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ABSTRACT 

My dissertation examines the molecular basis of photoperiodic diapause in the 

Asian tiger mosquito, Aedes albopictus, using high-throughput DNA sequencing 

technologies. Photoperiodic diapause is a developmental arrest in response to the 

seasonal change in photoperiod. Diapause enables the insects to synchronize growth and 

reproduction with favorable conditions, and developmental arrest with harsh conditions, 

such as winter in the temperate zone. Previous studies from our laboratory have 

established extensive global transcriptional profiles of diapause in Ae. albopictus at the 

diapause preparation and the actual developmental arrest stages. My dissertation research 

has elucidated global transcriptional dynamics during the diapause induction phase that 

initiates the diapause program. I discovered that essential components of the circadian 

clock governing daily rhythmic gene expression are implicated in photoperiodic time 

measurement. Also, energy metabolism and offspring provisioning were discovered to be 

crucial physiological processes during diapause induction.  

I also compared and evaluated four common approaches to transcriptome 

assembly, using the extensive transcriptomic resources for Ae. albopictus and its recently 

published genome assembly. I recommended general guidelines for transcriptome 

assembly, especially for non-model organisms. These guidelines will help to establish 
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consistent methodological standards for the research community conducting high-

throughput sequencing studies, a rapidly expanding field of research. 

In another study, I took advantage of a natural evolutionary experiment that has 

occurred between tropical and temperate populations of Ae. albopictus. Tropical 

populations do not undergo photoperiodic diapause whereas the temperate populations 

do. Therefore, crossing genetic backgrounds from distinct geographic regions of the same 

species allowed me to examine the genetic basis of photoperiodic diapause. I utilized 

bulked segregant analysis coupled with RNA sequencing (RNA-Seq) to identify genomic 

regions associated with diapause. Using a novel approach to leverage the unique 

expression information provided by RNA-Seq, combined with traditional single 

nucleotide polymorphism discovery, I identified candidate genomic regions and 

candidate genes likely involved in regulating diapause. Overall, this research helps to fill 

in important gaps in our understanding of the molecular basis of diapause and provides 

candidate genes for further functional interrogations.  
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INTRODUCTION 

Applying next-generation sequencing technologies to investigate the molecular basis 

of complex ecological adaptations 

Every living being on this planet must cope with the dynamic environmental 

variations. These environmental variations include aseasonal exigencies, daily and 

seasonal patterns [1]. Aseasonal exigencies are typically unpredictable and short-term, 

such as drought, shortage of food and sudden change in temperature. Daily and seasonal 

patterns are both predictable and recurring, though on different time scales. Daily patterns 

include circadian rhythms of temperature and light. Seasonal patterns include the 

progression of seasons and tidal cycles. This dissertation focuses on adaptations of the 

organisms to seasonal variations. Seasonal adaptations, fundamental to the development 

and reproduction of the organisms, are a long-standing question in evolutionary biology 

and ecology. The molecular mechanisms underlying these adaptations are not well 

elucidated.  

Diapause is a crucial seasonal adaptation that enables insects to endure severe 

environmental conditions and synchronize their growth and reproduction with favorable 

seasonal environmental conditions. Diapause is also a developmental arrest in response to 

token environmental stimuli in advance of adverse seasons. The most common token 

stimulus is photoperiod, which is a reliable indicator of seasonal change and can be 

perceived by the organisms to prepare for the forthcoming seasonal severity, such as 

winter. Organisms relying on photoperiod as the token stimulus for the induction of 

diapause are said to undergo photoperiodic diapause. In temperate regions, photoperiodic 

diapause can be induced by short day length and the insects start to prepare for diapause 
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in the late summer or fall. After the insects diapause through the winter, they terminate 

diapause to resume development and reproduction as favorable conditions arrive in the 

spring. Thus, diapause is a dynamic developmental program, and can be categorized into 

five eco-physiological phases [2]. The diapause induction phase is characterized by 

perception of the environmental token stimulus well in advance of the adverse season, 

followed by a preparation stage when direct development continues but certain 

physiological processes occur to make the organism ready for the actual diapause stage. 

Upon diapause initiation, direct development ceases and metabolic rates are reduced. 

During the actual diapause phase, the state of diapause is maintained so that even if 

conditions are temporarily favorable, the organism still remains dormant. After an 

obligate period of dormancy or in response to diapause terminating factors [2], diapause 

is terminated and direct development can be resumed. 

The Asian tiger mosquito, Aedes albopictus, is an excellent model for studying 

the ecological and evolutionary significance of photoperiodic diapause. Ae. albopictus 

has a well characterized photoperiodic diapause, which can be easily and consistently 

induced in the laboratory by short day photoperiods [3-5]. In Ae. albopictus, under non-

diapause-inducing (16h light: 8h dark in the laboratory) conditions, the female produces 

developing eggs that hatch out immediately in response to a hatching stimulus. Under 

diapause-inducing conditions (8h light: 16h dark in the laboratory), the photosensitive 

pupal or adult female perceives the signal of short day length and subsequently produces 

diapausing eggs. Under diapause-inducing conditions, the embryo will complete its 

development and the resulting pharate larva enters a developmental arrest (diapause) 

inside the chorion of the egg. During diapause, insects usually suppress metabolism and 
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elevate stress response, such as cold and desiccation resistance. In Ae. albopictus, 

diapausing eggs are both more resistant to chilling [6] and desiccation [7, 8] than non-

diapausing eggs. Diapausing eggs are also larger and contain ca. 30% more total lipids 

than non-diapausing eggs [9]. The enhanced resistance to stress and nutrient storage may 

contribute to higher survival of diapausing eggs through the winter in temperate regions 

[10]. Previous work from our laboratory has demonstrated rapid local adaptation of 

diapause timing during the invasion and range expansion of Ae. albopictus in North 

America over two decades [11]. Diapause has helped this invasive species to establish 

across a ca. 15-degree latitudinal gradient in North America, and our understanding of 

diapause in Ae. albopictus could provide novel insight into how many other agricultural 

pests and disease vectors spread globally. Essential molecular pathways identified to be 

important in regulating diapause in Ae. albopictus could elucidate how the organism has 

adapted to temporal and spatial heterogeneity during invasion and range expansion, 

shedding light on how other invasive species could potentially utilize similar strategies. 

Ae. albopictus is an aggressive human-biting mosquito that has spread from its 

native Southeast Asian range to all continents except Antarctica over the last 30 years 

[12]. This mosquito is a competent vector of 22 other arboviruses in addition to the 

dengue virus (DENV), the Chikungunya virus (CHIKV) [13] and a potential vector for 

the Zika virus [14]. Because vaccines and drug treatments are not available for DENV, 

CHIKV, Zika and most other arboviruses, vector control has been the most effective 

strategy for controlling these diseases. However, traditional vector control approaches 

such as insecticides and source reduction have been largely ineffective against Ae. 

albopictus [15], in part because this ecological generalist occupies such a wide range of 
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container types as larval habitats [15, 16]. Thus, novel approaches to suppressing this 

vector are urgently needed. Understanding the molecular basis of photoperiodic diapause 

can provide novel insight into vector control strategies by genetically or chemically 

disrupting this crucial ecological adaptation. 

The use of next-generation sequencing (NGS) technologies has increased 

dramatically over the past decade [17]. Due to the technological revolution in NGS, vast 

amounts of both transcriptome and genome sequences across a wide range of species are 

accumulating, especially from large-scale projects including Genome 10K 

(https://genome10k.soe.ucsc.edu/, accessed on Apr 7, 2015.) and Insect 5K 

(http://www.arthropodgenomes.org/wiki/i5K, accessed on Apr 7, 2015.). Traditionally, 

model organisms have been chosen largely based on the ease with which they can be 

reared in the laboratory and used for genetic studies, or on their evolutionary relatedness 

to humans. However, in the current “-omics” era, a much greater variety of organisms 

can be studied at the genomic and transcriptomic level. This revolution in DNA 

sequencing technologies has far-reaching applications for the field of biology, 

dramatically increasing opportunities to elucidate gene regulatory networks [18] and the 

genetic basis of complex traits [19, 20]. Most importantly, NGS allows scientists to 

investigate biological questions at an unprecedentedly large scale. RNA-Sequencing 

(RNA-Seq) is one important NGS technology [21]. RNA-Seq samples the entire 

transcriptome in great depth under a particular experimental condition. The transcriptome 

includes all expressed sequences, a reduced representation of the genome. RNA-Seq has 

many exciting applications [21, 22], including phylogenomic analyses [23], single 

nucleotide polymorphism (SNP) discovery, small RNA profiling, novel transcript or 
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splice variant discovery and comparison of global transcriptional mRNA profiles under 

distinct environmental conditions, e.g., benign vs. ecologically stressful conditions. 

RNA-Seq is a powerful tool to advance these applications for at least three reasons. First, 

RNA-Seq is able to capture the expression of (ideally) all genes under specific 

experimental conditions. Second, it does not require any prior genetic information, which 

is well suited for non-model organisms. Third, RNA-Seq is cost-effective and affordable 

for most laboratories. For nearly all applications of RNA-Seq, transcriptome assembly is 

a challenging but crucial first step for accurate downstream genetic analyses [24]. 

However, the optimal transcriptome assembly strategy has not been established for non-

model organisms. 

Ae. albopictus is an excellent model system for studying the molecular 

mechanisms of photoperiodic diapause, with next-generation sequencing technologies. 

Previous work in our lab has utilized next-generation sequencing to elucidate the 

transcriptional profiles of Ae. albopictus during diapause preparation [25, 26], diapause 

initiation and diapause maintenance [27]. These studies have revealed key physiological 

processes that are associated with diapause response, e.g. lipid metabolism [27], cell 

cycle regulation [25], ecdysone signaling [25, 26] and stress responses [25]. The recently 

published genome assembly of Ae. albopictus [28], though largely fragmented, has 

provided a rich genomic resource for molecular research in Ae. albopictus. Furthermore, 

a well annotated genome assembly from a closely related species in the same subgenus 

Stegomyia, Ae. aegypti [29], has provided an outstanding resource for comparison with 

the fragmented Ae. albopictus assembly. In addition, our laboratory has built a 

comprehensive transcriptome database for Ae. albopictus (albopictusexpression.org) 
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based upon previous studies [25-27, 30]. This database is a valuable resource for 

investigating transcriptional profiles of diapause in Ae. albopictus, especially combined 

with the genome sequence. These genomic resources for Ae. albopictus will further 

enhance studies of molecular mechanisms of photoperiodic diapause in Ae. albopictus, 

and can also provide a basis for investigating the optimal transcriptome assembly strategy 

for non-model organisms. 

Despite increasing knowledge of the molecular regulation of diapause 

preparation, maintenance and termination, the molecular mechanisms regulating the more 

“upstream” stage of diapause induction remain much less well understood. The molecular 

mechanisms of diapause induction have been well studied in Bombyx mori [31-33], and 

to a lesser extent in the mosquito Culex pipiens [34-36]. These studies confirm the 

fundamental importance of hormonal regulation during diapause induction [37, 38]. 

However, the mechanism by which organisms measure and interpret photoperiod remains 

completely unresolved and controversial. Some researchers have argued that the 

circadian clock provides the mechanistic basis of photoperiodic time measurement [39-

41], while others have argued that components of the circadian clock, specifically 

‘timeless’ (its light-dependent degradation entrains the clock daily), might function as a 

component of an “hourglass” interval timer that can measure photoperiod independent of 

its role in the circadian clock [42, 43]. The definitive molecular mechanism of this crucial 

phase remains poorly understood, though some common genes across species that are 

likely involved in regulating diapause have been identified [44]. 

Even less is known about the genetic basis of photoperiodic diapause, i.e. the 

underlying DNA sequences that regulate differential gene expression leading to or 
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contributing to the trajectory of diapause. One of the most well studied insect species for 

their photoperiodic diapause is the pitcher plant mosquito, Wyeomyia smithii. 

Quantitative trait loci (QTL) mapping experiments have identified genomic regions 

associated with the critical time points and life stages when organisms switch from direct 

development to diapause [45]. Moreover, the genetic basis of photoperiodic diapause can 

depend upon the genetic backgrounds of spatially and temporally heterogeneous 

populations [46]. However, the lack of a genome assembly for W. smithii has made 

difficult the progress in moving from candidate QTL to candidate genes. The recently 

published genome assembly of Ae. albopictus [28] provides an outstanding opportunity to 

investigate the genetic basis of photoperiodic diapause in this species, and can have 

implications for molecular basis of photoperiodic diapause in other insects as well. 

My dissertation research focuses on further elucidating the molecular basis of 

photoperiodic diapause in Ae. albopictus on two different levels. My first chapter 

examines the global transcriptional dynamics of diapause induction in blood-fed and non-

blood-fed females. This study was the first to utilize powerful RNA-Seq technologies to 

elucidate the transcriptional basis of diapause induction in any insect. Because a blood 

meal elicits dramatic changes in gene expression and is required for egg production, I 

also wanted to explicitly examine the effect of blood feeding on diapause induction, 

which had not been studied before. Females were exposed under diapause-inducing short 

photoperiods or non-diapause-inducing long photoperiods, with or without a blood meal. 

First, I generated a comprehensive transcriptome assembly incorporating transcriptome 

assemblies from all previous stages of diapause. In non-blood-fed females, I identified 

important elements involved in interpreting photoperiod, that are essential components in 
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the circadian clock pathway; I also identified metabolic responses to diapause induction 

in blood-fed females, including enhanced energy production and offspring provisioning. 

This study indicated that the transcriptional basis of diapause induction is primarily a 

quantitative rather than qualitative response, with changes involving mostly gene 

expression levels rather than specific genes that are uniquely expressed under either 

diapause or non-diapause conditions. In addition, I identified a conserved set of genes 

that are differentially expressed as part of the diapause program in a diverse group of 

insects. These genes provide candidates whose diapause-associated function can be 

further interrogated using functional genomics approaches in Ae. albopictus and other 

insects. 

 Transcriptome assembly is usually the first step for investigating the 

transcriptional basis of complex traits using RNA-Seq, including the transcriptional basis 

of diapause. Previous studies from our laboratory, have established a comprehensive 

transcriptome database across the trajectory of diapause in Ae. albopictus. This database, 

combined with the recently published genome assembly of Ae. albopictus, and the well 

annotated genome assembly of Ae. aegypti, a closely related species, enabled me to 

investigate the optimal transcriptome assembly method for non-model organisms. I 

compared four assembly methods: de novo assembly without reference, reference-based 

re-assembly using proteomic and genomic resources from Ae. aegypti, transcriptome 

post-scaffolding (TransPS) using the Ae. aegypti proteome, and genome-guided assembly 

using the Ae. albopictus and Ae. aegypti genome assemblies. No study has thus far 

compared de novo assembly with both transcriptome re-assembly via protein reference 

scaffolding (i.e., reference-based re-assembly and TransPS) and genome-guided 
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assembly simultaneously. The quality of the various assemblies was assessed by the 

number of contigs generated, contig length distribution, percent paired-end read mapping, 

and gene model representation via BLASTX [47]. In addition, I examined how the 

amount of data available affected these quality metrics of the assembly. Results from this 

study are particularly relevant to non-model organisms with genomic resources from a 

closely related species and emerging model organisms with a more fragmented genome 

assembly compared to traditional model organisms. 

My third chapter examines the genetic basis of photoperiodic diapause, i.e., the 

underlying DNA sequences that regulate the differential gene expression leading to or 

contributing to the induction and progression of diapause. I took advantage of a natural 

evolutionary experiment that has occurred due to the divergence in photoperiodic 

diapause response between temperate and tropical populations of Ae. albopictus. Tropical 

populations do not undergo photoperiodic diapause, because there is little annual change 

in photoperiod and no winter in the tropics. Because temperate populations do undergo 

photoperiodic diapause, crossing genetic backgrounds from climatically distinct 

populations of the same species enables me to examine the genetic basis of photoperiodic 

diapause. I utilized bulked segregant analysis (BSA) to compare the intercrossed 

offspring from pairs of a single temperate female and a single tropical male with 

photoperiodic diapause response at two extremes, in order to identify genetic markers 

associated with photoperiodic diapause. BSA is an efficient alternative to the traditional 

QTL approach to identify the genetic basis of phenotypic traits because BSA examines 

only the individuals with phenotypes at the two extremes of the phenotypic distribution 

[48]. Combined with powerful next-generation sequencing, BSA-Seq can identify causal 
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mutations for traits with relatively simple genetic bases [49, 50]. Compared with previous 

studies, BSA-Seq can dramatically expand the number of genetic markers across the 

genome (mainly SNP markers), which is necessary for high-resolution genetic mapping 

of complex ecological adaptations. A high proportion (~68%) of the large Ae. albopictus 

genome (~2 Gb) is comprised of repetitive elements [28], making whole genome 

sequencing difficult for BSA-Seq. RNA-Seq samples the reduced representation of the 

genome (only the transcribed regions), which avoids repetitive elements and can achieve 

high coverage for the transcribed regions. In addition to nucleotide sequences, RNA-Seq 

also provides unique information on the expression of genomic regions under specific 

environmental conditions. In addition to identifying candidate SNP markers associated 

with diapause, I also developed a novel approach using RNA-Seq expression information 

to identify genomic coverage blocks associated with diapause. The combination and 

candidate SNPs and coverage blocks narrowed down the list of candidate genomic 

scaffolds associated with diapause with higher confidence, because these scaffolds 

contain two types of genetic markers at two different levels, both at the single nucleotide 

level and at the genomic block level. Using this novel approach, I identified candidate 

genomic regions and candidate regulatory genes associated with photoperiodic diapause. 
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CHAPTER I 

Global transcriptional dynamics of diapause induction in non-blood-fed and blood-

fed Aedes albopictus 

Dengue virus (DENV) and Chikungunya virus (CHIKV) are (re)emerging 

arboviruses transmitted primarily by the mosquitoes Aedes aegypti and Aedes albopictus.  

Estimates of annual DENV infections range from 50-390 million [51, 52].  Although 

levels of CHIKV infection are much lower, a 2005-2006 CHIKV outbreak on La Réunion 

island in the Indian Ocean infected over 266,000 individuals [53], and was followed by 

an outbreak in northern Italy in 2007 [54].  This latter event generated considerable 

concern because it represents the first temperate outbreak of CHIKV, which had 

previously been restricted to tropical areas.  CHIKV has recently spread to the Caribbean 

islands and South America [55, 56], and local transmission of both DENV and CHIKV 

has recently occurred in peninsular Florida [57, 58] and Europe [59].  Although Ae. 

aegypti has historically been considered the primary vector of both DENV and CHIKV, 

Ae. albopictus has been implicated as the primary vector in at least five DENV outbreaks 

between 2001-2010, including one in the temperate location of Croatia [59, 60], and Ae. 

albopictus was also the primary vector of the CHIKV outbreak on La Réunion, which 

coincided with a CHIKV mutation from Alanine to Valine at position 226 of the E1 viral 

envelope protein which confers increased transmission efficiency of CHIKV by Ae. 

albopictus [61, 62]. 

Ae. albopictus is an aggressive human biting mosquito that has spread from its 

native Southeast Asian range to all continents except Antarctica over the last 30 years 

[12].  This mosquito is a competent vector of 22 other arboviruses in addition to DENV 

and CHIKV [13].  Because vaccines and drug treatments are not available for DENV, 

CHIKV and most other arboviruses, vector control has been the most effective strategy 

for controlling these diseases.  However, traditional vector control approaches such as 

insecticides and source reduction have been largely ineffective against Ae. albopictus 

[15], in part because this ecological generalist occupies such a wide range of container 

types as larval habitats [15, 16].  Thus, novel approaches to suppressing this vector are 

urgently needed. 
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Photoperiodic diapause is a pre-programmed developmental arrest in response to 

the token environmental stimulus of photoperiod.  Photoperiodic diapause is a crucial 

adaptation to survival during the unfavorable conditions of winter in a wide variety of 

temperate insects, including many important vectors of human disease [1, 44, 63].  

Because diapause is essential for overwinter survival in temperate habitats, identifying 

novel targets for genetic or chemical disruption of diapause or diapause-associated 

physiological processes could provide new tools to augment traditional vector control 

approaches.  Genetic approaches to vector control are becoming increasingly feasible 

[64-66], and the diapause response represents an attractive target for genetic control 

strategies because diapause-disrupting genetic constructs could be effectively spread by 

released males during early-spring and mid-summer when there is no requirement for 

diapause, but then would have a lethal effect when winter arrives.  Also, the diapause 

response involves the modulation of a wide variety of fundamental physiological 

processes.  Therefore, determining the molecular regulation of these processes can 

provide additional targets for novel vector control strategies. 

Kostal [2] defines five eco-physiological phases of the diapause program.  First, 

the diapause induction phase is characterized by perception of the environmental token 

stimuli well in advance of the adverse seasonal conditions.  Diapause induction is 

followed by a preparation stage when direct development continues but certain 

physiological processes occur to help the organism prepare for the actual diapause 

(arrest) stage.  Next, during diapause initiation, direct development ceases and metabolic 

rates are reduced.  During the actual diapause phase, the state of diapause is maintained, 

even under conditions favorable for growth and reproduction.  After a certain period of 

time or in response to chilling or other unknown factors [2], diapause is terminated and 

direct development can be resumed.  Recent studies utilizing RNA sequencing (RNA-

Seq) in a range of species have begun to elucidate global transcriptional profiles of 

diapause preparation [25, 26], initiation, maintenance [27, 67] and termination [67, 68].  

These studies have significantly increased understanding of the molecular basis of this 

crucial ecological adaptation.  Results of these studies emphasize that diapause is a 

dynamic physiological and metabolic process [69].  For example, in the preparation phase 

organisms need to accumulate extra nutrients to survive the long months of diapause 



 13 

through the winter [69].  Lipid metabolism stands out as a common molecular theme 

across species and at different stages of diapause, indicating that energy conservation and 

utilization before, during and after diapause are essential for the organisms’ survival [69].  

Despite increasing knowledge of the molecular regulation of diapause preparation, 

maintenance and termination, the molecular mechanisms regulating the more “upstream” 

stage of diapause induction remain much less well understood.  The molecular 

mechanisms of diapause induction have been well studied in Bombyx mori [31-33], and 

to a lesser extent in the mosquito Culex pipiens [34-36].  These studies confirm the 

fundamental importance of hormonal regulation during diapause induction [37, 38].  

However, the mechanism by which organisms measure and interpret photoperiod remains 

completely unresolved and controversial.  Some researchers have argued that the 

circadian clock provides the mechanistic basis of photoperiodic time measurement [39-

41], while others have argued that components of the circadian clock, specifically 

timeless, might function as a component of an “hourglass” interval timer that can measure 

photoperiod independent of its role in the circadian clock [42, 43]. 

Ae. albopictus is an outstanding model to study the molecular underpinnings of 

photoperiodic diapause.  Ae. albopictus undergoes a well characterized photoperiodic 

diapause, which can be easily and consistently induced in the laboratory by short-day 

photoperiods [3-5].  In the diapause response of Ae. albopictus, the photosensitive pupal 

or adult female perceives the signal of short day length and subsequently produces 

offspring in which the pharate larva enters diapause inside the chorion of the egg.  In Ae. 

albopictus, diapause eggs are both more resistant to cold temperatures [6] and desiccation 

[7, 8] than non-diapause eggs.  Diapause eggs are also larger and contain ca. 30% more 

total lipids than non-diapause eggs [9].  Genomic resources for the study of diapause 

include previously established extensive gene expression profiles of Ae. albopictus across 

multiple life stages in the diapause program [25-27, 30].  In addition, the published 

genome sequence of Ae. aegypti [29], a closely related species, provides a valuable 

genomic resource. 

In this study, we utilized an RNA-Seq approach to examine global transcriptional 

profiles of diapause induction in the adult Ae. albopictus females that had either received 

a blood meal or had not received a blood meal.  Previous experiments with Ae. albopictus 
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have demonstrated that the “photoperiodic switch” triggering the transition from 

producing non-diapause eggs to diapause eggs can occur before a blood meal [70].  Thus 

we hypothesized that genes in molecular pathways related to photoperiod interpretation 

and the early stages of hormonal regulation would exhibit differential expression under 

diapause-inducing vs. non-diapause-inducing photoperiods in females without a blood 

meal.  We also hypothesized that genes in molecular pathways related to nutritional 

provisioning of diapause eggs would exhibit differential expression in blood-fed females 

under diapause conditions.  We first constructed a comprehensive transcriptome for Ae. 

albopictus across multiple life stages by combining sequences from the current study of 

the adult stage with those from previous studies of pre-adult stages.  We then analyzed 

differential gene expression by performing read mapping back to the composite 

transcriptome.  Our analysis of differential gene expression proceeded in the following 

three steps: A) we validated key transcriptional responses to a blood meal under both 

diapause-inducing and non-diapause-inducing conditions, B) we identified potential 

regulatory elements during diapause induction by analyzing differential gene expression 

in females reared under diapause-inducing vs. non-diapause-inducing photoperiods 

without a blood meal, C) we identified genes and pathways related to maternal 

provisioning of diapause eggs by analyzing differential gene expression in females reared 

under diapause-inducing vs. non-diapause-inducing photoperiods with a blood meal.  Our 

results emphasize that diapause is an adaptive metabolic plasticity that involves dramatic 

changes in transcriptional activity and reinforces our previous hypothesis that a 

conserved set of genes has contributed to the evolution of diapause in divergent insect 

lineages. 

 

Materials and Methods 

Insect rearing, tissue preparation and RNA extraction 

A laboratory colony of Ae. albopictus was established from over 200 individuals 

collected as larvae from more than 10 used tires located at a recycling center in 

Manassas, Virginia.  The colony was maintained for two generations under a non-
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diapause-inducing long-day (LD) photoperiod of 16L:8D at 21°C and approximately 

80% relative humidity as described previously [71, 72].  

An overview of the experimental design is presented in Figure 1.1.  Details of the 

general workflow for producing tissue and RNA samples under diapause and non-

diapause conditions can be found in Poelchau et al. [5].  Briefly, the F3 laboratory 

generation larvae were reared under LD conditions described above.  Upon pupation, 

females were transferred into replicate adult cages (= biological replicates) of 

approximately 60 females per cage.  Eight adult cages were established under a diapause-

inducing short-day (SD) photoperiod (8L:16D) and eight adult cages were established 

under a non-diapause-inducing LD photoperiod (16L:8D) (16 total cages).  Additionally, 

three adult mass-swarm cages containing 30 male and 30 female mosquitoes were 

established under both SD and LD photoperiods to measure diapause incidence (six total 

mass-swarm cages). 

This experiment was designed to examine the effects of diapause-inducing short-

day photoperiods on gene expression of females both with and without a blood meal 

(Figure 1.1).  Therefore, adult female cages were maintained under SD and LD 

conditions for 11 days which is sufficient to produce an unambiguous diapause (SD) vs. 

non-diapause (LD) signal [70].  After 11 days, within each photoperiod treatment (SD 

and LD), four replicate cages received a blood meal and four replicate cages did not 

receive a blood meal.  Females were blood fed on a human host to repletion between 

Zeitgeber times (ZT) 3-4h.  The Georgetown University Institutional Review Board 

(IRB) determined that mosquito blood feeding did not qualify as human subjects research 

and thus did not require IRB approval.  However, the blood feeding protocol was 

approved by the Georgetown University Occupational Health and Safety Committee.  

Shortly after blood feeding, females were CO2 anesthetized and only females with a 

swollen abdomen and a visible blood meal were retained for the blood meal treatment.  

The non-blood-fed cages were maintained in parallel to the blood-fed cages.  Twenty-six 

to twenty-eight hours after blood feeding, at ZT 6-8h, female whole bodies from both 

blood-feeding treatments under both LD and SD photoperiods were snap-frozen in liquid 

nitrogen and stored at -80°C for RNA extraction.  Twenty-six to twenty-eight hours after 

a blood meal at 21°C is expected to correspond to slightly before the peak of the 
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transcriptional response to a blood meal [73], when the proteolytic activity in the midgut 

is still increasing [74].  Adult whole bodies were chosen for RNA extraction instead of 

specific tissues in order to obtain a global transcriptional profile of diapause induction 

because very little is known about the molecular physiology of diapause induction in 

adult females of species that undergo embryonic diapause (but see [31, 33]), and literally 

nothing has been published on this topic in mosquitoes [44].  Prior to RNA extraction, the 

blood bolus was dissected out from the female body in RNAlater (Sigma Aldrich, St. 

Louis, Missouri), and the female bodies were stored in RNAlater at 4°C for approx. 24 

hours.  Next, the female whole bodies were ground in TRI Reagent (Sigma Aldrich, St. 

Louis, Missouri) and RNA was extracted according to manufacturer’s instructions.  

Residual DNA in the RNA samples was removed by Turbo-DNA free (Ambion, Austin, 

Texas).  Integrity assessment of total RNA was performed by fluorometry on an RNA 

chip (Bioanalyzer 2100, Agilent Technologies, Santa Clara, California).  Four biological 

replicates from each of four experimental treatments (i.e., SD blood fed and non-blood 

fed, LD blood fed and non-blood fed) were submitted for sequencing, resulting in 16 

sequenced RNA libraries (see Sequencing below).  

Diapause incidence measurements were performed following methods described 

in [11].  Briefly, females from the three mass-swarm cages maintained under SD and the 

three mass-swarm cages under LD were allowed to blood feed to repletion on a human 

host two to three days after eclosion.  Females were blood fed a second time, 6 days later, 

to collect eggs over multiple gonotrophic cycles.  Four days after the first blood meal, a 

small brown jar half-filled with approximately 50mL of deionized water and lined with 

unbleached paper towels was placed into each cage to stimulate oviposition.  Six days 

after the first blood meal, paper towels with eggs were removed, maintained under SD 

conditions for 48-72h, and then gently air-dried. Egg collection was performed every two 

to three days for two weeks.  Egg papers were stored at approximately 80% relative 

humidity under SD for at least seven days before they were exposed to a hatching 

stimulus. Eggs are not photosensitive and the uniform treatment under SD at the egg 

stage does not induce diapause in Ae. albopictus [4].  Eggs ranging from one to two 

weeks of age were stimulated to hatch by submersion in water.  The number of hatched 

larvae was recorded and the egg papers were re-dried.  This procedure was repeated 7 
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days later and then the eggs were bleached [75] to record the number of embryonated but 

unhatched (=diapause) eggs. Diapause incidence (DI) was calculated as DI = (number of 

embryonated unhatched eggs)/(number of hatched eggs + number of embryonated 

unhatched eggs) [11, 70].  

 

Sequencing 

Illumina paired-end mRNA-Seq library construction was performed by the 

Institute for Genome Sciences at the University of Maryland according to the TruSeq 

RNA sample preparation kit (Version 2) (Illumina Inc., San Diego, California).  The 16 

libraries were individually bar-coded [76] according to manufacturer’s instructions and 

equally split for paired-end sequencing on two flow-cell lanes of an Illumina HiSeq 2000 

sequencer (average insert size = 203 bp; read length = 101 bp).  Raw reads are available 

in NCBI’s short read archive under BioProject accession PRJNA268379. 

 

Read cleaning 

The procedures for assembly and annotation of the transcriptome described below, 

as well as the procedures for read mapping to quantify differential gene expression, have 

been described in detail in previous publications from this laboratory [25, 30].  Raw reads 

were first screened using ssaha2 [77] and the UniVec database (accessed on July 7th, 

2013) to remove vector sequences, adapters, linkers, and primers commonly used in 

cloning cDNA or genomic DNA as well as Ae. albopictus rRNA sequences (GenBank 

accession L22060.1).  The cutoff for sequence removal was 95% identity and an 

alignment score of 18.  In addition, Illumina sequencing multiplexing adapters were 

identified using ssaha2, with 100% percent identity and an alignment score of 18 as the 

cutoff for removal.  In all cases, contaminated reads were removed along with their read 

mates in a pair.  After ssaha2 screening, cleaned reads were further filtered using 

SolexaQA V2.2 to retain contiguous reads longer than 50 bp with phred quality scores 

higher than 30. 
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Digital normalization and de novo assembly 

We performed one round of digital normalization [78] to reduce the number of 

redundant reads and the computational requirements for assembly.  This method has 

previously been shown to drastically reduce the memory necessary for assembly while 

maintaining the assembly quality [30].  Digital normalization was performed with the 

default parameters, including a kmer coverage cutoff of 20 and a kmer size of 20.  De 

novo assembly was performed using Trinity [79] (released February 25th, 2013) with 

default parameters. A minimum kmer coverage of 2 was used to reduce memory 

requirements with hundreds of millions of read pairs.  

 

Reference-based re-assembly and annotation 

In order to produce a comprehensive transcriptome assembly for Ae. albopictus, 

the contigs from the current experiment (adult) were combined with previous contigs 

from de novo assemblies of pre-adult stages, including mature oocytes [26], developing 

embryos [25] and pharate larvae [27, 30] using a modified Scaffolding Translation 

Mapping approach [80] (see Table 1.1).  To eliminate contig redundancy within each life 

stage, before assembling a comprehensive transcriptome, de novo assembled contigs were 

clustered within each life stage using CD-HIT-EST [81, 82].  Redundant contigs (percent 

identity >= 99%) in each cluster were eliminated, and the longest representative contigs 

were retained.  Next, reference-based re-assembly and annotation of the contigs were 

performed simultaneously as described previously in two publications from this 

laboratory [25, 30] and explained below.  The parameters used in the reference-based re-

assembly followed our previous publications [25, 30], and were chosen to be 

conservative to maximize our confidence in the analyses based on the transcriptome 

assembly.  The assembly is available at http://www.albopictusexpression.org/?q=data. 

 

Protein reference-based re-assembly 

A non-redundant dipteran protein reference set was generated by downloading 

orthologous protein sequences from Ae. aegypti, Culex quinquefasciatus, Anopheles 

gambiae and Drosophila melanogaster from OrthoDB [83], Version 7 (accessed on 

September 13th, 2013), with one single ortholog retained per ortholog group in the order 
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specified above (i.e., order of relatedness to Ae. albopictus).  The final reference set 

contained 19,272 protein sequences, and represented a wide range of evolutionary 

diversity within Diptera with little redundancy.  The merged contig set from adult and 

pre-adult stages was first aligned to the dipteran protein set by BLASTX [47].  

Alignments with e-value ≤ 1e-6 were retained for subsequent analysis.  Contigs that 

aligned to the same reference and with more than 95% identity at the overlapping regions 

were reassembled by CAP3 [84].  To verify the annotation of the re-assembled contigs, 

they were again aligned to the dipteran protein set by BLASTX and only the contigs that 

matched the original annotation (e-value ≤ 1e-6) were retained.  Only contigs with more 

than 70% identity to the matching reference were retained in the final assembly. Chimeric 

contigs were identified as having secondary alignments longer than 50 bp outside of the 

primary alignment with > 80% percent identity of the primary alignment. Chimeric 

contigs were discarded. 

 

Genome reference-based re-assembly 

Contigs not retained in the protein reference-based re-assembly were 

subsequently used in a genome reference-based re-assembly using genomic scaffolds 

from Ae. aegypti [29] as a reference (accessed from VectorBase on September 30th, 2013 

with SCAFFOLDS_AaegL1 for alignment and TRANSCRIPTS_AaegL1.4 for 

annotation).  To reduce the computational requirements for alignment against the Ae. 

aegypti genome, contigs were first matched to the Ae. aegypti genomic scaffolds using 

BLASTN [47] (e-value ≤ 1e-6) to find the best matching scaffolds for each contig.  Next, 

the contigs were aligned to their best matching scaffolds using EXONERATE [85] 

(parameters were --model est2genome --softmasktarget TRUE --bestn 1 --dnahspdropoff 

0).  To be conservative, only the top 95% of contigs with the best alignments (percent 

identity > 71.78%) were retained in subsequent analysis.  Contigs that aligned to the 

same reference with > 95% identity of the overlapping regions were re-assembled by 

CAP3 [84].  To verify the annotation, re-assembled contigs were re-aligned to the Ae. 

aegypti genomic scaffolds by EXONERATE with the same parameters as the first 

alignment and only the contigs that matched the original annotation were retained.  

Similar to the first EXONERATE alignment, the top 95% of contigs with the best 
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alignments (percent identity > 66.67%) were retained in the final assembly.  The lower 

percent identity of the top 95% of re-assembled and re-aligned contigs reflects the longer 

contig length of this set.  Similar to the protein reference-based re-assembly, chimeric 

contigs were identified as contigs having secondary alignments outside of the primary 

alignment and were discarded.  Contigs that aligned within 1 kb up- or down-stream of 

annotated gene models with at least 90% of their length covered by the alignment were 

identified as potential untranslated regions (UTRs) for those genes.  Contigs that did not 

align within 1 kb up- or down-stream of annotated gene models were labeled as 

unannotated genomic contigs. 

As a result of the procedures described above, the final transcriptome assembly 

contained contigs annotated based on the dipteran protein reference set, gene models in 

the Ae. aegypti genome, potential UTRs and unannotated Ae. aegypti genomic regions. 

 

Read mapping and differential gene expression analysis 

The final transcriptome assembly described above was used as a reference for 

read mapping to quantify levels of gene expression.  Cleaned paired-end reads from all 

16 libraries were mapped to the annotated full assembly using RSEM ([86], Version 1.2.4) 

to calculate read counts at the unigene level, accounting for redundancy because of allelic 

variation and/or alternative splicing. Reads counts were then processed in edgeR [87] in 

the R software environment (www.r- project.org).  First, the read counts were TMM 

normalized in edgeR to account for differences in library sizes and the total numbers of 

mRNAs sequenced across samples [87].  Genes with log counts per million smaller than 

one in at least four libraries were discarded as too rare for the differential expression 

analysis (see [88]).  Differentially expressed (DE) genes were identified as having an 

absolute value of log2 fold-change greater than 0.5 with a Benjamini-Hochberg (FDR)-

corrected p-value less than 0.05 [25, 27].  Previous studies using the same population, 

sequencing facility, transcriptome assembly, read mapping and normalization methods 

indicate high correspondence (Pearson’s r = 0.92, 20 genes) between gene expression 

levels measured by RNA-Seq and qRT-PCR [25].  Distance matrices of gene expression 

across the libraries (R function dist) were visualized using multi-dimensional scaling (R 
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function cmdscale) after raw read counts were transformed for linear modeling via the 

function voom [89, 90] in limma [91, 92]. 

 

KEGG pathway enrichment analysis and additional analysis 

To identify differential expression of functionally related groups of genes we 

tested for KEGG pathways [93, 94] that were enriched for DE genes using GOSeq [95], 

which corrects for the selection bias of DE genes caused by transcript length.  KEGG 

pathway assignments were downloaded from http://www.genome.jp/kegg/.  We used 

KEGG pathway assignments from Ae. aegypti, which is in the same subgenus (Stegomyia) 

as Ae. albopictus and the most closely related species with well-documented KEGG 

pathway information.  KEGG pathways were considered significantly enriched (i.e., 

over-represented), if there were five or more DE genes in the group with a FDR corrected 

p-value of over-representation less than 0.05 [25, 27]. 

In addition to enriched KEGG pathways, we also analyzed additional pathways 

based on preliminary data analysis and/or a priori expectations concerning the molecular 

physiology of diapause induction.  These pathways included fatty acid metabolism, DNA 

replication and cell cycle regulation.  For DNA replication and cell cycle regulation, 

additional genes not included in the KEGG pathways but documented on the Interactive 

Fly (http://www.sdbonline.org/sites/fly/aimain/1aahome.htm) database were added to the 

analysis.  Expression levels of all DE genes in enriched pathways were standardized as Z-

scores and visualized as heat maps generated using hierarchical clustering (R function 

hclust). 

 

Results 

Diapause incidence 

Diapause incidence ranged from 81.4% to 94.8% among three biological 

replicates of the females reared under diapause-inducing (SD) conditions and from 1.5% 

to 3.3% among three biological replicates of females reared under non-diapause-inducing 

(LD) conditions (Table A.1). 
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Transcriptome de novo assembly and reference-based re-assembly  

472,006,080 read pairs were obtained from the Illumina HiSeq 2000 platform of 

which 182,036,362 read pairs and 108,891,552 single-end reads (472,964,276 total reads) 

were retained after read cleaning.  After digital normalization, 285,061,839 reads were 

utilized for de novo assembly via Trinity.  De novo assembly of reads from the adult 

stage via Trinity produced 155,321 contigs with a median contig length of 497 bp (mean 

= 993 bp; Table 1.1).  These contigs were combined with 539,506 contigs from the pre-

adult stages of Ae. albopictus with a median contig length of 569 bp (mean = 972 bp).  

The resulting protein reference-based re-assembly with contigs merged using CAP3 

produced 95,863 contigs with a median length of 1,331 bp (mean = 1,865 bp; Table 1.1).  

The median contig length for the genome reference-based re-assembly was 533 bp (mean 

= 924 bp).  The annotated full assembly including both protein reference-based and 

genome reference-based contigs had a median contig length of 824 bp (mean = 1,399 bp; 

Table 1.1).  Percent identity and coverage for the assemblies at various stages are 

presented in Figure A.1.  Most contigs in the final transcriptome assembly were highly 

similar to the orthologous sequences in the dipteran protein reference set (Figure A.1, 

median percent identity = 92.86%) and the Ae. aegypti genome (Figure A.1, median 

percent identity = 80.25%).  Contig coverage from the protein reference-based re-

assembly was intermediate (Figure A.1, median coverage = 50.74%), due to the inclusion 

of UTRs in the contigs but not in the reference. Contig coverage from the genome 

reference-based re-assembly was high (Figure A.1, median coverage = 71.54%), 

indicating that most contigs were nearly fully utilized in the alignments to the genomic 

scaffolds of Ae. aegypti. Most gene models from the protein reference-based re-assembly 

represented in our transcriptome were nearly full-length transcripts (Figure A.1, median 

coverage = 73.24%).  Genome reference-based re-assembly had low reference coverage 

(Figure A.1) because the genomic references are genomic scaffolds that are usually 

several hundred kilo-bases long.  

14,077 non-redundant gene models were represented in the annotated full 

assembly, with 11,394 gene models in the protein reference-based re-assembly and 

another 8,636 gene models in the genome reference-based re-assembly.  Of the 11,394 

annotations based on the non-redundant Dipteran protein reference set, 10,296 were from 
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Ae. aegypti proteins.  5,953 gene models were redundant between the two re-assemblies.  

The total of 14,077 annotated transcripts accounted for 80.9% of the annotated gene 

models in Ae. aegypti ([29]; 17,391 protein coding genes from the Liverpool strain 

AaegL1.4 from VectorBase.org). 

 

Read mapping and differential expression analysis 

Of 472,964,276 quality-filtered reads obtained from 16 libraries, we excluded 

unpaired single reads resulting in 182,036,362 retained read pairs (~364 million total 

reads).  89.44% of these read pairs mapped to the annotated full transcriptome assembly.  

Overall, differential gene expression profiles from biologically replicated libraries 

clustered tightly within each experimental treatment (Figure 1.2).  One biological 

replicate from the SD blood-fed treatment exhibited increased variation relative to the 

other samples but was included in all downstream analyses to be conservative.  

 

Global transcriptional responses to a blood meal and to diapause vs. non-diapause 

photoperiods 

Under non-diapause-inducing LD conditions, 920 genes were significantly up-

regulated in response to a blood meal (LD blood fed vs. LD non-blood fed), and 849 

genes were significantly down-regulated (Figure 1.3A).  Under diapause-inducing SD 

conditions, 1,566 genes were significantly up-regulated in response to a blood meal (SD 

blood fed vs. SD non-blood fed), and 1,408 genes were significantly down-regulated 

(Figure 1.3A).  There are 665 genes that were significantly up-regulated in response to a 

blood meal both under SD and LD conditions, and 603 genes were significantly down-

regulated in response to a blood meal both under SD and LD conditions (Table A.2). 

In non-blood-fed females, 1,293 genes were significantly up-regulated under 

diapause-inducing SD conditions (SD non-blood fed vs. LD non-blood fed), and 524 

genes were significantly down-regulated (Figure 1.3B).  In blood-fed females, 766 genes 

were significantly up-regulated under diapause-inducing SD conditions (SD blood fed vs. 

LD blood fed), and 111 genes were significantly down-regulated (Figure 1.3B).  There 

are 406 genes that were significantly up-regulated under SD vs. LD conditions in both 

non-blood-fed and blood-fed females, and 37 genes were significantly down-regulated 
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under SD vs. LD conditions in both non-blood-fed and blood-fed females (Table A.2).  

Potential uniquely expressed genes under SD or LD with zero read count in the other 

photoperiodic treatment were rare in our transcriptome. This category included 184 genes 

of which ˃ 97% had no more than 10 reads in any individual library.  As a result, these 

genes were not included in the differential expression analysis.  Information for all 

unigenes used in the differential expression analysis is presented in Table A.2. 

 

Differential expression in response to a blood meal 

Vitellogenin-A1 precursor (PVG1) and two trypsin genes were significantly up-

regulated in response to a blood meal under both diapause-inducing and non-diapause-

inducing conditions (Table 1.2), reflecting transcriptional up-regulation of vitellogenesis 

and blood digestion [73, 96].  PVG1 up-regulation in response to a blood meal was 

greater under diapause than non-diapause conditions (blood feeding×photoperiod 

interaction, p = 0.03).  Genes involved in detoxification, such as glutathione S-

transferases (i.e., glutathione transferases) and thioredoxin peroxidases were also up-

regulated in response to a blood meal (Table A.2), consistent with previous studies [97-

99].  In addition, many stress response genes were differentially expressed in response to 

a blood meal (Table A.2). 

Many cytochrome P450s were also differentially expressed in response to a blood 

meal (Table A.2).  Of special interest are CYP302A1 and the homolog of Spook, both of 

which were up-regulated in response to a blood meal under both SD and LD photoperiods 

(Table 1.2).  CYP302A1 encodes the ecdysteroid 22-hydroxylase, a protein that catalyzes 

one of the final reactions in the synthesis of 20-hydroxyecdysone (20-E) and Spook is one 

of the Halloween genes implicated in synthesizing 20-E.  The up-regulation of these 

genes in response to a blood meal is consistent with the well-established role of 20-E in 

stimulating vitellogenesis in response to a blood meal [73].  Finally, CYP314A1, which 

encodes ecdysone 20-monooxygenase, an enzyme catalyzing the final step in conversion 

of ecdysone to 20-E, was up-regulated only under diapause-inducing conditions in 

females with a blood meal (Table 1.2).  In addition, all except one of the genes encoding 

JH-inducible proteins were down-regulated in blood-fed females (Table A.2), consistent 

with decreasing juvenile hormone (JH) titers after a blood meal [100]. 



 25 

 

DE of non-blood-fed females during diapause induction 

Four KEGG pathways, three of which are related to amino acid metabolism, were 

enriched for differentially expressed genes under SD vs. LD conditions in females 

without a blood meal (Table 1.3).  The differential expression patterns for enriched amino 

acid metabolism pathways under SD vs. LD conditions are summarized in a heat map 

(Figure A.2).  The gene encoding one minor enzyme synthesizing glycine, threonine 

dehydrogenase (AAEL003443, Table A.2), was down-regulated under diapause-inducing 

conditions in non-blood-fed females, but genes encoding major enzymes synthesizing 

glycine in mammals [101] were all up-regulated under diapause-inducing conditions in 

non-blood-fed but not in blood-fed females (Table A.2), including serine 

hydroxymethyltransferase (AAEL002510), sarcosine dehydrogenase (AAEL014936) and 

alanine:glyoxylate aminotransferase (AAEL000640 and AAEL012464).  In addition to 

amino acid metabolism pathways, the KEGG pathway for global metabolism was 

enriched for DE genes in non-blood-fed females under SD vs. LD conditions (Table 1.3).  

Similarly, all DE genes that are positive cell-cycle regulators were under-expressed under 

SD conditions in non-blood-fed females, and one negative cell cycle regulator, the 

growth arrest and DNA damage, or GADD45, was over-expressed (Figure 1.4A).  

Although not detected by KEGG pathway enrichment analysis, all DE genes involved in 

DNA replication were down-regulated under SD conditions in non-blood-fed females 

(Figure 1.4B).  Consistent down-regulation in these two KEGG pathways related to cell 

proliferation indicates that under diapause-inducing SD conditions non-blood-fed females 

down-regulate cell proliferation. 

 The clock genes timeless and cryptochrome 1 were up-regulated under SD 

conditions in non-blood-fed females (Table 1.4) but period (AAEL008141) and clock 

(AAEL012562) were not differentially expressed (Table A.2).  Similarly, 

phosphoenolpyruvate carboxykinase (pepck) was also up-regulated under SD conditions 

only in non-blood-fed females (significant blood feeding×photoperiod interaction, Table 

1.4).  Delta(9)-desaturase and delta(9)-desaturase 2 were up-regulated under SD 

conditions in non-blood-fed females (Table 1.4).  Out of eight differentially expressed 

genes encoding putative JH-inducible proteins under SD conditions, seven genes were 
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up-regulated in non-blood-fed females (Table 1.4).  The oxidative phosphorylation 

pathway was not significantly enriched under SD conditions in non-blood-fed females 

(but see below), but all 7 DE genes were up-regulated (Figure 1.4C). 

 

DE of blood-fed females during diapause induction 

In contrast to non-blood-fed females under SD conditions, in blood-fed females 

under SD conditions the oxidative phosphorylation KEGG pathway was significantly 

enriched (Table 1.3), with all DE genes up-regulated (Figure 1.4C).  The proportion of 

up-regulated genes (29/89) in the oxidative phosphorylation pathway in blood-fed 

females was significantly higher than that (7/89) in non-blood-fed females (Fisher’s exact 

test, p-value=1.93e-05).  

Similar to non-blood-fed females under SD conditions, in blood-fed females 

under SD conditions the KEGG pathway for global metabolism was enriched for DE 

genes (Table 1.3).  The proportion of up-regulated genes in the pathway under SD 

conditions in non-blood-fed females (108/665) did not differ significantly from that in 

blood-fed females (89/665) (Fisher’s exact test, p-value = 0.16), but more genes involved 

in metabolism were down-regulated under SD conditions in non-blood-fed females 

(31/665) than in blood-fed females (5/665) (Figure A.3; Fisher’s exact test, p-

value=1.00e-05).  

Fatty acid synthase, fatty acid desaturase and delta(9)-desaturase 2 were up-

regulated under diapause-inducing conditions in blood-fed females but not in non-blood-

fed females (Table 1.4).  Similar to non-blood-fed females under SD conditions, two 

amino acid metabolism pathways were significantly enriched under SD conditions in 

blood-fed females (Table 1.3).  In the valine, leucine and isoleucine degradation pathway, 

branched-chain amino acid (BCAA) aminotransferase (AAEL007909, Table A.2) was 

up-regulated under diapause-inducing conditions both in non-blood-fed and blood-fed 

females.  In the beta-alanine metabolism pathway, one enzyme involved in synthesizing 

beta-alanine from uracil in insects, dihydropyrimidine dehydrogenase [102], was up-

regulated both in non-blood-fed and blood-fed females under SD conditions 

(AAEL014199 and AAEL010204, Table A.2).  Out of eight differentially expressed 
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genes encoding putative JH-inducible proteins under SD conditions, four genes were up-

regulated in blood-fed females (Table 1.4). 

 

Discussion 

Aedes albopictus is a vector of increasing public health concern due to its rapid 

global range expansion and ability to transmit DENV, CHIKV, and at least 22 additional 

arboviruses [13, 60].  Traditional vector control strategies such as source reduction and 

insecticides have been largely ineffective against Ae. albopictus [15], but targeting the 

molecular regulation of photoperiodic diapause or diapause-associated physiological 

processes could provide the basis of novel approaches to population suppression.  

Photoperiodic diapause is a crucial ecological adaptation in a wide range of temperate 

insects [1, 103], but our knowledge of the molecular underpinnings of this trait is 

extremely limited, especially at the diapause induction phase.  In this study, we examined 

genome-wide transcriptional dynamics during diapause induction in blood-fed and non-

blood-fed Ae. albopictus adult females.  This study is the first to utilize powerful RNA-

Seq technologies to elucidate the molecular mechanisms underlying diapause induction at 

the transcriptome level in any insect (but see an integrated proteomic and metabolomic 

analysis of diapause induction by [104]).  The highly divergent diapause response of eggs 

from females exposed to SD vs. LD (Table A.1) and the generally consistent gene 

expression profiles of biological replicates within each experimental treatment (Figure 

1.2) indicate that the F3 generation used in this experiment a had robust and consistent 

diapause response at both the phenotypic and transcriptional level. 

 

Transcriptome assembly and annotation 

We combined 155,321 contigs obtained in this study from the adult life stage with 

539,506 contigs obtained previously from pre-adult stages to produce a composite 

transcriptome assembly (Table 1.1).  The number of gene models identified from the 

current comprehensive assembly including the adult stage increased to 14,077 from 

13,261 gene models identified based on the pre-adult stages [30].  These 14,077 gene 

models represent approx. 81% of all annotated gene models in Ae. aegypti (AaegL1.4).  
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The annotated comprehensive assembly is also moderately improved relative to previous 

assemblies [25, 30] in terms of median contig length, contig coverage and gene model 

coverage (Table 1.1 and Figure A.1).  Based on comparison with the Ae. aegypti genome, 

this comprehensive transcriptome assembly likely represents the majority of the coding 

regions in the Ae. albopictus genome and therefore provides a powerful resource to 

effectively investigate global transcriptional components of diapause induction. 

 

Transcriptional responses to a blood meal 

Similar to our results, a previous RNA-Seq analysis of the transcriptional 

response to a blood meal in the closely related mosquito Ae. aegypti found extensive 

differential gene expression [105].  However, because adult females in this previous 

study [105] were maintained at 28°C rather than 21°C and RNA was extracted at 5 hours 

rather than 26-28 hours post blood meal, our results are not directly comparable.  

Nevertheless, extensive additional information on the transcriptional response to a blood 

meal in Ae. aegypti under LD conditions allows us to validate the transcriptional response 

to blood feeding in Ae. albopictus.  For example, vitellogenin synthesis and blood 

digestion are key physiological components of the transcriptional response to a blood 

meal [73].  Both vitellogenin synthesis and typsin activity reach their peak at approx. 24 

hours post blood meal in Ae. aegypti maintained at 27°C [96, 106].  Populations used in 

this study were maintained at 21°C in order to optimally stimulate a robust diapause 

response, and thus the peaks of vitellogenin synthesis and blood digestion likely would 

have occured after 24 hours pbm.  Therefore, the time point of sampling in this study, 26-

28 hours pbm, is expected to correspond to near the peak of vitellogenin synthesis and 

blood digestion, consistent with the highly elevated transcriptional profiles of PVG1 and 

trypsins in response to a blood meal (Table 1.2).  20-hydroxyecdysone (20-E) is an 

essential hormone stimulating vitellogenesis after females take a blood meal [73].  We 

found that three genes encoding enzymes in the 20-E synthesis pathway [107] were up-

regulated in response to a blood meal (Table 1.2).  Juvenile hormone also plays a crucial 

role in regulating the reproduction of adult mosquitoes [73].  In Ae. aegypti, after females 

take a blood meal, JH titers decrease until the end of a gonotrophic cycle [100], in 

antiphase with 20-E [73].  Consistent with this pattern, our results show that 13 out of the 
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14 DE genes encoding putative JH-inducible proteins were down-regulated in response to 

a blood meal under either diapause-inducing or non-diapause-inducing conditions (Table 

A.2). 

Cytochrome P450 (CYP) monooxygenases are mainly involved in hormone 

synthesis and insecticide resistance [108].  All three 20-E synthesizing CYP enzymes 

noted above (Table 1.2) were up-regulated in response to a blood meal, consistent with 

the role of 20-E in promoting vitellogenesis.  Additionally, glutathione S-transferases 

and thioredoxin peroxidases are mostly up-regulated in response to a blood meal (Table 

A.2), potentially as a response to oxidative stress since these enzymes remove 

intracellular reactive oxygen species.  It is also possible that the glutathione transferases 

might be involved in heme detoxification [109].  Finally, six out of seven genes involved 

in response to water stress were down-regulated in response to a blood meal.  These 

results are generally consistent with a previous study in the Ae. aegypti midgut [98] and 

in the Ae. albopictus malpighian tubules [110].  These genes are likely related to osmotic 

stress and the intake of toxic substances (i.e., heme) or microbes associated with blood 

feeding.  

Overall, the transcriptional responses to a blood meal detected in this study are 

consistent with previous studies and support the conclusion that transcriptome sequencing 

of whole bodies captured the major physiological benchmarks of the response to a blood 

meal.  Furthermore, the overall level of differential expression in response to a blood 

meal was similar under SD and LD conditions.  Under SD conditions, 11.2% more genes 

were up-regulated than down-regulated in response to a blood meal.  Under LD 

conditions, 8.4% more genes were up-regulated than down-regulated.  

 

Transcriptional changes during diapause induction in non-blood-fed females 

We hypothesized that some of the “upstream” transcriptional components of 

diapause induction would occur before adult female Ae. albopictus obtain access to a 

blood meal.  Consistent with hypothesis, we found that timeless (tim) and cryptochrome 1 

(cry1), two essential components of the circadian clock pathway in insects [40], were up-

regulated under diapause-inducing conditions in non-blood-fed females (Table 1.4).  

Because we controlled for circadian effects on gene expression by harvesting female 
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whole bodies at the same Zeitgeber time, the increased expression of tim and cry1 under 

SD relative to LD conditions is interpreted as a response to diapause-inducing 

photoperiods.  For almost 80 years, researchers have hypothesized that the circadian 

clock constitutes the underlying molecular mechanism for photoperiodic time 

measurement [111].  However, the causative link between these two biological timing 

systems remains unresolved and controversial [39, 43].  In both Anopheles gambiae and 

Ae. aegypti, under LD, tim decreases at ZT 6-8h [112, 113] relative to earlier and later 

peaks in the 24-hour cycle.  In contrast, cry1 increases at ZT 6-8h in An. gambiae [112], 

consistent with the role of CRY1 in the light-dependent degradation of TIM [40].  

Among dipteran species, tim is required for diapause induction of Chymomyza costata 

[114, 115].  At ZT 6-8h, the transcript level of tim is up-regulated both in the 

photosensitive larval brain of Sarcophaga crassipalpis under diapause-inducing 

conditions [116] and in the diapausing Wyeomyia smithii fourth instar larvae [117].  In 

Drosophila triauraria, additive allelic differences in tim and cry1 between diapause and 

non-diapause strains are positively associated with diapause incidence [118].  

As a fundamental physiological timekeeper, the circadian clock system is 

responsible for the rhythmic expression patterns of thousands of genes throughout the 24-

hour daily cycle [112, 119].  Therefore, abnormal expression patterns in the circadian 

clock system are expected to cause considerable disruptions in the expression of genes 

important for a wide range of physiological functions other than diapause.  Hence, it has 

been proposed that tim may be functionally involved in measuring photoperiodic 

(seasonal) time independent of its role in the circadian clock [43, 120].  Our results are 

consistent with this hypothesis.  In addition to tim, period (per) and clock (clk) are core 

components of the transcriptional negative feedback loop that drives the oscillatory 

behavior of the circadian clock [40].  Differential expression of tim but not per and clk in 

response to diapause-inducing short day lengths suggests that short-day photoperiods do 

not cause fundamental changes to the oscillatory behavior of the circadian clock.  

Because CRY1 is responsible for the light-sensitive degradation of TIM, we hypothesize 

that products of the CRY1-mediated breakdown of TIM could serve as a component of an 

“interval” photoperiodic timer in Ae. albopictus, independent of the circadian clock 

pathway.  



 31 

Two amino acid metabolism KEGG pathways were significantly enriched for 

differentially expressed genes in non-blood-fed females under diapause-inducing 

conditions: A) alanine, aspartate and glutamate metabolism, and B) glycine, serine and 

threonine metabolism (Table 1.3).  Alanine levels increase during diapause initiation in 

Teleogryllus emma [121], B. mori [122, 123], and Ostrinia furnacalis [124]. Alanine 

levels also increase during diapause in S. crassipalpis [125], and both before and during 

diapause in Antheraea pernyi [126]. In A. pernyi, alanine levels also decrease as diapause 

terminates [126].  Despite this widespread association of alanine with the diapause 

program in a broad range of insects, the biological significance has not been elucidated.  

In this study, alanine aminotransferase (AAEL009872) and alanine-glyoxylate 

aminotransferase (AAEL000640) were up-regulated under diapause-inducing conditions 

in NB females (Table A.2), suggesting increased metabolism of alanine.  We hypothesize 

that alanine may be provisioned to the diapause offspring from the mother and could 

serve as a cryoprotectant as has been proposed for the diapause eggs of B. mori [122]. 

Inspection of genes in the glycine, serine and threonine metabolism KEGG 

pathway indicates that the gene encoding a minor enzyme synthesizing glycine, threonine 

dehydrogenase, was down-regulated under diapause conditions in non-blood-fed females.  

However, genes encoding major enzymes synthesizing glycine in mammals [101] were 

all up-regulated, including serine hydroxymethyltransferase (AAEL002510), sarcosine 

dehydrogenase (AAEL014936) and alanine:glyoxylate aminotransferase (AAEL000640) 

(Table A.2).  Diapause-destined larvae of Helicoverpa armigera accumulate more 

glycine [127].  In Leptinotarsa decemlineata, glycine-rich transcripts are up-regulated 

during diapause initiation phase [128].  Glycine has been implicated to regulate protein 

synthesis in vertebrates, and it could also regulate growth and development by serving as 

an indicator of nutrient levels [101]. 

In non-blood-fed Ae. albopictus adults during diapause induction, both positive 

cell cycle regulators and DNA replication transcripts were down-regulated (Figs 4A and 

4B), particularly the positive cell cycle regulator proliferating cell nuclear antigen (pcna).  

Transcriptional suppression of the cell cycle is a common molecular hallmark of the 

diapause program during the developmental arrest stage of diapause, as illustrated in S. 

crassipalpis [129, 130], Helicoverpa armigera [131] and C. costata [132].  Furthermore, 
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pcna is down-regulated during diapause both in S. crassipalpis [129, 130], and C. costata 

[132].  However, cell cycle transcripts are up-regulated after diapause termination in 

Rhagoletis pomonella [68].  The pcna transcript is up-regulated after diapause 

termination both in S. crassipalpis [130] and R. pomonella [68], in synchrony with other 

changes in cell cycle regulation.  In the current study we examined the adult stage which 

represents diapause induction rather than developmental arrest.  Thus, our results are 

likely not relevant to cessation of the development during diapause.  Rather, we 

hypothesize that cell proliferation is down-regulated under diapause-inducing conditions 

before females take a blood meal to allocate energy to alternative metabolic pathways.  

This interpretation is consistent with results from the oxidative phosphorylation pathway 

discussed below.  These results are also consistent with a previous study showing 

alteration of the cell cycle during diapause preparation in early Ae. albopictus embryos 

[25] and emphasize that diapause induction involves the alteration of fundamental 

cellular processes far in advance of developmental arrest. 

The pepck transcript was up-regulated under diapause-inducing condition in non-

blood-fed but not blood-fed females (significant interaction, Table 1.4).  The up-

regulation of pepck is similar to previous studies in mature oocytes, developing embryos 

and pharate larvae under diapause conditions in Ae. albopictus [25-27].  The pepck 

transcript is also up-regulated under diapause conditions in several other insect species, 

including S. crassipalpis [67], and R. pomonella [68], as well as in the dauer phenotype 

(the counterpart of diapause in nematodes) of Caenorhabditis elegans [133].  In W. 

smitthii, up-regulation of pepck is associated with diapause termination [134].  The pepck 

transcript is involved in response to cold and desiccation in Belgica antarctica [135] and 

in response to hormone stimulation in Drosophila [136].  It is also down-regulated by 

nectarine supplemented diet which increases longevity in Drosophila [137].  The 

observation that pepck was differentially expressed under diapause-inducing conditions 

only in non-blood-fed females suggests pepck could be a regulatory component of pre-

diapause metabolism, potentially triggering a cascade of metabolic responses after the 

females take a blood meal.  In light of its association with the diapause program across 

multiple stages in Ae. albopictus, with diapause induction or termination phases in other 
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insects, and with stress resistance and hormonal response, it is increasingly evident that 

pepck  is a central component of diapause metabolism in a wide range of organisms.  

Juvenile hormone has been implicated in the regulation of larval diapause in a 

variety of species [37] and the absence of JH has been demonstrated to initiate adult 

reproductive diapause in Cx. pipiens [34-36].  However, a role of JH in pharate larval 

diapause has not been noted in previous studies.  For Ae. albopictus, in non-blood-fed 

females all seven differentially expressed genes encoding putative JH-inducible proteins 

were up-regulated under SD conditions (Table 1.4). Before a blood meal, JH induces the 

primary follicles to enter a resting stage, and also renders the fat body competent for 

vitellogenin synthesis after a blood meal [73].  Increased JH-induced signaling under 

diapause conditions in non-blood-fed females likely enhances the fat body’s competence 

for vitellogenin synthesis after a blood meal, thereby increasing vitellogenesis for 

augmented nutrient provisioning to offspring destined to undergo diapause.  In blood-fed 

females under SD conditions, all four differentially expressed genes encoding putative 

JH-inducible proteins were up-regulated (Table 1.4). Under non-diapause conditions, JH 

levels are expected to decrease after a blood meal [100].  Therefore, the up-regulation of 

JH-induced signaling under diapause conditions in blood-fed females implies altered 

reproductive endocrinology during diapause induction. 

 

Transcriptional changes during diapause induction in blood-fed females 

Energy metabolism is crucial for the survival of diapause insects through the 

winter.  Levels of nutrient reserves during diapause directly affect overwinter survival, as 

well as post-diapause development and reproduction [69].  Photoperiodic diapause is 

determined maternally in Ae. albopictus, and diapause offspring (pharate larvae inside the 

egg) cannot obtain additional resources.  As a result, maternal provisioning of diapause 

eggs is expected to have a large impact on offspring fitness.  In fact, previous studies 

have established that diapause eggs of Ae. albopictus are larger and contain more total 

lipids than non-diapause eggs [9].  Consistent with these considerations, energy 

production (oxidative phosphorylation) and overall metabolism were elevated under SD 

conditions in blood-fed females (Figures 1.4C and A.3).  Overall, our study suggests that 

after taking a blood meal, females exposed to SD signals enhance energy production 
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through the oxidative phosphorylation pathway, presumably to meet the energetic 

requirements for generating more nutrients to provision the offspring destined to undergo 

diapause as described below.  

Analysis of individual genes up-regulated in blood-fed females under SD 

conditions provides further insight into the molecular basis of provisioning of diapause 

eggs.  For example, up-regulation of vitellogenin synthesis gene PVG1 in response to a 

blood meal is greater under SD than LD conditions (significant interaction, Table 1.2).  

Additionally, fatty acid synthase (fas) was up-regulated under SD conditions only in 

blood-fed females (significant interaction, Table 1.4), indicating that blood-fed females 

synthesize more fatty acids under diapause-inducing than non-diapause-inducing 

conditions.  This is consistent with previous results stated above that diapause eggs 

contain more total lipids compared to non-diapause eggs [9].  In Cx. pipiens, fas is 

elevated in diapause-destined females that overwinter at the adult stage, consistent with 

our results and the general importance of lipids as nutrient reserves during diapause [69].  

Three genes encoding fatty acid desaturases were also up-regulated under SD conditions 

(significant interaction in fatty acid desaturase, Table 1.4), indicating that synthesis of 

desaturated fatty acids (UFAs) was increased in females exposed to diapause-inducing 

conditions.  UFAs are proposed to enhance cold tolerance during diapause by preserving 

membrane permeability under low temperatures [138].  Our results are consistent with 

the previous studies that fatty acid desaturation is enhanced under diapause conditions 

[69, 139] and cold acclimation [140].  These results imply that maternal provisioning of 

UFAs to the offspring contribute to the increased cold tolerance of diapause relative to 

non-diapause eggs in Ae. albopictus [6]. 

Two amino acid metabolism pathways were significantly enriched in blood-fed 

females under diapause-inducing conditions: valine, leucine and isoleucine degradation, 

as well as beta-alanine metabolism (Table 1.3).  Michaud and Denlinger [125] reported 

increased leucine during the pupal diapause of S. crassipalpis.  In mammals, leucine 

stimulates protein synthesis [141], but no research has been performed regarding the 

effect of leucine on diapause in invertebrates.  However, in the light of enhanced 

vitellogenesis in females exposed to SD with a blood meal, increased leucine might 

stimulate more protein synthesis after a blood meal to provision the diapause offspring.  
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Beta-alanine has been implicated to recycle the photoreceptor neurotransmitter histamine 

in the photoreceptor cells of Drosophila [142].  One gene involved in synthesizing beta-

alanine from uracil in insects, dihydropyrimidine dehydrogenase [102], was up-regulated 

both in non-blood-fed and blood-fed females under diapause conditions (Table A.2).  The 

role of beta-alanine has not been examined in terms of diapause response, but increased 

beta-alanine under SD conditions might be used for differentially measuring photoperiod 

via its ability to recycle histamine, the photoreceptor neurotransmitter in insects. 
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Table 1.1. Summary statistics for different stages of the hybrid assembly 

  # of 
contigs N50a 

Mean 
contig 
lengtha 

Median 
contig 
lengtha 

Maximum 
contig lengtha Average %GC 

Trinity de novo 
assembly - adult 155,321 1,866 993 497 20,723 42.03 

Combined pre-adult 
de novo assemblies 539,506 1,656 972 569 23,934 42.03 

Re-assembly, 
merged by cap3, 
protein reference 
annotated only 

95,863 2,887 1,865 1,331 22,133 47.82 

Re-assembly, 
merged by cap3, 
genomic reference 
annotated only 

94,083 1,493 924 533 23,934 42.88 

Complete annotated 
full assembly, 
merged by cap3 

189,946 2,447 1,399. 824 23,934 46.20 

 

adepicted in base pairs 
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Table 1.2. Differential expression profiles of selected genes in response to a 
blood meal 

 
Ensembl ID Gene 

description 

Fold change    
SD-
BMvsSD-NB 

Correct
ed p-
value 

Fold change     
LD-
BMvsLD-NB 

Correc
ted p-
value 

Corrected 
p-value 
interaction 

AAEL010434 vitellogenin 
precursor A1 2483.95 1.20E-

58 606.94 3.73E-
46 0.03 

AAEL007432 Aa SP I 1346.94 1.26E-
41 259.41 1.59E-

29 0.06 

AAEL013284 Aa LT 71.48 6.14E-
55 33.41 1.52E-

40 0.14 

AAEL009762 
CYP307A1 
(homolog of 
spook) 

3.91 3.67E-
17 2.27 2.81E-

07 0.12 

AAEL010946 

CYP314A1 
(ecdysone 20-
monooxygena
se) 

2.12 6.16E-
05 1.30 0.25 0.27 

AAEL015655 

CYP302A1 
(ecdysteroid 
22-
hydroxylase) 

3.14 1.38E-
08 3.75 8.16E-

11 0.83 

 

Fold change and p-values of selected genes in response to a blood meal under diapause- and non-

diapause conditions. The p-values for the blood feeding×photoperiod interaction are also 

presented, along with the Ensembl IDs and descriptions for the selected genes. 
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Two-letter symbols (SD, LD, BM, NB) are as described in Figure 1.2.  KEGG pathway IDs are 

specific to Ae. aegypti. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.3. Representative enriched KEGG pathways under diapause conditions 

Treatment Functional Category KEGG_ID Enrichment p-value 

SD-NBvsLD-NB Alaline, aspartate and glutamate metabolism aag00250 5.00E-04 

SD-NBvsLD-NB Glycine, serine and threonine metabolism aag00260 5.00E-04 

SD-NBvsLD-NB Biosynthesis of amino acids aag01230 5.00E-04 

SD-NBvsLD-NB Metabolic pathway aag01100 1.00E-03 

SD-BMvsLD-BM Oxidative phosphorylation aag00190 5.00E-04 

SD-BMvsLD-BM Valine, leucine and isoleucine degradation aag00280 1.50E-03 

SD-BMvsLD-BM beta-Alanine metabolism aag00410 5.00E-04 

SD-BMvsLD-BM Metabolic pathway aag01100 5.00E-04 
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Table 1.4. Differential expression profiles of selected genes in response to photoperiod 

Ensembl ID Gene 
description 

Fold change      
SD-NBvsLD-
NB 

Correcte
d p-value 

Fold change      
SD-BMvsLD-
BM 

Correcte
d p-value 

Corrected 
p-value 
interaction 

AAEL006411 timeless 1.69 2.62E-06 1.30 0.06 0.32 

AAEL004146 cryptochro
me 1 1.48 0.04 1.05 0.88 0.44 

AAEL000006 

phosphoen
olpyruvate 
carboxykin
ase 

4.22 5.92E-05 1.38 0.52 0.10 

AAEL000080 

phosphoen
olpyruvate 
carboxykin
ase 

5.67 6.81E-13 1.09 0.83 8.13E-06 

AAEL007213 delta(9)-
desaturase 1.52 0.04 1.28 0.33 0.80 

AAEL004573 
delta(9)-
desaturase 
2 

2.78 1.39E-04 1.96 0.04 0.69 

AAEL001194 fatty acid 
synthase 0.86 0.35 2.31 8.12E-11 4.48E-07 

AAEL007516 fatty acid 
desaturase 0.77 0.42 2.12 0.02 0.04 

AAEL001899 

juvenile 
hormone-
inducible 
protein, 
putative 

1.88 2.67E-03 1.38 0.24 0.59 

AAEL003954 

juvenile 
hormone-
inducible 
protein, 
putative 

1.93 2.42E-04 2.06 2.83E-04 0.93 

AAEL004023 

juvenile 
hormone-
inducible 
protein, 
putative 

1.29 0.09 1.50 0.01 0.73 



 40 

Table 1.4 (Cont.) 

AAEL004242 

juvenile 
hormone-
inducible 
protein, 
putative 

2.64 5.82E-06 1.33 0.35 0.12 

AAEL006605 

juvenile 
hormone-
inducible 
protein, 
putative 

1.54 0.03 1.28 0.35 0.79 

AAEL012680 

juvenile 
hormone-
inducible 
protein, 
putative 

2.14 3.95E-12 1.45 0.01 0.11 

AAEL014439 

juvenile 
hormone-
inducible 
protein, 
putative 

1.43 0.01 1.58 2.28E-03 0.85 

AAEL014440 

juvenile 
hormone-
inducible 
protein, 
putative 

1.42 0.01 1.08 0.71 0.35 

 

Fold change and p-values of selected genes in response to photoperiod in non-blood-fed and 

blood-fed females. The p-values for the photoperiod×blood feeding interaction are also presented, 

along with the Ensembl IDs and descriptions for the selected genes. 
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Figure 1.1. Experimental design for RNA-Seq experiment and diapause incidence 

measurements.  SD indicates diapause-inducing short-day conditions, and LD indicates 

non-diapause-inducing long-day conditions (see text).  BM indicates females that 

received a blood meal, and NB indicates females that did not receive a blood meal.   
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Figure 1.2. Multi-dimensional scaling plot of normalized gene expression values for 

photoperiodic (SD, LD) and blood feeding (BM, NB) treatments.  Two-letter symbols as in 

Figure 1.1. 
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Figure 1.3. Log2 fold-change expression against log abundance of TMM-normalized gene 

expression. This is depicted in A) females exposed to non-diapause-inducing long day lengths 

(left) and diapause-inducing short day lengths (right) under blood-fed (BM) vs. non-blood-fed 

(NB) conditions, and B) non-blood-fed (left) and blood-fed (right) females exposed to diapause-

inducing short day lengths (SD) vs. non-diapause-inducing long day lengths (LD). Each point 

represents an individual transcript, and positive values indicate up-regulation under blood-fed 

conditions (A) or diapause conditions (B). Significant differential expression (Benjamini-

Hochberg corrected P < 0.05; absolute log2 fold-change > 0.5) indicated in red.   
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Figure 1.4. Heat maps of DE genes. Heat maps are depicted for DE genes in the A) cell cycle, 

B) DNA replication and C) oxidative phosphorylation pathways under non-diapause-inducing 

long-day photoperiods (LD) and diapause-inducing short-day (SD) photoperiods for non-blood-

fed (NB) and blood-fed (BM) females. Expression values are depicted as standardized Z-scores 

for each gene, where blue represents low expression and red represents high expression. “+” and 

“-” in Panel A indicate positive and negative cell cycle regulators, respectively. 
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CHAPTER II 

Comparative performance of transcriptome assembly methods for non-model 

organisms 

The use of next-generation sequencing (NGS) technologies has been increasing 

dramatically over the past decade [17]. Due to the technological revolution in NGS, vast 

amounts of both transcriptome and genome sequences across a wide range of species are 

accumulating, especially from large-scale projects including Genome 10K and Insect 5K. 

Traditionally, model organisms have been chosen largely based on the ease with which 

they can be reared in the laboratory and used for genetic studies, or their evolutionary 

relatedness to human. However, in the current “-omics” era, a much greater variety of 

organisms can be studied at the genomic and transcriptomic level. This revolution in 

DNA sequencing technologies has far-reaching applications for the field of biology, 

dramatically increasing opportunities to elucidate gene regulatory networks [18] and the 

genetic basis of complex traits [19, 20]. Most importantly, NGS allows scientists to 

investigate biological questions at an unprecedented scale. An exceptional example is a 

phylogenomic analysis of the origin and diversification of major insect lineages using 

transcriptome sequencing and genomic data [23]. In this study, 103 species from all 33 

extant insect orders have been sequenced. Combining genomic data from 41 arthropod 

species with transcriptomic data from 103 species, the analysis was able to resolve with 

high confidence the timing of the origin and diversification (topology) of insects [23], 

addressing a fundamental question regarding the history of life on Earth. 

RNA-Sequencing (RNA-Seq) is one important NGS technology [21]. RNA-Seq 

samples the entire transcriptome in great depth under a particular experimental condition. 
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The transcriptome includes all expressed sequences, which is a reduced representation of 

the genome. RNA-Seq has many exciting applications [21, 22], including the 

phylogenomic example mentioned above, single nucleotide polymorphism (SNP) 

discovery, small RNA profiling, novel transcript or splice variant discovery and 

comparison of global transcriptional mRNA profiles under distinct environmental 

conditions, e.g., benign vs. ecologically stressful conditions. RNA-Seq is a powerful tool 

to advance these applications for at least three reasons. First, RNA-Seq is able to capture 

the expression of (ideally) all genes under the specific experimental conditions. Second, it 

does not require any prior genetic information, which is well suited for non-model 

organisms. Third, RNA-Seq is cost-effective and affordable for most laboratories. For 

nearly all applications of RNA-Seq, transcriptome assembly is challenging but a crucial 

first step for accurate downstream genetic analyses [24]. 

De novo transcriptome assembly programs, which assemble short RNA-Seq reads 

without a reference, are the default choice for organisms without a genome sequence. De 

novo assembly is particularly suitable for non-model organisms, but can also be a useful 

assembly strategy for organisms with a genome sequence. This is because de novo 

assembly programs are not constrained by alignments to a reference genome and can 

therefore discover novel transcripts and splice variants that are not annotated in the 

genome [24]. However, de novo assembly is usually memory intensive, and requires high 

sequence coverage compared with reference-based assembly [24]. In addition, de novo 

methods tend to produce fragmented assemblies. Genomic resources from closely related 

species, including genomic scaffolds and protein sequences, can serve as a reference to 

guide transcriptome assembly for non-model organisms and may lead to less fragmented 
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assemblies. Therefore, transcriptome assembly for non-model organisms can potentially 

benefit from genomic resources of a closely related species, as previously demonstrated 

[25, 30, 80, 143]. Due to the ever-expanding pool of organisms with a sequenced 

genome, many researchers studying non-model organisms without a genome sequence 

but with intriguing ecological, evolutionary and public health attributes will soon find 

closely related genomic resources available. 

Without a genome sequence for the species of interest (true for most organisms), 

genomic resources (protein sequences and/or genomic scaffolds) from a closely related 

species, if available, can serve as reference scaffolds to re-align de novo assembled 

contigs. For this purpose, our laboratory has developed reference-based re-assembly [25, 

30], which is based on Scaffolding using Translation Mapping (STM) [80]. STM aligns 

de novo assembled contigs to protein sequences from a closely related species, and 

subsequently re-assembles the contigs according to the alignment results [80]. STM has 

been demonstrated to reduce redundancy and improve contig length relative to de novo 

assembly [80]. Reference-based re-assembly is modified from STM as a two-step process 

to incorporate both protein sequences and genomic scaffolds from a closely related 

species, which utilizes not only the protein coding sequences, but also genomic sequences 

including 5’ and 3’ untranslated regions as well as other non-coding regions [25, 30]. 

Reference-based re-assembly has been shown to improve de novo assembly by increasing 

contig length and reducing redundancy [25, 30, 144]. Another similar approach to STM is 

Transcriptome Post-Scaffolding (TransPS) [143], which also utilizes protein sequences 

from a closely related species in order to re-assemble the de novo contigs according to 

how they align to the reference protein sequences. In contrast to reference-based re-
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assembly, TransPS merges contigs with non-overlapping alignments to the same 

reference protein [143]. However, TransPS does not utilize genomic sequences from a 

closely related species. TransPS reduces the number of contigs to as few as 10% of the 

number of de novo assembled contigs, eliminating contigs that are redundant and 

increasing coverage for the reference protein sequences relative to the de novo assembly 

[143]. 

An alternative method that has been proposed to improve transcriptome assembly 

is genome-guided assembly, which utilizes the genome sequence of the same species as a 

reference to guide the transcriptome assembly [145]. If a high quality reference genome 

is available, this method usually generates longer contigs and is much less 

computationally demanding than de novo assembly [24]. With a well-annotated genome 

sequence, genome-guided assembly has been demonstrated to outperform de novo 

assembly [146]. If the genome assembly from the species of interest is not well annotated, 

and a well-annotated genome assembly from a closely related species is available, 

researchers may utilize the closely related genome to guide transcriptome assembly. 

However, few studies have evaluated the efficacy and accuracy of this approach (but see 

[147]). 

The optimal strategy for transcriptome assembly will depend upon the 

downstream analysis and computational resources available. Data associated with 

extensive transcriptome sequencing in Ae. albopictus provide an outstanding opportunity 

to evaluate multiple methods of transcriptome assembly. Rich transcriptomic resources 

have been established across multiple life stages for Ae. albopictus, including developing 

embryos [25], pharate larvae [27, 30] and adults [144]. Therefore, the vast majority of all 
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the expressed genes in the genome are included in these data. Furthermore, a closely 

related species, Aedes aegypti, has a well-annotated genome [29], which provides protein 

and genomic reference scaffolds for improving de novo transcriptome assembly with 

reference-based re-assembly and TransPS methods. In addition, a draft genome sequence 

for Ae. albopictus has recently been published [28], which allows for a genome-guided 

assembly. Finally, the more completely assembled and annotated Ae. aegypti genome 

assembly provides an excellent opportunity to evaluate the efficacy and accuracy of using 

a closely related reference genome to guide transcriptome assembly. 

              No study has thus far compared de novo assembly with both transcriptome re-

assembly via protein reference scaffolding (i.e., reference-based re-assembly and 

TransPS) and genome-guided assembly simultaneously. This study utilized a 

comprehensive transcriptomic database of Ae. albopictus to investigate the optimal 

transcriptome assembly strategy, comparing four assembly methods: a) de novo assembly 

using Trinity [79, 148], b) reference-based re-assembly using proteomic and genomic 

resources from Ae. aegypti, c) TransPS [143] using the Ae. aegypti proteome and d) 

genome-guided assembly by Cufflinks [149] using the recently sequenced Ae. albopictus 

genome and the well-annotated Ae. aegypti genome. The quality of the various 

assemblies was assessed by the number of contigs generated, contig length distribution, 

percent paired-end read mapping, and gene model representation via BLASTX [47]. We 

also examined differences between the gene models identified by each assembly strategy 

to determine whether unique subsets of gene models were identified by each method. In 

addition, we examined how the amount of data (number of sequence reads) affected these 

quality metrics of the assembly. Results from this study are particularly relevant to non-
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model organisms with genomic resources from a closely related species. Furthermore, the 

genome assembly of Ae. albopictus is fragmented due in part to its large size (1.9 Gb) 

and high composition (68%) of repetitive elements [28]. However, this assembly is 

comparable to other published insect genomes (Insect 5K), and therefore results from this 

study can be extended to emerging model organisms with a more fragmented genome 

assembly compared to traditional model organisms. 

 

Materials and Methods 

RNA-Seq data  

Cleaned RNA-Seq paired-end reads from pooled tissue samples described in 

previous publications from this laboratory were used for this study. These data include 

reads from developing embryos [25], pharate larvae [27, 30] and adults [144] of Ae. 

albopictus under diapause and non-diapause conditions (read length = 101 bp). General 

procedures for generating these RNA-Seq reads from Ae. albopictus have been described 

previously [5]. Quality filtering of the RNA-Seq raw reads was consistent across studies 

and described in detail in previous publications from this laboratory [25, 30, 144]. 

122,687,107 cleaned read pairs were obtained from the developing embryos, 289,860,821 

cleaned read pairs were obtained from the pharate larvae and 182,036,362 cleaned read 

pairs were obtained from the adult stage. In order to investigate the effect of data quantity 

on the quality of the assembled transcriptome, read pairs from the three life stages 

(embryo, larva, adult) were partitioned into three datasets containing increasing number 

of read pairs. We included reads from all three life stages in each dataset to maximize 

representation of expressed genes in the analysis. The smallest dataset, termed 180M, 
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was comprised of 181,225,819 read pairs, taken from one biological replicate from all 

experimental treatments (diapause vs. non-diapause) in each life stage. In cases where the 

libraries had been sequenced on different runs, the largest libraries from one lane in each 

run were included. The amount of data in the 180M dataset is the yield of approximately 

two lanes of Illumina HiSeq 2000 sequencing. The medium dataset, termed 360M, was 

comprised of 344,799,731 read pairs, taken from the remaining biological replicates of 

each treatment and life stage. The amount of data in the 360M dataset is the yield of 

approximately four lanes of Illumina HiSeq 2000 sequencing. The largest dataset, termed 

600M, was comprised of 594,584,290 read pairs, taken from all sequencing lanes and 

runs across all treatments and life stages. The amount of data in the 600M dataset is the 

yield of approximately seven lanes of Illumina HiSeq 2000 sequencing. The 

transcriptome assembly strategies utilized in this study and described below were applied 

to all three datasets (Figure 2.1). 

 

Transcriptome assembly strategies 

De novo assembly 

Trinity ([148]; version 20140717) was used for de novo assembly. Reads were in 

silico normalized with the option --normalize_max_read_cov 100 (based on 

recommendations in Haas et al. [148]). In addition, --min_kmer_cov 2 and --

min_contig_length 200 were used to reduce memory footprint and discard contigs shorter 

than 200 bp, respectively. In all other respects, default parameters were used. After 

Trinity assembly, redundant contigs with over 99% identity were eliminated using CD-

HIT-EST [81, 82].  
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Reference-based re-assembly 

After de novo assembly by Trinity, reference-based re-assembly was performed as 

described in detail in previous publications [25, 30, 144]. The annotated Ae. aegypti 

protein sequences (AaegL3.3, accessed on October 8, 2014 from VectorBase.org) were 

used as the protein reference for the reference-based re-assembly, in order to provide a 

consistent comparison with TransPS. The Ae. aegypti genome scaffolds (AaegL3) and 

gene annotations (AaegL3.3.gff3) used as the genomic reference were downloaded from 

Vectorbase.org. Custom Perl scripts for reference-based re-assembly are available upon 

request. 

 

Transcriptome Post-Scaffolding (TransPS) 

After de novo assembly by Trinity, TransPS re-assembly [143] was performed 

using default parameters according to the authors’ instructions. The Ae. aegypti proteome 

was selected as the scaffolding reference, because Ae. aegypti is in the same sub-genus 

(Stegomyia) as Ae. albopictus and the most closely related species with well-documented 

genomic information. Because TransPS is developed for the assembly of strand-specific 

RNA libraries (Z. Adelman, pers. comm.), contigs in the reverse complement orientation 

to the protein references were first transformed to the same orientation as the protein 

references based on BLASTX results. All correctly oriented contigs were then searched 

against the protein references using BLASTX. Contigs that matched the protein 

references (e-value<1e-06) were re-assembled by TransPS using default parameters. 
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Genome-guided assembly- Ae. albopictus reference genome 

The genome assembly of Ae. albopictus [28] was used as the genomic reference. 

This assembly is comprised of ~400,000 scaffolds, with an N50 of ~200 kb [28]. The 

Tuxedo suite [149], including Bowtie, Tophat and Cufflinks, was used for genome-

guided assembly. For each dataset, reads from distinct life stages were first separately 

mapped to the genome by Tophat (--segment-length 50 --no-coverage-search), to 

minimize the frequencies of SNPs and computational power required [149]. Mapped 

reads were assembled by Cufflinks (-u -I 500000), and subsequently merged by 

Cuffmerge. The default parameters were used except in cases specified in parentheses 

above. To be consistent with the other assembly strategies, only contigs longer than 200 

bp were retained. After genome-guided assembly, redundant contigs with over 99% 

identity were eliminated using CD-HIT-EST [81, 82]. 

 

Genome-guided assembly - Ae. aegypti reference genome 

 Using the 180M dataset, the genome assembly of Ae. aegypti [29] was used as the 

genomic reference. This assembly is comprised of 4,757 scaffolds, with an N50 of ~1.5 

Mb (AaegL3, Vectorbase). The Tuxedo suite [149], including Bowtie, Tophat and 

Cufflinks, was used for genome-guided assembly. Reads from distinct life stages were 

first separately mapped to the genome by Tophat using recommended procedures (--

segment-length 50 --no-coverage-search), assembled by Cufflinks (-u -I 500000), and 

subsequently merged by Cuffmerge. A reference annotation file for Ae. aegypti 

(AaegL3.3, Vectorbase) was incorporated into Cuffmerge (-g <reference_annotation.gtf>) 

to guide the assemblies, as researchers would likely take advantage of the existing 
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annotations. Cuffmerge was also performed without reference annotation. The default 

parameters were used except in cases specified in parentheses above. To be consistent 

with the other assembly strategies, only contigs longer than 200 bp were retained. After 

genome-guided assembly, redundant contigs with over 99% identity were eliminated 

using CD-HIT-EST [81, 82]. 

 

Comparison between genome-guided assemblies using two reference genomes 

 Using the 180M dataset, genome-guided assemblies using the Ae. albopictus and 

Ae. aegypti (with reference annotation) genomes were aligned to both Ae. albopictus and 

Ae. aegypti genomic scaffolds via BLASTN (evalue < 1e-6). Custom Perl scripts were 

used to calculate percent identity and contig coverage from the alignment results. 

 

Quality metrics 

Contig number and length distribution 

 Fewer and longer contigs lead to more accurate and efficient downstream read 

mapping. This will in turn optimize subsequent genetic analyses, such as differential gene 

expression analysis, SNP calling, and novel transcript or splice variant discovery. The 

number of contigs generated by each assembly method was recorded and the contig 

length distribution was represented by the median contig length. All contigs from de novo 

assemblies (180M, 360M, 600M datasets) were aligned against the Ae. aegypti gene 

models with and without multiple isoforms using BLASTX (evalue < 1e-6). Contigs with 

greater than or equal to 70% identity to the gene models and all isoforms were counted 

and aggregated for each dataset (180M, 360M, 600M). Unannotated contigs from the 
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reference-based re-assemblies were aligned to the Ae. albopictus genomic scaffolds using 

BLASTN (evalue < 1e-6). Custom Perl scripts were used to calculate percent identity, 

alignment length and contig coverage. 

 

Read mapping 

A high percentage of reads mapping back to the transcriptome assembly is 

desirable for accurate downstream analyses, such as differential gene expression analysis, 

SNP calling, and novel transcript or splice variant discovery. This is because more reads 

mapped back to the assembly will result in increased statistical power for performing 

these analyses. Paired-end reads from each dataset and assembly method were mapped 

back to the corresponding assembly using Bowtie 2 ([150]; with -N 1 and insert length 

range specified). The percentage of total reads that mapped back and reads that uniquely 

mapped back to the assemblies was recorded. 

 

Gene model representation 

Measures of gene model representation described below include the number of 

gene models identified in the transcriptome, percent identity between the contigs and 

reference gene models, and percent reference coverage by the contigs. 

Number of gene models 

A higher number of gene models represented in the transcriptome assembly 

provides a basis for more comprehensive analysis of the transcriptome under a certain 

experimental condition. To test the representation of gene models by the transcriptome 

assemblies, contigs were aligned using BLASTX to the Ae. aegypti proteome 
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(AaegL3.3). To provide a second benchmark and minimize potential bias towards 

reference-based re-assembly and TransPS, the assemblies were also aligned using 

BLASTX to a non-redundant dipteran protein reference set. This dipteran protein 

reference set was generated by downloading orthologous protein sequences from Ae. 

aegypti, Culex quinquefasciatus, Anopheles gambiae and Drosophila melanogaster from 

OrthoDB [83], Version 7 (accessed on October 2, 2014), with one single ortholog 

retained per ortholog group in the order specified above (i.e., order of relatedness to Ae. 

albopictus). The final reference set contained 19,272 protein sequences, and represented a 

wide range of evolutionary diversity within Diptera with little redundancy. The best 

BLASTX matches with e-value smaller than 1e-6 were retained (sorted by bitscore and e-

value). Custom Perl scripts were used to calculate the number of unique gene models 

represented in the transcriptome assemblies. In order to identify putative orthologs, 

reciprocal BLAST was performed for assemblies using the 180M dataset against the Ae. 

aegypti protein reference set. Assemblies were searched against the reference set using 

BLASTX (evalue < 1e-6) and the reference set was searched against the assemblies using 

TBLASTN (evalue < 1e-6). The reference gene model identified as the best match for a 

contig by BLASTX was designated as a reciprocal best hit (RBH), a potential ortholog, if 

the contig was identified as the best match for the gene model by TBLASTN. We didn’t 

include contigs from the genome-guided assembly using the Ae. aegypti reference 

genome because of its bias towards the Ae. aegypti genomic scaffolds (see Figure A.4 

and results below). We performed reciprocal BLAST for assemblies using the 180M 

dataset against the Ae. aegypti protein reference set because we have found that the 180M 

dataset is adequate for downstream transcriptome analyses (see Results below), and the 
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Ae. aegypti and dipteran protein reference sets yield similar results (see Figures 2.3 & 2.4, 

Table 2.1 and Figures A.5 & A.6). 

The number of gene models identified by each assembly method using the 180M 

dataset from the two reference protein sets was visualized as quadruple Venn diagrams, 

constructed by the VennDiagram package in the R software environment (www.r-project. 

org). Genome-guided assembly using the Ae. aegypti reference genome was not included 

in this analysis because of the above-mentioned bias. The 360M and 600M datasets were 

not used in this analysis because each assembly method generated similar numbers of 

gene models across all three datasets (180M, 360M, 600M) for each of the two reference 

protein sets (see Results below). The unique gene models identified by de novo and 

genome-guided assemblies were tested for enrichment of specific Gene Ontology (GO) 

terms and KEGG pathways using the Bioconductor GOseq package [95] in R. GO terms 

for the dipteran gene models were obtained from Ensembl Metazoa 

(metazoa.ensembl.org/biomart/martview, accessed on Jun 23, 2015). KEGG pathway 

assignments for the dipteran organisms in the two reference protein sets were obtained 

from KEGG API (http://www.kegg.jp/kegg/rest/keggapi.html, accessed on Jun 25, 

2015.). Because GO terms and KEGG pathways only correspond to genes rather than 

specific isoforms, isoforms were consolidated within each gene model in the enrichment 

analyses. 

 

Percent identity  

A higher median percent identity (PID) indicates higher confidence in annotating 

the Ae. albopictus contigs as putative orthologs of the reference gene models, which is 



 58 

important for interpreting downstream analyses. Custom Perl scripts were used to 

calculate the PID between contigs and their best BLASTX matches. 

 

Reference coverage 

A high coverage of the reference gene models by assembled contigs indicates that the 

annotated gene models are well represented in the Ae. albopictus transcriptome, which 

leads to high confidence in accurate subsequent genetic analyses. Custom Perl scripts 

were used to calculate the percent coverage for the protein reference in each match (i.e., 

the proportion of the reference represented in a match). 

 

Results 

Due to the substantial computational requirements of performing transcriptome 

assembly with some of the methods considered in this study and the large RNA-Seq 

datasets we analzyed, it was only feasible to perform one assembly for each method and 

dataset. Therefore, we discuss the absolute magnitude of clear differences and/or high 

similarities between the assembly methods and between datasets (180M, 360M, 600M) 

within assembly methods. 

 

Contig number 

Consistently across all three datasets, de novo assembly produced the largest 

numbers of contigs, followed closely by reference-based re-assembly. Genome-guided 

assembly using the Ae. albopictus reference genome produced less than half the number 

of contigs produced by de novo assembly. Genome-guided assembly using the 180M 
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dataset and the Ae. aegypti genome produced similar number of contigs relative to 

TransPS, but fewer than other assembly methods (Table 2.1). TransPS produced the 

smallest numbers of contigs, with over 87% reduction in the number of contigs relative to 

de novo assembly (Table 2.1). Consistently across all assembly strategies performed 

using three datasets, increasing the amount of input read pairs used in the transcriptome 

assembly led to an almost two-fold increase in the number of contigs generated, except 

for TransPS, where the increase was minimal (Table 2.1). The number of contigs aligned 

to annotated gene models and isoforms did not increase substantially with increasing 

number of read pairs in the datasets (see Table A.3). More than 84% of the unannotated 

contigs aligned to the Ae. albopictus genomic scaffolds, with high median percent 

identity (~93%) and contig coverage (>97%) by the genomic scaffolds, though with short 

median alignment length (255-258 bp, see Table A.3). 

 

Contig length distribution 

With reference annotation, genome-guided assembly using the Ae. aegypti 

genome generated contigs longer than any other assembly method, except for TransPS 

(Table 2.1). Without reference annotation, genome-guided assembly using the Ae. aegypti 

reference genome generated the shortest contigs (Table 2.1). Consistently across three 

datasets among all other assembly methods, de novo assembly and reference-based re-

assembly generated similar and the smallest median contig lengths. Genome-guided 

assembly using the Ae. albopictus reference genome generated median contig lengths 

more than twice as long as those by de novo assembly and reference-based re-assembly. 

Finally, the TransPS assembly generated the greatest median contig length with a more 
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than four-fold increase relative to de novo assembly and reference-based re-assembly 

(Table 2.1). Within each assembly strategy performed using three datasets, increasing the 

amount of read pairs used in the transcriptome assembly slightly decreased the median 

contig length, with the exception of TransPS, which generated slightly greater median 

contig lengths with more input read pairs (Table 2.1).  

 

Paired-end read mapping 

Consistently across all three datasets, de novo assembly, reference-based re-

assembly and genome-guided assembly using the Ae. albopictus reference genome 

produced a similar percentage of paired-end reads mapped back, ranging from 84.73% to 

93.06% (Figure 2.2). Less than 80% of the paired-end reads mapped back to the TransPS 

assemblies (Figure 2.2). Genome-guided assembly using the Ae. aegypti reference 

genome had the lowest percentage of reads mapped back (<40%, Figure 2.2). When 

considering uniquely mapped reads, de novo assembly and reference-based re-assembly 

had a similar percentage of reads uniquely mapped back and TransPS had a slightly 

higher percentage of reads uniquely mapped back (all above 70%, see Table A.4). 

Genome-guided assembly using the Ae. albopictus reference genome had a much lower 

percentage of reads uniquely mapped back (<50%) and genome-guided assembly using 

the Ae. aegypti reference genome had the lowest percentage of reads uniquely mapped 

back (<8%, see Table A.4). Within each assembly strategy performed using three 

datasets, increasing the amount of read pairs used in the transcriptome assembly did not 

have a large or consistent effect on the read mapping percentage.  
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Number of gene models 

For all datasets, most assemblies produced similar numbers of gene models from 

both Ae. aegypti and dipteran protein reference sets (see Figures 2.3 and A.5), with the 

number of dipteran gene models generated by TransPS assemblies slightly lower than the 

other methods (~8,500 vs. >9,100). The exceptions were that genome-guided assembly 

using the Ae. aegypti reference genome with reference annotation produced the highest 

numbers of both Ae. aegypti and dipteran gene models and that genome-guided assembly 

using the Ae. aegypti reference genome without reference annotation produced the lowest 

numbers of both Ae. aegypti and dipteran gene models (see Figures 2.3 and A.5). Within 

each assembly strategy performed using three datasets, increasing the amount of input 

read pairs led to a very slight increase in the number of Ae. aegypti gene models 

represented in the assembly (~200, Figure 2.3), although increased input read pairs did 

not have an apparent effect on the number of dipteran gene models represented in the 

assembly (see Figure A.5). The number of gene models discovered from the dipteran 

protein reference set was smaller than that from the Ae. aegypti protein reference set, 

which is expected due to the closer relationship of Ae. albopictus to Ae. aegypti relative 

to the other species in the dipteran protein reference set. Using the 180M dataset, 

TransPS generated the highest percentage of RBHs, and the largest number of potential 

orthologs, amongst all assembly methods, the rest of which performed similarly (see 

Table A.5). Genome-guided assembly using the Ae. albopictus reference genome had the 

highest median alignment length when searched against the Ae. aegypti protein reference 

set (see Table A.5). The protein reference set had the highest median alignment length 

when searched against the TransPS assembly (see Table A.5). 
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Using the 180M dataset, reference-based re-assembly and TransPS identified the 

same subsets of gene models identified by de novo assembly, with very few exceptions 

(see Figures 2.4 and A.6). This result is expected because these two methods are both re-

assembly strategies performed after de novo assembly. Also using the 180M dataset, the 

de novo assembly and genome-guided assembly using the Ae. albopictus reference 

genome identified 1,375 and 988 unique gene models relative to each other from the Ae. 

aegypti reference protein set, respectively (Figure 2.4). Finally, the de novo assembly and 

genome-guided assembly using the Ae. albopictus reference genome identified 1,036 and 

935 unique gene models relative to each other from the dipteran reference protein set, 

respectively, using the 180M dataset (see Figure A.6). In all cases, the unique gene 

models were not enriched for specific GO terms or KEGG pathways (all FDR-corrected p 

values are greater than or equal to 0.11). 

 

Percent identity 

Genome-guided assembly using the Ae. aegypti reference genome generated 

contigs with the perfect (100%) median percent identity (PID) to corresponding Ae. 

aegypti and dipteran gene models (Table 2.1). Consistently across three datasets among 

all other assembly methods, TransPS generated contigs with the highest median PID to 

corresponding Ae. aegypti and dipteran gene models, followed closely by reference-based 

re-assembly, de novo assembly and genome-guided assembly using the Ae. albopictus 

reference genome, the latter three with similar PID values (Table 2.1). Within each 

assembly strategy performed using three datasets, increasing the amount of read pairs 
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used in the transcriptome assembly decreased median PID to both Ae. aegypti and 

dipteran gene models.  

 

Reference coverage 

Median reference coverage by Ae. albopictus contigs for both Ae. aegypti and 

dipteran gene models was high (most above 97.50%) and similar across most 

transcriptome assembly strategies using each dataset (Table 2.1). Genome-guided 

assembly using the Ae. aegypti reference genome with reference annotation produced the 

highest median reference coverage (100%). The exception was that genome-guided 

assembly using the Ae. aegypti reference genome without reference annotation produced 

the lowest median reference coverage (below 50%).  

 

Genome-guided assembly - Ae. albopictus genome versus Ae. aegypti genome  

Contigs from the genome-guided assembly using the Ae. albopictus reference 

genome resembled the Ae. albopictus genomic scaffolds (median percent identity = 100%, 

median contig coverage = 100%), rather than the Ae. aegypti genomic scaffolds (median 

percent identity = 78.34%, median contig coverage = 76.02%, see Figure A.4). On the 

contrary, with reference annotation, contigs from the genome-guided assembly using the 

Ae. aegypti reference genome resembled the Ae. aegypti genomic scaffolds (median 

percent identity = 100%, median contig coverage = 100%), rather than the Ae. albopictus 

genomic scaffolds (median percent identity = 80.68%, median contig coverage = 86.90%, 

see Figure A.4). This result likely indicates the presence of ancestral polymorphism in the 

Ae. albopictus genome after 71.4 million years of divergence from Ae. aegypti [21] and 
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emphasizes the limitation of using a closely related reference genome for guiding 

transcriptome assembly with the Tuxedo suite workflow. 

 

Discussion 

Transcriptome assembly is a crucial first step for transcriptome analyses using 

RNA-Seq data. With the rapid development in the NGS technologies, genomic and 

transcriptomic resources have accumulated rapidly for a wide range of organisms. 

However, deciding on the optimal transcriptome assembly strategy for non-model 

organisms remains a challenge, especially with the large amount of data generated by 

NGS. This study is the first to compare de novo assembly with genome-guided assembly, 

reference-based re-assembly and TransPS, the latter two methods representing 

transcriptome re-assembly using protein sequences from closely related species. This 

study is also one of the first to compare genome-guided assembly using a reference 

genome from the focal study organism and a reference genome from a closely related 

species. Our analysis takes advantage of three datasets with increasing numbers of 

Illumina paired-end reads.  

A previous study [151] used genomic contigs from the same species or genomic 

scaffolds from a closely related species (90-95% identity) as a scaffold to re-assemble de 

novo contigs generated from RNA-Seq reads. Results from this study [151] showed that 

genomic sequences from the same species or closely related species can improve the 

representation of full-length reference transcripts by the de novo transcriptome assembly. 

However, high coverage genomic sequences are often not available together with RNA-

Seq reads, as high coverage whole genome sequencing is still expensive, especially for 
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species with a large genome. In addition, genomic resources from closely related species 

with higher than 90% identity are relatively rare. In contrast, this study used protein 

sequences from a more distantly related species (Ae. aegypti, in the same sub-genus, 

Stegomyia, as Ae. albopictus) as the reference scaffolds. This study also considered 

genomic scaffolds from Ae. aegypti with 80-85% identity at the nucleotide level relative 

to the comparison noted above. Thus, both re-assembly approaches used in this study 

(reference-based re-assembly and TransPS) are likely to apply to a wide range of 

organisms. Although the optimal assembly strategy will depend upon the purpose and 

downstream analyses of the specific study, our analysis provides general guidance that is 

likely to be useful to researchers conducting transcriptome analyses in non-model 

organisms. 

 

De novo assembly - Trinity 

Trinity, which has been optimized for runtime performance [152], has been 

demonstrated to be an effective de novo transcriptome assembler [148, 153, 154]. Trinity 

de novo assembly performed similarly to genome-guided assembly using the Ae. 

albopictus reference genome in terms of percent read mapping back to the assembly and 

gene model representation, though not in terms of contig number or length distribution. 

One of the advantages of de novo assembly is that gene models can be assembled that 

may not be assembled by a genome-guided method if the reads cannot be mapped back to 

the current genomic scaffolds due to improper scaffold assembly (see Figures 2.4 and 

A.6). It is straightforward and fast (24-48 hours) to perform the Trinity assembly pipeline 

using high quality RNA-Seq reads, though it typically requires a large amount of memory 
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(up to 256GB of RAM in this study). Thus, Trinity will usually require a high 

performance computing cluster or the cloud environment. Trinity incorporates all reads 

simultaneously without the need to separately perform assemblies of reads from different 

life stages or environmental conditions. The assemblies generated by the Trinity de novo 

method had high read mapping percentage, and represented a substantial number of gene 

models with high median PID and coverage. Identifying more total gene models, 

including paralogs, can be more beneficial for downstream differential gene expression 

and enrichment analyses, because most paralogs have similar biological functions and are 

included in gene ontology and KEGG pathways. Trinity assemblies had slightly lower 

unique mapping rates than TransPS assemblies, but because read mapping programs, 

such as RSEM [86], take into account reads mapped to multiple gene models, total read 

mapping rates are more informative than unique mapping rates for most downstream 

analyses. Therefore, the Trinity assemblies would be suitable for subsequent differential 

gene expression analysis, SNP discovery in coding regions, and also novel transcript or 

splice variant discovery. However, the Trinity assemblies contain more redundancy 

relative to assemblies generated by genome-guided and TransPS methods. Redundant 

contigs represent highly similar sequences corresponding to the same reference and are in 

part due to the fact that RNA-Seq was performed on mRNAs from tissue samples that 

were pooled from multiple individuals, a common practice in RNA-Seq studies. The 

increased redundancy of the Trinity assemblies is reflected in the larger number of 

contigs, but similar number and coverage of reference gene models relative to the other 

assembly methods. The redundancy within the de novo assembly increased with 

increasing amount of input read pairs, primarily due to the increase in unannotated rather 
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than annotated contigs (see Table A.3). These unannotated contigs align to unannotated 

protein coding sequences and non-coding sequences, including 5’ and 3’ untranslated 

regions. 

 

Reference-based re-assembly 

Our previous study [144] has demonstrated that reference-based re-assembly can 

improve de novo assembly in terms of contig number and length distribution. However, 

in the current study, reference-based re-assembly performed similarly to de novo 

assembly using Trinity (Table 2.1). There are two likely reasons for this result. First, 

different versions of Trinity were used in the previous and the current studies, and the 

latter is an improved version. Second, our previous study only used short RNA-Seq reads 

from the adult stage for the de novo assembly, which were then combined with previous 

contigs from other life stages in a reference-based re-assembly, including contigs 

assembled from 454 sequencing reads. However, the current study assembled short 

Illumina RNA-Seq reads from all life stages into a de novo assembly. The contigs from 

this de novo assembly were then used in the reference-based re-assembly, but were not 

combined with any previously assembled contigs. The advantage of reference-based re-

assembly is that it can combine contigs from previous studies under different 

environmental conditions using different sequencing platforms [25, 30, 144], which 

makes the re-assembly less computationally demanding and more flexible. Furthermore, 

reference-based re-assembly can incorporate both protein and genomic sequences from 

closely related species, maximizing the information provided by reference scaffolding. 

However, reference-based re-assembly is more complicated to perform than the 
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straightforward Trinity de novo assembly pipeline because it involves using several 

custom Perl scripts for the re-assembly, generally taking approximately two weeks to 

complete after de novo assembly. 

 

TransPS 

In the current study, we used a reference proteome from Ae. aegypti. As 

mentioned above, Ae. aegypti is in the same sub-genus (Stegomyia) as Ae. albopictus. 

This is similar to the level of divergence between one of the organisms (Ixodes ricinus) 

and its reference (I. scapularis) used in the original study [143]. TransPS reduced the 

number of contigs by more than 87%, a result similar to the original description of this 

method [143]. TransPS also produced the longest contigs with more than a four-fold 

increase in the median contig length relative to de novo assembly and reference-based re-

assembly (Table 2.1), with minimal redundancy. Thus, the TransPS assemblies had the 

lowest number of contigs per gene model among all four assembly methods. Moreover, 

the median coverage for reference gene models by TransPS assemblies was the highest 

amongst all methods (>99%), except for the genome-guided assembly using the Ae. 

aegypti genome with reference annotation (Table 2.1), indicating that TransPS assemblies 

had almost complete representation for the reference coding sequences. TransPS 

assembly also had the highest percentage of reciprocal best hits (RBHs, see Table A.5). 

Out of 17,158 Ae. aegypti gene models, 3,952 are at least 70% identical to other gene 

models (not isoforms), with median percent identity of 97.88% and median coverage of 

99.65%. Because TransPS generated the longest contigs (Table 2.1) by also merging 

contigs with non-overlapping alignments to the same gene model, the TransPS contigs 
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can better distinguish small differences between highly similar gene models, thereby 

identifying the most RBHs (see Table A.5). This advantage is reflected in the longest 

median alignment length when searching the reference set against the assemblies 

(TBLASTN), not when searching the assemblies against the reference set (BLASTX, see 

Table A.5). However, the overall number of gene models and read mapping percentage of 

the TransPS assemblies were slightly lower than the other three strategies, which could 

limit some downstream analyses such as differential gene expression analysis, SNP 

discovery, or novel transcript and splice variant discovery. This result is likely due to the 

algorithm used by TransPS to re-assemble the de novo assembly via protein sequences 

from a closely related species, without the untranslated regions or non-coding sequences 

in the genomic scaffolds utilized by the reference-based re-assembly or genome-guided 

assembly. On the other hand, because TransPS had the highest percentage of reads 

uniquely mapped back, which enables accurate identification of orthologs, TransPS may 

be preferable for other downstream analyses, such as phylogenomic studies. A few 

thousand complete and orthologous genes from each transcriptome will be sufficient to 

construct a phylogeny with high confidence (e.g., [23]). Identifying the largest number of 

potential orthologs via reciprocal BLAST further strengthens the advantage of using 

TransPS for phylogenomic studies. As described in the Methods section, TransPS is 

developed specifically for assembly of strand-specific libraries, and therefore extra steps 

are required if the initial assembly (prior to scaffold re-assembly) is generated from non-

strand-specific sequencing reads. While the TransPS script took an hour to finish, 

generating the necessary BLASTX outputs and the extra steps necessary to handle non-

strand-specific sequencing reads took approximately two weeks to complete. 
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Genome-guided assembly - Cufflinks: Ae. albopictus reference genome 

The number and reference coverage of gene models generated by the genome-

guided method using the Ae. albopictus reference genome were very similar to those 

produced by de novo assembly and reference-based re-assembly. However, genome-

guided assemblies using the Ae. albopictus reference genome produced less than half of 

the number of contigs generated by de novo assembly and reference-based re-assembly 

(Table 2.1), indicating that this assembly produced lower redundancy relative to these 

two methods. In addition, genome-guided assemblies using the Ae. albopictus reference 

genome produced median contig lengths more than twice as long as those produced by de 

novo assembly and reference-based re-assembly (Table 2.1). Furthermore, genome-

guided assembly is much less computationally demanding than de novo assembly. 

Genome-guided assembly using Cufflinks requires the most computational resources 

during read mapping to the genome. In this study, up to 72GB of RAM was used for the 

read mapping using TopHat and up to 36GB of RAM was used for the Cufflinks genome-

guided assembly. It took approximately one week to complete read mapping and 

assembly using the pipeline. Another advantage of genome-guided assembly is that 

transcripts with low sequencing coverage can be assembled if the reads can be mapped to 

the genomic scaffolds, which can lead to unique gene models assembled relative to de 

novo assembly (see Figures 2.4 and A.6). However, genome-guided assembly using the 

Ae. albopictus reference genome performed similarly to those generated by de novo 

assembly and reference-based re-assembly in terms of percent read mapping back to the 

assembly and gene model representation, and had the lowest unique mapping rates. This 
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is likely because of the fact that the current Ae. albopictus genome assembly is relatively 

fragmented, largely due to its huge genome size and high composition of repetitive 

elements in the genome [28]. However, the fragmented assembly of the Ae. albopictus 

genome (~400,000 scaffolds with an N50 of ~200 kb) is similar to other insect genomes. 

For example, the sand fly genome, Phlebotomus papatasi, has 106,826 scaffolds with an 

N50 of 27,956 bp (Insect 5K). Therefore, our current results are likely relevant to a wide 

range of organisms with similarly fragmented genome assemblies. Genome-guided 

assemblies can be suitable for differential gene expression analysis and SNP discovery, 

but may be less desirable for novel transcript and splice variant discovery, because only 

reads aligned to the known splice junctions can be assembled.  

 

Genome-guided assembly - Cufflinks: Ae. aegypti reference genome 

Ae. aegypti is a closely related species in the same sub-genus (Stegomyia) as Ae. 

albopictus. Ae. aegypti has well-annotated genomic resources and a much less 

fragmented genome assembly, which helps to identify more complete gene models (see 

Figures 2.3 and A.5). However, using the Ae. aegypti rather than the more fragmented Ae. 

albopictus genome to guide transcriptome assembly can be problematic. Genome-guided 

assembly using the Ae. aegypti reference genome produced contigs that resemble the Ae. 

aegypti genomic scaffolds, rather than the Ae. albopictus genomic scaffolds (see Figure 

A.4). This result is reflected by the low percentage of reads mapped back, perfect median 

percent identity and reference coverage values of contigs from the genome-guided 

assembly using the Ae. aegypti genome with reference annotation (see Tables 2.1 and 

A.4). 
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Combination of de novo and genome-guided assemblies 

Assemblies generated by the de novo and genome-guided methods identified a 

small number of unique gene models relative to each other, which is consistent with a 

previous study [155]. Therefore, it might be beneficial to combine genome-guided and de 

novo assemblies, as proposed previously [24]. When the genome reference is not well 

assembled, de novo assembly should be performed first, followed by aligning contigs 

from the de novo assembly to the genome reference in order to extend and scaffold the 

contigs [24]. However, if the annotation of the genome is not complete, additional 

annotation based on orthologs will still be necessary. As a proof of concept, we combined 

de novo assembly and genome-guided assembly using the Ae. albopictus reference 

genome for the 180M dataset. The combined assembly encompassed almost all Ae. 

aegypti and dipteran gene models from the two separate assemblies (see Figures 2.4 and 

A.6). This result indicates that combining the de novo and genome-guided assemblies can 

generate a more comprehensive transcriptome assembly in terms of number of gene 

models identified. 

 

Effect of the number of reads on assembly quality 

The quantity of input read pairs increased the redundancy within the assembly, 

and decreased both median contig length and PID, whereas it did not have a clear effect 

on other quality metrics, i.e., percent read mapping and gene model representation. This 

is likely due to the increasing number of mismatches in the larger datasets caused by 

SNPs from the pooled tissue samples and/or sequencing errors. These mismatches caused 
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difficulties for the assembly programs to consolidate highly similar contigs. This in turn 

increased the number of contigs generated (increased redundancy with similar number of 

gene models and reference coverage), and reduced both the median contig length and 

PID. Therefore, it will generally be beneficial and cost-effective to use fewer reads (i.e., 

the 180M dataset). The exception was TransPS, which generated slightly longer contigs 

with more input read pairs (Table 2.1). This is likely because the algorithm used in 

TransPS that assembles contigs that have non-overlapping matches to the same reference, 

thereby creating longer contigs [143].  
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Table 2.1. Summary statistics for transcriptome assemblies from multiple strategies 

Assembly 
Strategy 

Datase
t used 

# of 
contigs 

Median 
length 
(bp) 

Median 
%ID vs. 
dipteran 

Median 
reference 
coverage 

vs. dipteran 

Median 
%ID vs. 
aegypti 

Median 
reference 
coverage 

vs. 
aegypti 

De novo 
assembly 

180M1 96,980 414 90.95% 98.37% 91.32% 98.38% 

360M 141,390 394 90.57% 98.21% 91.02% 98.14% 

600M 176,168 385 90.43% 98.37% 90.97% 98.33% 

Reference-
based re-
assembly 

180M 89,260 399 91.04% 98.46% 91.45% 98.46% 

360M 130,168 382 90.70% 98.22% 91.15% 98.26% 

600M 162,168 373 90.57% 98.39% 91.10% 98.45% 

Transcriptom
e Post-

Scaffolding 

180M 11,796 1,783 92.18% 99.40% 92.57% 99.40% 

360M 12,027 1,854 91.97% 99.40% 92.41% 99.39% 

600M 12,117 1,888 91.90% 99.41% 92.39% 99.41% 
Genome-

guided 
assembly 
using Ae. 
albopictus 

genome 

180M 43,537 1,091 90.95% 97.56% 91.28% 97.78% 

360M 57,524 1,038 90.73% 97.57% 91.05% 97.77% 

600M 68,977 1,000 90.56% 97.76% 91.03% 97.93% 

Genome-
guided 

assembly 
using Ae. 
aegypti 

genome+RA2 

180M 18,999 1,426 100.00% 100.00% 100.00% 100.00% 

Genome-
guided 

assembly 
using Ae. 
aegypti 

genome-RA 

180M 13,230 348 100.00% 42.47% 100.00% 42.89% 

1dataset representing approximate number of millions of read pairs used in the 
corresponding assembly strategy 
2RA refers to reference annotation  
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Figure 2.1. Flow chart for the experimental design of this study. Three datasets, 180M, 360M 

and 600M, were used for each of the four assembly strategies described in the text. Subsequently, 

all fourteen assemblies were assessed by the metrics contig number and length distribution, 

percent paired-end reads mapped back to the assembly and gene model representation. De novo 

stands for de novo assembly, Ref-based for reference-based re-assembly, TransPS for 

transcriptome post-scaffolding, and G. guided for genome-guided assembly. 

 

 

 

180M 360M 600M 

De novo TransPS Ref-based G. guided* 

Assembly Strategies 

Contig number/ 
length 

distribution 

Gene model 
representation 

Paired-end 
read mapping 

Assembly Metrics 

 Dataset Partitions 

*Genome-guided assembly with the Aedes albopictus reference genome using all three datasets and with the 
Aedes aegypti reference genome using the 180M dataset 
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Figure 2.2. Percentage of paired-end reads mapping back to the assembly. Datasets (180M, 

360M, 600M) and assembly strategies as described in Figure 2.1, GG/Albo refers to genome-

guided assembly using the Ae. albopictus reference genome and GG/Aeg refers to genome-

guided assembly using the Ae. aegypti reference genome. +RA refers to genome-guided assembly 

using the Ae. aegypti genome with reference annotation, and -RA refers to genome-guided 

assembly using the Ae. aegypti genome without reference annotation. 
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Figure 2.3. Number of gene models identified from the Ae. aegypti reference protein set in 

all assemblies. Datasets and assembly strategies as in Figure 2.2. 
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Figure 2.4. Intersection of Ae. aegypti gene models identified by all assembly strategies using 

the 180M dataset. Assembly strategies as in Figure 2.2, except that G.guided refers to genome-

guided assembly using the Ae. albopictus reference genome. 
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CHAPTER III 

Genetic basis of photoperiodic diapause in Aedes albopictus 

Understanding the genetic basis of ecological adaptation is a fundamental and 

long-standing question in biology [156-158]. While recent advances in next-generation 

sequencing technologies have greatly increased our ability to interrogate the genetic basis 

of adaptation in a wide range of non-model organisms, most studies have examined traits 

with a relatively simple genetic basis. For example, rapid evolution of industrial 

melanism in the British peppered moth over the last two centuries was found to be due to 

a transposable element insertion into the first intron of cortex [159], a gene that regulates 

the cell cycle. The large insertion of ~22 Kb appears to increase the transcript abundance 

of cortex which is hypothesized to affect cell-cycle regulation during wing disc 

development [159]. In the perennial herb Arabidopsis lyrata, mutations in the regulatory 

gene GLABROUS1 are responsible for parallel evolution of trichome production within 

this species and also the closely related A. thaliana, which protects the plants from 

herbivory [160]. An important challenge is to determine if these studies examining traits 

with a relatively simple genetic basis are representative of the genetics of adaptation 

across a wide range of species and traits [158].  

Diapause is a crucial ecological adaptation for a large number and enormous 

diversity of insect species on Earth [1, 63]. It is a pre-programmed dormancy that enables 

the organisms to synchronize their life cycle with seasonal environmental fluctuations. 

Photoperiodic diapause is the most common form of diapause in temperate regions 

because photoperiod is the most reliable and accurate predictive cue of seasonal change. 

Diapause is a dynamic developmental program, and can be categorized into five eco-



 80 

physiological phases [2]. The diapause induction phase is characterized by perception of 

the environmental token stimuli well in advance of the adverse season, followed by a 

preparation stage when direct development continues but certain physiological processes 

occur to make the organism ready for the actual diapause stage. Upon diapause initiation, 

direct development ceases and metabolic rates are reduced. During the actual diapause 

phase, the state of developmental arrest and reduced metabolism is maintained even 

under conditions permissive for growth and development. After an obligate refractory 

period or in response to environmental stimuli [2], diapause is terminated and direct 

development can be resumed. 

A limited number of studies on the genetic basis of diapause suggest that this trait 

is controlled by a complex genetic architecture [44]. Line-crossing experiments that 

measured the diapause timing of the pitcher-plant mosquito, Wyeomyia smithii, 

demonstrated that additive, dominant and epistatic genetic effects all contributed to the 

evolutionary divergence of diapause timing among geographically disparate populations 

[161]. Quantitative trait loci (QTL) studies in Culex pipiens and W. smithii have 

identified 4-9 QTL associated with diapause [45, 162]. However, due to the low density 

of markers across the genome in these studies, the QTL identified span large regions of 

the genome and each QTL may harbor multiple causative loci. A higher resolution QTL 

study in W. smithii utilizing restriction-site associated DNA (RAD) -tag markers, 

identified 3 QTL that explained 57.4% of the variation in diapause timing in one of the 

crosses, and 2 different QTL in each of the other two crosses that individually explained 

less than 10% of the variation in diapause timing [46]. More importantly, the genetic 

basis of diapause appears to depend on the genetic backgrounds of the mapping 
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populations [46], as different crosses, even reciprocal crosses from same populations, 

identified completely distinct QTL in each cross. These previous studies highlight the 

challenges and complexity of studying the genetic basis of diapause. Because the genome 

assembly is not yet available for Cx. pipiens or W. smithii, progress towards identifying 

specific candidate genes and regulatory elements for controlling diapause in these species 

has been slow. 

The Asian tiger mosquito, Aedes albopictus, is an outstanding model to study the 

genetic basis of photoperiodic diapause because of the well-established ecological and 

evolutionary significance of diapause in this species. Ae. albopictus undergoes a well 

characterized photoperiodic diapause, which can be easily and consistently induced in the 

laboratory by short-day photoperiods [3-5]. In the diapause response of Ae. albopictus, 

the photosensitive pupal or adult female perceives the signal of short day length and 

subsequently produces offspring in which the pharate larva enters diapause inside the 

chorion of the egg. In Ae. albopictus, diapause eggs are both more resistant to cold 

temperatures [6] and desiccation [7, 8] than non-diapause eggs. Diapause eggs are also 

larger and contain ca. 30% more total lipids than non-diapause eggs [9]. Previous work 

from our laboratory has demonstrated rapid local adaptation of diapause timing during 

the invasion and range expansion of Ae. albopictus in North America over two decades 

[11]. Diapause has helped this invasive species to establish across a ca. 15-degree 

latitudinal gradient in North America, and our understanding of diapause in Ae. 

albopictus could provide novel insight into how many other agricultural pests and disease 

vectors spread globally. Finally, temperate and tropical populations of Ae. albopictus 

diverge in terms of their photoperiodic diapause response [163]. Tropical populations do 
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not undergo photoperiodic diapause, because there is little annual change in photoperiod 

and no winter in the tropics, whereas temperate populations do undergo photoperiodic 

diapause. The temperate and tropical populations are fully interfertile, and therefore 

crossing of the genetic backgrounds of geographically distinct populations from the same 

species allows us to investigate the genetic basis of photoperiodic diapause. 

Ae. albopictus, is also an outstanding model for studying the genetic basis of 

photoperiodic diapause because of the extensive genomic resources available for this 

species. Previous studies from this laboratory have established extensive gene expression 

profiles of Ae. albopictus across multiple life stages in the diapause program, including 

the induction phase [144], the preparation phase [25, 26], and the initiation and 

maintenance phases [27, 30]. These studies have revealed thousands of differentially 

expressed genes underlying key physiological processes that are associated with diapause 

response, including lipid metabolism, energy metabolism and offspring provisioning [9, 

27, 144], cell cycle regulation [25], ecdysone signaling [25, 26], stress responses[25], and 

key components of the circadian clock [144]. In addition, the recently published genome 

sequence of Ae. albopictus [28] provides an important resource for genomic studies. 

However, the genomic (i.e., DNA-level) elements that control the extensive differential 

gene expression associated with diapause in Ae. albopictus have not been determined. 

Bulked segregant analysis (BSA) is an efficient alternative to the traditional QTL 

approach to identify the genetic basis of phenotypic traits because BSA examines only 

the individuals with extreme phenotypes [48]. Combined with powerful next-generation 

sequencing, BSA-Seq can identify causal mutations for traits with relatively simple 

genetic bases [49, 50]. Compared with previous studies, BSA-Seq can dramatically 
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expand the number of genetic markers across the genome (mainly single nucleotide 

polymorphism (SNP) markers), which is necessary for high-resolution genetic mapping 

of complex ecological adaptations. A high proportion (~68%) of the large Ae. albopictus 

genome (~2 Gb) is comprised of repetitive elements [28], making high coverage whole 

genome sequencing and downstream accurate read mapping difficult. RNA sequencing 

(RNA-Seq) samples the reduced representation of the genome (only the transcribed 

regions), which avoids repetitive elements and can achieve high coverage for the 

transcribed regions. In addition to nucleotide sequences, RNA-Seq also provides unique 

information on the expression of genomic regions under specific environmental 

conditions, which is not available through the RAD-tag sequencing approach. In this 

study, we took advantage of a natural evolutionary experiment represented by divergence 

of the diapause phenotype between tropical and temperate populations of Ae. albopictus 

to examine the genetic basis of photoperiodic diapause. We also developed a novel 

approach using RNA-Seq expression information to identify genomic regions associated 

with diapause, enhancing the genetic information provided by SNP markers. Using this 

novel approach, we identified candidate genomic regions and specific genes associated 

with photoperiodic diapause. 

 

Materials and Methods 

Temperate and tropical Ae. albopictus populations 

 A laboratory colony of temperate (TEMP) Ae. albopictus was established from 

over 200 individuals collected as larvae from more than 10 used tires located at an auto 

recycling center in Manassas, Virginia. This population corresponds to MAN [11, 25, 27] 
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and VA [8] of previous publications from this laboratory. The TEMP colony was 

maintained for seven generations under a non-diapause-inducing long-day (LD, 16L:8D) 

photoperiod at 21°C and approximately 80% relative humidity as described previously 

[71, 72]. A laboratory colony of tropical (TROP) Ae. albopictus was established using at 

least 1,000 eggs collected from oviposition traps and kindly provided by Dr. Indra 

Vythilingam, Institute of Medical Research, Kuala Lumpur, Malaysia. The TROP colony 

was maintained for three generations under the same conditions as the TEMP colony. 

 

Intercross lines  

 Intercross lines were established by mating an individual TROP male and an 

individual TEMP female, and propagating intercross offspring through random mating 

within lines (Figure 3.1A). To generate the intercross lines, larvae from F3 TROP and F7 

TEMP colonies were reared under LD conditions as described above. Upon pupation, 

TROP males and TEMP females were placed into separate adult cages. Two days after 

eclosion, TEMP females were blood fed to repletion on a human host, briefly CO2 

anesthetized, and females with a visible blood bolus were retained. The Georgetown 

University Institutional Review Board (IRB) determined that mosquito blood feeding did 

not qualify as human subjects research and thus did not require IRB approval. However, 

the blood-feeding protocol was approved by the Georgetown University Occupational 

Health and Safety Committee. 

Approximately 60 1.2-liter mating cages of one TROP male with three TEMP 

females were established. After four days to allow for mating, TROP males were frozen 

at -80°C and TEMP females were individually placed into fly vials (28.5×95mm,Genesee 
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Scientific, San Diego, CA, USA) half-filled with deionized water and sealed with mesh. 

One organic raisin was placed on top of the mesh of each cage to allow females to sugar 

feed. A strip of unbleached paper towel (Seventh Generation, Burlington, VT, USA) was 

placed into each fly vial to provide a substrate for oviposition. Females that laid at least 

20 eggs were frozen at -80°C, and their eggs (intercross F1) were maintained and hatched 

out under LD conditions as described above. Eleven intercross lines were established 

with the number of intercross F1 eggs ranging from 20-60 per line. Two of the TROP 

males mated with two females in the mating cages that generated intercross lines, so two 

pairs of the 11 lines shared the same TROP sire. However, neither of the paired lines was 

used in subsequent experiments. 

Intercross lines were maintained in parallel under LD conditions. After the F1 

intercross generation, subsequent generations were propagated through random mating 

within the lines in 9.5-liter mass-swarm cages with at least 100 males and 100 females 

from each line. Diapause incidence (DI) was measured for a random sample of 120-410 

eggs from all eleven intercross lines at the F4 generation. 

The methods used to measure DI for the 11 intercross lines in the F4 have been 

described previously [11, 70, 144]. Briefly, larvae from the F4 intercross generation were 

reared under LD conditions as described above. Approximately 30 male and 30 female 

pupae were transferred to diapause-inducing short-day (SD, 8L:16D) photoperiod at 21°C 

and approximately 80% relative humidity (in 2.5-liter cages, one cage per line). After 11 

days under SD conditions, females were blood fed to repletion as described above. Four 

days after the blood meal, a small brown jar half-filled with approximately 50mL of 

deionized water and lined with unbleached paper towels was placed into each cage to 
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provide a substrate for oviposition. Six days after the blood meal, paper towels with eggs 

were removed, maintained under SD conditions for 48–72h, and then gently air-dried. 

Egg papers were stored at approximately 80% relative humidity under SD for at least 

seven days. Eggs ranging from one to two weeks of age were stimulated to hatch by 

submersion in water with larval food. The number of hatched larvae was recorded and the 

egg papers were re-dried. This procedure was repeated 7 days later and then the eggs 

were bleached [75] to record the number of embryonated but unhatched (= diapause) 

eggs. DI was calculated as DI = (number of embryonated unhatched eggs)/(number of 

hatched eggs + number of embryonated unhatched eggs) [11]. 

 

Diapause incidence measurement of individual females to determine bulks  

The diapause phenotypes (DI) of individual females from two F5 intercross lines 

were determined in order to create bulks of individuals with extreme phenotypes for 

subsequent RNA-Seq (Figure 3.1A). The two lines, F2 and G3, were selected because 

they had the highest diapause incidence among the F4 intercross lines (36.7% and 32.7%, 

respectively). F5 intercross eggs from the F2 and G3 lines were hatched and larvae were 

reared under LD conditions as described above. Eight (line F2) and 10 (line G3) adult 

mass-swarm cages were established in 2.5-liter cages under SD conditions where each 

cage contained approximately 30 females and 30 males. After 11 days under SD 

conditions, females were blood fed to repletion as described above. Engorged females 

were then transferred into individual fly vials half-filled with water and provisioned with 

an organic raisin and unbleached paper towel (Genesee Scientific, San Diego, CA, USA) 

as described above to stimulate oviposition.  
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Vials were checked daily and individual females were frozen at -80°C after they 

had oviposited at least 20 eggs. DI was measured for eggs from each individual female as 

described above. For line F2, DI was measured for 70 females with 20 to 64 eggs per 

female. For line G3, DI was measured for 88 females with 22 to 69 eggs per female. For 

both the F2 and G3 lines, females with eggs that had a DI <= 10% were assigned to the 

low-diapause bulk, and females with eggs that had a DI >= 50% were assigned to the 

high-diapause bulk (Table A.6). Thus, a total of four bulks of adult females were 

produced based on the DI of their eggs: F2 low-diapause bulk (N =11 females), F2 high-

diapause bulk (N = 11 females), G3 low-diapause bulk (N = 12 females) and G3 high-

diapause bulk (N = 8 females). 

 

RNA extraction and RNA-Seq of TROP and TEMP parents 

Total RNA was extracted using TRI reagent (Sigma-Aldrich, St. Louis, Missouri) 

as described previously from the individual TROP males (n=9) and TEMP females 

(n=11) that produced the intercross lines [5, 25, 27, 144]. Residual DNA in the RNA 

samples was removed by Turbo-DNA free (Ambion, Austin, Texas). Integrity assessment 

of total RNA was performed by fluorometry on an RNA chip (Bioanalyzer 2100, Agilent 

Technologies, Santa Clara, CA, USA). Illumina paired-end mRNA-Seq library 

construction was performed by the Institute for Genome Sciences at the University of 

Maryland according to the TruSeq RNA sample preparation kit (Version 2) (Illumina 

Inc., San Diego, CA, USA). The 20 libraries (see Table A.7) were individually barcoded 

[76] according to manufacturer’s instructions. Eleven libraries from parents of six 

intercross lines were pooled for paired-end sequencing on one flow-cell lane, and the 
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remaining nine libraries from parents of five intercross lines were pooled for paired-end 

sequencing on another flow-cell lane of an Illumina HiSeq 2000 sequencer (read length = 

101 bp). 

 

RNA extraction and RNA-Seq of low- and high-diapause bulks 

Total RNA was extracted from individual F5 females from each of the four bulks 

described above and RNA integrity was assessed by fluorometry on an RNA chip 

(Bioanalyzer 2100, Agilent Technologies, Santa Clara, CA, USA). Due to relatively low 

RNA extraction yields from individual females that had produced eggs for DI 

measurements, it was necessary to pool equal amounts of RNA from females within each 

bulk. This produced four bulk RNA samples (low- and high-diapause from each line, see 

Table A.7) which were used for Illumina paired-end mRNA-Seq library construction and 

sequencing, performed by the Institute for Genome Sciences at the University of 

Maryland. The four libraries were individually barcoded [76] according to 

manufacturer’s instructions. The low- and high-diapause bulk libraries from line F2 were 

run on one flow-cell lane of Illumina HiSeq 4000 for paired-end sequencing, and the low- 

and high-diapause bulk libraries from line G3 were run on one flow-cell lane of Illumina 

HiSeq 4000 for paired-end sequencing (read length = 151 bp).  

 

Read cleaning 

Processing of RNA-Seq reads from both the parental and bulk samples was 

performed as described in detail in previous publications from this laboratory [25, 30, 

144]. Raw reads were first screened using ssaha2 [77] and the UniVec database (accessed 
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on July 7th, 2013) to remove vector sequences, adapters, linkers, and primers commonly 

used in cloning cDNA or genomic DNA as well as Ae. albopictus rRNA sequences 

(GenBank accession L22060.1). The cutoff for sequence removal was 95% identity and 

an alignment score of 18. In all cases, contaminated reads were removed along with their 

read mates in a pair. After ssaha2 screening, cleaned reads were further filtered using 

SolexaQA V2.2 to retain contiguous reads at least 25 bp with phred quality scores at least 

30.  

 

Read mapping by STAR and SNP calling by the Genome Analysis Toolkit (GATK) 

Cleaned read pairs were mapped to the Ae. albopictus genomic scaffolds with 

annotated gene models (5,844 out of 154,782 scaffolds, [28]) following the STAR 2-pass 

protocol [164]. Scaffolds with annotated gene models (5,844/154,782) contain ~60% of 

all nucleotides in the genome, indicating that these scaffolds are longer than the scaffolds 

without annotated gene models. In addition, genomic regions controlling diapause are 

most likely located on scaffolds with gene annotations. Mapping RNA-Seq reads only to 

scaffolds with gene annotation significantly reduced the computational resources required 

for read mapping. The read alignment (BAM) files were processed according to the 

GATK Best Practice Guide [165-167] using GATK Version 3.3. Duplicates were 

removed (with a maximum file handle number of 200 and a maximum memory allocation 

of 5 Gb) from each library and read group information (sample name and sequencing 

information) was added to each library using the Picard tools 

(http://broadinstitute.github.io/picard). If there were Ns connecting exons, Ns were 

removed and exons were joined. Insertions and deletions were re-aligned and base quality 
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score was recalibrated by using high-stringency filtered SNPs called from the original 

BAM file (i.e., “bootstrapping by GATK”, see Best Practice Version 3.3). One round of 

recalibration was adequate according to the recalibration plots generated.  

GATK Version 3.6 was used for SNP calling. Joint genotype calling by the 

GenotypeGVCF functionality in GATK was utilized to call SNPs from multiple 

individuals in the TROP and TEMP cohorts following HaplotypeCaller on each 

individual library (with the -ERC flag to report all nucleotide positions regardless of the 

presence of a SNP). Joint genotype calling takes into account evidence supporting SNPs 

from all individuals in the cohort. The intercross bulks were generated from pooled 

samples, and therefore HaplotypeCaller was utilized to directly call SNPs from intercross 

bulks. Default parameters were used in all steps described above, unless otherwise stated. 

 

Candidate SNP identification 

To identify candidate SNPs associated with photoperiodic diapause, we identified 

SNP differences between TROP and TEMP cohorts that corresponded to SNP differences 

between low- and high-diapause bulks from at least one of the F2 and G3 lines (Figure 

3.1B). First, quality filtering was performed for both the parental and bulk samples 

following guidelines from the GATK Best Practices Guide. SNPs with a quality score 

lower than 20 or a quality-by-depth smaller than 2.0 were removed. Nucleotide positions 

with read depth less than two or with more than one alternative allele were also removed. 

Finally, nucleotide positions with insertion/deletions (indels) were also excluded from the 

analysis. The RNA-Seq read count (coverage) record for every nucleotide position on 

every genomic scaffold with annotated gene models was obtained. If there was no read 
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coverage at a nucleotide position in either of the TROP and TEMP cohorts or in either of 

the low-diapause and high-diapause bulks, this nucleotide position was excluded from the 

analysis.  

To identify SNPs that differed between TROP and TEMP cohorts, alternative 

allele frequency difference (AFDiff) was calculated for each valid nucleotide position as 

AF(TEMP) - AF(TROP), where AF represents the alternative allele frequency. It was possible 

to calculate AFDiff between the TEMP and TROP cohorts because each TROP or TEMP 

individual was barcoded, and thus genotypes could be obtained for each individual. 

Because this analysis utilized RNA-Seq data to call SNPs, some individuals were missing 

RNA-Seq coverage at some SNP sites due to random sampling during sequencing. Thus, 

at least five individuals were required to have read coverage in both TROP and TEMP 

cohorts at a valid SNP site. Because approximately 1.6 million SNPs met this coverage 

threshold, the distribution of AFDiff is expected to be normal according to the Central 

Limit Theorem (Figure A.7). Therefore, we used Z-scores to identify statistical thresholds 

of AFDiff.  To do so, we used Z = (X-µ)/σ, where X represents the AFDiff, µ represents 

the sample mean, and σ represents the sample standard deviation, to calculate AFDiff at a 

known Z-score. 

To identify SNPs that differed between the low- and high-diapause bulks, we used 

the alternative read count ratio difference (RCRD). It was not possible to calculate an 

AFDiff between low- and high-diapause bulks because individuals within bulks were 

pooled prior to sequencing (see above). The rationale for using RCRD is that RCRD 

becomes higher when the underlying AFDiff increases [168, 169]. Read count ratio 

(RCR) within a bulk sample was calculated as DP(alternative)/(DP(alternative) + DP(reference)), 
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where DP represents the number of reads supporting the reference or alternative allele at 

a particular nucleotide position (termed the SNP index in [168]). Therefore, RCRD 

between high- and low-diapause bulks within a line (F2 or G3) was calculated as 

RCR(HD) - RCR(LD), where HD represents the high-diapause bulk, and LD represents the 

low-diapause bulk. Due to a high frequency of extreme high and low RCRD values, the 

RCRD distribution was not normal (Figures A.8 and A.9). However, without the fixed 

nucleotide positions (|RCRD| = 1), the RCRD distribution returned to normal (Figures 

A.10 and A.11). Therefore, RCRD at a threshold Z-score (see below) was calculated with 

the fixed nucleotide positions removed. However, SNPs with an |RCRD| = 1 were 

included in subsequent analyses, because these nucleotide positions exhibited complete 

difference between low- and high-diapause bulks. Due to a bug in GATK 3.6, some of 

the fixed nucleotide positions identified by GATK 3.3 were not included in the GATK 

3.6 results, and these fixed nucleotide positions identified by GATK 3.3 were combined 

into the GATK 3.6 results. 

Candidate SNPs associated with diapause were selected as SNPs with an AFDiff 

|Z-score| >= 3 between cohorts (TROP, TEMP) and an RCRD |Z-score| >= 2 between 

low- and high-diapause bulks from at least one of the lines (F2 and G3). AFDiff was 

required to have a higher threshold because TROP and TEMP populations exhibit much 

stronger differences in diapause incidence (~0% vs. >90%) [8, 163] than the low- and 

high-diapause bulks (~5% vs. 70~80%, Table A.6). 
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Candidate genomic regions based on RNA-Seq read coverage 

 In addition to information on nucleotide sequences, RNA-Seq data also provides 

information on expression levels of genomic regions under specific experimental 

conditions. Lack of RNA-Seq read coverage for genomic regions can be due to three 

reasons: missing coverage due to random sequencing, low or no transcription of a 

specific region, or insertion/deletion of a genomic region. In addition to SNP calling, 

preliminary analysis indicated read-coverage differences might also be associated with 

the diapause phenotype of parental and bulked samples.  

To identify genomic regions that differed in read coverage between parental 

cohorts and intercross bulks, RNA-Seq read coverage was determined across 50 bp 

blocks of each genomic scaffolds with annotated gene models (Figure 3.1C). Although 

95% of all annotated exons in the Ae. albopictus genome are >= 63 bp, 50 bp was 

selected to identify differences in coverage of regulatory regions that could be shorter 

than an exon. Blocks with read coverage greater than one were recorded as “with 

coverage” (WCov). Blocks with read coverage of one or zero were recorded as “no 

coverage” (NoCov). We included genomic blocks with only one mapped read in the 

NoCov category since a single read alignment could be due to mis-alignment, but mis-

alignment of two reads is highly unlikely. Read coverage (WCov, NoCov) was 

determined for the TROP and TEMP cohorts and the low- and high-diapause bulks using 

custom Perl scripts. Only blocks with identical read coverage patterns between two low-

diapause bulks or between two high-diapause bulks were retained. Blocks were identified 

that had NoCov in either the TROP or TEMP cohorts and in either the low-diapause or 

high-diapause bulks (F2 and G3 low-diapause bulks pooled, F2 and G3 high-diapause 



 94 

bulks pooled). A contingency test was performed (TROP and TEMP vs. low- and high-

diapause bulks) using Pearson's Chi-squared test with Yates' continuity correction (for 

conservative testing) to determine whether the read WCov/NoCov patterns were random 

with respect to the TROP/TEMP cohorts and low-/high-diapause bulks.  

Candidate coverage blocks were selected as those where there was A) no read 

coverage in the TROP cohort or low-diapause bulks and coverage in the TEMP cohort 

and high-diapause bulks, or B) no read coverage in the TEMP cohort and high-diapause 

bulks and coverage in the TROP cohort and low-diapause bulks (Figure 3.1C).  

Finally, candidate genomic scaffolds associated with photoperiodic diapause were 

selected as those that had both candidate SNPs and candidate coverage blocks. 

 

Functional annotation for genes on candidate scaffolds 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway information is not 

directly available for annotated Ae. albopictus gene models, so we used information on 

orthologous Dipteran genes for which KEGG pathway information is available. We 

determined the list of KEGG pathways represented on candidate genomic scaffolds in 

several steps. First, annotations of all Ae. albopictus gene models on the candidate 

genomic scaffolds were obtained from VectorBase (Accessed on March 1, 2016). Next, 

the ortholog of each Ae. albopictus gene model was identified in Ae. aegypti, Culex 

quinquefasciatus, Anopheles gambiae and Drosophila melanogaster, in the order of 

evolutionary relatedness to Ae. albopictus (VectorBase, accessed on August 4, 2016). For 

each dipteran ortholog of the Ae. albopcitus genes, KEGG pathway information, 

including higher-level KEGG pathway information was retrieved from kegg.jp (Accessed 
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on August 5, 2016). Additionally, for each annotated gene model with a valid dipteran 

ortholog on an Ae. albopictus genomic scaffold, differential gene expression across the 

trajectory of diapause was determined based on previous publications from this 

laboratory [25, 27, 144].  

To test the probability of obtaining similar higher-level KEGG pathways 

represented by gene models on candidate Ae. albopictus genomic scaffolds from the 

TEMP/TROP-F2 lines and the TEMP/TROP-G3 lines, we performed a permutation test. 

We randomly sampled a group of 41 scaffolds and a group of 46 scaffolds (see Results) 

10,000 times from all Ae. albopictus genomic scaffolds with annotated gene models. For 

each of the 10,000 samplings, we determined the higher-level KEGG pathways 

represented in each group of scaffolds. Then, for each paired group of scaffolds from a 

sampling event, we calculated the weighted percent similarity (WPS) of KEGG pathways 

represented on those scaffolds. First, percent similarity (PS) in higher-level KEGG 

pathways between the two groups of scaffolds was calculated as PS = (the number of 

higher-level KEGG pathways shared between both groups of scaffolds)/(the total number 

of higher-level KEGG pathways in each group). Second, for each shared higher-level 

KEGG pathway, PS was weighted as weight = (the number of occurrences in each 

scaffold group)/(the number of occurrences in the whole genome). Finally, WPS was 

calculated as WPS = PS × 𝑤𝑒𝑖𝑔ℎ𝑡!!
!!! , where weighti represents individual weight for 

each shared higher-level KEGG pathway i, and n represents the total number of 

overlapping higher-level KEGG pathways between two scaffold groups. The WPS 

between two scaffold groups was the minimum of WPS for each scaffold group. The 

observed WPS between the TEMP/TROP-F2 scaffold group and the TEMP/TROP-G3 
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scaffold group was calculated and compared to the distribution of WPS from 10,000 

random samplings. 

 

Experimental validation 

 Candidate SNPs were validated by direct sequencing of 4 selected genomic 

regions containing the SNP sites identified by RNA-Seq. Polymerase chain reaction 

(PCR) primers were designed according to the flanking genomic sequences of a selected 

set of candidate SNPs (see Table A.8 for primer sequences). Genomic DNA from four 

TROP and TEMP females were amplified. PCR fragments were cleaned using Centri-

Spin 40 columns (Princeton Separations, NJ, USA) and sequenced by Genewiz (South 

Plainfield, NJ, USA), to examine the SNP sites. Sequence trace files were processed in 

Sequencher 5.0 (Gene Codes Corporation, Ann Arbor, MI, USA). 

In order to validate the relative expression levels of WCov/NoCov genomic 

regions potentially associated with diapause, quantitative RT-PCR (qPCR) was 

performed for selected regions in four TROP males and four TEMP females, using 

nucleosome assembly protein (nap) and rpl34 as the housekeeping controls [9]. TROP 

males came from the same lab TROP colony (F9) used for BSA, maintained and sampled 

under the similar conditions as the TROP males used for BSA. TEMP females came from 

a lab colony established from wild caught larvae from the same collection site where the 

TEMP colony used for BSA had been established. Total RNA was extracted as described 

above from samples of 2~3 adult whole bodies pooled with DNase treatment. The RNA 

concentration was standardized to 50ng/ml according to NanoDrop 2000 readings prior to 

real-time (quantitative) RT-PCR (qRT-PCR). 
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qRT-PCR experiments followed methods described in [9]. Relative mRNA 

abundance of selected genomic regions was measured on a CFX96 Touch™ Real-Time 

PCR Detection System (Bio-Rad, Hercules, CA, USA) and with Brilliant II SYBR® 

Green QRT-PCR 1-Step Master Mix (Agilent, Santa Clara, CA, USA). Primers were 

designed with the PrimerQuest software (IDT DNA, Coralville, IA, USA) as shown in 

Table A.8. Cycling parameters were 95 °C for 3 min followed by 45 cycles of 95 °C for 

10 s, 58 °C for 30 s and 72 °C for 30 s. Melt curve analysis and 1% agarose gel 

electrophoresis of PCR products verified that only one product was amplified in each 

reaction.  

A modified 2-ΔCt method was used to calculate relative mRNA abundance for each 

gene of interest (GOI). After calculating the arithmetic mean for the threshold cycles (Ct) 

of the technical replicates for each replicate sample, the geometric mean Ct for two 

reference genes, rpl34 and nucleosome assembly protein, was subtracted from the mean 

Ct for each GOI (ΔCt). The negative of this value was then used as the power of 2 

(assuming exponential amplification near Ct) to give relative mRNA abundance (2-ΔCt). 

Fold change between TROP and TEMP individuals using relative mRNA abundance was 

calculated. 

 

Results 

RNA-Seq summary for TROP and TEMP cohorts 

 RNA-Seq libraries for TROP and TEMP individuals yielded between 11-27 

million read pairs per individual (average =19.4 million read pairs, Table A.7). Between 

8-20 million read pairs per individual were retained after quality filtering (average = 13.5 
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million read pairs, Table A.7), of which between 56%-70% uniquely mapped back to the 

genomic reference (Table A.7). 

 

SNP identification between TROP and TEMP cohorts 

 With the stipulation that at least five individuals in each parental cohort (TROP 

and TEMP) exhibited read coverage, there were 1,613,927 SNPs with a non-zero 

alternative allele frequency difference (AFDiff) between TROP and TEMP cohorts. 

These SNPs were located on 4,910 genomic scaffolds with an average of 2.1 SNPs per 

Kb (SD = 3.1 SNPs per Kb). Furthermore, 2.0% of all SNPs had an absolute Z-score 

greater than or equal to 3 in the AFDiff distribution (Table 3.1A).  

 

DI and RNA-Seq of low- and high-diapause bulks 

 For intercross line F2, diapause incidence was measured for 60 females and 

ranged between 0% and 78.9%. Eleven females with a DI between 0%-10.0% were 

pooled for each of the low-diapause bulk and 11 females with a diapause incidence 

between 51.5%-78.9% were pooled for the high-diapause bulks (Table A.6). For 

intercross line G3, diapause incidence was measured for 78 females and ranged between 

0% and 69.4%. Twelve females with a DI between 0%-5.1% were pooled for each of the 

low-diapause bulk and 8 females with a diapause incidence between 50.0%-69.4% were 

pooled for the high-diapause bulks (Table A.6). 

 RNA-Seq libraries for each of the four bulks (F2-low, F2-high, G3-low, G3-high) 

yielded between 176-207 million read pairs per bulk (average =192 million read pairs, 

Table A.7). Between 126-150 million read pairs per bulk were retained after quality 
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filtering (average = 139 million read pairs, Table A.7), of which between 50%-59% 

uniquely mapped back to the genomic reference (Table A.7). 

 

SNP identification between low- and high-diapause bulks 

 For line F2, there were 1,325,703 SNPs with a non-zero alternative allele read 

count ratio difference (RCRD) between low- and high-diapause bulks. These SNPs were 

located on 5,644 genomic scaffolds with an average of 1.5 SNPs per Kb (SD = 1.8 SNPs 

per Kb). In the F2 low- and high-diapause bulks, 5.4% of all SNPs had an absolute Z-

score greater than or equal to 2 in the RCRD distribution without fixed loci (Table 3.1B). 

 For line G3, there were 1,383,837 SNPs with a non-zero RCRD. These SNPs 

were located on 5,651 genomic scaffolds with an average of 1.6 SNPs per Kb (SD = 1.9 

SNPs per Kb). In the G3 low- and high-diapause bulks, 5.4% of all SNPs had an absolute 

Z-score greater than or equal to 2 in the RCRD distribution without fixed loci (Table 

3.1B). 

 

Candidate SNP identification – overlapping SNPs between TROP/TEMP cohorts and 

bulks 

 No SNPs were identified that differed between TROP and TEMP cohorts with an 

|AFDiff| >=3 and between both F2 and G3 low- and high-diapause bulks with an |RCRD| 

>=2  (Figure 3.2). However, 108 SNPs (on 74 scaffolds) and 122 SNPs (on 78 scaffolds) 

were identified that differed between TROP and TEMP cohorts and between low- and 

high-diapause bulks from one of the two intercross lines F2 or G3, respectively (See 

Figure 3.2). One SNP (JXUM01S004108_135916) identified based on the overlap 
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between the TROP/TEMP-line F2 was located on the 3’ untranslated region (UTR) of an 

annotated Ae. albopictus gene (AALF017656). This gene model is one of the two Ae. 

albopcitus paralogues that share the same Ae. aegypti ortholog (AAEL002168), 

presumably reflecting gene duplication within the Ae. albopcitus lineage. The other Ae. 

albopictus paraologue (AALF019897) contained a SNP (JXUM01S004724_46902) on 

the second to last exon identified based on the overlap between the TROP/TEMP-line 

G3. 

 

Candidate genomic regions associated with diapause based on RNA-Seq read coverage 

There were 3,597 blocks of genomic DNA sequence of at least 50bp that had no 

RNA-Seq read coverage in the TROP cohort or either of the F2 and G3 low-diapause 

bulks. There were 743 blocks of genomic DNA sequences of at least 50bp that had no 

read coverage in the TEMP cohort or either of the F2 and G3 high-diapause bulks (Table 

3.2). These blocks were considered candidate markers for genomic regions affecting 

diapause due to the consistent association with the diapause phenotypes of TROP vs. 

TEMP cohorts and low- vs. high-diapause blocks (Figure 3.1C). These candidate 

genomic blocks were located on 2,461 genomic scaffolds. Examination of read coverage 

patterns that were NOT consistent with an association with diapause indicated that 1,015 

blocks had no read coverage in the TROP cohort or either of the high-diapause bulks. 

Additionally, 1,942 blocks had no read coverage in the TEMP cohort or either of the low-

diapause bulks (Table 3.2). Pearson’s chi-squared test with Yates’ continuity correction 

indicated that the read-coverage patterns consistent with a diapause association (Figure 

3.1C) were more frequent than expected by random sampling (p-value = 5.7e-8).  
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Candidate genomic scaffolds associated with photoperiodic diapause 

 We identified genomic scaffolds that were considered candidates for genomic 

regions associated with diapause as those that had both candidate coverage blocks and 

candidate SNPs that were identified between TROP vs. TEMP and between F2 low- vs. 

high-diapause bulks (41 scaffolds, Figure 3.3A, Table A.9) or identified between TROP 

vs. TEMP and G3 low- vs. high-diapause bulks (46 scaffolds, Figure 3.3B, Table A.9). 

 

Functional annotation of the genes on candidate genomic scaffolds  

Genes on candidate genomic scaffolds with KEGG pathway annotation are 

mainly involved in metabolism, signal transduction and gene expression (Table A.10). 

There was a striking similarity in higher-level KEGG pathways represented by genes 

from the two groups of candidate genomic scaffolds (Table 3.3). The observed weighted 

percent similarity (WPS, see Methods) was higher than 99.5% of 10,000 permuted WPS 

values based on random sampling of 41 and 46 non-overlapping scaffolds from all 

genomic scaffolds with annotated gene models. Of 208 Ae. albopictus genes with a valid 

dipteran ortholog on candidate genomic scaffolds based on the overlap between TROP 

vs. TEMP and between F2 bulks, 70 genes showed differential expression under at least 

one condition across the trajectory of diapause based on previous studies [25, 27, 144] 

(Table A.9). Of 256 Ae. albopictus genes with a valid dipteran ortholog on candidate 

genomic scaffolds based on the overlap between TROP vs. TEMP and between G3 bulks, 

110 genes showed differential expression under at least one condition across the 

trajectory of diapause (Table A.9). 



 102 

 

Experimental validation 

 For all four candidate scaffolds (two from each candidate scaffold group) selected 

for SNP validation, all candidate SNPs were validated and the observed AFDiff between 

TROP and TEMP individuals matched with the in silico determined AFDiff between 

TROP and TEMP cohorts (Table A.11). 

             For both coverage blocks selected for qRT-PCR validation, both blocks showed 

higher expression in the TROP individuals (Table A.11). These results were consistent 

with the coverage pattern for both coverage blocks that read coverage was observed in 

the TROP cohort and low-diapause bulks, but no coverage was observed in the TEMP 

cohort and high-diapause bulks. We also validated through cloning and PCR that a 

deletion was present in the TROP individuals that led to the lack of coverage in the 

TROP cohort. 

 

Discussion 

Photoperiodic diapause is a crucial ecological adaptation to survival during the 

unfavorable conditions of winter in a wide variety of temperate insects, including many 

important vectors of human disease [1, 44, 63]. Diapause is a dynamic physiological 

process that requires coordinated regulation of a host of other diverse physiological 

processes, including the hormonal control of development, energy storage, and stress 

resistance [2, 38, 69, 170]. Understanding the genetic basis of diapause remains a long-

standing challenge [38, 44]. Previous studies from this laboratory have shown that 

thousands of genes are differentially expressed as part of the diapause program in Ae. 
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albopictus [25-27, 144]. Based on these results and the wide range of physiological 

processes involved in diapause [69, 170], the genetic basis of diapause is expected to be 

highly complex. This study combined bulked segregant analysis (BSA) with RNA-Seq 

and a novel approach to data analysis to identify candidate genomic regions controlling 

diapause. 

 

Novelty of experimental approach 

 Several aspects of our experimental approach are novel. First, in addition to 

examining genetic difference between intercross bulks, we examined the genetic 

difference between parental cohorts that generated the intercross lines. Few studies have 

performed such analyses (but see [171]). Sequencing the parental cohorts enabled us to 

estimate SNP allele frequencies between parental cohorts that exhibit dramatic 

differences in diapause phenotype. This information was then combined with information 

on the genetic differences between low- and high-diapause bulks to provide a more 

robust inference regarding genomic regions associated with diapause. This more robust 

inference is important to tease out the large number of SNP differences between the low- 

and high-diapause bulks, many of which could be due to genetic drift during the five 

intercross generations prior to the diapause phenotype assay. Another novelty of our 

study design was that we performed BSA using two parallel intercross lines. Most studies 

use one mapping population [172, 173]. Replication at the level of the intercross lines 

offered exciting opportunities to investigate the differences and similarities in the genetic 

basis of diapause between the two parallel lines (see below).  
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 Most significantly, we developed a novel approach to leverage the expression 

information provided by RNA-Seq to identify genomic blocks associated with diapause 

based on the coverage pattern of RNA-Seq reads (WCov, NoCov). These differences in 

RNA-Seq read coverage could reflect either differences in transcription of specific 

genomic regions or insertion/deletion (indel) of genomic DNA. Validation experiments 

by direct sequencing of genomic DNA and qRT-PCR indicate that most of the 

WCov/NoCov polymorphisms reflect differences in expression levels (Table A.11), 

although one genomic indel of ~100 bp was identified in TROP individuals compared to 

TEMP individuals. Our approach is different from traditional differential gene expression 

analysis because this approach is not limited to existing gene annotations. This analysis 

of WCov/NoCov blocks allowed us to expand our genetic markers associated with 

diapause beyond SNPs. We identified genomic scaffolds most likely to be associated 

with diapause as those with both candidate SNPs and candidate coverage blocks. These 

candidate scaffolds exhibit evidence of genetic polymorphism associated with diapause at 

two different levels, both the single nucleotide level and at the genomic block level of at 

least 50 bp long with identical coverage pattern across the entire block. Our study is the 

first to use coverage of RNA-Seq reads across blocks of at least 50 bp of genomic 

sequence to identify genomic associations with a phenotype. 

This approach using RNA-Seq analysis of both SNPs and coverage blocks is 

applicable to any QTL or BSA study on the genetic basis of ecological adaptation. Many 

studies use RAD-tags as genetic markers for QTL or BSA genetic mapping [174-176]. 

Both our RNA-Seq approach and RAD-tag sequencing identify polymorphisms in a 

reduced representation of the genome. However, while the RAD-tag approach samples 
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randomly across the genome based on restriction enzyme specificity, our RNA-Seq 

approach specifically targets polymorphism of expressed sequences, including both 

coding and UTR sequences. Due to the large proportion of repetitive elements (~68%) in 

the Ae. albopictus genome [28], RNA-Seq avoids sampling from the repetitive elements, 

which significantly alleviates difficulties in downstream read mapping to these regions. 

Two major challenges of RNA-Seq relative to RAD-tag sequencing are that expression 

differences across the genome can lead to uneven read coverage among individuals in the 

analysis and the difficulty of extracting sufficient RNA. With sufficient coverage, RAD-

tag sequencing can detect non-transcribed regulatory elements, such as promoter-binding 

sites. While RNA-Seq does not directly sample such regions, if the regulatory elements 

are linked to a genetic marker (SNP or WCov/NoCov polymorphism) in a transcribed 

region, they can still be captured by RNA-Seq. 

 

Abundant SNP differences identified by RNA-Seq 

 Over 1.6 million SNPs were identified with a non-zero AFDiff between TROP 

and TEMP cohorts (Table 3.1A), indicating a vast amount of genetic variation between 

TROP and TEMP populations from distinct geoclimatic regions. The average SNP 

density between TROP and TEMP cohorts was 2.1 per Kb across 84.0% of all genomic 

scaffolds with annotated gene models. Lack of coverage due to random sampling and 

insufficient number of individuals (< 5) with read coverage in either cohort are two main 

reasons of lack of SNPs in 16% of all genomic scaffolds with annotated gene models. All 

the SNPs empirically validated exhibited expected differences between TROP and TEMP 

individuals (Table A.11). These results are consistent with previous studies that have 
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identified high levels of nuclear SNP variation [177, 178]. In contrast, previous 

phylogeographic studies of Ae. albopictus that utilized mitochondrial DNA markers 

found limited genetic variation across the world-wide distribution of Ae. albopictus, both 

in its native range [179, 180] and in its invasive range [181, 182]. Thus, the current study 

greatly expands available nuclear genetic markers for Ae. albopictus and provides a basis 

for population genomic studies and genetic mapping of other ecologically important 

traits, including those of public health concern, such as vector competence. 

 Over 1.3 million SNPs were identified with a non-zero RCRD between low- and 

high-diapause bulks from both intercross lines F2 and G3 (Table 3.1B). For line F2, the 

average SNP density was 1.5 per Kb between low- and high-diapause bulks across 96.6% 

of all genomic scaffolds with annotated gene models. For line G3, the average SNP 

density was 1.6 per Kb between low- and high-diapause bulks across 96.7% of all 

genomic scaffolds with annotated gene models. Over 90,000 SNPs with |RCRD| = 1 were 

observed in both lines (Table 3.1B), indicating that substantial genetic differences 

accumulated over five intercross generations prior to diapause phenotype measurements. 

Many of these differences were likely due to genetic drift, which emphasizes the 

importance of combining information on SNP and coverage block differences between 

the bulks with SNPs and coverage blocks that differed between parental cohorts to 

identify genetic markers associated with diapause. 

 No overlapping SNPs were identified between parental cohorts and between low- 

and high-diapause bulks from both lines. This implies that the parallel intercross lines 

utilize different regions of the genome for expressing the 50%-80% DI phenotype 

exhibited in the high-diapause bulks from both lines. Approximately 100 overlapping 
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SNPs were identified between parental cohorts and between low- and high-diapause 

bulks from each line. Thus, relying on SNPs alone identifies approximately 150 candidate 

genomic scaffolds, which represents considerable challenges to locating specific 

candidate genes. However, combining these candidate SNPs with candidate coverage 

blocks significantly enhanced our ability to identify narrower sets of candidate genomic 

regions regulating diapause. 

 

Coverage block in both parental cohorts and in all intercross bulks 

  The candidate coverage blocks (>= 50 bp) are located on more than 2,000 

genomic scaffolds with a density of 1.8 blocks/scaffold on 42.1% of all genomic 

scaffolds with annotated gene models. We have experimentally validated two cases with 

read coverage difference between TROP and TEMP individuals (Table A.11), and one 

case of deletion in the TROP individuals that led to the lack of coverage in the TROP 

cohort. These results indicate that the coverage blocks identified across the genome are 

valid genomic regions with expression difference or insertion/deletion under diapause vs. 

non-diapause conditions. Many coverage blocks are located in the unannotated intergenic 

regions of the genome, likely reflecting unannotated genes. Indeed, two clusters of 

coverage blocks (Table A.12) with the same patterns (WCov in TEMP/high-diapause 

bulks and NoCov in TROP/low-diapause bulks) do harbor potential open reading frames 

as predicted by the NCBI ORF finder. Candidate coverage blocks were defined as those 

that have identical coverage patterns in the TROP cohort and low-diapause bulks, and in 

the TEMP cohort and high-diapause bulks. The association between coverage blocks and 
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the diapause phenotype (Table 3.2) supports our interpretation that these coverage blocks 

reflect genomic associations with the diapause phenotype. 

 

Genes on candidate scaffolds with both candidate SNPs and coverage blocks 

 Genomic scaffolds with both candidate SNPs and candidate coverage blocks 

contained genes from a highly similar group of higher-level KEGG pathways in both the 

TEMP/TROP-F2 and TEMP/TROP-G3 comparisons (Table 3.3), even though there is no 

overlap between the two groups of candidate scaffolds (Figures 3.2 and 3.3). This 

similarity is highly unlikely due to chance, because the weighted percent similarity 

(WPS) between the two higher-level KEGG pathway lists is greater than 99.5% of 10,000 

permuted WPS values obtained by random sampling of Ae. albopictus genomic scaffolds 

with gene model annotations. Furthermore, many of the higher-level KEGG pathways 

that are shared between genes on TEMP/TROP-F2 candidate scaffolds and 

TEMP/TROP-G3 scaffolds are consistent with physiological processes commonly 

associated with diapause or have been demonstrated to be important in diapause of Ae. 

albopictus by previous transcriptomic studies. For example, amino acid metabolism 

pathways are highly enriched for differentially expressed genes during both diapause 

induction and diapause initiation in Ae. albopictus [27, 144]. Additionally, a broad range 

of lipid metabolism genes exhibit differential expression as part of the diapause program, 

consistent with the observation that diapause eggs are larger and contain more total lipids 

relative to non-diapause eggs [9]. We identified three lipid metabolisms genes on the 

candidate scaffolds that are involved in the synthesis and degradation of fatty acids, Fatty 

acid synthase, acyl-coA oxidase and lipase (Table A.9). The differential expression of 
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these genes at distinct stages of diapause is associated with increased lipid provisioning 

during the diapause induction phase in the adult females [144], increased lipid 

conservation during embryological development [9] and increased lipid mobilization for 

energy throughout the developmental arrest stage [27].  

In order to identify candidate genes likely associated with regulating diapause, we 

took two approaches: a) we located genes containing clusters of candidate SNPs and/or 

candidate coverage blocks, and/or b) we located genes on candidate scaffolds with a 

likely role in diapause regulation based on physiological expectations. For example, 

hormonal regulation of development is a hallmark of diapause response [37, 44], and 

many of the candidate regulatory genes discussed below are related to hormonal 

signaling. For instance, the Ae. albopictus gene AALF013866 (encoding a zinc finger 

protein) located on scaffold JXUM01S003069 has a candidate SNP (TROP/TEMP-F2) 

on one of its exons, and a candidate coverage block in its 5’UTR (Figure A.12). The D. 

melanogaster ortholog of AALF013866 is Blimp-1, which is a 20-hydroxy-ecdysone 

response gene essential for tracheal development [183]. Furthermore, this gene is 

annotated as a member of the forkhead family of transcription factors, which are involved 

in regulating embryogenesis. Ecdysone is essential for the metamorphosis of insects and 

the lack of ecdysone has been found in multiple insect species during their larval 

diapause [37]. The ecdysone signaling pathway is significantly enriched for differentially 

expressed genes in early embryonic development during diapause preparation in Ae. 

albopictus [25], suggesting a role of ecdysone in initiating diapause. Based on the 

evidence that AALF013886 has both a candidate SNP and a candidate expression block 

on the same gene, we hypothesize that this gene is part of a signaling pathway linking 
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ecydsone signaling to downstream gene expression in diapause. Another candidate gene 

related to hormonal signaling is the Ae. albopictus ortholog of a juvenile hormone-

inducible protein is located on candidate scaffold JXUM01S003526 (Table A.9). Juvenile 

hormone (JH) has been implicated in the regulation of larval diapause in a variety of 

species [37] and the absence of JH has been demonstrated to initiate adult reproductive 

diapause in Cx. pipiens [34-36]. JH signaling has been implicated throughout the 

developmental arrest stage of diapause in Ae. albopictus [27] and in altered reproductive 

endocrinology during diapause induction [144]. The function of JH signaling with respect 

to diapause in Ae. albopictus is an exciting future avenue for research. 

Another intriguing candidate diapause regulation gene we identified is the Ae. 

albopictus ortholog of synaptotagmin 1 (syt1). This gene model is located on candidate 

scaffold JXUM01S000936 (Table A.9) and has two genomic blocks with the same 

coverage pattern (WCov in TEMP/High-diapause and NoCov in TROP/Low-diapause) 

located on one of its introns. Syt1 is characterized as a Ca2+ sensor and involved in pre-

synaptic neurotransmitter release both in vitro [184] and in Drosophila [185]. In addition, 

Syt1 is involved in hormone secretion [186]. The suppressed release of the 

prothoracicotropic hormone (PTTH) in species undergoing larval and pupal diapause is 

crucial in preventing the prothoracic gland to release ecdysteroid, which promotes 

molting and development [37]. Therefore, regulating hormone release is an important 

aspect of the hormonal regulation of diapause. The parallel expression profiles of juvenile 

hormone-inducible protein and syt1 (Table A.9), both down-regulated during the 

diapause embryonic preparation phase and especially, up-regulated during the adult 
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induction phase, suggests that Syt1 and JH signaling might be involved in regulating the 

onset of diapause in Ae. albopictus.  

The Ae. albopictus ortholog of chromatin regulatory protein (sir2) is another 

candidate gene for diapause regulation. Sir2 locates on candidate scaffold 

JXUM01S000688 and is involved in gene silencing by histone deacetylation [187]. The 

down-regulation of sir2 during the preparation phase (Table A.9) is consistent with a 

recent study in the flesh fly Sarcophaga bullata [188], where sir2 is down-regulated in 

early-, late-diapause pupae and post-diapause pharate adults. DNA methylation levels are 

low in D. melanogaster and An. gambiae [189], and therefore chromatin remodeling, 

especially histone modification, is likely to be an important form of epigenetic regulation 

of gene expression in the diapause program. 

 

Complex genetic architecture and conserved genetic toolkit of photoperiodic diapause 

              Two Ae. albopictus paralogs were identified, with one paralog carrying a 

candidate SNP in each of the F2 and G3 replicate intercross lines. Although the putative 

diapause-associated function of this gene is not clear, this result suggests genetic 

parallelism, whereby a different TEMP associated allele of a different paralog is 

associated with the high-diapause bulk in each of the intercross lines. A classic example 

of armor plate formation in the threespine sticklebacks has also demonstrated that 

repeated selection of the Ectodysplasin gene is responsible for the parallel evolution of 

translocation from marine to freshwater habitats around the world [190]. The pattern of 

parallelism is also reflected by different genes on non-overlapping candidate scaffolds 

from the same higher-level KEGG pathways (see Figure 3.3 and Table 3.3) indicating 
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parallelism of biological pathways underlying diapause in the two independent intercross 

lines. In the Culicidae, diapause occurs at different life stages (egg, larvae, adult) and is 

inferred to have evolved independently both within and among genera [44]. This 

interpretation is reinforced by the observation that the transcriptional components of 

diapause differ among Culicid species from three different genera (Aedes - [25]; 

Wyeomyia - [134]; Culex - [36]). Nevertheless, some transcriptional components of the 

diapause program are shared among these three species, suggesting that a conserved 

genetic “diapause toolkit” appears to exist in multiple mosquito and insect species [25, 

44, 144]. In addition to identifying candidate genes for diapause regulation and a novel 

method of applying RNA-Seq for genetic mapping, our study provides further support for 

the hypothesis that diapause has a complex genetic architecture. Based on comparisons of 

the F2 and G3 low- and high-diapause bulks, we conclude that more than one genetic 

combination can lead to the expression of the diapause phenotype, yet different genetic 

combinations converge on highly similar biological pathways. 
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Table 3.1. Summary of SNPs between TROP and TEMP cohorts, and between low- and 

high-diapause bulks 

A. Total number of SNPs, AFDiff at and number of SNPs of |Z-score| >= 3 between TROP and 

TEMP cohorts 

 
Total # of SNPs 

AFDiff at |Z-score| 

= 3 

# of SNPs |Z-score| 

>= 3 

With at least 5 individuals from 

each cohort 
1,613,927 -0.679/0.674 32,153 

B. Total number of SNPs, fixed SNPs, RCRD at and number of SNPs of |Z-score| >=2 between 

low- and high-diapause bulks 

 

Total # of 

SNPs 

# of SNPs of 

|RCRD| = 1 

RCRD at |Z-score| 

= 2 without SNPs 

of |RCRD|=1 

# of SNPs of |Z-

score| >= 2 including 

SNPs of |RCRD|=1 

Line F2 1,325,703 97,955 -0.602/0.558 170,130 

Line G3 1,383,837 94,053 -0.546/0.523 171,802 
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Table 3.2. Number of genomic regions with lack of read coverage in either of the parental 

cohorts and either of the intercross bulks 

   Read coverage in the cohorts 

  No coverage in 

the TROP cohort 

No coverage in the 

TEMP cohort 

Read coverage in the bulks No coverage in the 

low-diapause bulks 

3597 1942 

No coverage in the 

high-diapause 

bulks 

1015 743 
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Table 3.3. Non-redundant lists of higher-level KEGG pathway information for genes on 

candidate genomic scaffolds 

TROP/TEMP-F2 line TROP/TEMP-G3 line 

Amino acid metabolism Amino acid metabolism 

Carbohydrate metabolism Carbohydrate metabolism 

Energy metabolism Cell growth and death 

Environmental adaptation Development 

Folding, sorting and degradation Energy metabolism 

Glycan biosynthesis and metabolism Folding, sorting and degradation 

Lipid metabolism Glycan biosynthesis and metabolism 

Metabolism of cofactors and vitamins Lipid metabolism 

Metabolism of other amino acids Metabolism of cofactors and vitamins 

Nucleotide metabolism Replication and repair 

Signal transduction Sensory system 

Transcription Signal transduction 

Translation Transcription 

Transport and catabolism Translation 

 Transport and catabolism 
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Figure 3.1. Experimental design including the bulked segregant analysis (A) and subsequent 

data analyses (B, C). A) RNA-Seq was performed for parental cohorts and low- and high-

diapause bulks from two intercross lines, F2 and G3. B) Approach to identifying candidate SNPs 

associated with diapause by identifying overlapping SNPs that exhibited large differences both 

between TROP and TEMP cohorts and between low- and high-diapause bulks from at least one 

of the two intercross lines. C) Approach to identifying candidate genomic coverage blocks 

associated with diapause based on coverage patterns consistent with diapause response. LD refers 

to low-diapause, HD refers to high-diapause, NoCov refers to no read coverage at the specific 

genomic region at least 50 bp long and three parallel horizontal lines refer to read coverage at the 

specific genomic region at least 50 bp long. 
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Figure 3.2. Venn diagram of the number of overlapping SNPs. These overlapping SNPs 

exhibiting large differences between TROP vs. TEMP cohorts (>= 5 individuals with coverage 

and |Z-score| >= 3) and between low- vs. high-diapause bulks (|Z-score| >= 2) from the intercross 

lines F2 and G3. LD refers to low-diapause and HD refers to high-diapause. 
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Figure 3.3. Venn diagrams of the number of overlapping scaffolds. Overlapping scaffolds 

contain both candidate coverage blocks and candidate SNPs differing A) between both TROP vs. 

TEMP cohorts and low- vs. high-diapause bulks from intercross line F2, and B) between both 

TROP vs. TEMP cohorts and low- vs. high-diapause bulks from intercross line G3. LD refers to 

low-diapause and HD refers to high-diapause. 
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CONCLUSIONS 

Diapause is an adaptive developmental plasticity of crucial ecological importance. 

Chapter I shows that thousands of genes are differentially expressed under diapause-

inducing conditions, but only approximately 1% of all genes are potentially uniquely 

expressed under diapause-inducing or non-diapause-inducing conditions. Therefore this 

study indicates that the transcriptional basis of diapause induction is primarily a 

quantitative rather than qualitative response, with changes involving mostly levels of 

transcription rather than specific genes that are uniquely expressed under either diapause 

or non-diapause conditions. This conclusion implies that a wide range of fundamental 

physiological pathways modified as part of the diapause response may also provide novel 

targets for genetic or chemical disruption under non-diapause conditions. I have 

identified novel putative regulatory elements of diapause induction (i.e., tim and cry1), 

and this study confirms previous hallmarks of insect diapause at the transcriptional level, 

such as cell cycle regulation, pepck and lipid metabolism. Diapause appears to have 

evolved independently in several lineages within both Culicidae [44] and Diptera [191]. 

This study supports a previous hypothesis [25] that despite hundreds of millions of years 

of evolution among dipteran species, a conserved set of genes has been repeatedly 

targeted by selection during the evolution of diapause in independent lineages, including 

pepck, pcna and fas. These genes provide targets for functional studies aimed at 

developing novel control strategies designed to disrupt the photoperiodic diapause 

response, a crucial ecological adaptation in a wide range of pest and vector species. 

Chapter II emphasizes the efficacy of de novo transcriptome assembly using high 

quality Illumina RNA-Seq reads and the importance of genome assembly and annotation 
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for genome-guided assembly. Despite generating a more fragmented transcriptome 

assembly, de novo assembly performed similarly to genome-guided assembly using the 

Ae. albopictus reference genome in terms of read mapping and gene model 

representation. With high quality reads, de novo assembly can prove to be effective for 

organisms without a genome sequence, or for organisms with a fragmented genome 

assembly relative to traditional model organisms. A recent study points out that even with 

well-curated human and worm genomes, de novo assembly still performs similarly to 

genome-guided assembly in terms of sensitivity in constructing the transcriptome using 

simulated data [192]. Previous studies have demonstrated a better performance by 

genome-guided assembly than de novo assembly [146, 151]. However, this study showed 

that, if the genome assembly is fragmented and/or genome annotation is incomplete, de 

novo assembly can perform similarly to or even outperform genome-guided assembly in 

terms of read mapping back to the assembly and gene model representation. Researchers 

need to be cautious when using a closely related reference genome to guide transcriptome 

assembly, because the resulting assembly can be biased towards the closely related 

genome rather than the genome of interest. In my analysis, this result occurred when 

using a reference genome from the same subgenus with approximately 70 million years 

of divergence (see Figure A.4). Reference-based re-assembly performed similarly to de 

novo assembly, whereas TransPS generated the longest contigs with higher reference 

coverage, least redundancy and largest number of potential orthologs (RBHs). However, 

TransPS also produced assemblies with the lowest percent read mapping and number of 

gene models identified. My results also reveal that the amount of input read pairs tended 

to reduce the quality of the resulting transcriptome assembly. Thus, 180 M high quality 
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paired-end reads will usually be sufficient to generate a transcriptome assembly 

appropriate for downstream analyses. The optimal transcriptome assembly strategy is 

dependent upon intended downstream analyses, but in general, Trinity de novo assembly 

with 180 M high quality read pairs is suitable for most downstream transcriptome 

analyses, especially for organisms without a genome sequence. If a genome assembly is 

present, it can be beneficial to combine de novo and genome-guided assemblies when the 

computational resources are available. 

In Chapter III, my novel approach to leverage expression information uniquely 

provided by RNA-Seq identified more than 4,000 candidate coverage blocks on more 

than 2,000 genomic scaffolds. Combined with identified candidate SNPs differing 

between parental cohorts and between intercross bulks, I identified ~100 genomic 

scaffolds as candidate genomic regions associated with photoperiodic diapause. My novel 

approach to identify WCov/NoCov coverage blocks to combine with candidate SNPs has 

significantly enhanced the ability to identify narrower sets of candidate genomic regions 

regulating diapause. Genomic scaffolds with both candidate SNPs and candidate 

coverage blocks contained genes from a highly similar group of higher-level KEGG 

pathways in both the TEMP/TROP-F2 and TEMP/TROP-G3 comparisons, even though 

there is no overlap between the two groups of candidate scaffolds. Furthermore, many of 

the higher-level KEGG pathways that are shared between genes on TEMP/TROP-F2 

candidate scaffolds and TEMP/TROP-G3 scaffolds are consistent with physiological 

processes commonly associated with diapause or have been demonstrated to be important 

in diapause of Ae. albopictus by previous transcriptomic studies. These results indicate 

that the candidate genomic regions associated with diapause are biologically meaningful. 
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I have also identified candidate genes within the candidate genomic scaffolds, based on 

their proximity to candidate SNPs/coverage blocks and/or their likely role in regulating 

diapause by physiological expectations. Many of the candidate genes are related to 

hormonal signaling, a hallmark of diapause response. In addition to identifying candidate 

genes for diapause regulation and a novel method of applying RNA-Seq for genetic 

mapping, this study provides further support for the hypothesis that diapause has a 

complex genetic architecture. Based on comparisons of the F2 and G3 low- and high-

diapause bulks, we conclude that more than one genetic combination can lead to the 

expression of the diapause phenotype, yet different genes on distinct genomic scaffolds 

converge on highly similar biological pathways. 

 In summary, my dissertation contributes to filling in important gaps in our 

understanding of the molecular basis of photoperiodic diapause, especially with respect to 

the global transcriptional regulation of diapause induction and the underlying genetic 

sequences potentially regulating the complex differential gene expression across the 

trajectory of the diapause program. My dissertation research has proposed intriguing 

candidate genes for further functional interrogation, including timeless and cryptochrome 

1 for their functions in photoperiod measurement, genes in the juvenile hormone 

signaling pathway for their upstream regulatory functions in diapause and synaptotagmin 

for its functions in transmitting the diapause signal in the form of neurotransmitter release 

and in coordinating hormonal regulation in the form of hormone secretion. The powerful 

next-generation sequencing technologies have brought unprecedented opportunities for 

investigating the molecular basis of complex ecological adaptations in a wide range of 

non-model organisms. Combining the well-established ecological and evolutionary 
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significance of important traits with high-throughput sequencing will allow us to unravel 

the fundamental basis of how diversity has evolved for millions of species on Earth. 
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APPENDIX: Additional Figures and Tables 

Table A.1. Diapause incidence measurement for the temperate population used in 

Chapter I 

Treatment 
Replicate-

Gonotrophic 
cycle 

No. of eggs 
from 1st 

hatch 

No. of eggs 
from 2nd 

hatch 

No. of 
embryonated, 

unhatched eggs 
% Diapause 

LD 1-1 295 1 2  

LD 1-2 48 4 8  

Pooled  343 5 10 0.028 

LD 2-1 219 2 5  

LD 2-2 277 1 12  

Pooled  496 3 17 0.033 

LD 3-1 62 5 2  

LD 3-2 136 0 1  

Pooled  198 5 3 0.015 

SD 1-1 14 0 168  

SD 1-2 10 0 139  

Pooled  24 0 307 0.927 

SD 2-1 34 0 626  

SD 2-2 9 0 164  

Pooled  43 0 790 0.948 

SD 3-1 7 0 27  

SD 3-2 53 0 236  

Pooled 

 

60 0 263 0.814 
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Table A.2. Expression and annotation information for all unigenes in the analysis. 

Due to its large size (11,790 rows), it is not pasted but accessible as a supplementary file 

on ProQuest. 
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Table A.3. Alignment to Ae. aegypti gene models and Ae. albopictus genomic 
scaffolds by contigs in the De novo assemblies and reference-based re-assemblies 
with increased number of input read pairs. 

Assembly 
strategy 

Datas
et 

used 

# of 
contigs 

# of contigs supporting 
Ae. aegypti gene models 
with multiple isoforms 

# of contigs supporting 
Ae. aegypti gene models 

with a single isoform 

# of 
contigs 

supporting 
all 

isoforms 

De novo 
assembly 

180M
1 96,980 2,000 24,615 29,225 

360M 141,390 2,033 25,461 30,032 

600M 176,168 2,116 26,295 31,157 

Assembly 
strategy 

Datas
et 

used 

# of 
contigs 

# of contigs aligning to 
the Ae. albopictus 

genome 

Median % identity of the 
matches 

Median 
alignment 

length 
(Median % 

contig 
coverage) 

Unannotated 
contigs from 

reference-based 
re-assembly 

180M 30,504 25,824 93.39% 258 
(98.37%) 

360M 49,714 42,540 93.21% 258 
(97.87%) 

600M 66,168 55,859 92.86% 255 
(97.14%) 

1dataset representing approximate number of millions of read pairs used in the corresponding 
assembly strategy 
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Table A.4. Total and unique read mapping percentages 

 

Assembly Strategy Dataset used % total mapped % uniquely mapped 

De novo assembly 

180M1 91.17% 71.30% 

360M 92.93% 72.60% 

600M 93.06% 71.78% 

Reference-based re-assembly 

180M 88.50% 72.71% 

360M 89.33% 73.24% 

600M 89.44% 73.48% 

Transcriptome Post-Scaffolding 

180M 77.98% 75.82% 

360M 79.35% 77.17% 

600M 79.43% 77.25% 

Genome-guided assembly using Ae. 
albopictus genome 

180M 87.12% 47.54% 

360M 85.40% 43.73% 

600M 84.73% 42.28% 

Genome-guided assembly using Ae. 
aegypti genome with reference 

annotation 
180M 35.71% 7.66% 

Genome-guided assembly using Ae. 
aegypti genome without reference 

annotation 
180M 26.56% 7.68% 

1dataset representing approximate number of millions of read pairs used in the corresponding assembly 
strategy 
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Table A.5. Number and percentage of gene models identified by reciprocal BLAST 
and median alignment length 

Assembly Strategy Dataset 
used 

# of aegypti 
gene models by 

BLASTX 

% of aegypti 
gene models 
identified by 

reciprocal blast 

Median 
alignment 
length in 
BLASTX 

Median 
alignmen
t length 

in 
TBLAST

N 

De novo assembly 180M1 10,386 85.6% 331 1,107 

Reference-based re-
assembly 180M 10,342 86.9% 334 1,092 

TransPS 180M 9,884 98.0% 342 1,167 

Genome-guided 
assembly using Ae. 
albopictus genome 

180M 9,999 86.0% 352 1,104 

1dataset representing approximate number of millions of read pairs used in the corresponding 
assembly strategy  
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Table A.6. Diapause incidence of females used in the BSA for both lines and selected 
individuals in the bulks 

%diapause Line F2 In LD or HD1 %diapause Line G3 In LD or HD 

0 LD 0 LD 

0 LD 0 LD 

0.03 LD 0 LD 

0.06 LD 0 LD 

0.07 LD 0 LD 

0.07 LD 0 LD 

0.07 LD 0.03 LD 

0.08 LD 0.04 LD 

0.08 LD 0.05 LD 

0.08 LD 0.05 LD 

0.10 LD 0.05 LD 

0.11 Not included 0.05 LD 

0.12 Not included 0.06 Not included 

0.13 Not included 0.07 Not included 

0.13 Not included 0.08 Not included 

0.15 Not included 0.08 Not included 

0.15 Not included 0.08 Not included 

0.17 Not included 0.08 Not included 

0.18 Not included 0.10 Not included 

0.18 Not included 0.10 Not included 

0.20 Not included 0.10 Not included 

0.21 Not included 0.10 Not included 

0.22 Not included 0.12 Not included 

0.23 Not included 0.13 Not included 

0.23 Not included 0.16 Not included 

0.24 Not included 0.17 Not included 
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Table A.6 (Cont.) 

0.25 Not included 0.17 Not included 

0.25 Not included 0.18 Not included 

0.27 Not included 0.18 Not included 

0.28 Not included 0.18 Not included 

0.29 Not included 0.18 Not included 

0.29 Not included 0.18 Not included 

0.30 Not included 0.20 Not included 

0.30 Not included 0.20 Not included 

0.31 Not included 0.20 Not included 

0.31 Not included 0.23 Not included 

0.33 Not included 0.23 Not included 

0.33 Not included 0.23 Not included 

0.36 Not included 0.23 Not included 

0.38 Not included 0.23 Not included 

0.41 Not included 0.24 Not included 

0.41 Not included 0.24 Not included 

0.43 Not included 0.24 Not included 

0.44 Not included 0.24 Not included 

0.45 Not included 0.24 Not included 

0.47 Not included 0.24 Not included 

0.47 Not included 0.25 Not included 

0.48 Not included 0.25 Not included 

0.52 HD 0.25 Not included 

0.53 HD 0.25 Not included 

0.54 HD 0.27 Not included 

0.55 HD 0.27 Not included 

0.56 HD 0.28 Not included 

0.59 HD 0.28 Not included 
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0.61 HD 0.28 Not included 

0.72 HD 0.30 Not included 

0.75 HD 0.31 Not included 

0.77 HD* 0.31 Not included 

0.79 HD 0.31 Not included 

0.79 HD 0.32 Not included 

  0.32 Not included 

  0.32 Not included 

  0.35 Not included 

  0.35 Not included 

  0.38 Not included 

  0.39 Not included 

  0.41 Not included 

  0.43 Not included 

  0.48 Not included 

  0.49 Not included 

  0.50 HD 

  0.51 HD 

  0.54 HD 

  0.56 HD 

  0.56 HD 

  0.59 HD 

  0.68 HD 

  0.69 HD 
1HD represents high-diapause bulk and LD represents low-diapause bulk 

*This sample was not included in the HD due to the low quality of RNA 
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Table A.7. Total number of read pairs, number of cleaned read pairs and 
percentage of reads uniquely mapped to genomic reference for parental and bulk 
RNA-Seq samples used in Chapter II. 

Sample 
description 

Total number of read 
pairs 

Number of cleaned read 
pairs 

%reads uniquely mapped to 
genome 

A. For parental RNA-Seq samples     

Trop-A1 13,369,228 10,621,087 65.03% 

Temp-A12 17,258,367 13,245,082 65.44% 

Trop-B 16,942,073 12,401,319 65.33% 

Temp-B3 22,607,164 16,480,538 63.92% 

Trop-C 20,912,062 10,148,580 70.30% 

Temp-C1 24,166,505 18,296,134 65.56% 

Temp-C2 27,095,422 12,965,182 70.66% 

Trop-D 13,274,597 8,056,292 56.16% 

Temp-D3 27,056,155 20,183,012 64.81% 

Trop-E 10,601,517 7,083,179 59.23% 

Temp-E1 27,317,555 16,155,896 56.35% 

Trop-F 21,071,929 16,459,403 66.15% 

Temp-F2 20,381,455 15,648,008 65.10% 

Trop-G 19,749,411 14,413,893 62.83% 

Temp-G3 25,257,171 17,759,417 60.73% 

Trop-H 15,332,887 11,758,908 63.59% 

Temp-H1 18,503,488 11,441,864 59.05% 

Temp-H3 17,214,851 13,044,620 65.28% 
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Trop-I 11,072,851 8,447,029 62.91% 

Temp-I1 19,284,233 14,539,810 64.39% 

B. For bulk RNA-Seq samples     

F2-L3 176,752,151 126,598,902 51.01% 

F2-H4 205,893,825 147,473,599 50.75% 

G3-L 180,578,361 130,179,830 59.66% 

G3-H 207,675,941 150,080,262 57.70% 

1Trop represents the tropical population used in this study and the letter following Trop refers to the 
individual male used to generate a hybrid line. 
2Temp represents the temperate population used in this study, the letter following Temp refers to the paired 
Trop male and the number after the letter refers to the individual Temp female paired with the Trop male 
(each Trop male mated with three Temp females). 
3The starting letter and number refer to the line number generated from crossing a single Trop male with a 
single Temp female, and consistent with the naming of the Temp female used to generate the hybrid line. L 
refers to the low-diapause bulk. 
4The starting letter and number refer to the line number generated from crossing a single Trop male with a 
single Temp female, and consistent with the naming of the Temp female used to generate the hybrid line. H 
refers to the low-diapause bulk. 
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Table A.8. Primer sequences used for PCR validation for selected candidate SNPs 
and qPCR validation for selected coverage blocks 

A. PCR primers    
SNP ID 

(scaffold_coordinates) Forward primer Reverse Primer Annealing 
Temp. ºC 

JXUM01S000035_213289 GAACTGCTACCTGCATC
ATC 

CACACATAAAGGCTGC
ACTG 58 

JXUM01S001387_311742
/46/51/66 

ACAACCTCCAGAAGCA
CAAC 

GCGGAACAGGAAGTGT
TTGA 58 

JXUM01S002437_43986 TTGCACACTGGCAGAA
GTAG 

CACCACAAAGTCACGA
TCAC 58 

JXUM01S006958_26689/
697/710/714 

TTGCGAATCGGGAGGA
TTAC 

TTGGCAACCTCGGAGAT
AAC 58 

    

B. qPCR primers    
Coverage block 

(scaffold:start-end) Forward primer Reverse Primer Annealing 
Temp. ºC 

JXUM01S000373:26882-
26994 

GAGTCTGGTAGGTGAC
GAAACATC 

ACAAGCATGTTCGGAAT
CCACCTT 58 

JXUM01S002016:70402-
70494 

AACCTTCCTGATCCGCT
CCATCAC 

GCAAGGAAGACGCGTC
GAGTAATT 58 
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Table A.9. Differential expression of dipteran orthologs of Ae. albopictus genes on 

candidate genomic scaffolds. Due to its large size (471 rows), so it is not pasted here but 

accessible as a supplementary file on ProQuest. 
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Table A.10. KEGG pathway information for Ae. albopictus genes with dipteran 
orthologs on genomic scaffolds with candidate SNPs and candidate coverage blocks 

Aedes 
albopictus 
scaffold 

Aedes 
albopictus 

gene 

Dipteran 
ortholog 

KEGG 
pathway id 

KEGG pathway 
description 

Higher level 
pathway 

information 
A. Genomic scaffolds with candidate SNPs based on the overlap between TROP/TEMP-F2 line, and with 
candidate coverage blocks 
JXUM01S00

2437 
AALF0112

82 
AAEL003

345 00220 Arginine biosynthesis Amino acid 
metabolism 

JXUM01S00
0402 

AALF0157
66 

AAEL001
707 00310 Lysine degradation Amino acid 

metabolism 
JXUM01S00

0475 
AALF0166

80 
AAEL009

507 00030 Pentose phosphate 
pathway 

Carbohydrate 
metabolism 

JXUM01S00
0733 

AALF0238
83 

AAEL001
816 00040 Pentose and glucuronate 

interconversions 
Carbohydrate 
metabolism 

JXUM01S00
0733 

AALF0238
89 

AAEL001
822 00040 Pentose and glucuronate 

interconversions 
Carbohydrate 
metabolism 

JXUM01S00
1733 

AALF0073
58 

AAEL000
564 00562 Inositol phosphate 

metabolism 
Carbohydrate 
metabolism 

JXUM01S00
0859 

AALF0259
16 

AAEL007
823 04320 Dorso-ventral axis 

formation Development 

JXUM01S00
0859 

AALF0259
19 

AAEL007
823 04320 Dorso-ventral axis 

formation Development 

JXUM01S00
1960 

AALF0088
91 

AAEL001
187 03018 RNA degradation Folding, sorting 

and degradation 
JXUM01S00

3414 
AALF0151

66 
AAEL004

715 03018 RNA degradation Folding, sorting 
and degradation 

JXUM01S00
0184 

AALF0077
51 

AAEL006
056 04141 Protein processing in 

endoplasmic reticulum 
Folding, sorting 
and degradation 

JXUM01S00
2030 

AALF0092
67 

CPIJ0182
34 04141 Protein processing in 

endoplasmic reticulum 
Folding, sorting 
and degradation 

JXUM01S00
5796 

AALF0231
48 

AAEL003
366 04141 Protein processing in 

endoplasmic reticulum 
Folding, sorting 
and degradation 

JXUM01S00
3109 

AALF0139
66 

AAEL006
452 00512 Mucin type O-Glycan 

biosynthesis 

Glycan 
biosynthesis and 

metabolism 
JXUM01S00

1960 
AALF0088

94 
AAEL001

194 00061 Fatty acid biosynthesis Lipid metabolism 

JXUM01S00
0238 

AALF0086
17 

AAEL000
735 00071 Fatty acid degradation Lipid metabolism 

JXUM01S00
1152 

AALF0019
49 

AAEL008
841 00071 Fatty acid degradation Lipid metabolism 

JXUM01S00
1278 

AALF0035
40 

AAEL002
065 00072 Synthesis and degradation 

of ketone bodies Lipid metabolism 

JXUM01S00
2030 

AALF0092
72 

AAEL003
188 00600 Sphingolipid metabolism Lipid metabolism 

JXUM01S00
0238 

AALF0086
09 

AAEL010
321 00860 Porphyrin and chlorophyll 

metabolism 

Metabolism of 
cofactors and 

vitamins 

JXUM01S00
0502 

AALF0184
53 

AAEL002
304 00860 Porphyrin and chlorophyll 

metabolism 

Metabolism of 
cofactors and 

vitamins 
JXUM01S00

1733 
AALF0073

57 
AAEL000

581 00480 Glutathione metabolism Metabolism of 
other amino acids 



 137 

Table A.10 (Cont.)  

JXUM01S00
0475 

AALF0166
83 

AAEL012
731 00230 Purine metabolism Nucleotide 

metabolism 
JXUM01S00

0101 
AALF0276

34 
AAEL003

359 04013 MAPK signaling pathway 
- fly 

Signal 
transduction 

JXUM01S00
2784 

AALF0127
03 

CPIJ0052
95 04512 ECM-receptor interaction 

Signaling 
molecules and 

interaction 
JXUM01S00

1278 
AALF0035

43 
AAEL002

079 03022 Basal transcription factors Transcription 

JXUM01S00
0475 

AALF0166
85 

AAEL012
045 03040 Spliceosome Transcription 

JXUM01S00
1056 

AALF0005
63 

AAEL013
795 03040 Spliceosome Transcription 

JXUM01S00
0101 

AALF0276
32 

AAEL003
397 03010 Ribosome Translation 

JXUM01S00
0475 

AALF0166
84 

AAEL012
733 03010 Ribosome Translation 

JXUM01S00
0184 

AALF0077
43 

AAEL006
057 03015 mRNA surveillance 

pathway Translation 

JXUM01S00
2215 

AALF0102
62 

AAEL007
950 04144 Endocytosis Transport and 

catabolism 
B. Genomic scaffolds with candidate SNPs based on the overlap between TROP/TEMP-G3 line, and with 
candidate coverage blocks 
JXUM01S00

3526 
AALF0155

27 
AAEL004

036 00260 Glycine, serine and 
threonine metabolism 

Amino acid 
metabolism 

JXUM01S00
5548 

AALF0224
07 

AAEL007
909 00270 Cysteine and methionine 

metabolism 
Amino acid 
metabolism 

JXUM01S00
2623 

AALF0120
83 

AAEL006
013 00310 Lysine degradation Amino acid 

metabolism 
JXUM01S00

0035 
AALF0188

84 
AAEL011

421 00010 Glycolysis/Gluconeogenes
is 

Carbohydrate 
metabolism 

JXUM01S00
3526 

AALF0155
25 

AAEL004
028 00030 Pentose phosphate 

pathway 
Carbohydrate 
metabolism 

JXUM01S00
0131 

AALF0033
56 

AAEL001
130 00500 Starch and sucrose 

metabolism 
Carbohydrate 
metabolism 

JXUM01S00
0936 

AALF0274
16 

AAEL000
703 00500 Starch and sucrose 

metabolism 
Carbohydrate 
metabolism 

JXUM01S00
4652 

AALF0196
93 

AAEL010
684 00500 Starch and sucrose 

metabolism 
Carbohydrate 
metabolism 

JXUM01S00
4769 

AALF0200
65 

AAEL014
148 04214 Apoptosis - fly Cell growth and 

death 
JXUM01S00

0630 
AALF0217

29 
AAEL012

065 04320 Dorso-ventral axis 
formation Development 

JXUM01S00
4166 

AALF0178
39 

AAEL002
881 00190 Oxidative phosphorylation Energy 

metabolism 
JXUM01S00

0131 
AALF0033

45 
AAEL005

564 03018 RNA degradation Folding, sorting 
and degradation 

JXUM01S00
0272 

AALF0114
74 

AAEL002
118 04120 Ubiquitin mediated 

proteolysis 
Folding, sorting 
and degradation 

JXUM01S00
0131 

AALF0033
55 

AAEL001
121 00512 Mucin type O-Glycan 

biosynthesis 

Glycan 
biosynthesis and 

metabolism 
JXUM01S00

0131 
AALF0033

57 
AAEL001

122 00512 Mucin type O-Glycan 
biosynthesis 

Glycan 
biosynthesis and 
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JXUM01S00
0761 

AALF0242
72 

AAEL008
037 00512 Mucin type O-Glycan 

biosynthesis 

Glycan 
biosynthesis and 

metabolism 

JXUM01S00
0272 

AALF0114
81 

AAEL000
899 00563 

Glycosylphosphatidylinosi
tol(GPI)-anchor 

biosynthesis 

Glycan 
biosynthesis and 

metabolism 

JXUM01S00
0761 

AALF0242
69 

AAEL008
042 00563 

Glycosylphosphatidylinosi
tol(GPI)-anchor 

biosynthesis 

Glycan 
biosynthesis and 

metabolism 
JXUM01S00

2998 
AALF0135

75 
AAEL002

228 00061 Fatty acid biosynthesis Lipid metabolism 

JXUM01S00
0035 

AALF0188
82 

AAEL009
596 00100 Steroid biosynthesis Lipid metabolism 

JXUM01S00
3615 

AALF0158
07 

AAEL013
849 00561 Glycerolipid metabolism Lipid metabolism 

JXUM01S00
0936 

AALF0274
13 

AAEL000
706 00600 Sphingolipid metabolism Lipid metabolism 

JXUM01S00
0943 

AALF0275
51 

AAEL007
463 00670 One carbon pool by folate 

Metabolism of 
cofactors and 

vitamins 

JXUM01S00
4292 

AALF0183
17 

AAEL002
304 00860 Porphyrin and chlorophyll 

metabolism 

Metabolism of 
cofactors and 

vitamins 
JXUM01S00

1529 
AALF0060

31 
AAEL002

098 03420 Nucleotide excision repair Replication and 
repair 

JXUM01S00
1844 

AALF0083
65 

AAEL000
558 04745 Phototransduction - fly Sensory system 

JXUM01S00
0014 

AALF0089
45 

AAEL010
469 04013 MAPK signaling pathway 

- fly 
Signal 

transduction 
JXUM01S00

0247 
AALF0105

84 
AAEL007

584 04013 MAPK signaling pathway 
- fly 

Signal 
transduction 

JXUM01S00
2821 

AALF0128
56 

AAEL002
924 04150 mTOR signaling pathway Signal 

transduction 
JXUM01S00

0272 
AALF0114

78 
AAEL008

930 04310 Wnt signaling pathway Signal 
transduction 

JXUM01S00
0956 

AALF0277
20 

AAEL006
801 04310 Wnt signaling pathway Signal 

transduction 
JXUM01S00

0828 
AALF0256

91 
AAEL012

330 03022 Basal transcription factors Transcription 

JXUM01S00
0014 

AALF0089
47 

AAEL010
467 03040 Spliceosome Transcription 

JXUM01S00
1908 

AALF0086
88 

CPIJ0089
07 03040 Spliceosome Transcription 

JXUM01S00
1807 

AALF0076
53 

AAEL006
031 03008 Ribosome biogenesis in 

eukaryotes Translation 

JXUM01S00
1807 

AALF0076
53 

AAEL014
908 03008 Ribosome biogenesis in 

eukaryotes Translation 

JXUM01S00
4769 

AALF0200
62 

AAEL017
447 03008 Ribosome biogenesis in 

eukaryotes Translation 

JXUM01S00
0761 

AALF0242
73 

AAEL008
044 03010 Ribosome Translation 
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JXUM01S00
1157 

AALF0020
28 

AAEL009
884 03013 RNA transport Translation 

JXUM01S00
4039 

AALF0174
08 

AAEL008
700 03013 RNA transport Translation 

JXUM01S00
0035 

AALF0188
94 

AAEL011
429 04142 Lysosome Transport and 

catabolism 
JXUM01S00

0247 
AALF0105

75 
AAEL015

136 04142 Lysosome Transport and 
catabolism 

JXUM01S00
1844 

AALF0083
68 

AAEL010
403 04144 Endocytosis Transport and 

catabolism 
JXUM01S00

2821 
AALF0128

57 
AAEL002

938 04144 Endocytosis Transport and 
catabolism 
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Table A.11. Experimental validation of selected candidate SNPs and selected 
coverage blocks 
A. Experimental validation of selected candidate SNPs 

  
SNP ID 

(scaffold_coordinates) 

Candidate 
SNP 

identification 

Expected AFDiff 
between TROP 

and TEMP 
cohorts 

Candidate SNP 
validation 

Observed AFDiff 
between TROP 

and TEMP 
individuals 

JXUM01S000035_21
3289 

Predominantly 
T in the TROP 

cohort and 
Predominantly 

C in the 
TEMP cohort 

0.9 

Homozygous T in one 
TROP individual and 
heterozygous T:C1 in 

another TROP 
individual; 

Homozygous C in all 
three TEMP 
individuals2 

0.75 

JXUM01S001387_31
1742/46/51/663 

Predominantly 
C/G/C/C in 
the TROP 
cohort and 

Predominantly 
T/T/T/T in the 
TEMP cohort 

-1/-0.937/-0.937/-
0.846 

Homozygous C/G/C/C 
in all four TROP 

individuals; 
Homozygous T/T/T/T 

in two TEMP 
individuals and 
heterozygous 

C:T/G:T/C:T/C:T in 
two TEMP individuals 

-0.75/-0.75/-
0.75/-0.75 

JXUM01S002437_43
986 

Predominantly 
T in the TROP 

cohort and 
Predominantly 

A in the 
TEMP cohort 

-0.909 

Homozygous T in four 
TROP individuals; 

Homozygous A in two 
TEMP individuals and 
heterozygous A:T in 

two TEMP individuals 

-0.75 

JXUM01S006958_26
689/697/710/714 

Predominantly 
T/C/C/G in the 
TROP cohort 

and 
Predominantly 
C/T/T/A in the 
TEMP cohort 

-0.875/-0.875/-
0.875/-0.875 

Homozygous T/C/C/G 
in two TROP 
individuals; 

Homozygous C/T/T/A 
in four MAN 
individuals 

-1/-1/-1/-1 

B. Experimental validation of selected coverage blocks 

Coverage block 
(scaffold:start-end) 

Coverage 
pattern qRT-PCR results   

JXUM01S000373:268
82-26994 

Wcov in 
TROP/low-

diapause 
bulks, NoCov 

in 
TEMP/high-

diapause bulks 

The coverage 
block has 

expression in 
TROP 

individuals 25 
fold of that in 

TEMP 
individuals 
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JXUM01S002016:704
02-70494 

Wcov in 
TROP/low-

diapause 
bulks, NoCov 

in 
TEMP/high-

diapause bulks 

The coverage 
block has 

expression in 
TROP 

individuals 17 
fold of that in 

TEMP 
individuals 

  

1Colon indicates heterozygous genotype with two alleles 
2Number of individuals smaller than four indicates the number of individuals with successful sequencing, 
while the remaining individuals could not be sequenced due to long polymers or other properties in the 
sequence 
3Multiple candidate SNPs identified at this genomic region 
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Table A.12. Clusters of at least three candidate coverage blocks within 2 Kb 

Candidate Scaffold Candidate coverage block (start-end) 

JXUM01S001908 144853-144920 

JXUM01S001908 145691-145766 

JXUM01S001908 145798-145867 

JXUM01S001908 146018-146067 

JXUM01S001908 146105-146158 

JXUM01S001908 146160-146222 

JXUM01S001908 146670-146790 

JXUM01S003526 258089-258148 

JXUM01S003526 258249-258310 

JXUM01S003526 258494-258569 
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Figure A.1. Representation of alignments in protein-based and genome-based re-

assembly. Percentage identity (a), proportion of contig in the alignment (b) and 

proportion of reference in the alignment (c) result from alignments of contigs from 

composite transcriptome assembly to the protein and genomic references. 
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Figure A.2. Amino acid metabolisms pathways under LD and SD in BM and NB 

females. Heat maps of DE genes in the enriched amino acid metabolism pathways (Table 

1.3).  Symbols and conventions as in Figure 1.4. 
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Figure A.3. Global metabolic pathway under LD and SD in BM and NB females. 

Heat maps of DE genes in the global metabolic pathway. Symbols and conventions as in 

Figure 1.4.  
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Figure A.4. Similarity of genome-guided assemblies using the 180M dataset to 

reference genome assemblies. Percent identity to and contig coverage by the Aedes 

albopictus or Aedes aegypti genomic scaffolds characterized by BLASTN searches 

(evalue < 1e-6). A: Comparisons between genome-guided assembly using the Ae. 

albopictus genome assembly or the Ae. aegypti genome assembly and the Ae. albopictus 

genomic scaffolds. B: Comparisons between genome-guided assembly using the Ae. 

albopictus genome assembly or the Ae. aegypti genome assembly and the Ae. aegpyti 

genomic scaffolds. Albopictus G.guided: genome-guided assembly using the Ae. 

albopictus genome; Aegypti G.guided: genome-guided assembly using the Ae. aegypti 

genome with reference annotation; Albopictus scaffolds: genomic scaffolds of Ae. 

albopictus; Aegypti scaffolds: genomic scaffolds of Ae. aegypti. 
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Figure A.5. Number of gene models identified from the dipteran reference protein 

set in all assemblies. Datasets and assembly strategies as in Figure 2.2. 
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Figure A.6. Intersection of dipteran gene models identified by all four assembly 

strategies using the 180M dataset. Assembly strategies as in Figure 2.2, except that 

G.guided refers to genome-guided assembly using the Ae. albopictus reference genome. 
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Figure A.7. Histogram for the alternative allele frequency difference (AFDiff) 

between TROP and TEMP cohorts considering at least five individuals with 

coverage from each cohort. 
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Figure A.8. Histogram for the alternative allele read count ratio difference (RCRD) 

between low- and high-diapause bulks from line F2. 
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Figure A.9. Histogram for the alternative allele read count ratio difference (RCRD) 

between low- and high-diapause bulks from line G3. 
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Figure A.10. Normal Q-Q plot for RCRD between low- and high-diapause bulks 

from line F2, excluding fixed loci (|RCRD| = 1). 
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Figure A.11. Normal Q-Q plot for RCRD between low- and high-diapause bulks 

from line G3, excluding fixed loci (|RCRD| = 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 155 

 

Figure A.12. Illustration for a zinc finger protein gene (AALF013866) with both a 

candidate SNP and a candidate coverage block within this gene. 
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