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Abstract
The Asian tiger mosquito, Aedes albopictus, is a medically important invasive species whose
geographic distribution has expanded dramatically during the past 20 years, and one of the key
elements of its success is its capacity to survive long distance transport as a diapausing pharate
first instar larva, encased within the chorion of the egg. We report that pharate larvae entering
diapause are larger and contain 30% more lipid than their nondiapausing counterparts. To improve
our understanding of the molecular regulation of lipid metabolism during diapause, we assessed
the relative mRNA abundance of 21 genes using qRT-PCR. Elevated expression of lipid storage
droplet protein 2 during embryonic development likely contributes to the higher amounts of lipid
we noted in diapausing individuals. The conservation of lipids during diapause is reflected in
downregulation of genes involved in lipid catabolism, including lipase 2, lipase 3, lipase 4, acyl-
CoA dehydrogenase 4, and isovaleryl-CoA dehydrogenase. Two genes involved in fatty acid
synthesis and modification, Δ(9)-desaturase, and fatty acyl-CoA elongase, were both upregulated
in diapausing pharate larvae, suggesting roles for their gene products in generating unsaturated
fatty acids to enhance membrane fluidity at low temperatures and generating precursors to the
surface hydrocarbons needed to resist desiccation, respectively. Together, the results point to
substantial distinctions in lipid metabolism within the embryo as a consequence of the diapause
program, and these differences occur both before the actual onset of diapause as well as during the
diapause state.
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1. Introduction
The Asian tiger mosquito, Aedes albopictus (Skuse), is among the most invasive animal
species on the planet. Its habitat range has significantly increased over the past 20 years,
expanding from Asia to every continent except Antarctica (Hawley et al. 1987; Benedict et
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al. 2007; Lounibos, 2002; Lounibos et al. 2003). The rapid range expansion of this vector of
dengue fever and other viruses is, at least partially, due to its ability to enter diapause, a
specific type of dormancy that significantly improves survival during winter in temperate
regions (Wang, 1966; Mori et al. 1981; Sota and Mogi, 1992; Hanson et al. 1994). Entering
diapause extends life span and provides insects, including Ae. albopictus, a means to
“escape” from seasonally predictable periods of unfavorable conditions. Entering diapause
also allows populations to synchronize periods of growth and reproduction with predictable
periods of favorable conditions. While the adaptive significance of diapause is clear, the
molecular regulation of diapause in this, or any other, species remains poorly understood.

Diapause is an alternative developmental pathway that is characterized by developmental
arrest and metabolic restructuring. Diapause entry includes coordinated downregulation of
oxidative processes that produce energy, suppression of processes that consume energy (e.g.,
transcription, translation, cell growth and division), and upregulation of processes (e.g.
production of heat shock proteins) that enhance stress resistance (Lees, 1955; Tauber and
Tauber, 1976; Denlinger 2002, MacRae 2010; Hand et al., 2011). Metabolic restructuring is
a key component of diapause because it maintains cellular homeostasis and allows for the
conservation of metabolic fuels (e.g. carbohydrate, lipids, and proteins) that are critical for
maintaining basic housekeeping functions during diapause and for resuming development
post-diapause. Failure to maintain adequate fuel stores through a lengthy period of
dormancy can lead to premature diapause termination, inhibit post-diapause development or
reduce fecundity (Hahn and Denlinger, 2007 and 2010; Hand et al. 2011). Fuel conservation
is especially critical for embryos and pharate larvae in diapause because insect eggs are a
closed system. Only water and gases are exchanged between enclosed embryos and their
environment, and there is no opportunity to obtain additional fuels.

Metabolic downregulation during diapause has been documented for a variety of insect
species that enter diapause (e.g., Rakshpal, 1962, Denlinger et al., 1972, Braune, 1976).
However, there are few studies that have examined the proximal mechanisms that promote
metabolic downregulation and the conservation of metabolic fuels before and during
diapause. The goal of the present research is to identify transcriptional changes that are the
basis for metabolic restructuring during diapause in Ae. albopictus. We specifically focus on
lipid metabolism pathways because lipids, which make up 30–40 % of the dry weight of
insect oocytes, are the primary fuel consumed during embryogenesis in mosquitoes (Van
Handel, 1993). In addition, lipids have a key role protecting against desiccation (Blomquist
et al. 1987; Gibbs et al. 1991) and cold stress (Hazel et al., 1995; Tiku et al. 1996; Cossins et
al. 2006; Hochachka and Somero, 2002). We predict there will be significant changes in
transcript abundance of genes whose products are involved in lipid storage, lipid catabolism,
and unsaturated fatty acid synthesis; and that these changes promote lipid conservation and
enhance survival in this species. Together these results will provide a clearer picture of the
physiological basis for diapause in this invasive species.

2. Methods
2.1 Insect Rearing

Laboratory colonies were established with larvae collected from water in used tires in
Manassas VA in 2008, and they were maintained as previously described (Urbanski et al.
2010a, b). Briefly, larvae were reared to adulthood at a density of ~ 30 larvae per 90 ml of
deionized water and were fed a slurry of dog food (Nutro Brand Large Breed Adult, Nutro
Products Inc. City of Industry, CA, USA) and brine shrimp (Sally’s Frozen Brine Shrimp,
San Francisco Bay Brand Newark, CA, USA). Male and female pupae were transferred into
adult cages and provided moist paper towels and organic raisins. Pupae and adults were
maintained under either diapause-inducing, short day (SD) conditions (21°C, 8:16 L: D
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hours) or diapause-averting, long day (LD) conditions (21 °C, 16:8 L: D hours). Females
were allowed to blood feed to repletion on a human host 10–13 d post-adult eclosion.
Oviposition cups, made from 200 ml black cups lined with unbleached seed germination
paper and filled with distilled H2O, were placed into cages to stimulate oviposition
beginning 3 or 4 d after blood-feeding. Females were allowed to oviposit for 6 hours starting
4 h after “lights on”. Eggs were maintained under SD conditions at 80% relative humidity
until they were sampled to measure egg size, total lipid content, or transcript abundance at
the times shown in Fig. 1. Eggs sampled from a single cage were considered to be a
replicate.

2.2 Embryo Staging and Imaging
Eggs were chemically cleared using the method described by Trpis (1970). Briefly, a piece
of seed paper containing eggs was placed inside a 1 dram shell vial (Fisher Scientific,
Houston, TX USA) with enough clearing solution (sodium chlorite + acetic acid) so that the
paper was completely immersed. Vials were capped and placed at 4 °C to prevent larval
emergence of 6 d, non-diapause pharate larvae. Embryos and pharate larvae were observed
with an Olympus SZH Dissecting Microscope and images were digitally recorded with an
Olympus Magnafire low light color digital camera (Olympus Corporation, Tokyo, Japan).
Embryonic development was monitored for 7 d post-oviposition (pov) to determine the
amount of time required to complete embryogenesis at 21°C. Developmental stages 3 and 6
d pov were determined by comparing the morphology of embryos we observed to published
images of Aedes aegypti embryos (Vital et a., 2010; Farnesi et al., 2009; Rezende et al.
2008). The morphology of randomly selected embryos from SD-reared females was
compared to that of embryos from LD females to estimate whether diapause-destined
embryos develop at the same rate as non-diapause embryos.

2.3 Physical and Physiological Characteristics of Eggs
Egg volume was calculated nine days post-oviposition. Eggs were randomly selected from
SD or LD adults; each replicate was from a single cage. Egg length and width were
measured for 30–45 randomly selected eggs; these measurements were used to calculate egg
volume (V) as that of a prolate spheroid from:

where L is egg length and W is egg width (Armbruster et al. 2001). Samples were taken
from two oviposition dates for each egg type. Student’s t-test was used to compare egg
volumes of SD and LD eggs.

2.4 Total Lipid Analysis
Total lipid content was measured for 5 replicates of diapause and non-diapause embryos 10–
14 d post-oviposition. For each replicate, 17.3–39.6 mg of eggs were crushed and mixed
with 0.5 mL chloroform and methanol (1:1). After centrifugation the supernatant was
transferred to a clean tube and the solvent was evaporated; 0.2 mL of sulfuric acid was
added and the mixture was heated for 10 min. After cooling, 0.5 mL of vanillin extract was
added and a reddish brown color was allowed to develop for 5 min. Lipid content was
estimated based on absorbance at 525 nm compared to a standard curve (Van Handel, 1985)
and was normalized per mg wet weight. Student’s t-test was used to compare total lipids of
diapause and non-diapause embryos.
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2.5 Transcript Profiling
A comparative genomics approach was used to identify 20 candidate genes whose products
are predicted to have roles in lipid metabolism (e.g. lipid storage, lipid transport, lipid
catabolism, and fatty acid synthesis) or are known to be regulators of lipid metabolism.
Nucleotide sequences of Aedes albopictus homologs (Table 1) were identified by using
annotated Culex pipiens nucleotide sequences (Sim and Denlinger, 2009) to perform blastn
searches against an Ae. albopictus EST database (http://www.albopictusexpression.org/;
Poelchau et al., 2011).

Relative transcript abundance was assessed at 3 d and 6 d post-oviposition in embryos (3 d
pov) and pharate larvae (6 d pov) from short-day or long-day reared females. For clarity, 3 d
embryos from short-day females will henceforth be referred to as pre-diapause embryos and
6 d embryos from short-day females will be referred to as diapause pharate larvae. Embryos
from long-day females will be referred to as 3 d or 6 d non-diapause embryos or pharate
larvae, respectively.

Total RNA was isolated from 3–4 replicates of embryos from each of the four groups
described above using Tri® Reagent (Sigma-Aldrich, St Louis, MO, USA) according to the
manufacturers directions. Following isopropanol precipitation, resuspended RNA was
treated with Turbo-DNAfree (Life Technologies, Carlsbad, CA, USA) to remove genomic
DNA contamination. The concentration of each RNA sample was assessed using a Nano
Drop spectrophotometer (Thermo Scientific, Wilmington, DE, USA). cDNA was
synthesized using the iScript™ cDNA synthesis kit (Bio-Rad Laboratories, Inc. Hercules,
CA, USA) according to the manufacturer’s directions; equal amounts of total RNA were
used in each reaction. For each replicate sample, two independent reactions were carried out
and then pooled.

Relative mRNA abundance of selected genes of interest was measured using an iQ5™

Multicolor Real-Time PCR Detection System (Bio-Rad) and iQ™ SYBR Green Supermix
(Bio-Rad). Primers were designed with PrimerQuest software (IDT DNA, Coralville, IA,
USA) and conformed to MIQE standards (Bustin et al. 2009) as shown in Table S1. Cycling
parameters 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 amplified in each reaction.

mRNA abundance was evaluated for 3–4 replicate samples for each group with three
technical replicates for each primer pair. A modified 2−ΔCt method was used to calculate
relative mRNA abundance for each gene of interest. After averaging the threshold cycles
(Ct) of the technical replicates for each replicate sample, 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 (ΔCt). This value was then log transformed to
give relative mRNA abundance (2−ΔCt). One-way ANOVA was used to compare the
relative mRNA abundance of each gene of interest (GOI) in the two types of embryos
(diapause or non-diapause) at two developmental times (3 d and 6 d) and Fishers LSD was
used post hoc for pair-wise comparisons. For illustration purposes, the relative mRNA
abundances are shown as normalized values in Figures 3–6. Values were normalized for
each gene by dividing the mean value for each embryo type by the mean value for non-
diapause 3 d embryos. All statistical tests were performed using raw, non-normalized data.
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3. Results and Discussion
3.1 Morphology and Physical Characteristics of Diapause and Non-diapause Embryos and
Pharate Larvae

Ae. albopictus reared at 21°C completed embryogenesis and became pharate first instar
larvae approximately 5 d post-oviposition. Diapause and non-diapause embryos were
morphologically similar at 3 d and 6 d pov, which suggested that development proceeded at
the same rate regardless of the embryo’s future diapause status. Although they are ready to
emerge as free-swimming larvae ~ 5 d post-oviposition, diapause larvae remain enclosed
within the chorion, even if they are in an environment (i.e., in water) that supports continued
development. Non-diapause, pharate larvae, which have the capacity to emerge, may remain
quiescent within the chorion for several months if conditions are inadequate to support larval
development (Perez and Noriega, 2012; Clements, 1992). Together, these features of Ae.
albopictus embryonic development allowed us to compare morphologically and
chronologically matched embryos and allowed us to separate ontogenetic changes from
those that are a component of the diapause program.

Although embryonic development was morphologically similar for diapause- destined and
diapause-averting (i.e., non-diapause) embryos, there were some significant physical and
physiological differences between diapause and non-diapause embryos and pharate larvae.
Eggs containing diapause pharate larvae were larger than those containing non-diapause
pharate larvae (Fig. 2A). In addition, diapause pharate larvae contained ~30% more total
lipid at 10–14 d than non-diapause pharate larvae (Fig. 2B). Together, the increased size and
lipid content suggest that diapause pharate larvae have more lipid stores than non-diapause
pharate larvae either because of differences in lipid storage and transport pathways,
decreased lipid catabolism, increased lipid biosynthesis, or a combination of the above.

3.2 Transcriptional Differences between Diapause and Non-diapause Embryos and Pharate
Larvae

We used qRT-PCR to measure transcript abundance of 21 candidate genes with known roles
in lipid metabolism (Table 1) in pre-diapause and non-diapause embryos (3 d pov) and in
diapause and non-diapause pharate first instar larvae (6 d pov). Of the genes analyzed, ten
have expression profiles that suggest they contribute to changes in lipid abundance in
diapause pharate first instar larvae. To facilitate further analysis and discussion, the genes
analyzed were divided into four functional groups: lipid storage, lipid catabolism,
unsaturated fatty acid synthesis, and regulators of lipid metabolism.

3.2.1 Lipid Storage—Maternally provided lipids are stored in droplets consisting of a
triglyceride core surrounded by a layer of phospholipids and embedded proteins (for review
see Arrese and Soulages, 2010). Lipid storage droplet protein 2 (LSD2) is commonly found
on the surface of lipid droplets and is required for lipid storage in Drosophila (Teixeira,
2003); increased expression of lsd2 correlates with increased triglyceride levels (Gronke et
al. 2003). The Ae. albopictus gene identified as a putative lsd2 was significantly
upregulated, approximately 35%, in pre-diapause embryos compared to same age non-
diapause embryos (Fig. 3), suggesting that increased lipid storage contributes to higher
levels of lipids in diapause pharate larvae. Transcript levels of two genes that encode
putative lipid transport proteins, fatty acid binding protein (fabp) and Apolipophorin III
(apoLp-III) decreased as a function of developmental time (Figs. 3), an observation
consistent with the results of studies on other insect species (Tsuchida et al., 2010).
However, these genes do not appear to have a role in diapause.
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3.2.2 Lipid Catabolism—Lipid stores are mobilized through combined action of lipases
and enzymes of the β-oxidation pathway. Lipases hydrolyze triglycerides to yield glycerol
and free fatty acids (FFAs). We identified three putative lipases in Ae. albopictus,
designated lip2, lip3, and lip4. There were remarkable ontogenetic changes in the mRNA
expression of all three of these genes (Fig. 4), with an 85–90% increase in transcript
abundance occurring between 3 d and 6 d in non-diapause embryos. There was also an
ontogenetic increase in mRNA expression for all three genes in pre-diapause embryos
compared to diapause pharate first instar larvae, but mRNA abundance was at least 50%
lower in diapause pharate larvae compared to non-diapause pharate larvae, 6 d pov. Thus the
ontogenetic increase observed in non-diapause embryos was at least partly blocked in
diapause embryos. Reduced amounts of lipases likely restrict lipolysis in diapause embryos.
It is notable that transcription of these genes was not blocked entirely during diapause. It is
likely that some lipid catabolism is needed to provide energy required to maintain ion
gradients and support other “house-keeping” processes that are needed during diapause to
prevent mortality even though pharate larvae are dormant.

β-oxidation is the primary fatty acid degradation pathway in eukaryotes. We analyzed eight
genes predicted to encode enzymes in this pathway: Acetyl-coA synthetase (acs); Carnitine
O-palmitoyltransferase (cpt); 3, 2-Trans-enoyl-CoA-isomerase (ech2); Cyclohex-1-ene-1-
carboxyl-CoA hydratase (ech3), Acyl-CoA dehydrogenase (acd2); Acyl-CoA
dehydrogenase (acd4); Isovaleryl-CoA dehydrogenase (acd5); and 3-Hydroxyacyl-CoA-
dehydrogenase (hcdh1). Seven of these genes were differentially expressed, and four had
expression patterns that are consistent with regulation of lipid metabolism during diapause.
acs catalyzes cytosolic activation of FFAs, which is the first irreversible step of the β-
oxidation pathway. mRNA expression of this gene was 30% lower in pre-diapause embryos
compared to 3 d non-diapause embryos (Fig. 5A). A similar expression profile was observed
for cpt (Fig. 5A), a gene that encodes the enzyme that transports activated FFAs into the
mitochondrial matrix, which is the second rate limiting step of the β-oxidation pathway.
Together, the downregulation of these two rate-limiting enzymes in pre-diapause embryos
suggests that lipid catabolism is reduced in diapause embryos and that it is downregulated
well before embryos actually become dormant.

In the mitochondrial matrix, acetyl-CoA moieties are removed one at a time by enzymes
encoded by genes such as ech2, ech3, acd2, acd4, acd5, and hcdh1. Among these, there were
no significant differences in transcript abundance of acd2 or hcdh1 (One-way ANOVA, P =
0.53 and P = 0.15, respectively), and the mRNA abundance of ech2 and ech3 changed only
as a function of developmental time (Fig. 5B). Only acd4 and acd5 had expression patterns
that suggest a role in regulating lipid catabolism during diapause. mRNA expression of acd4
increases between 3 d and 6 d pov in both diapause and non-diapause embryos; transcript
abundance of acd5 increased in non-diapause embryos between 3 and 6 d pov but did not
change in diapause embryos. As seen with lipase genes, the ontogenetic increase in the
transcription of these genes that occurred in non-diapause embryos was blocked in embryos
that entered diapause. These data further support the hypothesis that lipid catabolism is
reduced during diapause and likely contributes to the additional lipid stores observed in
diapause pharate larvae.

3.2.3 Lipid Biosynthesis—Lipid synthesis, in general, is limited within insect embryos;
most lipid content is maternally provided during oogenesis (Canavoso et al., 2001).
Nevertheless, we measured transcript abundance of several genes that encode proteins that
are involved in fatty acid synthesis, including a putative Acetyl-CoA carboxylase (acc), Δ
(9)-desaturase (desat), Acyl-CoA Δ (11) desaturase (fad-3), and Fatty Acyl-CoA elongase
(face; Fig. 6). These four genes are differentially expressed during diapause in other species
(Sim and Denlinger, 2009; Reynolds and Hand, 2009b), thus we predicted they would have
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a role in regulating lipid metabolism during diapause in Ae. albopictus embryos. Two of the
four genes analyzed, desat and face, were differentially expressed in diapause embryos and
may contribute to the increase in total lipids during diapause (Fig. 6). fad-3 mRNA
abundance changes over time, but there is no difference between diapause and non-diapause
embryos or pharate larvae (Fig. 6). There was not a significant change in transcript
abundance of acc (One-way ANOVA, P = 0.07).

Δ(9) desaturases (desat) are rate-limiting enzymes that catalyze the synthesis of
monounsaturated fatty acids (MUFAs) from saturated fatty acids. The presence of MUFAs
in cell membranes is important for maintaining fluidity, a feature critical for cold resistance
during winter (Tiku et al. 1996; Cossins et al. 2006; Hochachka and Somero, 2002), and
they are critical for efficient lipid storage in species ranging from worms to humans (Castro
et al., 2012 and Hulver et al. 2005). Moreover, the transcript abundance of desat genes and
enzyme activity of Δ (9) desaturases correlate with the amount of fatty-acids and the rate of
lipid catabolism (Castor et al. 2012). Given the role of Δ (9) desaturases as key regulators of
lipid metabolism, we predict the increased expression of desat is critical for lipid
conservation during diapause in Ae. albopictus. In addition, upregulated transcription of a Δ
(9) desaturase in diapause cricket embryos (Reynolds and Hand, 2009b) suggests changes in
the amount of these enzymes may be a common feature of insect diapause.

Fatty Acyl-CoA Elongase (FACE) mRNA increased between 3 and 6 d post-oviposition; at
6 d pov it was significantly upregulated in diapause pharate larvae compared to non-
diapause pharate larvae (Fig. 6). In insects, FACE catalyzes the synthesis of very long chain
fatty acids that contribute to desiccation resistance in flies and cockroaches (Blomquist et al.
1987; Vaz et al. 1988; Juarez, 1994 and 2004; Yoder et al. 1995). mRNA expression of face
is known to be upregulated in oocytes produced by Ae. albopictus females reared in
diapause-inducing conditions compared to those from long-day reared females (Urbanski et
al. 2010b). We predict that the increased mRNA expression of face in oocytes and pharate
larvae contributes to an increase in surface hydrocarbons and a decrease in water loss from
Ae. albopictus embryos during diapause (Urbanski et al. 2010b). Thus, increased face likely
contributes to the increase in total lipid content of diapause pharate larvae. However, its
function is perhaps more closely tied to desiccation resistance rather than to the storage of
fuel lipids.

3.2.4 Regulators of Lipid Metabolism—In addition to analyzing transcription
abundance of key lipid metabolism genes, we measured transcript abundance of genes that
encode subunits of the AMP-activated protein kinase (AMPK). This kinase is an upstream
regulator of many metabolic enzymes including acc and cpt, and it is essential for regulation
of lipid catabolism in C. elegans dauers (Narbonne and Roy, 2009). There were no
significant differences in transcript abundance for any of the three subunits of the AMPK
heterotrimer (ampka-alpha, P = 0.90; ampk-beta, P = 0.481; ampk-gamma, P = 0.087).
However, we cannot rule out a regulatory role for AMPK during diapause in Ae. albopictus
because this enzyme is regulated via phosphorylation; there may be differences in the
activity of this enzyme in diapause pharate larvae compared to non-diapause pharate larvae
that are beyond the scope of this study that focuses on transcripts.

4. Conclusions and Significance
Understanding the physiological and molecular basis for diapause in Ae. albopictus will
allow us to construct a more accurate model to predict seasonal outbreaks of this medically-
important pest (Gong, et al., 2011; Cailly et al., 2012), and will also enable us to improve
our ability to identify the thermal limits of this species and to predict its potential habitat
range (Travis et al., 1999; Feder et al., 2000). Among the 21 genes we examined in relation
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to lipid metabolism, 10 were differentially expressed in a manner that suggests they have a
role in diapause. Specifically, we found significant changes in the transcript abundance of
genes that regulate lipid storage (lsd2), lipolysis (lip2, lip3, and lip4), β-oxidation (acs, cpt,
acd4, and acd5), and unsaturated fatty acid synthesis (desat, and face). Together these data
suggest that transcriptional changes in multiple processes contribute to increased amounts of
lipids in diapause embryos.

Several studies have examined the transcriptional basis for diapause in insect embryos
(Blitvich, et al., 2001; Reynolds and Hand 2009b; Sashibhushan et al. 2012). In addition,
there is a large body of literature exploring physiological changes, including the
conservation of lipids, that occur for a variety of species in different diapause stages (e.g.,
Visscher, 1976; Lee and Denlinger, 1996; Lee et al., 1997; Reynolds and Hand, 2009a).
However, there are few studies that show a clear link between transcriptional and
physiological changes. Based on what we know about lipid storage during diapause and the
well-established functional role of homologs of the genes considered in this study, these data
provide new insight into the molecular pathways affecting lipid metabolism during diapause
in Ae. albopictus.

Prior research on Ae. albopictus diapause has focused on maternal regulation of this
dormant state by comparing oocytes produced by females reared under diapause inducing,
short-day conditions to oocytes from females reared under diapause-averting, long-day
conditions (Urbanski et al. 2010a, b; Poelchau et al. 2011). The current research on Ae.
albopictus builds on that foundation by focusing on diapause-destined embryos and on the
diapausing stage, the pharate first-instar larvae. Some differences in total lipid content are
likely due to increased maternal provisioning, but other aspects appear to be under the
control of the embryos and pharate larvae themselves. Differences in transcript abundance of
key genes were found in embryos 3 d pov; at this point, germ-band extension is complete
and dorsal closure is progressing. At 3 d, embryos are well past the point of mid-blastula
transition, the point in embryogenesis when zygotes stop utilizing maternally provided
transcripts and begin to make their own mRNA (Schier, 2007); thus, it is unlikely that the
observed difference in transcript abundance are due to differences in maternally provided
transcripts.
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Highlights

• Pre-diapause development is morphologically similar to non-diapause
embryogenesis.

• Diapause-destined Ae. albopictus embryos are 30% larger than non-diapause
embryos.

• Diapause pharate larvae contain 30% more lipids than non-diapause pharate
larvae.

• Transcription of lsd2, a gene for lipid storage protein, increases before diapause.

• Genes for enzymes lipid catabolism pathways are suppressed in early diapause.
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Figure 1.
The developmental and sampling timeline for diapause (top) and non-diapause (bottom) Ae.
albopictus embryos post-oviposition (pov). To determine whether there are physiological
differences between these two types of embryos, egg size was measured 9 d pov and total
lipid content was measured 10–14 d pov. Transcriptional basis for physiological differences
was assessed by comparing mRNA expression of select genes during pre-diapause (3 d pov)
and in diapause embryos (6 d pov) to transcript abundance in RNA isolated from non-
diapause embryos 3 d and 6 d pov.
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Figure 2.
Physical and physiological characteristics of diapause and non-diapause Ae. albopictus eggs.
A) Eggs with diapause embryos were larger than non-diapause eggs 9 d post-oviposition
(Student’s t-test, P < 0.001) and B) had ~30% more total lipid than non-diapause embryos
10–14 d post-oviposition (Students t-test, P < 0.001).
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Figure 3.
Relative mRNA abundance of genes encoding proteins involved in lipid storage and
transport. lsd2 mRNA was 25% higher in pre-diapause embryos than in 3 d non-diapause
embryos, but there was not a difference 6 d pov (One-way ANOVA, P < 0.001; Fishers
LSD, α = 0.05). fabp mRNA expression decreased 50% from 3 to 6 d pov, but there was no
difference between diapause and non-diapause embryos (One-way ANOVA, P < 0.00;
Fishers LDS, α = 0.05). apoLp-III abundance decreased between 3 and 6 d pov, but there
was no difference between diapause and non-diapause types (One-way ANOVA, P < 0.001;
Fishers LSD α = 0.05). Bars show normalized mRNA abundances relative to the mean
abundance of non-diapause, 3 d embryos; values above the dashed line are upregulated
while values below the dashed line are downregulated. N=3–4 replicates for each embryo
type and developmental stage. Ct values for genes of interest were corrected for the
geometric mean of reference genes rpl34, histone h3, and nap. Bars marked with different
letters were significantly different from other bars for the same gene.
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Figure 4.
Relative mRNA abundance for three genes encoding proteins involved in lipolysis. Minimal
amounts of lip2 and lip4 were present 3 d pov in both diapause and non-diapause embryos;
the amount of lip3 was below the limit of detection in 3 d pov and was considered to be zero
in statistical tests. mRNA expression of all 3 genes increased by 6 d pov, but there was
significantly more mRNA in non-diapause than diapause embryos (One-way ANOVA P <
0.001, Fishers LSD α = 0.05 for all three genes). Bars show normalized mRNA abundances
relative to the mean abundance of non-diapause, 3 d embryos; values above the dashed line
are upregulated while values below the dashed line are downregulated. N=3–4 replicates for
each embryo type and developmental stage. Ct values for genes of interest were corrected
for the geometric mean of reference genes rpl34, histone h3, and nap. Bars marked with
different letters are significantly different from other bars for the same gene. The break in
the Y-axis occurs between 2 and 20
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Figure 5.
mRNA profiles for genes encoding proteins in the β-oxidation pathway. A) acs and cpt were
30%–35% lower in diapause embryos compared to non-diapause embryos at 3 d pov. There
was a decrease in mRNA from 3 to 6 d pov, but no difference between diapause and non-
diapause at this age (One-way ANOVA, P = 0.003 and P = 0.015 for acs and cpt,
respectively; Fishers LDS α = 0.05). B) ech2 and ech3 were differentially expressed at 3 d
compared to 6 d, but there were no differences between diapause and non-diapause at either
age (One-way ANOVA, P < 0.001 for both genes; Fishers LSD α = 0.05). acd4 and acd5
were differentially expressed as described in the text (One-way ANOVA, P < 0.001 for both
genes; Fisher’s LSD α = 0.05. Bars show normalized mRNA abundances relative to the
mean abundance of non-diapause, 3 d embryos; values above the dashed line are
upregulated while values below the dashed line are downregulated. N=3–4 replicates for
each embryo type and developmental stage. Ct values for genes of interest were corrected
for the geometric mean of reference genes rpl34, histone h3, and nap. Bars marked with
different letters are significantly different from other bars for the same gene.
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Figure 6.
mRNA profiles for genes encoding proteins involved in fatty acid synthesis. desat was
higher in diapause embryos at 6 d pov compared to non-diapause 6 d embryos. There was no
difference between diapause and non-diapause embryos at 3 d pov (One-way ANOVA, P <
0.001, Fisher’s LSD α = 0.05). fad-3 increased from 3 d to 6 d pov in both diapause and
non-diapause embryos, but there was no difference between the two embryo types for either
age (One-way ANOVA, P = 0.03; Fishers LSD α= 0.05). face mRNA expression was low in
3 d embryos and increased in both non-diapause and diapause embryos 6 d pov; expression
was higher in diapause embryos than non-diapause embryos (One-way ANOVA P < 0.001,
Fishers LDS α = 0.05). Bars show normalized mRNA abundances relative to the mean
abundance of non-diapause, 3 d embryos; values above the dashed line are upregulated
while values below the dashed line are downregulated. N=3–4 replicates for each embryo
type and developmental stage. Ct values for genes of interest were corrected for the
geometric mean of reference genes rpl34, histone h3, and nap. Bars marked with different
letters are significantly different from other bars for the same gene. Break in the y-axis
occurs between 2 and 5.
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