
INTRODUCTION

In insects that live in temperate climates cold tolerance

and winter diapause are often closely linked in time, and

survival mainly depends on physiological and bio-

chemical changes that occur in response to low ambient

temperatures. Diapause is not a static but a dynamic proc-

ess, although insect metabolic rate is generally low (Lefe-

vere & De Kort, 1989; Jovanovic-Galovi  et al, 2004).

The main function of metabolism during this period of

gradually falling temperatures appears to be the biosyn-

thesis of low molecular weight organic solutes that act as

cryoprotectants. The early work of Chino (1957) on eggs

of Bombyx mori suggested a link between diapause and

the synthesis of the cryoprotectants glycerol and sorbitol

from glycogen. A close correlation between diapause and

the accumulation of cryoprotectants, such as polyhydric

alcohols and trehalose, is reported for several insect spe-

cies (Sømme, 1964, 1965; Asahina, 1966, Wyatt, 1969;

Mansingh & Smallman, 1972; Lee et al., 1987). In some

other diapausing species, which undergo winter harden-

ing, accumulation of cryoprotective compounds is not

connected directly to diapause (Baust & Miller, 1970;

Wood & Nordin, 1976; Nordin et al., 1984).

Numerous studies have shown that major alterations

occur during winter diapause both in the total metabolic

flux and in the relative activities of the different meta-

bolic pathways (Wood & Nordin, 1976; Storey & Storey,

1989). The contribution of the hexose monophosphate

shunt to glycolysis in diapausing larvae of Eurosta soli-

daginis increases at low temperatures (Tsumuki et al.,

1987). The hexose monophosphate shunt is activated

during sorbitol and glycerol synthesis in diapausing eggs

of Bombyx mori (Kageyama, 1976) and during cold-

induced glycerol synthesis in Protophormia terranovae

(Wood & Nordin, 1980). In cold-hardy insects flux

through the hexose monophosphate shunt is critically

important for generating the reducing equivalents

(NADPH) needed for the synthesis of polyol cryoprotec-

tants. It has been shown that for the synthesis of glycerol

from glycogen, 86% of the total carbon flow must be

routed through the shunt to generate the required reducing

power (Storey & Storey, 1988).

Studies on the expression and activity of antioxidative

enzymes in insects suggest that the regulation of pro-

oxidant/antioxidant equilibrium affects numerous physio-

logical processes and may impair survival, growth,

development, fecundity, fertility and adult life span

(Allen, 1991; Ahmad, 1992; Pardini, 1995; Orr & Sohal,
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Abstract. Many insects in temperate regions overwinter in diapause, during which they are cold hardy. In these insects, one of the

metabolic adaptations to the unfavorable environmental conditions is the synthesis of cryoprotectants/anhydroprotectants. The aim

of this study was to investigate the connection between the antioxidative system and synthesis of cryoprotectants (mainly glycerol)

in diapausing larvae of the European corn borer, Ostrinia nubilalis (Lepidoptera: Pyralidae). At two periods during diapause

(November and February), in three groups of insects (kept under field conditions; –12°C for two weeks; 8°C for two weeks), the

activity of key enzymes of the antioxidative system and oxidative part of the hexose monophosphate shunt were measured: super-

oxide dismutase, catalase, non selenium glutathione peroxidase, glutathione S-transferase, glutathione reductase, glucose

6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase, as well that of the antioxidative components: total glutathione

and ascorbate, and dehydroascorbate reductase. There was a higher activity of antioxidative enzymes at the beginning of the dia-

pause period (November) compared to late diapause (February), while glutathione and ascorbate were higher in February. Similarly,

there was a lower activity of the hexose monophosphate shunt enzymes in February. Exposure of larvae to –12°C resulted in an ele-

vation of hexose monophosphate shunt enzyme activity, especially in November. This was accompanied by a significant increase in

glycerol content in February. Changes in ascorbate levels and dehydroascorbate reductase activity in both experimental groups

(–12°C and 8°C) suggest a connection between the antioxidative system, metabolism during diapause and cold hardiness. Our results

support the notion that antioxidative defense in larvae of Ostrinia nubilalis is closely connected with metabolic changes character-

istic of diapause, mechanisms of cold hardiness involved in diapause and the maintenance of a stable redox state.
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1994). Recently, some results have suggested that bio-

chemical mechanisms of cold hardiness and freezing

injury may be connected with antioxidative defense

(Rojas & Leopold, 1996; Grubor-Lajsic et al., 1997;

Joanisse & Storey, 1998). That the biosynthesis of polyol

cryoprotectants is closely connected with antioxidative

enzymes is indicated by the presence of the reducing

equivalents (NADPH), which are generated through the

hexose monophosphate shunt (Fig. 1).

In this study, the connection between the antioxidative

defense system, the oxidative part of the hexose mono-

phosphate shunt and synthesis of cryoprotectants (mainly

glycerol) in diapausing larvae of the European corn borer,

Ostrinia nubilalis Hubner (Lepidoptera: Pyralidae) was

investigated. In O. nubilalis, diapause of the fifth instar

larvae and cold acclimation commence in autumn. The

larvae overwinter inside stalks of corn, and during this

period become freeze tolerant and accumulate glycerol

(Asahina, 1966). The aim of this research was to investi-

gate the characteristics of the antioxidative defense

system in Ostrinia larvae exposed to low temperatures

(14 days, –12°C) and in control larvae (14 days, 8°C),

and to field conditions, at two different periods during

diapause (November and February).

MATERIAL AND METHODS

Chemicals

All of the chemicals used in this study were purchased from

the Sigma Chemical Company (St. Louis, MO, USA), unless

indicated otherwise.

Insects

Diapausing fifth instar larvae of O. nubilalis were collected

from maize plants in fields in Vojvodina, Serbia. Larvae were

collected in November and February, that is at two different

times during the diapause period. Three experimental groups

were formed: larvae kept under field condition, inside corn

stalks, larvae kept at 8°C in humid conditions for two weeks and

those kept at –12°C but otherwise similar conditions. Prior to

the experiments the exposed to 8°C and –12°C were kept inside

corn stalks exposed to field conditions.

Preparation of whole body homogenates

Larvae were carefully brushed to remove contaminating parti-

cles, weighed and homogenised in ice-cold buffer (20% w/v

0.05M phosphate buffer, pH 7.0, with 0.05% phenylthiourea) in

an ice-chilled glass homogenizer. Prior to centrifugation, ali-

quots were taken for ascorbic acid and total glutathione content

determination, and the remaining homogenates were centrifuged

at 15000 g and 4°C, for 15 min. The supernatants were the

source of the enzymes. GST, CAT, GSH-Px and GR activities

were measured immediately after centrifugation.

Enzyme assays

The activity of superoxide dismutase (SOD) was measured by

inhibition of superoxide radical production in a xanthine-

xanthine oxidase reaction, according to the method described by

McCord & Fridovich (1968). One unit of activity was defined as

the amount of enzyme necessary to decrease the rate of cyto-

chrome c reduction to 50% of maximum at 25°C and pH 7.8.

The activity of catalase (CAT) was determined by the rate of

hydrogen peroxide disappearance measured at 240 nm,

according to Claiborne (1984). One unit of CAT activity was

defined as the amount of enzyme that decomposes 1 mmol

H2O2/min at 25°C and pH 7.0.

Glutathione S-transferase (GST) activity, using

1-chloro-2,4-dinitrobenzene as a substrate, was measured as

described by Habig et al. (1974). GST activity was monitored at

340 nm and one unit of GST activity was defined as the amount

that utilizes 1 nmol GSH/min at 25°C and pH 6.5. GST iso-

zymes can catalyze the decomposition of organic peroxides, and

this activity is referred to as non selenium glutathione peroxi-

dase (Prohaska & Ganther, 1976). The activity of non-selenium

glutathione peroxidase (GSH-Px) was determined by the

glutathione-dependent reduction of t-butyl hydroperoxide, util-

izing a modification of the assay described by Paglia & Valen-

tine (1967). Specifically, the oxidized glutathione formed by the

enzymatic action of GSH-Px is instantly and continuously

reduced by an excess of glutathione reductase added to the

assay mixture, thereby providing a constant level of reduced

glutathione. The concomitant oxidation of NADPH to NADP is

monitored spectroscopically at 340 nm. One unit of GSH-Px

activity was defined as the amount needed to oxidize 1 nmol

NADPH/min at 25°C and pH 7.0.

Glutathione reductase (GR) activity was determined using the

method of Glatzle et al. (1974). This assay is based on NADPH

oxidation concomitant with glutathione reduction. One unit of

GR activity was defined as the oxidation of 1 nmol

NADPH/min at 25°C and pH 7.6.

Dehydroascorbic acid reductase (DHAR) activity was meas-

ured as described by Asada (1984). This assay is based on dehy-

droascorbate reduction to ascorbate by glutathione and is

monitored by measuring ascorbate formation at 265 nm. One

unit of DHAR activity was defined as the formation of 1 nmol

ascorbate/min at 25°C and pH 6.5.
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Fig. 1. Connection between the biosynthesis of polyol cryo-

protectants and the antioxidative defense system. Antioxidative

defense: activities of superoxide dismutase (SOD), catalase

(CAT), non selenium glutathione peroxidase (GSH-Px),

glutathione-S-transferase (GST), glutathione reductase (GR), as

well as the amounts of ascorbate (AsA and DasA) and glu-

tathione (GSH and GSSG); those which are shown bold were

measured. Oxygen derived reactive species: superoxide (O2
.–),

hydrogen peroxide (H2O2), as well as Fenton reaction (Fe++),

hydroxyl radicals (OH.) and consequently lipid peroxides

(LOOH) are presented. Insect antioxidative defense specific

components are ascorbate peroxidase (APOx), ascorbate (AsA),

dehydroascorbate (DasA) and dehydroascorbate reductase

(DHAR) (Blagojevic & Grubor-Lajsic, 2000). Oxidative part of

hexose monophosphate shunt: glucose-6-phosphate dehydroge-

nase (G-6-PD), 6-phosphogluconate dehydrogenase (6-PGD)

and gycerol (polyol); those which are shown in bold were meas-

ured. Other: glucose-6-phosphate (G-6-P), 6-phospho-glucoso

lactonase (6-PGL), ribuloso-5-phosphate (Ru5P).



The activity of glucose-6-phosphate dehydrogenase (G-6-PD)

and 6-phosphogluconate dehydrogenase (6-PGD) was deter-

mined using the procedure described by Glock & McLean

(1953). This assay system permits the simultaneous calculation

of G-6-PD and 6-PGD activity. These activities were measured

indirectly by the rate of reduction of NADP to NADPH at 340

nm. One unit of enzyme activity was defined as the formation of

1 nmol NADPH/min at 25°C and pH 8.0.

Protein content was determined by the method of Bradford

(1976), with bovine serum albumin as a protein standard.

Low molecular weight antioxidants

Total glutathione (tGSH, reduced and oxidized form) content

was measured after homogenate precipitation with 5% sulfosali-

cylic acid (20% w/v) and centrifugation at 12000 g for 5 min.

Supernatants were removed and used for the immediate meas-

urement of total glutathione (Griffith, 1980) by first oxidizing

reduced glutathione with 5,5'-dithiobis-(2-nitrobenzoic acid)

(DTNB) and then reducing the resulting oxidized glutathione

with glutathione reductase in the presence of cofactor NADPH.

Because this is a cycling reaction, the rate of formation of the

chromophoric 2-nitro-5-thiobenzoic acid from DTNB at 412 nm

is proportional to tGSH. Total glutathione concentration in the

samples was determined by comparing the rate of change of

absorbance with that of glutathione standards of known concen-

trations (0.5–4 µM).

Concentration of ascorbate was determined as previously

described by Okamura (1980), using a standard curve prepared

with ascorbic acid (25–400 µg/ml). This method enables the

simultaneous measurement of the concentration of ascorbic acid

and dehydroascorbic acid, i.e. total ascorbate in the sample.

Glycerol content

Larvae, previously brushed to remove contaminating

particles, were weighed and macerated in a glass homogenizer

with 1 ml of 70% (v/v) ethanol to extract glycerol, and rinsed

with 1 ml of 70% ethanol. Debris was removed from the sample

by centrifuging at 12000 g for 10 min. Before analysis, samples

were evaporated to dryness under a stream of nitrogen. Samples

for gas chromatography (GC) analysis were derivatized using

Sigma-Sil A, according to Sweeley et al. (1963). Aliquots (200

ml) of derivatised sample were assayed using a Hewlett Packard

gas chromatograph (model 5890, Hewlett Packard Co., Califor-

nia, USA), with an Ultra 2 Hewlett Packard column (25 m,

crosslinked with 5% Phenyl Methyl silicone) and flame ioniza-

tion detector.

Statistical analysis

All results were expressed as mean ± standard error (SE). Sta-

tistical analysis was performed by analysis of variance

(ANOVA), and posthoc comparisons were made using Dunc-

an’s multiple range test. Statistical significance was defined as

significant at the level p < 0.05 (Hinkle et al., 1994).

RESULTS

To determine the effects of chilling on the antioxidative

defense system, possible connection with the oxidative

part of the hexose monophosphate shunt and synthesis of

cryoprotectant (glycerol), diapausing larvae of Ostrinia

nubilalis were exposed to sub-zero temperatures (–12°C)

for two weeks. Ostrinia larvae kept at 8°C for the same

period of time were the controls.

The activities of antioxidative enzymes in the

homogenates of O. nubilalis larvae are summarized in

Table 1. The activities of the antioxidative enzymes are

higher in November than February. After cold exposure,

SOD activity was significantly higher only in the

November sample. CAT data show that the activity of this

enzyme in November increased in Ostrinia larvae kept at

–12°C and 8°C, compared to those kept under field con-

ditions. However, no similar pattern in CAT activity was

observed in February. At –12°C an increase in GSH-Px

activity was observed in November, but not in February.

Cold exposure had no effect on GST activity in either

November or January. In November GR activity was sig-

nificantly higher in control (8°C) and experimental

(–12°C) Ostrinia larvae, when compared to those exposed

to field conditions. On the other hand, compared to those

kept under field conditions, GR activity in February was

lower in both groups. Upon cold acclimation in Novem-

ber, DHAR activity in Ostrinia larvae was significantly

higher only relative to those kept under field conditions.

In February, exposure of larvae to –12°C caused an

increase in DHAR activity, when compared with control

larvae.

The total glutathione content of homogenates of

Ostrinia larvae exposed to different temperature condi-

tions was measured and the results are shown in Fig. 2. In

November, the level of total GSH in all three experi-

mental groups was very similar. In contrast the Ostrinia

larvae showed a statistically significant decrease in the

level of total GSH after cold exposure in February com-

pared to those kept under field conditions.

The content of ascorbic and dehydroascorbic acid, i.e.

ascorbate in diapausing larvae of O. nubilalis after expo-

sure to different temperature regimes is shown in Fig. 3.
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2.6 ± 0.2 ∇1.8 ± 0.2 *2.4 ± 0.29.3 ± 0.67.7 ± 1.55 ± 0.5DHAR

1.3 ± 0.1 *1.3 ± 0.1 *1.9 ± 0.213.0 ± 1.2 *11.1 ± 2.1 *4.1 ± 0.5GR

164 ± 8174 ± 11184 ± 9221 ± 15233 ± 17221 ± 14GST

6.2 ± 0.67.1 ± 0.87.5 ± 0.717.9 ± 0.5 *∇14.3 ± 1.2 *11.2 ± 0.7GSH-Px

10.4 ± 0.410.4 ± 0.310.4 ± 0.317.2 ± 0.7 *20.1 ± 1.2 *15.3 ± 0.7CAT

13.4 ± 0.212.4 ± 0.513.8 ± 0.718.2 ± 0.9 ∇12.9 ± 1.116.1 ± 1.3SOD

14 days / –12°C14 days / 8°CField conditions14 days / –12°C14 days / 8°CField conditions

FebruaryNovember

TABLE 1. The activities of antioxidant enzymes (units/mg protein) in the homogenates of diapausing 5th instar larvae of Ostrinia

nubilalis exposed to different temperature conditions at two periods, November and February. Results are expressed as mean ± SE.

Mean values are based on 6–8 replicates (n = 7–9 larvae per replicate). * indicates p < 0.05 compared to larvae kept under field con-

ditions; ∇ indicates p < 0.05 compared to larvae maintained at 8°C for 14 days. Units of activity are described in Material and meth-

ods. SOD – superoxide dismutase, CAT – catalase, GSH-Px – non-selenium glutathione peroxidase, GST –

glutathione-S-transferase, GR – glutathione reductase, DHAR – dehydroascorbate reductase.



In both November and February the ascorbate content

was higher in controls (8°C) compared to larvae kept

under field conditions. However, the ascorbate content

was significantly lower in the experimental group of

Ostrinia larvae (–12°C) than in the controls.

The activities of enzymes of the hexose monophosphate

shunt (G-6-PD and 6-PGD) were measured in the

homogenates of Ostrinia larvae in order to determine the

effect of cold exposure on this metabolic pathway, at two

different periods during diapause. The results are pre-

sented in Table 2. Upon cold acclimation (–12°C) in both

periods (November and February) G-6-PD activity was

significantly elevated compared to the control larvae and

those kept under field conditions. On the other hand,

6-PGD activity was increased compared to that of larvae

exposed to field conditions, but not compared to the con-

trols.

Glycerol content of the homogenates of diapausing

Ostrinia larvae exposed to different temperature condi-

tions is presented in Fig. 4. Exposure of larvae to low

temperatures (–12°C) resulted in a statistically significant

elevation of glycerol content in February, but not in

November.

DISCUSSION

Ostrinia nubilalis normaly overwinters in corn stalks as

diapausing fifth instar larvae. During this period larvae

accumulate glycerol and become freeze tolerant, i.e. they

are capable of surviving extracellular ice formation.

Although Ostrinia larvae exposed to cold show numerous

physiological and biochemical changes, we hypothesize

that these metabolic adjustments are connected with

changes in the antioxidative defense system. The antioxi-

dative defense system prevents development of oxidative

injuries during normal metabolic activity and may be sig-

nificantly altered by cold stress, due to changes character-

istic of diapause and cold hardiness mechanisms.

In this work, antioxidative levels in Ostrinia larvae

were measured during diapause (November and

February), in order to explore the complexity of the proc-

ess. Also, the levels of enzymatic and non-enzymatic anti-

oxidants were determined during cold acclimation (14

days, –12°C) in the laboratory. The significant increase in

SOD activity after cold exposure in November (Table 1)

emphasizes the importance of this enzyme for the protec-

tion of tissues from the oxidative stress associated with

the altered metabolic activity during freezing conditions.

The dismutation reaction catalyzed by SOD results in the

production of hydrogen peroxide, which is further

reduced to oxygen and water by catalase action. These

two enzymes were assumed to act in tandem and effi-

ciently terminate oxygen radical reactions in insects

(Pritsos et al., 1990; Orr & Sohal, 1994). Although we

detected a certain decline in CAT activity (about 15%) in

larvae exposed to sub-zero temperatures in November, it

was not significant compared to the control. This may

imply a higher activity of another enzymatic system for
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Fig. 3. The ascorbate (AsA and DAsA) content of homogen-

ates of diapausing 5th instar larvae of Ostrinia nubilalis exposed

to different temperature conditions in November and February.

Results are expressed as mean ± SE. Numbers in parentheses

indicate the number of replicates (n = 7–9 larvae per replicate).

* indicates p < 0.05 compared to larvae kept under field condi-

tions;  indicates p < 0.05 compared to larvae maintained at 8°C

for 14 days.

Fig. 2. The total glutathione (GSH and GSSG) content of

homogenates of diapausing 5th instar larvae of Ostrinia nubi-

lalis exposed to different temperature conditions in November

and February. Results are expressed as mean ± SE. Numbers in

parentheses indicate the number of replicates (n = 7–9 larvae

per replicate). * indicates p < 0.05 compared to larvae kept

under field conditions.

12.6 ± 0.3 *11.1 ± 1.1 *8.1 ± 115.1 ± 2 *14.2 ± 19.5 ± 1.76-PGD

48 ± 1.8 * 40.7 ± 1.841.5 ± 273.1 ± 3.1 * 54.4 ± 4.550.5 ± 4.5G-6-PD

14 days / –12°C14 days / 8°CField conditions14 days / –12°C14 days / 8°CField conditions

FebruaryNovember

TABLE 2. The activities of glucose-6-phosphate dehydrogenase (G-6-PD) and 6-phosphogluconate dehydrogenase (6-PGD)

(units/mg protein) in the homogenates of diapausing 5th instar larvae of Ostrinia nubilalis exposed to different temperature condi-

tions at two periods, November and February. Results are expressed as mean ± SE. Mean values are based on 6–8 replicates (n = 7–9

larvae per replicate). * indicates p < 0.05 compared to larvae kept under field conditions;  indicates p < 0.05 compared to larvae

maintained at 8°C for 14 days. Units of activity are described in Material and methods.



H2O2 removal, which could include ascorbate peroxidase

(APOX) and dehydroascorbate reductase (DHAR).

Ascorbate peroxidase activity has been found in Heli-

coverpa zea larvae (Mathews et al., 1997) and two lepi-

dopteran insect cell lines (Wang et al., 2001). Ascorbate

peroxidase catalyzes the oxidation of ascorbic acid and

concurrent H2O2 reduction. The resulting dehydroascorbic

acid is then converted back to ascorbic acid through the

action of DHAR (Felton & Summers, 1995). Our results

on DHAR activity are very similar to that previously

reported for other species of lepidopteran larvae (Sum-

mers & Felton, 1993). Upon cold acclimation in Novem-

ber, there was an increase in DHAR activity only when

compared to the Ostrinia larvae kept under field condi-

tions (Table 1). Although we detected elevated DHAR

activity (21% more than control), it was not statistically

significantly different from that of the control. It should

be noted that the level of DHAR activity in November

correlates well with a high level of GR activity in the

same period. These two enzymes are functionally con-

nected and are a part of the ascorbate recycling system in

insects (Jovanovic-Galovic et al., 2004). On the other

hand, DHAR activity in February was markedly lower in

all experimental groups of Ostrinia larvae compared to

the November sample. This conforms with the detected

decline in the activity of all antioxidative enzymes in Feb-

ruary. In addition, the significantly elevated DHAR

activity in larvae exposed to low temperatures in Feb-

ruary emphasizes the importance of ascorbate recycling in

this period of diapause. The general consensus of earlier

studies is that selenium-dependent glutathione peroxidase

is absent in lepidopteran insect larvae (Ahmad & Pardini,

1988; Ahmad et al., 1989, Weinhold et al., 1990). These

larvae show activity against organic hydroperoxides, but

not against H2O2, which is presumed to be due to a GST

isoform (non-selenium-dependent enzyme activity).

Therefore, we measured non-selenium glutathione peroxi-

dase activity (GSH-Px) using t-butyl hydroperoxide as a

substrate. It should be noted that Grubor-Lajsic et al.

(1997) previously measured GSH-Px activity in the

hemolymph and fat body of diapausing larvae of O. nubi-

lalis. Since a very small rate of NADPH oxidation was

observed during the enzyme assay (the same rate as in the

control), these authors concluded that there was no

GSH-Px activity in Ostrinia larvae. As our results clearly

demonstrate the presence of GSH-Px like activity in total

body homogenates of Ostrinia larvae, it is possible that

an isoform of GST is active during diapause in tissues

other than hemolymph and fat body. Compared to larvae

in November, GSH-Px activity in February was lower in

all experimental groups (Table 1). In addition, no signifi-

cant difference between groups was observed in this

period of diapause. On the other hand, there was an ele-

vated GSH-Px activity in larvae exposed to cold in

November compared to the control larvae. Therefore,

adequate antioxidative protection against freezing during

diapause is a prerequisite. GST is present in many insects

and usually considered to be involved in the metabolism

of insecticides, plant allelochemicals and other xenobi-

otics (Weinhold, 1990; Fournier et al., 1992; Yu, 1996;

Kostaropoulos et al., 2001). The relatively high GST

activity in homogenates of Ostrinia larvae in diapause

(Table 1), suggest that this enzyme has a role in endoge-

nous metabolic processes, not necessarily connected with

feeding. Although the values for GR activity are within

the range of values found in the total lysates of a variety

of lepidopteran larvae (Pritsos et al., 1988a, b; Peric-

Mataruga et al., 1997), the enzyme activity after cold

acclimation differed in November and February (Table

1). GR activity in November was markedly elevated in

the control (8°C) and experimental (–12°C) Ostrinia

larvae compared to those exposed to field conditions.

This parallels the significant increase in GSH-Px activity,

i.e. these two enzymes are functionally connected.

Reducing equivalents (NADPH), needed for the action of

glutathione reductase, are generated through the hexose

monophosphate shunt. As a result of increased GR activ-

ity, this metabolic pathway is significantly enhanced (see

discussion below). On the other hand, the enzyme activity

in February was lower in control and experimental larvae.

This positively correlates with the decline in the activity

of all GSH-dependent enzymes (GSH-Px, GST, DHAR)

during this period of diapause.

Glutathione is considered to be the major thiol-disulfide

redox buffer of cells and can react passively as an antioxi-

dant, and restitute enzymes by reduction of oxidized sulf-

hydryl groups. As the direct reaction of GSH is slow,

greater amounts might protect against oxidative stress and

supply co-factors for enzymatic reactions as well. The

fact that the GSH in homogenates of Ostrinia larvae

increased during February (Fig. 2) might compensate for

the significant decline in the activity of antioxidative

enzymes at this period in diapause. It should be noted that

cold exposure had no effect on the content of tGSH

during diapause, indicating that glutathione is kept at a

high level even after extended exposure to low tempera-
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Fig. 4. Glycerol content of homogenates of diapausing 5th

instar larvae of Ostrinia nubilalis exposed to different tempera-

ture conditions in November and February. Results are

expressed as mean ± SE. Numbers in parentheses indicate the

number of replicates (n = 7–9 larvae per replicate). * indicates p

< 0.05 compared to larvae kept under field conditions;  indi-

cates p < 0.05 compared to larvae maintained at 8°C for 14

days.



tures. The content of ascorbate in the homogenates of

Ostrinia larvae was significantly elevated in February

(Fig. 2), suggesting a compensatory mechanism. Since

our results clearly demonstrated significant decrease in

the activity of antioxidative enzymes in February, we

assume that at this period in diapause it might be the non-

enzymatic antioxidants, such as ascorbate, glutathione or

α-tocopherol, which confer the best protection against

oxidative damage. However, the level of ascorbate was

significantly lower after cold acclimation in both periods

of diapause (Fig. 3), suggesting that this molecule has an

important role in freezing conditions. Taking into account

the enhanced hexose monophosphate shunt activity

during cellular cryoprotection (synthesis of glycerol)

under freezing conditions, we hypothesize that dehy-

droascorbate contributes to the overall activity of this

metabolic pathway. Since dehydroascorbate at a physio-

logical pH is unstable, with a half-life of a few minutes, it

may be rapidly metabolized through diketogulonate to

5-carbon intermediates, which could enter the pentose

phosphate cycle. In addition, the increased DHAR

activity observed in Ostrinia larvae exposed to cold in

February (Table 1) could reflect an intense reduction of

an oxidized form of ascorbate and the important role of

this redox active molecule in numerous redox regulated

processes within cells (Schafer & Buettner, 2001). In con-

clusion, it should be emphasized that the redox active

antioxidants glutathione and ascorbic acid have other

regulatory and constitutive physiological functions

depending on the availability and production of tempo-

rary dominant free radical molecules.

In some species low temperature appears to favour the

catabolism of sugars via the hexose monophosphate

rather than glycolytic pathway, an adjustment that would

generate the reducing power (NADPH) for polyol synthe-

sis. Exposure of larvae to low temperatures resulted in the

expected elevation in the activity of HMS enzymes, espe-

cially pronounced in November (Table 2). This result is

in full agreement with the pronounced GR activity in the

Ostrinia larvae kept under freezing conditions. Further-

more, the activity of G-6-PD increased significantly in

larvae exposed to sub-zero temperatures during diapause.

It was previously demonstrated that G-6-PD from cold-

hardy insects has high substrate affinity, even at low tem-

peratures, which aids the production of NADPH needed

to synthesize polyhydric alcohols from sugars (Storey et

al., 1991). Holden & Storey (1994) previously detected

the kinetic properties of 6-PGD from freeze-tolerant

larvae of Eurosta solidaginis and concluded that 6-PGD

was strongly affected by temperature, i.e. the enzyme was

almost completely inhibited at temperatures below 5°C.

Apparently, 6-PGD is less important for generating

reducing equivalents for polyol synthesis.

Glycerol is the major cryoprotective polyol in dia-

pausing larvae of O. nubilalis. In the laboratory, tempera-

tures triggering glycerol synthesis are in the range from 0

to 5°C (Storey & Storey, 1991). Nordin et al. (1984)

showed that the ability of fifth instar Ostrinia larvae to

accumulate glycerol depends upon chilling. Eggs, second,

third and fourth instar larvae do not have this ability. This

indicates that a specific developmental programme is

required for insects to respond to cold stress. As

expected, diapausing fifth instar larvae of O. nubilalis

accumulated glycerol in substantial amounts upon expo-

sure to winter conditions. However, glycerol content was

significantly higher in Ostrinia larvae in November

(17.96 µg/mg) than in February (9.71 µg/mg), indicating

that glycerol levels decrease during diapause (Fig. 3).

This result agrees with the observations of Grubor-Lajsic

et al. (1991) that at the beginning of September glycerol

accumulates in the hemolymph of Ostrinia larvae and

reaches its highest levels in December and January, after

which it declines and is no longer present in spring

(April). It should be mentioned that Ostrinia larvae were

exposed to slightly different temperatures in November

and February. Namely, the average ambient temperature

in November was 2.13°C, whereas in February it reached

6.83°C, which is exceptionally high for this time of year

in Vojvodina. Therefore, we assume that the low glycerol

content in February was a response to the relatively high

ambient temperatures during that period. Exposure of

larvae to low temperatures in the laboratory resulted in

the expected elevation in glycerol content only in Febru-

ary, but there was no significant difference in November

between the control (8°C) and experimental group

(–12°C). In November, glycerol made up about 2% of the

total body weight of Ostrinia larvae, suggesting that this

relatively high glycerol level could provide adequate

cryoprotection, even when exposed to sub-zero tempera-

tures. On the other hand, larvae subjected to freezing con-

ditions in February showed an almost fivefold increase in

glycerol concentration (7.81 µg/mg in controls, 44.58

µg/mg in chilled larvae). Although there were differences

between Ostrinia larvae, the observed elevation in Feb-

ruary was too high to be attributed to individual fluctua-

tions in glycerol content. Apparently, larvae enhanced

glycerol synthesis in order to survive unfavorable condi-

tions, especially since they experienced unusually high

temperatures at the end of January and the beginning of

February. It is worth mentioning that insects at different

stages of diapause may respond differently to low tem-

perature (Pio & Baust, 1988), which may account for the

different response of Ostrinia larvae to freezing tempera-

tures in November and February. Also, the antioxidative

status was different at these two periods in diapause, sug-

gesting a connection between cold hardiness mechanisms

and the antioxidative defense system.

In conclusion, the changes in the activity of antioxida-

tive enzymes during diapause suggest that diapause is a

dynamic process, which can be divided into phases. In

February, the activity of all antioxidative enzymes

decreased, accompanied by an increase in the concentra-

tion of total glutathione and ascorbate. Glycerol content

and the activity of key enzymes of the hexose monophos-

phate shunt support the proposed connection between this

metabolic pathway and the antioxidative system. The pre-

sent results support the notion that the antioxidative

defense system in larvae of Ostrinia nubilalis is closely
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connected with metabolic changes characteristic of dia-

pause and cold hardiness.
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