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Abstract The thoraces of males and flightless females of the
geometrid winter moth Nyssiodes lefuarius are described, doc-
umented in detail, and compared. Morphological, functional,
and evolutionary aspects of the female phenotype are discussed.
The flightlessness of female N. lefuarius is linked not only with
complex modifications of the skeletomuscular structure, espe-
cially elements of the flight apparatus, but also with greatly
enlarged ovaries and a reduced gut. Compared with other flight-
less female lepidopterans, females of N. lefuarius display a
specific thoracic skeletomuscular configuration, which strongly
suggests independent evolution, in agreement with the phylo-
genetic pattern. The evolutionary scenario of flight ability en-
hancement in Lepidoptera is demonstrated using a combined
phylogeny from recent studies based on molecular data.
Thoracic skeletomuscular characters are compiled andmapped,
mainly using extensive information from the literature, but also
including the new morphological data obtained from the male
N. lefuarius. Important changes in the thoracic character system
are linked with the rise of Coelolepida, Heteroneura, and
Ditrysia. Only minor changes take place in the character system
in more advanced groups of Lepidoptera. A highly unusual
feature is the secondarily stiff wing type in some groups of
Ditrysia without the neopteran basal folding mechanism. The

morphological background of the secondarily evolved
“palaeopteran” condition is a complex of different character
changes. Major problems in the reconstruction of the phyloge-
ny are a high degree of homoplasy andmissing detailed data for
several crucial taxa emerging close to the root of the order.
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Introduction

Geometridae are one of the most diverse families of
Lepidoptera. Presently, it comprises about 21,000 described
species (Minet and Scoble 1998). However, the real number is
certainly much higher as suggested by recent biodiversity in-
vestigations in the Neotropics (Brehm et al. 2011). In this
study, we investigate Nyssiodes lefuarius (Erschoff, 1872), a
species of a small geometrid genus (Figs. 1 and 2). This
Japanese winter moth is characterized by a highly unusual life
history, with adults appearing in early spring after pupal dia-
pause from late spring to winter (Niitsu 2001; Niitsu et al.
2014). In contrast to most geometrid species, males of
N. lefuarius are diurnal, active in the morning hours on
meadows with low grass, with a flight capacity that is distinct-
ly better than that of other winter moth species. A conspicuous
feature of N. lefuarius is the sexual dimorphism. The males
display an unmodified and functional thoracic flight
apparatus, whereas the wings of adult females are almost
completely reduced. The developmental processes leading to
this situation were investigated in detail by Niitsu (2001) and
Niitsu et al. (2014). However, the thoracic anatomy of the
adults remained largely unknown.

Lepidoptera are very popular and attractive insects. With
about 160,000 described species (and an estimated total of
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half a million; e.g., Kristensen et al. 2007), they belong to the
megadiverse four holometabolan orders (“BIG4”).
Considering this and the economic importance of the group,
the available detailed information on the thoracic anatomy
appears sparse, with very few studies based on advanced an-
atomical techniques. Comparative studies on the thoracic skel-
etal morphology were published by Weber (1924, 1928),
Matsuda (1970), Brock (1971), and Minet (1991), and mus-
cles were investigated by Ehrlich and Ehrlich (1963)
(Papilionoidea) and in an entire series of studies of Kozlov
(e.g., 1986a, b, 2012) (only pterothorax). Many studies were
morphological treatments of single species (e.g., Nüesch
1953), without a comparative approach and phylogenetic
evaluation. Others were focused on specific aspects related
to the thoracic morphology and flight apparatus. The wing
base structure was investigated intensively by Sharplin
(1963a, b, 1964a, b), the wing shape and flight performance
by Betts and Wotton (1988), the wing vestiture by Simonsen
(2001, 2009) and Simonsen and Kristensen (2001), and de-
velopmental patterns of wing reduction by Niitsu (2001) and
Niitsu et al. (2014). Surprisingly, the thoracic anatomy of early
divergent lineages like Heterobathmiidae, Lophocoronidae,
and Acanthopterotetidae is only very fragmentarily known at
best, even though these taxa are obviously crucial in a phylo-
genetic context (e.g., Nielsen and Kristensen 1996;
Wiegmann et al. 2002; Regier et al. 2015; Bazinet et al. 2016).

The first aim of our study on the thoracic morphology of
N. lefuarius (Figs. 1 and 2) is a detailed documentation with
innovative morphological techniques. A recently introduced
consistent nomenclature for the musculature is applied
(Friedrich and Beutel 2008, 2010; Beutel et al. 2014). The
anatomical data are compared and explained with respect to
functional and evolutionary aspects. The skeletomuscular
modifications of the female are also compared with changes
of thoracic structures of other lepidopteran flightless females
and other pterygote flightless insects. Possible phylogenetic
scenarios leading to secondary flightlessness in different lep-
idopteran groups are discussed based on the morphological
evidence.

The second aim of this study is to trace the character evo-
lution of the thoracic skeletomuscular system in Lepidoptera,
with a special focus on evolutionary trends related to an en-
hancement of the flight performance. The flight capacity of
the ancestral family Micropterigidae is modest (Imada et al.
2011), and its thoracic morphological features are significant
for the inference of the ordinal groundplan (Kristensen 1998).
A major trend in the evolution of the order is a successive
optimization of the flight apparatus, including the capacity
for high speed or long-distance migration in some cases
(Beutel et al. 2014), with an enlarged mesothorax and both
pterothoracic segments forming a compact unit. However, a
detailed evaluation of related thoracic character modifications
is still lacking. We compiled a matrix with thoracic skeletal

and muscular characters based on published studies and
mapped them on a combined cladogram from comprehensive
phylogenetic studies (Bazinet et al. 2016; Heikkilä et al.
2015). The phylogenetic concept suggested by Bazinet et al.
(2016) is closest to the results of previous morphological eval-
uations (Kristensen and Skalski 1998) among recent molecu-
lar studies, and the result of Heikkilä et al. (2015) was based
on the most comprehensive morphological and molecular
dataset.

A specific and very unusual feature we discuss based on
our extensive survey of thoracic characters is the secondarily
lost ability to fold back the wings in members of
Papilionoidea, Bombycoidea, and Geometridae (Sharplin
1963b). Due to the comparison of the wing base structure
among these three groups, also referring to the two
palaeopteran orders Ephemeroptera and Odonata, we suggest
a possible evolutionary scenario for this feature based on the
specific characteristics of the non-folding wing type in the
respective groups.

As an additional comprehensive source of information, al-
so for future studies, we homologized the previously investi-
gated thoracic muscles (total of 164) using a general nomen-
clature for neopteran insects (Friedrich and Beutel 2008,
2010; Beutel et al. 2014). The results are presented in
Electronic Appendix 2 covering 5 sets of outgroups (labeled
in yellow) and 12 sets of Lepidoptera.

Material and methods

The present study is based on male and female specimens of
N. lefuarius (Erschoff, 1928) (Geometridae), which were
fixed in Bouin and preserved in 70% ethanol. To facilitate
the visualization of the thoracic sclerites, the thorax was man-
ually isolated from the other body parts. The specimens were
manually dissected in 70% ethanol under a Zeiss Stemi SV 11
with an additional Euromex Illuminator EK-1 lighting system.
The surface hairs and scales were carefully removed with
forceps. Sclerites and body margins were drawn with full
lines, margins below other sclerites with dotted lines. Wings
and legs were omitted, except basal elements, i.e., coxae, wing
base sclerites, and basal parts of main longitudinal veins. The
figures were drawn with pencil under a microscope, scanned,
and finished with Adobe Illustrator CC. For digital microsco-
py, specimens were transferred to 100% ethanol, dried at the
critical point, and photographed under a Keyence VH-Z20R.
The terminology of skeletal elements follows Kristensen
(2003), for muscles Friedrich and Beutel (2008, 2010) and
Beutel et al. (2014), and for wing base elements Sharplin
(1963a, b) and Matsuda (1970).

One male and one female specimen were scanned with a
Skyscan 1172 desktop μ-computed tomograph (μ-CT) at the
Functional Morphology and Biomechanics Department of
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Christian-Albrechts-Universität Kiel, Germany. The scans
were performed with 40 kV voltage, 250 μA current,
720 ms exposure, and a rotation of 360° in steps of 0.25°. It
resulted in images with a resolution of 2.2 μm. The μ-CT data
were reconstructed with FEI Amira 6.0. Segmented structures
were exported as stacks of tiff files into Volume Graphics
VGStudiomax 2.0, which was used for volume rendering.
Final images were edited using Adobe Photoshop CC and
Adobe Illustrator CC for layout and adding labels.

The thoracic character state matrix for the mapping analysis
contains terminal taxa from various published studies. We main-
ly used thoracic skeletal characters from Heikkilä et al. (2015),
Nielsen and Kristensen (1996), and Sharplin (1964b) but also
surveyed characters from Matsuda (1970), Kozlov (1986a),
Kristensen (2003), Kristensen and Nielsen (1979), and Leite
et al. (2010a, b) as supplementary data for Micropterigidae,
Agathiphagidae, Opostegidae, and Papilionidae. Muscular char-
acters were adopted from Berlese (1909), Bharadwaj et al.
(1974), Dierl (1964), Ehrlich and Davidson (1961), Ehrlich
and Ehrlich (1963), Korzeev (2001), Kozlov (1986a, b, c, d,
1989, 1990, 1991, 2012), MacFarlane and Eaton (1973), Maki
(1938), Mitchell and Seabrook (1970, 1971), Nüesch (1953),
and Srivastava (1961, 1962). The total homologized thoracic
musculature for 115 species of Lepidoptera and 8 outgroup taxa
was compiled in Electronic Appendix 1 with the skeletal char-
acters based on Heikkilä et al. (2015).

We chose the taxa for mapping the analysis of thoracic
characters according to the following procedure. Firstly, we
excluded duplicated characters, female characters, those with
a low coverage in the literatures (e.g., prothoracic muscula-
ture), and also those with varying information in different ref-
erences (e.g., Ivlm9, IIIscm2, and IIIscm4 in Papilionoidea).
Secondly, if possible, we used available detailed information
on skeletal and muscular features of a single species. If these
were not available for a single species, we chose the most
closely related and most informative pair as chimaera in a
family or subfamily (one providing skeletal information, the
other muscular data) (see, e.g., Beutel et al. 2011). If more than

one choice with respective information was available for a
taxon, we chose the one with more presumptive plesiomorphic
states (e.g., more muscles, according to the trend of decreasing
complexity of the thoracic musculature in Holometabola sug-
gested by Friedrich and Beutel 2010). Thirdly, to trace the
evolution of thoracic characters, we manually reconstructed a
tree in WinClada (“move branch mode”), based on the phylo-
genetic branching pattern for non-ditrysian groups from
Bazinet et al. (2016) and Ditrysia from Heikkilä et al. (2015).
Uninformative characters were excluded. Finally, 87 characters
(Eletronic Appendix 3) for 57 lepidopteran terminals and one
trichopteran (Burrows andDorosenko 2015; Tindall 1965) and
one neuropteran outgroup (Czihak 1956) taxon (Electronic
Appendix 4) were mapped on the phylogenetic topology
(Fig. 3).

Abbreviations

Iax2/3 meso/metathoracic first axillary sclerite, Imp2 mesotho-
racic first median plate, IIax2/3 meso/metathoracic second ax-
illary sclerite, IImp2 mesothoracic second median plate, IIIax2/
3 meso/metathoracic second axillary sclerite, acp2 mesothorac-
ic antechordal process, aes1/2/3 pr/mes/metanepisternum,
alss2/3 meso/metathoracic anterolateral scutal sulcus, amwp2/
3 meso/metathoracic antemedian notal wing process, an anten-
na, apc1/2/3 pr/mes/metanapleural cleft, aps2 mesanapleural
sulcus, awp2/3 meso/metathoracic anterior notal wing process,
bas2/3 meso/metabasalare, bs1/2/3 pro/meso/metabasisternum,
ca2/3 meso/metathoracic chorda axillaris, ce compound eye,
cld2 mesoclidium, cp3 metathoracic cubital plate, cx1 procoxa,
dc1/2/3 pro/meso/metadiscrimen, ec2/3 meso/metaeucoxa,
em1/2/3 pro/mes/metepimeron, es1/3 pro/metepisternum, fs1/
2/3 pro/meso/metafurcasternum, fu1/2/3 profurcal arm/
mesofurcal prong/primary metafurcal arm, fw forewing, hm2/
3 meso/metathoracic humeral plate, hw hindwing, ip1
interpleurite, kes1/2/3 pro/meso/metakatepisternum, lc
laterocervicale, lp labial palp, lpg2 mesolaterophragma, ma3
metathoracic median arm, me2/3 meso/metacoxal meron,

Fig. 1 Nyssiodes lefuarius,
habitus, dorsal view. aMale and b
female with reduced wings
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mms2medianmesonotal sulcus,ms2/3meso/metamarginopleural
sulcus, mwp2/3 meso/metathoracic median notal wing process,
nt1 pronotum, paa2 mesothoracic prealar arm, paes2
mesoparepisternum, pcs2/3 meso/metaprecoxal sulcus, pem2/3
meso/metapreepimeron, pes2 mesopreepisternum, pess2
mesoparepisternal sulcus, phg1/2 pro/mesophragma, pmwp2/3
meso/metathoracic postmedian notal wing process, pn2
mesopostnotum, ps1/2/3 pro/meso/metapleural sulcus, psc2
mesoprescutum, pscl2 mesoprescutal cleft, pwp2/3
meso/metathoracic posterior notal wing process, ptg1 patagium,
rp2/3 meso/metathoracic radial plate, rss2 recurrent scutoscutellar
sulcus, sa2/3 meso/metasubalare, sc2/3 meso/metascutum, scl2/3
meso/metascutellum, scp2/3 meso/metathoracic subcostal
plate, sp1 1st thoracic spiracle, spa1 prospinal apodeme,
sra2/3 meso/metasuralare, ss1 prospinasternum, sss2/3
meso/metascutoscutellar sulcus, ste2/3 meso/metasubtegula, tb
tentorial bridge, teg2 mesotegula, tpa2/3 meso/metatergopleural
apodeme, tr1/2/3 pro/meso/metatrochantin.

Results

Thoracic skeleton of N. lefuarius

Male

Cervix and prothorax The prothoracic length:width:height
ratio is 2:5:5 (1:2.5:2.5). The sclerites of the prothorax are
characterized by a strong degree of fusion. The small tapering
posterior part of the pronotum (nt1: Fig. 4a, c) articulates with
the mesoscutum. The prophragma (phg1: Fig. 5a) is suspended
below this intersegmental groove. The large anterior part of the

Fig. 2 Nyssiodes lefuarius,
digital photography, head and
thorax with hairs. a Male, dorsal
view, b female, dorsal view, c
male, ventral view, d female,
ventral view, e male, lateral view,
and f female, lateral view

�Fig. 3 Cladogram of combined analysis of 87 lepidopteran thoracic
skeletomuscular characters according to previous molecular phylogeny.
Apomorphies aremapped on the tree as circles. Character serial number is
labeled above each circle; status number is labeled below each circle.
Important clades and some superfamilies are noted

568 Liu S. et al.



Thoracic anatomy of the male and female Japanese winter moth 569



pronotum forms the dorsal margin of a sclerotized ring around
the foramen occipitale. The patagia (ptg1: Figs. 4a, c, d, 6a, f,
7a, and 8a) are located between the anterior pronotal part and
the posterior Y-shape pronotal region (Kristensen and Skalski
1998, median pronotal sclerotization). Ventrally, the pronotum
is fused with the proepisternum. The laterocervicale (lc:
Fig. 4c) is mesally attached to the fusion zone of the pronotum
and the proepisternum by a very small process. It has a long
and thin lower arm that reaches ventrally to the head capsule.
Dorsally, it is fused with the tentorial bridge (tb: Fig. 4c). The
proepisternum (es1: Figs. 4b–d and 6f) is an elongated sclerite
of the lateral bodywall. Anterodorsally, it is connected with the
laterocervicale. It fuses dorsally with the pronotum and
anteroventrally with the probasisternum (bs1: Fig. 4b, c), thus
forming the proprecoxal bridge. Ventrally, the proepisternum
forms the pleural part of the coxo-pleural joint. The coxo-
pleural joint has a small narrow sclerite connected dorsally

with the proepisternum and ventrally with the procoxa. The
proendopleuron is invaginated along the posterior margin of
the proepisternum. Near the proepisternal postero-ventral mar-
gin, a small sclerite is embedded in the pleural membrane,
possibly representing the interpleurite (ip1: Figs. 4b–d and
6c). The dorsal part of the procoxa (cx1: Figs. 4b–d, 6b, c,
7a, and 8a) forms the ventral element of the coxo-pleural joint.
The postero-dorsal procoxal margin is strongly concave. The
probasisternum forms the ventral part of a sclerotized ring
around the foramen occipitale, with a well-visible mesodorsal
process between the two lower arms of the laterocervicalia. It
extends postero-mesad between the procoxae and is fused pos-
teriorly to the almost round profurcasternum (fs1: Fig. 4b). The
profurcasternum is fused with the posteriorly elongated
prospinasternum (ss1: Figs. 4b and 7b), and the anteriorly di-
rected prospinal apodeme (spa1: Fig. 7a) is placed on its pos-
terior apex. The profurcal arm (fu1: Fig. 7e) invaginated from

Fig. 4 Nyssiodes lefuarius, line
drawing, male thoracic
extroskeleton. a Dorsal view, b
ventral view, c frontal view, d
lateral view, and e wing base.
Scale bars, 2 mm for (a)–(d);
1 mm for (e)
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the profurcasternum is synscleritous with the lower part of the
proendopleuron, both forming the profurcopleural bridge. The
dorsal part of the profurcal arm forms a process. The small
prodiscrimen (dc1: Fig. 7a) expands anteriorly from the basal
part of the profurcal arm. The first thoracic spiracle (sp1:
Fig. 4d) is embedded in the membranous area between the
patagium and the proepisternum.

Mesothorax The mesothoracic length:width:height ratio is
9:8:10 (1.13:1:1.25). The large quadrate mesoscutum (sc2:
Figs. 4a, c–e, 6a, e and 8a) is subdivided by a dark median
mesonotal sulcus (mms2: Fig. 4a). A pair ofmesoprescutal clefts
(pscl2: Fig. 4a, c) delimits the anterior mesoprescutum (psc2:
Fig. 4a, c, e) from the rest of the sclerite. A thin mesoprealar arm
(paa2; Fig. 4c, d) is present laterally on each side. The large
nearly triangular mesotegula (teg2: Figs. 4a–d, 6a, e and 8a) is
laterally connected with the mesoprescutum along its anterior
2/3. A tiny strip-like mesosubtegula (ste2: Fig. 4a, c–d) attaches
at the anterolateral mesoscutal margin. A sclerotized strip con-
nects it to the mesoprealar arm. Laterally, the mesosubtegula
extends beneath the mesotegula and finally connects with the
mesopleural wing process below the surface membrane. The
concave mesoscutoscutellar sulcus (sss2: Fig. 4a) distinctly sep-
arates the flat and pentagonal mesoscutellum (scl2: Figs. 4a, e

and 6a, e) from the anterior mesonotum. The bent recurrent
scutoscutellar sulcus (rss2: Fig. 4a) is strongly elevated on the
posterior mesoscutellar 1/3. The following mesopostnotum
(pn2: Fig. 4a) appears as a narrow strip separated from the
metanotum by a wide membranous area. The very large and
curved mesophragma (phg2: Fig. 7b) extends postero-ventrad
reaching into the anterior lumen of abdomen. The
mesolaterophragma (lpg2: Fig. 7d) near the dorsolateral corner
of the mesophragma extends anteroventrad.

The mesopleura is formed by the main elements
mesepisternum and mesepimeron (em2: Figs. 4b–d, 6e, and
8a), which are separated by the dorsoventrally oriented
mesopleural sulcus (ps2: Figs. 4b–d and 8a), and by the sclerites
associated with the wing joint. The mesanapleural cleft (apc2:
Figs. 4b–d, 6e and 8a) divides the mesepisternum into a dorsal
mesanepisternum (aes2: Figs. 5b–d and 6e) and a ventral
mesokatepisternum (kes2: Figs. 4b–d and 6b, c). The upper
margin of the cleft is strengthened by the mesanapleural sulcus
(aps2: Fig. 4b–d). Anterodorsally, the mesanepisternum is fused
with the curved mesobasalare (bas2: Fig. 4c, d), which extends
beneath the postero-ventral part of the mesotegula. The
mesopleural wing process (plwp2: Fig. 4d) extends dorsad far
from the postero-dorsal part of the mesanepisternum. Distally, it
forms two small heads: the anterior one articulates with the

Fig. 5 Nyssiodes lefuarius, line
drawing, female thoracic
extroskeleton. a Dorsal view, b
ventral view, c frontal view, d
lateral view, and e wing base.
Scale bars, 2 mm for (a)–(d);
1 mm for (e)
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ventral side of the subcostal plate and radial plate (namely the
basal part of the subcostal and radial veins), the posterior one
with the ventral side of the mesothoracic secondary axillary
sclerite (IIax2: Fig. 4d). The rod-like mesotergopleural apodeme
(tpa2: Fig. 4c, d) arises from the anterior side of mesopleural
wing process beneath the mesotegula. Anteroventrally, the bent
mesoparepisternal sulcus (pess2: Fig. 4b–d) demarcates the
anteroventral mesoparepisternum (paes2: Fig. 4b–d) from the
rest of mesokatepisternum, which is contiguous with the basal
mesoprecoxal sulcus (pcs2: Fig. 4b–d; see Brock 1971, Fig. 7d).
The mesomarginopleural sulcus (ms2: Fig. 4b–d) reaches the
ventralmost part of the mesokatepisternum. It continues over
the mesopleural sulcus and separates the anterior
mesopreepimeron (pem2: Fig. 4b–d) from the rest of the sclerite.
Postero-dorsally, the mesepimeron is strongly elongated and
extends towards the lateral joint of the mesoscutellum and the

mesopostnotum. The large mesosubalare (sa2: Figs. 4b, d, 6e,
and 8a) lies in the membranous area between the anterior
mesopleural wing process, the ventral mesepisternum and
mesepimeron, and the posterior mesepipmeral elongation. It
comprises a small anterior process, a large acute postero-dorsal
corner and a bent ventral margin. The mesocoxa consists of the
elongated anterior mesoeucoxa (ec2: Figs. 4b–d, 6c, e and 8a)
and the posterior triangular mesocoxal meron (me2: Figs. 4b–d,
6c, e, and 8a), the latter synscleritous with the mesepimeron.

The mesobasisternum (bs2: Figs. 4b, c and 6c) lies medially
between the mesepisterna and is fused with them. The upside-
down V-shaped mesoclidium (cld2: Figs. 4b, c and 7b) con-
tinues anteriorly into the prospinasternum and extends into the
anterior paired mesobasisternal grooves with its two branches.
Medially, the mesobasisternum is invaginated forming a large
triangular mesodiscrimen (dc2: Fig. 7a). The small

Fig. 6 Nyssiodes lefuarius,
digital photography, head and
thorax without hairs. a Male,
dorsal view, b female, dorsal
view, c male, ventral view, d
female, ventral view, e male,
lateral view, and f female, lateral
view
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Fig. 7 Nyssiodes lefuarius, 3D reconstruction, male thoracic
endoskeleton, and muscles. Skeletal elements in blue lines are rendered
transparent to show the muscles behind them. Skeletal structures are

labeled in blue and muscles in black. a Lateral view, dc1/2/3, and phg1
in pink; b lateral view and phg2 in pink; c, d lateral view; e lateral view,
fu1 in pink; and f lateral view
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Fig. 8 Nyssiodes lefuarius, 3D reconstruction,male thoracic skeleton, andmuscles. Skeletal elements in blue lines are rendered transparent to show themuscles
behind them. a Lateral view, extraskeleton; b–e lateral view, skeleton transparentized; f dorsal view, sterno-coxal muscles, ec2/3 in pink, and me2/3 in green



mesofurcasternum (fs2: Fig. 4b) is fused with the thin and long
mesobasisternal posterior margin and continues between the
coxae. Laterally, it extends to the inner mesocoxal margins.
The elongatedmesofurcal prong (fu2: Fig. 7b) invaginates from
the mesofurcasternum and extends laterally to the postero-
dorsal mesepimeral part. Anteromedially, it bears a long and
thin mesofurcal anteromedian process (famp2: Fig. 7c).

Forewing joint (Fig. 4e) The oblique anterolateral mesoscutal
sulcus (alss2) delimits the lateral mesoscutal part, the
mesosuralare (sra2), which includes the anterior notal wing pro-
cess (awp2) and the antemedian notal wing process (amwp2).
The enlarged postmedian notal wing process (pmwp2) extends
anterad above the median notal wing process (mwp2). The ta-
pering posterior notal wing process (pwp2) is a long and thin
structure. The posterior antechordal process (acp2) is curved and
lies beneath the long and thin membranous chorda axillaris
(ca2). The large triangular first axillary sclerite (Iax2) articulates
postero-proximally with the postmedian notal wing process,
anteroproximally with the antemedian notal wing process, and
anterodistally with the second axillary sclerite (IIax2). The latter
has three distinct branches. The second axillary sclerite attaches
anteroproximally to the radial plate (rp2), a large oval structure.
The mesal subcostal plate (scp2) and the lateral triangular hu-
meral plate (hm2) are located in front of the radial plate. The bent
first median plate (Imp2) connects with the anterodistal margin
of the second axillary sclerite, the posterior part of second me-
dian plate (IImp2), and the anterior margin of the third axillary
sclerite (IIIax2). The long and thin tail of the third axillary scler-
ite articulates with the distal tip of posterior notal wing process.

Metathorax The metathoracic length-width-height ratio is
2:7:5 (1:3.5:2.5). The metascutum (sc3: Figs. 4a and 6a, e) is
separated into two lateral plates. Their anterior margins are
closely adjacent to the mesonotal postero-lateral margin. The
narrow metascutellum (scl3: Figs. 4a and 6a) lies between the
metascuta and is separated from them by the oblique
metascutoscutellar sulci (sss3: Fig. 4a).

The vertical metapleural sulcus (ps3: Fig. 4b, d) divides the
metepisternum (es3: Figs. 4b, d and 6e) and the metepimeron
(em3: Figs. 4b, d and 6e). Dorsally, it is extended as the
metapleural wing process (plwp3: Fig. 4d) which ends with
two small heads: the anterior head articulates with the ventral
side of the humeral plate and the combined radial and subcostal
plate, the posterior one with the ventral side of second axillary
sclerite (IIax3: Fig. 4d). The rod-like metatergopleural apodeme
(tpa3: Fig. 4d) connects with the pleural wing process at half of
its length. The ventral metepisternal margin is delimited by the
marginopleural sulcus (ms3: Fig. 4b, d), which originates from
the ventral part of the metapleural sulcus. The preepimeron
(pem3: Fig. 4b, d) is separated from the remaining metepimeron
by a bent sulcus. The metepimeron is extended postero-dorsal
towards the metascutellar posterior margin. Postero-ventrally

the metepimeron appears widened in ventral view. The oval
metabasalare (bas3: Figs. 5b, d, 6e and 7a) is placed above the
metepisternum and below the tergopleural apodeme. The
metasubalare (sa3: Figs. 4b, d and 6e) has a rounded
anterodorsal corner, a blunt postero-dorsal corner and a rounded
ventral margin. It is embedded in themembranous field between
the anterior metapleural wing process and the ventral and pos-
terior metepimeron. The metacoxae comprise the elongated an-
terior metaeucoxa (ec3: Figs. 4b, d, 6c, e and 7a) and the narrow
posterior metacoxal meron (me3: Fig. 4b, d), the latter
connecting with the midpoint of ventral metapleural margin.

The narrow metabasisternum (bs3: Fig. 4b) is fused with the
dorsal metepisterna. Anteromesally it bears a very small convex
process, and medially it invaginates as a triangular
metadiscrimen (dc3: Fig. 7a). Postero-mesally it is fused with
the metafurcasternum (fs3: Fig. 4b), which is a long and slender
sclerite between the metacoxae, with the very small lateral arms
connecting with the inner metacoxal margins. The short and
strong primary metafurcal arm (fu3: Fig. 7b) extends
anterodorsal. Posteriorly the metafurcasternum divides into two
secondary furcal arms and fuses laterally with the metepimeron.

Hindwing joint (Fig. 4e) The oblique mesanterolateral scutal
(alss3) delimits the lateral metascutal part as the mesosuralare
(sra3), which includes the anterior notal wing process (awp3)
and the antemedian notal wing process (amwp3). The following
median notal wing process (mwp3) is blunt, and the postmedian
notal wing process (pmwp3) is small. The tapering posterior
notal wing process (pwp3) is long and thin. The membranous
chorda axillaris (ca3) extends along the posterior margins of the
metascutum and posterior notal wing process. The proximal
margin of the long and thin first axillary sclerite (Iax3) is close
to the metascutal lateral margin. The pentagonal second axillary
sclerite (IIax3) articulates proximally with the first axillary scler-
ite. The long median arm (ma3) connects with the anterodistal
corner of the second axillary sclerite and is fused with the com-
bined radial and subcostal plate (rp3 + scp3). The latter is placed
between the anterior triangular humeral plate (hm3) and the
posterior rectangular cubital plate (cp3, or median plate). The
bent third axillary sclerite (IIIax3) articulates anteroproximally
with the second axillary sclerite and posteriorly with the
anterodistal margin of posterior notal wing process.

Female

For the female, we only describe the features distinguishing it
from the male. The female wings (fw, hw: Figs. 5d, 6f and 10a)
are strongly reduced as two ovoid structures almost completely
lacking a venation. The entire female thorax is compressed in
longitudinal direction. The general configuration of the sclerites
is similar to the condition observed in the male, but the shape of
elements is strongly modified. A large proportion of the tho-
racic lumen is occupied by the very large ovaries entering the
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thorax from the abdomen. The gut is completely reduced in the
thoracic region. The intersegmental sclerite between the thorax
and abdomen is shifted forward, connecting with the primary
metafurcal arm, the mesofurcal prong, the prospinal apodeme,
and finally almost reaching the cervical area.

Cervix and prothorax The female prothorax is very similar
to that of the male. The prothoracic length:width:height ratio
is 1:5:5. The prophragma (phg1: Fig. 9b) is fused with the
dorsal area of the intersegmental sclerite between the thorax
and abdomen. The postero-dorsal margin (cx1: Figs. 5b–d, 6f,
9a and 10a) is not concave in lateral view.

Mesothorax The mesothoracic lumen is strongly reduced,
with very limited space for the muscles. The mesothoracic
length:width:height ratio is 1:2:2. The mesonotum (sc2:
Figs. 5a, c–e, 6b, f and 10a) is a flat sclerite. The anterior
mesoscutal part is strongly bent downwards. As a consequence,
the mesoprescutum (psc2: Fig. 5c), which is delimited by the
paired mesoprescutal clefts (pscl2: Fig. 5c), is positioned be-
neath the remaining mesoscutal part and not visible in dorsal
view. The triangular mesotegula (teg2: Figs4a–d, 6b, f and 10a)
is small and does not cover the lateral mesoscutal margin. The
mesoscutellum (sc12: Figs. 5a, d, e, 6b, f and 10a) is flat and
triangular. The recurrent scutoscutellar sulcus (rss2: Fig. 5a)
connects with the mesoscutellar posterior margin, which ex-
tends posteriorly until reaching the anteromesal metanotal part.
Therefore, the mesopostnotum (pn2: Fig. 5a) appears as two
separate narrow elements. The small mesophragma (phg2:
Fig. 9b) extends anteriorly and attaches to the posterior pronotal
margin. No mesolaterophragma is present in this area. The
mesanapleural cleft (apc2: Figs. 5b–d, 6f and 10a) is shorter
than in the male and not supported by a mesanapleural sulcus.
The mesosubalare (sa2: Figs. 5d and 6f) is narrower than in the
male. The mesoclidum (cld2: Figs. 5c and 9a) and the anterior
margin of the mesobasisternum (bs2: Fig. 5b) are concealed in
the fold between the pro- and mesothorax, which has a similar
shape as in the male. The mesofurcal prong (fu2: Fig. 5b) con-
nects with the ventral area of the intersegmental sclerite without
an anteromedian mesofurcal process.

Fore wing joint (Fig. 5e) The chorda axillaris (ca2) is thick-
ened. The first axillary sclerite (Iax2) is shifted forward to
articulate anteroproximally with the anterior notal wing pro-
cess (awp2). The radial plate (rp2) connects along the entire
anterior margin of the second axillary sclerite (IIax2). The
subcostal plate (scp2) is round. The first and second median
plates (Imp2, IImp2) are equally sized and closely connect
with each other. The third axillary plate (IIIax2) is much
shorter than in the male.

Metathorax The metathoracic lumen is also strongly reduced
by the ovaries. The metathoracic length:width:height ratio is

1:5:4. The metascuta (sc3: Figs. 5a, d, e, 6b, f and 10a) reach
further mesad than in the male. Their anteromesal edges are
covered by the posterior mesoscutellar margin. The
metapleural wing process (plwp3: Fig. 5d) has only one head.
The margin of the posterior metepimeron (em3: Figs. 6d, f and
10a) is not enlarged in the postero-ventral area. The
metabasalare (bas3: Fig. 5d) is semicircular in lateral view.
The metasubalare (sa3: Figs. 5d and 6f) is narrower than in
the male. The primary metafurcal arm (fu3: Fig. 9b) connects
with the ventral area of the intersegmental sclerite, and its
dorsal part extends laterad.

Hind wing joint (Fig. 5e) A small process of the suralare
(sra3) extends laterally from its anterior margin. The chorda
axillaris (ca3) is separated from the posterior notal wing pro-
cess (pwp3) by a wide membranous area. The first axillary
sclerite (Iax3) is short and wide and articulates with the second
axillary sclerite (IIax3) at its lateral apex. The radial bridge
(rb3) is reduced as two very small posterior processes of the
combined radial and subcostal plate (rp3 + scp3). The humeral
plate (hm3) is a large semicircular sclerotized area at the an-
terior margin of hind wing (hw). The cubital plate (cp3, or
median plate) is very narrow. The third axillary sclerite
(IIIax3) bears an anterior process articulating with the second
axillary sclerite, and a long tail extending to the distal tip of
posterior notal wing process.

Thoracic musculature of N. lefuarius

Male (Figs. 7 and 8)

Prothorax Dorsal longitudinal muscles: Idlm1M. prophragma-
occipitalis, bent upwards: O (=origin): anterolateral area of
prophragma; I (=insertion): dorsolateral area of occipitale.
Idlm3 M. prophragma-cervicalis, slender: O: dorsal-lateral area
of prophragma; I: anterior margin of pronotum. Idlm4 M.
cervico-occipitalis dorsalis, bent upwards: O: anteromedian area
of pronotum; I: dorsolateral area of occipitale. Idlm5M. pronoto-
phragmalis anterior, flat: O: anterolateral margin of pronotum; I:
dorsolateral area of prophragma. Idlm6 M. pronoto-phragmalis
posterior: O: median area of pronotum; I: mesoprealar arm.

Dorsoventral muscles: Idvm1M. cervico-occipitalis anterior:
O: dorsal arm of laterocervicale; I: dorsal area of occipitale.
Idvm2 M. cervico-occipitalis medialis: O: dorsal arm of
laterocervicale; I: dorsolateral area of occipitale. Idvm3 M.
cervico-occipitalis posterior, bent laterally: O: lateral part of dor-
sal arm of laterocervicale; I: dorsolateral area of occipitale. Idvm4
M. pronoto-cervicalis lateralis: O: lateral inner margin of
pronotum; I: tentorial bridge. Idvm9M.profurca-occipitalis, very
narrow on profurcal arm: O: dorsal part of profurcal arm; I:
dorsolateral area of occipitale. Idvm12M. profurca-mesonotalis:
O: posterior part of profurcal arm; I: mesoprealar arm.
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Fig. 9 Nyssiodes lefuarius, 3D reconstruction, female thoracic
endoskeleton, and muscles. Skeletal elements in blue lines are rendered
transparent to show the muscles behind them. Skeletal structures are

labeled in blue and muscles in black. a Lateral view, dc1/2/3, and phg1
in pink; b lateral view, phg2 in pink; c lateral view; d lateral view, fu1 in
pink
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Fig. 10 Nyssiodes lefuarius, 3D reconstruction, female thoracic skeleton,
and muscles The skelet al elements in blue lines are rendered transparent
to show the muscles behind them. Skeletal structures are labeled in blue,

muscles in black.. a Lateral view, extraskeleton; b–d lateral view,
skeleton transparentized; e dorsal view, sterno-coxal muscles, ec2/3 in
pink, and me2/3 in green
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Tergopleural muscles: Itpm4 M. pronoto-apodemalis ante-
rior: O: anterolateral area of pronotum; I: postero-dorsal part
of proepisternum.

Pleuro-coxal muscles: Ipcm1 M. procoxa-cervicalis, thin
and slightly bent: O: anterolateral rim of procoxa; I: tentorial
bridge. Ipcm4M. propleuro-coxalis superior, wider on area of
proepisternum, narrowing towards procoxal rim: O: dorsal
area of proepisternum; I: anterolateral procoxal rim. Ipcm5
M. propleuro-coxalis inferior, wider on area of proepisternum,
narrowing towards procoxal rim: O: anterodorsal part of
proepisternum; I: anterolateral procoxal rim. Ipcm6 M.
propleuro-coxalis posterior: O: postero-dorsal part of
proendopleuron; I: postero-lateral procoxal rim.

Ventral longitudinal muscles: Ivlm1M. profurca-cervicalis,
two bundles, slender dorsally, wide mesally: O: dorsal and
anteroventral part of profurcal arm; I: posterior part of ventral
arm of laterocervicale. Ivlm3 M. profurca-tentorialis, conical,
wider on area of profurcal arm, narrowing towards occipitale:
O: anterior part of profurcal arm; I: ventral area of occipitale.
Ivlm4M. profurca-spinalis: O: postero-dorsal part of profurcal
arm; I: prospinal apodeme. Ivlm7 M. profurca-mesofurcalis,
long triangular, wider on area of profurcal arm, narrowing
towards mesofurcal anteromedian process: O: postero-mesal
part of profurcal arm; I: mesofurcal anteromedian process.
Ivlm9 M. prospina-mesofurcalis: O: prospinal apodeme; I:
anteromedian part of mesofurcal prong.

Sterno-coxal muscles: Iscm1 M. profurca-coxalis anterior,
two bundles: O: probasisternum and prodiscrimen; I: anterior
procoxal rim. Iscm2 M. profurca-coxalis posterior, flat and
triangular, wider on profurcal arm, narrower on procoxal
rim: O: posterior part of profurcal arm; I: postero-lateral
procoxal rim. Iscm4M. profurca-coxalis lateralis, flat: O: bas-
al area of profurca; I: anterolateral procoxal rim. Iscm5 M.
prospina-coxalis: O: anterior area of prospinasternum; I:
mesal procoxal margin.

Mesothorax Dorsal longitudinal muscles: IIdlm1 M.
prophragma-mesophragmalis, five parallel strong bundles:
O: from prophragma to anteriormost area of mesoscutum; I:
mesopostnotum and mesophragma. IIdlm2 M. mesonoto-
phragmalis: O: postero-lateral area of mesoscutum; I:
mesolaterophragma. IIdlm3M. mesoscutello-scutellaris, slen-
der and bent downwards: O: anter ior margin of
mesoscutellum; I: dorsal margin of mesopostnotum.

Dorsoventral muscles: IIdvm1 M. mesonoto-sternalis, two
strongly developed parallel bundles, posterior one larger than
anterior one: O: anteromesal area of mesocutum; I: from
mesobasisternum to mesodiscrimen. IIdvm3 M. mesonoto-
trochantinalis posterior, strong and flat, wider at dorsal end:
O: anterolateral area of mesoscutum; I: anterior mesocoxal
rim. IIdvm4 M. mesonoto-coxalis anterior: O: lateral area of
mesoscutum; I: ventral area of mesomeron. IIdvm5 M.
mesonoto-coxalis posterior: O: postero-lateral area of

mesoscutum; I: posterior area of mesomeron. IIdvm6 M.
mesocoxa-subalaris, wide and strong: O: mesomeron, I: dorsal
area of mesosubalare. IIdvm7 M. mesonoto-trochanteralis,
two bundles: O: mesosuralare and postero-lateral area of
mesoscutum; I: mesotrochanter.

Tergopleural muscles: II tpm1 M. prophragma-
mesanepisternalis, short and wide: O: mesoprealar arm; I:
posterior area of mesobasalare. IItpm2 M. mesopleura-
praealaris, fan-shaped, wide on area of mesosubtegula,
narrowing towards mesotergopleural apodeme: O:
mesotergopleural apodeme; I: mesosubtegula. IItpm3 M.
mesonoto-basalaris: O: mesosuralare; I: ventral area of cap-
like mesobasalar apodeme. IItpm4M. mesonoto-pleuralis an-
terior: O: mesal part of mesopleural ridge; I: first mesothoracic
axillary sclerite. IItpm7 M. mesanepisterno-axillaris, triangu-
lar, wide at mesanepisternum, narrowing towards 3rd axillary
sclerite: O: posterior area of mesanepisternum in front of
mesopleural ridge; I: mesothoracic 3rd axillary sclerite.
IItpm9 M. mesepimeron-axillaris tertius, conical, wider on
mesopleural ridge, narrowing towards third axillary sclerite:
O: postero-dorsal area of mesopleural ridge; I: mesothoracic
third axillary sclerite. IItpm10 M. mesepimeron-subalaris,
short and wide: O: dorsal area of mesepimeral elongation; I:
posterior margin of mesosubalare.

Sterno-pleural muscles: IIspm1 M. mesopleura-sternalis,
strongly developed: O: cap-like mesobasalar apodeme; I: ven-
tral area of mesokatepisternum. IIspm2 M. mesofurca-
pleuralis, wide on mesopleural ridge area but strongly
narrowing towards mesofurcal prong: O: medio-lateral part
of mesofurcal prong; I: mesal part of mesopleural ridge.
IIspm6 M. mesofurca-metanepisternalis: O: postero-median
part of mesofurcal prong; I: dorsal area of metepisternum.

Pleuro-coxalmuscles: IIpcm2M.mesobasalare-trochantinalis:
O: posterior margin of cap-like mesobasalar apodeme; I: antero-
lateral area of mesocoxa. IIpcm4M.mesanepisterno-coxalis pos-
terior, fan-shaped, wider on area of mesopleural ridge, narrowing
towards mesocoxal rim: O: postero-median area of
mesepisternum in front of mesopleural ridge; I: lateral mesocoxal
rim. IIpcm5M. mesanepisterno-trochanteralis, long and slender:
O: postero-dorsal area of mesanepisternum in front of
mesopleural ridge; I: mesotrochanter.

Ventral longitudinal muscles: IIvlm3 M. mesofurca-
metafurcalis, two wide bundles: O: postero-median part of
mesofurcal prong; I: primary metafurcal arm.

Sterno-coxal muscles: IIscm1 M. mesofurca-coxalis ante-
rior, a flat msucle: O: posterior area of mesodiscrimen; I:
anteromesal mesocoxal rim. IIscm2 M. mesofurca-coxalis
posterior, a flat muscle, narrow on mesocoxal rim: O: basal
stem of mesofurca; I: posterior mesocoxal rim. IIscm4 M.
mesofurca-coxalis lateralis, fan-shaped; O: basal stem of
mesofurca; I: lateral ridge between mesoeucoxa and
mesomeron. IIscm6M. mesofurca-trochanteralis, flat: O: ven-
tral part of mesofurcal prong; I: mesotrochanter.
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Metathorax Dorsal longitudinal muscles: IIIdlm1 M.
mesophragma-metaphragmalis, flat and wide: O: dorsal area
of mesophragma; I: metaphragma. IIIdlm2 M. metanoto-
phragmalis, flat and wide: O: anterior margin of metascutum;
I: metalaterophragma.

Dorsoventral muscles: IIIdvm1 M. metanoto-sternalis:
O: anterolateral margin of metascutum; I: from
metabasisternum to metadiscrimen. IIIdvm3 M. metanoto-
trochantinalis posterior: O: metasuralare; I: anterior
metacoxal rim. IIIdvm4 M. metanoto-coxalis anterior: O:
anterolateral area of metascutum; I: mesal metacoxal rim.
IIIdvm5 M. metanoto-coxalis posterior: O: postero-lateral
area of metascutum; I: posterior area of metameron.
IIIdvm6 M. metacoxa-subalaris, flat but strongly devel-
oped: O: metameron; I: cap-like metasubalar apodeme.
IIIdvm7 M. metanoto-trochanteralis: O: lateral area of
metascutum; I: metatrochanter.

Tergopleural muscles: IIItpm1 M. mesophragma-
metanepisternalis, small and conical, wider on metabasalare,
narrowing towards metapleural wing process: O: anterior mar-
gin of metabasalare; I: metapleural wing process. IIItpm2 M.
metapleura-praealaris, short and slender: O: metapleural wing
process; I: postero-dorsal part of mesofurcal prong. IIItpm3
M. metanoto-basalaris, flat: O: lateral metascutal margin; I:
metapleural wing process above metabasalare. IIItpm4 M.
mesonoto-pleuralis anterior, flat, wider on are of metapleural
process, narrowing towards 1st axillary sclerite: O: dorsal part
of metapleural process; I: metathoracic 1st axillary sclerite.
IIItpm5 M. metanoto-pleuralis medialis, slightly bent posteri-
orly: O: dorsal part of metapleural process; I: postero-lateral
area of metascutum. IIItpm7 M. metanepisterno-axollaris,
conical, wider on are of metepisternum, narrowing towards
3rd axillary sclerite: O: median area of metepisternum; I:
metathoracic 3rd axillary sclerite. IIItpm9 M. metepimero-
axillaris tertius, triangular, wider on metapleural process,
narrower on 3rd axillary sclerite: O: dorsal part of metapleural
process; I: metathoracic 3rd axillary sclerite.

Sterno-pleural muscles: IIIspm1 M. metapleura-sternalis,
fan-shaped, wider on area of metabasisternum: O: basal
part of metabasalare; I: lateral margin of metabasisternum.
IIIspm2 M. metafurca-pleuralis, wider on area of
metafurca, strongly narrowing towards metapleural process:
O: basal stem of metafurca; I: ventral corner of metapleural
process.

Pleuro-coxal muscles: IIIpcm2 M. metanepisterno-
trochantinalis, two bundles: O: metabasalare and dorsal mar-
gin of metanepisternum; I: anterolateral metacoxal rim.
IIIpcm4 M. metanepisterno-coxalis posterior, fan-shaped,
wider on area of metepisternum, narrowing towards
metacoxal rim: O: postero-median area of metepisternum in
front of metapleural ridge; I: lateral metacoxal rim. IIIpcm5M.
metanepisterno-trochanteralis: O: anteromedian area of
metepisternum; I: metatrochanter.

Ventral longitudinal muscles: IIIvlm2 M. metafurca-
abdominosternalis, strong and bent downwards: O: postero-
dorsal part of primary metafurcal arm; I: abdominal sternite.

Sterno-coxal muscles: IIIscm1 M. metafurca-coxalis ante-
rior, a flat muscle: O: posterior area of metadiscrimen; I:
anteromesal metacoxal rim. IIIscm6 M. metafurca-
trochanteralis: O: ventral part of primary metafurcal arm; I:
metatrochanter.

Female (Figs. 9 and 10)

Prothorax Dorsal longitudinal muscles: Idlm1? M.
prophragma-occipitalis, short: O: anterior part of pronotum;
I: anterior margin of pronotum. Idlm3 M. prophragma-
cervicalis, slender: O: dorsal part of prophragma; I: anterior
margin of pronotum. Idlm4 M. cervico-occipitalis dorsalis,
slender: O: anteromedian part of pronotum; I: dorsolateral area
of occipitale. Idlm5 M. pronoto-phragmalis anterior, flat: O:
anterolateral area of pronotum; I: dorsolateral area of
prophragma. Idlm6 M. pronoto-phragmalis posterior, wide:
O: anteromedian area of pronotum; I: mesoprealar arm.

Dorsoventral muscles: Idvm1 M. cervico-occipitalis anteri-
or: O: dorsal arm of laterocervicale; I: dorsal area of occipitale.
Idvm2M. cervico-occipitalis medialis: O: lateral part of dorsal
arm of laterocervicale; I: dorsolateral area of occipitale. Idvm3
M. cervico-occipitalis posterior, bent laterally; O: lateral part of
dorsal arm of laterocervicale; I: dorsolateral area of occipitale.
Idvm4M. pronoto-cervicalis lateralis: O: lateral inner margin of
pronotum; I: mesal part of dorsal arm of laterocervicale. Idvm8
M. prophragma-tentorialis: O: mesoprealar arm; I: dorsal arm
of laterocervicale. Idvm9 M. profurca-occipitalis, slender: O:
dorsal part of profurcal arm; I: dorsolateral area of occipitale.
Idvm12 M. profurca-mesonotalis, two bundles: O: postero-
dorsal part of profurcal arm; I: mesoprealar arm and
anterodorsal area of mesanepisternum.

Tergopleural muscles: Itpm4 M. pronoto-apodemalis ante-
rior: O: anterolateral area of pronotum; I: postero-dorsal part
of proepisternum.

Pleuro-coxal muscles: Ipcm1 M. procoxa-cervicalis, slen-
der and bent anteriorly: O: anterolateral procoxal rim; I:
tentorial bridge. Ipcm4M. propleuro-coxalis superior, slender:
O: anterodorsal part of proepisternum; I: anterolateral
procoxal rim. Ipcm5 M. propleuro-coxalis inferior, wider on
proepisternum, narrower on procoxal rim: O: dorsal area of
proepisternum; I: anterolateral procoxal rim. Ipcm6 M.
propleuro-coxalis posterior: O: postero-dorsal area of
proendopleuron; I: postero-lateral procoxal rim.

Ventral longitudinal muscles: Ivlm1M. profurca-cervicalis,
two bundles, slender dorsally, wide mesally: O: anterior area
of profurcal arm; I: posterior area of laterocervicale. Ivlm3M.
profurca-tentorialis: O: anterior area of profurcal arm; I: ven-
tral area of occipitale. Ivlm4 M. profurca-spinalis: O: dorsal
part of profurcal arm; I: prospinal apodeme. Ivlm7 M.
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profurca-mesofurcalis, two bundles: O: posterior area of
profurcal arm; I: median and lateral parts of mesofurcal prong.
Ivlm9 M. prospina-mesofurcalis: O: prospinal apodeme; I:
anteromedian part of mesofurcal prong.

Sterno-coxal muscles: Iscm1M. profurca-coxalis, two bun-
dles: O: probasisternum, base of profurca and prodiscrimen; I:
anterior procoxal rim. Iscm2 M. profurca-coxalis posterior,
triangular, wider on profurca, narrower on procoxal rim: O:
posterior part of profurcal arm; I: postero-lateral procoxal rim.
Iscm4 M. profurca-coxalis lateralis, conical muscle, wider on
profurca, narrower on procoxal rim: O: basal area of profurca;
I: postero-lateral procoxal rim. Iscm5 M. prospina-coxalis,
flat: O: prospinasternum; I: postero-lateral procoxal rim.

Mesothorax Dorsal longitudinal muscles: IIdlm1 M.
prophragma-mesophragmalis, with a cotton-like texture, ap-
parently non-functional: O: mesoscutum; I: mesophragma.
IIdlm3 M. mesoscutello-scutellaris, flat: O: anterior margin
of mesoscutellum; I: posterior margin of mesoscutellum.

Dorsoventral muscles: IIdvm7M. mesonoto-trochanteralis,
long: O: anterolateral area of mesoscutum; I: mesotrochanter.

Tergopleural muscles: IItpm1 M. prophragma-
mesanepisternalis, short: O: mesoprealar arm; I: mesobasalare.
IItpm2M.mesopleura-praealaris: O:mesotergopleural apodeme;
I: mesosubtegula. IItpm4 M. mesonoto-pleuralis anterior: O:
middle region of mesopleural ridge; I: mesothoracic 1st axillary
sclerite. IItpm9 M. mesepimeron-axillaris tertius, triangular,
wider on mesopleural ridge, narrower on mesothoracic 1st axil-
lary sclerite: O: postero-dorsal area of mesopleural ridge; I: me-
sothoracic 3rd axillary sclerite. IItpm10 M. mesepimeron-
subalaris, short: O: dorsal fusion area of mesepimeral elongation
and mesofurcal prong; I: posterior margin of mesosubalare.

Sterno-pleural muscles: IIspm2M. mesofurca-pleuralis, wide
on area of mesopleural ridge, narrowing towards mesofurcal
prong: O: ventral part of mesofurcal prong; I: mesopleural ridge.
IIspm6 M. mesofurca-metanepisternalis: O: median part of
mesofurcal prong; I: dorsal part of metepisternum.

Pleuro-coxal muscles: IIpcm4 M. mesanepisterno-coxalis
posterior, strongly developed, fan-shaped, wider on area of
mesanepisternum, narrow onmesocoxal rim: O: posterior area
of mesanepisternum in front of mesopleural ridge; I: antero-
lateral mesocoxal rim.

Ventral longitudinal muscles: IIvlm3 M. mesofurca-
metafurcalis, two flat bundles: O: posterior area of mesofurcal
prong; I: anterior area of primary metafurcal arm.

Sterno-coxal muscles: IIscm1 M. mesofurca-coxalis ante-
rior, fan-shaped: O: mesodiscrimen; I: anterior mesocoxal rim.
IIscm2 M. mesofurca-coxalis posterior, flat: O: basal stem of
mesofurca; I: posterior area of mesocoxa. IIscm4 M.
mesofurca-coxalis lateralis, flat: O: basal stem of mesofurca;
I: lateral ridge between mesoeucoxa and mesomeron. IIscm6
M. mesofurca-trochanteralis, strong: O: ventro-basal area of
mesofurcal prong; I: mesotrochanter.

Metathorax Dorsal longitudinal muscles: IIIdlm1 M.
mesophragma-metaphragmalis, flat and wide: O: posterior ar-
ea of mesophragma; I: metaphragma.

Dorsovent ra l muscles : I I Idvm7 M. metanoto-
trochanteralis, long: O: anterolateral area of metascutum; I:
metatrochanter.

Tergopleural muscles: IIItpm4M.mesonoto-pleuralis ante-
rior, triangular, wider on area of metapleural process,
narrowing towards 1st axillary sclerite: O: metapleural pro-
cess; I: metathoracic 1st axillary sclerite.

Sterno-pleural muscles: IIIspm2 M. metafurca-pleuralis,
wide on area of primary metafurcal arm, strongly narrowing
towards metapleural process: O: lateral area of primary
metafurcal arm; I: metapleural process.

Pleuro-coxal muscles: IIIpcm4 M. metanepisterno-coxalis
posterior, fan-shaped, wide on area of metepisternum,
narrowing towards metacoxal rim: O: metepisternum; I an-
terolateral metacoxal rim.

Ventral longitudinal muscles: IIIvlm2 M. metafurca-
abdominosternalis, flat: O: posterior area of primary
metafurcal arm; I: abdominal sternite.

Sterno-coxal muscles: IIIscm1 M. metafurca-coxalis ante-
rior, triangular, attaches on metadiscrimen: O: metadiscrimen;
I: anterior metacoxal rim. IIIscm6 M. metafurca-
trochanteralis, strongly developed: O: ventral area of primary
metafurcal arm; I: metatrochanter.

Comparison of the thoracic musculatures of the male
and female N. lefuarius

The female prothoracic muscles are mostly the same as those in
the male. The unusual dorsal longitudinal muscle (Fig. 9c) re-
stricted to the pronotum is possibly homologous with the male
M. prophragma-occipitalis (Idlm1: Fig. 7d), even though it has
no connection to the prophragma and occipitale. The dorsoven-
tralmuscle Idvm8 (Fig. 9b) ismissing in themale ofN. lefuarius,
but is present in the female like in species of many other lepi-
dopteran groups (e.g., Eriocraniidae, Hepialidae, Psychidae,
Plutellidae, Sphingidae, Saturniidae, Noctuidae, Archierais
parthenias in Geometridae; see Electronic Appendix 1). The
dorsoventral muscle Idvm12 (Fig. 7f) only attaches to the
mesoprealar arm in the male, whereas an additional bundle at-
taches to the mesanepisternum in the female (Fig. 9c). The fe-
male ventral longitudinal muscle Ivlm7 (Fig. 9c) comprises two
bundles, and one of them is directly connected with the median
part of the mesofurcal prong. In contrast, the entire muscle is
attached to the anteromedian mesofurcal process in the male.
The other ventral longitudinal muscles of the female, Ivlm4
and Ivlm9 (Fig. 9b), are bent downwards.

In contrast to the prothorax, the pterothoracic musculature is
very stronglymodified in the flightless female. Themesothoracic
dorsal longitudinal muscle IIdlm1 has a cotton-like texture
(Fig. 9c) and no clearly separated bundles. The female dorsal
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longitudinal muscle IIdlm3 (Fig. 9d) is wider and more flattened
than in the male. Nearly all vertical muscles of the pterothorax
are absent in the female (II/IIIdlm2, II/IIIdvm1, II/IIIdvm3–6, II/
IIIspm1, II/IIIpcm2, II/IIIpcm5), except for II/IIIdvm7 and II/
IIIpcm4 (Fig. 9b, d). The dorsoventral muscle IIdvm7 comprises
only one bundle in the female, whereas of two are present in the
male. In the mesothorax, two tergopleural muscles are absent
(IItpm3, IItpm7) (Fig. 9c, d). Almost all of them are missing in
the metathorax (IIItpm1–3, IIItpm5, IIItpm7, IIItpm9) except for
IIItpm4 (Fig. 9c). The female ventral longitudinal muscles
IIvlm3 and IIIvlm2 (Fig. 9b) are bent sideways and flat.

Thoracic apomorphies ofmajor subgroups of Lepidoptera

For a detailed evaluation and analysis, see “Discussion.”
Lepidoptera

– 32.0 (Nielsen and Kristensen 1996 [=NK96]: 18): low
mesophragma index, < 0.45 (a gradual modification).

– 42.0:M.mesonoto-pleuralis posterior (IItpm6) absent (al-
so absent in Trichoptera).

– 45.1: M. mesopleura-sternalis (IIspm1) present (also
present in Trichoptera and most other groups of
Holometabola).

– 72.0: M. metanoto-sternalis (IIIdvm1) absent (present in
Hepialoidea and Adeloidea).

– 86.1 (Sh64 (=Sharplin 1964b): 1): Free tergopleural
apodeme present.

Coelolepida

– 3.1 (NK96: 13): Placement of laterocervical posterior corner
distinctly above prokatepisternum (anepisternal tooth:
Kristensen 2003) or pleuro-coxal bridge (covering
prokatepisternum in Acanthopteroctetidae and
Lophocoronidae).

– 9.1 (NK96: 14): Articulation of anteromedian pronotal
sclerite with anterodorsal proepisternal corners present
(absent in Acanthopteroctetidae).

– 21.1 (NK96: 21) Anterodorsal marginal area of
mesepimeron anteriorly curling, concealing upper portion
of mesopleural sulcus (simple in Acanthopteroctetidae,
Lophocoronidae, and Neopseustidae).

– 22.1 (Sh64: 2): Length ratio of mesothoracic postmedian
notal wing process (Sharplin 1964b: median notal wing
process) + 1st axillary sclerite and fore wing between
1/80 and 1/50 (gradual modification).

– 32.1 (NK96: 18):Mesophragma index high, > 0.55 (grad-
ual modification).

– 63.1 (Sh64: 6): Median plates of hind wings replaced by
cubital plates.

– 67.1 (Heikkilä et al. 2015 [=He15]: 413): Posterior tendons
of metafurcal apophyses elongated caudad or dorsocaudad

present (repeatedly changed in Lepidoptera, even within
one family (e.g., Gelechiidae), see Electronic Appendix 1).

Heteroneura

– 25.1 (Sh64: 10): Bending cuticle in the ventral mesotho-
racic wing joint absent (present as vestige in
Heliozelidae).

– 29.1 (NK96: 20): Transverse basisternal sutures
branching off and delimiting anterior mesoclidium from
pos te r io r mesobas i s t e rnum (a l so presen t in
Neopseustidae).

– 36.0:M.mesoscutello-scutellaris (IIdlm3) absent (present
in Papilionoidea and some Macroheteronera, see
Electronic Appendix 1).

– 52.1 (Sh64: 5): Metasubtegula (Sharplin 1964b: prescutal
arm) not present as recognizable individual structure,
probably fused with second basalare.

– 58.1 (Sh64: 8): Metabasalare free, with remnants of
episternal stalk and/or vestigial subtegula associated with it
(the distribution of character states 1 and 2 is ambiguous, but
the change from state 0 to a derived condition is consistently
found in Heteroneura. see Electronic Appendix 4).

– 59.1 (Sh64: 12): Insertion of M. metapleura-
praealaris (IIItpm2) directly on metaprescutum or
on meso/metathoracic intersegmental region.

– 71.0: M. metascutello-scutellaris (IIIdlm3) absent
(present in Endromidae and Saturniidae, see Electronic
Appendix 1).

– 76.0: M. metanoto-basalaris (IIItpm3) absent (variable in
Cossidae).

– 79.0: M. metepimero-subalaris (IIItpm10) absent (present
and variable in Cossidae and Endromidae).

– 86.2 (Sh64: 1): Contact between mesothoracic
tergopleural apodeme and subtegula (Sharplin 1964b:
prescutal apodeme), touching each other or loosely con-
nected (ambiguous intermediate state).

Euheteroneura

– 10.1 (NK96: 15): Proprecoxal bridge present (present in
Neopseustidae and absent in Opostegidae)

Heteroneura excl. Opostegidae and Incurvariidae

– 5.0 (NK96: 12): Proprioceptive setae on apical arm of
laterocervicale present (also present in Hymenoptera
and quite variable in non-ditrysian groups)

Ditrysia

– 26.1 (He15: 377): Mesoclidium V-shaped or Y-shaped
(Heikkilä et al. 2015: bifurcated spinasternum).
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– 59.2 (Sh64: 12): Insertion of M. metapleura-praealaris
(IIItpm2) on posterior side of mesothoracic laterophragma.

– 62.0 (He15: 410): Metatrochantin absent.
– 86.3 (Sh64: 1): Tergopleural apodeme, mesotergopleural

apodeme and mesosubtegula fused (mesotergopleural
apodeme connected with mesopleural wing process in
male N. lefuarius).

– Selected apomorphies of advanced ditrysian groups are
listed in the following. Characters with a high degree of
homoplasy are not shown.

Sesiidae

– 20.1 (He15: 384): Y-shaped sulcus on mesepimeron
present.

Papilionoidea

– 30.1 (He15: 380): Mesophragma with dorsal processes.
– 39.0: M. mesonoto-basalaris (IItpm3) absent (also absent

in a species of Noctuidae, see Electronic Appendix 1).

Macroheterocera

– 13.1 (He15: 379): Ventral processes of mesotegula sharp
(blunt in some Bombycoidea, see electronic Appendix 1).

Noctuoidea

– 60.1 (He15: 390): Metathoracic tympanal organs present.

Discussion

Secondary flightlessness and its effects on the female
skeletomuscular system

Flightlessness of females of Geometridae is usually linked
with a specific set of ecological traits (Snäll et al. 2007;
Wahlberg et al. 2010) and also reflects some general trends
of flightlessness in pterygote insects (Roff 1986, 1990;
Wagner and Liebherr 1992). The completely reduced gut in
the thoracic region of females of N. lefuarius indicates that
they consume no food. The enormously enlarged ovaries,
which greatly reduce the available space for muscles in the
thorax (Fig. 9a), reflect a distinctly increased allocation of
resources to egg production.

The flightlessness of female N. lefuarius has apparently no
distinct effect on the movability of the head and prolegs. The
prothorax and its equipment of muscles do not differ distinctly
between sexes (Figs. 7 and 9; Table 1). The reduction of the
dorsal longitudinal head levator muscle Idlm1 (Kristensen

2003) in the female might be due to the limited space enclosed
by the pronotum, the occipitale, and the anterodorsal part of
the enlarged ovaries (Fig. 9a). Its function, retraction of the
head, is accomplished by the other dorsal longitudinal mus-
cles. The presence of dorsoventral muscle Idvm8, the addi-
tional bundles of dorsoventral muscle Idvm12, and the ventral
longitudinal muscle Ivlm7 strengthen the connection between
the pro- and pterothorax and compensate internal pressure
resulting from the strong enlargement of the ovaries. The
prospinal apodeme connecting the prospina and mesoclidium
braces the anterior bottom of the ovaries; meanwhile, the ven-
trally bent ventral longitudinal muscles Ivlm4 and Ivlm9 prob-
ably stabilize this body region. The prophragma extends
anteroventrally as a part of the dorsal cover of the ovaries. In
contrast to males, it is no longer an attachment site of the very
strong mesothoracic dorsal longitudinal principal wing de-
pressor muscle IIdlm1 (Kristensen 2003).

The compression of the female thorax in longitudinal
direction is a general phenotype in brachypterous lepidop-
terans with a distinctly enlarged abdomen (Snäll et al.
2007; Wahlberg et al. 2010). This is conform with a gen-
eral trend in wing-dimorphic insects, in which female body
parts involved in reproduction are enlarged and those re-
lated to flight are reduced (Roff 1986). The backward shift
of the recurrent scutoscutellar sulcus is likely related to the
female flightlessness, as this structure normally facilitates
the deformation of the tergite during the wing stroke in
flying insects (Brodsky 1994). The female mesophragma
is extended forward and forms a part of the dorsal cover
of the ovaries. This modification impedes the normal func-
tion of the dorsal longitudinal indirect flight muscle IIdlm1,
which is placed below the shortened mesoscutum (Fig. 9c).
The muscle is still present but obviously degenerated in
females of N. lefuarius, with a cotton-like texture. The
reduction of this principal wing depressor (Brodsky 1994;
Kristensen 2003) is a common feature in flightless insects
(Wipfler et al. 2014). The modified pleural wing process
with only one head is probably correlated with the dispos-
able function as wing fulcrum, which forms the articulation
with the ventral side of the wing base in insects capable of
flight (Brodsky 1994). The deformation of the wing base
sclerites, which play an essential role in transmitting force
from the thoracic main body to the wing pairs (Brodsky
1994), is apparently due to reduced functional constraints
resulting from the wing reduction. The modified shapes of
the laterally bent mesofurcal prong and primary metafurcal
arm apparently help to support the bottom of the ovaries,
together with the prospinal apodeme. The lost
anteromedian mesofurcal process possibly results from the
short distance between the profurcal arm and mesofurcal
prong in the compressed thorax of the female. A sclero-
tized elongation as attachment site of the ventral longitudi-
nal muscle Ivlm7 is not required any more.
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The function of the widened dorsal longitudinal muscle
IIdlm3 in the female is quite unclear. It is conceivable that it
stabilizes the dorsal mesothoracic region. The absence of a
series of dorsoventral muscles II/IIIdvm1 and II/IIIdvm3–5
and the dorsal longitudinal muscles II/IIdlm2 is apparently
correlated with the lost flight capacity. They function as indi-
rect wing levators in flying insects (Brodsky 1994). The reduc-
tion of II/IIIdvm1 is also found in all studied flightless

polyneopteran species (Wipfler et al. 2014). IIdvm1 is absent
in non-archostematan Coleoptera (Friedrich and Beutel 2010),
apparently correlated with the reduced size of the mesothorax
and posteromotorism in this group. The posterior bundle of
IIdvm1 is also reduced in the flightless female of the geometrid
speciesOperophtera brumata (Kozlov 1986c). The function of
IIIdvm1, which is missing inmost non-ditrysian lepidopterans,
is not well understood according to Kristensen (2003).

Table 1 Musculatures of male and flightless female lepidopteran species (present with “+” or muscular name in green, absent with “−” in orange,
uncertain with “?,” or “/” in yellow)
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Some direct wing muscles attached to the basalare at the
wing base probably function as indirect wing levators during
wing strokes (Brodsky 1994). This applies to the sterno-
pleural muscles II/IIIspm1 as suggested by Friedrich and
Beutel (2008), and possibly also to the pleuro-coxal muscles
II/IIIpcm2 and II/IIIpcm5. IIspm1 is absent in most studied
flightless polyneopterans and holometabolans (Friedrich and
Beutel 2010; Wipfler et al. 2014), and IIpcm2 is missing in
Siphonaptera (Friedrich and Beutel 2010). Meanwhile, their
underlying secondary functions like adduction and pronation,

especially involving the basalare (Brodsky 1994), should be
noticed. The subalare muscles II/IIIdvm6 are supinators and
accessory depressors, and their importance in flight control has
been demonstrated in a species of Sphingidae (Brodsky 1994).
It is interesting that the tergopleural muscle IItpm9, which
directly controls the activities of the 3rd axillary sclerite during
wing pronation and folding and is an important component of
a functional flight apparatus (Sharplin 1964a; Brodsky 1994;
Wipfler et al. 2014), is still present in female N. lefuarius. In
contrast, the other tergopleural muscles IIItpm1 and IIItpm2

Table 1 (continued)
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and II/IIItpm3 that mainly stabilize the lateral thoracic wall
(Kozlov 1986c; Brodsky 1994) are absent. Tergopleural mus-
cles II/IIItpm3 and IIItpm5 have been shown to play a role in
winged Holometabola (Friedrich and Beutel 2010), but this is
not verified in Polyneoptera (Wipfler et al. 2014). Muscles II/
IIItpm7 are additional wing flexors besides II/IIItpm9 (Kozlov
1986c). They are generally absent in flightless polyneopteran
and holometabolan species but also in many alate representa-
tives of Polyneoptera (Friedrich and Beutel 2010; Wipfler
et al. 2014). According to Brodsky (1994), this could be relat-
ed to a flat wing folding pattern as in Plecoptera.

The general absence of the large indirect wing levators
in the female N. lefuarius is probably also due to the

limited thoracic lumen caused by the very large ovaries.
This is suggested by the presence of most of them in the
flightless female geometrid O. brumata (Table 1), which
has a similar thoracic lumen as the male (Fig. b in
Kozlov 1986c). The laterally bent ventral longitudinal mus-
cles IIvlm3 and IIIvlm2 in the female probably provide
flexible mechanical support for the ovaries, together with
the furcal arms. The potential of pterothoracic muscles to
fulfill different functions (Brodsky 1994) is probably
reflected by their presence in both flying and flightless
insects. The dorsoventral muscles II/IIIdvm7, which are al-
so important indirect wing muscles in flying insects
(Brodsky 1994), are largely retained in the female

Table 1 (continued)
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N. lefuarius with only one missing bundle. This is likely
due to their dual function also including leg movements.
The presence of several tergopleural muscles IItpm1,
IItpm2, IItpm10, and II/IIItpm4 in both males and females
of N. lefuarius might be due to their double function of
controlling the wing base sclerites and stabilizing the dor-
solateral thoracic region (Kozlov 1986c; Brodsky 1994).
Other flight-related skeletomuscular structures might just
be retained as relicts in the female N. lefuarius. This

suggests a relatively young age of evolutionary events lead-
ing to the loss of the flight capacity, with a taxon specific
low evolutionary rate or specific developmental modalities.
This probably applies to the vestigial wings, wing base
sclerites and the presence of the tergopleural muscle
IItpm9 in female N. lefuarius. In addition, it is conceivable
that the locomotion restricted to walking and the reduced
digestive system could also have some effects on the
skeletomuscular structure of the female of N. lefuarius.

Table 1 (continued)
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This probably applies to the increased size of some sterno-
coxal muscles. However, a quantitative comparison of mus-
cular size is required for a precise assessment.

The pterothoracic musculature of females of N. lefuarius
differs very distinctly from that of the male, whereas it is very
similar in both sexes of O. brumata (compared with the male,
only IIIdlm2, IIIdvm1, and II/IIIdvm3 are absent in females;
Table 1). This difference reflects the frequent independent
evolution of female flightlessness in Geometridae, usually in
this family correlated with a specific set of ecological traits,
the “winter moth syndrome” (Wahlberg et al. 2010). The pro-
grammed cell death resulting in wing reduction in the devel-
opment of female N. lefuarius is probably a specific feature of
Geometridae (Niitsu 2001; Niitsu et al. 2014) but more evi-
dence on other groups with winglesss pecies is required for a
reliable assessment. Some characters also occur in other
flightless groups of Lepidoptera and other insect orders (e.g.,
reduction of phragmata), apparently as a result of convergent
evolution affected by different genetic regulatory networks
and developmental processes. Multiple origins of geometrid
female flightlessness (even within a single subfamily) were
shown by molecular phylogenetic studies, based on the pre-
mise of unlikely events of reversal (Snäll et al. 2007;
Wahlberg et al. 2010). The very complex modifications in
the female N. lefuarius involve not only different elements
of the thoracic skeletomuscular system, but also the genital
apparatus (ovaries) and digestive tract (gut reduction). This
complex set of morphological changes implies irreversibility
of female flightlessness in N. lefuarius. This is in agreement
with Snäll et al. (2007) and Wahlberg et al. (2010), who sug-
gested that reversal could be excluded if secondary
flightlessness is linked with complex changes in the body
composition. The evolution of wingless females in
Psychidae, where even the homology of muscles is often very
uncertain (Dierl 1964; Table 1), obviously has a very different
evolutionary background than in Geometridae. Some thoracic
muscles in female psychids have probably completely
changed their original function. This likely applies to the pre-
sumptive tergopleural muscles II/IIItpm3 and II/IIItpm5 in the
highly specialized worm-like females. Finally, the initial mor-
phological setting preceding flightlessness should be taken
into consideration in this context (Wipfler et al. 2014). Some
seemingly flight-related structural changes might in fact be
related to other evolutionary tendencies or due to phylogenetic
restraints. This is obviously the case if similar features also
occur in closely related taxa capable of flight. An intraspecific
example would be the loss of the tergopleural muscles
IIItpm2–4 in both male and female of O. brumata (Kozlov
1986c; Table 1). A careful comparison between studied flight-
less insects and their closest relatives capable of flight as a
reference is necessary to avoid misinterpretations.

In summary, flightlessness of female N. lefuarius involves
complex modifications, not only affecting flight-related

skeletomuscular elements but also other structures and organs.
Thoracic modifications in the female N. lefuarius differ from
conditions occurring in other flightless female lepidopterans,
thus suggesting independent evolution. Obviously, more in-
vestigations are required for a better understanding of evolu-
tionary processes leading to modified phenotypes in flightless
species. This includes detailed studies on the thoracic
skeletomuscular anatomy and function in more taxa, environ-
mental factors potentially related to flightlessness, and also
genetic and physiological regulatory networks related to struc-
tures linked with flight.

Major thoracic evolutionary changes and effects
on the flight capacity

Limited morphological character systems, i.e. characters of
specific body regions or life stages, are usually not sufficient
to resolve the phylogeny of large and complex groups, espe-
cially when strong functional constraints are involved (see,
e.g., Beutel et al. 2011, fig. 3). Apparently, this also applies
to thoracic features of Lepidoptera, where even major evolu-
tionary events (e.g., basal splits and the rise of Glossata) are
not reflected by distinct modifications in this character system.
Frequent homoplasy is an obvious problem, and also the seri-
ous lack of reliable data for crucial taxa, as pointed out in the
“Introduction”. Nevertheless, some major groups are well sup-
ported by evolutionary innovations in the thorax. These clades
and major evolutionary trends and changes are treated in the
following (see also list of apomorphies above in “Results”).

The lepidopteran groundplan is mainly inferred from the
thoracic characters of non-glossatan families, especially
Micropterigidae, which is arguably the sistergroup of the re-
maining Lepidoptera and characterized by nearly equally
sized pterothoracic segments and modest flying abilities
(Kristensen and Skalski 1998, fig. 2.1; Kristensen 1998;
Imada et al. 2011). A thoracic autapomorphy of Lepidoptera
suggested in earlier studies is the presence of tergopleural
apodemes in both pterothoracic segments (86.1) (tpa2/3:
fig. 4d; Kristensen 1984, 2003; Kristensen and Skalski
1998; Friedrich and Beutel 2010). The mesothoracic
tergopleural apodeme is the insertion point of M.
mesopleura-praealaris (IItpm2) (Kristensen 2003). Several
muscular apomorphies are suggested by the mapping analysis.
However, these features are strongly affected by homoplasy or
the polarity is ambiguous. AsM. mesonoto-pleuralis posterior
(IItpm6) (42.0) is also missing in Trichoptera (Maki 1938;
Ivanov and Kozlov 1987), its absence apparently belongs to
the amphiesmenopteran groundplan as suggested by Friedrich
and Beutel (2010). M. mesopleura-sternalis (IIspm1) (45.1) is
also present in Trichoptera (Maki 1938; Ivanov and Kozlov
1987) and most other groups of Holometabola (Friedrich and
Beutel 2010). Consequently, its presence in Lepidoptera is
very likely plesiomorphic. M. metanoto-sternalis (IIIdvm1)
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(72.0) is absent in most non-ditrysian taxa but present in
Hepialoidea and Adeloidea (Kozlov 2012). This muscle might
be absent in the lepidopteran groundplan with several rever-
sals, or parallel reductions occurred multiple times. A general
trend is a gradual increase of the mesophragma index
(Fig. 11c) from “lower” to “higher” lepidopteran groups
(32.0) (Kristensen 2003; Nielsen and Kristensen 1996). The
interpretation of a low mesophragma index as an apomorphy
of Lepidoptera is likely an artifact. In any case, specific data
for outgroup taxa are very limited. Obviously, more measure-
ments for members of other holometabolan groups, especially
Trichoptera, are required for a reliable evaluation.

Coelolepida (i.e., Glossata excluding Eriocraniidae) was sup-
ported as a clade in Regier et al. (2015) but not by recent anal-
yses of transcriptomes, where Eriocranioidea were placed as the
sistergroup of Neopseustoidea (Bazinet et al. 2016). Thoracic
features tentatively suggest a monophyletic origin. Three poten-
tial apomorphies are the placement of the laterocervical poste-
rior corner distinctly above the prokatepisternum or the pleuro-

coxal bridge (3.1) (Fig. 4c; plesiomorphy as in Fig. 12a), the
articulation between the anteromedian pronotal part and the
anterodorsal proepisternal corners (9.1) (Fig. 4c; plesiomorphy
as in Fig. 12e) and the curling anterodorsal mesepimeral margin
(21.1) (Fig. 4d; plesiomorphy as in Fig. 12c). Their absence in
some coelolepidan families (e.g., Acanthopteroctetidae; Nielsen
and Kristensen 1996) might be due to reversals. Alternatively,
these apomorphies could characterize a less inclusive group
than Coelolepida. Another plausible apomorphy of the
coelolepidan wing base is the replacement of the metathoracic
median plates by cubital plates (63.1) (cp3: Fig. 4e;
plesiomorphy as in Fig. 12g). Like the mesophragma index,
the ratio of the length of the postmedian mesonotal wing pro-
cess + 1st axillary sclerite and the fore wing (22.1) (Fig. 4e;
plesiomorphy as in Fig. 12b) also increases gradually with in
evolution of Lepidoptera (Sharplin 1964b). Therefore, a ratio
between 1/80 and 1/50 as an apomorphy of Coelolepida is pos-
sibly also an artificial result.

Heteroneura, which comprises ca. 99% of all lepidopteran
species (Davis 1998), is characterized by an entire series of
thoracic apomorphies, apparently reflecting a major evolution-
ary transition of this tagma. The main transformation compared
with the lepidopteran groundplan is the enlargement of the
mesothorax and shortening of the metathorax (Kristensen
2003). The absence of bending cuticle in ventral mesothoracic
wing joint (25.1), which is present in Heliozelidae (Sharplin
1964b), is probably due to reversal. The mesothoracic
tergopleural apodeme and subtegula loosely connect with each
other (86.2), as an imtermediate state between completely sep-
arated and tightly fused. As the result of a gradual modification,
this cannot be considered a precisely defined apomorphic state.
A mesoclidium delimited from the posterior mesobasisternum
(29.1) (cld2: Fig. 4b, c; plesiomorphy as in Fig. 11b) is also
present in Neopseustidae (cld2: Fig. 11a; Nielsen and
Kristensen 1996; Kristensen 2003) probably due to parallel
evolution. The reduction of the metasubtegula (52.1)
(plesiomorphy as in Fig. 12f) is linked with the presence of a
free metabasalare (58.1) (bas3: Fig. 4d; plesiomorphy as in
Fig. 12f) and the anterior shift of insertion of M. metapleura-
praealaris (IIItpm2) from the metasubtegula to the
metaprescutum or the pterothoracic intersegmental region
(59.1) (plesiomorphy as in Fig. 12f). Further potential
apomorphies of Heteroneura are several muscle losses, includ-
ing dorsal longitudinal muscles II/IIIdlm3 (36.0, 71.0) and
tergopleural muscles IIItpm3 and IIItpm10 (76.0, 79.0).
However, these muscles are also present and highly variable
in heteroneuran subgroups (Maki 1938; Nüesch 1953;
Srivastava 1961, 1962; Ehrlich and Davidson 1961; Ehrlich
and Ehrlich 1963; MacFarlane and Eaton 1973; Bharadwaj
et al. 1974; Kozlov 2012). It is apparent that these characters
are strongly affected by homoplasy. Nielsen and Kristensen
(1996) suggested the presence of a proprecoxal bridge (10.1)
(the sclerotized connection of proepisternum and

Fig. 11 Line drawing. a Synempora andesae (Neopseustidae), pro- and
mesothorax in anteroventral view; b Lophocorona pediasia
(Lophocoronidae), mesopleurosternum, anterior view; c mesophragma
index (=a, b); d Pieris brassicae (Pieridae), mesothoracic first axillary
sclerite from right fore wing. Scale bars, left 1 mm for (a); 0.2 mm for (b);
right 1 mm for (d). a–c Redrawn from Nielsen and Kristensen (1996); d
redrawn from Sharplin (1963a)
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probasisternum: Fig. 4c; plesiomorphy as in Fig. 12a) as
heteroneuran apomorphy. However, this feature is also present
in Neopseustidae (Fig. 11a), whereas it is absent in the
heteroneuran Opostegidae (Nielsen and Kristensen 1996;
Kristensen 2003). This renders this apomorphy ambiguous
and suggests a complicated evolutionary process. The presence
of proprioceptive setae on the apical arm of laterocervicale
(5.0) is an ambiguous character, as this feature also occurs in
Hymenoptera and is quite variable in non-ditrysian groups
(Nielsen and Kristensen 1996; Kristensen 2003).

Ditrysia, which are mainly based on a double opening of the
female reproductive system, are moderately supported by thorac-
ic features. Two thoracic apomorphies where suggested in previ-
ous studies (Kristensen 2003; Heikkilä et al. 2015), the V- or Y-
shape mesoclidium (26.1) (Fig. 4b, c; plesiomorphy as in

Fig. 11a) and the missing metatrochantin (62.0) (Fig. 4b, d;
plesiomorphy as in Fig. 12d). The insertion of the M.
metabasalare-trochantinalis (IIItpm2), which is already shifted
anterad in the heteroneuran groundplan, is further moved for-
wards (59.2). The fusion of the mesosubtegula with the
mesotergopleural apodeme is another potential apomorphy
(86.3). However, a careful evaluation of this feature is required.
InmaleN. lefuarius, for instance, themesosubtegula is connected
with the mesopleural wing process under the cuticular surface.

Within Ditrysia, only a few groups can be characterized by
convincing thoracic apomorphies. The Y-shaped mesepimeral
sulcus (20.1) is probably an autapomorphy of Sesiidae
(Edwards et al. 1998). A mesophragma with dorsal processes
(30.1) (Simonsen et al. 2012) and the loss of M. mesonoto-
basalaris (IItpm3) (39.0) are apomorphies of Papilionoidea. The

Fig. 12 Micropteryx calthella (Micropterigidae), line drawing, thoracic
exoskeleton. aVentral view of prothorax and neck region; bmesothoracic
first axillary sclerite from right fore wing; c ventral view of mesopleuron;
d ventral view of metapleuron; e dorsal view of pronotum; f basalar

region of left hind wing base; and g dorsal view of right hind wing
base. Scale bars upper 0.05 mm for (b); 0.5mm for (f); lower 0.05 mm
for (g). a, c, d Redrawn from Matsuda (1970); b redrawn from Sharplin
(1963a); f, g redrawn from Sharplin (1963b)
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absence of IItpm3 is supported by all the previous anatomical
studies of butterflies (Maki 1938; Srivastava 1962; Ehrlich and
Davidson 1961; Ehrlich and Ehrlich 1963). The absence of this
muscle in a species of Noctuidae (Bharadwaj et al. 1974) is
apparently due to parallel loss. A complex apomorphy of
Noctuoidea is the presence of a metathoracic tympanal organ
(60.1) (Kitching and Rawlins 1998). The presence of sharp ven-
tral processes of the tegula (13.1) is a potential apomorphy of
Macroheterocera (inmostMacroheterocera; Heikkilä et al. 2015).
The blunt shape of this structure in some species of Bombycoidea
(Heikkilä et al. 2015) is very likely a result of reversals.

A highly unusual feature occurring in Ditrysia is the sec-
ondary loss of the ability to fold back the wings. This seem-
ingly ancestral “palaeopteran” condition has apparently
evolved independently in members of Papilionoidea,
Bombycoidea, and Geometridae (Sharplin 1963b), but not in
any neopteran group outside of Lepidoptera. M. mes- and
metepimero-axillaris tertius (II/IIItpm9), which initiate the
folding process at the wing base (Sharplin 1964a), are retained
in these species unable to fold back the wings (see Electronic
Appendix 1), and are also present in the palaeopteran orders
Ephemerop te ra and Odona ta (Wi l lkommen and
Hörnschemeyer 2007). It was pointed out by Brodsky
(1994) that these muscles also play a role as flexors during
the final stage of the wing movement. According to Sharplin
(1964a), their contraction is only a trigger of the folding pro-
cess, whereas the major mechanism is based on the configu-
ration of the wing base sclerites. A large membranous area
between the first and third axillary sclerites plays an important
role, and also the twisting of a patch of bending cuticle at the
distal end of the radial plate (Sharplin 1964a). The phyloge-
netic placement of the ditrysian taxa without wing folding
clearly indicates that this condition has evolved several times
independently. This is also supported by different structural
features of the wing base in the three groups. In Papilionoidea,
the second mesonotal line of weakness is present (Fig. 11d;
Sharplin 1963a; Minet 1991), and the two mesothoracic me-
dian plates are reduced in size and disconnected from each
other (Sharplin 1963a). The metathoracic median arm and
cubital plates differ distinctly from the usual ditrysian arrange-
ment in all three groups. However, the specific condition
varies considerably among them, including not only reduction
but also occasional enlargement (Sharplin 1963b). It is likely
that different factors have played a role in the evolution of
non-folding wings in those ditrysian groups. One possible
reason is the presence of visual signals on the extensive scaled
wings, which play a role in the reproduction of diurnal species
(e.g. Beutel et al. 2014). Further investigations are required to
elucidate the evolutionary background of this phenomenon. It
should be noted in this context that the non-foldable wing base
also differs strongly in the palaeopteran Ephemeroptera and
Odonata (Willkommen and Hörnschemeyer 2007; Ninomya
and Yoshizawa 2009). Consequently, it was suggested by the

former authors that a “neopteran” wing base may be ancestral
for the entire Pterygota and that a stiff wing base has evolved
independently as an apomorphic condition in Ephemeroptera
and Odonata, respectively.

Thoracic characters changes in the early evolution of
Lepidoptera are mainly related to an enhancement of the flight
capacity. Amajor transformation with the rise of Heteroneura is
the enlargement of the mesothorax and shortening of the meta-
thorax, with the former creating the main propulsive force in
flight (anteromotorism) (Kristensen 2003). Other specific char-
acter transformations also can be seen in this context. The in-
creasing size of the mesophragma is related to an enlargement
of the principal wing depressor M. prophragma-
mesophragmalis (IIdlm1) in lepidopteran evolution
(Kristensen 2003; plesiomorphy as in Kozlov 1986a, Fig. 1).
Another gradually modified character, the ratio of the length of
the postmedian mesonotal wing process + 1st axillary sclerite
and the fore wing, increases gradually from “lower” to “higher”
lepidopteran grades (Figs. 4e and 12b; Sharplin 1964b). The
two former structures as important components of the wing
articulation play an important role in the earliest phase of wing
depression (Brodsky 1994). Additionally, the mesothoracic 1st
axillary sclerite is the insertion area of the direct flight muscle
M. mesonoto-pleuralis posterior (IItpm4). The enlarged
postmedian notal wing process and 1st axillary sclerite appar-
ently result in a more powerful wing stroke. The curling
anterodorsal mesepimeral margin (Fig. 4d) as the origin of
the wing flexor M. mesepimero-axillaris tertius (IItpm9:
Fig. 7f), probably leads to an increased efficiency of this mus-
cle. Some characters are likely related to the shortened meta-
thorax. This includes the reduction of the metathoracic median
plates (Fig. 4e) and metasubtegula, the loss of three metatho-
racic muscles (IIIdlm3, IIItpm3, IIItpm10). The anterior shift of
the insertion of M. metapleura-praealaris (IIItpm2) is probably
linked with an improved coupling of the pterothoracic seg-
ments. Another evolutionary trend in Lepidoptera is to connect
skeletal elements of the thorax. In the mesothorax, the
tergopleural apodeme contacts with the subtegula, as a part of
the wing base that apparently affects wing stroke movement.
The mesoclidium connects with the prospinasternum with its
anterior part, forming the prospinal apodeme (Figs. 4b and 7a).
The articulation of the pronotum and proepisternum with the
proprecoxal bridge establishes a sclerotized ring around the
foramen occipitale (Fig. 4c). An increased stability of the tho-
racic segments may lead to a more effective control and pro-
tection during high speed or long distance flights.

The phylogenetic evaluation of thoracic features is impeded
by different factors. A major problem is the ambiguity or incon-
sistency of presently available molecular (or morphology-based)
phylogenetic hypotheses. Obviously, changes in the tree topology
can strongly affect evolutionary interpretations. As shown by our
analysis, the phylogenetic pattern and character evolution are also
blurred by a high degree of homoplasy, with numerous possible
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reversals or events of parallel evolution in the entire group. The
character evaluation is also negatively affected by many gaps in
the data set, which is due to the insufficient (or lacking) knowl-
edge of the morphology of many groups, including phylogenet-
ically crucial non-ditrysian taxa such as Heterobathmiidae,
Lophocoronidae, and Acanthopterotetidae. The morphological
investigations carried out during this study have also shown that
the precise documentation of very small muscles is difficult (if
possible at all) without microtome series or μ-CT data sets of
very good quality. Therefore, it cannot be excluded that some
muscular observations in earlier studies are incomplete or ambiv-
alent. Another important factor is the outgroup selection. In our
analysis, we used Limnephilus marmoratus as trichopteran
outgroup, a taxon with well-documented thoracic features but
deeply nested within the subgroup Integripalpia (Kjer et al.
2002). Apomorphies which may have independently evolved in
this taxon may obscure the groundplan of Amphiesmenoptera
and consequently also affect the basal splits within Lepidoptera.
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