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Abstract

To elucidate the relationship between diapause and cold hardiness in the oriental corn borer,Ostrinia furnacalis, the levels of
various substances, cold hardiness and respiration were measured in diapausing and post-diapausing overwintering larvae. Under
field conditions, diapause terminated between November and January, although O2 consumption, measured at 20°C in the laboratory,
remained at a high level from October to January. Glycerol content was low during October and November but greatly increased
during December and January. Serine was the most abundant of the free amino acids, and its concentrations were especially high
during October and November, while the concentration of alanine increased in December and January. Under laboratory conditions,
glycerol levels were low in diapausing larvae, and in post-diapausing larvae that were acclimated at either high temperatures or
under anaerobic conditions, while they were high in post-diapausing larvae kept under aerobic, low temperature conditions. The
survival rate (cold hardiness) was strongly correlated with glycerol content but not with serine or alanine levels. These results
suggest thatO. furnacalishas a highly developed cold hardiness mechanism in which termination of diapause enables the larvae
to increase glycerol levels when the temperature decreases. 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The relationship between cold hardiness and diapause
is not fully understood and remains a controversial topic
in insect cryobiology (Hodkova and Hodek, 1997). Some
authors report that cold hardiness is closely associated
with diapause (Wyatt, 1967; Asahina, 1969; de Wilde,
1970; Mansingh, 1974; Tauber et al., 1986; Saunders
and Hayward, 1998), while others report that it is inde-
pendent of diapause (Salt, 1961; Baust and Miller, 1970;
Nordin et al., 1984; Tanaka, 1997), although Denlinger
(1991) recognizes both possibilities. We previously
found that diapause in the overwintering larvae ofEnos-
ima leucotaeniellaterminated in November before win-
ter (Goto et al., 1993a,b, 1998). Furthermore, the trehal-
ose levels in these larvae did not rise much in the
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diapausing stage, but greatly increased in the post-
diapausing stage. These results suggested that cold
hardiness inE. leucotaeniellais inversely associated
with diapause.

Tauber et al. (1986) proposed that diapause serves not
only to reduce metabolism, but also to provide other
characteristics such as cold hardiness. They found post-
diapause insects during late autumn or early winter, and
interpreted this to mean that post-diapause insects can
retain all the overt benefits of diapause (e.g. cold
hardiness) without having to maintain diapause. How-
ever, this does not explain why insects would terminate
diapause during late autumn or early winter. To better
understand why diapause terminates before winter and
the onset of cold hardiness, and to see if this occurs in
other insects, we investigated diapause and cold hardi-
ness in the oriental corn borer,Ostrinia furnacalis. This
species, which is a serious corn pest throughout Japan,
normally overwinters in corn stalks as a diapausing, fifth
(final) larval instar (Saito and Oku, 1985). It is a freeze-
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tolerant species that accumulates glycerol in winter
(Takehara and Asahina, 1960; Asahina, 1966).

Nordin et al. (1984) investigated the relationship
between cold hardiness and diapause in another species
in this genus (O. nubilalis) in the laboratory. They
induced modest levels of glycerol (less than 0.22%) and
concluded that glycerol accumulation was dependent
upon cold stress but not the diapause state. However,
their study was unable to explain why other larvae
accumulate large amounts of glycerol in the field (2–3%,
Gillyboeuf et al., 1997; 3.9%, Takehara and Asahina,
1960). Glycerol synthesis should be optimal under aero-
bic conditions because a key step in glycerol synthesis,
the phosphofructokinase reaction, requires ATP (Storey
and Storey, 1991). On the other hand, respiration is low
during the diapausing state (Mansingh, 1967; Bennett et
al., 1999). This raises the question of whether O2 uptake
has a role in the relationship between diapause and gly-
cerol levels. Thus, another goal of the present study was
to examine the relation between oxygen uptake and vari-
ous substances in both diapausing and post-diapausing
larvae in both the field and under acclimated conditions.

2. Materials and methods

2.1. Animals and experimental treatments

Overwintering larvae (fifth (final) instar) ofO. furna-
calis used in field experiments were collected from a
sweet corn field at Yamagata University in Tsuruoka,
Yamagata prefecture. The post-diapausing and diapaus-
ing larvae used in the laboratory were collected on 11
March 1997 and 14 September 1997, respectively. These
larvae were acclimated for 20 days to constant tempera-
tures of215, 210, 25, 0, 5, 10 and 15°C under either
aerobic or anaerobic conditions. Immediately following
acclimation, chemicals and cold hardiness were meas-
ured. Anaerobic conditions were produced by placing the
larvae in vials and filling the vials with nitrogen gas as
described previously (Goto et al., 1998).

2.2. Days before adult emergence

Stems containing overwintering larvae were collected
from the field every month from September 1998 to
March 1999. The larvae were incubated at 25°C under
both long (16L–8D) (n=20–92) and short (12L–12D)
(n=20–93) photoperiods and examined every day for 120
days until adult emergence.

2.3. Respiration

For each replicate, a single overwintering larva was
placed in a 15-ml vial and the vial was kept at 20°C in
darkness or in the light and temperature conditions simi-

lar to those in the field. After 24 h, a gas sample (1 ml)
was withdrawn. The volumes of O2 consumed and CO2
released by the individuals were analyzed by gas–solid
chromatography using a gas chromatograph equipped
with a thermal conductivity detector (GL Sciences GC-
320) as described by Tanaka and Saito (1984). TheRQ
was expressed as the ratio (volume of CO2

released/volume of O2 consumed).

2.4. Supercooling point (SCP)

An individual to which a copper thermocouple was
attached was placed in a plastic micro centrifuge tube
(1.8 ml). The closed cap was sealed with parafilm. The
tube was immersed in a refrigerated ethanol bath that
was cooled at a rate of 0.5°C per minute. The thermo-
couple was connected to a recording potentiometer. The
SCP was taken as the thermocouple temperature just
before the thermocouple recorded an increase in tem-
perature caused by the emission of the latent heat of
crystallization.

2.5. Chemical analysis

Glycerol and trehalose were measured by gas liquid
chromatography as described by Goto (1995). Glycogen
was measured by the phenol/sulfuric acid method as
described by Goto et al. (1993a). Free amino acids were
determined with an amino acid analyzer (Hitachi L-
8800) as described by Goto et al. (1998).

2.6. Survival rate after exposure to220°C

Individual larvae were transferred into a temperature-
controlled chamber, whose temperature was lowered
slowly (1°C/hour) to 220°C, held for 24 h, and then
slowly raised (1°C/hour) to 20°C and held at that tem-
perature for 24 h. The number of alive and dead larvae
were counted. Larvae showing no movement and loose
body segments were assumed to be dead.

2.7. Thermal constant and threshold of development in
larvae after termination of diapause

To obtain the thermal constant (K) and threshold of
development (t0), overwintering larvae collected from
the field on 11 March 1997 were incubated at 15, 20,
25 and 30°C under a short photoperiod (12L–12D) and
the number of days until adult emergence was recorded.

2.8. Statistical analyses

The data were analyzed by one-way or three-way
analysis of variance, followed by Tukey’s multi-range
test, using the SAS statistics package.
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3. Results

3.1. Seasonal changes under field conditions

3.1.1. Ambient temperature, SCP and rate of
emergence

The average ambient temperature in the Shonai dis-
trict was 21°C in September and reached its lowest point
in January and February (0°C to 1°C) (Fig. 1(A)). The

Fig. 1. Seasonal changes in ambient temperature. (A) (Shonai,
Yamagata), supercooling point (B) and rate (%) (C) and days before
adult emergence (D) in overwintering larvae ofO. furnacalis from
September to March in 1998–1999. Each value represents the mean
(±S.E.). The same letters on the same line are not significantly different
at the 5% level by Tukey’s test after ANOVA. The number of repli-
cates is 8 in (B), 20 in (C), and 20–93 in (D).

supercooling point (SCP) was highest in overwintering
larvae in September (28.8°C), gradually decreased to
222.4°C in December, and remained at almost the same
level until March (Fig. 1(B)).

The rate of adult emergence (the percent of the incu-
bated larvae that emerged as adults) under a short (12L–
12D) photoperiod, was low (4.3%) in September, but
increased linearly to 100% in December, and remained
at this level until March (Fig. 1(C)). For the larvae incu-
bated under a long photoperiod (16L–8D), the rate of
adult emergence in September (48.8%) was higher than
that in the short photoperiod, but the difference between
the two photoperiods disappeared in November. A sig-
nificant difference in the number of days before adult
emergence was not detected between the long and short
photoperiods, but a significant difference was detected
among the months (F=17.30,P,0.0001) (Fig. 1(D)). It
can be seen that the greatest number of days before adult
emergence occurred during the months from September
to November (means of 71–81 days). In December, the
mean number of days before adult emergence was 56–
60, but this gradually decreased from January to March
to about 38–44 days.

3.1.2. Respiration and respiratory quotient
Significant differences in both O2 consumption and

CO2 release under field conditions were detected among
the months (O2: F=10.59, P,0.002, CO2: F=9.33,
P,0.002) (Fig. 2(A), lower curves). Within the study
period, the exchange rates of O2 and CO2 were highest
in October, with mean rates of 162.7µl/g/h and 130.9
µl/g/h, respectively, but gradually decreased in January
to about 19.1µl/g/h and 13.7µl/g/h, respectively. On
the other hand, at 20°C, no significant differences in the
exchange rates of either O2 or CO2 were detected among
the months (Fig. 2(A), upper curves). The mean
exchange rates of O2 and CO2 (averaged over the four
months) were 257.3µl/g/h and 213.6µl/g/h, respect-
ively. TheRQ remained at almost the same level (0.75–
0.86), both in the larvae kept in the field and in the larvae
incubated at 20°C in the laboratory (Fig. 2(B)).

3.1.3. Trehalose, glycerol and free amino acids
Trehalose contents remained at nearly the same level

from October to January (about 7–10 mg/ml), while gly-
cerol contents rose significantly during this period
(F=59.9, P,0.0001), from nearly 0 in October to 30.4
mg/ml in January (Fig. 2(C)).

The total concentration of free amino acids during the
period from October to January remained in the range
161.2–175.5µmol (Fig. 3). Thirty-five free amino acids
were detected in the haemolymph. Only serine, alanine
and proline had concentrations greater than 20µmol/ml.
The level of serine changed significantly between
October and January (F=7.86, P,0.004), ranging from
46.9 µmol in October to a peak of 65.2µmol in Nov-
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Fig. 2. Seasonal changes in respiration, respiratory quotient and gly-
cerol and trehalose contents in haemolymph in overwintering larvae
of O. furnacalis from October to January in 1998–1999. Each value
represents the mean (±S.E.). The number of replicates is 6 in (A) and
(B), and 8 in (C).

ember to 39.4µmol in January. The level of alanine also
changed significantly during this period (F=113.5,
P,0.0001), from 6.8–9.1µmol in October and Nov-
ember to 29.1µmol in January.

3.2. Acclimated insects

3.2.1. Effect of acclimation temperature on respiration
In O. furnacalislarvae acclimated to various tempera-

tures for 20 days, O2 consumption decreased from 219.1
µl/g/h at 20°C to 11.8µl/g/h at 25°C (Fig. 4(A)). CO2

release decreased in parallel with the decrease in O2 con-
sumption, from 184.0µl/g/h at 20°C to 8.1 µl/g/h at
25°C, resulting in a nearly constantRQ (0.8) over this
temperature range (Fig. 4(B)).

Fig. 3. Seasonal changes in free amino acids in haemolymph in over-
wintering larvae ofO. furnacalis from October to January in 1998–
1999. Each value represents the mean (±S.E.) of 4 replicate samples,
4 larvae per sample. The same letters on the same line are not signifi-
cantly different at the 5% level by Tukey’s test after ANOVA.

Fig. 4. Effect of acclimation temperature on respiration and respir-
atory quotient in overwintering larvae ofO. furnacalis sampled in
October 1998. Each value represents the mean (±S.E.) of 6 replicate
samples.

3.2.2. Effects of acclimation temperature, oxygen
condition and diapause state

For both field-caught larvae and larvae acclimated to
a wide range of temperatures under both aerobic
(oxygen) and anaerobic (non-oxygen) conditions, an
analysis of variance showed that the factors significantly
affecting the glycerol content are diapause, oxygen and
temperature (Table 1). Furthermore, an interaction was
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Table 1
Results of three-way analysis of variance of factors affecting glycerol, glycogen, serine and alanine contents (numerals showF value)a

Factor Glycerol Glycogen Serine Alanine

Diapause (D) 195.8** 450.7** 25.4* 9.3**
Air (A) 21.8** 8.2** 0.9 48.2**
Temperature (T) 11.1** 5.9** 0.7 12.1**
D×A 1.1 20.7** 1.4 7.8**
A×T 5.2** 3.1** 1.7 11.5**
T×D 6.5** 4.5** 0.8 1.3
D×A×T 4.8** 2.1 2.9* 5.4**

a **: P,0.01; *: P,0.05.

found among these three factors. Glycerol levels after
diapause (Fig. 5(A), bottom panel) were higher than
those during diapause (Fig. 5(A), upper panel). In the
post-diapausing stage, glycerol levels were highest under
oxygen conditions at temperatures below 0°C.

The survival rates of larvae exposed to220°C for 24
h after acclimation to various temperatures are shown in
Fig. 5(B). Post-diapausing larvae had higher survival
rates than diapausing larvae. In the post-diapausing stage
under oxygen conditions, the survival rate rose sharply
with decreasing acclimation temperature, while under
anaerobic conditions, it decreased at acclimation tem-
peratures below 0°C.

A linear regression analysis showed a close relation-
ship between the glycerol content in haemolymph and

Fig. 5. Effect of acclimation temperature (215 to +15°C) for 20 days and oxygen on glycerol levels (A) and survival rate (B) in overwintering
larvae ofO. furnacalis. Upper panels, diapausing larvae that were collected in September 1997; lower panels, post-diapausing larvae that were
collected in March 1997. Survival rate was determined after exposure to220°C for 24 h. Each value represents the mean (±S.E.). The number
of replicates was 8 for the glycerol measurements and 20 for the survival rate measurements. Error bars not shown in (B).

the survival rate after an arcsine transformation of the
data (survival rate (Y)=0.048×glycerol content (x)+0.039,
r2=0.617,n=28, P,0.0001).

The factors significantly affecting the glycogen con-
tent were diapause, oxygen and temperature (Table 1).
Furthermore, interactions were found between the fac-
tors of diapause and oxygen, between oxygen and tem-
perature and between temperature and diapause, respect-
ively. In contrast to glycerol, glycogen and total
carbohydrate (glycogen+glycerol+trehalose) levels were
higher during diapause than after diapause (Fig. 6(A)
and (B)). In the post diapausing stage, glycogen levels
were lower at low temperatures under oxygen con-
ditions, while total carbohydrate contents remained at
high levels at low temperatures (215 to 5°C). Similar
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Fig. 6. Effect of acclimation temperature (215 to+15°C) for 20 days and oxygen on glycogen (A), total carbohydrate (B), alanine (C) and serine
(D) contents in overwintering larvae ofO. furnacalis.Upper panels, diapausing larvae that were collected in September 1997; lower panels, post-
diapausing larvae that were collected in March 1997. Survival rate was determined after exposure to220°C for 24 h. Each value represents the
mean (±S.E.). The number of replicates was 8 for the glycogen and total carbohydrate measurements and 4 for the alanine and serine measurements
(4 larvae per replicate).

data for alanine and serine are shown in Fig. 6(C) and
(D).

The factors significantly affecting the alanine content
were diapause, oxygen and temperature while serine

content was significantly affected by diapause (Table 1).
For both alanine and serine, interactions were found
among diapause, oxygen and temperature. For both the
diapausing and post-diapausing stages, alanine levels
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under oxygen conditions were higher at low tempera-
tures, while under non-oxygen conditions, they were
almost independent of temperature. Serine levels were
higher during diapause than after diapause. During
diapause, the highest serine levels were obtained under
oxygen conditions at low temperature.

3.2.3. Thermal constant (K) and threshold of
development (t)

Fig. 7 shows the frequency distribution of the number
of days to adult emergence for four groups of larvae,
incubated at 15, 20, 25 and 30°C, respectively. The num-
ber of days to adult emergence (D) was strongly and
inversely related to incubation temperature (T):
1/D=0.0018T20.0197 (r2=0.9849, P,0.01). The ther-
mal constantK is defined as the number of degree days
above a threshold that are required for development:
K=D(T2t), or equivalently, 1/D=(1/K)T2(t/K). If this
equation and the previous equation for 1/D are true for
all values of T, then equating coefficients,K=555.6
degree days andt=10.9°C.

4. Discussion

The preceding results demonstrate three character-
istics of diapause termination in overwintering larvae of
O. furnacalis. First, the difference in the rate (%) of adult
emergence between the long and short photoperiods
decreased during September and October and disap-
peared in November. This loss of a photoperiodic
response is thought to indicate the end of diapause
(Hodkova and Hodek, 1997). Second, the rate (%) of
adult emergence peaked in December. Third, the number
of days before adult emergence gradually decreased
from November to January. The mean number of days
before adult emergence in January (38–44 days) is in
good agreement with the number of days for termination

Fig. 7. Frequency distribution of the number of days until the emergence of moths from overwintering larvae incubated at 15, 20, 25, and 30°C.

of diapause ofO. furnacalis in Hokkaido at 25°C
(35.9±13.6 days) (asO. nubilalis, Matsumoto and Shim-
azaki, 1957).

In the field in Shonai, the mean ambient temperature
in November was 8°C, which is lower than the threshold
of development inO. furnacalis (10.9°C), suggesting
that this period is not well suited for the development to
adult emergence. Furthermore, almost allO. furnacalis
larvae had terminated diapause in January, which was
just before the coldest month of the year (February). This
raises the question of why diapause inO. furnacalister-
minates before the coldest month.

Although high levels of two carbohydrates, trehalose
and glycerol, were found in the haemolymph of over-
wintering larvae ofO. furnacalis, only the glycerol con-
tent changed significantly among the months.

Under field conditions, glycerol contents (0.3–6.9
mg/ml) were low during October and November when
both the temperature (ranging from 9°C to 14°C) and
diapause intensity were high. But glycerol contents were
very high (27.4–30.4 mg/ml) during December and Janu-
ary when temperatures were low (near 0°C) and diapause
was almost terminated. These findings suggest that low
temperature and post-diapause are responsible for the
increase in glycerol level.

Under laboratory conditions, glycerol levels were low
in diapausing larvae, and in post-diapausing larvae that
were acclimated at either high temperatures or under
anaerobic conditions, while they were high in post-
diapausing larvae kept under aerobic, low temperature
conditions. These results indicate that termination of
diapause enabled these larvae to increase glycerol levels
when the temperature decreased.

Glycerol levels in some overwintering insects have
been observed to be high at relatively warm tempera-
tures. For example, the glycerol content inEurosta solid-
aginis increased rapidly from 15°C and reached a plateau
between 5 and 0°C (Storey et al., 1981). This may be
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because glycerol synthesis requires ATP, which is
mainly produced under aerobic conditions (Storey and
Storey, 1991). Thus, our finding that post-diapausing lar-
vae ofO. furnacalisaccumulated high levels of glycerol
at subzero temperatures, especially under aerobic con-
ditions, suggests thatO. furnacalismay have an efficient
mechanism for taking up O2 at these temperatures.

In post-diapausing larvae under aerobic conditions,
total carbohydrate (glycogen+glycerol+trehalose) levels
were constant between215°C and 5°C, while glycerol
content increased concomitant with decreasing glycogen,
suggesting that glycogen was converted to glycerol. On
the other hand, in the diapausing stage, glycogen levels
remained high, even at acclimation temperatures as high
as 10°C and 15°C, which suggests that diapause has a
role in conserving glycogen at high temperatures.

Under field conditions, supercooling ability, as meas-
ured by the mean supercooling point (SCP), was low in
September but increased in December and remained at
almost the same level until March. Under acclimated
laboratory conditions, cold hardiness, as measured by the
survival rate (%) after exposure to220°C for 24 h after
acclimation, was high in the post-diapausing stage, under
aerobic conditions, and at temperatures below 0°C.
These factors are almost the same as those that control
the glycerol level. The significant (P,0.0001) relation-
ship between glycerol content and survival rate indicates
that the cold hardiness ofO. furnacalismay be mainly
due to the level of glycerol. The maintenance of a con-
stant pool of free amino acids in the haemolymph from
October to January might be the result of the cessation of
both protein synthesis and protein degradation. A similar
constant free amino acid pool was observed in the cess-
ation of embryo development inBombyx mori(Osanai
and Yonezawa, 1986). Although the amino acid pool
remained constant under field conditions, the concen-
trations of alanine and serine changed considerably dur-
ing this period. In insects, the only free amino acids that
have been reported to exceed 20µmol/ml are alanine,
glutamate, glutamine, lysine, proline and serine (Morgan
and Chippendale, 1983). Our results are consistent with
this finding. The increase in alanine that we observed in
winter was also consistent with reports of high alanine
accumulations in other insects under low temperature or
during winter (Hansen and Viik, 1975; Storey et al.,
1981; Morgan and Chippendale, 1983; Storey and Sto-
rey, 1990; Goto et al., 1998). However, the relation
between the level of alanine and cold hardiness, and the
factors affecting the levels of alanine are not well
known. Under anaerobic conditions, regardless of the
acclimation temperature and diapause state, the alanine
content remained at a high level. This suggests that the
level of alanine may be controlled not by temperature
or diapausing conditions but by the amount of O2 uptake.
Therefore, the increase in alanine content at low tem-

peratures under aerobic conditions may be due to a
decrease in O2 uptake caused by the lower temperatures.

The levels of alanine at acclimation temperatures
between 15°C and 0°C were significantly higher under
anaerobic conditions than under aerobic conditions, indi-
cating that the O2 uptake ofO. furnacalismay be high
at these temperatures under aerobic conditions. Although
alanine accumulated at high levels in the diapausing
stage under anaerobic conditions, cold hardiness (i.e.
survival rate) was not high under these conditions, sug-
gesting that alanine is not related to cold hardiness in
O. furnacalis.

Serine was the most abundant amino acid in the hae-
molymph in the field-collected larvae. High titers of ser-
ine have also been reported in the haemolymph of
diapausing larvae ofDiatraea grandiosella, O. nubilalis
(Morgan and Chippendale, 1983),Chilo suppressalis
and post-diapausing pupaeMamestra brassicae
(Mitsuhashi, 1978) and they are considered to be a
characteristic of diapause. Under field conditions, the
level of serine inO. furnacalisdecreased significantly
from November to December, suggesting that serine
does not affect the cold hardiness ofO. furnacalis. On
the other hand, the level of alanine increased signifi-
cantly in these months, suggesting that serine was being
metabolically converted to alanine. Under aerobic con-
ditions in the laboratory, diapausing larvae accumulated
high levels of serine at low temperature. This may be
because under aerobic conditions, 3-phospho-glycerate
produced from glycogen by the glycolytic pathway is
mostly converted to serine (through 3-phosphoserine and
3-phosphohydroxypyruvic acid), whereas under anaer-
obic conditions, it is largely converted to alanine
(through phosphoenolpyruvic acid, 2-phospho-glycerate
and pyruvic acid).

Although it is well known that O2 uptake in insects
falls during diapause (Mansingh, 1967; Tauber et al.,
1986; Danks, 1987; Slama and Denlinger, 1992; Bennett
et al., 1999), whenO. furnacaliswas subjected to tem-
peratures under 20°C, O2 uptake remained at a high level
(260 µl/g/h) from October to January, regardless of the
diapausing stage. The levels of glycerol were also higher
under aerobic conditions than under anaerobic con-
ditions. Furthermore, O2 uptake was just as high at 0°C
(24.6 µl/g/h) as it was at 5°C (25.1 µl/g/h) which sug-
gests thatO. furnacalismay have an efficient mechanism
for taking up O2 to accumulate glycerol at low tempera-
ture.

These results suggest thatO. furnacalishas a well-
developed cold hardiness mechanism which includes a
system for terminating diapause before winter and also a
system for accumulating glycerol after diapause. Further
studies are needed to determine how the diapause ter-
mination and O2 uptake mechanisms are related to the
levels of enzymes regulating the concentrations of serine
and glycerol.
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