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Abstract

Burmese amber and amber from other periods and regions became a rich source of new extinct insect species and yielded
important insights in insect evolution in the dimension of time. Amber fossils have contributed to the understanding of the phy-
logeny, biology, and biogeography of insects and other groups, and have also gained great importance for dating molecular
trees. Another major potential is the documentation of faunal, floral and climatic shifts. Evolutionary transitions can be well-
documented in amber fossils and can reveal anatomical transformations and the age of appearance of structural features. Here,
using a new stem group species of Strepsiptera from Burmite, we evaluate this potential of amber insect fossils to assess the cur-
rent phylogeny of Strepsiptera, with the main emphasis on the early splitting events in the stem group. Amber fossils have
greatly contributed to the understanding of the evolution of Strepsiptera in the late Mesozoic and the Cenozoic. {Heterobath-
milla kakopoios Pohl and Beutel gen. et sp. n. described here is placed in the stem group of the order, in a clade with {Kinzel-
bachilla (tKinzelbachillidae) and {Phthanoxenos (TPhthanoxenidae). tPhthanoxenidae has priority over fKinzelbachillidae, and
the latter is synonymised. The superb details available from this new fossil allowed us to explore unique features of the anten-
nae, mouthparts, and male copulatory apparatus, and to provide a phylogenetic hypothesis for the order. The younger tPro-
toxenos from Eocene Baltic amber was confirmed as sister to all remaining extinct and extant groups of Strepsiptera, whereas
the position of the Cretaceous TCretostylops in the stem group remains ambivalent. While the value of Burmite and amber from
other periods has a recognized impact on our knowledge of the evolution in various lineages, this new fossil does not fundamen-
tally change our picture of the phylogeny and evolution of early Strepsiptera. However, it offers new insights into the morpho-
logical diversity in the early evolution of the group.

© 2020 The Authors. Cladistics published by John Wiley & Sons Ltd on behalf of Willi Hennig Society.

Introduction

Burmese Cretaceous amber of the Albian/Cenoma-
nian boundary (e.g. Zherikin and Ross, 2000; Grimaldi
et al.,, 2002; Cruickshank and Ko, 2003; Shi et al.,
2012), has turned out to be a very rich source of
extinct species of insects and other groups, and the
pace of studying amber fossils has distinctly acceler-
ated since this fossil site was rediscovered (e.g.
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Grimaldi et al., 2002; Ross, 2019a, b, 2020). Numerous
new extinct species from 569 families of organisms
(Ross, 2019a, b, 2020) have yielded important insights
in insect evolution in the dimension of time (e.g. Gri-
maldi and Engel, 2005; Ross et al., 2010; Poinar, 2018;
Ross, 2019a). Interesting newly discovered insect taxa
include the plecopteran fPetroperlidae (Sroka et al.,
2018), the dictyopteran tAlienoptera (e.g., Bai et al.,
2016, 2018; Kocarek, 2019), the hemipteran fPro-
gonocimicidae (Jiang et al., 2019), the psocopteran
tCormopsocidae (Yoshizawa and Lienhard, 2020), the
neuropteran Babinskaiidae (Lu et al., 2017), the stem
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group amphiesmenopteran fTarachocelidae (Mey
et al., 2018), and among numerous ant species, the
specialized predatory “iron maiden ants” of
tZigrasimeciini (Barden and Grimaldi, 2013; Perrichot,
2014; Cao et al. 2020) and the trap-jawed “hell ants”
of tHaidomyrmecinae (Barden and Grimaldi, 2012;
Perrichot et al., 2008, 2016, 2020; Barden et al., 2017a,
2017b). The number of species of the small, cryptic
and phylogenetically challenging polyneopteran order
Zoraptera is constantly increasing (e.g. Engel and Gri-
maldi, 2002; Liu et al., 2018; Mashimo et al., 2018,
2019; Yin et al., 2018), indicating a distinctly larger
diversity in the past (Yin et al., 2018). New important
beetle fossils were also described, for instance from the
suborder Myxophaga, which was previously largely
(fCatiniidae?; Crowson, 1975; Beutel et al., 2008) or
completely missing from the fossil record (e.g., Jatos-
zyniski et al., 2017; see also Fikacek et al., 2020).
Occasionally amber fossils provide insights in fea-
tures linked to life habits, for instance feeding, prey
capture, or reproduction. Cretaceous amber fossils of
tArchipsyllidae (fPermopsocida) with well-preserved
skeletal features helped to bridge the gap between
chewing and sucking feeding habits in Parancoptera
(Huang et al., 2016; Yoshizawa and Lienhard, 2016).
Long-proboscid  scorpionflies from Cretaceous
amber give an indirect evidence of uptake of liquid
from gymno- and angiosperm reproductive organs,
and the detection of pollen grains adjacent to the fos-
sils support pollinator activity of these species (Lin
et al., 2019). Direct evidence of angiosperm pollinivory
in Coleoptera has been recently recorded for two fami-
lies, Mordellidae (Bao et al., 2019) and Kateretidae
(Peris et al., 2020), while two records of stem Antho-
phila (Poinar and Danforth, 2006; Danforth and Poi-
nar, 2011; Poinar, 2020) and an unplaced aculeate,
T Prosphex (Grimaldi et al., 2019), provide evidence for
increasing angiosperm-dependence in Mesozoic Hyme-
noptera. Locomotion and climbing on broad leaves, as
of angiosperms, or wet branches is indicated by the
specialized and enlarged tarsal pads of Timematodea
(Phasmatodea) from Cretaceous Burmese amber
(Chen et al., 2019). Social behaviours are also
observed, as in brood care by a 100-million-year-old
scale insect documented by Wang et al. (2015), and
possible inter-colonial combat in the stem ant genus
tGerontoformica by Barden and Grimaldi (2016). Spe-
cialized predatory habits are amply evinced by stem
Formicidae (e.g. Perrichot, 2014; Perrichot et al.,
2020), and even by the dictyopteroid fAlienoptera, for
which a unique type of cephalo-prothoracic prey-
catching mechanism was recently described (Bai et al.,
2018; Kocarek, 2019). Debris-carrying camouflage
among predaceous larvae is reported from Cretaceous
Burmese, French, and Lebanese ambers, including
Chrysopoidea, Myrmeleontoidea, and Reduviidae

(Wang et al.,, 2016a; see also Pérez de la Fuente
et al., 2012). Moreover, ectoparasitism has been con-
firmed via preservation of a rhopalosomatid larva in
its host gryllid (Lohrmann and Engel, 2017), and
feather-feeding has been suggested by preservation of
partially damaged dinosaur feathers with fossil
nymphs of fMesophthiridae (Gao et al., 2019).
Endoparasitism is indicated by the presence of a
minute strepsipteran primary larva in Burmite, which
is extremely similar to extant first-instar larvae (Pohl
et al., 2018).

Amber inclusions (and impression fossils) of differ-
ent periods and regions have gained great importance
for dating molecular trees (e.g. Ronquist et al., 2012;
Wahlberg et al., 2013; Misof et al., 2014; Espeland
et al., 2018; McKenna et al., 2019; Matsumura et al.,
2019). The importance of a reliable identification of
extinct species has been recently underlined in a study
on a Triassic impression fossil, tLeehermania prorova
Chatzimanolis, Grimaldi and Engel, which was origi-
nally placed in the polyphagan beetle family Sta-
phylinidae (Chatzimanolis et al., 2012). It was
transferred to the suborder Myxophaga based on in-
depth phylogenetic analyses with cladistic and Baye-
sian methods (Fikdcek et al., 2020). This transfer has
a strong impact on future dating of the megadiverse
beetle suborder Polyphaga and the series Staphylini-
formia (see e.g. Misof et al., 2014). The “peril of dat-
ing beetles” was also emphasized by Toussaint et al.
(2017).

Amber fossils can provide crucial insights on the
emergence of biogeographic patterns (e.g. Rust et al.,
2010; Abellan et al., 2011; Jatoszynski, 2012; Barden
and Ware, 2017; Cai et al., 2017; Poinar, 2018; Gim-
mel et al., 2019; Mashimo et al., 2019). For example,
re-evaluation of taxonomic assumptions for fossils
attributed to or near the ant genus Leptomyrmex
resolved decades of speculation about the biogeo-
graphic origin of the Australasian radiation of the
genus, clearly demonstrating a Neotropical origin for
the clade with probable Oligocene trans-Antarctic dis-
persal (Boudinot et al., 2016; Barden et al., 2017).
More recently, a Baecomorpha (Hymenoptera, Rotoiti-
dae) from mid-Cretaceous Burmese amber, extends the
distribution of fossil Rotoitidae from northern Laura-
sia to the southern Hemisphere, where the two extant
genera are restricted to Chile and New Zealand
(Huber et al., 2019). A Gondwanan origin of Zorap-
tera was suggested based on fossil material embedded
in Burmese amber (Mashimo et al., 2019). Whereas
Myanmar was traditionally considered as part of
Laurasia (Mitchell, 1993; Boucot et al., 2013), it is
now assumed that the West Burma Block, which
includes the ecarly Cretaceous fossil site of Burmese
amber, was originally attached to Gondwana (e.g.
Metcalfe, 2017; Poinar, 2018).
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A major potential of Mesozoic and Tertiary amber
fossils is the documentation of faunal, floral and cli-
matic shifts. A brief comparison of the late Cretaceous
flora and fauna preserved in Tilin amber (central
Myanmar) with early Cretaceous and Eocene biota
was presented by Zheng at al. (2018), describing for
instance a pre-Cenozoic transition from stem group to
crown group Formicidae. A snapshot of the Middle
Eocene northern European staphylinine rove beetle
diversity was recently presented in Brunke et al. (2019)
and compared to the extant fauna of this area. How-
ever, comprehensive comparisons between biota docu-
mented by amber fossils of different world regions and
geological periods are still missing, although taxonomi-
cally comprehensive work has been published (e.g.
Rasnitsyn and Quicke, 2002). Systematic reviews are
accumulating for different groups, such as for the ants
(e.g. LaPolla et al., 2013; Barden, 2017) and various
beetle taxa (e.g. Krell, 2006; Abellan et al., 2011; Lega-
lov, 2012, 2020; Peris, 2020), and also studies on the
palaeobiology of predators, parasitoids and parasites,
plant-arthropod associations, and the diversification of
insects based on disparity of mouthparts (e.g. Laban-
deira, 2002, 2006a, b; Labandeira and Currano, 2013;
Ponomarenko and Prokin, 2015; Nel et al., 2018).
Because of the rapid accumulation of new fossil taxa
in recent years (e.g. Ross, 2019a, b, 2020), the need for
comprehensive reviews is acute.

Anatomical insights can be gained from amber fos-
sils on principle. However, preservation of internal soft
parts of fossil insects is very rare, and Cretaceous
amber fossils with well-preserved internal organs have
not been described yet. An exception are mummified
tissues in amber documented by Grimaldi et al. (1994),
and indirect flight and leg muscles observed in some
aculeate fossils in Burmite (B. Boudinot pers. obs.).
Specimens of insect Tertiary fossils with preserved
internal organs are known but also extremely rare.
Soft parts of cantharid and nitidulid beetles embedded
in Miocene Dominican amber were reported by Hen-
wood (1992a), and the same author found exception-
ally well-preserved flight muscles in fossil dipterans
extending even to cell ultrastructure (Henwood,
1992b). The almost complete anatomical reconstruc-
tion of the Eocene stem group strepsipteran tMengea
tertiara (Menge) (Pohl et al., 2010; Hiinefeld et al.,
2011) remains a unique exception. It was shown that
the internal structures of this species, as documented
with p-computed tomography (u-CT), do not differ
distinctly from those of extant strepsipteran males of
Mengenillidae. If turbidity is present in the amber, e.g.
in the case of the larva of tMengea (Pohl et al., 2019),
or if important syninclusions prohibit grinding of the
amber for better examination of the fossils, p-CT pro-
vides an opportunity to examine amber fossils. This
was emphasized in Soriano et al. (2010), although the

potentially destructive effects of the procedure were
also noted in that study. Very good results were
repeatedly obtained at DESY (Deutsches Elektronen-
Synchrotron, Hamburg, Germany) (e.g. Pohl et al.,
2010, 2019) and other facilities (e.g. Bai et al., 2016,
2018), usually without recognizable negative effects on
the specimens. However, a discoloration such as a dar-
ker stripe in the amber can sometimes be caused by X-
radiation during scanning (Pohl et al., 2019). Methods
for preparing small-sized 3D amber samples were dis-
cussed in detail by Sidorchuk and Vorontsov (2018).
These techniques distinctly facilitate and improve the
study of very small insects or other minute organisms.
In the case of the species described here, the use of p-
CT was not necessary because the amber was very
clear, and all morphological details of the new fossil
were visible without pu-CT scanning.

Burmese amber has provided new insights into a
number of different areas, and our ability to describe
morphological details of the fossils is constantly
improving. This raises the question whether accumu-
lating information necessarily improves our phyloge-
netic understanding of the investigated group, such as
Strepsiptera, which is increasingly well represented in
Cretaceous amber (e.g. Grimaldi et al., 2005; Pohl and
Beutel, 2016). The phylogenetic placement of this small
and highly specialized holometabolous order (c. 600
spp.) (e.g. Pohl and Beutel, 2008, 2013) has been
strongly disputed over a long time (e.g. Kinzelbach,
1971; Pohl and Beutel, 2013), but was reliably settled
recently. A systematic position in a clade Coleopterida,
together with the megadiverse Coleoptera, is supported
by large morphological (Beutel et al., 2011, 2018) and
molecular data sets, including transcriptomes and gen-
omes (Wiegmann et al., 2009; Niehuis et al., 2012;
Boussau et al., 2014; Misof et al., 2014; Peters et al.,
2014). Strepsiptera is mainly characterized by the
endoparasitic ecology of the larvae and usually also of
females (Stylopidia, ca. 97% of all species). Linked
with this specialized lifestyle are the extremely minia-
turized 1°' instar larvae and extreme sexual dimor-
phism (e.g. Pohl and Beutel, 2008).

Strepsiptera have been poorly represented in the fos-
sil record and was missing from Mesozoic deposits
before Cretaceous Burmese amber was explored (e.g.
Kinzelbach and Pohl, 1994). This situation has chan-
ged distinctly. Whereas impression fossils are still rare,
a considerable number of well-preserved fossils from
Miocene Dominican amber, Eocene Baltic and Creta-
ceous Burmese amber have been described recently
(Kathirithamby and Grimaldi, 1993; Kinzelbach and
Pohl, 1994; Pohl and Kinzelbach, 1995, 2001; Grimaldi
et al., 2005; Pohl et al., 2005; Kathirithamby and Hen-
derickx, 2008; Pohl, 2009; Henderickx et al., 2013;
Engel et al., 2016; Pohl and Beutel, 2016; Kogan and
Poinar, 2019) (see also Pohl and Beutel, 2013).
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tMengea tertiara (Menge) from the Middle Eocene
(Lutetian) was the first discovered fossil strepsipteran,
initially designated as a “Rhipidopteron” (Rhipiptera
[=Strepsiptera] sensu Latreille, 1817) by Menge (1866).
tProtoxenos janzeni Pohl, Beutel et Kinzelbach, also
embedded in Baltic amber, was identified as the sister
group of all the remaining Strepsiptera (Pohl et al.,
2005; Pohl and Beutel, 2016), even though it is much
younger than +tCretostylops engeli Grimaldi and
Kathirithamby from Burmese amber (Grimaldi et al.,
2005).

The new fossil strepsipteran is described and its
morphology documented. The phylogenetic placement
is evaluated by adding the observed structural features
to previously published data matrices (Pohl and Beu-
tel, 2005, 2016; Bravo et al., 2009). The character evo-
lution linked with early splitting events in the order is
discussed, with special emphasis on the unique condi-
tion of the copulatory apparatus.

Materials and methods
Material

The single specimen (holotype) of THeterobathmilla kakopoios
Pohl and Beutel, gen. et sp. n. in Burmese amber is from the well-
known deposit of the southwest corner of the Hukawng Valley
(26°20'N, 96°36'E) in Myanmar, dated as 98.79 + 0.62 Ma (e.g.
Shi et al., 2012; Poinar, 2018). It is part of the collection of the
Zoologisches Forschungsmuseum Alexander Koenig in Bonn, Ger-
many (accession number ZFMK-STR-00000104). In order to docu-
ment the head of the fossil in frontal view, the amber was trimmed
with a razor blade and then polished with emery papers and mud
chalk.

Specimen imaging

The piece of amber was temporarily mounted on a glass micro-
scope slide using glycerine and covered with a glass coverslip. A
Leica MZ 12.5 stereomicroscope with magnifications up to 100x
was used for observations (Leica Microsystems GmbH). The images
of the entire specimen were taken with a Canon EOS 7D equipped
with a Canon MP-E 65 mm macro lens fitted with a StackShot
macro rail (Cognisys). Images of the head and the terminal segments
were taken with a Canon EOS 7D equipped with a Nikon M Plan
20 ELWD microscopic lens, plus an adjustable extensions bellow
and illuminated with two flashlights. An Axio Zoom.V16 with a Plan
NeoFluar Z 1.0x (Carl Zeiss Microscopy GmbH) was used for the
tarsi and the images were saved as CZI files. An Axiovert S100
inverted fluorescence microscope, equipped with a Spot CCD camera
(Visitron Systems GmbH), was used for autofluorescence images of
the terminal segments of the fossil.

Stacks of several partially focused images were recorded for over-
coming limited depth of field. Single images of the Axio Zoom.V16
were exported with ZEN 2.3 lite. All images were stacked with Zer-
ene Stacker (Zerene Systems LLC). They were processed using
Adobe Photoshop CS6 (Adobe System Incorporated) and arranged
as plates. Adobe Illustrator CS6 (Adobe Systems Incorporated) was
used for lettering. Drawings are based on the micrographs and
observations made with the Leica MZ 12.5 stereomicroscope.

Phylogenetic analyses

The characters of {Heterobathmilla were added to the data matrix
published by Pohl and Beutel (2005) with Mesquite (Maddison and
Maddison, 2018). In addition, the characters of later described
extant and fossil taxa such as Bahiaxenos, tKinzelbachilla, TPhtha-
noxenos, the larvae of tMengea and 1 Eocenoxenos were added to the
matrix (Bravo et al., 2009; Henderickx et al., 2013; Engel et al.,
2016; Pohl and Beutel, 2016; Pohl et al., 2019). Parsimony analyses
were carried out with NONA version 2.0 (ratchet, 1000 replicates)
(Goloboff, 1999) and TNT (Goloboff et al., 2008) (default parame-
ters and 100 random addition traditional searches).

Results
FPhthanoxenidae Engel and Huang, 2016

tPhthanoxenidae Engel and Huang, 2016: 161. Type
species: TPhthanoxenos nervosus Engel and Huang,
2016. Designation by monotypy.

tKinzelbachillidae Pohl and Beutel, 2016: 288 syn.
nov.

Diagnosis. Male. Distinguished from all other strep-
sipteran families on the basis of the following features:
Size less than 6 mm; antennal foramen distinctly
widened, about twice as wide as diameter of scapus;
labrum free, with paired anterolateral processes; galea
present.

Nomenclature. In their original descriptions,
tKinzelbachilla and {Phthanoxenos were placed in sep-
arate families, TKinzelbachillidae and TPhthanoxenidae
by Pohl and Beutel (2016) and Engel et al. (2016),
respectively. Considering the combination of a unique
apomorphy (dorsal antennal processes) with a unique
plesiomorphy (presence of parameres), it appears
tempting to erect a new family for {Heterobathmilla.
The monophyly of other groups would not be affected
by this taxonomic rank. However, as the results of the
analysis (see below) suggest a very close relationship
of fHeterobathmilla with tKinzelbachilla and T Phtha-
noxenos, we prefer to place the three described species
in a single family.

The question of priority for {Kinzelbachillidae and
tPhthanoxenidae was complicated by an online-early
article distribution that was compounded by a mislead-
ing publication date. Specifically, the name {Phthanox-
enidae was provided in the online advance copy of
Engel et al., with the date given as “Available online
13 November 2015”. However, this version cannot be
considered as published because the work does not
contain evidence of registration in ZooBank (Articles
8.5.3 and 9.9, International Commission on Zoological
Nomenclature, 2012). Consequently, as specified by
Article 21.9 of the code, the nomenclatural acts of
Engel et al. are to be considered valid and available
based on the publication date of the print version,
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which is recorded as March 2016 in the text of Volume
58 of Cretaceous Research. Although this implies pri-
ority for fKinzelbachillidae, validly published on 4
January 2016 in an online-early version registered in
ZooBank, the managing editor of Cretaceous Research
confirmed that Volume 58 was mailed on 1 December
2015, conferring availability of {Phthanoxenos at that
time by article 21.4 addressing incorrect dates. For
these reasons, we recognize fPhthanoxenidae as the
senior synonym of fKinzelbachillidae syn. n.

Key to adult males with main focus on fossil families

1. Tarsi 5-segmented, with large claws; 2
scuto-prescutal region of metathorax
strongly arched and prominent

—  Tarsi either with 2-5 segments
without claws, or with 5 segments
either with a pair of small claws or
only a small single claw; scuto-
prescutal region of metathorax
weakly arched, almost flat

2. Antenna 8-segmented 3

— Antenna with 6-7 segments

3. Labrum with paired anterolateral 4
processes, galea present

—  Labrum without anterolateral 5
processes, galea absent

4. Size between 7-8 mm; antennal
foramen slightly wider than diameter
of scapus; entire mandible robust,
with broad base and very evenly
narrowing and curved inward distally

—  Size less than 6 mm; antennal foramen
distinctly widened, about twice as
wide as diameter of scapus; mandibles
strongly narrowing and curved inward
distad of moderately broad basal region

5. Labrum distinctly narrower than distance {Cretostylopidae
between mandibular bases

— Labrum at least reaching inner margin
of mandibular bases

Stylopidia

=)}

tProtoxenidae

tPhthanoxenidae

Bahiaxenidae

6. Antenna 7-segmented, with flabella on TMengeidae
antennomeres 3 and 4; hind wing
with one cell

— Antenna 6-segmented, with flabella on Mengenillidae

antennomeres 3 and 4 or 3-5; hind
wing without cell

+ means that the taxa in question are extinct.

FHeterobathmilla Pohl and Beutel, gen.
n.. http://zoobank.org/urn:Isid:zoobank.org:act:
EE3D6E65-B9A4-47ED-B47D-DFCEDO7BCIAE

Etymology. The name is derived from “Heterobath-
mie”, used by W. Hennig (1974) to characterize a
mosaic pattern of plesiomorphic and apomorphic fea-
tures (“Heterobathmie der Merkmale”). The ending -
illa is used in several generic names in the order, for
instance in Mengenilla or Bohartilla.

Diagnosis. Differs from all other known extant or
extinct Strepsiptera by the bipectinate antenna and the
presence of parameres, the latter subdivided into a
proximal and a distal portion.

Description. Head capsule entirely sclerotized,
lacking membranized regions. Coronal suture and
oblique frontal sutures present. Ocelli missing.
Compound eyes with small ommatidia not separated
by chitinous bars, without microtrichia between them.
Labrum well-developed and free, with distinct paired
distolateral  processes.  Mouthfield sclerite  not
developed. Anterolateral antennal foramina large,
almost one third as wide as head anterior to
compound eyes. Eight-segmented antenna bipectinate;
antennomeres 3-8 with lateral flabellae, and 4-8 with
additional dorsal processes; Mandibles strongly
developed, with distinct primary and secondary
articulation; with apically pointed distal part almost
forming right angle with robust base. Maxilla not
divided into cardo and stipes; lacinia absent; galea
distinct, maxillary palp one-segmented, with oviform
sensillum. No individual labial elements recognizable;
labial palp absent.

Prothorax small, with vestigial pronotum. Mesotho-
rax much smaller than metathorax, with flattened hal-
teres. Mesonotum undivided, transverse. Metathorax
strongly enlarged, more than four times as long as
pro- and mesothorax combined. Scuto-prescutal part
of metanotum strongly arched and prominent.
Metaventrite with indistinct median suture (discrimen).
Legs elongate and slender; pro- and mesocoxae large,
conical and prominent; metacoxa more transverse;
pro- and mesothoracic trochanters fused with femoral
base; metatrochanter large; femora relatively wide; tib-
iae narrower, without recognizable terminal spurs;
tarsi S-segmented, cylindrical; sensorial spots missing;
vestiture of adhesive hairs present on tarsomeres 1 and
2 (Fig. 7); accessory claws absent; terminal claws dis-
tinct. Halteres flattened, with widened distal region.
Hind wings fan-shaped, broader than long, without
closed cells and transverse veins; venation with ¢ and
sc closely connected, partly overlapped by ry; 15, 13
and ry detached; r5 extending from base; ma; and ma,
almost reaching wing base, ma; and cua; extending
from base.

Abdomen 10-segmented. Tergites slightly smaller
than sternites. Segment IX not elongated, with tergum
short and transverse; ventral part of segment IX
strongly developed, enclosing copulatory organ, api-
cally bent upwards. Segment X prominent and elon-
gated. Spiracles not recognizable. Penis with broad
base, almost straight; paired “parameres present”.

Type species: tHeterobathmilla kakopoios Pohl and
Beutel, sp. n.


http://zoobank.org/urn:lsid:zoobank.org:act:EE3D6E65-B9A4-47ED-B47D-DFCED07BC1AE
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FHeterobathmilla kakopoios Pohl and Beutel, sp. n.
(Figs 1-9)

http://zoobank.org/urn:lsid:zoobank.org:act:
33D2E45C-1E4B-4EE8-B902-C514F41F2254

Fossil Material. The piece of amber containing the
holotype is approximately semicircular (9x8x3 mm).
There are no syninclusions apart from small particles
of debris. It is deposited in the collection of the Zoolo-
gisches  Forschungsmuseum  Alexander  Koenig
(ZFMK) (accession number: ZFMK-STR-00000104).

Etymology. From Greek, meaning an evil doer. The
name alludes to the similarity of the species to the face
of the hitman Anton Chigurh in the movie “No coun-
try for old men” (Ethan and Noel Coen, based on the
novel of Cormack McCarthy).

Description.  Total length ca. 3.7 mm; maximum
width of head (between outer margins of compound
eyes) ca. 0.72 mm; approximate length of antenna ca.
0.66 mm; length of fore wing ca. 0.62 mm; radial
length of hind wing ca. 2.53 mm; length of metathorax
ca. 1.18 mm; length of abdomen ca. 1.64 mm. Colour
of head and body mostly brown; membranous areas as

between abdominal segments whitish; legs of very light
brownish coloration. Body surface except for eyes,
antennae and mandibles almost completely covered
with microtrichia.

Head anteriorly with shallow median emargination
(Figs 1, 2, 5A,C, 6A). Posterodorsal margin moder-
ately concave. Coronal suture very distinct, slightly
less than half as along as dorsal side of head (Figs 2,
6A); nearly straight, oblique frontal sutures less dis-
tinct, reaching enclosure of large antennal foramina
anterolaterally (Figs 2, 6A). Frontoclypeal strengthen-
ing ridge separating clypeus from frons absent. Longi-
tudinal parallel furrows extend anterad from subapical
region of frontal sutures, obliterating shortly before
reaching anterior frontoclypeal edge (Fig. 2, 5C).
Compound eyes strongly convex, with small cornea
lenses, with more than 80 ommatidia visible in dorsal
view (Figs 5, 6). Antenna about as long as maximum
width of head; scapus and pedicellus approximately
cylindrical (Fig. 6A); antennomere three triangular,
slightly extended basally, with shovel-shaped flabellum;
flabella of antennomeres 3-5 slightly increasing in
length from proximal to distal; flabella of anten-
nomeres 6-8 slightly shorter than proximal ones;

Fig. 1. tHeterobathmilla kakopoios Pohl and Beutel, gen. et sp. n. in Burmese amber, dorsal view; photomicrograph. Scale bar 500 um. [Colour

figure can be viewed at wileyonlinelibrary.com]
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dorsal processes of antennomeres 4-8 slightly decreas-
ing in length. Galea about twice as long as broad, very
slightly curved inwards, with rounded apical margin
(Fig. 6A). Curved filament-like structure visible poste-
rior to mouth opening (homology unclear) (Figs 5C,
6B).

Anterior pronotal border strongly convex (Fig. 2).
Mesonotum with distinct posterolateral process; ante-
rior and posterior border concave (Fig. 2). Discrimen
of metaventrite reaching about half length of sclerite
(Fig. 4); distinct anteriorly converging furrows reach
beyond anterior end of discrimen; additional oblique
lines originate from furrow and extend anterolateral
towards lateral edge of ventrite. Metatrochanter with
oblique distal edge and apical excavation for inser-
tion of metafemoral base (Fig 4); femora with
slightly convex edges; tibiae slightly curved; tarsi very
slender, with diameter very slightly decreasing dis-
tally; basitarsomere of pro- and middle legs about
twice as long as following segment; tarsomeres 2 and
3 about equally long; tarsomere 4 shortest; tarsomere
5 about twice as long as 4 (Fig. 4). R; reaches distal
3/4"™ of wing and then merges with anterior margin

\IX
Fig. 2. tHeterobathmilla kakopoios Pohl and Beutel, gen. et sp. n., dorsal view. Abbreviations: c, costa; cs, coronal suture; cua;, cubitus anterior; fs,

frontal suture; ha, halter; IX, ninth abdominal segment; ma;_z, media anterior; mn, mesonotum; mpn, metapostnotum; pa, paramere; pe, penis; pn,
pronotum; po, postlumbium; ri—rs, radius; sc, subcosta; scpr, scuto-prescutal region; X, abdominal segment X; drawing. Scale bar 500 pm.

(Fig. 2); r, short, restricted to distal region, nearly
reaching tip of wing; r3 short; r4 longer; r5 reaching pos-
terior margin, strongly pigmented basally; ma; and ma,
long, almost reaching wing margin; mas extending from
base to hind margin or at least ending very close to it;
cua, extending from base to hind margin.

Abdomen slightly less than half as long as entire
body, subparallel (Figs 3, 4). Sternites I-VII between
3 and 3.5 times as wide as long. Sternum VIII
rounded posteriorly. Penis with very slender distal
part, apically pointed (Figs 8A,B, 9); parameres
appear divided into proximal and distal portion by
transverse membranous zone; apically strongly sclero-
tized and pointed (Fig. 9).

Results of the phylogenetic analyses

The analysis of the matrix with 218 characters (83
character of adult males coded for fHeterobathmilla)
yielded 39 minimum length trees with NONA with 355
steps and a consistency index of 0.77 and a retention
index of 0.9. Forty-eight equally parsimonious trees
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Fig. 3. tHeterobathmilla kakopoios Pohl and Beutel, gen. et sp. n. in Burmese amber, ventral view; photomicrograph. Scale bar 500 pm. [Colour

figure can be viewed at wileyonlinelibrary.com]

with the same number of steps were obtained with
TNT (traditional search). The strict consensus tree in
both analyses was identical (Fig. 10).

Strepsiptera including the stem group is strongly
supported (Bs [=Bremer support] 12), and also Strep-
siptera s. str. (crown group) + tMengea (Bs 6), Stylo-
pidia (Bs 8) and Stylopiformia (1). Strepsiptera excl.
tProtoxenos, a clade tPhthanoxenos + (tHeterobath-
milla + tKinzelbachilla), and Strepsiptera s. str. excl.
Bahiaxenos (Bahiaxenidae) have support values of 1.
tCretostylops is placed in a trichotomy with the
T Phthanoxenos + (tHeterobathmilla + FKinzelbachilla)
clade, tMengea and extant Strepsiptera (Strepsiptera s.
str.).

Discussion

As in several other groups, the knowledge of the
past diversity of Strepsiptera has been distinctly
improved by amber fossils. A total of 41 fossil strep-
sipteran species are presently described (see Kogan
and Poinar, [2019] for a current checklist). Of these,
20 species are from Miocene Dominican amber, 13

species from Eocene Baltic amber, two compression
fossils from the Eocene Green River formation (USA),
one species from Eocene Fushun Amber (China), one
from Eocene Brown coal Geisel Valley (Germany),
and one from Colombian copal (Holocene — Pleis-
tocene). It is noteworthy that all known strepsipterans
from the Cretaceous belong to the stem group. Mem-
bers of extant groups, like representatives of Stylo-
pidia, are completely absent in late Mesozoic deposits.
In contrast, various representatives of this large strep-
sipteran subunit that have endoparasitic adult females
are recorded from the Eocene, including Corioxenidae,
Elenchidae, Myrmecolacidae and Stylopidae (see
below). This suggests that the transition of the females
to permanent endoparasitism did not occur before the
Paleogene.

Usually, adult males are discovered as amber inclu-
sions, for instance TMengea tertiara (Menge, 1866; see
also Kinzelbach and Pohl, 1994) and fProtoxenos
(Pohl et al., 2005) from Baltic amber, tCretostylops
Grimaldi et Kathirithamby, tKinzelbachilla and
tPhthanoxenos Engel and Huang from Burmese amber
(Grimaldi et al., 2005; Kathirithamby and Engel, 2014;
Pohl and Beutel, 2016; Engel et al., 2016),
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Fig. 4. tHeterobathmilla kakopoios Pohl and Beutel, gen. et sp. n., ventral view. Abbreviations: IX, abdominal segment IX; mcx, metacoxa; mtr,
metatrochanter; mv, metaventrite; pcx, procoxa; pta;, protarsomere 1; pti, protibia; ptfe, protrochanterofemur; drawing. Scale bar 500 pm.

tProtelencholax Kinzelbach from Dominican amber
(Kinzelbach and Pohl, 1994), or a species of the extant
family Mpyrmecolacidae from Eocene amber from
north-eastern China (Wang et al., 2016b). Amber fos-
sils of adult females of the basal groups of Strepsiptera
remain unknown (in contrast to Kathirithamby,
[2018]). A tiny primary larva from Burmese amber was
discovered recently (Pohl et al., 2018), and also a free-
living late instar, very likely an immature stage of
tMengea tertiara from Baltic amber (Pohl et al.,
2019).

Amber fossils have greatly contributed to the under-
standing of the evolution of Strepsiptera in the late
Mesozoic and the Cenozoic. In our analyses, the rela-
tively young Protoxenos (fProtoxenidae) from Eocene
Baltic amber was clearly confirmed as sister to all
remaining extinct and extant groups. A slender distal
mandibular part (char. 42.1) and broad fan-shaped
hind wing (char. 62.1) are unambiguous apomorphies
of Strepsiptera excl. fProtoxenidae. An additional
potential apomorphy of this clade is the distinctly
reduced size and less robust body (Pohl and Beutel,
2016). A large, free and bi-lobed labrum (chars. 38.0,

39.1), very robust mandibles (char. 42.0), eight-seg-
mented antennae (char. 21.1) with lateral flabellae on
antennomeres 3—7, maxillae with a galea (char. 47.0),
and hind wings longer than wide (char. 62.0) are strep-
sipteran groundplan features preserved in tProtoxenos.
It is conceivable that males of fProtoxenos were still
taking up food, in contrast to extant strepsipterans.
However, gut contents could not be reliably identified
in the Eocene species (Pohl et al., 2005). Despite the
clarified first split in Strepsiptera, the fossil evidence
concerning the area of origin remains ambiguous.
tProtoxenos (Pohl et al., 2005) was discovered in Bal-
tic amber, whereas the oldest known species are pre-
served in Cretaceous Burmese amber.

The new Cretaceous genus T Heterobathmilla displays
a conspicuous mixture of plesiomorphies and unusual
derived features (Hennig, 1974: “Heterobathmie der
Merkmale”): notably a unique type of bipectinate
antenna on one hand, and a male copulatory appara-
tus with distinctly developed “parameres” on the
other. The latter condition is common in Coleoptera,
the sister group of Strepsiptera (e.g. Lawrence et al.,
2011), but was hitherto unknown in extant or extinct



220 H. Pohl et al. | Cladistics 37 (2021) 211-229

representatives of Strepsiptera. {Heterobathmilla is
unambiguously placed in a clade with tKinzelbachilla
and T Phthanoxenos, supported by a distinctly widened
antennal foramen (19.0). Another potential synapo-
morphy is the position of the oviform sensillum near
the tip of the maxillary palp (56.1). However, this fea-
ture, like many others, is not recognizable in tPhtha-
noxenos (Engel et al., 2016) and is thus ambiguous at
this node. Another shared feature is the presence of an
anterolateral labral process (39.1). However, this struc-
ture is also present in {Protoxenos, and thus likely a
groundplan feature of the order. The monophyly of
tPhthanoxenidae and the absence of “parameres” in
all hitherto known fossil or extant members of the
order (including fProtoxenos), raises the question of
the evolutionary background of these lateral lobes of
the penis (“aedeagus”).

The term “paramere” has been contentious for gen-
erations (e.g. Snodgrass, 1935, 1957; Crampton, 1938),
and its evolutionary identity as a distinct structure
without homologs in hemimetabolous groups is further
called into question by fHeterobathmilla. Two
anatomical observations support the interpretation
that these paired structures are gonopods, or genital

Fig. 5. tHeterobathmilla kakopoios Pohl and Beutel, gen. et sp. n. in Burmese amber. a. Head, frontal view; b. Head, dorsal view; c. Head ven-
tral view. Photomicrographs. Scale bars 200 um. [Colour figure can be viewed at wileyonlinelibrary.com]

appendages of other Hexapoda (Boudinot, 2018).
First, the “parameres” of tHeterobathmilla correspond
positionally to the gonopods of other Holometabola —
including Hymenoptera, Raphidioptera, and Mecop-
terida. Second, the apparent transverse line of the
structure matches the coxa-stylus pattern of abdominal
appendages IX across the winged insects (Boudinot,
2018), a pattern also consistent among Paleozoic
Pterygota (Pecharovad et al., 2020; Prokop et al., 2020).
The primary point of uncertainty is that the penis
hinges on abdominal sternum IX, similar to other
Strepsiptera, rather than within the gonopods as
observed in those Holometabola that retain these
appendages (Boudinot, 2018). Despite this, it remains
plausible that the apparent “parameres” of {Hetero-
bathmilla and “lateral lobes” of Coleoptera are at least
partially homologous with gonopods, albeit integrated
developmentally. Although re-expression of genital
appendages in the case of tHeterobathmilla would be
more parsimonious, multiple independent losses can-
not be ruled out considering the presently known stem
group taxa. Moreover, parallel losses of structures
across the phylogeny, such as wing vein abscissaec and
muscles, are known to occur based on rigorous



H. Pohl et al. | Cladistics 37 (2021) 211-229 221

(b)

Fig. 6. tHeterobathmilla kakopoios Pohl and Beutel, gen. et sp. n. a.
Head, frontal view; b. Head, ventral view. Abbreviations: af, anten-
nal foramen; cs, coronal suture; dp4-8, dorsal processes of anten-
nomeres 4-8; 3-8, lateral flabellae of antennomeres 3-8; fi, filament-
like structure; fs, frontal suture; ga, galea; md, mandible; mx, max-
illa; os, mouth opening; pe, pedicellus; pmx, maxillary palp; sc, sca-
pus; sg, sensory pit; drawings. Scale bars 200 pm.

statistical modeling (e.g. Klopfstein et al., 2015). Fur-
ther resolution on this issue of genital homologies and
functional morphology may be provided by p-CT
scanning, as in Pohl et al. (2010), if the specimen is
fine enough to have preserved muscular tissue.

The position of fCretostylops in the stem group
remains uncertain. The genus is placed in a trichotomy
with the fPhthanoxenos — tHeterobathmilla — T Kinzel-
bachilla — clade and the monophylum comprising
tMengea and extant Strepsiptera. Presently no features
are available to solve this phylogenetic ambiguity. The
placement of the extant Bahiaxenos from Brazil
(known only from the male holotype) in an unresolved
trichotomy with {Mengea and crown group Strep-
siptera, is likely due to the lack of any characters of
immature stages or females. As a whole, fossils have
not fundamentally changed our picture of the phy-
logeny and evolution of Strepsiptera but have pro-
vided tantalizing clues to ancient morphological
transformations. Relationships in crown group

(a)

Fig. 7. fHeterobathmilla kakopoios Pohl and Beutel, gen. et sp. n. in
Burmese amber. Protarsomeres, ventral view. a. Brightfield. b. Dark-
field. Photomicrographs with an Axio Zoom.V16. Scale bars
200 pm. [Colour figure can be viewed at wileyonlinelibrary.com]

Strepsiptera are not affected at all by extinct taxa (e.g.
Henderickx et al., 2013; see also Fig. 10 and Pohl and
Beutel, 2005: Fig. 28).

The age of origin of Strepsiptera, the late Carbonif-
erous (or carliest Permian), can be assessed based on
the well-established sister group relationship with
Coleoptera and the fossil record of beetles (e.g. Pono-
marenko, 1969; Niehuis et al., 2012; Boussau et al.,
2014; Beutel et al., 2018; see also Kinzelbach, 1971).
The splitting event was dated as ca. 300 Mya in Misof
et al. (2014) and as ca. 350 Mya in McKenna et al.
(2019). Unambiguous beetle fossils from the Lower
Permian are usually comparatively large and well-scle-
rotized species (e.g. Ponomarenko, 1969; Kirejtshuk
et al., 2014). In contrast to this, strepsipterans, except
for the minute primary larvae (Pohl, 2000, 2002; Pohl
et al., 2018) or the cephalothorax of endoparasitic
females (e.g. Richter et al., 2017) and male puparia
(e.g. Kinzelbach, 1971), are weakly sclerotized and
fragile. Consequently, the chances to be preserved as
impression fossils are low. The vast majority of the
fossils are amber inclusions, even though specimens in
Eocene oil shale or Eocene limestone are also known
(Kinzelbach and Pohl, 1994; Antell and Kathir-
ithamby, 2016), although a single primary larva was
found in Eocene brown coal from the Geisel valley in
Germany (Kinzelbach and Lutz, 1985; Pohl, 2009). As
already pointed out in Pohl and Beutel (2016), the
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Fig. 8. a, b. THeterobathmilla kakopoios Pohl and Beutel, gen. et sp. n. Terminal segments with external genitalia in Burmese amber, dorsal view
in comparison with a basal extant representative, oblique caudal view. a. Brightfield photomicrograph. b. Autofluorescence photomicrograph. c.
Mengenilla moldrzyki (Mengenillidae) SEM (modified from Hiinefeld et al., 2011). Abbreviations: dpa, distal portion of paramere; ppa, proximal
portion of paramere; pe, penis; sVII-sIX, sternites VII-IX; tVII-tIX, tergites VII-IX; tl, transverse line; X, abdominal segment X. Scale bars

100 pm. [Colour figure can be viewed at wileyonlinelibrary.com]

Fig. 9. tHeterobathmilla kakopoios Pohl and Beutel, gen. et sp. n.
Terminal segments with external genitalia, dorsal view. Abbrevia-
tions: dpa, distal portion of paramere; ppa, proximal portion of
paramere; pe, penis; pr, process; sVII-sIX, sternites VII-IX; tVII-
tIX, tergites VII-IX; tl, transverse line; X, abdominal segment X.
Scale bar 100 pm.

early evolutionary history of the order in the late
Palaeozoic and earlier Mesozoic remains completely in
the dark. The Carboniferous genus {Stephanastus, rep-
resented by the incompletely preserved holotype, was
assigned to a new extinct order fSkleroptera by

Kirejtshuk and Nel (2013). This taxon was interpreted
as a subgroup of Coleopterida, supposedly the sister
group of Strepsiptera + Coleoptera (Kirejtshuk and
Nel, 2013). However, this hypothesized placement of
the fossil was rejected as unfounded and very unlikely
by Beutel et al. (2019).

A recently discovered Cretaceous primary larva
(Pohl et al., 2018) is nearly identical with recent first
instars. It underlines a remarkable evolutionary stasis
in the order over ca. 100 million years, and it dis-
cards earlier alleged findings of strepsipteran imma-
tures (e.g. Grimaldi et al., 2005), which very likely
belong to the beetle family Ripiphoridae (Beutel
et al.,, 2016; Batelka et al., 2018). As far as adults
are concerned, the oldest known fossils differ only in
details from the extant forms (e.g., Grimaldi et al.,
2005; Pohl and Beutel, 2016). Unless well-preserved
impression fossils from the early Mesozoic or Per-
mian are discovered, the morphological gap between
Strepsiptera and Coleoptera will remain large (Beutel
et al., 2018).

Burmese Cretaceous amber has turned out to be a
rich source of new extinct species of Strepsiptera and
other insects. Since the description of the first fossil
strepsipteran from Burmese amber in 2005, three new
species have been discovered. However, except for one
primary larva, only males have been found. The min-
ute 1% instar larva has revealed a Mesozoic origin of
endoparasitism. Moreover, the amber fossils have con-
tributed greatly to the understanding of the evolution
and morphological diversity of the group in the late
Mesozoic and Cenozoic. With the clarified position of
tProtoxenos from Eocene Baltic amber as sister to all
remaining strepsipteran groups, the area of origin of
Strepsiptera remains still ambiguous.
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Appendix 1

List of characters
General features

From Pohl and Beutel (2005) and Bravo et al. (2009). Characters
with modified coding marked by an asterisk. Information on fCre-
tostylops and {Phthanoxenos was obtained from Grimaldi et al.
(2005) and Engel et al. (2016), respectively. For characters 89-217
(characters of females and immature stages, not known for tHetero-
bathmilla) see Pohl and Beutel (2005). Characters of free-living lar-
vae of TMengea (chars. 106-146) were taken from Pohl et al. (2019).
Character numbers in brackets correspond to character numbers in
Pohl and Beutel (2005), if they differ.

1. Size relationship between males and females: (0) equally sized
or females slightly larger; (1) females distinctly larger. This and the
following four characters are unknown in extinct taxa including
tHeterobathmilla (coded as ?).

2. Reproduction: (0) oviparous; (1) viviparous.

3. Host dimorphism: (0) absent; (1) present.

4. Life span of adult males: (0) distinctly more than 5 hours; (1)
5 hours or less.

5. (7) Trophic behavior of adult males: (0) feeding; (1) non-feeding.

Characters of adult males

6. (5) Size: (0) more than 10 mm; (1) 7-8 mm; (2) less than 6 mm.
Distinctly less than 6 mm in fHeterobathmilla (2), like all other
strepsipterans with the exception of T Protoxenos.

7. (6) Surface of cuticle: (0) not densely covered with microtrichia;
(1) large parts very densely covered with microtrichia. Densely cov-
ered with microtrichia like in all other strepsipterans.

8. Epistomal suture (=frontoclypeal suture): (0) present; (1) absent.
Reduced in Heterobathmilla (1) like in extant strepsipteran groups.

9. Coronal suture (=epicranial suture): (0) present as ecdysial
suture, about as long as distance between compound eyes; (1) dis-
tinctly shorter than distance between compound eyes or absent; (2)
membranized. Present in tHeterobathmilla (0) like in other members
of the stem group.
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10. Frontal suture: (0) present as ecdysial suture; (1) absent. Dis-
tinctly recognizable in f{Heterobathmilla (0). Absent in all other
groups.

11. (10) Dorsomedian frontal impression: (0) absent; (1) present,
v- or u-shaped; (2) very wide, trapezoid. Absent in {Heterobathmilla
(0) like in other stem group members except for T Mengea.

12. (11) Dorsal part of head capsule (vertex) subdivided in several
plates (“Vertexplatten”; Kinzelbach, 1971, 1978): (0) absent; (1) pre-
sent. Absent in |Heterobathmilla (0).

13. (12) Postoccipital region completely membranized: (0) absent;
(1) present. Not membranized in tHeterobathmilla (0).

14. (13) Gula: (0) present; (1) absent. Not visible in {Heterobath-
milla, very likely absent (?) like in all other strepsipterans.

15. (14) Tentorium: (0) present; (1) absent. Unknown in {Hetero-
bathmilla (7).

16. (15) Ommatidia: (0) not separated by chitinous bridges; (1)
distinctly separated by chitinous bridges. Not separated by chitinous
bridges in fHeterobathmilla, tKinzelbachilla, tPhthanoxenos, tPro-
toxenos and tCretostylops. Chitinous bridges more or less densely
covered with microtrichia in extant Strepsiptera (e.g., Pohl and Beu-
tel, 2005).

17. (16) Ocelli: (0) present; (1) absent. Absent in Heterobathmilla
(1) as in all other strepsipterans.

18. (17) Insertion of antenna: (0) laterally, anterior to compound
eyes; (1) dorsally. Laterally inserted in fHeterobathmilla (1) like in
other stem group members except for FMengea.

19. Antennal foramen: (0) about twice as wide as diameter of sca-
pus (1) slightly wider than diameter of scapus. Distinctly widened in
tHeterobathmilla, T Kinzelbachilla and T Phthanoxenos (0).

20. (18) Length of antennae: (0) less than 50% of hind wing; (1)
at least 75% of hind wing. Short in Heterobathmilla (0) like in all
other strepsipteran groups except Stichotrema, Myrmecolax and
Caenocholax.

21. (19) Number of antennomeres: (0) more than 8; (1) 8; (2) 7 or
less. Eight in 1 Heterobathmilla (1) like in extant Bahiaxenos and in
other stem group members except for TMengea.

22. (20) Fusion of antennomeres 3 and 4: (0) absent; (1) present.
Absent in Heterobathmilla (0).

23. (21) Fusion of antennomeres 4 and 5: (0) absent; (1) present.
Absent in Heterobathmilla (0).

24. (22) Fusion of antennomeres 5 and 6: (0) absent; (1) present.
Absent in Heterobathmilla (0).

25. (23) Fusion of antennomeres 6 and 7: (0) absent; (1) present.
Absent in T Heterobathmilla (0).

26. (24) Lateral process (flabellum) of antennomere 3: (0) absent;
(1) present. Present in tHeterobathmilla (1)

27. (25) Lateral process of antennomere 4: (0) absent; (1) present.
Present in {Heterobathmilla (1).

28. Dorsal process of antennomere 4: (0) absent; (1) present. Only
present in THeterobathmilla (1), like the dorsal process of segments
5-8.

29. Dorsal process of antennomere 5: (0) absent; (1) present. Pre-
sent in tHeterobathmilla (1)

30. Dorsal process of antennomere 6: (0) absent; (1) present. Pre-
sent in tHeterobathmilla (1)

31. Dorsal process of antennomere 7: (0) absent; (1) present. Pre-
sent in tHeterobathmilla (1)

32. Dorsal process of antennomere 8: (0) absent; (1) present. Pre-
sent in tHeterobathmilla (1)

33. (26) Shape of flabellum of antennomere 3: (0) narrow; (1) wide
and flattened. Wide and flattened in {Heterobathmilla (1), like in
tKinzelbachilla, TPalaecomyrmecolax (Myrmecolacidae), Xenidae and
Stylopidae.

34. (27) Shape of antennomere 5: (0) round in cross section; (1)
wide and flattened. Round in cross section in fHeterobathmilla (0)
like in other basal groups. Wide and flattened in {Palacomyrmecolax
(Myrmecolacidae), Xenidae and Stylopidae.

35. (28) Length of antennomere 5: (0) as long as antennomere 3;
(1) at least twice as long. As long as antennomere 3 in fHeterobath-
milla (0).

36. (29) Sensorial groove of antennomere 4 (Hofenedersches
organ; Kinzelbach, 1971): (0) absent, (1) present. Present in {Cre-
tostylops (verified with new material). Not recognizable in tHetero-
bathmilla (?).

37. (30) Dome-shaped chemoreceptors on flagellomeres: (0)
absent; (1) present. Always present (1).

*38. (31 Labrum: (0) free, at least reaching inner margin of mand-
ibles; (1) present, distinctly narrower than distance between
mandibular bases; (2) absent; (3) narrow, completely fused with cly-
peus. Free and broad in {Heterobathmilla (0), like in extant Bahi-
axenos and other stem group members except for tCretostylops.

39. (32) Anterolateral labral process: (0) absent; (1) present. Pre-
sent in THeterobathmilla (1) like in fKinzelbachilla, tPhthanoxenos
and fProtoxenos.

40. (33) Mandibles: (0) well-developed; (1) absent or vestigial.
Well-developed in tHeterobathmilla (0) like in other groups except
for Corioxenidae.

41. (34) Articulation of mandibles: (0) well-developed primary and
secondary mandibular joint, broad mandibular base in close contact
with head capsule; (1) primary and secondary mandibular joint
reduced, separated from clypeal margin and lower margin of genae
by membrane (Beutel and Pohl, 2006). Well-developed primary and
secondary mandibular joint present in tHeterobathmilla (0), like in
other members of the stem groups and in Eoxenos and Bahiaxenos.

*42. (35) Shape of mandibles: (0) entire mandible robust, with
broad base and very evenly narrowing and curved inward distally;
(1) well-developed, distinctly narrowing and curved inward distad of
moderately broad basal region; (2) well-developed, base straight,
only apices curved inwards; (3) robust, slightly curved outwards,
apices do not meet at median line; (4) slender, apices crossing medi-
ally; (5) extremely slender, curved outwards, apices crossing medi-
ally; (6) short, conical, not meeting at median line. Mandible
moderately broad proximally in tHeterobathmilla, distinctly narrow-
ing and evenly curved inwards distally, with pointed apex (1).

43. (36) Shape of distal parts of mandible: (0) not blade-like and
flattened; (1) blade-like and flattened, with sharp external and inter-
nal edge. Not blade-like and flattened in {Heterobathmilla (0), like in
most other groups.

44. (37) Position of mandibles: (0) not posterior to mouthfield
sclerite or hypopharynx; (1) posterior to mouthfield sclerite. Not
posterior to mouthfield sclerite or hypopharynx in {Heterobathmilla
(0), like in other stem group members and in Bahiaxenidae and
Mengenillidae.

45. (38) Movability of maxilla: (0) not restricted; (1) immobilized.
Not restricted in tHeterobathmilla (0) like in all other groups except
for Mengenilla.

46. (39) Cardo: (0) separate sclerite; (1) not present as separate
sclerite. Never present as separate sclerite (1).

47. (40) Galea: (0) present; (1) absent. Distinctly developed in
tHeterobathmilla (0) like in fKinzelbachilla, tPhthanoxenos and
TProtoxenos.

48. (41) Lacinia: (0) present; (1) absent. Generally absent (1).

49. (42) Size and shape of maxilla (without palp): (0) smaller than
half of head width, globular, as long as wide; (1) smaller than half
of head width, elongate; (2) longer than half of head width. Less
than half of head width in fHeterobathmilla (1).

50. (43) Palpus maxillaris: (0) several palpomeres; (1) 1-segmented.
Always one-segmented in Strepsiptera (1).
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51. (44) Length of palpus maxillaris: (0) not longer than twice the
length of the corpus maxillaris (=stipes or stipes incl. fused cardo);
(1) more than 3 x as long as the corpus maxillaris; (2) strongly
shortened; (3) absent or vestigial. Less than twice the length of the
corpus maxillaris in Heterobathmilla (0).

52. (45) Insertion of palpus maxillaris: (0) on apical margin of
stipes; (1) proximad of apical stipital margin. On apical margin of
stipes in THeterobathmilla (0) like in most other groups.

53. (46) Microtrichia of palpus maxillaris: (0) unmodified (1);
mushroom-shaped. Unmodified in {Heterobathmilla (0).

*54. (47) Sensilla of distal part of palpus maxillaris: (0) absent or
few scattered chemoreceptors; (1) numerous cupuliform chemorecep-
tors. Absent in fHeterobathmilla (0)

55. (48) Oviform sensillum of palpus maxillaris: (0) present; (1)
absent. Present in fHeterobathmilla (0) like in other stem group
members and Eoxenos.

56. Position of oviform sensillum: (0) approximately in middle
region of palpus maxillaris; (1) apical region of palpus maxillaris.
Near the tip of the palp in fHeterobathmilla (1) like in {Kinzel-
bachilla.

57. (49) Subdivision of labium: (0) submentum, mentum, premen-
tum; (1) ventral part of mouthfield sclerite and posterior transverse
part of head capsule; (2) completely undivided; (3) posterior part
completely reduced, mouthfield sclerite reaches hind margin of head
capsule. Not clearly recognizable in {Heterobathmilla (?).

58. (50) Labial palps: (0) present; (1) absent; (2) modified as label-
lae. Always absent (1).

59. (51) Mouthfield sclerite: (0) absent; (1) present, without sepa-
rate dorsal part; (2) present, with separate dorsal part. Absent in
tHeterobathmilla (0) like in other stem group members.

60. (52) Size of mouthfield sclerite: (0) width less than 30% of the
distance between the outer edge of the mandibular bases; (1) width
at least 70% of the distance between the outer edge of the mandibu-
lar bases. Not applicable in Heterobathmilla (-).

61. (53) Mesothoracic halteres: (0) absent; (1) present. Generally
present (1).

*62. (54) Shape of hind wings: (0) longer than maximum width;
(1) broader than long. Broader than long and fan-shaped in {Hetero-
bathmilla (1), like in all other groups except for TProtoxenos.

63. (55) Transverse veins of hind wings: (0) present; (1) absent.
Absent in THeterobathmilla (1) like in all other groups.

64. (56) Cells of hind wings; (0) more than one; (1) one cell; (2)
absent. Absent in T Heterobathmilla (2) like in all other groups except
for T Mengea.

65. (57) Scuto-prescutal region of metathorax: (0) strongly arched
and prominent; (1) weakly arched and almost flat. Strongly arched
and prominent in Heterobathmilla (0).

66. (58) Metapostnotum: (0) external part transverse; (1) external
part plate-like, approximately as long as broad; (2) external part
shield-like, distinctly longer than wide, covering the median part of
several abdominal tergites. External part shield-like, distinctly longer
than wide in {Heterobathmilla (2).

67. (59) Trochanter and femur of fore legs: (0) separated; (1)
fused. Fused in fHeterobathmilla (1).

68. (60) Trochanter and femur of middle legs: (0) separated; (1)
fused. Fused in {Heterobathmilla (1).

69. (61) Distal margin of tibiae: (0) straight; (1) acuminate (with
“accessory claw”). Always straight (0).

70. (62) Number of tarsomeres: (0) 5; (1) 4; (2) 3; (3) 2. Five in
tHeterobathmilla (0).

71. (63) Claws: (0) paired, normally developed; (1) paired,
strongly reduced in size; (2) single small claw; (3) claws absent.
Paired and well-developed in {Heterobathmilla (0) like in other stem
group members and Bahiaxenidae and Mengenillidae.

72. (64) Shape of basitarsus of fore legs: (0) cylindrical; (1) disc-
shaped; (2) triangular. Cylindrical in tHeterobathmilla (0).

73. (65) Accessory claws of basitarsus of fore legs (Kinzelbach,
1971): (0) absent; (1) present. Absent in {Heterobathmilla (0) like in
most other groups except for Elenchidae.

74. (66) Accessory claws of basitarsus of middle- and hind legs
(apex of tarsomere acuminate; Kinzelbach, 1971): (0) absent; (1) pre-
sent. Absent in {Heterobathmilla (0) like in most other groups.

75. (67) Shape of tarsomere 4: (0) cylindrical, at least twice as
long as wide; (1) shortened, approximately as long as wide or wider
than long; (2) shortened, triangular. Cylindrical and at least twice as
long as wide in {Heterobathmilla (0).

76. (68) Diameter of tarsomere 5: (0) approximately like tar-
somere 4; (1) at most 50% of tarsomere 4. Similar to tarsomere 4 in
T Heterobathmilla (0).

77. (69) Ventral surface of tarsomeres: (0) normally developed; (1)
elongated. Normally developed in tHeterobathmilla (0).

*78. (70) Sensorial spot on surface of tarsi: (0) absent; (1) present
on tarsomeres 1-3; (2) present on tarsomere 1; (3) present on tar-
somere 2 and 3. Absent in {Heterobathmilla (0) like in other stem
group members and some other groups (Pohl and Beutel, 2004).

*79. (71) Hairy adhesive ventral tarsal surfaces: (0) absent; (1) pre-
sent on tarsomere 4; (2) present on tarsomere 1 and 2; (3) present on
all tarsomeres. Present on tarsomere 1 and 2 in T Heterobathmilla (2).

Abdomen of adult males

*80. (81) Relative size of abdominal tergites: (0) slightly smaller
than sternites; (1) tergites strongly reduced in size. Tergites slightly
smaller than sternites in T Heterobathmilla (0) and other basal groups.
Distinctly reduced in size in Stylopidia.

81. (74) Sternite VIII: (0) caudal margin straight; (1) acuminate.
Straight in T Heterobathmilla (0).

82. (75) Sclerotization of abdominal segment IX: (0) weakly scle-
rotized; (1) strongly sclerotized. Strongly sclerotized in {Heterobath-
milla (1) like in all other groups.

83. (76) Shape of abdominal segment IX: (0) not elongated; (1)
ventrally elongated. Not elongated in tHeterobathmilla (0).

84. (77) Abdominal segment X: (0) strongly reduced or absent; (1)
prominent and elongated. Prominent and elongated in 1 Heterobath-
milla (1) like in all other groups.

85. (82) Abdominal spiracles: (0) on segments I-VIII; (1) on seg-
ments I-VII; (2) on segment I. Not recognizable in {Heterobathmilla
™.

86. (78) Parameres: (0) present; (1) absent. Only present in
T Heterobathmilla (0).

87. (79) Length of penis: (0) short; (1) elongated. Apparently short
in T Heterobathmilla like in other stemgroup strepsipterans (0).

88. (80) Shape of penis: (0) almost straight; (1) hook- or anchor-
shaped apex, without spinae laterales; (2) anchor-shaped, apex with
spinae laterales; (3) with two pairs of rounded lobes and slender
apex. Almost straight in T Heterobathmilla (0).

89. Base of penis: (0) broad; (1) narrow. Broad in {Heterobath-
milla. Narrow in all other strepsipteran groups. Homology in out-
groups uncertain.



