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• The muscular system of insects ranges from a few 
hundred muscles to a few thousand. Unlike 
vertebrates that have both smooth and striated 
muscles, insects have only striated muscles. 
Muscle cells are amassed into muscle fibers and 
then into the functional unit, the 
muscle.[6 Muscles are attached to the body wall, 
with attachment fibers running through the 
cuticle and to the epicuticle, where they can 
move different parts of the body including 
appendages such as wings.The muscle fiber has 
many cells with a plasma membrane and outer 
sheath or sarcolemma.

https://en.wikipedia.org/wiki/Muscle_fibers
https://en.wikipedia.org/wiki/Wing
https://en.wikipedia.org/wiki/Plasma_membrane
https://en.wikipedia.org/wiki/Sarcolemma


• The sarcolemma is invaginated and can make 
contact with the tracheole carrying oxygen to 
the muscle fiber. Arranged in sheets or 
cylindrically, contractile myofibrils run the 
length of the muscle fiber. Myofibrils 
comprising a fine actin filament enclosed 
between a thick pair of myosin filaments slide 
past each other instigated by nerve impulses.

https://en.wikipedia.org/wiki/Myofibrils
https://en.wikipedia.org/wiki/Actin
https://en.wikipedia.org/wiki/Myosin
https://en.wikipedia.org/wiki/Nerve


• Visceral: these muscles surround the tubes and ducts 
and produce peristalsis as demonstrated in 
the digestive system.

• Segmental: causing telescoping of muscle segments 
required for moulting, increase in body pressure and 
locomotion in legless larvae.

• Appendicular: originating from either the sternum or 
the tergum and inserted on the coxae these muscles 
move appendages as one unit.[ These are arranged 
segmentally and usually in antagonistic 
pairs. Appendage parts of some insects, e.g. 
the galea and the lacinia of the maxillae, only 
have flexor muscles. Extension of these structures is 
by haemolymph pressure and cuticle elasticity.

https://en.wikipedia.org/wiki/Visceral
https://en.wikipedia.org/wiki/Peristalsis
https://en.wikipedia.org/wiki/Digestive_system
https://en.wikipedia.org/wiki/Appendicular_skeleton
https://en.wikipedia.org/wiki/Sternum_(arthropod_anatomy)
https://en.wikipedia.org/wiki/Tergum
https://en.wikipedia.org/wiki/Hip
https://en.wikipedia.org/wiki/Galea_(insects)
https://en.wikipedia.org/wiki/Maxilla_(arthropod_mouthpart)
https://en.wikipedia.org/wiki/Flexor
https://en.wikipedia.org/wiki/Haemolymph
https://en.wikipedia.org/wiki/Cuticle


• Flight: Flight muscles are the most specialised
category of muscle and are capable of rapid 
contractions. Nerve impulses are required to 
initiate muscle contractions and therefore flight. 
These muscles are also known 
as neurogenic or synchronous muscles. This is 
because there is a one-to-one correspondence 
between action potentials and muscle 
contractions. In insects with higher wing stroke 
frequencies the muscles contract more frequently 
than at the rate that the nerve impulse reaches 
them and are known as asynchronous muscles.

https://en.wikipedia.org/wiki/Nerve_impulses
https://en.wikipedia.org/wiki/Flight
https://en.wikipedia.org/wiki/Neurogenic
https://en.wikipedia.org/wiki/Synchronization
https://en.wikipedia.org/wiki/Action_potentials
https://en.wikipedia.org/wiki/Asynchronous_muscles


• Flight has allowed the insect to disperse, 
escape from enemies and environmental 
harm, and colonise new habitats.One of the 
insect's key adaptations is flight, the 
mechanics of which differ from those of other 
flying animals because their wings are not 
modified appendages. Fully developed and 
functional wings occur only in adult insects. To 
fly, gravity and drag (air resistance to 
movement) have to be overcome

https://en.wikipedia.org/wiki/Habitats
https://en.wikipedia.org/wiki/Adaptations
https://en.wikipedia.org/wiki/Gravity


• Most insects fly by beating their wings and to power their 
flight they have either direct flight muscles attached to the 
wings, or an indirect system where there is no muscle-to-
wing connection and instead they are attached to a highly 
flexible box-like thorax.

• Direct flight muscles generate the upward stroke by the 
contraction of the muscles attached to the base of the wing 
inside the pivotal point. Outside the pivotal point the 
downward stroke is generated through contraction of 
muscles that extend from the sternum to the wing. Indirect 
flight muscles are attached to the tergum and sternum. 
Contraction makes the tergum and base of the wing pull 
down. In turn this movement lever the outer or main part 
of the wing in strokes upward. Contraction of the second 
set of muscles, which run from the back to the front of the 
thorax, powers the downbeat. This deforms the box and 
lifts the tergum.

https://en.wikipedia.org/wiki/Thorax
https://en.wikipedia.org/wiki/Tergum
https://en.wikipedia.org/wiki/Sternum_(arthropod_anatomy)


• Insect muscles are mostly translucent, 
colourless or grey, though the flight-muscles 
often show a yellowish or brown tinge. Both 
skeletal and visceral muscle fibres are cross-
striated and some older reports of unstriated
visceral muscles need reinvestigation. Insect 
muscles differ fundamentally from those of 
Annelids, both in histological structure and in 
not being incorporated into the body-wall to 
form a dermo-muscular tube.



• In most skeletal muscles, especially those of 
the appendages, one end of the muscle 
(its origin) is attached to a fixed skeletal region 
while the other end (its insertion) is attached 
to a movable part. Cuticular invaginations or 
apodemes, in the form of cords, bands or 
plate-like structures, may provide the true 
sites of attachment and therefore intervene 
between the muscle and the main structure



The skeletal muscles
• The skeletal muscles of insects have a complex 

structure, in which one may distinguish (i) the 
fibrous contractile system, (ii) the 
mitochondria, (iii) the tracheal and nervous 
supply, and (iv) the membrane systems

• Variations in the histology and ultrastructure
of these components are associated with 
important functional differences between 
different groups of muscles. Essentially, 
however, a muscle is composed of a number 
of long fibres, each measuring from a few to a 
few hundred (Lm in diameter. 



• Each of these is in turn subdivided into separate, 
smaller fibrils which are themselves composed of 
a highly organized array of myofilaments made 
up of the proteins actin and myosin (Fig. 53). The 
fibre is surrounded by an outer membrane, the 
sarcolemma, which encloses the nucleated 
sarcoplasm in which the fibrIls are embedded. 
Each fibril is typically composed of alternating 
isotropic (1) and anisotropic (A) regions which, 
under appropriate microscopical illumination, 
appear as light and dark bands or disks.



• Because these appear at about the same level 
in adjacent fibrils they give to the whole fibre
its characteristic cross-striated appearance. 
Crossing each isotropic region is a partition, 
the Z-disk, which thus divides the fibril into 
short units or sarcomeres, each comprising an 
anisotropic region (the A-band) and two half I-
bands. The dense A-band is further traversed 
hy a lighter H-band. These features, easily 
seen by light-microscopy, reflect the 
submicroscopic organization of the myofibrils.



• An array of thin I-band actin filaments (each some 5 
nm in diameter) extends from the Z-disk to the edge of 
the H-band in a relaxed fibre, while thicker myosin 
filaments (each about IS nm in diameter) run 
throughout the A-band. Actin and myosin filaments are 
linked by temporary cross-bridges, each myosin 
filament usually being surrounded by 6 actin filaments 
(Garamvolgyi, 1965; Hagopian, 1966). According to the 
well-established theory of Huxley and Hanson, 
contraction of the fibril is due to the sliding of the actin
and myosin filaments relative to each other (Hanson, 
1956; Pringle, 1966; Osborne, 1967); the actin
filaments move further into the A-disk while the 
myosin filaments thus approach the Z-disks



• The mitochondria of insect muscle vary greatly in 
size, shape and distribution, being most 
extensively developed in the flight-muscles, as 
one would expect from the extremely high 
metabolic rate of these actively contracting 
structures. They may be scattered randomly 
throughout the sarcoplasm or arranged between 
fibrils opposite the Z-disks; in the flight-muscles 
of the Odonata they form large slab-like 
structures and in the powerful fibrillar indirect 
flight-muscles of Hymenoptera and Diptera the 
giant mitochondria form conspicuous 
'sarcosomes'.



• The tracheal supply of insect muscles also varies 
with their activity, visceral muscles being poorly 
supplied while flight-muscles are much more 
richly tracheated, with intracellular tracheoles
penetrating the fibrils. Of considerable 
physiological importance are the membrane 
systems revealed by electron microscopy. The 
sarcolemma, about 7"5 nm thick, is a unit-
membrane like that investing other cells. 
Transverse tubular invaginations from it form the 
so-called T-system, while close to these are the 
longitudinally arranged cisternae of a separate 
membrane system, the sarcoplasmic reticulum.



'visceral' fibres.
• In anatomical considerations of the insect body, 

the muscular systems are commonly divided into 
two general categories: 'skeletal' and 'visceral' 
fibres. The former act upon the articulated 
exoskeleton, while the latter invest the various 
regions of the intestinal tract and other internal 
organs within the body cavity. Whereas many of 
the skeletal muscles, notably those concerned 
with flight and locomotion, may contract rapidly 
and often at high frequency, the visceral fibres, 
like their analogues in the vertebrate body, 
generally exhibit a slower peristaltic or irregular 
activity.







Role of regulatory proteins on stretch 
activation

• The troponin complex, the calcium sensor on the thin 
filament, consists of three components: Troponin-C 
(TnC) which binds calcium ions, troponin-I (TnI) which 
inhibits actin-myosin interaction, and troponin-T (TnT) 
which anchors the whole complex to tropomyosin. TnC
is a calmodulin- like dumbbell-shaped molecule, and it 
typically has four binding sites for divalent cations (two 
in the N-terminal end and two in the C-terminal end). 
In the vertebrate skeletal muscle isoform, the 1st and 
2nd binding sites from the N-terminus play a regulatory 
role, while the 3rd and 4th binding sites bind 
magnesium ions rather than calcium, and are 
considered to play a structural role





• The IFM of the giant waterbug (Lethocerus, Hemiptera) is 
known to have two TnC isoforms (F1 and F2). F1 has only 
one functional calcium binding site at the 4th position, and 
F2 has two calcium binding sites at the 2nd and 4th 
positions. F1 and F2 are expressed in Lethocerus IFM with a 
molar ratio of 7:1–10:11. From the result of TnC-exchange 
experiments, Bullard and colleagues1 postulate that F1 
causes SA by sensing stretch rather than calcium binding, 
while F2 is responsible for eliciting steady-state isometric 
force as the vertebrate skeletal muscle isoform. The 3-D 
structure of the F1 molecules is almost identical to that of 
other TnC isoforms, so that it is unlikely that F1 directly 
senses stretch. In this respect, Bullard and colleagues 
propose that the stretch sensor resides in TnI1. The TnI of 
IFM has a long Pro-Ala-rich extension, and is called TnH (H 
is for heavy) because of its heavier molecular weight.



• The extension is postulated to reach the thick 
filament, and to detect the relative sliding 
between the thick and thin filaments. 
However, the extension is also found in insects 
with synchronous IFM (which hardly exhibits 
SA), and the reduced expression of this 
extension in mutant fruitflies has been 
reported to have unexpectedly light effects. 
Therefore, one should carefully draw 
conclusions about the role of the Pro-Ala-rich 
extension.



• This implies that the higher the wing-beat frequency, 
the faster is the attachment/detachment. Currently no 
experimental evidence has been reported for multiple 
attachment/detachment events within a single ATP 
hydrolysis cycle, and actually IFM myosins from faster-
beating insects are shown to exhibit higher ATPase
activities. A detailed kinetic study has been made for 
myosin isoforms in Drosophila, which beat at 200Hz . 
There is only a single gene for muscle myosin (myosin 
II) in Drosophila, and all isoforms, including the IFM-
specific one, are expressed from this gene through 
alternative splicing. In the case of the IFM-specific 
isoform, the rate constant for dissociation from actin
(usually regarded as an index for the ‘speed’ of myosin) 
is unusually high (3,698 s−1 as opposed to 200–500 
s−1 in vertebrate skeletal muscle).



• Thus, the IFM myosin from Drosophila is called the 
fastest myosin II, but the rate constants may be greater 
in faster-beating insects. It detaches from actin quickly 
because the step of ADP release (usually the rate-
limiting step for actin-activated ATPase reaction) is 
accelerated. As a result of this acceleration, the affinity 
for ATP is also reduced (K = 0.2mM−1 as opposed to 
0.8–9mM−1 in vertebrate). The authors of the paper 
expect that Drosophila IFM may operate at a high 
intracellular ATP level, but the results in the literature 
or our own measurement show that the intracellular 
ATP levels in asynchronous IFM are not much greater 
than in other muscles. It is possible that, unlike in 
vertebrate muscle, IFM myosin may operate at 
substantially sub-saturating levels of ATP.



Actin

• It is well known that Drosophila has an IFM-specific actin
gene (Act88F). Actin is a conservative protein, and there 
are 27 differences in amino-acid (a.a.) residues between 
Act88F and other actin isoforms. The function of IFM is 
little affected after replacement of a few of these 27 
residues by those of other isoforms, but the flight ability is 
lost after replacement of 18 residues2. Therefore, Act88F 
may have acquired specialized functions by the 
replacement of these residues.

• It is unknown whether other insects express IFM-specific 
actin isoforms as well. However, an X-ray diffraction study 
on various insect species has shown that calcium activation 
of IFM causes actin to change its structure in a manner 
different from that in vertebrate skeletal muscle2. This 
structural change is also observed in synchronous IFM of 
dragonflies (Odonata), and is therefore not restricted to 
asynchronous IFM.



Troponin and Tropomyosin

• The most peculiar of IFM proteins are troponin and 
tropomyosin. Among the 3 components of troponin, 
TnI(TnH) has the most striking feature because of the 
Pro-Ala-rich 200 a.a. residues-long extension at its C-
terminus as stated earlier. Because of its size, the 
troponin complex of IFM can be clearly recognized in 
electron micrographs. Initially, TnH was expected to 
explain the SA mechanism of asynchronous IFM, but it 
is now clear that TnH is ubiquitously distributed among 
all winged insect orders (although it is still IFM-
specific). Interestingly, TnH does not exist in Diptera. In 
the IFM of these insects, TnI has ordinary molecular 
weights. Instead, the Pro-Ala-rich extension is 
associated with tropomyosin. In Drosophila, two high-
molecular- weight tropomyosin isoforms (~80 kDa) are 
expressed besides the ordinary isoform (35 kDa).



• These high-molecular-weight isoforms were first described 
by Mogami et al. as IFM-specific proteins 33 and 34 (note 
that these isoforms are called TnH in some literature). 
Diptera is a monophyletic group of insects, and is 
considered to have arisen from a common ancestor. 
Probably the high-molecular-weight tropomyosin isoforms
were created by gene transfer in an early stage of 
evolution. In any event, the fact that the long extension is 
preserved in all winged insects implies that it has some 
functional significance. For example, the extension is 
known to bind glutathione-S-transferase (GST. GST is an 
enzyme that detoxifies various noxious substances, and is 
known to render pesticide-resistance to malaria-
transmitting tropical mosquitoes2. In human bodies the 
liver is the organ for detoxification, but in insects, the IFM is 
the most voluminous organ, and it is not surprising if the 
IFM takes the role for the liver.



• As for TnC, the F1 isoform of Lethocerus IFM has only one functional 
calcium-binding site at the 4th position, and it is important for SA 
according to Bullard’s hypothesis, as described earlier. However, 
according to Marco et al., who examined in detail the evolution of 
the TnC gene groups, the F1 type is ubiquitously expressed in the 
body and it is the F2 type, which has two binding sites at the 2nd 
and 4th positions, that is the IFM-specific species that emerged 
with the development of flight muscle functions2. According to 
them, the F2 type further generated its subtypes by gene 
duplication. The number of its copies is one in Lethocerus that beats 
at 30 Hz, two in Drosophila and Apis (honeybee) that beat at 200Hz, 
and four in Anopheles (mosquito) that beat at 500Hz. The F2 types 
of Apis IFM have evolved from an ancestral gene different from that 
of Dipterans, and therefore the similarities of the F2 type molecules 
in these insects are the result of convergence.



• As we have reviewed, the current understanding 
of the TnC isoforms in IFM is still in its early stage. 
The largest problem would be the difficulty in 
identifying which of the TnC isoforms of those 
holometabolous insects are the true homologs of 
the F1 or F2 isoform of Lethocerus. The difficulty 
is simply because 
hemimetabolous Lethocerus and holometabolous
insects are phylogenetically remote to each other. 
The functionality of each divalent cation binding 
site has not been determined experimentally, but 
is only inferred from its a.a. sequence. Clearly 
more studies are needed to clarify the identity 
and the role of each TnC isoform.



Projectin

• Projectin is one of so-called modular proteins, 
consisting of many immunoglobulin- and fibronectin-
like domains connected in series. Projectin is a 
homolog of connectin (titin) in vertebrate, and is 
expressed by sls gene through alternative splicing2. In 
asynchronous IFM, it is a component of the C-filament 
as described earlier, and anchors the thick filament to 
the Z-line. Projectin is also found in non-IFM (leg) 
muscles, but its intracellular localization is different, 
and it seems to run along the thick filament as 
connectin in vertebrate skeletal muscle. Projectin is 
probably an elastic protein commonly distributed 
among protostomes, and may have been diverted for 
specialized purposes with the development of 
asynchronous IFM, and localized around the Z-line.
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