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1. Introduction

Background: Mountain pine beetles, Dendroctonus ponderosae Hopkins (Coleoptera: Curculionidae), are
native to western North America, but have recently begun to expand their range across the Canadian
Rocky Mountains. The requirement for larvae to withstand extremely cold winter temperatures and
potentially toxic host secondary metabolites in the midst of their ongoing development makes this
a critical period of their lives.
Results: We have uncovered global protein profiles for overwintering mountain pine beetle larvae. We
have also quantitatively compared the proteomes for overwintering larvae sampled during autumn
cooling and spring warming using iTRAQ methods. We identified 1507 unique proteins across all
samples. In total, 33 proteins exhibited differential expression (FDR < 0.05) when compared between
larvae before and after a cold snap in the autumn; and 473 proteins exhibited differential expression in
the spring when measured before and after a steady incline in mean daily temperature. Eighteen proteins
showed significant changes in both autumn and spring samples.
Conclusions: These first proteomic data for mountain pine beetle larvae show evidence of the involve-
ment of trehalose, 2-deoxyglucose, and antioxidant enzymes in overwintering physiology; confirm and
expand upon previous work implicating glycerol in cold tolerance in this insect; and provide new,
detailed information on developmental processes in beetles. These results and associated data will be an
invaluable resource for future targeted research on cold tolerance mechanisms in the mountain pine
beetle and developmental biology in coleopterans.

© 2012 Elsevier Ltd. Open access under CC BY-NC-ND license,

banksiana) east of the Canadian Rocky Mountains (Cullingham
et al.,, 2011).

Populations of mountain pine beetles, Dendroctonus ponderosae
Hopkins (Coleoptera: Curculionidae), have increased rapidly in
recent years and have had major impacts on forests throughout
western North America. A general warming trend in temperatures
across western Canada is one factor that has influenced the spread
of this outbreak (Stahl et al., 2006; Carroll et al., 2003). The massive
infestations have caused large-scale economic, social, and envi-
ronmental changes in the region and on a global scale (Safranyik
and Wilson, 2006; Kurz et al., 2008). Populations of the insects
are now spreading to forests outside of their historical range (Nealis
and Peter, 2008) and into a new host species (jack pines, Pinus
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Mountain pine beetles spend the majority of their one-year life
cycle as larvae under the bark of host trees, and must endure
prolonged cold exposure in that location during winter. Cold
temperatures, particularly before the larval beetles have developed
resistance to freezing, have been suggested to cause significant
mortality in overwintering populations (Stahl et al., 2006; Cole,
1981; Safranyik, 1978). Though temperatures regularly fall below
their bodily fluid freezing point, larvae avoid internal ice formation
by shifting energy from developmental and basal metabolism to the
biosynthesis of cryoprotectants, mainly glycerol, to attain a super-
cooled state (Bentz and Mullins, 1999; Fraser, 2011; Joanisse and
Storey, 1994c).

Larvae develop through four instars (Safranyik and Wilson,
2006) and alternate daily between states of quiescence and
further development (Powell and Logan, 2005). Cold tolerance
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increases with successive larval instars, with third and fourth instar
larvae, the usual overwintering stages, not experiencing high
mortality until temperatures reach —30 to —40 °C for several hours
(Wygant, 1940). If gradually allowed to cold harden and produce
sufficient glycerol, late-instar larvae can survive for extended
periods of time at temperatures near —40 °C (Safranyik and Wilson,
2006; Wygant, 1940). Until recently, there was no evidence to
suggest that mountain pine beetles undergo diapause, a longer and
distinctly regulated period of suspended development, during any
life stage. However, Lester and Irwin (2012) suggest that over-
wintering adults that survive under the bark through the winter
months may undergo a period of facultative diapause.

While occupying a large latitudinal and elevational range
throughout western North America, the most limiting factor in
further range expansion of the mountain pine beetle is unfavorable
climatic conditions (Carroll et al., 2003). The continued eastward
shift of the leading edges of the mountain pine beetle infestation
into the very cold northern boreal forest will be dependent, in part,
upon the physiology that underlies this insect’s cold tolerance
mechanisms.

The recent development of mountain pine beetle genomic
resources — including an extensive EST database (Keeling et al.,
2012) — has expanded our ability to identify genes and their
protein products associated with processes of successful insect
outbreaks. Because measures of transcript accumulation alone are
not always a reliable indicator of protein abundance (Greenbaum
et al., 2003; Maier et al., 2009), we conducted a quantitative
comparison of protein profiles in larval mountain pine beetles that
were field-sampled in the autumn, before and during a cold spell,
and in early- and late-spring as ambient temperatures increased.

Our investigation to identify the proteins that are present in
overwintering and developing larvae, and which proteins season-
ally shift in abundance, will provide a rich source of information to
confirm existing and identify novel gene candidates for further
study.

2. Materials and methods
2.1. Collection of larval specimens

The sampling sites contained lodgepole pines (Pinus contorta)
that were naturally infested with mountain pine beetle and were
located near Téte Jaune Cache, British Columbia, Canada (N 53° 3/
36.00”, W 119° 36’ 54.00” and N 52° 55’ 4.00”, W 119° 21’ 23.00").
Eleven freshly attacked lodgepole pines were each fitted with three
iButton temperature dataloggers (Maxim, Sunnyvale, CA, USA) that
recorded ambient temperature every 30 min throughout the study
period. Temperatures were monitored at the base of each tree, and
at 1.3 m above the forest floor on both the north and south sides of
tree boles. Overwintering mountain pine beetle larvae were excised
and live-collected from under the bark, flash frozen in individual
vials, immediately transported back to the lab covered in dry ice,
and stored at —80 °C until protein extractions were conducted.
Protein extractions were performed on insects collected on 26
September and 7 November 2008 (early- and late-autumn) and on
25 March and 27 May 2009 (early- and late-spring).

2.2. Protein extraction

Eight frozen larvae from each of the four collection dates, chosen
randomly from the eleven trees, were used per extraction and each
extraction was replicated four times. Larvae were thawed on ice for
5 min and were then homogenized in 500 pL TCA buffer containing
15% trichloroacetic acid (Sigma—Aldrich) and 1% dithiothreitol
(Fisher Scientific) by weight (protocol adapted from LJ. Foster,

personal communication). Samples were homogenized six times
for 1 min at 1500 rpm on a GenoGrinder 2000 (SpexCertiprep, USA)
with 3 min incubation on ice in between. The homogenate was
transferred to a new tube and incubated on ice for 30 min. Samples
were then centrifuged at 18,000xg for 10 min at 4 °C and the
supernatant was removed. The pellet was resuspended in 1 mL of
ice-cold acetone and incubated on ice for 5 min. This acetone wash
was repeated four times. Pellets were air dried for 10 min to allow
the acetone to evaporate and were then solubilized in 1 mL urea/
thiourea buffer containing 6 M urea (Fisher Scientific) and 1 M
thiourea (Fisher Scientific) in 100 mM Tris—Cl (pH 8.0; Ultrapure,
Invitrogen). A final centrifugation at 18,000xg was conducted for
10 min at room temperature to pellet any remaining insoluble
debris. The supernatant containing total insect proteins was
collected and stored at —80 °C for subsequent iTRAQ analysis.
Protein concentration and quality was confirmed by a Bradford
Protein Assay Kit (Fisher Scientific, Ottawa, ON) and Experion
Pro260 Chip analysis (Biorad, Hercules, CA).

2.3. Experimental design and iTRAQ analysis

Four biological replicates (each containing protein from eight
pooled larvae) from each of the two autumn sampling dates were
analyzed in one eight-plex run, while four biological replicates
from each of the two spring sampling dates were analyzed in
a separate eight-plex run. We compared protein abundances
between 7 November 2008 and 26 September 2008, and between
27 May 2009 and 25 March 2009.

Protein extracts were analyzed by eight-plex isobaric tags for
relative and absolute quantification (iTRAQ) at the University of
Victoria Genome British Columbia Proteomics Centre (Victoria,
British Columbia, Canada) as per Lippert et al. (2009) and Ohlund
et al. (2011). All data were analyzed with ProteinPilot™ Software
v3.0 (Applied Biosystems) using the Paragond algorithm (Shilov
et al.,, 2007) against a translated database of MPB transcriptome
sequences (Keeling et al., 2012). The following analytical parame-
ters were applied: Cys alkylation: MMTS; digestion: trypsin;
instrument: QSTAR ESI; and an Unused ProtScore threshold of >1.3
(95% protein confidence).

2.4. Protein quantification and statistical analysis

Protein quantities from all autumn samples were normalized to
one of the replicates from 26 September 2008, assigning this
replicate a quantity of 1. Likewise, spring quantities were normal-
ized to one of the replicates from 25 March 2009. These normalized
protein ratios were then logyp transformed to normally distribute
the data. A two-tailed t-test was performed on the transformed
ratio data to compare the two sample groups within each eight-
plex. The Benjamini—Hochberg correction was applied to control
for false discovery (Benjamini and Hochberg, 1995; Hakimov et al.,
2009) by ranking proteins from smallest to largest p-value, multi-
plying each p-value by the total number of proteins originally
quantified by iTRAQ, and dividing by its rank. Proteins with a g-
value (BH-corrected p-value) <0.05 are considered significantly
differentially expressed with a 5% false discovery rate (FDR < 0.05).
Average fold changes, representing the change in protein abun-
dance, were calculated for the later date, relative to the earlier date,
from the untransformed iTRAQ ratio data.

Proteins were not filtered by their fold change values, as pro-
teomics experiments have followed the general trend of microarray
experiments in selecting fold change cutoffs that are arbitrary
(Seshi, 2006), and the validity of these cutoffs has not been well
assessed (Yang et al., 2002). For the purposes of presenting these
data for the first time, all proteins that pass the FDR cutoff are
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Fig. 1. Maximum, minimum, and mean daily temperatures logged at the sampling trees near Téte Jaune Cache, BC, Canada during autumn 2008 (left) and spring 2009 (right).
Arrows indicate the four sampling dates for which mountain pine beetle larval proteomics data were acquired: 26 September 2008, 7 November 2008, 25 March 2009, and 27 May

2009.

included, and fold changes should be considered when regarding
the importance of individual proteins. The majority of proteins that
passed the FDR cutoff do have higher fold changes than the
generally used cutoff of 1.2.

2.5. Protein identification and classification

Proteins were identified with the closest BLASTx hits of their
corresponding assembled EST sequence to other insect proteins
available on NCBI. All proteins were manually annotated using
UniProtKB (The UniProt Consortium, 2011) and subsequently
grouped into broad functional classes for comparison.

3. Results and discussion
3.1. Temperature data

Temperature data were compiled and maximum, minimum, and
mean daily temperatures throughout the sampling period were
determined (Fig. 1). Due to technical difficulties, 17 h of tempera-
ture data were lost between 9:36 a.m., 1 April, 2009 and 2:36 a.m., 2
April, 2009. Daily minimum, mean and maximum temperatures for
1 April, 2009 were estimated by averaging daily minimum, mean
and maximum temperatures for 31 March, 2009 and 2 April, 2009.
While these temperature data provide a good picture of weekly
trends in ambient temperature variation at the sampling site, it is
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important to note that temperatures under the bark, where the
larvae were developing, can differ substantially due to factors such
as bark thickness, tree diameter, and snow depth (Safranyik and
Wilson, 2006).

3.2. Global larval proteome profile

In total 1139 proteins were detected in autumn-collected larvae,
and 1051 proteins were detected in the spring-collected larvae.
These were manually annotated and grouped into fourteen broad
functional classes (Fig. 2). Of these proteins, 456 were exclusively
present in autumn larvae and 368 in spring larvae (Fig. 3), high-
lighting the distinct seasonal difference in overall proteome
composition. The proportions of proteins in each functional class
were similar between autumn and spring. The largest classes were
those involved in protein metabolism and modification; carbohy-
drate metabolism; and muscle, cytoskeletal and cuticlar processes.

3.2.1. Protein metabolism/modification class

Proteins in these functional groups made up 20.5% of the
autumn larval proteome and 23.6% of the spring larval proteome.
Protein synthesis enzymes made up almost half of this class, with
the other half comprised mainly of protein degradation and
protein-folding enzymes. The protein biosynthetic category was
represented largely by ribosomal proteins, some translation factors,
and a few tRNA aminoacylation enzymes. Proteasome subunits,

B Autumn proteome

" Spring proteome

Functional Class

Fig. 2. Functional classification of all proteins detected in the autumn (black) and spring (grey) mountain pine beetle larval proteomes, including proteins that are common to both.
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All detected proteins Differential proteins (FDR<0.05)

Autumn Spring Autumn Spring

Fig. 3. Venn diagrams illustrating the proportion of all proteins from the mountain
pine beetle larval proteome that are common between autumn and spring (left) and
the proportion of differentially accumulated (FDR < 0.05) proteins that are common
between autumn and spring (right).

ubiquitin-conjugating enzymes, and peptidases were grouped
together under proteolysis. The protein-folding category was rep-
resented by heat shock proteins, T-complex subunits, protein
disulfide isomerase, and peptidyl—prolyl cis-trans isomerase. We
also observed some protein modification enzymes that are likely
involved in protein sumoylation, GPI-anchor attachment, glyco-
sylation, and acetylation.

3.2.2. Carbohydrate metabolism class

Enzymes involved in glycolysis; the citric acid cycle; metabolism
of other sugars and their derivatives; and digestion made up 13.4%
of the autumn larval proteome and 11.6% of the spring larval pro-
teome. All ten enzymes involved in glycolysis were represented, as
well as enzymes that regulate the supply of glucose to glycolysis,
including glycogen phosphorylase, glycogen synthase, and phos-
phoglucomutase. All eight enzymes that function in the citric acid
cycle were detected, as were subunits of pyruvate dehydrogenase
and pyruvate carboxylase that feed carbon to the cycle. We also
detected glycerol-3-phosphate dehydrogenase and sorbitol dehy-
drogenase, involved in the metabolism of polyols that are impli-
cated in cryoprotection (Storey and Storey, 1981). Trehalose-
phosphate synthase and UTP-glucose-1-phosphate uridyltransfer-
ase, which are important for protection against freezing and other
stresses, were also observed. Phosphoenolpyruvate carboxykinase
(PEPCK) was detected in both proteomes. PEPCK is important
enzyme in maintaining glucose levels through gluconeogenesis and
is important for glycerol biosynthesis in mountain pine beetle
(Fraser, 2011). More than 20 digestive enzymes involved in cellu-
lose and pectin degradation were found, some showing high
similarity to those previously described in mountain pine beetle
(Pauchet et al., 2010). These provide support to previous work
indicating that beetles themselves, not just their gut flora, are able
to breakdown plant cell walls (Pauchet et al., 2010; Watanabe and
Tokuda, 2010), even at the larval stage.

3.2.3. Muscle/cytoskeleton/cuticle class

Structural and motor proteins comprised 8.9% of autumn larval
proteins and 8.2% of spring larval proteins. These include multiple
types of actin, myosin, tropomyosin, tropomodulin, troponin, zee-
lin, tubulin, and cuticle constituents. Changes to cellular and body
structure are of significant importance in surviving low tempera-
tures and dehydration (Thorne et al.,, 2011). In addition, developing
larvae experience dramatic growth (particularly in the spring) and
other changes prior to progression into the pupal stage.

3.3. Autumn larval proteome overview
We detected 1081 proteins in the autumn larvae with quanti-

tative iTRAQ ratios, 203 of which showed significant shifts in
accumulation (p < 0.05; Fig. 4). After application of the Benjamini—

6 -

X
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-4 -2 0 2 4
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Fig. 4. Volcano plot representing all proteins with quantifiable iTRAQ ratio differences
between the two autumn sampling dates. Proteins located further upward had more
significant shifts and proteins located further outward from the origin shifted with
higher absolute fold change. 203 proteins had p-values less than 0.05 when their
iTRAQ ratios were compared between the two autumn sampling dates, shown here by
points lying above the p = 0.05 line. After controlling for 5% FDR, 33 proteins still
showed significant shifts in abundance, represented by ‘x’.

Hochberg correction to control for false discovery, 33 proteins
showed significant differential expression (FDR < 0.05) between
the two autumn sampling dates (Fig. 4). Fold changes for those 33
proteins ranged from —2.5 to 6.2 for the 7 November samples
relative to 26 September. These 33 proteins were functionally
annotated and grouped into 13 functional classes (Fig. 5).

3.4. Spring larval proteome overview

We detected 991 proteins in the spring larvae with quantitative
iTRAQ ratios, 554 of which showed significant shifts in accumula-
tion (p < 0.05 Fig. 6). After controlling for 5% false discovery, 473
proteins showed significant differential expression (FDR < 0.05)
between the two spring sampling dates (Fig. 6). Fold changes for
these 473 significantly differentially accumulating proteins ranged
from —69.2 to 22.1 for 27 May samples relative to 25 March. These
473 proteins were grouped into 14 broad functional classes (Fig. 7).

3.5. Proteins showing significant differential expression

3.5.1. Autumn

Of the 33 proteins (Supplemental Table 1) that showed statis-
tically significant differential accumulation (FDR < 0.05) between
the two autumn sampling dates, six were grouped under energy
metabolism, with three of those involved in adenylate metabolism
and the other three in the electron transport chain. Three proteins
that are involved in protection against membrane peroxidation and
toxic radicals show increasing expression during the autumn. This
indicates that mountain pine beetles experience oxidative stress
during overwintering, likely related to changes in basal
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Fig. 5. Functional annotation (left) of the 33 proteins that significantly changed (FDR < 0.05) in autumn larvae and their expression breakdown (right).

metabolism, possible periods of hypoxia, and low-temperature
stress (Storey and Storey, 2010). a,o,-Trehalose-phosphate syn-
thase, involved in trehalose synthesis, increased significantly by
1.33-fold from September to November. Trehalose is a known
cryoprotectant in insects (Baust and Lee, 1983), along with gener-
ally being the major sugar found in their hemolymph (Wyatt and
Kalf, 1957). The levels of 2-deoxyglucose-6-phosphate phospha-
tase increased 6.18-fold in autumn, indicating that the larvae are

-Log,,(p-value)

6 5 4 3 2 1 0 1 2 3 4 5 &6
Log,(fold change)

Fig. 6. Volcano plot representing all proteins with quantifiable iTRAQ ratio differences
between the two spring sampling dates. Proteins located further upward had more
significant shifts and proteins located further outward from the origin shifted with
higher absolute fold change. 554 proteins had p-values less than 0.05 when their
iTRAQ ratios were compared between the two spring sampling dates, shown here by
points lying above the p = 0.05 line. After controlling for 5% FDR, 473 proteins still
showed significant shifts in abundance, represented by ‘x’.

concomitantly increasing production of 2-deoxyglucose which is
known to be a suppressor of glycolysis in other animals (Wan et al.,
2004). Ferritin, an iron storage protein linked to stress response in
animals, plants, and cells (Carrasco et al., 2011; Kitteringham et al.,
2010; Yamaguchi-Shinozaki and Shinozaki, 2006; Orino et al.,
2001), increased 4.02-fold in November compared to September.
One protein involved in isoprenoid biosynthesis showed higher
levels in November with a fold change of 1.52.

3.5.2. Spring

The number of proteins with significantly changing levels in the
spring was large, but not surprising considering the developmental
changes that late-instar larvae go through in the two-month span
leading up to pupation. Proteins involved in amino acid metabolism
were generally found in reduced levels in May-collected larvae,
with the exception of two enzymes involved in serine metabolism,
and one enzyme involved in arginine biosynthesis (Supplemental
Table 2). Two enzymes involved in proline metabolism ornithine
transaminase and delta-1-pyrroline-5-carboxylate synthase, were
found to decrease in May with —1.23- and —2.03-fold changes
respectively. Increased levels of proline have been correlated with
a number of environmental stresses in plants, including low
temperature, water deprivation, and nutrient deficiency (Hare and
Cress, 1997). Although not as well studied in insects, elevated
proline levels have been correlated with overwintering and cold
tolerance (Ramlav, 1999; Misener et al., 2001; Fields et al., 1998;
Storey and Storey, 1981), as have levels of its associated metabolite
alanine (Churchill and Storey, 1989). Proline oxidation in the
mitochondria may also provide an important energy source for
overwintering larvae (Ballantyne and Storey, 1984; Misener et al.,
2001).

Almost all enzymes involved in carbohydrate metabolism
(glycolysis, citric acid cycle, digestive enzymes) were found to have
lower abundance in May with fold changes ranging from —1.4
to —69.2 compared to March larval samples. PEPCK exhibited the
second largest negative fold change at —19.2. Two proteins showing
similarity to glycogen phosphorylase were detected at lower levels
in May compared to March (—6.3- and —4.1-fold changes), indi-
cating the breakdown of glycogen for energy is reduced as the
larvae approach the pupal stage. The only carbohydrate metabolism
proteins that were found to increase in the spring were four that are
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involved in chitin metabolism with ~1- to 3-fold changes, along
with one enzyme involved in fructose metabolism. Trehalose
biosynthesis may also decline with the warmer temperatures, as
shown by reductions in two proteins with similarity to a,a-treha-
lose-phosphate synthase (UDP-forming) with fold changes of —2.1
and —2.4 in larvae in May compared to March.

Proteomic evidence indicates that fatty acid metabolism was
lower in May than in March. One enzyme involved in prostaglandin
metabolism had a large change of —9.6-fold in May compared to
March. All significantly shifting proteins involved in the regulation
of DNA and chromatin (i.e., transcriptional regulation) increased in
May, indicating that the transcriptome changes in response to the
need for different proteins during late-stage development.
Enzymes involved in nucleotide and nucleic acid metabolism were
roughly split evenly between proteins exhibiting increasing and
decreasing levels, indicating high levels of mRNA turnover in the
spring. RNA processing enzymes also showed increases in accu-
mulation between March and May larval samples.

Twelve proteins involved in development and the cell cycle
showed higher expression in May than in March, with fold changes
ranging from 1.8 to 4.9. Some of these have gene ontologies asso-
ciated with cell growth and proliferation, neurogenesis, limb
development, and circadian timing for adult eclosion. We found
four nervous system proteins with increased levels in the spring
(~2- to 5-fold changes), indicating nervous system activity and
development, perhaps in preparation for adult activities such as
dispersal flight and detection of semiochemicals. Levels of six
cuticle proteins also increased in the spring (2.2- to 8.7-fold
changes). Cytoskeleton proteins mainly increased in spring larvae
between March and May, probably in preparation for the rapid
developmental and anatomical changes that occur with pupation.
Seven muscle and motor proteins were found and were roughly
split between small but significant increases and decreases.

Levels of proteins involved in proteolysis generally increased
during the spring, indicating substantial shifts in cell physiology
and bodily restructuring. Similarly, all significantly shifting ribo-
somal proteins and translation factors increased from March to
May. Proteins involved in guiding protein folding generally showed
significant increases in May compared to March, with the exception
of some heat shock proteins that showed significant decreases. In
particular, proteins showing similarity to subunits of heat shock
protein 70 significantly decreased 11.5-, 11.4-, 4.2-, and 2.4-fold in

May larvae compared to levels in March larvae. Heat shock proteins
are associated with stressors such as cold (Rinehart et al., 2007) or
toxic chemicals (Feder and Hofmann, 1999), so decreases in the
spring indicate a shift away from those influences. These same heat
shock proteins were found to increase significantly in adult
mountain pine beetles during the first 24 h of host colonization
(unpublished), indicating their likely involvement in stress physi-
ology relating to host secondary metabolites. Signaling and
receptor proteins were roughly split between higher and lower
expression in May, potentially involved in activating or deactivating
certain genes during release from winter cold and ongoing spring
larval development.

Levels of transport and homeostasis proteins mostly showed
significant increases during the spring, likely in response to shifts in
cell physiology during late-instar larval development. Ferritin, the
iron storage protein that increased significantly during the autumn,
exhibited a large significant decrease (—17.5-fold) in the spring. The
same enzyme thought to be involved in isoprenoid biosynthesis
that increased significantly across the autumn sampling dates,
decreased significantly from March to May (—2.5-fold).

3.5.3. Autumn and spring

Eighteen proteins showed significant changes in both the
autumn and spring (Fig. 3; Table 1). All but one of these proteins
showed opposite shifts in accumulation in the two seasons. One
noteworthy protein is ferritin, due to its large fold changes seen in
both autumn and spring (4.02-fold in autumn and —17.49-fold in
spring). Other proteins of interest related to overwintering and
development physiology are o,o-trehalose-phosphate synthase
(1.33-fold in the autumn and —2.36-fold in the spring); a lipid
storage droplets surface-binding protein (—1.51-fold in the autumn
and 6.81-fold in the spring); antennal-specific protein 3c (3.08-fold
in the autumn and -3.50-fold in the spring); an isoprenoid
biosynthesis protein (1.52-fold in the autumn and —2.52-fold in the
spring); B-tubulin (—1.74-fold in the autumn and 8.09-fold in the
spring); and 2-deoxyglucose-6-phosphate phosphatase (6.18-fold
in the autumn and —69.24 in the spring).

3.5.3.1. Ferritin. Ferritin has been associated with stress response
in many organisms (Carrasco et al., 2011; Kitteringham et al., 2010;
Yamaguchi-Shinozaki and Shinozaki, 2006; Larade and Storey,
2004). Specifically looking at genes and their protein products



Table 1
Eighteen proteins that show significant differential accumulation (FDR < 0.05) in both the autumn and spring mountain pine beetle larval proteomes.
Translated EST contig ID? Representative Annotation (BLASTx-derived) Subject E-value Putative function Autumn Spring?
EST Accession No. (UNIprot-derived) Fold pvalue Fold pvalue
change® change®
h_cluster_01391 — 1 + 3 GT428448 Similar to CG6950-PB, isoform B tca:655252 0 Amino acid metabolism 1.24 0.00100 -1.50 0.00657
h_cluster_01449 GT330404 2-deoxyglucose-6-phosphate tca:663913 1.00E-76 Carbohydrate metabolism 6.18 0.00001 —-69.24 0.00000
phosphatase
h_cluster_10352 — 1 — 2 GT328775 Similar to Phospholipid tca:658307 2.00E-66 Detoxification/Defence 1.50 0.00039 —2.76 0.01809
hydroperoxide glutathione
peroxidase
h_cluster_06534 — 1 + 3 GT389502 Similar to CG18811-PA tca:661585 9.00E-101 Development/cell cycle; -1.34 0.00139 2.74 0.00016
Caprin homolog
h_cluster_03321 + 2 GT404183 Similar to CG32626-PA, isoform ame:409444 0 Energy metabolism 1.74 0.00049 -2.11 0.01123
A; K01490 AMP deaminase
h_cluster_19266 — 3 G0486898 Similar to CG32626-PA, isoform ame:409444 1.00E-97 Energy metabolism 1.46 0.00003 -1.77 0.00041
A; K01490 AMP deaminase
h_cluster_08578 + 2 GT363201 Mitochondrial ATP synthase cqu:Cpip]_CPIJ004713 1.00E-40 Energy metabolism 131 0.00087 -3.06 0.00078
F chain
h_cluster_00739 + 3 GT321473 Similar to ferritin, heavy tca:656261 2.00E-65 Homeostasis 4.02 0.00018 -17.49 0.00063
polypeptide 1
h_cluster_04731 — 1 + 2 GT320100 Similar to CG10585-PA tca:658669 0 Isoprenoid biosynthetic 1.52 0.00031 —2.52 0.00097
process
h_cluster_01210 — 1 + 3 GT490368 Lipid storage droplets cqu:Cpip]_CPIJ003879 2.00E-18 Lipid transport/storage -1.51 0.00005 6.81 0.00002
surface-binding protein 1
h_cluster_01720 — 1 + 2 GT349497 Similar to ubiquitin specific tca:657507 0 Proteolysis 1.44 0.00010 -1.62 0.01183
peptidase 14
h_cluster_04232 — 1 + 3 GT398758 Similar to CG7008-PA tca:663751 2.00E-92 RNA interference; -1.25 0.00079 1.26 0.00526
Tudor-SN
h_cluster_01288 — 2 + 2 GT369651 Similar to CG5651-PA, isoform tca:656379 0 RNAse inhibitor; mRNA -1.15 0.00115 1.23 0.01650
A; K06174 ATP-binding cassette, turnover
sub-family E, member 1
h_cluster_04093 + 3 n/a Asp3c; antennal-specific protein 3¢ ame:406094 5.00E-27 Sensory 3.08 0.00005 -3.50 0.00281
h_cluster_02648 — 1 + 1 GT326361 Similar to betal-tubulin api: 100168148 0 Structural; cytoskeleton -1.74 0.00128 8.09 0.00005
f_cluster_c97 + 2 GT484670 Similar to CG4104-PA; K00697 tca:659356 0 Trehalose biosynthesis 133 0.00030 -2.36 0.00029
a,0-trehalose-phosphate synthase
(UDP-forming)
h_cluster_01030 — 1 + 1 GT388432 Similar to ganglioside-induced tca:659156 7.00E-93 Unknown 1.42 0.00095 —2.74 0.00008
differentiation-associated-protein 1
h_cluster_00121 — 2 + 1 GT412511 Similar to CG1240-PA ame:408520 7.00E-29 Unknown 1.17 0.00087 2.13 0.00548

2 Suffix (+1, +2, +3, —1, —2, —3) indicates translation frame. Non-translated contig sequences can be found in supplementary text file.
7 November samples relative to 26 September.

27 May samples relative to 25 March.
% coverage and ProtScore values for autumn and spring can be found in Supplemental Tables 1 and 2, respectively.
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related to cold treatments, Carrasco et al. (2011) compiled bio-
informatics data across 34 species, and found that ferritin was up-
regulated in response to cold in Rana sylvatica (frog), Megaphorura
arctica (collembolan), Arabidopsis thaliana and Thellungiella hal-
ophila (plants), and Chrysemys picta marginata (turtle). This storage
protein sequesters free iron, which can cause the production of
toxic radicals if left freely soluble. The significant increase of both
superoxide dismutase and phospholipid hydroperoxide gluta-
thione peroxidase in the autumn proteome is evidence that
oxidative stress is an issue for overwintering larvae, as in many
insects (Storey and Storey, 2010). Simultaneous production of
ferritin may further help to reduce the effects of oxidative stressors.
Ferritin can be synthesized rapidly in response to iron stress
because cells often maintain a constitutive supply of ferritin mRNA
(Nichol et al., 2002; Shull and Theil, 1982, 1983), which accounts for
the large fold change in the fall in overwintering mountain pine
beetle larvae compared to other proteins.

3.5.3.2. Trehalose-6-phosphate synthase. Trehalose is the main
insect hemolymph sugar, comprising over 90% of total hemolymph
sugars in some insects (Wyatt and Kalf, 1957). It is synthesized by
the fat body and is used for functions as diverse as energy for flight
muscle (Becker et al., 1996) and as a cryoprotectant that is accu-
mulated in some insects at low temperature (Baust and Lee, 1983;
Khani et al., 2007; Overgaard et al., 2007). In arthropods such as
Arctic springtails, that undergo cryoprotective dehydration (Thorne
et al, 2011), trehalose acts to replace the water molecules
surrounding proteins and cell membranes, stabilizing their func-
tional state (Crowe and Crowe, 1986), and preventing oxidative
damage (Oku et al., 2005). As such, trehalose is highly important in
maintaining a number of physiological processes in insects and
other organisms. In the insect fat body, trehalose-6-phosphate
synthase combines glucose 6-phosphate, from the breakdown of
glycogen, and UDP-glucose to form trehalose-6-phosphate (Becker
et al., 1996). Trehalose-6-phosphate phosphatase then completes
the second step in the formation of trehalose. The significant
increase in o,o-trehalose-6-phosphate synthase levels in the
autumn proteome, and the opposite and significant change in the
spring proteome (Table 1) supports the hypothesis that trehalose is
being produced by overwintering mountain pine beetle larvae for
survival during cold periods. Further supporting evidence is the
significant increase of UTP-glucose-1-phosphate uridylyltransfer-
ase 2 in the autumn, indicating that UDP-glucose is being supplied
for trehalose synthesis.

3.5.3.3. Lipid storage droplets surface-binding protein. Insects (and
other eukaryotes) have been shown to store neutral lipids in the
form of lipid droplets in the cytosol of the fat body and other cells
(Brasaemle, 2007; Arrese et al., 2008; Teixeira et al., 2003). Lipid
droplets surfaces are associated with a variety of proteins that
regulate the transport of the droplets throughout the cell and also
act to influence the rate of lipolysis (Brasaemle, 2007). Triglyceride
energy requirements are, in part, met by the action of cytosolic
lipases. Cytosolic lipase activity is regulated by several types of
surface proteins present on lipid droplet membranes. Two proteins
involved in lipid storage droplet homeostasis, Lsd1 and Lsd2, have
been found in insects (Arrese et al., 2008). Lsd1 is specifically
involved in the activation of triglyceride lipolysis (Patel et al., 2005),
while Lsd2 aids in the accumulation of triglycerides in the lipid
droplet (Gronke et al., 2003). One protein, which shows a signifi-
cant decrease in the autumn (—1.51-fold) and a large significant
increase in the spring (6.81-fold), shows similarity to Lsd1. This
expression pattern indicates that triglycerides are being stored
through the winter and then being converted to usable energy later
in the spring when larvae undergo rapid development. These

proteomics data also support recent work indicating that triglyc-
erides are not the source of glycerol cryoprotectant production by
mountain pine beetle larvae in the autumn (Fraser, 2011)

3.5.3.4. Antennal-specific protein 3c. We found a chemosensory
protein that shows similarity to the antennal-specific protein 3c
(ASP3c¢) found in honeybees. In Apis mellifera L., ASP3c was sug-
gested to be a carrier for the brood pheromone, based on its affinity
for binding fatty acids and their derivatives that make up the
pheromone (Briand et al., 2002). In mountain pine beetle, this
protein could be involved during digestion in general fatty acid
transport (Lartigue et al., 2002) to fat body cells or in the transport
of a similar lipid-based pheromone or hormone (Gilbert and Chino,
1974). The expression pattern (increasing in autumn, decreasing in
spring) is consistent with either of these hypotheses. Alternatively,
this protein may be involved in development of the antennal
imaginal disc. However, we would not expect its expression to
decrease in the spring. Its expression pattern is more consistent
with a function that is specifically required in autumn larvae; such
as transport of nutrients or as a general sensory protein involved in
navigating around pockets of resin toxins.

3.5.3.5. Isoprenoid biosynthesis protein. This protein shows high
similarity to an uncharacterized “candidate tumor suppressor
protein” in Tribolium castaneum, which has regions similar to some
prenyltransferase enzymes involved in isoprenoid biosynthesis,
namely decaprenyl diphosphate synthase subunit 2 and ger-
anylgeranyl diphosphate synthase. Prenyltransferases catalyze
reactions leading to the synthesis of prenylated proteins, sterols,
ubiquinones, pheromones, and juvenile hormone in insects (Sen
et al,, 2007). Based on these descriptions, and its significant fold
changes of 1.52 in autumn and —2.52 in spring, it is possible that
this protein is involved in the synthesis of a growth-suppressing
hormone. Alternatively, this enzyme could be acting in the
synthesis of ubiquinone (Quinzii et al., 2008), an essential compo-
nent of the mitochondrial electron transport chain. More recently,
ubiquinone has been recognized as an effective antioxidant in
preventing damage to lipid membranes, proteins, and DNA
(Bentinger et al., 2007). Although the downstream product of this
enzyme is unknown, its significance and fold change directions in
the autumn and spring proteomes point to its role in synthesizing
an isoprenoid molecule important for developmental regulation or
stress tolerance.

3.5.3.6. B-tubulin. The expression of some forms of tubulin is
known to be developmentally regulated (Kawasaki et al., 2003). In
Drosophila cells, one B-tubulin subunit was found to be regulated by
20-hydroxyecdysone, a steroid hormone that regulates the process
of ecdysis (Sobrier et al., 1986). The late-stage significant accumu-
lation of this protein in the spring proteome is consistent with its
role as a developmentally-regulated cytoskeletal protein, poten-
tially involved with adult eclosion. Its significant decrease from
September to November shows that it may be necessary at some
point in development from embryo to first-instar larvae, as in
Drosophila melanogaster (Rudolph et al., 1987), but that it is not
required during the bulk of larval development. This protein may be
useful as a marker for developmental stage progression.

3.5.3.7. 2-Deoxyglucose-6-phosphate phosphatase. With the largest
fold change of any protein in the autumn and spring proteomes
respectively, and its high significance, we predict that 2-
deoxyglucose, the product of this enzyme, is important for over-
wintering survival in the mountain pine beetle. 2-Deoxyglucose has
been found to inhibit glycolysis and cell growth in cultured cells
and mammals (Barban and Shulze, 1961; Wan et al, 2004),



898 T.R. Bonnett et al. / Insect Biochemistry and Molecular Biology 42 (2012) 890—901

resulting in its continual development as a target for cancer cell
treatment (Sahra et al., 2010). In Saccharomyces cerevisiae, the DOG2
gene responsible for producing this enzyme was found to be
induced under conditions of oxidative and osmotic stress or under
glucose starvation (Tsujimoto et al., 2000). In rats, dietary supple-
ments of 2-deoxyglucose resulted in improved stress adaptation,
suggesting that dietary restriction is used as a pre-conditioning for
other stressful conditions (Wan et al., 2004). In overwintering
mountain pine beetle, it is possible that 2-deoxyglucose is acting to
divert energy from glycolysis toward cryoprotectant production;
restrict development and growth during autumn; as a stress
hormone to signal the expression of other stress physiology
responses; and/or as a cryoprotectant metabolite.

3.6. Glycerol metabolism in overwintering larvae

Our proteomics data support recent RT-qPCR findings that
examined genes involved in glycerol metabolism in larval
D. ponderosae that were sampled at the same trees and have the
same corresponding temperature data (Fraser, 2011). Glycerol is
a major cryoprotectant accumulated by overwintering insects
employing a freeze avoidance strategy (Storey and Storey, 1996),
and specifically by mountain pine beetle (Bentz and Mullins, 1999).
Glycerol metabolism has been examined in a number of over-
wintering insects, and the pathways for its synthesis and break-
down can vary (Joanisse and Storey, 1994a,b; Storey and Storey,
1986), even among bark beetles (Lombardero et al., 2000).

Our proteomic results mirror quite closely the transcriptomic
shifts noted by Fraser (2011), supporting the finding of glycerol
biosynthesis in this insect being mainly via glycogenolysis and
gluconeogenesis. Proteins that show similar shifts in accumulation
include glycogen phosphorylase (two glycogen phosphorylase
proteins shifted by 2.3- and 2.4-fold, respectively in autumn
and —4.09- and -6.32-fold, respectively, in spring) and PEPCK
(3.17-fold change in autumn and —19.4-fold change in spring).

Fraser (2011) found no evidence that glycerol production in
mountain pine beetle larvae occurs through a lipolytic source.
Transcript abundance for triacylglycerol lipase was found to remain
constant through the autumn and spring study periods. The LSD1
protein — responsible for activating triglyceride breakdown —
decreases in the autumn proteome and increases in the spring,
consistent with this finding. Additionally, trends in some enzymes
involved in glycogenesis and the citric acid cycle support the
observation (Fraser, 2011) that glycerol does not seem to be
reconverted to glycogen, or metabolized via the citric acid cycle in
this insect when temperatures warm.

3.7. Developmental and energy metabolism

As mountain pine beetle larvae overwinter in a non-feeding
state (Régniére and Bentz, 2007), their finite quantity of energetic
stores must be allocated between development, maintaining basal
metabolism, and producing cryoprotectants (Fraser, 2011). The
larvae alternate rapidly between states of quiescence and devel-
opment, on a daily basis (Powell and Logan, 2005), allowing more
energy to be allocated toward cold hardening mechanisms when
most needed. Recent evidence indicates that adult overwintering
mountain pine beetle may have the ability to go through a stage of
completely arrested development (facultative diapause), and that
this could possibly occur during earlier life stages too (Lester and
Irwin, 2012).

In the autumn proteome, we detected 43 proteins related to
developmental and cell cycle processes. Only one showed a signif-
icant shift in accumulation (—1.3-fold in autumn) — a caprin
homolog associated with embryo development in D. melanogaster

(Papoulas et al., 2010). In the spring, we found 51 proteins related to
developmental and cell cycle processes, twelve of which signifi-
cantly increased, and two that significantly decreased. The two
proteins that decreased show similarity to juvenile hormone
epoxide hydrolase, and have —3.0- and —8.5-fold changes in May
relative to March, indicating that juvenile hormone may be
degraded earlier than March, as a signal for major development to
begin. It seems that mountain pine beetle larvae do not make large
investments into development until spring, in order to focus
resources on winter survival.

Enzymes involved in maintaining basal metabolism through
glycolysis and the citric acid cycle remained at consistent levels
when compared between September and November larvae, but
most of them significantly decreased in May compared to March.
These central metabolic pathways are intertwined with cryopro-
tectant production, and the expression trends of their enzymes are
consistent with the distinct shifts between overwintering survival
and spring development. Enzymes involved in the electron trans-
port chain also remain relatively constant in the autumn and then
show significant decreases in the spring, with a few exceptions —
two subunits of NADH dehydrogenase showed small significant
decreases (—1.16- and —1.24-fold) in the autumn, and a succinate
dehydrogenase subunit showed a small significant increase (1.29-
fold) in the autumn. Given that the NADH dehydrogenase
complex is the primary producer of oxygen free radicals (Storey and
Storey, 2010), and that this production is exacerbated during
respiratory stress, some reorganization of these enzymes may be
necessary during overwintering. Overall, the expression trends we
found for mitochondrial enzymes involved in energy metabolism
fit with the observation that freeze-avoiding insects selectively
regulate these enzymes during the winter, rather than degrading
mitochondria to reduce energy metabolism (Storey and Storey,
2010).

We also found significant shifts in enzymes related directly to
energy balance — those involved in adenylate metabolism. Two
AMP deaminases, which convert AMP to IMP, significantly
increased in the autumn (1.74- and 1.46-fold) and significantly
decreased in the spring (—2.11- and —1.77-fold). A mitochondrial
ATP synthase subunit increased in the autumn (1.31-fold) and
decreased in the spring (—3.06). These three detections of enzymes
which act on the adenylate pool, and their significant changes in
both the autumn and spring, indicate a mechanism for larvae to
maintain a high energy charge (Atkinson, 1968) even while
resources are being exhausted, such that energy-consuming
biosynthetic pathways may continue (Churchill and Storey, 1989).
Because glycerol biosynthesis is an ATP-consuming process (Storey
and Storey, 1990), maintaining a high cellular energy charge
is probably necessary for glycerol biosynthesis to proceed
(Churchill and Storey, 1989). We additionally found four enzymes —
adenylosuccinate synthase, IMP cyclohydrolase, phosphor-
ibosylaminoimidazole carboxylase, and IMP dehydrogenase — that
significantly changed in the spring proteome and could be involved
in clearance of excess IMP and restoration of energy balance.

3.8. Detoxification of host tree defense compounds

While larvae prepare for winter through the production of
glycerol and other cryoprotective agents, they must simultaneously
defend themselves from an onslaught of toxic secondary metabo-
lites released by their host tree (Boone et al., 2011). Lodgepole pines
that have been attacked by mountain pine beetles have been shown
to maintain high levels of terpenoids, even weeks after the initial
attack when eggs hatch and larvae begin to feed (Clark et al., 2012).
Cytochromes P450, carboxylesterases, and glutathione-S-
transferases (GST), are three classes of enzymes produced by
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insects for detoxification and clearance of these compounds (Li
et al, 2007). There are also the sensory, signaling, and trans-
porting proteins that help transmit information from the sensory
appendages to induce production of these detoxification enzymes.

In the autumn proteome we detected approximately ten each of
Cytochromes P450, GSTs, and esterases, but none of them signifi-
cantly changed between the September and November samples.
The only defense-related proteins that significantly changed were
the three previously mentioned (Section 3.5.3.1) that are involved
in prevention of oxidative stress and toxic radical damage, and the
ASP3c-similar protein (discussed in Section 3.5.3.4) that could be
involved in sensory perception of host secondary metabolites or
transport of nutrients.

In the spring proteome, we again detected a number of these
detoxification proteins, but saw several significant changes. Three
Cytochromes P450 enzymes decreased significantly in May
compared to March: CYP6DE1 (—2.4-fold); and two detections of
CYP349B1 (—18.2- and —3.2-fold). CYP6DE1 was also found to
significantly increase in female mountain pine beetles during host
colonization (unpublished), further support for its role in secondary
metabolite detoxification. Two GSTs significantly decreased (—5.3-
and —1.9-fold), and one significantly increased (1.9-fold). Three
esterases significantly decreased (—5.0-, —2.7-, —2.2-fold changes),
while one significantly increased 1.5-fold.

These results show that detoxification proteins are expressed
very early in the early larval stages and constitutively throughout
the autumn. Colonized trees release and retain very high levels of
several terpenoids for weeks after mountain pine beetle attack
and larval hatching (Clark et al. 2012), so constitutive expression
of such enzymes upon hatching is expected for larval survival.
Conversely, the trend of their decreasing levels as the spring
progresses indicates that they are no longer needed as the dead
hosts cannot synthesize or even retain secondary metabolite
stores.

4. Conclusion

In total, we have discovered 1507 unique larval mountain pine
beetle proteins. Of these, 456 were unique to the autumn larvae,
368 were unique to the spring larvae, and 683 were common to
larvae during both seasons. Thirty-three proteins showed signifi-
cant differential accumulation between the two autumn sampling
dates, and 473 proteins between the two spring sampling dates.
Eighteen proteins showed differential accumulation in both the
autumn and spring, most of them showing opposing fold changes
between the two seasons.

After a cold snap in the autumn, larvae show significantly
increased levels of some enzymes commonly implicated in stress
response: UTP-glucose-1-phosphate uridyltransferase and a,a-
trehalose-phosphate synthase, involved in trehalose biosynthesis;
ferritin, involved in iron ion homeostasis; phospholipid hydroper-
oxide glutathione peroxidase and superoxide dismutase, func-
tioning in oxidative stress response; and 2-deoxyglucose-6-
phosphate phosphatase, potentially important for multiple strate-
gies in overwintering survival. As they warm up in the spring,
larvae significantly lower their levels of most of these proteins.
Spring larvae significantly increase expression of developmental
proteins; transcription and translation proteins; and cuticle
proteins, in preparation for the many changes that occur as they
approach pupation.

In addition to stress response caused by low temperatures and
oxidative stress, larvae show evidence of an early response to host
toxins. The presence of several P450s, GSTs, and esterases in
autumn larvae, a number of which show large significant decreases
in the spring, indicates that these enzymes may be expressed

constitutively from a very early time point in larval development
and that expression drops when they are no longer needed.

The large number of significantly changing proteins, and the
magnitude of the change in many cases, highlights the extremely
active physiology of mountain pine beetle larvae during winter cold
hardening and, in particular, during the shift toward further
development in the spring. While not completely neglected, the
larval and pupal stages of this insect have not been as heavily
researched as have aspects of adult physiology and behavior related
to host finding, colonization, and eventual reproduction. These
substantial proteomics data should allow, and spur on, new,
detailed research into these life stages that are so vital to under-
standing mountain pine beetle outbreaks and infestations.

Acknowledgments

This work was supported with funds from Genome Canada,
Genome British Columbia, and Genome Alberta for the Tria Project
(www.thetriaproject.ca; to DPWH, CIK, and JB), the Canada Research
Chairs Program, the Canada Foundation for Innovation, the British
Columbia Knowledge Development Fund, and the Natural Sciences
and Engineering Research Council of Canada. We gratefully
acknowledge the work performed by the University of Victoria
Genome British Columbia Proteomics Centre. We especially thank
Karen Reid (University of British Columbia) for excellent project
management of the Tria Project; Mack Yuen (University of British
Columbia) for bioinformatics support; and our field assistants, Amy
Thommasen, Lori-Anne Etchart, and Travis Allen. And we thank the
members of University of Northern British Columbia Forest Insect
Research Group for help, support, and ideas related to this work.

Appendix A. Supplementary material

Supplementary material related to this article can be found at
http://dx.doi.org/10.1016/j.ibmb.2012.08.003.

References

Arrese, E.L, Rivera, L, Hamada, M. Mirza, S., Hartson, S.D., Weintraub, S.,
Soulages, J.L., 2008. Function and structure of lipid storage droplet protein 1
studied in lipoprotein complexes. Arch. Biochem. Biophys. 473, 42—47.

Atkinson, D.E., 1968. The energy charge of the adenylate pool as a regulatory
parameter. Interaction with feedback modifiers. Biochemistry 7 (11), 4030—
4034.

Ballantyne, J.S., Storey, K.B., 1984. Characterization of mitochondria isolated from
the freezing-tolerance larvae of the goldenrod gall fly (Eurosta solidaginis):
substrate preferences, salt effects, and pH effects on warm- and cold-acclimated
animals. Can. J. Zool. 63, 373—379.

Barban, S., Shulze, H.O., 1961. The effects of 2-deoxyglucose on the growth and
metabolism of cultured human cells. J. Biol. Chem. 236 (7), 1887—1890.

Baust, ].G., Lee, R.E., 1983. Population differences in antifreeze/cryoprotectant
accumulation patterns in an Antarctic insect. Oikos 40, 120—124.

Becker, A., Schloder, P, Steele, ].E., Wegener, G., 1996. The regulation of trehalose
metabolism in insects. Experentia 53, 433—439.

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J. Roy. Stat. Soc. B Met. 57, 289—300.

Bentinger, M., Brismar, K., Dallner, G., 2007. The antioxidant role of coenzyme Q.
Mitochondrion 7S, S41—S50.

Bentz, BJ., Mullins, D.E., 1999. Mountain pine beetle (Coleoptera: Scolytidae) cold
hardening in the intermountain west. Environ. Entomol. 28, 577—587.

Boone, CK., Aukema, B.H., Bohlmann, ]., Carroll, A.L., Raffa, K.F,, 2011. Efficacy of tree
defense physiology varies with bark beetle population density: a basis for
positive feedback in eruptive species. Can. ]. For. Res. 41, 1174—1188.

Brasaemle, D.L, 2007. The perilipin family of structural lipid droplet proteins:
stabilization of lipid droplets and control of lipolysis. ]J. Lipid Res. 48, 2547—
2559.

Briand, L., Swasdipan, N., Nespoulous, C., Bézirard, V., Blon, F,, Huet, ].-C., Ebert, P.,
Pernollet, J.-C., 2002. Characterization of a chemosensory protein (ASP3c) from
honeybee (Apis mellifera L.) as a brood pheromone carrier. Eur. ]. Biochem. 269,
4586—4596.

Carrasco, M.A,, Tan, J.C., Duman, ].G., 2011. A cross-species compendium of proteins/
gene products related to cold stress identified by bioinformatic approaches.
J. Insect Physiol. 57, 1127—1135.


http://www.thetriaproject.ca
http://dx.doi.org/10.1016/j.ibmb.2012.08.003

900 T.R. Bonnett et al. / Insect Biochemistry and Molecular Biology 42 (2012) 890—901

Carroll, A.L, Taylor, S.W., Regniere, J., Safranyik, L., 2003. Effect of climate change on
range expansion by the mountain pine beetle in British Columbia. The Bark
Beetles, Fuels, and Fire Bibliography. Paper 195. http://digitalcommons.usu.edu/
barkbeetles/195.

Churchill, T.A., Storey, K.B., 1989. Metabolic correlates to glycerol biosynthesis in
a freeze-avoiding insect, Epiblema scudderiana. . Comp. Physiol. B 15, 461—472.

Clark, E.L, Huber, D.P.W., Carroll, AL, 2012. The legacy of attack: implications of
very high phloem resin monoterpene levels in mass attacked lodgepole pines
following successful mountain pine beetle, Dendroctonus ponderosae Hopkins,
colonization. Environ. Entomol. 41 (2), 392—398.

Cole, W.E., 1981. Some risks and causes of mortality in mountain pine beetle pop-
ulations: a long-term analysis. Res. Popul. Ecol. 23, 116—144.

Crowe, J.H. Crowe, LM. 1986. Water and carbohydrate interactions with
membranes: studies with infrared spectroscopy and differential scanning
calorimetry methods. Meth. Enzymol. 127, 696—703.

Cullingham, C.I, Cooke, J.E.K., Dang, S., Davis, C.S., Cooke, BJ., Coltman, D.W., 2011.
Mountain pine beetle host-range expansion threatens the boreal forest. Mol.
Ecol. 20, 2157—-2171.

Feder, M.E., Hofmann, G.E., 1999. Heat-shock proteins, molecular chaperones, and
the stress response: evolutionary and ecological physiology. Annu. Rev. Physiol.
61, 243—282.

Fields, P.G., Fleurat-Lessard, F.,, Lavenseau, L., Febvay, G., Peypelut, L., Bonnot, G.,
1998. The effect of cold acclimation and deacclimation on cold tolerance,
trehalose and free amino acid levels in Sitophilus granaries and Cryptolestes
ferugineus (Coleoptera). J. Insect Physiol. 44, 955—965.

Fraser, J.D., 2011. Cold tolerance and seasonal gene expression in Dendroctonus
ponderosae. M.Sc. thesis. University of Northern British Columbia, Prince
George, BC, Canada.

Gilbert, L.I, Chino, H., 1974. Transport of lipids in insects. J. Lipid Res. 15, 439—456.

Greenbaum, D., Colangelo, C., Williams, K., Gerstein, M., 2003. Comparing
protein abundance and mRNA expression levels on a genomic scale. Genome
Biol. 4, 117.

Gronke, S., Beller, M., Fellert, S., Ramakrishnan, H., Jickle, H., Kithnlein, R.P.,, 2003.
Control of fat storage by a Drosophila PAT domain protein. Curr. Biol. 13,
603—606.

Hakimov, H.A., Walters, S., Wright, T.C., Meidinger, R.G., Verschoor, C.P., Gadish, M.,
Chiu, D.K.Y., Stromvik, M.V., Forsberg, C.W., Golovan, S.P., 2009. Application of
iTRAQ to catalogue the skeletal muscle proteome in pigs and assessment of
effects of gender and diet dephytinization. Proteomics 9, 4000—4016.

Hare, P.D., Cress, W.A., 1997. Metabolic implications of stress-induced proline
accumulation in plants. Plant Growth Regul. 21, 79—-102.

Joanisse, D.R., Storey, K.B., 1994a. Enzyme activity profiles in an overwintering
population of freeze-tolerant larvae of the gall fly, Eurosta solidaginis. . Comp.
Physiol. B 164, 247—255.

Joanisse, D.R., Storey, K.B., 1994b. Enzyme activity profiles in an overwintering
population of freeze-avoiding gall moth larvae, Epiblema scudderiana. Can. J.
Zool. 72, 1079—1086.

Joanisse, D.R,, Storey, K.B., 1994c. Mitochondrial enzymes during overwintering in
two species of cold-hardy gall insects. Insect Biochem. Mol. Biol. 24 (2), 145—150.

Kawasaki, H., Sugaya, K., Quan, G., Nohata, ], Mita, K., 2003. Analysis of a- and
B-tubulin genes of Bombyx mori using an EST database. Insect Biochem. Mol.
Biol. 33, 131-137.

Keeling, C.I., Henderson, H., Li, M., Yuen, M., Clark, E.L., Fraser, ].D., Huber, D.P.W.,
Liao, N.Y., Docking, T.R. Birol, I, Chan, SK., Taylor, G.A. Palmquist, D.,
Jones, SJ.M., Bohlmann, J., 2012. Transcriptome and full-length cDNA resources
for the mountain pine beetle, Dendroctonus ponderosae Hopkins, a major insect
pest of pine forests. Insect Biochem. Mol. Biol. 42, 525—536.

Khani, A., Moharramipour, S., Barzegar, M., 2007. Cold tolerance and trehalose
accumulation in overwintering larvae of the codling moth, Cydia pomonella
(Lepidoptera: Tortricidae). Eur. ]. Entomol. 104, 385—392.

Kitteringham, N.R, Abdullah, A., Walsh, ], Randle, L. Jenkins, RE. Sison, R,
Goldring, C.E.P, Powell, H., Sanderson, C., Williams, S., Higgins, L.,
Yamamoto, M., Hayes, ]., Park, B.K., 2010. Proteomic analysis of Nrf2 deficient
transgenic mice reveals cellular defence and lipid metabolism as primary Nrf2-
dependent pathways in the liver. J. Proteomics 73, 1612—1631.

Kurz, W.A., Dymond, C.C,, Stinson, G., Rampley, G.J., Neilson, E.T., Carroll, AL,
Ebata, T., Safranyik, L., 2008. Mountain pine beetle and forest carbon feedback
to climate change. Nature 452, 987—990.

Larade, K, Storey, K.B., 2004. Accumulation and translation of ferritin heavy chain
transcripts following anoxia exposure in a marine invertebrate. J. Exp. Biol. 207,
1353—1360.

Lartigue, A., Campanacci, V., Roussel, A., Larsson, A.M., Jones, T.A., Tegoni, M.,
Cambillau, C., 2002. X-ray structure and ligand binding study of a moth che-
mosensory protein. J. Biol. Chem. 277, 32094—32098.

Lester, D.J., Irwin, J.T., 2012. Metabolism and cold tolerance of overwintering adult
mountain pine beetle (Dendroctonus ponderosae): evidence of facultative
diapause? J. Insect Physiol. 58, 808—815.

Lippert, D., Ralph, S.G., Phillips, M., White, R., Smith, D., Hardie, D., Gershenzon, J.,
Ritland, K., Borchers, C.H., Bohlmann, J., 2009. Quantitative iTRAQ proteome and
comparative transcriptome analysis of elicitor-induced Norway spruce (Picea
abies) cells reveals elements of calcium signaling in the early conifer defense
response. Proteomics 9, 350—367.

Li, X, Schuler, M.A, Berenbaum, M.R., 2007. Molecular mechanisms of
metabolic resistance to synthetic and natural xenobiotics. Annu. Rev. Entomol.
52, 231-253.

Lombardero, M.J., Ayres, M.P,, Ayres, B.D., Reeve, ].D., 2000. Cold tolerance of four
species of bark beetle (Coleoptera: Scolytidae) in North America. Physiol. Chem.
Ecol. 29, 421-432.

Maier, T., Giiell, M., Serrano, L., 2009. Correlation of mRNA and protein in complex
biological samples. FEBS Lett. 583, 3966—3973.

Misener, S.R., Chen, C.P.,, Walker, V.K.,, 2001. Cold tolerance and proline metabolic
gene expression in Drosophila melanogaster. J. Insect Physiol. 47, 393—400.
Nealis, V., Peter, B., 2008. Risk Assessment of the Threat of Mountain Pine Beetle to
Canada’s Boreal and Eastern Pine Forests. Canadian Forest Service, Pacific

Forestry Centre. Information Report BC-X-417.

Nichol, H., Law, J.H., Winzerling, ]J., 2002. Iron metabolism in insects. Annu. Rev.
Entomol. 47, 535—559.

Ohlund, L.B., Hardie, D.B., Elliott, M.H., Camenzind, A.G., Smith, D.S., Reid, ].D., Cohen
Freue, G.V., Bergman, AP, Sasaki, M., Robertson, L., Balshaw, R.F, Ng, R.T,
Mui, A., McManus, B.M., Keown, P.A., McMaster, W.R., Parker, C.E., Borchers, C.H.,
2011. Standard operating procedures and protocols for the preparation and
analysis of plasma samples using the iTRAQ methodology. In: Ivanov, AR,
Lazarev, A.V. (Eds.), Sample Preparation in Biological Mass Spectrometry.
Springer Science, New York, pp. 575—626.

Oku, K., Kubota, M., Fukuda, S., Kurimoto, M., Tujisaka, Y., Okabe, A., Sakurai, M.,
2005. Combined NMR and quantum chemical studies on the interaction
between trehalose and dienes relevant to the antioxidant function of trehalose.
J. Phys. Chem. B 109, 3032—3040.

Orino, K., Lehman, L., Tsuji, Y., Ayaki, H., Torti, S.V., Torti, EM., 2001. Ferritin and the
response to oxidative stress. Biochem. J. 357, 241—-247.

Overgaard, J.,, Malmendal, A., Serensen, ].G., Bundy, ].G., Loeschcke, V., Nielsen, N.C.,
Holmstrup, M., 2007. Metabolomic profiling of rapid cold hardening and cold
shock in Drosophila melanogaster. ]. Insect Physiol. 53, 1218—1232.

Papoulas, O., Monzo, K.F,, Cantin, G.T., Ruse, C., Yates I, J.R., Ryu, Y.H., Sisson, J.C., 2010.
dFMRP and Caprin, translational regulators of synaptic plasticity, control the cell
cycle at the Drosophila mid-blastula transition. Development 137, 4201—4209.

Patel, R.T.,, Soulages, J.L., Hariharasundaram, B., Arrese, E.L., 2005. Activation of the
lipid droplet controls the rate of lipolysis of triglycerides in the inset fat body.
J. Biol. Chem. 280, 22624—22631.

Pauchet, Y., Wilkinson, P., Chauhan, R., ffrench-Constant, R.H., 2010. Diversity of
beetle genes encoding novel plant cell wall degrading enzymes. PLoS ONE 5
(12), e15635. http://dx.doi.org/10.1371/journal.pone.001563.

Powell, J.A., Logan, J.A., 2005. Insect seasonality: circle map analysis of temperature-
driven life cycles. Theor. Popul. Biol. 67, 161—179.

Quinzii, C.M., Lépez, L.C., Von-Moltke, J., Naini, A., Krishna, S., Schuelke, M.,
Salviati, L, Navas, P, DiMauro, S., Hirano, M., 2008. Respiratory chain
dysfunction and oxidative stress correlate with severity of primary CoQio
deficiency. FASEB J. 22, 1874—1885.

Ramlev, H., 1999. Microclimate and variations in haemolymph composition in the
freezing-tolerant New Zealand alpine weta Hemideina maori Hutton (Orthop-
tera: Stenopelmatidae). J. Comp. Physiol. B 169, 224—235.

Régniére, ., Bentz, B., 2007. Modeling cold tolerance in the mountain pine beetle,
Dendroctonus ponderosae. ]. Insect Physiol. 53, 559—572.

Rinehart, J.P,, Li, A., Yocum, G.D., Robich, R.M., Hawyard, S.A., Denlinger, D.L., 2007.
Up-regulation of heat shock proteins is essential for cold survival during insect
diapause. Proc. Natl. Acad. Sci. U.S.A. 104, 11130—11137.

Rudolph, J.E., Kimble, M., Hoyle, H.D., Subler, M.A., Raff, E.C., 1987. Three Drosophila
beta-tubulin sequences: a developmentally regulated isoform (beta 3), the
testis-specific isoform (beta 2), and an assembly-defective mutation of the
testis-specific isoform (B2t8) reveal both an ancient divergence in metazoan
isotypes and structural constraints for beta-tubulin function. Mol. Cell. Biol. 7
(6), 2231-2242.

Safranyik, L., 1978. Effects of climate and weather on mountain pine beetle pop-
ulations. In: Kibbee, D.L, Berryman, A.A, Amman, G.D., Stark, RW. (Eds.),
Theory and Practice of Mountain Pine Beetle Management in Lodgepole Pine
Forests. Symposium Proceedings. University of Idaho, Moscow, ID, pp. 77—84.

Safranyik, L., Wilson, B., 2006. The Mountain Pine Beetle: A Synthesis of Biology,
Management, and Impacts on Lodgepole Pine. Natural Resources Canada,
Canadian Forest Service, Pacific Forestry Centre, Victoria, BC.

Sahra, L.B., Laurent, K., Giuliano, S., Larbret, F., Ponzio, G., Gounon, P., Le Marchand-
Brustel, Y., Giorgetti-Peraldi, S., Cormont, M., Bertolotto, C., Deckert, M.,
Auberger, P, Tanti, J., Bost, F, 2010. Targeting cancer cell metabolism: the
combination of metformin and 2-deoxyglucose induces p53-dependent
apoptosis in prostate cancer cells. Cancer Res. 70, 2465—2475.

Sen, S.E., Brown, D.C., Sperry, A.E., Hitchcock, J.R., 2007. Prenyltransferase of larval
and adult M. sexta corpora allata. Insect Biochem. Mol. Biol. 37, 29—40.

Seshi, B., 2006. An integrated approach to mapping the proteome of the human
bone marrow stromal cell. Proteomics 6, 5169—5182.

Shilov, LV., Seymour, S.L, Patel, A.A, Loboda, A. Tang, W.H. Keating, S.P,
Hunter, C.L., Nuwaysir, L.M., Schaeffer, D.A., 2007. The Paragon Algorithm, a next
generation search engine that uses sequence temperature values and feature
probabilities to identify peptides from tandem mass spectra. Mol. Cell. Pro-
teomics 6 (9), 1638—1655.

Shull, G.E., Theil, E.C., 1982. Translational control of ferritin synthesis by iron in
embryonic reticulocytes of the bullfrog. J. Biol. Chem. 257 (23), 14187—14192.

Shull, G.E., Theil, E.C.,, 1983. Regulation of ferritin mRNA: a possible gene-sparing
phenomenon. J. Biol. Chem. 258 (13), 7921-7923.

Sobrier, M.L, Couderc, J.L., Chapel, S., Dastugue, B., 1986. Expression of a new
B tubulin subunit is induced by 20-hydroxyecdysone in Drosophila cultured
cells. Biochem. Biophys. Res. Commun. 134 (1), 191-200.


http://digitalcommons.usu.edu/barkbeetles/195
http://digitalcommons.usu.edu/barkbeetles/195

TR. Bonnett et al. / Insect Biochemistry and Molecular Biology 42 (2012) 890—901 901

Stahl, K., Moore, R.D., McKendry, I.G., 2006. Climatology of winter cold spells in
relation to mountain pine beetle mortality in British Columbia, Canada. Clim.
Res. 32, 13-23.

Storey, ].M., Storey, K.B., 1986. Winter survival of the gall fly larva, Eurosta solid-
aginis: profiles of fuel reserves and cryoprotectants in a natural population.
J. Insect Physiol. 32, 549—556.

Storey, K.B., Storey, ].M., 1981. Biochemical strategies of overwintering in the gall fly
larva, Eurosta solidaginis: effect of low temperature acclimation on the activities
of enzymes of intermediary metabolism. J. Comp. Physiol. B 144, 191-199.

Storey, K.B., Storey, ]J.M., 1990. Carbon balance and energetics of cryoprotectant
synthesis in a freeze-tolerant insect: responses to perturbation by anoxia.
J. Comp. Physiol. B 160, 77—84.

Storey, K.B., Storey, J.M., 1996. Natural freezing survival in animals. Annu. Rev. Ecol.
Syst. 27, 365—386.

Storey, K.B., Storey, J.M., 2010. Oxygen: stress and adaptation in cold hardy insects.
In: Denlinger, D.L., Lee, RE. (Eds.), Low Temperature Biology of Insects. Cam-
bridge University Press, Cambridge, pp. 141-165.

Teixeira, L., Rabouille, C., Rorth, P., Ephrussi, A., Vanzo, N.F,, 2003. Drosophila perilipin/
ADRP homologue Lsd2 regulates lipid metabolism. Mech. Dev. 120, 1071—-1081.

The UniProt Consortium, 2011. Ongoing and future developments at the universal
protein resource. Nucl. Acids Res. 39, D214—D219.

Thorne, M.A.S., Worland, M.R,, Feret, R., Deery, M., Lilley, K.S., Clark, M.S.,
2011. Proteomics of cryoprotective dehydration in Megaphorura

arctica Tullberg 1876 (Onychiuridae: Collembola). Insect Mol. Biol. 20 (3),
303-310.

Tsujimoto, Y., [zawa, S., Inoue, Y., 2000. Cooperative regulation of DOG2, engoding 2-
deoxyglucose-6-phosphate phosphatase, by Snf1 kinase and the high osmo-
larity glycerol-mitogen-activated protein kinase cascade in stress response of
Saccharomyces cerevisiae. ]. Bacteriol. 182 (18), 5121-5126.

Wan, R, Camandola, S., Mattson, M.P., 2004. Dietary supplementation with 2-
deoxy-D-glucose improves cardiovascular stress and neuroendocrine adapta-
tion in rats. Am. ]. Physiol. Heart Circ. Physiol. 287, H1186—H1193.

Watanabe, H., Tokuda, G., 2010. Cellulolytic systems in insects. Annu. Rev. Entomol.
55, 609—632.

Wyatt, G.R., Kalf, G.F,, 1957. The chemistry of insect hemolymph. ]. Gen. Physiol. 40,
833—-847.

Wygant, N.D., 1940. Effects of low temperature on the black Hills beetle (Den-
droctonus ponderosae) Hopkins. Ph.D. dissertation summary, State University of
New York, College of Environmental Science and Forestry, Syracuse, NY.

Yamaguchi-Shinozaki, K., Shinozaki, K., 2006. Transcriptional regulatory networks
in cellular responses and tolerance to dehydration and cold stresses. Annu. Rev.
Plant Biol. 57, 17781—-1803.

Yang, LV., Chen, E., Hasseman, J.P, Liang, W., Frank, B.C., Wang, S., Sharov, V.,
Saeed, A.L, White, J., Li, J., Lee, N.H., Yeatman, T,J., Quackenbush, J., 2002. Within
the fold: assessing differential expression measures and reproducibility in
microarray assays. Genome Biol. 3



	Global and comparative proteomic profiling of overwintering and developing mountain pine beetle, Dendroctonus ponderosae (C ...
	1. Introduction
	2. Materials and methods
	2.1. Collection of larval specimens
	2.2. Protein extraction
	2.3. Experimental design and iTRAQ analysis
	2.4. Protein quantification and statistical analysis
	2.5. Protein identification and classification

	3. Results and discussion
	3.1. Temperature data
	3.2. Global larval proteome profile
	3.2.1. Protein metabolism/modification class
	3.2.2. Carbohydrate metabolism class
	3.2.3. Muscle/cytoskeleton/cuticle class

	3.3. Autumn larval proteome overview
	3.4. Spring larval proteome overview
	3.5. Proteins showing significant differential expression
	3.5.1. Autumn
	3.5.2. Spring
	3.5.3. Autumn and spring
	3.5.3.1. Ferritin
	3.5.3.2. Trehalose-6-phosphate synthase
	3.5.3.3. Lipid storage droplets surface-binding protein
	3.5.3.4. Antennal-specific protein 3c
	3.5.3.5. Isoprenoid biosynthesis protein
	3.5.3.6. β-tubulin
	3.5.3.7. 2-Deoxyglucose-6-phosphate phosphatase


	3.6. Glycerol metabolism in overwintering larvae
	3.7. Developmental and energy metabolism
	3.8. Detoxification of host tree defense compounds

	4. Conclusion
	Acknowledgments
	Appendix A. Supplementary material
	References


