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SUMMARY

Although fat is the principal fuel for flight in moths and butterflies, some use of
carbohydrate fuels during activity would be predicted on energetic and biochemical
grounds, particularly in nectivores. The present study evaluates the use of
carbohydrate fuels during pre-flight warm-up in the endothermic sphinx moth
Manduca sexta (L.). Carbohydrate content of moths was measured at intermediate
points during the pre-flight warm-up cycle and at take-off. Muscle glycogen content
declined during the initial phases of warm-up, whereas glucose and trehalose
concentrations were unchanged. Abdominal carbohydrates were not mobilized
during warm-up. Energy budget analysis suggests that glycogen oxidation supplies
about 39 % of the energy needed for the initial phase of warm-up and about 6 % of
the total cost of warm-up. Glycogen use during warm-up may be correlated with the
capacity for endothermic warm-up at low ambient temperatures. Carbohydrates
appear to be moi'e important as fuels for activity in some lepidopterans than has been
previously reported for other members of this diverse Order.

INTRODUCTION

Fat is the principal fuel for prolonged flight activity in Lepidoptera (Kammer &
Heinrich, 1978; Ziegler & Schulz, 1986a). These insects complete pupation and
enter the adult stage with most of their fuel reserve in fat stores (Beall, 1948; Downer
& Matthews, 1976a; Cookman, Angelo, Slansky & Nation, 1984) and available
carbohydrate stores are limited (Domroese & Gilbert, 1964; Stevenson, 1968; Brown
& Chippendale, 1974). However, fat cannot be the sole fuel for oxidative metab-
olism. The increase in metabolism accompanying the onset of flight depends upon
priming of the citric acid cycle with catalytic amounts of 3- and 4-carbon compounds
(Sacktor, 1975). These intermediates can only be obtained from the breakdown of
glucose, amino acids or glycerol because insects, like vertebrates, lack a functional
glyoxalate cycle and cannot convert long-chain fatty acids to glucose (Chino &
Gilbert, 1965; Duve, 1977; Lehninger, 1975).
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Those moths and butterflies that feed upon floral nectars as adults consume a diet
consisting primarily of water and sugars (Watt, Hoch & Mills, 1974), but these
ingested sugars are rapidly converted to fat in many species (Zebe, 1954; Brown &
Chippendale, 1974). Direct use of ingested or infused carbohydrates by moth flight
muscles in vivo has been reported in a few instances (Van Handel & Nayar, 1972;
Surholt & Newsholme, 1983; Ziegler & Schulz, 19866) and the flight muscles of
some other moth species have the capacity to oxidize carbohydrates in vitro
(Stevenson, 1968; Beenakkers, 1969), but the functional significance of these
observations has been unclear. Conversion of ingested sugars to fat rather than
glycogen for storage reduces the mass per joule of fuel carried (Lehninger, 1975), an
important consideration for flying animals (see Weis-Fogh, 1952), but the metabolic
costs of fat synthesis will reduce the net energy gain by about 20 %. During pre-flight
warm-up, metabolic rate and demand for fuel are increasing exponentially (Bartholo-
mew, Vleck & Vleck, 1981). Concurrently, circulatory flow between the thorax and
abdomen may be restricted (Heinrich & Bartholomew, 1971), increasing dependence
on intrathoracic fuel stores. Thus, some direct use of carbohydrates might be
expected, especially during warm-up at low temperatures.

The present study evaluates carbohydrate use during pre-flight warm-up at low
temperatures in the endothermic sphinx moth, Manduca sexla. Carbohydrate
contents of both the thoracic muscles and the abdomen were measured at
intermediate points during the warm-up cycle. Energy budget analysis was used to
estimate the quantitative significance of carbohydrate oxidation during warm-up and
the relationship of carbohydrate fuels to activity patterns is also considered.

MATERIALS AND METHODS

Insect rearing

An initial stock of M. sexta eggs, obtained from Dr J. S. Buckner (Metabolism and
Radiation Research Laboratory, Agricultural Research Service, USDA), was used to
establish a breeding colony. Insects were reared in a temperature-controlled room
according to a modification of the techniques of Bell & Joachim (1976) at 25 ± 2°C
and a photoperiod of 17h:7h L:D, as described in Joos (1986).

Fuel use during pre-flight warm-up

On the day of emergence, moths were placed in a 0-23m wire-mesh flight cage.
Moths emerging on successive days were placed in separate cages. Each cage had a
feeding station containing 20% sucrose and moths could iced ad libitum. Individuals
were held in these cages until the third day after emergence and were then used for
warm-up experiments.

On the third day after emergence, moths were removed from the flight cage and
placed in individual containers without food at approximately 09.30 h EST. The
moths were held at 25°C until 13.00h and then were held at 4-5°C under full light
for 0-5—3 h prior to the start of an experiment. An environmental room at 15 ± 2°C
with low (<100 lx) light levels was used for the warm-up experiments. A single moth



Carbohydrate fuels in pre-flight wann-up 319

was placed in a plastic box filled with ice, the centre of the dorsal thorax was pierced
with a 0-5 mm (26 gauge) hypodermic needle and a 0-2 mm (38 gauge) copper-
constantan thermocouple was inserted to a depth of about 3 mm. The moth, with
thermocouple attached, was moved to a shallow (approx. 5 cm deep) cardboard box
and the thermocouple was connected to a Honeywell Elektronik 16 temperature
recorder. The moths heated passively to room temperature and many began warm-
up spontaneously after reaching room temperature. Others were stimulated by
stroking the antennae or gently pinching the tip of the abdomen with forceps. Only
those moths which warmed continuously were used for subsequent analysis.
Duration of warm-up was timed to the nearest 0-1 s with a stopwatch and the average
rate of thoracic temperature increase was estimated for each moth from the formula:

Rate of warm-up = (Ttn fina; ~ Tth injtia])/duration of warm-up .

Upon reaching a specified thoracic temperature or at take-off, the moth was
grasped by the thorax with forceps, cooled in an ethanol-dry ice bath, and then
quickly plunged into the bath. Control moths were frozen immediately upon removal
from the low-temperature chamber. The ethanol-dry ice technique allowed for rapid
freezing of both the abdomen and the thorax; because glycolytic enzyme activities,
particularly glycogen phosphorylase and trehalase, in M. sexta muscle are low (Joos,
1986), the technique is sufficiently fast to prevent changes in substrate concen-
trations. After the whole insect had been weighed, the head, wings, legs and
abdomen were separated from the thorax, the thoracic scales were removed by
rubbing with laboratory tissue, and the denuded thorax was split with a razor blade.
Frozen muscle was separated from the exoskeleton with fine forceps, weighed to the
nearest 0-0001 g, wrapped in aluminium foil, and refrozen between two blocks of dry
ice. The whole abdomen was also weighed to the nearest O'OOOlg, wrapped and
refrozen. Tissues were stored at —70°C until analysis.

Muscle samples and whole abdomens were analysed for glucose, glycogen and
trehalose. Glycogen was assayed by the amyloglucosidase method (Keppler &
Decker, 1974). Glucose in the glycogen digests was assayed by the glucose oxidase
method (Sigma technical bulletin no. 510). Trehalose (1-O-alpha-D-glucopyranosyl-
alpha-D-glucopyranoside) was determined on a sample of the neutralized tissue
extract by the method of Wyatt & Kalf (1957) using the anthrone reagent (Mokrasch,
1954).

These procedures were slightly modified for the measurement of abdomen
carbohydrates because of the high lipid concentrations. The supernatants from both
the tissue extract and the glycogen digest formed two phases upon centrifugation;
a lipid-rich upper phase and a lipid-poor lower phase. All samples for analysis were
taken from the lower phase with minimal disturbance of the upper phase.

Statistics

Statistical analysis was carried out using the MIDAS statistical package (Statistical
Research Laboratory, the University of Michigan) supported by the University of
Michigan Computing Center. Since the carbohydrate concentration data were
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heteroskedastic and standard transformation procedures did not eliminate hetero-
skedasticity, non-parametric statistical procedures were used. Mean values and the
standard error of the mean are given for descriptive purposes only. The Mann-
Whitney U-test and Kruskal—Wallis test were used to compare distributions and the
non-parametric Student-Newman-Keuls test, as described by Zar (1974), was used
for a posteriori multiple range testing. Rates of warm-up were analysed by simple
linear correlation and regression procedures. Null hypotheses were rejected at the
95 % level of significance in all procedures.

RESULTS

Pre-flight warm-up behaviour

Moths began pre-flight warm-up after heating passively to a thoracic temperature
slightly above chamber air temperature. Most moths climbed up onto the side of the
holding box, positioned themselves at the top edge and warmed continuously to the
final thoracic temperature without breaks or pauses.

The average rate of increase in thoracic temperature during warm-up (average rate
of warm-up) did not differ significantly between moths allowed to take off and those
groups in which warm-up was terminated prematurely, suggesting that thoracic
temperature increases linearly with time. The mean value for all groups was
2-30 ± 0-070°Cmin~' (ls.E.M., J V = 8 1 ) and rate of warm-up was not correlated
with body mass. Thoracic temperature at take-off was 37-3±f>49°C (ls.E.M.,
N= 13). Take-off temperature was not correlated with body mass or with small
variations in ambient temperature.

Fuel use during pre-flight warm-up

Muscle glycogen concentration declined from a mean of 23-00/imolg"1 tissue
before warm-up to a mean of 17'22^molg~' at Tth = 21°C, but did not change
significantly as warm-up proceeded further (Fig. 1; Table 1). Muscle glucose and
trehalose concentrations during warm-up were not significantly different from the
control value (Table 1).

Abdominal concentrations of glycogen and trehalose were much greater in females
than in males, but neither glycogen nor trehalose concentrations changed signifi-
cantly during warm-up. Glucose concentration was significantly lower at take-off
than at earlier stages in the warm-up cycle or in controls (Table 2), but the change
was small compared with the observed fluctuations in glycogen and trehalose
concentrations. This decline may have resulted from local metabolism or may
indicate incipient mobilization of fat body carbohydrate for use by the working
muscle or other tissues.

DISCUSSION

Previous studies of the energy reserves of adult lepidopterans have found either nci
thoracic glycogen stores (Hyalophora cecropia, Domroese & Gilbert, 1964; Danaus
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plexippus, Brown & Chippendale, 1974) or modest amounts which were considered
quantitatively insignificant (Stevenson, 1968). Muscle glycogen levels of M. sexta
(Table 1) and of a noctuid moth, Spodoptera eridania (Stevenson, 1968), are low
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Fig. 1. Muscle glycogen concentration in Manduca sexta as a function of thoracic
temperature (Tth) attained during pre-flight warm-up. Horizontal bars represent mean
values and vertical bars represent one standard error of the mean. AT = 24 for each group.

Table 1. Carbohydrate concentration in the flight muscle of Manduca sexta at
different points during the pre-flight wann-up cycle

Group

Control
Tth = 21°C
Tth = 25°C
To, = 30 °C
Take-off
All groups*

Glucose

0-70 ±0-25
0-39±016
0-83 ±0-21
0-65 ±0-23
0-49 ±0-13
0-61 ±009

Glycogen

23-00 ±2-87
17-22 ± l-67f
14-40 ±0-70f
16-77 ± l-79f
14-35 ± l-47f

—

Trehalose

17-95 ± 3-49

10-45 ±1-78

10-96 ± 1-92

11-21 ±1-79

11-59+ 1-58

12-43 ± 101

Carbohydrate concentrations are expressed as //molglucose equivalentsg ' muscle. X = 24 (12
males, 12 females) in each group. The mean and one standard error of the mean are shown.

* Combined mean and standard error of the mean for all groups. This mean was computed when
there was no significant difference between groups.

•f Significantly lower than control, P < 0-001.
Tlh, thoracic temperature.
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Table 3. Comparison of the energy supplied by glycogenolysis with total heat
production during pre-flight warm-up in Manduca sexta

Glycogen depletion*
Equivalent heat production

from glycogenf
Total heat production

Complete warm-up cycle

2-09jtmol
6-02J

96-02Jt

Tth = 21°C

209/*mol
602 J

15-30J§

Estimates are for a 2-2-g moth, thoracic mass of 0-57 g. 50 % of the thoracic mass is assumed to be
muscle.

•In fjmol glucose equivalents. Taken from Table 1.
•[Assuming complete oxidation and a caloric equivalent of 5 09kcall~' O2.
JFrom Hegel & Casey (1982).
§ Estimated using data from Hegel & Casey (1982), assuming no heat transfer to the abdomen.
Tth, thoracic temperature.

compared with those of insects such as blowflies which depend heavily upon
carbohydrates for flight fuels (Norden & Patterson, 1969). However, the glycogen
levels of these moth species approximate to those in the pectoralis muscles of several
species of passerine birds (see Marsh, 1979). As in passerine birds, such relatively
modest carbohydrate stores are probably not a major energy store for flight, but may
have important qualitative roles. In addition to serving as a source of 3- and 4-carbon
compounds for the priming of the citric acid cycle (Sacktor, 1975), essentially
instantaneous access to intramuscular carbohydrate fuels may be important in the
early phases of muscle activity before extrathoracic fuels, principally lipids, can be
mobilized (Ziegler & Schulz, 1986a).

The depletion of muscle glycogen observed inM. sexta during pre-flight warm-up
(Table 1; Fig. 1) indicates that glycogen was mobilized as a muscle fuel during this
period. The accompanying stability of glucose levels and statistically insignificant
decline in trehalose levels (Table 1) further indicate that glycogen was catabolized
rather than converted to oligosaccharides. During warm-up, little carbohydrate
appears to be mobilized from stores in the abdomen (Table 2). Qualitatively similar
patterns of differential glycogen depletion occur at the onset of flight activity in two
species which do not warm up, a cockroach, Periplaneta americana (Downer &
Matthews, 19766; Elliot, Hill & Bailey, 1984), and a locust, Schistocerca gregaria
(Rowan & Newsholme, 1979). In M. sexta, however, the actual change in glycogen
concentration is about 30% of the resting value (Table 1), a much smaller
proportional change than in either P. americana or S. gregaria.

The quantitative significance of the observed glycogen depletion can be evaluated
by comparing a heat budget for pre-flight warm-up in M. sexta (Hegel & Casey,
1982) with the energy derived from catabolism of muscle glycogen. For a 2-2-g moth
with 0-285 g of thoracic muscle, glycogen depletion supplies about 6% of the total
cost of endothermic warm-up (Table 3). However, glycogen depletion did not occur
pniformly throughout warm-up but, rather, was confined to the initial phases of
warming (Fig. 1). When the cost of this first portion of warm-up is compared with
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the glycogen depletion during that period (Table 3), energy derived from muscle
glycogen can account for about 39% of the total heat production. On this basis,
muscle glycogen can be considered a quantitatively, as well as a qualitatively,
significant fuel during the initial phases of endothermic warm-up at low ambient
temperatures.

The present study is the first report of muscle glycogen use in a lepidopteran and
one of very few studies on fuel use during normal behaviour. Beenakkers (1969)
suggested, on the basis of glycolytic enzyme activities, that carbohydrate fuels might
be important during the pre-flight 'wing-whirring' of some noctuid moths, but
although fuel use in tethered flight has been examined inM. sexta (Ziegler & Schulz,
1986a,b) and in another sphingid, Acherontia atmpos (Surholt & Newsholme, 1983),
warm-up has not been investigated. During tethered flight body temperature (Tb)
rises but there is no obligatory pre-flight warm-up, other thermoregulatory responses
are reduced or absent, and metabolic rates are lower than in free flight or at
comparable T ,̂ during pre-flight warm-up (see Heinrich, 1971; Bartholomew el al.
1981). It may be that muscle glycogen is, in part, a reserve fuel, which is only
mobilized under the more demanding conditions imposed by the combination of an
energetically demanding activity, pre-flight warm-up, with low ambient tempera-
tures and attendant limitations on mobilization of extrathoracic fuels (see Heinrich &
Bartholomew, 1971).

The large range of observed carbohydrate concentrations in M. sexta tissue is
problematic. These data were collected over a period of several months and,
although rearing procedures were standardized and all insects were descended from
the same starting stock, the magnitude of the variance about the mean fluctuated
considerably over the duration of the study. This fluctuation could result from
genetic differences in successive generations, subtle differences in rearing con-
ditions, or differences in behaviour. Although all moths had the same opportunities
to feed and the duration of the period from the last feeding opportunity was similar in
all cases, the nutritional status of any individual was unknown. M. sexta vary in their
ability to learn to feed at artificial feeders (R. D. Stevenson, personal communi-
cation), and their level of feeding could also be influenced by the presence of other
moths using the same feeding site. Individuals with the highest levels of muscle
carbohydrates also had the highest levels of abdomen carbohydrates, consistent with
differences in nutritional status among individuals. Also, lepidopteran eggs have a
high carbohydrate content (Stevenson, 1968), and the wide range of abdomen
glycogen and trehalose concentrations in female M. sexta may result from the
presence of varying numbers of eggs at various stages of maturation. Although
variation in the data may reduce the impact of the data set, the goal of the present
study was to evaluate fuel use during normal, voluntary behaviour. This goal may
have to be achieved at the cost of greater variation than might result from
experimental protocols relying upon inherently less variable behaviour such as
involuntary, tethered flight.

The extent to which the results obtained in the present study can be extended tci
other moths and butterflies is uncertain. Those moths which do not feed as adults,



Carbohydrate fuels in pre-flight warm-up 325

such as the saturniids, have little carbohydrate available (Domroese & Gilbert, 1964)
and would be less likely to rely on trehalose or glycogen as fuels. Among nectivorous
moths and butterflies, the absence of thoracic glycogen stores in monarch butterflies
(Brown & Chippendale, 1974) and the low respirator)' exchange ratios (R) found in
most Lepidoptera (Zebe, 1954) are more difficult to reconcile. Differences in
methodology may account for some of the differences between the present study and
Zebe's (1954) results. Zebe reported R for flights of several minutes to 2h and any
elevation of R resulting from initial use of glycogen could have been obscured in
cumulative measurements over the entire activity period. Also, Zebe's study was
carried out at higher temperatures (21— 24°C), where carbohydrate fuels may be
quantitatively less important.

It is intriguing that those moth species in which carbohydrate metabolism has been
demonstrated belong to the Sphingidae and certain of the Noctuidae. These groups
have relatively smaller wings which operate at higher wingbeat frequencies than do
representatives of other moth families of similar body mass (Bartholomew & Casey,
1978; Casey & Joos, 1983): consequently, members of these groups have higher
power requirements when airborne. Many are also endothermic in flight and require
a period of pre-flight warm-up (Beenakkers, 1969; Bartholomew & Casey, 1978). In
contrast, monarch butterflies (Danaus plexippus), which rely more on behavioural
thermoregulation (Kammer & Bracchi, 1973) and have comparatively low power
requirements for flight (Kammer, 1970), have no thoracic glycogen (Brown &
Chippendale, 1974). This possible relationship between use of carbohydrate fuels
and physiological thermoregulation in the Lepidoptera should be explored further.

This work forms part of a dissertation submitted in partial fulfilment of the
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