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Abstract

We examine the functional morphology of the mandibular apparatus, including its driving muscles, of the generalist insect Periplaneta
americana using a combination of p-computed tomography and geometrical modelling. Geometrical modelling was used to determine
the changes of the mean fibre angle and length in the mandibular adductor muscle over the physiological range of mandible opening. The
roughly scissor-like mandibles are aligned along the dorso-ventral axis of the head and are characterised by sharp interdigitating distal
teeth, as well as a small proximal molar region. The mechanical advantage of the mandibles, i.e. the ratio between inner and outer levers,
ranges between 0.37 to 0.47 depending on the considered incisivus. The mandibular abductor muscle is comprised of eight muscle fibre
bundles, which are defined by distinct attachment positions on the sail-like apodeme protruding from the medio-lateral basis of the mandi-
bles into the head lumen. Compared to carnivorous, herbivorous, or xylophagous insects, the relative volumes of the mandibular abductor
and adductor muscle are small. Dependent on the mandible opening angle, the mean fibre angle of the adductor muscle ranges from 34° to
21°, while mean fibre length changes from 1.24 mm (closed mandible) to 1.93 mm at maximum mandible opening. Many of the specific
morphological features found in the chewing apparatus of P. americana, such as the presence of a mola in combination with distal incisivi,
small relative muscle size and the intermediate fibre angle can be understood as adaptations to its omnivorous life style.
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1. Introduction

Insects are the largest group of organisms in terms of
species number (GRiMALDI & ENGEL 2005) and provide
a major part of the animal biomass. Although they are
in the focus of attention of many organismic biolo-
gists, there still remain many functional aspects that are
sparsely studied. One of these aspects is the physiology
of ingestion and food processing. With the dawn of the

p-computed tomography (u-CT) technique, internal mus-
cle architecture has become increasingly widely used for
phylogenetic analyses (e.g. FRIEDRICH et al. 2014; WIPFLER
et al. 2015). However, since most morphological studies
rely on individual specimens, they largely disregard in-
traspecific variation and specific ontogenetic adaptations.
Even if mean values and measures of dispersion were
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provided, anatomical description alone does not provide
evidence to determine functional consequences of the
muscles and associated skeletal arrangements and struc-
ture (WEIHMANN et al. in press). In particular, this holds
for arthropods since physiological muscle properties are
much more variable than in vertebrates (JaAHroMI 1969;
TayLor 2000). Muscles, in turn, are the drivers of almost
all animal movements. Their arrangement in the skeletal
system, structure, and their physiological properties de-
termine the movement capabilities of an animal. Muscle
function and emerging capabilities of the powered limbs
have decisive impact on the development, behaviour,
interactions with the environment, and the evolution of
species.

Locomotion, mating and food acquisition are biolog-
ical functions that rely on muscle powered limbs, i.e.
the typical arthropod mouthparts in the case of feeding.
In many insects, specifically those with biting-chewing
mouthparts, the paired mandibles are the strongest parts
responsible for biting and reducing larger food items into
smaller digestible pieces. Thus, they are indispensable for
food acquisition, grinding, and intake. Alongside these
key features, mandibles are also used for defence and ag-
gression, digging, feeding nest mates or offspring, cling-
ing, and transport (CHAPMAN 1995; CrissoLp 2007).

The mechanics of neopteran insects’ mandibles is
relatively simple; they can be characterised as two class
3 levers working against each other (CrissoLp 2007).
For each mandible, the driving forces are generated pre-
dominantly by a single adductor muscle and transmitted
to teeth edges or grinding ridges at its distal parts. The
adductor is attached to the median basis of the mandible
and is antagonised by a much weaker abductor muscle at-
taching at the lateral basis of the mandible. In neopteran
insects, the mandibles are connected to the head capsule
via simple hinge joints, whose rotational axes are defined
by anterior and posterior condyli (e.g. SNODGRASS 1944;
PauL 2001; BLaANKE et al. 2012). Therefore, a mandible
can move only in a single plane. This makes the mechan-
ics of the biting process (ScHmITT et al. 2014) much sim-
pler than for instance those of the flying or walking ap-
paratuses (MAIER et al. 1987; AuN & FuLL 2002; SIEBERT
et al. 2010). Therefore, the experimental and analytic ef-
fort is reduced, which also reduces the effort of future
comparative studies leading to a better understanding of
interactions between single parts of a whole functional
unit.

Bite mechanics is largely underexplored in insects,
and detailed morphological data including physiological
examinations are notoriously rare. The largest body of
literature deals with the biting physiology of the chelae
of larger crustacean species, which comprise some of the
strongest biters in the animal kingdom (TayLor 2000).
Additionally, there are some papers about biting in some
orders of the chelicerates (vaAN DER MEUDEN et al. 2012,
2013). However, in crustaceans, scorpions and solpugids,
the structures responsible for strong biting are chelae or
chelicerae. This is in stark contrast to insects where the
driving muscles are not situated in these limbs but rath-
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er within the head capsule. Some papers deal with the
functional morphology and neuronal control of mandi-
ble movements in insects (GorB & BEUTEL 2000; PauL &
GRONENBERG 2002; Li et al. 2011), but only few studies
focused on the determination of bite forces. WHEATER &
Evans (1989) examined maximum bite forces and man-
dible closer size in several ground and rove beetles. Goy-
ENs et al. (2014) recently measured bite forces of stag
beetles. The carnivorous ground beetles exhibit special-
ized predatory mandibles while the stag beetles’ enlarged
mandibles are used primarily in male—male fights for
mating opportunities and not for food processing.

As a first step to a more general understanding of in-
sect biting, we examine the structure of the mandibles
and associated muscles in the omnivore cockroach Peri-
planeta americana. A detailed examination of the head
morphology and anatomy of this species is provided by
WEISSING et al. (in press). ScHmITT et al. (2014) studied
the movement of the mandible with in vivo X-ray radi-
ography. In conjunction with the exerted voluntary bite
forces of P. americana, which were studied by WEIHMANN
et al. (2015), here we provide a detailed study of insect
biting relying on anatomical and physiological data from
eight specimens. We analysed fibre angles and lengths
of the major fibre bundles of six mandibular adductor
muscles (m. craniomandibularis internus (Omdl)) and
provide the relative sizes of adductor and abductor mus-
cles (m. craniomandibularis externus posterior (0md3))
of seven other hemimetabolous insect species from four
different insect orders. Moreover, the results for these
omnivore, xylophage, carnivore, and herbivore species
are compared with the conditions found in P. americana.
Finally, we draw inferences on the functioning of biting-
chewing mouthparts of insects in general, and compare it
with those of crustacean chelae and chelicerae of solpu-
gids.

2. Methods

The present study is based on eight adult specimens of
Periplaneta americana. They originated from a labora-
tory colony at the Institut fiir Spezielle Zoologie und
Evolutionsbiologie of the Friedrich-Schiller-Universitit
Jena, Germany. The colony exists since 2012 and was
originally derived from professionally bred animals
(available at: www.schaben-spinnen.de). The animals
were kept at room temperature (23—25°C) in perspex
cages and fed twice a week with porridge oats; water
was provided ad libitum. The animals used in the present
study had a mean body mass of 1.12 + 0.17 g. The same
animals were previously examined with respect to the
voluntary bite forces (WEIHMANN et al. 2015). With these
experiments we also determined the opening range of the
mandibles. Voluntary opening angles ranged from 46° to
about 100°, with the former meaning completely closed
mandibles, i.e. the condition used for p-CT-examinations
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(see below). Despite the much larger range of voluntary
movements, significant bite forces were obtained only
between 55° and 85° of mandible opening. At angles
smaller than 55° the interactions of the two mandibles
with the force sensor hampered further mandible closure
and therefore the measurement of reliable force values.
At angles larger than 85° passive forces of the joint
structure dominates mandible closing (see WEIHMANN et
al. 2015). After measuring the biting forces, the animals
were decapitated immediately and killed by freezing
(—=18°C) for several minutes. Afterward we transferred
them to 70% ethanol.

The opening angle of a mandible was defined as the
angle between the horizontal line, and the length axis of
a mandible (oa; Fig. 1E). The length axis of a mandible,
in turn, was defined as the line from the anterior condyle
of the mandible joint to the tip of the distal most tooth
(ma; Fig. 1E). Both measures, horizontal line and man-
dible axis, were acquired from video recordings, which
occurred synchronously with the force measurements.
During the process of filming, the labrum was folded up
and fixed, to guarantee a clear view on the mandibles.

The system of coordinates was aligned individually.
Thus, the horizontal plane was spanned by the joint axes
of the left and right mandible joints with the connect-
ing line between the two anterior condyles defining the
horizontal axis of the head (Fig. 1A,D). The transverse
plane was defined by these condyles and was always per-
pendicular to the horizontal plane. The sagittal plane, in
turn, subtends the horizontal plane along the centreline
between the anterior condyles and is perpendicular to
both, the horizontal and the transverse plane. The inter-
section line of the horizontal and the sagittal planes also
defines the length axis of a cockroach’s head.

For p-computed tomography (p-CT), the heads of
the specimens were dried with hexamethyldisilazane and
mounted on a sample holder. The scans were performed
on a Skyscan 1172 (Bruker, Kontich, Belgium) that was
operated at an acceleration voltage of 40 kV and a current
of 250 pA. The exposure time for a single x-ray image
was 720 ms; x-ray projections were captured over a full
360° rotation of the specimen at steps of 0.130°. The x-
ray images were then converted into a volumetric data
set that consisted of isometric voxels with a voxel size of
3.07 pm. This volumetric p-CT data (Fig. 1C) was ana-
lysed with Visage Imaging Amira 5.2.2 (Visageimaging,
San Diego, USA) using the length and volume measure-
ment tools. [llustrated volume renders were implemented
with VG Studiomax 2.2 (Volume Graphics GmbH, Hei-
delberg, Germany). The p-CT scans are deposited in the
collection of the Phyletisches Museum in Jena, Germany
(scans 4—12 in Polyneoptera/Blattodea/Periplaneta ame-
ricana).

All morphological and anatomical measures were
taken from the 3D data provided by the u-CT scans.
The general morphological terminology follows SEIFERT
(1995) and for the musculature WiprLER et al. (2011). For
each specimen, we determined characteristic measures
of both mandibles. These measures were the positions of
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the anterior and posterior condyles, the attachment po-
sition of the adductor tendon to the mandible base and
the positions of the mandible teeth. They were used to
determine the respective distances to the joint axis, i.e.
the lengths of the inner and outer levers, and to determine
the angles between them (Fig. 1E). Thereby, the lengths
of the inner and outer levers were defined as the distances
of the teeth, or the attachment of the adductor tendon,
perpendicular to the joint axis (Fig. 1E, Table 3). The ef-
fective inner lever, which is pivotal for the efficiency of
the force transmission, was defined as the length of the
projection of the line between the joint axis and the ten-
don attachment point onto the horizontal line (Fig. 1E).
Despite immediate transfer to ethanol, only three speci-
mens (1.16 + 0.1 g) had sufficiently well preserved fibres
of the adductor muscle for further examination. From
these three specimens we examined the left and the right
mandibular adductor and abductor muscles.

We distinguished eight distinct compartments in the
mandibular adductor muscle (m. craniomandibularis in-
ternus), which are defined by their origin on the tendon
(Fig. 2). The abductor muscle (m. craniomandibularis
externus posterior) is much smaller and does not divide
into different compartments. Fibre length and fibre an-
gle of five muscle fibres that were evenly distributed in
the bundle were determined for each of the eight major
compartments of the adductor and for the abductor. We
selected one fibre in the centre of the bundle and four
close to the end points of the defining axes of the roughly
elliptic cross section of the fibre bundles. Additionally,
we measured the effective cross sectional area of the
eight compartments of the adductor and that of the ab-
ductor at their widest parts, i.e. we determined the area of
an elliptic envelope of virtual sections perpendicular to
the predominant fibre orientation with the length measur-
ing tool of Visage Imaging Amira 5.2.2. The fibre angles
were determined with respect to the major direction of
the muscle force (mf-fa; Fig. 1E,F), which was defined
as the direction from the attachment point of the tendon
at the mandible base to the centre point of a muscle’s
attachment area at the head capsule. The mean values of
fibre length and angles were calculated individually for
each fibre bundle and weighted according to the relative
contribution of the single bundles to the total cross sec-
tion area of a mandibular adductor. In this way, the mean
fibre length and angle of the mandible adductor were
determined individually for the positional conditions
during p-CT imaging at which mandibles were closed,
i.e. with maximally shortened adductor muscles. Muscle
length changes and angular changes, then, were calcu-
lated based on these weighted means averaged across all
examined specimens.

The position of the tendon attachment changes when
a mandible rotates around its pivot axis. Depending on
the length of the inner lever and the opening angles of
the mandibles, dorso-ventral and lateral displacements
were determined (see results), which led to correspond-
ing length changes and angular changes of the muscle
fibres. Potential length changes of the tendon are negli-
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Fig. 1. A: right mandible of Periplaneta americana in anterior view; B: left mandible of Periplaneta americana in anterior view; C: p-com-
puted tomographical section of the head capsule; mandibular adductor muscle in blue, mandibular abductor muscle in red, pharynx in
green; D: coordinate system of the head capsule; E: distances, points and angles on the mandible; F: angles and directions on the man-
dibular tendon. — Abbreviations: 1-1V: incisivi; abm: mandibular abductor muscle; adm: mandibular adductor muscle; eil: effective inner
lever; fu: fulcrum; hp: horizontal plane; il: inner lever; il-ol: angle between outer and inner lever for the 2™ incisivi; mf: main direction of
muscle force; ma: mandibular axis or outer lever of the 1* incisivus; mf-fa: angle between the main direction of the muscle force and one
muscle fibre; mr: mandibular molar region; oa: opening angle of the mandible; ol: outer lever of the 2™ incisivi; ph: pharynx; sp: sagittal

plane; tp: transverse plane. Scale bars: 0.5 mm.

gible as insect tendons usually are about 40 times stiffer
than those of vertebrates (BENNET-CLARK 1975; KER et al.
1988). Since lateral displacements were only about 0.3
mm and small compared to the total length of the muscle
tendon system of about 3.8 mm (see results), their im-
pact on the fibre length and angle changes is negligible.
Thus, calculations of the mean fibre length change and
mean angle change rely only on displacements in dorso-
ventral direction (see results section). By applying this
dorso-ventral displacement on the mean fibre length and
angle, length and angular changes were calculated as
changes in a right-angled triangle with the lengthening
leg lying onto the major direction of the muscle force (cp;
Fig. 1E,F). For the calculation of the fibre length chang-
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es, i.e. those of the hypotenuse, the Pythagorean theorem
was applied. Angular changes were calculated accord-
ingly as changes in the angle between the leg of the right-
angled triangle in parallel with the main force direction
and the hypotenuse by using trigonometric functions. All
lengths, angles, changes, and statistics were calculated
with MATLAB R2010a (The MathWorks, Natick, MA,
USA). All variance in measurements is standard devia-
tion (mean + s.d.).

Muscle and head capsule volumes of P. americana
were measured with the volume measure tool of Ami-
ra 5.2.2. The volume of the head capsule included the
mouthparts and eyes but not the antenna. The volume of
the muscles includes the respective tendon. These val-
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Fig. 2. Bundles of the right mandibular adductor muscle (m. craniomandibularis internus, 0Omd1) and abductor muscle (m. craniomandibu-

laris externus posterior, 0md3) of Periplaneta americana, 3D-reconstruction based on p-computed tomography. A: frontal view; B: dorsal

view; C: posterior view. — Abbreviations: 0md3: M. craniomandibularis externus posterior; a—h: bundles of M. craniomandibularis

internus; as: antennal socket; atb: anterior tentorial bridge; ce: compound eye; ct: corpotentorium; fr: frons; md: mandible; mt: tendon of

M. craniomandibularis internus; pg: postgena; ve: vertex.

ues were also measured for other polyneopteran line-
ages with different diets, for which pu-CT scans of the
head were available in the collection of the Phyletisches
Museum, Jena, Germany: the xylophagous termite Mas-
totermes darwiniensis and cockroach Salganea sp., the
omnivorous roach Ergaula sp., the insectivorous mantid
Hymenopus coronatus (WIPFLER et al. 2012) and gryllo-
blattodean Galloisiana yuasai (WIPFLER et al. 2011) as
well as the herbivorous phasmatodeans Phyllium siccifo-
lium (FRIEDEMANN et al. 2012) and Timema sp. (one indi-
vidual studied respectively).

3. Results

3.1. Mandibular morphology

In the resting position, the mandibles of P americana
are oriented along the dorso-ventral axis. Thus, compa-
rable to scissor blades, they act as a pair of sharp cutting
edges moving closely past each other, allowing shear-
ing of tough materials. In contrast to scissors, however,
each mandible has its own pivot and their axes are tilted
towards each other. On average the angles between the
joint axes and the sagittal plane were about 17 + 2°, with
the posterior condyles positioned more laterally than the
anterior ones.

The teeth of the mandibles intercalate with each oth-
er, and thus left and right mandibles have to be slightly
unsymmetrical. The left mandible has four distal teeth
while the right has only three teeth. The distances of
the teeth towards the joint axes vary (Table 3), but the
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distances from the distal-most teeth to the joint axes are
both about 2.52 mm (+ 0.13 in the right and + 0.10 in the
left mandible) and do not differ significantly from each
other (t-test, p = 0.34). The distances from the joint axes
to the 3™ left and 2™ right teeth were 2.33 + 0.11 mm and
2.32 + 0.10 mm, respectively, which was also very simi-
lar (p = 0.95). The teeth have different shapes; particular-
ly the 3 left and 2" right teeth are characterised by sharp
proximal edges. With closed mandibles the length of the
muscle tendon complex of the mandibular adductor was
3.8 mm + 0.16 mm (i.e. the length from the attachment of
the tendon at the mandible base to the centre point of the
muscle attachment area at the head capsule).

3.2. The morphology of the mandibular
adductor muscle and its tendon

In P. americana the mandibular adductor tendon is an
elongate structure with varying degrees of sclerotization.
It is attached on the mesal basal edge of the mandible.
This articulation zone is not sclerotized and therefore
highly flexible. However, manual testing showed that in
alcohol preserved specimens the apodemes’ material is
denatured and conveys the impression of high resilience
to bending which is not the case in fresh specimens. From
this articulation, in the frontal view, the tendon continues
as a roughly triangular, sail-like, planar structure into the
lumen of the head capsule (Fig. 2). Close to the mandibu-
lar articulation the basal wing of the tendon is located
on the lateral side of the tendon. Both disto-mesal and
disto-lateral wings are attached distally (see also fig. 11
in WEISSING et al. in press).

In both hemispheres of the head of all studied speci-
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Table 1. Origins at the mandible apodeme and insertions at the head capsule of the mandible closer bundles (M. craniomandibularis inter-

nus) in Periplaneta americana.

5 5
o
2 c = £
z 5 3 :
@ 6 £ 8
a Iaterally on the dISanl part of the basal wing and latero-posterior vertex the most lateral bundle
the entire lateral wing
b along the eth"e ventral surface of the basal wing postgena, laterad the foramen occipitale a broad bundle
of the mandibular tendon
. B along the entire antero-posterior vertex, mesal to ’
c mesal side of the lateral wing of the tendon the biggest bundle
bundle a and laterally of d and e
anterior vertex, mesal to bundle c; in the right
hemisphere with two dinstinct subcomponents
d posterior edge of the mesal wing of the tendon Wh”.e.the left hemisphere has only one. .The forms a column with bundle e
additional mesal subcomponent of the right
bundle attaches in the midsagittal area, anterior
to bundle f of the left hemisphere.
posterior vertex, mesal to bundle ¢ and lateral of
e along the entire lateral side of the mesal wing of bundles g an(jj f, dlrectly postergd .bundle d. In forms a column with bundle d
the tendon the right hemisphere with two distinct
subcomponents, in the left one with only one.
posterio-mesal edge of the mesal wing of the . the most anterior bundle of
f anterio-mesal vertex
tendon the mesal row
. . mesally on the vertex, posterior to bundle fand [the mesal bundle of the
g mesal side of the mesal wing of the tendon )
anterior to bundle h mesal row
h ventro-mesal edge of the mesal wing of the mesally on the dorsal edge of the foramen the thinnest bundle of the
mandibular tendon occipitale muscle

Table 2. Fibre lengths, fibre angles, cross section areas (in mm? and % of the entire muscle) and volume (in mm? and % of the entire mus-

cle) of the eight muscle fibre bundles of the mandibular adductor of Periplaneta americana.

bundle length angle area area volume volume
(mm] [’] (mm’] (%] [mm?] (%]

mean std mean std mean mean std mean std mean std
a 1.17 +0.18 30.30 +6.0 0.53 +0.05 23.90 +26 0.78 +0.09 24.78 +2.53
b 1.17 +0.19 39.70 +59 0.50 +0.08 2250 +2.3 0.62 0.1 19.39 +1.46
c 1.52 +0.25 41.90 +15.3 0.33 +0.05 14.70 +2.4 0.60 +0.15 18.62 +3.18
d 1.00 +0.05 59.80 +5.7 0.21 +0.06 9.30 £2.1 0.23 £0.10 6.93 £2.31
e 1.34 +0.23 11.00 +76 0.38 +0.14 17.20 +6.5 0.60 +0.25 18.59 +5.06
f 1.1 +0.1 41.60 +14.1 0.13 +0.05 5.70 +2.2 0.16 +0.04 5.03 +1.44
g 1.25 +0.08 26.40 111 0.12 +0.04 5.20 +19 0.14 +0.05 4.79 +2.02
h 1.29 +0.15 30.60 +6.5 0.03 +0.01 1.50 +0.6 0.06 +0.02 1.87 +0.55

mens of P. americana the adductor can be divided into
eight distinct compartments. These muscle fibre bundles
have defined areas of origin on the mandibular tendon
(Table 1; Fig.2). In principle, the attachment of the
mandibular adductor on the head capsule is fan-shaped,
i.e. the attachment areas of the single fibre bundles are
mostly oriented along the length axis and lined up along
medio-lateral directions (Fig. 2). Only the bundles b and
h deviate from this pattern and attach exclusively on the
posterior wall of the head capsule. Although all bundles
can be identified in both hemispheres, where they have
the same origin on the tendon, the structure of some bun-
dles differed consistently between the hemispheres. This
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difference is reflected by increased standard deviations
of the cross-section areas (e.g. bundle e in Table 2). In
two specimens, the right adductor seems to be somewhat
larger than the left one; in the third specimen, however,
it appears to be the opposite. Though the imbalances
might be a consequence of the asymmetric dentition of
right and left mandibles, deducing a general trend does
not seem to be reasonable at this stage due to the small
sample size. Therefore, we confined our analyses to the
averages of left and right muscles of all three specimens
(see below). Nevertheless, the issue with the mandibu-
lar asymmetry should be examined in more depth with
larger sample sizes in the future.
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3.3. Characteristic lengths and angles
with closed and open mandibles

Subsequent to the straining physiological experiments
and the preparation for the p-CT scans, the resting posi-
tion of the mandibles could be reliably identified only in
two right and four left mandibles. The resultant position
of the mandible base, i.c. the inner lever, was close to
the horizontal line when mandibles were closed (right:
—4.6 £ 1.1°; left: 0.1 £ 1.2°). The inner levers were about
0.92 mm in both mandibles (right: 0.92 + 0.06 mm;
left: 0.92 + 0.09 mm). A rotation of this lever about the
joint axis results in positional changes of the mandibles.
Within the range of significant bite forces (55° to 85° of
mandible opening), this change corresponds to a dorso-
ventral displacement of the tendon of about 0.45 mm.
Changes from closed to maximally opened mandibles
lead to a displacement of 0.7 mm. Since the orientation
of the muscle changes only marginally with increasing
mandible opening (see methods section) the effective le-
ver, i.e. the horizontal distance between the pivot and the
attachment of the tendon, reduces by about 30% when
considering the range from closed to maximally open
mandibles. If we consider those opening angles, where
considerable bite forces were measured, i.e. from about
55° to 85°, the effective lever decreased by only 18%.
Hence, the effective mechanical advantage (EMA), i.e.
the quotient of the effective inner lever to the outer le-
ver, changed too. The ratio of the distances between pivot
and tendon attachment on the one side and pivot and the
outer lever on the other side are constant and define the
mechanical advantage (MA) of specific teeth. Depend-
ing on the tooth considered (Table 3), this ranged from
0.37 to 0.47. Here, the position of the 2™ right and 3™ left
teeth seems to be of particular significance. Both teeth
are well developed and their proximal rims are cutting
edges; their MA is about 0.39.

Volumes and cross sectional areas of the eight fibre
bundles differ strongly from each other, but their individ-
ual contributions to the cross sectional area of the whole
muscle are relatively constant among the measured spec-
imens (Table 2). On average the mandibular adductors
had a cross sectional area of about 2.23 + 0.24 mm?. The
bundles a, b, ¢ and e were the largest fibre bundles mak-
ing up about 78% of the whole muscles’ cross sectional
area (Fig. 2; Table 2), which was calculated by summing
up the cross sectional areas of the single bundles. The
mean weighted fibre angle is about 34° whereas single
fibre bundles deviate markedly from this value (Table
2). The mean weighted fibre length was about 1.24 mm
while the mean lengths of the single fibre bundles ranged
from 1 to 1.52 mm.

When the cockroach mandibles open, the length of the
effective inner lever, the mean fibre length, and the mean
fibre angle change markedly (Fig. 1E,F). Starting from
closed mandibles the mean fibre angle decreases from
about 34° to about 21° at maximally opened mandibles
(Fig. 3). At mandible opening from 55° to 85°, the mean
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Fig. 3. Changes of A: the mean fibre length and B: the mean fibre
angle of the mandibular adductor muscle of Periplaneta americana
for the mandible opening angles between 48° and 100°.

fibre angle changes from about 31° to 23°. The mean fi-
bre length increases nearly linearly from 1.24 mm with
closed mandibles to 1.93 mm at 100° mandible opening.
In the range from 55° to 85°, the fibre length changes from
about 1.36 mm to 1.76 mm; this corresponds to a relative
increase of 35% and 23%, respectively. Fibre length and
opening angle are almost linearly related. Thus, the as-
cending limb of the relationship of bite force and opening
angle, which occurs between 55° and 62° corresponds to a
mean muscle fibre length range from 1.36 mm to 1.46 mm
(Fig. 3). The force plateau, between 62° and about 75°
(WEHMANN et al. in press), corresponds to fibre lengths
from 1.46 mm to 1.63 mm and the descending limb to fi-
bre length between 1.63 mm and about 1.76 mm (Fig. 3).

Muscle pennation results in muscle fibre stresses
higher than whole muscle stresses (PAUL & (GRONENBERG
1999). According to its dependency on the cosine of the
pennation angle, the differences are larger the higher the
muscle pennation angle. The pennation of mandibular
adductors is maximal when the mandibles are closed and
decreases with increasingly opened mandibles. Thus,
muscle fibre stress is up to 20% higher than whole mus-
cle stress when mandibles are closed and the mean pen-
nation angle gains its maximum value of 34°. At maxi-
mally opened mandibles, the mean pennation angle is
only about 21° and the surplus in fibre stress, thus, is
only about 7%. In the range from 55° to 85° mandible
opening, the pennation decreases from 31° to 23° which
results in fibre stress values exceeding that of the whole
muscle by about 17% and 9% respectively.
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Table 3. Distances in the mandibles of Periplaneta americana. —
Abbreviations: il = inner lever i.e. distance between joint axis and
tendon attachment; oll —ol4 = outer lever i.e. distances between

joint axis and the mandible teeth 1 to 4 (distal to proximal).

right left
mean std mean std
il [mm] 0.92 | £0.06 | 0.92 | +0.09
ol1 [mm] 252 | +0.13 | 2.52 | £0.10
ol2 [mm] 233 | £0.11| 2.36 | £0.12
ol3 [mm] 1.98 | £+0.09| 2.32 | +0.10
ol4 [mm] - - 1.94 | £0.10

Table 4. Angles between the inner lever (il) and outer levers (ol) for
all incisivi of Periplaneta americana.

right left
mean std mean std
Zil-ol1[] | 409 | +13 | 493 | 18
Zil-ol2[*] | 428 | 29 | 470 | 222
Zil-ol3[] | 390 | 224 | 301 | 222
Zil-ol4[°] . - 369 | 2.4

4. Discussion

The mouthparts of P americana, especially the mandi-
ble, and its mechanics were the focus of recent studies
(ScumiTT et al. 2014; WEIHMANN et al. 2015; WEISSING et
al. in press). Their mandibles are roughly triangular cut-
ting devices. In contrast to mechanical shears and scissors
their mechanics are characterized by two independent
joint axes such that there is usually no point of intersec-
tion if the animal grasps a piece of food. On the contrary,
the cutting edges of the two mandibles are typically di-
vided by a relatively wide spacing. While only the distal
parts of the mandibles are characterised by sharp edges
and teeth, the more proximal parts, i.e. those which could,
in principle, make up a point of contact between the op-
posed mandibles, are blunt and not suitable to generate
shear forces. Thus, the mechanism of cockroach mandi-
bles is rather analogous to staggered pairs of parrot beak
pruners. Initially, the tips of the mandible teeth perforate
the outer surface of a food item and then the proximal
edges of the teeth cut apart the material (see Figs. 1, 2)
cut apart the material. Only when the opening angles of
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the mandibles are small, the cutting edges of some teeth
can interact like scissor blades and may generate signifi-
cant shear forces. Here, particularly the second right and
the third left teeth seem to have the capacity to form a
structure similar to the carnassial structure of carnivore
mammals enabling P. americana to cut up stringy matter
such as fibrous plant and animal materials.

P. americana, as many other roaches, is an omnivo-
rous insect (BELL et al. 2007). This diet is also reflected
in their mandibular apparatus. Each mandible has distal
incisivi as well as a proximal grinding area, the mola
(Fig. 1A,B; WEIssING et al. in press). Carnivorous in-
sects such as dragonflies or mantids lack the mola and
therefore have a mesal cutting edge (BLANKE et al. 2012;
WiprLER et al. 2012) while the mesal side of the mandible
of herbivorous insects contains a sole grinding area (e.g.
FrIEDEMANN et al. 2012).

Adaptations towards the generalized lifestyle can
also be found in the mean fibre angle of the mandibu-
lar adductor. For adductors with elongated apodemes
and only little horizontal width, PauL & GRONENBERG
(1999) proposed a geometrical model. It predicts that for
maximum bite force generation the optimum fibre angle
is 45° whereas maximum closing velocities are reached
with fibres aligned along the force direction. Thus, most
insect species should adopt muscles with intermediate fi-
bre angles. With 34° at closed mandibles, the mean fibre
angle in P. americana is similar to many non-specialized
ants (PAauL & GRONENBERG 1999). In contrast, the fibre
angles are as small as 15° in fast predatory ants while
muscle fibres in herbivorous, leaf-cutter and seed eating
ants attach at angles steeper than 40° (PAuL & GRONEN-
BERG 1999). Although most literature refer to measure-
ments with closed mandibles, from a functional point of
view, fibre angles should be obtained at the force plateau
of a mandibular adductor. In P. americana this plateau is
reached at mandible opening angles between 62° and 75°
(WEIHMANN et al. 2015). Here, the mean fibre angles are
smaller and reach angles between 25° and 28°.

A small mechanical advantage (MA), i.e. the quotient
of the inner lever to the outer lever results in a smaller
force output in the mandible. However, the potential max-
imum velocity of the mandible tip increases and the time
necessary to close the mandibles decreases. Accordingly,
the detritivore larva of the beetle Liocola exhibits a rather
high MA of 0.54 (Gors & BeUTEL 2000). The mandibles
of predatory aquatic beetle larvae of the species Hydro-
philus and Cybister, which in turn rely on fast attacks
on rather soft-bodied prey are comparatively slender and
have MA values of 0.28 and 0.26 respectively (GorB &
BEuTEL 2000). Additionally, the mandibles of Hydrophi-
lus larvae have a prominent cutting ridge (retinaculum)
at their median central part, which allows the cracking
of snail shells by taking advantage of the much higher
mechanical advantage (Gors & BEUTEL 2000). Male stag
beetles (Govens et al. 2014), which use their elongated
mandibles in their notorious fights for mating opportuni-
ties have also the need for fast actions. Thus, depending
on the bite positon, MA values of male mandibles range
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from 0.13 to 0.28, while the MA of female mandibles is
about 0.34. In carnivorous ground and rove beetles MA
values range between 0.35 and 0.59 (WHEATER & Evans
1989) and 0.18 and 0.46 (L1 et al. 2011) respectively.
Both examinations present the MA of the distal most
teeth of the mostly single-toothed predatory mandibles.
Similar values are measured in Periplaneta americana.
They range from 0.37 to 0.47 from the distal most to the
proximal incisivi with 0.39 in the second right and third
left which are the strongest teeth. Thus the omnivorous
lifestyle of Periplaneta americana is not reflected in the
mechanical advantage.

With closed mandibles, the position of the inner lever
almost coincides with the horizontal line, i.e. the line be-
tween the two anterior condyles. Therefore, the force of
the adductor muscle is optimally transmitted to the man-
dibles’ teeth and edges in this condition. However, the
orientation of the single muscle fibres may deviate sig-
nificantly from the current direction of the main muscle
force. In the transverse plane the fibre angles of the bun-
dles fand a deviate up to 60° from each other (Figs. 1,
2). Therefore, depending on the opening angle of the
mandibles, differential or sequential activation patterns
are conceivable, i.e. lateral bundles are active primarily
when opening angles are small and medial fibre bundles
show highest activity when opening angles are high.
However, it has been previously found in ants (PauL &
GRONENBERG 2002) that posterior and lateral fibres are
probably not recruited differentially, although fast mus-
cle fibres, lumped together in specific muscle subunits,
can be activated independently.

Most of the fibre bundles gain attachment area and
therefore effective cross-sectional area by spreading out
in anterio-posterior direction at the curved dorsal wall
of the head capsule (Fig. 2B). In this way, the attach-
ment areas largely match the effective cross-sectional
areas. Only bundle b and /4 attach almost exclusively at
the posterior wall of the head capsule. Their attachment
areas are significantly larger than the cross-sectional ar-
eas. Accordingly, the forces generated by these muscle
bundles are distributed over a relatively larger area and
this decreases the tensile loading of the comparatively
flat posterior wall of the head capsule, which probably is
not optimised to withstand high tensile forces.

The maximum bite force of P. americana is about
0.5 N (WEmHMANN et al. 2015). However, this study used
a 2D-force sensor which allowed only for the discrimina-
tion of medio-lateral and dorso-ventral bite forces. An-
terio-posterior force components could not be resolved.
Though the movability of the mandibles is largely re-
stricted to the transverse plane, the joint axes of the man-
dibles are tilted with regard to the length axis of the head
by about 17°. Consequently, and according to trigono-
metric functions, absolute mandible forces were up to 6%
higher than the measured resulting forces. Thus, muscle
forces and stresses might also be higher. In contrast to
the tilted joint axes, the blades and cutting edges of the
mandibles are almost aligned in parallel to the transverse
plane. The anterio-posterior force components, therefore,
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primarily seem to facilitate shovelling of the reduced
food towards the oesophagus and do not contribute to the
biting forces themselves.

If applying the log10 transformation of the bite force
quotient (BFQ), i.e. maximum bite force/body weight*®
as suggested by vaN DER MEUDEN et al. (2012), the re-
sulting logBFQ is 0.99 for P. americana. This quotient
should be independent of body mass and therefore allow
comparisons between different sized animals (VAN DER
MEUDEN et al. 2012). Male stag beetles of the species
Cyclommatus metallifer can generate bite forces of up
to 9 N with a body mass of about 1.36 g (GoYENs et
al. 2014) which results in logBFQ of 2.19. Even higher
values can be expected for leaf-cutter ants. With an es-
timated bite force of more than 1 N (WEmHMANN et al.
2015, supporting information: S1 Text) and a body mass
of about 20 mg, the ants’ logBFQ exceeds 2.45. Thus,
insects with specialized mandibular apparatus that al-
low them to clutch opponents or cut tough leaves exhibit
much higher values than omnivorous P. americana. For
chelate crustaceans, scorpions and solpugids the values
range from 0.98 to 2.96, where the highest values were
attained in crustaceans (TAyLor 2000; VAN DER MEUDEN
et al. 2012). Apparently insects, arachnids and crusta-
ceans include species with moderate to very distinct
biting abilities. However, a comparison between insects
and crustaceans is difficult since all crustaceans stud-
ied so far use their chelae rather than their mandibles to
crush prey. Moreover available literature mostly refers
to species specialised for slow and hard-shelled prey.
Thus their bite forces are expected to be above non-
specialist species (VAN DER MEUDEN et al. 2012; TAYLOR
2000). Crustaceans are arguably the most morphologi-
cally diverse group of arthropods, but the species stud-
ied so far do not reflect this actual biodiversity. From
a phylogenetic point of view, insects are in fact a ter-
restrial group of crustaceans (e.g. Misor et al. 2014). In
contrast to chelae, mandibles are independently driven
and work against each other. However, according to
Newton’s 3% law, one moveable lever with only one ad-
ductor acting against a rigid counterpart, in principle,
can apply the same biting force as mandibles of the same
size with equally sized adductors. The advantages of
two independently driven blades seems not to primarily
be to increase bite force but rather reduce length changes
of the adductors when the animals encompass and cut
food pieces of a certain size. That is because the working
ranges of both sides add up, and high opening angles can
be achieved with only half the muscular length change.
As a consequence, the adductors can act closer to their
optimum length of 1.46 mm to 1.63 mm in P. americana
(WEmHMANN et al. 2015), which results in increased effi-
ciency. Moreover, the effective closing velocity is high-
er for a given mean sarcomere and fibre length because
the velocities of both sides also add up. If no particularly
fast actions are needed, the muscles can still act closer to
isometric conditions, which increases the maximum bit-
ing force or efficiency again (HiLL 1938; WeNDT & GiBBS
1974; Crow & KusHMERICK 1982).
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Table 5. Volume of the head capsule (in mm?), and the fibres and tendon of the mandible adductor (M. craniomandibularis internus, Omd1)

and abductor muscles (M. craniomandibularis externus, 0md3) of selected species. The muscle volumes are provided in absolute values

(mm?®) and as percentage of the volume of the head capsule.

. head capsule Omd1 Omd1 0Omd3 Omd3
Species [mm?] [mm?3] %] [mm?] %] Omd1/0md3
Blattodea / Periplaneta americana 45.44 +3.43 6.64 +1.71 14.61 0.79+0.07 1.74 8.41
Blattodea / Ergaula sp. 9.67 1.15 11.90 0.08 0.87 14.37
Blattodea / Salganea sp. 14.84 4.44 29.93 0.25 1.66 18.07
Blattodea / Mastotermes darwiniensis 9.62 2.54 26.43 0.23 2.35 11.26
Mantodea / Hymenopus coronatus 42.43 6.99 16.48 0.80 2.12 8.74
Grylloblattodea / Galloisiana yuassai 5.10 1.08 21.12 0.09 1.67 12.62
Phasmatodea / Phyllium siccifolium 10.43 3.01 28.84 0.13 1.24 23.19
Phasmatodea / Timema sp. 13.19 2.51 19.02 0.12 0.93 20.36
30 27 27.0
< Omd1 w° 0md3 01 0Omd1/0md3
o o 24 24.0
S 24 S
a 221 210
@ 21 @
o © 18 18.0
o 18 o
@ 815 15.0
215 2t ’
2 212 12.0
o9 o9 90
£ Sos 6.0
o o
> 3 >03 3.0
8T & © 9 9 © £ © S & © 9 9 © £ © ST & T 9 9 © ©
A g3 EE{55E B g8 EzE5E Cgsgggs s
S ® 5 8 £ € 3 E S © 5 g £ 2 > E 8 © & 5§ & 2 X g
2 W s 5 ¢ £ § K g W g 538 & 2 g K & U g 5 ¢ & F§ K
g %3258 g “ 3538 P 2358
s T =T ¢ s T
B omnivorous B xylophagous [l insectivorous [ nherbivorous

Fig. 4. Relative volume of the mandibular muscles for selected species of insects. A: relative volume of M. craniomandibularis internus

(0md1) compared to the volume of the head capsule; B: relative volume of M. craniomandibularis externus posterior (Omd3) compared to

the volume of the head capsule; C: ratio between M. craniomandibularis internus (Omd1) and M. craniomandibularis externus posterior

(0md3).

The rather low maximum bite forces exerted by P.
americana are also reflected by the relative small vol-
ume of the adductor muscles relative to the head cap-
sule (Table 5; Fig. 4). In the three studied specimens of
P. americana, the mandible adductors represented about
14.6% = 3.8% of the entire volume of the head capsule.
The only lower value (11.9%) was observed in the like-
wise omnivorous cockroach Ergaula sp. With the excep-
tion of the mantid Hymenopus coronatus (16.5%), all
other species studied here have distinctly higher values.
In Hymenopus this low value might be a result of the
large dorsal fastigium and the cone-like compound eyes
which strongly increase the volume of the head capsule
(WrpFLER et al. 2012). In our study, the highest values
were found in the wood-feeding cockroach Salganea sp.
(29.9%) and the herbivorous phasmatodean Phyllium
siccifolium (28.8%). However, quite similar values were
documented for carnivorous rove beetles (L1 et al. 2011).
They seem to also have relatively big mandibular adduc-
tor muscles making up about 26% to 33% of the head
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capsule’s volume. Even larger muscles were found in ant
workers (PauL 2001), where the adductors can occupy up
to 66% of the head capsule volume.

The ratios between the volumes of the adductor and
the abductor muscle varied considerably between differ-
ently adapted species. Higher ratios seem to be reserved
for species specialised in tough food. We observed the
highest ratio in the herbivorous phasmatodeans (23.2 in
Phyllium and 20.4 in Timema) followed by the xylopha-
gous roach Salganea (18.1). Relatively low ratios of 8.4
were found in P. americana (Fig. 3) and 8.7 in the in-
sectivorous mantid. Since lower ratios and accordingly
relatively stronger mandible abductor muscles might fa-
cilitate higher rates when repeated biting is required, or
faster reopening when a predatory strike missed, this fea-
ture is probably particularly useful in species with a diet
comprising a significant part of elusive animal source
food. In the omnivorous roach Ergaula as well as the xy-
lophagous and herbivours species the adductor is at least
11 times bigger than the abductor. Li et al. (2011) found
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volume ratios between 6.3 and 12.2 in three species of
predatory rove beetles with distinctly differing mandible
morphologies.

It should be kept in mind that the specimens of P.
americana used in this study were bred for several gen-
erations and fed with uniform diet. However, the same
applies to the cockroach Ergaula sp., the mantid Hy-
menopus coronatus and the phasmatodean Phyllium sic-
cifolium, while the other species were taken from the
wild. The effects of uniform diet and constant inbreed-
ing on the development of the chewing apparatus and
other organs have to be clarified by future analysis but
we assume that they are detrimental for normal develop-
ment.

The chewing apparatus of insects is a complex struc-
ture allowing for both, hard biting, shredding tough food
items, and grinding up smaller pieces. In P. americana
like in other dicondylic insects, chewing is largely driven
by the structurally complex mandibular adductor muscle.
In P. americana it consist of eight distinct muscle fibre
bundles. These bundles, in turn, consist of muscle fibres
with variable lengths and fibre angles. Additionally, they
are most likely composed of different fibre types (PauL
& GRONENBERG 1999, 2002). The small relative muscle
size and intermediate fibre angle both reflect these cock-
roaches’ omnivorous life style while the mechanical ad-
vantage seems not a good predictor.
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