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Abstract. The diapause initiation and maintenance phases of the Colorado potato beetle, Leptinotarsa decemlineata, were screened.
Eight transcripts were found to be downregulated as the beetles enter the diapause maintenance phase of diapause development after
day 15 postemergence. These transcripts were also expressed in early nondiapausing adults. Using BlastX, the transcripts were
placed into six broad categories: regulatory (serpin), structural (apidermin), protease (serine protease), retinol binding protein
(CRALBP), carbohydrate metabolism (B-glucosidase, 3-mannosidase, and cellulose II), and unknown function.

INTRODUCTION

The Colorado potato beetle, Leptinotarsa decemlineata
(Say), is the major defoliator of potato throughout the
northern hemisphere (Gauthier et al., 1981; Ferro, 1985;
Weber & Ferro, 1994; EPPO, 2006). Within the Red
River Valley of North Dakota and Minnesota, USA, over-
wintering adults emerge in May or early June and lay
eggs, normally followed by two generations each year
depending on the weather. By mid-September, the adults
from the second generation burrow into the soil and enter
diapause. Overwintering adults will spend approximately
9 months of their lives in diapause.

Diapause is the physiological state of dormancy that
enables insects to bridge periods of predictable seasonal
adverse environmental conditions. Since favorable condi-
tions necessary to enable reproduction and development
are normally restricted to a narrow window of opportu-
nity, insects spend most of their life cycle in diapause.
Diapause is therefore a critical component in establishing
insect phenology, and as such has a central role in insect
management (Tauber & Tauber, 1973; Tauber et al.,
1986). Diapause also has significant influence on other
agriculturally important aspects of insect physiology.
Recently, an interaction between diapause and the devel-
opment of insecticide resistance in the Colorado potato
beetle was discovered (Baker & Porter, 2008). Devel-
oping a more comprehensive understanding of diapause
and its influence on insect life history traits will open up
new avenues of pest management and offer insights into
other biological processes (Denlinger, 2008).

Diapause is not a static state, but is one of progressive
development with distinct phases: prediapause, diapause,
and postdiapause quiescence. The diapause phase can be
further subdivided into the initiation phase (IP) and main-

tenance phase (MP) (Kostal, 2006). Using respirometry,
the IP of the Red River Valley of North Dakota and Min-
nesota strain of the Colorado potato beetle was deter-
mined to be the first 14 days postemergence in beetles
reared under short day conditions (Yocum et al., 2009).
The transition from the IP (a period of high metabolic
rates and active feeding) to MP (a period of very low
metabolic rates, no feeding, and very little movement) in
the Colorado potato beetle is characterized by unique
gene expression patterns (Yocum, 2003; Yocum et al.,
2009).

To further clarify the molecular regulation of this
dynamic period of transition in the life cycle of L. decem-
lineata, research was conducted with two main
objectives: (1) isolate additional IP and MP differentially
regulated genes and (2) examine the expression of these
genes during the early gonotrophic cycle in nondia-
pausing adults.

MATERIAL AND METHODS

Insect rearing

L. decemlineata were reared according to Yocum et al.
(2009). To obtain nondiapausing adults, all developmental
stages of the beetle were reared at 16L : 8D, 24 + 2°C, and 65%
relative humidity. Diapause IP and MP adults were obtained by
rearing all developmental stages of the beetle at 8L : 16D, 24 +
2°C, and 65% relative humidity. At twenty days postemergence,
diapause programmed beetles were removed from the rearing
cages, placed in moist vermiculite and stored at 5°C.

Suppressive subtractive hybridization and primary
screening

Suppressive subtractive hybridization was carried out as
described by Yocum (2003) and Yocum et al. (2006). Total
RNA was isolated from day one nondiapausing and day one and
day two diapause IP beetles using TRIzol (Molecular Research
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TaBLE 1. Diapause down-regulated transcripts isolated from Leptinotarsa decemlineata by suppressive subtractive hybridization.

Predicted tran- Accession

Score, % identity, organism,

Clone Size (bp) script size (kb) number Putative identity accession number Blast

Regulatory

N4(1)F7 615 500 GO270916 serpin 3a 4, 66%, Tribolium castaneum, XP_969874 X
Structural

N4(1)BS5 614 1200 G0270910 apidermin 1 le™, 55%, Apis mellifera, XP_625247 X

Protease serine
N4(2)C2 702 1400 GO270919 protease 4e, 41%, Tenebrio molitor, ABC88734 X
Retinol binding
P1(2)B11 504 900 G0270863 CRALBP 6e7', 68%, Nasonia vitripennis, XP_001606183 X
Carbohydrate

metabolism

N2(1)C4 664 2000 GO270895 B-glucosidase 468, 52%, Tribolium castaneum, XP_972437 X

N3(2)G5 667 2100 G0270907 B-mannosidase, lyso- €%, 62%, Tribolium castaneum, XP_974359 X

N6(1)G8 278 1500 G0270944 somal cellulase IT 6e 7, 70%, Apriona germari, AAR22385 X

Unknown function
P3(1)F3 581 600 GO271611

*The Blast program was used to search GenBank sequence repository for possible sequence identities. A three step search strategy
was employed: (1) A BlastX search of the non-redundant protein sequences (nr) was done. (2) For those sequences failing to yield a
significant hit (e*), the BlastX search was repeated with the low complexity region filter turned off. (3) For the sequence failing the
two BlastX searches, a BlastN search of the nucleotide collection (nr/nt) database was conducted.

Center, Cincinnati, OH, USA) (Yocum, 2001). Suppressive sub-
tractive hybridization was carried out using the BD Clontech
PCR-Select kit (BD Biosciences, Mountain View, CA, USA).
The colony filters were screened with complex probes generated
by the PCR DIG Probe Synthesis kit (Roche, Indianapolis, IN,
USA) using the subtracted nondiapause and early IP libraries as
template and the nested PCR primers 1 and 2R from the BD
Clontech PCR-Select kit. Northern blots were screened with
probes of individual clones of interest using the same kits and
nested PCR primers as above.

Northern blot analysis

Northern blot analysis was carried out according to Yocum et
al. (2009) with at least three replications. Five micrograms of
total RNA per sample (whole body from an individual beetle)
were separated on a 1% denaturing agarose gel. All samples
contained ethidium bromide, and after electrophoresis, a photo-
graph of the gel was taken to compare the intensity of the rRNA
bands to insure equivalent loading of samples. Prehybridization
and hybridization were carried out in DIG Easy Hyb hybridiza-
tion buffer (Roche). The DIG High Prime DNA Labeling and
Detection Starter Kit II (Roche) was used to detect the
digoxigenin-labeled probes. Following the hybridization and
detection, membranes were stripped in buffer (50% molecular
grade formamide, 5% SDS, and 50 mM Tris-HCI, pH 7.5).
Membranes were stripped only three times; after the third strip-
ping, the membranes were probed with a control gene to insure
equivalent loading and transfer of RNA onto the membranes.

Bioinformatics

The Blast program was used to search the GenBank sequence
repository for possible sequence identities (Altschul et al.,
1997). A three-stage analysis was conducted: (1) First a BlastX
search of the non-redundant protein sequences (nr) was carried
out. (2) If no significant hit was returned, the BlastX search was
rerun with the low complexity region filter turned off. (3)
Finally, if the first two BlastX searches failed to yield a possible
identity, a BlastN search of the nucleotide collection (nt/nt)
database was carried out. All the sequences were deposited in
GenBank and assigned accession numbers (Table 1).
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RESULTS

Clones

In an unpublished study, suppressive subtractive
hybridization failed to isolate genes that were differen-
tially regulated between the early diapause IP and nondia-
pausing Colorado potato beetle. Yocum et al. (2009) have
shown that the transition between the diapause IP and MP
is characterized by down-regulation of select genes.
Therefore, genes isolated in the unpublished investigation
were subjected to more extensive developmental studies,
revealing that eight genes were down-regulated as the
beetles enter the MP of diapause.

Blast results

A BlastX search of the GenBank database yielded ten-
tative identification for seven of the eight down-regulated
genes: clone N4(1)F3 (serpin), clone N4(1)B5 (apider-
min), clone N4(2)C2 (serine protease), clone P1(2)B11,
(cellular retinal-binding protein, CRALBP), clone
N2(1)C4 (B-glucosidase), clone N3(2)G5 (B-mannosi-
dase), and clone N6(1)GS (cellulase II) (Table 1).

Northern blot screening of the diapause initiation and
maintenance phase

Transcript expression patterns were examined in days 1
to 14 IP and days 15, 20, and 102 postemergence MP
beetles. Eight of the transcripts were differentially regu-
lated between the IP and MP of diapause. These tran-
scripts had very similar expression patterns, being highly
expressed during the diapause IP and down-regulated or
below the level of detection in the days 20 and 102 poste-
mergence MP samples (Fig. 1A).

Northern blot screening of early nondiapausing adults

To determine if the MP down-regulated transcripts are
also expressed in young nondiapausing adults, day 1, 3, 5,
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Fig. 1. Northern blot analysis of gene expression for Colorado potato beetle adults during the diapause initiation (IP) and mainte-
nance (MP) phases of diapause (A) and during early nondiapausing adults (B). Total RNA (5 pg) was separated on a 1%
formaldehyde-agarose gel and screened using digoxigenin PCR labeled probes. Blots were rescreened using a control gene (ribo-
somal protein L18a); a representative blot is presented in the bottom panel.
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7, 9, and 11 nondiapausing adults were screened. This
eleven day period covers a time of rapid increase in the
beetles’ ovipositioning rate (Peferoen et al., 1981). All
the MP down-regulated genes were expressed during the
first eleven days postemergence in the nondiapausing
adults. In nondiapausing adults the expression of the
serine and apidermin genes were not detectable by day
eleven, whereas in IP adults the expression persisted until
day 15 (Fig 1A and B).

DISCUSSION

Eight transcripts were isolated and shown to be down-
regulated between the IP and MP of adult diapause in the
Colorado potato beetle. These clones were subdivided
into six putative functional groups: regulatory (serpin),
structural (apidermin), protease (serine protease), retinol
binding protein (CRALBP), carbohydrate metabolism
(B-glucosidase, B-mannosidase and cellulase II), and
unknown function.

Transcripts of two interacting gene families [serine pro-
teases, N4(2)C2; and serpins, N4(1)F7], were isolated and
shown to be below the level of detection between day 15
and 20 postemergence. The serpin gene expression was
down-regulated by day 9 postemergence in nondia-
pausing beetles and not detectable by day 11, whereas,
the serine protease was expressed at high levels through
day 11 in nondiapausing beetles (Fig 1B). Serine prote-
ases (e.g., chymotrypsin, trypsin, elastase and others) are
involved in a large array of physiological functions such
as development, homeostasis, digestion, and stress
response mechanisms (Verhagen et al., 2002; Antao &
Malcata, 2005; Hachem et al., 2006; Li et al., 2008).
Activity of these proteases is regulated by a diverse
family of inhibitors called serpins (serine protease inhibi-
tors) (Silverman et al., 2001; Law et al., 2006; Roberts &
Hejaard, 2008). Loss of these critical protease inhibitors
results in disease or death of the organism (De Gregorio
et al., 2002; Luke et al., 2007; Gooptu & Lomas, 2008;
Schefrer et al., 2008). What possible role serpins may
play in the adult diapause of L. decemlineata is unclear,
but the persistence of its expression four days longer in
the diapause-programmed beetles than the nondiapausing
beetles suggests that it indeed plays some role. As for the
serine protease, the most likely function is digestion,
since its decrease in expression correlates with the cessa-
tion of feeding as the beetles enter diapause MP.

The cuticle is a dynamic structure that responds to
external factors such as insecticides and desiccation
(Zhang et al., 2008). In response to photoperiodism, the
expression of four glycine-rich cuticle protein genes from
the Colorado potato beetle have been shown to persist
four days longer in diapause IP adult beetles than in early
nondiapausing adults (Yocum et al., 2009). One transcript
[N4(1)B5] isolated in this study is similar to apidermin 1,
a member of a newly described cuticle protein family
from the honey bee Apis mellifera (Kucharski et al.,
2007). Apidermin 1 is 122 amino acids in length and is
constructed primarily of the amino acids alanine, glycine,
leucine, proline, and valine (AGLPV) (100 amino acids
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out of 122), making it highly hydrophobic. Apidermin 1
contains two AAPA motifs which are found in cuticular
proteins (Willis et al., 2005). The predicted partial protein
of N4(1)B5 is 122 bp in length, and like apidermin 1 is
extremely hydrophobic, being rich in AGLPV (99 amino
acids out of 122). The expression pattern of L. decem-
lineata apidermin gene in early nondiapausing beetles and
during the diapause IP mirrored that of four glycine-rich
cuticle proteins (Yocum et al., 2009) in that they are
expressed four days longer postemergence in diapause 1P
beetles than they are in nondiapausing beetles. This
expression pattern strengthens the case that the protein
composition of diapausing beetle cuticle is distinct from
that of nondiapausing beetles.

A BlastX search using clone P1(2)B11 revealed signifi-
cant similarities to the cellular retinal-binding protein
(CRALBP) from the parasitic wasp Nasonia vitripennis.
Retinoid-binding proteins are involved in the transport of
the highly hydrophobic retinoids and in regulating the
titer and activity of the active forms of the retinoids.
CRALRBP is essential in the processing of trans-retinol to
11-cis-retinal (vitamin A) which binds to opsin to form
the active photopigment rhodopsin (Noy, 2000). Though
there is evidence that CRALBP and vitamin A are
involved in insect seasonality (Veerman et al., 1985;
Overmeer et al., 1989; van Houten & Veerman, 1990;
Claret & Volkoff, 1992; Bosse & Veerman, 1996; Gao et
al., 1999), L. decemlineata remains responsive to photo-
periodism independent of diapause history (Tauber et al.,
1988). Therefore, the decrease in the level of expression
in CRALBP observed in this study would appear not to
be affecting the ability of L. decemlineata to respond to
photoperiodism.

Three enzymes involved in carbohydrate metabolism,
two B-glycosidases (B-glucosidase and B-mannosidase)
and a cellulase, were isolated and shown to be down-
regulated in the diapause MP. B-glycosidases are enzymes
that are involved in the cleavage of the (-1, 4-linked
monosaccharide residues of glycosides (Terra & Ferreira,
1994). B-glucosidase and B-mannosidase activity have
been detected in insect midguts (Ferreira et al., 1998;
Scrivener et al., 1997), while B-glucosidases are also pre-
sent in the colleterial glands (Koeppe et al., 1985) and in
the hemolymph (Franzl et al., 1989) of various insect spe-
cies. Although once thought to be restricted to microor-
ganisms, endogenous cellulase transcripts have been
isolated in a diverse range of animal species (review,
Watanabe & Tokuda, 2001). Even though the phyloge-
netic distribution of endogenous cellulases is currently
unclear, we believe this is the first report of a putative
cellulase in L. decemlineata. Although the two B-glycosi-
dases are known to be involved in the intracellular regula-
tion of glycoside titers as well as digestion, their
down-regulation as well as the cellulose II gene as the
beetles enter the nonfeeding stage of diapause MP (Fig.
1A) would suggest that their primary role is digestive.
The downregulation of digestive enzymes during dia-
pause MP in L. decemlineata has been observed previ-
ously (Yocum et al., 2009). Knowledge of the expression



pattern of key digestive and metabolic genes can provide
keen insights into diapause physiology and behavior.
Based on the expression patterns of a trypsin, a chy-
motrypsin, and a fatty-acid synthase transcript, Robich &
Denlinger (2005) ruled out the possibility of blood
feeding by the mosquito Culex pipiens L. on warm
autumn days. Drawing on the expression data and other
observations, these authors also hypothesized that field
overwintering C. pipiens are behaviorally and physiologi-
cally capable of sugar feeding. This elegant manuscript
clearly demonstrates that the power of gene expression
studies goes beyond simply understanding regulatory
mechanisms to that of being able to predict field
behavior.

In summary, from previous results (Yocum et al., 2009)
and results presented here, we observed the following for
the Red River Valley of North Dakota and Minnesota
strain of the Colorado potato beetle. (1) Diapause-
programmed beetles make the transition from IP to MP
phase of diapause 13-20 days postemergence. (2) The
expression of the examined cuticle protein transcripts per-
sists longer in the IP beetles than in the early nondia-
pausing adults. (3) The expression pattern of one
transcript [N6(1)D5] was similar in both IP and nondia-
pausing beetles, being down-regulated to trace levels by
day 11 postemergence (data not shown). (4) Although to
date a number of different functional categories of genes
have been isolated that are down-regulated during the
transition between the diapause IP and MP, most of these
genes appear to be involved in digestion either directly or
indirectly.

ACKNOWLEDGEMENTS. We thank Lisa B. Yocum for her
editing of the various drafts of this manuscript.

REFERENCES

AvrtscHUL S.F., MADDEN T.L., SCHAFFER A.A., ZHANG J., ZHANG
Z., MiLLer W. & Lipman D.J. 1997: Gapped Blast and PSI-
Blast: a new generation of protein database search programs.
Nucl. Acids Res. 25: 3389-3402.

ANTAO C.M. & MaLcata F.X. 2005: Plant serine proteases: bio-
chemical, physiological and molecular features. Plant
Physiol. Biochem. 43: 637-650.

Baker M.B. & PorTER A.H. 2008: Use of sperm precedence to
infer the overwintering cost of insecticide resistance in the
Colorado potato beetle. Agric. For. Entomol. 10: 181-187.

Bosse T.C. & VEERMAN A. 1996: Involvement of vitamin A in
the photoperiodic induction of diapause in the spider mite
Tetranychus urticae is demonstrated by rearing an albino
mutant on a semi-synthetic diet with and without B-carotene
or vitamin A. Physiol. Entomol. 21: 188-192.

CLARET J. & Vorkorr N. 1992: Vitamin A is essential for two
processes involved in the photoperiodic reaction in Pieris
brassicae. J. Insect Physiol. 38: 569-574.

DeNLINGER D.L. 2008: Why study diapause? Enfomol. Res. 38:
1-9.

EPPO 2006: Distribution maps of quarantine pests for Europe,
Leptinotarsa decemlineata. http://pqr.eppo.org/datas/
LPTNDE/LPTNDE.pdf.

FErRRERA C., Torres B.D. & Terra W.R. 1998: Substrate speci-
ficities of midgut B-glycosidases from insects of different
orders. Comp. Biochem. Physiol. (B) 119: 219-225.

Ferro D.N. 1985: Pest status and control strategies of the Colo-
rado potato beetle. In Ferro D.N. & Voss R.N. (eds): Pro-
ceedings of the Symposium on the Colorado Potato Beetle,
17" International Congress of Entomology. Massachusetts
Agricultural Experimental Station Research Bulletin 704, pp.
1-8.

FranzL S., ACKERMANN I. & NAHRSTEDT A. 1989: Purification
and characterization of a B-glucosidase (linamarase) from the
haemolymph of Zygaena trifolii Esper, 1783. (Insecta, Lepi-
doptera). Experientia 45: 712-718.

Gao N., VoN ScHaNTz M., Foster R.G. & HARDIE J. 1999: The
putative brain photoperiodic photoreceptor in the vetch aphid,
Megoura viciae. J. Insect Physiol. 45: 1011-1019.

GauTHIER N.L., HoFMASTER R.N. & SEMAL M. 1981: History of
Colorado potato beetle control. In Lashomb JH. &
Casagrande R.A. (eds): Advances in Potato Pest Manage-
ment. Hutchinson Ross, Stroudsburg, PA, pp. 13-33.

Goortu B. & Lomas D.A. 2008: Polymers and inflammation:
disease mechanisms of the serpinopathies. J. Exp. Med. 205:
1529-1534.

DE GrReEGORrIO E., HaN S.-J., LEE W.-]., BAEK M.-]J., Osak1 T.,
KawaBata S.-1., Lee B.L., IwaNnaca S., LEMAITRE B. & BREY
P.T. 2002: An immune-responsive serpin regulates the melan-
ization cascade in Drosophila. Dev. Cell 3: 581-592.

Hacuem J.-P., HouBen E., CRUMRINE D., MaN M.-Q., SCHURER
N., RoeLanpt T., CHor E.H., UcHipa Y., BRown B.E., FEIN-
GoLp K.R. & Erias P.M. 2006: Serine proteases signaling of
epidermal permeability barrier homeostasis. J. Invest. Derma-
tol. 126: 2074-2086.

vAN Houten Y.M. & VEErRMAN A. 1990: Photoperiodism and
thermoperiodism in the predatory mite Amblyseius potentil-
lac are probably based on the same mechanism. J. Comp.
Physiol. (4) 167: 201-209.

KoerpE J.K., Fucas M., Cuen T.T., Hunt L.-M., KovaLick G.E.
& Briers T. 1985: The role of juvenile hormone in reproduc-
tion. In Kerkut G.A. & Gilbert L.I. (eds): Comprehensive
Insect Physiology, Biochemistry and Pharmacology. Vol. 8.
Pergamon Press, Oxford, pp. 165-203.

KosTAL V. 2006: Eco-physiological phases of insect diapause. J.
Insect Physiol. 52: 113-127.

Kucharski R., MaLEszka J. & MaLeszka R. 2007: Novel
cuticular proteins revealed by the honey bee genome. Insect
Biochem. Mol. Biol. 37: 128-134.

Law R.H.P., Zuanc Q., McGowaN S., BUCKLE A., SILVERMAN
G.A., Wong W., Rosapo C.J., LANGENDORF C.G., PIkE R.N.,
Birp P.I. & WaissTock J.C. 2006: An overview of the serpin
superfamily. Genome Biol. T: 216.

L1 H.-M., Buczkowskr G., MirrapaLLr O., X J., Wu J,,
WESTERMAN R., ScHEMERHORN B.J., MurpOCK L.L. & PITTEN-
DRIGH B.P. 2008: Transcriptomic profiles of Drosophila mela-
nogaster third instar larval midgut and response to oxidative
stress. Insect Mol. Biol. 17: 325-339.

Luke C.J., Pak S.C., Askew Y.S., NavigLia T.L., Askew D.J.,
NoBar S.M., VEtica A.C., LonG O.S., Watkins S.C., StoLz
D.B., BarsteaD R.J., MouLDER G.L., BRoMME D. & SILVERMAN
G.A. 2007: An intracellular serpin regulates necrosis by
inhibiting the induction and sequelae of lysosomal injury.
Cell 130: 1108-1119.

Noy N. 2000: Retinoid-binding proteins: mediators of retinoid
action. Biochem. J. 348: 481-495.

OverMEER W.P.J., NeLis H.J.C.F., pE LEeNHEER A.P., CaLis
JN.M. & VEERMAN A. 1989: Effect of diet on the photoperi-
odic induction of diapause in three species of predatory mite,
Amblyseius potentillae, A. cucumeris, and Typhlodromus
pyri. Exp. Appl. Acarol. 7: 281-287.

475



PererOEN M., HuyBRECHTS R. & DE Loor A. 1981: Longevity
and fecundity in the Colorado potato beetle, Leptinotarsa
decemlineata. Entomol. Exp. Appl. 29: 321-329.

RoBerTs T.H. & HEesGAARD J. 2008: Serpins in plants and green
algae. Func. Integr. Genomics 8: 1-27.

RoBicH R.M. & DenLiNGER D.L. 2005: Diapause in the mos-
quito Culex pipiens evokes a metabolic switch from blood
feeding to sugar gluttony. Proc. Natl. Acad. Sci. USA 102:
15912-15917.

ScHERFER C., TANG H., KamBRIS Z., LHocINE N., Hasammorto C. &
LeMaitRE B. 2008: Drosphila serpin-28D regulates hemo-
lymph phenoloxidase activity and adult pigment. Dev. Biol.
323: 189-196.

ScrIVENER A .M., WATANABE H. & Noba H. 1997: Diet and car-
bohydrate digestion in the yellow-spotted longicorn beetle,
Psacothea hilaris. J. Insect Physiol. 43: 1039-1052.

SiLverMAN G.A., Bmrp P.I., CarreL R.W., Caurca F.C.,
CougHLIN P.B., Gertins P.G.W., Irving J.A., Lomas D.A.,
Luke C.J., Mover R.W., PemBerTON P.A., REMOLD-
O’DonnNELL E., SALVESEN G.S., Travis J. & Whisstock J.C.
2001: The serpins are an expanding superfamily of structur-
ally similar but functionally diverse proteins. J. Biol. Chem.
276: 33293-33296.

TaUBER M.J. & TAUBER C.A. 1973: Insect phenology; criteria for
analyzing dormancy and for forecasting postdiapause devel-
opment and reproduction in the field. Search Agric. 11: 1-16.

TauBer M.J., TAuBER C.A. & Masaki S. 1986: Seasonal Adapta-
tions in Insects. Oxford Press, Oxford, 411 pp.

TauBer M.J., TauBer C.A., Osrycki J.J., GorLrLanps B. &
WricHT R.J. 1988: Geographical variation in responses to
photoperiod and temperature by Leptinotarsa decemlineata
(Coleoptera: Chrysomelidae) during and after dormancy. Ann.
Entomol. Soc. Am. 81: 764-773.

TerRrRA W.R. & FERrReRA C. 1994: Insect digestive enzymes:
properties, compartmentalization and function. Comp. Bio-
chem. Physiol. (B) 109: 1-62.

VEERMAN A., StaGT M.E., ALDERLIESTS M.F.J. & VEENENDAAL
R.L. 1985: Photoperiodic induction of diapause in an insect is
vitamin A dependent. Experientia 41: 1194-1195.

476

VERHAGEN A.M., SiLkE J., EKERT P.G., PAkuscH M., KAUFMANN
H., ConnoLry L.M., Day C.L., Tikoo A., BURKE R., WROBEL
C., Moritz R.L., StmpsoN R.J. & Vaux D.L. 2002: HtrA2 pro-
motes cell death through its serine protease activity and its
ability to antagonize inhibitor of apoptosis proteins. J. Biol.
Chem. 277: 445-454.

WaTANABE H. & Tokupa G. 2001: Animal cellulases. Cell. Mol.
Life Sci. 58: 1167-1178.

WeBer D.C. & Ferro D.N. 1994: Colorado potato beetle:
Diverse life history poses challenge to management. In
Zehnder G.W., Powelson M.L., Jansson R.K. & Raman K.V.
(eds): Advances in Potato Pest Biology and Management.
APS Press, St. Paul, Minnesota, pp. 54-70.

WiLLis J.H., Iconomipou V.A., SmitH R.F. & HaMoDRAKAS S.J.,
2005: Cuticular proteins. In Gilbert L.1., Iatrow K. & Gill S.S.
(eds): Comprehensive Molecular Insect Science. Vol. 4.
Elsevier Oxford, UK, pp. 79-110.

Yocum G.D. 2001: Differential expression of two HSP70 tran-
scripts in response to cold shock, thermoperiod, and adult dia-
pause in the Colorado potato beetle. J. Insect Physiol. 47:
1139-1145.

Yocum G.D. 2003: Isolation and characterization of three
diapause-associated transcripts from the Colorado potato bee-
tle, Leptinotarsa decemlineata. J. Insect Physiol. 49: 161-169.

Yocum G.D., CoubroN T.A. & Branpt S.L. 2006: Differential
gene expression in Perillus bioculatus nymphs fed a subop-
timal artificial diet. J. Insect Physiol. 52: 586—-592.

Yocum G.D., RINEHART J.P., CHIRUMAMILLA-CHAPARA A. &
LarsoN M.L. 2009: Characterization of gene expression pat-
terns during the initiation and maintenance phases of diapause
in the Colorado potato beetle, Leptinotarsa decemlineata. J.
Insect Physiol. 55: 32-39.

ZaANG J., GoyER C. & PeLLETIER Y. 2008: Environmental
stresses induce the expression of putative glycine-rich insect
cuticular protein genes in adult Leptinotarsa decemlineata
(Say). Insect Mol. Biol. 17: 209-216.

Received May 18, 2009; revised and accepted July 20, 2009



