. 1998).
Our findings support that high-resolution melting (HRM) analysis on a real-time
PCR platform provides a rapid, economic alternative to other molecular assays with a
higher level of sensitivity and specificity (Heid et al. 1996; Wittwer et al. 2003). We
have developed an HRM assay based on the sex-linked ace-2 gene utilizing primers at the
second and third exon, spanning across the second intron (Malcolm et al. 1998; Smith &
Fonseca 2004). We then assayed 20 female C. pipiens f. pipiens, 20 female C. pipiens f.
molestus, and 20 female C. quinquefasciatus with DNA sequencing confirmation of SNP
identities.
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Materials and Methods
Mosquito Collection and Rearing
The stock colony of C. pipiens form pipiens (Buckeye Strain) was provided from
Dr. David L. Denlinger’s lab at the Ohio State University. The colony was established in
September of 2000 from larvae collected in Columbus, Ohio. Larvae are reared in dechlorinated tap water and fed on Tetramin fish food (Tetra holding (US) Inc., Blacksburg,
VA, USA). Adults are maintained on honey sponges and kept in large screened cages.
Culex pipiens f. pipiens are reared at 25 oC, 75% relative humidity, with a 15 hour light:
9 hour dark (L:D) daily light cycle.
The stock colony of C. pipiens form molestus was provided by Dr. Linda
Kothera’s lab in the Centers for Disease Control and Prevention Division of VectorBorne Infectious Diseases at Fort Collins, Colorado. The Culex pipiens f. molestus
colony was established from belowground individuals from the Calumet Water
Reclamation Plant in Chicago (Mutebi & Savage 2009). Similar to Culex pipiens f.
pipiens, Culex pipiens f. molestus specimens are reared at 25°C and 75% relative
humidity under a 15 h light: 9 h dark (L:D) photoperiod.
Individual field samples of Culex quinquefasciatus were trapped from September
21, 2011 to July 1, 2012, at sites in the greater Waco, TX area. Alfalfa infused gravity
traps were placed at sites during the late afternoon and retrieved the following morning.
Date, time, humidity, temperature, wind speed, dew point, and global positioning system
(GPS) coordinates were recorded upon collection. Adult mosquitoes were preserved in
95% ethanol and kept chilled until identification on a stereomicroscope (Darsie et al.
1981; Sundararaman 1949).
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Morphological Identification
Mosquitoes were next keyed to identification as members of the Culex complex.
Specimens were examined for standard identifiers such as U-shaped markings on the
thorax, a clear wing with a palp shorter than the proboscis, and an M-shaped banding on
the dorsal abdomen (Barr 1957; Bourguet et al. 1998; Darsie et al. 1981; Smith &
Fonseca 2004; Sundararaman 1949; Wilton & Jakob 1985). Mosquitoes were then
subjected to DV/D analysis as described by Sundararaman in which the distance of tips of
dorsal arms (D) of the male phallosomes are compared to the distance between the tips of
the ventral and dorsal arms of the male phallosome. Literature suggests that mosquitoes
possessing a ratio of less than 0.2 are C. pipiens form pipiens, mosquitoes with a ratio
greater than 0.4 are C. quinquefasciatus and those with a ratio ranging from 0.2-0.4 are a
hybrid of the two forms (Sundararaman 1949).

SNP Selection
Based on C. quinquefasciatus sequence data for the acetylcholinesterase-2 (ace-2,
GenBank accession no. AY196911 ) gene obtained from Vectorbase
(http://cquinquefasciatus.vectorbase.org/), the Primer3 tool
(http://frodo.wi.mit.edu/primer3/) was used to design an amplicon containing intron 2
flanked by primers at exon 2 (F 5’-TTTGGGTACCAACGAAGACC-3’) and exon 3 (R
5’-AAGTCCTCATCGTCCTGGAA-3’). Genomic DNA was extracted from five females
of each of the investigated forms, C. quinquefasciatus, C. pipiens f. pipiens, and C.
pipiens f. molestus, with the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany)
following the manufacturer’s protocol. After measuring purity against the elution buffer
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on a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE) at
260/280 nm samples we amplified the intron 2 via polymerase chain reactions (PCR)
using the Taq PCR Kit (New England BioLabs, Ipswich, MA). 50 µl PCR amplifications
were assayed utilizing 200 µM dNTPs, 10 x PCR buffer, 2 mM MgSO4, 10 mM primers
and 10 ng of gDNA. Amplifications were then performed on a T100 thermal cycler (BioRad, Hercules, California) with an initial denaturation at 94°C for 2 minutes, followed by
40 cycles at 94°C for 15 seconds, 42°C for 15 seconds, 72° for 15 seconds, then one
cycle of 72°C for 5 minutes. PCR products and a negative control were then visualized
on 1.5% agarose with a 100 bp molecular weight ladder (Invitrogen, Carlsbad, CA).
Amplified PCR products were purified using ExoSAP-IT (GE Healthcare, Little
Chalfont, United Kingdom), removing unincorporated primers, nucleotides and salts,
before being submitted to the DNA Analysis Facility at Yale University for DNA
sequencing.
Sequences were aligned and analyzed using CLC Main Workbench 6
(CLC bio, Aarhus, Denmark). Candidate SNP positions were examined for fixation
within members of the Culex pipiens complex and variability between members of the
different forms. SNP data was submitted to the NCBI SNP database (dbSNP accession
no. ss539004799).

Quantitative PCR and High-Resolution-Melting Analysis
A primer set (F 5’-AATCGCTTATTGGTTCTTCG-3’, R 5’GCACAGCTCGACAGAAAA-3’) was created based on consensus regions between the
different Culex pipiens complex members with a 76 bp amplicon with unique, formspecific melting curves in order to ensure maximum resolution in HRM analysis. Initial
14

optimization utilized PCR amplification and then standard resolution melting curves to
confirm calculated Tm and assess appropriate reagent concentrations and conditions for
standardized amplification of test samples.
Genomic DNA from 15 positive control mosquitoes previously identified via
sequencing, 45 known mosquitoes and blank negative controls were then subjected to
pre-amplification and high-resolution-melting (HRM) analysis utilizing the Type-IT
HRM PCR Kit (Qiagen, Hilden, Germany), with the saturating dye Eva Green, on the
Rotor-Gene Q real-time thermal cycler (Qiagen, Hilden, Germany). Pre-amplification
was performed with an initial denaturation at 95°C for 5 minutes, followed by 40 cycles
at 95°C for 10 seconds, 51°C for 30 seconds, and 72° for 10 seconds with 2 x Type-IT
HRM PCR Master Mix, 10 mM forward and reverse HRM primers and 10 ng of gDNA.
After a 90 second pre-melt hold dissociation was performed by ramping temperatures at
0.1°C increments every 2 seconds from 65°C to 95°C. Changes in Eva Green
fluorescence were monitored at the green channel with 470±10 nm excitation and 510±5
nm emission. Fluorescence normalization was then performed by the Rotor-Gene
software which then automatically assigned genotypes to specimens with a minimum of
95% confidence against sequenced positive controls.
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Results
Morphological Identification
Previous studies suggest members of the genus Culex can be keyed by U-shaped
markings on the thorax, a clear wing with a palp shorter than the proboscis, and an Mshaped banding on the dorsal abdomen (Darsie et al., 1981). Unfortunately, as current
literature suggests, upon examination of our specimens we found that these
characteristics were not unique to a specific form or were difficult to distinguish across
the three Culex pipiens complex mosquitoes that we examined (Fig 1) (Barr 1957;
Bourguet et al. 1998; Smith & Fonseca 2004; Sundararaman 1949; Wilton & Jakob
1985).

Figure 1. Morphological comparisons between adult females of the Culex complex.
Classic morphological markers associated with the identification of Culex complex
mosquitoes (u-shaped thorax markings, wing fringing, abdominal banding patterns, and
genitalia) prove unreliable within three Culex complex species. (A-D) C. pipiens f.
molestus, (E-H) C. pipiens f. pipiens, and (I-L) C. quinquefasciatus.

We next measured the DV/D ratio of the male phallosome as described by
Sundararaman in the identification of C. quinquefasciatus and C. pipiens f. pipiens, and
16

found that with the addition of C. pipiens f. molestus the method became inconsistent
(Sundararaman 1949). Whether the specimens were lab raised or trapped from the wild
they rarely conformed to the DV/D ratios specified by literature of less than 0.2 for C.
pipiens f. pipiens, and over 0.4 for C. quinquefasciatus with their hybrids ranging
between 0.2-0.4. Interestingly, C. pipiens f. molestus exhibited ratios spanning across
both ranges as well as that of the intermediate hybrid form confounding the results of this
classic morphometric method (Fig 1. E, J, O).

PCR Amplification and Sequencing
We investigated the possibility of a common HRM primer set able to differentiate
between Culex pipiens f. pipiens, Culex pipiens f. molestus, and Culex quinquefasciatus.
The intron 2 of the ace-2 gene was amplified from gDNA extracted from complex
members and sequenced. We found that the primers based on the Exon 2 and 3 of ace-2
gene (Fig 2. A), had reliably amplified the 565 bp PCR products of the different Culex
complex members, with each sample exhibiting strong bands when visualized by 1.5 %
agarose electrophoresis (Fig 2. B). The sequencing revealed only a single class IV (A/T)
transversion between C. pipiens f. pipiens and C. quinquefasciatus, but a high level of
polymorphism when either is compared to C. pipiens f. molestus (Fig 3).
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Figure 2. PCR amplification and visualization of product with Exon2/Exon3
ace-2 primers. (A) Orientation of common forward and reverse primers relative to
gDNA. (B) Visualization of PCR products through 1.5% agarose gel electrophoresis
against a 100 bp ladder. Presence of common amplicon size confirms conservation of
the ace-2 gene across the Culex complex.

Figure 3. Single nucleotide polymorphisms (SNPs) across the Culex complex.
The High Resolution Melting (HRM) forward primer orients at the 3’ end of ace-2
exon 2 and HRM reverse primer orients at the 5’ end of exon 3. Polymorphic sites
are highlighted (gray). The C. pipiens f. molestus diverges greatly from C. pipiens f.
pipiens and C. quinquefasciatus which in turn differ by a single nucleotide
polymorphism (rectangle).
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Genotyping
Our method was able to correctly identify 58 out of 60 specimens with a
minimum threshold of 95% confidence in comparison to sequencing results. We found
that using standard melting curves on qPCR machines used in initial optimization we
could differentiate between C. pipiens. f. molestus and C. quinquefasciatus or C. pipiens
f. pipiens but were unable to discriminate between C. quinquefasciatus and C. pipiens f.
pipiens due a genetic deviation of only a single adenine-thymine transversion (Fig. 3). In
contrast, HRM analysis is capable of easily detecting this subtle difference as a 0.2
degree shift in melting temperature. Moreover HRM analysis clearly exhibits unique
melting temperature (Tm) for each sample with non-overlapping, separate inflection
points for each Culex pipiens complex species ranging between 74.4-75.4°C (Fig. 4),
supporting our hypothesis that HRM analysis may be used to distinguish between the
three groups.

Discussion
Using morphological features to identify Culex pipiens complex mosquitoes may
lead to misidentification, which in turn can hinder efforts to monitor the behavior of these
mosquitoes and to evaluate the threat they pose of spreading diseases. Our attempt to
distinguish members of the Culex pipiens complex using classical morphometric analysis
proved to be inconsistent, which combined with literature suggests that DV/D ratio is
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Figure 4. Discriminations of SNPs among three Culex complex species by using High Resolution
Melting analysis. (A) Raw melting profile of real-time quantitative PCR showing dissociation of
double stranded DNA into single strands as temperature is incrementally increased. (B) Normalization
of fluorescence from the raw melting data for further discrimination in a difference plot. (C) The
difference plot amplifies minute differences between the melting curves, thus genotype calling is
dependent on similarities in melting behavior at different temperatures rather than overlapping melt
profiles. C. quinquefasciatus are represented by green and C. pipiens f. molestus and Culex pipiens f.
pipiens by red and blue, respectively.
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effected by rearing temperature, emphasizes the need for molecular methods of mosquito
identification (Barr 1957; Smith & Fonseca 2004; Sundararaman 1949; Wilton & Jakob
1985). With the belowground C. pipiens f. molestus rarely hybridizing with aboveground
C. pipiens f. pipiens, it seems unlikely that the inconclusive results from examination of
the male phallosomes reported in literature is due to cross breeding between the two
populations, yet warrants future morphometric investigation of the hybrid forms (Kothera
et al. 2010).
Our HRM assay was designed to include C. pipiens f. molestus because it can
easily be mistaken for other forms of Culex, particularly the above ground Culex pipiens
f. pipiens, despite having the unique properties of being stenogamous, autogenous, and
homodynamic (Kent et al. 2007; Vinogradova 2000). HRM analysis will help in the
proper identification of these vectors which allows us to accurately conduct population
studies. In turn, by examining mosquito gene flow, migration and temporal variations,
population genetics may be used to predict and prevent epidemics in human populations.
Indeed, many scientists have already attempted to address the need for a quick, reliable
mosquito identification assay. Unfortunately, each of the previously proposed methods
was hindered by limiting parameters and inconsistent results. Methods such as
microsatellite analysis, while being highly accurate, involve a difficult, time consuming
method requiring access to a sequencer (Smith & Fonseca 2004). Past attempts to create a
diagnostic restriction fragment length polymorphism digest or barcoding of the mtDNA
loci have proven inaccurate in the field (Kent et al. 2007; Kothera et al. 2010).
Recent molecular studies allowed us to focus on the introns of the sex-linked ace2 gene (Bourguet et al. 1998; Diaz-Badillo et al. 2011; Kasai et al. 2008; McAbee et al.
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2008; Smith & Fonseca 2004). At 23,166 bp the ace-2 gene spans 10 exons and has a
transcript length of approximately 1,908 bp (Gene ID: CPIJ802216). The ability of the
PCR primers to efficiently anneal with exon 2 and exon 3 of the ace-2 gene across the
different members of the Culex pipiens complex indicates that this region is strongly
conserved, and warrants that the nested intron is a good candidate locus for SNP
discovery. Further analysis via sequencing revealed that the lab strain C. pipiens f.
pipiens and the wild C. quinquefasciatus seemed to have very little variability despite the
differences in their species, geography, and distribution. Interestingly, the sequence data
from the Chicago strain of C. pipiens f. molestus seemed to diverge greatly from both C.
pipiens f. pipiens and C. quinquefasciatus. This is rather odd considering the prevailing
hypothesis that below ground C. pipiens f. molestus originated from local above ground
populations of C. pipiens f. pipiens of Chicago, Illinois which is geographically proximal
to Columbus, Ohio in comparison to Waco, Texas (Kent et al. 2007; Kothera et al. 2010).
There have been many PCR assays developed that focused on the same ace-2
gene as our proposed HRM assay. The original ace-2 assays were able to identify many
different species of the Culex pipiens complex ranging around the world, but yielded
varied results depending on slight changes in reaction conditions and presented vague
results for hybrids (McAbee et al. 2008; Smith & Fonseca 2004). Notably, one multiplex
PCR assay utilized single nucleotide differences located in intron 2 of the ace-2 gene and
was designed to identify C. pipiens f. molestus, C. quinquefasciatus and C. pipiens f.
pipiens, but have been reported to incorrectly classify 14.3-21.3% of aboveground
mosquitoes as f. molestus (Bahnck & Fonseca 2006; Kothera et al. 2010).
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While sequencing is still considered the most accurate method for genotyping,
high-resolution melting curve analysis offers a quick, cost effective method for
identifying mosquitoes that are difficult to distinguish using classic morphological
markers (Ewing et al. 1998). Competitively priced at about a third the cost of other
similar SNP genoptying methods, the possibility of human error is mitigated in HRM by
the availability of run ready pre-mixes and the convenience of having both the
amplification and the melting analysis preformed in one instrument without
manipulations between stages, which reduces the possibility of contamination. In
addition, the products from HRM may be sent directly for sequencing for verification of
results, and has the benefit of amplifying the amount of sample available rather than
destroying it as techniques such as restriction fragment analysis would (Reed et al. 2007;
Reed & Wittwer 2004). It is our hope that after initial optimization that our HRM assay
can modified for other qPCR platforms.
With the advent of new saturating dyes, such as Eva Green®, dye concentrations
can be increased without concerns of interfering with polymerases, which in turn
prevents reincorporation of dyes released during the melting process into the un-melted
regions (Mao et al. 2007). This has led to higher levels of accuracy when genotyping
with HRM which allowed us to identify, target and differentiate class IV (A/T) SNPs.
The rarest of the SNPs, class IVs were previously all but impossible to distinguish via
HRM due to the minute differences in melting curves and the unreliability of nonsaturating dyes at such high resolution (Venter et al. 2001). The rarity of class IV SNPs
led us to select one to differentiate between C. pipiens f. pipiens and C. quinquefasciatus,
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which minimizes the chance of observed polymorphisms being the result of new
mutations.
We suggest that HRM is uniquely suited to analyze SNPs at a high resolution as
an alternative to traditional PCR The assay that we have developed for correctly
identifying members of the Culex pipiens complex will improve the understanding of
distribution and interactions of these mosquitoes, which in turn will assist in the control
and prevention of disease transmission.
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CHAPTER THREE
Identification and assessment of single nucleotide polymorphisms (SNPs) between Culex
complex mosquitoes.

This chapter published as Kang DS, Sim C (2015) Identification and assessment of single
nucleotide polymorphisms (SNPs) between Culex complex mosquitoes. Molecular
Ecology Resources. 15 (1); 228, 13 pages.

Abstract
Culex pipiens complex mosquitoes are important vectors for many human
pathogens including West Nile encephalitis, Rift Valley fever and Lymphatic filariasis.
In this study we characterize a set of SNP markers between two biotypes of the Culex
pipiens complex, Culex pipiens form molestus and Culex pipiens form pipiens, for use in
a high-resolution genetic mapping and a population genetics study.
DNA pooled from 10 specimens of each biotype were sequenced and analyzed for
variation in 28 genes. The total of 4714 bp across orthologs of C. pipiens form pipiens
and C. pipiens form molestus revealed 44 SNPs in the 3279 bp coding regions, 48 SNPs
in the 1435 bp non-coding regions, and 10 indels. The ratio of transitions to
transversions approached 2:1, with transitions constituting the majority of synonymous
coding substitutions.
The informative SNP markers were successfully identified and assessed from both
C. pipiens biotypes. We expect that novel SNPs characterized in this study would be
useful for genetic studies to elucidate the genetic basis of diverged eco-physiological
traits between the two biotypes of the C. pipiens complex.
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Introduction
Culex pipiens complex mosquitoes are vectors for many human pathogens such as
West Nile encephalitis, Rift Valley Fever, and Lymphatic filariasis (Diamond 2009; Lai
et al. 2000; Meegan et al. 1980; Monath 1988). Including the Culex pipiens form pipiens
and Culex pipiens form molestus biotypes, the Culex pipiens complex mosquitoes are an
urban vector, with global distribution (Reusken et al. 2010b; Shaikevich & Vinogradova
2004; Vinogradova 2000a). Despite sharing similar physiology, Culex pipiens complex
mosquitoes each possess unique eco-physiological adaptations including, but not limited
to survival of environmental stresses such as cold winters and divergent mating behaviors
tailored to under or above ground habitats (Table 1). Isolation and disruption of the
genetic bases of these differences in vector competence, geographical distribution, and
behavioral/reproductive traits is crucial to the control these disease vectors. (Barr 1957;
Clements 1992; Harbach et al. 1984; Spielman 1967).
As the most common form of genetic variation, single nucleotide polymorphisms
(SNPs) are preeminent molecular markers in genetic high-resolution mapping and
population genetics studies (Berger et al. 2001; Black et al. 2001; Venter et al. 2001;
Wang et al. 1998). The abundance of SNPs allows for a higher number of evenly spaced
informative markers, a potential advantage over previously employed microsatellite and
RFLP markers (Bourguet et al. 1998; Ewing et al. 1998; Kothera et al. 2010). Previous
investigations have revealed the genome of Anopheles gambiae has approximately 1 SNP
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Table 1. Divergent eco-physiological traits between two biotypes of Culex pipiens complex mosquitoes.
Trait
Breeding Site

Mating
Pattern

Host-feeding
Preference

Vitellogenesis

Overwintering

Pipiens

Epigeous
(Above
ground)

Eurygamous
(Open spaces)

Orninthophilic
(Birds)

Anautogenous
(Requires
bloodmeal)

Winter
diapausing

Molestus

Hypogeous
(Underground)

Stenogamous
(Enclosed
spaces)

Mammalophillic
(Mammals)

Autogenous
(First oviposition
does not require
bloodmeal)

No diapause

Biotype

every 125 bp, Anopheles funestus has about 1 SNP every 138 bp, Aedes aegypti has 1
SNP about 83 bp, and that Drosophila melanogaster exhibits 1 SNP every 38 bp (Chan et
al. 2012; Morlais et al. 2004; Morlais & Severson 2003; Wondji et al. 2007).
Phenotypic differences between two biotypes are often the result of quantitative
conserved genetic variation between populations. Based on the divergent life strategies
of Culex pipiens complex mosquitoes, and the high SNP frequencies found in other
members of Culicidae we hypothesized the two Culex pipiens complex biotypes will
yield an abundance number of SNP markers for use in genetic study.
According to the neutral theory, drift (random sampling) and mutation
(diversifying) work as opposing forces to create equilibrium to maintain SNP allele
frequencies in natural populations (Gibson & Muse 2009). Synonymous coding region
SNP substitutions and noncoding SNPs offer useful candidate markers as they are
protected from selection pressures, while nonsynoymous substitutions resulting in
beneficial amino acid changes are conserved by positive selection and are useful for
characterization of specific phenotypic differences (Cohuet et al. 2008; Wondji et al.
2007).
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The availability of the Culex pipiens quinquefasciatus (Johannesburg strain)
physical map (genome size 579 Mb, 18,883 predicted genes), a sister species of Culex
pipiens, as a reference genome offers a wealth of opportunity for genetic investigation
(http://cquinquefasciatus.vectorbase.org/) (Arensburger et al. 2010; Bartholomay et al.
2010; Hickner et al. 2013). Combined with the characterization of SNPs across the Culex
pipiens complex genomes, the physical map will allow quantitative trait loci (QTL)
analysis: the identification of which loci contribute to polygenic phenotypic variation
(Severson et al. 2001).
Here, we report a set of 28 genes with informative SNP markers characterized
from two biotypes: Culex pipiens form pipiens and Culex pipiens form molestus. Genes
were selected to be evenly spaced across the reference Culex pipiens quinquefasciatus
physical map, and were adapted from previous genetic mapping studies (Arensburger et
al. 2010; Mori et al. 1999b). Genetic polymorphisms in both coding and noncoding
regions are documented in detail with regard to nucleotide diversity, coding bias and gene
function. The SNP markers reported in this study can increase the capacity of genetic
maps and QTL studies investigating the genetic basis of key traits of disease vectors.

Methods
Mosquitoes Used for SNP Discovery
Culex pipiens form pipiens and Culex pipiens form molestus colonies are
maintained in the vector biology laboratory at Baylor University. Specimens were raised
at 25 oC, 75% relative humidity, with a 15 hour light: 9 hour dark (L:D) daily light cycle.
Larvae are reared in de-chlorinated tap water and fed on Tetramin fish food (Tetra
holding inc., Blacksburg, VA). Adults are maintained on honey-soaked sponges and kept
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in large screened cages. Culex pipiens form pipiens was originally collected in Columbus,
Ohio fall 2000 (Robich & Denlinger 2005b). In addition, the Culex pipiens form molestus
was collected from the Calumet Water Reclamation Plant in Chicago, and was provided
by Dr. Linda Kothera at the Centers for Disease Control and Prevention Division of
Vector Borne Infectious Diseases at Fort Collins, Colorado (Mutebi & Savage 2009).

SNP Loci Selection
DNA sequences of microsatellite or RFLP Loci from the previous genetic studies
were used to identify the contigs in the genome database of Culex quinquefasciatus
(http://cquinquefasciatus.vectorbase.org/) (Arensburger et al. 2010; Mori et al. 1999a).
The contigs containing the markers were identified, and then thirty-six candidate genes
were selected near the microsatellite or RFLP locations. Primers, ranging between 300
and 600 bp, were developed using Primer3 (http://frodo.wi.mit.edu/primer3/) spanning
the nested introns of the candidate genes.

Gene Extraction, Amplification and Sequencing
Genomic DNA for each form of mosquito was extracted from 10 pooled females
with the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) following the
manufacturer protocol. After being tested for purity on a NanoDrop spectrophotometer
(NanoDrop Technologies, Wilmington, DE), gDNA pooled from 10 female Culex pipiens
form molestus or 10 female Culex pipiens form pipiens was then amplified by PCR. PCR
was performed on a T100 thermal cycler (Bio-Rad, Hercules) with 100 ng of genomic
DNA in a final volume of 50 μl containing 0.5 μl Taq polymerase (Qiagen), 5 μl 10X
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buffer, 1.5 μl of 10 mM dNTPs, and 5 pmoles of primer. Amplification cycles consisted
of 94°C for 2 minutes; 40 cycles of 94°C for 30 seconds, 47-53°C for 30 seconds, 72°C
for 45 seconds; and a final extension of 72 for 5 minutes. Annealing temperatures were
optimized for each primer pair, and PCR products were visualized on a 1.2% agarose gel
with a 100 bp molecular weight ladder (Invitrogen, Carlsbad, CA). Among thirty-six
primer pairs, single PCR band was amplified from 28 genes. The PCR products were
cleaned by ExoSAP-IT (Affymetrix, Santa Clara, CA) treatment for DNA sequencing.

Sequencing and SNP Identification
Samples were next submitted to Macrogen USA for DNA sequencing
(http://www.macrogenusa.com/). DNA sequences from PCR products were then
inspected and aligned using CLC Main Workbench v6 (CLC bio). In both coding and
non-coding regions SNPs were classified as Type I, II, III or IV. Codon positions of
SNPs in coding regions were further identified, and then the ratios of transversions to
transitions and those of synonymous and nonsynonymous substitutions were tested for
coding bias. DNAsp v5.10.01 was then utilized to determine nucleotide diversity, Ks,
and Ka (Librado & Rozas 2009).

SNP Validation
SNPs discovered in this study were validated by resequencing with reverse
primers and Amplifluor SNPs Genotyping System (Millipore, Billerica, Massachusetts).
Briefly, primers were designed with a unique hairpin loop at the 5’ end with a quencher
preventing the fluorophore reporter from fluorescing. Upon specific SNP annealing,
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polymerases on the complementary strand open the hairpin allowing for either FAM or
JOE fluorescence. Analyses were performed on a Rotor-Gene Q real-time thermal cycler
(Qiagen), with reactions containing 10 ng genomic DNA, 0.5 µl 20X Amplifluor SNP
FAM Primer, 0.5 µl 20X Amplifluor SNP Joe Primer, 0.5 µl 20X specific primer mix
(containing 0.5 µM Green Forward Primer, 0.5 µM Red Forward Primer, 7.5 µM
Common Reverse Primer), 1.0 µl 10X Reaction Mix S-Plus buffer, 0.8 µl 2.5 mM dNTPs
and 0.1 µl Titanium Taq DNA Polymerase (Clontech). Amplification cycles consisted of
96°C for 4 minutes; 18 cycles of 96°C for 10 seconds, 53-58°C for 5 seconds, 72°C for
10 seconds; 22 cycles of 96°C for 10 seconds, 53-58°C for 20 seconds, 72°C for 40
seconds and a final extension at 72°C for 3 minutes. Annealing temperatures were
optimized for each primer pair, and fluorescence was monitored as per manufacturer
protocol.

Results
Amplification and Sequencing
Primer sets were designed to cross exon-intron boundaries which are potential
polymorphic sites before PCR amplification from gDNA of each Culex pipiens complex
mosquito. Out of 36 primer sets 28 were successfully amplified. The total of 4714 bp
(base pairs) across orthologs of C. pipiens form pipiens and C. pipiens form molestus
were then sequenced, revealing 44 SNPs in the 3279 bp coding regions, 48 SNPs in the
1435 bp non-coding regions, and 10 indels (Table 2). The length of each amplicon after
stringent quality control varied between 24 and 306 bps. SNP data was then submitted to
NCBI SNP database (dbSNP accession nos. 947844444 - 947844519). Distributions and
diversities of SNPs in the Culex pipiens complex were reported in Table 2.
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Polymorphism
Analysis revealed a higher frequency of transitions (60 of 94; 63.8%) than
transversions (34 of 94; 36.2%) with an R ratio approaching 2:1 (1.8:1). 95.5% (44 of 46)
of all coding region substitutions were synonymous with the third codon position yielding
the highest frequency of synonymous substitutions (39 of 46; 84.8%), with every third
codon replacement being synonymous. In the coding regions 28 of 46 (60.9%) of
substitutions were synonymous transitions, while 16 of 46 (34.8%) were synonymous
transversions. Furthermore, 1 of 46 (2.2%) of substitutions in the coding regions were
non-synonymous transitions and 1 of 46 (2.2%) were non-synonymous transversions,
resulting in 2 of 46 (4.4%) of all coding region substitutions resulting in missense amino
acid replacements (Table 3). For all loci analyzed class I, transition substitutions (C/T
and G/A) were the most common (59 of 92; 64.1%) and the frequency of transitions was
not found to be significantly different (χ2=0.048, P=0.8258) between the coding (28 of
44; 63.6%) and noncoding regions (31 of 48; 64.4%). The remaining coding

Figure 1. Distribution of single
nucleotide polymorphisms for all
regions examined between
molestus and pipiens biotypes.
Purine to purine substitutions and
pyrimidine to pyrimidine
substitutions are defined as
transitions, while purines to
pyrimidine mutations or vice versa
are classified as transversions.

Figure 1. Distribution of single
nucleotide polymorphisms for all
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molestus and pipiens biotypes.
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pyrimidine to pyrimidine
35
substitutions
are defined as
transitions, while purines to
pyrimidine mutations or vice versa
are classified as transversions.

Table 2. Distributions and diversities of single nucleotide polymorphisms in the Culex pipiens complex.
Coding

Non-Coding

Codon Polymorphic Position
Transition

Nucleotide Diversity

Transversion

Polymorphism

# Polymorphism Types

Nucleotide Diversity

Gene

L (bp)

1st

2nd

3rd

Total

1st

2nd

3rd

Total

Syn

Nonsyn

Indel

Total

π

πn

Ks

Ka

L (bp)

Ts

Tv

Indel

Total

π

CPIJ006671

89

0

0

1

1

0

0

0

0

1

0

0

1

0.0112

0.0000

0.0492

0.0000

0

0

0

0

0

0.0000

CPIJ003890

125

0

0

1

1

0

0

0

0

1

0

0

1

0.0080

0.0000

0.0319

0.0000

0

0

0

0

0

0.0000

CPIJ009089

150

1

0

4

5

0

0

1

1

6

0

0

6

0.0400

0.0000

0.1865

0.0000

0

0

0

0

0

0.0000

CPIJ002431

110

0

0

0

0

0

0

0

0

0

0

0

0

0.0000

0.0000

0.0000

0.0000

65

3

2

0

5

0.0769

CPIJ004343

161

0

0

4

4

0

0

0

0

4

0

0

4

0.0248

0.0000

0.1019

0.0000

0

0

0

0

0

0.0000

CPIJ004272

62

0

0

0

0

0

0

0

0

0

0

0

0

0.0000

0.0000

0.0000

0.0000

64

8

2

2

12

0.1563

CPIJ013307

150

1

0

0

1

0

0

1

1

2

0

0

2

0.0133

0.0000

0.0551

0.0000

0

0

0

0

0

0.0000

CPIJ003470

104

0

0

0

0

0

1

0

1

0

1

0

1

0.0096

0.0136

0.0000

0.0137
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0

0

0

0

0.0000

CPIJ000470

167

0

0

1

1

0

0

2

2

3

0

0

3

0.0180

0.0000

0.0706

0.0000

20

0

0

0

0

0.0000

CPIJ007696

198

0

0

3

3

0

0

3

3

6

0

0

6

0.0303

0.0000

0.1191

0.0000

18

3

0

0

3

0.1667

CPIJ005613

0

0

0

0

0

0

0

0

0

0

0

0

0

0.0000

0.0000

0.0000

0.0000

63

3

0

0

3

0.0476

CPIJ006471

0

0

0

0

0

0

0

0

0

0

0

0

0

0.0000

0.0000

0.0000

0.0000

172

2

3

0

5

0.0291

CPIJ004396

132

1

0

2

3

0

0

0

0

2

1

0

3

0.0227

0.0101

0.0711

0.0101

0

0

0

0

0

0.0000

CPIJ005878

68

0

0

0

0

0

0

0

0

0

0

0

0

0.0000

0.0000

0.0000

0.0000

149

1

1

1

3

0.0134

CPIJ008264

54

0

0

0

0

0

0

0

0

0

0

0

0

0.0000

0.0000

0.0000

0.0000

64

0

0

1

1

0.0000

CPIJ008265

0

0

0

0

0

0

0

0

0

0

0

0

0

0.0000

0.0000

0.0000

0.0000

106

6

4

1

11

0.0943

CPIJ018569

123

0

0

0

0

0

0

1

1

1

0

0

1

0.0081

0.0000

0.0364

0.0000

0

0

0

0

0

0.0000

CPIJ000207

229

1

0

2

3

0

0

1

1

4

0

0

4

0.0175

0.0000

0.0772

0.0000

0

0

0

0

0

0.0000

CPIJ005652

136

0

0

0

0

0

0

0

0

0

0

0

0

0.0000

0.0000

0.0000

0.0000

63

2

1

0

3

0.0476

CPIJ008758

111

0

0

0

0

0

0

0

0

0

0

0

0

0.0000

0.0000

0.0000

0.0000

76

0

1

0

1

0.0132

CPIJ010827

98

0

0

0

0

0

0

0

0

0

0

0

0

0.0000

0.0000

0.0000

0.0000

181

1

1

2

4

0.0110

CPIJ008915

229

0

0

1

1

0

0

0

0

1

0

0

1

0.0044

0.0000

0.0248

0.0000

0

0

0

0

0

0.0000

CPIJ007044

306

0

0

3

3

0

0

1

1

4

0

0

4

0.0131

0.0000

0.0574

0.0000

0

0

0

0

0

0.0000

CPIJ004516

128

0

0

0

0

0

0

1

1

1

0

0

1

0.0078

0.0000

0.0332

0.0000

0

0

0

0

0

0.0000

CPIJ013966

170

0

0

0

0

0

0

0

0

0

0

0

0

0.0000

0.0000

0.0000

0.0000

12

1

0

0

1

0.0833

CPIJ008915

155

0

0

2

2

0

0

4

4

6

0

0

6

0.0387

0.0000

0.1837

0.0000

0

0

0

0

0

0.0000

CPIJ013141

24

0

0

0

0

0

0

0

0

0

0

0

0

0.0000

0.0000

0.0000

0.0000

82

0

1

0

1

0.0122

CPIJ008369

0

0

0

0

0

0

0

0

0

0

0

0

0

0.0000

0.0000

0.0000

0.0000

152

1

1

3

5

0.0132

L is length of amplicon; Syn, synonymous substitutions; Nonsyn, replacement substitutions; Ts, transitions; Tv, Transversions; π, nucleotide diversity; πn nonsynonymous
nucleotide diversity; Ks, average nucleotide substitutions per synonymous site; Ka, average nucleotide substitutions per non-synonymous site.
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polymorphisms were transversions
(16 of 44; 36.4%) with 4.5% (2 of
44) of all SNPs representing class
II (C/A and G/T), 27.3% (12 of 44)
class III (C/G) and 4.5% (2 of 44)
class IV (A/T) polymorphisms.
Noncoding regions exhibited
35.4% (17 of 48) transversions

Table 3. Distribution of synonymous and nonsynonymous substitutions between coding
regions, non-coding regions in respect to
transitions and transversions.
Coding Region Replacements
Synonymous
Transitions
Transversions
Nonsynonymous
Transitions
Transversions
Nonsense
Missense
Total

Total

%

28
16

60.9
34.8

1
1
0
2
16

2.2
2.2
0.0
4.4

Noncoding Region Replacements
Transitions
Transversions
Total

Total
31
17
48

%
64.6
35.4

Total Replacements
Transitions
Transversions
Total

Total
60
34
94

%
63.8
36.2

with 18.8% (9 of 48) representing
class II, 2.1% (1 of 48) class III,
and 14.6% (7 of 48) class IV
polymorphisms (Fig. 1 and Table
4). No indels were found in the

coding regions and a total of 10 indels were found in the noncoding region of 6 of 29
(20.6%) genes (Table 4). Table 4 also shows that the substitutions were synonymous
transitions, while 16 of 46 (34.8%) were synonymous transversions. Furthermore, 1 of
46 (2.2%) of substitutions in the coding regions were non-synonymous transitions and 1
of 46 (2.2%) were non-synonymous transversions, resulting in 2 of 46 (4.4%) of all
coding region substitutions resulting in missense amino acid replacements (Table 3). For
all loci analyzed class I, transition substitutions (C/T and G/A) were the most common
(59 of 92; 64.1%) and the frequency of transitions was not found to be significantly
different (χ2=0.048, P=0.8258) between the coding (28 of 44; 63.6%) and noncoding
regions (31 of 48; 64.4%). The remaining coding polymorphisms were transversions
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(16 of 44; 36.4%) with 4.5% (2 of 44) of all SNPs representing class II (C/A and G/T),
27.3% (12 of 44) class III (C/G) and 4.5% (2 of 44) class IV (A/T) polymorphisms.
Noncoding regions exhibited 35.4% (17 of 48) transversions with 18.8% (9 of 48)
representing class II, 2.1% (1 of 48) class III, and 14.6% (7 of 48) class IV
polymorphisms (Fig. 1 and Table 4). No indels were found in the coding regions and a
total of 10 indels were found in the noncoding region of 6 of 29 (20.6%) genes (Table 4).
Table 4 also shows that the frequency of transitions at four-fold degeneracy sites (4 of 19;
21.1%), was significantly lower (χ2=14.892, P=0.0001) than that of coding regions (28 of
44; 63.6%).

Table 4. Polymorphism class and the degeneracy of the genetic code.
Polymorphism
Transitions
Table 4. Polymorphism
Class I (C/T or G/A)
Transversions
Class II (C/A or G/T)

Wobble
Position

Coding

Fourfold
degenerate

Non-coding

class and the degeneracy of the genetic code.
28

24

4

31

2

1

1

9

Class III (C/G)

12

12

12

1

Class IV (A/T)

2

2

2

7

Indels

0

0

0

10

Total

44

39

19

58

Diversity
On average, coding regions exhibited a SNP per 74.5 bp with an average
nucleotide diversity (π) of 0.0096 ± 0.012, while noncoding regions exhibited a SNP per
29.9 bp with an average nucleotide diversity of 0.027 ± 0.047. In general, due to the
rarity of non-synonymous substitutions the rate of non-synonymous substitutions at nonsynonymous sites (Ka) was much lower (0.001 ± 0.003) than the rate of synonymous
substitutions at synonymous sites (Ks) (0.0499 ± 0.077) leading to a Ka/Ks ratio of 0.02.
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In coding regions, the highest nucleotide diversities (π) were the result of synonymous
substitutions (Ks) and were found in the genes encoding Rab-7 (CPIJ009089), nacetylgalactosaminyltransferase (CPIJ007696) and heat shock 70 kDa protein cognate 4
(CPIJ008915). In comparison, all nonsynonymous substitutions were found in predicted
hypothetical proteins. The GC content of the coding regions was approximately 60.2% in
the pipiens biotype and 59.8% in the molestus biotype, while the noncoding regions
exhibited 40.2% GC content in the pipiens biotype and 40.1% GC content in the molestus
biotype (Table 5). While the frequency of transitions to transversions was not
significantly different between the coding and non-coding regions (χ2=0.048, P=0.8258),
among the transversion classes (Type II, III and IV SNPs) there was significant mutation
bias favoring GC mutations in the coding regions (χ2=21.5, P=0.0001), that was not
observed in the noncoding regions (χ2=4.294, P=0.1168) (Table 4).

Discussion
In this study we investigated the single nucleotide polymorphisms between Culex
pipiens f. pipiens, and Culex pipiens f. molestus. While we discovered polymorphisms
between the two biotypes, we found that amino acids were strongly conserved in
functional regions. Our results were similar to those found in Aedes aegypti and
Anopheles funestus with the vast majority of coding region SNPs being synonymous
substitutions with the third codon yielding the highest percentage of coding substitutions
(Morlais & Severson 2003; Wondji et al. 2007).
The ratios of transitions to transversions approaches 2:1 for both biotypes, similar
to those found in mosquitoes such as Anopheles funestus, Aedes aegypti and Culex
theileri (Demirci et al. 2012; Morlais & Severson 2003; Wondji et al. 2007). Ka is the
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number of nonsynonymous substitutions at possible nonsynonymous sites and Ks is the
number of synonymous substitutions at synonymous sites. While it is lower than those of
Anopheles funestus, Anopheles gambiae or Aedes aegypti, the low average Ka/Ks ratio
(0.022) found between the biotypes of Culex pipiens is consistent with expectations that
coding regions would have pressures against nonsynonymous substitution due to
purifying selection (Morlais et al. 2004; Morlais & Severson 2003; Wondji et al. 2007).
The bias of substitutions towards transitions and third codon position
replacements is likely due to the degeneracy of the genetic code. Substitutions at the third
codon position, or wobble position, are least likely to code for missense/nonsense
substitutions with transition at this position predominantly resulting in a silent
substitution (93.8%). Additionally, the third position is the only site which provides for
four-fold degeneracy, with 50% of all third position substitutions resulting in the same
amino acid regardless of which nucleic acid is present. Furthermore, the four-fold
degenerate sites exhibit a marked shift away from the transition bias found in the coding
regions. As substitutions at four-fold degenerate sites are neutral, this shift towards
transversions is unsurprising, as statistically there are twice as many possible transversion
(C/A, G/T, C/G, A/T) mutations as transitions (C/T, G/A).
The frequency of indels between the two Culex pipiens biotypes (20.6%) was
higher than the intraspecific diversity found in Anopheles funestus (8%), but slightly
lower than those found in Aedes aegypti (24%) and Anopheles gambiae (25%) (Morlais
et al. 2004; Morlais & Severson 2003; Wondji et al. 2007). An easy explanation for the
differences in indel frequencies may be distinct selection pressures such as insecticide
resistance, filarial resistance, and various mosquito behaviors (Morlais et al. 2004;
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Morlais & Severson 2003; Wondji et al. 2007). The lack of indels in the coding regions
of Culex pipiens further supports the presence of strong purifying selection against
deleterious frame shift mutations. However, further studies required to validate this
speculation.
While coding preference varied between genes, the average GC content of the
Culex biotypes were found to be similar to Culex theileri (52.5%), as well previous
studies of Culex pipiens (63.2%), and was higher in coding regions than noncoding
regions (Demirci et al. 2012; Samantha 2007). Our results support previous studies
suggesting a bias towards higher GC content in Diptera (Morlais & Severson 2003). This
bias for higher GC content amongst transversions in regions coding for functional
transcripts could be due to selection against stop codons (TAA, TAG, TGA), which have
relatively low GC content (Wuitschick & Karrer 1999).
Noncoding regions exhibited higher nucleotide diversity (0.027) than coding
regions (0.0096), but lower nucleotide diversity than synonymous coding positions
(0.0449). This lower nucleotide diversity if noncoding regions relative to synonymous
coding positions is similar to results found in Anopheles funestus, Anopheles gambiae or
Aedes aegypti (Morlais et al. 2004; Morlais & Severson 2003; Wondji et al. 2007).
Variability of nucleotide diversity between each locus is likely a result of each gene
having a unique function, and consequently unique selection pressure. While each gene
was variable, the generally higher nucleotide diversity of noncoding regions than coding
regions implies that noncoding regions are under lower purifying selection than coding
regions, but that the redundancy of the third codon position uniquely relieves it of
selection pressure. The highest coding region mutation frequencies were found in genes
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involved in immune defense and were associated with lysosome biosynthesis
(CPIJ009089), pathogen recognition (CPIJ007696), and endocytosis (CPIJ008915).
These findings support previous hypotheses that mosquito genes associated with immune
responses are under diversifying selection to adapt in response to constantly evolving
pathogens (Morlais & Severson 2003). Unfortunately, because the nonsynonymous
substitutions occurred in hypothetical proteins we are unable to presume whether these
genes are subject to diversifying selection, or if they might be pseudogenes. The genes
with low levels of polymorphism located in highly conserved domains may suggest
functional adaptation of each Culex biotype. However, further investigation into the
functional analysis of these alleles is needed.
The increasing risk of vector-borne diseases necessitates new control measures
targeting genes that control critical phenotypes in the vectors. We expect that the SNPs
and indels characterized from the 28 genes in this study will provide informative genetic
markers for future genetic studies. Thus we can eventually identify the genes linked to
crucial phenotypic differences relevant to disease transmission in the Culex pipiens
complex.
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CHAPTER FOUR
A comparative examination of key expression differences between the Culex pipiens
form pipiens and Culex pipiens form molestus biotypes.

Abstract
The taxonomy Culex pipiens complex of mosquitoes is still debated, but in North
America it is generally regarded to include Culex pipiens form pipiens, Culex pipiens
form molestus and Culex quinquefasciatus. While these mosquitoes have very similar
morphometry, they each have unique life strategies specifically adapted to their unique
ecological niche. Differences include the capability for overwintering diapause, blood
meal preference, mating habitat preference, and reliance on blood meals to create eggs.
Here we use RNA-seq expression profiling to investigate the transcription differences
that result in the divergent phenotypes of these closely related biotypes, and then select
five candidate genes for further functional analysis as targets for vector control.

Introduction
Culex pipiens complex mosquitoes transmit numerous pathogens responsible for
human diseases including West Nile encephalitis, Rift Valley fever and Lymphatic
filariasis (Atkinson et al. 1995; Fonseca et al. 2004; Hubalek & Halouzka 1999; Kimura
et al. 2010; Lai et al. 2000; Lanciotti et al. 2000; Meegan 1979; Michalski et al. 2010;
Tsai & Mitchell 1989). C. pipiens form pipiens and Culex pipiens form molestus are two
biotypes included in the C. pipiens complex of mosquitoes (Reusken et al. 2010b;
Shaikevich & Vinogradova 2004; Vinogradova 2000a). While both mosquitoes are
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found in urban areas, form pipiens mosquitoes reside above ground and established
worldwide distribution long before the global spread of form molestus. In contrast, form
molestus mosquitoes were not established until the 20th century and inhabit subterranean,
man-made infrastructure such as sewers and tunnels (Byrne & Nichols 1999; Kothera et
al. 2010; Reusken et al. 2010a; Shaikevich & Vinogradova 2004; Vinogradova 2000c).
As such, while the biotypes share morphological characteristics, pipiens and molestus
mosquitoes have adapted unique suites of eco-physiological traits in order to survive two
very distinct ecological niches. Key differences between the biotypes include from
breeding site preference, blood meal preference, mating patterns, egg production,
pollution resistance and diapause (Barr 1957; Byrne & Nichols 1999; Clements 1992;
Harbach et al. 1984; Spielman 1967).
While the epigenous (above ground) form pipiens thrive in the open (eurygamy),
the hypogeous (below ground) form molestus have adapted to reproduce in restricted
spaces (stenogamy). Consequently, the feeding and oviposition (egg laying) preferences
of molestus have appropriately shifted from the ornithophilic (bird biting) and
anautogeneous (eggs laying requires a blood meal) patterns of their pipiens cousins to
mammalophilic (mammal biting) and autogenous (egg laying without blood meal)
behavior more appropriate for the type and availability of subterranean blood meals
(Harbach et al. 1985; Mattingly 1967; Vinogradova 2000a). Finally, diapause is an
anticipated, alternative developmental program resulting in dormancy that form pipiens
mosquitoes use to survive harsh winters, but is absent in the below ground molestus
(Denlinger D. L. et al. 2005; Tauber et al. 1986).
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While nucleotide divergence between the two biotypes have been studied in
detail, very few studies, with the notable exception of a recent transcriptome study by
Price and Fonseca, have investigated the epigenetic control of their unique traits
(Arthofer et al. 2015; Kang & Sim 2013; Price & Fonseca 2015). Fortunately, the Culex
quinquefasciatus genome is available as a reference for ontological analysis (Arensburger
et al. 2010). In this study, we used Illumina RNA-Seq to simultaneously identify and
quantify differences in transcript abundance between adult females of the two biotypes
one week after adult eclosion. Here, we further validate candidate genes with qRT-PCR
and subsequently found 5 genes with differences in transcript abundance between the two
biotypes. A deeper understanding of the genetic basis of divergent traits may provide a
novel method of control for these disease vectors. Five genes with different transcript
abundances showed a diverse biological process including cuticle formation, juvenile
hormone synthesis / regulation, olfaction, insecticide resistance, and cellular
division/reproduction.

Materials and Methods
Mosquito Rearing
Culex pipiens form pipiens and Culex pipiens form molestus specimens are
raised under 75% relative humidity, 25 oC, and a 15 hour light: 9 hour dark (L:D) daily
light cycle. Tetramin fish food is fed to larvae (Tetra holding inc., Blacksburg, VA),
while adults are maintained on honey-soaked sponges. Culex pipiens form pipiens are the
Buckeye Strain from Columbus, Ohio fall 2000 (Robich & Denlinger 2005b). Culex
pipiens form molestus were provided by Dr. Linda Kothera at the Centers for Disease
Control and Prevention Division of Vector Borne Infectious Diseases at Fort Collins,
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Colorado and originated from the Calumet Water Reclamation Plant in Chicago, Illinois
(Mutebi & Savage 2009). Lab mosquitoes are kept in large screens in separate
incubation rooms.

Sequencing, Reference Mapping and Clustering
Total RNA extraction was performed seven days after adult eclosion using a
standard TRIzol method (Life Technologies, Carlsbad, CA), before being tested on a
NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE) for purity.
Samples were obtained and pooled from three females of Culex pipiens form pipiens and
from three females of Culex pipiens form molestus.
After TruSeq mRNA library construction the samples were sequenced on an
Illumina HiSeq platform (Illumina Inc., San Diego, CA). Reads were first splice junction
mapped via TopHat (v1.3.3), and then transcripts were assembled and tested for
differences in abundance using Cufflinks (v2.0.2). (Langmead et al. 2009) (Trapnell et al.
2010) Cuffdiff was then used to examine differences in expression between the two
samples. Throughout this process the genome of Culex quinquefasciatus (Johannesburg
strain version 2.2) served as a reference genome. Differences of transcript abundance
between two biotypes were then visualized using a volcano plot based on FPKM
(Fragments per Kilobase of exon per Million fragments mapped) and statistical
significance threshold.
The DAVID (Database for Annotation, Visualization and Integrated Discovery)
bioinformatics resource v 6.7 was then used to identify and categorize significantly
divergent transcripts based on ontology (Huang da et al. 2009a, b). Genes were further
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Table 1. Gene identifications and qRT-PCR primers.
GeneID
CPIJ003488
(Cut-1)

Primer ID
adult cuticle protein 1 precursor,
putative

Forward
Reverse

Primer
AGAAGGAGGCTCGCTATCTG
GGAGCCAGATTCAGCGACT

CPIJ001822
(Hex-1)

hexamerin 1.1 precursor, putative

Forward
Reverse

GTTCTTCTTCATGGTCGCCC
GAATGGCAGCGTGTCGAC

CPIJ019485
(Jhest)

juvenile hormone esterase, putative

Forward
Reverse

ATCAAACCGAACACTGCACG
ATGACTCTGCTGGTGGTGTT

CPIJ000566
(Cath)

cathepsin C, putative

Forward
Reverse

CTCGGCCACTTCTCTCTCAG
GCAGAGTTCTCACGGTCTCT

CPIJ004167
(Odor)

odorant receptor, putative

Forward
Reverse

TCAGCTCCGAACCCAAGTAG
TTCAACCTGTTCAACGTGGC

classified by biological process, cellular component and molecular function via the GO
(Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) databases.

qRT-PCR Validation
Five transcripts were then selected based on fold change, statistical significance,
and relevant ontologies as targets for vector control. An iQ5 real-time PCR detection
system (Bio-Rad, Hercules, CA) was then used for qRT-PCR validation with ribosomal
protein L19 (RpL19) serving as an internal control. The results were then subjected to a
Student’s t-test to examine statistical significance. Primer information can be found in
Table 1.

Results
Data Analysis
After sequencing by HiSeq 2000 Culex pipiens f. pipiens samples, exhibited
32,916,095 total read pairs with an average read length of 101 base pairs and
6,649,051,190 total bases. Culex pipiens f. molestus yielded 29,628,110 total read pairs
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with an average read length of 101 base pairs and 5,984,878,220 total bases read. The
number of reads between the two samples sets were not statistically significant (p=0.4).
56.76-59.05% of the form pipiens transcript reads and 37.47-39.25% of the form
molestus uniquely aligned to the reference Culex quinquefasciatus genome (genone
version?, vectorbase.org). Due to read quality and multiple mapping, TopHat surpressed
0.61-0.62% of the form pipiens reads, and 0.22-0.23% form molestus reads.

Differential Expression
Culex quinquefasciatus, Culex pipiens form pipiens, and Culex pipiens form
molestus females shared a high level of homology. When compared to the Cx.
quinquefasciatus reference genome form pipiens only presented 3,789 novel reads out of
32,916,095 total reads and form molestus expressed 4,784 unique reads out of 29,628,110
total reads. Form pipiens yielded 20,041 alternative splices and form molestus yielded
19,367 alternative splices. Finally, the pipiens biotype presented 9,192 potentially novel
isoforms while molestus yielded 8,148 novel isoforms. Cufflinks analysis of mapped
reads to the reference genome was used to calculate difference in transcript abundance,
which was expressed as FPKM (Table 2).
DAVID analysis revealed 16 annotation clusters with significantly higher
transcript abundance in the pipiens biotype, with clusters enzymes involving serine
Table 2. Transcript abundance by fragments per kilobase of transcript per million mapped
reads (FPKM).
Culex pipiens
form pipiens
Culex pipiens
form molestus

FPKM<10
12,156
11,070

10 ≤ FPKM < 100 100 ≤ FPKM <1000
5,943
844
6,729
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931

1000 ≤FPKM
159
132

having the highest increase in activity, followed by terms involved in nucleoside binding,
ATP binding, and transcriptional regulators. In comparison, the molestus biotype showed
22 clusters, with the highest enrichment in nucleoside binding terms, followed by
nucleosome and chromatin assembly, then metabolic processes and polysaccharide
binding.
In order to narrow down the pool of candidate genes, we arbitrarily chose the
log2-fold-change threshold of 5.5, at which 73 transcripts had significantly different
transcript abundance between adult, female Culex pipiens form pipiens and Culex pipiens
form molestus. Interestingly, Culex pipiens form molestus presented a much higher
number of up regulated transcripts at this threshold compared to Culex pipiens form
pipiens. Ontologies of those genes were classified as under structure, olfaction,
insecticide resistance, cellular division/reproduction, metabolism, immunity, diapause or
hypothetical. Figure 1 reveals the categories of gene function of the divergent transcripts.
While the majority of upregulated transcripts were classified as hypothetical proteins,
Culex pipiens form pipiens exhibited an increase in genes related to metabolism and
immunity, and Culex pipiens form molestus upregulated genes involved with structure,
and cell growth/division. Transcripts were assessed based on fold change differences,
statistical significance and relevant ontologies for validation via volcano plot (Fig. 2) for
further analysis. Five transcripts: adult cuticle protein 1 precursor, hexamerin 1.1
precursor, juvenile hormone esterase, cathepsin C, and an odorant receptor were selected
for phenotypic relevance (Table 3), and then validated with qRT-PCR (Fig. 3).
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Discussion
Our results offer a number of potential gene expression targets behind the
divergent phenotypes of the Culex pipiens form molestus and form pipiens biotypes. We
expect that these candidate genes can be used in the disruption or overexpression of key
traits relevant to disease transmission. DAVID analysis showed largest categories of
significantly upregulated gene expression that involved in nucleotide production, gene
expression control and unknown function. Furthermore, an N50 = 476 kb and only 13%
of the genome assembled, the low quality of the Culex quinquefasciatus genome in
conjunction with the wide array of phenotypic differences between the molestus and
pipiens biotypes severely reduced the potential use of hypothetical proteins as targets of
vector control (Arensburger et al. 2010; Naumenko et al. 2015).
At the 5.5 log2-fold-change threshold the increase of metabolic transcripts in the
above ground pipiens may be an anticipation of energetically demanding task of finding a
blood meal host, and the increased in transcripts related to structure, growth and division
in the underground molestus may be in preparation for autogenous oogenesis. While
these categories may contain critical transcripts to these phenotypes, again the categories
were too broadly ubiquitous to successfully pinpoint targets for vector control.
Fortunately, sorting our data by statistical significance and fold change narrowed
down our data enough set to manually examine transcript ontologies for biological
relevance. From this narrowed data set five expression targets were selected for
maximum potential of key ecophysiological traits: adult cuticle protein 1 precursor,
hexamerin 1.1 precursor, juvenile hormone esterase, cathepsin C, and an odorant
receptor.
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Fig. 1. Significantly upregulated transcripts classified by ontology.
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Culex pipiens form molestus.

Culex pipiens form pipiens.

Fig. 2. Volcano plot of log2 fold change vs statistical significance.
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Table 3. Illumina HiSeq 2000 differential expression profiles of Culex pipiens form pipiens (P) and Culex pipiens form
molestus (M) 7 days after female eclosion.

FPKM P
525.24

FPKM M
0.75

Log2 Fold
Change
-9.46

25.47

0.1

-7.96

4.73

0.08

-5.96

CPIJ000566 cathepsin C, putative
(Cath)

0.09

35.91

8.66

CPIJ004167 odorant receptor, putative
(Odor)

0.05

33.69

9.41

GeneID
Putative Function
CPIJ003488 adult cuticle protein 1 precursor, putative
(Cut-1)
CPIJ001822 hexamerin 1.1 precursor, putative
(Hex-1)
CPIJ019485

juvenile hormone esterase precursor,
putative

(Jhest)

*Fragments per kilobase of exon per million fragments mapped (FPKM).
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Fig. 3. Expression abundance of female Cx. pipiens form molestus and Cx. pipiens form pipiens at 7 days after adult eclosion via
quantitative real-time PCR. Ribosomal protein large subunit 19 (RpL19) as a loading control. Error bars represent standard error.
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An adult cuticle protein was selected due to high upregulation in the form pipiens
mosquitoes. While it is not unusual that cuticle protein would be actively expressed in
adult mosquitoes, the marked difference in which transcripts are upregulated between the
different biotypes warrant further examination. It is known that in Drosophila
melanogaster and Culex pipiens form pipiens the cuticle thickens as a stress tolerance
mechanism resulting harder, less permeable integuments (Baker & Russell 2009a; Li &
Denlinger 2009). As mechanical properties of insect cuticles are highly optimized for
biological properties, it seems likely the expression profile differences are related to a
critical phenotype (Andersen et al. 1995). Here, we select an adult cuticle protein with
highly divergent expression between the two biotypes for further functional analysis.
A hexamerin precursor and a juvenile hormone esterase precursor were selected
due to their roles in reproductive programming. Synthesized from fat bodies, hexamerins
are a class of protein around 500,000 daltons associated with adult reproductive
development in mosquitoes, such as Anopheles gambiae (Telfer & Kunkel 1991;
Zakharkin et al. 1997). In Drosophila the absence of hexamarin reduced fly fertility and
are known to modulate juvenile hormone mediated reproductive differentiation in the
termite genus Reticulitermes (Roberts et al. 1991; Zhou et al. 2007a). Utilizing RNAi
and phenotypic rescue Zhou et al. have already demonstrated that presence or absence of
hexamarin may influence the developmental fate of insects, and provide excellent
candidate targets for vector control (Zhou et al. 2007a).
In insects, juvenile hormone esterase serves as a major demethylating regulator of
juvenile hormone titer in preparation for critical developmental periods (Lassiter et al.
1995; Schomburg & Stephan 1998). In Aedes aegypti juvenile hormone esterase and
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juvenile hormone III are inversely correlated in response to blood meals. Furthermore, in
Aedes aegypti blood fed 3 days after adult eclosion, early egg development correlated
with an increase in juvenile hormone esterase titer after 36 hours, before necessary a
decline 42 hours after blood feeding and pre-blood meal levels restored by 66 hours
(Shapiro et al. 1986). As form molestus mosquitoes are autogenous, it stands to reason
that by 7 days after adult eclosion, reduction of juvenile hormone esterase in specimens
may be correlated with restoration of juvenile hormone to pre-blood meal levels.
While the role of cathepsin C or dipeptidyl peptidase I (DPP-I ) is relatively
unknown in insects, in general it is an activator of serine proteases in resulting in
inflammation (Turk et al. 2001). Molestus biotype females exhibited very significant
upregulation of cathepsin C, which unsurprisingly coincided with an upregulation of
serine proteases. In addition to their role as activators of the innate immune system,
serine proteases are also associated with diapause, juvenile hormone, hemolymph
coagulation, synthesis of antimicrobial peptides and melanin (Gorman & Paskewitz 2001;
Robich & Denlinger 2005b; Valenzuela et al. 2002). As another closely related serine
protease activator, cathepsin B has been implicated in embryonic degredation of vitellin
and is key to protein catabolism of lysozymes, a cathepsin C was selected for further
functional analysis (Cho et al. 1999).
Isolating, understanding and interfering with the mechanisms underlying
mosquito olfaction has been a successful approach to vector control (Carey et al. 2010;
Hallem et al. 2004; Syed & Leal 2009; Takken 1991). In mosquitoes, olfactory receptor
neurons (ORNs) receptive to semiochemicals are used to breeding sites and nutrients,
including blood meals (Dethier 1957; Gibson & Torr 1999). DEET (N,N-diethyl-meta-
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toluamide) has proven to be an effective, topical insect repellent and is known to effect
odorant receptors in Culex quinquefasciatus and Anopheles gambiae (Ditzen et al. 2008;
Syed & Leal 2008). Culex quinquefasciatus, in particular, has been shown to possess
around 1,300 olfactory sensilla and several Culex odorant binding proteins have already
been cloned or mapped to specific sensilla (Ishida et al. 2002; Leal et al. 2008; McIver
1970; Pelletier & Leal 2009). DEET (N,N-diethyl-meta-toluamide) has proven to be an
effective, topical insect repellent and is known to effect odorant receptors in Culex
quinquefasciatus and Anopheles gambiae (Ditzen et al. 2008; Syed & Leal 2008). Here,
we present an odorant receptor with significantly increased expression in the molestus
biotype as a candidate olfactory receptor for mammal semiochemicals.
The Culex pipiens complex includes form pipiens and f. molestus, which in spite
of displaying a great deal of variation in ecophysiological traits, are nearly
morphologically indistinguishable. The genetic basis of these trait divergences between
the species is important steps to understand speciation process, population genetics, and
epidemiology of vector-borne diseases. Furthermore, our transcriptome study is
consistent with previous studies, and that an abundance of potentially critical targets are
available for genetic approaches to vector control.
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CHAPTER FIVE
A transcriptomic approach to identification of candidate genes for vector control of Culex
pipiens mosquitoes.

Abstract
Diapause is a key eco-physiological adaptation in the West Nile Virus vector,
Culex pipiens. Unfortunately, the mechanisms behind the molecular regulation of
diapause are not yet well known. We utilize Illumina RNA-seq to simultaneously
identify and quantify relative transcript levels between diapausing and non-diapausing
Culex pipiens females. After examining 65,623,095 read pairs, we identified 41 genes
with significantly different transcript abundances between these two groups. Further we
discussed transcriptome divergences between them, which are related to the juvenile
hormone synthesis, anaerobic metabolism, innate immunity and cold tolerance.

Author Summary
Diapause is one of the key eco-physiological traits for Culex pipiens to
overwinter. This alternative developmental program activates the unique set of genes by
which the mosquito species is able to cope cold and food shortage. As diapause is a
quantitative trait, controlled by a complex network of gene interactions, we examined
differences at a transcript levels between diapausing and non-diapausing females.
Interestingly, many of these genes have similar structure as those found in other
diapausing insects and offer some insight into how these transcripts result in diapause
phenotypes. Furthermore, the genes without similar insect orthologs may serve as new
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targets of ecological control, which may suppress these disease vectors and agricultural
pests.

Introduction
As a vector of West Nile Virus, Eastern Equine Encephalitis virus, and pathogens
of lymphatic filariasis the Culex pipiens mosquitoes have been of growing concern in the
US (Diamond 2009; Lai et al. 2000; Meegan et al. 1980; Monath 1988). These
ubiquitous mosquitoes were the driving force behind the historic 2012 West Nile
outbreak that resulted in 5,674 reported cases of human disease in the United States
(Control & Prevention 2013). Additionally, evidence of the rise of insecticide resistance
in these mosquitoes emphasizes the necessity of alternative vector control strategies
(Weill et al. 2004).
The invasive Culex pipiens complex mosquitoes are virtually indistinguishable by
simple morphometrics yet exhibit a robust range of life strategies driven by genetic
architecture that may provide a crucial framework for vector control (Harbach et al.
1985; Vinogradova 2000a). In the Northern house mosquito, Culex pipiens, diapause is
an alternative developmental program in which animals sense impending changes in their
environment and adapt accordingly (Eldridge 1968). Diapause is an anticipated response
triggered by shortened day lengths and low temperature, which in turn restrict the release
of juvenile hormone via endocrine signaling (Sim & Denlinger 2008). The diapause
program induces diverse phenotypes on physiology and development including delayed
reproductive development, stress tolerance, sugar gluttony and nutrient rationing. The
physiological and developmental changes allow the mosquitoes to effectively utilize
favorable conditions and avoid adverse conditions. In periods of harsh conditions, such
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as winter, diapause is a critical adaptation to the survival of these vectors of human
disease. Despite the crucial role of diapause to mosquito survival, it remains largely
unknown how these organisms are able to predict environmental change (Bowen 1992;
Denlinger D. L. et al. 2005; Meuti & Denlinger 2013; Mitchell & Briegel 1989; Robich
& Denlinger 2005a; Sanburg & Larsen 1973; Sim & Denlinger 2013; Spielman & Wong
1973; Tauber et al. 1986).
In general, diapause is a quantitative trait in which a multiple genes share
complex interactions that result with the phenotype. Several minor QTLs and a major
QTL have already been identified, but mapping studies have impeded by a lack of
markers (Mori et al. 2007). Here we hypothesize when comparing diapausing and nondiapausing Culex pipiens form pipiens differences in transcriptional profiles would
elucidate the molecular basis of diapause program in this species. RNA-seq technology
was used to simultaneously quantify and identify the transcriptional profiles of
diapausing and non-diapausing adult, female Culex pipiens mosquitoes.

Materials and Methods
Mosquito Rearing
Culex pipiens colonies are laboratory colonies maintained at Baylor University.
As previously described, non-diapausing specimens are raised with a 15 hour light: 9
hour dark (L:D) daily light cycles at 25 oC, and 75% relative humidity. Diapausing
specimens were reared with 9 hour light:15 hour dark (L:D) daily light cycles at 18 oC,
and 75% relative humidity (Robich & Denlinger 2005b). Diapausing incidence was
confirmed by measurement of the primary ovarian follicles and germariums as previously
described (Christophers 1911). Larvae are reared in de-chlorinated tap water and fed on
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Tetramin fish food (Tetra Holding Inc., Blacksburg, VA). Adults are maintained on
honey-soaked sponges and kept in large screened cages. Culex pipiens mosquitoes were
originally collected in Columbus, Ohio fall 2000 (Robich & Denlinger 2005b).

Total RNA Extraction
Total RNA was extracted from three adult diapausing Culex pipiens and three
non-diapausing adult Culex pipiens females 7-10 days after eclosion using TRIzol
isolation (Life Technologies, Carlsbad, CA). Total RNA purity was then tested on a
NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE).

Library Preparation and Sequencing
Samples were then subjected to TruSeq mRNA library construction. Samples
were purified twice using poly-T oligo-attached magnetic beads, before fragmentation
and priming for cDNA synthesis. cDNA was synthesized using reverse transcriptase and
random primers adapted into double stranded (ds) cDNA which were then removed with
Ampure XP beads (Beckman Coulter, Pasadena, CA). ds cDNA was then end repaired,
converting any resulting overhangs into blunt ends, before adapter adenylation of the 3’
for pair ended ligation. Next, adapters were ligated to ds cDNA and then selectively
amplified by PCR.
After quality control, bridge amplification was performed on a flow cell, which
was then loaded into a HiSeq 2000 Illumina platform (Illumina Inc., San Diego, CA). A
single molecular array was synthesized with reverse termination, resulting in unique
clusters of nucleotides strands which were then loaded for extension and imagining.
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Then resulting clusters were then extended one base at a time with nucleotides containing
reversible fluorophores with the cluster giving a single, unified signal for each base.

Data Analysis
Reads were then aligned using TopHat v1.3.3 against the Culex quinquefasciatus
Johannesburg strain reference genome as found on VectorBase
(https://www.vectorbase.org). TopHat employs the short read aligner Bowtie to identify
exon splice junctions (Langmead et al. 2009). Next, Cufflinks (v2.0.2) was used to
assemble transcripts, estimate abundance and test for differences in RNA expression.
Additionally, Cufflinks identifies alternative isoforms of target genes, as it does not use
existing genetic annotations (Trapnell et al. 2010). Cufflinks then extrapolates relative
transcript abundance from normalized reads and expressed in Fragments per Kilobase of
exon per Million fragments mapped (FPKM), where FPKM is calculated as 109 X
number of mappable exon reads / (number of total mappable reads X number of base
pairs in the exon). Cuffdiff was used to highlight significant differences in transcript
expression, splicing, and promoter usage. FPKM values of diapausing and nondiapausing Culex pipiens were comparatively examined and expressed in log2, where
gene targets up regulated in non-diapausing specimens exhibited positive fold changes,
while targets up regulated in diapausing specimens expressed negative fold changes.
Transcripts were then visualized to compare FPKM to significance on a volcano plot
(reference about volcano plot?). The transcripts with significant fold changes were then
screened for relevant ontologies.

Gene Ontology
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DAVID (Database for Annotation, Visualization and Integrated Discovery)
bioinformatics resource v 6.7 was utilized to cluster significant changes in gene
expression (Huang da et al. 2009a). Genes were then classified by biological process,
cellular component and molecular function via the GO (Gene Ontology) and KEGG
(Kyoto Encyclopedia of Genes and Genomes) databases.

qRT-PCR Validation
Transcripts abundance of genes with known ontologies was screened to identify
candidates for vector control. Next, qRT-PCR validation was performed on five
candidate genes associated with different functions using an iQ5 real-time PCR detection
system (Bio-Rad, Hercules, CA). 50 ng of DNA was reverse transcribed and amplified
via superscript III RNase H-reverse transcriptase (Invitrogen, Carlsabad, CA), per
manufacture protocol, and compared to ribosomal protein L19 (RpL19), an endogenous
housekeeping gene, as an internal control. Transcript divergence from the qRT-PCR
results were then evaluated for statistical significance via the Student’s t-test. Candidate
genes and primer information can be found in Table 1.

Table 1. qRT-PCR primers and associated genes.
GeneID
CPIJ007618
CPIJ020026
CPIJ012251
CPIJ012704
CPIJ011998

Primer IDs
alcohol dehydrogenase
(OH-deh)
glyocogen debranching enzyme
(glyd1)
troponin C
(trop)
pyrroline-5-carboxylate reductase
(pyr)
z-carboxypeptidase A1 precursor
(z-carb)
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Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Primers
a
CTGTTGGAAGCTGGAGGAGA
CTCTCACGTACACCATTGCG
CATGTACAAGGACACGCTCG
GGAGTTGTCGTAGTTTCCGC
GACAAGACCGGCCACATTC
CATCATGAAGACCTCGCGC
AGGCAAGCTGTTCATTTCGG
TTCCAACCGATTCGAACAGC
CTGGAGAGCACACACCAAAC
CATCCCAACTGTCATCGCTG

Results
Data Analysis
HiSeq 2000 sequencing yielded 42,175,155 total read pairs for Culex pipiens
diapausing samples, with an average read length of 101 base pairs and 8,519,373,230
total bases read. Comparatively, Culex pipiens non-diapausing samples yielded
33,447,940 total read pairs with an average read length of 101 base pairs and
6,756,483,880 total bases read. A student t-test reveals that the numbers of reads
between the diapausing and non-diapausing samples were significantly different
(p=0.0132).
Around 55.36-56.44% of the diapausing transcript reads uniquely aligned to the
reference Culex quinquefasciatus genome from vectorbase.org. Comparatively, 54.5254.40% of the non-diapausing reads aligned uniquely to the reference genome. TopHat
revealed that 0.74-0.75% of the diapause reads, and 0.39-0.40% non-diapause reads had
multiple mapping sites or were of low quality. Due to the non-specific nature of these
transcripts they were suppressed.

Differential Expression
Examination of whole, female adults revealed a transcriptional high homology
between Culex quinquefasciatus and Culex pipiens in both diapausing and nondiapausing samples. The transcriptome of diapausing females only presented 4,303
unique reads out of 42,175,115 total reads when compared to the Cx. quinquefasciatus
reference genome, and the non-diapausing sample expressed 4,007 unique reads out of
33,447,940 total reads. Additionally, transcripts from diapausing females of Cx. pipiens
revealed 21,146 alternative splices compared to the reference Cx. quinquefasciatus
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genome, yielding 9,388 potentially novel isoforms. Non-diapausing females similarly
revealed 20,468 alternative splices, and yielded 9,142 novel isoforms.
Cufflinks analysis of mapped reads to the reference genome was used to calculate
difference in transcript abundance, which was expressed as FPKM. An examination of
our data reveals the diapausing females of Cx. pipiens exhibited 11,193 transcripts with
FPKMs below 10 (FPKM<10), 6,174 transcripts with FPKMs greater than or equal to 10
and less than 100 (10 ≤ FPKM < 100), 838 transcripts with FPKM greater than or equal
to 100 and less than 1000 (100 ≤
FPKM <1000), and 129 transcripts with a FPKM greater than or equal to 1,000 (FPKM
≤1000). In comparison, the non-diapausing females of Cx. pipiens exhibited 11,061
transcripts with FPKMs below 10 (FPKM<10), 6,198 transcripts with FPKMs greater
than or equal to 10 and less than 100 (10 ≤ FPKM < 100), 708 transcripts with FPKM
greater than or equal to 100 and less than 1000 (100 ≤ FPKM <1000), and 259 transcripts
with a FPKM greater than or equal to 1,000 (FPKM ≤1000).
Distribution of transcripts can be seen in a volume plot (Fig. 1). Further
examination of fold change differences (log2) reveals 241 transcripts upregulated in
diapausing females and 207 transcripts upregulated in non-diapausing females (Fig. 2).
qRT-PCR validation of alcohol dehydrogenase, a glycogen debranching enzyme,
troponin C, pyrroline-5-carboxylate reductase, and z-carboxypeptidase A1 precursor
support the accuracy of our RNA-seq results (Fig. 3).
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Figure 1. Volume plot distribution of transcripts.
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Figure 2. Total genes upregulated in diapausing and non-diapausing females of Cx. pipiens. UP, DOWN
regulated count by IFCI >=2.
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Figure 3. Expression abundance of diapausing vs. non-diapausing females of Cx. pipiens at 7 days after adult eclosion via
quantitative real-time PCR. Ribosomal protein large subunit 19 (RpL19) as a loading control. Error bars represent standard error.
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An examination of P values reveals 41 transcripts with significantly different transcript
abundance between diapausing and non-diapausing adult females of Cx. pipiens (Table 2).
DAVID Analysis of the significantly differently expressed transcripts reveals 12 genes
categorized under biological process, 6 genes under cellular components and 17 genes under
molecular function, with many transcripts related to glycolysis. Of these significantly different
transcripts, three transcripts were mapped to known metabolic/signaling KEGG pathways
involved with “starch and sucrose metabolism.” However, fourteen transcripts did not map to the
reference genome, and 9 were conserved hypothetical proteins. Interestingly, non-diapausing
females of Cx. pipiens presented a lower number (10) of up regulated transcripts at this threshold
compared to diapausing counterparts. Fig. 4 reveals the gene function categories of the divergent
transcripts.
As the ultimate numbers of significantly different transcripts were relatively low the
ontology of each individual transcript was manually investigated beyond DAVID analysis, which
is a broad genome wide technique that focuses on categorization rather than the significance of
individual transcripts. Ontologies of those genes were classified as relating to the juvenile
hormone pathway, anaerobic metabolism, innate immunity and cold tolerance or as hypothetical
proteins. Fig. 4 reveals the categories of gene function of the divergent transcripts. While the
majority of upregulated transcripts were classified as hypothetical proteins, diapausing females
exhibited an increase in genes related to metabolism, juvenile hormone, and cold resistance
while non-diapausing females upregulated genes involved with metabolism and structural
fortification. Transcripts were assessed based on fold change differences, significance and
ontologies for validation via volcano plot (Fig 5).
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Figure 4. Significantly upregulated transcripts classified by ontology.
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Table 2. Differential gene expression profile between diapausing and non-diapausing females of Cx. pipiens 7 days after adult
eclosion by using Illumina HiSeq 2000 platform.
NonDiapause
Log2 Fold
Gene
Locus
Description
diapause
FPKM*
Change
FPKM
CPIJ005941 supercont3.104:135706-144687
ADP,ATP carrier protein 2
1297.29
384.94
-1.75
CPIJ005208 supercont3.108:113365-120827
alpha-amylase
10.17
1.80
-2.50
hyalurononglucosaminidase
CPIJ018863 supercont3.1358:78853-81474
1.06
0
N/A
precursor
CPIJ007618 supercont3.148:25822-56252
alcohol dehydrogenase
4.72
1.16
-2.02
CPIJ019028 supercont3.1589:59519-69546
ran
28.75
86.02
1.58
CPIJ007201 supercont3.163:705539-707969
serine protease
13.35
0
N/A
CPIJ002089 supercont3.21:536022-537672
salivary protein
113.21
45.57
-1.31
nascent polypeptide associated
CPIJ020177 supercont3.2736:532-9439
17.98
81.19
2.17
complex alpha subunit
CPIJ020026 supercont3.2812:2034-6343
glycogen debranching enzyme
80.24
27.86
-1.53
CPIJ011172 supercont3.299:36590-73789
dynein beta chain
1.24
4.24
1.77
CPIJ011998 supercont3.346:205841-207234
zinc carboxypeptidase A 1 precursor 73.26
226.73
1.63
CPIJ012251 supercont3.398:300000-334450
troponin C
769.78
275.20
-1.48
CPIJ012704 supercont3.404:144065-145118
pyrroline-5-carboxylate reductase
75.81
19.86
-1.93
CPIJ013040 supercont3.447:1311-4950
glycogen debranching enzyme
64.44
22.82
-1.50
galactose-specific C-type lectin,
CPIJ000449 supercont3.5:167316-168492
61.53
11.57
-2.41
putative
CPIJ014348 supercont3.599:237687-239756
sodium/hydrogen exchanger 8
1.325
0
N/A
galactose-specific C-type lectin,
CPIJ015401 supercont3.675:30064-44889
101.15
18.29
-2.47
putative
*RNA-seq results expressed in terms of fragments per kilobase of exon per million fragments mapped (FPKM).
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Figure 5. Volcano plot of log2 fold change vs statistical significance.
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Discussion
The increasing prevalence of West Nile Virus in the US emphasizes the need to
study the molecular regulation responsible for key adaptations, such as diapause, in Culex
mosquitoes. Furthermore, the availability of the Culex quinquefasciatus reference
genome and RNA-seq technology offers a an easy, cost effective method to
simultaneously identify and quantify differences in gene expression arising from
divergent traits such as diapause in Cx. pipiens. We utilized transcriptional profiling to
identify potential gene targets for further functional analysis into control of the
diapausing female mosquitoes.
The production of juvenile hormone by the corpora allata is central to the
diapausing program of Cx. pipiens (Spielman 1974). The surgical removal of the corpora
allata from non-diapausing females results in a simulated diapause which is rescued by
the application of juvenile hormone (Weaver et al. 1998). While this seems to illustrate a
simple model of endocrine control, the diapause program has multifaceted downstream
effects, which complicate the understanding of this dynamic suite of phenotypes. Here we
have examined the differential transcript profiles of Culex pipiens for potential links to
the diapause syndrome.
Allatostatin is known to halt juvenile hormone production in Culex pipiens, and is
well documented as a regulator of diapause in other insects as well (Hoffmann et al.
1999; Sim & Denlinger 2008; Stay et al. 1994). Studies of the cockroach, Diploptera
punctata, have further demonstrated that allatostatin is associated with a dose-dependent
upregulation of digestive enzymes in the insect midgut with allatostatin reactive cells
transversing the midgut and basal lamina (Fuse et al. 1999; Yu et al. 1995). As a

81

principal carbohydrate metabolizing enzyme in insects, alpha-amylase is specifically
responsible for converting starch into maltose in Diploptera punctata and is upregulated
in the presence of allatostatin (Fuse et al. 1999; Khan 1963). Similarly, alpha-amylase is
upregulated in diapausing females of Cx. pipiens, which points to a potential link
between alpha-amylase and allatostation, and further suggests that the digestive enzyme
is associated with an increased efficiency of nutrient uptake in diapausing females.
Differential gene expression analysis further revealed an increase of transcripts
involved with anaerobic metabolism in diapausing females. In particular, two separately
upregulated glyocogen debranching enzymes indicate an increase of glycolysis and
gluconeogenesis in diapausing specimens. As diapausing females of Cx. pipiens are
subjected to periods of fasting, starvation and low energy diets, these anticipatory
preparations are unsurprising. Furthermore, increased anaerobic metabolism is a trait
found during dormancy of several animals including S. crassipalpis, D. melanogaster, C.
elegans and Wyeomyia smithii (Baker & Russell 2009b; Emerson et al. 2010; Jeong et al.
2009; Ragland et al. 2010; Wang & Kim 2003) .
The depression of the adaptive immune system and the importance of the innate
immune system during diapause is well documented (Nakamura et al. 2011). A
transcript associated with innate immunity, serine protease, was also upregulated in
diapausing females. In addition to being known to be upregulated by juvenile hormone,
serine proteases are known to be involved in hemolymph coagulation, synthesis of
antimicrobial peptides and melanin, and are responsible for the activation of the immune
system in the presence of pathogens (Gorman & Paskewitz 2001; Robich & Denlinger
2005b; Valenzuela et al. 2002).
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Two galactose-specific C-type lectins, were also upregulated in diapausing
females. These results correspond with those observed in the cotton bollworm,
Helicoverpa armigera, in that the innate immune system is fortified against bacterial and
fungal infections in response to a decline in the adaptive immune system during the
diapause (Nakamura et al. 2011; Zhang et al. 2013). It has been previously shown that
these cold-tolerant calcium-dependent carbohydrate-binding pattern recognition proteins
are able to recognize pathogens and serve as a crucial initiators of the innate immune
responses such as phagocytosis, prophenoloxidase activation and hemocyte nodule
formation. (Yu et al. 2002; Zelensky & Gready 2005). While serine proteases and C-type
lectins are also associated with blood feeding in insects, it is unlikely that the
upregulation of these enzymes and a third salivary protein in diapausing females is
related to anticoagulation as neither trial was offered blood (Charlab et al. 1999; Price &
Fonseca 2015; Valenzuela et al. 2002).
Cold tolerance is a hallmark of the diapausing phenotype, as many of the
physiological changes associated with the trait are in direct preparation of winter. In
addition to the previously mentioned lectins another cold tolerance gene, pyrroline-5carboxylate reductase, has been linked with increased cold-shock tolerance in D.
melanogaster and is responsible for the final step in the biosynthesis of proline (Misener
et al. 2001; Misener & Walker 2000). Increased cold tolerance is commonly correlated
with an upregulation of proline in overwintering insects, and proline may be an important
source of metabolic fuel for overwintering (Fields et al. 1998; Shimada & Riihimaa 1990;
Storey & Storey 1988). The upregulation of pyrroline-5-carboxylate reductase and a
hyalurononglucosaminase precursor indicate an anticipatory preparation for overwintering
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in diapausing Culex pipiens. Furthermore, the upregulation of troponin C suggests a
fortification of structural components in diapausing individuals. In soldier termites, the
presence of troponin C is associated with the thickening of the cuticle and musculature,
which may in turn lead to increase cold in diapausing mosquitoes (Zhou et al. 2007b). In
contrast, non-diapausing females exhibited an upregulation of zinc carboxypeptidase A 1
precursor.

While this transcript may be tied to molting and is upregulated by 20-

hydroxyecdysone, which in turn is downstream of juvenile hormone, as both diapausing
and non-diapausing females molt it is unknown how this result might be significant (Ote
et al. 2005).
While many of these ontologies offer insight into the control of diapause, the
ubiquitous nature and broad categorizations of several ontological categorizations preclude
speculation into the gene function of several candidates. As such, expression differences
of ran, sodium/hydrogen exchanger 8, and dynein beta chain, and a nascent polypeptide
associated complex subunit have not been addressed in this manuscript, but warrant future
investigation. Furthermore, the upregulation of alcohol dehydrogenase in the diapausing
females was unexpected this class of enzyme has been tied to juvenile hormone production,
but the broad variety of alcohol dehydrogenases prevent us from speculating as to the
nature of this specific transcript (Mayoral et al. 2009).
The fragmentation of the Culex quinquefasciatus genome (N50 = 476 kb), and
low chromosomal assignment of the total genome assembly (13%) emphasize the need
for further investigation of the Culex pipiens complex mosquitoes (Arensburger et al.
2010; Naumenko et al. 2015). Furthermore, the lack of full physical map limits the
prospect of genome wide association study, and many transcripts are hypothetical
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proteins of unknown ontology. Fortunately, the ontologies of many of our transcripts
correspond with previous studies of diapause and validate the accuracy of our results, but
the most exciting aspect of our results are the nine hypothetical proteins and the unknown
transcripts associated with the syndrome and their potential as candidate genes of this
important suite of adaptations (Table 2).

Table 3. Hypothetical proteins and their positions on the Culex quinquefasciatus
(Johannesburg strain) reference genome.
Gene ID

Locus

CPIJ006495

supercont3.125:61017-61995

CPIJ011623

supercont3.329:415108-415963

CPIJ012164

supercont3.368:82667-83532

CPIJ012185, CPIJ012186

supercont3.374:183520-184852

CPIJ013706

supercont3.514:131855-159297

CPIJ014352

supercont3.599:260569-262212

CPIJ015860

supercont3.679:55208-56318

CPIJ016534

supercont3.772:2934-4658

CPIJ016689

supercont3.792:100918-188468
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