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Abstract

A North Dakota strain of the Colorado potato beetle,Leptinotarsa decemlineata(Say), was reared under both short- (8L:16D)
and long-day (17L:7D) conditions. Age-related and pyriproxyfen- (JHA-) induced changes in hemolymph free amino acids and
proteins were examined. Under a short-day photoperiod, the total free amino acid concentration in the hemolymph increased gradu-
ally up to 20 days of adult life, but the long-day beetles showed marked increases during the first 10 days and then decreased
afterwards. Proline, glutamine and valine were the most abundant free amino acids in both sexes of beetles held under either short-
or long-day photoregims. JHA treatment of diapausing adults, held under either short- or long-day conditions after treatment,
terminated diapause as indicated by re-emergence from the vermiculite, feeding, mating, changes in free amino acid levels, the
disappearance of diapause protein 1 and appearance of vitellogenin in the hemolymph. Furthermore, most of the JHA-treated females
held under long-day conditions also matured oocytes and oviposited, but those held under short-day conditions did not. Published
by Elsevier Science Ltd.
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1. Introduction

The Colorado potato beetle,Leptinotarsa decemline-
ata (Say), is native to the United States and was intro-
duced to Europe in 1918 (de Wilde et al., 1959).L.
decemlineatais a major pest of potatoes worldwide
(Hare, 1990) and staked tomatoes (Schalk and Stoner
1976, 1979) in Northeastern North America. Its diapause
physiology has been studied extensively in European
populations (see de Kort, 1990), but limited information
is available for North American strains (Wagner et al.,
1998). In the European strain, under long-day conditions
with photoperiods of 15 h or longer at temperatures of
21–28°C adults develop, mate and oviposit. However,
under short-day conditions with photoperiods of 10 h or
less at temperatures of 21–28°C adults enter diapause
and exhibit no reproductive behavior (de Wilde et al.,
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1959). Diapause is characterized by low juvenile hor-
mone (JH) titres, high JH esterase (JHE) activity
(Vermunt et al., 1997, 1999), no vitellogenin, and
increasing levels of diapause proteins in the hemolymph
(Dortland, 1978; de Kort, 1990). However, developing
beetles have high JH titres, low JHE activity, the pres-
ence of vitellogenin and absence of diapause proteins (de
Kort, 1990).

L. decemlineatavitellogenin is a trimer consisting of
199 and 162 kDa subunits (de Kort and Koopmanschap,
1992) found only in developing female imagines.
Diapause protein 1 is a 500 kDa arylphorin-type hexam-
eric storage protein with 82 kDa subunits (de Kort and
Koopmanschap, 1994), which appears only in the hemo-
lymph of diapausing male and female imagines and last
instar larvae (Koopmanschap et al., 1992).

Treatment of diapausingL. decemlineatawith pyrip-
roxyfen, a juvenile hormone analogue (JHA), terminates
diapause (Koopmanschap et al., 1989; de Kort and
Koopmanschap, 1990; de Kort et al., 1997) as it also
does in the black cucumber beetle,Aulacophora nigrip-
ennis(Watanabe and Tanaka, 1998). Treating short-day
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L. decemlineata females with JHA prevents the
expression of the diapause protein 1 gene in the fat body,
but induces the appearance of vitellogenin in the hemo-
lymph (de Kort et al., 1997).

Compared with other animals, insects have high free
amino acid levels in the hemolymph and tissues (Florkin
and Jeuniaux, 1964; Chen, 1985). Proline is the major
amino acid found inL. decemlineataadult whole body
extracts (de Kort and Kramer, 1976) and is a flight mus-
cle energy source (Mordue and de Kort, 1978; Weeda
et al., 1979, 1980; Brouwers and de Kort, 1979). How-
ever, the physiological roles for most of the other free
amino acids are still not fully understood, and no work
has been reported on the hemolymph levels of free
amino acids inL. decemlineataduring development or
after JHA treatments.

In the present study, we report age-related changes in
free amino acid levels in the hemolymph of pre-diapaus-
ing, diapausing and non-diapausing adults during their
normal development and the effects of JHA and photop-
eriods on diapause termination, hemolymph free amino
acid concentrations and protein profile in a North Dakota
L. decemlineatastrain.

2. Materials and methods

2.1. Insects

Colonies of L. decemlineatawere established from
field-collected specimens from the Red River Valley of
North Dakota. Insect colonies were held in screened
plastic cages (38×38×40 cm) in walk-in chambers and
provided with greenhouse-grown Luther Burbank potato
(Solanum tuberosum) plants. The chamber was main-
tained under long-day conditions (17L:7D) at a tempera-
ture range of 26±2°C and 65% relative humidity (RH).
Twilight conditions were provided from 5 to 6 am and
9–10 pm with two Sylvania Life Line F48-T12-CW-HO
fluorescent bulbs and daylight conditions from 6 am to
9 pm with two 400 W sodium lamps (#47-1481, Hum-
mert Intl, Earth City, MO). Another walk-in chamber
was kept under short-day conditions (8L:16D) without
twilight periods at a temperature range of 24±2°C and
65% RH to induce diapause.

Diapause was induced by placingL. decemlineata
eggs from the colony on potato leaves in the short-day
chamber and rearing them to the adult stage. Adults were
collected within 24 h of emergence from the soil and
placed in plastic containers (18.5×11.5×21 cm) contain-
ing fresh potato plant leaf bouquets held in water bottles.
The bottom of the container contained 8–10 cm of moist
vermiculite. The containers were then covered with two
layers of cheese cloth (American Fiber and Fishing, Inc,
Albemarle, NC) held in place with rubber bands.
Diapause was considered to occur when the beetles bur-

rowed into the vermiculite. Groups of 20–40, 20 day old
diapausing adults were collected, placed in moist ver-
miculite and stored in 0.5 l cardboard containers (8.5 cm
in diameter, Fonda # 106, St Albans, VT) at 10°C with-
out illumination. These diapausing beetles were held for
20 days and then used for short-day 40 day sample free
amino acid analysis or held for 15 days and used for the
JHA-treatment studies.

Reproduction under lower temperature was tested in a
separate incubator.L. decemlineataeggs from the colony
were set up on potato plants in a cage under long-day
photoperiod (17L:7D) at 20±0.5°C and 65% RH as
described previously. Adults were collected within 24 h
of emergence and 10 to 20 females and males (1:1) were
placed in 4 l Nalgene beakers (18 cm in diameter) con-
taining fresh potato plants.

2.2. Sample collection and preparation

Two to five microlitres of hemolymph were collected
from each insect with a 10µl micropipette, diluted (1:1,
v/v) with cold 0.85% NaCl containing 0.025% phenyl-
thiourea in 1.5 ml microcentrifuge tubes. Immediately
after collection, the hemolymph was centrifuged for 15
min at 10,000g and 4°C in a Biofuge15R centrifuge and
stored at270°C until shipment for amino acid analysis.

Ovaries were dissected from 6-day-old long-day
female adults which had been anaesthetized with CO2.
The tissues were rinsed, homogenized and extracted in
cold 0.85% NaCl (Yi and Gillott, 1999). The homogen-
ate was then centrifuged for 30 min at 10,000g and 4°C
in a Biofuge15R centrifuge and the supernatant was used
as the vitellin standard in electrophoresis studies.

2.3. Protein analysis

Protein concentrations in the samples were determined
by the Bio-Rad Microplate procedure (Bio-Rad Labora-
tories, Hercules, CA) with bovine serum albumin as the
standard. Sodium dodecyl sulphate–polyacrylamide gel
electrophoresis (SDS–PAGE) was carried out with Bio-
Rad 4–15% gradient gels and Mini-Protein II apparatus,
using broad range molecular weight markers as stan-
dards. Equal amounts of sample proteins (5µg) were
loaded onto each lane. Gels were stained with Coomas-
sie Brilliant Blue R-250 (CBB). Estimation of protein
molecular weights was conducted by comparison with
standard proteins according to the manufacturer’s
instruction (Bio-Rad). Protein bands of vitellin from
ovary extract and vitellogenin from hemolymph of sex-
ually mature non-diapausing females, were used as refer-
ences to identify vitellogenin in the test hemolymph
samples.

Diapause protein 1 was identified as follows. A spe-
cific antibody to diapause protein 1, anti-diapause serum
291 (a gift from Professor C.A.D. de Kort, Wageninen
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Agricultural University of the Netherlands), was used to
identify the diapause protein 1 (de Kort and Koopman-
schap, 1987; Koopmanschap et al., 1992). CBB-stained
protein bands of hemolymph samples were cut and elec-
troeluted from the gradient gels, and dialyzed
(Cheeseman and Gillott, 1988). Residual SDS and CBB
were removed by treatment with 4 volumes of cold ace-
tone. The precipitated proteins were then tested in the
single immuno-diffusion (Yi and Gillott, 1999) with 1%
agarose in PBS (10 mM phosphate buffer, pH 7.6, 150
mM NaCl) containing 1% anti-diapause serum 291. The
protein precipitate was visualized by Coomassie Stain
and Destain solutions (Bio-Rad).

2.4. Amino acid composition analysis

Hemolymph samples in microcentrifuge tubes were
shipped on dry ice. Free amino acid composition in the
hemolymph was analyzed with a Beckman 6300 Amino
Acid Analyzer by the Metabolic Diseases Laboratory
(Royal University Hospital, Saskatoon, SK, Canada).

2.5. Long-day, short-day studies

Insects were held under either long- or short-day con-
ditions from egg stage to the end of the experiment.
Adults were collected when they emerged from the ver-
miculite. Samples were taken at 1, 10, 20 and 40 days
after emergence. Beetles held under short day conditions
were placed at 10°C when they were 20 days old and
then held for another 20 days. This would give results
of changes that occurred during pre-diapause (days 1,
10, and 20) and those well into diapause (day 40). Long-
day beetles were also sampled at 1, 10, 20 and 40 days
after adult emergence. Each replicate consisted of 30
males and 30 females and two replicates were conducted
for each age-holding condition combination. Hemo-
lymph samples were collected and subsequently ana-
lyzed for amino acids.

2.6. JHA treatment

Beetles 15 days into diapause and stored at 10°C were
used in these studies. Insects were transferred to room
temperature for 2 h and then were treated with Pyrip-
roxyfen, 2-[1-methyl-2-(4-phenoxyphenoxy)-ethoxy]py-
ridine, (kindly provided by Valent USA Corporation,
Walnut Creek, CA) at a concentration of 1µg/µl in ace-
tone and 1µl was applied topically to the ventral part
of the abdomen with a 50µl Hamilton syringe held in
a microinjector. One group of controls was treated with
1 µl of acetone and the other was not treated. Each repli-
cate consisted of 30 males and 30 females with three
replicates for each treatment-holding condition combi-
nation. One hour after the treatment, beetles were placed
on the surface of moist vermiculite. Both treated and

control beetles were divided into two groups; one group
was held under long-day conditions and the other under
short-day conditions. Both groups were provided with
potato plants. Data were recorded as to the dates for re-
emergence, resumption of feeding, initiation of mating
and start of oviposition by daily observations from 9:00
am to 11:00 am for 25 days after treatment. Ovarian
development was examined by dissection of females
from parallel groups of JHA-treated and control beetles
under the same conditions. An identical experimental
design, but with two replicates, was used for the amino
acid study with hemolymph samples being taken 25 days
after treatment. In addition, electrophoretic analysis of
the hemolymph at 25 and 45 days post-treatment was
done with JHA-treated beetles held under short-day con-
ditions.

2.7. Statistical analysis

Statistical analysis of the data was done with PC–SAS
using the GLM or ANOVA procedures and mean separ-
ations were determined by Student–Newman–Keuls test
for multiple comparison (SAS Institute, 1989). The sig-
nificance of two-factor comparisons between treatment
and control was determined by Chi-square (Li, 1957).

3. Results

3.1. General development

Beetles bred under short-day conditions (8L:16D, at
24±2°C) had a developmental period of 35.5±1.9 days
(mean±SD, 8 replicates of 25–45 insects) from newly
laid eggs to adult emergence. After emergence, the short-
day adults fed intensively, but did not mate, develop
mature ovaries or oviposit during the entire pre-diapause
period (19.4±1.6 days) (8 replicates with 16–39 insects).

Long-day beetles reared at a photoperiod of 17L:7D
with a temperature of 26±2°C had a developmental per-
iod of 33.6±2.4 days (8 replicates of 14–30 insects) from
egg to adult emergence. However, after emergence, the
beetles not only fed but also developed mature ovaries
by 4.8±1.6 days (8 replicates of 12–15 females). The
adults started mating at 5.0±0.7 days (8 replicates of 10–
28 females) and ovipositing at 5.9±1.1 days (8 replicates
of 8–14 females).

When long-day beetles were held at a photoperiod of
17L:7D with a temperature of 20±0.5°C, they had a
developmental period of 37±1.4 days (3 replicates with
120 insects) from egg to adult emergence. About 80%
of females started ovarian development by day 5; 50%
had vitellogenic ovaries by day 10; and 50% had fully
mature oocytes by day 20. The adults started mating
from day 18 and ovipositing from day 20 onwards.
Therefore, long-day beetles developed and reproduced at
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either temperature (26±2 or 20±0.5°C) whereas short-
day beetles entered diapause at 24±2°C.

3.2. Hemolymph free amino acids

Table 1 shows the concentration of free amino acids
in the hemolymph of male and female adult beetles held
under short-day or long-day conditions. Three amino
acids, glutamine, proline and valine accounted for about
60% of the total free amino acids present in the hemo-
lymph of insects held under either long- or short-day
conditions and in either sex. Proline alone accounted for
36% of the total.

Based on pooled means for sample times, only three
amino acids, lysine, ornithine, and phenylalanine,
showed any sex-related concentration differences. Under
short-day conditions, lysine and ornithine were 43% and
30% higher, respectively, in females than in males. Total
amino acid levels were 14% higher in females than
males when reared under short-day conditions. Long-day
females had 28% more phenylalanine than males, but
there was no significant difference in total amino acid
levels.

Ten amino acids showed significant differences in
hemolymph concentrations when long-day beetles were
compared with short-day ones. Alanine, ethanolamine,
lysine, and serine were 29, 85, 53 and 22% lower,
respectively, in short-day beetles than in long-day
beetles. However, asparagine, ornithine, phenylalanine,
tyrosine, and valine were 85, 16, 30, 30 and 15% higher,
respectively, in short-day beetles than in long-day ones.
Furthermore, tryptophan was not detected in any of the
long-day beetles, but was present in those held under
short-day conditions. The total amino acid concentration
was 16% higher in beetles reared under long-day con-
ditions than under short-day conditions.

Short-day beetles showed significant age effects for
concentrations of alanine, arginine, asparagine, ethanola-
mine, glutamine, glycine, histidine, hydroxyproline, iso-
leucine, leucine, lysine, methionine, phenylalanine, pro-
line, threonine and tyrosine. The following amino acids
decreased as follows from 1 to 40 days: arginine—31%,
asparagine—64%, ethanolamine—100%, glutamine—
44%, glycine—38%, histidine—49%, leucine—48%,
methionine—100%, and phenylalanine—51%. Lysine,
proline, and threonine levels increased about two-fold
from 1 to 40 days. The levels for the remaining amino
acid showed no distinct trend with age.

Long-day beetles showed significant age effects for
alanine, arginine, asparagine, ethanolamine, glutamine,
glycine, isoleucine, leucine, lysine, methionine, orni-
thine, proline, serine, threonine, tyrosine, and valine.
Long-day beetles also showed a typical pattern for amino
acid concentrations with lower levels at day 1, with high-
est amounts at day 10 and then lower levels at day 20
and day 40. This pattern was shown by alanine, arginine,

ethanolamine, glutamine, glutamic acid, glycine, iso-
leucine, leucine, lysine, ornithine, serine and threonine.
Several amino acids showed very large concentration
increases between 1 and 10 days. Both glycine and
lysine showed increases over this time interval that were
greater than 10-fold. Levels of proline and valine
increased 314 and 58%, respectively from 1 to 10 days,
but asparagine and methionine decreased 100 and 60%,
respectively, over this time period.

Amino acid concentration was compared between
beetles at the end of the pre-diapause period, day 20 with
short-day conditions, and diapausing insects, day 40 with
short-days. Only seven amino acids showed a difference
in concentration between the end of pre-diapause and
diapause. Insects in diapause showed lower levels of
ethanolamine, glutamine, hydroxyproline and tyrosine
than pre-diapause insects and higher levels of isoleucine,
lysine and threonine.

Some general patterns in individual amino acid con-
centrations are observable in Table 1. The majority (20
out of 23) of amino acids examined showed no sex
related differences in concentrations. The general pattern
of amino acid levels with age was different between
short-day and long-day beetles. Nine amino acids from
short-day beetles showed a general decrease in levels
from 1 to 40 days, but only three amino acids showed
this trend in long-day beetles. Ten amino acids in long-
day beetles showed a significant peak in levels at 10
days, but only one showed this pattern in short-day beetl-
es.

3.3. Terminating diapause with JHA treatments

JHA treatments terminated diapause in beetles held
under either long- or short-day conditions after treatment
and is characterized by re-emergence from the vermicu-
lite and the initiation of feeding and mating (Table 2).
Forty-six percent of JHA treated beetles held under
short-day conditions re-emerged and fed by 6 days post-
treatment and 46% mated by 9 days after treatment.
Twelve days after treatment, all treated beetles re-
emerged and fed, and more than 90% mated. All the
treated beetles fed and 94% mated by the 25th day. How-
ever, in the controls 25% re-emerged and 14% fed by
12 days, but no mating was observed at any post-treat-
ment time. Furthermore, some of the beetles started to
re-enter the vermiculite by 25 days post-treatment.
Neither treated nor control beetles oviposited during the
25 day observation period. None of the control beetles
had vitellogenic ovaries, but 67% of those treated with
JHA showed vitellogenic development. Thus, treating
beetles with JHA and then holding them under short-day
conditions stimulated re-emergence, mating and ovarian
development to early vitellogenesis. When the beetles
were transferred to long-day conditions after treatment,
90% re-emerged and 86% fed at 6 days; 86% mated at
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Table 1
Concentration of free amino acids and derivatives in the hemolymph of male and female adults at different times when held under long- or short-
day conditions

Amino acida Concentration (mmol/l)b

Condc Sexd Adult (day 1) Adult (day 10) Adult (day 20) Adult (day 40)e PMf

ALA SD F 2.43 2.94 2.61 1.80 2.44
SD M 2.29 4.83 1.71 3.06 2.97
SD P 2.36b 3.88a 2.16b 2.43b 2.71b

LD F 2.16 5.73 3.48 4.39 3.94
LD M 2.73 4.65 4.08 3.24 3.67
LD P 2.44c 5.19a 3.78b 3.82b 3.81a

ARG SD F 3.55 2.04 1.68 2.97 2.56
SD M 3.28 0.84 1.44 1.70 1.81
SD P 3.41a 1.44b 1.56b 2.34b 2.19
LD F 1.00 3.18 0.84 1.27 1.57
LD M 1.54 3.15 0.78 0.28 1.44
LD P 1.27b 3.16a 0.81b 0.78b 1.50

ASP SD F 0.00 0.00 0.00 0.00 0.00
SD M 0.00 0.00 0.00 0.75 0.00
SD P 0.00 0.00 0.00 0.38 0.00
LD F 0.53 1.11 0.00 0.27
LD M 0.46 0.00 0.62 0.00 0.27
LD P 0.23 0.55 0.31 0.00 0.27

ASN SD F 2.02 2.25 1.41 0.42 1.52
SD M 2.38 1.47 0.99 1.20 1.51
SD P 2.22a 1.86a 1.20b 0.81b 1.52a

LD F 1.16 0 0.76 1.80 0.93
LD M 1.12 0.00 0.68 1.08 0.72
LD P 1.14a 0.00c 0.72b 1.43a 0.82b

CYS SD F 0.04 0.06 0.07 0.03 0.05
SD M 0.03 0.06 0.03 0.10 0.05
SD P 0.03 0.06 0.05 0.06 0.05
LD F 0.04 0.03 0.03 0.03 0.03
LD M 0.00 0.00 0.02 0.04 0.02
LD P 0.02 0.15 0.02 0.04 0.02

ETN SD F 5.86 2.22 2.91 0.00 2.75
SD M 4.39 0.00 2.01 0.00 1.60
SD P 5.12a 1.11c 2.46b 0.00c 2.17b

LD F 5.40 41.22 4.46 1.85 13.23
LD M 13.10 43.17 4.30 1.04 15.40
LD P 9.25b 42.20a 4.38c 1.44c 14.34a

GLN SD F 28.43 32.25 34.86 10.29 26.46
SD M 25.33 30.84 20.34 19.95 24.12
SD P 26.88a 31.54a 27.60a 15.12b 25.29
LD F 17.16 43.68 37.32 19.46 29.40
LD M 20.54 36.30 29.30 16.52 25.60
LD P 18.85c 39.99a 33.31b 17.99c 27.54

GLU SD F 1.25 2.28 2.67 0.87 1.77
SD M 1.62 1.71 1.56 3.50 2.10
SD P 1.43 1.99 2.11 2.18 1.94
LD F 0.00 7.71 0.00 1.30 2.53
LD M 0.00 7.67 1.90 1.20 2.69
LD P 0.00c 7.69a 0.95b 1.25b 2.47

(continued on next page)
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Table 1 (continued)

Amino acida Concentration (mmol/l)b

Condc Sexd Adult (day 1) Adult (day 10) Adult (day 20) Adult (day 40)e PMf

GLY SD F 5.22 3.39 3.03 4.48 4.03
SD M 7.88 2.31 2.76 3.60 4.14
SD P 6.55a 2.85b 2.90b 4.04b 4.08
LD F 1.72 34.74 1.86 2.66 10.24
LD M 4.36 32.40 0.69 2.64 10.02
LD P 3.02b 33.57a 1.28b 2.65b 10.13

HIS SD F 4.98 3.57 1.08 1.20 2.71
SD M 5.64 2.22 1.20 4.20 3.32
SD P 5.31a 2.89b 1.14b 2.70b 3.01
LD F 2.72 4.02 4.30 2.88 3.48
LD M 4.53 3.63 2.66 2.68 3.38
LD P 3.62 3.82 3.48 2.78 3.43

HPRO SD F 4.03 2.30 3.81 0.00 2.54
SD M 3.85 1.69 2.37 0.00 1.56
SD P 3.94a 1.15b 3.09a 0.00b 2.04
LD F 3.48 0.00 2.94 0.00 1.60
LD M 0.00 3.30 0.00 2.12 1.36
LD P 1.74 1.65 1.47 1.06 1.48

ILE SD F 2.75 1.89 1.50 2.58 2.18
SD M 2.98 1.05 1.44 2.40 1.97
SD P 2.86a 1.47b 1.47b 2.49a 2.08
LD F 1.00 4.02 1.36 1.93 2.08
LD M 1.42 3.72 1.18 2.04 2.09
LD P 1.21c 3.86a 1.27c 1.98b 2.08

LEU SD F 2.01 1.05 0.96 1.20 1.30
SD M 2.64 0.57 0.81 1.20 1.30
SD P 2.32a 0.81b 0.88b 1.20b 1.30
LD F 0.88 3.33 1.18 1.03 1.60
LD M 1.02 2.13 0.80 0.36 1.08
LD P 0.95b 2.72a 0.99b 0.69b 1.34

LYS SD F 6.51 4.83 6.42 12.96 7.68a

SD M 3.21 1.80 5.70 7.15 4.46b

SD P 4.86b 3.32b 6.06b 10.06a 6.07b

LD F 3.08 38.76 3.52 4.42 12.49
LD M 3.80 42.78 2.84 4.04 13.35
LD P 3.44b 40.75a 3.18b 4.23b 12.90a

MET SD F 0.10 0.06 0.00 0.00 0.04
SD M 0.13 0.09 0.00 0.00 0.04
SD P 0.12a 0.07b 0.00c 0.00c 0.04
LD F 0.12 0.00 0.05 0.05 0.06
LD M 0.08 0.08 0.05 0.00 0.05
LD P 0.10a 0.04ab 0.05ab 0.00c 0.06

ORNa SD F 1.04 1.26 1.14 1.20 1.16a

SD M 1.02 0.63 0.78 1.15 0.89b

SD P 1.03 0.94 0.96 1.18 1.03a

LD F 0.84 1.32 0.64 0.70 0.87
LD M 0.82 1.59 0.59 0.64 0.91
LD P 0.83b 1.46a 0.61b 0.67b 0.89b

PHE SD F 1.25 0.78 0.69 0.27 0.74
SD M 1.11 0.44 0.84 0.90 0.82
SD P 1.18a 0.61b 0.76b 0.58b 0.78a

LD F 0.48 0.66 0.62 1.06 0.70a

LD M 0.66 0.39 0.50 0.40 0.49b

LD P 0.57 0.52 0.56 0.73 0.60b

(continued on next page)
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Table 1 (continued)

Amino acida Concentration (mmol/l)b

Condc Sexd Adult (day 1) Adult (day 10) Adult (day 20) Adult (day 40)e PMf

PROe f SD F 29.33 54.90 76.38 77.52 59.53
SD M 25.24 51.84 65.65 46.25 47.24
SD P 27.28b 53.37a 71.05a 61.88a 53.39
LD F 11.08 95.73 84.88 53.02 61.18
LD M 25.50 55.86 67.46 49.00 49.46
LD P 18.29b 75.80a 76.17a 51.01a 55.32

SER SD F 2.45 2.40 1.50 0.42 1.69
SD M 2.33 2.14 1.32 2.40 2.04
SD P 2.39 2.27 1.41 1.41 1.87b

LD F 1.64 4.05 1.90 2.38 2.49
LD M 2.14 3.45 2.04 1.64 2.32
LD P 1.89b 3.75a 1.97b 2.01b 2.40a

THR SD F 6.62 6.99 4.38 5.85 5.96
SD M 5.13 3.48 3.66 9.40 5.42
SD P 5.88a b 5.24a b 4.02b 7.62a 5.69
LD F 3.32 9.96 3.80 6.29 5.84
LD M 4.46 7.41 3.52 5.76 5.29
LD P 3.89c 8.68a 3.67c 6.02b 5.56

TRP SD F 1.20 1.83 2.22 1.06 1.58
SD M 1.28 0.45 1.08 3.55 1.59
SD P 1.24 1.14 1.65 2.30 1.58a

LD F 0.00 0.00 0.00 0.00 0.00
LD M 0.00 0.00 0.00 0.00 0.00
LD P 0.00 0.00 0.00 0.00 0.00b

TYR SD F 2.22 2.94 3.30 2.73 2.80
SD M 1.46 1.65 4.05 2.25 2.35
SD P 1.84b 2.29b 3.68a 2.49b 2.58a

LD F 1.48 2.34 1.80 2.50 2.03
LD M 2.10 1.77 1.56 2.36 1.95
LD P 1.79b 2.06a b 1.68b 2.43a 1.99b

VAL SD F 14.81 17.16 22.17 12.40 16.63
SD M 15.28 15.28 15.30 15.81 15.48
SD P 15.04 16.22 18.74 14.10 16.02a

LD F 7.80 14.55 16.48 19.68 14.63
LD M 9.76 13.14 13.18 17.12 13.30
LD P 8.78c 13.84b 14.83b 18.40a 13.96b

SD F 128.46 149.47 175.97 141.03 148.74a

SD M 118.55 124.50 135.70 131.76 127.62b

SD P 123.50b 136.99a b 155.84a 136.40c 138.18b

Totalg LD F 66.53 317.78 173.30 129.64 171.69
LD M 100.73 267.49 139.46 114.72 155.60
LD P 83.63d 292.64a 156.13b 122.18c 163.64a

a Standard abbreviations for amino acids are used.
b Data are expressed as means of two replicates based on pooled hemolymph samples collected from 10 beetles per replicate. Values not followed by the same

superscript letter are significantly different (P#0.05) as determined by the Student–Newman–Keuls test. Means for days are pooled values for sex, P, and may be
compared horizontally between LD and SD.

c Cond=holding conditions (SD, short-day; LD, long-day).
d F=females; M=males and P=pooled for sexes.
e Short-day adults entered diapause at day 20 and then were stored at 10°C for another 20 days.
f PM=pooled means for times to give sex effects and LD vs SD effects. F and M are pooled means over all sample times. P is a pooled mean over both sex

and sample time to give LD and SD means.
g Total=sum of all amounts for each amino acid shown in table.
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Table 2
Effects of JHA treatment and holding conditions on different parameters associated with diapause termination inL. decemlineataa

% Re-emergedc,d %Fedc,d % Matedc,d % Ovipositedc,d

Condb Days T C T C T C T C

SD 1 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0±0
6 46±19* 10±5 46±19* 0±0 0±0 0±0 0±0 0±0
9 68±5* 12±6 58±12* 9±3 46±11* 0±0 0±0 0±0
12 100±0* 25±6 100±0* 14±8 93±9* 0±0 0±0 0±0
25 100±0* 22±7 100±0* 10±5 94±8* 0±0 0±0 0±0

LD 1 0±0 0±0 0±0 0±0 0±0 0±0 0±0 0±0
6 90±8* 7±5 86±9* 7±5 0±0 0±0 0±0 0±0
9 97±5* 27±5 97±5* 27±5 86±9* 0±0 0±0 0±0
12 100±0* 67±6 100±8* 57±5 94±9* 14±5 80±6* 0±0
25 100±0* 67±6 100±7* 50±8 93±9* 13±6 80±10* 0±0

a Data are means±standard deviation of three replicates of twenty beetles.Chi-square was used to compare each treatment with its control. *
Indicates a significant difference from control atP#0.05.

b Cond=holding conditions (SD, short-day at 24±2°C; LD, long-day at 26±2°C).
c Percent of beetles that re-emerged from the vermiculite, fed, mated and oviposited.
d Beetles that had been in diapause for 15 days at 10°C were treated with JHA (T) or acetone (C).

9 days; and by 12 days all beetles had re-emerged and
fed, 94% had mated and 80% oviposited. By 12-days,
67% of the controls had re-emerged, 57% had fed and
14% had mated. Interestingly, there was no oviposition
in the control animals even though about 14% of them
showed mating behavior and 80% of the females had
early vitellogenic ovaries. Thus, holding JHA-treated
beetles under long-day conditions after treatment accel-
erated the appearance of the parameters characterizing
the termination of diapause and stimulated oviposition.

3.4. Qualitative effects of JHA on hemolymph proteins

JHA treatments to diapausing beetles held under
short-day conditions after treatment affected the SDS–
PAGE protein profile of hemolymph (Fig. 1). Diapaus-
ing control females (lanes 3 and 5) contained no vitellog-
enin bands when compared with ovary extract or hemo-
lymph from sexually mature non-diapausing females
(lanes 6 and 7a,b), but did contain diapause protein
(lanes 3 and 5c). When diapausing females were treated
with JHA, vitellogenin bands were apparent by 25 days
post-treatment (lanes 2a,b) and diapause protein disap-
peared. However, by 45 days after JHA treatment (lane
4) the 180 kDa vitellogenin subunit concentration started
to decrease (lane 4a) and diapause protein reappeared
(lane 4c). Both the long-day JHA treated and acetone
treated controls had vitellogenin, but no diapause protein
by 25 days post-treatment (data not shown). Thus, JHA
treatment resulted in a temporary induction of vitellog-
enin synthesis and a cessation of diapause protein syn-
thesis when insects were held under short-day conditions
after treatment.

3.5. Influence of JHA and photoperiod on free amino
acid level

Table 3 shows hemolymph concentration for 19 selec-
ted amino acids and the total free amino acid concen-
tration from JHA-treated diapausing male and female
beetles which were held under either long- or short-day
conditions for 25 days after treatment. Analysis of the
data in this table with the following model was used to
evaluate main effects: amino acid concentration=[JHA
concentration, 0µg for controls and 1µg for treated]
[photoperiod, long day and short day conditions] [sex,
male and female]. JHA treatments had significant effects
on the concentrations of 11 amino acids when compared
with the controls (P#0.01 at 1 and 20 degrees of
freedom). Eight amino acids showed concentration
decreases after JHA treatment: alanine, arginine, glu-
tamic acid, glycine, isoleucine, lysine, ornithine and
tryptophan and three amino acids increased in concen-
tration: glutamine, leucine, and valine. Long-day con-
ditions had significant effects on the concentration of 12
amino acids when compared with short-day conditions
(P#0.01 at 1 and 20 degrees of freedom). Long-day con-
ditions reduced concentrations in 10 amino acids: argi-
nine, glutamic acid, glycine, isoleucine, leucine, lysine,
ornithine, phenylalanine, threonine and tryptophan. Glu-
tamine and hydroxyproline showed an increase in levels
under long-day conditions. Four amino acids showed a
significant sex effect (P#0.01 at 1 and 20 degrees of
freedom). Arginine and lysine were lower, but alanine
and serine were higher in males than in females.

The total free amino acid concentration in JHA-treated
beetles kept under short-day conditions increased 20%
in females and 38% in males when compared with the
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Fig. 1. SDS–PAGE 4–15% gradient gel of proteins from the hemolymph or ovarian extract ofL. decemlineata. Diapausing beetles, 15 days into
diapause at 10°C, were treated with either 1µg JHA in 1 µl acetone (treated) or 1µl acetone alone (control) and then kept under short-day
conditions for 25 or 45 days after treatment. Molecular weights are shown in kDa on the left. Lane 1, standard proteins; hemolymph from JHA-
treated (lane 2) and control (lane 3) short-day females at 25 days after treatment; hemolymph from JHA-treated (lane 4) and control (lane 5) short-
day females at 45 days after treatment. Lane 6, ovarian extract and lane 7, hemolymph from 6-day-old long-day females. (a) vitellogenin subunit
1; (b) vitellogenin subunit 2; (c) diapause protein 1 subunit.

controls. However, when treated insects were held under
long-day conditions, the free amino acid concentration
decrease was not significantly different from the controls
in females, but was significantly lower in males than in
the controls. Both the acetone-treated and untreated con-
trols in male and female beetles had significantly higher
total amino acid concentrations when held under long-
day conditions than under short-day conditions. In sum-
mary, the total amino acid concentration in JHA-treated
females held under long-day conditions did not change
significantly when compared with their controls, but
those held under short-day conditions showed a signifi-
cant increase. Treated males showed significant
increases in total amino acid levels after JHA treatment
when held under short-day and significant decreases
under long-day conditions.

JHA-treated females held under long-day conditions
showed no amino acid concentration change in 63%, a
concentration increase in 21% and a concentration
decrease in 16%, respectively, when compared with the
acetone-treated and untreated controls. However, in
JHA-treated females held under short-day conditions
only 10% of the amino acids showed no concentration
change, but 53% decreased and 37% increased when
compared with either of the controls. Treated males
exhibited similar patterns with 68% of treated males
showing no changes in amino acid levels when held
under long-day conditions and 10% showed increases
and 20% showed decreases when compared with either
of the controls. In contrast, 21% of the amino acids
showed no change in concentration in treated males held
under short-day conditions, but 58% of them showed
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Table 3
Hemolymph free amino acid concentrations in diapausing beetles
treated with JHA that were then held under either long- or short-day
conditions

Treatmenta

Amino acidb Conditionsc Sexd AC UC JHA

ALA LD F 0.98b 0.87b 1.59a

SD F 1.68a 1.78a 0.80b

TRT 1.33 1.32 1.20
LD M 2.08ab 2.22ab 1.97b

SD M 2.94a 2.89a 1.71b

TRT 2.51A 2.55A 1.59B

ARG LD F 1.28b 1.06b 0.99b

SD F 2.91a 2.85a 1.11b

TRT 2.10 1.96 1.05
LD M 0.98b 1.05b 0.66b

SD M 1.61a 1.70a 1.05a

TRT 1.30 1.38 0.86

ASN LD F 0.21b 0.33b 0.96a

SD F 0.78a 0.96a 0.00c

TRT 0.50 0.64 0.48
LD M 0.38c 0.48c 0.87b

SD M 1.28a 1.35a 0.36c

TRT 0.83 0.91 0.61

GLN LD F 38.69b 40.41b 50.91a

SD F 10.87d 11.23d 28.14c

TRT 24.78 25.82 39.53
LD M 39.08a 40.56a 30.50b

SD M 18.76c 18.56c 34.17b

TRT 28.92 29.56 32.33

GLU LD F 0.00b 0.00b 0.00b

SD F 0.91a 0.85a 0.00b

TRT 0.46 0.42 0.00
LD M 0.00b 0.00b 0.00b

SD M 2.89a 2.94a 0.00b

TRT 1.44 1.47 0.00

GLY LD F 2.14b 2.13b 2.64b

SD F 4.65a 4.48a 1.68b

TRT 3.40 3.30 2.16
LD M 1.85b 1.68b 2.02b

SD M 3.84a 3.76a 2.04b

TRT 2.84 2.72 2.03

HIS LD F 4.56a 4.85a 4.08a

SD F 1.39b 1.32b 5.19a

TRT 2.98 3.08 4.64
LD M 3.51a 3.15a 2.76a

SD M 4.10a 4.09a 2.98a

TRT 3.80 3.62 2.87

HPRO LD F 3.98a 4.05a 0.00b

SD F 0.00 0.00 0.00
TRT 1.99 2.02 0.00
LD M 0.00b 0.00b 4.11a

SD M 0.00b 0.00b 0.00b

TRT 0.00 0.00 2.06

(continued)

Table 3 (continued)

Treatmenta

Amino acidb Conditionsc Sexd AC UC JHA

ILE LD F 0.68bc 0.98bc 1.32b

SD F 2.91a 2.65a 1.50b

TRT 1.70 1.82 1.41
LD M 1.22bc 1.17bc 0.84c

SD M 2.42a 2.41a 1.56b

TRT 1.82 1.79 1.20

LEU LD F 0.92b 1.05b 1.21b

SD F 1.22b 1.25b 1.68a

TRT 1.07B 1.15B 1.44A

LD M 1.01bc 0.93bc 0.72c

SD M 1.10b 1.18b 1.56a

TRT 1.06 1.06 1.14

LYS LD F 3.54c 3.78c 3.03c

SD F 10.63a 10.20a 7.23b

TRT 7.08 6.99 5.13
LD M 3.54c 2.85c 2.37c

SD M 7.46a 7.56a 5.46b

TRT 5.00A 3.92A 3.92B

ORN LD F 0.00b 0.00b 0.00b

SD F 1.30a 1.17a 0.00b

TRT 0.65A 0.58A 0.00C

LD M 0.00b 0.00b 0.00b

SD M 1.04a 1.06a 0.00b

TRT 0.52A 0.53A 0.00B

PHE LD F 0.38b 0.42b 0.37b

SD F 0.38b 0.40b 0.78a

TRT 0.38B 0.41B 0.64A

LD M 0.41a 0.38b 0.38b

SD M 0.94a 0.84a 0.60b

TRT 0.68A 0.61A 0.49B

PRO LD F 92.01a 90.60a 71.97b

SD F 75.50b 78.57b 92.34a

TRT 85.25 84.58 82.18
LD M 92.70a 97.50a 82.14b

SD M 48.17c 48.88c 93.21a

TRT 70.44B 73.19B 87.68A

SER LD F 0.95a 1.05a 1.05a

SD F 0.52b 0.46b 0.93a

TRT 0.74B 0.76B 0.99A

LD M 1.23b 1.32b 1.17b

SD M 2.61a 2.51a 1.02a

TRT 1.92B 1.92B 1.10B

THR LD F 6.28b,c 6.62b 4.06c

SD F 5.54b,c 5.67b,c 12.88a

TRT 5.91B 6.15B 8.47A

LD M 7.05c 7.29c 4.47d

SD M 9.33b 9.27b 14.55a

TRT 8.19B 8.28B 9.15A

TRP LD F 0.00b 0.00b 0.00b

SD F 0.91a 1.00a 0.00b

TRT 0.46A 0.50A 0.00B

SD M 0.00b 0.00b 0.00b

SD M 3.42a 3.65a 0.00b

TRT 1.71A 1.82A 0.00B

(continued on next page)
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Table 3 (continued)

Treatmenta

Amino acidb Conditionsc Sexd AC UC JHA

TYR LD F 1.11b 1.05b 1.32b

SD F 2.61a 2.68a 1.41b

TRT 1.86A 1.86A 1.36B

LD M 1.45a 1.47a 1.44a

SD M 2.00a 2.16a 1.56a

TRT 1.73 1.82 1.50

VAL LD F 11.42b 11.97b 16.33a

SD F 13.54a,b 13.92a,b 13.26a,b

TRT 12.48 12.94 14.79
LD M 12.56a 12.18a 16.33a

SD M 14.48a 14.48a 15.84a

TRT 13.52 13.33 16.09

TOTe LD F 169.13a 171.22a 161.83a

SD F 138.25b 141.44b 168.93a

TRT 153.69B 156.33B 165.38A

LD M 169.05b 174.23a,b 152.79c

SD M 128.38d 129.29d 177.67a

TRT 148.72B 151.76B 165.23A

a Diapausing beetles were treated with 1µl of acetone (AC) or
untreated (UC) or with 1µg of pyriproxyfen in 1µl of acetone (JHA).
At the time of treatment the beetles had been in diapause and stored
at 10°C for 15 days. Amino acid concentrations are expressed as
mmol/l and are based on two replicates. Those means not followed by
the same lower case superscript letters are significantly different from
each other atP#0.05 as determined by Student–Newman–Keuls test.
Those means not followed by the same upper case letters are signifi-
cantly different from each other atP#0.05 as determined by student–
Newman–Keuls test and are pooled means for LD and SD to give
treatment effects for each sex.

b Standard abbreviations are used for amino acids.
c LD=long-day conditions; SD=short-day conditions; TRT=pooled

means for LD and SD to give treatment effects.
d F=females; M=males.
e Total is the total concentration for the 19 amino acids measured.

concentration decreases and 21% showed increases.
Thus, amino acid concentrations were more likely to be
modified by JHA treatments when insects of either sex
were held under short-day conditions than under long-
day conditions.

JHA treatment under short-day conditions resulted in
significant declines in amino acid concentrations, in both
males and females, of more than 30% for alanine, argi-
nine, asparagine, glutamic acid, glycine, isoleucine,
lysine, ornithine, and tryptophan. Of these, asparagine,
glutamic acid, ornithine and tryptophan decreased to
undetectable levels in females. Only glutamic acid, orni-
thine and tryptophan decreased to undetectable levels in
males. Females showed significant decreases in tyrosine
whereas males showed decreases in phenylalanine and
serine after JHA treatment. Amino acids that showed
significant concentration increases after JHA treatment
in both sexes, unless noted otherwise, were glutamine,
histidine (females only), leucine, phenylalanine (females

only), proline, serine (females only) when compared
with either control.

Under long-day conditions, alanine, asparagine, gluta-
mine and valine increased in females and asparagine and
hydroxyproline increased in males after JHA treatment.
The following amino acids showed concentration
decreases after JHA treatment: hydroxyproline, proline
and threonine in females, and arginine, glutamine, pro-
line, and threonine in males.

4. Discussion

Untreated beetles held under short-day conditions,
showed no reproductive behavior and all entered
diapause after 19–20 days post-emergence. However,
beetles reared under a long-day photoperiod with a tem-
perature of either 26±2°C or 20±0.5°C developed mature
ovaries, mated and oviposited without exhibiting any
diapause behavior. Thus, it is the photoperiod and not
the temperature that induces diapause inL. decemline-
ata, a finding in agreement with de Wilde et al. (1959).

Both sexes of short-day beetles showed a gradual
increase in total free amino acid levels during the pre-
diapause period from day 1 to day 20 and then a decrease
by day 40 during diapause. Female beetles held under
long-day conditions showed a 5-fold increase in total
amino acid concentration from day 1 to day 10 and
males showed more than a 2-fold increase. Total amino
acid levels then decreased in both sexes from day 10 to
day 40. In EuropeanL. decemlineata, total amino acid
levels in whole-body methanol-soluble extracts also
increased during the first 12 days of development in
long-day females (de Kort and Kramer, 1976). Physio-
logical requirements for amino acids differ in beetles
during pre-diapause development and adult reproductive
maturation. Non-diapause development in both males
and females is concerned primarily with reproduction.
Since the beetles initiate mating at day 4 to day 5 and
oviposition at day 5 to day 6, a large amino acid pool is
required to synthesize vitellogenins and accessory gland
secretions. Insects generally have high concentrations of
free amino acids during periods of high protein synthesis
such as adult maturation and low amino acid pools dur-
ing periods of low protein synthesis such as found in
ageing insects (see de Kort, 1990).L. decemlineatain
our study showed this trend very clearly.

High hemolymph amino acid levels are more pro-
nounced in endopterygotes (445–2430 mg/100 ml) than
in exopterygotes (293–636 mg/100 ml) (Florkin and Jeu-
niaux, 1964). Endopterygotes are characterized by low
levels of aspartate, asparagine, phenylalanine, leucine
and isoleucine and high concentrations of
glutamate/glutamine and proline (see Mullins, 1985).
Our data inL. decemlineataare in agreement with Mul-
lins (1985) for endopterygotes. Among the 23 detectable
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hemolymph free amino acids, proline and glutamine
were the most abundant, accounting for 53% of the total
amino acid concentration in both long- and short-day
beetles.

The responses of diapausingL. decemlineatato JHA
treatment were modulated by post-treatment holding
conditions. When diapausing beetles were held under
short-day conditions after JHA treatment, they re-
emerged from the vermiculite, fed, and some mated, but
the ovaries remained previtellogenic and none ovi-
posited. However, when beetles were held under long-
day conditions after treatment, their re-emergence rate
was higher than under short-day conditions and they
matured ovarian follicles and oviposited by 12 days after
treatment. These observations show that a single JHA
treatment of 1µg to beetles held under short-days is not
sufficient to induce oocyte maturation, but will do so if
they are held under long-day conditions. Thus, we
assume that exogenous JHA applications did not result in
endogenous titers sufficient to stimulate the continuous
synthesis of vitellogenin and its uptake by the oocytes
in short-day beetles. In all probabilityL. decemlineata
held under long-day conditions after JHA treatment
started to produce JH from their corpora allata and it
was this endogenous JH that was responsible for ovarian
maturation in long-day beetles. Schooneveld et al.
(1977) found that diapause is terminated when the JH I
application is accompanied by a transfer of the beetles
to long-day conditions, but activation is only temporary
when beetles are kept under short-day conditions. Our
findings are in agreement with Schooneveld’s (1977).
However, in contrast, Koopmanschap et al. (1989)
reported that JHA (pyriproxyfen) at doses of 0.2 and 1.0
µg terminated diapause inL. decemlineataand the
beetles would oviposit when held under short-day con-
ditions. This discrepancy may be attributed to differ-
ences in the diapause state between our beetles and de
Kort’s. L. decemlineataused by de Kort’s laboratory had
a pre-diapause developmental period of 11–12 days (see
de Kort, 1990), but our beetles required 19–20 days
which may have induced a much higher diapause inten-
sity and thereby raised their response threshold to JHA
treatments or degraded the analogue more rapidly.

JHA treatment and holding under short-day conditions
caused qualitative changes in soluble hemolymph pro-
teins. After 25 days post-treatment, diapause protein 1
disappeared and the two vitellogenin subunits appeared
in the hemolymph. More interestingly, by 45 days post-
treatment, the diapause protein 1 reappeared and the con-
centration of the larger vitellogenin subunit decreased.
This is the first direct evidence to show that under short-
day conditions JHA-treatedL. decemlineatastarted to
synthesize diapause proteins again while gradually
decreasing the amount of vitellogenin. Thus, the pres-
ence of diapause protein indicates that the beetles have
re-entered diapause and explains why our beetles did not

produce eggs after JHA treatment when held under
short-day conditions. These results agree with those of
de Kort et al. (1997) and de Kort and Koopmanschap
(1994). The accumulation of diapause protein 1 in the
hemolymph of short-day beetles results from a decrease
in JH titre to undetectable levels (de Kort and Koopman-
schap, 1994). JHA not only prevents the expression of
the diapause protein 1 gene but also accelerates its
mRNA disappearance in the fat body of short-day
beetles, which explains why this protein disappears from
the hemolymph of short-day adults after JHA treatment
(de Kort et al., 1997). JH has a dual role during vitellog-
enesis in insects: it regulates fat-body vitellogenin syn-
thesis and induces the follicle cell patency that allows
vitellogenin uptake by developing oocytes (Wyatt et al.,
1994). The differences in the rates of vitellogenin uptake
and synthesis determine the hemolymph concentration
of vitellogenin.

To our knowledge, this is the first study to examine
the influence of JHA treatment and post-treatment hold-
ing conditions of long- and short-days on hemolymph
free amino acid levels inL. decemlineata. The pattern
of hemolymph free amino acids is known to be qualitat-
ively and quantitatively species-, age-, tissue- and sex-
specific (Chen, 1985). The influences of JHA and photo-
periods on this level are more complicated. Thus, the
changes in hemolymph free amino acid concentration
induced by JHA and photopheriods are related to the
synthesis, uptake and degradation of major hemolymph
proteins, such as diapause proteins, vitellogenins, lipo-
phorins, enzymes, and of peptides, non-protein amino
acids and nitrogenous waste products. We have found no
correlations between changes in free amino acid levels in
the hemolymph and the amino acids used in the synthesis
of either diapause protein 1 (Koopmanschap et al., 1992)
or vitellogenins (de Loof and de Wilde, 1970). As a
practical consideration, this information on free amino
acid concentrations may be helpful in diet development
for predaceous pentatomids.
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