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Summary

We investigated thoracic temperatures Tin) during
different activities of the endothermic fruit beetle
Pachnoda sinuataand analysed which energy substrates
are used for the pre-flight warm-up of its flight muscles.

Pachnoda sinuateelevates itsTi prior to take-off either
by basking in the sun or by warming endothermically to a
narrow range around 34°C. During lift-generating
tethered flight at low ambient temperatures Ta=25 °C), Tth
of P. sinuatadecreases steadily until it reaches 28 °C, which
is not sufficiently high to sustain flight. Tt» remains stable
during lift-generating tethered flight at high Ta (31°C).
Wingbeat frequency (w) is dependent onTi: when T
declines,fw decreases in a linear manner.

The proline concentrations in the haemolymph and flight
muscles decrease during warm-up. In contrast, the
carbohydrate levels in the haemolymph and flight muscles
are not affected by the warm-up process, while the

glycogen level of the flight muscles declines significantly
during the first 10s of lift-generating tethered flight. This
suggests that the energy for endothermic warm-up is
produced solely by the oxidation of proline.

Measurements of the respiratory quotient (RQ)
confirmed that P. sinuata uses a combination of
carbohydrates and proline to power its flight. At rest and
during lift-generating tethered flight, the RQ is
approximately 0.9. During warm-up, the RQ is significantly
lower at 0.82, which is close to the theoretical value of 0.8
for the partial oxidation of proline. The rate of oxygen
consumption during endothermic warm-up is 45 % of that
during lift-generating tethered flight

Key words: insect flight, energy metabolism, proline, pre-flight
warm-up, respiratory quotient, metabolite, African fruit beetle,
Pachnoda sinuata.

Introduction

Many insects require thoracic temperaturgs)(to fly that
are well above ambient temperatuig)(and, therefore, need

phosphofructokinase and fructose diphosphatase (Newsholme
et al. 1972).

to raise their body temperature prior to flight either passively In Manduca sextait was demonstrated that carbohydrates
by basking in the sun or by endothermic warm-up (seare used to power pre-flight warm-up (Joos, 1987). Otherwise,
Heinrich, 1993). Large beetles are able to elevate their little is known about the fuels involved in generating heat
endothermically. For example, in dung beetles of differenturing this process. We therefore wanted to investigate this
genera,Tth can reach 38-42°C, and this is maintained eveproblem for the African fruit beetlPachnoda sinuatawhich
during terrestrial activity (Bartholomew and Casey, 1977uses proline and carbohydrates to power flight (Zebe and Gade,
Heinrich and Bartholomew, 1979). Male rain beetles of thel993; Lopata and G&ade, 1994) and elevates Tiis
genusPlecomafly with a T of approximately 38 °C, even endothermically prior to flight (Heinrich and McClain, 1986).
in snowstorms, to find the flightless females (MorganMoreover, we also investigated hol influences wingbeat
1987). In flower scarabs, such @stinus texangdChappell, frequency as a parameter of flight performance.
1984) andPachnoda sinuatéHeinrich and McClain, 1986),
Tin is elevated endothermically to more than 35 °C before )
flight. Materials and methods

In many insects, endothermic heat production is achieved Insects
by muscle contraction (shivering) with or without wing Male fruit beetles of the speciePachnoda sinuata
beats (see Heinrich, 1993). Other authors suggest that heat d@viventris(Gory and Percheron) were caught in the vicinity
also be generated by non-shivering thermogenesis. Thaf Cape Town, South Africa, and were maintained as outlined
involves substrate cycling of, for example, fructose 6-reviously (Zebe and Gade, 1993). Animals in all experiments
phosphate and fructose 1,6-diphosphate by the enzymbad a body mass of 1+0.18g.
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Flight and warm-up experiments 83+23s. Most of the beetles had a pre-warniFupslightly

Beetles were kept in a transparent plastic container prior @bove T, probably as a result of slow movement prior to
experimentation. Only beetles which were absolutely quiesceeperimentation. In most of the beetles, the beginning of
in the container, i.e. did not walk around or open the elytravarm-up was indicated by pumping movements of the
were used. Experiments were performed at 24-25°C in abdomen, after which the head also started to move back and
laboratory close to a window which was exposed to brightorth in rhythm with the abdomen. Thereafter, the beetle started
sunlight or at 31 °C in a constant-temperature room. The beetle walk on the styrofoam ball for a few seconds. When it tried
was attachetlia the prothorax to a bent insect pin using dentako open the elytra to take off, the beetle plus attached pin was
wax. The pin (mass 180 mg) could move inside a piece of meteken off the clamp, afl haemolymph sample was taken and
tube (diameter 2mm) in such a way that it was possible tthe beetle was replaced. This procedure took no longer than
detect whether the animal produced lift as during natural flight5-20s. The beetle was then allowed to fly while producing
(Fig. 1). This apparatus was held in a wooden clamp mountdit for 10 s. Animals that did not start flying voluntarily or flew
on a stand. When the top of the insect pin moved up and dowwijthout producing lift were excluded from the experiment. A
the insect was considered to be producing lift. In addition, thithird 1pl haemolymph sample was taken immediately after the
method allowed the insect to turn on its vertical and horizontdlight period. For metabolite determination in the flight
axes (Fig. 1). A frontal laminar air current of 1.6Thsvas  muscles, resting beetles, beetles that had completed warm-up
created by placing a fan (27.5W) at one end of a rectanguland those that had warmed up and flown for 10s were
metal tunnel (12 cwl2 cnx50 cm). Air was forced through a dissected. The head, prothorax, legs and wings were cut off,
1cm thick grid made up of 64 squares (13x@mm) which  and the gut was subsequently removed. The flight muscle
was placed inside the tunnel 10cm from the opening oppositessue was wrapped in aluminium foil and immediately frozen
to the fan. Laminar flow was confirmed by passing smoké liquid nitrogen. The whole procedure took no more than
through the system. 1min. Preparation of samples and metabolite determinations

After the beetle had been attached to the pin, ph 1 were performed as described below.
haemolymph sample was taken from the intersegmental
membrane between the head and prothorax for determination Haemolymph
of metabolite concentrations (see below). After attachment to Haemolymph (Jul) was either blown immediately into
the stand, the beetle was provided with a styrofoam ball fatOOul of concentrated bSQs for the determination of total
tarsal contact. The beetle remained quiescent until it started lipid concentration (Zéliner and Kirsch, 1962) or carbohydrate
warm up. As judged b¥in, which in eight beetles (measured levels (Spik and Montreuil, 1964), or pipetted intoub®f
using a thermocouple; see below) rose from 25.9+0.2°C t80 % acetonitrile for amino acid analysis (see below).
34.5+2.0°C (mean &D.) at take-off, the warm-up period took

<

Tissue samples

Perchloric acid extracts from frozen tissues were prepared

. according to Zebe and Gade (1993).
Insect pin

Glycogen levels

moving inside a Glycogen was extracted as described in Zebe and Gade
(1993) and analysed using the modified anthrone method (Spik
and Montreuil, 1964) with glucose as a standard.

metal tube

Proline and alanine levels

Derivatisation of extracts with dansyl chloride and
determination of proline and alanine levels by high-
performance liquid chromatography (HPLC) were carried out
as described previously (Zebe and Gade, 1993).

Wingbeat frequency and thoracic temperature

The wingbeat frequencyi) during flight was determined
using an infrared light barrier which was placed at 90 ° to the
plane of the wing beat. The set-up for flight was the same as
Fig. 1. To detect lift-generating flight, the beetle was attagieethe des,c_”bEd above except that the insect pin Was n a flx'ed
prothorax to an insect pin using dental wax. The insect pin Wa_gosmon, so that the beetle cpuld not genergte lift. The ensuing
mounted in such a way that it could move inside a piece of metdNPulses were recorded using an electronic counter and read
tube. This allowed the beetle to move on the vertical and horizont@very 20s. In the same experimeTi was determined by
axes as indicated by the arrows. The piece of metal tube was heldififroducing a copper—constantan thermocouple (accuracy
a clamp (according to Schneider, 1989). 0.1°C, mounted in a syringe needle) ventrally through a pre-
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drilled hole into the metathorax and the temperature was readFor separate measurements of rates of oxygen consumption,
at 20s intervals. Measurements fa@fand Tin continued for  the carbon dioxide analyser was omitted and the flow rate was
6 min. During measurements @t in the field, made at a set to 250 mlmint.

farm 30km northeast of Cape Town, South Africa, the All respiration experiments were performed in a controlled-
thermocouple was inserted into the flight muscles immediateliemperature room at 28 °C.

after captureTa was measured in the shade using the same

thermocouple. Statistical analyses
o _ _ All data are presented as meanstt Significance levels of
Determination of respiratory quotient differences were determined using Studettissts or, where

An open flow-through respirometry system was usedappropriate, pairetitests.
Changes in the oxygen concentration in the system were
determined using an S-3A  analyser (Applied
Electrochemistry Inc., Sunnyvale, CA, USA) fitted with an Results
N-22M oxygen sensor and an R-1 flow control. Changes in ~ Body temperature and tethered flight performance
COo concentration were measured using a 225 MK3 infrared Wingbeat frequencfy was measured at values of 25 and
gas analyser (ADC, UK). The flow rate of the whole systenB1°C. The highest wingbeat frequencies were recorded at
was 250 mI min! for resting animals, 500 ml mikfor warm- 25 °C immediately after the onset of tethered flight; after 20's,
up and 700 mImint for lift-generating tethered flight. The fw decreased significantly with decreasifig (Fig. 2A). At
chambers had the following volumes: rest, 10 ml; warm-upTa=31 °C,fw andTih remained constant during the entire 6 min
50 ml; lift-generating tethered flight, 144 ml. Thus, theof flight and no significant relationship was found between
chamber air was renewed in 2.4, 6.0 or 12.3s, respectivelthem (Fig. 2B). Because smaller beetles have a relatively
These small chamber volumes and the high flow rates ensurkedger heat loss than larger individuals (Bartholomew and
a quick response of the instruments so that corrections for géeinrich, 1978), data from two beetles of the same body mass
mixing could be omitted. Flow rate was measured using are shown in Fig. 3. At @, of 25°C, the beetle warmed up to
bubble flowmeter before and immediately after eact87°C and started flying voluntarily. During the first minute of
experiment. The oxygen analyser was connected downstredtight, Ti, did not increase further, but instead began to decrease
from the pump, followed by the G@nalyser. Air was drawn (Fig. 3B). Although &l of 31 °C is sufficiently high for take-
through the system. Before air reached the chamber, it flowesdf, at aTaof 31 °C the beetle also warmed up to approximately
through a container filled with Carbosorb (BDH), to remove36 °C at take-off (Fig. 3B). Therefore, the flight temperature
atmospheric CQ and was dried by means of a plastic syringefor P. sinuataat which heat loss and heat production are
filled with silica gel. A narrow plastic pipe, 10cm long andapproximately equal should be between the valuesaof
containing silica gel, was attached behind the chamber so thiawestigated.
moisture generated by the beetles could be removed. TheThe T, of P. sinuatawas measured in the field and in the
oxygen analyser was calibrated with atmospheric air, and tHaboratory during different types of activity. Beetles resting
zero value was checked regularly with an oxygen-free gas the shade (underneath leaves) hatkmaof 24.6+0.9°C
mixture (CQ+Ny). The carbon dioxide analyser was set to(N=5), close toTa (25°C), while Tin of beetles resting in
zero by filling the reference cell with G@ree air or 350, 750 bright sunlight was several degrees higher at 31.1+1.6°C
or 1450 p.p.m. CO®(in N2, oxygen-free) and calibrated with (N=6). The latter beetles were able to take off for flight
350, 750, 1450 or 2100p.p.m. €@n N, oxygen-free), without any visible warm-up or preparation such as those in
respectively. All gas mixtures were from Afrox (R.S.A). the cockchafeMelolontha melolonthéSchneider, 1980)h
Oxygen and carbon dioxide content were measured to theas 33.8+1.9 °CN=6) in beetles after endothermic warm-up
nearest 0.001%. The delay between the two analysers wésthered) in the laboratory in conditions similar to those in
5-10s. the field =25 °C; exposed to sunlight). Beetles that were

Measurements were taken only after the system hadalking slowly (in the field, not exposed to bright sunlight,
equilibrated following insertion of an animal into the Ta=25°C) had a lowef of 27.4£1.5 °C N=5). Some beetles
chamber. Data from animals that became active immediatelyhich were resting on leaves or flowers (in the field, not
upon being placed in the chamber were discarded. Thexposed to direct sunlighfTa=25°C) were forced to fly
incoming air current in the chamber was directed towards the&ithout allowing them to warm up by dropping them from a
beetle’s head. For measurement of the resting value, eigheight of 1 m. For those that opened their wings and tried to
animals were used at a time, while single animals werly, Tin was 27.9+1.5°C N=7). We also measuretin of
investigated in all other experiments. Prior to flight, they werdeetles which had just arrived at a plant after a flight of
kept in the chamber in the dark. Body masses weranknown duration. We either caught the individuals in the air
determined immediately after each measurement. These dabefore landing or picked them from the plant within a few
together with the measured flow rate, were used to calculageconds after landing. For these beeflgswas 32.1+1.1°C
rates of oxygen consumption per gram per hour at standatt=7). Our results indicate that Tan below approximately
temperature and pressusTi). 28°C is not sufficient for flight ifP. sinuata
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36.2 - . Duration of flight (min)
36.0 - " Fig. 3. Wingbeat frequency (A) and body temperature (B) during
tethered flight oPachnoda sinuatat ambient temperatures of 25°C
(filled circles) and 31 °C (open circles). The figure shows results for a
358 1 - different representative individual (body mass 1g) for each ambient
- temperature.
35.6 1
354 - . .
Metabolic fuels during warm-up
352 ] As can be seen from Fig. 4, the proline concentration in the
“ - flight muscles decreased significantly during warm-up from
53.5+12.1 to 34.7+9 gmol g~ fresh mass and remained at this
35.0 ~ . level (27.1+4.9umol g1) during 10's of lift-generating tethered
flight. The alanine concentration in the flight muscles,
34.8 T . . . however, increased significantly from 3.1+1.8 to
94 9 08 100 102 15.4+5.6umol g* during warm-up and remained at this level

(18.0+2.6umol g1) during 10's of flight.

The glycogen concentration in the flight muscles was not
Fig. 2. Relationship between thoracic temperature and wingbe&ffected by warm-up, remaining at 58.8#drBol glucose
frequency ofPachnoda sinuataflying at an ambient temperature of equivalents gt compared with 60.8+9{dmolg at rest. The
25°C (A) and 31°C (B). Data points are means of 3-6 individualsglycogen level decreased significantly, however, during the
The correlation was calculated using least-squares regression. following 10s of flight to 45.3+8.fimolglucose
equivalents gt (Fig. 4).

Haemolymph samples were taken at rest, after warm-up and
after 10s of subsequent tethered flight from ten beetles for

Wingbeat frequency (Hz)
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expressed per gram fresh mass in flight muscle tissue 2 BB
Pachnoda sinuatat rest, after warm-up and after 10s of 2 ¢ 207 T -20 2 £
tethered flight following warm-up. Values are means +t % 2
sD. (N=6). Significance levels of warm-up value = 101 - 10 E
compared with resting value,P%0.02, 1P<0.001; g_
flight value compared with warm-up valueP<0.05 ~ 0- -0
(Student's-test). Glycogen Proline Alanine
determination of haemolymph proline, alanine, carbohydrate Oxygen consumption

and lipid concentrations. Although the variability of the resting The rate of oxygen consumption of restigsinuatawas
values was high, there was a significant reduction in proling 3+0.4mlglh-1 (N=8), while during warm-up a maximum
concentration during warm-up; there was a tendency fojalue of 46.8+7.0migth™ (N=8) was measured. Oxygen
proline levels to decrease during the subsequent 10s gbnsumption rates were highest after 2min of lift-generating
tethered flight, although this was not significant. Alltethered flight at 104.4+7.9 mtth=t (N=8).

individuals showed a significant increase in alanine levels

during warm-up and a further significant increase during 10s Respiratory quotient

of tethered flight (Fig. 5). The resting RQ oP. sinuatawas 0.89+0.05N=10), and
Concentrations of total carbohydrates in the haemolympBimilar values were measured during lift-generating tethered
did not change significanty during warm-up and thefight lasting 2min (0.900.01;N=6). In contrast, a
subsequent 10s of tethered flight. Total carbohydratgignificantly £<0.01) lower value of 0.82+0.03N£10) was
concentration for 24 beetles was 13.0+5.4, 13.5+5.6 angetermined during pre-flight warm-up.
14.3+5.3 mg mil, respectively. Haemolymph lipid levels did
not change either, staying at approximately 10 mg.ml
Metabolite stores in the fat body are not mobilised during Discussion
warm-up (Heinrich and McClain, 1986); therefore, we did not In the present study, we have found that the African fruit
measure the consumption of metabolites in this tissue durifgeetlePachnoda sinuatatarts flight activity voluntarily when
warm-up. a T of at least 34°C is reached. It was also found that the
beetle stops flying whefn drops below approximately 28 °C.
Although aTi of 31°C is sufficient for flight,P. sinuata

120 elevates itsTih a few degrees above this value prior to flight.
- t This is probably a compensatory mechanism to allow for heat
g 100 @ Rest loss to occur whefiais low (Figs 2, 3). Like the closely related
% g0 . E \lé\llizrrr:;-gfplos protea beetleTrichostetha fascicularigNicolson and Louw,
o 1980),P. sinuatais unable to retain the heat generated during
8 E 60 4 flight at low Ta. From our data, we can conclude thatThat
EL g % which heat generation and heat loss during flight are equal is
%3 40 - Tt approximately 30 °C. An elevatdah is necessary to maintain
% flight performance. As in the cockchafeelolontha
£ 20 - melolontha(Schneider, 1980), wingbeat frequency, and thus
flight performance, is closely relatedT@: with a decrease in
0 - Tin, wingbeat frequency declines (Figs 2, 3). This is probably

Proline Alanine a result of the properties of the enzymes involved in muscle

Fig. 5. Concentrations of proline and alanine in the haemolymph Oqontr_alctlon. B_arne'ﬂat al.(1975) found temperature optima for
Pachnoda sinuataluring rest, warm-up and 10 of lift-generating P- Sinuata flight muscle phosphorylase and actomyosin
flight. Values are means s., N=10. Significance levels of warm- ATPase of approximately 40°C, below which activities
up value compared with resting valu®®<P.05, t1P<0.001; flight declined steeply.

value compared with warm-up valué><0.005 (paired-test). In contrast to certain dung beetles, which maintain a high
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body temperature during terrestrial activity (Bartholomew andlung beetles (Gade, 1991), proline has been shown to be
Casey, 1977, Bartholomew and Heinrich, 1978; Heinrich anthe sole energy source during flight. In the present study, we
Bartholomew, 1979F. sinuataelevates it only for flight.  show that proline also plays a role during endothermic pre-
Even then, basking is preferred to endothermic warm-uflight warm-up and is probably the only substrate for this
(Heinrich and McClain, 1986). This discrepancy between th@rocess irP. sinuata
potential to elevateTiy and the maintained low body
temperature during non-flight activity was described as The authors are grateful for expert technical assistance by
‘laziness’ (hypothermia) by the latter authors. lan Davidson during the oxygen and carbon dioxide
It is likely that the beetles avoid metabolic warm-up in themeasurements and to Dr Sue Nicolson for checking the
field when the high energy cost for this process is considerefinglish. This study was supported financially by a grant (to
In our experiments, the maximum rate of oxygen consumptior.G.) and a PhD bursary (to L.A.) from the Foundation for
and thus metabolic rate during warm-up, reaches 45 % of thR®esearch Development (Pretoria) and funds from the
during flight. University of Cape Town (to P.S. and G.G.).
How do the beetles meet this high energy demand? This
study provides unequivocal evidence that proline supplies most
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