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Abstract

Crustacean calcium bodies are epithelial sacs which contain a mineralized matrix. The objectives of this study were to
describe the microscopic anatomy of calcium bodies in the terrestrial isopod Hyloniscus riparius and to establish whether
they undergo molt-related structural changes. We performed 3D reconstruction of the calcium bodies from paraffin sections
and analyzed their structure with light and electron microscopy. In addition, we analyzed the chemical composition of their
mineralized matrices with micro-Raman spectroscopy. Two pairs of these organs are present in H. riparius. One pair is filled
with bacteria while the other pair is not. In non-molting animals, the bacteria-filled calcium bodies contain apatite crystals
and the bacteria-free calcium bodies enclose CaCOs-containing concretions with little organic matrix. During preparation for
molt, an additional matrix layer is deposited in both pairs of calcium bodies. In the bacteria-filled calcium bodies it contains
a mixture of calcium carbonate and calcium phosphate, whereas only calcium carbonate is present in bacteria-free calcium
bodies. After ecdysis, all mineral components in bacteria-free calcium bodies and the additional matrix layer in bacteria-filled
calcium bodies are completely resorbed. During calcium resorption, the apical surface of the calcium body epithelium is
deeply folded and electron dense granules are present in spaces between epithelial cells. Our results indicate that the
presence of bacteria might be linked to calcium phosphate mineralization. Calcium bodies likely provide a source of calcium
and potentially phosphate for the mineralization of the new cuticle after molt. Unlike other terrestrial isopods, H. riparius
does not form sternal CaCO; deposits and the bacteria-free calcium bodies might functionally replace them in this species.
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Introduction trichoniscid Titanethes albus [7]. In this species it was found that the
calcium bodies are epithelial sacs filled with a bacteria-containing
matrix mineralized with apatite. An additional glassy layer of
mineralized matrix containing amorphous calcium minerals is
formed in the calcium bodies of 7. albus before molt and is
degraded after it, suggesting that these organs have a role in
calcium dynamics during molt. Whether the calcium bodies of
other trichoniscids also harbor bacteria and what possible function
these bacteria might perform is currently unknown.

In the trichoniscid Hyloniscus riparius (Koch), two pairs of calcium
bodies, both located in pereonite 7, were described by Méhely [6].
Later, Ziegler [8] reported a single pair of calcium-containing
epithelial sacs in this species, with several separate mineral
concretions present within each sac. Elemental analysis demonstrat-
ed large amounts of calcium in the concretions with phosphorus
appearing in the posterior concretions only [8]. In this study, we
determined the exact number, position and structure of calcium
bodies using serial sectioning and 3D reconstruction of the organs.

The calcification of the rigid crustacean exoskeleton requires an
abundant and readily available source of calcium ions after each
molt. As a response, different groups of crustaceans have evolved
various transient calcium deposits to retain some of the calcium
necessary for cuticular calcification after molt [1,2]. A general
feature of terrestrial isopod crustaceans (Oniscidea) are sternal
CaCOs deposits, which form before ecdysis in the ecdysial space
(the space between the detached old cuticle and the underlying
epidermis) of anterior sternites [3]. The process of molt in isopods
is biphasic. During the posterior ecdysis, animals shed the cuticle
of body segments posterior to pereonite 4. In the anterior ecdysis
that follows, the body segments anterior to pereonite 5 are molted.
Sternal CaCOj deposits are resorbed during the intramolt stage,
the short period between the two partial ecdyses, and the mineral
ions stored within them are utilized for the mineralization of the
new exoskeleton [4].

Additionally, calcium deposits within specialized organs, the
calcium bodies, have been reported in some representatives of the
terrestrial isopod family Trichoniscidae [5,6]. The microscopic
anatomy of these organs and the changes they undergo during the
molt cycle have thus far only been studied in the subterranean

Contrary to the previous reports, our results demonstrate that two
pairs of calcium bodies, each being a separate epithelial compart-
ment, are presentin /. riparius. Furthermore, we found that one pair of
calcium bodies contains bacteria while the other pair does not.
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Information on possible changes of the calcium body epithelium
ultrastructure and the mineralization of calcium body matrix
during the molt cycle in H. riparius is lacking. Also, the chemical
composition of the material within the calcium bodies of H. riparius
has not been determined so far. In order to establish whether or
not changes occur in the mineralized matrix and the epithelium of
calcium bodies during the molt cycle, we analyzed their structure
in different molt cycle stages with a combination of microscopic
techniques. In addition, we determined the composition of the
mineralized matrices within these organs with micro-Raman
spectroscopy.

Our results indicate that calcium bodies are involved in calcium
dynamics during molt. In H. rparius, calctum bodies harboring
bacteria as well as those lacking them are present within the same
organism. The comparison of both types of calcium bodies can
provide insights into which features of their epithelia and
mineralized matrices are possibly linked to the presence of
bacteria and it may indicate the possible role of bacteria within
calcium bodies.

Materials and Methods

Animal Culture

Specimens of H. rnparius were sampled near Cerknica and
Ormoz in Slovenia. Animals were kept in glass containers within
a climate chamber at 21°C with a 14 h photoperiod. They were
fed with mixed leaf litter from the sampling localities. For
determination of molt cycle stages, individuals were separated into
plastic containers with wet filter paper and observed daily.
Specimens in the 2-4 mm body length range were used in our
analyses. No specific permits were required for field sampling.

Examined Stages of the Molt Cycle

We examined animals in five different stages of the molt cycle.
Specimens with no sign of apolysis and in which ecdysis was not
previously observed were considered to be in the intermolt stage.
During this stage the exoskeleton is fully formed and the
integumental epithelium does not synthesize cuticle. The absence
of new cuticle synthesis was chosen as the criterion for intermolt
stage. To rule out possible confusion with premolt stage specimens,
the lack of new cuticle synthesis was confirmed microscopically on
tissue sections of the posterior body-half in all specimens
examined.

The premolt stage is the period from the apolysis (the
detachment of the old cuticle from the epidermis) to the beginning
of ecdysis [9] and in most terrestrial isopods the onset of premolt
stage 1s easily recognized by the formation of sternal CaCOs
deposits [10]. Since we established that sternal deposits are not
formed in H. riparius (see Results), we identified premolt specimens
by the presence of a transparent posterior edge on the pereon
epimeres. In all such specimens, we additionally confirmed the
presence of an ecdysial gap and the synthesis of the new cuticle,
which were chosen as criteria for the premolt stage, on tissue
sections of the posterior body-half.

Individuals in intramolt stage (between the posterior and
anterior ecdyses) and postmolt stage (after the anterior ecdysis)
were recognized by direct observation of the posterior ecdysis and
the anterior ecdysis, respectively. Specimens were studied at two
points in the postmolt stage: within a day after anterior ecdysis and
two days after anterior ecdysis.

Histology

For serial paraffin sections and 3D reconstruction of calcium
bodies, H. riparius specimens were anesthetized with diethyl ether
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and fixed overnight in 4% aqueous formaldehyde at room
temperature. The fixative was then washed and whole specimens
were decalcified in 10% ethylenediaminetetraacetic acid (EDTA),
dehydrated in an ethanol series and embedded in paraffin. Tissue
sections (8 um) were placed on glass slides, deparaffinized with
xylene, rehydrated in an ethanol series, stained with hematoxylin
and cosin and covered in Pertex (Medite). The shape of the
calcium bodies’ outer surface was reconstructed in the program
Reconstruct [11] by manually tracing the calcium body epithelium
on images of sequential sections. For examination of the
mineralized matrices within calcium bodies in different molt cycle
stages, whole specimens were fixed in 96% ethanol to prevent the
dissolution of mineral components. Sections were prepared as
described above and stained with eosin. Light micrographs were
captured on an Axiolmager Z.1 microscope (Zeiss) with the HRc
Axiocam camera.

Semithin Sections and Transmission Electron Microscopy
(TEM)

For transmission electron microscopy, pereons of H. riparius in
different molt cycle stages were fixed in 2.5% glutaraldehyde and
2% paraformaldehyde in 0.1 M cacodylate buffer, pH=7.3 at
4°C for several days. After washing of the fixative with 0.1 M
cacodylate buffer, tissues were postfixed with 1% aqueous OsOy
for 1 h, dehydrated in an ethanol series and embedded in Spurr’s
resin (SPI). Semithin sections (0.5 wm) were transferred to glass
slides, stained with Azur II and Methylene blue [12] and imaged
as described for the paraffin sections. Thin sections (70 nm) were
collected on formvar-coated copper grids, contrasted with uranyl
acetate and lead citrate and observed with a CM 100 transmission
electron microscope (FEI). The preparation procedures for TEM
generally resulted in the loss of calcium minerals from tissues.

Scanning Electron Microscopy (SEM)

For scanning electron microscopy, isolated calcium bodies or
pereon halves were immersed in methanol for several hours and
air dried in order to preserve mineral components. Alternatively,
pereon halves of some specimens were fixed as for TEM, postfixed
with 1% OsO, for 2h, dehydrated in an ethanol series followed by
two changes of pure acetone and air-dried in Hexamethyldisila-
zane (HMDS) for the preservation of soft tissues. Dry samples were
attached to brass holders with silver paint and fractured to expose
the interior. Specimens were coated with a 14 nm thick layer of
platinum using a BAL-TEC SCD 050 sputter coater and observed
with a JEOL JSM-7500F field-emission scanning electron
microscope.

Micro-Raman Spectroscopy

For micro-Raman spectroscopy, specimens were decapitated
and dissected in absolute ethanol or methanol. Individual calcium
bodies were 1solated, air dried, placed on glass slides and covered
with cover slips. For comparison, sternal deposits of Titanethes albus
(Koch) were prepared the same way.

Raman spectra were recorded on a Bruker Ramanscope III by
application of laser excitation at 1064 nm. The laser radiation was
transmitted to the microscope with an optical fiber and focused on
the sample with a long working distance objective at x40
magnification. The Raman scattered light was collected with the
same objective and detected with a liquid-nitrogen cooled Ge
detector. Spectra were averaged from ~19.000 interferograms
and apodised with a Happ-Henzel function. All spectra were
recorded in the spectral range between 50 and 3600 cm ™' with
the nominal resolution of 4 cm ™', Laser power at the sample was
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estimated to be approximately 100 mW. Reducing the laser power
did not result in significant changes in the Raman spectra.

Results

1. Molting in H. riparius

As in other isopods, the molt in . riparius is biphasic (Fig. 1 A)
with the anterior ecdysis following the posterior ecdysis in less than
a day. Animals that we observed never consumed the posterior
exuviae, but often consumed the anterior exuviae after the anterior
ecdysis.

Although animals in all molt cycle stages were carefully
examined, no sternal deposits were ever observed in premolt
and intramolt specimens (Fig. S1). Furthermore, the anterior
sternal epithelium in intramolt stage lacks the ultrastructural
characteristics reported in other terrestrial isopods during the
resorption of sternal deposits (Fig. S1), such as a basolateral
intercellular network and invaginations of the apical plasma
membrane [13]. Thus, sternal CaCOj deposits are apparently
entirely absent in H. riparius.

2. Number, Position and Structure of Calcium Bodies

As demonstrated by serial sectioning and 3D reconstruction
from paraffin sections, two pairs of calcium bodies are present in
the pereon of H. nparius (Figs. 1 B-D). The larger anterior pair
extends from pereonite 4 to the middle of pereonite 6 and the
smaller posterior pair from pereonite 6 to pleonite 1. Within
pereonite 6, both pairs overlap as the anterior calcium bodies
extend dorsally over the posterior ones; however, we established
that there is no luminal connection between the anterior and
posterior calcium bodies. Each calcium body is an epithelial sac
consisting of a longitudinally oriented medial tube with a smaller
lateral extension (Fig. 1 B). The organs are positioned ventrally in

il
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the body, close to the hindgut and the hepatopancreatic tubes and
the basal laminae of anterior calcium bodies and hepatopancreas
are closely apposed. The anterior and posterior calcium bodies
differ markedly in their contents; therefore, each pair will be
considered separately.

Each posterior calcium body consists of a single-layered
epithelium enclosing layered material (Fig. 2 A). As is evident
from TEM and SEM observations, the posterior calcium bodies
harbor large numbers of rod-shaped bacteria approximately
0.8 um in length and 0.4 um in diameter (Figs. 2 B, C). Dense
layers of crystals approximately 100 nm in size are present among
the bacteria (Figs. 2 D, E). Crystals are often associated with thin
laminae, resulting in a layered appearance of the mineralized
matrix (Fig. 2 D).

The posterior calcium body epithelium is lined apically by
a 45 nm thick extracellular envelope, which encloses the material
in the lumen (Fig. 3 A). The envelope consists of a thinner electron
lucent layer facing the lumen and a thicker electron dense layer in
contact with the epithelium (Fig. 3 B). Additional thin laminae are
often present in the central area of the calcium body lumen. The
cytoplasm of epithelial cells with intensely folded apical mem-
branes contains numerous mitochondria and abundant electron
dense particles, which form rosettes and structurally resemble
glycogen (Fig. 3 C). In addition, electron dense vesicles (Fig. 3 B)
and large organelles filled with membranous structures (possibly
autophagic vacuoles) are common in the cytoplasm of epithelial
cells (Fig. 3 D). Cells interconnect by subapical adherens junctions
and by more basally positioned septate junctions (Fig. 3 E).

As 1n posterior calcium bodies, the wall of the anterior calcium
bodies is formed by a single-layered epithelium (Fig. 4 A), but no
bacteria were ever observed in their lumen. Instead, the anterior
calcium bodies in intermolt stage contain glassy concretions (Figs. 4 B,
Q). These concretions consist of a continuous layer of mineralized

3
g

Figure 1. Molting and calcium bodies in Hyloniscus riparius. (A) An individual shortly after anterior ecdysis. Exuviae of both body-halves are
visible in the proximity. (B) Dark-field image of the posterior (pcb) and anterior (acb) calcium bodies in situ. (C) An illustration of the position of the
digestive system and the calcium bodies in the body. Each calcium body consists of a medial tube and a lateral extension (ext). (D) 3D reconstruction
of calcium bodies from serial paraffin sections, dorsolateral view. h - hepatopancreas.

doi:10.1371/journal.pone.0058968.9001
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Figure 2. Structure and contents of the posterior calcium bodies in intermolt stage. (A) Semithin section through a posterior calcium
body. A single-layered epithelium (e) encloses the layered, bacteria-containing matrix (ma). (B) Transmission electron micrograph showing bacteria
(ba) in the proximity of a lamina (la) within a posterior calcium body. (C) Scanning electron micrograph (aldehyde/OsO, fixation) of the bacteria within
the posterior calcium body. An extracellular lamina (la) is visible among the bacteria (D) Scanning electron micrograph of the matrix within the
posterior calcium bodies (methanol fixation). Layers of crystals (cr) and numerous bacterial casts (bc) are visible. (E) Scanning electron micrograph
(methanol fixation) of crystals (cr) within the posterior calcium bodies. g - gut, h — hepatopancreas.

doi:10.1371/journal.pone.0058968.g002

matrix thatenclosesa central cavity (Figs. 4 C, D). This cavity contains
numerous plied laminae, the surfaces of which are covered with small
spheruleslessthan I uminsize (Fig. 4 E). Alamina also lines the inner
surface of the continuous mineralized matrix. As visible with TEM,
the laminae are 10 nm thick and electron dense particles are present
among them. The spherules visible with SEM are not preserved
during specimen preparation for TEM.

The anterior calcium body epithelium in the intermolt stage is
ultrastructurally similar to the posterior calcium body epithelium
in most respects. Numerous mitochondria and electron dense
particles are present in the anterior calcium body epithelium (Fig. 4
G), and its apical side is lined by an envelope very similar to the
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envelope in the posterior calcium bodies (Fig. 4 H). A notable
difference between the two pairs of organs is that the apical plasma
membrane of the anterior calcium body epithelium is not folded in
the intermolt stage (Figs. 4 G, H).

3. Structural Dynamics of Calcium Bodies during the Molt
Cycle

Premolt stage. In early premolt stage, as the epidermis is
synthesizing the new epicuticle, a new envelope is secreted in both
pairs of calcium bodies (Figs. 5 A, B). The new envelope is formed
over dense plaques on short protrusions of the plasma membrane
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Figure 3. Ultrastructure of the posterior calcium body epithelium in intermolt stage. (A) Section through the epithelium (apical side up).
An extracellular envelope (en) lines the folded apical plasma membrane (pm). Mitochondria (m) and electron dense vesicles (v) are present in the
cytoplasm. (B) The apical surface of the posterior calcium body epithelium. The apical plasma membrane forms folds (mf). The envelope (en) consists
of a proximal electron dense and a distal electron lucent layer. A lamina (la) is visible inside the lumen. (C) Rosettes of electron dense particles (most
likely glycogen) in the cytoplasm of the epithelial cells. (D) An autophagic vacuole (av) in the cytoplasm of an epithelial cell. (E) Junction between two
epithelial cells. The subapical adherens junction (aj) and the more basally positioned septate junction (sj) are visible. g - glycogen, n - nucleus.

doi:10.1371/journal.pone.0058968.g003

and 1s initially discontinuous (Fig. 5 A). In this respect, the process
of deposition of the new envelope within the calcium bodies is
ultrastructurally similar to the deposition of the new integumental
epicuticle, which is secreted at the same time (Fig. 5 C). During the
premolt stage, the apical plasma membrane is folded in the
anterior calcium bodies as well (Fig, 5 D). In other respects, the
ultrastructure of the premolt stage calcium body epithelia is similar
to that of epithelia in the intermolt stage.

PLOS ONE | www.plosone.org

After the new envelope is synthesized, additional mineralized
matrix is formed in the space between the detached old envelope
and the new envelope in both pairs of calcium bodies. In the
posterior calcium bodies, a glassy layer of mineralized matrix
develops in the space between the old envelope and the new one
(Figs. 5 E, F). Small spherules may also form along the laminae
positioned central to the old envelope (Fig. 5 F). In the anterior
calcium bodies, the old envelope appears to be incorporated into
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Figure 4. Anterior calcium bodies in intermolt stage. (A) Semithin section through an anterior calcium body (acb). An epithelium (e) forms the
wall of the organ. An agglomeration of laminae (la) is visible in the lumen. Mineral content was lost during tissue preparation. (B) Mineral concretion
from the medial tube of an anterior calcium body. (C) Scanning electron micrograph of a fractured mineral concretion from an anterior calcium body
(methanol fixation) with a central cavity (ca). (D) Scanning electron micrograph of a fractured anterior calcium body (methanol fixation) showing
a continuous layer of mineralized matrix (ma) formed around the central cavity (ca) with folded laminae. (E) Higher magnification scanning electron
micrograph showing small spherules (sp) on the surface of laminae (la) within the central cavity. (F) Transmission electron micrograph of the laminae
(la) within an anterior calcium body. (G) Cross-section through the anterior calcium body epithelium. The cytoplasm of epithelial cells contains
numerous mitochondria (m), electron dense vesicles (v) and autophagic vacuoles (av). The apical plasma membrane is not folded. (H) The apical
surface of an epithelial cell (e). The apical plasma membrane is lined by an envelope (en) consisting of a proximal electron dense and a distal electron
lucent layer. Numerous laminae (la) are visible in the lumen. h — hepatopancreas, n- nucleus.

doi:10.1371/journal.pone.0058968.g004
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Figure 5. Calcium bodies in premolt stage. (A) Synthesis of the new envelope (arrows) in an anterior calcium body. The new envelope is
discontinuous and is deposited over short protrusions of the apical plasma membrane. The old envelope (oe) is detached. (B) Synthesis of the new
envelope (arrows) in the posterior calcium bodies. (C) Synthesis of the tergal epicuticle (arrow) in early premolt stage. A forming cuticular scale (sc) is
visible. (D) The apical surface of the anterior calcium body epithelium in late premolt stage. The folded apical plasma membrane (pm) is lined by the
new envelope (ne). (E) Differential interference contrast image of a posterior calcium body in late premolt stage (eosin stain). A glassy layer (gl) of
mineralized matrix is present between the bacteria-containing central matrix (cm) and the epithelium (e). (F) Scanning electron micrograph of the
glassy layer (gl) in a fractured posterior calcium body (methanol fixation). Small spherules are visible on the laminae (la) in the outer parts of the
central matrix. (G) Differential interference contrast image of a premolt stage anterior calcium body (eosin stain). The old envelope (oe) is embedded
in the mineralized matrix (ma). The new envelope (ne) lines the epithelium (e). ba - bacterium, es — ecdysial space, h - hepatopancreas, m -
mitochondrion.

doi:10.1371/journal.pone.0058968.g005
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the forming mineralized matrix (Fig. 5 G), which resembles the
matrix present within the lumen in intermolt stage.

Intramolt stage. The ultrastructure of the posterior calcium
body epithelium in intramolt stage specimens appears unaltered
with respect to the premolt stage epithelium (Fig. 6 A). By contrast,
the apical epithelial surface in the anterior calcium bodies in
intramolt stage is greatly enlarged by the formation of numerous
membrane folds (Fig. 6 B). In addition, electron dense granules
50-100 nm in diameter are present in the intercellular spaces
between adjacent epithelial cells (Fig. 6 B). These granules are
formed on short protrusions of the lateral plasma membrane (Fig. 6
C) and are present basally to the subapical cell junctions.

The material within calcium bodies in intramolt stage is similar
to that found in late premolt stage, i.e. the matrix of the anterior
calcium bodies is extensive (Fig. 6 D) and the glassy layer in the
posterior calcium bodies is well developed (not shown). However,
the outer surface of the mineralized matrix formed during the

A
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premolt stage in anterior calcium bodies appears etched, which
suggests that the matrix is being dissolved in intramolt stage.
Radially oriented columns of small granules (about 30 nm in
diameter) are visible on the etched surface (Figs. 6 D, E).

Postmolt stage. During the first day following anterior
ecdysis, the epithelial cells in both pairs of calcium bodies have
a deeply folded apical membrane, electron dense granules in the
basolateral parts of the spaces between adjacent cells are numerous
(Figs. 7 A-E). At this time, the glassy layer is still present within the
posterior calcium bodies and the anterior calcium bodies contain
variable amounts of mineralized matrix (Figs. 7 F, G).

Two days after the anterior ecdysis, the ultrastructure of the
calcium body epithelium is restored to its intermolt stage condition
(Figs. 8 A, B). Electron dense granules are absent from the
intercellular spaces between epithelial cells and adjacent plasma
membranes are in close apposition. In anterior calcium bodies, the
apical plasma membrane is smooth and lacks invaginations,

Figure 6. Calcium bodies in intramolt stage. (A) The posterior calcium body epithelium is unaltered with respect to the intermolt stage. (B) The
anterior calcium body epithelium forms deep apical membrane folds (mf). Electron dense granules (arrows) are present in intercellular spaces
between neighboring cells. Mineral components were lost during tissue preparation. (C) Formation of electron dense granules in intercellular spaces
of the anterior calcium body epithelium on short protrusions (arrows) of the plasma membrane. (D) The mineralized matrix (ma) in an anterior
calcium body. The outer surface of the mineral concretion (upper left side of image) appears etched (arrowhead). The embedded old envelope (oe)
separates two layers of the mineralized matrix (ma). (E) Higher magnification of the etched surface of the mineralized matrix within an anterior
calcium body showing granular material arranged in radial threads. The surface of the concretion is to the upper left side of the image. bl - basal
lamina, j - cell junction, | — calcium body lumen, m- mitochondrion, ne - new envelope, oe - old envelope.
doi:10.1371/journal.pone.0058968.g006
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Figure 7. Calcium bodies one day after anterior ecdysis. (A) The posterior calcium body epithelium (apical side up) with apical membrane
folds (mf) and electron dense granules (arrow) in intercellular spaces between neighboring cells. (B) The anterior calcium body epithelium (apical side
up). Folds (mf) of the apical plasma membrane reach deeply into the epithelium. Electron dense granules of varying sizes (arrows) are present in
intercellular spaces. (C) Oblique section through the apical part of the anterior calcium body epithelium showing numerous folds of the apical plasma
membrane. (D) Oblique section through the apical part of the posterior calcium body epithelium with numerous membrane folds and mitochondria
(m). (E) High magnification image of the electron dense granules in intercellular spaces of the anterior calcium body epithelium. (F) Paraffin section of
the posterior calcium body (eosin stain) showing the glassy layer (gl), which is still present after anterior ecdysis. (G) Paraffin section of the anterior
calcium body (eosin stain) showing the presence of mineralized matrix (ma) within it. cm — central matrix, e — epithelium, | - lumen, n - nucleus.
doi:10.1371/journal.pone.0058968.g007

whereas in the posterior calcium bodies, the apical membrane that the mineralized matrix in anterior calcium bodies is
folds are still present. The posterior calcium bodies lack a glassy completely degraded during the two days following exuviation.
layer at this stage; however, the bacteria and crystals remain in the

central matrix (Fig. 8 C). The anterior calcium bodies, on the 4. Micro-Raman Spectroscopy

other hand, are completely devoid of the mineralized matrix and The Raman spectrum of the bacteria-containing central matrix
only numerous laminae remain in the lumen (Fig. 8 D), showing  within posterior calcium bodies (Fig. 9 A) demonstrates the
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Figure 8. Calcium bodies two days after anterior ecdysis. (A) The posterior calcium body epithelium. Epithelial ultrastructure is similar to that
of the intermolt stage epithelium. (B) The anterior calcium body epithelium. The apical surface of epithelial cells is no longer folded and adjacent cells
are in close contact. (C) Paraffin section (eosin stain) of a posterior calcium body (pcb). No glassy layer is present. (D) Paraffin section (eosin stain) of an
anterior calcium body (acb). The lumen is devoid of mineral and only organic laminae (la) are visible within it. ba - bacteria, e — epithelium, en -
envelope, h - hepatopancreas, j — cell junction, m — mitochondrion, mu — muscle, n - nucleus.

doi:10.1371/journal.pone.0058968.g008

presence of carbonated apatite [14,15]. The prominent peak at
960 cm ™! corresponds to the v, stretching of PO, [14,16] and the
peak at 433 to the vy stretching of PO, in apatite [15]. The peak at
1077 em ™" is contributed by the v, stretching of COs [14]. The
demonstration of carbonated apatite is in accordance with the
finding of crystals within the central matrix using SEM. At high
frequencies the most prominent peak is located at 2935 em™ .
This peak is associated with CH stretching and the peak at
1453 cm™ ! with CH, wagging vibrations [17]. These peaks
demonstrate the presence of large quantities of organic substances
within the central matrix of posterior calcium bodies and can be
attributed either to the abundant bacteria within the matrix [18]
or to organic matrix components. The broad peak from 3000 to
3300 cm ™' corresponds to OH stretching of bound water [19].
The spectrum of the glassy layer, which develops in the
posterior calcium bodies during premolt stage, is characterized by

PLOS ONE | www.plosone.org
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three prominent peaks at 954 cm™ !, 987 em ™' and 1080 cm ™!
(Fig. 9 B). The peak at 954 cm™ ', attributed to v; stretching of
PO,, is characteristic of amorphous calcium phosphate (ACP).
Unlike apatite, which features a narrow peak at about 960 cm ™',
the corresponding peak in ACP is broader and shifted towards
smaller wavenumbers [15,16]. An additional peak of similar
intensity at 987 cm ™' matches the vy stretching of POy in calcium
hydrogen phosphates, i.e., brushite [20] and monetite [21].
However, the obtained spectrum does not allow us to draw firm
conclusions about the presence of these minerals in the samples. If
calcium hydrogen phosphates contribute to this peak, the presence
of brushite is more likely, since its dehydration to monetite
generally requires harsh conditions [22]. The peak at 1080 cm ™
is the strongest in the spectrum and, considering the broadness of
this peak, is contributed by amorphous calcium carbonate [19].
The complexity of the spectrum in the 200-900 cm ™' region likely
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Figure 9. Raman spectra of mineralized matrices within calcium bodies. (A) Raman spectrum of the bacteria-containing central matrix in
a posterior calcium body. (B) Raman spectrum of the glassy layer developed during the premolt stage in a posterior calcium body. (C) Raman
spectrum of the concretion within an anterior calcium body. Positions of the most prominent peaks are given in cm ™. Asterisks denote spikes.
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results from several mineral phases occurring together. Unlike the
central matrix, the glassy layer of the posterior calcium bodies
contains relatively small amounts of organic matrix components
and consists mostly of minerals.

The Raman spectrum obtained from the mineralized matrix
within the anterior calcium bodies (Fig. 9 C) demonstrates the
presence of calcite, with peaks at 1086 cm ™' (symmetric v,
stretching of CO3) [23], 713 ecm ™' [19], 155 em ™' and 280 cm ™!
(calcite lattice vibration) [24]. The characteristic peaks at
155 cm ™' and 280 cm™' distinguish calcite from amorphous
calcium carbonate (ACC) [19] as well as vaterite and aragonite
[25]. The spectrum lacks characteristic calcium phosphate peaks
and peaks attributable to organic components are very small.
Similar spectra were obtained from specimens in intermolt and
intramolt stages. Analysis of the mineralized matrix in samples
isolated in absolute ethanol and methanol gave identical results.

Discussion

The results of this study show that bacteria are present in
calcium bodies of trichoniscids other than 7. albus, in which they
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were first reported [7], and are likely a general feature of calcium
bodies. However, unlike 7. albus, in which both pairs of calcium
bodies harbor bacteria and are similar in structure and compo-
sition, only the posterior pair of calcium bodies contains bacteria
in H. riparius, whereas the anterior pair is devoid of them.

There are two notable differences between the anterior and
posterior calcium bodies of H. rparius. Firstly, the apical plasma
membrane of the epithelium is deeply folded throughout the molt
cycle in the posterior calcium bodies, whereas in the anterior pair
it is smooth in intermolt stage and is deeply folded only during
intramolt and postmolt stages and to a lesser extent during premolt
stage, which may be linked to ion transport and matrix secretion.
Secondly, the posterior calcium bodies continuously contain
apatite and the transient glassy layer within them contains a high
amount of calcium phosphate, whereas the mineralized matrix of
the anterior calcium bodies contains only CaCOs-containing
transient deposits. Our results are in agreement with the elemental
analysis of calcium bodies in non-molting H. riparius [8], which
demonstrated the presence of large amounts of phosphorus in the
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posterior mineral concretions, whereas no phosphorus was
detected in the anterior ones.

On the basis of our results we propose the following model of
mineral deposition and resorption in the calcium bodies of H.
riparius.

Before apolysis, deposition of a CaCOj-containing mineralized
matrix begins around the laminae in the lumen of anterior calcium
bodies. In the posterior calcium bodies, only the bacteria-
containing matrix mineralized with apatite is present at this time.
Later, the old envelopes detach from the calcium body epithelia
and new envelopes are synthesized. These events are concomitant
with integumental apolysis and the synthesis of the new epicuticle.
Later in premolt stage, additional mineralized matrix is formed
between the old envelope and the new envelope in both pairs of
calcium bodies. In the anterior calcium bodies, the mineralized
matrix contains only CaCOs, whereas in the posterior calcium
bodies, the newly formed glassy layer contains a mixture of
calcium carbonate and calcium phosphate, mostly in amorphous
form. After the posterior ecdysis, degradation of the mineralized
matrix within the calcium bodies begins. The apical surface of the
anterior calcium body epithelium enlarges by forming numerous
membrane folds and calcium transport across the anterior calcium
body epithelium begins, as indicated by the intense folding of the
apical epithelial surfaces and the presence of numerous electron
dense granules in spaces between epithelial cells. Following the
anterior ecdysis, degradation of mineralized matrix and intensive
translocation of calcium take place in both pairs of calcium bodies.
Within two days after the anterior ecdysis, mineral resorption from
calcium bodies stops and the intermolt ultrastructure of calcium
body epithelia is restored. At this point, the anterior calcium
bodies are devoid of mineral content. In the posterior calcium
bodies, only the bacteria-containing central matrix with apatite
crystals remains and the glassy layer is completely degraded.

The continuously folded apical plasma membrane of the
posterior calcium body epithelium indicates a constant high rate
of transepithelial transport in the posterior calcium bodies. This is
probably linked to the maintenance and functional regulation of
the large bacterial population within the posterior calcium bodies.
Epithelia with a highly folded or microvillous apical surface are
also known from organs housing prokaryotic symbionts in other
invertebrates, such as cephalopods [26] and insects [27].

The presence of calcium phosphate in bacteria-containing
calcium bodies in H. riparius (this study) and 7. albus [7] on one
hand, and the absence of calcium phosphate in bacteria-free
calcium bodies in H. riparius on the other, indicates that the
function of bacteria is linked to calcium phosphate dynamics.
However, bacteria might function in either its formation [28] or its
dissolution [29,30] and further investigation will be necessary to
clarify their role.

Raman spectroscopy demonstrated calcite in concretions from
the anterior calcium bodies. This result is unusual, since transient
calcium deposits of crustaceans generally contain ACC [2]. It has
been suggested that the amorphous nature of transient calcium
deposits is functionally important, since ACC is highly soluble and
thus readily resorbed when the need for calcium arises [1,31].
Preparation methods used in this study should prevent the
crystallization of ACC [31,32] and amorphous minerals were well
preserved in sternal deposits of 7. albus (Fig. S2) and in the glassy
layer of posterior calcium bodies. In crustaceans, ACC is generally
stabilized by phosphate ions, proteins, and small organic molecules
[2,23,33]. It is noteworthy that sternal deposits contain some
phosphate and large amounts of organic material (Fig. S2),
whereas no phosphate and comparatively small amounts of
organic components were detected in the concretions within
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anterior calcium bodies of H. rparius. If the CaCOs3 in anterior
calcium bodies is amorphous  vivo, which is not excluded, it is
possible that the heating during Raman spectroscopic measure-
ment caused the crystallization of the samples. Whatever the i vivo
condition, CaCOys is readily resorbed from anterior calcium bodies
after ecdysis.

The posterior calcium bodies in /. riparius are structurally and
functionally similar to the calcium bodies of 7. albus [7]. The
continuously present crystalline mineral at the center of the
posterior calcium bodies is apatite, as is the case in 7. albus,
whereas the transient glassy layer contains a mixture of calcium
carbonate and calcium phosphate. Previously, energy dispersive
X-ray spectrometry showed large amounts of calcium and
phosphorus in the glassy layer in calcium bodies of 7. albus;
however, the Ca:P ratio was higher than would be expected for
either apatite or ACP alone [7], which indicated that a mixture of
minerals was present in this layer. In H. riparius, ACC and ACP
form the glassy layer. If brushite is also present, as indicated by
Raman spectroscopy, it should be readily resorbed from calcium
bodies since its solubility [22] is comparable to that of ACC [34].
Unlike the glassy layer, apatite crystals in posterior calcium bodies
are always present and we could not establish any changes to the
bacteria-containing central matrix during the molt cycle. The
same was observed in 7. albus [7]. The function of apatite in
calcium bodies thus remains unknown.

Calcium phosphate has more rarely been reported in crustacean
calcium deposits than calcium carbonate. It represents a small
fraction of the minerals in sternal deposits of Porcellio scaber [35]
and was also detected in the calcium concretions within the
posterior midgut caeca of Orchestia cavimana [23]. Although the
function of calcium phosphates in the posterior calcium bodies is
not known at this point, it is possible that they represent a reservoir
for phosphorus in addition to calcium. It has been shown that the
tergal cuticle of terrestrial isopods contains measurable amounts of
calcium phosphate [36,37,38,39], predominantly in the proximal
cuticular layers, where it supposedly stabilizes calcium carbonate
in amorphous form [39]. Calcium phosphate in the glassy layer of
the posterior calcium bodies could therefore provide a source of
phosphate ions necessary for the mineralization of the exoskeleton.

Ifwe assume that the etched appearance of the mineralized matrix
within calcium bodies and the presence of electron dense granules in
intercellular spaces are indicative of calcium resorption, there is
evidently a delay between the onset of mineral resorption in the
anterior and the posterior calcium bodies. This could be linked to the
biphasic molt, but if we relate this sequence of events to the
composition of the minerals that are resorbed in the two pairs of
calcium bodies, we can conclude that only calcium carbonate is
resorbed during intramolt stage, while both calcium carbonate and
calcium phosphate are resorbed during postmolt stage, the resorption
of calcium phosphate perhaps being linked to the phosphate-
stabilized ACC mineralization of the endocuticle [39].

The ultrastructural features of the calcium body epithelium
during mineral resorption are nearly identical to those reported for
the anterior sternal epithelium during the resorption of sternal
deposits in other oniscids [13]. The deeply folded apical plasma
membrane, an extensive intercellular network between adjacent
epithelial cells and electron dense granules forming within these
spaces on membrane protrusions, observable in f. riparius, are also
characteristics of the anterior sternal epithelium during resorption
of the sternal CaCOj deposits of terrestrial isopods [13,40]. The
electron dense extracellular granules were shown to contain Ca, N
[40] and P [35] in the terrestrial isopod Porcellio scaber, which
indicates that they function in transepithelial calcium transport in
this species. Considering these ultrastructural similarities, it is likely
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that similar cellular processes enable the transepithelial transport
of calcium in calcium bodies and in sternal deposits of isopods.
Similar features were reported in the epithelium of the posterior
midgut caeca during resorption of mineral concretions in the
amphipod Orchestia  cavimana [41] and the epidermis during
resorption of cuticular calcium in the crab, Holthuisana transversa
[42]. This indicates that different crustacean groups utilize a similar
mechanism of transepithelial calcium transport. Interestingly,
electron dense granules were not observed during mineral
resorption from calcium bodies in 7. albus [7], which might be
the consequence of the generally slower metabolism in this
subterranean species [43] and the consequently lower intensity of
calcium transport.

H. riparius is the only known terrestrial isopod lacking sternal
CaCOgs deposits apart from the tylid Helleria brevicornis, which was
reported to store calcium in the hemolymph [8]. Sternal deposits
are utilized by representatives of all major lineages of terrestrial
isopods, including Tylidae [8], Ligiidae [44,45], at least three
members of Synocheta [8,46], and all studied Crinocheta [45].
Despite many different views on oniscidean phylogeny [47], the
absence of sternal deposits in Hyloniscus is likely the result of
secondary reduction considering their presence in so many
oniscidean lineages. It is possible that the anterior calcium bodies
functionally replace sternal CaCOg deposits in this species.

Complete reliance on internal calcium deposits may be
advantageous from the perspective of the timing of mineral
deposition and resorption processes. CaCOs deposits in the
ecdysial space can only start forming after the onset of apolysis. By
contrast, mineral can already be deposited in calcium bodies
before this point in the molting cycle, and our results demonstrate
that this is the case in anterior calcium bodies of H. riparius.
Whether the matrix formed at this point is mineralized with
dietary calcium or with calcium resorbed from the exoskeleton
remains to be established. Furthermore, sternal deposits are
necessarily degraded during a relatively short period in intramolt
stage if the animal is to avoid losing them with the anterior
exuviae. The time available for the resorption of sternal deposits is
thus limited to this narrow timeframe, which is impractical, as
much of the endocuticle, in particular of the anterior body-half, is
synthesized after the anterior ecdysis and calcium is still required
for its mineralization in postmolt stage [4]. Calcium from an
internal deposit, on the other hand, can be resorbed after ecdysis
and we demonstrated that resorption of minerals from both pairs
of calcium bodies in H. riparius is most intensive during the
postmolt stage. Furthermore, the chemical environment within an
internal epithelial compartment may be more efficiently regulated
compared to the ecdysial space, making the utilization of calcium
bodies energetically favorable.

We could not establish any luminal connections between the
calcium bodies and the digestive system. However, they are
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located close to digestive organs and the basal lamina of the
calcium body epithelium is often in direct contact with that of the
hepatopancreas. It is therefore possible that ions are transported
almost directly between the calcium bodies and components of the
digestive system despite the absence of a luminal connection.

Our results demonstrate that new envelopes are formed by the
calcium body epithelium before each molt. Since calcium bodies
are closed compartments, this should lead to accumulation of old
envelopes within the calcium body lumen unless they are
degraded. Since numerous laminae are observable within the
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thickness of these laminae are identical to the electron lucent
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indeed accumulated remnants of old envelopes, secreted during
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stage 1s closely associated with the old envelopes. It is therefore
possible that the old envelopes function in the initiation of mineral
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Supporting Information

Figure S1 Absence of sternal deposits in Hyloniscus
riparius. (A) Ventral view of anterior pereonites in late premolt
stage. No sternal deposits are visible on the anterior sternites (st).
(B) Ventral view of anterior pereonites in intramolt stage. No
sternal deposits are visible. (C) The anterior sternal epithelium in
intramolt stage. The epithelium (e) lacks pronounced apical
membrane invaginations, epithelial cells are in close contact with
each other and no electron dense granules are visible in
intercellular spaces. ct — cephalothorax, es — ecdysial space, j —
cell junction, nc — new cuticle.

(TTF)

Figure S2 Raman spectrum of sternal deposits in
Titanethes albus. Positions of the most prominent peaks are
given in ecm ', Asterisk denotes spike. The peaks at 957 cm™ !,
1081 cm™", and 2935 cm™' are contributed by calcium phos-
phate, calcium carbonate, and organic components, respectively.
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Acknowledgments

The authors would like to thank Jozica Murko Buli¢ for her laboratory
assistance and Stefano Taiti for the confirmation of species diagnosis.
Lindsey Longway and Rok Kostanjsek gave helpful comments on the
manuscript.

Author Contributions

Conceived and designed the experiments: JS MV. Performed the
experiments: MV AR UN. Analyzed the data: MV AR JG JS. Wrote
the paper: MV JS JG.

7. Vittori M, Kostanjsek R, Znidarsi¢ N, Zagar K, Ceh M, et al. (2012) Calcium
bodies of Titanethes albus (Crustacea: Isopoda): Molt-related structural dynamics
and calcified matrix-associated bacteria. J Struct Biol 180: 216-225.
8. Ziegler A (2003) Variations of calcium deposition in terrestrial isopods. In:
Sfenthourakis S, de Araujo PB, Hornung E, Schmalfuss H, Taiti S, Szlavecz K,
editors. The Biology of Terrestrial Isopods V. Leiden: Koninklijke Brill. 299
309.
9. Roer R, Dillaman R (1984) The structure and calcification of the crustacean
cuticle. Am Zool 24: 893-909.

. Zidar P, Drobne D, Strus J (1998) Determination of Moult Stages of Porcellio
scaber (Isopoda) for Routine Use. Crustaceana 71: 646-654.

. Fiala JC (2005) Reconstruct: a free editor for serial section microscopy. ] Microsc
218: 52-61.

. Richardson KC, Jarett L, Finke EH (1960) Embedding in epoxy resins for
ultrathin sectioning in electron microscopy. Biotech Histochem 35: 313-323.

March 2013 | Volume 8 | Issue 3 | e58968



20.

21.

22.

23.

26.

27.

28.

29.

. Thli MM, Ben Amor M, Gabrielli

. Glotzner J, Ziegler A (2000) Morphometric analysis of the calcium-transporting

sternal epithelial cells of the terrestrial isopods Ligia oceanica, Ligidium hypnorum,
and Porcellio scaber during molt. Arthropod Struct Dev 29: 241-257.

. Awonusi A, Morris MD, Tecklenburg MM]J (2007) Carbonate assignment and

calibration in the Raman spectrum of apatite. Calcif Tissue Int 81: 46-52.

. Kazanci M, Fratzl P, Klaushofer K, Paschalis EP (2006) Complementary

information on in vitro conversion of amorphous (precursor) calcium phosphate
to hydroxyapatite from Raman microspectroscopy and Wide-Angle X-Ray
Scattering. Calcif Tissue Int 79: 354-359.

. Bentov S, Zaslansky P, Al-Sawalmih A, Masic A, Fratzl P, et al. (2012) Enamel-

like apatite crown covering amorphous mineral in a crayfish mandible. Nat
Commun, doi:10.1038/ncomms1839.

. Carden A, Morris MD (2000) Application of vibrational spectroscopy to the

study of mineralized tissues (review). J Biomed Opt 5: 259-268.

. Rosch P, Harz M, Schmitt M, Peschke KD, Ronneberger O, et al. (2005)

Chemotaxonomic identification of single bacteria by micro-Raman spectrosco-
py: Application to clean-room-relevant biological contaminations. Appl Environ
Microbiol 71: 1626-1637.

o, Joiret S, Maurin G, et al. (2001)
Characterization of CaCO3 hydrates by micro-Raman spectroscopy. J Raman
Spectrosc 33: 10-16.

Frost RL, Xi'Y, Pogson RE, Millar GJ, Tan K, et al. (2012) Raman spectroscopy
of synthetic CaHPO4-2H20— and in comparison with the cave mineral
brushite. ] Raman Spectrosc 43: 571-576.

Penel G, Leroy N, Van Landuyt P, Flature B, Hardouin P, et al. (1999) Raman
microspectrometry studies of brushite cement: in vivo evolution in a sheep
model. Bone 25: 818-84S.

Tas AC (2009) Monetite (CaHPO,) synthesis in ethanol at room temperature.
J Am Ceram Soc 92: 2907-2912.

Raz S, Testeniere O, Hecker A, Weiner S, Luquet G (2002) Stable amorphous
calcium carbonate is the main component of the calcium storage structures of
the crustacean Orchestia cavimana. Biol Bull 203: 269-274.

. Rutt HN, Nicola JH (1974) Raman spectra of carbonates of calcite structure.

J Phys C 7: 4522-4528.

. Wehrmeister U, Soldati AL, Jacob DE, Hager T, Hofmeister W (2010) Raman

spectroscopy of synthetic, geological and biological vaterite: a Raman
spectroscopic study. J Raman Spectrosc 41: 193-201.

McFall-Ngai M, Montgomery MK (1990) The anatomy and morphology of the
adult bacterial light organ of Euprymna scolopes Berry (Cephalopoda:Sepiolidae).
Biol Bull 179: 332-339.

Billen J, Buschinger A (2000) Morphology and ultrastructure of a specialized
bacterial pouch in the digestive tract of Tetraponera ants (Formicidae,
Pseudomyrmecinae). Arthropod Struct Dev 29: 259-266.

Rivadeneyra MA, Martin-Algarra A, Sanchez-Roman M, Sanchez-Navas A,
Martin-Ramos JD (2012) Amorphous Ca-phosphate precursors for Ca-
carbonate biominerals mediated by Chromohalobacter marismortui. ISME ] 4:
922-932.

Hirschler A, Lucas J, Hubert JC (1990) Bacterial involvement in apatite genesis.
FEMS Microbiol Immunol 73: 211-220.

. Welch SA, Taunton JF, Banfield JF (2002). Effect of microorganisms and

microbial metabolites on apatite dissolution. Geomicrobiol J 19: 343-367.

PLOS ONE | www.plosone.org

14

31.

32.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

Calcium Bodies in Hyloniscus riparius

Becker A, Bismayer U, Epple M, Fabritius H, Hasse B, et al. (2003) Structural
characterisation of X-ray amorphous calcium carbonate (ACC) in sternal
deposits of the crustacea Porcellio scaber. Dalton Trans 2003: 551-555.

Politi Y, Metzler RA, Abrecht M, Gilbert B, Wilt FH, et al. (2008)
Transformation mechanism of amorphous calcium carbonate into calcite in

the sea urchin larval spicule. PNAS 105: 17362-17366.

. Akiva-Tal A, Kababya S, Balazs YS, Glazer L, Berman A, et al. (2011) In situ

molecular NMR picture of bioavailable calcium stabilized as amorphous CaCO4
biomineral in crayfish gastroliths. PNAS 36: 14763-14768.

Gal JY, Bollingerb JC, Tolosa H, Gache N (1996) Calcium carbonate solubility:
a reappraisal of scale formation and inhibition. Talanta 43, 1497-1509.

. Ziegler A (2002) X-ray microprobe analysis of epithelial calcium transport. Cell

Calcium 3: 307-321.

Neues F, Ziegler A, Epple M (2007) The composition of the mineralized cuticle
in marine and terrestrial isopods: A comparative study. CrystEngComm 9:
1245-1251.

Hild S, Neues F, Znidarsi¢ N, Strus J, Epple M, Marti O, Ziegler A (2009).
Ultrastructure and mineral distribution in the tergal cuticle of the terrestrial
isopod Titanethes albus. Adaptations to a karst cave biotope. J Struct Biol 168:
426-436.

Seidl B, Huemer K, Neues F, Hild S, Epple M, Ziegler A (2011). Ultrastructure
and mineral distribution in the tergite cuticle of the beach isopod Tylos europaceus
Arcangeli, 1938. J Struct Biol 174: 512-526.

Hild S, Marti O, Ziegler A (2008) Spatial distribution of calcite and amorphous
calcium carbonate in the cuticle of the terrestrial crustaceans Porcellio scaber and
Armadillidium vulgare. J Struct Biol 163: 100-108.

Ziegler A (1996) Ultrastructural evidence for transepithelial calcium transport in
the anterior sternal epithelium of the terrestrial isopod Porcellio scaber (Crustacea)
during the formation and resorption of CaCOg deposits. Cell Tissue Res 284:
459-466.

Graf F, Meyran JC (1985) Calcium reabsorption in the posterior caeca of the
midgut in a terrestrial crustacean, Orchestia cavimana. Ultrastructural changes in
the postexuvial epithelium. Cell Tissue Res 242: 83-95.

Greenaway P, Farrely C (1991) Trans-epidermal transport and storage of
calcium in Holthuisana transversa (Brachyura; Sundathelphusidae) during premolt.
Acta Zool 72: 29-40.

Sim¢i¢ T, Pajk F, Brancelj A (2010) Electron transport system activity and
oxygen consumption of two amphibious isopods, epigean Ligia ialica Fabricius
and hypogean Titanethes albus (Koch), in air and water. Mar Freshw Behav
Physiol 43: 149-156.

Strus J, Blejec A (2001) Microscopic anatomy of the integument and digestive
system during the molt cycle in Ligia italica (Oniscidea). In: Kensley B, Brusca
RC, editors. Crustacean Issues 13: Isopod systematics and evolution. Rotterdam:
A. A. Balkema Publishers. 343-352.

. Ziegler A, Miller B (1997) Ultrastructure of CaCOj3 deposits of terrestrial isopods

(Crustacea, Oniscidea). Zoomorphology 117: 181-187.

Vittori M, Kostanjick R, Znidarsié N, Strus J (2012) Molting and cuticle
deposition in the subterranean trichoniscid Titanethes albus (Crustacea, Isopoda).
ZooKeys 176: 23-38.

Schmidt C (2008) Phylogeny of the terrestrial Isopoda (Oniscidea): a review.
Arthropod Syst Phylogeny 66: 191-226.

March 2013 | Volume 8 | Issue 3 | e58968



