
ORIGINAL ARTICLE

The homology of cephalic muscles and endoskeletal elements
between Diplura and Ectognatha (Insecta)

Alexander Blanke1,2 & Ryuichiro Machida1

Received: 24 May 2015 /Accepted: 15 November 2015
# Gesellschaft für Biologische Systematik 2015

Abstract Diplura (two-pronged bristletails) are key to our
understanding of hexapod head evolution. A sister group re-
lationship with Ectognatha (=Insecta), comprising bristletails,
silverfish and winged insects, is advocated in most modern
studies, however, homologization of head muscles and endo-
skeletal elements between Diplura and Ectognatha is still lack-
ing. Here, we present the first homologization of a number of
headmuscles and endoskeletal structures betweenDiplura and
Ectognatha. A homologization of these structures is possible if
a range of species, both from Japygidae and Campodeidae, are
studied in order to reconstruct the potential groundplan char-
acteristics and account for inner anatomy variations within
Diplura. Japygidae and Campodeidae show differences in
the origin, insertion, and presence of mandibular and maxil-
lary muscles as well as the shape of the maxillary cardo.
Taking into account recent embryological studies on the for-
mation of the endoskeleton in Protura, Collembola and
Diplura, we furthermore reconstruct the potential evolution
of the endoskeleton in early Hexapoda. The tentorium is a
defining feature of dicondylic insects ( including
Archaeognatha) while anterior and posterior cephalic invagi-
nations (the later tentorial pits of dicondylic insects) are
groundplan features of Hexapoda. Additionally, we clarify

the composition of the gnathal pouches (i.e. the type of
entognathy) in Diplura and Collembola. The pouches in
Diplura are posteriorly separated, similar to the state encoun-
tered in Collembola. This contrasts to former studies empha-
sizing the differences in the ellipuran and dipluran type of
entognathy.

Keywords Mouthparts . Endoskeleton . Functional
morphology .Mandible . Maxilla . Entognathy

Introduction

Correct homologization of anatomical structures is one of the
central elements of morphological phylogenetics (e.g.
Remane 1952; Richter et al. 2009). Homologized structures
lead to morphological characters which can be subsequently
used in computer cladistic tree reconstructions. In this context,
a persisting problem for inferring phylogenies of early insects
based on morphological data is the homology between the
cephalic structures of entognathous and ectognathous hexa-
pods (e.g. Klass 2009). Protura, Collembola and Diplura show
an entognathous mouthpart configuration (Hennig 1965),
mandibles and maxillae are hidden within the head, enclosed
by a fusion of the enlarged subgenae (“pleural folds” fide
Koch (1997)) and the labium (François et al. 1992; François
1970; Ikeda and Machida 1998). These pleural folds continue
internally as so-called gnathal pouches—mainly thin cuticle
sheaths—tightly enclosing mandibles and maxillae. Due to
this configuration, the mouthparts perform piercing motions
(protraction) through the comparably narrow functional
mouth opening (henceforth “oral opening”) together with a
rotation and, to a minor degree, chewing motions (Koch
2001). In contrast, Ectognatha, comprising bristletails
(Archaeognatha), silverfish (Zygentoma) and winged insects
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(Pterygota) have externally visible mouthparts not covered by
subgenae and gnathal pouches. Mouthparts are principally
only restricted in movement by the joints connecting them to
the head. In this context, Diplura are key to our understanding
of the early evolution of insect mouthparts. Depending on the
molecular and morphological markers used, Diplura are either
placed as sister group to Ellipura (Protura+Collembola)
(Entognatha hypothesis (Hennig 1965)), as sister group to
Protura (Nonoculata hypothesis (Luan et al. 2005)), or as sis-
ter group to Ectognatha (Cercophora hypothesis (Dallai 1998;
Kukalová-Peck 1987)). Signal is conflicting and even large
transcriptome-based analyses show comparably low support
values at the divergences between entognathous and
ectognathous hexapods (Misof et al. 2014). Embryological
data supports the Cercophora hypothesis based on two synap-
omorphies. In Diplura and Ectognatha, the serosa does not
differentiate anymore into the later body wall (Tomizuka and
Machida 2015a), and a second embryonic membrane, the am-
nion, is present (Ikeda and Machida 2001).

If the Cercophora hypothesis proves to be correct, the cur-
rent opinion is challenged that biting mouthparts like in
Archaeognatha are a groundplan feature of Hexapoda (Koch
1997, 2001; von Lieven 2000). Instead, an entognathous
mouthpart condition might be plesiomorphic for Hexapoda.

Due to their supposed phylogenetic position either as sister
group to Ellipura or Ectognatha, Diplura also play a key role
in the homologization of cephalic structures between
ectognathous and entognathous hexapods. For example, their
cephalic anatomy differs from Ellipura by the presence of a
moveable “admentum”. Evidence indicates that this
admentum is in fact a part of the labium rotating during em-
bryogenesis into anterior position (Sekiya andMachida 2011).
The admentum allows for a widened oral opening, thus lead-
ing to increased biting capabilities. It was furthermore report-
ed that the structure of the gnathal pouches in Protura,
Collembola and Diplura is different. Diplura possess one
pouch, while there are two separate pouches each
enclosing mandibles and maxillae, respectively, in
Ellipura (Koch 1997).

Here, we investigate the cephalic anatomy of Diplura fo-
cused on the endoskeleton and the musculature. The descrip-
tion of cephalic structures is focused on a representative of
Japygoidea since this taxon has not been studied so far in
the context of cephalic anatomy. Especially concerning the
endoskeleton, it is currently unclear which parts correspond
to the tentorium of Ectognatha. We subsequently homol-
ogize the endoskeletal elements of Entognatha and
Ectognatha and provide for the first time a framework
for the homologization of the cephalic muscles between
Diplura and Ectognatha. Additionally, we highlight the
evolution of the endoskeleton across early hexapods and
clarify the configuration of the gnathal pouches in
Collembola and Diplura.

Material and methods

Homologization requires comparison over a wide range of
taxa. We therefore studied the following species:

Diplura: Campodea augens Silvestri, Metriocampa sp.,
Lepidocampa weberi Oudemans, Occasjapyx japonicus
(Enderlein), Occasjapyx akiyamae (Silvestri), Catajapyx
aquilonaris (Silvestri), Atlasjapyx cf atlas Chou &
Huang were investigated and compared to the morpho-
logical descriptions of diplurans found in François
(1970), Koch (1997, 2000, 2001), Kukalová-Peck
(1987), and Manton (1964).
Protura: Acerentomon sp.
Collembola: Pogonognathellus flavescens (Tullberg),
Thaumanura sp., Orchesella sp., Triacanthella rosea
Wahlgren, Podura aquatica L., Sminthurinus niger
(Lubbock), Isotoma sp.
Archaeognatha: Meinertellus cundinamarcensis Sturm,
Machilontus sp., Machilis germanica Janetschek,
Trigoniophthalmus alternatus (Silvestri), Pedetontus
unimaculatusMachida
Zygentoma: Thermobia domestica (Packard), Lepisma
saccharina L., Tricholepidion gertschi Wygodzinsky,
Atelura formicaria Heyden

Morphological descriptions are based on an alcohol pre-
served specimen of A. atlas collected in Afghanistan in the
1970s and kindly loaned by Thomas Wesener (Zoological
Research Museum Alexander Koenig, Bonn, Germany).

We present extensive supplemental material (ESM_1) in
which the cephalic musculature of Diplura is compared to
the one of Zygentoma, Archaeognatha, Collembola, and
Protura based on own original datasets and the literature
(Chaudonneret 1948, 1950; Bitsch 1963; François 1970;
François et al. 1992; Blanke et al. 2012, 2014, 2015). We
strongly recommend using this material along with the main
text to follow up the homologization scheme.

Specimens (except A. atlas) were fixed with Bouin’s fluid for
several days, washed and stored in 70 % ethanol, and subse-
quently dried at the critical point (Model E4850, BioRad or
Samdri-PVT-3D, tousimis) to avoid shrinking artefacts. The in-
ternal anatomy was investigated using synchrotron-radiation mi-
cro computed-tomography (SR-μCT) setups at three institutes.
At the Deutsches Elektronen Synchrotron (DESY, beamlines
DORIS III/BW2 and PETRA III/IBL P05, Hamburg,
Germany), SR-μCT was performed with a stable energy beam
of 8 keV in absorption contrast mode (Beckmann et al. 2008;
Ogurreck et al. 2013). At the Paul-Scherrer Institute (PSI),
SR-μCT was done with 10 keV in absorption contrast mode
(beamline TOMCAT, Villigen, Switzerland (Stampanoni et al.
2010)). At the Super Photon ring-8 GeV (SPring-8, Sayo,
Hyogo, Japan), SR-μCT was done at the beamline BL47XU
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using a stable beam energy of 8 keV in absorption contrast mode
(Uesugi et al. 2012). The tomography system at SPring-8 con-
sists of a full field X-ray microscope with Fresnel zone plate
optics. The FOV and effective pixel size are 0.11 mm2 and
0.0826 μm2, respectively.

Segmentation of the resulting 16bit TIFF image stacks and
rendering of the objects were accomplished with Reconstruct
(Fiala 2005) and ITK-Snap (Yushkevich et al. 2006), both are
distributed under the General Public License (GPL). We used
manual segmentation as well as semi-automatic segmentation
algorithms based on gray value differences (“Wildfire”-tool in
Reconstruct), or the “region competition” algorithm for fully
automatic segmentation (ITK-Snap). Rendering of the
resulting mesh objects was done with the latest version of
Blender (blender.org). Objects were imported as wrl-files
(Reconstruct) or stl-files (ITK) into Blender, the surface
meshes were smoothed using the remove doubles algorithm
set to 0.03 and the smoothing modifier with 10 repetitions for
the stl-files. Smoothing of the wrl-files was done with the
smoothing modifier set to 2–4 repetitions. No further process-
ing was done besides light and camera adjustment in order to
minimize structure alteration.

3D models of the investigated head structures are available
focused on Atlasjapyx cf atlas (ESM_2). Additionally, trans-
verse SR-microCT sections of the head are provided as a film
sequence (in AVI format; see ESM_3) so that the “classical”
histology-like view on the internal anatomy is possible.

For scanning electron microscopy (SEM), specimens were
transferred in a series of steps into 100% ethanol, critical point
dried (tousimis Samdri-PVT-3D), and sputter coated (JEOL
JFC-1100). Microscopy was performed on a TOPCON
SM-300 using a rotatable sample holder (Pohl 2010) modified
for the chamber dimensions of this SEM type.

Terminology

The term “ridge” is used for cuticular strengthening lines or
ridges while we follow the definition of a “suture” as an
ecdysial cleavage line or, more generally, a line which is thin-
ner than the surrounding cuticle wall (Snodgrass 1935, 1947;
DuPorte 1957). The descriptions of skeletal structures are
made according to the definitions provided by Beutel et al.
(2014). Muscles are named according to the nomenclature
introduced byWipfler et al. (2011) already in the results chap-
ter (see also ESM_1). Muscle abbreviations of Wipfler et al.
(2011) are followed by the corresponding muscle name used
by François (1970) (e.g. “0mdX=abbreviation of François
(1970)”). Muscles not covered so far in the nomenclature of
Wipfler et al. (2011) are added at the appropriate text sections.
We are aware that this already results in a homology state-
ment, which should normally be a part of the discussion.
However, we think that this is the best option concerning
readability of this study since the potential homology of each

muscle according to the classic homology criteria “origin”,
“insertion”, and “relative position” is directly visible. The dis-
cussion chapter handles the interpretation of endoskeletal
structures, sutures and ridges as well as general topics
concerning the cephalic muscle equipment of Diplura. For
the sake of brevity, species are mentioned in the following
with their genus name only.

Results

Cephalic morphology of Atlasjapyx—general aspects

The roughly rectangular, dorsoventrally flattened head is
prognathous and sparsely covered with setae (Figs. 1 and 2).
Eyes and ocelli are absent. The small dorsoventrally oriented
clypeal area is ventrally delimited to the labrum by a well-
developed clypeolabral suture and laterally by the antennae
(Fig. 2b, c). A short interantennal ridge connects both antennal
bases. The frons is roundish in dorsal view enframed by the
frontal ridges which fuse posteriorly with the coronal ridge
(Fig. 1a). An occipital ridge is absent, and the occipital area,
the vertex and the genal area are not visibly delimited from
each other. Subgenae (pleural folds fide Koch (1997)) and
genae are divided by a barely visible subgenal suture located
in equatorial position (Fig. 2a). This suture connects the pos-
terior invagination with the dorsal base of the admentum. This
unusual configuration of sutures and ridges compared to
Ectognatha is also present in the other Japygidae and
Campodeidae studied. The postoccipital ridge is connected
to the coronal ridge mesally, laterally, the postoccipital ridge
meets the posterior invaginations on both sides (Fig. 2a). The
coronal ridge extends internally as a well-developed coronal
apodeme along its entire length.

The subgenae or pleural folds delimit the ventral right and
left quadrants of the head. Anteriorly, they reach the
admentum to which they are connected with thin cuticle along
their entire length (Fig. 2a, d). The admentum is a triangular
sclerite in ventral viewwhich can swing outwards bymeans of
the flexible thin cuticle connecting it to the subgenae (the
admental suture fide François (1970); “ads”; Fig. 1b), thus
leading to a wider mouth opening once mandibles and maxil-
lae protract. Adduction of the admentum is accomplished by
the M. tentorioadmentalis (0ad1; ESM_1 and 2). The
subgenae are ventrally connected to the postmentum by a thin
cuticle along the entire length.

Extension of the nomenclature for Dicondylia

M. tentorioadmentalis (0ad1=not mentioned in François
(1970)): O: Anteriorly on the ventral median part of the trans-
verse mandibular tendon; I: Anteriorly on the median edge of
the admentum.
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Transverse mandibular tendon and hypopharyngeal
sclerites

The transverse mandibular tendon and the well-developed
hypopharyngeal fulturae (Fig. 3) serve as attachment sites
for a range of mouthpart muscles (see below).

The transverse mandibular tendon in Atlasjapyx is a meso-
dermal structure located anteriorly between the mandibles,
below the brain and pharynx (Fig. 4d). It is composed of a
tendinous wing-like part (tendon wings “tw”, Fig. 3a) which
serves as attachment for the mandibular zygomatic muscles
(0md6+8), and a compact, equally tendinous part connected
ventrally to the tendon wings (tendon body “tb”, Fig. 3a).
Various antennal, mandibular, maxillary, labial and buccal
muscles are attached to the tendon body. The tendon is at-
tached to the head capsule by two muscles (0te1+3; Fig. 3)
originating dorsally at the base of the wings and the posterior
part of the tendon body, respectively.

The hypopharyngeal fulturae are sclerotized structures run-
ning through the whole head from the posteriormost part of
the subgenae to the base of the labrum. In dorsal view, they are
basically two “L” formed bars lying adjacent to each other
with their longer side. Anteriorly, they dorsally continue as
sclerites which are connected to the head (ahys, Fig. 3;
“tormae” fide François (1970)). These sclerites are composed
of two distinct layers at their connection to the head, and they
continue as a one layered structure more posteriorly.

Ventrally of the mandibles, the fulturae are interlocked on
each side with the galeae of the maxillae (Fig. 4a). This com-
plex thus forms an arch which encloses the base of the
incisival area of the mandibles (Fig. 3b). Dorsally, the arch
is composed of the ahys, ventrally of the fultura-galea inter-
lock (Fig. 4a, b; ESM_2+3). Furthermore, the fulturae are
anteriorly each composed of a sclerite at the base of the
superlinguae (sls, Fig. 3b) and a sclerite at the base of the
hypopharynx (hys, Fig. 3b). The fulturae posteriorly connect
to the chitinous parts of the mandibular gnathal pouch (pomd,
Fig. 3b). At this transition, the structure is additionally con-
nected to the inner wall of the subgena with musculature
(0po3; Fig. 3a; ESM_2+3).

Musculature

M. tentoriofrontalis posterior (0te1=ead3): O: Laterad on the
transverse mandibular tendon; I: Frontal ridge. M.
tentoriofrontalis dorsalis (0te3=ead1): O: Mediad on the

posterior part of the endosternite; I: Right next to the coronal
ridge on the vertex. M. tentoriosuspensorialis (0hy5=dsl): O:

�Fig. 1 SEM micrographs of the head of Atlasjapyx. a Dorsal view; b
Ventral view; c Details of the mouthparts in ventral view. Abbreviations:
adm admentum, ads admental suture, cor coronal ridge, fl flagellum, fr
frons, frr frontal ridge, ga galea, lap labial palp, lbr labrum,mdmandible,
mxp maxillary palp, oc occiput, pcl premental cleft, pe pedicellus, pi
posterior invagination, pom postmentum, prm prementum, sc scapus, sg
subgena. Scale bar for a)+b)=1 mm

A. Blanke, R. Machida244



Medially on the central part of the hypopharnygeal fulcrum; I:
Dorsal base of prementum. M. praementosalivaris anterior
(0hy7=smv): O: Lateral wall of the anterior prementum; I:
Laterad at the salivary opening. M. praementosalivaris poste-
rior (0hy8=slv): O: Postmentum; I: Salivary channel right
before the fusion with the salivary channel of the other side.
M. oralis transversalis (0hy9=not mentioned in François
(1970)): O: Oral arm of suspensorial sclerite; I: Oral arm of
the suspensorial sclerite on the other side.

M. tentoriofrontal is anterior (0te2 = ead2) , M.
posterotentorialis (0te4= emd), M. tentoriotentorialis
l o n g i s ( 0 t e 5 ) , M . t e n t o r i o t e n t o r i a l i s b r e v i s
(0te6) , M. frontooralis (0hy1) , M. tentoriooralis
(0hy2=dpl), M. craniohypopharyngealis (0hy3), M.
postoccipitalohypopharyngealis (0hy4), M. postmentoloralis
(0hy6), M. loroloralis (0hy10), M. lorosalivarialis (0hy11), M.
hypopharyngosalivaris (0hy12), M. anularis salivarii
(0hy13): absent.

Extension of the nomenclature for Dicondylia

M. hypopharyngobuccalis anterior (0hy14=dhp1): O:
Apodeme of the lingula; I: Ventral wall of the pharynx. M.
hypopharyngobuccalis posterior (0hy15=dhp2): O: Apodeme
of the lingula; I: Ventral wall of the pharynx posterior of 0hy14.

M. lorooralis (0hy16=lTo): O: Loral arm of one side; I: Oral
arm on the same side. M. occipitohypopharyngealis (0hy17=
not mentioned in François (1970)): O: Dorsal posteriormost part
of the hypopharyngeal fulturae; I: Medially on the occiput near
the coronal apodeme. M. hypopharyngo plicaoralis (0hy18=
emv2): O: Ventral posteriormost part of the hypopharyngeal
fulturae; I: Posterior margin of the pleural folds.

Gnathal pouches

The gnathal pouches on each side are composed of two sclero-
tized parts and thin cuticle parts which are interconnected with

Fig. 2 SEM micrographs of the head of Atlasjapyx. a Lateral view; b
Frontal view; c Detail of the antennal and labral base in frontal view; d
Detail of the admentum and labrum in frontal view. Abbreviations: adm
admentum, ads admental suture, anf antennifer, car circumantennal ridge,
cly clypeus, clys clypeolabral suture, ga galea, iar interantennal ridge, lbr

labrum, mxp maxillary palp, cahys connection of anterior
hypopharyngeal sclerites with head capsule, pi posterior invagination,
pls pleural suture, por postoccipital ridge, sg subgena. Scale bar for a)=
1 mm
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each other and the mandibles and maxillae (Fig. 5). Due to the
connection of the gnathal pouches to the pleural folds which
partly form the oral opening, a continuous external lumen is
present inside the head around mandibles and maxillae (e.g.
Fig. 5e). Additionally, a part of the thin cuticle of the pouch is
folded so that flexible mouthpart movement is possible.

The larger sclerotized part of each pouch is wrapped
around the posterior parts of the mandibles (pomd; Figs. 3b
and 5a, b), and a smaller pouch sclerite is located dorsally of
the galea (pomx; Fig. 3b). The thin cuticle areas are connected
with the sclerotized areas, but they are not a continuous struc-
ture. Instead, a smaller, thin cuticle part connects the ventral
edges of the mandibles with the dorsal edges of cardo and
stipes (Fig. 5c–e). The ventral edges of cardo and stipes are
connected to the hypo-pharyngeal fulturae (Fig. 5a–e), and a
larger thin cuticle area connects to hypo-pharyngeal fulturae
with the dorsal edges of the mandibles running near the head
capsule and thus forming a semicircle (Fig. 5e). This config-
uration is the same in the investigated Collembola (Fig. 5f–j).

Extension of the nomenclature for Dicondylia

M. plicaoralis anterodosalis (0po1=poad): O: Lateral at the
anterior subgenae; I: On a sclerite of the gnathal pouch near
the base of the galea. M. plicaoralis posterodorsalis (0po2=
popd): O: Lateral at the posterior subgenae; I: Posteriormost
part of the sclerotized mandibular part of the gnathal pouch.
M. plicaoralis ventralis (0po3=pov): O: Lateroventral at
the posterior subgenae; I: Posteriormost part of the
hypopharyngeal fulturae at the transition to the sclerotized
mandibular part of the gnathal pouch.

Antennae

The thick anteriorly oriented antennal bases are enclosed by a
circumantennal ridge which medially passes over into a well-
developed antennifer (Fig. 2c). The three basalmost
antennomeres are almost homonomous (we use the terms
scape, pedicel and flagellum to allow for a better comparison;
see also François (1970)). The antennal vessels are connected
to the dorsal vessel anterior of M. frontobuccalis posterior. In
the following, only the muscles of scapus, pedicellus and the
first flagellomere will be mentioned (Fig. 6a, b), although
musculature is present in all flagellum segments except for
the distalmost one (François 1970).

Musculature

M. tentorioscapalis anterior (0an1=fsc): O: Laterad on the
transverse mandibular tendon; I: Anterior (ventral) basal mar-
gin of the scape. M. tentorioscapalis posterior (0an2=lscl): O:
Laterad on the transverse mandibular tendon; I: Posterior
(dorsal) basal margin of the scape.M. tentorioscapalis lateralis
(0an3=dsc): O: Laterad on the transverse mandibular tendon;
I: Lateral basal margin of the scape. M. tentorioscapalis
medialis (0an4=lscm): O: Right next to the coronal ridge on
the vertex; I: Posterior (dorsal) basal margin of the scape next
to 0an2. M. scapopedicellaris lateralis (0an6=not mentioned
in François (1970)): O: Dorsal wall of the scape; I: Lateral

b)

a)

0te1

Fig. 3 3D reconstruction of SR-μCT data of the mandible, maxilla,
hypopharyngeal fulturae, gnathal pouch and associated muscles of
Atlasjapyx. a Dorsal view; b Lateral view showing the relative position
of the maxilla and the general structure of the hypopharyngeal fulturae.
Abbreviations: ahf anterior part of hypopharnygeal fulturae, ahys anterior
hypopharyngeal sclerite, cca connection to cardo, chf central part of
hypopharnygeal fulturae, phf posterior part of hypopharnygeal fulturae,
phx pharynx, pomd sclerotized part of the pouch near the mandible, pomx
sclerotized part of the pouch near the maxilla, tb tendon body, tpo thin
part of gnathal pouch, tw tendon wing.Muscle designations are explained
in the main text
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wall of the pedicel. M. scapopedicellaris medialis (0an7=not
mentioned in François (1970)): O: Mesal wall of the scape; I:
Mesal edge of the pedicel. M. scapoflagellaris (0an9=not
mentioned in François (1970)): O: Mesal wall of the scape;
I: Mesal margin of the flagellum.

M. frontopedicellaris (0an5), M. intraflagellaris (0an8), M.
interampullaris (0ah1), M. ampulloaortica (0ah2), M.
ampullopharyngealis (0ah3), M. ampullofrontalis (0ah4), M.
frontopharyngealis (0ah5), M. frontofrontalis (0ah6): absent.

Extension of the nomenclature for Dicondylia

M. tentoriopedicellaris (0an10=dpea): O: Laterad on the trans-
verse mandibular tendon; I: Ventral margin of the pedicellus. M.
hypopharyngopedicellaris (0an11=dpep): O: At the
posteriormost part of the hypopharyngeal fulturae; I: Ventralmar-
gin of the pedicellus. M. scapopedicellaris anterior (0an12=not
mentioned in François (1970)): O: Ventral margin of the

pedicellus; I: Ventral margin of the first flagellum segment. M.
scapopedicellaris posterior (0an13=not mentioned in François
(1970)): O: Dorsal margin of the pedicellus; I: Dorsal margin
of the first flagellum segment. M. flagelloflagelaris anterior
(0an14=not mentioned in François (1970)): O: Ventral margin
of the first flagellum segment; I: Ventral margin of the second
flagellum segment. M. flagelloflagellaris posterior (0an15=not
mentioned in François (1970)): O: Dorsal margin of the first
flagellum segment; I: Dorsal margin of the second flagellum
segment.

Labrum and epipharynx

The labrum is formed like a ventrally rounded semicircle in
frontal view (Fig. 2b and 6c). It covers nearly the whole mouth
opening (Fig. 2b), only the maxillary palps and the tips of the
galea protrude between the labrum and admentum laterally.
Ventrally, the tips of mandibles and maxillae are visible.

Fig. 4 Transversal SR-μCT section through the head of Atlasjapyx. a
The connection of hypopharyngeal fulturae with a part of the galea (ga)
and the location of the anterior hypopharyngeal sclerite (ahys); b
Transversal slice slightly further posterior to show the course of the
ahys and hypopharyngeal fulturae around the mandible; c The contact

point of the stud of the maxilla (stst) at the lateral wall of the mandible
further posterior; d The connection of the transverse mandibular tendon
with the hypopharyngeal fulturae (hf). Further abbreviations: br brain, lac
lacinia, phx pharnyx, st stipes, tb tendon body, tw tendon wings. For
muscle designations, see text
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Cibarium and epipharynx are weakly sclerotized. The
epipharnyx is not subdivided. Sclerites of the hypopharynx
(“ahys”, Fig. 3b, “tormae” fide François (1970), but see discus-
sion) connect on both sides laterally of the labrum to the head
(Fig. 2c, d). These apodemes are posteriorly oriented and lie
adjacent to the dorsal base of the mandibular incisivial area
(Fig. 3). Their tips begin to taper immediately at the anterior
end of the mandibular orifice and connect to the hypopharyngeal
fulturae (see above).

Musculature

M. frontolabralis (0lb1=cll): O: Mesally on the clypeus; I:
Mesally on the outer basal wall of the labrum. M.
frontoepipharyngalis (0lb2=not mentioned in François (1970)):
O: Mesally on the frons; I: Basal wall of the epipharynx. M.
labroepipharyngealis (0lb5=cla): O: Lateral dorsal wall of the
labrum; I: On the lateral dorsal wall of the epipharynx; M.
clypeopalatalis (0ci1=clp): O: Clypeus; I: Roof of the cibarium
near the epipharnygeal base.

M. epistoepipharyngealis (0lb3), M. labralis transversalis
(0lb4), M. labrolabralis (0lb6): absent;

Extension of the nomenclature for Dicondylia

M. epipharyngalis longitudinalis (0lb7=lep): O: Mediad on
the inner wall of the epipharynx; I: Roof of the cibarium near
the epipharyngeal base.

Mandibles

The mandibles are formed like elongated bowls with the open-
ings oriented mesally (Fig. 7). They are devoid of setae.
Posteriorly, the mandibles are tapering into a pointed tip fitting
into the chitinous part of the gnathal pouch (Fig. 3). This structure
is frequently termed posterior mandibular articulation. A primary
(posterior) mandibular joint in the form of a condyle and a cor-
responding cephalic socket is absent. Anterior to the tapering tip,
a strong mandibular ridge spans within the mandible lumen from
the dorsal to the ventral wall (Fig. 7). Within the small lumen
created by the ridge and the mandibular walls of the tip, muscles
are absent while the rest of the mandibular orifice anterior to the
ridge is completely filled with musculature (0md6+8). Theman-
dibles have no visible molar area, and a lacinia mobilis is like-
wise absent. The knife-like incisivial area is dorsoventrally

Fig. 5 Successive transversal SR-μCT section through the head of
Atlasjapyx (a-e) and Pogonognathellus flavescens (f-j) to show the
course of the gnathal pouch between mandible, maxilla, and
hypopharyngeal fulturae. Note that the lumen enclosed by the gnathal
pouches is an “external” lumen connected to the oral opening and that

the sclerotized mandibular part of the gnathal pouch is connected to the
hypopharyngeal fulturae (b+c). Abbreviations: hf hypopharyngeal
fulturae, pomd sclerotized pouch of mandible. Muscle designations are
explained in the main text
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flattened and bent inwards forming a shovel. Four short and
heavily sclerotized incisivi are discernable.

At the connection of the anterior hypopharyngeal sclerites
(“ahys”, Fig. 3) with the rest of the hypopharyngeal fulturae, a
muscle package (0md4) originates which continues posterad
and splits up into one package inserting at the posterior ridge
in the mandibular lumen while the other package inserts at the
lateral head wall posterior of the gnathal pouch (Fig. 3a).

Musculature

M. craniomandibularis internus (0md1=not mentioned in
François (1970)): O: On large parts of the posterior coronal
ridge and the vertex; I: Ventral mandibular wall, right next to
the an te r ior end of the mandibu la r o r i f i ce . M.
craniomandibularis externus anterior (0md2=cmad2): O:
Dorsal part of the gena; I: Dorsal mandibular wall, right next
to the anterior end of the mandibular orifice. M.
craniomandibularis externus posterior (0md3=cmpd1+2):
O: Posterior parts of the vertex, next to 0md1; I: Dorsal man-
dibular wall right next to the posterior end of the mandibular
orifice. M. hypopharyngomandibularis (0md4=fm): O: At
the connection of the anterior hypopharyngeal sclerite with
the rest of the hypopharyngeal fulturae; I:Within the mandible
lumen at the posterior mandibular ridge and at the lateral head
wall, posterior of the gnathal pouch. M. tentoriomandibularis
lateralis superior (0md5=zmd): O: Median dorsal wall of the
transverse mandibular tendon; I: Dorsal wall of the mandible
directly anterior to 0md3 and anterior to the posterior man-
dibular strengthening ridge. M. tentoriomandibularis lateralis
inferior (0md6=zm): O: Entire lumen of the mandible; I:
Entire lumen of the mandible of the other side. M.
tentoriomandibularis medialis superior (0md7=not men-
tioned in François (1970)): O: Lateral wall of the transverse
mandibular tendon ventral of the endosternal wings; I: Margin
of the ventral mandibular wall near the anterior end of the
mandibular orifice. M. tentoriomandibularis medialis inferior
(0md8=zm): O: Entire lumen of themandible; I: Entire lumen
of the mandible of the other side. Not clearly distinguishable
from 0md6.

Extension of the nomenclature for Dicondylia

M. craniomandibularis internus posterior (0md9=cmv): O:
Large parts of the posterior vertex together with 0md1 and
0md3; I: Margin of the ventral mandibular wall at height of
the posterior mandibular strengthening ridge. M.
craniomandibularis externus medialis (0md11=cmad3): O:
Gena, laterad of the antennal base; I: Dorsal mandibular wall,
right next to the anterior end of the mandibular orifice and to
the insertion of 0md2.

M. craniomandibularis externus lateralis (0md10=
cmad1): absent;

a)

b)

c)

Fig. 6 3D reconstruction of SR-μCT data of the antennae and labrum
and associated musculature of Atlasjapyx. aDorsal view of right antenna;
bVentral view of right antenna; c Frontal view of labrum. Abbreviations:
fl flagellum, lbr labrum, pe pedicellus, sc scapus. Muscle designations are
explained in the main text

Fig. 7 3D reconstruction of SR-μCT data of the mandibles (md) and
associated musculature of Atlasjapyx in dorsal view. Muscle
designations are explained in the main text. For clarity, each muscle is
shown only on one side
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Maxillae

The maxillae are divided into cardo, stipes, lacinia and galea
(Fig. 8a). The small cardo is approximately “L”-shaped and ori-
ented perpendicular to the head axis. The tip of the long arm of
the “L” is in contact with the posterior arm of the
hypopharyngeal fulturae (Fig. 3b), the shorter arm points dorsal-
ly. The sclerotized part of the stipes is of rectangular shape in
lateral view and bears posteriorly a well-developed dorsal arm
which is formed like a stud (Fig. 8a). This stud is in contact with
the lateral mandibular wall at level of the posterior mandibular
ridge (Fig. 4c). Anterior of the stud, the stipes is composed of thin
cuticle (e.g. Fig. 8b). The lacinia is heavily sclerotized and dor-
soventrally flattened. It is composed of five long incisivi oriented
mesally and parallel to the orientation of the mandibular incisivi.
The galea is located dorsal of lacinia and maxillary palp and
lateral to the incisivial area of the mandible. It is formed like a
palp and bears several setae. Large parts of the galea are com-
posed of thin cuticle, while the distal areas and two “arms”
are well sclerotized (Fig. 8a). One of these arms continues
posteriorly, the other one mesally. The mesal arm is
interlocked with the anterior part of the hypopharyngeal
fulturae (Fig. 4a). A short, one segmented palp originates from
the anteriormost part of the stipes. Due to the unusual config-
uration of the galea, the palp is located between galea and
lacinia (Fig. 8b).

Musculature

M. craniocardinalis (0mx1=not mentioned in François (1970)):
O: Posteriormost part of the coronal ridge at the junction with the
occipital ridge; I: Basal cardinal process. M. craniolacinialis
(0mx2=fcla1+2): O:Mediad on the occipital ridge and posterior
parts of the vertex; I: Basal edge of lacinia. M. tentoriocardinalis
(0mx3=adcd): O: Posterior part of the hypopharyngeal fulturae;
I: Dorsal arm of the cardo. M. tentoriostipitalis anterior (0mx4=
adst1-4): O: Large parts of the middle hypopharyngeal fulturae
and laterally on the ventral part of the transverse mandibular
tendon; I: Large parts of the stipes. M. tentoriostipitalis posterior
(0mx5=adst5+6): O: Laterally on the ventral part of the trans-
verse mandibular tendon; I: Large parts of the stipes posterad to
0mx4. M. stipitolacinialis (0mx6=fsla+fcdla): O: Dorsal parts
of the stipes and the cardo; I: Basal median edge of lacinia. M.
stipitogalealis (0mx7=fgae): O: Lateral wall of the stipes, basal
to the maxillary palp; I: Basal edge of galea. M. stipitopalpalis
externus (0mx8=rpamx): O: Inner posterior wall of the stipes; I:
Basal edge of the first palpomere of the maxillary palp. M.
stipitalis transversalis (0mx11=tst): O: Ventral part of the stipes
close to the basal edge of the lacinia; I: Dorsal part of the stipes
close to the base of the galea.

M. stipitopalpalis medialis (0mx9), M. stipitopalpalis
internus (0mx10), M. palpopalpalis maxillae primus
(0mx12), M. palpopalpalis maxillae secundus (0mx13), M.

a)

c)

b)

Fig. 8 3D reconstruction of SR-μCT data of the maxillae and the labium
and accociated musculature of Atlasjapyx. a Maxillae, dorsal view; b
Detail of the anterior part of the maxilla in ventral view to show the
relative position of galea, palp and lacinia; c Labium, dorsal view.
Abbreviations: ca cardo, ga galea, lac lacinia, lap labial palp, lig ligula,
mxp maxillary palp, pom postmentum, prm prementum, st stipes, stst
stipital stud, tc thin cuticle, tw tendon wings. Muscle designations are
explained in the main text
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palpopalpalis maxillae tertius (0mx14), M. palpopalpalis
maxillae quartus (0mx15): absent.

Extension of the nomenclature for Dicondylia

M. stipitosuperlingualis externus (0mx16=fgai): O: At the
base of the dorsal inner wall of the galea; I: Near the
superlingua-galea interlock.

Labium

The labium is composed of a proximal postmentum, a mesally
divided prementum, one segmented labial palps and two distal
undivided ligulae (Figs. 1c and 8b). Postmentum and prementum
are laterally connected to the subgenae. The prementum is lon-
gitudinally divided into two parts by a premental cleft reaching to
the base of the prementum and also continuing inwards where
the cleft opens into the mouth cavity (ESM_2+3). The two
parts of the prementum are thus independent but inter-
laced with each other due to the winding form of the
premental cleft. The one segmented labial palps originate at
the lateral walls of the premental sclerites and point posterior-
ly. The short ligulae are covered by a dense vestiture of ven-
trally and anteriorly oriented setae (Fig. 1c).

Musculature

M. postoccipitoparaglossalis (0la3=rle): O: Posteriormost part
of the hypopharnygeal fulturae; I: Lateral base of the paraglossa.
M. tentoriopraementalis (0la5=rlv): O: Ventral anterior part of
the transverse mandibular tendon; I: Ventral base of the
praementum. M. tentorioglandularis (0la7=rel1): O: Lateral
posteriormost part of the hypopharyngeal fulturae; I: Dorsal
anterior part of the labial gland. M. post-mentomembranus
(0la9=sl): O: Loral arm of supensorium; I: Anteriormost part
of the postmentum. M. praementopalpalis internus (0la13=
abplb): O: Ventrally on the transverse mandibular tendon; I:
Base of the labial palp.

M. post-occipitoglossalis medialis (0la1), M. post-
occipitoglossalis lateralis (0la2), M. post-occipitopraementalis
(0la4 = rpvl) , M. tentorioparaglossalis (0la6) , M.
submentopraementalis (0la8), M. submentomentalis (0la10),
M. prae-mentoparaglossalis (0la11), M. prae-mentoglossalis
(0la12=cli), M. prae-mentopalpalis externus (0la14=adplb),
M. prae-mentomembranus (0la15=cp), M. palpopalpalis labii
primus (0la16), M. palpopalpalis labii secundus (0la17): absent.

Extension of the nomenclature for Dicondylia

M. tentoriopraementalis lateralis (0la18=rpvm): O: Ventral me-
dian part of the transverse mandibular tendon; I: Posterior lateral
part of the prementum. M. tentoriopalpiformis (0la19=rpp): ab-
sent in Atlasjapyx. François (1970) describes this muscle as

originating from the lateral parts of the endosternite and inserting
on a palpiform appendix of the labium. M. tentoriopostmentalis
(0la20=emv1): O: Ventral posterior part of the hypopharyngeal
fulturae; I: Mediad on the postmentum. M. tentorioglossalis
(0la21=rldm): O: Ventral median part of the hypopharyngeal
fulturae; I: Anterior dorsal wall of the prementum. M.
tentorioprementalismedialis (0la22=rldl): O: on the anterior part
of the transverse mandibular tendon; I: Medially on the
distalmost part of the prementum. M. hypopharyngoglossalis
(0la23): O: Lateral wall of the hypopharyngeal fulturae; I:
Proximal basal wall of the ligula. M. hypopharyngoprementalis
(0la24): O: Lateral wall of the hypopharyngeal fulturae right next
to 0la23; I: On the anterior ventral wall of the prementum. M.
postoccipitopostmentalis (0la25): O: Posteriormost part of the
postocciput near the foramen occipitale; I: Posteriormost part of
the postmentum.

Labial glands

The labial glands (Fig. 9) are composed of a labial gland sac, a
winded part (=labyrinth) and two efferent ducts joining each
other before opening into the elongated salivarium.

Musculature

M. postoccipitoglandularis anterior (0gl1=lRl): O: Postoccipital
ridge; I: Medially on the labyrinth; M. postoccipitoglandularis
posterior (0gl2=red): O: Laterally on the postoccipital ridge; I:
Posterior part of labyrinth; M. tentorioglandularis posterior
(0gl3=rel2): O: Posterior part of hypopharyngeal fulturae; I:
Medially on the labyrinth; M. postmentoglandularis (0gl4=
remv): O: Postmentum; I: Ventro-medially on the labyrinth; M.
occipitoglandularis (0gl5=relv): O: Lateral wall of occiput; I:
Posterior part of the labial gland sac.

Pharynx and oesophagus

The foregut has a wide lumen and is not distinctly subdivided
into pharynx and oesophagus (Fig. 9). Various muscles hold
the foregut into position.

Musculature

M. frontobuccalis anterior (0bu2=dpf): O: Frons posterad the
antennal base; I: Roof of the bucca. M. frontobuccalis posterior
(0bu3=dppf): O: Frons, posterior of 0bu2. Themuscle is located
directly in front of the brain between the antennal nerves; I: Roof
of the bucca, immediately posterior of 0bu2. M. tentoriobuccalis
anterior (0bu5=dcv): O: Anteriorly on the transversemandibular
tendon; I: Lingual apodeme at the base of the superlinguae. M.
tentoriobuccalis posterior (0bu6=dpv): O: Dorsal of 0bu5 on
the transverse mandibular tendon; I: Base of the cibarium
opposite to 0bu3. M. verticopharyngealis (0ph1=dppd):
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O: Medially on the posterior part of the occiput; I: Pharynx,
immediately posterior to the brain. M. tentoriopharyngealis
(0ph2=dppv): O: Posterior part of the hypopharyngeal
fulturae directly before these bend outwards toward the

gnathal pouches; I: Base of the pharynx opposite to 0ph1.
M. anularis stomodaei (0st1=ap+pPh+app): Ring muscle
layer that covers the entire pharynx. M. longitudinalis
stomodaei (0st2=aoe): Longitudinal muscle layer directly
above musculus annularis stomodaei.

M. clypeobuccalis (0bu1), M. tentoriobuccalis lateralis
(0bu4=dpplv), M. postoccipitopharyngealis (0ph3): absent.

Discussion

Entognathy

As in the other entognathous taxa Protura and Collembola, the
characteristics of the cephalic anatomy of Diplura are dominated
by their entognathy. The relatively narrow oral opening allows
only for a limited movement space of mandibles and maxillae
which is mainly restricted to protraction and retraction. In con-
trast to Protura and Collembola, however, Diplura possess a
moveable admentum which can swing outwards thus widening
the mouth opening and allowing for an increased abduction and
consequently also an increased adduction to grab food. The
admentum can adduct actively (M. tentorioadmentalis, 0ad1)
while the abduction is done passively by the space requirements
of the mouthparts during their protraction. It is noteworthy to
mention that Diplura are either predators or omnivores, while
nearly all Collembola and Protura are suction feeders on plants
and fungi, or decomposers of debris.

It was stated by Koch (1997) that the type of entognathy is
fundamentally different in Diplura and Ellipura and that each
type cannot be traced back to a common ancestor since this
would lead to a non-functional mouthpart configuration (Koch
1997). In this view, Ellipura are supposed to possess paired sep-
arate pouches for mandibles and maxillae on each side, while
Diplura should possess one pouch on each side harbouring both,
mandibles and maxillae (Koch 1997). This was repeatedly men-
tioned as an argument for the potential non-monophyly of
entognathous Hexapods, although it was stated at the same time
that entognathy as such still provides a strong argument for
monophyletic Entognatha (Klass 2009).

In our data, we could not retrace the results described byKoch
(1997). In all collembolans and diplurans studied, the configura-
tion of the gnathal pouch is the same. Anteriorly, the gnathal
pouch is made of thin cuticle and not continuous when seen in
transverse sections. A smaller part connects the mandible with
cardo and stipes while these are ventrally connected to the
hypopharyngeal fulturae. From the hypopharnygeal fulturae, a
thin cuticle runs in a semicircle along the head wall to the dorsal
side of the mandible (Fig. 5e, i, and j). This leads anteriorly to a
continuous external lumen within the head. Posteriorly, the gna-
thal pouches divide into a mandibular and a maxillary pouch
(comp. Fig 5a–e to f–j).

a)

b)

c)

Fig. 9 3D reconstruction of SR-μCT data of the pharynx and salivary
glands and associated musculature ofAtlasjapyx. a Lateral view; bDorsal
view; c Detail of the anatomical mouth opening in dorsal view.
Abbreviations: av antennal vessel, br brain, cvr circumpharyngeal
vessel ring, dv dorsal vessel, gld gland duct, gllab gland labyrinth, glres
gland reservoir, glsal gland salivarium, phx pharynx, tb tendon body, tw
tendon wing. Muscle designations are explained in the main text
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While the configuration of the gnathal pouches seems to be
the same in Ellipura and Diplura, the ontogenetic development
of the mouthfolds (subgenae or pleural folds) is different. In
both Ellipura and Diplura, the mouth folds are derived from
homologous regions of the intercalary and three gnathal terga.
In Diplura, additionally the labial coxae are involved in mouth
fold formation (Sekiya and Machida 2011) which is most
likely an autapomorphy of this taxon.

Homology of endoskeletal elements in Diplura, Ellipura
and Ectognatha

The homologization of the cephalic endoskeleton and muscula-
ture between Entognatha and Ectognatha is crucial: (i) to recon-
struct the evolution of hexapod mouthparts and (ii) to develop
character matrices useable in phylogenetic reconstruction. There
has been decade-long disagreements on the interpretation of en-
doskeletal structures in entognathous hexapods (Koch 2000;
Manton 1977; Manton and Harding 1964; Matsuda 1965;
Snodgrass 1935). Diplura possess hypopharyngeal fulturae
(François 1970) and a transverse mandibular tendon as “endo-
skeletal” elements i.e. structures serving muscle origin and inser-
tion and cranial support. The main question is, whether one of
these elements or their subparts can be homologizedwith parts of
the endoskeleton in Ectognatha.

Hypopharyngeal fulturae and their connection to the head

Ontogenetically, the hypopharyngeal fulturae have an ectodermal
origin as sclerotized arms of the sternal head part in Collembola
(Folsom 1900) probably belonging to the maxillary segment of
the head due to their articulation with the cardo (Snodgrass
1960). Thus, they are not tentorial apodemes but parts of the
gnathal pouches (Snodgrass 1951, 1960; Tuxen 1952). Our re-
sults support the interpretation of Koch (Koch 2000, 2001) that
the hypopharyngeal fulturae of Diplura (François 1970) are ho-
mologous to the so-called fulcro-tentorium of Protura (François
et al. 1992) and the hypopharyngeal complex of Collembola
(Folsom 1900; Hoffmann 1908). This is supported by their sim-
ilar location within the head, their anterior and posterior connec-
tion to the head (Fig. 10, characters 1+2) and the muscles
inserting at these structures. However, our results for Diplura
differ in the following points from Koch (2000): The posterolat-
eral part (surface sclerite fide Koch (2000)) attaches via muscles
(0po3) to the lateral head wall close to the posterior invagination
(Figs. 5a and 10). A homologous anatomy is present in Protura
and Collembola where the posterior hypopharyngeal arms are
also connected with muscles to the head at the same relative
position (Fig. 10, character 2).

In this context, it is important to distinguish homology hy-
potheses about the hypopharyngeal fulturae from homology hy-
potheses about the anterior and posterior tentorial pits. There is
evidence from embryological data that anterior and posterior pits

are present at the contact zones of the hypopharnygeal fulturae
with the head in Collembola. In the embryos of Tomocerus
cuspidatus, two pairs of ectodermal invaginations were found
(Tomizuka and Machida 2015b). The anterior one is located
ventrolateral to the antennal base, the posterior one in the lateral
region of the cranium, at level of the proximal end of the maxilla.
Similarly, late embryos of Protura (Fukui 2010; Fukui and
Machida pers. comm.) and Diplura (Sekiya and Machida pers.
comm.) show conspicuous ectodermal depressions at the lower
parts of the postoccipital region. These depressions are most
likely homolog to the structures identified as the posterior
tentorial pits in T. cuspidatus embryos (Tomizuka and Machida
2015b). We thus conclude that anterior and posterior invagina-
tions with a connection to the hypopharnygeal fulturae are
groundplan characteristics of Hexapoda (Fig. 10, character 1).
Muscular connections of the anterior invaginations with endo-
skeletal structures are lost in Cercophora and Ectognatha
(Fig. 10, character 3+4).

The hypopharyngeal fulturae of Ellipura and Diplura are not
homologous to the tentorium in Ectognatha (Fig. 10, characters
5+6). The location of the central part of the hypopharyngeal
fulturae ventral of the transverse mandibular tendon is contradic-
ting an interpretation as a tentorial structure. In Archaeognatha
and Tricholepidion, the tentorium is located above the transverse
mandibular tendon (e.g. Sturm and Machida 2001; Blanke et al.
2014) while the hypopharnygeal fulturae are located below in all
entognathous taxa (Fig. 10). Thus, the hypopharyngeal fulturae
can even not be interpreted as a precursor of the corpotentorium,
and consequently, names such as pseudotentorium (Koch 2000)
or fulcro-tentorium (François et al. 1992) should be avoided. Due
to this, the hypopharyngeal fulturae are also not homolog to the
“tentorium” in myriapod lineages since this tentorium is also
located above the transverse mandibular tendon (e.g. Manton
1964, 1977).

The transverse mandibular tendon

The transverse mandibular tendon was named “median
endosternite” by François (1970).We judge this termmisleading,
since “sternite” implies an ectodermal origin, while the structure
is clearly of mesodermal origin without any sclerotization. Thus,
we recommend the use of the term transversemandibular tendon.
The structure in Diplura is homologous to the transverse man-
dibular tendon of Archaeognatha and Tricholepidion. Homology
is well supported by its peculiar location between the mandibles
as well as the insertion of the mandibular zygomatic muscles
(0md6+8). In Archaeognatha and Tricholepidion, there are ad-
ditionally “intermediate states” visible which aid the interpreta-
tion of the evolutionary history of this structure: a part of the
zygomatic muscles insert at the ventral side of the anterior
tentorial arms in Archaeognatha while in Tricholepidion, these
muscles insert partly on the corpotentorium, and the transverse
tendon itself is connected with muscles to the corpotentorium
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(Blanke et al. 2014). The transverse mandibular tendon is there-
fore not homolog to a part of the tentorium of dicondylic insects
(François 1970).

A transverse mandibular tendon connecting the zygomatic
mandibular as well as a part of the stipital muscles is also present
in Ellipura (François et al. 1992; Hoffmann 1908; Koch 2001;
Tuxen 1964). Considering the data for Diplura and Ellipura, a
repositioning of the mandibular and maxillary muscles from the
hypopharyngeal fulturae over the transverse mandibular tendon
to the tentorium is a potential trend within early Hexapoda. Since
a transversemandibular tendonwith similar location and connec-
tion to other structures is also present in Myriapoda and
Crustacea (Manton 1964; Koch 2001), this character is a poten-
tial groundplan character of Mandibulata.

Sutures, ridges and cephalic musculature in Diplura

Diplura show a peculiar ridge and suture configuration. The cor-
onal and frontal “lines” are usually sutures in dicondylic insects,
in Diplura they are ridges i.e. strengthening lines (ESM_2+3).
The coronal ridge even extends into the head via a two-layered
coronal apodeme to which parts of the 0md1 and 0mx1 are
attached. This apodeme is posteriorly connected to the
postoccipital ridge—an occipital ridge, i.e. a ridge between the
vertex area and the occiput is missing. The subgenal line is a
suture in Diplura, while it is a ridge in dicondylic insects.

Data on themolting ofDiplura indicates that this process takes
place in the same way like in winged insects. The head capsule
breaks at the dorsal midline beginning from the neck (Snodgrass

1947). It was suggested that it might still be possible that the
dipluran coronal ridge and its apodeme participate in the molting
process by a split of the component lamellae (Snodgrass 1947). It
is notable that Protura show the same coronal apodeme like
Diplura (Snodgrass 1947; Tuxen 1964), but Collembola lack
any thickening or thinning line in this region of the head.

Compared to the last detailed study on the cephalic morphol-
ogy of the dipluran Campodea chardardi (François 1970), the
anatomy of the diplurans studied here is characterized by a num-
ber of differences. The transverse mandibular tendon is smaller
and more compact than in C. chardardi, and an accompanying
lateral endosternite (François 1970) was not detectable.
Compared to François (1970), the cephalic muscle equipment
is characterized by the absence of M. craniomandibularis
externus lateralis (0md10), M. postoccipitopraementalis (0la4),
M. praementoglossalis (0la12), M. praementopalpalis
externus (0la14), M. praementomembranus (0la15), M.
tentoriopalpiformis (0la19), M. tentoriooralis (0hy2), M.
tentoriofrontalis anterior (0te2), M. posterotentorialis (0te4), M.
tentoriobuccalis lateralis (0bu4).

In the diplurans studied, we discovered additional head mus-
cles compared to François (1970). Most remarkable and relevant
among these (for a full list see ESM_1) are the presence of anM.
craniomandibularis internus (0md1), the main adductor of the
mandible and in most chewing-biting insects the largest head
muscle. This muscle is also described by Koch (2001) but has
not been described by François (1970) although present in all
studied campodeids. Other notable examples concern the pres-
ence of M. tentoriomandibularis medialis superior (0md7),

Fig. 10 Evolution of endoskeletal elements mapped on a transcriptome
based phylogenetic tree of Hexapoda (Misof et al. 2014). Shapes of
mouthparts, muscles and endoskeletal elements are shown as simplified
models, same forms and colours indicate putative homologous structures.
Note that the mouthparts of Protura and Diplura have a prognathous

orientation but are shown here in orthognathous position to allow for
better comparison of the endoskeletal elements between taxa. The
endoskeletal elements of Protura and Diplura are shown in their correct
orientation within the head
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which shows exactly the origin and insertion like in Ectognatha,
and the presence of a suite of antennal muscles: M.
scapopedicellaris lateralis (0an6), M. scapopedicellaris medialis
(0an7), M. scapoflagellaris (0an9), M. scapopedicellaris anterior
(0an12), M. scapopedicellaris posterior (0an13), M.
flagelloflagelaris anterior (0an14), M. flagelloflagelaris posterior
(0an15). In themaxilla, theM. craniocardinalis (0mx1) is present
in all Japigidae studied. Its absence in Campodeidae is likely the
reason why François (1970) did not mention it, while Snodgrass
(1960) depicts an unnamed muscle of same origin and insertion
for Heterojapyx gallardi.

Homology of the dipluran cephalic musculature
with Dicondylia

Homologization of the majority of dipluran mandibular muscu-
lature with the muscles in Archaeognatha and Zygentoma is
possible since origin and insertions are the same across these taxa
and also stable among the studied Diplura. An exception is M.
hypopharyngomandibularis (0md4). This muscle originates in
all Campodeidae only on the posterior dorsal parts of the head
capsule and inserts at the transition between the anterior
hypopharyngeal sclerites and the loral arm. M. hypo-
pharyngomandibularis is thus not readily identifiable as a man-
dibular muscle. However, in all Japygidae studied, the muscle
has two origins, one at the posterior dorsal part of the head
capsule and one within the lumen of the mandible. We are aware
that the term “origin” is problematic in the context of the man-
dible lumen since usually this is defined as an “insertion” (Beutel
et al. 2014). The term “origin” is nevertheless used here due to
the configuration of this muscle in Campodeidae (see above).
Since the anterior hypopharyngeal sclerites are connected to the
loral arm of the hypopharynx in all Diplura studied, origin and
insertion in Japygidae make a homologization with M.
hypopharyngomandibularis of dicondylic insects likely.

Homologization of the maxillary muscles of Diplura with the
ones in Archaeognatha and Zygentoma is unproblematic. An
important difference between Campodeidae and Japygidae is
the absence of M. craniocardinalis (0mx1) in all Campodeidae
studied (also absent in the study of François (1970)) while the
muscle is present in all Japygidae. Also remarkable is the larger
and more robust cardo in Japygidae, which articulates in both
dipluran lineages with the posterior part of the hypopharygeal
fulturae.

Although the labium of Diplura is fixed at its base due to a
thin cuticle connection of the post- and prementum with the
subgenae, it contains more muscle groups than the labia of
Archaeognatha and Zygentoma. Especially remarkable are a
number of tentorial muscles inserting at the post- and prementum
as well as medially on the ligula in addition to the “classical”
muscle groups for these parts known for Dicondylia. This leads
to a high degree of redundancy in function. In addition, almost all
labial muscles are retractors or adductors. An abduction can only

be performed indirectly by the protraction movement of mandi-
bles and maxillae. Also remarkable is the absence of labial
muscles originating at the postocciput and inserting at the
different parts of the prementum and ligula (0la1-4). This
group of muscles is only present in Zygentoma (incl.
Tricholepidion; Blanke et al. 2014).

The homologization scheme presented here for large parts of
the cephalic musculature and the endoskeleton is a starting point
for a homologization of this character system between all
Entognatha and Ectognatha. Despite significant differences in
mouthpart configuration, it is still possible to homologize the vast
majority of muscles between Diplura and Ectognatha according
to the classic criterion of (relative) location (Remane 1952).
Recent embryological research additionally provides important
input for the criterion of continuity since the origin of head cap-
sule parts, e.g. admentum, subgena, or hypopharyngeal fulturae,
can be indentified and homologized. In this context, Diplura also
present a crucial intermediate form (Remane 1952) for a future
homologization of cephalic muscles between Ellipura and
Ectognatha.
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