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Abstract. Although there is a considerable amount of information on the ecology, genetics and physiology of life-history traits there
is little information on the morphological variations associated with flight ability within species. In this paper, the morphology and
ultrastructure of certain organelles in the flight muscles of Gryllus firmus are recorded using transmission electron microscopy. The
ultrastructure of the flight muscles of 7-day-old female adults reveals that the ratio of thick to thin filaments is 1 : 3. Each thick fila-
ment is surrounded by 6 thin filaments in a hexagonal arrangement. The length of the sarcomere of each myofibril is significantly
shorter and diameter of the myofibrils significantly smaller in long-winged than in short-winged morphs. However, the thick fila-
ments in the long-winged morph are denser than those in the short-winged morph. Furthermore, in the long winged morph there are a
greater number of mitochondria than in the short-winged morph. These differences correspond with the fact that long-winged

crickets are stronger fliers than short-winged crickets.

INTRODUCTION

Flight is important for insect dispersal. In the jargon of
the aeronautics industry, flight pushes the envelope of
organism design (Dickinson, 1997). Flight muscle is one
of the most widely studied flight-related tissues in insects
mainly because of the variation in the metabolic activity
of the different types of muscle (Sacktor, 1970; Usher-
wood, 1975, Mentel et al., 2003). All muscles receive
excitatory innervation from glutamatergic neurons, inhi-
bitory innervation from GABAergic neurons and modula-
tory innervation from octopaminergic dorsal unpaired
median (DUM) neurons (Biserova & Pfluger, 2004).
Energy for flight is provided primarily by the very high
levels of glucose and lipid in the blood. Adipokinetic hor-
mone (AKH) is very important in the metabolism of
lipids and triggers the release of octopamine from
octopamine-releasing neurons, such as the DUM neurons
(Birkenbeil, 1971), which in turn activates catabolic
enzymes, such as lipases and phosphorylases (Fassold et
al., 2010).

The main insect muscles are the leg muscles, pleuroax-
illary “steering” muscles and flight muscle (Biserova &
Pfluger, 2004). There are two types of flight muscle in
insects, direct and indirect. Crickets have direct flight
muscles and what is called a synchronous flight muscle
system. This system is characterized by closely packed
flight muscles and relatively slow wing-beat frequencies.
The closely packed flight muscles have the following
characteristics: the peripheral muscle fibers are sur-
rounded by a large number of mitochondria and the

muscle nuclei are closely distributed in inner membrane
(Ruppert et al., 2003).

Flight polymorphism (also called dispersal or wing
polymorphism) occurs widely in the Insecta and involves
discontinuous variation in a wide variety of traits
involved in flight and reproduction (Dingle, 1996; Zera &
Denno, 1997; Zera & Harshman, 2001). The flight mus-
cles of the cricket Gryllus firmus are polymorphic and
pink or white in colour (Zera et al.,, 1997). The white
muscles are small and have a few small muscle fibers, and
in terms of in vitro enzyme activities and respiration rates
are less active than the pink muscles of fully winged
adults (Zera & Deno, 1997). Crickets usually fly at night
and under laboratory conditions begin flying immediately
the lights are turned off.

The ultrastructure of the flight muscles, especially those
associated with insect growth and development is well
described (Herold, 1965; Reedy, 1968; Davies, 1974;
Mizisin & Ready, 1986; Novicki, 1989; Reedy & Beall,
1993; Mentel et al., 2003; Biserova & Pfluger, 2004). The
juvenile hormone (JH) is critical for both the growth and
degeneration of flight muscles (Novicki, 1989; Rose,
2004). In the cricket Acheta domestica, the dorsal longitu-
dinal muscle increases in size during the first 2 days of
adulthood and begins to degenerate on day 4 when the
level of JH increases (Chudakova & Bocharova-Messner,
1968; Srihari et al., 1975). Overall, low levels of JH are
required for muscle growth and high levels cause the
flight muscle to degenerate. However, there is one
notable exception, during adulthood, the JH titer in the
haemolymph undergoes a daily cycle with a high titer
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Fig. 1. Basic structure of the flight muscles. A — a longitudinal section of the flight muscle of a LW cricket (x6000); B —a 1 SW
cricket (x6000). Tr — trachea; Mt — mitochondrion; Ky — nucleus; Mf — myofibril; Sr — endoplasmic reticulum; Va — vacuole. The Z
band is black and the Z lines are the two black lines. There are both light and dark bands in a sarcomere.

about 4 h before lights off, which is maintained for only a
short period (Zhao & Zera, 2004b).

It is unknown whether this short spike in JH concentra-
tion affects flight-muscle tissue and in order to determine
whether this is the case transmission electron microscopy
(TEM) was used to record the ultrastructure of adult
flight muscles before and after flight.

MATERIAL AND METHODS

Insects, morph designations and rearing conditions

There are two morphs of Gryllus firmus (Orthoptera: Grylli-
dae), the sand cricket, which lives in the southeastern United
States, a long-winged (LW) morph, some of which are capable
of flight and a short-winged (SW) morph that is obligatorily
flightless (Veazy et al., 1976). All SW females have white, non-
functional flight muscles that never fully develop. All LW
females initially have large, pink flight muscles at the adult
moult and are denoted as LW(f). After about 5-6 days some
LW(f) individuals begin to histolyze their flight muscles and
become flightless (denoted LW(h); see Zera et al., 1997). Only
the ultrastructure of the flight muscles of LW(f) individuals was
determined in the present study. The G. firmus used in this study
came from LW- and SW-selected lines (Block-1; see Zera &
Cisper, 2001).

Crickets were reared under a 16L : 8D photoperiod at 28°C.
They were fed a standard diet. The details of the rearing condi-
tions are the same as those described in Zera & Cisper (2001).
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LW(f) crickets began flying after day 5 of adulthood and SW
crickets began reproducing on day 4. Therefore, 7 day old
females were used in the comparitive study of dispersal and
reproduction. Samples consisting of five crickets were sepa-
rately collected at 12:00 (control), 21:00 (1 h before lights off)
and 24:00 (2 h after lights off) hours. This experiment was
repeated 3 times.

Tissue treatment for TEM

The flight muscles were dissected and fixed in 2.5% glutaral-
dehyde overnight. After fixation, the samples were rinsed 3
times in 0.1M PBS buffer and post-fixed in 1% osmium tetrox-
ide. Then the specimens were again washed in the 0.1M PBS
buffer and dehydrated separately in a series of acetone
solutions, namely 30%, 50%, 70%, 80%, 90% and 100%. After
that, the muscles were preserved in Epon-Araldite resin over-
night for embedding. Ultra-thin sections (500—1000A) obtained
using a LEICAUCGi type slicer were stained with uranyl acetate
and lead citrate, and then observed and photographed using a
JEM-123 OLYMPUS TEM. The myofibrillar diameter was
measured using a TEM micro-ruler. Numbers and shapes of
mitochondria in the two morphs were counted in an area of 100

pum?,

Statistical analysis

Data were statistically analyzed using Repeated-Measures
ANOVA in GraphPad Prism 4.0 software. More details are pre-
sented in the figure legends. The results shown in tables and fig-
ures are expressed as means + standard errors.



Fig. 2. Cross-section of a myofibril in the fight muscle of a sand cricket (%25,000). Mf — myofibril; Mt — mitochondrion; T — thick
filament; A — thin filament. The right image shows a magnified myofibril (x100,000).

RESULTS

Basic structure of flight muscles

TEM results showed adult female sand crickets have
typical structural features with synchronous flight mus-
cles. The long- and short-winged crickets had similar sub-
cellular structures (Figs 1A and B).

Myofibrils

Viewed in cross-section, each myofibril is surrounded
by a large number of mitochondria, which are oval or
polygonal in shape and separated from the sarcoplasmic
reticulum (Figs 1B and 2). One characteristic feature of
the myofibril is the accurate arrangement of myofilaments
during the development of the flight muscle. Each myosin
filament (thick filament) is surrounded by six actin fila-
ments (thin filaments) forming a hexagram, and each
actin filament is located between two myosin filaments,
giving a ratio of thick to thin filaments of 1 : 3. In longi-
tudinal section a muscle fiber is cylindrical in shape with
sarcomeres of around 2.0-4.1 um in length (Figs 2 and
3).

Differences in the length of the sarcomere in the two
morphs

The mean sarcomere lengths of the LW and SW
morphs were determined. The results in Fig. 5 show that
the mean sarcomere lengths of LW crickets were signifi-

cantly different at 12:00, 21:00 and 24:00 h (P < 0.01, F =
85.09, DFn = 2, DFd = 72). Compared to controls sam-
pled at 12:00, the mean lengths of the sarcomeres in LW
flight muscles were much shorter at 21:00, just before
flight, and the shortest sarcomere length occurred at
24:00, 2 h after lights off. Importantly, the sarcomeres of
the LW morph were more contracted than those of the
SW morph (P < 0.01, F = 126.97, DFn = 1, DFd = 72)
(Fig. 5). Moreover, the interaction between time of day
and wing morph on sarcomere length was also extremely
significant (P < 0.01, F = 63.83, DFn = 2, DFd = 72). The
wing morphs differ in sarcomere lengths at 21:00 and
24:00 h, which is the flight period (Fig. 5). Longitudinal
sections of the flight muscles of LW and SW individuals
are depicted in Fig. 3.

Myofibrillar diameter

The myofibrillar diameters of LW and SW crickets
were compared and found to be much shorter in LW than
in SW adults (Table 1). More importantly, in LW adults,
the diameter of the myofibrils increased significantly
from 12:00 to 21:00, i.e. from rest to pre-flight. However,
there was no significant change in myofibrillar diameter
in SW adults between 12:00 and 21:00, but there was one
between 21:00 and 24:00, which is 2 h after lights off
(Table 1).
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Fig. 3. Comparison of the ultrastructure of the flight muscle of SW and LW crickets with special respect to sarcomeres at different
times of the day (longitudinal section, x6000). A—C — SW at different times of the day: A — 12:00; B — 21:00; C — 24:00. D-F — LW
at different times of the day: D — 12:00; E — 21:00; F — 24:00.

Thick filament density (P <0.01, F =31.94, DFn = 1, DFd = 20) (Fig. 6). This

In general, thick filaments were significantly denser in investigation also found that the density of thick filaments
LW than in SW individuals at all three sampling times 10 the two wing morphs did not change significantly over

TaBLE 1. Comparison of the diameter of the myofibrils in the two morphs.

12:00 21:00 24:00
LW = 12) 1519.205 + 90.16913 a (a) 2309.07 + 139.9631 a (b) 2996.761 + 227.6483 a (bc)
SWn = 12) 2751.503 + 153.4649 b (a) 3515.925 + 426.0159 b (ab) 3600.838 + 222.6991 b (b)

Note: The lower case letters not in brackets indicate significant differences between wing morphs at the 0.05 level. The lower case
letters in brackets indicate significant differences at different times of the day at the 0.05 level (repeated measures ANOVA fol-
lowed by the Bonferroni post-hoc test). There is no interaction between time of day and wing morph in myofibrillar diameter (P >
0.05, F = 1.19, DFn = 2, DFd = 44). The effect of wing morph on the myofibrillar diameter is significant (P < 0.01, F =25.26, DFn
=1, DFd = 44). The effect of time of day on the myofibrillar diameter is also significant (P <0.01, F = 13.25, DFn =2, DFd = 44).
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Fig. 4. Comparison of the ultrastructure of the flight muscle of SW and LW crickets with special respect to mitochondria at dif-
ferent times of the day (cross section, X10,000). A—C — SW at different times of the day: A — 12:00; B — 21:00; C — 24:00. D-F —
LW at different times of the day: D — 12:00; E — 21:00; F — 24:00.

time (P > 0.05, F = 2.11, DFn = 2, DFd = 20). There was  Mitochondria

no interaction between time of day and wing morph (P > The numbers of mitochondria in the flight muscles
0.05, F = 1.17, DFn = 2, DFd = 20). were found to be much higher in LW than SW morphs.

TaBLE 2. Numbers and shapes of mitochondria in the two morphs.

Morph: time Numbers of mitochondria (mean + S.E.) Oval (%) Irregular (%)
LW: 12:00 29.3+£2.63 87.4 12.6
21:00 34.9+0.73 6.6 934
24:00 29.6 +1.64 91.2 8.8
SW: 12:00 129+0.71 95.3 4.7
21:00 16.6 +£1.23 94.6 5.4
24:00 154+ 1.44 98.1 1.9

Note: Number of mitochondria were counted in a 100 um? area, in which mitochondria were either irregular or oval in shape.
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Fig. 5. Changes in the length of the sarcomere in the flight
muscles of adult Gryllus firmus. Bars represent mean + S.E. (n
= 19). Bars labelled with different letters are significantly dif-
ferent (repeated measures ANOVA followed by Bonferroni
post-hoc tests). The interaction between time of day and wing
morph on sarcomere length is extremely significant (P < 0.01, F
= 63.83, DFn = 2, DFd = 72). The effect of wing morph on sar-
comere length is significant (P < 0.01, F = 126.97, DFn = 1,
DFd = 72). The effect of daytime on the sarcomere length is
also significant (P <0.01, F = 85.09, DFn =2, DFd = 72).

The mitochondria were irregular or oval in shape. Impor-
tantly, in the LW morph, the shape of most mitochondria
changed from oval at 12:00 to irregular at 21:00,
returning to oval at 24:00 (Fig. 7). Interestingly, in the
SW morph, the mitochondria were always oval and clus-
tered around the nuclei, which were unevenly distributed.
In addition, in the LW morph, mitochondria were also
darker in colour at 21:00, before lights off, than at other
times during the day (Fig. 4). These data indicate that
variations in the density, number, shape and colour of the
mitochondria in the flight muscles may be important for
flight in G. firmus. Cross-sections of the flight muscles of
LW and SW individuals are shown in Fig. 4 and the num-
bers and shapes of the mitochondria in Table 2.
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Fig. 6. The density of the thick filaments in the wing muscles
of the two morphs. Bars represent mean + S.E. (n = 15). Data
were analyzed using Repeated-Measures ANOVA, particular
differences were determined using Bonferroni post-hoc tests. *
P <0.05, ** P < 0.01. There is no interaction between time of
day and wing morph (P > 0.05, F = 1.17, DFn = 2, DFd = 20).
The effect of wing morph on the density of thick filaments is
significant (P < 0.01, F = 31.94, DFn = 1, DFd = 20). The effect
of time of day on the density of thick filaments is not significant
(P>0.05,F=2.11, DFn =2, DFd = 20).
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Fig. 7. Density and shape of the mitochondria in flight mus-
cles of the two morphs. Mitochondrial density is the number of
mitochondria in per 100 um? of cross-sectional area. All mito-
chondria were either irregular or oval in shape.

DISCUSSION

Sarcomeres

The structure of insect flight muscles can be used for
determining their migration status. As for muscle contrac-
tion, Pringle (1981) states that the intensity of muscle
contractions is directly related to the orderliness of the
arrangement of filaments and inversely related to the ratio
of thick filaments to thin. Sliding filament theory states
that muscle contractions are produced by the interaction
of actin and myosin filaments (Mijailovich et al., 1996).
The sarcomere is important in muscle contraction. Sar-
comere number, not length, determines contraction speed.
The more sarcomeres in the muscle, the faster it contracts
(Huxley & Niedergerke, 1954; Thuma, 2007). However,
sarcomere length is also a critical indicator of flight capa-
bility because the longer the length the fewer sarcomeres
in the muscle. The main role of LW crickets is dispersal
by flight. Our results showed that the density of thick fila-
ments were significantly denser in LW than in SW indi-
viduals (Fig. 6). This indicates that LW crickets are
strong flyers. On the other hand, there was an interaction
between time of day and wing morph on sarcomere length
but not on filament density. The effect of wing morph on
both sarcomere length and filament density was signifi-
cant. However, time of day only significantly affected
sarcomere length, not filament density (Figs 5 and 6).
This indicates that wing morph plays a more important
role in determining flight ability. Moreover, muscle
length can be presumed to be the same in both morphs,
meaning that the wing muscles of morphs with longer sar-
comeres will contract more slowly.

Mitochondria

Decreases in flight performance are due to reduced
ATP availability and myosin kinetics in isolated fibers,
which results in a decrease in wing-beat frequency and
might indicate that differences in flight directly reflect the
number of mitochondria (Molloy et al., 1997; Swank et
al., 2006; Miller et al., 2008).



In G. firmus, flight is a physical process, consuming
considerable amounts of energy, in addition to causing a
series of changes in physiological and biochemical meta-
bolism and morphology (Zera et al., 1997; Auerswald &
Gide, 2002; Zhao et al., 2010). Triglyceride is the main
fuel used in flight and more lipid is stored in LW than in
SW individuals of G. firmus (Zera et al., 1999; Zhao &
Zera, 2002). Mitochondria, the organelles that supply the
energy, inevitably undergo changes in their morphology
and structure during periods of rest and flight. In different
populations of cells, mitochondria can be described as
being in a state of dynamic equilibrium involving changes
in their number, size and structural adaptation (Smirnova
et al., 2001; Padmanabhan et al., 2006). Normal mito-
chondria are small, rich in cristae, with dark matrixes and
smooth outer membranes. When damaged, however mito-
chondria become larger and rounder. The matrixes
become lighter in colour and cristac become shorter and
smaller or even disappear (Wu, 1996). The present results
reveal that cristae and part of the cavity of mitochondria
(Fig. 4F) in post-flight crickets is damaged as a conse-
quence of the considerable consumption of energy during
flight. These changes in the structure of mitochondria
may be explained by either of two mechanisms. First the
damage to mitochondria is a result of shortages of energy,
however, it is only temporary and the affected mitochon-
dria usually recover. The damage may be caused by a
number of secondary metabolites generated during cell
metabolism, such as superoxide and peroxide. The symp-
toms can resemble those seen in the skeletal muscle of
rats suffering from chronic alcoholism. In the rat skeletal
muscle model of chronic alcoholic myopathy, the mito-
chondria swell and take on irregular shapes, the cristae
disappear and the membrane partially dissolves, resulting
in a decrease in the synthesis of ATP (Wang et al., 2007;
Larosche et al., 2007). Secondly, the damage may be
caused by mitochondrial autophagy, which is the way
damaged organelles are degraded or the capacity of a cell
to produce energy is enhanced, which is either an adapta-
tion to external stress or a means of inducing cell death
(Gozuacik & Kimchi, 2007). Zhang et al. (2008) reports
that hypoxia can induce mitochondrial autophagy, which
prevents cells from producing excessive ROS (reactive
oxygen species) and inhibits cell death. The morpho-
logical changes in the mitochondria in cricket flight mus-
cles may be a result of mitochondrial autophagy induced
by hypoxia resulting from strenuous exercise.

Fuels for flight muscles

Laboratory studies have revealed that during flight they
utilize glycogen and lipids as sources of energy. Gly-
cogen stores are mobilized to produce trehalose for short-
term flight, but lipids are the principal source of energy
for long-term flight (Cockbain, 1961). Furthermore,
energy for flight comes primarily from either the metabo-
lism of lipids or or glucose in which adipokinetic hor-
mone (AKH) has a very important role. It triggers the
release of octopamine from octopamine-releasing
neurons, such as the DUM neurons (Birkenbeil, 1971).
Octopamine in turn activates catabolic enzymes, such as

lipases and phosphorylases (Fassold et al., 2010). Carbo-
hydrates, especially in the initial stages of flight, are the
key fuel in some species of Orthoptera, such as P. sinuate
(Lorenz & Géde, 2009). Previous results also show that
the increases in trehalose and glycogen that occur before
flight are important sources of fuel in Gryllus firmus,
while triglyceride is mainly utilized during long-term
flight (Zhang et al., 2011).

Implications for the regulation of juvenile hormone

Previous studies have shown that a hormone is involved
in the development and degradation of the flight muscles
and that in vivo JH and ecdysone control thoracic muscles
(Shiga et al., 2002; Rose, 2004; Socha & Sula, 2006;
Oliver et al., 2007; Ghoneim et al., 2008). Zhao & Zera
(2004a) report a direct correlation between JH levels and
flight activity in G. firmus. Thus, the changes that we
observed in flight muscle tissue must be accompanied by
changes in the titre of JH, however the means by which
JH causes the changes in sarcomere and myofilaments,
and induces large numbers of mitochondria to supply
energy remain unresolved. Whether these changes occur
as soon as exogenous juvenile hormone is expressed and
disappear when the titre of this hormone decreases are
appropriate subjects for a future study.
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