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Abstract. A fossil Cenozoic late instar strepsipteran larva is described and evaluated phylogenetically. The single specimen is embedded
in Eocene Baltic amber. The short antennal buds, mandibles not intercrossing in the midline, unsegmented tarsi, and the elongated slender
claws clearly indicate that it is not an adult female but a late larval instar. The low number of ommatidia of the compound eyes strongly
suggests that it is an immature female. Besides this, wing buds are missing in contrast to male puparia of Mengenillidae. Phylogenetic
analyses of characters of female late instar larvae indicate that the species belongs to the stem group of Strepsiptera. The presence of dis-
tinctly developed mouthparts and legs show that the larva does not belong to Stylopidia. The presence of a distinct clypeolabral suture, a
large labrum, and claws which are elongated but not filiform exclude it from crown group Strepsiptera. It is likely that it is a female larva
of the extinct genus TMengea, which is only known from Eocene Baltic amber. Small size excludes an assignment to tProtoxenos, which
is known from the same period. Characters of the fossil entered in a comprehensive matrix assuming that the larva belongs to tMengea

confirm a sistergroup relationship between the fossil described here and extant Strepsiptera.
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1. Introduction

The endoparasitic Strepsiptera are one of the most highly
specialized groups of insects (e.g., ULricH 1927a; KiNzZEL-
BACH 1971a; KaTHIRITHAMBY 1991; PoHL & BEUTEL 2008).
The phylogenetic position was recently clarified (NIEHUTS
etal. 2012; Boussau et al. 2014; Misor et al. 2014; PETERS
et al. 2014) after long and intensive controversies (Kris-
TENSEN 1999: “The Strepsiptera problem”; e.g., WHITING et
al. 1997; WHEELER et al. 2001 ; BEUTEL & PonL 2006a; PoHL
& BeuTEL 2013). The group is characterised by a strongly
modified morphology in all life stages and a highly unusu-
al life cycle and reproductive biology (e.g., ULricH 1927a;
KiNnzeLBacH 1971a,b; KatHiritHAMBY 1991; Ponr 2000;
PorL & BeuTeL 2005, 2008; PEWErT et al. 2016). The
knowledge of the morphology of both sexes and differ-
ent life stages has greatly increased in the last years (e.g.,
BEeuTEL et al. 2005; Ponr & BruTEL 2005; BEUTEL & PoHL

2006b; Bravo et al. 2009; OsswaLD et al. 2010; PoHL et al.
2010; KNAUTHE et al. 2016; LOWE et al. 2016; RICHTER et
al. 2017), and also the available developmental (FrRauLOB
et al. 2015) and paleontological data (e.g., KINZELBACH &
Ponr 1994; PonL & KinzeLBacH 1995, 2001; GRIMALDI et
al. 2005; PonL et al. 2005; KATHIRITHAMBY & HENDERICKX
2008; PonL et al. 2010; HONEFELD et al. 2011; HENDERICKX
et al. 2013; WANG et al. 2015; ANTELL & KATHIRITHAMBY
2016; ENGEL et al. 2016; PonL et al. 2018). However,
information on the anatomy of later instar larvae is still
very scarce for extant taxa (e.g. SiLvesTRI 1941a,b; Kin-
ZELBACH 1971a,b), and fossil later instars were completely
unknown so far. Consequently, the finding of a well-pre-
served final stage of an “ancestral” species closes an im-
portant gap of information. The specimen embedded in a
piece of Middle Eocene Baltic amber (Lutetian, minimum
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age approx. 42—49 Ma, probable maximum age 54 Ma
(OpiN & LUTERBACHER 1992; Ritzkowski 1997) was ex-
amined with modern techniques and described. Observed
morphological data were evaluated cladistically, mainly
using data from previous studies, especially PoHL &
BEUTEL (2005). Possible affinities with stem group strep-
sipterans from the same deposits, i.e. TMengea tertiaria
(Menge, 1866), TM. mengei Kulicka, 1979 (Mengeidae)
(UrricH 1927b; PonL et al. 2010) and tProtoxenos janzeni
Pohl, Beutel & Kinzelbach, 2005 (Protoxenidae) (PoHL et
al. 2005), are discussed.

2. Materials and methods

2.1. Material

The single specimen embedded in a piece of Baltic am-
ber was purchased from Marius Veta (Palanga, Lithua-
nia). The size of the roughly pentagonal piece is approxi-
mately 24 x 15 x 3 mm. The precise locality is unknown.
Apart from a stellate trichome and small particles of
debris there are no syninclusions (Fig. 1). The fossil is
deposited into the collection of the Phyletisches Museum
Jena (Institut fiir Zoologie und Evolutionsforschung,
FSU Jena) with the accession number PMJ Strep 36.

2.2. Specimen imaging

The piece of amber was temporarily mounted on a glass
microscope slide with glycerine and covered with a cov-
erslip. A Leica MZ 12.5 compound microscope was used
for observations at magnifications up to 100 x. For over-
coming limited depth of field, stacks of several partially
focused images were taken in raw format with a Canon
Eos 6D digital SLR equipped with a Canon MP-E 65
mm macro lens (Canon, Krefeld, Germany) fitted with
a StackShot macro rail (Cognisys, Traverse City, MI,
U.S.A). The specimen was illuminated with two flash-
lights (Yongnuo Photographic Equipment, Shenzhen,
China). The raw images were processed in Adobe Pho-
toshop Lightroom 6 (Adobe Systems Incorporated, San
Jose, California, U.S.A) and saved as tif images. Zerene
stacker 1.04 (Zerene Systems LLC, Richland, U.S.A.)
was used to fuse the images and Adobe Photoshop CS6
(Adobe Systems Incorporated, San Jose, California,
U.S.A) and Adobe Illustrator CS6 (Adobe Systems In-
corporated, San Jose, California, U.S.A) to arrange the
images as plates and for lettering.

2.3. Micro computed tomography (uCT)
The piece of amber with the fossil late instar larva was
scanned using the microtomography endstation of the

imaging Beamline PO5 (HAIBEL et al. 2010; GREVING et
al. 2014; WILDE et al. 2016) operated by the Helmholtz-
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Zentrum Geesthacht, Germany, using 20 KeV at the stor-
age ring Petra III at Deutsches Elektronen-Synchrotron
DESY, Hamburg, Germany. The projections have been
recorded with a slight edge enhancement placing the
detector at 10 cm distance to the sample using a custom
developed 20 MP CMOS camera system with an effec-
tive pixel size of 643 nm in the projection images. For
the tomographic scan 4801 projections at equal intervals
between 0 and & have been recorded. Tomographic recon-
struction has been done using the filtered backprojection
algorithm (FBP) implemented in a custom reconstruction
pipeline (MoosMANN et al. 2014) using MatLAB (Math-
Works, Natick, MA, U.S.A.) and the Astra Toolbox. For
processing the raw projections were binned two times
resulting in an effective pixel size of the reconstructed
volume of 1.29 um.

For comparison, a male puparium of Eoxenos laboul-
benei Peyerimhoff, 1919 (Mengenillidae) was scanned
using a Skyscan 2211 uCT-Scanner (Bruker, Belgium) at
the Max Planck Institut fiir Menschheitsgeschichte Jena,
equipped with a high resolution (4000 x 2600 pixel) X-
ray sensitive CCD camera. A beam strength of 70 kV and
250 uA was employed. Exposure time was 3.7 s and a
pixel size of 1.2 um was achieved in a 360° scan with
0.2° rotation steps. Tomographic reconstruction was done
using NRecon (Version: 1.7.3.1).

2.4. Computer-based 3D reconstruction

Based on pnCT-image stacks, the fossil late instar larva
and the male puparium of E. laboulbenei were segmented
with Amira 5.6.0 (Thermo Fisher Scientific, Hillsboro,
Oregon, U.S.A.). All sections were used and subsequent-
ly exported as tif-stacks. The cuticle of the fossil was
segmented in areas where it was preserved. In other areas
(mainly dorsal side of abdomen) the contour was seg-
mented. The volume rendering (Phong) was performed
with VGStudio Max 2.0 (Volume Graphics, Heidelberg,
Germany).

2.5. Description of morphological features
and measurements

Morphological features, with the exception of coloura-
tion, were observed and described using the volume ren-
dered 3D models. The measurements were conducted
with the 2D measurement tool in Amira 5.6.0.

2.6. Phylogenetic analyses

Mesquite 3.51 (MabppisoN & Mabbison 2018) was used
for entering the data in different matrices. Characters of
female and male puparia (partly from PoHL & BEUTEL
2005) were alternatively scored for the fossil late instar
larva (matrices in electronic supplement files 1, 2). Ad-
ditionally, the characters of the fossil were entered in
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a comprehensive matrix for Strepsiptera (mainly from
PonL & BeuTEL 2005) assuming that it is a female late in-
star larva of TMengea (S3). Parsimony analyses (all char-
acters with equal weight and unordered) were carried out
with NONA (ratchet, 1000 repl.) (GoLoBorr 1995) and
TNT (traditional search, random seed 1, 10 repl., TBR,
10 trees saved per repl.) (GoLoBoFF et al. 2008). Brem-
er-support values (BREMER 1994) were calculated with
NONA. Sialis sp. Latreille, 1803 (Sialidae, Megaloptera)
and Hydraena Kugelann sp., 1794 (Hydraenidae, Coleo-
ptera) were used as outgroup taxa and treated as all other
groups in the analysis (simultaneous analysis; NIxoN &
CARPENTER 1993).

3. Results

3.1. General appearance and preservation

The total length is 4.4 mm and the maximum width of the
abdomen (abdominal segment IV) 2.5 mm. The cuticle
of most body parts is light brown and apparently weakly
sclerotized (Fig. 1). Fields of tubercles are present in
middle regions of the tergites and sternites, more distinct
on the former than on the latter. The postcephalic body
is broad and distinctly flattened. The thorax is slightly
bent to the left. A distinct angle is present between the
metathorax and abdominal segment I. Compound eyes
are present. The legs are distinctly developed. The ab-
dominal segments are laterally explanate.

Soft tissue of the larva is not preserved, which is
completely hollow except for small cuticular fragments
in the lumen. The cuticle of the ventral side is almost
completely preserved, whereas that of the dorsal side of
the abdomen is largely decomposed.

3.2. Head

The head is orthognathous and hardly visible in dorsal
view, overtopped by the anterior edge of the pronotum
(Figs. 3, 4). It is about 1.5 x as wide as long and quad-
rant-shaped in lateral view. Hemispheric compound eyes
are distinctly developed posterolaterally, with a relatively
low number of 12 large and closely adjacent ommatidia
(left 11 ommatidia, right 13 ommatidia discernible) with
round and convex cornea lenses (Fig. 5B,C). Ocelli are
absent. Cephalic sutures are not recognizable. A median
longitudinal bulge is present and reaches the clypeal edge
anteriorly (Fig. 5A). The anterior clypeal edge is rounded,
lacking a serration. The vertically oriented large labrum
is trapezoidal, with a rounded anterior margin with an
indistinct median incision (Fig. 6). It appears slightly
asymmetric. It is proximally articulated with the anterior
clypeofrontal margin, with a very distinct clypeolabral
suture. A mouthfield sclerite is present as a semicircu-
lar elevation with a concave anterior margin caudad of
the labrum. A mouth opening is not discernible. One-
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Fig. 1. Piece of Baltic amber containing the strepsipteran late instar
larva; diagonal darker stripe caused by X-radiation during scan-
ning; microphotograph. Scale bar = 5 mm.

segmented antennae are present as distinct paired cir-
cular and elevated buds anterad the compound eyes on
longitudinal bulges (Fig. 5). The well-developed robust
mandibles are inserted anterad the anterior clypeofrontal
margin and laterad the labrum (Fig. 6). The axis of ar-
ticulation is oblique and the single apex posteromesally
directed. The distal parts are not intercrossing in the sagit-
tal plane. The maxillae are inserted posterior to the man-
dibles. The short maxillary body is not subdivided into
cardo and stipes and endite lobes are absent (Fig. 6). Only
a large, spindle-shaped one-segmented palp is distinctly
recognizable (Figs. 5B,C, 6), with a longitudinal sensorial
groove on its lateral side. Posteriorly, the maxillae are di-
rectly adjacent with the prosternum. A labium and tento-
rial grooves are not recognizable. The ventral side of the
head is more than half as long as the prosternum.

3.3. Thorax

The prothorax is the narrowest thoracic segment, anteriorly
slightly wider as the posterior cephalic margin and posteri-
orly more than twice as wide. The margin of the pronotum
is evenly rounded anteriorly and laterally, and indistinctly
divided into two plates with a weakly sclerotized mesal
area on the posterior region (Figs. 2A, 3A). The anterior
edge is bent upwards, thus forming a distinct bulge dor-
sad the posterodorsal region of the head (Fig. 4B,C). The
mesothorax is wider than the prothorax and the metatho-
rax is the widest thoracic segment. The tergites are slightly
rounded laterally. Their middle region is covered with
turbercles (Figs. 2A, 3A). The broad sternites display a
pattern of wrinkles, most of them longitudinally arranged.
They also bear indistinct and irregular patterns of tuber-
cles, especially on their middle region. Narrow transverse
folds are present between the pro- and mesosternum and
between the meso- and metasternum. The convex anterior
edge of the metathorax forms a shallow anteriorly directed
angle, thus covering the median part of the transverse fold.
The legs are distinctly developed, inserted ventrolaterally
and posteriorly directed, on the left side adpressed to the
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Fig. 2. Microphotographs of strepsipteran late instar larva in Baltic amber; A: dorsal view; B: ventral view.

ventral body surface, on the right side ventrally directed
with the exception of the foreleg (Figs. 2B, 3B). All legs
are divided into five segments (Fig. 7). Pro-, meso-, and
metathoracic legs are very similar in size. The proximal
coxae, the largest element of the legs, are cup-shaped, wid-
ening distally. The barrel-shaped trochanterofemur is the
shortest leg segment and is less than half as long as the
coxa and less wide. The tibia is almost twice as long as the
trochanterofemur and slightly narrower. The tarsus is as
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long as the tibia and very slightly narrower. The pretarsal
claws are elongate and slender but still robust at the base.
Wing Anlagen are completely absent.

3.4. Abdomen

The abdomen is composed of nine segments (Figs. 2—4).
It is distinctly wider than the thorax and reaches its maxi-
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Fig. 3. Volume-rendered 3D micrographs of the strepsipteran late instar larva; A: dorsal view; B: ventral view. — Abbreviations: hc —head
capsule; I —abdominal segment I; IX —abdominal segment IX; Im — labrum; md — mandible; msn — mesonotum; mtn — metanotum; mss —
mesosternum; mts — metasternum; mxp — maxillary palp; prl — prothoracic leg; prn — pronotum; prs — prosternum.

mum width at segment IV. The lateral margin is evenly
rounded and also the lateral edges of the individual ter-
gites I—VIIIL, more distinctly in the case of the anterior
segments. Distinct oblique wrinkles are present on the
lateral region of the sternites. Distinct transverse fields
of tubercles are present on the posterior sternal halves.
Segment I is separated from the metathorax by a distinct

SENCKENBERG

angle resulting in pronounced shoulder region Figs. 2, 3).
The hind margin of segment VIII is very distinctly con-
cave on the dorsal and ventral side. The terminal segment
IX is evenly rounded posteriorly, thus forming a nearly
semicircular structure. A birth opening is not discernible.
Spiracles are present on abdominal tergites I-VII (Fig.
8). Abdominal appendages are completely missing.
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Fig. 4. Volume-rendered 3D micrographs of the late instar larva; A: frontal view; B: right lateral view; C: left lateral view. — Abbrevia-
tions: an — antenna; ce — compound eye; | —abdominal segment [; IX — abdominal segment IX; msn — mesonotum; mtn — metanotum;
prn — pronotum.

3.5. Characters of female late instar larvae/

puparium

Characters 99—134 in complete matrix (see electronic
supplement file 3); see also (PonL & BEUTEL 2005).

1.

Endoparasitism: (0) absent; (1) present. Last instar
larvae of Mengenilla Hofeneder 1910 and Eoxenos
leave the host completely and form a puparium (e.g.
PonL & BeutEL 2005). Embedding in amber indicates
that this also applies to the fossil late instar larva.

Shape of anterior body: (0) straight; (1) bent back-
wards towards caudal end of body. Straight in fos-

3.

sil late instar larva and most other groups of Strepsi-
ptera. Bent backwards in Corioxenidae, at least
shortly before the body wall of the host is penetrated
(KmzeLBacH 1971b; Porr & MELBER 1996; PoHL &
BeUTEL 2005: fig. 26A).

Orientation of abdomen within host: (0) caudally
oriented; (1) cranially oriented. Conform to anteri-
or-posterior orientation of host in Corioxenidae, but
oriented in opposite direction in Stylopiformia (KiN-
ZELBACH 1971b; PonL & BEUTEL 2005).
Cephalic-prothoracic connection: (0) head func-
tionally separated from prothorax; (1) head in-
completely fused with prothorax; (2) head in-
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100 ym

Fig. 5. Volume-rendered 3D micrographs of the head of the late instar larva; A: frontal view; B: right lateral view; C: left lateral view.
— Abbreviations: an — antenna; ce — compound eye; db — debris; md — mandible; mxp — maxillary palp; prn — pronotum; sg — sensorial

groove.

corporated in a functional unit with prothorax. Mengenilla (PonL & BeuteL 2005). Incompletely
Preserved as separate and functionally independent fused with prothorax in Corioxenidae and completely
tagma in fossil late instar larva and in Foxenos and merged in Stylopiformia.

SENCKENBERG 131



PoHL et al.: First fossil late instar larva of Strepsiptera

10.

Orientation of head: (0) orthognathous; (1) sub-
prognathous; (2) prognathous. Orthognathous in
fossil late instar larva and in Eoxenos and Mengenil-
la. Prognathous in Stylopidia (Porr & BEUTEL 2005).
Y-shaped cephalic ecdysial suture: (0) present;
(1) absent. Absent in fossil late instar larva like in
all other groups of Strepsiptera with known terminal
instars (PoHL & BEUTEL 2005).

Lateral eyes: (0) stemmata; (1) compound eyes;
(2) absent. Stemmata in the outgroup taxa. Distinct-
ly developed compound eyes in the fossil late instar
larva like in final instars of Mengenillidae (PorL &
BeuteL 2005). The compound eyes of the prepupal
stage distinguish Strepsiptera from all other groups
of holometabolous insects (e.g., BEUTEL et al. 2011).
The presence is very likely a groundplan feature of
the order and the complete loss of lateral eyes an
apomorphy of female Stylopidia. The comparatively
low number of 12 ommatidia suggests that the fossil
late instar larva is a female.

Field of sensilla between mandible and the anten-
nal bud: (0) absent; (1) present. Irregular field of
small circular grooves present between mandible
and antennal bud in Corioxenidae (PonL & BEUTEL
2005).

Serration on anterior clypeal edge: (0) absent; (1)
present. Serrated edge present in Eoxenos and Men-
genilla but absent in fossil late instar larva.
Labrum: (0) present as a separate structure ar-
ticulating with clypeus; (1) fused with clypeus or
absent. Large and articulated with the clypeus in fos-
sil late instar larva. Distinctly smaller in final instars

11.

12.

13.

14.

15.

Fig. 6. Volume-rendered 3D mi-
crograph of the head of the late
instar larva, anteroventral view. —
Abbreviations: cls — clypeolabral
suture; Im — labrum; md — man-
dible; mfs — mouthfield sclerite;
mss — mesosternum; mx — maxilla;
mxp — maxillary palp; prn — prono-
tum; prs — prosternum.

of Mengenillidae and Corioxenidae (PonL & BEUTEL
2005: fig. 26C) and fused with the anterior clypeal
edge. Absent as a separate cephalic structure in Styl-
opiformia (PoHL & BeuTEL 2005).

Orientation of labrum relative to clypeus, i.e. an-
gle between clypeus and labrum: (0) approx. 0°;
(1) approx. 45°; (2) approx. 90°. Approx. 45° in
fossil late instar larva and final larvae of Corioxen-
idae. Approx. 90° in final instars of Mengenillidae.
Not applicable to taxa with state (1) in character 10.
Antenna: (0) present as a prominent structure; (1)
completely flat antennal field or absent. Present as
unsegmented rounded bud in fossil late instar larva
and final instars of Mengenillidae and Corioxenidae
(Ponr & BeuTEL 2008: fig. 11D). Absent or complete-
ly flat in Stylopiformia (Ponr & BruteL 2005).
Antennal segmentation: (0) composed of several
segments; (1) unsegmented bud. Generally unseg-
mented in larvae of Strepsiptera (KINzELBACH 1971a;
PonL & BeuTEL 2005: figs. 21C, 24).

Mandible: (0) well-developed; (1) vestigial or ab-
sent. Well-developed in fossil late instar larva and fi-
nal instars of Mengenillidae and Corioxenidae (PoHL
& BEUTEL 2005: fig. 26C). Vestigial in Stylopiformia
(PonL & BEUTEL 2005: fig. 26D).

Position of primary and secondary mandibular
joint: (0) mandibular joints oriented along ver-
tical axis of movement; (1) secondary mandibu-
lar joint located mesad of primary joint, axis of
movement oblique. Secondary mandibular joint
located mesad of primary joint in fossil late instar
larva and final instars of Mengenillidae and Corio-
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16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

xenidae, resulting in oblique axis of movement. Axis
between both joints vertical in outgroup taxa. Scored
as inapplicable for taxa with state (1) of character 14
(vestigial mandible).

Macxillary body: (0) distinct; (1) vestigial or ab-
sent. Distinct in fossil late instar larva and final in-
stars of Mengenillidae and Corioxenidae. Vestigial
or completely absent in Stylopiformia (PonL & Beu-
TEL 2005: fig. 21D—F).

Cardo and stipes: (0) present as distinct maxil-
lary subunits; (1) not present as separate maxil-
lary subunits. Not present as maxillary subunits in
larvae of Strepsiptera.

Galea and lacinia: (0) present; (1) absent. Always
absent in larvae of Strepsiptera.

Size of maxillary palp: (0) normally sized, same
diameter as maxillary body; (1) very small or ab-
sent. Normally sized in fossil late instar larvae.
Very small in Mengenillidae and absent in Stylop-
idia.

Segmentation of maxillary palp: (0) with several
palpomeres; (1) undivided. Scored as inapplicable
for Stylopidia (Ponr & BeuTeL 2005: fig. 21).
Sensorial groove of maxillary palp: (0) present;
(1) absent. Present in fossil late instar larvae but ab-
sent in Mengenillidae.

Labium: (0) present; (1) absent. Absent in strep-
sipteran immatures.

Length of ventral side of head: (0) > !5 of length
of prosternum; (1) < 2 of length of prosternum.
Head on ventral side more than half as long as pro-
sternum in fossil late instar larva. Less than half
length of prosternum in 3" instars of Mengenillidae.
Scored as inapplicable for Stylopidia.

Thoracic segments: (0) distinctly separated; (1) lar-
gely or completely fused. Segmental borders distinct
in fossil late instar larva like in Eoxenos and Menge-
nilla (PouL & BEUTEL 2005: fig. 23). Largely reduced
in Stylopidia (Ponr & BeuTEL 2005: fig. 21). Indistinct
segmental borders preserved in Corioxenidae, Halic-
tophagidae, Stylopidae and Xenidae (scored as 1).
Postcephalic dorsomedian ecdysial line: (0) pre-
sent; (1) absent. Absent in fossil larva like in all
other groups of Strepsiptera (PonL & BruTEL 2005),
even though a faint dorsomedian furrow may be pre-
sent in free-living final instars.

Circumferential line of weakness (reduced scle-
rotization) between head and prothorax: (0) ab-
sent; (1) present. Not visible in fossil late instar
larva (scored as ‘?”). Present as line of weakly scle-
rotized cuticle between head and prothorax in fe-
males of Mengenillidae (Ponr & BeuTeL 2008; Ponr
et al. 2012). Head discarded at this line of weakness
during hatching of the adult female.

Fields of tubercles on tergites: (0) absent; (1) pre-
sent. Fields of tubercles are present in the fossil late
instar larva and in final instars of Mengenillidae.
Shape of cephalothorax: (0) dorsoventrally flat-
tened; (1) approximately round in cross-section.

SENCKENBERG

Fig. 7. Volume-rendered 3D micrographs of the left side legs of the
late instar larva, ventral view; A: prothoracic leg; B: mesothoracic
leg; C: metathoracic leg. — Abbreviations: cx — coxa; ta — tarsus;
tfe — trochanterofemur; ti — tibia; un — pretarsal claw.

29.

30.

31.

32.

33.

Approximately round in cross section in Myrmeco-
lacidae and Elenchidae (KmnzeLBacH 1971b; PorL &
BEUTEL 2005).

Legs: (0) present; (1) absent. Present in fossil late
instar larva and final instars of Mengenillidae. Ab-
sent in Stylopidia.

Leg segmentation: (0) distinctly developed with
six segments; (1) five-segmented, with tibiotar-
sus; (2) five-segmented, with trochanterofemur.
Five-segmented with trochanterofemur in fossil late
instar larva and final instars of Mengenillidae. Ab-
sent in Stylopidia (scored as inapplicable).

Claws: (0) present; (1) absent. Present in fossil late
instar larva and Mengenillidae. Absent in Stylopi-
dia.

Shape of claws: (0) normally developed, elon-
gated but with robust base; (1) filiform. Elongated
but with robust basal part in fossil late instar larva.
Filiform in Mengenilla and Eoxenos (PARKER &
SmitH 1933 1934; SiLvestri 1943; Ponr & BEUTEL
2004; PonL et al. 2012).

Number of pairs of spiracles: (0) eight pairs on
segments I-VIII; (1) seven pairs on abdominal
segments I-VII; (2) single pair at posterior end
of cephalothorax; (3) absent. Several spiracles in
fossil late instar larva and final instars of Mengenill-
idae. Single spiracle in Stylopidia. Eight pairs in lar-
vae of Hydraena. Absent in Sialis.
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Fig. 8. Volume-rendered 3D micrograph of the late instar larva, slightly paramedian section; white arrows indicate the position of the
spiracles.

34. Ventrally bent lateral tergal extensions: (0) ab-
sent; (1) present. Tergites laterally explanate in fos-
sil late instar larva. Tergal extensions bent ventrad in
puparia of Mengenillidae, resulting in a characteris-
tic tortoise-shaped postcepahlic body (e.g., PARKER
& SmitH 1933; PoHL et al. 2012).

35. Delimited flat platform on middle region of ab-
dominal sternites resulting in a tortoise-like pat-
tern: (0) absent; (1) present. The elevated plat-
form-like middle regions of the abdominal sternites
of Eoxenos result in a tortoise-like pattern on the
ventral side (FrRauLoB & PoHL 2015). This feature is
absent in the fossil late instar larva and in Menge-
nilla (PonL et al. 2012).

36. Cuticular thorns: (0) absent; (1) present. Present
in female puparia of Mengenillidae (excl. Mengenil-
la moldrzyki Pohl, Niehuis, Gloyna, Misof & Beutel,
2012) (PARKER & SmiTH 1933; SILVESTRI 1943; PoHL
& BEeUTEL 2005, 2008; PoHL et al. 2012). Absent in
fossil late instar larvae and in Stylopidia.

3.6. Results of the analyses

The fossil is unambiguously placed as sistergroup of
monophyletic crown group Strepsiptera (43 steps, CI =
0.97, RI=0.98; branch support values: tMengea +
crown group Strepsiptera 9, crown group Strepsiptera 1,
Mengenillidae 5, Stylopidia 4, Corioxenidae 2, Stylopi-
formia 3) when only characters of female late instar lar-
vae (36) are scored (File S1, Fig. 10). The same result
was obtained with a much less likely interpretation of
the larva as male (2 minimum length trees with 37 steps,
CI=0.97, RI = 0.98, see electronic supplement files 2, 4:
Fig. S1). Analyses of the matrix with the complete data
set (205 characters of males and females and immature
stages, 11 minimum length trees with 309 steps, CI = 0.8,
RI = 0.9) and the fossil treated as female larva of {Men-
gea also yielded a sister group relationship between this
extinct genus and crown group Strepsiptera (electronic
supplement files 3, 4: Fig. S2).
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4. Discussion

A confirmed 1% instar strepsipteran larvae was recently
discovered in Cretaceous Burmese amber (PonL et al.
2018). Another primary larva was described from Eo-
cene brown coal (Geisel Valley, Germany) (HaupT 1950
[as coccoid 1% instar]; KinzeLBacH & Lutz 1985; PoHL
2009). The larva described here is the first fossil late in-
star of Strepsiptera. Even though the habitus is quite sim-
ilar to that of extant adult females, several characters un-
ambiguously indicate that it is a late immature stage: the
antennae are only present as short unsegmented, rounded
buds, the distal parts of the mandibles are not slender and
do not intercross in midline, and the tarsi of the short legs
are unsegmented. The sex of the late instar larva is dif-
ficult to determine, but the comparatively low number of
12 ommatidia and the flattened shape suggests that it is a
female. The number of ommatidia in the similarly sized
male last instar larvae of E. laboulbenei is more than 30,
versus 15 in female last instar larvae of the same species
(SivesTRI 1941a). A comparatively high numer of 52—56
is also present in male last instar larvae of Mengenilla
chobauti versus 13—18 in the female (SvESTRI 1943).
Moreover, female last instars of Mengenillidae are dis-
tinctly flattened in contrast to the male larvae (SILVESTRI
1941a, 1943; Ponr & BruteL 2005: figs. 23, 24, 25E).
The absence of slightly elevated wing buds is an ambiva-
lent feature (Fig. 9B), even though wings and wing buds
are always missing in females. Considering the phylo-
genetic position of Strepsiptera as sistergroup of Coleo-
ptera (e.g., Misor et al. 2014; PeTers et al. 2014), it is
conceivable that the presence of these shallow elevations
in male last instar larvae of Mengenilla and Eoxenos is a
secondary feature and a potential autapomorphy of Men-
genillidae. As internal structures are not preserved in the
larva, the sex of the specimen cannot be fully confirmed.
Consequently, we scored the recognizable morphological
features for both female and male larvae (electronic sup-
plement files 1, 2) and analysed both data sets.

Even though the data set of characters of the prepupal
larval stage is limited with only 36 characters, the results
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spll splll

splV

Fig. 9. Volume-rendered 3D micrographs of a male last instar larva (puparium) of Eoxenos laboulbenei; A: dorsal view; B: lateral view;
C: ventral view. — Abbreviations: hc — head capsule; Iw — line of weakness; msn — mesonotum; mss — mesosternum; mtn — metanotum;
mts — metasternum; prn — pronotum; prs — prosternum; spl—VII — spiracles I-VII; un — pretarsal claw; wb — wing bud.

of the parsimony analyses clearly indicate that the fossil
belongs to the stem group of Strepsiptera, as sister taxon
of the crown group of the order. Apomorphies of Strepsi-
ptera s.str., i.e. Mengenillidae + Stylopidia are the loss of
the clypeolabral suture, linked with a size reduction of
the labrum, the very distinct size reduction or loss of the

SENCKENBERG

maxillary palp, and the presence of ventrally bent tergal
extensions, with secondary loss in Stylopidia. An addi-
tional potential apomorphy is the filiform shape of the
claws, which are entirely missing in Stylopidia.

Features shared by the fossil larvae and late instars
of Mengenillidae include the broad body shape, the pres-
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Sialis
Hydraena
21
v tMengea?
’ —— . Eoxenos E Fig. 10. Minimum length tree based
o 567 nisisisa0zas 5 ?21:1:1: 1 : § on ana}lys1s of cha}racters of female
T e Mengenilla = larvae; apomorphies mapped on the
= tree; branchings of Stylopiformia
1 Lo not shown (43 steps, CI = 0,97, RI
Ty i = 0.98). Numbers above the circles
2 refer to character numbers, and
L numbers below to character states.
algsedss Bremer indices are given as bold
T2gi2 numbers beneath branches. — 4b-
g| j21418 breviation: MENGENILL. — Men-

111

ence of dorsal tubercles on the tergites, and one-segment-
ed maxillary palpi. These character states likely belong to
the groundplan of Strepsiptera, with secondary modifica-
tion or loss in the endoparasitic final instars of Stylopidia.
The monophyly of Mengenillidae was questioned based
on the presence of a sensillum on the maxillary palp of
Eoxenos and stem group strepsipterans. The characters
analysed here support the family as a clade, with a serrat-
ed clypeal edge, an inflected labrum, and the presence of
cuticular thorns on the postcephalic body surface of the
puparia (Fig. 8) as potential autapomorphies. The pres-
ence of flat and delimited sternal “platforms” is likely an
autapomorphy of the genus Eoxenos (Fig. 8C).

Among numerous derived features of both sexes and
immature stages of Strepsiptera, autapomorphies of last
instar larvae are the loss of dorsal Y-shaped and longi-
tudinal ecdysial lines, very short one-segmented anten-
nal buds, obliquely inserted mandibles, the fusion of
the maxillary palpomeres, the loss of maxillary endite
lobes, the absence of the labium, the trochanterofemur,
and elongated slender claws. Additional derived features
likely belonging to the groundplan of Strepsiptera are
fields of tubercles on the tergites and a broad postce-
phalic body with laterally extended tergites. The data sets
analysed here clearly confirm the monophyly of Styl-
opidia and Stylopiformia. The partial fusion of the head
with the prothorax, the loss of the maxillary palp, and
the partial reduction of the legs are autapomorphies of
the former, and the complete fusion of the head with the
postcephalic body, the loss of the convex antennal buds
and the labrum, the minute mandibles, and the complete
loss of the maxillae and legs are derived features of the
latter.

The precise systematic placement of the larva cannot
be assessed with certainty. However, embedding in Mid-
dle Eocene Baltic amber suggests affinities with other
species of the strepsipteran stem group found in these
deposits. If one assumes that the fossil last instar larvae
of representatives of stem group strepsipterans were also
slightly larger than adult extant strepsipterans (personal
observations of H. Pohl 2018), then {Protoxenos with a
body size of the male holotype of more than 7 mm (PorHL
et al. 2005) can be ruled out with reasonable certainty.
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genillidae.

This leaves the two described TMengea species, measur-
ing between 1.5—-3.1 mm as adult males (ULricu 1927b;
Kuricka 1978, 1979; PonL et al. 2010) as very likely
candidates. Even though an assignment of the larva to
this genus cannot be verified (or falsified) on principle
(without DNA sequence data), it can be considered as
a solid working hypothesis. Analyses with features of
the last instar larva as male late instar of TMengea place
the genus as sister taxon of crown group Strepsiptera as
already suggested in previous studies (PoHL & BEUTEL
2005, 2016; Bravo et al. 2009).

Last instar larvae of Mengenillidae can be found under
stones or under bark near the ground in habitats with their
hosts, silverfish (Zygentoma) of the genera Ctenolepis-
ma, Neoasterolepisma, and Tricholepisma (Lepismat-
idae) (e.g., PARKER & SwmiTtH 1933; personal observations
of H. Pohl). When emerging from their host, the legs are
directed backwards and placed close to the ventral side of
the body (SiLvesTrI 1941a, 1943; personal observations
of H. Pohl 2018). Only afterwards, the legs are spread
and the larvae move over a very short distance of few
centimeters, if at all. Within approximately 15 minutes,
the cuticle sclerotizes and forms the puparium in which
the pupation takes place. The legs of the fossil last instar
larva, which lie close to the body and point backwards,
suggest that this larva reached the liquid resin immedi-
ately after penetrating the host’s body wall and emerging.
In this process scales of the host silverfish always adhere
to the cuticle of extant last instar larvae (personal obser-
vations of H. Pohl 2018). In this context it is noteworthy
that scales were neither found on the cuticle of the fossil
larvae nor in the surrounding amber. It is conceivable that
the hosts were silverfish lacking scales, like for instance
the “ancestral” Lepidotrix piliferum Menge, 1854 (Lepi-
dotrichidae), which is described from Baltic amber. Al-
ternative candidates are pterygote ground-living insects,
such as for instance cockroaches. Finding pieces of Bal-
tic amber with other specimens of this fossil larva and
remnants of their hosts would shed light on this issue.
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5. Conclusions

The first described fossil late instar larva of a strepsipter-
an belongs to the stem group of the order. An assignment
to the extinct genus fMengea is tentatively suggested.
The complete absence of scales on the surface of the
larva suggests that silverfish without scales were hosts.
However, it cannot be excluded that the species para-
sitized pterygote insects.
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8. Appendix: Characters of male puparium / male late instar larvae

(Numbers in brackets refer to characters in PoHL & BEUTEL 2005.)

1(119). Endoparasitism: (0) absent; (1) present. The male late

instar larvae of Mengenilla and Eoxenos leave the host com-
pletely and form the puparium (e.g. PonL & BeuTEL 2005). Em-
bedding in amber indicates that this also applies to the fossil
late instar larva.

2(120). Shape of anterior body: (0) straight; (1) bent back-

wards towards caudal end of body. Straight in fossil late
instar larva and most other groups of Strepsiptera. Bent back-
wards in Corioxenidae, at least shortly before the body wall
of the host is penetrated (KiNzeLBach 1971b; PoHL & MELBER
1996; PoHL & BEUTEL 2005: fig. 26A).

Fields of tubercles on tergites: (0) absent; (1) present. Fields
of tubercles are present in the fossil late instar larva and final
instars of Mengenillidae.

Y-shaped cephalic ecdysial suture: (0) present; (1) absent.
Absent in fossil late instar larva like in all other groups of Stre-
psiptera with known terminal instars (PoHL & BEUTEL 2005).
Postcephalic dorsomedian ecdysial line: (0) present; (1) ab-
sent. Also absent in fossil larva like and in all other groups of
Strepsiptera (PoHL & BEUTEL 2005), even though a faint dorso-
median furrow may be present in free-living later instars.

6(123). Circumferential line of weakness (cuticle weakly scle-

rotized): (0) absent; (1) between pro- and mesothorax; (2)
between head (cephalotheca) and body. Not visible in in fos-
sil late instar instar larva. Present as narrow circumferential
zone of weakly sclerotized cuticle between pro- and mesotho-
rax in 3% instars of Mengenillidae and between head (cepha-
lotheca) and thorax in Stylopidia (Ponr & BEuTEL 2005).

7(124). Head: (0) not equally rounded, appendages distinctly

developed; (1) equally rounded, appendages not prominent.
Antennae, mandibles and maxillae distinctly prominent like in
Mengenillidae and Corioxenidae (PoHL & BEUTEL 2005).

8(125). Lateral eyes: (0) stemmata; (1) compound eyes; (2) ab-

10.

11.

12.

13.

14.

sent. Stemmata in the outgroup taxa but distinctly developed
compound eyes in the fossil late instar larva like in 3™ instars
of Mengenillidae and second instars of Stylopidia (PoHL &
BeuteL 2005). The compound eyes of the prepupal stage dis-
tinguish Strepsiptera from all other groups of holometabolous
insects (e.g. BEUTEL et al. 2011).

Labrum: (0) present as a separate structure articulating
with clypeus; (1) fused with clypeus or absent. Large and
articulated with the clypeus in fossil late instar larva. Distinctly
smaller in 3" instars of Mengenillidae and 2™ instars of Corio-
xenidae (PoHL & BEUTEL 2005: fig. 26C) and fused with the
anterior clypeal edge. Absent as a separate cephalic structure in
Stylopiformia (PoHL & BEUTEL 2005).

Serration on anterior clypeal edge: (0) absent; (1) present.
Serrated edge present in Eoxenos and Mengenilla but absent in
fossil late instar larva.

Orientation of labrum relative to clypeus, i.e. angle between
clypeus and labrum: (0) approx 0°; (1) approx. 45°; (2) ap-
prox. 90°. Approx. 45° in fossil late instar larva and secondary
larvae of Corioxenidae. Approx. 90° in final instars of Men-
genillidae. Not applicable to taxa with state (1) in character 9.
Antenna: (0) present as a prominent or at least convex
structure; (1) present as completely flat antennal field or
absent. Present as an unsegmented rounded bud in fossil late
instar larva and late instar larvae of Mengenillidae and Corio-
xenidae. Absent or completely flat in Stylopiformia.

Antennal segmentation: (0) composed of several segments;
(1) unsegmented bud. Generally unsegmented in larvae of
Strepsiptera (KiNnzeLBacH 1971a; Ponr & BeuteL 2005: fig.
26C,D).

Mandible: (0) well-developed; (1) vestigial or absent. Well
developed in fossil late instar larva and late instar larvae of
Mengenillidae and Corioxenidae (PoHL & BEeuTeL 2005: fig.
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15.

16.

17.

18.

19.

20.

21.

22.

26C). Vestigial in Stylopiformia (PoHL & BeuteL 2005: fig.
26D).

Mandibular articulation: (0) axis between primary and sec-
ondary mandibular joint vertical; (1) axis oblique. Oblique
in fossil late instar larva and late instar larvae of Mengenillidae
and Corioxenidae. Scored as inapplicable for Stylopiformia.
Vertical in outgroup taxa.

Maxillary body: (0) distinct; (1) vestigial or absent. Distinct in
fossil late instar larva and late instar larvae of Mengenillidae and
Corioxenidae. Vestigial or completely absent in Stylopiformia.
Cardo and stipes: (0) present as distinct maxillary subu-
nits; (1) not present as separate maxillary subunits. Gener-
ally not present as maxillary subunits in larvae of Strepsiptera.
Galea and lacinia: (0) present; (1) absent. Generally absent
in larvae of Strepsiptera.

Size of maxillary palp: (0) normally sized, same diameter as
maxillary body; (1) very small or absent. Normally sized in
fossil late instar larvae. Very small in Mengenillidae. Vestigial
or completely missing in Stylopidia (Ponr & BEuTEL 2005: fig.
26C,D).

Segmentation of maxillary palp: (0) with several palpomer-
es; (1) undivided. Scored as inapplicable for Stylopidia (PoHL
& BEUTEL 2005: fig. 26).

Labium: (0) present; (1) absent. Generally absent in strep-
sipteran immatures.

Length of ventral side of head: (0) > 2 of length of proster-
num; (0) <’ of length of prosternum or less. Head on ven-
tral side approximately half as long as prosternum in fossil late
instar larva. Less than half as long or less in 3™ instars of Men-
genillidae.

23(127). Wing buds: (0) absent; (1) present. Absent in fossil 3¢

instar larva. Present in Mengenillidae (PoHL & BEUTEL 2005).

24(121). Legs: (0) present; (1) absent. Present in fossil late instar

25.

26.

larva and late instar instars of Mengenillidae and Corioxenidae.
Absent in Stylopiformia.

Leg segmentation: (0) distinctly developed with six seg-
ments; (1) five-segmented, with tibiotarsus; (2) five-seg-
mented, with trochanterofemur; (3) one-segmented. Five-
segmented with trochanterofemur in fossil late instar larva and
3" instars of Mengenillidae. Distinctly reduced in Corioxen-
idae. Absence in Stylopiformia scored as inapplicable.

Claws: (0) present; (1) absent. Present in fossil late instar
larva and Mengenillidae. Absent in Stylopidia.

27(128). Shape of claws: (0) normally developed, elongated but

28.

29.

30.

with robust base; (1) filiform. Elongated but with robust ba-
sal part in fossil late instar larva. Filiform in Mengenilla and
Eoxenos (PARKER & SmiTH 1933 1934; SiLvesTrI 1943; PoHL &
BeutEL 2004; PoHL et al. 2012).

Number of pairs of spiracles: (0) eight pairs on segments
I-VIII; (1) seven pairs on abdominal segments I-VII; (2)
single pair at posterior end of cephalothorax; (3) absent.
Several spiracles in fossil late instar larva and larvae of Men-
genillidae. Single spiracle in Stylopidia. Eight pairs in larvae of
Hydraena. Absent in Sialis.

Ventrally bent lateral tergal extensions: (0) absent; (1) pre-
sent. Tergites laterally explanate in fossil late instar larva. Ter-
gal extensions bent ventrad in puparia of Mengenillidae, result-
ing in a characteristic tortoise-shaped body form (e.g., PARKER
& Swmith 1933; PonL et al. 2012).

Delimited flat platform on middle region of abdominal
sternites resulting in a tortoise-like pattern: (0) absent; (1)
present. The elevated platform-like middle regions of the ab-
dominal sternites of Eoxenos result in a tortoise-like pattern on
the ventral side (FrRauLoB & PonL 2015). This feature is absent
in the fossil late instar larva and in Mengenilla (PoHL et al.
2012).

139



PoHL et al.: First fossil late instar larva of Strepsiptera

Electronic Supplement Files

at http://www.senckenberg.de/arthropod-systematics

File 1: pohl&al-strepsipterafossillarva-asp2019-electronicsupple
ment-1.nex — Data matrix with characters of female late instar lar-
vae. — DOI: 10.26049/ASP77-1-2019-06/1

File 2: pohl&al-strepsipterafossillarva-asp2019-electronicsupple
ment-2.nex — Data matrix with characters of male late instar lar-
vae. — DOI: 10.26049/ASP77-1-2019-06/2

File 3: pohl&al-strepsipterafossillarva-asp2019-electronicsupple
ment-3.nex — Data matrix with characters of males, females and
immature stages (fossil larva coded as female). — DOI: 10.26049/
ASP77-1-2019-06/3

File 4: pohl&al-strepsipterafossillarva-asp2019-electronicsupple
ment-4.pdf — Fig. S1. Strict consensus tree tree based on an analy-
sis of characters of male larvae; apomorphies mapped on the tree
(37 steps, CI = 0.97, RI = 0.98). Numbers above the circles refer
to character numbers, and numbers below to character states. —
Fig. S2. Strict consensus tree based on an analysis of characters of
males, females and immature stages (fossil larva coded as female);
apomorphies mapped on the tree (309 steps, CI = 0.8, RI = 0.9).
Numbers above the circles refer to character numbers, and numbers
below to character states. — DOI: 10.26049/ASP77-1-2019-06/4

140

Authors’ Contributions

H.P. analysed the data, prepared 3D reconstructions and figures;
R.G.B. performed the phylogenetic analysis; J.U.H and A.R. car-
ried out the micro computed tomography; H.P. and R.G.B. wrote
the paper; R.G.B., J.U.H, H.P. and A.R. discussed the results and
approved the final draft.

SENCKENBERG



