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> Abstract

The ability to fly is an important factor for the evolutionary success of insects. Their flight apparatus contains numerous
sclerites and muscles, which represent valuable characters for phylogenetic analysis. We present a summary of the current
state of knowledge on autapomorphies of the flight system of high-level taxa of the Pterygota. To date, no formal phylogenetic
analysis based on flight system characters with the exception of wing venation has been presented. Nevertheless, this
review shows that the wing base and the flight muscles contain valuable characters that can help to resolve current open
questions of phylogenetic relationships among the Pterygota. It also becomes apparent that there are still many taxa without

comprehensive descriptions of the wing base morphology.
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1. Introduction

Study of an organism’s functional morphology is es-
sential to understand how structures evolved and to re-
construct events that took place during the evolution
of taxa and structures.

An extremely interesting and important morpho-
logical system is the flight system of pterygote in-
sects. The ability to fly is a very important feature
of the Pterygota. It probably is one of the most signi-
ficant factors for their evolutionary success. From a
functional point of view, the insect flight system is
unique. It is the only example where wings are newly
evolved, additional structures and not just modified
legs. Hence, we should be able to learn much about
how evolution works if we study and finally under-
stand how the insect flight system evolved. In this
context, the investigation of the basal Pterygota, the
Ephemeroptera, Odonata and e.g. Plecoptera, is of
special importance (WILLKOMMEN & HORNSCHEMEYER
2007). Certainly, the elements which constitute the
flight system also contain much information, i.e.
many characters that can be helpful in phylogenetic
reconstructions (e.g. BRownN et al. 1993; BrowN &
Scuorrz 1994; HORNSCHEMEYER 1998; YosHizawa &
Saicusa 2001).

1.1. Morphology of the flight system of insects

The two primary functional elements of the insect
flight system are the skeleton and the muscles. The role
of the membrane that forms the expanse of the wing
and connects the sclerites is not considered here. The
skeleton consists of a number of individual sclerites,
which give stability to the thorax and form the wing
base. The muscles deliver the power for active flight
and adjust the wings during flight. The sclerites of
the wing base, which connect the wing to the thorax,
are of special importance because they mediate the
power transfer from the thoracic muscles to the wing.
Furthermore, their arrangement and their shapes affect
the wing beat. They enable adjustments for different
flight modes and allow the wings be moved into a
resting position over the abdomen in the Neoptera.

1.2. Thoracic and wing base sclerites

The dorsal elements of the wing base (Fig. 1B) include
three lateral processes of the notum: the anterior
(ANP), the median (MNP) and the posterior notal
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wing process (PNP). These processes are the points
of contact between the notum and the first (1AX)
and third (3Ax) axillary sclerites. The axillaries are
functionally the most important elements of the wing
base. Their shapes and arrangement enable different
wing movements. They are also associated with the
wing veins: The 1Ax has a flexible connection to the
ANP and to the 2Ax and is associated with the base
of the Subcosta (Sc). The 2Ax lies next to the distal
border of the 1Ax and is connected to the base of the
Radius (R) and to the proximal median plate (PMP),
which lies next to the distal median plate (DMP). The
DMP gives rise to the Media (M) and to the Cubitus
(Cu). The 3Ax bridges the gap between the PNP and
the caudal tip of the 2Ax. The two points of contact
with the PNP and the 2Ax also serve as a joint around
which the 3Ax rotates when the wing is moved to its
resting position over the abdomen. The 3Ax is also the
point of origin of the Anals (A).

The anterior margin of the wing, which usually is
formed by the Costa (C), is connected to the thorax via
the humeral plate (H) and the Tegula (Tg), which is a
very characteristic patch of sensilla. The most basal
section of the posterior margin of the wing is tubular
and slightly inflated due to its function as a haemo-
lymph vessel. It is called axillary cord (AxC).

Elements of the pleural skeleton (Fig. 1A) that are
related to the wings are the pleural suture (P1S), which
usually extends from the dorsal coxal articulation to the
dorsal process of the pleuron, the pleural wing process
(PWP). The PIS is a long groove-like invagination
of the pleuron. It is represented internally as the pleu-
ral ridge (PIR), which is an important stabilizing ele-
ment of the pleuron. The dorsal tip of the PWP is the
fulcrum (F), which together with the 2Ax forms the
joint around which the wing rotates. Craniad of the
PWP lies the basalar sclerite (Ba). Caudad of the PWP
is the subalar sclerite (Sa). Both sclerites serve as
attachment areas for muscles.

1.3. Thoracic muscles

The thoracic muscles (Fig. 1C,D) can be subdivided
into three functional groups. The first group contains
muscles that are not related to flight, i.e. the ventral
longitudinal muscles and muscles which only move the
legs or close the spiracles. The second functional group
are the indirect flight muscles: the dorsal longitudinal
muscles and the dorso-ventral muscles. These few
but large muscles produce the force for the flapping
of the wings. They make up most of the muscle mass
in the pterothorax of insects capable of active flight.
The third group consists of many smaller muscles
that directly effect movements of the wing. These are
for example the muscles of the basalar (Ba) and of

the subalar (Sa) sclerites, which move the wing from
the resting to the flight position and adjust the wing
during various manoeuvres. Another important muscle
or group of muscles inserts on the 3Ax. In Neoptera,
this muscle moves the wing to its resting position over
the abdomen. During flight it probably effects minor
adjustments of the wing in both the neopterous and
palaeopterous orders. The muscles inserted on 3Ax,
basalare, subalare and on the notal wing processes are
located in the lateral areas of the meso- and metathorax.
These are also the muscles showing the greatest degree
of variation among the different taxa of Pterygota
(S~nobcrass 1935; Makr 1938; Marsupa 1970). They
also provide the greatest number of muscle characters
for phylogenetic analysis.

2. The use of flight system characters for
the phylogenetic reconstrauction

The value of flight system characters for the analysis
of phylogenetic relationships varies greatly depending
on the taxonomic level of the group examined.

At a low taxonomic level, i.e. between species, the
musculature and the sclerites of the wing base usually
do not show significant variation (HORNSCHEMEYER
1998). Very detailed observations in the attempt to
find informative characters may reveal that certain
structures of the individual sclerites, e.g. small
processes on the cranial margin of the 1Ax or the
shape of the caudal tip of the 3Ax, might vary between
species. However, in these cases more comprehensive
investigation often shows that these differences are
also present between specimens of one species, thus
rendering the character worthless for phylogenetic
reconstructions (HORNSCHEMEYER 1998).

Some elements of the wing base show highly
different degrees of variability in or between different
taxa. The median plates (PMP, DMP), for example,
are variable in most order- and family-level taxa
and thus may be helpful in the analysis of lower
level phylogenies. They are an important element
in the investigations of the family-level phylogeny
of the Scarabaeoidea (Coleoptera) by BROWNE et
al. (1993), BRowNE & Scaorrz (1995, 1996) and
ScHorrz & BrROWNE (1996). These investigations and
those of KukaLovA-PeEck & LAWRENCE (1993, 2004),
HORNSCHEMEYER (1998) (both on the phylogeny of
Coleoptera), Ivanov (1985, 1987a,b, 1995, 1996, 1998;
on the phylogeny of Trichoptera and Lepidoptera)
and Haas & KukaLovA-Peck (2001; on Dermaptera)
are among the few examples in which wing base
characters were used for the analysis of sub-ordinal
relationships.
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Fig. 1. Schematic representation of the morphology of a winged segment of a neopterous insect (modified from SNoDGRASS 1935).
A: Lateral view of left pleuron. B: Dorsal view of right wing base. C: Musculature of right half of segment, seen from the
left. D: Ditto, large median muscles removed to show the peripheral muscles. 1Ax, 2Ax, 3Ax — first, second and third axillary,
ANP - anterior notal wing process, AxC — axillary cord, Ba — Basalare, C — Costa, Cx — Coxa, DLM - dorsal longitudinal muscle,
DMP - distal median plate, DVM — dorsoventral muscle, Epm — Epimeron, Eps — Episternum, F — Fulcrum, H — humeral plate,
M - Media, MNP — median notal wing process, PIA — pleural arm, PIS — pleural suture, PMP — proximal median plate,

PNP — posterior notal wing process, R — Radius, Sa — Subalare, Sc — Subcosta, Tg — Tegula.

In all these studies the wing base characters
turned out to be highly informative for phylogenetic
reconstructions at family to suborder level. At lower
taxonomic levels, the characters used (mainly of wing
base sclerites) did not provide sufficient resolution,
usually because they did not show enough variability.

Since mostsclerites of the wing base and theirrelated
muscles evolve at a very slow rate (HORNSCHEMEYER
2002), they are most useful for the reconstruction of
higher level phylogenies. Nevertheless, few attempts
to use such characters to investigate the relationships
among the Pterygota have been made. HORNSCHEMEYER
(2002) compiled information on the state of wing base
sclerites throughout the Holometabola. When mapping
these characters on a cladogram (Fig. 2) it is possible
to identify a number of character states as possible
synapomorphies for higher taxa in the Holometa-
bola.

In the following we present apomorphic character
states for some of the pterygote monophyla. Autapo-
morphies are marked with braced abbreviations, e.g.
{Eul}, which are also used in the cladogram (Fig. 2).

2.1. Ephemeroptera & Odonata

The ground pattern of the flight system of the Ptery-
gota and its subsequent evolution to the ground pat-
tern of the Neoptera are still not fully understood.
To homologise the diverse sclerites of the wing base
and their associated muscles is difficult. Based on a
comprehensive study of Ephemeroptera and Pleco-
ptera, WILLKOMMEN & HORNSCHEMEYER (2007) deve-
loped a hypothesis to homologise the sclerites and
muscles. They suggest that neither the wing base of
extant Ephemeroptera nor those of extant Odonata
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Fig. 2. Phylogenetic relationships of Pterygota modified after KriSTENSEN (1991). Abbreviations on the tree are potential apomor-

phies of super-ordinal taxa explained in the text.

or Neoptera exactly reflect the ground pattern of the
Pterygota. According to this model, the wing base
of the ancestor of the Pterygota was composed of a
similar number of sclerites as can be observed in the
extant Neoptera. The modifications present in the
extant taxa are directly connected to specialisations
in their modes of flight. In the Ephemeroptera and
Odonata fusions are predominant. The wing base of
the Neoptera probably is quite similar to the pterygote
ground pattern and the ability to move the wings to
the resting position over the abdomen may even be
plesiomorphic.

The flight system of a few species of Odonata
was described by HarcH (1966), TANNERT (1958) and
Prau (1986). The latter also proposed hypotheses for
homologisation of some wing base sclerites of the
Odonata and the Neoptera. However, the phylogenetic
relationships of Ephemeroptera, Odonata and Neo-
ptera remain unsolved. Therefore, detailed compari-
sons of the flight systems of Ephemeroptera, Odona-
ta and Neoptera are still necessary.

2.2. Neoptera

A potential autapomorphy often mentioned for
Neoptera is the ability to flex their wings to a
resting position over the abdomen, in contrast to the
horizontally or vertically extending wings of Odonata
and Ephemeroptera. The presence of a muscle in-
serting on the 3Ax is essential for this flexing ability.
Nevertheless, in Ephemeroptera and Odonata there
also is a muscle that inserts on a sclerite that is probably
homologous to the 3Ax of Neoptera (WILLKOMMEN &
HoOrNscHEMEYER 2007). The important innovation — if
not plesiomorphic for Pterygota — in the wing base of
the Neoptera is the acquisition of folding lines {Nel}
in the wing base, which enable flexing of the wing
over the abdomen.
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Fig. 3. Phylogenetic relationships of Pterygota as reconstructed
by Haas & KukaLovA-Peck (2001). Orthoneoptera = Ensifera,
Cacelifera, Phasmatodea; Pleconeoptera = Plecoptera, Embio-
ptera; Hemineoptera = Acercaria; Endoneoptera = Holometa-
bola = Endopterygota; for further description see text and Haas
& KukarLovA-Peck (2001).

2.3. Lower Neoptera

Haas & KukarLovA-Peck (2001) investigated represen-
tatives of these taxa. Their phylogenetic hypothesis
(Fig. 3), which is based on the wing characters,
assumes a sistergroup relationship of Pleconeoptera
(Embioptera + Plecoptera) and Orthoneoptera (Ortho-
ptera + Phasmatodea). Together this monophylum
is considered to be the sistergroup of the remaining
Neoptera. This split between Pleconeoptera + Ortho-
neoptera and the remaining Neoptera is supported
mainly by characters of the wing venation. The area
covered by derivatives of the anterior branch of the
Anal vein (AA) is of special importance: In Pleconeo-
ptera + Orthoneoptera this area equals about half of
the surface of the wing, whereas in the other Neoptera
it is restricted to a narrow field of about an eighth of
the wing surface. The latter condition is interpreted as
the derived one.

2.4. Blattoneoptera

Haas & KukarovA-Peck (2001) analysed the phy-
logenetic relationships of the Dermaptera, based on
characters of the wing venation, base and folding.
They also present information on the ground patterns
and on possible autapomorphies for these character
systems of many high-level taxa of the Pterygota.
After Haas & KukaLovA-Peck (2001: 446) the taxon
Blattoneoptera includes Grylloblattodea, Zorapte-
ra(?), Dermaptera and Dictyoptera. As autapomor-

phies of the Blattoneoptera Haas & KukaLovA-Peck
(2001) identified the absence (= complete mem-
branisation) of the PNP {Blal} (PRAJ in their nomen-
clature) and a 2Ax with a curved body (= AXM of
Haas & KukaLovA-Peck 2001) with a thickened pro-
ximal margin and a thin, often membranous distal part
{Bla2} (Fig. 4).

2.5. Dictyoptera

According to Haas & KukaLovA-Peck (2001) the Dic-
typotera are characterised by a 2Ax with an ear-shaped
body {Dil} (Fig. 4) and a short, curved base of the
Radius (R) (= FR of Haas & KukaLovA-Peck 2001)
that is missing an anterior lobe {Di2}.

2.6. Eumetabola

There are quite a number of characters that support
a sistergoup relationship of Holometabola and
Acercaria. Among the possible autapomorphies of the
Eumetabola are a 2Ax with a distinctly triangular body
{Eul} (= AXM, Haas & KukaLovA-Peck 2001); a
broad and lobate base of the Radius (R) {Eu2} (= FR,
Haas & KukarovA-Peck 2001) and an elongate base
of the Media (M) {Eu3} (= BM, Haas & KukaLova-
Peck 2001). Furthermore, the 3Ax has 2 muscles (t-p13
and t-p14, Marsupa 1970) attached to it. Since there
is only one muscle attached to the 3Ax in the other
Pterygota, this probably also is a derived character of
the Eumetabola (HORNSCHEMEYER 1998).

2.7. Acercaria

The fore wing base of the Acercaria (Fig. 5) was
studied comprehensively by YosHizawa & SAIGUSA
(2001). They reconstructed the phylogenetic rela-
tionships of seven higher taxa, based on a data matrix
with characters exclusively derived from the wing
base. According to their analysis, the Acercaria are
characterised by nine autapomorphies of wing base
characters. The numerous fusions between elements
of the wing base are very conspicuous in this taxon.
Two of them involve the fusion of the humeral plate
(H) and the base of the Subcosta (BSc) {Acl} and the
fusion of the base of the anal veins (BA) to the PMP
{Ac2}.

2.8. Condylognatha

In the sub-taxa of the Paraneoptera more fusions occur:
A probable autapomorphy of the Condylognatha
(Thysanoptera + Hemiptera) is the fusion of the base
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of the Subcosta (BSc) to the 2Ax {Conl} (Fig. 5)
(YosHizawa & Saicusa 2001).

2.9. Hemiptera

The fusions of sclerites in the wing base certainly have
effects on the motility of the wings (BErTs 1986a,b).
The membranous lines between the sclerites allow
them to move against each other. As such, the fusions
of sclerites also affect the fold lines. An autapomor-
phy of the Hemiptera is the modification of the anteri-
or axillary fold-line (AAF), which acquires an addi-
tional fork {Hel} (Fig. 5) (YosHizawa & SAIGUsSA
2001).

2.10. Holometabola

In all orders of the Holometabola a locking mechanism
{Ho1} is present in meso- and methathorax that locks
the wing in the resting position (HORNSCHEMEYER
1998, 2002). This mechanism is composed of a knob
in the dorsal area of the Basalare (Fig. 6B: BaK) and
a cavity in the anterior area of the wing base, which
fits onto this knob. The cavity is formed by ventral
sclerotisations of the humeral plate (H) and of the
base of the Subcosta (BSc). Variations of this locking
mechanism within the Holometabola involve the size
and position of the knob on the Ba. In some taxa it
occupies nearly the complete dorsal half of the Ba (e.g.
in Coleoptera: Archostemata). In others, it is small
(e.g. Hymenoptera) and may be located more craniad
or more caudad on the dorsal margin of the Ba. In non-
holometabolan Pterygota the locking mechanism is
consistently absent.

2.11. Neuropterida & Coleoptera

Two characters of the wing base probably support a
sistergroup relationship of Coleoptera and Neuro-
pterida, although the assumption may not be stringent
(HOrNSCHEMEYER 1998): In Neuropterida and Coleo-
ptera, the ratio of the length of the notum and the length
of the 1Ax of the hind wing ranges from 3.0 to 3.8. In
some cases it is even lower than 3.0. In other words:
the 1Ax in fore- and hind wing is comparatively large
{NC1} in these two taxa (Fig. 6A). In other Neoptera
the ratio usually lies over 3.8. A second probable
synapomorphy of Coleoptera and Neuropterida is a
long, sclerotised caudal projection on the ventral part
of the 2Ax of the hind wing {NC2}. Such a process is
not known from any other Neoptera.

The interpretation of additional characters, like
the position of the fulcrum in relation to the 1Ax
and the 2Ax, by HORNSCHEMEYER (1998) was revised

by HOrNsCHEMEYER (2002), who showed that these
characters are most likely homoplastic in Coleoptera
and Neuropterida.

2.12. Hymenoptera & Mecopterida

The sistergroup relationship of Hymenoptera and Me-
copterida is not supported to date by autapomorphies
from the flight system. Also other character systems
contribute few potential autapomorphies, such as
the larval silk production in labial glands and the
presence of a sclerotised sitophore plate at the base
of the hypopharynx. However, the support for other
relationships of the Hymenoptera is even weaker
(WiLMANN 2003). Analyses based on genetic data
usually produce similar results: the sistergroup rela-
tionship Hymenoptera & Mecopterida is found but
weakly supported (WHEELER et al. 2001; CATERINO et
al. 2002).

2.13. Mecopterida
(Amphiesmenoptera & Antliophora)

The Mecopterida are characterised by the presence
of a fan-shaped muscle {Mel} that originates on the
rim of the pleural ridge and inserts on the 1Ax (t-
p10, Matsupa 1970). In Plecoptera a similar muscle
is present but in other Holometabola it is unknown
(MickoLEIT 1966). Within the Mecopterida it undergoes
further modifications (see Antliophora). The muscle t-
p10 is probably a modified portion of t-p12 (MATSUDA
1970), which in many taxa connects the PIR with the
lateral margin of the notum between the ANP and the
PNP.

2.14. Amphiesmenoptera
(Trichoptera & Lepidoptera)

As with many other character systems, the Amphi-
esmenoptera are also well supported by probable auta-
pomorphies of the flight system. Wing base structures
of Trichoptera and Lepidoptera have been studied
comprehensively by Snobcrass (1909), Marsupa
(1970) and Ivanov (1987a,b, 1995, 1996, 1998). At
least two characters unique to Amphiesmenoptera
are known: There is a patch of sensilla {Am1} in the
membrane of the pleuron of the metathorax that is
located slightly ventrally and caudally of the subalare.
This patch is usually slightly more sclerotised than
the surrounding membrane (SHARPLIN 1963b; Ivanov
1987b). The second character is a ligament {Am2}
that connects the 1Ax to the MNP (SHARPLIN 1963a;
Invanov 1985). Both characters are not known from
other Pterygota.
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Figs. 4-5. Dorsal view of base of right hind wing. 4: Polypsilota aeruginosa (Goeze, 1765) (Mantodea) (modified from Haas
& KukarovA-Peck 2001). AXM — medial axalare, BM — medial basivenale, BSc — subcostal basivenale, FR — radial fulcalare.
5: Psococerastis nubila (Enderlein, 1906) (Psocodea) (redrawn after YosHizawa & Saicusa 2001). 1Ax, 2Ax, 3Ax — first, second
and third axillary, AAF — anterior axillary fold line, ANP — anterior notal wing process, BA — base of Anals, BR — base of Radius,
BSc — base of Subcosta, H — humeral plate, PMP — proximal median plate, PNP — posterior notal wing process, Tg — Tegula.

Fig. 6. Base of the left hind wing of Sialis lutaria (Linné, 1758) (Neuropterida). A: Dorsal view. B: Lateral view with wing poin-
ting upward. Scale = Imm (modified from HORNSCHEMEYER 1998). 1Ax, 2AX, 3Ax, 4Ax — first, second, third and fourth axillary,
ANP - anterior notal wing process, Ba — Basalare, BaK — knob on Basalare, BR — base of Radius, BSc — base of Subcosta,
H — humeral plate, PWP — pleural wing process, Sa — Subalare, Tg — Tegula.
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2.15. Antliophora
(Mecoptera & Siphonaptera & Diptera)

An autapomorphy of the Antliophora is the modifi-
cation of the muscle t-p10 {Mel}, which is larger than
in other Mecopterida. Consequently, its base covers
a part of the rim and part of the anterior surface of
the PIR (MickoLerr 1966) {Anl}. A second derived
character of the Antliophora is the presence of a 4Ax
{An2} with a muscle (t-p15, Matsupa 1970) inserting
on it. The 4Ax is present in both the fore- and hind
wing. The muscle t-pl5 originates on the PIR and
inserts on the PNP in other taxa. This also supports the
interpretation that the 4Ax is a detached PNP.

3.  Conclusions

The present compilation shows that the muscles and
sclerites of the flight apparatus of insects contain many
valuable characters for the analysis of phylogenetic
relationships. Yet, there are still many taxa in which
our knowledge of the flight system is very incomplete.
Comprehensive studies are still rare especially among
the hemimetabolous insects. One reason for this may
be that the muscles and also the sclerites of the wing
base are not easily accessible. Reliable data can be
collected only from fresh or well preserved specimens,
since the effects of drying may especially obscure the
spatial arrangement of the wing base sclerites. As such,
the investigation of a representative number of species
of one taxon is very time consuming.

Characters of the flight musculature and of the wing
base sclerites alone will not answer all open questions
in insect phylogeny. However, since this character
system has been used sparsely so far, it may deliver
new important and useful data. A good candidate to
test the usefulness may be the phylogenetic position of
the Strepsiptera, which still is not resolved satisfyingly.
Furthermore, our understanding of the relationships
among the Polyneoptera (if this is a monophyletic
taxon), especially concerning the position of the Der-
maptera, may benefit from detailed studies of the flight
system.
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b. Abbreviations

1Ax first axillary

2Ax  second axillary

3Ax  third axillary

4Ax  fourth axillary

AAF anterior axillary fold line
ANP anterior notal wing process
AxC axillary cord

AXM medial axalare
Ba Basalare

BA base of Anals
BaK knob on Basalare
BM  medial basivenale
BR base of Radius

BSc  base of Subcosta = subcostal basivenale
C Costa

Cx Coxa

DLM dorsal longitudinal muscle
DMP distal median plate

DVM dorsoventral muscle

Epm Epimeron

Eps  Episternum

F Fulcrum

FR radial fulcalare

H humeral plate

M Media

PIA  pleural arm

PIR  pleural ridge

PIS  pleural suture

PMP proximal median plate

PNP posterior notal wing process
PWP pleural wing process

R Radius

Sa Subalare

Sc Subcosta

Tg Tegula
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