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Fig. 1 Structure of vertebrate skeletal muscle. (a), whole muscle. (b), single muscle cell or muscle fiber, consisting of a
bundle of myofibrils. (c), magified view of a single myofibril, to show the structure of sarcomeres (a sarcomere is
a minimal functional unit of muscle). (d), cross-section of a sarcomere, to show the hexagonal arrangement of
actin- and myosin filaments (from the SPring-8 home page).
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Fig. 2 Two different modes of operation of insect flight muscle.
(a), synchronous operation. A single nerve impulse cor-
responds to a single wingbeat. (b), asynchronous operation.
Nerve impulses are much less frequent than the wingbeats
(from the SPring-8 home page).
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Fig. 3 End-on recording of myofbrillar diffraction pattern with an
X-ray microbeam, and an example of patterns recorded in
this way (bumblebee flight muscle) (from Hyogo Prefecture
Panphlet).
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Fig. 4 Methods for quick freezing of muscle cell isolated from in-
sect flight muscle, and microdiffraction recording from the
specimen kept at liquid-nitrogen temperature (from Proc R.
Soc. Lond. B, 273: 677-685, 2006) .
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Fig. 5 Myofibrillar diffraction patterns recorded from the flight muscles of various insects. a, bumblebee (Bombus,
Hymenoptera); b, parasitic fly (Eupyrgota, Diptera); c, leaf beetle (Aulacophora, Coleoptera); d, longhorn bee-
tle (Spondylis, Coleoptera); e, true bug (Nezara, Heteroptera); f, cicada (Terpnosia, Homoptera); g, noctuid
moth (Ctenoplusia, Lepidoptera); h, hummingbird hawkmoth (Neogurelca, Lepidoptera); i, locust (Archida,
Orthoptera); j, damselfly (Calopteryx, Odonata) (from the SPring-8 home page).
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Table 1 Mode of operation of flight muscle and myofibrillar struc-
ture in various insects (from SPring-8 home page)

Insects Mode of operation  nyofibrillar structrue

Bees (Hymenoptera) asynchronous single-crystal type
Flies (Diptera) asynchronous single-crystal type
Beetles (Coleoptera) asynchronous single-crystal type
True bugs (Heteroptera) asynchronous single-crystal type
Cicadas (Homoptera) synchronous intermediate

Thirps (Thysanoptera) asynchronous single-crystal type

Barklice (Psocoptera) depends on species single-crystal type?

Moths (Lepidoptera) synchronous poorly registered
Hawkmoths (Lepidoptera)  synchronous intermediate

Scorpionflies (Mecoptera) synchronous poorly registered
Caddisflies (Trichoptera) synchronous poorly registered
Dobsonflies (Megaloptera) synchronous poorly registered
Antlions (Neuroptera) synchronous poorly registered
Cockroaches (Blattaria) synchronous poorly registered
Mantises (Mantodea) synchronous poorly registered
Stoneflies (Plecoptera) synchronous poorly registered
Mayflies (Ephemeroptera) synchronous poorly registered
Dragonflies (Odonata) synchronous intermediate

Leg muscle of bees and flies  synchronous poorly registered
Rabbit skeletal muscle synchronous poorly registered
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Process of evolution of insect flight muscle structure
revealed by high-flux synchrotron radiation X-rays

Hiroyuki IWAMOTO Research and Utility Division, Japan Synchrotron Radiation Research Institute
1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5198 JAPAN
Katsuaki INOUE

Research and Utility Division, Japan Synchrotron Radiation Research Institute
1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5198 JAPAN
Naoto YAGI Research and Utility Division, Japan Synchrotron Radiation Research Institute
1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5198 JAPAN

Abstract The process of evolution of the structure of insect flight muscle was clarified by using the high-
flux X-ray microbeam of the BL40XU and the technique of diffraction recording from frozen-hydrated biologi-
cal specimens. The wingbeat frequency of advanced insects could reach several hundred Hz, a frequency that
cannot be achieved by repeating ordinary contraction-relaxation cycles. The flight muscles of these insects
are capable of high-frequency vibrations while staying activated. Structurally, the arrangement of the contrac-
tile proteins in flight muscle cells is so regular that their contractile machinery is often compared to a crystal.
Previously we have shown that, in the flight muscle of a bumblebee, the regularity is not confined to a single
sarcomere but extends throughout the entire length of the muscle cell. To examine how this long-range
regularity has developed in the process of evolution, the research group moved on to record and analyze
> 4600 diffraction patterns from 50 insect species, covering all the major winged-insect orders. The results
show that the occurrence of the long-range regularity is generally restricted to advanced insect groups.
However, the results also show that some extent of structural ordering has developed sporadically among
well-flying lower insects.
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