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Abstract. In outdoor and laboratory pupal populations of Galleria mellonella four types of external gas
exchange were found: (i) a cyclic and sudden deep-air suction-intake, followed instantly by a rapid release
of CO,, occurring at every 8-14 s at 30°C and identified as UDFuC (Unidirectional Flow Microcycles);
(ii) intermittent but slow emission of CO, without sudden air suction-intake; (iii) chaotic rhythm of gas
exchange and (iv) continuous respiration.

Wandering larvae at rest and mobile prepupae in cocoons exhibited the same type of gas exchange and
some individual breathing patterns which persisted during later pupal development.

Regular stereotyped abdominal movements acted as ventilating movements only in individuals which
did not exhibit UDFuC in gas exchange. Externally imperceptible abdominal movements due to extracar-
diacal pulsations of haemolymphal pressure played an inessential role in active tracheal ventilation. The
rhythms of abdominal movements persisted in pupae independently of the gaseous exchange type and in-
dividual breathing patterns.

Among pupae taken from beehives, individuals with UDFuC dominated, while in some laboratory gen-
erations only those with chaotic breathing rhythms were found. However, no distinct developmental fac-
tors were revealed that could exert influence on the individual formation of the gas exchange pattern.

INTRODUCTION

It is well known that certain developmental stages in a number of insects are character-
ized by continuous respiration in which no cyclic CO, release occurs (“acyclic” individu-
als). Many other species are known by their cyclic character of gas exchange often called
discontinuous respiration or cyclic CO, release (Miller, 1974, 1981), where CO, is re-
leased either in the “constriction open flutter” (CFO) type in a diffusive open period
(Schneiderman, 1960) or in the “constriction flutter ventilation” (CFV) type in an active
ventilation period (Kestler, 1971). The occurrence of discontinuous gas exchange (DGE)
has been summarized by Kestler (1985), Lighton (1988, 1994) and Sldma (1988, 1994).

Few data are available concerning the individual variation of the DGE type within a
population. Sometimes a number of specimens lacking the DGE and showing continuous
gas exchange pattern were found among “cycling” individuals that exhibited clear DGE
cycles (i.e. Edwards & Miller, 1986). In a laboratory population of Galleria mellonella
(L.) (Lepidoptera: Pyralidae) only 30-40% of pupae showed clear DGE whilst the rest
were acyclic individuals or their gas exchange rhythms were irregular (chaotic) (Kuusik et
al., 1991).
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The cyclicity of DGE may be influenced by various factors. Injuring a diapausing pupa
increases the metabolic rate and eliminates CO, bursts (Schneiderman, 1960). Intermittent
CO, emission may be abolished in intoxicated insects (Buck et al., 1952; Kuusik et al.,
1993; Kestler, 1991) obviously due to the permanent opening of spiracles. -

At present several types of DGE cycles are described, while their discontinuous charac-
ter often showed not only CO, emission but also O, uptake (see Kestler, 1985, 1991; Ligh-
ton, 1990, 1991; Miller, 1982; Sldma, 1984, 1988, 1991a, 1994). All DGE types may be
characterized by the duration of CO, emission. The long duration of CO, release, lasting
10-15 min, is known in some large insect species, i.e. in diapausing silkworm pupae
(Schneiderman & Williams, 1955) and in diapausing pupae of Pieris brassicae (Lepidop-
tera: Pieridae) the CO, emission lasted more than 5 min (Kuusik, 1977).

A very short duration (less than 10 s) of CO, emission due to the sudden displacement
of CO, from tissue buffers, has been found in diapausing adults of Bruchus affinis (Cole-
optera: Bruchidae) (Sldma, 1994; Sldma & Coquillaud, 1992). In these apnoic discontinu-
ous ventilation cycles no CO, is released during the interburst period. It is similar to
classical apnoic discontinuous ventilation (cf., Miller, 1974), where no gas exchange oc-
curs between the ventilation periods. A short duration of CO, release (less than 30 s) has
been found also in several other species (Tartes, 1990).

Passive suction ventilation (PSV) plays an essential role in DGE. It often occurs during
the flutter (F) phase, when air is sucked in gradually through slightly open spiracles
(Brockway & Schneiderman, 1967). In some insects PSV occurs as a sudden rapid air in-
take into the tracheae, while the spiracles are opened for a short time (less than 1 s). In pu-
pae of G. mellonella the sudden air intake as PSV occurs every 30 s, with rhythmic
changes in body length and were first recorded and described by Sldma (1984). Later,
short DGE cycles were studied in G. mellonella during different stages of metamorphosis
(Kuusik et al., 1991, 1992; Tartes, 1990).

During DGE cycles an active muscular suction ventilation (Hustert, 1975, cf. Kestler,
1985) and, in the CFV type, normal active ventilation (Kestler, 1971, 1978, 1985, 1991,
Miller, 1974, 1981, 1982) may be involved. Extracardiacal pulsations of haemolymphal
pressure were described by Sldma (1976) and later were found in several insects and ticks
(see Farkas, 1983; Sldma, 1984, 1986, 1991a,b, 1994). The hemolymphal-pressure pulsa-
tions may cause rhythmic, yet externally imperceptible abdominal movements, with an
amplitude of only 2-5 um, which can be recorded by special displacement transducers (see
Kuusik et al., 1992; Lighton, 1994; Sldma, 1984, 1988). In order to ascertain if body
movements act as ventilating movements, the spiracular coupling with ventilating rhythms
need to be examined. A thermographic method was used for the simultaneous monitoring
of air passage through several spiratles coupled with body movements (see Kuusik et al.,
1992; Lighton et al., 1993; Lighton, 1994; Sldma, 1988).

In the present work we describe different types and patterns of external gas exchange
that we observed in pupae of Galleria mellonella. Some data are given concerning early
formation of the individual breathing mode, persisting during later pupal development.
The shortest known regular cycles of DGE are examined. The role of stereotyped body
movements in mechanical tracheal ventilation is studied in pupae of G. mellonella. A pos-
sible mechanism of the individual variation of the gas exchange pattern is discussed.
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MATERIAL AND METHODS

Greater wax moths (Galleria mellonella) were reared at 30°C in constant darkness on a semi-artificial
diet (Sehnal, 1966; King & Hartley, 1985). Pupae of known age (+ 2 h) were used in the experiments.

“Diet” individuals are defined as animals reared on a semi-artificial diet consisting of 50% less of a
natural honey and vitamine than a “normal” diet. Thus, the larvae were forced to eat a greater portion of
the cereal ingredient.

A differential electrolytic micro-respirometer-actograph (DEMRA) was employed to record oxygen
uptake level, gas exchange rhythms and body movements. DEMRA replaced consumed oxygen continu-
ously by adjusting the current level according to pressure changes in the animal vessel (Kuusik et al.,
1991; Tartes & Kuusik, 1994). Upward peaks on the recordings resulted from the sudden O, uptake
and/or by the abrupt decrease in body volume. Downward peaks were due to CO, bursts and/or due to the
increase in body volume. In this way O, consumed per hour and body rapid movements were registered
on the same trace (Fig. 1-4).

In addition to the mentioned recorder, an integrator of current (X 606) complete with an impulse
counter and a numeric recorder for averaging the results of 1 h were exploited. The current integrator was
useful in case of a large amplitude of cyclic gas exchange.

A catharometer (thermal conductivity detector) of a gas-chromatograph was adapted for entomological
studies (Kuusik et al., 1992). Catharometric recording proved the quickest method for separating cyclic
from acyclic individuals. A heating-cooling semi-conductor microthermostat allowed the measurement of
DGE cycles at constant temperatures of a wide range (from 8 to 35°C).

From the catharonietric recordings the duration of single CO, outbursts was measured (Fig. 5).

Contact thermography (glass thermistors of 25 kL) was used to record, simultaneously, temperature
changes from the dorsal line of two body segments. This equipment was sufficiently susceptible for re-
cording DGE rhythms, abdominal pulses (AP) as well as heart beating (Fig. 6).

CO, concentration in the rearing bottles was analyzed with a gas chromatograph (*“Biochrom”).

RQ values were determined by means of a modified method of Mitchell (1973) and Tadmor et al.
(1971), using the gas-chromatographic micromethod for respirometry. A gas-tight syringe (10 ml) was
used as a respiratory chamber, connected to the dosage loop by a polyethylene tube (& 1 mm) (Kuusik et
al., 1991).

Differential calorimeters with two adequate boxes (volume 0.5 ml) were exploited for the uninter-
rupted recording of DGE rhythms, periods of abdominal pulses and standard metabolism (as the heat pro-
duction level) throughout all metamorphosis stages (Fig. 7). By using differential thermal analysis (DTA)
(see Hemminger & Hohne, 1979) it was established if larval-pupal ecdysis may change the prepupal
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Fig. 1. Respirographic (DEMRA) recordings of UDFuC cycles. A — a 131 mg pupa of G. mellonella
(?) (RQ = 0.62). Sudden and exclusively deep air intake (upward peaks) into tracheae are followed,
momentarily, by CO, bursts; at interburst periods bouts of abdominal twisting are seen. B — UDFuC cy-
cles and abdominal pulses (AP) in a 115 mg pupa of G. mellonella, while AP did not eradicate peaks of
sudden air-suction (sharp upward peaks) into tracheae.
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Fig. 2. Respirographic recordings of differ-
= 80 ent types of external gas exchange in pupae of
5 C G. mellonella: continuous respiration in a 118
§ mg pupa (A; RQ = 0.73); cyclic slow CO,
g 60 emission without sudden air-intake into tra-
g cheae (B) in a 132 mg pupa (RQ = 0.69) and
g 40 chaotic thythm of gas exchange in a 122 mg
% pupa (C; RQ = 0.89). On second half of (A)
[¢) (', : ; : ; ' '6 : ; ' 1'0 ' 1‘2 1; and (B) right traces abdominal pulses are evi-
Time / min dent. On (C) two twisting bouts are represented
as higher peaks.

pattern of DGE. The exact time of larval-pupal ecdysis was indicated on the recording as a prominent
downward peak due to liberating molting fluid (Kuusik et al., 1994).

Air passage through four abdominal spiracles was visualized by meniscus movement of a liquid drop
in glass capillaries (inner diam. 0.2 mm) fixed to the spiracles of the same body side with low-melting-
point wax. 1% water solution of KOH was used as liquid to decrease the surface tension. A flexible poly-
ethylene tube was attached to the last abdominal spiracle (7A) (Fig. 8). The movements of the meniscus in
four capillaries were observed under a stereomicroscope (capillary-microscope method, further “CM”). At
sudden air intake a rapid inward shift of the meniscus from 0.15 to 0.2 mm occurred. Fluttering (vibrating
in nanocycles) movements of the spiracles could be detected as a vibration of the meniscus.

In order to observe the contractions of somatic muscles in the microscope the soft intersegmental
membrane was turned translucent by means of a spherical droplet (0.3 mm diam.) of glycerotl.

Experiments with pupae were done on day 2 or day 3 after larval-pupal ecdysis (30 to 60% of pupal

stage) mainly at 30°C and occasionally at lower temperatures. With wandering larvae experiments were
done at 21°C.

RESULTS
Main types of gas exchange in G. mellonella

Mainly four types of respiration were observed in G. mellonella pupae. Naturally transi-
tions exist between several types. Numerous individual modifications were also found
within one gas exchange type. Here we describe only such gas exchange patterns that may
be clearly regarded as a separate types.

Type A. DGE cycles with a sudden deep air suction intake into tracheae (lasting 0.2 to
0.5 s), followed instantly by rapid CO, release (microburst) were identified as continuous
microcycles with passive suction ventilation (cf. Miller, 1974) and entire CO, release in
microopenings. On DEMRA recordings every DGE cycle begins with a sharp high upward
peak, due to sudden air suction-intake into tracheae, mainly, via fully opened abdominal
spiracles 2A and 3A (Figs 1, 3). We did not find differences in spiracular movements
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Fig. 3. Respirographic recordings
of gas exchange cycles in a wander-
ing larva (138 mg) at 21°C at rest
(RQ = 0.93). Weak twisting (tw)
movements are seen during an inter-
peak period. Upward sharp peaks in-
dicate sudden air suction into
tracheae. Arrows denote intermittent
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between both body sides by CM and by thermography (see also Kuusik et al., 1992). No
expiration movement occurred in spiracles 2A and 3A after sudden air suction-intake. The
deeper the air suction, the higher the recorded sharp upward peak on DEMRA recordings.
Almost instantly (after 0.2-0.3 s) after suction air inspiration, expiration burst was seen
from spiracles 7A (Fig. 8) (see also Kuusik et al., 1992). By using catharometric measure-
ments, it was documented that pure CO, was released cyclically from spiracles 7A. Thus,
passive suction ventilation through the first abdominal spiracles was coupled with the re-
lease of all the CO,, accumulated in the microconstriction period between the microopen-
ings, through the last abdominal spiracles. As unidirectional flow, without active
ventilation and by coordination between segmental pairs of spiracles, has never been de-
scribed during microcycles, we propose the name unidirectional microcycles during con-
tinuous fluttering (UDFUC).

The duration of a UDFuC (defined as the time interval between two consecutive air in-
take peaks) varied individually from 8.2 to 14.6 s (10.4 + 0.9 s; mean + SD; N = 25 pupae)
at 30°C. However, in single individuals, cycling was very stable and each pupa had its
“standard” duration of UDFuC. In a 126 mg female pupa, 1,400 successive DGE cycles
were measured precisely and the mean duration (10.6 + 0.07 s), showing negligible devia-
tion, was found.

Sometimes when the interpeak interval was shortened, this shift was compensated for
by the following elongated interval; in this way the standard duration of the cycle was
preserved.

With temperature reduced from 30 to 20°C the cycle was nearly twice as long. The CO,
burst from the body lasted 3-5 s (4.2 + 0.6 s; mean + SE) at 30°C and 4-6 s (5.4 £ 0.9 s) at
20°C. Thus, the duration of a CO, burst depended less on temperature than the length of
the UDFuC. Below 15°C the clear cyclicity of gas exchange was lost.

We did not detect any contractions of somatic skeletal muscles throughout the UDFuC,
that might have been responsible for rapid CO, output from tracheae via spiracles. The
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periodicity of micro-contractions of abdominal interseg-
mental muscles or abdominal pulses (AP) did not coin-
cide with CO, bursts. (Fig. 1).

During short DGE cycles of G. mellonella (lasting less

11 thap 20 s at 30°C), we did not observe any nanocycles

0 20 40 60 Tim:? seloo that often occur in the flutter period (Kestler, 1985); how-

ever, at 21°C when the cycles lasted 40-60 s, nanocycles
of vibrating movements appeared in wandering larvae.
Spiracular fluttering was seen as the vibrating of CM
while at the same time slow air intake into tracheae via
=l gpjracles 2A and 3A occurred. Clear and longer lasting
0 20 40 60 80 100 - -
Time/sec  Danocycles due to shivering or vibrating movements
(Kestler, 1985) were found in wandering larvae and in
Fig. 5. Catharometric recordings mobile prepupae in cocoons. In these developmental
of intermittent CO, emission dur- stages the duration of UDFuC was mostly 2-3 min at
ing UDFUC cycles in a 128 mg  30°C and 4-6 min at 21°C while nanocycles in a micro-
pupa of G. mellonella at°28 C - oonstriction period between microopening of PSV could
per trace) and at 15°C (lower .
trace). Relative units. Baseline is be detected on DEMRA recordings as a more or less even
drifting. metabolic level (Fig. 3).

Type B. Cyclic but relatively slow CO, release without
sudden deep air suction intake was another gas exchange type in pupae of G. melionella.
On DEMRA recordings no upward peak of air suction was seen and the CO, outburst
lasted 6-10 s at 30°C (Fig. 2B). In individuals possessing this pattern of DGE spiracles 2A
and 3A showed no abrupt inspiration strokes, and slow rhythmic CM movements were
seen that corresponded with peaks noted on DEMRA recordings (Fig. 2B). Any significant
differences were not found in the spiracular movements of different abdominal segments.
In contrast to UDFuC, CO, was released in this type of DGE via spiracles 2A, 3A, 7A and
perhaps through other spiracles also. No unidirectional ventilation is suspected in this
case.

Type C. Chaotic thythms of respiration were mostly typical of individuals of high excit-
ability. These animals exhibited irregular spontaneous but, mostly, weak contractions of
skeletal muscles (Fig. 2C). The spiracular movements (2A, 3A, 5A and 7A were observed)
showed an irregular character. The chaotic pattern of respiration had no direct relation to
spontaneous muscular activity.

Type D. Continuous respiration as a special type of DGE showed neither regular nor ir-
regular peaks on respirographic recordings (Fig. 2A). An uneven baseline of the record-
ings was typical of individuals possessing this type of respiration. The spiracles
sometimes showed vibrating movements (nanocycles), without any clear inspiration or ex-
piration strokes.

CO, emission

CO, emission

Formation of the individual mode and pattern of respiration

It is probable that the type and individual pattern of gas exchange is determined in lar-
val life and, once acquired, the breathing mode persists during pupal development up to
eclosion. Thus, clear UDFUC are formed in mobile larvae during the stage of light cocoon
spinning (before larval-pupal apolysis). If, at the time of the prepupal stage, UDFuC are
not formed then, as rule, they are not found during later pupal development either.
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c AB Fig. 6. Simultaneous contact thermography recordings of a

R HB UDFuC cycles from two abdominal segments of a 123 mg G.
mellonella (?) pupa at 25°C. In the upper trace the thermistor is
dorsally contacted to the soft membrane between the 4th and
5th abdominal segments; sharp “comb-tooth” peaks are due to

R abdominal bending (AB), while a rotation stroke (R) is seen
and short peaks denote heart-beat (HB). In the lower trace: the
other thermistor is contacted to dorsal line of the 1st abdominal
segment. C — cooling, H — heating.
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However, UDFuC can be lost irreversibly in individuals used repeatedly in laboratory
tests.

Individuals programmed to continuous respiration exhibited this individual breathing
mode already at the time of larval-pupal apolysis. The irregular breathing pattern may
have been acquired in larval life as well as during larval-pupal transformation.

Pupae (N = 100) from a “natural” population (taken from beehives) exhibited predomi-
nantly (73%) clear UDFuC while continuous respiration was also common (18%); a
smaller part (9%) showed a chaotic DGE pattern. Independently of the individual breath-
ing mode, pupal development proceeded normally, with the emergence of externally nor-
mal adults. However, the transpiration rate in pupae with chaotic DGE was higher than in
individuals with UDFuC (A. Kuusik, in prep.).

Special laboratory experiments with undernourished larvae resulted in a larger propor-
tion of individuals with a chaotic DGE pattern (63%) and a smaller proportion (23%) with
cyclic slow CO, emission, while the rest showed continuous respiration (N = 200 pupae).
No animals with UDFuC were found in these test series.

When the aeration in rearing bottles was insufficient and the CO, concentration in bot-
tles was constantly 5-6%, UDFuC of respiration appeared seldom in pupal development
(only 3% of individuals, N = 200).

Nevertheless, in two laboratory generations we found no pupae with clear DGE cycles
despite normal feeding and aeration (N = 160). Thus, factors involved in the individual
formation of the DGE pattern are yet to be investigated.

Influence of body movements on the respiratory pattern

We observed several modes of abdominal stereotyped rhythmic and periodically recur-
rent movements in G. mellonella pupae.

A. Abdominal pulse (AP) is defined as abdominal movements that are externally imper-
ceptible to the naked eye and the tip of the abdomen bent rhythmically with an amplitude
of 0.01-0.05 mm. As far as we could ascertain, the AP was not caused by active contrac-
tions of somatic muscles in movable abdominal segments but by pulses of hemolymph
pressure reflected indirectly to the tip of abdomen as AP. In translucent pupae rhythmic
microcontractions of intersegmental muscles were detected in immovable abdominal seg-
ments only.

From DEMRA recordings it is seen that AP do not abolish or even disrupt UDFuC,
while AP are noted on respirograms as a “‘saw-toothed” pattern (Fig. 1B). In the period of
AP no significant rise of the metabolic level occurred.
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Fig. 7. Muscular activity periods
(bouts) as peaks of heat production on
a calorimetric recording in a G. mel-
lonella pupa at 30°C (initial body
mass 132 mg).

AP periods (bouts) are noted as distinct peaks on
calorimetric recordings (Fig. 7). Thus, the DTA
method proved most suitable for the uninterrupted reg-
istration of the periodicity of abdominal movements
throughout all stages of metamorphosis (see also
Tartes & Kuusik, 1994).

During UDFuC, spiracular movements (on 2A and
3A) were not coupled with APs. Thus abdominal pul-
sation obviously did not serve as active tracheal venti-
lation in UDFuC of G. mellonella.

B. The vigorous rhythmic bending of the abdomen
(AB) was visible externally, while the tip of the abdo-
men bent with an amplitude of 0.4—-1.2 mm. In AB

movements somatic skeletal muscles of movable abdominal segments were involved and,
thus, AB differed principally from AP movements. Abdominal bending did not abolish
UDFuC either, but peaks of sudden air suction-intake were often shortened, indicating
clearly that ABs occurred then at partially-opened spiracles (Fig. 4).

In pupae with continuous respiration and in individuals with a chaotic gas exchange pat-
tern, AB often (but not always) acted as tracheal ventilation as estimated by the CM

method.

In the first half of pupal development APs prevailed, during the second half mostly ABs
occurred. It should be mentioned here that AP movements in a pupa at the pharate adult
stage were transformed into AB at the end of every period of muscular activity.

Fig. 8. A scheme for the simultane-
ous visualization of the passage
through the left abdominal spiracles
(2AL, 3AL, 4AL and 7AL) by move-
ment of liquid meniscus in glass capil-
laries fixed upon spiracular plates.
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C. Abdominal rotation is a common stereotypic
twisting movement in lepidopteran pupae. In G. mel-
lonella rotation occurs periodically, and one activity
period (bout) consists, mostly, of 2-3 full turns
(strokes) made with the abdomen. The first half of the
rotation stroke commonly acted as an “expiration”
movement due to a decrease in the body external vol-
ume, the second half as an “inspiration” movement due
to an increase in the body volume. On DEMRA record-
ings a rotation stroke is, thus, noted as a sharp upward-
downward peak (Fig. 2C).

We found three most common modes of spiracular
coupling during twisting. In pupae with UDFuC, rota-
tions occurred mostly, at fully closed spiracles, or with
some of them leaking, and rotation strokes usually co-
incided with the O, interpeak period (microconstric-
tion). Thus, the clear pattern of UDFuC was not
disrupted by twisting movements (Figs 1A, 3, 6).

In the case of pupae with chaotic DGE rhythms, as
well as in individuals with continuous respiration, ro-
tations were, mostly, at fully opened spiracles (2A and
3A were observed), and rotating body movements



acted as tracheal ventilation. In the mentioned groups of pupae, 410 rotation strokes were
commonly made during one bout (Fig. 2).

During the pharate adult stage, a specific mode of spiracular coupling with abdominal
rotating occurred: rotations were made at fully closed spiracles, but immediately after the
last stroke, spiracles were opened and rapid deep air suction intake followed (mainly via
2A and 3A). Rotation periodicity was not related to abdominal bending or pulsation
periods.

Effects of sealed spiracles

If all abdominal spiracles were sealed, then, according to respirographic measurements,
the oxygen consumption level dropped rapidly to zero and the body stretched and stiffed.
In G. mellonella pupae, prothoracic spiracles have insignificant role in gas exchange and
thus the head and thorax region must be mostly ventilated via abdominal spiracles.

If all spiracles, except both 2A, were sealed the metabolic level remained the same,
while DGE rhythm was modified. In UDFuC, sudden air suction intake was then lost. The
metabolic level was not affected even if only 2AR or 2AL remained nonsealed.

If only one spiracle, either 7AL or 7AR, was not sealed, cyclic DGE acquired a continu-
ous character and the metabolic level decreased (60-70% of the earlier level). If both
spiracles 7A, were left unsealed, the metabolic level fell first by one-third, but, after a few
hours, the previous level was attained.

The sealing of spiracles from 4A to 6A exerted no considerable influence on the DGE
pattern and level.

DISCUSSION

Primarily external gas exchange in G. mellonella is of interest due to the principally dif-
ferent DGE types represented in the pupal stage. It is evident that larval developmental
conditions play a key role, determining in the later DGE type in pupae and, possibly, the
individual pattern.

The general gas exchange type in an individual was formed at the time of larval-pupal
apolysis and the same type (as well as some individual features) persisted throughout later
pupal development. Thus, a prepupa exhibiting continuous gas exchange showed no cy-
clicity after larval-pupal ecdysis either.

Which is the normal gas exchange mode in G. mellonella pupae? All individuals devel-
oped into externally normal adults, regardless of their breathing mode. Continuous respira-
tion appeared to be as normal as discontinuous respiration (UDFuC) in pupae. The only
argument for regarding UDFuC as being the most “normal” is the predominance of this
type in outdoor pupal populations.

Short regular cycles in G. mellonella are analogous with the microcycles of CO, occur-
ring during flutter (F) in some large insects, e.g. Hyalophora cecropia (Lepidoptera: Sat-
urniidae) (see Brockway & Schneiderman, 1967), as far as these microcycles, as a rule,
display a regular pattern in segmental spiracular pairs. They differ from the microcycles of
the flutter period as they do not lead to CO, retention, but are connected with a release of
the entire quantity of accumulated CO, which enables continuous fluttering without the
large CO, burst of the (C)FB cycles (CFO and CFV type). It may be due to active suction
ventilation (cf., Kestler, 1985) first recorded by electrophysiological methods by Hustert
(1975) in Locusta migratoria (Orthoptera) and termed regular “miniature inspirations”.
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In most cycling insects, there exists a distinct F phase (cf., Kestler, 1985; Lighton et al.,
1993; Miller, 1974; Slama, 1988) but no true F phase has been found in some grasshop-
pers (Quinlan & Hadley, 1993).

We did not detect a true F phase in G. mellonella pupae during fast UDFuC (5 to 6 per
min). The spiracles were opened only for a short time (less than 1 s), allowing air intake
via 2A and 3A and a relatively rapid (3 to 5 s) CO, egression via 7A. The spiracles must
have been fully opened, in this case, in order to enable such rapid gaseous bulk flow into
the tracheae and outward. If UDFuC lasted over 40 s (e.g. in wandering larvae at 21°C and
in pharate pupae at 30°C) then a typical vibrating movements (nanocycles) could be de-
tected in the microconstriction periods of the UDFuC’s (Fig. 3).

Microopening occurring at every 10 s (on the principle of PSV) through the first ab-
dominal spiracles and a rapid subsequent CO, release from tracheae outward through the
last abdominal spiracles is sufficiently effective to serve not only the abdominal but also
the head and thoracic regions in G. mellonella pupae, but in a hitherto unknown way in our
UDFuC’s. The volume flow of passive suction ventilation may be used to expel subse-
quently the CO, through the last abdominal spiracles. The coordination of the segmental
ganglia in this new spiracular behaviour will be analyzed further in this new type of respi-
ration. No mechanical ventilation, coupled with CO, bursts, was found in G. mellonella
pupae, which again confirms the effectiveness of UDFuC in respiration.

Significant mechanic ventilation at CO, bursts was not found either in Cataglyphis bi-
color (Lighton et al., 1993) or Camponotus vicinus (Lighton, 1988) (both Hymenoptera:
Formicidae). Nevertheless, active muscular ventilation during CO, cyclic emission is a
common event in adult insects, that has been examined, e.g., in the desert locust Schisto-
cerca gregaria (Orthoptera) (Hamilton, 1964, 1972) as apnoic discontinuous ventilation.
The (C)FV type has been described for the first time by Kestler (1971) in Periplaneta
americana, Blaberus discoidalis (Blattodea), Schistocerca gregaria and Carabus problem-
aticus (Coleoptera: Carabidae) (cf. Kestler, 1985, 1991; Miller, 1981, 1982). The (C)FV
has been described in Attacus atlas (Lepidoptera: Saturniidae) adults by Wasserthal
(1981), in Blaberus craniifer by Edwards & Miller (1986), and in Camponotus detritus by
Lighton (1990). In contrast, Hadley & Quinlan (1993) assume an apnoic discontinuous
ventilation without a flutter period.

Extracardiac pulse, reflected by rhythmic abdominal movements in G. mellonella pu-
pae, did not depend on the cyclicity of gas exchange. The regular periodicity of AP and
AB bouts were expressed in all pupae independently of their gas exchange type.

However, in some ‘insects extracardiac pulse may be influenced by toxic and bioactive
substances (see Farka§, 1984; Sldma & Lysenko, 1981; Sldma & Miller, 1987; Sldma et
al., 1993). In G. mellonella pupae the rhythmicity of AP was changed by the action of
some toxic substances and DGE cycles were fully abolished (Kuusik et al., 1993).

The haemolymphal pulses are controlled by the autonomic nervous system (coelopulse)
with the centre located in thoracic ganglia (Coquillaud et al., 1990; Sldma, 1986; Sldma &
Miller, 1987, Sldma et al., 1979). In insects the coelopulse mechanism is engaged actively
in the exchange of respiratory gases through the spiracles and it controls the circulation of
haemolymph through the appendages and regulates water balance (Sldma, 1988, 1994).

Twisting stereotypic abdominal movements in G. mellonella are surprisingly similar to
those described by Sldma (1991a) in pupae of several silk moths. In G. mellonella pupae
abdominal rotations are the most vigorous mode of mechanical ventilation if made at
opened spiracles. However, it is probable that this is not the only function of this type of
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motion. In natural conditions, when the pupa is closed in the cocoon, the rotating part of
its body is the midbody, since the tip of the abdomen is fixed to cocoon by old exuviae. It
is suggested that the inside of the cocoon is ventilated by active movement of the body.

The abdominal movements (AP and AB) of pupae of G. mellonella with UDFuC did not
act as ventilating movements, or their ventilating effect was nonessential, as had been
shown by Brockway & Schneiderman (1967). Abdominal movements (including rotations)
played a more important role in active ventilation in individuals whose gas exchange type
was different from UDFpC.

All rhythmic abdominal movements, due to the contraction of skeletal muscles in G.
mellonella pupae, may be functionally associated with haemolymphal circulation and
heart-beat, and has been shown for Tenebrio molitor (Coleoptera: Tenebrionidae) pupae
(Tartes & Kuusik, 1994). In Galleria mellonella during late pupal development, strict syn-
chronization occurs between rhythmic abdominal movements and heart pulse, while each
heart activity period is triggered by a bout of rotation (unpublished).

In the pupal stage, the employment of stereotypic body movements for different func-
tions appears to be an inevitable way of saving energy. The ability of muscular ventilation
in lepidopteran pupae is altogether restricted if compared with adult insects. Sudden pas-
sive air suction into the trachea coupled with the UDFuC appears to be a useful adaption
in developing pupae that have a relatively high level of standard metabolism (in G. mel-
lonella 400...600 pl O,.h™.g™).

ACKNOWLEDGEMENTS. This research was made possible in part by Grant No. LGC 000 from the Interna-
tional Science Foundation and Grants from the Estonian Science Foundation, No. 189 and No. 858.

REFERENCES

Brockway A.P. & ScHNEIDERMAN H.A. 1967: Strain-gauge transducer studies on intratracheal pressure and
pupal length during discontinuous respiration in diapausing silkworm pupae. J. Insect Physiol. 13:
1413-1451.

Buck I.B., KeisTer M.L. & Posner J. 1952: Physiological effects of DDT on Phormia larvae. Ann. Ento-
mol. Soc. Am. 45: 365-384.

CoquiLLauD M.-S., SLAma K. & LaBEYREE V. 1990: Regulation of autonomic physiological functions dur-
ing reproductive diapause of Bruchus affinis. In Fujii K. et al. (eds): Bruchids and Legumes: Econom-
ics, Ecology and Coevolution. Kluwer Academic Publishers, Dordrecht, pp. 3744,

Epwarps H.A. & MiLLer P.L. 1986: Patterns of intermittent ventilation and responses to perfusing gas
mixtures in quiescent Blaberus craniifer. Physiol. Entomol. 11: 263-272.

Farka$ R. 1983: Changes in haemolymph pressure pulsations during prepupal development and pupal
ecdysis in Tenebrio molitor. Acta Entomol. Bohemoslov. 80: 177-183.

FarkA$ R. 1984: The effects of 20-hydroxyecdysone on haemolymph pressure pulsations in Tenebrio mo-
litor. J. Insect Physiol. 30: 797-802.

HapLey N.F. & QuinLan M.C. 1993: Discontinuous carbon dioxide release in the Eastern lubber grasshop-
per Romalea guttata and its effect on respiratory transpiration. J. Exp. Biol. 177: 169-180.

HamiLToN A.G. 1964: The occurrence of periodic or continuous discharge of carbon dioxide by male de-
sert locusts (Schistocerca gregaria Forskal) measured by infrared gas analyser. Proc. R. Soc. (B) 160:
373-395.

HamiLtoN A.G. 1972: The combined use of a twin channel null-balance paramagnetic O, analyser and an
infra-red CO, analyser for measuring respiration in insects. Lab. Pract. 21: 807-809.

HEMMINGER W. & HOHNE G. 1979: Grundlagen der Kalorimetrie. Verlag Chemie, New York, 256 pp.

HusterT R. 1975: Neuromuscular coordination and proprioreceptive control of rhythmical abdominal ven-
tilation in intact Locusta migratoria migratorioides. J. Comp. Physiol. 97: 159-179.

KestLer P. 1971: Die Diskontinuierliche Ventilation bei Periplaneta americana L. und Anderen Insekten.
Dissertation, Julius-Maximilians-Universitit Wiirzburg.

33



KesTLER P. 1978: Atembewegungen und Gasaustausch bei der Ruheatmung adulter terrestrischer Insekten.
Verh. Disch. Zool. Ges. G. Fischer Verlag, Stuttgart, p. 269.

KesTLER P. 1985: Respiration and respiratory water loss. In Hoffmann K.H. (ed.): Environmental Physiol-
ogy and Biochemistry of Insects. Springer, Berlin, pp. 137-189. '

KestLer P. 1991: Cyclic CO, release as a physiological stress indicator in insects. Comp. Biochem.
Physiol. (C) 100: 207-211.

KinG E. & HarTLEY G. 1985: Galleria mellonella. In Singh P. & Moore R.F. (eds). Handbook of Insect
Rearing 2. Elsevier, Amsterdam, Oxford, New York, Tokyo, pp. 301-305.

Kuusik A. 1977: Cyclic gas exchange in diapausing pupae of Pieris brassicae L. and P. rapae L. (Lepidop-
tera, Pieridae). Proc. Estonian Acad. Sci. Biol. 26: 96101 (in Russian).

Kuusik A., Huesaar K., MeTspaLu L. & TarTEs U. 1991: Gas exchange rhythms of Galleria mellonella L.
(Lepidoptera, Pyralidae). Proc. Estonian Acad. Sci. Biol. 40: 145-156.

Kuusik A., MetspaLu L., Hiesaar K. & Tartes U. 1992: Further investigation on the respiration in pupae
of Galleria mellonella: recording of body length changes, spiracular rhythms and CO, release. Proc. Es-
tonian Acad. Sci. Biol. 41: 14-24.

Kuusik A., MerspaLu L., Hiesaar K., KoGERMAN A. & TarTes U. 1993: Changes in muscular and respira-
tory activity patterns in yellow mealworm (Tenebrio molitor) and greater wax moth (Galleria mel-
lonella) pupae caused by some plant extracts, juvenile hormone analogues and pyrethroid. Proc.
Estonian Acad. Sci. Biol. 42: 94-107.

Kuusik A., TArRTEs U., HarAk M., Hiesaar K. & MErspaLu L. 1994: Developmental changes during meta-
morphosis in Tenebrio molitor (Coleoptera: Tenebrionidae) studied by calorimetric thermography. Eur.
J. Entomol. 91: 297-305.

LicuToN J.R.B. 1988: Discontinuous CO, emission in a small insect, the formicine ant Camponotus vi-
cinus. J. Exp. Biol. 134: 363-376.

LicHroN J.R.B. 1990: Slow discontinuous ventilation in the Namib dune-sea ant Camponotus detritus
(Hymenoptera, Formicidae). J. Exp. Biol. 151: 1-82.

Licuton J.R.B. 1991: Ventilation in Namib Desert tenebrionid beetles: mass scaling and evidence of a
novel quantized flutter-phase. J. Exp. Biol. 159: 249-268.

LicuTton J.R.B. 1994: Discontinuous ventilation in terrestrial insects. Physiol. Zool. 67: 142-162.

LigHToN J.R.B., Fukusi T. & WEHNER R. 1993: Ventilation in Cataglyphis bicolor: regulation of carbon
dioxide release from the thoracic and abdominal spiracles. J. Insect Physiol. 39: 687-699.

MiLLer P.L. 1974: Respiration-aerial gas transport. Physiol. Insecta 6: 345-402.

MiLLER P.L. 1981: Ventilation in active and inactive insects. In Herreid C.F. & Fourtner C.R. (eds): Loco-
motion and Energetics in Arthropods. Plenum Press, New York, pp. 367-390.

MILLER P.L. 1982: Respiration. In Bell W.J. & Adiyodi K.G. (eds): The American Cockroach. Chapman
& Hall, London, pp. 87-116.

MirrcHELL M.J. 1973: An improved method for microrespirometry using gas chromatography. Soil Biol.
Biochem. 5: 271-274.

QuinLaN M.C. & HapLey N.F. 1993: Gas exchange, ventilatory patterns, and water loss in two lubber
grasshoppers: quantifying cuticular and respiratory transpiration. Physiol. Zool. 66: 628—642.

ScHneipERMAN H.A. 1960: Discontinuous respiration in insects: role of the spiracles. Biol. Bull. Mar. Biol.
Lab. Woods Hole 119: 494-528.

ScHNEIDERMAN H.A. & WiLLiams C.M. 1955: An experimental analysis of the discontinuous respiration of
the Cecropia silkworm. Biol. Bull. Mar. Biol. Lab. Woods Hole 109: 123-143.

SEHNAL F. 1966: The influence of juvenile hormone on the oxygen consumption of Galleria mellonella L.
larvae and pupae. Acta Entomol. Bohemoslov. 63: 258-265.

StAma K. 1976: Insect haemolymph pressure and its determination. Acta Entomol. Bohemoslov. T3:
65-75.

SLAMa K. 1984: Recording of haemolymph pressure pulsations from the insect body surface. J. Comp.
Physiol. (B) 154: 635-643.

SiLAma K. 1986: Cholinergic control of extracardiac pulsations in insects. Experientia 42: 54-56.

SrAma K. 1988: A new look at insect respiration. Biol. Bull. Mar. Biol. Lab. Woods Hole 175: 289-300.

SLAma K. 1991a: Regulation of autonomic physiological functions in silkmoths. In Akai H. & Kiuchi M.
(eds): Wild Silkmoths *89, *90. International Society for Wild Silkmoths, Tsukuba, pp. 107-119.

34



SLAMA K. 1991b: The presence and functions of the autonomic nervous system in ticks. In Dusbdbek F. &
Bukva V. (eds): Modern Acarology 2. Academia, Prague and SPB Academic Publishing bv, The
Hague, pp. 389-395.

SLAma K. 1994: Regulation of respiratory acidemia by the autonomic nervous system (coelopulse) in in-
sects and ticks. Physiol. Zool. 67: 163-174.

SLama K. & CoquiLLaup M.-S. 1992: Homeostatic control of respiratory metabolism in beetles. J. Insect
Physiol. 38: 783-791.

SLAMA K. & Lysenko O. 1981: Monitoring the course of bacterial infections by hemolymph pressure
pulses in insects. J. Invertebr. Pathol. 37: 11-21.

SLAma K. & MiLLer T.A. 1987: Insecticide poisoning: disruption of a possible autonomic function in pu-
pae of Tenebrio molitor. Pestic. Biochem. Physiol. 29: 25-34.

SLAMa K., BAUDRY-PARTIAOGLOU N. & ProvaNnsaL-BAuDEZ A. 1979: Control of extracardiac haemolymph
pressure pulses in Tenebrio molitor. J. Insect Physiol. 25: 825-831.

SiiMma K., Konoriiska D. & Sosotka W. 1993: Effects of proctolin on autonomic physiological func-
tions in insects. Eur. J. Entomol. 90: 23-35.

Tapmor U., AppLEBAUM S.W. & KAFR R. 1971: A gas-chromatographic micromethod for respiration stud-
ies on insects. J. Exp. Biol. 54: 437-441.

Tartes U. 1990: About respiration rhythms of insects. Proc. Estonian Acad. Sci. Biol. 39: 205-213.

TartEs U. & Kuusik A. 1994: Periodic muscular activity and its possible functions in pupae of Tenebrio
molitor. Physiol. Entomol. 19: 216-222.

WasserTHAL L.T. 1981; Oscillating haemolymph circulation and discontinuos tracheal ventilation in the
Giant Silk Moth Attacus atlas L. J. Comp. Physiol. 145: 1-15.

Received November 15, 1994; accepted March 15, 1995

35



