
lable at ScienceDirect

Arthropod Structure & Development 47 (2018) 662e674
Contents lists avai
Arthropod Structure & Development

journal homepage: www.elsevier .com/locate/asd
The thoracic morphology of cave-dwelling and free-living ground
beetles from China (Coleoptera, Carabidae, Trechinae)

Xiao-Zhu Luo a, b, c, Benjamin Wipfler d, Ignacio Ribera e, Hong-Bin Liang a,
Ming-Yi Tian b, **, Si-Qin Ge a, *, Rolf G. Beutel c

a Key Laboratory of Zoological Systematics and Evolution, Institute of Zoology, Chinese Academy of Sciences, 100101 Beijing, PR China
b Department of Entomology, College of Agriculture, South China Agricultural University, 510642 Guangzhou, PR China
c Institut für Zoologie und Evolutionsforschung, Friedrich-Schiller-University Jena, Erbertstr. 1, 07743 Jena, Germany
d Zoologisches Forschungsmuseum Alexander Koenig (ZFMK), Adenauerallee 160, 53113 Bonn, Germany
e Instituto de Biología Evolutiva (CSIC-Universitat Pompeu Fabra), Passeig Maritim de la Barceloneta 37-49, 08003 Barcelona, Spain
a r t i c l e i n f o

Article history:
Received 5 July 2018
Accepted 12 September 2018
Available online 6 October 2018

Keywords:
Carabidae
Thorax
Morphology
Modifications
Cavernicolous
* Corresponding author.
** Corresponding author.

E-mail addresses: mytian@scau.edu.cn (M.-Y. Tian

https://doi.org/10.1016/j.asd.2018.09.001
1467-8039/© 2018 Published by Elsevier Ltd.
a b s t r a c t

External and internal thoracic structures of two carabid species (Trechini) were examined and docu-
mented with different techniques. The study has a main focus on the eyeless cave-dwelling specialist
Sinaphaenops wangorum, but detailed information is also provided for a species occurring in cave en-
trances. The phylogenetic background of the structural features of the thoracic skeletomuscular system
was addressed. The thoracic morphology of the examined species was compared to conditions observed
in previously studied carabids and non-related subterranean leiodids (Staphylinoidea) in order to
identify cave adaptations. Main thoracic character complexes linked with cavernicolous habits in Trechini
are elongation of the pro- and mesothorax and the legs, and a complete and irreversible reduction of the
flight apparatus. The lost flight capacity is linked with a far reaching modification of skeletal elements of
the metathorax including a strongly shortened and simplified metanotum, a shortened metaventrite, and
completely reduced wings and sclerites of the wing base. The elongate prothorax together with the long
and slender head and elongated legs distinctly increases the activity range in the subterranean lightless
environment, which likely facilitates foraging of the carnivorous beetles. Some of the observed features
like wing loss and elongation of the anterior thorax and legs are also found in some cave-dwelling
Leiodidae (Leptodirini), whereas some other subterranean members of the staphylinoid family have a
compact body and legs of normal length. In contrast to the predaceous Trechini, Leptodirini are
scavengers.

© 2018 Published by Elsevier Ltd.
1. Introduction

Carabidae or ground beetles are not only a group of beetles very
popular among amateur collectors, but with more than 40,000
described species are also one of the megadiverse families of
Coleoptera (e.g. Arndt et al., 2016). Additionally, they include some
of the most successful radiations of cave dwelling taxa in the entire
Coleoptera, comparable to those of the polyphagan staphylinoid
family Leiodidae (e.g. Fresneda et al., 2011).

Surprisingly, the available information on the thoracic anatomy
of Carabidae is very sparse. The skeleton of Calosoma scrutator
), gesq@ioz.ac.cn (S.-Q. Ge).
(Fabricius, 1775) was treated in Bostick (1945), the thoracic
musculature of several common species of ground beetles in a
comprehensive study mainly focused on the aquatic Gyrinidae
(Lars�en, 1966), and the prothoracic anatomy of a broad sampling of
ground beetle species in Baehr (1979). Contributions by Evans
(1977, 1982) and Evans and Forsythe (1984) dealt with functional
aspects of the thorax of Carabidae and other groups of Adephaga. A
remarkable study on the metathorax of carabid species with
different degrees of reduction of the flight apparatus was published
by Tietze (1963). The author provided rich information on modifi-
cations linked with flightlessness, covering the external and inter-
nal metathoracic skeletal elements and the musculature, even
including histological properties of functional and degenerated
flight muscles. Tietze (1963) defined six different categories for the
flight musculature: very strongly developed (5), strongly developed
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(4), moderately developed (3), weakly developed (2), very weakly
developed (1), and absent (0). A comparative study with a repre-
sentative sampling of geadephagan higher ranking taxa was pub-
lished by Beutel (1992). However, this contribution was largely
focussed on the phylogenetic significance and evolution of skeletal
structures.

Considering the very limited information on the thorax of a very
important group of beetles, the primary purpose of the present
study was a detailed documentation of the skeletomuscular system
with modern anatomical methods, including m-computed
tomography and computer-based 3D reconstruction. Results are
discussed with a focus on their phylogenetic background, mainly
based on a comparative study of thoracic structures of Carabidae
(Beutel, 1992). The musculature is evaluated using Lars�en (1966)
and other sources, for instance Baehr (1979) and Beutel and Haas
(2000). Finally, the structural features of the two species studied
here are discussed with respect to possible hypogean adaptations:
Sinaphaenops wangorum U�eno and Ran, 1998 lives in the deep part
of caves, while Trechiotes perroti Jeannel 1954 is found in cave en-
trances. We also compared them with non-related cave beetles of
the staphylinoid family Leiodidae (e.g. Jeannel, 1911, 1936; Fresneda
et al., 2011) to identify morphological modifications linked with the
subterranean environment. Due to very limited material, we
restricted our analyses to comparisons of qualitative features of the
skeleto-muscular system and did not perform morphometric
analyses.

2. Materials and methods

2.1. Studied species

We studied in detail two species of Trechini (Carabidae):
S. wangorum (Mulun, Huanjiang County, Guangxi Autonomous
Region, PR China) and T. perroti (Longhuo, Longlin County, Guangxi
Autonomous Region, PR China). All the ethanol-fixed specimens
were provided and identified by M.-Y. Tian. Additionally, a species
of Bembidion sp. (Mȇdog County, Xizang Autonomous Region, PR
China) and a species of Trechus sp. (Milin County, Xizang Autono-
mous Region, PR China), both living in epigean environments, were
also examined for a broader comparison among carabids. In addi-
tion to the carabids we also examined specimens of a cave-dwelling
species of the staphylinoid family Leiodidae, Troglocharinus ferreri
(Reitter, 1908) (Leptodirini).

2.2. Micro-computed tomography and computer-based
3D-reconstruction

After the dehydration process in an ethanol/acetone series (75%-
80%-85%-90%-100%-acetone), the specimens of S. wangorum,
T. perroti and Bembidion sp. were dried at the critical point (HCP-2,
Hitachi Ltd., Japan). Specimens were scanned (beam strength:
60 KeV and 133 mA) at the Institute of Zoology, Chinese Academy of
Sciences with a Xradia MicroXCT-400 (Xradio Inc., California, USA).
Exposure time varied depending on the size of the individuals. The
resolution of the output images were 1.25 mm (S. wangorum),
0.625 mm (T. perroti), and 0.78 mm (Bembidion sp.), respectively.
Amira 6.1.1 (Thermo Fisher Scientific, Waltham, USA) and VG studio
Max 2.0.5 (Volume Graphics, Heidelberg, Germany) were used for
the reconstruction of three-dimensional structures and volume
rendering.

2.3. Microtome sections

One specimen of T. ferreri was embedded in araldite CY 212®
(Agar Scientic, Stansted/Essex, UK). Subsequently it was cut at 1 mm
using a microtome HM 360 (Microm, Walldorf, Germany) equipped
with a glass knife. Sections were stained with toluidine blue and
pyronin G (Waldeck GmbH and Co.KG/Division Chroma, Münster,
Germany).

2.4. Digital microscopy and scanning electronic microscopy (SEM)

Serial photographs of the critical point dried specimens (70-80-
90-96-100% ethanol-acetone) were takenwith a digital microscope
Keyence VHX-1000C (Keyence Corporation, Osaka, Japan) using Z-
stacking. Helicon Focus (Helicon Soft Ltd., Kharkov, Ukraine) was
then used to stack the serial photos to a composite image. For the
SEM observation, specimens were dehydrated (70-80-90-96-100%
ethanol-acetone) before being dried at the critical point (Emitech
K850 critical point dryer) and sputter-coated with gold (Emitech
K500) (Quorum Technologies Ltd., Ashford, UK). Coated specimens
were attached to a rotatable specimen holder (Pohl, 2010), and FEI
(Philips) XL 30 ESEM at 10 kV was used for SEM observation and
imaging. Images were assembled and arranged with Adobe Pho-
toshop and Illustrator (Adobe Inc., California, USA).

2.5. Terminology

The skeletal terminologywas adopted from Lars�en (1966), Baehr
(1975), Beutel (1992) and Friedrich et al. (2009). Muscle names of
Lars�en (1966) are used for easy comparison with other adephagan
groups, but muscle designations of Friedrich and Beutel (2008; see
also Beutel et al., 2014: table II) are added in brackets and included
in Table 1.

3. Morphological results

3.1. Sinaphaenops wangorum

3.1.1. General appearance (Figs. 1A and 2AeD)
The entire thorax is distinctly elongated. The prothorax appears

pear-shaped, with the maximumwidth in the posterior two thirds.
The pterothorax is narrow anteriorly and evenly widening towards
its posterior margin. The mesothorax is longer than the meta-
thorax. Long setae are inserted on the ventrites and proximal leg
elements.

3.1.2. Prothorax (Figs. 2A, C, D; 3A and 4A)
The cuticle of the prothorax is smooth and shiny and of a

brownish coloration. A narrow collar, which is formed by the
anterior pronotal and prosternal margins, slightly overlaps with the
posteriormost part of the head capsule; its edge is lined with a row
of fine setae. The glabrous pronotum (pn; Fig. 2A, D) is strongly
elongated and narrow, about 1.5 times as long as the maximum
width at the posterior one third of the segment; it reaches its
minimumwidth at the anterior edge, which is very slightly concave
and about two thirds as wide as the nearly straight posterior pro-
notal margin; the lateral margin is evenly convex, with the greatest
width of the pronotum reached slightly beyond midlength; the
lateral edge is indistinct and only slightly elevated, resulting in an
almost evenly rounded appearance of the lateral side of the
segment. A distinct bead is present along the entire pronotal
margin, rather narrow but strongly pronounced anteriorly and
laterally, and distinctly widened along the posterior edge; medially
a narrow and shallow furrow is present, internally corresponding
with a ridge; a narrow transverse groove is present on the posterior
region of the pronotum, anterior to the widened posterior bead;
irregular punctures are absent from the surface. The curved hypo-
meron (hy; Fig. 2C, D) is very narrow and elongated; it is slightly
expanding anteriorly and posteriorly. The propleuron (pl1; Fig. 2A,



Table 1
Thoracic musculature.

Lars�en (1966) Friedrich and Beutel (2008) S. wangorum T. perroti B. sp

M01 Idlm2 þ þ þ
M02 Idlm1 þ þ þ
M04 Idlm5 þ þ þ
M05 Ivlm3 e þ þ
M06 Ivlm1 þ e e

M07 Idvm6 þ þ þ
M08 Idvm8 þ þ þ
M10 Idvm2/3 þ þ þ
M11 Idvm10 þ þ þ
M12 Itpm3? þ þ þ
M13 Itpm6 þ þ þ
M14 Idvm13 þ þ þ
M15 Idvm16/17 þ þ þ
M16 Ipcm4 þ þ þ
M19 Iscm2 þ þ þ
M20 Ipcm8 þ þ þ
M28 IIdlm1 e þ þ
M30 Ivlm7 þ þ þ
M33 IItpm2 e e þ
M38 Ispm6 þ þ þ
M39 IIdvm2 þ þ þ
M40 IIdvm5, 4? þ þ þ
M41 IIpcm4 þ þ þ
M44 IIscm1? þ þ þ
M46 IIscm2 þ þ þ
M47 IIdvm7 þ þ þ
M48 IIpcm6 þ þ þ
M60 IIIdlm1 e e þ
M61 IIIdlm2 e e þ
M62 IIvlm3 þ þ ?
M63 IIvlm5 þ þ þ
M64 IIIdvm1 e e þ
M65 IIIdvm8 þ þ þ
M67 IIItpm2 e þ þ
M68 IIItpm6 þ e e

M69 IIItpm3 e þ þ
M71 IIItpm7, 9 e þ þ
M73 IIIspm1 e e þ
M75 IIIdvm4 e e þ
M76 IIIdvm5 þ þ þ
M78 IIIpcm3 e e þ
M79 IIIdvm6 e e þ
M81 IIIscm1 þ þ þ
M82 IIIscm4 e þ þ
M83 IIIscm2 þ þ þ
M85 IIIscm6 þ þ þ
MX \ þ þ þ

“þ”, present; “e”, absent; “?”, unclear.

Fig. 1. Habitus of S. wangorum (A) and T. perroti (B), dorsal view.
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C, D) is distinctly bulging and rounded and thus even visible in
dorsal view; it does not reach the anterior margin of the prothorax;
the entire area is glabrous and smooth, completely lacking setae
and punctures; the invaginated cryptopleural ridge is extremely
narrow. The evenly curved sternopleural sutures are indistinct. The
prosternum is distinctly longer than wide, with a ratio length
(excluding the prosternal process) versus maximum width of 2:1;
its middle area is narrower than the anterior and posterior parts.
The prosternal intercoxal process (ppr; Fig. 2C) appears elevated in
lateral view; posteriorly it slightly reaches beyond the posterior
procoxal margin; postero-laterally it is connected with the pro-
pleural process, thus forming an external closure of the procoxal
cavity; it is moderately narrowed between the posterior procoxal
regions and widening towards the slightly rounded, almost trun-
cate apex. The obliquely oriented coxal cavity appears pear-shaped,
rounded anteriorly and laterally, and narrowing posteromesally;
the bead-like edge of the cavity is flat and relatively wide; an in-
ternal closure is absent; a single internal opening connects the
cavity with the lumen of the segment. The distinctly developed
profurca is formed by two basally separated, simple club-shaped
structures, which are curved anteriad. The small protrochantin,
which articulates with the coxa laterally, is concealed. The forelegs
are thin and elongated, especially the femora and tibiae; without
coxa they are ca. 6 mm long; the length ratio of femur/tibia/tarsus
(fem1, tib1, tar1; Fig. 3A and 4A) is 5/5/2. The globular and largely
exposed procoxae (cx1; Fig. 2C, D) are restricted to rotatory
movements; a ventral process articulates with a socket on the
dorsal surface of the prosternal process (ppr; Fig. 2C). The tro-
chanters (tr1, Fig. 2C) are short and rounded. An elongated protibial
antenna cleaning organ of the anisochaetous type is present, with
the posterior protibial spur (tibs; Fig. 4A) distinctly shifted prox-
imad. The slender tarsi are five-segmented, the proximal tarsomere
bears many long setae and the terminal tarsomere is elongated;
tarsal hairy attachment pads are missing in the female individual
examined. The equal claws (tcl; Fig. 4A) are not elongated.

Musculature (Fig. 5AeE): M1, O: anteromedial pronotal region;
I: dorsolaterally on postoccipital ridge; M2, O: first phragma; I:
dorsally on postoccipital ridge; M4, O: posteromedian pronotal
region; I: inflected anteriormargin of mesonotum;M6, O: profurcal
arm; I: ventrolaterally on postoccipital ridge; M7, O: laterally on
middle region of pronotum; I: ventrolaterally on postoccipital
ridge; M8, O: anterolateral corner of mesonotum; I: ventrolaterally
on postoccipital ridge; M10, O: median region of prosternum; I:
dorsolaterally on postoccipital ridge; M11, O: anterior tip of pro-
furcal arm; I: anterolateral corner of mesonotum; M12, very short
muscle, O: lateral pronotal margin; I: cryptopleural ridge; M13, O:
posterior pronotal region; I: intersegmental membrane anterior to
mesanepisternum;M14, O: anterior pronotal region; I: with tendon
on trochantin; M15, O: large area of pronotum; I: with tendon on
posterolateral rim of coxa; M16, O: anterior part of episternum, just
below cryptopleural ridge; I: with tendon on trochantin; M19, O:
lateral surface of profurca; I: posterior procoxal rim; M20, O: along
cryptopleural ridge; I: with tendon on protrochanter. M3, M5, M9,
M17, M18 are absent.
3.1.3. Mesothorax (Figs. 2A, B, D; 3B and 6AeG)
The elongated mesothorax is evenly widening posteriorly. It is

connected with the prothorax in a ball and socket manner (high
grade ventral motility mechanism; sensu Hlavac, 1975); a very



Fig. 2. Line-drawings of S. wangorum. A. pro-, meso-, metathorax, dorsal view; B. meso-, metathorax, ventral view; C. prothorax, ventral view; D. pro-, meso-, metathorax,
lateral view. acol, anterior collar; aes2/3, mes-/metanepisternum; alc, alacrista; cx1/2/3, pro-/meso-/metacoxa; elart, elytral articulation; ep2/3, mes-/metepimeron; fem1/2,
pro-/mesofemur; hy, hypomeron; kat3, metathoracic katepisternum; pl1, propleura; pn, pronotum; pn2/3, meso-/metapostnotum; ppr, prosternal process; scl2, meso-
scutellum; scu2/3, meso-/metascutum; tr1/2/3, pro-/meso-/metatrochanter; v1/2/3, pro-/meso-/metaventrite.
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distinct prominent collar (acol; Fig. 2B) with a smooth surface is
formed by the anterior part of the mesoventrite and
mesanepisternum. The mesonotum is largely exposed, with only
the anteriormost part covered by the pronotum; it is sclerotized,
shiny, glabrous and of a brownish coloration, except for lateral
scutellar projections. The semi-transparent scutum (scu2; Fig. 2A,
D) is broad, with two slightly convex halves separated by a shallow
median depression; the anterior margin is slightly convex; the
prophragma is well-developed, with two broad, unpigmented
rounded lobes. The nearly straight scutoscutellar suture is shallow.
The triangular, sclerotized scutellar shield (scl2; Fig. 2A, D) is
slightly elevated, with a sharp angle at its posterior apex. The lateral
projections of the scutellum are largely unpigmented and weakly
sclerotized but brownish along their posteromesal edge; they are
about half as long as the entire mesonotum. The pleura are scarcely
visible in ventral view; they form a right angle with the notum and
ventrite. The smooth mesanepisternum (aes2; Fig. 2B) appears
elongated in longitudinal direction. The very narrow mesepimeron
(ep2; Fig. 2D) reaches its maximumwidth in its middle region; it is
not part of the closure of the mesocoxal cavity, which are therefore
of the conjunct type (Bell, 1967). The pleural ridge is well-
developed. The mesoventrite (v2; Fig. 2B) is about two/thirds as
long as the prosternum (v1; Fig. 2C) including the prosternal pro-
cess; it comprises the middle part of the prominent anterior collar,
a short horizontal anterior portion, a slanting posterior region, and
a posteromedian process, which is steeply ascending anteriorly,
nearly horizontal in its middle region, and articulating with the
anteromedian process with its apical part; the mesothoracic
intercoxal process is about as wide as the apical part of its pro-
thoracic counterpart; like the anterior border of the mesocoxal
cavity, it is delimited by a distinct bead; the mesoventrite
completely lacks a hexagonal groove and longitudinal ridges are
also missing; the anapleual sutures separating it from the
anepisterna are gradually diverging posteriorly and then form a



Fig. 3. Pro-/meso-/metathoracic legs of S. wangorum (AeC) and T. perroti (DeF). fem1/
2/3, pro-/meso-/metafemur; tar1/2/3, pro-/meso-/metatarsus. tib1/2/3, pro-/meso-/
metatibia;

Fig. 4. Scanning electron micrographs, forelegs of S. wangorum (A) and T. perroti (B).
tar1, pro-/meso-/metatarsus; tcl, tarsal claws; tib1, pro-/meso-/metatibia; tibs, tibial
spurs.
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distinct curve around the lateral border of the coxal cavities; pos-
teriorly they reach the anterolateral edge of the metaventrite. Two
basally separated mesofurcal arms are distally fused with the
pleural ridge. The trochantin is concealed.

The elytra (Fig. 6) are about 4.5 times as long as their maximum
width; the prehumeral borders are oblique and the shoulder re-
gions form an obtuse angle; the elytra are nearly parallel-sided in
their middle region and reach their maximumwidth at about mid-
length; the apices are conjointly rounded. The inflected epipleura
are broad and end at about half-length of the elytra; their proximal
part is nearly parallel-sided and sparsely covered with small scales
on its internal side; the edge of these surface structures is only
slightly curved, and each of them bears more than 10 microtrichia;
sub-triangular scales are densely arranged on the median area of
the epipleura, also with microtrichia on their distal margin; short
cone-shaped microtrichia on the lower surface of the elytra are
arranged in clusters; the mesal elytral rim is only sparsely covered
with short spine-like microtrichia with a length range of approxi-
mately 3.5e6 mm.

With 7 mm without coxa, the middle legs are longer than the
forelegs but otherwise similar, except for the lack of the antenna
cleaner and the terminal position of both tibial spurs. The ratio of
femur/tibia/tarsus (fem2, tib2, tar2; Fig. 3B) is 1.9/1.8/1.0. The
countersunk mesocoxae are globular and restricted to rotatory
movements, with a coxal socket and a corresponding process on
the dorsal surface of the posteromedian process of the mesoven-
trite. The trochanters (tr2; Fig. 2B) are short and rounded.

Musculature (Fig. 5AeE): M30, O: mesofurcal arm; I: profurcal
arm;M38, O: anterior region ofmesanepisternum; I: profurcal arm;
M39, O: posterior surface of first phragma; I: mesotrochantin; M40,
O: posterior mesonotal region; I: posterior mesocoxal rim; M41, O:
large area of mesanepisternum; I: anterior mesocoxal rim; M44, O:
basal region of mesofurcal arm; I: anterior mesocoxal rim; M46, O:
basal region of mesofurcal arm; I: posterior mesocoxal rim; M47, O:
anterolateral mesonotal region; I: with tendon on trochanter; M48,
O: mesanepisternum; I: with tendon on trochanter. M28, M29,
M31, M32, M33, M34, M35, M36, M37, M42, M43, M45, M49, M50,
M51, M52 are missing.
3.1.4. Metathorax (Figs. 2A, B, D; 3C and 7A)
The metathorax is distinctly shorter than the mesothorax, only

very slightly broader at its posterior edge, and as a whole less
voluminous; it is distinctly shortened on its ventral side and its
dorsal and upper pleural elements are distinctly reduced. The
simplified and strongly shortened metanotum appears inverse V-
shaped; in its middle region it is about half as long as the scutellar
shield; as a whole it is only slightly broader than the maximum
pronotal width; it is weakly pigmented and semi-membranous,
except for distinct alacristae and anterior and posterior transverse
strengthening ridges, which converge towards the greatly nar-
rowed lateral notal edges. The very short and anteriorly slightly
convex prescutum bears a moderately sized bilobed mesophragma.
A transverse anteromedian membranous area is missing. The dark
brown alacristae (alc; Fig. 2A) extend over the entire length of the
middle region of the notum. Scutum (scu3; Fig. 2A) and scutellum
are largely merged; the latter is likely represented by the posterior
transverse ridge. Themedian part of the postnotum (pn3; Fig. 2A) is
obliterated and also the metaphragma; the lateral part is distinct
and widening laterally; its sclerotized posterior edge reaches
abdominal spiracle I and the narrow concealed dorsal sclerite of the
metepimeron. The triangular metanepisternum (aes3; Fig. 2B) is



Fig. 5. Three-dimensional reconstructions of S. wangorum. AeC. mesal view; D. lateral view; E. dorsal view.
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very short and narrow; it does not reach the mesocoxal cavity. The
exposed part of the epimeron (ep3; Fig. 2B, D) is lobe-shaped but
very small; the metepimeral elements concealed by the elytra
comprise an inconspicuous posterior dome-shaped sclerite (sensu
Lars�en, 1966), a fairly extensive lightly pigmented semi-
membranous area, and above it a narrow but distinct, curved dorsal
sclerite. The preepisternal part of themetaventrite (v3; Fig. 2B, D) is
unusually short; it is strongly narrowed between its triangular
lateral portion and its middle region; its hindmargin is only slightly
broader than the distance between its anterolateral corners; the
anteromedian process is parallel-sided posteriorly and triangular
anteriorly; like its mesothoracic counterpart and the anterior edge
of the ventrite it is delimited by a distinct bead. The transverse ridge
separating the katepisternum (kat3; Fig. 2B) from the preepisternal
part of the ventrite is complete and slightly curved; it almost rea-
ches the posterior margin of the mesocoxal cavity. In its middle
region the katepisternum is almost half as long as the entire ven-
trite; posteromedially it forms two rounded lobes separating the
metacoxae at their mesal base; the discrimen completely separates
the katepisternal halves, but does not reach the anterior part of the
ventrite; internally it is connected with the basal stalk of the
metafurca. The furca originates with an unpaired basal stalk, which
bears well-developed lateral and anterior arms. A small plate-like
spina is present on the anteromedian region of the metaventrite.

The hind wings are completely reduced and the articulatory
elements and internal parts of the flight apparatus are also oblit-
erated (Fig. 7A). The notal wing processes and the axillary sclerites
(ax1, 2, 3) are not recognizable as defined structural units; likewise,
a cone-shaped prealar sclerite is not recognizable. The basalare and
basalar muscle disc are missing; the subalare is not recognizable as
a sclerotized area of the pleural membrane.

The hind legs are the longest, ca. 9 mmwithout coxa; the ratio of
femur/tibia/tarsus (fem3, tib3, tar3; Fig. 3C) is 2.1/2/1. The trans-
verse metacoxae (cx3; Fig. 2B, D) are as wide as the hind margin of
the metaventrite; they are largely immobilized but not fused to the
katepisternal hind margin or to each other. The coxal plates are
inconspicuous. The trochanters are distinctly enlarged compared to
their meso- and metathoracic counterparts.

Musculature (Fig. 5AeE): M62, O: apex of metafurcal arm; I:
mesofurcal arm; M63, O: anterior end of metafurcal arm; I:



Fig. 6. Scanning electron micrographs, right elytron of S, wangorum, ventral view. A. whole view; B. proximal area of outer rim; C. outer rim; D. elytral apex; EeG. inner rim.

Fig. 7. Wingbase areas of S. wangorum (A) and T. perroti (B). anp, anterior notal pro-
cess; ax1/2/3, axillary sclerites 1, 2, 3; pnp, posterior notal process; scu3, metascutum;
sp, spiracle.
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anteromedian spina of metaventrite; M65, O: apex of metafurcal
arm; I: posterior margin of metanotum; M68, O: epimeral side of
pleural ridge; I: posterolateral metanotal margin; M76, O: lateral
metanotal region; I: with tendon on posterior metacoxal rim; M81,
O: stalk of metafurca; I: anterior metacoxal rim; M83, O: stalk of
metafurca; I: posterior metacoxal rim; M85, O: lateral part of
metafurcal arm; I: trochanteral adductor tendon; MX, O: interseg-
mental membrane close to abdominal spiracle I; I: posterior rim of
metacoxal process. M60, M61, M64, M66, M67, M69, M70, M71,
M72, M73, M74, M75, M77, M78, M79, M80, M82, M84 are missing.

3.2. Trechiotes perroti

General features also found in S. wangorum and other trechine
carabids are not mentioned explicitly.

3.2.1. General appearance (Figs. 1B and 8AeC)
The thorax is much less elongated than in S. wangorum and less

slender. The cordiform pronotum is wider than long (length/width
ratio 1:0.75), with the maximum width in the anterior third. The
pterothorax is more compact. The mesothorax is distinctly smaller
than the metathorax, which is equipped with well-developed flight
organs.

3.2.2. Prothorax (Fig. 3D; 4B and 8AeC)
The very distinct and elevated margins of the prothorax are

strongly rounded laterally and distinctly converging posteriorly,
with a very short parallel-sided posterior section; the posterolat-
eral angles are strongly pronounced and bear a pair of long tactile
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setae; an additional pair of long setae is inserted at the point of the
maximum width of the pronotum (pn; Fig 8A, C). The inflected
hypomeron (hy; Fig. 8B, C) is moderately wide and distinctly curved
along its ventromesal edge; its posterior part is wider than the
anterior region. The exposed propleuron (pl; Fig. 8B, C) reaches the
anterior margin of the segment. The cryptopleural ridge is well-
developed. The sternopleural sutures are slightly converging to-
wards the procoxal cavities. The prosternum (excluding the pros-
ternal process) is about half as long as its maximum width at the
anterior margin; its narrowest part is the middle region. The
configuration of the prosternal process (ppr; Fig. 8B) and procoxal
cavity and the profurca are similar to the condition in S. wangorum.

The proleg is about 3 mm long. Like the other two pairs it ap-
pears less slender and elongated in relation to the total body size
than in S. wangorum. Tarsal hairy soles are present in the male
individual examined. The ratio of femur/tibia/tarsus (fem1, tib1,
tar1; Figs. 3D and 4B) is 1.9/1.8/1.0.

Musculature (Origin and insertion only mentioned if different
from S. wangorum; Fig. 10AeE): M1, M2 (includes two bundles;
Fig. 8. Line-drawings of T. perroti. A. pro-, meso-, metathorax, dorsal view; B. meso-, metath
acol, anterior collar; aes2/3, mes-/metanepisternum; alc, alacrista; ax1, axillary sclerite 1;
meron; kat3, metathoracic katepisternum; pl1, propleura; pn, pronotum; ppr, prosternal pr
metatrochanter; v1/2/3, pro-/meso-/metaventrite; w, wing.
M2a: O: prophragma; M2b, O: anterolaterally on mesonotum; I:
dorsal part of postoccipital ridge), M4, M5 (O: tip of profurcal arm;
I: posterior margin of posterior tentorial arm), M7, M8, M10, M12,
M13, M14, M15, M16, M19, M20 present. M2, M3, M6, M9, M17,
M18 absent.

3.2.3. Mesothorax (Figs. 3E; 8AeC and 9AeG)
The mesonotum is small and largely concealed below the pro-

notum. The anterior mesoscutal (scu2; Fig. 8A, C) margin is slightly
concave and the posterior margin separating it from the scutellum
straight. The prophragma is well-developed. The anterior part of
the scutellum (scl2; Fig. 8A, C) is parallel-sided and sclerotized; the
elevated triangular scutellar shield is exposed; the lateral scutellar
projections are slightly longer than half of the scutellum in the
median line. The pleurae are largely visible in ventral view. The
extensive mesanepisternum (aes2; Fig. 8B) is roughly rhomb-
shaped. The sub-triangular metepimeron (ep2; Fig. 8B, C) is nar-
rowing mesad. The well-developed pleural ridge is almost parallel
to the longitudinal body axis. The ventrite (v2; Fig. 8B) is slightly
orax, ventral view; C. prothorax, ventral view; D. pro-, meso-, metathorax, lateral view.
cx1/2/3, pro-/meso-/metacoxa; ep2/3, mes-/metepimeron; fem1, profemur; hy, hypo-
ocess; scl2/3, meso-/metascutellum; scu2/3, meso-/metascutum; tr1/2/3, pro-/meso-/



Fig. 9. Scanning electron micrographs, right elytron of T. perroti, ventral view. A. whole view; B. proximal area of outer rim; C. outer rim; D. elytral apex; EeG. inner rim.
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shorter than the prosternum including the prosternal intercoxal
process; the elevated middle region of the anterior part is contin-
uous with the anterior collar; a hexagonal groove and ridges are
missing on the anterior part; a concavity of the posteromedian
process is enclosed by distinct lateral bulges; otherwise it is similar
to the one of S. wangorum, including its connection with the
anteromedian process of the metaventrite. The mesocoxal cavity,
mesotrochantin, and mesofurca are also similar except for minor
differences in size and shape.

The elytra (Fig. 9) are about three times as long as wide. The
proximal part of the internal surface of the epipleura is densely
covered with scales, all of them with a rounded edge and with less
than eight microtrichia on their surface; short cylindrical micro-
trichia are present on the mesal area; microtrichia with a bulging
base on the posterior area are longer than their equivalents in
S. wangorum. The mesal elytral rim is densely covered with scale-
like microtrichia.

The middle leg is about 3 mm long. The globular mesocoxae are
less protruding than those of S. wangorum. The ratio of femur/tibia/
tarsus (fem2, tib2, tar2; Fig. 3) is 1.5/1.6/1.

Musculature (Fig. 10AeE): M28 (O: second phragma; I: first
phragma), M30, M38, M39, M40, M41, M44, M46, M47, M48 pre-
sent. M29, M31, M32, M33, M34, M35, M36, M37, M42, M43, M45,
M49, M50, M51, M52 absent.
3.2.4. Metathorax (Figs. 3F; 7B and 8AeC)
The metathorax is very large in relation to the mesothorax. The

metanotum is well developed and of a dark brown coloration; it is
about half as long as the pronotum and slightly shorter than the
maximum pronotal width. Large anterolateral muscle attachment
areas of the mesophragma enclose a less sclerotized anteromedian
region. The alacristae (alc; Fig. 8A) are well developed and reach
beyond the scutal margin posteriorly. A small cone-shaped prealar
sclerite is present. The distinct triangular scutellum (scl3; Fig. 8A) is
largely covered by the posteromesal scutal part (scu3; Fig. 8A) with
the alacristae. The basalar muscle disc is well-developed, whereas a
subalare is not recognizable. The 1st, 2nd, 3rd axillary sclerites (ax1,
2, 3; Fig. 7B) arewell developed; the 1st axillary articulates with the
distinct triangular anterior notal wing process; the postmedian
notal process is obsolete, whereas the posterior one is distinct,
curved, and connectedwith the 3rd axillary. The postnotum is short
and slightly narrowed medially; the metaphragma is well-
developed. The large metanepisternum (aes3; Fig. 8B) is roughly
triangular, distinctly narrowing posteriorly, and enclosed by a
broad bead. It is separated from the complex metepimeron (ep3;
Fig. 8B, C) by a distinct ridge corresponding to the internal pleural
ridge, almost parallel to the longitudinal body axis posteriorly and
gradually ascending towards the pleural wing joint anteriorly. Only
a small posterior portion of themetepimeron is visible externally as



Fig. 10. Three-dimensional reconstructions of T. perroti. AeC. mesal view; D. lateral view; E. dorsal view.
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a distinct lobate structure; the semimembranous area above the
ventral sclerite is posteriorly and posterodorsally enclosed by the
nearly black dome-shaped sclerite (sensu Lars�en, 1966); the dorsal
sclerite above it is unpigmented. The extensive metaventrite (v3;
Fig. 8B, C) is strongly diverging posteriorly, with the hind margin
about 1.5 times as wide as the distance between the anterolateral
angles. The large anteromedian process is approximately triangular,
with its apical part fitting into a deep posteromedian notch of the
posteromedian process of the mesoventrite. The transverse ridge
separating the short katepisternum (kat3; Fig. 8B, C) from the main
part of the ventrite is complete. The discrimen dividing the
katepisternum is anteriorly continuous on the preepisternal part of
the ventrite; a corresponding ridge is present internally; its
katepisternal part is connected with the metafurcal stalk; the
anterior part decreases in height and obliterates on the anterior
region of the ventrite. The metafurca is well-developed, with a
common stalk and extensive anterior and lateral arms. A plate-like
vertically oriented mesospina is present on the anteromedian
margin of the metaventrite.

The wings are well developed and of a typical carabid pattern.
The hind leg is ca. 4 mm long. The ratio of femur/tibia/tarsus (fem3,
tib3, tar3; Fig. 3F) is 1.7/1.6/1.0. The metacoxae (cx3; Fig. 8B, C) do
not reach beyond the lateral margin of the metaventrite laterally.
Their mesal edges are adjacent. The coxal plates arewell developed,
with their short lateral part reaching the lateral coxal margin. A
long seta is inserted close to the oblique anterior margin.

Musculature (Fig. 10AeE): M62, M63, M65, M67 (O: small pre-
alar sclerite; I: pleural ridge beneath pleural wing process), M69 (O:
lateral margin of notum; I: upper surface of basalar disc), M71 (O:
episternum; I: on a small sclerite in the membrane proximal to the
third axillary), M76, M81, M82 (O: anterolateral area of metafurcal
arm; I: with tendon on anterolateral coxal rim), M83, M85, MX
present. M60, M61, M64, M66, M68, M70, M72, M73, M74, M75,
M77, M78, M79, M80, M84 absent.

4. Discussion

In its basic features, the thoracic morphology of the studied
species conforms with the general configuration outlined for Tre-
chinae and other “higher grade” Carabidae (especially Harpalinae,
and Brachininae) in Beutel (1992 [see also Arndt et al., 2016]): 1) a
prothorax of the high grade ventral mobility type as described by
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Hlavac (1975), with the prothorax and the smooth collar-like
anterior edge of the mesothorax forming a ball-and-socket joint
(Beutel, 1992: figs 18, 21, 22); 2) a shortened procoxal process that
does not interact with a hexagonal groove of the mesoventrite; 3) a
prothoracic intercoxal septum that is expanded posteriorly and
distinctly broadened; 4) uniperforated procoxal cavities that are
externally closed by contact of the propleura with a lateral pro-
jection of the base of the prosternal process; 5) lack of an internal
closure of the procoxal cavity as it occurs in Trachypachus and
aquatic groups (Gyrinidae, Haliplidae, Dytiscoidea) (Beutel, 1992,
1994); 6) a completely reduced hexagonal groove of the meso-
ventrite, which is present in the aquatic groups (except for Gyr-
inidae), in Trachypachidae and in “lower grade” carabids (e.g.
Gehringiinae, Carabinae, Hiletinae) (Beutel, 1992: figs 2, 5, 7), and a
posterior part of the ventrite steeply ascending between the mes-
ocoxae (Beutel, 1992: figs 13-15); 8) a relatively narrow mesepi-
meron not reaching the mesocoxal cavity and 9) an exposed and
lobate metepimeron. Most of these features are also found in
Harpalinae and Brachininae (see Beutel, 1992: fig 45). They are
largely unmodified in the species of the cave entrance and the
lowland species examined in this study. However, this configura-
tion is also maintained in its essential features in the cave dwelling
S. wangorum.

Cave dwelling beetles are commonly (but not generally) char-
acterized by a set of features that includes reduced compound eyes,
elongation of the body and appendages, depigmentation, and the
loss of the flight capacity (e.g. Jeannel, 1911, 1936). As the most
successful subfamily among cave-dwelling ground beetles, the
highly diversified Trechinae show the most impressive adaptations
according to different researchers (e.g., Vandel, 1964; Gunn, 2004;
Culver and White, 2005). Like in other hypogean trechine species
(Jeannel, 1926), far-reaching structural modifications could be
observed in the studied cave dwelling S. wangorum. In contrast to
the vast majority of Carabidae (e.g. Bostick, 1945; Beutel, 1992;
Arndt et al., 2016), including the two epigean species examined
here, the anterior body and the appendages of S. wangorum are very
distinctly elongated (Fig. 1). This modification is commonly
encountered in cave-dwelling trechines (Jeannel, 1926; Smith,
1964) and has apparently evolved independently in species of
very different taxonomic groups living in similar environments
(Jeannel,1911,1936; Culver andWhite, 2005; Moldovan, 2012). This
includes even hypogean species of other insect orders, such as for
instance Hymenoptera (Roncin and Deharveng, 2003). The elon-
gation of the head and prothorax results in a characteristic
appearance that has been called the ‘‘aphaenopsian”morphological
type (Jeannel, 1941; Vandel, 1964), in reference to the Pyrenean
trechine genus Aphaenops. In the strongly modified S. wangorum,
the elongate prothorax appears pear-shaped and is distinctly nar-
rowing anteriorly. Together with the long and slender head (Luo
et al., 2018) this distinctly increases the range of the cephalo-
prothoracic complex, which likely plays a major role in foraging
in the subterranean lightless environment. The mesothorax is also
elongated in S. wangorum, even though to a lesser degree than the
prothorax. The high degree motility mechanism between the pro-
and mesothorax, which is generally present in trechines and other
“higher carabids” (e.g. Hlavac, 1972, 1975; Beutel, 1992), is likely
even enhanced by the slender shape of the two anterior thoracic
segments. This increases the movability of the anterior body region
including the head with its elongate appendages (Luo et al., 2018).
Moreover, the slender head and prothorax may facilitate chasing
prey in narrow crevices. A slender neck region forming a ball-and-
socket joint with the anterior prothorax further increases the
flexibility of the anterior body.

Some hypogean species of Leptodirini, a major radiation of cave
dwelling beetles in the staphylinoid Leiodidae (e.g. Jeannel, 1936;
Vandel, 1964; Ribera et al., 2010; Fresneda et al., 2011), have
independently evolved an “aphaenopsian” shape (e.g. some species
of Anthroherpon Reitter, 1889; Jeannel, 1911; Njunji�c et al., 2016,
2018). However, in some cases the extreme elongation of head
and prothorax is associated with an almost globular shape of the
posterior body with hemispherical fused elytra (as in e.g. Leptodirus
hohenwarti Schmidt, 1832 or the genus Graciliella, Jeannel, 1926;
Njunji�c et al., 2018). It is unclear which role feeding habits play in
the evolution of the elongated head and prothorax in Leptodirini. In
contrast to the predacious habits of the carabid species, the hypo-
gean species of this leiodid tribe are mostly unspecialized scaven-
gers (Jeannel, 1936; Salgado et al., 2008).

The increased length of the appendages has been considered as
an adaptation to cave environments and not simply as a result of an
allometric effect (Gunn, 2004). The significantly elongated
antennae and legs expand the range of mechanoreception in an
environment completely lacking visual cues. This likely improves
the capacity to track prey and also to avoid predators. However, the
elongation of the legs is not a universal characteristic in cave
dwelling Trechinae or other subterranean beetles. Many species of
Leptodirini have relatively short legs and a rather compact body
with a broad and laterally rounded prothorax (Jeannel, 1911: figs
416, 434; Fresneda et al., 2011). This shape, which is termed the
“bathyscioid” type (Jeannel, 1936; Vandel, 1964), might be related
with the necessity to move in denser substrates as these beetles are
usually found in forest litter, in soil inside the caves or under stones.

Loss of pigmentation is another feature obviously linked with
subterranean habits. This condition is commonly found in troglo-
bite arthropods (e.g. Palpigradi; Souza and Ferreira, 2016: figs 34,
35), but is not confined to subterranean organisms (Vandel, 1964).
Partial or complete depigmentation can also be linked with a
decrease of thickness of the cuticle, transparency, and in some cases
a simplification of the surface structure. The exposed body surface
of S. wangorum is of a light-brown coloration, whereas parts hidden
below the elytra (e.g. metanotum) can be completely depigmented.
This is in strong contrast to the dark-brownish cuticle in T. perroti
and the Bembidion species examined. Generally, the depigmenta-
tion mechanism is poorly understood in cave animals, with the
notable exception of the cave fish Astyanax mexicanus De Filippi,
1853. In this case, loss of pigmentation is likely subject to positive
selection, and not the result of simple regressive evolution (Keene
et al., 2015; Biland�zija et al., 2018). It must be noted, however,
that melanin of arthropods can also play an important role in
processes not directly related with pigmentation, for instance in
the context of immune reactions. Therefore, the capacity to produce
melanin may be preserved in arthropods despite the general
depigmentation of the cuticle (Biland�zija et al., 2017).

Another feature obviously and obligatorily linked with cave-
dwelling habits is the loss of the flight ability. However, as in the
case of depigmentation, this phenomenon is also quite common in
epigean relatives of cavernicolous species living in forest litter or
the upper layers of soil (Vandel, 1964). In a detailed review about
the structures of flightless beetles, Smith (1964) pointed out that
loss of flight and wing reduction occurs frequently in Coleoptera
and in different functional, ecological or phylogenetic contexts (e.g.
in Carabidae, Curculionidae, Ptinidae; see also Lars�en, 1966). The
pattern of reduction can vary greatly, from simple degeneration of
tissue of flight muscles with fully developed wings and skeletal
structures of the flight apparatus, like in the trout stream beetle
Amphizoa lecontei (Matthews, 1872) (Beutel, 1988) and many
carabid species with wing dimorphism or polymorphism (Tietze,
1963), to a very high degree of reduction of skeletal and muscular
elements, as for instance in the carabid genera Omus Eschscholtz,
1829 (Cicindelinae) or Metrius Eschscholtz, 1829 (Paussinae)
(Beutel, 1992; Arndt et al., 2016; pers. obs. Beutel). In an extensive
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work on Carabidae, Lindroth (1945, 1949) observed more than 300
species with normally developed wings species but never observed
them in flight, and also dimorphism with macropterous and
brachypterous individuals in 50 species. Dissections carried out by
Tietze (1963) also revealed individuals with well-developed wings
but degenerated flight muscles inmany carabid species. A sequence
of reductions was outlined by this author, starting with the gradual
degeneration of the large indirect flight muscles (especially dorsal
longitudinal muscles), continuing with a reduction of phragmata,
alae, and wing articulation, and then the reduction of the major
skeletal elements, the tergum, followed by the pleura, and finally
ending with the shortening of the metaventrite (Tietze, 1963).

Among the species we examined, the flight apparatus is largely
preserved and probably functional in Bembidion sp.. The skeletal
elements of the flight apparatus are largely preserved in T. perroti,
with well-developed wings, axillary sclerites, prealar sclerite and
basalar muscle disc. However, major indirect flight muscles are
missing in the specimens examined, like in many individuals of
carabid species examined by Tietze (1963). Like in other species of
Carabidae and also in Noterus (Noteridae) (Jackson, 1973;
Belkaceme, 1991), the flight capacity may be preserved in some
individuals of the populations. In contrast to this condition, the
metathorax is highly (and irreversibly) modified in the cavernico-
lous S. wangorum, like in carabids of the “cychroid” or “abacetoid”
type (Tietze, 1963). The entire metathorax is distinctly shortened
compared to the typical condition in Carabidae (e.g. Tietze, 1963;
Beutel, 1992). The wings, notal wing processes, axillary sclerites,
the prealar sclerite, and the basalare and subalare are completely
reduced. The notum is reduced to a very short, curved and largely
membranous vestige (see also Tietze, 1963: fig 15E), and the
metathoracic phragma is also obsolete. The muscles of the flight
apparatus are also almost completely reduced, including Mm. 67,
69 and 71, which are preserved in the examined individuals of
T. perroti. It is obvious that in contrast to the cave-entrance-
dwelling T. perroti, the capacity of flight is completely and irre-
versibly lost in S. wangorum in correlation with its advanced hy-
pogean habits. It displays the most advanced stage of reduction
outlined by Tietze (1963). A similar pattern of reduction was
observed in the leptodirine species T. ferreri, with almost
completely reduced flight musculature and wings, and a greatly
reduced and simplified metanotum.

The general shape of the elytra of S. wangorum is apparently not
affected by cavernicolous habits. It was already noted by Jeannel
(1926) that elytra are never atrophied in hypogean beetles, even
though we observed differences in the vestiture of scales and
microtrichia on the internal side. The far-reaching or complete
reduction of the hind wings has likely effects on elytral adhesive
devices. Considering the largely membranized condition of the
dorsal side of the posterior thorax and abdomen, mechanical pro-
tection by the elytra is apparently important. Nevertheless, the
elytra of S. wangorum are not fused along their mesal margin as it is
the case in most cave-dwelling species of Leptodirini, for instance
in T. ferreri (e.g. Jeannel, 1911, 1936).

Aside from metathoracic elements directly involved in flight,
structural modifications of S. wangorum also include a distinctly
shortened metaventrite, and metacoxae which appear narrow and
bear only indistinct metacoxal plates. The narrowed metaventrite
may be linked to the loss of large dorsoventral muscles. In the case
of the largely reduced metacoxal plates it appears plausible that
this increases the movability in the coxo-trochanteral joint, which
may facilitate locomotion in narrow spaces in caves.

In a comparative study of epigean, troglophile and troglobite
North American species of Ptomaphagus (Leiodidae), morphometric
investigations showed that only some structural features covary as
an overall measure of evolutionary adaptations for a cave-dwelling
lifestyle (Peck, 1986). Similar investigations for Trechini are pres-
ently still lacking, mostly due to insufficient material for a
comparative evaluation. Several molecular phylogenetic studies of
trechine and leptodirine cave beetles have been published in recent
years (e.g. Faille et al., 2010, 2015; Ribera et al., 2010). To expand the
sampling and to add morphological evidence could reveal general
evolutionary trends linked with shifts to subterranean habits. A
discussion of character evolution with a solid phylogenetic pattern
obtained for non-related groups like Trechinae and Leptodirini
could lead to a better understanding of the evolutionary history of
subterranean beetles.
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