JMOR-24-0063.revl

Morphology of the pterothoracic musculature in Paraneoptera and its

phylogenetic implication (Insecta: Neoptera)

Azuma Kawata 1 | Naoki Ogawa 2 | Kazunori Yoshizawa 1*

1. Systematic Entomology, School of Agriculture, Hokkaido University, Sapporo, 060-8589
Japan
2. Laboratory of Entomology, Tokyo University of Agriculture, Atsugi, Kanagawa, 243-0034

Japan

*corresponding author: psocid@agr.hokudai.ac.jp

Abstract

Although the monophyly of Paraneoptera (= hemipteroid orders or Acercaria, composed of
Psocodea, Thysanoptera and Hemiptera) has been widely accepted morphologically, the
results from molecular phylogenetic and phylogenomic analyses contradict this hypothesis. In
particular, phylogenomic analyses provide strong bootstrap support for the sister group
relationship between Psocodea and Holometabola, i.e., paraphyly of Paraneoptera. Here, we
examined the pterothoracic musculature of Paraneoptera, as well as a wide range of other
neopterous insect orders, and analysed its phylogenetic implication. By using the synchrotron
microcomputed tomography (LCT) and parsimony-based ancestral state reconstruction,
several apomorphic conditions suggesting the monophyly of Paraneoptera, such as the
absence of the II/IIltpm7, IIscm3, IIIspm?2 and IIIsem3 muscles, were identified. In
contrast, no characters supporting Psocodea + Holometabola were recovered from the
thoracic muscles. These results provide additional support for the monophyly of
Paraneoptera, together with the previously detected morphological apomorphies of the head,

wing base, and abdomen.
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1 | INTRODUCTION

Recent phylogenomic studies have provided robust backbone trees for the higher systematics
of insects (e.g., Niehuis et al., 2012; Misof et al., 2014; Johnson et al., 2018; Wipfler et al.,
2019). The results from the phylogenomic analyses are concordant with the traditional insect
higher systematics in many respects (e.g., nonmonophyly of Entognatha: Machida, 2006;
monophyly of Polyneoptera: Yoshizawa, 2011; higher-level phylogeny of Holometabola:
Beutel et al., 2011). In contrast, there were a few apparent discordances between them. One
of the most significant and surprising results was the nonmonophyly of Paraneoptera (=
hemipteroid orders or Acercaria composed of Psocodea, Thysanoptera and Hemiptera; the
latter two compose the superorder Condylognatha) (Misof et al., 2014), i.e., Psocodea was
placed as the sister taxon of Holometabola with a high bootstrap support value. In contrast,
the monophyly of Paraneoptera has long and consistently been recognized with having a
number of morphological apomorphies. Those include enlarged postclypeus and cibarial
muscles, elongated lacinia detached from stipes, specialized wing base articulations, a single
abdominal ganglionic complex, reduced number of Malpighian tubules, and reduced cerci
(Hennig, 1981; Kristensen, 1991; Yoshizawa & Saigusa, 2001; Beutel et al., 2014; Wang et
al., 2016; Yoshizawa & Lienhard, 2016).

The nonmonophyly of Paraneoptera was recovered and also received a high support
value from a subsequent phylogenomic analysis with greatly expanded taxon and gene
samplings (Johnson et al., 2018). However, it was also shown that the phylogenomic datasets
contain apparently conflicting signals regarding the interordinal phylogeny of Paraneoptera,
even though Psocodea + Holometabola received high bootstrap support from the
concatenated datasets (Misof et al., 2014; Johnson et al., 2018). For example, four cluster
likelihood mapping analyses (Strimmer & von Haeseler, 1997) showed that the
phylogenomic datasets also contained signals supporting the monophyly of Paraneoptera, as
well as signals for Psocodea + Holometabola or Condylognatha + Holometabola (Misof et
al., 2014; Johnson et al., 2018). In the polyneopteran phylogenomic analysis by Wipfler et al.
(2019), limited paraneopteran samples were employed as outgroup taxa, and in the tree,
Paraneoptera was recovered as a monophyletic group. This showed that phylogenetic
relationships among Psocodea, Condylognatha and Holometabola are also highly sensitive to
taxon sampling. Therefore, further testing for such an unstable phylogenomic result is needed
based on independent datasets.

The insect thorax contains many muscles that play important roles in insect locomotion

(e.g., Snodgrass, 1935; Maki, 1938; Brodsky, 1994). Furthermore, most of the muscles can be



homologized throughout neopteran insects (Friedrich & Beutel, 2008, 2010). Such properties
of insect thoracic muscles (i.e., many characteristics that can be homologized for a wide
variety of insect orders) indicate their potential usefulness in estimating the higher-level
phylogenetic relationships of insects. For example, our previous study showed that the
thoracic musculature contains a clear signal for resolving the higher-level phylogeny of
Psocodea (Kawata et al., 2022). However, this character system has not been utilized for
testing the monophyly and phylogeny of Paraneoptera.

In this study, we examined the pterothoracic musculature of paraneopteran orders, as
well as holometabolan insects, and tested the monophyly of Paraneoptera. We used the
synchrotron microcomputed tomography (LCT) to reconstruct the musculature of a wide
variety of neopteran taxa (polyneopteran Plecoptera, paraneopteran Psocodea, Thysanoptera
and Hemiptera and holometabolan Hymenoptera, Raphidioptera, Megaloptera, Mecoptera,
Trichoptera and Lepidoptera). As a result, we identified four muscle reduction characters
suggesting the monophyly of Paraneoptera. In contrast, there are no characters supporting
Psocodea + Holometabola, the relationship suggested by phylogenomic studies. Although the
phylogenetic value of reduction characters is generally regarded as low, the present results

provide additional support for the monophyly of Paraneoptera.

2 | MATERIALS AND METHODS

The thoracic musculature of the fully winged species selected from major lineages of
Paraneoptera and Holometabola (excluding orders lacking flight function on at least one pair
of wings, such as Coleoptera, Strepsiptera, Siphonaptera or Diptera) were examined. Multiple
species representing different suborders were selected from each paraneopteran order, and a
single not highly specialized species was selected from each holometabolan order.
Auchenorrhyncha species were not included in the analyses due to the significant
modification of their hind thorax associated with their jumping behavior (Ogawa &
Yoshizawa, 2017). Fully winged form of Coleorrhyncha was not available for the study. A
polyneopteran taxa, Plecoptera, was also examined. The species included in the analyses are
listed in Table 1. Samples were either fixed with 80% ethanol or FAA solution
(formalin:alcohol:acetic acid = 6:16:1) and then preserved in 80% ethanol. Samples were
dehydrated with 80—100% ethanol in ascending order before critical point drying (EM
CPD300, Leica, Wetzlar, Germany) to remove water without serious organ shrinkage.
Samples were then scanned using synchrotron uCT at the BL47XU, BL20B or BL20XU
(Uesugi et al., 2012) beamlines of the Super Photon ring-8 GeV (SPring-8; Hyogo, Japan)



using a stable beam energy at 8 keV (for BL47XU and BL20B) or 15 keV (for BL20XU) in
absorption-contrast mode. The tomography system consisted of a full-field X-ray microscope
with Fresnel zone plate optics (Uesugi et al., 2017). We used semiautomatic segmentation
algorithms based on grey-value differences in ITK-SNAP 3.6 software (Yushkevich et al.,
2006) to obtain 3D representations of the thoracic musculature.

Based on the presence/absence of each pterothoracic muscle (Table 2), a data matrix
was constructed (Online Supplement). Several muscle pairs (II/IIldvm2 and 3, II/IIIpcm?2
and 3, and IIvim3 and 5) were coded together as a single character for the following reasons:
When two muscles were observed, their homology identification was straightforward.
However, when one of these muscles was absent, the homology of the remaining muscle was
impossible to identify because of the shared origination and insertion sites (in the case of
[Ivlm, the origination site, i.e., the furca for IIvim3 and spina for IIvim5, was different, but
the furca and spina were fused in paraneopteran taxa; thus, distinction of these muscles was
impossible when one of them was absent). Using the data matrix, the parsimonious character
mapping analyses were conducted to uncover the phylogenetic signal contained in the
pterothoracic musculature. The polyneopteran order Zoraptera and the mecopteran family
Nannochoristidae were also included in the character mapping analyses, and data of these
taxa were selected from the pCT-based study by Friedrich & Beutel (2008) and Friedrich &
Beutel (2010), respectively. We compared results from the character mapping based on two
alternative trees, supporting the monophyly of Paraneoptera (as suggested morphologically)
vs. supporting the Psocodea + Holometabola (nonmonophyly of Paraneoptera: as suggested
from phylogenomics). Other topologies (i.e., monophyly of Polyneoptera, Condylognatha,
Holometabola, and each insect order, and phylogeny of holometabolan orders) were fixed
according to Misof et al. (2014). The parsimonious mapping of character changes was
conducted using Mesquite 3.81 (Maddison & Maddison, 2023) and MacClade 4.08
(Maddison & Maddison, 2001).

3| RESULTS

Pterothoracic musculature of paraneopteran taxa (Figs 1-5)

The paraneopteran pterothoracic muscles recovered by the present examinations were
homologized and listed according to Friedrich & Beutel (2008, 2010). Muscles not detected
in the present examinations were not listed. See Table 2 and Online Supplement for the
condition of holometabolan and polyneopteran taxa. Homology interpretation for some

muscles is argued in the Discussion chapter.



3.1 | Mesothorax

3.1.1 | Dorsal Longitudinal Muscles

IIdlm1 is the largest mesothoracic muscle originating from large area of the anterior lobe of
mesoscutum and inserting into the center of mesophragma (Figs 1-5). Usually,
it consists of multiple bundles, which are sometimes recognized as distinct
muscles (Table 2). In Heteroptera, this muscle extends over the metanotum
following the posterior extension of the mesoscutellum (Fig. 5A).

IIdlm2 is a thick muscle originating from the posteromedial part of mesonotum and inserting
into the mesophragma, lateral to the insertion point of IIdlm1 (Figs 1-5). It
usually consists of two bundles, which are sometimes recognised as distinct

muscles (Table 2). IIdIm2 is absent in Terebrantia (Thysanoptera) (Fig. 3A)

3.1.2 | Dorsoventral Muscles

IIdvml1 is (when present) a long and thick muscle originating from the anterior region of the
lateral lobe of mesoscutum and inserting into the precoxal bridge. However, in
Sternorrhyncha, it originates from the posterior region of the lateral mesoscutal
lobe. It frequently consists of multiple bundles, which are recognized as distinct
muscles sometimes (Table 2). This muscle is about the same in size as
(Troctomorpha: Psocodea) or larger than (Psocomorpha: Psocodea,
Thysanoptera, Hemiptera) Ildvm2. However, it is absent in Troctomorpha
(Psocodea), and probably due to this modification, IIldvm2 is strongly
developed in this taxon.

IIdvm2/3 is a long muscle originating from the anterior region of the lateral lobe of
mesoscutum and inserting into trochantin. It is particularly thin in Psocomorpha
(Psocodea) (Kawata et al., 2022) and Sternorrhyncha (Hemiptera) (Fig. 4B),
and is absent in Thysanoptera (Fig. 3A).

IIdvm4 is a twisted thick and long muscle originating from the posterior region of the lateral
lobe of mesoscutum, posterior to lateral margin of the origination site of
IIdlm2, and inserting into the posterior mesocoxal rim. However, in
Sternorrhyncha, it originates from the anterior region of the lateral mesoscutal
lobe. It usually consists of two bundles and is dorsally flattened, which are

sometimes considered to be distinct muscles (Table 2). It is usually arranged



vertically, but in Heteroptera, it is arranged diagonally (Fig. 5B) and is absent in
Thysanoptera (Fig. 3).

IIdvmS is the thinnest among the mesothoracic dvm muscles originating from the posterior
region of the lateral lobe of mesoscutum and inserting into the posterior
mesocoxal rim (an exact insertion point was not clearly observable in some
species) (Figs 1-5). It is absent in Thysanoptera (Fig. 3).

IIdvmé6 is a twisted thick and long muscle originating from the subalare and inserting into the
posterior mesocoxal rim, lateral to the insertion site of [ldvm4 (Figs 1-3). This
muscle is composed of two bundles but is absent in Hemiptera (Figs 4-5).

IIdvm?7 is a long and thick muscle originating from the middle of the lateral lobe of the
mesoscutum, posterior to the origination site of Ildvm1/2 and inserting into the
trochanter via a tendon. This muscle consists of three bundles but is absent in
Thysanoptera (Fig. 3) and Sternorrhyncha (Hemiptera) (Fig. 4).

IIdvm8 is a muscle originating from the anterolateral part of the furca and inserting into the
ventrolateral part of phragma. It is generally short and thin, but in Thysanoptera
(Fig. 3A) and Heteroptera (Hemiptera) (Fig. 5A), it is thick and is absent in
Psocodea (Fig. 2).

3.1.3 | Pleural Muscles

IItpm1 is a small muscle originating from the base of prealar arm and inserting into the
anterodorsal edge of the anepisternum. Usually, the insertion point of this
muscle is located below its origination point. However, due to the dorsal
extension of the pleural sclerites, its insertion point is positioned above the
origination point in Heteroptera (Hemiptera) (Fig. 5C).

IItpm2 is a small muscle originating from the base of prealar arm, anterior to the origination
site of IItpm1, and inserting into the base of the pleural wing process. This
muscle usually runs horizontally, but in Heteroptera (Hemiptera), it runs almost
vertically due to the dorsal extension of the pleural sclerites (Fig. 5C).

IItpm3 is absent in all paraneopteran taxa.

IItpm4 is absent in all paraneopteran taxa.

IItpmS5 is a flattened muscle originating from the pleural arm and inserting into the median
part of the notal margin. Usually, the insertion point of this muscle is located
anterior to its origination point (Figs 1C, 2C, 4C), but in Thysanoptera, the

insertion point is located posterior to the origination point due to the reduced



size of the notum (Fig. 3A). This muscle is absent in Heteroptera (Hemiptera)
(Fig. 5).

IItpm6 is absent in all paraneopteran taxa.

IItpm7 is a rather well developed muscle originating from the dorsal region of the
anepisternum and inserting into the 3rd axillary sclerite. Among the
paraneopteran taxa, this muscle is only detected in Heteroptera (Hemiptera)
(Fig. 5C).

IItpm9 is a rather well developed, fan-shaped muscle broadly expanded anteroventrally,
originating from the pleural arm, posterodorsal to the origination site of Iltpm4,
and inserting into the anterior arm of the 3rd axillary sclerite. This muscle is
absent in Thysanoptera (Fig. 3) and Hemiptera (Figs 4-5).

IItpm10 is a muscle originating from the posterior region of the epimeron and inserting into
the subalare. Generally, the origination site of this muscle is located above its
insertion point, but in Sternorrhyncha (Hemiptera), it is shifted ventrally,
resulting in the elongation and vertical arrangement of the muscle (Fig. 4C).
This muscle is absent in Psocodea (Fig. 3) and Heteroptera (Hemiptera) (Fig.
5).

IItpm11 is only observed in Sternorrhyncha (Hemiptera) among the taxa examined here. It
originats from the pleural arm and inserts into the subalare, just anterior to the
insertion point of Iltmp10 (Fig. 4C). It somewhat resembles Iltpm9 of
Psocodea (Fig. 2C), but judging from its insertion point, the present
interpretation is supported.

IIppm?2 is absent in all paraneopteran taxa.

IIspml is a thick muscle originating from the dorsal part of the anepisternum, including the
anterior part of the basalare, and inserting into the lateral region of the precoxal
bridge, lateral to the insertion site of Ildvm1. It sometimes consists of multiple
bundles, as seen in Thysanoptera (Fig. 3B) and Heteroptera (Hemiptera) (Fig.
5B). It is absent in Troctomorpha and Psocomorpha (Psocodea) (Kawata et al.,
2022).

IIspm2 is a long but very thin muscle originating from the tip of the mesofurcal arm and
inserting into the mesopleural arm, ventral to the origination site of Iltpm9. It is
absent in Trocromorpha, Psocomorpha (Psocodea) (Kawata et al., 2022) and
Sternorrhyncha (Hemiptera) (Fig. 4).

IIspm4 is absent in all paraneopteran taxa.



IIspmé6 is a muscle originating from the tip of the mesofurcal arm, posterointernal to the
origination point of IIspm2, and inserting into the anterior margin of the
metanepisternum. It is highly variable in shape: very thin and long, arranged
vertically in Psocodea (Fig. 2C); much thicker and long, arranged vertically in
Thysanoptera (Fig. 3B); thick and short, arranged vertically in Sternorrhyncha
(Fig. 4C); and flattened and fan-shaped, arranged horizontally in Heteroptera
(Fig. 5B).

IIpcml1 is a muscle originating from the anterior part of the anepisternum and inserting into
the trochantin. It presents in Psocodea (Fig. 2C) and Terebrantia (Thysanoptera)
(Fig. 3C), and is absent in other paraneopteran taxa. The condition observed in
Psocodea well matches to the definition of this muscle (Fig. 2C), but in
Terebrantia, the muscle originates from the mid-part of the anepisternum (Fig.
3C), probably due to the expansion of the precoxal area in Thysanoptera.

IIpem?2 is a thick muscle originating from the basalare, posterior to the origination site of
IIspml, and inserting into the anterior mesocoxal rim. It usually runs vertically
and broadens ventrally, but in Heteroptera, it runs horizontally (Fig. 5C)
according to the posterior positioning of the mesocoxa. It is absent in
Thysanoptera (Fig. 3).

IIpcm3 is a thick muscle running parallel with IIpem2, originating from the basalare,
posterior to the origination site of Ilpem2, and inserting into the anterolateral
mesocoxal rim, posterior to the insertion site of Ilpem2. It is absent in
Thysanoptera (Fig. 3: see also Materials and Methods for interpretation).

IIpcm4 is a muscle originating from the ventral region of the anepisternum and inserting into
the anterolateral coxal rim. Within the Paraneoptera, this muscle is only
detected in Thysanoptera (Fig. 3B).

IIpemS is a thick and long muscle composed of two bundles. It originats from the basalare,
lateral to the origination site of IIspm1 and anterior to the origination site of
IIpecm2, and inserts into the trochanter via a tendon. It is absent in
Thysanoptera and Hemiptera.

IIpcm6 is a thick and long muscle originating from the pleural arm, just ventral to the
insertion site of IIspm2, and inserting into the trochanter via a tendon. It

presents only in Heteroptera (Fig. 5B) among the presently examined taxa.

3.1.4 | Sternal Muscles



IIvim3 is a muscle originating from the posteroventral margin of the mesothoracic furcal arm
and inserting into the anterior tip of the metathoracic furca. It is generally long
(Figs 3-5), but due to the posterior extension of the mesofurcal arm and the
anterior extension of metafurcal arm, this muscle is extremely short in Psocodea
(Fig. 2D). It is absent in Tublifera (Thysanoptera) (Online Supplement).

IIscm1 is a small muscle originating from the precoxal sternal region and inserting into the
anterior coxal rim. It is absent in Psocodea (Fig. 2).

IIscm?2 is a flattened muscle originating from the ventrolateral side of the base of the
mesofurcal arm and inserting into the posterior mesocoxal rim, close to the
insertion site of Ildvmd. It consists of multiple bundles in Psocodea (Fig. 2C)
and Heteroptera (Fig. 5E).

IIscm3 is a muscle originating from the ventral part of the furcal arm and inserting into the
mesal coxal rim. It only presents in Terebrantia (Thysanoptera) among the
presently examined paraneopteran taxa, in which this muscle is rather well
developed among the scm muscles (Fig. 3D).

IIscm4 is a long but thin, flattened muscle originating from the tip of the mesofurcal arm,
ventral to the origination point of IIspm2, and inserting into the lateral
mesocoxal rim close to its articulation point. It is absent in Hemiptera (Figs 4—
5).

IIscmé6 is a flat muscle originating from the dorsolateral part of mesofurca, ventrolateral to
the insertion point of Ivim7, and inserting into the trochanter via a tendon,
mesal to the insertion site of Ildvm7. It usually consists of two bundles (Figs 2,
3, 5) but of a single bundle in Sternorrhyncha (Hemiptera) (Fig. 4C, E).

IIscm7 is a thin, flattened muscle originating from the posteroventral surface of the
mesofurcal arm, ventral to the origination site of IIvim3, and inserting into the
anterior metacoxal rim. It presents in Psocodea (Fig. 2D) and Terebrantia
(Thysanoptera) (Fig. 3A) among the presently examined taxa, and in the latter
taxon, this muscle is very long, according to the expanded precoxal region of

the metathorax.

3.2 | Metathorax

3.2.1 | Dorsal Longitudinal Muscles

IIIdIm1 is a large muscle originating from the near center of the mesophragma and inserting



into the metaphragma. It usually consists of 4 or 5 bundles, which were
sometimes recognized as distinct muscles (Table 2). This is one of the principal
indirect flight muscles but is absent in Hemiptera (Figs 4A, 5A).

IIIdIm?2 is a thick muscle originating from the central part of the lateral lobe of the
metascutum and inserting into the metaphragma, lateral to the insertion site of
IIIdIm1. It usually consists of multiple bundles, which were sometimes
recognized as distinct muscles (Table 2). IIIdlm2 usually runs diagonally, but
in Thysanoptera, it runs almost horizontally, parallel to IIldlm1 (Fig. 3A). This

muscle is absent in Heteroptera (Fig. 5A).

3.2.2 | Dorsoventral Muscles

IIIdvml1 is large long muscle originating from the anterolateral region of the scutum and
inserting into the precoxal bridge. It usually consists of multiple bundles, which
were recognized as distinct muscles sometimes (Table 2). Due to the absence of
the metathoracic precoxal bridge, this muscle is absent in Psocodea (Fig. 2A).

IIIdvm2/3 is a thick and long muscle originating from the anterocentral part of the scutum
and inserting into the trochantin. This muscle is usually smaller than IIIdvml1,
but IIIdvm2 is much larger than IIldvm1 in Heteroptera (Fig. SA). IIldvm2/3
is absent in Troctomorpha (Psocodea) (Kawata et al., 2022), Thysanoptera (Fig.
3A) and Sternorrhyncha (Hemiptera) (Fig. 4A).

IIIdvm4 is a thick and long muscle originating from the anterior part of the scutum and
inserting into the posterior coxal margin. It usually consists of multiple bundles
which were sometimes recognized as distinct muscles (Table 2). It is usually
arranged vertically (Figs 1A), but due to the enlargement of coxa, it is arranged
diagonally in Heteroptera (Fig. 5B). This muscle is absent in Trogiomorpha
(Psocodea) (Fig. 2), Thysanoptera (Fig. 3) and Sternorrnyncha (Hemiptera)
(Fig. 4).

IIIdvmS5 is a long muscle originating from the posterolateral region of the lateral lobe of the
metanotum and inserting into the posterior metacoxal rim. It consists of one or
two bundles, but their distinction is very obscure. It usually runs vertically (Fig.
2B), but due to the posterior shift of the metacoxa, this muscle runs much more
horizontally in Thysanoptera (Fig. 3B).

IIIdvm6 is a thick and long muscle originating from the sabalare and inserting into the

posterior metacoxal rim, very close to the insertion site of IIldvmS. It consists



of two twisted bundles. This muscle is absent in Terebrantia (Thysanoptera)
(Fig. 3) and Heteroptera (Hemiptera) (Fig. 5).

IIIdvm?7 is a thickest metathoracic muscle (when present) originating from the median region
of the lateral lobe of the metascutum, anterior to the origination site of IIldvmS
and posterolateral to the origination site of Ildvm2, and inserting into the
trochanter via a tendon, mesal to the origination site of IIIpem5/6. It consists of
three bundles but is absent in Thysanoptera (Fig. 3).

IIIdvm8 is a muscle originating from the posterolateral surface of the metafurcal arm, mesal
to the origination site of IIvim3, and inserting into the ventrolateral part of the
metaphragma. It usually tapers toward the origination position and is arranged
more or less horizontally (Figs 1A, 2A and 4C). However, in Thysanoptera and
Heteroptera, this muscle inserts into the more dorsal region of the metaphragma

(Figs 3A, 5A) and thus is arranged more vertically.

3.2.3 | Pleural Muscles

IIItpm1 is a small muscle originating from the mesophragma and inserting into the basalare.
It is absent in Thysanoptera (Fig. 3E).

IIItpm?2 is a small, fan-shaped muscle originating from the base of the prealar sclerite and
inserting into the pleural arm. This is absent in Heteroptera (Fig. 5B).

IIItpm3 is a small small muscle originating from the anterolateral region of the metanotum
and inserting into the basalare. Among the taxa examined here, it is only
observed in Trogiomorpha (Psocodea) (Fig. 2E).

IIItpm4 is a small muscle originating from the pleural arm, next to the insertion point of
IIItpm2, and inserting into the proximal margin of the 1st axillary sclerite. It
only presents in Thysanoptera among the presently observed paraneopteran taxa
(Fig. 3C).

IIItpmS is a small, flattened muscle originating from the pleural arm and inserting into the
middle of the lateral notal margin. It is absent in Terebrantia (Thysanoptera)
(Fig. 3) and Heteroptera (Fig. 4).

IIItpm6 is absent in all paraneopteran taxa examined.

IIItpm7 is absent in all paraneopteran taxa examined.

IIItpmY is a relatively large muscle (among the tpm muscles) originating from the pleural
arm, next to the origination site of IIItpm4, and inserting into the anterior arm

of the 3rd axillary sclerite. It is absent in condylognathan taxa (Figs 3-5).



IIItpm10 is a narrow but elongated muscle originating from the posterodorsal region of the
epimeron and inserting into the subalare. Among the paraneopteran taxa
examined, it only presents in Thysanoptera (Fig. 3C).

IIItpm11 is a small muscle originating from the pleural ridge close to the pleural arm and
inserting into the subalare. Among the paraneopteran taxa examined, it only
presents in Sternorrhyncha (Hemiptera) (Fig. 4C).

IIIppml1 is absent in all paraneopteran taxa examined.

IIIppm?2 is absent in all paraneopteran taxa examined.

IIIspml is, when present, a thick muscle originating from the basalare and inserting into the
precoxal region. It is especially enlarged in Thysanoptera (Fig. 3B) due to the
expansion of the precoxal area. This muscle is absent in Psocodea (Fig. 2) and
Heteroptera (Fig. 5).

IIIspm?2 is absent in all paraneopteran taxa examined.

IIIpem1 is a fan-shaped muscle tapering ventrally, originating from the dorsal part of the
anepisternum and inserting into the trochantin, anterior to the insertion site of
IIIdvm?2. It only presents in Psocodea (Fig. 2C) among the paraneopteran taxa
examined.

IIIpem? is a thick muscle originating from the middle of the basalare and inserting into the
lateral metacoxal rim. It is absent in Thysanoptera (Fig. 3) and Sternorrhyncha
(Hemiptera) (Fig. 4). This muscle is usually long (Figs 1B and 2B) but is short
in Heteroptera (Fig. 5C).

IIIpem3 runs parallel to IIIpem?2, and their distinction is obscure, especially when one of
these muscles is absent (see Materials and Methods). It is about the same size
with IIpcm?2 but is tapering dorsally. This muscle originates from the basalare,
posterior to the origination site of IIlpem2, and inserts into the metacoxal rim,
posterior to the insertion position of Illpem?2. It is absent in Condylognatha
(Figs 3-5).

IIIpem4 is a muscle originating from the dorsal region of the epimeron and inserting into the
lateral coxal rim. It is very long and thin in Psocodea (Fig. 2C) but is very thick
and tapering ventrally in Thysanoptera (Fig. 3B). This muscle is absent in
Hemiptera (Figs 4-5).

IIIpemS is a thick and long muscle originating from the anterior part of the basalare, anterior
to the origination site of IIlpem2, and inserting into trochanter via a tendon. It

consists of two bundles but is absent in Thysanoptera (Fig. 3) and Heteroptera



(Fig. 5).

IIIpcmé6 is a large muscle, consisting of two bundles, observed only in Heteroptera (Fig. 5B)
among the taxa examined in this study. It originates from the posterior part of
the episternum and inserts into the trochanter via a tendon.

IIIpem?7 is a short muscle originating from the anteroventral edge of the episternum and
inserting into the posterior mesocoxal rim. It only presents in Troctomorpha and
Psocomorpha (Psocodea: Kawata et al., 2022) among the species examined

here.

3.2.4 | Sternal Muscles

IIIvim2 is a muscle originating from the posterior part of the metafurca and inserted to the
abdominal segment. It is absent in Psocodea.

IIIsem1 is a small muscle originating from the posterolateral surface of the furca and
inserting into the anterior coxal rim. It sometimes consists of two bundles, as
observed in Thysanoptera (Fig. 3D) and Sternorrhyncha (Fig. 4E). This muscle
is absent in Psocodea (Fig. 2D).

ITIscm?2 is a rather large muscle (among the scm muscles) originating from the posterolateral
surface of the furca, posterior to the origination point of IIldvm8, and inserting
into the posterior metacoxal rim. This muscle consists of two (Heteroptera: Fig
5E) or three (Psocodea: Fig. 2D; Thysanoptera: Fig. 3D) bundles but is absent
in Sternorrhyncha (Hemiptera) (Fig. 4).

IIIsem3 is only observed in Thysanoptera among the paraneopteran taxa examined here (Fig.
3D), originating from the furcal arm, ventral to the origination sites of ITIsecm2
and 6, and inserting into the mesal coxal rim.

ITIscm4 is only observed in Tubrifera (Thysanoptera) (Online Supplement) among the
paraneopteran taxa examined here, originating from the furcal arm, near the
origination point of IIIscm3, and inserting into the lateral coxal margin.

IIIsemé6 is a flat muscle originating from the anteroventral margin of the furcal arm and
inserting into the trochanter via a tendon, anterior to the insertion position of
IIIdvm7 (Figs 1-5). It is well developed among the scm muscles and usually

consists of multiple bundles.

3.3 | Phylogenetic signal for (non)monophyly of Paraneoptera

When the sister group relationship between Psocodea and Holometabola was



constrained (nonmonophyly of Paraneoptera), as suggested from phylogenomic studies
(Misof et al., 2014; Johnson et al., 2018) (other topology were fixed as described in Materials
and Methods), tree length (L) was calculated as 158, with consistency index (CI) = 0.42 and
retention index (RI) = 0.53. With this topology, no character state supporting Psocodea +
Holometabola was recovered (Fig. 6)

When the monophyly of Paraneoptera was constrained, tree scores were improved to be
L =154, CI=0.43 and RI = 0.55 (Fig. 7). Under this topology, the absence of IItpm7 (#16:
but reversed in Heteroptera), absence of IIsem3 (#33: also absent in Megaloptera and
Lepidoptera and present in Terebrantia), absence of IIltpm7 (#52: nonhomoplasious, but its
absence is also reported from some taxa not examined here: Friedrich & Beutel, 2008), and
absence of IIIspm2 (#59: also absent in Amphiesmenoptera) were recovered as the
autapomorphies of Paraneoptera.

In addition, some apomorphies supporting the higher-level phylogeny of paraneopteran
taxa were recovered, under the monophyly of Paraneoptera constrained.

A total of eight apomorphies supporting the monophyly of Psocodea were recovered:
absence of Ildvm8 (#9: also absent in Mecoptera and Lepidoptera), absence of Iltpm10
(#18: also absent in Heteroptera and Hymenoptera), absence of IIscm1 (#31:
nonhomoplasious), presence of IIscm7 (#36: also present in Terebrantia of Thysanoptera),
absence of IIIdvm1 (#39: also absent in Lepidoptera), presence of Illpecm4 (#62: also
present in Zoraptera, Thysanoptera, and Nannochoristidae), absence of IIlvim2 (#66: also
absent in Hymenoptera), and absence of Illsem1 (#67: also absent in Amphiesmenoptera).

Four apomorphic conditions supporting the monophyly of Condylognatha were
recovered: the absence of Iltpm9 (#17: also absent in Zoraptera and Trichoptera), absence of
IIpemS (#28: also absent in Hymenoptera), absence of ITItpm9 (#53: also absent in
Zoraptera and Trichoptera), and absence of IIIpem1 (#60: also absent in Zoraptera,
Mecoptera and Trichoptera).

A total of nine apomorphies supporting the monophyly of Thysanoptera were
recovered: the absence of Ildvm2/3 (#4: also absent in Hymenoptera), absence of Ildvm4
(#5: also absent in Hymenoptera), absence of Ildvm5 (#6: also absent in Hymenoptera and
Amphiesmenoptera), absence of Ilpem2/3 (#26: also absent in Hymenoptera), presence of
IIpcm4 (#27: also present in Zoraptera, Hymenoptera and Nannochoristidae), absence of
IIIdvm7 (#44: also absent in Hymenoptera), absence of IIltpm1 (#46: nonhomoplasious),
presence of IIItpm4 (#49: also present in Mecoptera), and presence of ITItpm10 (#54: highly

homoplasious).



Three apomorphies supporting the monophyly of Hemiptera were recovered: the
absence of IIdvm6 (#7: nonhomoplasious), absence of IIscm4 (#34: also absent in

Lepidoptera), and absence of IIldlm1 (#37: nonhomoplasious).

4 | DISCUSSION

Homology of the muscles

Based on the present observations, homology interpretations proposed for a few
muscles of Plecoptera, Thysanoptera, and Megaloptera by Friedrich & Beutel (2008) and
those of Psocodea by Kawata et al. (2022) were revised as follows (Fig. 8).

Psocodea: IIItpm1 was overlooked by Kawata et al. (2022) (Fig. 2E). In addition, the
psocodean II/ITTtpm4 muscle described by Kawata et al. (2022) is homologized here with
II/ITItpmS5. The present re-examination revealed that this muscle is inserted into the notal
margin (Fig. 2E: agrees with the definition of II/IIltpmS5 by Friedrich & Beutel, 2008) rather
than the proximal margin of the 1st axillary sclerite (definition of II/IIItpm4 by Friedrich &
Beutel, 2008).

Thysanoptera: Mickoleit (1961) observed M.furc.-pl., a thin muscle originating from
the tip of the furca and running upwardly, and illustrated it in his figures 26 and 27. This
muscle was homologized with IIIspm2 by Friedrich & Beutel (2008). We identified a muscle
exactly corresponding to the metathoracic M.furc.-pl. as illustrated by Mickoleit (1961: figs
26-27) (Fig. 8B) but confirmed that it is inserted into the coxal rim (Fig. 3CD), not the
pleurite. This condition agrees with IIIsem3 described by Friedrich & Beutel (2008) rather
than IIIspm2. Therefore, we homologized the metathoracic M.furc.-pl. with IIIscm3 (Table
2). Note that the mesothoracic IIspm2 exists in Thysanoptera (Fig. 3A), which is
homologous to the mesothoracic M.furc.-pl. described by Mickoleit (1961: figs 24, 25).

In addition, Mickoleit (1961) observed two muscles inserting into the trochantin:
M.dept.troch.terg. (originating from the tergum and inserting into the trochanteral tendon)
and M.depr.troch.pl. (originating from the pleurite and inserting into the trochanteral tendon).
According to this description given by Mickoleit (1961), these muscles were homologized by

Friedrich & Beutel (2008) as II/IIldvm7 and IIIpemS, respectively. However, we could not



find such muscles originating from the tergum and inserting into the trochantin, although
these muscles are illustrated as large (Mickleit, 1961: figs 24, 26) and are thus less likely to
be overlooked. Instead, judging from the illustrations (Mickoleit, 1961: figs 24, 26) and the
presently scanned images, the size and relative position of M.depr.troch.terg. agree
completely with those of the posterior bundle of a large dorsoventral muscle identified here
as II/IIIdvm1 (Fig. 8A). The homology of M.dept.troch.pl. is somewhat ambiguous, but its
condition, as illustrated in the fig. 26 of Mickoleit (1961), also agrees with a part of the
IIIdvm1 muscle (Fig. 8B). Therefore, we homologized both of them as II/IIldvm1 (Table
2).

The homology of the thysanopteran II/IIIdvm1 may also be debatable because this
muscle consists of at least two bundles, and the latter one is inserted very close to the coxal
margin (Fig. 3A), which may be homologized with II/IIldvm2. However, in Hemiptera
(closest relatives of Thysanoptera), II/IIIdvm?2 is clearly retained at least in the mesothorax,
and the condition of their II/IIIdvm1 is very similar to that of thysanopterans (Fig. 4F).
Therefore, we homologized both bundles of Thysanoptera as II/IIIdvm1.

Plecoptera: Wittig (1955) observed II/Illcpm51 and 52 muscles both originating from
the basalare and inserting into the coxal rim. Of them, Friedrich & Beutel (2008)
homologized the latter with their II/IIIpem4. However, II/IIIpcm4 is the muscle originating
from the pleural arm (Friedrich & Beutel, 2008). In addition, we undoubtedly identified the
muscles corresponding to II/IIlcpm51/52 of Wittig (1955), and our present observation
confirmed that these muscles share the same origin/insertion sites (basalare and anterior coxal
rim) and are almost inseparable (Online Supplement). Therefore, we concluded that
[I/IlIepm51 and 52 muscles should be identified as two bundles of a single muscle (=
II/ITIpem2), and II/IIIpcm4 is missing in Plecoptera (Table 2).

Megaloptera: Maki (1936) observed two muscles inserting into the mesothoracic 3rd
axillary sclerite (119a and b). Friedrich & Beutel (2008) identified them as IItpm8 and
IItpm6, respectively. However, according to the definition by Friedrich & Beutel (2008),
IItpm6 is the muscle inserting into the notal margin, and IItpm8 is the muscle inserting into

the 2nd axillary sclerite. In the present analyses, we confirmed that the 119ab muscles are



both inserted into the 3rd axillary sclerite (Fig. 1E), as observed by Maki (1936). Therefore,
according to the definition by Friedrich & Beutel (2008), the 119a and b muscles are
homologized here with IItpm9 and IItpm7, respectively (Table 2). In addition, Maki (1936)
observed a muscle connecting the subalare and epimeron (120), which was homologized with
IItpm9 by Friedrich & Beutel (2008). However, this condition agrees with the definition of
IItpm10 described by Friedrich & Beutel (2008). This muscle condition was also confirmed
in the present examination (Fig. 1C).

In addition, some muscles observed in previous studies of Plecoptera, Megaloptera,
and Mecoptera were not detected from these orders by the present examinations (Table 2).
This may partly represent intraordinal variations, and this is probably the case for the state
differences between Nannochoristidae and Panorpidae of Mecoptera (Table 2: data for both
were selected from synchrotron pCT images). However, this may also be due to the size
effect, i.e., morphological simplification due to miniaturization. Because of the limitation of
the uCT beam width, relatively to very small-sized species were selected for the present
examinations, whereas previous section- or hand-dissection-based observations were based
on large species (e.g., small Nemora examined here vs. large Perla of Plecoptera examined
previously). Therefore, such size differences of the sampled specimens may affect the
presence/absence of the pterothoracic muscles. In contrast, all the thysanopteran thoracic
muscles identified in the previous study could also be confirmed in the present examinations,
possibly because both studies were based on minute species. The assumption of
simplification according to miniaturization also implies that some of the homoplasies
identified in the present analyses could be attributed to the size effect. As shown in Fig. 7 and
Table 2, most of the derived thoracic muscle conditions were identified as reductions of small
muscles, and most exemplars of each insect order are represented by small species in this
study. This can be further tested by examining larger samples in future studies.

A considerable number of homoplasious modifications observed between
Thysanoptera and Hymenoptera are notable (Fig. 7). In particular, reductions of some large
and highly conserved muscles (such as IIdvm2/3 and 5, IIpcm2/3, and IIldvm7) were

exclusively and convergently detected between them. Although the functional aspect of each



muscle is beyond the scope of the present study, Thysanoptera and Hymenoptera could be
interesting targets for examining the morphological and functional changes of the thorax,

wings and legs and their consequences regarding morphological convergences.

Parsimony character mapping and supporting signal for Paraneoptera

The monophyly of Paraneoptera has long and widely been recognized morphologically,
with support from multiple independent character systems (head, wing base, and abdomen:
see Introduction). However, based on the fossil evidence, a few morphological characters that
had previously been recognized as autapomorphies of Paraneoptera (i.e., reduction of the
labial palpi and reduction of the tarsomeres: Beutel et al., 2014) have been recovered to be
independently derived between Psocodea and Condylognatha (Huang et al., 2016; Yoshizawa
& Lienhard, 2016). Although the other autapomorphies of Paraneoptera (e.g., elongated
lacinia, specialized wing base structures, and reduction of cerci) are also confirmed in the
fossil taxa and thus are still valid, some of them are reduction characters and thus are less
reliable. Therefore, additional morphological characters are needed to test or validate the
phylogenomic results regarding the paraphyly of Paraneoptera. Here, we examined the
pterothoracic musculature as a potentially useful character system.

The presence of considerable homoplasies was evident from the distribution of
apomorphic condition (Table 2). Therefore, for recovering signals contained in the
pterothoracic musculature, we mapped the character matrix on two alternative trees
(monophyly of Paraneoptera vs. Psocodea sister to Holometabola). When the sister group
relationship between Psocodea and Holometabola was constrained (Fig 6: as recovered
phylogenomically), no apomorphic characters supporting their close relationship was
recovered (tree length was calculated to be 158). In contrast, when the monophyly of
Paraneoptera was constrained (Fig. 7: as suggested morphologically), a total of four
apomorphic characters were recovered (tree length = 154). Therefore, the pterothoracic
muscles provided additional signal favouring the monophyly of Paraneoptera. However, it
should also be noted that all the four apomorphies supporting the monophyly of Paraneoptera
are reduction of small muscles and thus are less reliable than gain characters. In addition, two
of them are unstable even within Paraneoptera (see Chapter 3.3).

The pterothoracic muscles also provided further support for some higher taxa of

Paraneoptera. Although the monophyly of Psocodea has been robustly supported molecularly



and phylogenomically (Yoshizawa & Johnson, 2003; Johnson et al., 2004, 2018; de Moya et
al., 2021), morphological support for this order is limited (Beutel et al., 2014). For example,
although the wing base morphology provided strong support for the monophyly of
Paraneoptera, this character system did not provide any evidence for the monophyly of
Psocodea (Yoshizawa & Saigusa, 2001). The present analyses recovered a total of eight
pterothoracic muscle apomorphies supporting the monophyly of Psocodea (Fig. 7). The
monophyly of Thysanoptera has been consistently supported morphologically, molecularly,
and phylogenomically, and the present analyses also recovered many apomorphies for this
order (Fig. 7 and Table 2). Monophyly of Hemiptera has also been recognized widely, and
clear signals supporting the monophyly of Hemiptera, including two nonhomoplasious
apomorphies, were recovered from the pterothoracic musculature (Fig. 7). Some new
morphological apomorphies supporting the monophyly of Condylognatha were also detected,
which provides corroborating evidence for the monophyly of Condylognatha. Again, it
should also be noted that almost all the characters are reduction ones, and a small amount of
gain characters are highly homoplasious.

In conclusion, although considerable homoplasies exist, and most of detected
apomorphies are loss characters, the pterothoracic musculature contains some signals
favouring the monophyly of Paraneoptera. More importantly, this character system does not
contain any apomorphies supporting Psocodea + Holometabola, the relationship suggested by
phylogenomic analyses (Misof et al., 2014; Johnson et al., 2018). Although the systematic
value of the pterothoracic musculature identified here is limited, all the morphological data
provided to date converged to the monophyly of Paraneoptera (head, wing base, and
abdomen, plus thoracic musculature newly added here), including both extant and extinct
taxa (Huang et al., 2016; Yoshizawa & Lienhard, 2016; Johnson et al., 2018). Although the
phylogenomic studies supported Psocodea + Holometabola with high bootstrap values,
monophyly of Paraneoptera as suggested morphologically still remains as a plausible

hypothesis (Misof et al., 2014; Johnson et al., 2018).
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Figure and Table Captions

Fig. 1. 3D reconstruction of the thoracic musculature in Megaloptera. Some muscles
indicated by an asterisk (e.g., [Idlm1*) as well as the sclerites are shown as translucent.
See text for the muscle names. T2, T3, meso- and metathorax; C2, C3, meso- and
metacoxa; PNWP, posterior notal wing process. (A—C) internal view; (D) anterointernal
view; (E) dorsolateral view. Scale = 5.0 mm.

Fig. 2. 3D reconstruction of the thoracic musculature in Trogiomorpha (Psocodea). (A—C)
internal view; (D) anterointernal view; (E) dorsolateral view. See Fig. 1 for
abbreviations. Scale = 0.1 mm. Red dotted arrows and muscle names indicate missing
muscles identified as Paraneopteran autapomorphies.

Fig. 3. 3D reconstruction of the thoracic musculature in Terebrantia (Thysanoptera). (A—C)
internal view; (D) posterointernal view; (E) dorsolateral view. See Fig. 1 for
abbreviations. Scale = 0.1 mm. Red dotted arrows and muscle names indicate missing
muscles identified as Condylognathan autapomorphies.

Fig. 4. 3D reconstruction of the thoracic musculature in Sternorrhyncha (Hemiptera). (A—C)
internal view; (D) dorsolateral view; (E, F) posterointernal view. See Fig. 1 for
abbreviations. Scale = 0.1 mm. Red dotted arrows and muscle names indicate missing
muscles identified as Condylognathan autapomorphies.

Fig. 5. 3D reconstruction of the thoracic musculature in Heteroptera (Hemiptera). (A—C)
Internal view; (D) dorsolateral view; (E) posterointernal view. See Fig. 1 for
abbreviations. Scale = 0.1 mm. Red dotted arrows and muscle names indicate missing
muscles identified as Condylognathan autapomorphies.

Fig. 6. Parsimonious character mapping on the phylogenomically suggested topology (sister
group relationship between Psocodea and Holometabola). Order names are abbreviated
as follows: Pso = Psocoptera; Thy = Thysanoptera; Hem = Hemiptera; Mec =
Mecoptera. Red squares (nonhomoplasious) and blue triangles (homoplasious, position
of homoplasious changes are pointed by the triangle) on the branches indicate
apomorphies identified for the clade, and associated numbers indicate character ID:
state (absent 0, present 1).

Fig. 7. Parsimonious character mapping on the morphologically supported topology
(monophyly of Paraneoptera). See Fig. 6 for abbreviations and character information.

Fig. 8. Scanned section images of the metathorax of Terebrantia (Thysanoptera). (A) Anterior
region; (B) posterior region. See text for muscle names. Scale = 0.05 mm.

Table 1. Taxa examined for this study. Subordinal names are given only for the paraneopteran



taxa. Resolution of uCT scan is given in um/pixel.

Table 2. Presence (1)/absence (0) of each muscle throughout the taxa examined (indicated
under Pr.), with their corresponding relations with those of previous studies. The
character number (Char#) corresponds to that on the phylogenetic trees (Figs 6—7).
Abbreviations are as follows (-ptera was omitted from some ordinal names not
mentioned here): Het. — Heteroptera; Psoc. — Psocomorpha; Ste — Sternorrhyncha; Ter —

Terebrantia; Troc — Troctomorpha; Trog — Trogiomorpha; F&B — Friedrich & Beutel.
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Superorder Order Suborder Family Species Specimen ID
Polyneoptera  Plecoptera Nemouridae Nemoura sp. 22KY42
Zoraptera Zorotipidae Zorotypus weidneri Friedrich & Beutel (2008)
Paraneoptera  Psocodea Trogiomorpha Prionoglarididae  Prionoglaris stygia Kawata et al. (2022)
Troctomorpha Amphientomidae  Genus sp. Kawata et al. (2022)
Psocomorpha Caeciliusidae Valenzuela badiostigma Kawata et al. (2022)
Thysanoptera  Terebrantia Acolothripidae Aeolothrips kurosawai S8ONO07
Tublifera Phlacothripidaec  Bactrothrips sp. 23KYO01
Hemiptera Sternorrhyncha  Aleyrodidae Trialeurodes vaporariorum S8ON14
Heteroptera Dipsocoridae Genus sp. 170N 14
Holometabola Hymenoptera Tenthredinidae Aglaostigma sapporonis 22KY05
Raphidioptera Inocelliidae Inocella sp. 22KYO07
Megaloptera Sialidae Sialis sp. S80ON25
Mecoptera Panorpidae Panorpa japonica 22KY08
Nannochoristidae Nannochorista dipteroides  Friedrich & Beutel (2010)
Trichoptera Goeridae Goera japonica 22KY10
Lepidoptera Adelidae Nemophora aurifera 22KY30

Locality resolution

Honshu, Japan 0.85
Hokkaido, Jape 0.49
Honshu, Japan 2.32
Hokkaido, Japz 0.49
Iriomote, Japan 0.49
Hokkaido, Japz 0.85
Hokkaido, Japz 0.85
Hokkaido, Japz 2.32
Honshu, Japan 0.85
Honshu, Japan 0.85
Hokkaido, Japz 0.85



102,103,

1 1Idlm1 IIdlm35| 1 1 1 1 1 M.dors.rect. 1 1 1 1 1 1 104 1 1 1 1 1
2 11dlm2 11dlm36/37| 1 1 1 1 1 -1 0 1 1 1 1/ 105,106/ 1 1 1 1 1
3 Idvml Ildvmdo| 1 1 1 o 1 Mstnot| -yl 1 112,113 1 11 1 1
M.depr.troch.terg.
4| Ildvm2/3 Ildvm41l| 1 1 1 1 1 -0 0 1 1 0 1 127 1 1 1 1 1
5 Tldvm4 Ildvm43| 1 1 1 1 1 -0 0 1 1 0 1| 128,129 1 1 1 1 1
6 Ildvm5 Ildvm43| 1 1 1 1 1 -0 0 1 1 0 1 130 1 0 0 0 0
7 1Idvmé IlcpmS3| 1 1 1 1 1 M.prom.cox.terg.| 1 1 0 0 1 1 136/ 1 1 1 1 1
8 1ldvm7 IIdvm42| 1 1 1 1 1 -0 0 1 0 0 1 137 1 1 1 1 1
9 TIdvm8 Ilism44| 1 1 0 0 0 M.sesphr.-mesfurc.| 1 1 1 1 1 1 111 1 0 0 1 0
10 IItpm1 Iitpm46a; 1 1 1 1 1 M.pl.-terg.epist.caud. 1 1 1 1 1 1 115 1 1 1 1 1
11 1ltpm2 ltpmd7| 1 1 1 1 1 M.pl-terg.condyl.| 1 1 1 1 0 1 116/ 1 1 1 1 0
12 1Itpm3 -0 ? 0 0 0 -0 0 0 0 0 0 -0 1 1 0 0
13 1Itpm4 -0 0 0 0 0 -0 0 0 0 0 0 1172 0 1 1 0 0
14 Itpm5 -0 0 1 1 1 -1 1 0 1 1 1 118 1 1 1 0 0
15 IItpm6 Iitpm49| 1 1 0 0 0 -0 0 0 0 0 1 - 1 1 1 0 0
16 1tpm7 Itpm48| 1 1 0 0 0 -0 0 1 0 1 1 1196 1 1 1 1 1
17 1Itpm9 -1 0 1 1 1 -0 0 0 0 1 1 119a 1 1 1 0 1
18/ Iitpm10 ppm56| 1 1 0 0 0 M.pl-tergcristpl.| 1 1 0 1 0 1 1200 1 11 1 1
19 tpm11 -0 0 0 0 0 -0 0 0 1 0 0 -0 0 0 0 0
20 1Ippm?2 1lppm65/54| 1 1 0 0 0 -0 0 0 0 0 0/ 107,109 1 1 1 0 0
21 TIspm1 IIppm55| 1 1 1 0 0 M.precox.-basalar.| 1 1 1 1 1 1 110 1 1 1 1 1
22 IIspm2 IIzm6la| 1 1 1 0 0 M.furc.-pl. 1 1 1 0 1 1 111 1 1 1 1 1
23 1Ispm4 -0 0 0 0 0 -0 0 0 0 0 0 -0 0 0 0 0
24 IIspm6 -0 0 1 1 1 - 1 1 1 1 1 0 -0 0o 0 1 1
25 IIpem1 -1 0 1 1 1 M.prom.cox.pl.troch., 0 1 0 0 0 1 122 1 0 1 0 1
26| Ilpem2/3 Ilepm51/52| 1 1 1 1 1 -0 0 1 1 0 1] 134,135, 1 1 1 1 1
27 1Ipecm4 -0 1 0 0 0 M.abd.cox.pl. 1 1 0 0 1 0 133 0 1 0 0 0
28 IIpem5 Ilcpm50| 1 1 1 1 1 -0 0 0 0 0 1 138) 1 1 1 1 1
29 IIpem6 -0 0 0 0 0 -0 0 1 0 0 0 -0 o 0 0 0
30 IIvim3/5 1Ivim38/39| 1 1 1 1 1 M.sesfurc.-metfurc., 0 1 1 1 1 1 -1 1 1 1 1
31 IIscml Ibm57| 1 1 0 0 0 M.prom.cox.furc.| 1 1 1 1 1 1 131 1 1 1 1 1
32 IIsem2 1Ibm60| 1 1 1 1 1 M.rem.cox.furc.ventr. 1 1 1 1 1 1 132 1 1 1 1 1
33 IIsem3 IIbm59| 1 1 0 0 0 -0 1 0 0 1 1 -0 1 1 1 0
34 IIscm4 Ilzm61b| 1 1 1 1 1 M.rem.cox.furc.dors. 1 1 0 0 1 1 126 1 1 1 1 0
35 1Iscm6 1Ibm58| 1 1 1 1 1 M.depr.troch.furc.| 1 1 1 1 1 1 139 1 1 1 1 1
36 IIscm7 -0 0 1 1 1 M.mesfurc.metcox. 0 1 0 0 0 0 -0 0 0 0 0
37 1IIdlm1 IIdim35, 1 1 1 1 1 M.dors.rect. 1 1 0 0 1 1 152, 115534 1 1 1 1 1
38 mdim2|  1dm36537, 1 I L 1 Mmetnotabdterg. ||y 1 1 155156 1 11 1 1
M.dors.obl.
M.st.-not.
39 IIdvm1 Idvm40| 1 1 0 0 0 M.depr.troch.terg. 1 1 1 1 1 1| 162,163 1 1 1 1 0
M.depr.troch.pl.2.
40| IIIdvm2/3 Illdvm41| 1 1 1 0 1 -0 0 1 0 0 1 177, 1 1 1 1 1
41 1Idvm4 Mdvm43| 1 1 0 1 1 -0 0 1 0 0 1| 178,179 1 1 1 1 1
42| Illdvm5 Illdvm43| 1 1 1 1 1 M.prom.cox.terg.. 1 1 1 1 0 1 180/ 1 0 0 0 0
43 1Idvm6 IllcpmS3| 1 1 1 1 1 M.cox.-subalar. 1 0 0 1 1 1 186 1 1 1 1 1
44 1IIdvm7 IMdvm42| 1 1 1 1 1 0 0 1 1 0 1 187 1 1 1 1 1
45 IIIdvm8 Ilism44| 1 1 1 1 1 M.metfurc.-metphr. 1 1 1 1 1 1 161 1 0 0 1 1
46 1IItpm1 Iltpm46a| 1 1 1 1 1 -0 0 1 1 1 1 164 1 1 1 1 1
47 1tpm2 Iltpm47| 1 1 1 1 1 M.pl-terg.condyl.| 1 1 0 1 1 1 165 1 1 1 1 0
48 1Itpm3 Iltpm46b| 1 1 1 0 0 -0 0 0 0 0 0 -0 1 0 0 0
49 1Itpm4 -0 0 0 0 0 M.pl-terg.cristpl.| 1 1 0 0 0 0 -0 1 1 0 0
50 IItpm5 -0 0 1 1 1 M.pl.-terg.crist.pl. 1 0 0 1 1 1 167 1 1 1 1 1
51 1IItpm6 IItpm49 | 1 1 0 0 0 -0 0 0 0 0 1 168 1 0 0 0 0
52 11Itpm7 Iltpm48| 1 1 0 0 0 -0 0 0 0 1 1 169b) 1 1 1 1 1
53 1IItpm9 -1 0 1 1 1 -0 0 0 0 1 1 169a 1 1 1 0 1
54| Iltpml10 lllppm56 0 1 0 0 0 -1 1 0 0 0 0 1700 0 1 0 1 0
55 Itpm11 -0 0 0 0 0 -0 0 0 1 1 0 -0 o 0 0 0
56/  Ilppml llimé5a 0 1 0 0 0 -0 0 0 0 1 0 -0 0 1 1 0
57/ llppm2 lllppm54ab| 0 1 0 0 0 -0 0 0 0 0 0 166/ 1 1 1 0 0
58 IIspm1 IIppm55| 1 1 0 0 0 M.praecox.-basalar. 1 1 0 1 1 1| 173,174 1 1 1 1 1
59 IIIspm2 Mzm61| 1 1 0 0 0 -0 0 0 0 1 1 175 1 1 1 0 0
60 IIpeml -1 0 1 1 1 -0 0 0 0 1 1 - 1 o 0 0 1
61| Ilpem2/3|  Illepm51/52| 1 1 1 1 1 -0 0 1 0 1 1) 185,186 1 1 1 1 1
62 TTpem4 -0 1 1 1 1 M.abd.cox.pl. 1 1 0 0 0 0 183 0 1 0 0 0
63 IIpem5S Illcom50| 1 1 1 1 1 0 0 0 1 0 1 188 1 1 1 1 1
64 1lIpem6 -0 0 0 0 0 -0 0 1 0 0 0 -0 0 0 0 0
65 IIpem7 -0 0 0 1 1 -0 0 0 0 0 0 -0 o 0 0 0
66 1Ivim2 1Ivim64| 1 1 0 0 0 M.metfurc.-abdst.| 1 1 1 1 0 0/ 213215 1 1 1 1 1
67 IlIscml IIbm57| 1 1 0 0 0 M.prom.cox.furc. 1 1 1 1 1 1 171 1 1 1 0 0
68 lIsem2 llbm60, 0 1 1 1 1 M.rem.cox.furc.ventr.| 1 1 1 0 1 1 172) 1 1 1 0 1
69 IIscm3 IIbm59| 1 1 0 0 0 M.furc.-pl.| 1 1 0 0 1 1 -0 1 1 0 0
70 IlIscm4 -0 0 0 0 0 M.rem.cox.furc.dors.| 1 0 0 0 1 1 176/ 1 1 1 1 0
71 1lIscm6 llicpm58| 0 1 1 1 1 M.depr.troch.furc.| 1 1 1 1 1 1 189 1 1 1 0 1




