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Abstract

The arthrodial membrane is a thin and flexible type of cuticle that inserts at the edge regions of neighbouring rigid skeletal
elements creating a flexible connection. In the present study, we analyzed the structure, mineral composition, calcite organi-
zation and local stiffness and hardness of edge regions that form transitions to the arthrodial membranes in the tergites of
the desert isopod Hemilepistus reaumuri. For the transitions to the arthrodial membrane, the results show an increase in
the thickness of the epicuticle at cost of the distal exocuticle and a calcite layer, an increase in the ratio of phosphorus to
calcium and a decrease in the local mechanical properties. The posterior edge region contains an unusually large stack of
unidirectionally oriented parallel fibrils projecting to the lateral sides. At the edge, it turns down into a long ventral cuticle
overlapping an anterior part of the neighbouring tergite. It forms a thin arched gap between the tergites that can help reducing
water loss through the arthrodial membrane and protects the arthrodial membrane upon predation. A thick ventral ridge near
the transition to the arthrodial membrane carrying bristles can prevent sand grains from access to the arthrodial membrane.
From the dorsal cuticle to the transition to the arthrodial membrane, calcite units become larger and single crystalline turning
their c-axes orientation perpendicular to the sagittal section plane. Comparison with edge regions of the beach isopod Tylos
europaeus reveal common characteristics of the edge region, but also specific adaptations to the desert habitat of H. reaumuri.

Keywords Biological-material functionalization - Crustacea - Cuticle - Amorphous calcium phosphate - Calcite
co-orientation strength

1 Introduction

The cuticle of Crustacea has a complex hierarchical organi-
zation which has attracted extensive interest during the last
decade [1]. Its basic functions are that of an exoskeleton,
providing support for muscles and that of a protective integ-
ument with sensory functions. The exoskeleton of Crusta-
cea [2-5] covers the whole animal. Therefore, the cuticle
is segmented into skeletal elements, most of them being
tough and rigid to provide protection. To allow for relative
movements, the skeletal elements are connected to each
other by regions of rather thin and flexible cuticle, called
arthrodial membranes. Depending on the specific tasks of
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cuticle regions, their physical and chemical characteristics
vary considerably. These variations have evolved in a way
in that the dimensions and structure of organic layers, the
composition and distribution of various mineral phases and
even the crystallographic characteristics of the distal cal-
cite layer have been adapted to the specific function of a
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skeletal element, and the habitat and behaviour of the animal
[2-12]. Such adaptations related to function, ecology and
behaviour can affect most of the seven levels of structural
hierarchy found in the crustacean cuticle (for detailed review
see [1]). At the molecular level, the organic phase of the
cuticle consists of N-acetyl glucosamine monomers form-
ing a-chitin. The chitin is organized into 300 nm long and
2.5 nm thick crystalline nanofibrils consisting of 18-25 anti-
parallel polymer chains [13]. These chitin fibrils are coated
with proteins and can be bundled to form thicker chitin—pro-
tein fibres. Either the fibrils or the fibres arrange in parallel
and assemble to planes. The cuticle grows through continu-
ous formation of additional fibre planes by the epithelial
cells. The angle of fibre orientation can be gradually offset
in superimposed planes, resulting in a helical organization
sometimes termed a twisted plywood structure [14]. In the
full cuticle, the stacked fibre planes form layers with distinct
structural and chemical properties. The two main distinct
layers are the exo- and the endocuticle, which in some spe-
cies are further subdivided into sublayers. The outermost
layer, the thin epicuticle, does not contain chitin. It consists
of protein and lipids and contain almost no mineral [6, 15,
16]. Epi, exo- and endocuticle form the various skeletal ele-
ments of the animal. In isopods, the exo- and endocuticle
are mineralized mainly with amorphous calcium carbonate
(ACC), magnesium calcite and minor amounts of amorphous
calcium phosphate (ACP) [3, 11, 17]. The structural pat-
terns governing the mineral and organic phase vary between
species [1]. Within the endo- and a proximal part of the
exocuticle of isopods an about 4 nm thick layer of mineral
surrounds each single chitin—protein fibril forming mineral
tubes. In the distal part of the exocuticle, mineral fills the
space between scarcely distributed thicker chitin—protein
fibres [4-6].

The thin and flexible arthrodial membranes remain mostly
unmineralized in isopods. In terrestrial isopods, it is likely a
site of increased evaporative loss of water and a site where
predators like spiders and scorpions can easily penetrate the
animals armour. The structure and composition of the cuticle
of the hard skeletal elements changes to that of the arthro-
dial membrane in a cuticle edge region. These edge regions
are of particular interest. They must ensure prevention of
cuticle failure at the transition to the arthrodial membrane
caused by frequent relative movements between the soft and
hard cuticle. Furthermore, they must be suitable to protect
the arthrodial membrane from the access of the chelicera of
spiders or the aculeus (stinger) of scorpions and may even
reduce water loss through the arthrodial membrane by being
hidden underneath the protective skeletal elements.

The main load bearing skeletal elements in isopods are
the tergites. These are the dorsal sclerites (tergites) of the
first 7 pereomeres (2th—8th thoracal segments) and of 5 dor-
sal segments of the pleon (Fig. 1). In Hemilepistus reaumuri
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Fig. 1 The desert isopod Hemilepistus reaumuri next to its burrow.
The anterior four tergites of the pereomere (numbers 1-4) are distinct
from the three posterior ones (numbers 5-6) by carrying large cuticle
tubercles; ct, cephalothorax, pl, pleon

(Fig. 1), the cephalothorax and the first four tergites carry
large tubercles (Fig. 1), which we have studied previously
[18]. The dorsal cuticle consists of the common principal
cuticle layers of isopods. The exocuticle is mineralized
with calcite, a distal region of the endocuticle contains
both calcite and ACC, and the remaining major proximal
part of the endocuticle contains ACC and small amounts
of ACP [18]. The region between the tergite edges and the
arthrodial membranes connecting neighbouring tergites has
been studied in the terrestrial isopod Tylos europaeus [19].
T. europaeus lives at sandy beaches and burrows into the
sand, in which it spends the daytime, having ready access to
seawater. Upon predation, it can roll itself into a sphere to
hide the soft ventral side of its body, relying on its very thick
and tough cuticle [20]. In the rolled-up posture all arthro-
dial membranes between tergites are hidden underneath the
tergite due to ventral cuticle regions at the posterior edge
of the tergites (see Fig. 11 a of the Discussion). In the pre-
sent study, we investigate the regions between the tergite
edges and the arthrodial membrane in H. reaumuri, a species
whose habitat and behaviour are the exact opposite of those
of T. europaeus. H. reaumuri lives in semi-arid deserts and
has developed a social behaviour that helps to nurture the
offspring [21, 22]. To survive the dry and hot conditions
during the day in summer, it digs deep burrows that provide
humid conditions. They form monogamous pairs and raise
and feed their offspring within the burrows. One of the par-
ents guards the burrow entrance with its cephalothorax and
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the anterior tergites to prevent other desert isopods to enter
and to maintain the humid conditions in the burrow, while
the other forages for food. In contrast to 7. europaeus, H.
reaumuri cannot roll into a sphere to protect its ventral side
of the body [20]. Nevertheless, it is in some regions the most
abundant animal in its habitat [22].

Comparison of the edge regions between the tergites of
T. europaeus with those of H. reaumuri will help to dis-
criminate between species-specific adaptations in structure
and composition and their relation to the animal’s habitat
and behaviour on the one hand, and general characteristics
of the edge regions on the other. The aim of the present
study is to extend our knowledge on the morphology, ultra-
structure, mineral distribution and composition as well as
the crystallographic properties of the distal calcite layer and
the local mechanical properties within the edge regions. In
particular, we were interested in adaptations to burrowing,
high daytime temperatures and predation avoidance. We ana-
lysed the edge regions using transmission electron micros-
copy (TEM), field-emission scanning electron microscopy
(FE-SEM), electron probe X-ray microanalysis (EPMA),
backscatter diffraction analysis (EBSD) and nanoindenta-
tion experiments. Comparison of the results with the anterior
and posterior edge regions of tergites in 7. europaeus reveals
specific adaptations to the desert habitat of H. reaumuri,
but also provides valuable information about features that
appear to be common within edge regions in the exoskeleton
of terrestrial isopods.

2 Materials and methods
2.1 Preparation of tergites

Twelve individuals of H. reaumurii (Milne-Edwards, 1840)
were collected in semi-arid regions near Kairouan, Tunisia.
Samples were dissected in 100% methanol. The pereonite
tergites 2 (anterior) and 6 (posterior) were dissected and
most of the soft tissue was removed. Samples were washed
in bi-distilled water for 1-2 s to remove body fluids and
then immediately washed in 100% methanol for about 5 s
before being immersed in fresh 100% methanol for at least
10 min. The tergites were air-dried overnight on filter paper
and stored at —20 °C until further use.

2.2 Scanning (SEM) and field emission scanning
electron microscopy (FE-SEM)

For SEM micrographs of whole air dried anterior and pos-
terior tergites, samples were mounted on aluminium studs
and sputter-coated with 20 nm gold/palladium (MED 010,
Balzers Union). Micrographs were recorded with a DSM

962 SEM (Zeiss, Germany) at an acceleration voltage of 4
or 10 kV.

For SEM analysis knife-polished, or knife polished and
etched tergite pieces were used. For knife polishing, samples
were first sectioned with razor blades, followed by cutting a
defined planar surface with a histo-type diamond knife (Dia-
tome, Switzerland) mounted to an Ultracut ultramicrotome
(Leica, Germany). To obtain high surface qualities, the sec-
tion thickness was successively decreased from 90 over 70,
40, 20, 10 to 5 nm at least 15 times for each step [23]. To
reveal the organization of organic fibres by gentle removal
of the surrounding mineral phase some of these polished
samples were incubated for 20 s in a solution of pH 6.5
containing 0.1 mol L™! HEPES and 2.5% glutaraldehyde
for simultaneous etching and fixation. Etched samples were
washed 3 times in 100% isopropanol for 10 min and criti-
cal point dried using a Bal-Tec CPD 030 [6]. Samples were
rotary shadowed with 3—4 nm platinum at 45° inclination
using a BAF 300 (Balzers, Liechtenstein). The samples were
analyzed with a Hitachi S-5200 FE-SEM or with the Zeiss
DSM 962 at an acceleration voltage of 10 kV using either
a secondary electron or a backscattered electron detector.

2.3 Transmission electron microscopy (TEM)

For TEM, anterior and posterior tergites were decalcified
and simultaneously fixed in a solution of 0.5 mol L™! EDTA,
0.1 mol L' HEPES, 2.5% glutaraldehyde and 2% paraform-
aldehyde at pH 7.8 for approximately 13 to 20 days at 4 °C
[6]. Then, the tergites were washed 3 times in bi-distilled
water for 10 min each and post fixed in an aqueous solution
of 1% 0s0, and 0.8% K,[Fe(CN),] for 60 to 70 min. The
tergites were washed again 3 times with bi-distilled water,
dehydrated in a graded series of isopropanol solutions and
washed twice in 100% acetone. The tergite samples were
embedded in EPON-resin and ultrathin sections were cut
with an Ultra-type diamond knife (Diatome, Switzerland).
The sections were transferred on carbon-coated formvar
films on 1 mm copper hole—grids and stained for 10 min
with 2% uranyl acetate and for 10 s with lead citrate. The
samples were viewed using a Jeol-1400 TEM at 120 kV
using an Olympus digital camera (2000 X 2000 pixels) and
the iTEM software.

2.4 Electron probe microanalysis (EPMA)

For EPMA, polished samples were coated with a 3-5 nm
thick carbon layer. Either the FE-SEM (Hitachi S-5200) with
a Phoenix (EDAX) X-ray detector system or the Zeiss DSM
962 equipped with an EDAX Falcon system were used for
the analysis at acceleration voltages of 10 kV or 20 kV. Ele-
mental maps were recorded at a pixel resolution of 512 X400
and a dwell time of 200 ps per pixel leading to 88 full scans
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per hour. A full spectrum was recorded and stored for every
pixel (spectral mapping). At each scan, spectra were inte-
grated for every pixel allowing for standardless background-
corrected calculation of atomic ratios for selected regions
within the maps and the creation of background corrected
maps of the element distribution using the GENESIS soft-
ware (EDAX).

2.5 Electron backscatter diffraction (EBSD)

EBSD measurements were carried out on diamond knife
polished surfaces as described above for FE-SEM samples.
Samples were rotary coated with 4—6 nm of carbon. The
measurements were performed with a Hitachi SU 5000 FE-
SEM, equipped with an Oxford Instruments EBSD detector.
The FE-SEM was operated at 20 kV. Obtained diffraction
data were evaluated with the CHANNEL 5 HKL software.
We present orientation information with colour-coded EBSD
maps and corresponding pole figures. Similar colours in the
map indicate similar crystal orientations, different colours
highlight differences in crystal orientation. The pole figures
show either individual data points or density distributions of
c- and a-axes poles. In addition, we show grey-scaled band
contrast measurement images. Band contrast visualizes the
signal strength of the diffraction pattern in each measure-
ment point. The strength of the EBSD signal is high when
a crystal is detected (depicted in the map with light grey),
whereas it is weak or absent when a polymer is scanned
or when minute crystallites overlap, so that the orientation
cannot be resolved automatically (dark/black). For further
information see [24] and references therein.

When in a pure calcite crystal that is grown from solution
calcite crystallites are not misoriented to each other, then
this calcite crystal is a single crystal. However, are slight
misorientations between crystallites present, then we regard
this crystal as an ‘almost single crystal’. For further informa-
tion see [25].

2.6 Nanoindentation testing

A Hysitron Tribolndenter TI 900 testing device equipped
with a force transducer mounted to a top-down closed-loop
scanner was used to measure local mechanical properties of
different cuticle regions. The measurements were carried out
on cuticle pieces where the regions of interest were polished
using a diamond knife (Diatome) mounted to a Leica Ultra-
cut ultramicrotome to obtain a surface quality suitable for
the experiments. The measurements were carried out using
a pyramidal Berkovich indenter tip (Hysitron, Ti 39-01) with
a tip radius of 50 nm. Samples were first scanned in imaging
mode followed by determination of rectangular indent pat-
terns large enough to cover each area of interest. The hori-
zontal and vertical spacing between individual indents was
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set to 5 um to avoid overlap of the deformed zones around
each indent. We operated the force transducer in displace-
ment control mode with a fixed indentation depth of 300 nm.
The load function was trapezoidal with 5 s for loading, 20 s
holding time and 5 s for unloading. All force—displacement
curves were calibrated using an area function determined on
PMMA (1.7 nm to 365.4 nm). The reduced elastic modulus
(E,q) and the hardness (H) values were calculated with the
TriboScan (Hysitron) software package as described in [26].
Although being aware that hydration affects the mechanical
properties of cuticle to different extents in mineralized and
unmineralized regions, we nevertheless used dry samples
for nanoindentation. This was due to the time required to
polish the sample surfaces and the small indentation depth,
which make maintaining the original hydration state of the
sample unfeasible. Likewise, it was not reasonable to use
rehydrated samples, since superficial dissolution of mineral
phase components and overhydration of chitin and proteins
could not be excluded. It must therefore be noted that the
nanoindentation results obtained do not precisely reflect the
mechanical properties of cuticle in the native hydrated state.

2,7 Statistical analysis

Statistical analysis was performed with the GraphPad Prism
software version 6.00 for Mac (California USA, www.graph
pad.com). Means and standard deviations were calculated.
For the nanoindentation tests, two-way ANOVA followed
by Sidak’s multiple comparisons tests were used to assign
significant differences between the means of £, and H of
selected regions and layers of the ventral cuticle. An one-
way ANOVA was used to test significant differences between
cuticle layers in the ventral cuticle of the posterior tergite.

3 Results

All images of sections and polished planes are oriented in a
way that the dorsal side of the animal is oriented upwards.
Schemes in the figures provide the sites within the cuticle
presented.

3.1 The morphology of the tergite edge regions

Figure 2 shows SEM micrographs and schemes of sagit-
tal sections of an anterior (Fig. 2a, c—f) and a posterior
(Fig. 2b, g) tergite. The tergites have distinct anterior and
posterior parts. The posterior parts carry many scales
and sensilla. In addition, the posterior parts of the first
four pereon tergites carry large tubercles (Fig. 2a). The
anterior part is hidden underneath the posterior edge of
the preceding tergite. It has a smooth surface devoid of
large scales and tubercles. Its length is about 250 um,
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Fig.2 SEM micrographs and schematic longitudinal profiles of ter-
gites of Hemilepistus reaumuri. a, b Dorsal views of an anterior (a)
and a lateral view of a posterior (b) tergite. Note the groove demark-
ing an anterior and a posterior part indicated on the micrographs. c—e
Ventral views of an anterior tergite. ¢ Overview, showing the anterior
edge (Ea) at the anterior side and the ventral cuticle (asterisk) folded
under the posterior edge region. d Detail of the posterior edge and

separated from the posterior part by a groove. In sagittal
sections, it forms an arch with the convex side directed
to the outward side. At the anterior edge (Ea) the cuticle
thickens before the transition to the arthrodial membrane

g posterior tergite

groove dorsal
*Ea * *
P —— am  Tm R A Ep
0.5 mm
ventral
anteror posterior

ventral cuticle as marked with a rectangle in c. Black arrows mark
regular spaced sensilla dorsally of the sharp posterior edge (Ep); A,
arched ventral cuticle; am, arthrodial membrane; R, ridge. White
arrowheads point to regularly spaced cone-like bristles. e Detail of
the bristles from (d). Schemes depicting sagittal sections through the
anterior (f) and posterior (g) tergite; Tm, transition to the arthrodial
membrane

(Figs. 2f, g and 3a). At the posterior edge, the tergite cuti-
cle sharply bends down and towards the anterior direc-
tion, forming a ventral cuticle region that connects to the
arthrodial membrane (Fig. 2d, f, g). The ventral cuticle
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region is about 500 um long. It has four distinct regions: ~ cone-shaped bristles (Fig. 2d—g) and (4) an about 250 um
(1) the sharp posterior edge (Ep) where the dorsal cuticle  long arched region (A) between the sharp posterior edge
bends down and to the anterior direction, which carries and the thickened ridge (Fig. 2d, f, g).

regularly spaced sensilla at the dorsal side (Fig. 2d), (2)

a transition region to the arthrodial membrane (Tm), (3)

a thickened ridge region (R) just before the transition to

the arthrodial membrane that carries regularly spaced

@ Springer
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«Fig.3 Structure of the anterior edge at a lateral side of an anterior
tergite in Hemilepistus reaumuri. a BSE-SEM micrograph of a sagit-
tally cut polished plane at the region marked by a dashed rectangle in
the scheme; Ea, anterior edge. The edge forms a thick bulge. Regions
with dense material appear brighter. b TEM micrograph showing the
epicuticle (epi) exocuticle (ex) and endocuticle (en). A muscle (ms)
attaches to the bulge; am, arthrodial membrane; t, tissue attached to
the arthrodial membrane. The dashed outline marks the area in which
protein—chitin fibrils are oriented unidirectionally. ¢ SEM micrograph
of a sagittally polished and etched surface from the region contain-
ing paralle] oriented fibrils. The long axis of the fibrils point to the
lateral sides of the tergite. d TEM micrograph of the epicuticle before
the transition to the arthrodial membrane. The epicuticle consists of a
surface coat (sc) an outer (oep) and an inner epicuticle (iep). A waxy
layer in the outer epicuticle can appear as a dense line. e-g TEM
micrographs of the epicuticle and part of the exocuticle at the tran-
sition to the arthrodial membrane. e Overview depicting the region
of epicuticle (ep) thickening. The darker distal exocuticle (dex) disap-
pears and epicuticle and proximal exocuticle (pex) become thicker. f
Distal exocuticle at the region marked by the small dashed rectangle
(f) in figure e. g Proximal exocuticle and iep epicuticle at the region
marked by the large rectangle (g) in figure e showing that the distal
exocuticle is lacking. h TEM micrograph showing details at the very
tip of the transition

3.2 Ultrastructure and mineral distribution
in the anterior edge region

Figures 3 and 4a show the ultrastructure and the mineral
distribution within the anterior edge region of an anterior
tergite (Ea in Fig. 2f). The dorsal cuticle before the anterior
edge resembles that of the general dorsal cuticle that has
been described previously [18, 27]. Within back-scatter elec-
tron SEM micrographs, the distal layers containing calcite
appear denser than those mineralized with ACC (Figs. 3a
and 4a). The anterior edge is characterized by the forma-
tion of a cuticular bulge and the disappearance of the denser
mineral layers (Fig. 3a, b). The thickness of the bulge is par-
ticularly large near the lateral sides of the tergites that serve
as muscle attachment sites (Fig. 3b). In the middle regions,
where no muscles attach, the bulge is thinner (Fig. 4a).
Thickening of the cuticle forming the cuticle bulge is caused
by a thickening of the proximal exocuticle and 3—4 distal
stacks of the endocuticle (Fig. 3a, b). Before the stacks of
the endocuticle become thicker, they fuse forming a single
stack. The chitin—protein fibrils within these fused stacks run
in parallel with the longitudinal axes pointing to the lateral
sides (Fig. 3c). Before the transition to the arthrodial mem-
brane the epicuticle increases in thickness from 100 nm to
about 1 um and the distal exocuticle disappears (Figs. 3d—g).
Thickening of the epicuticle is brought about by an increase
of the inner epicuticle, while the outer epicuticle remains
thin. At the transition to the arthrodial membrane, the stack
containing only parallel fibres forms several stacks again
(Fig. 3a, b). Here the stacks of the exocuticle stain denser
(Fig. 3b). The exocuticle and stacks of the endocuticle con-
tinue into the arthrodial membrane (Fig. 3h), which is devoid

of mineral (Fig. 3a). Elemental maps and EDX spectra of
selected regions show that the phosphorus content increases
towards the transition to the arthrodial membrane, whereas
the distribution of magnesium remains more or less constant
(Fig. 4a, b).

In the anterior edge region of posterior tergites (Ea in
Figs. 2g and 4c) a similar increase in the phosphorus content
was observed at the transition to the arthrodial membrane. In
contrast to the anterior tergites, we found that the proximal
half of the arthrodial membrane still contains mineral near
the edge with a high phosphorus content (Fig. 4c—e).

3.3 Ultrastructure and mineral distribution
in the posterior edge and ventral cuticle
of the anterior tergite

Figure 5 shows an overview of the posterior edge (Fig. 5a)
as well as details of the sharp posterior edge (Ep in Fig. 2f;
Fig. Sb—e) and of the ventral arc-shaped cuticle (A in Fig. 2f;
Fig. 5f). At the region of the edge the distal layer of dense
mineralization increases several times (Fig. 5a) and the over-
all thickness of the cuticle increases somewhat. The epicuti-
cle is thin (Fig. 5¢). It consists of an about 30 nm thick outer
epicuticle having a densely stained thin layer in the middle.
This dense layer is likely a waxy layer [28]. The densely
stained inner epicuticle is about 100 nm thick. At the sharp
posterior edge, the distal exocuticle, which is thin in the dor-
sal and ventral cuticle, increases in thickness to up to 10 um
(Fig. 5d). The distal exocuticle is characterized by fibres
consisting of several chitin fibrils embedded in a densely
stained, likely proteinaceous matrix (Fig. 5e). The proximal
exocuticle almost doubles its thickness and the thickness of
distal stacks of the endocuticle also increase (Fig. 5b, d).
About 100 pm before the dorsal cuticle bends downwards,
3 stacks of the more proximal endocuticle fuse to a single
about 20 pum thick stack (Fig. 5b). The protein—chitin fibrils
within this stack are parallel to one another with their long
axis oriented to the lateral sides of the tergite. At the curve
the fibril orientations within the stacks of the endocuticle
are distorted (Fig. 5b, d). At the ventral side, more proximal
stacks fuse with the stack of parallel fibrils (Fig. 5b). The
arced ventral cuticle between the edge and the ridge region is
thinner than the dorsal tergite cuticle (Fig. 5a). Here, stacks
of the proximal endocuticle form a single stack with fibrils
oriented in parallel (Fig. 5f).

About 150 pm before the transition to the arthrodial
membrane the cuticle forms a ridge (R in Figs. 2f; 5a and
6a—c) that is characterized by the before mentioned cone
like hairs (Fig. 1d, e). At the ridge, the cuticle thickness
increases from about 50 um at the arced ventral cuticle to
80 um forming two ribs (Fig. 6b, c). The outer epicuticle
increases from 30 to 100 nm while the inner epicuticle
remains unchanged in comparison to the arched ventral
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Fig.4 The composition of the
anterior edge in an anterior (a,
b) and posterior ¢, d) tergite. a
Backscattered electron micro-
graph (BSE-SEM) and elemen-
tal spectral maps for calcium,
phosphorus and magnesium
recorded on a polished sample
cut sagittally through a median
site. b EDX spectra of the entire
cuticle and of the regions 1-3
marked with rectangles in the
BSE-SEM micrograph in a.
Note the high phosphorus peak
at the transition to the arthro-
dial membrane (rectangle 3 in
A). The molar ratios for Mg,

P and Ca are provided in the
diagram. ¢ BSE-SEM micro-
graph and elemental spectral
maps for calcium, phosphorus
and magnesium of a polished
sample cut sagittally through a
median site. d EDX spectra of
the cuticle and of the regions 1
and 2 marked with rectangles in
the BSE-SEM micrograph in c.
Note the high phosphorus peak
at the transition to the arthrodial
membrane (rectangle 2 in c).

e EDX spectra of the mem-
branous layer of the region 3
marked with a dashed line in the
phosphorus map in ¢. The molar
ratios for Mg, P and Ca are
provided for the three regions
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waxy.layer

Fig.5 Structure of the posterior edge of an anterior tergite in Hem-
ilepistus reaumuri. a BSE SEM micrograph of a sagittally cut and
polished plane; A, arched ventral cuticle between the sharp posterior
edge (Ep) and the ridge (R); Tm, transition to the arthrodial mem-
brane. Regions with dense material appear brighter. b—f TEM micro-
graphs. b The region around Ep showing the exo- (ex) and endocuti-
cle (en); Sc channel for a sensillum through Ep. The dashed outline
marks the area in which protein—chitin fibrils are oriented in paral-
lel. ¢ TEM micrograph of the epicuticle consisting of a an outer (oep)
and an inner epicuticle (iep). A waxy layer in the outer epicuticle can

cuticle. The outer epicuticle consists of a thin dense and
thin bright layer at its distal and proximal side enclosing a
thick dense layer (Fig. 6d). At the ridge, the proximal and
in particular the distal exocuticle become thicker forming
the two ribs (Fig. 6b, c, e). The endocuticle is subdivided

appears as a dense line. d Detail of the sharp posterior edge, show-
ing an increase of the distal (dex) and proximal exocuticle (pex) and
of the endocuticle; pc, pore canals. The epicuticle has detached from
dex. e detail from dex showing fibres consisting of a number of chi-
tin fibrils (arrowhead) within a likely proteinaceous matrix. f Detail
from the ventral arched cuticle between the sharp posterior edge and
the ridge, marked with A in Figure a. The proximal endocuticle (pen)
forms a single stack of parallel chitin—protein fibrils (pf); den; distal
endocuticle. The arrows point to pore canals

into an about 12 pm thick distal endocuticle and a 40 pm
thick proximal endocuticle. The proximal endocuticle con-
sists mainly of a single stack of parallel fibrils (Fig. 6b)
that spans from the edge to the transition to the arthrodial
membrane (Figs. 5b, f and 6b, f). At the anterior side of
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«Fig. 6 Structure of the ridge (R) within the ventral cuticle and the
transition to the arthrodial membrane (TM) at the posterior side of an
anterior tergite of Hemilepistus reaumuri. a BSE-SEM micrograph of
a sagittally cut and polished plane at the region marked by a dashed
rectangle in the scheme. Regions with dense material appear brighter.
b—e TEM micrographs recorded from the ridge. b Overview show-
ing the detached epicuticle (epi), the distal (dex) and proximal exo-
cuticle (pex), the distal (den) and the proximal endocuticle (pen); pf,
layer of unidirectionally oriented fibrils. ¢ Detail of the ridge show-
ing the changes in thickness of dex and pex at the ribs (rb). d Detail
of the epicuticle with a thick outer epicuticle (oep) and a thin inner
one (iep); edm electron dense layer in the middle; ol, outer dense
and bright layers. e detail from the distal exocuticle showing a fibre
consisting of chitin fibrils within a proteinaceous matrix. f-i TEM
micrographs of the transition to the arthrodial membrane. f Overview,
showing that the proximal endocuticle of fibrils with parallel orienta-
tion does not enter the arthrodial membrane (am). g Detail from the
region marked with a dashed rectangle in figure f depicting the region
of epicuticle thickening. h Distal exocuticle at the region marked by
the small dashed rectangle (h) in figure g. i Proximal exocuticle and
epicuticle at the region marked by the large rectangle (i) in figure g,
showing that the distal exocuticle is lacking. k TEM micrograph of
the arthrodial membrane between tergites, consisting of the epicuticle
(epi), the proximal exocuticle (pex) and the distal endocuticle (den) of
the tergite cuticle

the ridge the cuticle bends towards the dorsal side and its
thickness decreases to about 40 um and then continuously
decreases in thickness by a factor of four. Just before the
cuticle connects to the arthrodial membrane it bends to
the ventral side (Figs. 5a and 6f). Here the distal exocu-
ticle disappears and the epicuticle increases in thickness
to about 1 um (Fig. 6f—i). The thickness of the proximal
exocuticle increases only slightly (Fig. 6f). At the tran-
sition with the arthrodial membrane (Tm in Fig. 2f) the
proximal endocuticle of parallel fibres ends. The arthrodial
membrane consists of the 1 um thick epicuticle, the former
proximal exocuticle, and the distal endocuticle (Fig. 6f,
k) The outer epicuticle of the arthrodial membrane varies
in thickness between 400 and 800 nm (Fig. 6k). It has an
outer layer that is more electron dense than its inner layer.
The inner epicuticle is electron dense and 500 to 600 nm
thick (Fig. 6k).

Elemental maps and EDX spectra of the sharp posterior
edge (Fig. 7a), the ridge (Fig. 7b) and the transition to the
arthrodial membrane (Fig. 7c) show that the phosphorus and
calcium contents are higher within the distal layers of the
cuticle. The magnesium is more or less evenly distributed
at the edge (Fig. 7a). At the ridge and at the transition to
the arthrodial membrane magnesium is more concentrated
within the distal layer of the cuticle (Fig. 7b, ¢). BSE-SEM
images and the element distribution maps for calcium and
phosphorus show that for about 60 um the distal region of
the arthrodial membrane still contains mineral (Fig. 7¢). The
phosphorus content is in particular high at the transition to
and in the arthrodial membrane, where the phosphorus/cal-
cium ratio rises to 0.28.

3.4 Patterns of crystal orientation within the calcite
layer

The high variation in calcite layer thickness, deduced from
EBSD and measured with a step size of 200 nm, is presented
in Figs. 8 and S1. It varies significantly for the different cuti-
cle regions. The calcite layer is about 2 um at the transition
to the arthrodial membrane (Figs. 8b and Sl1c), but consid-
erably thicker at the tubercle tip (Figs. 8f, Sle and [18]),
the sharp bend at the posterior edge (Figs. 8d and S1b) and
at tubercle slopes (Figs. 8e and [18]). In addition, at non-
tubercular regions (Fig. S1d) and, especially, at tubercle tips
(Fig. 81, g) we observe a distally located dense calcite layer
that is complemented proximally by patchy calcite accumu-
lations. In contrast, close to the sharp posterior edge (Fig.
S1b), the ridge and at the transition to the arthrodial mem-
brane (Figs. 8b, ¢ and