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Abstract
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Background: Many temperate insects survive the harsh conditions of winter by undergoing photoperiodic
diapause, a pre-programmed developmental arrest initiated by short day lengths. Despite the well-established
ecological significance of photoperiodic diapause, the molecular basis of this crucial adaptation remains largely
unresolved. The Asian tiger mosquito, Aedes albopictus (Skuse), represents an outstanding emerging model to
investigate the molecular basis of photoperiodic diapause in a well-defined ecological and evolutionary context. Ae.
albopictus is a medically significant vector and is currently considered the most invasive mosquito in the world.
Traits related to diapause appear to be important factors contributing to the rapid spread of this mosquito. To
generate novel sequence information for this species, as well as to discover transcripts involved in diapause
preparation, we sequenced the transcriptome of Ae. albopictus oocytes destined to become diapausing or non-

Results: 454 GS-FLX transcriptome sequencing yielded >1.1 million quality-filtered reads, which we assembled into
69,474 contigs (N50 = 1,009 bp). Our contig filtering approach, where we took advantage of strong sequence
similarity to the fully sequenced genome of Aedes aegypti, as well as other reference organisms, resulted in 11,561
high-quality, conservative ESTs. Differential expression estimates based on normalized read counts revealed 57
genes with higher expression, and 257 with lower expression under diapause-inducing conditions. Analysis of
expression by gPCR for 47 of these genes indicated a high correlation of expression levels between 454 sequence
data and gPCR, but congruence of statistically significant differential expression was low. Seven genes identified as
differentially expressed based on gPCR have putative functions that are consistent with the insect diapause
syndrome; three genes have unknown function and represent novel candidates for the transcriptional basis of

Conclusions: Our transcriptome database provides a rich resource for the comparative genomics and functional
genetics of Ae. albopictus, an invasive and medically important mosquito. Additionally, the identification of
differentially expressed transcripts related to diapause enriches the limited knowledge base for the molecular basis
of insect diapause, in particular for the preparatory stage. Finally, our analysis illustrates a useful approach that
draws from a closely related reference genome to generate high-confidence ESTs in a non-model organism.

Background

The annual arrival of winter in temperate habitats repre-
sents a fundamental challenge to the survival and repro-
duction of a wide variety of insects. Many temperate
insects surmount the harsh conditions of winter by
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undergoing photoperiodic diapause, a process in which
day length (photoperiod) provides a token cue that initi-
ates a pre-programmed and hormonally controlled
developmental arrest in advance of the onset of unfavor-
able conditions [reviewed in [1]]. Photoperiodic diapause
is thus a crucial ecological adaptation enabling tempe-
rate insects to coordinate growth, development, repro-
duction and dormancy in a seasonal environment.
Processes related to regulation of development,
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metabolic depression, stress tolerance and nutrient sto-
rage appear to be particularly important physiological
components of the diapause response [2-8].

While many aspects of the physiological and ecologi-
cal controls of diapause are known, research on the
molecular bases of diapause has been hampered by the
lack of genetic information from a suitable model organ-
ism [9]. Drosophila melanogaster has a weak diapause
response that is highly temperature-dependent [10], and
thus can give only limited insight into the mechanistic
basis of photoperiodic diapause [11]. Bombyx mori pro-
vides a rich source of information on gene expression
during diapause. However, diapause entry in B. mori is
controlled by diapause hormone, which is poorly con-
served throughout insects [12], and is thus of limited
use for comparative analyses. Recently, the advent of
high-throughput sequencing methods has facilitated
genetic and genomic analyses of life-history traits in
non-model systems [5,13,14]. These new technologies
allow for de novo characterization of genome-wide
expression in non-model organisms, and have already
led to exciting recent progress on the transcriptional
bases of diapause in several insect taxa [3,5,15-17].

An additional factor that has limited progress on
understanding the molecular bases of diapause is the
wide diversity of diapause syndromes among different
insect species. The diapause program is characterized by
three eco-physiological phases: pre-diapause, diapause,
and post-diapause [18]. During the pre-diapause phase
the individual is sensitive to token environmental cue(s)
and in response to appropriate stimuli will initiate pre-
paration for entry into diapause. During the diapause
phase metabolism is reduced and direct development is
arrested. Finally, during the post-diapause phase, the
individual emerges from diapause and post-diapause
direct development is resumed. All three eco-physiologi-
cal phases can occur in every stage of the insect life
cycle, but an individual species is usually constrained to
the diapause phase (developmental arrest) during a sin-
gle stage of the life-cycle [1]. The diversity of life-cycle
timing of eco-physiological phases among insects
implies a corresponding diversity of molecular and phy-
siological pathways underlying diapause regulation in
different insect species. Most studies on the transcrip-
tional bases of diapause have focused on gene expres-
sion during the phase of actual developmental arrest
(diapause). However, the pre-diapause phase can reveal
important insights into the regulation and physiological
trajectory of diapausing animals [19-21].

The Asian tiger mosquito, Aedes albopictus, is an out-
standing emerging model organism for the study of dia-
pause within a well-defined ecological and evolutionary
context. Currently considered the most invasive mos-
quito species in the world [22], in the last 30 years, Ae.
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albopictus has rapidly spread from its native Asian
range across the world and is currently found in at least
28 countries on every continent except Antarctica
[22,23]. Temperate populations of Ae. albopictus
undergo a maternally controlled egg diapause in which
exposure of the maternal pupa and adult to short day
lengths initiates diapause of the offspring as a pharate
larvae inside the chorion of the egg [24,25]. Increased
egg desiccation resistance during diapause [20,26] and
rapid evolution of both diapause incidence [[27]; Louni-
bos et al, in press; Urbanski et al., submitted] and dia-
pause timing [Urbanski et al., submitted] during the
range expansion of Ae. albopictus in the US imply that
the diapause response has facilitated the rapid global
spread of this invasive mosquito. Furthermore, because
Ae. albopictus is a vector of dengue and Chikungunya
viruses, identifying the genetic basis of diapause could
potentially provide a platform for developing novel vec-
tor control methods [28]. Finally, the complete genome
sequence has been determined for Aedes aegypti [29], a
closely related mosquito in the same subgenus (Stego-
myia) as Ae. albopictus. The Ae. aegypti genome
sequence thus provides a valuable “reference genome”
that can be used to annotate Ae. albopictus transcrip-
tome sequences.

Here, we use a GS-FLX 454 platform to sequence and
assemble the transcriptome of Ae. albopictus oocytes
from females reared under diapause-inducing (DI) and
non-diapause-inducing (NDI) photoperiods. Our goals
were to 1) generate a transcriptome database for the
study of Ae. albopictus functional genetics because lim-
ited genetic information is currently available for this
species; and 2) to identify and verify candidate tran-
scripts involved in the transcriptional bases of diapause
preparation. We leverage the close evolutionary relation-
ship of Ae. albopictus to Ae. aegypti for the annotation
of the assembly. We use differential expression, based
on normalized read counts from the DI and NDI tran-
scriptomes, to identify a series of candidate genes for
diapause preparation, and verify these candidates using
quantitative PCR (qPCR). We then discuss the putative
functional significance of verified differentially expressed
genes relative to the molecular physiology of pre-dia-
pause and diapause in other insects. Our transcriptome
data enrich the limited sequence information for Ae.
albopictus, contribute to our knowledge of gene expres-
sion during the pre-diapause phase, and set the stage for
comparative analyses both amongst other taxa and rela-
tive to other diapause phases of Ae. albopictus.

Results and Discussion

Sequencing, read cleaning and de novo assembly

454 GS-FLX sequencing was performed on ¢cDNA
libraries from mature (stage V) oocytes of Ae. albopictus
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females reared under diapause-inducing (DI) or non-dia-
pause-inducing (NDI) photoperiods (see Methods). We
merged reads from both libraries for assembly and
annotation. Our quality filtering procedure (Figure 1)
removed ~14% of the raw sequenced reads, leaving
1,111,941 reads remaining for further analysis. The aver-
age read length was 418 bp, with an N50 of 482 bp (Fig-
ure 2, Table 1, Table 2). These lengths are broadly
comparable with other 454 transcriptome sequencing
studies [30-33]. Raw reads and quality scores are
archived at NCBI Sequence Read Archive (SRA) under
Accession SRP007714.

Our de novo assembly using MIRA 3.2.0 [34] yielded
69,474 contigs, with an N50 of 1,009 bp (Figure 2, Table
2). These contigs are accessible at NCBI”s transcript
shotgun archive (TSA) under accession numbers
JO845359-J0913491. Contig length is one of the many
benchmarks that can be used to assess assembly quality,
and our assembly shows a comparable mode of contig
length relative to similar studies [30-33]. Annotated
transcripts from the Ae. aegypti genome, the most suita-
ble reference genome for Ae. albopictus, have an N50 of
1,980 bp (Figure 2). This result suggests that many of
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the contigs in our assembly are shorter than the actual
transcripts from which they are derived. This disparity
in contig length distributions between de novo transcrip-
tome assemblies and annotated transcripts from genome
assemblies is expected, because transcript predictions
from the genome assembly are based on both extensive
computational (automated and manual gene modeling)
and empirical (ESTs, cDNA sequences) evidence [29],
whereas the Ae. albopictus transcriptome is currently
limited to data from a single source.

De novo assemblies can seldom merge all reads into con-
tigs [35-37], especially when the abundance of some tran-
scripts is too low for representative reads to be assembled.
However, the “singleton” reads still represent useful
sequence information on low-coverage transcripts, and can
be included in subsequent analyses of the transcriptome. In
our assembly, 8% of the quality-filtered reads were not
assembled [similar to [31,38]], and these singletons were
merged with the contig set into a preliminary EST set.

Functional annotation
To functionally annotate the preliminary EST set, we
performed a series of BLAST searches [39] to several
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Figure 1 Flowchart of the main analysis steps outlined in this paper.
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Figure 2 Distribution of read and contig lengths from Ae. albopictus and Ae. aegypti. Reads lengths from the Ae. albopictus transcriptome
are show in red (N = 1,111,941), Ae. albopictus contig lengths in blue (N = 69,474), and Ae. aegypti transcript lengths (v1.2, http://www.

reference organisms (Table 3). Our functional annota-
tions drew heavily from two culicid genomes, Ae.
aegypti and Culex quinquefasciatus, due to their close
phylogenetic relationship with Ae. albopictus. Most
ESTs (66%) matched to Ae. aegypti transcripts and pep-
tides (Table 4; Figure 3). Percent identities are fre-
quently used as a measure of BLAST quality [35,40].
Here, percent identities between the ESTs and their
putative homologs declined with phylogenetic related-
ness, with the highest percent identities found to puta-
tive homologs in Aedes spp., and the lowest to C.
elegans (Figure 3). 28% of ESTs (4% contigs, 24% single-
tons) had no significant similarity to any of the

databases that we searched, likely due to the conserva-
tive e-value cutoffs we used when assigning homology
(Table 3).

Homology-based EST filtering and trimming

The MIRA assembler tends to assemble contigs with
high redundancy [32,35,40], and our dataset is no excep-
tion: on average, more than eight ESTs matched the
same gene (min = 1; median = 4; mean = 8.86; max =
5,613; See additional file 1: Distribution of the number
of ESTs assigned to a reference gene). There are both
biological and technical reasons for this high redun-
dancy. For example, alternatively spliced isoforms, or

Table 1 Summary statistics for reads from 454 GS-FLX sequencing

Total # of % reads  # of reads remaining  Average filtered Average % of reads mapped % of mapped,

reads removed after filtering read length filtered %GC to contig set discarded reads
DI 668,269 13.59 570,807 404.11 50.76 61.19 262
NDI 656,977 14.91 541,134 432,62 50.75 62.38 3.01
Combined 1,325,246 14.25 1,111,941 41798 50.76 61.77 2.81

Summary statistics of reads from two cDNA libraries derived from oocytes from DI (diapause inducing) and NDI (non-diapause inducing) photoperiod treatments

are shown.
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Table 2 N50 values, and mean and median lengths, for reads and EST sets

N50 Mean read length Median read length
Trimmed reads 482 41798 467
redundant EST set Contigs only 1009 898.25 692
redundant EST set Contigs and singletons 601.75 493
trimmed EST set Contigs only 1120 80125 647
trimmed EST set Contigs and singletons 974 688.48 508

alleles of the same gene, could assemble into separate
contigs. Additionally, sequencing errors, incomplete
transcript coverage during sequencing, chimeric reads or
contigs, or paralogous genes from recently diverged gene
families could also contribute to the redundancy. Biolo-
gically valid transcript variants are difficult to distinguish
from sequencing and assembly errors, particularly in the
absence of a reference genome. To systematically reduce
our EST set to a non-redundant transcriptome, we took
advantage of the homology of the Ae. albopictus ESTs
to the closely related Ae. aegypti genome, as well as
homology to other, more distantly related genomes. For
each group of ESTs that matched a putative homolog,
we identified one “representative” EST, and trimmed
this EST to its overlap with the putative homolog (see
Methods). This resulted in 11,561 non-redundant, “con-
servative” ESTs with annotations to known genes. In the
subsequent text, we refer to this non-redundant,
trimmed EST set as the “final” EST set. The N50 of the
final EST set improved over that of the redundant ESTs
(Table 2). While this conservative approach certainly
removed perfectly legitimate sequence data, it systemati-
cally avoided chimeric contigs that could occur due to
contig mis-assembly, thereby yielding a higher-confi-
dence EST set. The advantage of this approach is that it
eliminated redundant ESTs, as well as annotations with
little support from other organisms. The disadvantages
are that genes novel to Ae. albopictus are eliminated,
and that some valid sequence information from ESTs

with homology information was discarded. A similar
approach was used by Crawford et al. [41] for a non-
model mosquito species (Anopheles funestus). Here, the
authors utilized significant homology of their ESTs to
other reference genomes to validate contigs and elimi-
nate redundancy, reflecting the fact that EST redun-
dancy and uncertainty are common problems in
transcriptome assembly of organisms without a genome
sequence, and that unique, taxon-specific approaches
will often be necessary.

Trimmed ESTs covered an average of 43% of their
putative homologs (See additional file 2: Box plot of the
percent length of each reference gene matched by its
Ae. albopictus EST putative homolog), which indicates
that the majority of the final ESTs do not represent full
transcripts. This result is expected, given the incomplete
nature of de novo transcriptome assembly of non-model
organisms, as well as our rigorous trimming procedure.
Other de novo transcriptome assemblies of mosquito
species have also documented incomplete transcript
coverage based on comparisons to a closely related
reference genome [41,42]. Of the ESTs that remained in
the final contig set, 93% were annotated to Aedes spp.
(Table 4), with high percent identities (mean: 86.4%; See
additional file 3: Box-plot of percent identities from
BLAST alignments of final ESTs to each reference
organism). Not surprisingly, percent identities of BLAST
matches to other, less closely related organisms were
much lower (mean: 59.4%, See additional file 3: Box-plot

Table 3 Databases used for BLAST homology searches with relevant details for each search

Reference Sequence BLAST Minimum e- Version Source Minimum % identity
organism type algorithm value used in final EST set
selection

Ae. albopictus MRNA BLASTN 1.00E-10 N/A http://www.ncbi.nlm.nih.gov 85
Ae. aegypti transcripts BLASTN 1.00E-10 AaeglL12  http//www.vectorbase.org 85
Ae. aegypti genomic BLASTN 1.00E-10 Aaegl1 http://www.vectorbase.org 85
Ae. aegypti peptides BLASTX 1.00E-10 AaeglL12  http//www.vectorbase.org 70
Cx. quinquefasciatus peptides BLASTX 1.00E-05 CpipJ12  http//www.vectorbase.org 0
An. gambiae peptides BLASTX 1.00E-05 AgamP3.6  http//www.vectorbase.org 0
D. melanogaster translation BLASTX 1.00E-05 r5.29 http//www.flybase.org 0
Ca. elegans peptides BLASTX 1.00E-04 WS218 http://www.wormbase.org 0
Swiss-Prot proteins BLASTX 1.00E-03 2010_6 http://www.uniprot.org 0

The minimum e-value used for the initial EST set, and the minimum % identity used for the final EST set, varied based on phylogenetic distance of the organism/

database and Ae. albopictus.
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Table 4 Number of ESTs assigned to each genomic database

Reference organism Number of matches, initial EST set Number of matches, final EST set

Ae. albopictus 1,011 52

Ae. aegypti transcripts 91,461 10,005
Ae. aegypti genome, annotated 1,422 142
Ae. aegypti genome, unannotated 10,736 N/A
Ae. aegypti peptides 2,993 556
Cx. quinquefasciatus. 1,167 550
An. gambiae 103 79
D. melanogaster 21 16
C. elegans 25 19
Swiss-Prot 4331 86

total number of matches 113,270 11,505
no hit (contigs) 6,775 N/A
no hit (singletons) 37,077 N/A
total number of contigs 69,474 N/A
total number of singletons 87,648 N/A

Both the preliminary EST set and final, timmed EST set are listed (see Methods).

of percent identities from BLAST alignments of final
ESTs to each reference organism). We provide fasta files
of the trimmed ESTs, as well as an Excel spreadsheet
with relevant annotation information at http://Albopic-
tusExpression.org.

To evaluate whether our sequencing efforts maximized
the number of transcripts captured, we generated a
bootstrapped gene accumulation curve [31], based on
BLASTN matches of individual reads to the Ae. aegypti
transcriptome. After an initial steep increase in the
number of Ae. aegypti transcripts discovered with
increasing read number, the slope of the curve rapidly
asymptotes, which implies that our sequencing depth
captured most of the Ae. aegypti transcript homologs
found in our cDNA libraries (See additional file 4: Gene
accumulation curve of Ae. albopictus ESTs). Paired with
other results indicating that our coverage of putative
homologs is incomplete (See additional file 2: Box plot
of the percent length of each reference gene matched by
its Ae. albopictus EST putative homolog), we conclude
that our assembly maximized the number of putative
homologs found in our libraries, but that the ESTs
representing these homologs are incomplete. Because of
this, our measures of expression under DI and NDI con-
ditions will underestimate actual expression, although
we do not expect a bias in this estimate between DI and
NDI libraries. However, differentially expressed genes
with inherently low expression are more likely to go
undetected than genes with high expression, in particu-
lar when sequencing coverage is low [43].

Differential expression (DE) analysis- 454 sequence data
We estimated expression levels for each EST under DI
and NDI treatments by mapping reads from each

treatment to the final EST set. 62% and 61% of reads
from the NDI and DI libraries, respectively, uniquely
mapped to the final EST set (Table 1). 2.8% of all reads
were discarded because they did not map uniquely.
Almost all remaining unmapped reads corresponded to
the untrimmed EST set (data not shown); those that did
not had low complexity regions over the majority of the
read length, and thus were not assembled. Some viral
and bacterial genes (55) were discovered during the
annotation process. These genes were retained for read
mapping, but the genes were removed before measuring
differential expression, as measuring viral loads was out-
side the scope of this study. Using TMM-normalized
read counts [Trimmed Mean of M values, [44]] to initi-
ally determine differential expression of ESTs between
photoperiod treatments (see Methods), 257 ESTs had
significantly higher expression under NDI conditions,
and 57 ESTs were over-expressed under DI conditions
(Figure 4; See additional file 5: Characteristics of all dif-
ferentially expressed genes from the 454 dataset). Addi-
tionally, the range of log fold-change tended to be
higher under NDI relative to DI conditions (Figure 4).

Verification of DE ESTs by qPCR

We evaluated differential expression of 48 candidate
genes using qPCR to validate expression patterns in the
454 dataset. Of these, 21 were predicted over-expressed
under NDI conditions, 10 under DI conditions, and 17
were of a priori interest. We first asked whether expres-
sion levels from the 454 dataset and qPCR experiments
were correlated, and whether the normalization method
of the 454 dataset affected these correlations. In addition
to the TMM method that we used to identify candidate
genes [44], we calculated RPKM (Reads Per Kilobase per
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Figure 3 Box-plot of percent identities from EST BLAST alignments to each reference organism. The solid horizontal line represents the
median, the box encompasses the lower and upper quartiles, and the boxplot whiskers encompasses the data extremes.

J

Million, [45]), and asked whether these two measures
correlated with mean mRNA abundance from the gPCR
experiments for NDI and DI treatments. We removed
one gene with much higher qPCR than 454 expression
because it is extremely likely that paralogs were co-
amplified by qPCR but were undetected by the qPCR
melt-curve analysis. This gene, a histone 2A homolog
(Ae. aegypti ID AAEL000494), has 19 near-identical
paralogs in Ae. aegypti, of which eight are 100% identi-
cal at the peptide level (http://www.vectorbase.org). Sub-
sequently, correlation coefficients of differential
expression for the remaining 47 candidate genes
assessed by 454 sequencing and qPCR were high and
resembled those found in previous comparisons of

qPCR and RNA-Seq data (Figure 5; Table 5; compari-
sons in [46]: r* = 0.711-0.807). Correspondence between
454 and qPCR expression levels was notably higher
when 454 expression was measured as RPKM, suggest-
ing that RPKM is a more accurate measure of gene
expression for our dataset.

While correlation coefficients between 454 expression
and mRNA abundance calculated within each photoperiod
treatment were very high for expression measures in the
DI treatment, correlation coefficients were lower for
expression measures from the NDI treatment for all ana-
lyses (Figure 5; Table 5). This raises the question whether
this difference is biological (genes are inherently more
variable under longer photoperiods) or technical
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Figure 4 Log fold-change expression (M) versus log abundance (A) of TMM-normalized expression from the 454 dataset. The log fold-
change and log abundance for genes that are unique to a treatment is undefined; therefore, these genes are shown at an arbitrarily low
abundance on the left of the plot in orange. Genes with higher expression under diapausing (DI) conditions have positive M values, and genes

expressed (corrected p < 0.001) are in red.

with higher expression under non-diapausing (NDI) conditions have negative M values. Genes that qualified as significantly differentially

(differences in library or material preparation, as well as
stochastic differences, could have resulted in lower corre-
lations in the NDI dataset). To address this question, we
calculated coefficients of variation (CVs) of mRNA abun-
dance from the five replicates of the qPCR data for each
gene and photoperiod treatment. If gene expression were
more variable in animals reared under NDI conditions, we
would expect higher CVs of mRNA abundance for NDI

vs. DI treatments. While the median CV was marginally
higher among NDI replicates (0.187 vs. 0.173), CVs were
not significantly different between photoperiod treatments
(paired Student”s t-test, p = 0.38). This result suggests that
the lower correlation between qPCR and 454 data in the
NDI dataset is more likely due to technical artifacts, rather
than inherently higher variation in gene expression under
NDI conditions.
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Table 5 Correlation coefficients (r’) between qPCR mRNA
abundance and 454 gene expression

normalization method NDI DI
RPKM 0.722 0911
TMM 0.548 0.727

Correlation coefficients are derived from linear regressions between qPCR
mRNA abundance and both TMM and RPKM gene expression measures from
454 read counts for each gene verified by qPCR.

Verification of DE ESTs - Significance comparisons

Perfect congruence between the levels of significance
detected using qPCR and 454 sequencing is not to be
expected, because 1) the 454 results were based only on
one biological replicate, thus increasing the possibility of
both type I and type II error, and 2) the datasets were
acquired using fundamentally different approaches,
necessitating alternative analyses to determine
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significance of DE. While qPCR has some methodological
caveats [47], it is generally considered a benchmark for
gene expression analyses. To determine whether signifi-
cant differential expression in the 454 dataset corresponds
to significant DE in the qPCR data, we calculated sensitiv-
ity (true positive rate) and specificity (true negative rate)
statistics of the 454 dataset. Because our correlation ana-
lyses between 454 and qPCR expression levels suggest that
RPKM performs better at predicting mRNA abundance
than the TMM normalization, we compared both expres-
sion measures” performance for predicting qPCR signifi-
cance. Despite the better predictive ability of RPKM on
mRNA abundance, both expression measures of the 454
data were poor predictors of qPCR significance (Table 6).
This is perhaps not surprising, given the dramatically dif-
ferent methods used to determine significance between
454 and qPCR noted above. Despite lack of congruence
between 454 and qPCR results regarding genes predicted
as significantly DE, 10 of 10 genes from the DI category
had higher average expression under DI conditions based
on qPCR results, and as such were directionally consistent
between both methods (See additional file 6: Results of
qPCR validation). As expected based on the lower correla-
tions in the NDI data noted above, directional consistency
was lower for NDI genes (9 of 21). These results indicate
that 454 sequencing as applied in this study can be useful
guide to de novo identification of transcriptional differ-
ences underlying complex phenotypes, but that replica-
tion, either by verification with qPCR, or by sequencing
replicated libraries, is essential for verification. Below, we
restrict our discussion of transcriptional elements of dia-
pause response in Ae. albopictus to ESTs verified as DE by
qPCR.

Verification of DE ESTs - Functional categories of verified
genes

Several themes in the insect diapause program have
emerged from comparative analyses of diapause-
mediated developmental arrest, including DNA

Table 6 Sensitivity and specificity information calculated
from 48 candidate genes

Normalization method

RPKM T™M
TP (true positives) 4 6
TN (true negatives) 19 12
FP (false positives) 19 26
FN (false negatives) 5 3
TPR (sensitivity) 044 0.67
TNR (specificity) 0.50 032

Values for both RPKM and TMM expression measures from the 454 data are
shown. Sensitivity is calculated as the number of true positives over the
number of all positives; Specificity is the number of true negatives divided by
all negatives.
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replication and transcription, endocrine signaling, meta-
bolism, and response to stress [3-5,8,9,21]. These pro-
cesses can be important during diapause preparation,
but other pathways leading to preparatory functions,
such as growth regulation in advance of developmental
arrest, accumulation of metabolic reserves, and beha-
vioral or morphological changes to protect against the
physiological stresses of the harsh environment [1], may
dominate the transcriptional profile during the prepara-
tory phase. In Ae. albopictus, maternally provisioned
transcripts from females reared under short day lengths
dictate the development of diapause-destined oocytes; it
is not known in Ae. albopictus, nor in most other pre-
diapause insects, which of these processes should be
transcriptionally dominant. From qPCR experiments, we
found differential expression of ESTs belonging to the
main categories of developmental arrest during diapause,
and identified additional ESTs from pathways that have
not yet received attention in previous studies on the
molecular bases of diapause (Table 7).

Developmental arrest is the definitive diapause pheno-
type. Studies of pre-diapause gene expression in other
insects suggest that precursors of developmental arrest
are initiated during the preparatory phase [17,21]. In
our study, two ESTs with homologs involved in DNA
replication and transcription were more abundant in DI
oocytes: inhibitor of growth protein (ingl, AAEL003650)
and bhlhzip transcription factor bigmax (AAEL011202)
(Table 7). In various systems, ING1 has shown involve-
ment in oncogenesis, apoptosis, DNA repair and nega-
tive cell cycle regulation [reviewed in [48]]. In D.
melanogaster, ING1 is thought to interact with p53,
which is a transcription factor that can respond to stress
by affecting cell-cycle arrest, DNA repair, apoptosis, or
senescence [49]. Cell-cycle arrest is one of the unifying
themes of diapause [9], thus genes that may affect this
arrest are good candidates as developmental regulators.
Among its various functions, the transcription factor
Bhlhzip bigmax appears to be a target of FOXO and is
involved in regulating metabolism and energy sensing
[50,51]. The importance of FOXO in the diapause of
Culex pipiens, another mosquito [52], and the critical
role of energy sensing during diapause [8] suggests pos-
sible roles for these two ESTs in the preparatory phase
of diapause in Ae. albopictus.

The endocrine system plays a central role in regulat-
ing diapause [53]. Although our understanding of the
endocrine regulation of embryonic diapause is restricted
to just a few species, high levels of ecdysteroids are criti-
cal for the induction and maintenance of embryonic dia-
pause in the gypsy moth, Lymantria dispar [54]. In pre-
diapause Ae. albopictus oocytes, two homologs of genes
potentially involved in ecdysone signaling were differen-
tially expressed. The first, rackl, encodes a receptor for
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Table 7 Genes verified as DE from gPCR analyses
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Ae. albopictus ID Putative homolog 454 Fold- corrected p-  Functional category
category  change value
Aalb_oocyte_rep_c42113_trimmed phosphoenolpyruvate carboxykinase DI 0.82 0.004 metabolism
(pepck)
Aalb_oocyte_rep_c2808_trimmed Ecdysone inducible protein L2, NDI -0.85 0.005 endocrine signaling
putative (eip)
Aalb_oocyte_rep_c41764_trimmed Inhibitor of growth protein (ing1) a priori 1.05 0.002 DNA replication/
transcription
Aalb_oocyte_rep_c38864_trimmed Conserved hypothetical protein NDI 048 0.004 unknown
(AAEL004873)
Aalb_oocyte_rep_c36433_trimmed Conserved hypothetical protein DI 133 0.000 unknown
(AAEL008645)
Aalb_oocyte_GH79BIPOT1BENVH_trimmed  Bhlhzip transcription factor bigmax DI 0.87 0.010 DNA replication/
transcription
Aalb_oocyte_rep_c3449_trimmed GPCR Methuselah Family a priori 0.88 0.004 stress response
Aalb_oocyte_rep_c40438_trimmed Receptor for activated C kinase, DI 0.86 0.003 endocrine signaling
putative (rackT)
Aalb_oocyte_rep_c18194_trimmed Conserved hypothetical protein DI 092 0.010 unknown
(AAELO12019)
Aalb_oocyte_rep_c431_trimmed phosphatidylethanolamine-binding a priori 0.88 0.000 morphogenesis

protein (pebp)

Information on each gene verified as differentially expressed is shown. Putative homologs were derived from BLAST searches (see Methods). “454 category” refers
to the differential expression status assigned to the EST based on read counts: DI or NDI, significantly over-expressed under DI or NDI conditions, respectively;
and a priori, not DE based on 454 read counts, but of a priori interest based on previous diapause research. Fold-change calculations are based on qPCR results,
and were calculated as log2(DI-NDI), where DI and NDI are the average mRNA abundance for DI and NDI treatments, respectively (see Methods). The corrected p-
value is derived from Student”s t-test of mMRNA abundances derived from qPCR reactions.

activated protein kinase C, and was more abundant
under DI conditions. RACKI1 is known to bind to sev-
eral different signaling molecules [55], including a molt-
associated transcription factor that is linked to the
action of 20-hydroxyecdysone [56]. It is highly expressed
in ovary tissue and is thought to be required for oogen-
esis in D. melanogaster; female D. melanogaster homo-
zygous for RACK1 null alleles show reduced ovary size
[55]. rackl has also been implicated in diapause in other
insects. For example, in a study of gene expression in
pre-diapause and diapause cricket embryos (Allonemo-
bius socius), rackl expression was higher in pre-diapause
embryos, but subsequently decreased during diapause
[21]. Intriguingly, it has recently been shown that
RACK]1 affects circadian rhythm function in mouse [57].
A classic hypothesis proposes that circadian rhythm
underlies the expression of photoperiodic diapause [58],
although evidence supporting this hypothesis is limited
[59,60] and highly debated [e.g. [61]]. However, these
findings suggest a possibly complex role for RACKI in
diapause preparation. The second differentially
expressed transcript potentially related to endocrine sig-
naling is ecdysone inducible protein L2 (eip), which was
less abundant in DI oocytes. The D. melanogaster
homolog of eip, imp-12, has been implicated in ectoderm
and neural development [62], is essential for starvation
resistance [63], and may have a role in the regulation of
growth [64]. Loss-of-function alleles of imp-I12 in D. mel-
anogaster result in female size increase, which appears

to be primarily driven by enlarged ovaries [63]. Interest-
ingly, both rackl and eip have phenotypes related to
ovary size in D. melanogaster [55,63]. Eggs from Ae.
albopictus reared under DI conditions are larger and
contain more lipids than eggs from females reared
under NDI conditions (PAA, unpublished data); we
speculate that decreased pre-diapause expression of the
Ae. albopictus imp-12 homolog, and/or increased expres-
sion of the rackl homolog, could affect ovary and subse-
quent egg size. Ongoing studies of the expression levels
of these genes during embryological development and
developmental arrest in pharate Ae. albopictus larvae
will provide further insight into the diapause-related
function of these transcripts, as well as important com-
parative results regarding the ecdysone signaling
pathway.

Diapause is often accompanied by a decrease in meta-
bolism. One gene involved in metabolism was more
abundant in DI oocytes: phosphoenolpyruvate carboxy-
kinase (pepck). PEPCK is part of the gluconeogenesis
pathway, and has higher expression levels during dia-
pause in Sarcophaga crassipalpis [5]. Diapausing insects
appear to enhance gluconeogenic pathways, in part due
to a shift towards anaerobic metabolism [8]. We
hypothesize that the over-expression of this transcript
during the pre-diapause phase in Ae. albopictus oocytes
may either represent a maternally provisioned regulatory
cue, or initiation of the gluconeogenic pathway in
advance of the onset of developmental arrest. The
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transcription factor Bhlhzip bigmax, discussed above,
could also contribute to the down-regulation of metabo-
lism [50,51] associated with diapause.

Increased longevity and stress resistance are also
important features of the diapause program. Potentially
relevant to these phenotypes, a gene encoding a G-pro-
tein coupled receptor (GPCR) from the Methuselah
family was more abundant in pre-diapause oocytes. In
D. melanogaster, the methuselah (mth) gene is asso-
ciated with longevity and stress resistance [65]. Mth
haplotype distributions vary latitudinally in D. melano-
gaster [66], and studies of allelic variation in mth sug-
gest that the gene contributes to differences in lifespan
among populations [67]. While down-regulation of mth,
rather than over-expression, should result in greater
stress resistance based on results from D. melanogaster,
other GPCRs are potentially up-regulated in response to
diapause-related stimuli in other organisms. Some
GPCRs in C. elegans show strong responses to dauer
formation [68], which is analogous to insect diapause. In
Bombyx, a GPCR shows high affinity to diapause hor-
mone [69], suggesting it could be important in mediat-
ing developmental arrest.

Three other genes that did not fall into established
functional categories related to diapause had higher
expression in pre-diapause oocytes. The putative Ae.
aegypti homologs of all three genes are annotated as
“conserved hypothetical proteins”. These genes may be
particularly intriguing, as they could relate specifically to
diapause preparation in Ae. albopictus or other insects.
However, because their annotations are uncertain, the
genes” functions are highly speculative. We provide
brief descriptions of the genes” domains and gene ontol-
ogy categories, if available, recognizing that much more
work is necessary to understand the function of these
genes in the context of Ae. albopictus diapause.
AAEL008645”s gene ontology association is “protein
binding”. It contains evidence for a B30.2/SPRY domain,
a LisH motif, and a CRA domain. AAEL004873”s gene
ontology associations are protein binding and cell adhe-
sion. It contains a GILT motif (gamma-interferon-indu-
cible lysosomal thiol reductase), which is thought to be
associated with disulphide bond reduction. While it was
predicted to be over-expressed in non-diapause destined
oocytes based on RPKM, qPCR experiments show that
it is actually more abundant in pre-diapause oocytes.
AAEL012019 has several motifs; a galactose-binding-
domain-like motif (sub-motif: coagulation factor 5/8
type, c-terminal; Muskelin, n-terminal; Kelch1); and a
LisH dimerization motif.

Previously, we investigated the expression patterns of
a putative phosphatidylethanolamine-binding protein
(pebp) in diapause and non-diapause oocytes in multiple
populations of Ae. albopictus [19]. While our present
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data show significant up-regulation of pebp in a single
temperate population under DI conditions, the previous
study suggested a regional effect on pebp expression in
these populations, rather than a simple over-expression
of pebp under DI conditions. These results are not
necessarily contradictory, as the studies differ in their
experimental design and replication: while the previous
study utilized more populations, our analysis includes
more replicates per photoperiod treatment, and thus
may have more statistical power to capture subtle differ-
ences in expression levels. This could indicate that the
differential expression of pebp under different photoper-
iods is population-specific. There is little information
about the role of pebp in insects, but studies from plants
have documented differential expression of a pebp gene
family member FT (Flowering locus T) in response to
photoperiod [70], which shows differential expression to
photoperiod treatments in latitudinally disparate popula-
tions in Picea abies [71]. These results raise the intri-
guing possibility that genes from the pebp family may
have similar roles or be involved in photoperiodically
mediated life history transitions across both plant and
animal kingdoms.

Three additional genes (fatty acyl coA elongase, gi|
239997749|; heat shock protein 67B2, gi|254728755|;
and epithelial membrane protein, gi|270037306|) impli-
cated in the diapause response of Ae. albopictus based
on differential abundance in oocyte tissue [19,20] exhib-
ited non-significant up-regulation under DI conditions
in the current study. Because the experimental design of
the previous studies differed from the current experi-
ments, exact comparison of results is not possible.
Nevertheless, the direction of differential expression is
the same, indicating that our current results are qualita-
tively consistent with these previous studies.

Conclusions

Our goals for this study were: 1) to generate a compre-
hensive oocyte transcriptome for Ae. albopictus, an
emerging model system for studying the evolutionary
and ecological genomics of diapause, and 2) to identify
candidate genes for diapause preparation in this species.
Our assembly of a high-quality, conservative transcrip-
tome for Ae. albopictus oocytes highlights useful
approaches to utilizing a closely related reference gen-
ome to generating high-confidence ESTs in a non-
model organism. Additionally, the assembly enabled us
to identify several candidate genes for diapause prepara-
tion that are consistent with established themes of the
insect diapause program as well as additional candidates
that are potentially unique to Ae. albopictus. In addition
to the potential relevance to diapause, many of these
ESTs are related to fundamental biological processes
such as metabolism, stress tolerance, and the endocrine
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control of development and thus may ultimately provide
useful targets for developing novel forms of vector con-
trol in this medically significant vector of human dis-
ease. Finally, the comprehensive oocyte EST database
should provide a useful resource for comparative geno-
mics and vector molecular physiology.

Methods

Tissue generation for 454 sequencing from Ae. albopictus
oocytes

We collected over 400 Ae. albopictus larvae and pupae
from approximately 20 tires located at a used tire yard
in Manassas, VA, in 2008. This strain was reared in the
laboratory on a non-diapause inducing (NDI) long-day
photoperiod (16 h light, 8 h dark) at 21°C and ca. 80%
relative humidity for five generations as described in
Armbruster and Hutchinson [72] and Armbruster and
Conn [73]. To produce tissue for transcriptome sequen-
cing, in the laboratory Fg generation approximately 200
female pupae were placed into each of two cages, one of
which was maintained under an NDI photoperiod (16 h
light, 8 h dark) and the other of which was maintained
under a diapause-inducing (DI) unambiguous short-day
photoperiod (8 h light, 16 h dark). Both cages were
maintained at 21°C and ca. 80% relative humidity.
Females were bloodfed to repletion 7-18 days after eclo-
sion on a human host. Although we included females
from an 11-day range of chronological age, this variation
is unlikely to have a large effect on the abundance of
mature oocyte transcripts since ovarian development is
more strongly influenced by time since blood meal than
chronological age [74]. Five days after bloodfeeding,
females were anaesthetized with CO, and frozen at -80°
C. Mature (stage V) oocytes were identified based on a
visible exochorion pattern and dissected into RNAla-
ter™ (Sigma Aldrich, St. Louis, MO). 60 - 80 frozen
mosquitoes per photoperiod treatment were used.

Tissue generation for gPCR

Tissue for qPCR reactions was generated for 5 biological
replicates under each of NDI and DI photoperiod treat-
ments using the same methods described above, but
from F, (2 replicates) and Fg (3 replicates) laboratory
generations. Briefly, ca. 50 female pupae for each biolo-
gical replicate were placed in separate adult cages under
NDI and DI photoperiod treatments as described above.
Oocytes from 12 to 27 females were used for each bio-
logical replicate from each photoperiod treatment.

Diapause incidence measurements

We confirmed the diapause response for each genera-
tion and replicate of laboratory rearing. Adult cages
were established under DI and NDI photoperiod treat-
ments as described above with ca. 50 male and 50
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female mosquitoes per cage. Females were blood fed to
repletion on a human host and a small black jar half-
filled with ca. 20 ml of dI water and lined with an
unbleached paper towel was placed into each cage. We
collected the towels with oviposited eggs every Monday,
Wednesday, and Friday. Two days after collection the
towels were slowly dried and stored at ca. 80% relative
humidity. The diapause response was measured by sti-
mulating 10-20 day old eggs to hatch following Novak
and Shroyer [75]. Egg towels were re-dried and hatched
a second and third time after 1 and 2 weeks, respec-
tively, to ensure hatching of all non-diapausing eggs.
Embryonated, unhatched pharate larvae (in diapause)
were identified by submerging eggs in a bleach solution
for 48-72 h [76] and percent diapause incidence was cal-
culated as the number of embryonated but unhatched
larvae divided by the total number of viable pharate lar-
vae in the sample (embryonated unhatched and hatched
larvae) [27,77].

RNA preparation and sequencing

We extracted total RNA using TRI® Reagent (Sigma
Aldrich, St. Louis, MO) followed by an isopropanol pre-
cipitation, according to manufacturer’s instructions.
DNA was removed from each sample with Turbo-DNA-
free (Applied Biosystems/Ambion, Austin, TX) and
RNA integrity assessment was performed for each sam-
ple on an RNA chip (Bioanalyzer 2100, Agilent Technol-
ogies, Santa Clara, CA). For RNA used in 454
sequencing, we enriched for mRNA with Dynabeads
oligo(dT) probes (Dynal Biotech, Oslo, Norway). mRNA
was then sent to the University of Maryland Institute
for Genome Sciences for 454 GS-FLX Titanium sequen-
cing using standard protocols (Roche, Inc.). Briefly,
mRNA was fragmented with a zinc chloride solution.
cDNA was synthesized from the fragmented mRNA
using random hexamer primers, and separate adaptors
were ligated to ¢cDNA fragments from each ¢cDNA
library (DI and NDI). Fragments were then sequenced
with GS FLX chemistry. Raw reads and quality scores
are archived at NCBI Sequence Read Archive (SRA)
under Accession SRP007714; trimmed EST sequences
are accessible at NCBI”s transcript shotgun archive
(TSA) under accession numbers JO845359-J0913491.
We also provide the raw reads, trimmed ESTs,
untrimmed contigs, and an Excel spreadsheet with rele-
vant annotation information at the Aedes albopictus
expression database [http://AlbopictusExpression.org].

De novo transcriptome assembly and annotation - read
cleaning

A flow chart describing our data analysis workflow is
presented in Figure 1. Reads were trimmed according to
pre-defined Roche settings prior to assembly. As
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additional quality filters, we eliminated 1) reads that
contained at least one ambiguous base [78]; 2) duplicate
reads, which are known to occur as an artifact of 454
sequencing [79]; 3) reads with an average quality score
lower than 25 [following 78, as well as our own observa-
tions of read quality]; and 4) reads with significant
BLAST matches (e-value > 1e™®°) to Ae. albopictus
rRNA and to Wolbachia (See additional file 7: Gene IDs
of Ae. albopictus rRNA and Wolbachia spp. used to
pre-screen reads). We used the program SnoWhite 1.1.4
[[80], unpublished] to trim poly-A/T tails and to remove
all reads shorter than 50 bp, and ssaha2 [81] to match
adaptor sequences to reads, which were then masked in
the assembly program MIRA [34].

De novo transcriptome assembly and annotation - De
novo assembly

We used MIRA 3.2.0 [34] to assemble pooled reads
from both libraries into a single contig set. Default
assembly parameters for ESTs generated by 454 sequen-
cing technology were used with minor modifications to
permit the assembly of contigs with SNPs (See addi-
tional file 8: MIRA command line used for transcrip-
tome assembly). These modifications were required
because we sequenced an outbred population of labora-
tory-reared mosquitoes, rather than an inbred line.
MIRA has recently been shown to be one of the more
reliable programs for de novo 454 transcriptome assem-
bly [35]. To assess whether the amount of sequence
used affected contig length, we performed a test assem-
bly in MIRA with one half of the 454 dataset. Addition-
ally, we performed exploratory assemblies with Newbler
2.3 [82], which yielded qualitatively similar results (data
available on request from MFP). However, because more
gene models were captured with the MIRA assembly, as
assessed by BLAST matches, we used the MIRA assem-
bly for further analyses.

De novo transcriptome assembly and annotation -
functional annotation

We performed a series of BLAST searches to establish
homology between contigs or singletons (both referred
to hereafter as “ESTs”) from Ae. albopictus and anno-
tated genes from other organisms. Because of the lim-
ited EST information available on NCBI for Ae.
albopictus, we relied mainly on annotations and
sequence information from Ae. aegypti, a closely related
mosquito in the same sub-genus (Stegomyia). We per-
formed BLASTN and BLASTX searches of our EST
dataset to several reference databases with increasing e-
value cutoffs as taxonomic distance increased (Table 3).
The match with the lowest e-value was retained. If mul-
tiple matches with the same e-value were present, then
the match with the highest bitscore was retained. Our
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search against C. elegans proteins was inspired by Rag-
land et al. [5], who found limited evolutionary conserva-
tion in dormancy expression patterns between
Sarcophaga crassipalpis and the well characterized larval
dauer stage of C. elegans [68].

To evaluate whether we had recovered close to the
maximum number of genes contained in our sequencing
libraries, or whether greater sequencing depth of these
libraries would have led the recovery of more unique
genes, we generated a bootstrapped gene accumulation
curve [e.g. [31]]. We used BLASTN to determine
homology between individual reads and Ae. aegypti tran-
scripts, using a minimum required e-value of le™%. We
randomized the BLAST output order 1,000 times, and
then calculated the mean number of Ae. aegypti tran-
scripts captured by each additional read. We then
plotted the mean cumulative number of new Ae. aegypti
transcripts discovered with each new read; if sequencing
depth was sufficient, then this curve should reach an
asymptote with an increasing number of sampled reads.

De novo transcriptome assembly and annotation -
homology-based EST filtering and trimming
Our BLAST searches revealed high redundancy in the
ESTs, such that multiple ESTs had the closest similarity
to the same putative homolog, and often to the same
region of that homolog (mean/median number of EST's
per gene: 8.6/4; See additional file 1: Distribution of the
number of ESTs assigned to a reference gene). This
redundancy is often observed with the MIRA program
[83], and could reflect biological variation among tran-
scripts originating from a single gene, for example alter-
native splicing or allelic variation. However, this result
could also be due to sequencing errors, or spuriously
assembled sequence. Many of the redundant contigs
assigned to a reference gene were highly diverged in
their 5” and 3” ends. To determine whether these vari-
able ends represent alternative isoforms of a gene or are
due to sequencing or assembly errors, we amplified
these alternative ends using qPCR. This confirmed the
presence of some alternative isoforms (amplified product
size was consistent with predicted product size from
contigs in 18 out of 22 cases, data not shown). However,
due to the high frequency of redundant ESTs, which
makes it impossible to confirm all isoforms comprehen-
sively, we opted take a conservative approach and only
use the region of one, “representative” EST that aligned
with its homolog for further analyses (Figure 1). This
method will remove redundancy and uncertain annota-
tions, but will also remove valid sequence (see below),
and sequences unique to Ae. albopictus.

To identify representative ESTs, for each group of
ESTs assigned to the same gene, we found the EST with
the best tradeoff between length and % identity. To do
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this, we selected ESTs with a % identity above a set
value (Table 3; % identity cutoffs were chosen based on
visual inspection of the distribution of % identity values
from matches to each genome database). Within this
subset, we chose the EST with the longest BLAST
match. When the % identity of all ESTs assigned to a
gene was lower than the cutoff, the match with the
highest % identity was used. For EST groups with
matches in all other databases, the match with the high-
est % identity was used (Table 3), as % identity was gen-
erally lower in these groups; length was not included as
a selection criterion, other than a minimum length
requirement of 50 bp. Matches to the Ae. aegypti gen-
ome were only used in further analyses if the majority
(>50%) of the EST was contained within an annotated
mRNA (gff3 Aaegl.1.2). Once the best match for a refer-
ence gene was determined, we trimmed the aligned EST
to its start and stop coordinates from the BLAST out-
put, to eliminate variable 5” and 3” ends that could
represent either alternative isoforms, or sequencing and
assembly error. On average, 464 bp were trimmed from
each EST (min: 1bp, max: 10,810 bp).

Differential expression (DE) analysis - 454 sequence data
To identify candidate DE genes from our 454 dataset,
we estimated expression for each EST based on counts
of mapped reads to the trimmed ESTs. We mapped
reads from each ¢cDNA library (DI and NDI) to the fil-
tered and trimmed EST set using the program ssaha2
[81] with 454 default settings, with the additional
requirement of a minimum of 95% identity. Reads that
mapped to multiple ESTs or locations (2.8%) were
discarded.

We used two different measures of differential expres-
sion (DE). First, we performed the TMM normalization
method (trimmed-mean of M values) as implemented in
the edgeR package [[44], http://www.bioconductor.org/].
This method calculates a normalization constant to
account for differences in library size. Additionally, it
corrects for biases in read count data that arise when
the total number of expressed genes are skewed towards
one library, a phenomenon that we had observed in our
read counts. We used this normalization method to
guide our choice of candidate genes for qPCR validation
(see below).

Factors in addition to library size and skew can influ-
ence read counts in RNA-Seq data. For example, tran-
script length is also known to affect read abundance
[45,84]. As a second evaluation of expression, we calcu-
lated RPKM [the number of reads per kilobase of exon
model per million mapped reads, [45]]. We used
trimmed EST length as transcript length.

To calculate the significance of differences in normal-
ized read counts, we used the sage.test function from
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the statmod package in R (http://www.r-project.org),
which implements an exact binomial test to test for dif-
ferential expression in individual genes. For the TMM
method, we used the normalization constant to adjust
library sizes in the sage.test function. We scaled RPKM
values for each gene and library by a constant, such that
the sum of all RPKM values equaled the original read
total from both libraries. This scaling was necessary to
compare significance values between the two read count
methods, as the magnitude of the binomial test statistic
is influenced by sample size. P-values from each method
were then subjected to Benjamini-Hochberg correction
for multiple testing [85] using the p.adjust function
from the same package. We scored candidate genes with
a corrected p-value < 0.001as DE.

Genes that are unique to a photoperiod treatment
have an undefined log fold-change and log abundance,
but these genes may be of particular biological impor-
tance. To include these genes in our calculations of
fold-change, we added a value of 0.1 to the read count
of all genes in each library. Fold-change values were cal-
culated as log,(DI/N(DI)) - log,(NDI/N(NDI)), where N
(DI) and N(NDI) are the normalized library sizes of the
DI and NDI libraries, respectively.

Verification of DE ESTs by qPCR

We used quantitative RT-PCR to verify the expression
of candidate genes from two general categories: genes
classified as over-expressed in the NDI and DI treat-
ments from the TMM-normalized 454 analysis, and
genes that were of a priori interest based on their role
in the diapause response in other insects (See additional
file 6: Results of qPCR validation). Previous studies on
the physiological and molecular changes during diapause
have revealed common themes of the diapause program
across insects such as DNA replication and transcrip-
tion, endocrine signaling, metabolism, and response to
stress [5,8,9,21]. We used these categories to guide our
choice of genes to test for DE using qPCR, because we
were interested in determining whether diapause induc-
tion in Ae. albopictus showed commonalities of gene
expression in genes putatively involved in these cate-
gories. We selected several genes from these categories,
regardless whether they were significantly differentially
expressed in the 454 dataset (See additional file 6:
Results of qPCR validation).

Total RNA for qPCR was isolated from oocytes as
described above. RNA pellets were stored at -70°C in
75% ethanol until they were used for cDNA synthesis.
The concentration of resuspended RNA was measured
using a Nano Drop spectrophotometer (Thermo Scienti-
fic, Wilmington DE USA). cDNA was synthesized using
the iScript™ c¢DNA synthesis kit (Bio-Rad Laboratories,
Inc. Hercules CA USA) according to the manufacturer”s
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instructions. One microgram of RNA was used in each
synthesis reaction. To reduce variation caused by differ-
ences in the efficiency of the reverse transcription reac-
tion, duplicate reactions were performed for each
biological replicate and the products of the duplicate
reactions were pooled then diluted before being used in
qPCR reactions.

Relative mRNA abundance of selected genes of inter-
est was measured using an iQ5™ Multicolor Real-Time
PCR Detection System (Bio-Rad) and iQ™ SYBR Green
Supermix (Bio-Rad). Each 20 pl reaction included 300 -
900 nM of the appropriate forward and reverse primers
and 2 pl of cDNA template. PrimerQuest software (IDT
DNA, Coralville, IA, USA) was used to design primer
sequences which conform to MIQE standards (primer
sequences available on request from JAR). Cycling para-
meters were 95°C for 3 min followed by 40-50 cycles of
95° 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 ampli-
fied in each reaction.

mRNA abundance was evaluated in 5 biological repli-
cates for each group with three technical replicates for
each primer pair. A modified 24" method [86] was
used to calculate mRNA abundance for each gene of
interest. Briefly, after averaging the threshold cycles (C,
) of the technical replicates for each biological replicate,
the geometric mean Ct for three reference genes,
RpL34, Histone H3, and Nucleosome Assembly Protein
(NAP), was subtracted from the mean Ct for each gene
of interest (ACt). This value was then transformed to
give relative mRNA abundance (2°4“"). Fold-change was
calculated by dividing the mean relative abundance of
DI replicates by the mean relative abundance of NDI
replicates, and then taking the logarithm (log,) of this
ratio. Student”s t-test was used to test for significant dif-
ferences in relative mRNA abundance between groups,
with a false discovery rate analysis [85] applied to
reduce the probability of type I errors due to multiple
comparison testing.

Verification of DE ESTs - Significance comparisons
To determine whether expression levels from the 454
dataset and qPCR experiments were correlated, and
whether the normalization method of the 454 dataset
affected these correlations, we analyzed correlations in
expression levels between both the TMM and RPKM
normalization methods (454 EST set) and average
mRNA abundance (qPCR data, 27" using the /m func-
tion in the package stats in R (http://www.r-project.org).
To address why correlation coefficients between 454
expression and mRNA abundance differed by photoper-
iod treatment, we calculated coefficients of variation
(CVs) of mRNA abundance (272¢Y) from the five
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replicates of the qPCR data for each gene and photoper-
iod treatment. We then used a paired Student”s t-test to
determine whether CVs were significantly different
between photoperiod treatments.

We evaluated the correspondence of significant
expression of each normalization method with signifi-
cant expression of the qPCR data. First, for each nor-
malization method, genes that were DE based on 454
expression levels were deemed “positive”, and those that
were not DE “negative”. True positives occurred when
the qPCR analysis confirmed significant over-expression
in the same direction, and false positives were called
when the qPCR result for a “positive” gene was not sig-
nificant, or significant in the opposite direction. True
negatives were non-significant in both the 454 and
qPCR analysis, whereas false negatives actually demon-
strated differential expression in the qPCR analysis. We
then calculated the sensitivity and specificity of each
method, where sensitivity is the number of true positives
divided by all positive calls, and specificity is the number
of true negatives divided by all negative calls.

Additional material

Additional file 1: Distribution of the number of ESTs assigned to a
reference gene. The x-axis is truncated at 100 EST matches per gene; 29
genes with 100-5,613 ESTs assigned to them are not included on the
graph.

Additional file 2: Box plot of the percent length of each putative
homolog matched by its Ae. albopictus EST. Only ESTs from the “final”
EST set are included. Reference length coverage values, which are
calculated as the alignment length from the BLAST match, divided by
the transcript length of the putative homolog. are displayed for each
reference organism. Ae. aegypti genomic matches are not shown, as they
encompass large stretches of non-coding sequence, and therefore the
percent of the reference matched is unclear. Box plot symbols as in
Figure 3.

Additional file 3: Box-plot of percent identities from BLAST
alignments of final ESTs to each reference organism. Box plot
symbols as in Figure 3.

Additional file 4: Gene accumulation curve of Ae. albopictus ESTs.
The average cumulative number of recovered Ae. aegypti transcripts,
plotted against the number of reads needed to obtain that number. All
reads were searched against Ae. aegypti transcripts via blastn. The BLAST
output order was randomized 1,000 times, and the average number of
transcripts discovered with each additional read was calculated.

Additional file 5: Characteristics of all differentially expressed genes
from the 454 dataset. Gene ontology assignment, BLAST alignment,
and expression statistics for the putative homolog of each differentially
expressed EST.

Additional file 6: Results of qPCR validation. Experimental details and
results of gPCR for genes chosen for gPCR validation based on 454
differential expression or a priori expectation from previous diapause
studies. Both putative functional information from the gene’s homolog,
as well as reaction conditions from the qPCR experiments, are shown.
Fold-change values for gPCR experiments are given as log2(DI-NDI),
where positive values indicate higher expression under DI conditions,
and negative values indicate higher expression under NDI conditions.

Additional file 7: Gene IDs of Ae. albopictus rRNA and Wolbachia
spp. used to pre-screen reads.
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Additional file 8: MIRA command line used for transcriptome
assembly. MIRA commands used to perform de novo transcriptome
assembly on Ae. albopictus oocyte cDNA libraries generated under
diapause-inducing and non-diapause-inducing photoperiods.
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