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Fig. 4. Zorotypus weidneri, mouthparts, SEM micrographs. A: left mandible, dorsal view; B: left mandible, ventral view; C: right man-
dible, ventral view; D: right mandible, dorsal view, white arrowhead indicates the position equipped with dentes molares; E: left maxilla,

dorsal view; F: lacinia and galea (enlarged), the practical border between the lacinia and stipes are shown in the different colors; G: right

maxilla, ventral view; H: lacinia of G enlarged; I: galea (enlarged), yellow arrowhead indicates two small distal teeth; J: labium except
for palpi, ventro-lateral view; K: labium, ventral view; L: hypopharynx, dorsal view. Scale bars, A—D, J—L: 50 um; E,G: 100 um; F,H:
20 um; I: 25 um. — Abbreviations: 1-V in A—D, mandibular teeth; 1-5 in E, maxillary palpomeres; 1-3 in K, labial palpomeres; cr,
cardinal ridge; csr, cardostipital suture; ga, galea; gl, glossa; hy, hypopharynx; la; lacinia; lp, labial palp; pg, palpiger; pgl, paraglossa; pm,

postmentum; prm, praementum; pst, prostheca; st, stipes.

M. tentoriocardinalis (Omx3) — O: anterior tentorial arm,
close to origin of M. tentoriostipitalis (Omx5); I: later-
ally on the inner surface of the cardo; M. tentoriostipitalis
anterior (Omx4) — O: ventral side of anterior and dorsal
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tentorial arm; I: ventrally on mesal stipital edge, proxi-
mad to attachment of M. craniolacinialis (0mx2); M.
tentoriostipitalis posterior (0mx5), narrow muscle — O:
ventral side of anterior tentorial arm; I: basally on stipes;
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Fig. 5. Zorotypus weidneri, head, wingless morph, sagittal section. A: left half; B: mouth parts (A, enlarged); C: right half; D: mouth

parts (C, enlarged). White arrowhead indicates molares on right mandible. Scale bars, A,C: 100 um; B,D: 50 um. — Abbreviations: hy,

hypopharynx; Ib, labrum; Ip, labial palp; md, mandible; pep, preepipharynx; pot, preoral tube; sc, scapus.

M. craniolacinialis (Omx2) — O: head capsule between
M. craniocardionalis (Omx1) and dorsal component of
M. craniomandibularis internus (Omd1); I: basal edge of
lacinia by means of a short tendon; M. stipitolacinialis
(0mx6) — O: laterally on stipital base; I: base of lacinia,
close to insertion of Omx2; M. stipitogalealis (0mx7)
two subunits — O: ventral edge of mediostipes; I: base
of galea; M. stipitogalealis dorsalis (0mx16) — O: dorsal
edge of mediostipes; I: base of galea; M. stipitopalpalis
externus (0mx8) — O: ventrally from stipes, close to mesal
edge; I: posteriorly on base of palpomere 1; M. stipito-
palpalis medialis (Omx9) — O: ventrally from stipes, close
to mesal edge; I: posteriorly on the base of palpomere
1; M. stipitopalpalis internus (0mx10) — O: anterior to
M. stipitopalpalis externus (Omx8); I: anteriorly on the
base of palpomere 1; M. palpopalpalis maxillae primus
(0mx12) — O: anteriorly from the basal part of palpomere
1; I: base of palpomere 2; M. palpopalpalis secundus
(0Omx13) — O: basal part of palpomere 2; I: base of pal-
pomere 3; M. palpopalpalis tertius (Omx14) — O: basal
part of palpomere 3; I: base of palpomere 4; M. palpopal-
palis quatrus (Omx15) — O: posteriorly on the basal part
of palpomere 4; I: anteriorly on the base of palpomere 5.
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3.7. Labium

(Figs. 1C, 2, 3B,E, 4J,K, 7D)

Large parts of the labium are weakly sclerotized and
all parts are of a yellowish or creamy-white coloration
(Fig. 1C). Postmentum, prementum and endite lobes are
laterally bordered by the maxillae (Figs. 2, 3B,E). The
prementum is about as large as the postmentum and me-
dially divided by a median internal cleavage (Fig. 4J,K).
The postmentum bears many small, nipple-like projec-
tions on the surface (Fig. 4K); it is composed of a small
mentum and a much larger submentum. The well-devel-
oped glossae and slightly smaller paraglossae are basally
fused; the paraglossae are not visible in ventral view.
Both endite lobes are ventrally attached to the premen-
tum. The laterodistal part of the paraglossae is closely
adjacent with the lateral hypopharyngeal margin. The
glossae are densely set with setae, especially on their an-
terior region. The palp is 3-segemented. A distinct palpi-
ger is present (Fig. 4J). The proximal palpomere is elon-
gate, about 4—5 x as long as wide; palpomere 2 is small,
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Fig. 6. Zorotypus weidneri, head, winged morph, 3D reconstructions of internal structures. A,B: lateral view; C,D: dorso-fronal view; E,F:

frontal view. The dashed lines in A indicate attachment areas of tendon arms to the cranium. — Abbreviations: an, antennal nerve; ata, an-
terior tentorial arm; atp, anterior tentorial pit; cc, circumoesophageal connective; dcer, deutocerebrum; dta, dorsal tentorial arm; 1b, labrum;
ms, mandible socket; oes, oesophagus; pcer, protocerebrum; pt, prothorax; pta, posterior tentorial arm; sc, scapus; sa, salivary acinuous
structure; sd, salivary duct; soec, suboesophageal complex; tb, tentorial bridge.
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about as long as wide; its base is distinctly narrowed; the
apical palpomere is the largest, with a strongly narrowed
basal part, and an apex densely set with short setae (Fig.
4K).

Musculature (Fig. 7D): M. submentopraementalis (0la8) —
O: mediobasal part of gula, I: dorsally on median inter-
nal ridge; M. tentoriopraementalis (0la5) — O: posterior
tentorial arm and base of tentorial bridge, I: laterobasal
edge of prementum; M. praementoparaglossalis (0Olal1) —
O: median internal ridge of prementum, I: basal edge of
paraglossa; M. praementoglossalis (0lal2) — O: base of
median internal ridge of prementum; I: posterior margin
of glossa; M. praementopalpalis internus (0lal3)—O:
median internal ridge of prementum; I: base of palpo-
mere 1; M. praementopalpalis externus (0la14), bipartite
muscle, with a large main subcomponent and slender lat-
eral subcomponent — O: on the lateral wall of the premen-
tum and a large premental apodeme, which reaches the
anterior mental region posteriorly (main subcomponent);
I: laterally on the base of palpomere 1; M. palpopalpalis
labii primus (0lal6) — O: mesal wall of palpomere 1; I:
laterally on the base of palpomere 2; M. palpopalpalis
labii secundus (0lal7), uncertain — 0: palpomere 2; I: ba-
sally on palpomere 3.

3.8. Epipharynx
(Figs. 5, 7F)

The epipharynx is semimembranous and divided into a
flat anterior part (preepipharynx) which forms the roof of
the open preoral cavity, and a posterior part forming the
roof of the short preoral tube (Fig. 5). The posthypophar-
ynx forms the floor of this tube and the mesal mandibular
bases the lateral walls of its anterior part.

Musculature (Fig. 7F): M. clypeopalatalis (Ocil), well
developed and composed of several muscles — O: antero-
lateral part of postclypeus; I: medially on the preepiphar-
ynx and the roof of the preoral tube. The bundles of Ocil
are separated by well-developed transverse muscles (=
M. annularis stomodaei, Ost1).

3.9. Salivarium and salivary glands
(Figs. 6B,D, 7E)

The salivarium is present as a flat and very narrow pocket
between the hypopharynx and the labium. Its dorso-ven-
tral wall and the anterolateral edges are sclerotized. The
salivarium is connected to the salivary glands by very
slender ducts; they coalesce shortly before reaching the
salivarium. The appearance of the paired salivary gland
differs distinctly between the wingless and winged speci-
mens. In the winged form it is very long and convoluted
in the posterior head region; it extends into the thorax
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where it reaches the posterior prothoracic margin poste-
riorly (Fig. 6B,D); the prothoracic part is surrounded by
acinuous structures, which are intensively stained with
toluidine blue in histological sections. The salivary duct
also reaches the thorax in the wingless specimen we ex-
amined but is shorter; the acinuous structure is poorly
developed.

Musculature (Fig. 7E): M. praementosalivarialis ante-
rior (Ohy7) — O: lateral wall of the prementum, I: me-
dially on the salivary sclerite; M. praementosalivarialis
posterior (Ohy8) — O: posterolateral wall of prementum,
I: laterally on the salivary sclerite; M. annularis salivarii
(Ohy13), probably represented by a small transverse
muscle connecting the anterolateral edges of the salivary
sclerite; M. craniohypopharyngealis (Ohy3) — O: ventral-
ly on postoccipital phragma, I: salivarium.

3.10. Hypopharynx
(Figs. 4L, 5, 7E)

The prehypopharynx lies above the prementum and dis-
tinctly reaches beyond the anterior margin of the para-
glossae. The dorsal surface is semimembranous; it is
covered with longitudinal rows of ridges fringed with
wedge-shaped surface structures anteriorly and with
posteriorly directed projections posteriorly (Fig. 4L).
The posthypopharynx forms the floor of the preoral tube
(Fig. 5). The lateral edge of the posterior preoral tube,
which is a prolongation of the postero-lateral margin
of the prehypopharynx, is reinforced by distinctly scle-
rotized and narrow suspensoria (Fig. 7E).

Musculature (Fig. 7E): M. frontooralis (Ohyl) — O:
posterior frontal area, laterad the origin of M. fronto-
epipharyngalis (01b2); I: apex of the suspensorium at the
anatomical mouth; M. tentoriosuspensorialis (Ohy5) — O:
tentorial bridge; I: ventromedially on the posterior hypo-
pharynx; M. tentoriooralis (Ohy2) — O: distal end of the
anterior tentorial arm; I: middle region of the suspenso-
rium.

3.11. Pharynx and oesophagus
(Figs. 6B,D,F, 7F)

The lumen of the pharynx is rather narrow. Distinct folds
for attachment of dilators surround the tube. It is pos-
teriorly continuous with the wide oesophagus, which is
characterized by strongly developed internal folds (oe-
sophageal folds).

Musculature (Fig. 7F): M. clypeobuccalis (Obul) — ab-
sent; M. frontobuccalis anterior (Obu2) — O: anterior part
of the frontal area; I: dorsally on the anatomical mouth;
M. frontobuccalis posterior (Obu3), a series of bundles —
O: posterior frontal area, close to the anterior margin of
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Fig. 7. Zorotypus weidneri, head, winged morph, 3D reconstructions of internal structures. A: head, frontal view; B: sagittal plane of head;
C: maxillae, ventral view; D: labium, ventral view; E: sagittal plane, hypopharyngal muscles; F: sagittal plane, pharyngeal muscles. — Ab-
breviations: am, antennal heart ampulla; ata, anterior tentorial arm; dta, dorsal tentorial arm; ep, epipharynx; ga, galea; gl, glossa; hy, hy-
popharynx; la, lacinia; Ib, labrum; md, mandible; mp, maxillary palp; oes, oesophagus; pgl, paraglossa; prm, praementum; sa, salivarium;
sc, scapus; su, suspensorium. Muscles are explained in section 3 (text).
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the brain; I: dorsal side of the precerebral pharynx; M.
tentoriobuccalis lateralis (Obu4) — O: laterally from the
head capsule, close to the origin of the anterior tentorial
arm; : laterally on the anatomical mouth; M. tentoriobuc-
calis anterior (Obu5) — O: middle of tentorial bridge; I:
ventral wall of the pharynx; M. tentoriobuccalis posterior
(Obu6) — unclear; M. verticopharyngalis (Ophl) — O: pos-
terior head capsule between the posterior part of the brain
and the dorsal bundles of M. craniomandibularis internus
(Omd1); I: dorsally on the posterior pharynx; M. tento-
riopharyngalis (Oph2) — O: basally on the dorsal tentorial
arm; [: ventrally on the pharynx, below the attachment
of M. verticopharyngalis (Ophl); M. oralis transversalis
(Ohy9) connects the upper edges of the anatomical mouth
on the ventral side, attached to the suspensorium on both
sides; M. annularis stomodaei (0st1) —a ring muscle layer
is present over the whole length of the cephalic foregut; it
is less regularly arranged at the oesophageal folds which
are posteriorly adjacent with the pharynx; M. longitudi-
nalis stomodaei (0Ost2) — longitudinal muscles are present
on the dorsal and ventral sides of the pharynx; they are
covered by Ost1.

3.12. Cervical glands

Absent.

3.13. Brain and suboesophageal complex
(Figs. 6B,D,F, 8)

The brain and suboesophageal complex are very large in
relation to the total size of the head (Fig. 6B,D,F). The
shape is distinctly modified to make it fit closely between
muscles and endoskeletal structures. Distinct recesses are
present at the position of the anterior parts of M. cranio-
mandibularis internus (Omdl) and the posterior part of
the dorsal tentorial arms. The brain is strongly inclined
posteriorly. Two symmetric protocerebral lobes extend
to the foramen occipitale posteriorly. The optic neuropils
and ocellar nerves were only recognizable in the winged
specimen, but the general shape and size of the brain ap-
parently does not differ distinctly between the morphs
(Fig. 8). The antennal nerves arising from the deutocere-
brum are distinct (Fig. 6F). The tritocerebral commissure
is not recognizable as a separate structure. The circumoe-
sophageal connective is very broadly connected with the
suboesophageal complex, which reaches the anatomical
mouth region anteriorly and the ventral neck region pos-
teriorly. The connectives linking it with the prothoracic
ganglion are long and moderately thick. The frontal gan-
glion is distinctly developed.
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4. Results of the cladistics analyses

The cladistics analysis of 128 morphological characters
resulted in 20 (NONA) or 10 (TNT) trees of equal length
with 257 steps (Ci: 55 / Ri: 68). Fig. 9 shows the strict
consensus tree. Electronic supplements 1 and 2 contain
the matrix and a character list, respectively. The retrieved
apomorphies of selected clades (unambiguous character
states in bold) are presented below:

Eumetabola (Bremer support [BS] 1): 48(1) posterior
tentorial arms without trabeculae tentoria, 61(1) undivid-
ed stipes, 67(1) lacinia without incisivi, 107(0) M. tento-
riobuccalis lateralis absent.

Acercaria (BS 2): 22(2) scapus and pedicellus equally
long, 79(1) labium with median longitudinal channel,
113(1) insertion of lacinia detached from stipes, 115(1)
strongly enlarged cibarial dilators.

Holometabola (BS 2): 73(1) anteriorly or dorsally ori-
entated maxillary palps, 81(1) reduced glossae, 126(1)
presence of larval stemmata, 127(1) immature stages
with different body shape than adults.

Polyneoptera (BS 3): 2(0) ocelli reduced, 20(0) inser-
tion of antenna close to mandibular articulation, 21(0)
antennifer present, 76(1) postmentum with submentum
and mentum, 80(1) median cleft of prementum present,
89(0) origin of M. tentoriopraementalis inferior on ven-
tral apodeme (trabeculae tentorii).

Eukinolabia (BS 2): 1(1) head capsule prognathous or
slightly inclined, 16(1) tormae without mesal extension,
28(0) presence of M. tentorioscapalis medialis (0an4),
80(0) prementum without median cleft, 83(1) paraglos-
sae twice as long or longer than glossae, 91(1) origin of
M. tentorioparaglossalis on basal edge of prementum.
Xenonomia + [Dictyoptera + (Zoraptera + Plecopte-
ra)] (BS 1): 27(0) presence of M. tentorioscapalis lat-
eralis, 73(1) anteriorly or dorsally orientated maxillary
palps, 82(0) paraglossa cylindrical, as wide as thick.
Xenonomia (BS 5): 33(0) non-pulsatile antennal ampul-
lae, 38(1) antennal ampulla connected to supraesophageal
ganglion, 39(1) tissue between antennal ampulla and su-
pracsophageal ganglion with oval nuclei, 77(1) angle
between submentum and mentum more than 60°, 84(1)
ventrally orientated labial palps, 90(1) absence of M. tento-
rioparaglossalis, 99(1) distinctly flattened hypopharynx.
Dictyoptera + (Plecoptera + Zoraptera) (BS 1): 2(2)
3 ocelli, 107(0) absence of M. tentoriobuccalis lateralis.
Dictyoptera (BS 5): 26(0) origin of antennal muscles on
anterior tentorial arms only; 32(1) bipartite antennal ves-
sel wall; 45(1) secondary anterior tentorial bridge (“per-
foration of the corpotentorium™); 52(1) presence of man-
dibular postmola; 66(1) lacinia enclosed in galeal cavity;
76(0) postmentum uniformly sclerotized.

Blattodea (BS 1): 2(1) 2 ocelli, 117(1) M. verticopharyn-
gealis with two components, 119(1) M. hypopharyngo-
salivarialis with two components.

Zoraptera + Plecoptera (BS 3): 16(1) tormae without
mesal extensions, 49(2) 5 incisivi on the left mandible,
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wingless

Obu3 Oah1 ,pcer

50(3) 5 incisivi on right mandible, 57(1) absence of M.
hypopharyngomandibularis.

Zoraptera (BS 6): 5(1) absence of coronal and frontal
(epicranial) sutures, 48(1) absence of trabeculae tentorii
on posterior tentorial arms, 89(1) origin of M. tentorio-
praementalis inferior on posterior tentorial arms, 123(1)
galea with distal spines, 124(1) moveable prostheca on
left mandible, 125(1) adults with winged and wingless
morphs, 128(1) presence of prominent intraclypeal ridge.

5. Discussion

The monophyly of the small order Zoraptera was never
disputed. The contrast between the great uniformity of
general body features and a conspicuous variability of
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genitalia was pointed out in several studies (e.g., GUR-
NEY 1938; Darraretal. 2011, 2012a,b, 2014a,b; MasHIMO
et al. 2013). The flightless morphs display a number of
apomorphies apparently linked with the loss of wings,
whereas the winged morphs are apparently close to the
groundplan of Neoptera in their general body morpho-
logy including the head.

Zorotypus weidneri displays the same set of plesio-
morphic cephalic features which was already described
for the North American Z. hubbardi (BEUTEL & WEIDE
2005). This includes the orthognathous orientation of
the head, the complete tentorium (without accessory an-
terior bridge = “unperforated corpotentorium”], the free
labrum, the largely unmodified orthopteroid mouthparts,
the unmodified anterior digestive tract, and the complex
cephalic muscle system (BEUTEL & WEIDE 2005). Despite
of the overall external similarity, the heads of the two spe-
cies differ in several noteworthy internal characters. An
ampullo-aortic muscle of the antennal heart (character
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wingless

Omx7 Ola5
0mx16 Omx10

sd Omx4

omx2 [JRlcefe F

Ohy3 soes“\ 0la8

Omx16 Omx7 / Ola1
Ola14

3 Olas
Ola12

« 1 Fig. 8. Zorotypus weidneri, head, wingless (A—E) and winged (F—J) morphs, histological sections. Images from upper to lower lines

are shown from frontal part to neck regions. Scale bars 250 um. — Abbreviations: an, antennal nerve; am, antennal heart ampulla; ata,

anterior tentorial arm; ¢, cardo; cc, circumoesophageal connective; ce, compound eyes; dcer, deutocerebrum; dta, dorsal tentorial arm;

ep, epipharynx; fg, frontal ganglion; ga, galea; hy, hypopharynx; Ib, labrum; md, mandible; mp, maxillary palp; pcer, protocerebrum; pe,

perikaryon; sa, salivarium; sc, scapus; sd, salivary duct; soes, suboesophageal complex; st, stipes; su, suspensorium; tb, tentorial bridge;

tmd, tendon of mandible.

35) (WipFLER & Pass 2014), M. hypopharyngosalivaris
(Ohy12, character 105) and a well-developed cervical
gland (due to unclear outgroup homology not in the ma-
trix) are present in Z. hubbardi (BEUTEL & WEIDE 2005)
but are lacking in Z. weidneri. M. submentopraementalis
(0laB) is divided into two subcomponents in Z. hubbardi
(character 92) and two tentoriopraemental retractors are
present. The former muscle is formed by an undivided
bundle in Z. weidneri and only one tentoriopraemental
muscle is present in this species. A unique feature in Z.
weidneri is the presence of an additional dorsal stipito-
galeal muscle (M. stipitogalealis dorsalis: Omx16). This
muscle is neither present in Z. hubbardi (which also lacks
the first stipitogaleal muscle) nor in any other studied in-
sect (WIPFLER et al. 2011; WiprLER 2012). It is very likely
that this muscle is derived from a muscle with a very
similar position, M. stipitogalealis (Omx7).

The most conspicuous complex of zorapteran autapo-
morphies is the distinct wing dimorphism, linked with

SENCKENBERG

the presence or absence of compound eyes and ocelli,
and distinct differences in the brain, notably the presence
or absence of optic neuropils. Two additional potential
cephalic autapomorphies were suggested by BEUTEL &
WEIDE (2005), a reduced number of nine antennomeres
and the presence of a movable prostheca on the left man-
dible (e.g., SiLvesTRI 1913) (character 124). Our cladistic
analysis characters revealed the following additional aut-
apomorphies: a galea with distal spines (character 123),
the absence of the frontal and coronal (epicranial) sutures
(character 5, also absent in some other taxa, e.g., Masto-
termes, Metoligotoma), the dimorphism with secondarily
eyeless (and wingless) morphs with reduced optic lobes
(see above, character 125), and finally the presence of
a prominent intraclypeal ridge (character 128), which is
confirmed for Z. weidneri and also Z. hubbardi (BEUTEL
& WEIDE 2005). This structure is not the epistomal ridge
since M. clypeopalatis (Ocil), which is very conservative
in its clypeal origin, attaches dorsad of it. The identity of
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Siphlonurus lacustris | Ephemeroptera /
. . [}
l_lz Stenops.ocus st{gmat/cus Acercaria ﬂ{ H
Aelothrips fasciatus s
; [ o
|_|Z Osmylus fulvicephalus Holometabola % £
—] Macroxyela sp. o
Xya variegata | Orth. / Caelifera
-— Labidurariparia
3 Dermaptera
“— Forficula auricularia P
] — Troglophilus sp. Orthoptera /
L Schizodactylus monstrosus | Ensifera
Metof:gotoma .sp. Embioptera
Embia ramburi
Timema cristinae
Agathemera crassa -
Megacrania batesii Phasmatodea .
Phylium siccidifolium 8
Sipyloidea sipylus )
Austrophasma sp - e
' Mantophasmatodea / >
Karoophasma sp. 7 / S
loisi .
Galloisiana yuasai . . | Grylloblattodea >§é<
Grylloblatta campodeiformis
Hymenopus coronatus
Cryptocercus punctulatus Dictvopt
Mastotermes darwiniensis Ictyoptera
Periplaneta americana
Zorotypus weldnerl. Zoraptera
Zorotypus hubbardi
Perla marg{nata Plecoptera
Nemoura cinerea

Fig. 9. Strict consensus tree of 20 (NONA) or 10 (TNT) equally parsimonious trees with 257 steps (Ci: 55 / Ri: 68) based on 128 mor-
phological characters of the head. Relationships of neopteran groups, with a main focus on Polyneoptera and Zoraptera. Bremer support

higher than 1 indicated at nodes.

the muscle is confirmed by its insertion below the fron-
tal ganglion. The assumption that the border between cl-
ypeus and frons runs on the level of the anterior tentorial
pits would imply that the postclypeus would be a very
thin stripe with slightly broadens laterally to serve as
origin for M. clypeopalatis (Ocil). This appears unlikely.
The area between the antennal sockets definitely belongs
to the frons as M. frontobuccalis anterior (Obu2) origi-
nates there. Additional potential autapomorphies with a
high degree of homoplasy are the absence of trabeculae
tentorii on the posterior tentorial arms (character 48, also
absent in Hymenopus, Embia and Eumetabola) and the
origin of M. tentoriopraementalis inferior on the posteri-
or tentorial arms (character 89, also present in Siphlonu-
rus, Mantophasmatodea, Hymenopus, Embia and Eume-
tabola). In fact it is conceivable that the latter condition
is a plesiomorphic condition with parallel modification in
most non-eumetabolan pterygote groups.
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The position of Zoraptera is one of the most disput-
ed issues in systematic entomology (see MAsHIMO et al.
2014c for a detailed review). The sister group relationship
with Acercaria suggested by HENNIG (1969) was also ten-
tatively supported in the first detailed study on the cephal-
ic morphology of a zorapteran species (BEUTEL & WEIDE
2005). In other studies with a main focus on head mor-
phology (WipFLER et al. 2011; BLANKE et al. 2012, 2013;
FrIEDEMANN et al. 2012; WiprLER 2012) or attachment
structures (BEUTEL & Gors 2001) Zoraptera were placed
as sister group of Eumetabola, and an alternative place-
ment as sister group of Holometabola was suggested by
RasNITsYN (1998) based on an informal evaluation of tho-
racic features. Analyses of molecular data sets (e.g. IsHi-
waTA et al. 2011; LETscH & Sivon 2013; WaNG et al. 2013)
and characters of the wing articulation (YosHizawa 2011),
antennal heart (WIPFLER & PAss 2014) or thorax (WIPFLER
et al. 2015) suggest a position among the polyneopteran
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orders, and this is also clearly supported by embryo-
logical features (MasHIMO et al. 2014a). This systematic
placement is also confirmed by the results of the present
study. Monophyletic Polyneoptera including Zoraptera
are seemingly well supported (Bremer support 3), even
though all potential apomorphies (e.g., antenna inserted
close to mandibular articulation: character 20, antennifer
present: character 21) are highly homoplastic (e.g. anten-
nifer also present in Zygentoma) and the polarity is ques-
tionable in some cases (e.g., postmentum divided into
submentum and mentum: character 76). Additionally the
deeper nodes of Polyneoptera and thus the potential apo-
morphies of the group are affected by the non-monophyly
of Orthoptera, which are apparently well supported by
characters of the thorax such as the saddle-shaped prono-
tum and hindlegs modified for jumping (e.g., KRISTENSEN
1975), but not by a single shared apomorphic feature of
the head. Within Polyneoptera, our analysis suggests a
placement of Zoraptera as sister group of Plecoptera with
a relatively high branch support value of 3. Nevertheless,
the potential synapomorphies yielded by the analyses are
less than convincing, for instance tormae without mesal
extensions (character 16) and the presence of five incisivi
on the right and left mandible (characters 49—50). The
absence of M. hypopharyngomandibularis (character 57)
is a simple reduction which also occurs in Thysanoptera
(MickoLerr 1963) and Holometabola (BEUTEL & VILHELM-
SEN 2007; BEuTEL et al. 2010). In Polyneoptera it is not
only reduced in Plecoptera (MouLINS 1968; BLANKE et al.
2012) and Zoraptera, but also in Dermaptera (STRENGER
1952; Kapam 1961). The presence is plesiomorphic as it
is also well-developed in Odonata (BLANKE et al. 2012),
Ephemeroptera (Staniczek 2001) and apterygote insects
(CHAUDONNERET 1950; BLANKE et al. 2014). It is likely that
the muscle was reduced several times independently. Con-
sidering the lack of any convincing synapomorphy and
the alternative placements in studies based on different
character sets, a zorapteran-plecopteran clade should be
clearly considered as a working hypothesis. This result is
even more weakened by the fact that the plecopteran head
is only very insufficiently studied and a detailed treat-
ment of an antarctoperlarian species is completely lack-
ing. Zoraptera were alternatively placed as sister taxon of
Embioptera (GRIMALDI & ENGEL 2005; YosHizawa 2011),
Dictyoptera (YosHizawa & JoHNsoN 2005; IsHiwaTa et al.
2011), Dermaptera (TErRrY & WHITING 2005; Misor et al.
2014), Plecoptera + Dermaptera (Misor et al. 2007), or
as sistergroup of larger subunits of Polyneoptera (SimoN
et al. 2012; LetrscH & Simon 2013). An enforced clade
Zoraptera + Dermaptera would require three additional
steps in our data set and the only retrieved potential apo-
morphy would be the absence of M. hypopharyngoman-
dibularis (Omd4) which is also missing in Plecoptera.
Embioptera + Zoraptera (274 steps) and Dictyoptera +
Zoraptera (267 steps) are not supported by any cephalic
apomorphies.

It is apparent that the “Zoraptera problem” cannot
be solved with cephalic features alone and the identi-
fied autapomorphies of Polyneoptera are also not fully
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convincing. The placement of the very small order is
apparently impeded by several factors. One of them is
the large number of preserved plesiomorphic features of
all body parts except for the genitalia (BEUTEL & WEIDE
2005; FriepricH & BEUTEL 2008; DALLAI et al. 2012a,b).
Despite conspicuous apomorphic features in the genital
apparatus this character system does not help in the con-
text of interordinal phylogenetic relationships in the case
of Zoraptera. It was pointed out in Darrar et al. (2011,
2012a,b, 2013, 2014a,b, 2015) and MaTtsumura et al.
(2014) that the evolution of genital structures was greatly
accelerated within the order and at present the ground-
plan is unclear as an intraordinal phylogeny is lacking.
Another set of problems may be related to miniaturiza-
tion. Within Polyneoptera, zorapteran species are unusu-
ally small, with a body size of ca. 2 mm or less. Most fea-
tures suggesting phylogenetic affinities with Acercaria
are likely linked with size reduction, such as the reduced
number of tarsomeres and Malpighian tubules, and the
far-reaching condensation of the abdominal ganglionic
chain (see e.g., KRISTENSEN 1991; BEUTEL & WEIDE 2005).
Another character complex affected by the reduced body
size is the wing structure and venation, which differs
profoundly from the typical polyneopteran pattern that
includes leathery forewings, a rich venation including
many cross veins, and an enlarged and fan-shaped hind
wing vannus. Apparently, Zoraptera are a relict group of
the southern hemisphere with a considerable number of
preserved plesiomorphies on one hand, and a specializa-
tion of different body regions related to miniaturization
on the other. Moreover, the group is affected by the con-
spicuous dimorphism and the gregarious habits, which
are likely correlated.

Zoraptera are not only a highly unusual group on the
phenotypic level but genetic peculiarities were also re-
vealed in several investigations. The 18S rDNA, which
was used in many studies, shows different unusual char-
acteristics, a drastically high substitution rate resulting
in strongly elongated branches, long insertions at helix
E23, and modifications of the secondary structure at heli-
ces 12 and 18 (YosHizawa & Jounson 2005). The 18S
rDNA sequence is differing so strongly that Kyer (2004)
assumed an acarine contamination. The high substitu-
tion rate apparently also applies to the 28S rRNA (WanG
et al. 2013). In transcriptome analyses the placement
of Zoraptera is also highly unstable (SimoN et al. 2012;
LetscH & Simon 2013). Analyses of 1478 orthologous
genes (Misor et al. 2014) yielded a sistergroup relation-
ship between Zoraptera and Dermaptera, but with a low
support value. Clearly the precise position of the order
remains an open question.

Like in the case of Zoraptera, Strepsiptera were a
long lasting and challenging problem in systematic en-
tomology (e.g., PoHL & BEUTEL 2013). Unlike Zoraptera,
the highly specialized endoparasitic Strepsiptera are al-
most exclusively characterized by apomorphies in all
life stages including the extremely small primary larvae.
Recently, analyses of entire genomes and transcriptomes
unambiguously placed Strepsiptera as sistergroup of
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monophyletic Coleoptera (NieHuis et al. 2012). It re-
mains open whether full genome analyses will also solve
the Zoraptera problem.
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File 1: matsumura&al-zorapterahead-asp2014-electronicsupple
ment-1.pdf. — Morphological data matrix based on WIpPFLER et al.
(2011), BLANKE et al. (2012) and WipPFLER (2012).

File 2: matsumura&al-zorapterahead-asp2014-electronicsupple
ment-2.docx. — Character discussion. Additional information about
the characters were provided in WiprLER et al. (2011), BLANKE et al.
(2012) and WiprLER (2012).

File 3: matsumura&al-zorapterahead-asp2014-electronicsupple

ment-3.mov. — Rotatable SEM movie of the head in Zorotypus
weidneri.
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