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Abstract

Diapause has long been recognized as a crucial ecological adaptation to spatio-temporal
environmental variation. More recently, rapid evolution of the diapause response has been
implicated in response to contemporary global warming and during the range expansion of
invasive species. Although the molecular regulation of diapause remains largely unresolved,
rapidly emerging next-generation sequencing (NGS) technologies provide exciting opportunities
to address this longstanding question. Herein, a new assembly from life-history stages relevant to
diapause in the Asian tiger mosquito, Aedes albopictus (Skuse) is presented, along with unique
methods for the analysis of NGS data and transcriptome assembly. A digital normalization
procedure that significantly reduces computational resources required for transcriptome assembly
is evaluated. Additionally, a method for protein reference-based and genomic reference-based
merged assembly of 454 and Illumina reads is described. Finally, a gene ontology analysis is
presented, which creates a platform to identify physiological processes associated with diapause.
Taken together, these methods provide valuable tools for analyzing the transcriptional
underpinnings of many complex phenotypes, including diapause, and provide a basis for
determining the molecular regulation of diapause in Ae. albopictus.
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Introduction

The annual rotation of the earth around the sun gives rise to various forms of recurring
seasonal environmental variation that affect most life forms on Earth. Conspicuous
examples include the annual arrival of winter in temperate habitats, wet and dry seasons in
tropical habitats, and biotic interactions that can severely impact opportunities for survival
and reproduction of a wide range of organisms. Photoperiodic diapause is a crucial
ecological adaptation that allows many insects to cope with recurring seasonal
environmental variation by using day length (photoperiod) as a token cue to initiate
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physiological changes that prepare the insect for persistence under adverse conditions. In
temperate habitats, the seasonal timing of diapause initiation exhibits remarkably consistent
geographic trends across latitudinal gradients (Anderwartha, 1952; Danks, 1987). The rapid
evolution of diapause timing has been implicated in response to contemporary global
warming (Bradshaw & Holzapfel, 2001), and also during range expansion of invasive
species (Bean et al., 2012; Urbanksi et al.,, 2012). Thus, studies of diapause address both
basic questions concerning organismal adaptation to spatio-temporal environmental
heterogeneity, as well as more applied questions such as anticipating biological responses to
rapid ongoing global warming and the evolution of invasive species during range expansion.

Despite the well-established ecological significance of photoperiodic diapause, the
molecular regulation of this crucial adaptation remains largely unresolved. In part, this is
because diapause is a physiologically complex process that involves multiple regulatory
hierarchies across the trajectory from diapause preparation, to diapause maintenance and
eventually termination (Kostal, 2006). A number of common physiological themes are
associated with diapause in a diverse range of insects, including reduced metabolism and
developmental arrest (Tauber ef a/., 1986), increased cold and desiccation resistance
(Rinehart et al., 2007; Benoit, 2010), and increased nutrient storage (Hahn & Denlinger,
2011). However, current understanding of the molecular regulation of these physiological
processes during diapause is mostly based on studies of one or several genes in a diverse
range of insect taxa. The extent to which common molecular regulatory mechanisms
underlie the consistent physiological themes of diapause remains unclear. Thus, elucidation
of the molecular regulation of diapause across the trajectory from preparation to termination
remains an elusive goal with important implications for a wide range of both basic and
applied questions in insect science.

Rapid advances in next-generation sequencing (NGS) technology are opening up exciting
opportunities for elucidating the molecular basis of complex phenotypes, even in non-model
organisms for which complete genome sequences are not available (Davey et al., 2011;
Martin & Wang, 2011). This is an especially exciting opportunity for diapause research,
since many insect species in which diapause has been studied thoroughly from an
ecological, physiological, or evolutionary perspective do not currently have a complete
genome sequence available (e.g., Wyeomyia smithii, Sarcophaga crassipalpis, Culex
pipiens, Aedes albopictus). Nevertheless, many challenges remain in applying NGS to
elucidate the molecular basis of diapause. The amount of data from a single NGS
experiment can be overwhelming, requiring substantial computational resources for analysis.
Additionally, working with a non-model organism for which a genome sequence is not
available requires creative approaches to assembly, annotation and estimation of differential
gene expression by read mapping.

In this paper, methods are described for the development of transcriptomic resources from
multiple NGS diapause experiments in the Asian tiger mosquito, Aedes albopictus (Skuse).
A digital normalization procedure that significantly reduces computational resources
required for assembly of hundreds of millions of Illumina reads is evaluated. Additionally, a
method is described for protein reference-based and genomic reference-based merged
assembly of 454 and Illumina reads. The resulting merged assembly leads to increased gene
discovery and annotation. Finally, results of a gene ontology (GO) analysis are presented
which establish a basis for identifying physiological processes associated with diapause. The
results of the GO analysis are discussed in relation to previous results on the transcriptional
basis of diapause in Ae. albopictus. These methods illustrate a valuable set of analytical
tools that provide a basis for determining the molecular regulation of diapause in Ae.
albopictus, as well as the transcriptional underpinnings of many other complex phenotypes.
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Materials and methods

Study organism

Aedes albopictus females typically oviposit desiccation-resistant eggs above the water line
in a variety of natural (e.g., tree holes) or artificial (e.g., tyres) containers. Once
embryological development is complete, a non-diapause pharate larva inside the chorion of
the egg persists in a quiescent state and typically hatches within 1 h of submersion in water
with reduced oxygen content. In contrast, a diapause pharate larva is refractory to hatching
stimuli for up to several months. In temperate populations, exposure of the maternal pupa
and adult to short day lengths induces diapause (Wang, 1966; Mori et a/., 1981). RNA was
sequenced from pharate larvae (eggs) at three time points after oviposition in order to
assemble a trascriptome of gene expression across the trajectory from the early to late
developmental arrest phases of diapause and quiescence.

Insect rearing and RNA generation

A laboratory Fq3 Ae. albopictus strain collected from Manassas, Vancouver, U.S.A. was
reared at 21 °C, ca. 80% relative humidity and a long-day photoperiod (LD 16:8 h) as
described previously (Armbruster & Hutchinson, 2002; Armbruster & Conn, 2006). Upon
pupation, mosquitoes were divided into eight replicate cohorts of approx. 100 mosquitoes
per cohort, each in a ca. 9.5-L cage. Four cohorts (biological replicates) were maintained
under a diapause-inducing photoperiod (D; LD 8:16 h) and four cohorts were maintained
under a non-diapause-inducing photoperiod (ND; LD 16:8 h). Females were allowed to
blood-feed on a human host 9-16 days after eclosion, and again 7 and 14 days later, so that
eggs could be collected over multiple gonotrophic cycles. Three days after the first blood
feeding, a small brown jar half-filled with ca. 50 mL of deionized water and lined with
unbleached seed germination paper was placed into each cage 6-7 h after lights-on to
stimulate oviposition. The seed germination paper containing eggs was removed after 24 h
and this procedure was repeated for twenty-six consecutive days. Egg papers were gently
air-dried 72 h after collection, and then stored at ca. 80% relative humidity on a LD 8:16 h
photoperiod until further treatment; short-day photoperiods experienced at the egg stage do
not result in diapause in Ae. albopictus (Mori et al., 1981). A subset of eggs from each
replicate cohort was reserved for diapause incidence and measurements (see below). The
remainder was divided and allowed to develop for 11, 21, and 40 days post-oviposition.
Upon completion of the specified development period, individual egg samples were
carefully brushed into 2-mL microcentrifuge tubes, snap-frozen in liquid nitrogen, and
stored at -80 °C. After collection of all samples, eggs were pooled according to treatment
(D, ND) and development period (11, 21 and 41 days post-ovoposition), ground in TRI®
Reagent (Sigma Aldrich, St. Louis, Missouri), and RNA was extracted according to
manufacturer's instructions. DNA was removed from each sample with Turbo-DNA free
(Applied Biosystems/Ambion, Austin, Texas). RNA quality was assessed on an RNA chip
(Bioanalyzer 2100, Agilent Technologies, Santa Clara, California). Three of the four
biological replicates from each treatment and development period were chosen for
sequencing based on RNA quality and quantity, with the exception of 40 days post-
oviposition pharate larvae reared under ND conditions, for which only two biological
replicates showed sufficient RNA quality for high-throughput sequencing. This resulted in
17 sequenced RNA libraries (see below). Incubator malfunction caused some 40d eggs to
experience a ca. 4 °C fluctuation on three consecutive days. Eggs scheduled for snap-
freezing on these days were discarded so that all eggs had at least 24 h to recover. Because
ND and D eggs were stored together, temperature fluctuations should not result in
systematic differences in gene expression between ND and D treatments.

Physiol Entomol. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

POELCHAU et al.

Sequencing

Page 4

For diapause incidence measurements, eggs ranging from 2-4 weeks of age were hatched,
the number of hatched larvae recorded, and the egg papers re-dried. This procedure was
repeated after 7 and 14 days. After the last hatch, eggs were counted and bleached as
described by Trpis (1970) to record the number of embryonated but unhatched (= diapause)
eggs. Diapause incidence was calculated as - (# embryonated unhatched eggs) / (# hatched
eggs + # embryonated unhatched eggs) (Urbanski et al., 2012). Percentage embryonation
was calculated as (# embryonated unhatched eggs + # hatched eggs) / total # eggs. Counts
were pooled across collection dates within each replicate for the final calculations.

Illumina paired-end mMRNA-Seq library construction and sequencing was performed by The
University of Maryland Genomics Institute following the TruSeq RNA sample preparation
guide (v2). The 17 libraries were bar-coded (Wong et al., 2013) according to manufacturer's
instructions and sequenced on three flow-cell lanes on an IHlumina HiSeq 2000 high-
throughput sequencer, where a proportion of each library was sequenced on each lane
(average fragment size: 320 bp; average read length: 101 bp). Raw reads are available in
NCBI's short read archive under BioProject accession PRINA187045.

Assembly and annotation

Read cleaning. Reads with matches to the NCBI UniVec Core database, which contains
common vector, adapter, linker and primer contaminants (ftp://ftp.nchi.nih.gov/pub/
UniVec/; accessed August 10 2010), as well as Ae. albopictus rRNA sequence (GenBank #
L22060.1), and Illumina multiplexed, paired-end mRNA-Seq adapters were identified using
sshaha2 (Ning et al., 2001) and removed along with their read pair. Match criteria for
removal were set at 95% identity (rRNA, UniVec) or 90% (adapters), and a Smith-
Waterman score larger than 18 (UniVec). The first 15 bp of each read was trimmed because
Illumina libraries frequently display low k-mer diversity in the first 12-15 bp of each read,
suggesting non-random priming during the lllumina mRNA-Seq library preparation (see
Poelchau et al., 2013). The remaining reads were cleaned using SolexaQA (v. 1.10) (Cox et
al., 2010) by trimming regions with masked contaminant sequence or a phred score
equivalent of less than 20 and removing reads shorter than 25 bp.

Digital normalization and reference-free assembly. A novel “digital normalization”
technique (Brown et al., 2012) was used to reduce the computational resources required for
contig assembly. The great sequencing depth and large sequencing error rate of many NGS
experiments results in large and error-prone datasets that are difficult and computationally
expensive to assemble. To circumvent this problem, the “digital normalization” method
identifies all k-mers (short DNA-sequences) of a particular length in a dataset, and
eliminates all reads that contain a k-mer over a given abundance. This method effectively
removes the majority of erroneous k-mers, while keeping almost all real k-mers in the
dataset, thereby drastically reducing the number of redundant reads and the computational
resources required for assembly (Brown et al., 2012). One round of digital normalization
was performed on the cleaned reads using parameters almost identical to Brown et al. (2012)
(using k-mer size 20, and a coverage cut-off of 20; the “x” parameter, which determines
memory usage, was set to 1e19). The program was downloaded from https:/github.com/ged-
lab/khmer/tree/2012-paper-diginorm.

The reduced read set was assembled into contigs with Velvet (Zerbino & Birney, 2008),
using k-mers from 19 to 59 in 10 k-mer-intervals and a coverage cut-off of 10. The resulting
contigs were then further assembled by Oases, which clusters contigs generated by Velvet
into loci, and uses the paired-end information to generate transcript isoforms (Schulz et af.,
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2012). Assemblies from separate k-mers were merged using CD-HIT-EST (Li & Godzik,
2006), which grouped sequences with 99% identity over the entire sequence length.

To evaluate the efficacy of the digital normalization technique for this dataset, a comparison
of test assemblies using a normalized and non-normalized subset of the data was performed.
Specifically, assemblies were constructed as outlined above for the D treatment at 11 days
post-oviposition using either a digitally normalized or complete set of reads. The first
measure of assembly quality was the number of contigs, where a smaller number generally
indicates lower contig redundancy, and thus an increased assembly quality. Second,
assembly completeness was evaluated by mapping the non-normalized read set back to each
assembly using bowtie (version 0.12.7) (Langmead et a/., 2009) based on the rationale that
more of the original reads would map back to the more complete assembly. Third, contig
length was compared between the two assemblies, where longer contigs likely represent
more completely reconstructed transcripts.

Previous Data. Previously, transcriptomes were generated from Ae. albopictus oocyte
(Poelchau et al., 2011) and embryonic (Poelchau et al., 2013) tissue. To generate a
comprehensive Ae. albopictus transcriptome assembly, the present assembly was merged
with the previous assemblies using a reference-based approach, similar to Poelchau et al/.
(2013) and Surget-Groba & Montoya-Burgos (2010). Assembled contigs and unassembled
reads from 454 sequencing of oocyte tissue were derived from Poelchau et a/. (2011).
Contigs from Illumina reads generated from embryonic tissue (Poelchau et a/., 2013) and
assembled in Velvet (Zerbino & Birney, 2008) and Oases (Schulz et al., 2012) followed by
CD-HIT-EST (Li & Godzik, 2006) were also added. Unassembled Illumina reads from the
embryo tissue were not included because the short reads of Illumina sequencing limits the
utility of these data for the current merged assembly.

Protein reference-based assembly

A non-redundant dipteran protein set was generated from Ae. aegypti, Culex
quinquefasciatus, Anopheles gambiae, and Drosophila melanogaster protein sequences,
downloaded as ortholog groups from OrthoDB v.4 (Waterhouse et al., 2011). For each
ortholog group, a single protein sequence from the taxonomically closest organism to Ae.
albopictus was retained (Ae. aegypti, then Cx. quinquefasciatus, then An. gambiae, then D.
melanogaster). The final reference set, which comprised 21,066 proteins, maximized protein
sequence diversity and eliminated redundancy, thereby leading to increased computational
efficiency.

Unassembled reads from the oocytes and all contigs were aligned to the dipteran protein set
using fastx (Pearson et al., 2007). The alignment with the lowest e-value < 1e*6 was retained
for further analysis. Contigs assigned to the same reference protein and at least 95% identity
of the overlapping sequence were merged in cap3 (Huang & Madan, 1999). The annotations
of the re-assembled contigs were verified by again aligning them to the reference protein set
in fastx; only alignments with >70% identity to the best matching reference protein were
used in the final, annotated assembly. Chimeric contigs were identified by searching for
additional alignments outside of the primary alignment that were within 80% of the primary
alignment's percentage identity. Contigs that met these criteria were considered chimeric and
discarded.

Genomic reference-based assembly

Contigs and oocyte reads that did not align to the dipteran protein set described above were
matched to Ae. aegypti genomic supercontigs (Nene et al., 2007) using blastn (e-value <
1e7), and then aligned in exonerate (Slater & Birney, 2005) (parameters were est2genome --
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softmaskquery --bestn 1 --dnahspdropoff 0). At least 72.8 % identity of aligngments was
required for further analysis. Contigs were merged in cap3 if they overlapped and re-aligned,
as above, retaining only contigs with >70% identity in their re-alignments. If contigs
spanned multiple gene models, they were considered chimeric and discarded. Contigs that
matched within 1 kb up- or down-stream of annotated genes over >90% of their length were
annotated as potential UTRs for those genes. The final, annotated assembly included contigs
that matched both annotated and un-annotated regions of the genome.

Functional characterization of the transcriptome

Gene ontology (GO) and GO-Slim (Ashburner et al., 2000) categories were downloaded for
each reference gene model from BioMart (Haider ef a/., 2009). The numbers and
composition of each group were then tallied. GO-Slim categories were investigated in
addition to GO categories in order to organize genes into broader functional groups whose
biological significance in the context of diapause can be more easily summarized.

Results

Diapause incidence

Diapause incidence ranged from 87.5 to 100% in biological replicates of the diapause-
inducing photoperiod treatments (D). Percentage embryonation ranged from 82.9 to 98.9%
across all replicates, with an average of 90.7%.

Assembly and annotation

The final assembly, and a spreadsheet with annotations for each gene model, is provided at
http://www.albopictusexpression.org/?q=data.

Read cleaning and digital normalization of sequences from diapause and non-diapause

eggs
Illumina sequencing of 17 RNA libraries from D and ND eggs (pharate larvae) produced
648,339,954 reads (324,169,167 pairs), of which 602,178,150 (92.9%) remained after
quality control. Digital normalization of the quality-filtered reads reduced the total number
of reads to 35,833,461 (5.5% of the original reads; Fig. 1), substantially reducing the
computational resources necessary to complete the assembly (memory usage scales roughly
linearly with the number of reads used: http://listserver.ebi.ac.uk/pipermail/velvet-users/
2009-June/000359.html). The digitally normalized assembly was performed in much less
time and required less memory (digitally-normalized assembly, ca. 4.5 h, 11 Gb maximum
memory usage; non-normalized assembly, ca. 43 h, 62 Gb maximum memory usage).

Digitally normalized and non-normalized test assemblies on sequences from the day 11 D
sample showed that the normalized assembly out-performed the non-normalized assembly in
most aspects (Table 1). In the digitally normalized assembly 19% fewer contigs were
generated and 10% more reads mapped back to the assembly. However, the normalized
assembly had a 9% shorter average contig length. Because the substantially reduced
computational requirements, smaller contig number, and greater number of mapped reads
indicated more advantages than disadvantages to the digital normalization procedure, the
digitally normalized full dataset was used in the analysis.

Assembly metrics - reference-free assembly from diapause and non-diapause eggs

Velvet assembly (Zerbino & Birney, 2008) of sequences from D and ND eggs (pharate
larvae) followed by Oases (Schulz et al., 2012) yielded 311,071 contigs, which were reduced
to 176,502 non-redundant contigs using CD-HIT-EST (Table 2). Combining this assembly
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with the oocyte (Poelchau et al. 2011) and embryo (Poelchau et al. 2013) reference-free
assemblies resulted in 627,154 contigs (Fig. 1).

Assembly metrics: protein-reference assembly

Of all reference-free contigs described above, 43.3% aligned to the dipteran protein set,
generating 61,624 quality-filtered, re-assembled contigs after cap3 re-assembly (Table 2;
Fig. 1). This substantially reduced the number of redundant contigs annotated as a given
gene model. 4,254 re-assembled contigs were considered chimeric and discarded. 12,139
gene models were identified in the protein-based assembly (Fig. 1).

Assembly metrics: genomic-reference assembly

A number, 24.7%, of reference-free contigs were used in the genomic cap3 re-assembly
resulting in 28,079 quality-filtered, re-assembled contigs that matched to annotated regions
of the Ae. aegypti genome (25,603) or potential UTRs (2,476). An additional 28,460 re-
assembled contigs matched to un-annotated regions of the genome. Of the reassembled
contigs 2,311 were chimeric, and therefore discarded. Re-assembled contigs in the genome-
based assembly recovered 7,629 gene models, of which 1,122 were not found in the protein-
based assembly.

Assembly metrics: unaligned contigs

239,091 reference-free contigs remained that did not meet any of the alignment criteria, and
therefore were not re-assembled, or included in the annotated assembly (Fig. 1). An
inspection of these remaining sequences revealed that 9,777 aligned to the UniProt database
(blastx, e-value < 1e-3), and 57,327 sequences derived from the pharate larval assembly
aligned to un-annotated sequences from previous assemblies (Poelchau ef a/., 2011, 2013,
blastn, e-value < 1e75; data not shown). These sequences could thus include rapidly diverged
sequence specific to Ae. albopictus, and viral or bacterial sequences. The remaining
sequences will be aligned to the Ae. albopictus genome sequence, once it is completed, for
further annotation.

Both protein and genomic reference assemblies had high percentage identity to gene models,
similar to the previous Ae. albopictus transcriptome assembly containing only reads from
oocyte and embryo stages (median percentage identity, protein: 91.5% , genomic: 83.5%;
Fig. 2). A substantial percentage of the annotated contigs’ length was contained in the
sequence alignment (median percentage of contig in the alignment, protein: 69.1%,
genomic: 83.1%; Fig. 2). Similarly, the proportion of reference sequence covered by contigs
in protein alignments was high (median reference coverage: 85.3%; Fig. 2). Due to the
nature of sequence alignments using the genomic reference, genomic reference coverage
was correspondingly low (median reference coverage: 12.4%; Fig. 2), which suggests that
the majority of many genomic alignments occurred outside of, or adjacent to, annotated
sequence on the Ae. aegypti genome. It is also likely that many un-annotated UTR regions
of the Ae. aegypti genome were contained in the alignments, or it may be possible that Ae.
albopictus genes have different gene boundaries than their Ae. aegypti homologs.

The number of gene models identified increased from 11,505 in the oocyte assembly
(Poelchau et al., 2011), to 12,345 in the merged embryo and oocyte assembly (Poelchau et
al., 2013), to 13,261 in the final merged assembly from all three experiments reported here.
This result affirms that new life-history stages included in the assembly increase the
assembly's gene content, likely due to the addition of genes with unique, stage-specific
expression. A total of 17,356 gene models have been annotated in the Ae. aegypti genome
sequence (Assembly Aaegl 1.3, Vector Base: https://www.vectorbase.org/organisms/aedes-
aegypti/liverpool-lvp/AaegL 1.3, accessed December 30, 2012), suggesting that a large
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proportion of the genes from the Ae. albopictus genome are represented in the current full
assembly presented here.

Functional characterization

The new assembly added 125 new GO categories and 9 new GO-Slim categories relative to
the previous assembly (a full list of GO categories is available on the website, http://
www.albopictusexpression.org/?q=data). The new GO-Slim categories added a diversity of
functions that likely contribute to physiological and developmental processes during the
pharate larval stage in Ae. albopictus. Several of these new categories were related to
cellular structure and growth (cilium, cell proliferation, cell junction organization,
pigmentation), translation (structural constituent of ribosome), and metabolism (protein
transporter activity, enzyme regulator activity, GTPase activity, nitrogen cycle metabolic
process). Many genes in the full assembly had functions with known relevance to diapause,
including 231 genes related to lipid metabolism and 165 related to stress response (Table 3).
This demonstrates that this assembly represents a rich resource for potential diapause-related
genes.

Discussion

Temperate populations of Ae. albopictus survive through winter by entering diapause as a
pharate larva inside the chorion of the egg (Mori et al., 1981; Wang, 1966). Diapause eggs
are more cold resistant (Hawley et a/., 1987), desiccation resistant (Sota & Mogi, 1992;
Urbanski et al., 2010), are larger and harbour greater lipid reserves (Reynolds et al., 2012),
relative to non-diapause eggs. In addition to enhancing overwinter survival, all of these
properties are likely to contribute to the ability of Ae. albopictus eggs to survive long
distance transport, and therefore may be important factors contributing the world-wide
spread of this invasive mosquito. Diapause timing has evolved rapidly among populations
across the invasive U.S.A. range of Ae. albopictus in just a 20-year period (Urbanski et al.,
2012), further emphasizing the central importance of diapause to invasion and range
expansion of this mosquito.

Rapidly advancing NGS technologies and analysis tools provide exciting opportunities to
determine the molecular regulation of complex life-history adaptations such as diapause. For
example, new techniques are emerging that facilitate transcriptome assembly, which can
require prohibitively large computational resources (Brown et al. 2012). The digitally
normalized transcriptome assembly presented here demonstrates that such techniques can be
used to successfully assemble large Illumina datasets with significant advantages relative to
non-normalized data (Table 1). Additionally, previous assemblies of the Ae. albopictus
transcriptome included sequence data from pre-diapause and non-diapause oocytes
(Poelchau et al., 2011) and embryos (Poelchau ef a/., 2013), encompassing only some of the
life history stages that a diapause-destined mosquito experiences. In the present assembly,
transcriptome data from multiple pharate larval stages is added in order to generate a
comprehensive transcriptome encompassing all diapause stages and the non-diapause
counterparts. As anticipated, sequence data from pharate larval stages in the present,
comprehensive, assembly increases both the number of gene models in the assembly and the
number of functional groups based on Gene Ontology assignments.

The reference-based assembly technique presented in the present study reduces contig
redundancy and increases contig length relative to reference-free assemblies (Table 2), while
creating contigs with high-confidence annotations to reference gene sets from other
organisms, and identifying potential novel UTR sites. Similar to Poelchau et a/. (2013), the
protein-based reference assembly had longer contigs than the genome-based reference
assembly (Table 2). However, the genome-based reference assembly added 1,122 additional
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gene models to the assembly, as well as potential UTRs, which will be of future utility in
identifying regulatory regions. Therefore, this “hybrid” transcriptome assembly method can
be a useful strategy for other taxa that are closely related to an organism with an available
genome sequence.

Previous studies have identified several physiological themes that appear to be shared across
the diapause response of multiple insect species. Diapausing insects demonstrate up-
regulation of stress-response genes (Denlinger et a/., 2005; Rinehart ef a/., 2007), increased
lipid synthesis and storage (Reynolds & Hand, 2009; Robich & Denlinger, 2005; Sim &
Denlinger, 2009a), changes in insulin signalling (Hahn & Denlinger, 2011; Sim &
Denlinger, 2008, 2009b; Tatar et al., 2001; Williams et al., 2006), shifts in metabolism
(Kukal et al., 1991; Michaud & Denlinger, 2007; Ragland et a/,, 2010; Hahn & Denlinger,
2011), and changes in patterns of cell cycle arrest (Tammariello & Denlinger, 1998;
Tammariello, 2001; Reynolds & Hand, 2009). Analysis of diapause-related expression
changes of genes relevant to these physiological processes can illuminate the specific
mechanisms involved in diapause-driven physiological change (e.g., Sim & Denlinger 2008,
2009a; Ragland ef a/., 2010, 2011; Reynolds et al., 2012). In the present assembly, many
genes in potentially diapause-relevant pathways, such as lipid metabolism and stress
response, are identified (Table 3). One approach to using this resource to investigate the
transcriptional regulation of diapause-associated physiological processes is to identify
candidate genes that can then be screened by quantitative RT-PCR for differential
expression (e.g., Reynolds et al., 2012) or functionally evaluated using RNAi knockdown
experiments (Sim & Denlinger, 2008, 2009b). Additionally, the original reads from the
transcriptome sequencing can be mapped back to the transcriptome assembly to quantify
gene expression (e.g., Poelchau ef a/., 2011, 2013). Thus, the Ae. albopictus diapause
transcriptome presented here represents a comprehensive foundation to elucidate the
molecular basis of key traits underpinning geographic adaptation and invasion success in
this invasive mosquito.
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I Quality-filtered reads: 602,178,150 (92.88% of original) |

| Digital normalization: 35,833,461 reads (5.52% of original) |
| Merged reference-free assembly from all Ae. albopictus studies = 627,154 contigs I
Protein reference Genomic reference assembly: Remaining,
assembly: Dipteran set # Re-assembled contigs aligned to un-annotated
# Re-assembled contigs = annotated regions/potential UTRs contigs =
61,624 = 28,079 239,091
# Gene models = 12,139 # Re-assembled contigs aligned to un-

annotated regions = 28,460
\ # gene models = 1,122

Complete, annotated assembly:
# Re-assembled contigs = 118,163
# potential 5 UTRs = 666
# potential 3' UTRs = 918
# Gene models = 13,261

Figure 1.

Steps of the assembly and the number of reads, contigs and gene models resulting from each
step of lllumina sequencing from RNA libraries of the Asian tiger mosquito Aedes
albopictus.
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Gene Ontology categories (“GO-Slim”) of all gene models represented in the full assembly of llumina

Table 3
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sequencing reads from the Asian tiger mosquito Aedes albopictus. The number of gene models assigned to the
top 25 categories are listed; the remainder are combined.

GOSlim GOA Accession No.

Description

No. of gene models1

G0:0008150
G0:0005575
G0:0005623
G0:0005622
G0:0043226
G0:0034641
G0:0006810
G0:0005634
G0:0009058
G0:0005737
G0:0044281
G0:0007165
G0:0006464
G0:0043234
G0:0009056
G0:0055085
G0:0005975
G0:0005576
G0:0006412
G0:0006629
G0:0006259
G0:0034655
G0:0005840
G0:0006950
G0:0005856
NA

NA

biological_process
cellular_component

cell

intracellular

organelle

cellular nitrogen compound metabolic process
transport

nucleus

biosynthetic process

cytoplasm

small molecule metabolic process
signal transduction

cellular protein modification process
protein complex

catabolic process

transmembrane transport
carbohydrate metabolic process
extracellular region

translation

lipid metabolic process

DNA metabolic process
nucleobase-containing compound catabolic process
ribosome

response to stress

cytoskeleton

other categories, combined

No ontology information

5768
4299
3995
2727
1493
1063
993
892
878
795
699
624
479
433
421
401
354
282
276
231
197
193
175
165
152
2215
6248

1 . . .
The combined number of gene models in each category exceeds the total number of gene models in the assembly because gene models can be
assigned to multiple GO-Slim categories.
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