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Abstract Morphological adaptations of cave-dwelling organ-
isms including different groups of Coleoptera have fascinated
researchers since a long time. Nevertheless, very few detailed
documentations of the anatomy of cave beetles using modern
techniques are available. In this study, we describe and illustrate
external and internal cephalic features of free-living and cave-
dwelling trechine carabid beetles using digital microscopy,
SEM, micro-CT, and computer-based 3D reconstruction.
Morphological characteristics found in three selected species
with different habitat preferences are compared. The following
derived features distinguish a troglobite species (Sinaphaenops
wangorum Ueno et Ran 1998) from a species living in the
entrance of caves (Trechiotes perroti Jeannel 1954) and from
a fully epigean species (Bembidion sp.): (1) the optic lobes are
completely missing; (2) the head capsule, mouth parts, and
antennae are distinctly elongated; (3) some muscle attachment
areas are shifted; and (4) an additional dilator of the pharynx is
present. Despite of conspicuous differences likely related with

subterranean habits, the link of some cephalic features to this
specific habitat preference remains uncertain.

Keywords Cave-dwelling beetles .Micro-CT . 3D
reconstruction . Trechinae . Carabidae

Introduction

Cave biology (also known as “biospeleology”) has been
an attractive subject since the first cave-dwelling ani-
mals were discovered in Slovenia (see Sket 1993),
among them was a brown and blind carabid species
with the unfortunate name Anophthalmus hitleri
Scheibel, 1937. Subterranean animals are of increasing
scientific interest for various reasons. They do display
not only conspicuous morphological characteristics, but
also physiological and behavioral modifications (Culver
and White 2005). Dark, moist, and temperature-constant
subterranean environments are an ideal natural laborato-
ry to study important aspects of evolutionary theory,
with ongoing debates among followers of competing
hypotheses related to the evolution of cave organisms
(see, e.g., Culver and White 2005; Racovitza 1907).
Recently, the cave fish Astyanax mexicanus De Filippi,
1853 has become a model organism to study characters
associated with a subterranean way of life, such as eye
degeneration and body depigmentation (e.g., McGaugh
et al. 2014; Protas et al. 2006; Yamamoto et al. 2004).

Although a relatively high number of new cave species are
discovered every year, detailed morphological documenta-
tions are still very scarce, especially anatomical investigations,
which might reveal important structural adaptations (Gunn
2004). While most anatomical studies are focused on cave
fish, comparable investigations on invertebrates are still very
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scarce. The first histology-based research on the cephalic anat-
omy of cave beetles dates back to the late nineteenth century
(Packard 1888), but for almost 100 years, the issue was not
addressed again in sufficient detail (Ghaffar et al. 1984). More
recently, Antunes-Carvalho et al. (2017) presented a detailed
anatomical treatment of Catops ventricosus (Weise 1877), an
unspecialized Western Palaearctic representative of the
polyphagan family Leiodidae. Like in Carabidae, the group
under investigation here, several independent colonizations of
the subterranean environment took place in this group of
Staphylinoidea.

Despite of a remarkable monograph on Trechinae (Jeannel
1926), which contains also anatomical data for some cave
species (e.g., Anophthalmus hirtus Sturm, 1853), presently,
no study is available covering the entire head anatomy of a
cave-dwelling species of ground beetles. Moreover, even in-
ternal features of unspecialized carabids are largely unknown.
Consequently, the primary aim of the present contribution was
a detailed documentation of internal and external head struc-
tures of three carabid species, one of them living in the deep
subterranean environment, one in cave entrances, and a third
on the surface. The characters are evaluated with respect to
modifications possibly related to subterranean habits. This
may also help to elucidate general trends and adaptations oc-
curring in other groups of Coleoptera with tendencies to in-
vade underground environments.

Materials and methods

Studied species

This study is based on ethanol-fixed specimens of three spe-
cies belonging to the carabid subfamily Trechinae. They in-
habit deep regions of caves, cave entrance areas, and the
surface, respectively. The specimens of Sinaphaenops
wangorum Ueno et Ran 1998 (25° 09′ 43.35″ N/108° 03′
19.44″ E, Mulun, Huanjiang County, Guangxi Autonomous
Region, PR China) and Trechiotes perroti Jeannel 1954 (24°
30′ 31.47″ N/105° 35′ 10.07″ E, Longhuo, Longlin County,
Guangxi Autonomous Region, PR China) were provided and
identified by M.-Y. Tian and those of Bembidion sp. (29° 42′
31.96″ N/95° 34′ 39″ E, Medog County, Xizang Autonomous
Region, PR China) by H.-B. Liang. All examined exemplars
are deposited in the Institute of Zoology, Chinese Academy of
Sciences, Beijing, PR China.

Micro-CT scanning

One specimen of each species was used for micro-CT scan-
ning. They were dehydrated with an ethanol/acetone series
(75–80–85–90–100%-acetone) and dried at the critical point
(HCP-2, Hitachi Ltd., Japan). Micro-CT scanning was

conducted at the Institute of Zoology, Chinese Academy of
Sciences with a Xradia MicroXCT-400 (Xradio Inc., CA,
USA). The beam strength was 60 KeV and 133 μA.
Exposure time varied depending on the size of the individuals.
The resolutions of the output image were 3.01 μm
(S. wangorum), 0.79 μm (T. perroti), and 0.65 μm (B. sp),
respectively.

3D reconstruction

Micro-CT image stacks were used to reconstruct three-
dimensional structures in Amira 6.0 (Visage Imaging,
Berlin, Germany). We used the arithmetic function of
Amira to separate the individual materials and exported
them as tiff-stacks. Those were subsequently imported
in VGSTUDIO MAX 2.0.5 (Volume Graphics ,
Heidelberg, Germany) where volume rendering (Scatter
HQ) was performed. Final images were assembled and
arranged with Adobe Photoshop and Illustrator (Adobe
Inc., CA, USA).

Digital microscopy

Serial photographs of the critical point dried speci-
mens were taken with a Keyence VHX-1000C
(Keyence Corporation, Osaka, Japan) using z-stack-
ing. Helicon Focus (Helicon Soft Ltd., Kharkov,
Ukraine) was used to stack those photos to a compos-
ite image. Final images were assembled and arranged
with Adobe Photoshop and Illustrator (Adobe Inc.,
CA, USA).

SEM

Specimens were dried at the critical point (Emitech
K850 critical point dryer) and sputter-coated with gold
(Emitech K500) (Quorum Technologies Ltd., Ashford,
UK). SEM images were obtained with a FEI (Philips)
XL 30 ESEM at 10 kV, using a rotatable specimen
holder (Pohl 2010).

Terminology

The nomenclature of the head muscles follows von Keler
(1963), except in the case of M. tentoriopraementalis in-
ferior (M29), M. praementopalpalis externus (M34), and
Mm. compressores epipharyngis (Mm. III), which are
named after Belkaceme (1991). General morphological
terminology follows Beutel et al. (2014).
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Results

Sinaphaenops wangorum

External head structures

The head is prognathous and club-shaped. It is strongly elon-
gated and narrow, almost three times as long as the maximum
width at the eyeless ocular region. In dorsal view, it is almost
parallel-sided over a distance posterior to the antennal inser-
tions, then narrowed, and formed an elongate constriction an-
terior to the slightly widened and rounded temples, which
again narrow towards the foramen occipitale. The head in
lateral view appears slightly flattened, with the maximum
height in the middle region. The coloration is dark brown
and the cuticle smooth and largely glabrous, with only a few
long setae inserted on the head capsule. The compound eyes
are completely missing without visible traces.

The clypeus (cl; Fig. 1a) is about as long as the labrum
and of rhomboid shape. Its anterior edge is very slightly
convex and narrower than the posterior part of the labrum.
The oblique anterolateral edges are straight and diverging
posteriorly, where they meet the secondary (dorsal) man-
dibular articulation. Posterolaterally, the clypeus is
delimited by fissure-shaped anterior tentorial grooves,
which are connected by a very slightly curved, transverse
clypeofrontal furrow. Four long setae inserted on the mid-
dle clypeal region are arranged in a transverse row. The
protuberances of the secondary mandibular joint (smdj;
Fig. 5a, b) are distinctly exposed at the lateral clypeal
angles, in a distinct notch at the anterior end of the ante-
rior tentorial grooves. The anterolateral antennal foramen
is largely covered by a rounded frontal lobe bearing a
shorter and a long seta. The frontal sutures and the coro-
nal suture are absent. Paired dorsal longitudinal furrows
(ff; Fig. 1a; Jeannel 1926: sillons frontaux) originate on
the middle clypeal region and continue on the anterior
frontal area. Anteriorly, they are parallel-sided, then
slightly converging towards each other, and then diverg-
ing, forming an even curve before obliterating at about
half-length of the head capsule. Much shorter longitudinal
furrows are recognizable between the anterior tentorial
grooves and antennal articulation, with posterior parts di-
verging before they obliterate. The gula (gu; Fig. 1c) is
very narrow and strongly elongated, more than two thirds
as long as the head capsule on the dorsal side. It is ante-
riorly delimited by rather indistinct posterior tentorial pits.
Nearly parallel-sided gular ridges (gur; Figs. 2a, 4a, and
9a) are faintly recognizable externally. They are anteriorly
continuous with slightly oblique lines posterolaterally
delimiting the submentum. Posteriorly, they diverge close
to very narrow foramen occipitale and obliterate before
they reach it.

Internal skeletal structures

The transverse clypeofrontal furrow (clypeofrontal suture, cfs;
Fig. 1a) corresponds with an internal transverse strengthening
ride. The long and thin gular ridges are anteriorly fused with
posterior tentorial arm. In the posterior head region, they are
connected by a thin and arched tentorial bridge (tb; Fig. 2a).
They gradually slope towards the neck region and completely
obliterate before they reach the foramen occipital. A small
gular apodeme is present on the anterior gular region.
Anterior (ata; Figs. 2a and 4a), dorsal (dta; Figs. 2a and 4a),
and posterior tentorial arms are present. In lateral view, the
anterior arms are triangular and plate-like. Their frontal edge
is arched and their posterior rim almost adjacent to the anterior
edge of the dorsal tentorial arms. These are also triangular and
plate-like but only about one fourth of the size of the anterior
arms, to which they are attachedwith their narrowed base. The
anterior arms (ata; Figs. 2a and 4a) originate at the fissure-
shaped anterior tentorial grooves. The dorsal arms are con-
nected to the dorsal head capsule. The central tentorial body
connects the anterior, dorsal and posterior arms. Plate-like
extensive laminatentoria arise from it and fuse completely in
the median line. Low circumantennal ridges are present, but
circumocular ridges are completely missing.

Antennae

The oval antennal foramen, which is located laterad the dorsal
mandibular articulation, is enclosed by a circumantennal
ridge. The 11-segmented filiform antenna is strongly elongat-
ed, about 6.71 mm long, and thus nearly 3 times as long as the
head capsule. The bipartite scapus (sc; Figs. 1a and 3a) is the
largest antennomere. Its proximal articulatory part is globular,
fairly large, with a dense vestiture of short setae and an apical
circle of longer setae. It is separated from the distal part by a
constriction. The pedicellus (pe; Figs. 1a and 3a) and
flagellomeres are concentrically connected with each other
and widening distally except for flagellomere 9. The
pedicellus is slightly shorter than flagellomere 1 but longer
than the scapus. Flagellomere 4 is the longest one (about 14
times as long as its diameter), and flagellomere 9 is the
shortest (about 6 times as long as the diameter).
Flagellomeres 2 to 9 are pubescent.

Labrum

The labrum (lr; Figs. 1a and 9a) appears inclined in lateral
view and connected to the clypeal margin by an internal mem-
branous fold. It is approximately rectangular, with rounded
anterolateral corners and nearly straight lateral edges that
slightly converge towards the clypeus. The anterior margin
is very slightly concave. Six long setae are inserted on the
anterior labral part, the lateral pair with a distinct round
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depression around the socket. The anterior margin is folded
inwards forming an extensive triangular plate on the ventral
surface. A sclerotized median bar is present on the
anteroventral labral surface. Paired tormae at the posterolateral
edges are connected to the suspensorial arms. Extrinsic and
intrinsic labral muscles are absent.

Mandibles

The mandibles (md; Figs. 1a and 6a) are distinctly protruding
beyond the anterior and lateral labral margins. They are slen-
der, with a length/basal width ratio of 3.0, and markedly
curved ventrad. The apical incisor (ai; Fig. 5a) is distinctly

Fig. 1 Head habitus of the studied specimens. a–c Dorsal, lateral, and
ventral views of S. wangorum. d–f Dorsal, lateral, and ventral views of B
sp. g–iDorsal, lateral, and ventral views of T. perroti. atp anterior tentorial
pit, ce compound eye, cfs clypeofrontal suture, cirl circular line, cl

clypeus, f frons, ff frontal furrow, ge gena, gr gular ridge, gu gula, gus
gular suture, ha hypostoma, has hypostomal suture, lp labial palp, lr
labrum, md mandible, mp maxillary palp, mt mentum, mx maxilla, pe
pedicellus, sc scapus, smt submentum, sor supraocular ridge
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bent downwards. The mesal tooth is extremely small and
blunt. A broad and relatively deep scrobe on the basal lateral
surface is delimited by a dorsolateral and a ventrolateral ridge
and bears a single seta on its distal region. The retinaculum is
divided into an anterior and posterior tooth, both minutes on
the left mandibles, but well developed and stout on the right.
The mesal mandibular base bears a brush (bb; Fig. 5a)
consisting of a row of short and dense microtrichia. The

ventral mandibular surface is smooth but bears a row of dense
microtrichia (vm; Fig. 5a) parallel to the mesal fringe.

Maxillae

The fairly small maxillary (hypostomal) grooves between the
mandibles and the labium are delimited by sharp edges. The
moderately sized cardo (ca; Fig. 7a, b) is perpendicular to the

Fig. 2 3D reconstructions of
tentoriums (a, b, c) and nervous +
digestive systems (d, e, f). a, d
S. wangorum. b, e T. perroti. c, f
B. sp. Upper part of each image:
dorsal view; lower part of each
image: ventral view. ata anterior
tentorial arm, cer cerebrum, cn
connective, dta dorsal tentorial
arm, fg frontal ganglion, gur gular
ridge, p pharynx, tb tentorial
bridge
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body axis. It is narrowed proximally and laterally, distinctly
rounded anteriorly and slightly rounded along its hind margin.
It bears one medium length seta. Its internal process is

bifurcated, with a mesal (mcp; Fig. 7a, b) and a lateral branch,
serving as attachment site of the cranial extensor and tentorial
flexor, respectively. The remaining maxillary elements (mx;
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Fig. 3 SEM images of antennae of the studies specimens. a S. wangorum. b T. perroti. c B. sp. d–l Magnification of corresponding part of the
flagellomeres. fl flagellomere, pe pedicellus, sc scapus



Fig. 1a) are distinctly elongated. The stipes is subdivided into
a narrow triangular basistipes (bs; Fig. 7a, b) and a
mediostipes (ms; Fig. 7a), the former basally inserted in a
shallow lateral recess of the cardo. A long and a short seta
are inserted near the basistipital-cardinal border and one seta
laterally on the middle region of the basistipes. A triangular
incision is present close to the mesal base of the mediostipes,
with a small, roughly triangular element of unclear homology
inserted in it. The lateral connecting line with the basistipes is
straight and the anterolateral edge oblique. Mesally, the
mediostipes is fused with the strongly elongated, curved
lacinia (lc; Fig. 6c, b). Several short setae are inserted on the
area of fusion. The mesal edge of the lacinia bears a row of
strong, curved spines and an additional row of setae. The
bipartite and palp-like galea (ga; Figs. 6c and 7b) is connected
to the apical edge of the mediostipes. It is as long and as
slender as the lacinia. The proximal galeomere is about three
times longer than the distal one. The palpifer (pf; Fig. 7a),
which is connected to the basistipes and mesally adjacent to
the oblique medistipital edge, bears one long seta. Its distal
part forms a socket for insertion of the palp and dorsally a
quadrangular plate-like element between the lacinia and
basistipes. The four-segmented palp (mp; Figs. 1c, 6c, 7a, b,
and 9a) is about one third as long as the distance from the
anterior labral margin to the foramen occipitale. Palpomere 1
is short and bent outwards, with rounded mesal and lateral
edges. Palpomere 2 is about four times as long as the maxi-
mum width. Its mesal margin is nearly straight, whereas the
hind margin is distinctly convex. Palpomere 3 is slightly lon-
ger, very slender proximally and slightly widening distally.
Palpomere 4 is slightly shorter than three and spindle-shaped.
A sensory field is present on its apex.

Labium

The submentum (smt; Figs. 1c and 8a) is completely fused
with the genal region of the head capsule posterolaterally and
with the gula posteriorly. Its slightly rounded anterolateral
edge forms the mesal border of the maxillary groove. Its near-
ly straight anterior border is connected with the posterior mar-
gin of the mentum by an internal membrane. Three pairs of
long setae are inserted close to the lateral submental border
and another one closer to the central region. The mentum (mt;
Figs. 1c, 4c, and 8a) is more than ten times as wide as the gula.
The rounded lateral lobes are continuous with triangular ante-
rior projections andmesally reinforced by distinct longitudinal
ridges with an apical process. The projections enclose a mod-
erately deep rim for the prementum (pmt; Fig. 8a) and labial
palpigers, medially divided by a short and relatively broad
median process with a slightly indented anterior margin. The
longitudinal ridges are posteriorly continuous with longitudi-
nal furrows and mesally with a fairly indistinct bulge posterior
to the margin. Two pairs of setae and two large pores are

present on the mesal area of the mentum. Well-developed
palpigers (pg; Fig. 8a) are inserted on both sides of the median
process of the emargination, basally with a membranous
sheath interrupted by a slit close to the anteromiddle margin
of the mentum. The three-segmented palp (lp; Figs. 1c and 8a)
is slender and elongated. Palpomer 1 is small and bent out-
wards, with a rounded mesal edge and a straight lateral edge
articulating with the base of palpomere 2. Palpomere 2 is
slightly curved and about 8 times as long as wide. It bears
three long setae on its outer side. Palpomere 3 is slightly
shorter and spindle-shaped, similar to the shape of apical max-
illary palpomere. Apically, it bears a sensorial complex. The
fairly large prementum inserted above the palpigers bears a
pair of elongated scythe-like processes anterolaterally, with a
dense fringe of thin, flexible setae along their mesal edges.
Anteromedially, a rounded projection bears a pair of long
setae inserted on the ventral surface very close to the median
line. Four pairs of long setae are inserted on the dorsal side
close to the anterior premental edge. The tips of labium are
also termed as “ligula”; high-resolution photo of this structure
is presented in Fig. 8d.

Epipharynx and hypopharynx

The anterior epipharynx is subdivided by the median bar of
the ventral labral surface. Two rows of moderately long setae
curved towards the median line originate on the ventral side of
the anterolateral labral corner. Some microtrichia are present
on the surface area posterior to this structure. The
hypopharyngeal surface is smooth and flat. The weakly scler-
otized suspensorium consists of a pair of ventral and dorsal
arms. The latter are connected to the labral tormae, while the
former to the ridge formed by the mentum.

Pharynx (Figs. 2d and 9a)

The anatomical mouth opening is marked by the insertion of
M. 45, by the position of the frontal ganglion, and by the
transverse muscle Mm. III (Mm. compressores epipharygnis).
The anterior precerebral pharynx lies in the upper region in the
head capsule. The postcerebral pharynx declines slightly to-
wards the postoccipital region. The lumen of the anterior phar-
ynx is oval, whereas it is very distinctly narrowed and of
irregular shape posterior to the brain.

Nervous system

The brain is small in relation to the head capsule. The optic
neuropils are completely absent. Two anterior lobes are rec-
ognizable on the anterior protocerebral surface. They are ad-
jacent to the upper edge of the gular ridges. The frontal gan-
glion (fg; Fig. 2d) is small and the frontal connectives (cn;
Fig. 2d) are thin. The suboesophageal complex lies between
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the gular ridges. The circumoesophageal connectives are
short. A separate tritocerebral commissure is not visible. The
paired connectives originate on the suboesophageal complex
and posteriorly connect it to the prothoracic ganglion.

Musculature

The muscles of S. wangorum are shown in Table 1.

Trechiotes perroti

External head structures

The head is wedge-shaped in lateral view and only slightly
longer than wide, about 1.2 times as long as the maximum
width at the ocular region. The coloration is blackish brown,
with only a few long or short setae inserted on the head cap-
sule. The compound eyes (ce; Figs. 1g and 2e) are large and
protruding laterally. The clypeus is almost as long as the la-
brum. Deeply impressed paired dorsal furrows (ff; Fig. 1g) are
distinctly diverging anteriorly and posteriorly. Oblique longi-
tudinal furrows extend between the secondary mandibular
joint (smdj; Fig. 5c, d) and the anteromesal corner of the
compound eyes. A circular line (cirl; Fig. 1g) on the caudal
third of the head is about one fifth as long as the width of the
posterior head capsule and obliterated ventrally. The head is
retracted into the thorax posterior to it. On the ventral side, the
gula (gu; Fig. 1i) is relatively long and broad, about one half as
long as the head capsule, with a maximum width of about one

third of the width between the eyes. The curved gular ridges
(gur; Figs. 2b, 4b, and 9b) are scarcely recognizable
externally.

Internal skeletal structures

The internal skeletal morphology is similar to that of the
troglobite species S. wangorum except for the following two
characters: (1) the circumocular ridges enclosing the com-
pound eyes are distinctly developed, and (2) the gular ridges
are posteriorly continuous with the postoccipital ridge.

Antennae

The slender 11-segmented antenna is about 3.28 mm long and
thus about twice as long as the head capsule. All antennomeres
(fl; Fig. 3b) are widening distally except for flagellomere 9. The
bipartite scapus (sc; Figs. 1g and 3b) is the widest antennomere.
The pedicellus (pe; Figs. 1g and 3b) is about four fifth as long as
the scapus. Flagellomere 8 is the shortest segment. The
subequal flagellomeres 1, 2, 3, and 9 are the longest segments,
each about four times as long as wide. A circle of medium-sized
setae is present on all antennomeres except for the scapus.

Labrum

The subrectangular labrum (lr; Figs. 1g and 9b) is distinctly
transverse. Its anterior margin is moderately emarginated. Six

Fig. 4 3D reconstructions of
antennal muscles of S. wangorum
(a) and T. perroti (b) and labial
muscles of S. wangorum (c) and
T. perroti (d). Upper part of each
image: dorsal view; lower part of
each image: ventral view. ata
anterior tentorial arm, dta dorsal
tentorial arm, gur gular ridge, mt
mentum, pg palpiger
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long setae near the anterior margin are arranged in a straight
line, the lateral two inserted on a socket with a deep depression.

Mandibles

The mandibles (md; Figs. 1g and 9b) are slightly curved
ventrad and longer than wide, with a length/basal width ratio

of 2.0. The apical incisor (ai; Fig. 5c, d) is blunt and slightly
bent downwards. The mesal teeth (met; Fig. 5c, d) are small
and blunt. A single seta is inserted on the anterior region of the
broad and flattened scrobe on the lateral surface. The retinac-
ulum is divided into two teeth on the left mandible, the ante-
rior one blunt, and the posterior one acuminate. A much
stouter anterior tooth with curved margin and smaller mesal

Fig. 5 Mandibles of the studies
specimens. a Left and right
mandibles of S. wangorum. b
Right and left mandibles of
S. wangorum. c Left and right
mandibles of T. perroti. d Right
and left mandibles of T. perroti. e
Left and right mandibles of B. sp.
f Right and left mandibles of
Bembidion sp. a, c, eDorsal view.
b, d, f Ventral view. ai apical
incisor, bb basal brush, cue
cutting edge, met mesal tooth,
pmdj primary mandibular joint,
smdj secondary mandibular joint,
vm ventral microtrichia
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tooth is present on the right mandible. A dorsal brush of
microtrichia is present at the mandibular base (bb; Fig. 5c,
d) and also ventromesal microtrichia (vm; Fig. 5c, d).

Maxillae

The maxillae (mx; Fig. 1g) are distinctly shorter than in
S. wangorum. The basistipes (bs; Fig. 7e) is inserted in a recess
of the cardo (ca; Fig. 7f) and the mediostipes (ms; Fig. 7f) fused
with the lacinia (lc; Figs. 6d and 7e) mesally. The bipartite galea
(ga; Figs. 6d and 7e) is as long as the lacinia, and both are
markedly shorter than in the troglobite species. The proximal
galeomere is widening distally, and about two times as long as
the distal one. The palpifer (pf; Fig. 7f) bears one single long
seta laterally. The four-segmented palp (mp; Figs. 1g, 6d, 7e,
and 9b) is about two thirds as long as distance between the
anterior labral margin and the foramen occipitale. Palpomere
1 is short and bent outwards. Palpomere 2 is about three times
as long as palpomere 1. Palpomere 3 is robust, short, and wid-
ening distally. Palpomere 3 is slightly shorter than 2. The
spindle-shaped palpomere 4 is as long as palpomere 3.

Labium

Three pairs of long setae are inserted on the lateral submental
border area and one pair on the central region. Thementum (mt;
Figs. 1i, 4d, and 8b) is about four times as wide as the middle
region of the gula. Its median emargination containing the
prementum (pmt; Fig. 8b) and palpigers bears a distinct median
process with an anterior indentation. Two setae and two oval
shallow pores are present on the mesal part of the mentum. In
ventral view, the palpigers (pg; Fig. 8b) are partly concealed by
the anteromesal margin of the mentum. Palpomere 1 is short
and bent outwards (lp; Figs. 1i and 8b). The distally widening
palpomere 2 is about three times as long as wide and bears four
setae. Palpomere 3 is slightly shorter than 2, and a sensory field
with a rough surface is present on its apex. The prementum is
similar to that of the troglobite species S. wangorum.

Epipharynx and hypopharynx

Two rows of mesally curved setae on the anterolateral labral
corner are shorter than the corresponding setae in the

Fig. 6 3D reconstructions of mandibular muscles of S. wangorum (a) and T. perroti (b) and maxillary muscles of S. wangorum (c) and T. perroti (d).
Upper part of each image: dorsal view; lower part of each image: ventral view. ga galea, lc lacinia, md mandible, mp maxillary palp
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troglobite species. The morphology of the epipharynx and
hypopharynx is similar to what is observed in S. wangorum.

Pharynx (Figs. 2e and 9b)

The pharynx is distinctly shorter than that in S. wangorum but
otherwise similar.

Nervous system

The brain of T. perroti is large compared to the head capsule.
Well-developed optic neuropils are present. The anterior lobes
are significantly larger than those of the troglobiont species
S. wangorum. The connectives attached to the frontal ganglion
are shorter than those of S. wangorum. The connectives from
the suboesophageal ganglion to the prothoracic ganglion are
also markedly shorter than in the troglobiont species.

Musculature

The muscles of T. perroti are shown in Table 1.

Bembidion sp.

External head structures

The head is similar to that of Trechiotes in its general appearance,
markedly wedge-shaped in lateral view and moderately long,
with the distance of the anterior labral margin to the postocciput
slightly longer than the maximum width of the ocular region. Its
coloration is blackish-brown. The rather large, compound eyes
(ce; Figs. 1d and 2f) are very distinctly protruding laterally. The
clypeus is slightly longer than the labrum. Paired dorsal furrows
(ff; Fig. 1d) are present, and diverging posterior branches almost
reach the posterior supraocular ridge (sor; Fig. 1d). Short and

Fig. 7 Maxillae of the studied
specimens. a S. wangorum,
ventral view. b S. wangorum,
dorsal view. c B. sp., dorsal view.
d B. sp. ventral view. e T. perroti,
ventral view. f T. perroti, dorsal
view. bs basistipe, ca cardo, ga
galea, lc lacinia, mcp mesal
cardinal process, mp maxillary
palp, ms mediostipe, pf palpifer

The cephalic morphology of free-living and cave-dwelling species of trechine ground beetles from China... 135



deep longitudinal furrows are present between the anterior
tentorial pits and the antennae. The circular line (cirl; Fig. 1d)
on the caudal fourth of the head obliterates towards the posterior
tentorial pits, terminating on the caudal third of the head capsule.

About one third of the head is retracted into the thorax. The
subparallel gula (gu; Fig. 1f) is about one half as long as the head
capsule, and its maximumwidth is about one fifth of the distance
between the outer margins of the eyes.

Fig. 8 Labial structures of the
studied specimens (include high-
resolution photos of “ligula”),
ventral view. a, d S. wangorum. b,
e T. perroti. c, f B. sp. lp labial
palp, mt mentum, pg palpiger,
pmt prementum, smt submentum

Fig. 9 Pharyngeal and labial
muscles, lateral view. a
S. wangorum. b T. perroti. c B. sp.
gur gular ridge, lr labrum, mp
maxillary palp, p pharynx

136 Luo X.-Z. et al.



Table 1 Comparison of muscles among three beetle species (“+” means same as in S. wangorum; “–” means absent)”

Sinaphaenops wangorum Trechiotes perroti Bembidion sp.

M. tentorioscapalis
anterior (M1)

O: entire length of anterior tentorial arm, I:
ventrally on basal scapal margin.

+ +

M. tentorioscapalis
posterior (M2)

O: upper region of laminatentorium and
basal part of anterior tentorial arm, I:
dorsally on basal margin of scapus.

+ +

M. tentorioscapalis
medialis (M4)

O: lateral outer wall of laminatentorium, I:
medially on basal scapal margin.

+ +

M. scapopedicellaris
lateralis (M5)

O: dorsomesal wall of scapus, I: dorsally
on pedicellar base.

+ +

M. scapopedicellaris
medialis (M6)

O: ventromesal wall of scapus, I: ventrally
on pedicellar base.

+ +

M. craniomandibularis
internus (M11)

Largest cephalic muscle, O: with several
bundles along extensive parts of the
lateral and dorsal surface of the head
capsule; a separate thin tendon that
originates from the main tendon at
the constricted area of the head is
posteriorly connected to the
postoccipital ridge by a relatively small
muscle bundle, I: with a strongly
developed tendon on the mesal
mandibular base.

O: with several bundles along
extensive parts of the lateral
and dorsal surface of the head
capsule, I: the same as
S. wangorum.

The same attachments
as T. perroti.

M. craniomandibularis
externus (M12)

O: two bundles along large parts of the
lateral margin of the head capsule, dorsal
bundle almost reaching foramen
occipitale, ventral bundle shorter, I:
with a tendon laterally on the
mandibular base.

+ +

M. craniocardinalis
externus (M15)

O: anteroventral head capsule, directly
below ventral bundle of M.12, I:
lateral branch of cardinal process
with a tendon.

+ +

M. tentoriocardinalis (M17) Two subcomponents, O: (a) anterior part
of the gular wall, near the basal part
of the anterior tentorial arms; (b)
several bundles along the entire outer
surface of the gular ridge, I: mesal
cardinal process.

+ +

M. tentoriostipialis (M18) Two bundles, O: one with several fibers
on outer ventral region of
laminatentorium, one with several
fibers along the entire ventral inner
surface of the gular ridge, I: base
of stipes.

+ +

M. craniolacinialis (M19) O: ventral head capsule, anterior to
origin of M15, I: together with M
20 with tendon on lacinial base.

+ +

M. stipitolacinialis (M20) O: basal margin of stipes, I: together
with M19 with tendon on lacinial base.

+ +

M. stipitogalealis (M21) O: basistipes, directly laterad M20, I:
basal margin of galea.

+ +

M. stipitopalpalis
externus (M22)

O: base of dorsal plate of palpifer, I:
laterally the base of palpomere 1.

+ +

M. palpopalpalis
tertius (M26)

O: lateral inner wall of palpomere 2,
I: mesally on the margin of palpomere 3.

+ +

M. palpopalpalis
quartus (M27)

O: lateral inner wall palpomere 3,
I: mesally on basal margin palpomere 4.

+ +

M. submentopraementalis
(M28)

A single and thin bundle, O: gular
apodeme, I: membrane connecting
mentum and prementum.

+ +

M. tentoriopraementalis
inferior (M29)

Two bundles, O: one on ventral head
capsule, laterally in front of the

Two bundles, O: one on the
ventral head capsule, posterior

The same attachments
as T. perroti.
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Table 1 (continued)

Sinaphaenops wangorum Trechiotes perroti Bembidion sp.

gular apodeme and anterior margin
of the gular ridge, and one on the
gular apodeme, I: palpiger.

to the gular apodeme and
posteriorly reaching the
caudal third of the head
capsule, and one on the
gular apodeme, I: the same
as S. wangorum.

M. tentoriopraementalis
superior (M30)

A single unpaired and thin bundle,
O: mid-gular apodeme, I: medially
on the border region between
prementum and hypopharynx.

+ +

M. praementopalpalis
externus (M34)

O: dorsal wall of palpiger, I: base
of palpomere 1.

+ +

M. frontohypopharyngalis
(M41)

O: frons, laterad M46, I: laterally
on anatomical mouth.

+ +

M. clypeopalatalis (M43) O: mesally on clypeus, I: with
many fibers on epipharyngeal wall.

+ +

M. clypeobuccalis (M44) O: mesally on clypeus, directly
posterad M43, I: border region
between posterior epipharynx and
dorsal wall of anterior pharynx,
directly anterior to anatomical
mouth opening.

+ +

M. frontobuccalis
anterior (M45)

A single compact bundle, O: frons,
mesad the attachment area of the
anterior tentorial arm, anterior to
M41, I: dorsal pharyngeal wall
directly at the anatomical mouth
opening, immediately posterior
to the frontal ganglion and
anterior to M41.

+ +

M. frontobuccalis
posterior (M46)

Complex muscle composed of
several dorsal and lateral bundles,
O: frons, distinctly posterior to M41,
upper part of dorsal tentorial arm,
and anterior tentorial arm, I: dorsal,
lateral and ventrolateral pharyngeal
wall, posterior two thirds of
precerebral pharynx, distinctly
posterior to M45.

+ +

An atypical small muscle, is
possibly a modified
subcomponent of
M. tentoriobuccalis
posterior (M48)

O: two small bundles, one on the
anterior margin of the anterior
tentorial arm, one on its mesal surface,
I: ventral prepharyngeal wall.

– –

M. tentoriobuccalis
posterior (M50)

Very short fibers, O: anterodorsally on
the tentorial bridge, I: ventrolateral
pharyngeal wall.

+ +

M. verticopharyngalis (M51) O: dorsal wall of posterior head capsule,
close to median line, between left and
right side of M11, I: dorsal wall of
postcerebral pharynx.

O: postoccipital
ridge, I: the same
as S. wangorum.

The same attachments as
T. perroti, slightly
longer than T. perroti.

Mm. cinoressores
epipharyngis (MmIII)

Numerous transverse bundles connect
the upper edges of the posterior epipharynx

+ +

A single fiber extends from the ventral
head capsule to the ventrolateral
wall of the posterior pharynx. It was
only present on one side in the
specimen examined. A reliable
interpretation was not possible with
the material at hand.

– –
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Internal skeletal structures

Very similar to the condition in Trechiotes perroti, except for
the gular apodeme located in the middle region of the gula.

Antennae

The antenna is about 2.90 mm long, about 2.5 times as long as
the head capsule. It is less slender than in the previous two
species. The scapus (sc; Figs. 1d and 3c) is the largest seg-
ment, with the distal part about two times longer than its di-
ameter. The pedicellus (pe; Fig. 3c) is half as long as the
scapus, and the shortest of all antennomeres. The distal
antennomeres are wider than the proximal ones. The
flagellomeres (fl; Fig. 3c) 3 and 4 are the longest (about four
times as long as wide), with flagellomere 8 the shortest (about
two times as long as wide). An apical circle of medium sized
setae is present on antennomeres 2 to 11. The short setae of the
pubescence of flagellomeres 1–9 are more densely arranged
than in the other two species.

Labrum

The approximately trapezoid labrum (lr; Figs. 1d and 9c) has
rounded anterolateral angles and a slightly convex anterior
margin. The posterior labral margin is slightly narrower than
the anterior margin of the clypeus. Six long setae are inserted
on the anterior labral region. The depressions around the
sockets are shallower than those in the other two species.

Mandibles

The length/basal width ratio is 1.5. The apical incisor (ai;
Fig. 5e, f) is more acuminate than in the other two species.
The small and blunt mesal tooth (met; Fig. 5f) is much closer
to the mesal mandibular base on the left mandible, and the
mesal tooth is present. The microtrichia field (vm; Fig. 5f) on
the ventral area is present, whereas the brush of microtrichia
brush on the dorsal surface is missing.

Maxillae

Shorter and stouter than in Trechiotes perroti (lc; Fig. 7c). The
proximal galeomere is as long as the distal one and more
slender. The palpifer (pf; Fig. 7c) bears one medium-length
seta. The four-segmented palp (mp; Figs. 1d, 7d, and 9c) is
about two thirds as long as the distance between the anterior
labral margin and the foramen occipitale. Palpomere 1 is very
short. Palpomere 2 is about five times as long as palpomere 1.
Palpomere 3 is distinctly widened and as long as palpomere 2,
with numerous medium-length setae evenly distributed on its
surface. Palpomere 4 is short, cylindrical, and narrowing
distally.

Labium

Two pairs of long setae are inserted close to the lateral
submental border and another pair closer to the central region.
The mentum (mt; Figs. 1f and 8c) is about 3.5 times as wide as
the middle part of the gula. The lateral lobes and the mesal
process with a distinct ridge form a “w”-like emargination
enclosing the prementum and palpigers. Two setae are
inserted on the mesal part of the mentum, but pores are absent.
The palpigers (pg; Fig. 8c) are largely exposed in ventral view,
but the basal part was covered by a membranous sheath, the
anterior margin of which almost reaches to the apex of the
lateral lobe. Palpomere 1 is small but wide. Palpomere 2 is
club-shaped and the largest segment, with about ten setae
distributed on its distal region. The spindle-shaped palpomere
3 is distinctly shorter and narrower than palpomere 2. The
large prementum (pmt; Fig. 8c) is subrectangular, with slight
bulges posteriorly and a pair of blunt transparent projections
on the anterolateral corner. Paired setae are inserted close to
each other on small projections of the anterior premental mar-
gin. No setae are visible on the anterodorsal edge of the
prementum.

Epipharynx and hypopharynx

Two rows of setae are present on the anterolateral labral corner
and three setae are visible on both corners in dorsal view. The
morphology of the epipharynx and hypopharynx is similar to
what is observed in S. wangorum.

Pharynx (Figs. 2f and 9c)

The pharynx is much shorter than in S. wangorum, but similar
to that of T. perroti.

Nervous system

The cephalic elements of the nervous system are similar to
those of T. perroti.

Musculature

The muscles of Bembidion sp. are shown in Table 1.

Discussion

Several previous contributions addressed specific morpholog-
ical aspects and possible adaptations of cave-dwelling ground
beetles (e.g., Moldovan et al. 2004; Pellegrini and Ferreira
2014). The present study provides the first detailed compari-
son of external and internal head structures of cave-dwelling
and surface-living species of the family.
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The most conspicuous adaptation we found is the elonga-
tion of the head capsule in the cave-dwelling S. wangorum,
with a distinct posterior constriction. A similar condition also
occurs in other troglobite beetles (e.g., Culver and White
2005) including cave dwelling species of Trechinae examined
by Jeannel 1926: figs. 17 and 23). However, compared to
Sinaphaenops the head is only slightly elongated in the eye-
less Aphaenops leschenaultia Bonvouloir, 1861 and moder-
ately in Pheggomisetes buresKnirsch, 1923. Interestingly, the
degree of elongation is minimal in Aphaenops vasconicus
Jeannel, 1923, and the nearly parallel-sided and strongly pu-
bescent head of this species almost completely lacks the pos-
terior constriction (Jeannel 1926: 18). The gular ridges are
fused with the posterior tentorial arms in all adephagan beetles
(Dressler and Beutel 2010) and this also applies to
S. wangorum. However, with the stretching of the head cap-
sule in this cave-dwelling species the gular ridges posterior to
the tentorial bridge are also markedly elongated and gradually
obliterate in front of the cephalic constriction. This stands in
contrast to the other two studied species and other adephagan
beetles (Dressler and Beutel 2010), where they reach the
postoccipital ridge. A derived feature of Sinaphaenops and
the other two species examined is the widening of the anterior
tentorial arms, which in cross section appear like a lateral
enclosure of the anterior pharynx and its dilators (see also
Jeannel 1926: fig. 19, Aphaenops cerberus, Dieck 1869), also
providing additional attachment areas for M46b (M.
frontobuccalis posterior). However, more data for additional
representatives of the family is required to properly evaluate
this character. It is conceivable that this is an apomorphic
feature characterizing Trechinae or a larger carabid subunit.

The mouthparts and antennae of Sinaphaenops are also
more elongated than in the free-living species we examined.
This is a general trend with similar conditions occurring in
other cave-dwelling organisms (Gunn 2004), apparently
linked with the enhancement to reception surface in a
completely dark environment (Culver and White 2005).
Elongation of the antennae in subterranean trechine species
was also a trend observed by Jeannel (1926: figs. 33 and 34,
Aphaenops spp.), as he pointed out involving all
antennomeres except for the scapus. Several studies reported
strong antennal specialization linked with subterranean life:
Juberthie and Massoud (1977) found a special type of chemo-
receptive sensilla basiconica on the antennae of the carabid
Aphaenops crypticola Linder, 1859. A highly specialized
Hamann’s organ located on the seventh, ninth, and tenth
antennomeres of Leptodirus hohenwarti Schmidt, 1832
(Leiodidae), and five types of highly modified sensilla were
described by Accordi and Sbordoni (1978). In ground beetles,
an increased number of chemoreceptors and sensilla
basiconica transformed into sensilla basiconica inflata and
sensilla dentata were observed in various hypogean genera
(Juberthie and Massoud 1980). Moreover, a gradual increase

in the chemosensory functions of the antennae from
edaphobite to troglobite cave species was observed by Nitzu
and Juberthie (1996) in clivinine species (Scaritinae,
Carabidae). However, we found no such specific sensory or-
gans or types of sensilla in our species. The mandibular length
of trechine species apparently varies considerably. They are
relatively stout in surface dwelling species of Trechus (Jeannel
1926: fig. 13), similar to the condition described in Dressler
and Beutel (2010) for Trachypachus. The mandibles are mod-
erately elongated in the eyeless Duvalius redtenbacheri (I.
Frivaldszky von Frivald & J. Frivaldszky, 1857) and
A. leschenaultia, but very long and slender in A. vasconicus
Jeannel, 1923. It is plausible to assume that elongated mandi-
bles, combined with long antennae, facilitate capturing prey in
a dark environment.

Another striking feature of cave-dwelling species is the
reduction of the compound eyes, which are completely absent
in Sinaphaenops, like in species of Aphaenops, Duvalius, and
other genera (Jeannel 1926). No external traces are recogniz-
able, while in some other troglobite species, there are scars or
different textures on the cuticle of the ocular region (e.g.,
Friedrich et al. 2013). The reduction of the eyes is associated
with the total loss of the optic neuropils in Sinaphaenops. This
derived condition was already noted in other troglomorphic
species (e.g., Packard 1888; Larsen et al. 1979; Ghaffar et al.
1984). Ghaffar et al. (1984) observed slender horn-like struc-
tures, which were interpreted as vestigial optic “tubercles.”
They also suggested that a large subesophageal ganglion and
strongly developed nerve fibers connected to the mouthparts
could be related to the loss of the visual sense. However, a
correlation is uncertain and the functional relevance of these
features remains obscure. Recently, based on genetic and
behavioral experiments, Friedrich et al. (2013) suggested that
a functional visual system exists in Ptomaphagus hirtus
Tellkampt, 1844, even though Packard (1888) did not find
an optic lobe or nerve connected to the protocerebrum.
Presently, the function of this apparently unusual visual sense
is insufficiently known.

The cephalic skeletomuscular system of hypogean
Carabidae has not been investigated in detail previously, ex-
cept for few anatomical data and three figures presented in
Jeannel (1926: figs. 19–21). This is surprising since the family
is very popular among entomologist and extremely species-
rich, with one of the most successful radiations into subterra-
nean habitats among insects or other groups of invertebrates.
Surprisingly, the cephalic anatomy of carabid beetles is almost
completely unknown, whereas detailed information is avail-
able for the very small geadephagan family Trachypachidae
and the aquatic groups of the suborder (e.g., Belkaceme 1991;
Beutel 1986, 1989; Dressler and Beutel 2010).

The general muscular configuration in the trechine species
examined is similar to the one found in previously studied
adephagan beetles (Jeannel 1926: figs. 19–21; Dressler and
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Beutel 2010). However, some modifications occur in the
troglobite species we examined. Firstly, M48 (M.
tentorialbuccalis anterior) is only composed of two thin fibers.
Secondly, a ventral postpharyngeal muscle originating directly
from the posteroventral head capsule is present, likely correlated
with the elongation of the head and pharynx. Thirdly, M29a (a
subunit of M. tentoriopraementalis inferior) originates from the
ventral head capsule anterad the gular apodeme in S. wangorum,
whereas it reaches the caudal third of the head capsule in the
other two species. M46b (a lateral subunit of M. frontobuccalis
posterior) is present in all three species. It has not been recorded
in other adephagan beetles so far. A link with subterranean habits
is unlikely, whereas a correlation with the enlarged, plate-like
anterior tentorial arms (see also Jeannel 1926: fig. 19) appears
plausible. It is possibly a derived feature of Trechinae or of a
more inclusive subgroup of Carabidae.

Sinaphaenops shows several strong adaptations towards
life underground, such as the elongation of the head capsule
with its consequences for the gular ridge and the cephalic
musculature, the long antennae and mouthparts (see also
Jeannel 1926: figs. 17 and 18: Aphaenops spp.), and the re-
duction of the eyes and the associated parts of the brain.
Intriguingly, and in contrast with some other troglobitic spe-
cies of beetle (Juberthie and Massoud 1977, 1980; Accordi
and Sbordoni 1978), the antennal equipment with sensilla ap-
pears largely unmodified, including the normal length of the
cephalic tactile setae.

In our investigation, we did not find any of those special-
izations in T. perroti, which was collected near the cave en-
trance. There is almost no information on the life history of
this species. However, the observed absence of any adaptation
towards a life in caves suggest that T. perroti has invaded the
periphery of caves only very recently, too short and too mar-
ginally for evolving typical environment-related characteris-
tics. It is also conceivable that the species is a trogloxene
beetle, visiting caves only occasionally.

Our study shows that a detailed comparison including the
muscular system provides further insights into cave adaptations
in beetles. However, additional study of material preserved with
fixatives specifically suited for histological investigations (e.g.,
Bouin, Dubosq Brazil) and microtome sections (1 or 0.5 μm)
may reveal further details related with subterranean habits.
Geometric morphometrics (GM) has been used to address sys-
tematic issues, colonization, and other evolutionary questions
(Bellés 1985; Peck 1986; Tizado et al. 1997; Zant et al. 1978;
Zinetti et al. 2013) and may be useful to quantify and compare
observed cephalic modifications (Faille 2006). Molecular sys-
tematics have recently been used in the context of the evolution
of cave beetles (Cieslak et al. 2014a, 2014b; Faille et al. 2010,
2013, 2014, 2015). As a future goal, a combined application of
advanced anatomical methods, geometric morphometrics and
molecular approaches will likely result in a better understanding
of evolutionary transformations related to moving underground.
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