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2012; doi:10.1152/physiolgenomics.00042.2012.—The ability to respond rapidly to changes in temperature is critical for insects and
other ectotherms living in variable environments. In a physiological
process termed rapid cold-hardening (RCH), exposure to nonlethal
low temperature allows many insects to significantly increase their
cold tolerance in a matter of minutes to hours. Additionally, there are
rapid changes in gene expression and cell physiology during recovery
from cold injury, and we hypothesize that RCH may modulate some
of these processes during recovery. In this study, we used a combination of transcriptomics and metabolomics to examine the molecular
mechanisms of RCH and cold shock recovery in the flesh fly,
Sarcophaga bullata. Surprisingly, out of ⬃15,000 expressed sequence
tags (ESTs) measured, no transcripts were upregulated during RCH,
and likewise RCH had a minimal effect on the transcript signature
during recovery from cold shock. However, during recovery from
cold shock, we observed differential expression of ⬃1,400 ESTs,
including a number of heat shock proteins, cytoskeletal components,
and genes from several cell signaling pathways. In the metabolome,
RCH had a slight yet significant effect on several metabolic pathways,
while cold shock resulted in dramatic increases in gluconeogenesis,
amino acid synthesis, and cryoprotective polyol synthesis. Several
biochemical pathways showed congruence at both the transcript and
metabolite levels, indicating that coordinated changes in gene expression and metabolism contribute to recovery from cold shock. Thus,
while RCH had very minor effects on gene expression, recovery from
cold shock elicits sweeping changes in gene expression and metabolism along numerous cell signaling and biochemical pathways.
rapid cold-hardening; cold shock; Sarcophaga bullata; gene expression; microarray

ectothermic nature, adaptations
for surviving low temperature are a critical component of an
insect’s physiology. In many cases, the overwintering physiology of an insect limits its potential range, particularly in the
face of a changing climate (7). While insects undergo many
gradual biochemical and physiological changes in anticipation
of winter (38), they are also capable of responding to low
temperature on much shorter time scales. In a process termed
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rapid cold-hardening (RCH), insects can significantly enhance
their cold tolerance in response to brief (i.e., minutes to hours)
ecologically relevant chilling exposure (30, 39). Furthermore,
during recovery from a cold challenge, insects undergo a
number of physiological changes to repair cellular damage, for
example by synthesizing heat shock proteins (Hsps) to repair
misfolded proteins (15).
In recent years, several studies have begun to unravel the
cellular and molecular mechanisms associated with RCH. Evidence suggests that RCH is triggered at the cellular level by
signaling events including p38 MAP kinase (22) and calcium
signaling (58). Downstream of these signaling events, several
physiological changes contributing to RCH have been uncovered. In the flesh fly, Sarcophaga crassipalpis, there is a slight
elevation of the cryoprotectant glycerol in response to RCH,
although the amount of glycerol appears to be too low to be a
major driver of RCH (39). In both Drosophila melanogaster
and S. crassipalpis, RCH increases the proportion of unsaturated fatty acids in the cell membrane (44, 48), cf. (43), and
inhibits apoptotic pathways to prevent cell death (65, 66).
Additionally, a recent proteomics study indicated that three
different proteins, including a small Hsp, are more abundant in
the brains of flesh flies exposed to RCH (41). However, despite
these recent advances, many of the underlying mechanisms of
RCH remain unknown.
In D. melanogaster, three separate microarray studies have
measured gene expression either in response to artificial selection for cold resistance (59) or in direct response to various
cold exposures (49, 68). These experiments elucidated many key
players in the molecular response to cold, including the multitude
of Hsps involved in cold recovery (49) and possible cross talk
between environmental stress signals and immune pathways (68).
While Qin et al. (49) intended to measure gene expression during
RCH, they allowed a 30 min recovery after hardening, so changes
in gene expression could not be directly attributed to the hardening period. The only study to our knowledge to measure gene
expression during cold hardening is Sinclair et al. (52), who
measured the expression of five candidate genes in D. melanogaster during RCH. They failed to detect any expression
differences in their candidate genes during hardening (although
some were differentially expressed during recovery) and hypothesized that RCH does not require the synthesis of new
gene products. However, gene expression changes during RCH
have yet to be examined on a genome-wide scale. Also, since
D. melanogaster is considerably less cold tolerant than its
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temperate counterparts (26), similar studies in cold-adapted
species are necessary to fully grasp molecular adaptations to
low temperature. The completion of an expressed sequence tag
(EST) library for S. crassipalpis (24) has made such work
possible for sarcophagid flies, which have long been a model
for cold tolerance research (2, 12). Recent work has described
transcriptional changes associated with overwintering dormancy in S. crassipalpis (50), but no large-scale transcriptomic
studies of acute cold stress have been conducted in this group.
In this study, we explore the molecular mechanisms of RCH
and cold shock recovery in Sarcophaga bullata using a combined transcriptomic and metabolomic approach. Our custom
microarray platform allowed us to simultaneously measure the
expression of ⬃15,000 transcripts in response to cold. Additionally, using a targeted GC-MS approach, we tracked the
levels of 35 metabolites in response to the same treatments.
Our experimental design permitted us to address the following
hypotheses: 1) RCH causes changes in gene expression and/or
metabolism during the hardening period; 2) Recovery from
cold shock elicits changes in gene expression and/or metabolism to repair cellular damage; and 3) RCH conditions alter
gene expression and/or metabolite composition during recovery from cold shock. Our results indicate that while differential
gene expression is not a major contributor to RCH, RCH does
have a significant effect on specific metabolic pathways. Furthermore, our results identify a number of genes and metabolites that are rapidly elevated during recovery from cold shock.
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MATERIALS AND METHODS

Animals. Flesh flies, S. bullata, were reared at 25°C and 16 h/8 h
light-dark according to Denlinger (17). Red-eye, pharate adults were
used for all experiments.
Experimental conditions. For the microarray experiments, pharate
adult flies were exposed to the following temperature conditions:
control (maintained at 25°C, Fig. 1A), RCH (exposed to 0°C for 2 h,
Fig. 1A), cold shock ⫹ 2 h recovery (CS⫹2R: ⫺10°C for 2 h followed
by 25°C for 2 h; Fig. 1B), and RCH ⫹ cold shock ⫹ 2 h recovery
(RCH⫹CS⫹2R: 0°C for 2 h, ⫺10°C for 2 h, followed by 25°C for 2
h; Fig. 1C). For metabolomics experiments, flies were exposed to the
same four treatments as well as two additional treatments with 24 h
recovery (CS⫹24R and RCH⫹CS⫹24R; Fig. 1, B and C). Immediately after treatment, flies were snap-frozen in liquid nitrogen and
stored at ⫺70°C until RNA and metabolite extraction. For the microarray experiments, we collected six biological replicates for each
treatment, while the metabolomics experiments consisted of 10 replicates for each treatment.
Microarray data acquisition. For each RNA sample, four flies were
removed from storage at ⫺70°C and immediately homogenized together in 4 ml of Tri reagent (Ambion, Carlsbad, CA) with a ground
glass homogenizer. From each homogenate, 1 ml was removed, and
RNA was purified using the RiboPure Kit (Ambion) according to the
manufacturer’s protocol. Total RNA was quantified using a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Waltham, MA), and the
integrity was checked on an Agilent 2100 Bioanalyzer (Agilent, Santa
Clara, CA). Starting with 500 ng of total RNA, Cy3- and Cy5-labeled
cRNA was generated with the Agilent Low RNA Input Linear

Fig. 1. Temperature treatments (A–C) and hybridization design (D) for microarray experiment. Temperature treatments are depicted in A–C, with an arrow
depicting the time of sampling for each treatment. In A, the solid line depicts control conditions while the dashed line indicates RCH conditions. In D, treatments
connected with a double arrow were hybridized on the same chip, n ⫽ 4 biological replicates for each comparison. CS, cold shock; 2R, 2 h recovery; 24R, 24
h recovery.
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Amplification Kit (Agilent). The labeled samples were hybridized to
custom Agilent 4 ⫻ 44K arrays containing a previously designed
probe set from a closely related species, S. crassipalpis (50). Despite
using a probe-set designed for a different species, MA plots suggested
a distribution of fold change and intensity values similar to those
observed when similar arrays were hybridized to S. crassipalpis. Also,
targeted analyses in our lab have revealed very little sequence difference between S. crassipalpis and S. bullata. Arrays were scanned on
an Agilent G2505B scanner, and data were extracted using Feature
Extraction 9.5 software (Agilent). For each treatment comparison, six
biological replicates were conducted; however, several failed to pass
quality control; hence we report the results from four independent
arrays for each comparison. Because the 16 arrays did not contain the
same four replicates of each treatment, our dataset includes five
replicates of control flies, four replicates of RCH flies, five replicates
of CS⫹2R flies, and five replicates of RCH⫹CS⫹2R flies. The
hybridization scheme is depicted in Fig. 1D.
Metabolomics data acquisition. Individual frozen flies were homogenized in 750 l of cold (⫺20°C) 2:1 methanol-chloroform using
a tungsten bead-beating apparatus (Retsch MM301; Retsch, Haan,
Germany) at 25 Hz for 1.5 min. After homogenization, 500 l
ice-cold water was added to each sample to separate an upper aqueous
phase from a lower nonpolar phase. Two aliquots (60 and 180 l) of
the upper phase were transferred to chromatographic vials and vacuum dried using a Speed Vac Concentrator (MiVac; Genevac, Ipswich, UK). The 60 l aliquots were used for the quantification of the
few metabolites from the larger volume sample that surpassed the
upper detection limit of the equipment. The dried samples were
doubly derivatized by first suspending the sample in 30 l of 20
mg/ml methoxyaminehydrochloride (Sigma-Aldrich, St. Louis, MO)
and heating for 90 min at 40°C, followed by the addition of 30 l of
N-methyl-N-(trimethylsilyl) trifluoroacetamide (Sigma-Aldrich) and
heating for 45 min at 40°C. This on-line derivatization process was
conducted with a CTC CombiPal autosampler (GERSTEL, Mülheim
an der Ruhr, Germany), which standardized the derivatization process
and ensured that each sample was derivatized for an identical amount
of time.
To identify and quantify metabolites, samples were injected into a
GC-MS consisting of a Trace GC Ultra chromatograph and a Trace
DSQII quadrupole mass spectrometer (Thermo Fischer Scientific).
We injected 1 l of each sample into the GC using the splitless mode
(25:1), and the samples were gradually heated from 70 to 310°C as
follows: the oven temperature ranged from 70 to 170°C at 5°C/min,
from 170 to 310°C at 7°C/min, and remained for 3 min at 310°C. We
used a fused silica column (TR5 MS, I.D. 25 mm, 95% dimethyl
siloxane, 5% phenyl polysilphenylene-siloxane), and helium at a rate
of 1 ml/min as the gas carrier. MS detection was achieved using
electron impact. Ion source temperature was set to 250°C, and the MS
transfer line to 300°C. The order of injection was randomized to
prevent bias due to machine drift. Compounds were identified in the
MS using a selective ion mode (electron energy: ⫺70 eV) to only
search for ions that matched metabolites in our database of 60 pure
reference compounds. The quantity of each metabolite was determined using the quadratic calibration curves drawn from pure compounds run at 11 different concentrations ranging from 10 to 3,000
M. Concentrations were also corrected relative to an internal standard, arabinose, to correct for any sample loss during extraction or
injection. Finally, all concentrations were divided by the fresh mass of
the individual.
Data analysis. Microarray data were processed and normalized
using the limma package for R (53). The data were background
corrected and normalized within arrays using a lowess approach.
Additionally, to standardize intensities across arrays, we conducted a
between array normalization with the “scale” method. After normalization, data integrity was checked using a combination of MA plots,
box plots, and red-green intensity plots. Replicate probes were collapsed by taking the average M value for each spot. To find differ-

entially expressed probes, we used the limma pipeline to fit a linear
model and compute empirical Bayes statistics from the linear contrasts. P values were adjusted using the Benjamini and Hochberg
method (10) to control the false discovery rate (FDR). For the top 150
differentially expressed genes, we constructed a heat map of the
expression ratios using JMP 9 (SAS, Carry, NC). The microarray data
are deposited in the National Center for Biotechnology Information
Gene Expression Omnibus database, accession number GSE36483.
To conduct the multivariate analyses described below, the normalized probe intensities for each sample were averaged across replicate
probes, and the resulting intensities were averaged across technical
replicates of the same individual. The intensities were log2 transformed prior to data analysis. Principal components analysis (PCA)
was conducted using the R package prcomp, while hierarchical
clustering of the phenotypic classes was computed using the Ward
method in JMP 9. To test for enriched functional categories in our
dataset, Sarcophaga ESTs were mapped to their D. melanogaster
homolog, and lists of significantly (FDR ⬍0.05) differentially expressed genes were submitted to the DAVID functional annotation
database (http://david.abcc.ncifcrf.gov) (27). Specifically, we used the
functional annotation clustering tool in DAVID, which finds overrepresented Gene Ontology (GO) terms (5) and places these GO terms
into nonredundant clusters. We also tested for enriched KEGG pathways using the R package GSA (19). Additionally, gene sets were
generated from lists of differentially expressed genes from previous
microarray studies, and these a priori lists were also tested for
enrichment using GSA. Whereas DAVID simply tests for enrichment
in a defined list of genes, GSA takes into account expression values
for each probe in calculating the enrichment score. For GSA, we used
full, nonredundant log2 transformed data and performed 1,000 permutations to estimate the FDR.
To analyze the metabolomics data, metabolite contents expressed
as nmol/mg fresh mass were first log2 transformed. Metabolite quantities were compared across the six treatments using ANOVA and a
pooled t-test in JMP 9, and the resulting P values were adjusted using
the Benjamini and Hochberg method (10) to control the FDR at 0.05.
PCA and hierarchical clustering on the phenotypic classes were
conducted as before. To identify metabolic pathways associated with
our treatments, metabolite pathway enrichment analysis was conducted using MetaboAnalyst (http://www.Metaboanalyst.ca), a webbased platform for metabolomics data analysis (63).

Fig. 2. Effect of rapid cold-hardening (RCH) on the cold tolerance of pharate
adult flesh flies. Cold-shocked flies were directly exposed to the indicated test
temperature for 2 h, while flies in the RCH groups were exposed to 0°C for 2
h prior to being transferred to the test temperature. Flies that successfully
eclosed as adults were considered alive. Different letters represent significant
differences between groups (ANOVA, Tukey, P ⬍ 0.05).
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Table 1. Number of differentially expressed probes in each
pairwise comparison
Comparison

FDR ⬍0.05

1.5⫻ Up

1.5⫻ Down

Control vs. RCH
Control vs. CS⫹R
Control vs. RCH⫹CS⫹R
CS⫹R vs. RCH⫹CS⫹R

0
1,378
1,525
5

0
103
125
0

0
8
9
0

Probes that were considered significant had false discovery rate (FDR)
⬍0.05, while the 1.5⫻ columns contain probes that were both significant (FDR
⬍0.05) and 1.5-fold up- or downregulated. For each comparison, we measured
the expression of 15,558 distinct expressed sequence tags (ESTs). RCH, rapid
cold-hardening; CS, cold shock; R, recovery.
RESULTS AND DISCUSSION

RCH significantly enhances cold tolerance. To verify that
our strain of S. bullata exhibited the RCH phenotype, we
measured the effects of RCH on the cold tolerance of pharate
adult flies (i.e., flies that have completed ⬃75% of adult
development but have yet to eclose from the puparium) (39). In
this experiment, the criterion for survival was successful eclosion, which occurred ⬃5– 6 days after the experiment. While
⬃80% of flies survived a 2 h cold shock at ⫺8°C, only 20%
survived at ⫺9°C, and none successfully emerged following 2
h at ⫺10°C (Fig. 2). However, when flies were exposed to 0°C
for 2 h prior to being cold shocked, nearly all survived ⫺9°C
and ⬃50% survived ⫺10°C. Thus, for these experiments, we
selected ⫺10°C as our cold shock temperature, since at this
temperature RCH allowed significant survival at a temperature
that is normally 100% lethal. While no flies emerge as adults
after experiencing a ⫺10°C cold shock, all were still able to
continue adult morphogenesis, so flies sampled 2 h after cold
shock were clearly still alive.
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RCH has very little effect on the transcriptome. Our treatment design and microarray hybridization scheme (Fig. 1)
allowed us to test two separate hypotheses regarding the effects
of RCH on gene expression: 1) RCH induces or turns off
specific genes during the hardening period (i.e., the 2 h at 0°C),
and 2) RCH alters the transcriptional signature during recovery
from cold shock. However, we found very little evidence in
support of either hypothesis. In the Control vs. RCH comparison, no ESTs were differentially expressed between the two
groups (Table 1). In addition, while numerous ESTs were differentially expressed during recovery from cold shock (see below), RCH had little effect on gene expression during recovery; a
direct comparison of the CS⫹2R and RCH⫹CS⫹2R comparisons showed that only five ESTs were differentially expressed
between the two treatments, none of which differed by ⬎33%. Of
these five ESTs, three were downregulated cell signaling genes
(Arrestin-1, TNF-receptor-associated factor 4, and CG10737),
perhaps indicating an RCH-mediated shutdown of certain cell
signaling events. In particular, TNF-receptor-associated factor 4 is
a positive regulator of apoptosis (11); thus, significant downregulation of this transcript in the RCH⫹CS⫹2R group relative to the
CS⫹2R group may reflect inhibition of apoptosis by RCH (65).
While RCH had little effect on a gene-by-gene comparison,
we also conducted several multivariate analyses in an attempt
to reveal subtle differences in gene expression caused by RCH.
A heat map diagram of the top 150 differentially expressed
ESTs, as determined by ranking the F-statistics for each probe,
separated our four treatment groups into four distinct clades,
indicating that RCH causes some differences in expression
patterns among the most labile genes (Fig. 3). However, when
the entire dataset was considered, we were once again unable
to detect differences attributable to RCH. Both PCA and
hierarchical clustering of the entire dataset produced similar

Fig. 3. Heat map showing expression patterns of the top 150
most differentially expressed expressed sequence tags
(ESTs). Expression values are given as the log2 ratio of each
treatment relative to the control sample hybridized on the
same chip. All control values are set to 0. The phenotypes
(horizontal axis) and probes (vertical axis) are separated
with hierarchical clustering, and each distinct cluster of
samples is indicated by a colored bar.
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results, in that the phenotypes form two distinct clusters: a
cluster consisting of control and RCH samples, and a cluster
consisting of CS⫹2R and RCH⫹CS⫹2R samples (Fig. 4).
Finally, using gene set analysis (GSA), we attempted to discover subtle, coordinated changes in gene expression in response to RCH to 1) test for enrichment of specific KEGG
pathways and 2) test whether there were detectable similarities
between our dataset and expression patterns from previous
microarray studies of cold and other stressors using a priori

gene lists from those published reports (19). Because GSA
tests for enrichment across entire pathways or lists of genes, it
has the capability to detect differential expression of pathways
even in the absence of major changes in individual genes.
However, when comparing control vs. RCH and CS⫹2R vs.
RCH⫹CS⫹2R we found no gene sets were enriched. Thus, at
both the individual gene and pathway level, RCH had very
little effect on gene expression, both during the hardening
period and during recovery from cold shock.

Fig. 4. Principal components analysis (A)
and hierarchical clustering (B) of the entire
microarray dataset. Input data were the log2
intensity values for each individual sample.
In B, the dendrogram is scaled to represent the
distance between each branch. The distinct
cluster containing control and RCH samples is
highlighted in blue, while the cluster containing CS⫹2R and RCH⫹CS⫹2R samples is
highlighted in red.
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In plants, a number of cold-related genes are upregulated
within minutes of transfer to low temperature (61), so we
suspected some genes may be differentially expressed during
RCH. However, in D. melanogaster, RCH does not appear to
be associated with changes in gene expression (52) and can
occur even when protein synthesis is blocked with cycloheximide (46). Because RCH occurs so rapidly, there may not be
ample time to synthesize new gene products during hardening,
particularly at low temperatures. This idea is supported by a
proteomics study of the wasp Aphidius colemani, where relatively few proteins were upregulated during cold exposure,
while nearly 1⁄3 of the proteome changed during recovery (13).
Similarly, in the linden bug, Pyrrhocoris apterus, hsp70 is
expressed at very low levels during cold exposure but is rapidly
upregulated upon return to room temperature (33). However,
even more puzzling is the failure of RCH to alter expression
patterns during recovery from cold shock. RCH triggers a
number of signaling pathways, including MAP kinase signaling (22) and apoptosis signaling (65), thus we hypothesized
this would be reflected in the gene expression profiles upon
return to ambient temperature. However, of the ⬃1,400 differentially expressed ESTs during recovery from cold shock
(Table 1; see discussion below), only five ESTs were significantly changed by RCH. These results indicate that the existing
cellular machinery is sufficient to carry out RCH, suggesting
that second messenger systems and other posttranslational
processes are the likely drivers of RCH.
An abundance of ESTs are differentially expressed during
recovery from cold shock. While RCH had little effect on gene
expression in S. bullata, we identified 1,378 ESTs that were
differentially expressed in the Control vs. CS⫹2R comparison
(Table 1, Supplemental Table S1).1 Of these, 111 were either
1.5⫻ up- or downregulated. The results for the Control vs.
RCH⫹CS⫹2R comparison were remarkably similar; 1,525
ESTs were differentially expressed, including 134 that were
1.5⫻ up- or downregulated (Table 1, Supplemental Table S2).
1

The online version of this article contains supplemental material.

This, in combination with the results discussed above, indicates
that recovery from cold shock is the primary driver of differential gene expression in our treatments. Because the gene
expression profiles of CS⫹2R and RCH⫹CS⫹2R flies were
largely similar, we will discuss the results of the Control vs.
CS⫹2R and Control vs. RCH⫹CS⫹2R comparisons together
but for simplicity will refer to specific results from only the
Control vs. CS⫹2R comparison.
Using the DAVID functional annotation tool (27), we tested
for enriched GO terms in our list of differentially expressed
genes (Tables 2 and 3). Of note, we found several enriched GO
terms related to cytoskeletal organization and cell shape. Because the cell membrane is one of the major sites of cold shock
damage (16), recent evidence suggests that changes in the actin
cytoskeleton are an essential component of cold-hardening and
repair of cold damage. In mosquitoes, for example, two actin
genes are upregulated in preparation for winter, and cold shock
induces a reorganization of actin fibers in the midgut (31).
Similar effects of cold on the cytoskeleton have been observed
in plants (1), fish (18), and even mammals (3), suggesting a
central role for the actin cytoskeleton during cold stress. In our
dataset, we found differential expression of 55 ESTs related to
the GO biological process “actin cytoskeleton organization,”
indicating that cytoskeletal reorganization is also an important
component of cold shock recovery in S. bullata. Other noteworthy results from the DAVID analysis are 14 ESTs related to
the heat shock response and 32 transcripts associated with
programmed cell death, supporting the critical role of apoptotic
cell death during cold shock injury (65, 66).
We also identified several enriched KEGG pathways and a
priori gene sets by using GSA (Tables 4 and 5). In particular,
we identified several biochemical pathways (discussed below)
and cell signaling pathways that were enriched during recovery
from cold shock. Some of these cell signaling pathways,
including Jak/STAT signaling and insulin signaling, have yet
to be implicated in the response to cold. Jak/STAT signaling
does have known immune functions (4), perhaps explaining in
part the overlap between cold stress and immune signaling

Table 2. DAVID enrichment analysis of the differentially expressed ESTs in the Control vs. CS⫹2R comparison
Description

Clustered observations

Unclustered observations

vesicle mediated transport, endocytosis, phagocytosis
nucleotide binding
cell adhesion
actin cytoskeleton organization
cell morphogenesis
tracheal system development
cytoskeleton-dependent intracellular transport
cytoskeleton organization
programmed cell death
cytoskeletal protein binding
actin binding
protein localization
unfolded protein binding
calcium ion binding
negative regulation of signal transduction
negative regulation of cell communication
response to heat

Type of GO Term

biological
molecular
biological
biological
biological
biological
biological
biological
biological
molecular
molecular
biological
molecular
molecular
biological
biological
biological

process
function
process
process
process
process
process
process
process
function
function
process
function
function
process
process
process

Enrichment Score

Genes Represented, n

5.1
4.4
3.9
3.4
2.8
2.5
2.4
2.4
2.3
2.6
3
1.8
3
1.9
2.7
2.6
3.1

59
123
31
55
84
28
17
61
32
39
26
47
16
33
18
18
14

ESTs with FDR ⬍0.05 and mapped to a Drosophila melanogaster protein database using blastx (E-value cutoff ⫽ 1E-4) were included in the enrichment
analysis. The “clustered observations” were obtained using the DAVID functional annotation clustering tool to cluster similar Gene Ontology (GO) terms into
clustered observations. The “unclustered observations” were not placed into a functional cluster by the DAVID analysis. All clustered observations contained
at least 1 GO term with FDR ⬍0.05, while each of the unclustered observations had FDR ⬍0.05.
Physiol Genomics • doi:10.1152/physiolgenomics.00042.2012 • www.physiolgenomics.org
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Table 3. DAVID enrichment analysis of the differentially expressed ESTs in the Control vs. RCH⫹CS⫹2R comparison
Clustered observations

Unclustered observations

Description

Type of GO Term

Enrichment Score

Genes Represented, n

vesicle mediated transport, endocytosis, phagocytosis
nucleotide binding
response to temperature stress
actin cytoskeleton organization
epithelial development
cytoskeleton
cytoskeleton organization
postembryonic development
RNAi mediated gene silencing
cell morphogenesis
cell adhesion
cytoskeletal protein binding
actin binding
cell adhesion
biological adhesion
regulation of cell shape
negative regulation of signal transduction
unfolded protein binding
regulation of cell morphogenesis
negative regulation of cell communication
protein localization
protein folding

biological process
molecular function
biological process
biological process
biological process
cellular component
biological process
biological process
biological process
biological process
biological process
molecular function
molecular function
biological process
biological process
biological process
biological process
molecular function
biological process
biological process
biological process
biological process

7.1
6.3
4
3.8
3.4
3.2
2.9
2.9
2.8
2.7
2.6
2.8
3.2
2.8
2.6
3.3
3.1
3.4
2.9
3
1.7
2.5

71
138
23
64
53
86
97
63
46
94
21
46
29
34
34
23
22
19
24
22
47
20

ESTs with FDR ⬍0.05 and mapped to a D. melanogaster protein database using blastx (E-value cutoff ⫽ 1E-4) were included in the enrichment analysis. The
clustered observations were obtained using the DAVID functional annotation clustering tool to cluster similar GO terms into clustered observations. The
unclustered observations were not placed into a functional cluster by the DAVID analysis. All clustered observations contained at least 1 GO term with FDR
⬍0.05, while each of the unclustered observations had FDR ⬍0.05.

(68). Others, such as Wnt signaling and dorso-ventral axis
formation, are predominantly considered developmental pathways. However, recent research in Drosophila is revealing that
many embryonic and developmental signaling pathways are
co-opted for other functions during later stages of development. For example, Wnt signaling participates in hindgut
regeneration in adults (57), while the primary regulators of
dorso-ventral axis formation are also key regulators of the
fungal immune response later in life (40). One enriched signaling pathway that is particularly promising is phosphatidylinositol signaling; components of this signaling system have

been implicated as regulators of apoptosis during oxidative
stress in Drosophila (60). However, further experiments are
needed to validate the exact function of these signaling pathways during cold shock recovery in S. bullata.
In addition to enrichment of several KEGG categories, GSA
also revealed congruence between our dataset and several other
transcriptomic datasets from the literature. In particular, during
recovery from cold shock, there was significant enrichment of
genes involved in the Drosophila response to cold (49), with
several genes being significantly upregulated in both studies
(Table 6). In addition, there was strong enrichment of genes

Table 4. GSA of genes involved in recovery from cold shock
Category

Gene Set

Genes Measured, n

Score

FDR

KEGG pathway
KEGG pathway
KEGG pathway
A priori
A priori
A priori
A priori
KEGG pathway
A priori
A priori
KEGG pathway
A priori
KEGG pathway
KEGG pathway
KEGG pathway
KEGG pathway
KEGG pathway
KEGG pathway
KEGG pathway
KEGG pathway

valine, leucine, and isoleucine biosynthesis
dorso-ventral axis formation
Jak/STAT signaling pathway
Drosophila hypoxia response (42)
Drosophila hyperoxia response (37)
Drosophila cold stress (49)
insulin receptor signaling pathway (62)
urea cycle and metabolism of amine groups
Drosophila heat stress (54)
Drosophila oxidative stress response (23)
pentose and glucuronate interconversions
Drosophila ecdysone signaling (9)
phosphatidylinositol signaling
Wnt signaling
VEGF signaling
TGF-beta signaling
inositol phosphate metabolism
pyruvate metabolism
p53 signaling
glycerolipid metabolism

8
11
12
55
57
14
9
18
81
369
16
274
25
39
28
18
19
29
11
34

2.57
0.75
1.38
2.61
1.64
3.05
0.95
⫺1.54
1.66
0.89
1.01
0.74
1.06
0.90
0.83
0.80
0.90
1.01
0.86
0.83

⬍0.0001
⬍0.0001
⬍0.0001
⬍0.0001
⬍0.0001
⬍0.0001
⬍0.0001
⬍0.0001
⬍0.0001
0.013
0.013
0.023
0.042
0.049
0.059
0.075
0.075
0.082
0.084
0.093

Log2 intensity values for each probe that mapped to a D. melanogaster gene (E-value ⬍1E-5) were included in the analysis. Gene sets were obtained from
the KEGG database and from a priori lists generated from other microarray studies. Each gene set included in the table has FDR ⬍0.1. GSA, gene set analysis.
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Table 5. GSA of genes enriched in the C vs. RCH⫹CS⫹2R comparison
Category

Gene Set

Genes Measured, n

Score

FDR

KEGG pathway
A priori
A priori
A priori
KEGG pathway
A priori
KEGG pathway
KEGG pathway
A priori
A priori
KEGG pathway
KEGG pathway
KEGG pathway
A priori
KEGG pathway
A priori
KEGG pathway

valine, leucine, and isoleucine biosynthesis
Drosophila hypoxia response (42)
Drosophila cold stress (49)
Drosophila heat stress (54)
urea cycle and metabolism of amine groups
Drosophila hyperoxia response (37)
Jak/STAT signaling pathway
pyruvate metabolism
Drosophila ecdysone signaling (9)
Drosophila oxidative stress response (23)
pentose and glucuronate interconversions
inositol phosphate metabolism
phosphatidylinositol signaling
Drosophila reproductive diapause (6)
dorso-ventral axis formation
insulin receptor signaling pathway (62)
Wnt signaling

8
55
14
81
18
57
12
29
274
369
16
19
25
257
11
9
39

2.57
2.57
2.78
1.47
⫺1.54
1.61
1.37
1.01
0.84
0.87
0.88
0.94
0.98
0.63
0.96
0.99
0.84

⬍0.0001
⬍0.0001
⬍0.0001
⬍0.0001
⬍0.0001
0.011
0.016
0.016
0.035
0.044
0.044
0.044
0.044
0.045
0.055
0.063
0.079

Log2 intensity values for each probe that mapped to a D. melanogaster gene (E-value ⬍1E-5) were included in the analysis. Gene sets were obtained from
the KEGG database and from a priori lists generated from other microarray studies. Each gene set included in the table has FDR ⬍0.1.

involved in the Drosophila response to hypoxia (42), hyperoxia (37), oxidative stress (23), and heat (54), suggesting that
these different environmental stresses have overlapping transcriptional signatures. Indeed, cold exposure directly causes
oxidative stress in insects (36), so this likely explains the
similarities in gene expression between cold and various forms
of oxygen stress. The genes responsible for much of this
overlap were the heat shock proteins, which are known to be
involved in a number of environmental stresses (20). Examples
of other genes upregulated both in our cold shock recovery
treatment and during other forms of environmental stress
include: phosphoenolpyruvate carboxykinase (PEPCK), an important metabolic regulator (see below); hairy, a transcription
factor that regulates metabolism during hypoxic stress (69);
and DGP-1, a translation elongation factor that functions during periods of oxidative stress (23). Tables summarizing the
expression of these stress-related genes during cold shock
recovery are provided in Supplemental Tables S3–S6. Interestingly, a gene set derived from a recent study on repeated cold
exposure in D. melanogaster (68), which included a single cold

exposure treatment similar to our CS⫹2R treatment, showed no
significant enrichment in our data. However, this study used a
milder temperature regime and a longer recovery period (6 h),
which could explain the lack of overlap.
RCH has a significant impact on several metabolic pathways.
While RCH had no detectable effect on gene expression, we
did observe several metabolic changes attributable to RCH.
During the 2 h at 0°C, there was a significant increase in two
glycolytic intermediates, glucose-6-phosphate (45% increase) and fructose-6-phosphate (9% increase; Fig. 5, Supplemental Table S7); these were the only two metabolites
that changed during RCH. This suggests a rapid shift from
aerobic metabolism to glycolysis/gluconeogenesis during
RCH, perhaps to begin the process of diverting carbon flow
toward cryoprotectant synthesis (34). Similar observations
were made by Michaud and Denlinger (45) and Overgaard et
al. (47) in S. crassipalpis and D. melanogaster, respectively,
indicating that a shift toward glucose production may be a
general feature of RCH. In addition, S. crassipalpis undergoes several other changes during RCH, including elevation

Table 6. Expression of genes involved in Drosophila cold stress during recovery from cold shock in Sarcophaga bullata
EST Accession

EZ605491
U96099.2
EZ598021
EZ597482
EZ601452
SRR006884.66098
SRR006884.70084
EZ601126
EZ604149
EZ610357
SRR006884.112334
EZ599928
SRR006884.85625
EZ600486

Description

CG8026, isoform B [Drosophila melanogaster]
Sarcophaga crassipalpis 23 kDa heat shock protein
ScHSP23 mRNA, complete cds
CG15745, isoform A [Drosophila melanogaster]
Ubiquitin-5E [Drosophila melanogaster]
SRY interacting protein 1 [Drosophila melanogaster]
pinocchio, isoform A [Drosophila melanogaster]
CG3814, isoform A [Drosophila melanogaster]
CG3345 [Drosophila melanogaster]
draper, isoform B [Drosophila melanogaster]
CG15347, isoform A [Drosophila melanogaster]
CG2118, isoform A [Drosophila melanogaster]
mitochondrial acyl carrier protein 1, isoform B
[Drosophila melanogaster]
Ect3 [Drosophila melanogaster]
CG8778 [Drosophila melanogaster]

Drosophila RefSeq
Homolog

Blastx E-value

GSA Gene
Score

NP_610468.1
NA

3.00E-72
NA

15.48
11.41

0.90
1.74

5.56E-11
3.74E-11

NP_572873.1
NP_727078.1
NP_524712.1
NP_608568.1
NP_610824.1
NP_608509.1
NP_728660.2
NP_572479.1
NP_651896.1
NP_477002.1

6.98E-10
4.90E-127
1.79E-08
8.51E-37
1.20E-06
1.67E-06
1.97E-25
8.11E-63
6.55E-08
1.13E-13

7.13
5.67
4.30
3.93
2.75
1.66
0.36
⫺0.17
⫺0.87
⫺1.05

0.63
0.39
0.12
0.90
0.14
0.21
0.03
⫺0.02
0.00
⫺0.04

4.16E-09
1.29E-05
2.45E-01
1.37E-05
3.44E-01
5.46E-01
7.78E-01
8.83E-01
9.82E-01
6.88E-01

NP_650142.1
NP_610805.1

2.30E-13
1.45E-108

⫺1.12
⫺1.14

⫺0.07
⫺0.05

6.29E-01
6.73E-01

Log2 FC

FDR

This list of genes, identified as significantly enriched by GSA, was obtained from a microarray study of Drosophila cold stress (49). The column “GSA Gene
Score” is a modified t-statistic that reflects the relative importance of a particular transcript toward the overall enrichment of that gene set.
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Fig. 5. Relative changes in metabolite contents in response to RCH and cold shock. Metabolite contents are expressed as the mean ⫾ SE fold change of each
metabolite relative to control. *Significant difference (ANOVA, false discovery rate ⬍0.05) between that treatment and the control within a particular metabolite.

of the cryoprotectants glycerol and sorbitol. However, it is
worth noting that Michaud and Denlinger (45) used 8 h at
4°C as their RCH treatment; thus, these flies had a much
longer time at a milder temperature to carry out these
biochemical changes.
In addition to changes in metabolism during RCH, RCH also
altered the metabolic signature of flies during recovery from

cold shock. During recovery from cold shock, we observed
increases in numerous compounds, including nearly every
amino acid, sugar, and polyol that we measured (Fig. 5,
Supplemental Table S7). While a number of these changes may
be adaptive to help repair cold injury (such as synthesis of
cryoprotectants to protect damaged membranes and proteins),
some of these changes may simply reflect significant protein
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breakdown and an inability to maintain homeostasis due to
cold shock damage. However, for several compounds, RCH
dampened the increase, perhaps reflecting a homeostasis-preserving function for RCH. For example, after a 2 h recovery
from cold shock, flies exposed to RCH had 47% less glucose,
25% less glycerol, and 46% less sorbitol. These differences
resulted in RCH⫹CS⫹2R flies having significantly lower total
levels of both sugars and polyols than their CS⫹2R counterparts (Fig. 5, Supplemental Table S7). In Drosophila, longterm cold acclimation helps preserve metabolic homeostasis
following cold shock (14), and it appears that short-term RCH
has a similar effect in Sarcophaga. This effect was not as
pronounced after 24 h of recovery, but nonetheless this evidence suggests that RCH helps preserve homeostasis immediately following cold shock.
To help put the above metabolic changes into context, we
also conducted metabolic pathway enrichment analysis on our
metabolomics data set. In a similar manner to GSA, metabolic
pathway analysis looks for coordinated changes in metabolites
that belong to the same pathway. In the control vs. RCH
comparison, several metabolic pathways were enriched, including glycolysis/gluconeogenesis, amino sugar and nucleotide sugar metabolism, and starch and sucrose metabolism
(Table 7). Interestingly, in the CS⫹2R vs. RCH⫹CS⫹2R
comparison, despite a number of differences in individual
metabolites, no specific pathway enrichment was detected,
meaning that the observed metabolite differences were not
coordinated along an entire pathway. In contrast, after 24 h of
recovery, there were several metabolic pathways that showed
differences between CS⫹24R and RCH⫹CS⫹24R individuals, notably several pathways related to sugar and amino acid
metabolism. One pathway that was enriched both during RCH
and during recovery, the pentose phosphate pathway (also
referred to as the hexose monophosphate shunt), was previously shown to provide some of the energy and reducing
equivalents for cryoprotectant synthesis (55). Thus, the impact
of RCH on this pathway may be particularly important for
increased cold tolerance. While these changes need to be
explored in more detail to determine their adaptive benefits,
they do demonstrate that RCH exerts a direct effect on certain
metabolic pathways, both during hardening and during recovery from cold shock.

Recovery from cold shock elicits sweeping changes in metabolite content. Although RCH had substantial effects on the
metabolome, the effects of cold shock and recovery on the
metabolome were even more dramatic (Figs. 5 and 6, Supplemental Table S7). Using both PCA and hierarchical clustering
(Fig. 6), our metabolomics data forms three distinct clusters: a
cluster consisting of control and RCH flies, a cluster consisting
of CS⫹2R and RCH⫹CS⫹2R flies, and a cluster consisting of
CS⫹24R and RCH⫹CS⫹24R flies. Thus, similar to the gene
expression data, recovery from cold shock was the major driver
of differences in metabolite content. As mentioned above,
recovery from cold shock caused an increase in almost every
metabolite we measured; out of 24 total amino acids, sugars,
and polyols in our dataset, 22 were elevated by 24 h of
recovery from cold shock (Fig. 5, Supplemental Table S7).
Because nearly every compound changed, the results of metabolic pathway analysis were not particularly informative,
since nearly every pathway showed evidence of enrichment
relative to control samples (Supplemental Table S8). One
interesting finding from these data is the presence of a multiple-component cryoprotectant system in S. bullata. While the
importance of glycerol as a cryoprotectant has been well
established in S. bullata (67), sorbitol and inositol were both
more abundant than glycerol in our samples. Of all the metabolites we measured, sorbitol showed the most dramatic changes; CS⫹24R flies showed a 96-fold increase in sorbitol levels
compared with control, an increase in sorbitol content from
6.2 ⫾ 0.6 to 608 ⫾ 66.9 pmol/mg. However, despite the
dramatic accumulation of sorbitol and other cryoprotectants,
polyol levels in response to cold shock were much lower than
those observed in overwintering individuals, both within S.
bullata and compared with other species. For example, diapausing pupae of S. bullata accumulate ⬃450⫻ more glycerol
than CS⫹24R flies in our study (12), while another temperate
dipteran, Eurosta solidaginis, accumulates sorbitol at levels
⬃250⫻ greater than CS⫹24R flies (56). Thus, while our data
clearly demonstrate a multiple-component cryoprotectant system during recovery from cold shock, the actual concentrations
of these compounds are much lower than in some overwintering insects. However, evidence suggests that polyol cryoprotectants may have specific protective functions in the cell, in

Table 7. Metabolic pathways modulated by RCH
Comparison

Control vs. RCH

CS⫹2R vs. RCH⫹CS ⫹2R
CS⫹24R vs. RCH⫹CS⫹24R

Pathway

Represented

Impact

FDR

glycolysis or gluconeogenesis
amino sugar and nucleotide sugar metabolism
pentose phosphate pathway
galactose metabolism
starch and sucrose metabolism
none
starch and sucrose metabolism
lysine degredation
amino sugar and nucleotide sugar metabolism
pentose phosphate pathway
glycolysis or gluconeogenesis
galactose metabolism
fructose and mannose metabolism
glutathione metabolism

3
4
5
8
6

1.43E-01
1.53E-01
8.99E-02
9.34E-02
8.77E-02

2.34E-03
2.34E-03
1.84E-02
2.21E-02
2.99E-02

6
2
4
5
3
8
4
4

8.77E-02
1.46E-02
1.53E-01
8.99E-02
1.43E-01
9.34E-02
1.58E-01
2.81E-02

3.75E-02
3.75E-02
3.75E-02
3.75E-02
3.75E-02
3.75E-02
3.75E-02
4.46E-02

Pairwise metabolite pathway enrichment analysis was conducted on the log2 metabolite contents for each comparison. Significantly enriched pathways with
FDR ⬍0.05 are included in the table.
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Fig. 6. Heat map diagram (A) and principal components
analysis (B) of the entire metabolomics dataset. In A, the
colors represent the log2 fold change of each metabolite
relative to the mean control level. Individual samples (horizontal axis) and compounds (vertical axis) are separated
using hierarchical clustering, with the dendrogram scaled to
represent the distance between each branch. The cluster
containing control and RCH groups is highlighted in green,
the cluster containing CS⫹2R and RCH⫹CS⫹2R groups is
highlighted in orange, while the cluster containing the
CS⫹24R and RCH⫹CS⫹24R groups is highlighted in red.
In B the input data consisted of the log2 metabolite content
for each compound measured in each sample.
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addition to the colligative effects most often attributed to these
compounds (64).
Coordinated changes in gene expression and metabolism.
While the transcriptomics and metabolomics data have been
discussed separately up to this point, there were several points
of congruence between the two datasets. First, the shift to
gluconeogenesis during recovery from cold shock correlates
with a 3.9-fold upregulation of PEPCK (Supplemental Table
S1). PEPCK catalyzes the conversion of oxaloacetate to phosphoenolpyruvate, the rate-limiting step of gluconeogenesis
(25). Interestingly, we also found evidence in our GSA that
genes related to insulin signaling are enriched during recovery
from cold shock (Tables 4 and 5). This enrichment of insulin
signaling appeared to be driven by significant upregulation of
protein kinase 61c and downregulation of gigas, two regulatory
proteins that are linked to insulin signaling. Normally, insulin
signaling is thought to inhibit expression of PEPCK (8), but
this concept is primarily based on vertebrate research; in both
S. crassiapalpis and the apple maggot, Rhagoletis pomonella,
there is concurrent upregulation of both insulin signaling and
PEPCK during overwintering diapause (50, 51). Also, due to
the relative lack of information concerning invertebrate insulin
signaling (62), our a priori list only contains 11 insulin-related
genes, thus our list is likely not comprehensive.
Our combined GSA and metabolite pathway analysis also
revealed four pathways that were enriched at both the transcript
and metabolite level (Table 8). One such KEGG pathway,
valine, leucine, and isoleucine biosynthesis, was strongly enriched in both datasets. Also, the KEGG pathway urea cycle
and metabolism of amine groups was significantly downregulated during recovery from cold shock, thus contributing to the
observed accumulation of amino acids (Tables 4 and 5). We
hypothesize that increased amino acid biosynthesis either
serves a cryoprotective role during recovery from cold shock,
is necessary to support the burst of protein synthesis during
recovery from cold shock (28), or a combination of both. While
previous studies have primarily focused on carbohydrates and
low-molecular weight polyols in response to cold, recent research suggests that amino acids are indeed an important
component of cold-hardiness in some insects (32, 35). A
second pathway that was enriched in both the transcriptome
and metabolome was pyruvate metabolism, which serves as a
key intersection point between carbohydrate and amino acid
metabolism (29). Finally, two pathways, inositol phosphate
metabolism and pentose and glucuronate interconversions, reflect the biosynthesis of the second most abundant polyol,
inositol, and the three 5-carbon polyols in our dataset, ribitol,
xylitol, and arabitol. Overall, these results show reasonably
good agreement between the transcriptomic and metabolomic

data, although these pathways should be further explored with
a targeted approach to verify their role in cold shock recovery.
While our data showed relatively good agreement at the
transcript and metabolite level, there were many instances
when changes in metabolism were not reflected by changes in
gene expression. This is not surprising, as there are many levels
of biological organization between transcription and metabolite
synthesis (21). Thus, the transcriptomics data in particular
should be taken with caution, because transcript levels may not
be entirely representative of the physiological state of the
organism. However, there are well-established cases where
gene expression and metabolic endpoints are strongly correlated, as in the case of PEPCK discussed above (25). Also,
while transcriptomics data may not always reflect the physiological function of an organism, they can provide important
clues as to which pathways are activated during times of stress,
by identifying the downstream genes that are regulated by
these pathways (21).
Conclusions
Our experiments allowed us to examine the effects of RCH
on the transcriptome and metabolome both during the hardening period and during recovery from a subsequent cold shock.
Despite its dramatic effect on cold tolerance, RCH had little
effect on the transcriptome of S. bullata. Using several multivariate tools, we were unable to detect differences in gene
expression attributable to RCH. At the very least, these results
indicate that transcriptional regulation is not a major contributor to RCH. Instead, future research will focus on changes in
protein phosphorylation and other signaling events that govern
RCH. For example, p38 MAP kinase is rapidly phosphorylated
during RCH (22), and there are likely numerous other signaling
proteins, both upstream and downstream of p38, that have yet
to be identified. In particular, we would like to identify the
signaling mechanisms that drive the observed changes in metabolism attributable to RCH.
While the primary purpose of this study was to dissect the
molecular mechanisms of RCH, a secondary objective was to
discover pathways involved in recovery from cold shock.
Indeed, while RCH had minor effects on gene expression and
metabolism, an abundance of genes and metabolites were
differentially expressed during recovery from cold shock. Our
results have allowed us to generate/advance the following
hypotheses regarding the mechanisms of cold injury repair in
insects: 1) Cytoskeletal rearrangement is crucial for the repair
of cold damage, as evidenced by the abundance of cytoskeletal
genes upregulated during recovery from cold shock; 2) Coordination of numerous cell signaling pathways is a key compo-

Table 8. Summary of biochemical pathways enriched in both the transcriptomic and metabolomic datasets during recovery
from cold shock
Biochemical Pathway

Genes Measured, n

GSA FDR

Metabolites Measured, n

Metabolite Pathway FDR

Valine, leucine, and isoleucine biosynthesis
Pentose and glucuronate interconversions
Inositol phosphate metabolism
Pyruvate metabolism

8
16
20
29

⬍1.00E-04
0.013
0.075
0.082

4
3
1
1

1.64E-03
1.06E-04
1.04E-03
6.23E-03

KEGG pathways that were significantly enriched (FDR ⬍0.1) in the Control vs. CS⫹2R comparison by both GSA for the gene expression data and metabolite
pathway enrichment analysis for the metabolimics data are included.
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nent of cold-damage repair. Future experiments will seek to
identify the relationships between these pathways and determine which are essential for cold repair; and 3) Many of the
genes involved in cold shock repair are also essential for other
forms of environmental stress. Evidence from both the present
study and previous work suggests the presence of a common
stress-signaling axis (or axes) that is activated by disparate
forms of environmental stress.
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