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Flight muscle breakdown in the green-veined white butterfly, Pieris napi
(Lepidoptera: Pieridae)
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Abstract. Flight is important for insects but also incurs costs in terms of reduced reproductive reserves. Recent studies on butterflies
have shown that thorax mass and nitrogen content decrease over the adult lifespan, suggesting that flight muscle breakdown may
also occur in butterflies. However, unlike other insects known to resorb flight muscles, butterflies will continue to fly throughout the
reproductive period. Nonetheless, use of nutrients from flight muscles for reproduction has the potential to improve the reproductive
output considerably. In this study we have tested to what extent female Pieris napi L. (Pieridae) butterflies actually do breakdown
flight muscles. By comparing muscle mass in recently emerged and older free-flying females we show that mass and nitrogen con-
tent of the two most important groups of flight muscles each decrease by more than 50% over the adult lifespan. The significance of
this finding is discussed in relation to reproduction and flight in butterflies.

INTRODUCTION

Flight is important for most insects. It increases the
range over which food, partners and suitable habitat for
breeding can be found, and in some species flight is a pre-
requisite for long distance migration. Flight is also used
by many species for evading predators, courtship and
male-male contests.

Nonetheless, in some insects the potential benefits of
flight are counterbalanced by the cost of the flight appara-
tus, and flight ability has been lost (Roff, 1986, 1990;
Sattler, 1991; Zera & Denno, 1997). In situations where
resources are scarce and/or flight is of marginal impor-
tance fitness may be higher if resources are used directly
for reproduction than if they are used to build, maintain
and fuel the flight apparatus (Roff, 1986; Zera & Denno,
1997). Sandlan (1979) presented circumstantial evidence
for flight muscle degeneration in starved adults of the
parasitoid wasp Coccygomimus turionellae; flight capa-
bility decreased but egg production could continue.

The costs of flight have predominantly been studied in
flight polymorphic species where the flightless morph
usually has higher fecundity and/or earlier sexual
maturity compared to the flight capable morph. Interest-
ingly, the respective benefits of flight ability and flight-
lessness need not be mutually exclusive. In several insect
orders females and in some cases also males emerge as
adults with fully developed flight muscles that may subse-
quently degenerate before or during the reproductive
stage (Johnson, 1976; Zera & Denno, 1997; Marden,
2000). This strategy is usually practised in species that,
after a migratory or dispersal phase in early adult life,
settle down to reproduce (Johnson, 1969; Harrison,
1980). In some species muscle breakdown may also occur
without prior flight/dispersal (e.g. Edwards, 1969; Sol-

breck, 1986; Kaitala & Hulden, 1990), if local conditions
are favourable for reproduction. Similar to the fecundity
benefit realised by flightless individuals in flight-
polymorphic species, muscle breakdown has been shown
to increase fecundity in comparison to individuals that
retain their flight muscles (e.g. Kaitala, 1988; Kaitala &
Hulden, 1990; Tanaka & Suzuki, 1998), thus this life
style provides many of the benefits of flight, while not
incurring all the costs.

The possibility for flight muscle breakdown in insects
with a lifelong dependence on flight is less obvious.
Nonetheless, recent studies on butterflies suggest this
possibility, as both thorax mass and nitrogen content
decrease over the adult lifespan in many species (Karls-
son, 1994, 1998; Stjernholm & Karlsson, 2000; Norberg
& Leimar, 2002, Stjernholm et al., 2005). Furthermore, in
Pieris napi resources stored in the abdomen together with
resources obtained from nuptial gifts do not suffice to
explain egg production. In order to balance the nitrogen
(protein) budget, resources from the thorax, possibly from
flight muscles, have to be included (Karlsson, 1998).
Even though butterflies, with few exceptions, are strongly
dependent on flight, the low quality of the adult diet in
many species suggests that reallocation of muscle
resources to reproduction could increase fitness. Since in
butterflies, abdomen mass decrease with age, relative
muscle mass would decrease more slowly than absolute
muscle mass and this could keep the negative impact on
flight ability at a low level. This would shift the cost-
benefit balance and facilitate muscle breakdown, but
whether muscles actually degenerate over the lifespan of
butterflies is not known.

The aim of this paper is to test whether, and to what
extent, butterflies actually do breakdown flight muscles
during the course of life. We do this by comparing flight
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muscle mass and nitrogen content in recently emerged P.
napi females with the mass and nitrogen content of the
muscles at death in free-flying females with a long life-
span.

MATERIAL AND METHODS

The animals for this study were the offspring of four females
caught in the vicinity of Stockholm, Sweden. The offspring of
these four females (families) were reared in a common environ-
ment on garlic mustard (4//iaria petiolata) in groups of three in
1.0 L plastic jars. The temperature during the larval stage was
20°C and a 22L : 2D regime, which prevents diapause. At eclo-
sion the adults were sexed and weighed to the nearest 0.5 mg
once they had released the meconial wastes and become active.
The females were then divided into two treatments. The first
treatment consisted of 10 females that were frozen directly at
the start of the experiment. The females in the second treatment
were kept flying in two 0.5 m® indoor cages, with ten females in
each cage. These females were fed 20% sugar solution ad
libitum and were provided with garlic mustard leaves on which
to oviposit. During the experiment the regime was 9L: 15D.
Since the number of matings is known to affect the decrease in
thorax nitrogen content in this species, either directly or indi-
rectly via an increase in lifespan (Karlsson, 1998), the females
were provided with a continuous supply of virgin males
throughout the experiment so that the sex ratio was approxi-
mately 1 : 1. After each mating the male was removed from the
cage and replaced with a virgin male. After natural death, the
females were frozen. The experiment terminated when all
females had died. Average adult lifespan among these females
was 20.0 = 1.2 days (mean = S.E), which seems to be close to
the maximum lifespan in this species (Wiklund et al., 1993;
Karlsson, 1998). Thus, since the degree of muscle breakdown
should be age dependent, the results give an estimate of the
degree of breakdown possible.

In order to determine the mass of the flight muscles in the two
treatments, the indirect dorso-longitudinal flight muscles in the
mesothorax (DLM) and the indirect dorso-ventral flight muscles
in the meso- and metathorax (DVM), were dissected out of the
butterflies in a semi-dry state. Following the numbering of Ehr-
lich & Davidson (1961) and Ehrlich & Ehrlich (1963), the DLM
muscles are #50-54, the DVM muscles are #56—60 (meso-
thorax), and #88-91 (metathorax). The muscles were dried to
constant weight at 60°C and weighed on a Cahn C-30 microbal-
ance (accuracy 1 pug). Since a change in muscle proteins may be
the most important factor from a reproductive perspective, the
nitrogen content of the muscles was measured using a Carlo
Erba NA 1400 elemental analyser. Data were analysed using
ANCOVA; GLM, program STATISTICA 5.5 (StatSoft, 1999).
To investigate if there exists a proportional change between two
variables, we tested if the slope (b) in the logarithmic trans-
formed equation, log y = b log x + log a, differed from 1. If the
slope is equal to 1, then the x/y ratio is unaffected by a change
in x.

RESULTS

There was no difference in eclosion body mass between
the two treatments (eclosion mass for females killed at the
start of the experiment 58.7 + 1.4 mg, free-flying females
59.4.2 + 1.2 mg (mean £ S.E), ANOVA F,,=0.147,p =
0.70). In the group of females frozen at the start of the
experiment the DLMs contained 189 £+ 13.1 pg nitrogen
and the DVMs 134 + 10.2 pg nitrogen (mean + S.E). The
amount of nitrogen remaining in the flight muscles at
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Fig. 1. Nitrogen content of flight muscles in newly emerged
(control) and free-flying P. napi females (mean + S.E.). A —
values for the mesothoracic dorsolongitudinal flight muscles
(DLM); B — values for the meso- and metathoracic dorsoventral
flight muscles (DVM). Values are adjusted for differences in
eclosion mass.

death in free-flying females was 80 + 11.3 ng in the
DLMs and 52 + 8.3 pg in the DVMs (mean + S.E),
equivalent to 42% (DLM) and 39% (DVM) of the levels
in the females frozen at the start of the experiment. The
difference in nitrogen content between the two treatments
was highly significant for both muscle groups, DLMs F, ;o
=53.6, p <0.001 (Fig. 1a), DVMs F, 6= 57.3, p < 0.001
(Fig. 1b), (ANCOVA with eclosion mass as covariate and
with family as random factor). There was no effect of
family in any of the muscle groups regarding remaining
nitrogen at death (DLM: F;,0 = 1.41, p = 0.269; DVM:
Fi16=0.43, p=0.735).

In the free-flying group of females both nitrogen DLMs
and nitrogen DVMs showed a significant negative rela-
tionship with life span (Fig. 2). There was no effect of
family on remaining nitrogen in DLM or DVM (F;, =
0.330, p = 0.804; F510= 0.251, p = 0.859 respectively).
The females had mated 1.8 £ 0.16 times (mean + S.E) and
number of matings correlated with life span (r = 0.55, p =
0.028).
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Fig 2. Relationship between life span and muscle nitrogen
content. A — values for the mesothoracic dorsolongitudinal
flight muscles (DLM); B — values for the meso- and metatho-
racic dorsoventral flight muscles (DVM). Filled circles repre-
sent values for newly emerged and unmated females (control)
and are not included in the presented regression lines.

For both DLMs and DVMs there was a close relation-
ship between muscle mass and nitrogen content. For the
DLMs the relationship between muscle mass and nitrogen
content was highly significant (r = 0.999, p < 0.0001),
although the slope of the logarithmic equation was sig-
nificantly non-isometric (b > 1), but the deviation was
small, b =1.02, toe) = 3.90, p < 0.001 . For the DVMs the
relationship was again highly significant (r = 0.999, p <
0.0001) but the slope of the logarithmic equation was not
significantly different from 1, b = 1.01, te3 = 1.67, NS.
Thus it seems that the decrease in nitrogen content is a
result of decrease in muscle size and not a change in
nitrogen content per unit muscle.

DISCUSSION AND CONCLUSIONS

Flight muscle breakdown has been hypothesised to
occur in butterflies, since thorax mass and nitrogen con-
tent decrease with age in many species (Karlsson, 1994,
1998; Stjernholm & Karlsson, 2000; Norberg & Leimar,
2002; Stjernholm et al., 2005). We tested this prediction
for the first time. The comparison of flight muscle size in

recently emerged and older free-flying P. napi females
demonstrated that the mass and nitrogen content of the
two major groups of flight muscles in long-lived females
is less than 42% of the levels in recently emerged
females, confirming that much of the musculature is
broken down over the lifespan. Flight muscle breakdown
has previously been recorded in insects of several orders
(Johnson, 1976; Sandlan, 1979; Zera & Denno, 1997,
Marden, 2000), but has up till now only been found in
association with a lifestyle where flight primarily is
important before but not during the reproductive period.
Thus, this study explicitly shows that the flight muscles
can be broken down to a large extent in an insect that is
strongly dependent on flight over the entire lifespan.

It is likely that flight muscle breakdown also occurs in
other butterfly species, since for females under natural
conditions, thorax mass decreases over the adult lifespan
in most of the species that have been studied (Karlsson,
1994; Norberg & Leimar, 2002; Stjernholm et al., 2005),
and the decrease is generally of roughly the same magni-
tude as in P. napi (Stjernholm et al., 2005). Thorax mass
also decreases in males of some species but generally to a
lesser extent (Karlsson, 1994; Norberg & Leimar, 2002;
Stjernholm et al., 2005). This suggests that flight muscle
breakdown is a general phenomenon in butterflies, par-
ticularly in females, where the decrease in thorax mass is
most pronounced. The relationship between muscle mass
and nitrogen content suggests that the decrease in
nitrogen content results from whole scale breakdown of
muscles, rather than special mobilisation of muscle nitro-
gen.

Since reproductive potential in female butterflies seems
to be determined by the availability of essential amino
acids for egg production (Boggs, 1981; O’Brien et al.,
2002), selective degeneration of flight muscles could con-
ceivably increase fitness by contributing to the pool of
resources available for reproduction. This is supported
from work on resource use by P. napi females, which
shows that nitrogenous resources from the thorax are used
for egg production (Karlsson, 1998).

With the results in this study we can now be quite sure
that resources in the thorax used for egg production origi-
nate from nutrients in the flight muscles. It is less likely
that resorbed flight muscle resources are allocated for
somatic maintenance (cf. Karlsson, 1998). Also in P. napi
males are thorax resources used for reproduction (Stjern-
holm & Karlsson, 2006).

Reallocation of muscle resources (amino acids) to
reproduction in males could also be important in species
that invest large quantities of proteins in spermatophores,
and recent studies indicate that the reduction in thorax
mass and nitrogen content increases with the reproductive
investment both inter- and intra-specifically (Stjernholm
et al., 2005; Stjernholm & Karlsson, 2006). Since number
of matings increases life span in P. napi (Karlsson, 1998)
it may be that the full potential of wing muscle break-
down is only achieved when females have the opportunity
of multiple matings (cf. Fig. 2).
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Breakdown of muscles may also have a negative impact
on fitness through deterioration in flight performance. A
reduction in flight speed, manoeuvrability and/or endur-
ance may increase the risk of predation and could also
reduce the ability to find food, host plants or partners.
Flight performance is determined by energy availability
and flight morphology, e.g. wing shape, wing loading and
relative flight muscle size (Marden, 2000; Berwaerts et
al., 2002). Relative flight muscle size (FMR) has often
been used as a relevant factor when examining flight per-
formance (e.g. Marden & Chai, 1991; Berwaerts et al.,
2002). Studies investigating the change in FMR or rela-
tive thorax size over the lifespan in butterflies have found
little support for a substantial decrease in relative flight
muscle size (Kemp, 2002; Stjernholm et al., 2005). In
females of P. napi relative thorax mass is roughly similar
between young and old females (Stjernholm et al., 2005).
This result may be a consequence of body resources other
than flight muscles being used for metabolism and egg
production at a rate similar to or higher than the rate of
flight muscle breakdown, and even though the change in
relative thorax mass may underestimate the change in
FMR, it suggests that the cost of flight muscle breakdown
in butterflies may be relatively small, thereby facilitating
the evolution of flight muscle breakdown. Since egg (and
spermatophore) production is highest early in life (Stern
& Smith, 1960; Labine, 1968; Wiklund et al., 1993;
O’Brien et al., 2004), while muscle breakdown seems to
occur at a more constant rate, when judged by the change
in thorax mass (Karlsson, 1998; Stjernholm et al., 2005),
it may be the case that flight performance increases ini-
tially only to deteriorate late in a butterfly’s life. Presently
the dynamics of how flight performance changes with
flight muscle breakdown and age are largely unknown
and further research is warranted to establish the nature of
the relationship.

The results of this study also raise the question of how
common flight muscle breakdown is in other insects that
are dependent on flight throughout their life. Assuming
that resources from the flight muscles are used for repro-
duction, muscle breakdown should be found in associa-
tion with low quality adult diets and/or large investment
of resources in egg or ejaculate/spermatophore pro-
duction. The diet could be of low quality either by having
low nitrogen content or being nutritionally balanced but
available in low or unpredictable quantities. As in butter-
flies, it seems that the greatest potential to find flight
muscle breakdown should be in females, which generally
seem to invest more resources in reproduction than males
do.

To summarise, this study shows that substantial flight
muscle breakdown occurs in P. napi females. Even
though the generality and functional consequences of this
finding are largely unknown, previous studies suggest
that this have important consequences for the availability
of valuable resources and thus increase the reproductive
potential.

Muscle breakdown may also affect flight performance,
particularly late in life, with consequences for dispersal,
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sexual contests and susceptibility to predation. From this
perspective flight muscle breakdown in butterflies may
have important consequences for various components of
the life history strategy, but to understand the ramifica-
tions of muscle breakdown will require further studies.
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