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ABSTRACT

The processes of morphogenesis during animal development are complex and interdependent at all organ-
isational levels. Thus, it is beneficial to visualize morphogenesis at different scales and including 3D im-
aging and quantification. Here the application of a combination of complementary imaging techniques (mi-
cro-computed tomography, histology, and transmission electron microscopy), supplemented by morpho-
metrical analyses, is presented in a study of digestive glands morphogenesis during embryonic and postem-
bryonic development of isopod crustacean. The first pair of gland tubules is formed in mid-stage embryo
from gland primordium, separated into two lobes by gland epithelium longitudinally from posterior to an-
terior direction. The width reduction and volume decrease of the tubules were observed from late embryo
through marsupial and postmarsupial mancae stages. The second pair of gland tubules starts to form in mid-
stage embryo S14 and elongates from late embryo onwards, with gradual volume increase. Epithelial cells
of digestive glands are morphologically modified from cuboidal to the dome-shaped B cells and wedge-
shape S cells in late marsupial mancae, which coincides with complete depletion of yolk within gland lu-
men. Septate junctions in gland epithelium elongate from embryos to postmarsupial mancae, while their
ultrastructure does not change considerably. The most intense elongation of septate junction was evident at
transition from marsupial to postmarsupial manca stage, which is consistent with release of the animal from
marsupium to the external environment. Integration of data acquired by the presented imaging techniques
and quantitative analyses allowed us to relate histological and ultrastructural modifications of epithelium
to crucial transitions in digestive gland morphogenesis and to the key steps of animal embryonic and

postembryonic development.
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INTRODUCTION

Imaging of biological samples at different scales is
crucial to obtain an integrative view on distinctive mor-
phology and functions from molecular to organ level in
the context of the whole organism (Handschuh et al.,
2013; Walter et al., 2020; Rudraiah et al., 2024). The
structures and processes within a living organism are
complex and interdependent throughout all levels of bi-
ological organisation, thus it is beneficial to visualize
structures by 3D imaging and across multiple scales,
supplemented by quantitative analysis of the relevant
morphological parameters. Integration of data from mul-
tiple imaging approaches allows us to gain much more
complete information on the morphogenetic process that
are beyond the information gained from one individual
technique used. In addition, studies of developmental
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processes demand the analysis of sequential develop-
mental stages, thus it is necessary that stages are well
defined temporally and morphologically for the species
investigated.

Morphogenetic processes involved in organism de-
velopment are deeply conserved within the animal king-
dom. The advancement of understanding the tissue and
organ morphogenesis and the application of these con-
cepts in various fields of bioscience are achieved
through the multidisciplinary investigations of animal
embryonic and postembryonic development. Imaging of
embryos and larvae by complementary methods is one
of the key tools, which allows us to study the develop-
mental processes in the physiological environment and
from individual cells to the whole organism. A compre-
hensive survey of methods applied to study organogen-
esis in decapod crustacean larvae, focused to classical
and state-of-the-art imaging techniques, is presented by
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Torres et al. (2021) and Melzer et al. (2021). To advance
knowledge on digestive glands morphogenesis and on
different aspects of the organ functional specialisations
during development, morphogenesis of digestive glands
tubules and their epithelium as an integrative part of or-
ganogenesis needs to be elucidated, as this process is
crucial for shaping of organs and for establishment of
organs’ vital functions. The digestive gland epithelium
functions as transporting epithelium, a selectively per-
meable barrier in organ, in which complex regulation of
paracellular fluxes depends on occluding junctions, in
invertebrates the septate junctions (Jonusaite et al.,
2016).

In crustaceans, the digestive glands, also named
midgut glands or hepatopancreas, are a part of the diges-
tive system with numerous essential functions in nutri-
ents processing. Together with midgut, the digestive
glands are the endodermal parts of crustacean digestive
system. They consist of several blindly ending tubules,
even hundreds in decapods, which are connected to the
digestive tract. The tubules are composed of single-lay-
ered epithelium, which in decapods includes five spe-
cialized cell types, E cells (embryonic cells), R cells (re-
sorptive cells), F cells (fibrillar cells), B cells (blister-
like cells) and M cells (midget cells) (Strus ez al., 2019;
Vogt, 2019). In isopod crustaceans, the endodermal
parts are reduced and in terrestrial isopods the midgut
region within digestive tract is absent (Hames and Hop-
kin, 1989; Storch and Strus, 1989; Wigele, 1992). Di-
gestive glands are composed of paired blind-ending tu-
bules, which open into the digestive tract at the junction
of the foregut and hindgut (Strus ez al., 1995) and per-
form a broad range of functions, i.e. absorption, storage
of lipids, carbohydrates, proteins and metals, secretion,
excretion and probably osmoregulation (Storch, 1984).
A short midgut region situated in-between the foregut
and hindgut, and connected to the digestive glands, was
described in amphibious species of the family Ligiidae
(Strus and Draslar, 1988; Strus e al., 1995). The diges-
tive glands in adult animals of isopod Porcellio scaber
consist of four spiral tubules, formed by epithelium
composed of hepatopancreatic B and S cells. Each tu-
bule is surrounded by the neuromuscular network. Dome
shaped B or large cells alternate with wedge shaped S or
small cells (Storch, 1984; Bettica et al., 1984; Wigele,
1992; Znidarsi¢ et al., 2003).

Digestive glands in decapods emerge from midgut
canal near the connection with the stomach during early
larval development, in the shape of paired lobes. The in-
itial lobes already include the same cell types as in adults
and R cells are observed to have an important function
in lipid storage. Later during larval development, the
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lobes ramify into numerous tubules of smaller diameter,
which elongate (Lowett and Felder, 1989; Biesiot and
McDowell, 1995; Abrunhosa and Kittaka, 1997; Diaz et
al., 2008; Vogt, 2008; Tziouveli et al., 2011; Muham-
mad et al., 2012; Spitzner et al., 2018; Strus et al., 2019;
Kalacheva et al., 2023). In Peracarida, individual as-
pects of the digestive glands' morphogenesis were partly
described only in amphipod Parhyale hawaiensis
(Browne et al., 2005), in parasitic isopod Paragnathia
formica (Manship et al., 2011) and in terrestrial isopod
Porcellio scaber (Strus et al., 2008; Wolff, 2009; Mila-
tovi€ et al., 2010). These studies aimed to establish the
staging system for the investigated species; thus, they
were focused mainly on the morphological characteris-
tics important for identification of the developmental
stages and not on characterization of the digestive glands
morphogenesis in detail. In all three species the diges-
tive glands become significant already during embry-
onic development, involved in the degradation and ab-
sorption of yolk. The yolk within glands is consumed till
release from the female marsupium, when animals be-
come dependent on external food sources (Strus et al.,
2019). One of the crucial differentiation processes that
enable adequate barrier and transport functions of inver-
tebrate epithelium in general is the formation of septate
junctions, which has not been characterized during di-
gestive glands morphogenesis previously. Septate junc-
tions in invertebrate epithelia play also a role in tissue
morphogenesis, as studied e.g. during the formation of
tracheae, salivary glands, midgut and Malpighian tu-
bules (Rouka et al., 2021). Septate junctions are charac-
terized by electron dense septa in the intercellular space
(Izumi and Furuse, 2014; Jonusaite et al., 2016), which
can vary in number or distribution depending on the
function of the epithelium (Jonusaite et al., 2016). A
continuous array of septa located subapically forms
smooth septate junction in the epithelium of the diges-
tive glands. Above all, in crustaceans there are several
studies, which include at least two imaging techniques
to investigate digestive system in developmental stages,
and mostly combine histology with micro-CT or elec-
tron microscopy, but they are limited to decapod larval
stages (Vogt, 2008; Tziouveli et al., 2011; Castejon et
al., 2018; Spitzner et al., 2018; Castejon et al., 2021;
Sonakowska-Czajka et al., 2021; Kalacheva et al.,
2023). A detailed structure of digestive glands during
morphogenesis, comprising 3D imaging, quantification
of selected morphological parameters and detailed his-
tological and ultrastructural analyses of digestive glands
epithelium during embryonic and postembryonic, was
not studied before in crustaceans, and very rarely even
in other species. The isopod species P. scaber, with a
well-established developmental staging system, enables
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us to obtain "in situ" insight into organ morphogenesis
from a broader perspective of organism development,
tissue formation and cell differentiation.

In this study, we aim (i) to introduce a combination
of complementary imaging techniques to study organ
morphogenesis across multiple scales, including 3D im-
aging and quantitative analysis, and integrate the data
into a broader view; and (ii) to characterize digestive
glands morphogenesis during P. scaber embryonic and
postembryonic development, with a focus on the mor-
phogenesis of the first and the second pair of gland tu-
bules, and on differentiation of epithelial cells and sep-
tate junctions. We have comprehensively characterized
the digestive glands in the selected sequential develop-
mental stages with the integration of following imaging
techniques: micro-computed tomography (micro-CT),
histology and transmission electron microscopy (TEM),
supplemented with the morphometry of the selected
glands’ features. Our study addresses specifically modi-
fications of the shape and volume of the digestive gland
tubules, transformation of the epithelial cells’ shapes
and alterations of length and ultrastructural architecture
of septate junctions in the gland epithelium. We expect
that major changes of digestive glands shape and volume
coincide with the key modifications of epithelial cell
shape and septate junctions differentiation during mor-
phogenesis in embryonic and postembryonic develop-
ment.

MATERIAL AND METHODS

REARING OF ANIMALS AND COLLEC-
TION OF EMBRYOS AND MANCAE

Specimens of isopod crustacean P. scaber
(Latreille, 1804) were reared in a glass terrarium at 22-
25 °C, high humidity and a 12h light/dark cycle. Em-
bryos and marsupial mancae were isolated from the mar-
supia of gravid females, and their developmental stages
were determined, using the staging system of Milatovic¢
et al. (2010) and Mrak et al. (2012). The following de-
velopmental stages were analysed in this study: three
stages of mid-stage embryos (S13, S14 and S15), late
embryos (S16), early-, mid- and late-stage marsupial
mancae and postmarsupial mancae. Postmarsupial
mancae were collected at two time points after release
from marsupium: (i) 1-3 days after release for all anal-
yses applied; (ii) 14 days after release for additional his-
tology and ultrastructure analyses. For micro-CT analy-
sis, the anaesthetized adult specimens were perforated
by a thin needle on the ventral body surface and their
pereopods were removed, which improves the impreg-
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nation of the sample with chemical solutions during fur-
ther procedure. For histological and ultrastructural anal-
yses of the digestive glands in adults, the glands were
isolated from anaesthetized adult animals that showed
no signs of moulting.

MICRO-CT: SAMPLE PREPARATION, AC-
QUISITION OF X-RAY PROJECTION IM-
AGES, RECONSTRUCTION AND POST-
PROCESSING OF THE VIRTUAL 3D DATA
SET

Immediately after isolation, fixation of samples was
performed in 2% formaldehyde (FA) and 2.5% glutaral-
dehyde (GA) in 0.1 M HEPES buffer. After fixation, the
samples were rinsed with HEPES buffer. To evaluate the
effect of sample osmification, some samples of the em-
bryonic and post-embryonic stages were post-fixed with
1% osmium tetroxide (OsO4) for 2 hours, while other
samples were kept non-osmicated. All samples were
gradually dehydrated in increasing concentrations of
ethanol as follows: 50% ethanol, 70% ethanol, 80% eth-
anol, 90% ethanol, 96% ethanol, 100% ethanol. We then
replaced the ethanol with hexamethyldisilazane
(HMDS), and after the two HMDS incubations, each for
30 minutes, we discarded the HMDS and left the sam-
ples overnight in a fume hood to allow the HMDS to
evaporate completely. The specimens were attached to
pipette tips with superglue (adult specimens) or carbon
adhesive tape (embryos and mancae), which allowed
easy placement on the holder in the microtomograph.

We analysed the samples using an N80 microtomo-
graph (Neoscan) equipped with Neoscan80 software.
During imaging, we rotated the sample by at least 180°
with a rotation step of 0.2°. After acquisition, a set of
recorded projection x-ray images was imported into the
Neoscan80 program, and a 3D stack of sequential 2D
cross-sections of the sample in the z-axis was recon-
structed by a filtered back projection algorithm. These
3D stacks were imported into Dragonfly software
(Comet) for 3D reconstruction and organ segmentation
(Fig. 1). Segmentation of digestive glands was per-
formed by manual labelling.

QUANTIFICATION OF DIGESTIVE
GLANDS AND YOLK VOLUME

The micro-CT method allowed us to perform quan-
tification of the digestive glands volume, represented
by gland epithelium and lumen, and quantification of
the yolk volume outside the digestive glands in differ-
ent developmental stages, using the 3D reconstruc-
tions. The volume of yolk and digestive glands were
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Fig. 1. Analysis of micro-CT images of P. scaber adult by Dragonfly software. Based on the images, manual segmen-
tation of the digestive glands was performed. The image shows the four-panel display mode: A) 3D reconstruction of
the whole animal, showing 3 body regions, cephalothorax, pereon and pleon. Pereopods were removed before sample
fixation. B) A virtual 2D sagittal section of an animal is shown (red frame). The green and blue dotted lines show the
axes and locations of the virtual cross sections shown on panels (C) and (D). C and D) A virtual 2D cross section of
the animal in the anterior region (C, green frame) and in the posterior region (D, blue frame). The red line shows the
axis and location of the virtual 2D section on panel (B). a — antennae, g — gonads, c — exoskeletal cuticle, sm — skeletal
muscles, fg — foregut, hg — hindgut, dg — digestive glands, t — tergites, nc — ventral nerve cord.

quantified based on the number of marked volume ele-
ments (voxels). The volumes were measured on three
specimens per each analysed stage: S13 embryos, S14
embryos, S16 embryos, early- mid- and late marsupial
mancae and postmarsupial mancae, altogether 21 sam-
ples. Data are presented graphically with individual
data spots in the separate diagrams for the first and the
second pair of the digestive gland tubules in each pre-
sented developmental stage. Additionally, the mean
values (with standard error bars) of the volumes for
each developmental stage are presented in the common
diagram by columns, with the volumes of the external
yolk, the first and the second pair of glands presented
by different colours. The graphs were prepared in
GraphPad Prism software.

HISTOLOGY AND TRANSMISSION
ELECTRON MICROSCOPY

Fixation was performed in 2.5% GA in 0.1 M caco-
dylate buffer for the samples of embryos and mancae and
in 3.5% GA in 0.1 M phosphate buffer for isolated glands
from adults. After transferring the embryos to the fixative,
the embryonic envelopes were carefully perforated by a
thin needle. After fixation, all samples were rinsed with the
same buffer that was used in the fixative, and then post-
fixed for 1-2 hours with 1% OsOs. After rinsing in Milli-Q
water, the samples were dehydrated in increasing concen-
trations of ethanol as follows: 50% ethanol, 70% ethanol,
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80% ethanol, 90% ethanol and 100% ethanol. The samples
were transferred to 100% acetone and then gradually em-
bedded in resin. The samples of digestive glands of adults
were embedded in Spurr resin, embryos and mancae were
embedded in Agar 100 resin. The exoskeletal cuticle of
mancae was perforated by a thin needle before the embed-
ding for better resin infiltration. Resin was polymerized for
at least 24 hours at 60°C (Agar 100) or at 70°C (Spurr).

Sections of the samples embedded in resin were pre-
pared using a Reichert Ultracut S (Leica) ultramicrotome
or an EM UC6 (Leica) ultramicrotome. For light micros-
copy, semithin sections of 0.5 pm thickness were prepared
and stained with Azure Il — methylene blue dye (Richard-
son staining). They were examined and documented with
an AxioScope Opton light microscope (Zeiss) equipped
with a Leica DFC290HD digital camera and LAS V4.0
software, or with an Axiolmager Z.1 light microscope
(Zeiss) equipped with an HRc digital camera and Axio-
Vision 4.5 software (Zeiss).

For transmission electron microscopy, ultrathin sec-
tions of 70 nm thickness were prepared using a Diatome
ultra 45° diamond knife, contrasted and imaged with a CM
100 transmission electron microscope (Philips) equipped
with an SC 200 Orius digital camera (Gatan) and Digital
Micrograph software (Gatan).
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QUANTIFICATION OF THE SELECTED
ULTRASTRUCTURAL CHARACTERIS-
TICS OF SEPTATE JUNCTIONS

We measured selected characteristics of the septate
Junctions using Fiji/lmagelJ software (version 2.14.0/1.54f)
for analysing microscopic images. The following measure-
ments were performed: (i) length of the septate junction
(ISJ) - the length of the junction from the first to the last
septa, following the course of the septa series along cell
membranes; (ii) length of the septate junction straight line
(sISJ) - the shortest distance between the first and the last
septa; (iii) the width of the intercellular space in the region
of septate junction; (iv) the distance between consecutive
septa in the septa array; (v) the thickness of individual septa
(Fig. 2). All measurements were performed in the Fiji/Im-
age] program using the tools "Segmented Line" or
"Straight Line". Linearity index of the septate junction was
calculated as ISJ/sISJ (INSJ), based on the studies Otani et
al. (2006) and Brezovjakova et al. (2019), and provides in-
formation of the extent of membrane folding in the junction
area. The closer the value is to 1, the more straight the junc-
tion is, while higher index values indicate greater folding
of the junction.

Measurements of septate junctions’ length were ap-
plied in 10 specimens of different developmental stages
and adults, with the following number of junctions meas-
ured: 17 junctions in 3 embryo specimens (S13 and S16);
26 junctions in 3 marsupial manca specimens; 15 junctions
in one postmarsupial manca 14 days after release; 30 junc-
tions in 3 adult specimens. The measurements of the width
of the intercellular space were applied in 9 specimens and
in the following number of junctions: 47 junctions in 3 em-
bryo specimens (S13 and S16); 59 junctions in 3 marsupial
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] sIS)
epithelial cell 1 epithelial cell 2

A
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manca specimens; 103 junctions in 3 adult specimens. The
septa distance was measured in 6 specimens, with the fol-
lowing number of junctions measured: 10 junctions in 2
embryo specimens (S13 and S16); 7 junctions in 2 marsu-
pial manca specimens; 40 junctions in 2 adult specimens.
The septa thickness was measured in 6 specimens, with the
following junctions measured: 12 junctions in 2 embryo
specimens (S13 and S16); 11 junctions in 2 marsupial
manca specimens; 50 junctions in 2 adult specimens. Re-
sults are presented graphically with box plots, prepared in
GraphPad Prism software. Box plots depict the minimum,
1% quartile, median, 3" quartile and maximum and all indi-
vidual data points are presented.

RESULTS

MORPHOGENESIS OF THE FIRST AND
THE SECOND PAIR OF DIGESTIVE
GLAND TUBULES IN THE MID-STAGE
AND LATE EMBRYOS

Morphogenesis of digestive glands in mid- and late-
stage embryos was characterized in the context of the
whole embryo on virtual 2D sections and 3D reconstruc-
tions recorded by micro-CT (Figs. 3, 4, 5). The morphol-
ogy of the organs and tissues in embryos, which are only
about 0.8 mm in size, were recognized by micro-CT. The
digestive gland primordium in mid- and late-stage em-
bryos occupies a great majority of the embryo volume,
incorporating yolk into its lumen (Fig. 3, 4). External and
internal anatomy of the embryo was clearly resolved by
micro-CT, including head with stomodeum anteriorly,
body segments, pereopod primordia ventrally and proc-
todeum dorso-posteriorly (Figs. 3, 4, 5).

B

ICwidth Septadistance Septa thickness

Fig. 2. Schematic representation of the characteristics of septate junctions in digestive gland epithelium quantified in the
study. (A) ISJ - the length of septate junction following the course of the membranes, siSJ - the straight-line length of septate
Jjunction, defining the shortest distance between endpoints of the junction. The linearity index INSJ is a value calculated as
ratio.: ISJ/sISJ. (B) IC width - the width of the intercellular space in the region of septate junction; Septa distance — the
distance between two consecutive septa; Septa thickness — the thickness of individual septa.



MRAK P ET AL.: 3D imaging and quantitative analysis of digestive glands morphogenesis

in the posterior-anterior direction. In mid-stage em-
bryos the digestive gland lobes are still fused anteri-
orly and connected to the external yolk, which lies
dorsally (Figs. 3A, 3A’, 3B, 3B’, 4A, 4B, 4C, 5A). In
virtual 2D sections of stage S13 it is evident that the
epithelial furrow extends approximately to the middle
of the embryo (Fig. 4A). In stage S14 the furrow con-
tinues to extend anteriorly (Fig. 4B) and in stage S15
the two lobes are nearly completely separated, fused
only in a small anterior area below the stomodeum
(Fig. 4C).

frontal ’ lateral
A d A ) d
=g : s
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In the mid-stage embryos (S13-S15), a large diges-
tive gland primordium is filled with yolk and is progres-
sively separated into two large lobes, which later differ-
entiate into the first pair of digestive gland tubules. In suc-
cessive developmental stages of mid-embryos, we clearly
showed the formation of two distinct lobes (Fig. 4). The
digestive gland epithelium forms a furrow longitudi-
nally in the middle of the gland primordia, separating
the developing lobes, and gradually extends from the
ventral part of the animal towards the dorsal part and
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Fig. 3. 3D reconstruction of the digestive glands in P. scaber during morphogenesis in mid- and late-stage embryos
using micro-CT imaging and segmentation. The 3D reconstructions of glands and external yolk in mid-stage embryos
S13 (4) and S14 (B) and late-stage embryos S16 (C) are shown. The large primordium of digestive glands is separated
into two large lobes in stages S13-S14 and later in stage S16 into a pair of tubules (vellow). The second pair of tubules
is formed later, visible as small primordia starting in S14 embryos (red). The amount of external yolk gradually
decreases during development (blue) and is completely depleted by stage S16. a — anterior, d — dorsal, | — lateral, p
— posterior, v — ventral.
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Fig. 4. Micro-CT virtual 2D longitudinal sections of developing digestive gland tubules in different embryonic stages
of P. scaber, non-osmicated samples of embryonic stages S13 (4), S14 (B), S15 (C) and S16 (D). The epithelial furrow
between two developing lobes (indicated by a line) gradually elongates from posterior to anterior end and separates
gland lobes filled with yolk. The yolk includes lipid droplets (round dark areas). a — anterior, dgl — first pair of
digestive gland tubules, g — gut, h — head region, | — lateral, p — posterior.

The onset of the second pair of the gland tubules
formation is evidenced in the stage S14 embryo, re-
vealed by analysis of micro-CT projections of differ-
ent orientations. By selecting the appropriate orienta-
tions of micro-CT projections, the exact position and
shape of the forming tubules is shown here. The second
pair of digestive gland tubules begins to form anteriorly as
two small round pouches from the first pair, as observed in
3D view of stage S14 embryo after segmentation (Fig. 3B),
and in virtual 2D sections of different orientations (Figs.
S5A, 5A).

In late embryogenesis (S16) the lobes of digestive
glands are completely separated (Fig. 4D), filled with yolk,
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elongated and closely aligned with the ventrally bent shape
of the embryo body (Figs. 3C, 3C’, 4D). The external yolk
is completely depleted. Gland tubules of the second pair are
small, their shape changes from pouch- to tube-shape and
they gradually elongate posteriorly (Fig. 3C).

Osmicated and non-osmicated samples of embryos
were prepared in addition to evaluate the effect of sample
osmification on micro-CT imaging and analyses. Compar-
ison is shown in virtual 2D images of osmicated (Figs. SA,
5A”) and non-osmicated samples (Figs. 5B, 5B’) of mid-
stage embryos. In the samples treated with OsOs, lipid-rich
tissues show a very strong signal. Lipid droplets as small as
10 um are clearly visible (Figs. SA, 5A’). A large amount
of lipid droplets of various sizes within the yolk inside and
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outside digestive glands is observed. The gland epithelium
is clearly resolved in osmicated samples, as the cells are
filled with lipid droplets. The lipid droplets in cells are
smaller than those within yolk.

ELONGATION OF THE SECOND PAIR
TUBULES AND WIDTH REDUCTION OF
THE FIRST PAIR TUBULES DOMINATE
THE DIGESTIVE GLANDS MORPHO-
GENESIS DURING MARSUPIAL AND
POSTMARSUPIAL MANCAE DEVELOP-
MENT

Digestive glands are connected to digestive tract at
the anterior end of the glands, which is in the first seg-
ment of the pereon, as shown by micro-CT analysis in
all analyzed consecutive stages of marsupial and post-
marsupial mancae (Fig. 6). In early marsupial mancae,
digestive gland tubules of the first pair are filled with
yolk and extend deep into the pleon. The tubules of the

stage S15

second pair are very short at this stage of development,
reaching approximately only to the middle of the second
segment of the pereon (Figs. 6A, 6A’). In the mid-stage
marsupial mancae, the first pair of digestive gland tu-
bules are of the same length as in early mancae, but are
slightly narrower. The tubules of the second pair elon-
gate considerably and extend to the fourth segment of
the pereon in this stage (Figs. 6B, 6B’). In late marsupial
mancae, the tubules of the first pair extend into the
pleon, similar as in the earlier manca stages, but are
much narrower in this stage. Tubules of the second pair
extend approximately to the sixth body segment of the
pereon (Figs. 6C, 6C”). In the postmarsupial mancae, the
gland tubules are even narrower than in the marsupial
mancae and the tubules of the second pair elongate to
approximately % of the length of the first pair, to the
front of the pleon (Figs. 6D, 6D’). Micro-CT analyses of
the digestive gland tubules in manca stages do not show
the spiral shape, which is discernible in the gland tubules
of adults (Fig. 9A”).

100 ym

100 pm

Fig. 5. Micro-CT virtual 2D longitudinal sections of the P. scaber mid-stage embryos in the region of the developing
digestive glands. The dotted lines in images indicate the location of the section shown in the adjacent image and vice
versa. A, A’) Stage S14, osmicated sample. The yolk includes lipid droplets (Id), which show a strong signal in osmi-
cated specimens. The first pair of gland lobes (dgl) is divided by epithelium, while the second pair (dg2) begins to
form. The digestive gland epithelium (e) is clearly discernible, containing abundant small lipid droplets. B, B’) Stage
S15, non-osmicated sample. Lipid droplets within yolk are recognizable as round areas with no signal. a — anterior,
d — dorsal, dgl — first pair of digestive gland tubules, dg2 — second pair of digestive gland tubules, ep — epidermis,
eY — external yolk, h — head region, | — lateral, Ib — limb buds, p — posterior, pr — proctodeum, s — body segments, t —

tergites, v — ventral.
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Fig. 6. 3D reconstruction of the digestive glands in marsupial and postmarsupial mancae stages of P. scaber using
micro-CT imaging and segmentation. A, A’) Early marsupial manca. B, B’) Mid-stage marsupial manca. C, C’) Late
marsupial manca. D, D’) Postmarsupial manca 1 day after release from marsupium. The gland tubules of the first
pair are shown in orange and are initially filled with yolk, the amount of which gradually decreases during develop-
ment, evidenced as narrowing of the tubules. The gland tubules of the second pair are shown in red and gradually
elongate during mancae development. a — anterior, d — dorsal, | — lateral, p — posterior, v — ventral.
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VOLUME REDUCTION OF THE DIGES-
TIVE GLAND LOBES AND TUBULES OF
THE FIRST PAIR AND VOLUME IN-
CREASE OF THE TUBULES OF THE
SECOND PAIR DURING MORPHOGEN-
ESIS

Micro-CT enables quantification of volumes of the
segmented structures. The numbers of voxels, seg-
mented for the individual structures in the same speci-
men (first pair of tubules, second pair of tubules and ex-
ternal yolk) were available in Dragonfly software and
were used to evaluate volume values in pm3 for the spe-
cific structure (Figs. 7, 8). The volume of the first pair
of gland tubules is significantly reduced from stage S14
embryo to postmarsupial mancae, mostly from late em-
bryo (S16) to marsupial manca stages (Fig. 7A). The
volume of the second pair of the tubules gradually in-
creases from stage 16 embryo throughout marsupial
manca stages, and from marsupial to postmarsupial
mancae no clear direction of the volume change can be
determined due to specimens’ variability (Fig. 7B).
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From stage S13 to stage S14 embryos the increase of
volume of the first pair is evident, while the second pair
of tubules is not present yet (Fig. 7). The second pair of
tubules is present from stage S14 embryo onwards and a
slight decrease of the volume to stage S16 embryo is ev-
ident (Fig. 7B), which may be due to shape change from
pouch to tubule, shown in Figure 3.

The quantitative data of the digestive glands volume
also demonstrate that the ratio between the volumes of
the second and the first pair of gland tubules (dg2 / dgl)
changes intensely during development. The ratio in gen-
eral increases during development due to decrease of the
first pair volume and increase of the second pair volume,
except in the stage 16 embryo, in which the mean value
of the ratio is lowest (1:161). In stage 14 the mean value
of the ratio is approximately 1:110, in early marsupial
manca 1:46, in mid-stage marsupial manca 1:18, in late
marsupial manca and in postmarsupial manca approxi-
mately 1:6 (Fig. 8). The volume of the yolk outside the
digestive glands (external yolk) in general decreases
during mid-stage embryo development and is not pre-
sent from the stage of late embryo onwards (Fig. 8).
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Fig. 7. Quantitative analysis of the volumes of the first (A) and the second pair (B) of digestive gland tubules in P.
scaber developmental stages: mid-stage embryo S13; mid-stage embryo S14, late-stage embryo S16, early marsupial
manca (early MM),; mid-stage marsupial manca (mid MM); late marsupial manca (late MM), postmarsupial manca
(postMM). The data in um3 were collected from micro-CT analysis of the whole animals, based on the number of
segmented image elements (voxels). Take a notice on the different scale in the y axis in (4) in (B). Individual data
obtained in three specimens of each developmental stage are shown (grey dots). A) The volume of the first pair
decreases from stage S14 embryo onwards. In mid-stage embryos (S13 to S14) the volume of the first pair of digestive
gland tubules increases. B) The second pair of the digestive gland tubules starts to form in mid-stage embryo Si4.
During marsupial manca development (early MM, mid MM, late MM) their volume gradually increases.
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Fig. 8. Quantitative analysis of volumes of yolk outside the glands (Ex yolk, blue) and volumes of the first and the
second pairs of digestive gland tubules (dgl, yellow, dg2, red) in developmental stages of P. scaber: mid-stage em-
bryo S13; mid-stage embryo S14, late-stage embryo S16, early marsupial manca (early MM),; mid-stage marsupial
manca (mid MM); late marsupial manca (late MM),; postmarsupial manca (postMM). The data in um3 were collected
from micro-CT analysis of the whole animals, based on the number of segmented image elements (voxels). Each
column represents the mean value of the volume (N = 3) with the standard error bar of the mean. In mid-stage
embryos (S13, S14) the external yolk (blue) is still present, the volume of the first pair of digestive gland tubules (dgl,
yellow) increases and in stage S14 the second pair of the digestive gland tubules (dg2, red) starts to form. In marsupial
manca (early MM, mid MM, late MM) and postmarsupial manca the ratio between the volumes of dg2 and dgl is

higher than in embryos and gradually increases.

3D MORPHOLOGY OF DIGESTIVE
GLANDS IN ADULTS

3D reconstruction of adult P. scaber external and inter-
nal anatomy by micro-CT method clearly shows the
anatomy of digestive system within organism. Digestive
gland tubules extend longitudinally along the body from
the first segment of pereon to the pleon and are located
ventrally to digestive tract (Figs. 9A, 9B). The connec-
tion between the digestive glands and the gut is in the
first segment of pereon (Fig. 9A). This is the region of

&5

the foregut - hindgut junction, where the stomach with
filters and the anterior chamber with typhlosole are
fused as visible in cross virtual section (Fig. 9B). The
characteristic spiral shape of all four gland tubules is ev-
idently visible in the 3D reconstruction (Fig. 9A”). The
two types of cells, B and S cells, are clearly distin-
guished in histological sections of gland epithelium (Fig.
9C). B cells are dome-shaped and filled with lipid drop-
lets, while S cells are wedge-shaped and contain fewer
lipid droplets. Brush border is present on the apical sur-
face of both cell types.
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Fig. 9. Anatomy and histology of digestive glands in P. scaber adult. A, A') 3D anatomy of the digestive system
characterized by micro-CT imaging and segmentation. A) View from the ventral side of the animal, showing both
pairs of tubules of the digestive glands (dg) and digestive tract dorsally to the glands. The tubules connect to the
digestive tract in the region of foregut — hindgut junction. A’) Dorsal view of the gland tubules. Higher magnification
shows spiral shape of the digestive gland tubules. B) Micro-CT virtual 2D cross section of animal in the region
marked by dotted line in A, where digestive glands (dg) connect to the gut (g), in the region of foregut — hindgut
junction. The lumens of the tubules on each side of the body are fused in this region. C) Semithin section of the
digestive gland tubule showing histological structure of the epithelium. The epithelium is composed of dome-shaped
B cells (B) and wedge-shaped S cells (S). Muscles (m) surrounding the gland epithelium are visible. The apical surface
of both cell types is differentiated into brush border (bb). There are many lipid droplets (*) in B cells. a — anterior, B
— B cell, bb — brush border, dg — digestive gland tubules, c — exoskeletal cuticle, fg — foregut, g - gut, [ — lateral, m —
muscles of glands, n — cell nucleus, p — posterior, v — rectum, S — S cell, s — stomach, sm — skeletal muscles, t —
typhlosole.
10A, 10B) that are characteristic for the digestive glands
EPITHELIAL CELLS OF DIGESTIVE in adult animals (Fig. 9C). In early- and mid-stage mar-
GLANDS CHANGE FROM CUBOIDAL TO supial mancae, yolk is still present in the lumen of di-
DOME-SHAPED B CELLS AND WEDGE- gestive gland tubules. In general, epithelial cells in his-

SHAPED S CELL IN LATE MARSUPIAL tological sections are similar to cells in preceding em-
MANCA STAGE bryonic stages (Fig. 10C). Late marsupial manca is the

first stage in which the two cell types, B cells and S cells,
are clearly distinguished morphologically. B cells are
dome-shaped and deeply protrude into the gland lumen,
occupying a large part of gland volume, while S cells are
small wedge-shaped cells between B cells (Fig. 10D).
Lipid droplets are present mainly in B cells. The brush
border is prominently visible by histology from this
stage onwards. In late marsupial and postmarsupial
mancae, yolk no longer fills the lumen of any of the four
digestive gland tubules (Figs. 10D, 10E, 10F). In gen-
eral, digestive gland epithelia of all developmental
stages examined contain many lipid droplets of various
sizes, except in the postmarsupial manca 14 days after
release from the marsupium, in which only in individual
cells small lipid droplets were observed (Fig. 10F).

Histological analysis of digestive gland epithelium
during P. scaber embryonic and postembryonic devel-
opment, from the mid-embryonic stage (S13) to the
stage of postmarsupial manca, shows that cuboidal epi-
thelial cells change to dome-shaped B cells and wedge-
shaped S cells and prominent brush border is evidenced
in the apical surface (Fig. 10). Digestive gland primordia
in embryos are large and filled with yolk, epithelial cells
are mostly cuboidal with round nuclei, cells are filled
with small lipid droplets and particularly in lipid-rich re-
gions cells bulge apically into lumen. Prominent brush
border was not observed by histology and cells do not
shown differentiation into the B and S cell types (Figs.
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Fig. 10. Histology of digestive gland epithelium during P. scaber embryonic (A, B), marsupial manca (C, D) and
postmarsupial manca (E, F) development. A) Mid-stage embryo S13. Yolk-filled gland primordium in is surrounded
by epithelium (dge) with mostly cuboidal cells filled with lipid droplets (*) and bulging in lumen (I). B) Late-stage
embryo S16. The image shows connection of digestive glands to the gut (g) via hepatopancreatic duct (arrow) in the
region of foregut-hindgut junction. The digestive gland epithelium is similar as in S13 and is continuous with the gut
epithelium (ge). C) Mid-stage marsupial manca. Tubules of the first (dgl) and the second (dg2) pair of digestive
glands include yolk in lumen and consist of epithelium (dge) with lipid droplets-filled cells bulging into lumen (1). D)
Late marsupial manca. The B and S cells (B, S) are discernible, both with prominent brush border (arrowhead). B
cells protrude deep into the lumen, resulting in greatly reduced lumen. Lumen is no longer filled with yolk. Lipid
droplets prevail in the B cells (*). S cells are smaller with a lighter cytoplasm. E) Postmarsupial manca 3 days after
release from marsupium. Both tubules (dgl and dg2) are visible beneath the gut (g), closely apposed to each other
and the gut epithelium (ge). Epithelium appears similar as in late marsupial manca, with both cell types discernible
(B, S). F) Postmarsupial manca 14 days after release from marsupium. Lumen of the digestive glands is empty. Epi-
thelial cells contain small lipid droplets that are sparse (*). B — B cell, dgl — first pair of digestive gland tubules, dg?2
— second pair of digestive gland tubules, dge — digestive gland epithelium, g — gut, ge — gut epithelium, [ — gland
lumen, S — S cell.
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Fig. 11. Ultrastructure of septate junctions in digestive gland epithelium of P. scaber embryonic (4, B, C), marsupial
manca (D, E, F) and postmarsupial manca (G) development. A, B) Mid-stage embryo S13. Septate junction (sj) con-
nects two neighbouring cells in the apical region, recognized as electron dense border between cells. The higher
magnification in (B) shows the electron dense cytosol just beneath the lateral membranes (black arrows) and electron
dense intercellular space (*), while septa are hardly discernible. The microvilli are present in S13 embryo (white
arrows in A), but not over the entire apical surface, and reach into lumen full of yolk (I). C) Late-stage embryo S16.
Septate junction (sj) and microvilli (white arrow) are shown. D, E) Early marsupial manca. Lower magnification in
(D) shows the range of septate junction (sj) in relation to the entire border between the cells. Microvilli are abundant
(white arrows). F) Late marsupial manca. Septate junction (sj) is long, and microvilli are abundant (white arrow).
Note that the gland lumen is devoid of yolk. G) Postmarsupial manca 14 days after release from marsupium. Long
septate junction (sj) and long and abundant microvilli (white arrow) are observed. ger — granular endoplasmatic
reticulum, | — gland lumen, sj — septate junction, n — nucleus.
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Measurements of the length of septate junctions (1SJ)

SEPTATE JUNCTIONS BETWEEN  showed that septate junctions in the digestive glands
CELLS OF DIGESTIVE GLAND EPITHE-  elongate during animal development (Fig. 12A). The
LIUM ELONGATE CONSIDERABLY  median length of septate junctions is around 1.3 pm in
DURING DEVELOPMENT FROM EM-  the embryonic stages, 1.7 um in the marsupial manca
BRYOS TO POSTMARSUPIAL MANCAE stages, and 2.5 pum in the postmarsupial stages, while in
adults the septate junctions are around 2.6 pm long. Sep-

The formation of septate junctions enables barrier  tate junctions are straight to slightly folded (Fig. 11) and

and transport functions of epithelium, which must be es- the linearity index do not change much during develop_
tablished during gland morphogenesis, so the evaluation ment (Fig. 12B). The values of INSJ are lower than in
of the ultrastructure of septate junctions is an important  adult animals, which means that the membranes in the

part of the study of digestive glands morphogenesis. In developmental stages are less folded than in adults (Fig.
the endodermal epithelia, smooth septate junctions are 12B).

located immediately subapically. Septate junctions are
discernible as electron dense septa array in the intercel-
lular space between the lateral membranes of neighbour-
ing cells. The neighbouring plasma membranes are
evenly spaced in the junction region (Fig. 11). We have
analysed the ultrastructure of septate junctions in epithe-
lium of digestive gland primordia of embryos and in the
epithelium of digestive gland tubules in the marsupial
and postmarsupial manca stages and in adults.

The sections of septate junctions are rarely trans-
verse enough to discern clearly the ultrastructure of de-
tailed characteristics of septate junction. Nevertheless,
we obtained data on the width of the intercellular space
in the region of septate junctions, the distance between
consecutive septa in septate junctions and the thickness
of individual septa, and compared the ultrastructure of
septate junctions between embryos, marsupial mancae
and adults. The width of the intercellular space does not
In the epithelium of the digestive glands, smooth septate change Signiﬁcantly during development (embryos and
junctions are visible subapically between the lateral marsupial mancae) and is similar as in adults. The me-
membranes of epithelial cells in all analysed develop- dian values are 16.3 nm in embryos, 17.0 nm in marsu-
mental stages, i.e., from the mid-stage embryo in stage  pial mancae and 17.0 nm in adults. The values of the
S13 onwards (Fig. 11). In all analysed developmental width of the intercellular space are less variable in adults
stages, the septate junctions show similar ultrastructure. (Fig. 13A). The distance between consecutive septa in
The lateral membranes run parallel, without signiﬁcant septate junctions is Shghtly shorter in embryos/marsu-
expansion of the intercellular space. The septa are often pial mancae (median value 5.1 nm) than in adults, with
hardly or even not discernible due to sectioning orienta- median 6.6 nm (Fig. 13B). The thickness of septa is sim-
tion, but the junction and its length can be determined  jlar in embryos/marsupial mancae (median value is 4.3

by electron density of intercellular space and cytosolic  nm) and in adults, with median value 5.2 nm. (Fig. 13C).
regions next to membranes and by perfectly parallel

course of both membranes (Fig. 11)
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Fig. 12. Morphometrical analysis of septate junction length and linearity index in the digestive gland epithelium in
P. scaber embryos, marsupial mancae, postmarsupial mancae and adult animals. The data are graphically repre-
sented by box plots with whiskers. Individual data are shown as dots. A) The length of septate junctions increases
from embryos to marsupial mancae and postmarsupial mancae and to adults, with the highest increase from marsu-
pial to postmarsupial development. B) The linearity index of the septate junction (INSJ), calculated as length of the
SJ / length of the SJ straight line, do not change drastically during development. The data show that septate junctions
are slightly more folded during postembryonic development and in adults than during embryonic development (higher
linearity index).

89



MRAK P ET AL.: 3D imaging and quantitative analysis of digestive glands morphogenesis

A B Cc
25 15 10
_ T £ £+
E 20 Q 101 } 9
= - g o e
£ ! 5 : g
= i g o] [ '+ g
: 3 °® : N £ 4
O 15 : 5 5 - ,
° e | 4— L g 4
1]
. 1 > 3
Embryos MM Adults Embryos  Adults Embryos  Adults
and MM and MM

Fig. 13. Morphometrical analysis of ultrastructural characteristics of septate junctions in the digestive gland epithe-
lium in P. scaber embryos, marsupial mancae (MM) and adult animals. The data are graphically represented by box
plots with whiskers. Individual data are shown as dots. A) The width of intercellular space (IC width) in the region
of septate junction is similar in embryos and marsupial mancae and in adults. The values are more variable in devel-
opmental stages than in adults. B) The distance between consecutive septa is slightly shorter in developmental stages
(embryos and marsupial mancae) than in adults. C) The thickness of individual septa is similar in embryos and

marsupial mancae than in adults.

DISCUSSION

Multiscale and 3D imaging is indispensable to re-
veal structure from the organ to the cellular level and to
obtain an integrative insight into the morphology of an
organism as a whole. A complementary approach using
light microscopy, electron microscopy and modern 3D
imaging techniques (e.g. micro-CT) provides a more
comprehensive insight into the internal structure of ani-
mals and a better understanding of morphology and
functionality at the organizational levels of organs, tis-
sues, and cells, which is particularly valuable in studies
of organ and tissue morphogenesis (Castejon et al.,
2018; Spitzner et al., 2018; Castejon et al., 2021). Here,
we present implementation of multiscale imaging and
morphometry to characterize morphogenesis of diges-
tive glands during embryonic and postembryonic devel-
opment of isopod crustacean P. scaber, showing the im-
portance of integration of the information obtained by
different imaging techniques (micro-CT, histology,
TEM), supplemented by quantification of the specific
features of interest in the selected developmental stages,
such as digestive glands’ volume and ultrastructural
characteristics of septate junctions.

Specimen preparation was successfully adjusted
and effective micro-CT imaging of the internal and ex-
ternal anatomy of very small samples was achieved in
the study presented here. All organs of the digestive sys-
tem and their distribution inside the organism are clearly
visible on virtual 2D sections and simultaneously the ex-
ternal morphology of the organism is evident due to suf-
ficient contrast of exoskeleton. The micro-CT method
applied allowed us to accurately characterize the 3D
anatomy of digestive glands in relation to other organs
inside the whole organism as small as 0.8 mm (embryos)
or 1-2 mm (mancae). One of the important advantages
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of micro-CT method is that morphology of organs and
tissues can be analysed on virtual 2D sections in differ-
ent orientations in correlation to 3D anatomy, which fa-
cilitates the analysis of corresponding histological struc-
ture sectioned in a specific orientation. In general, vir-
tual 2D sections of animals obtained by micro-CT reveal
the basic morphology due to differential tissue density
(Baird and Taylor, 2017), which in our case was suffi-
cient to distinguish the digestive gland epithelium and
other tissues in osmicated and non-osmicated samples
without the application of additional contrasting agents
(e.g. Lugol’s iodine or phosphotungstic acid). In the
course of tissue segmentation in micro-CT analysis, we
can navigate through virtual sections of the sample,
which allows us to follow individual structures from dif-
ferent perspectives and characterize morphology more
completely. Previous knowledge of the investigated
sample structure acquired from classical histological
analyses has proven to be valuable for accurate and ef-
fective identification of organs and tissues in the data
obtained by micro-CT. Histological analysis provides
additional, a more detailed information due to better spa-
tial resolution of light microscopy compared to micro-
CT and different staining procedures employed, which
can give contrast to specific features of the sample (du
Plessis et al., 2017; O'Sullivan et al., 2018), clearly
showing tissue structure, epithelial morphology, and
shape and basic structure of the cells. Histological anal-
ysis in our study revealed the information on cell shape
changes during differentiation, the amount and size of
lipid droplets and formation of the prominent brush bor-
der. Our experience confirms that it is essential to com-
bine micro-CT with histology to obtain comprehensive
information at all levels from the organism to the cells
and to facilitate analysis with micro-CT.

We have evaluated the effect of sample osmification
on micro-CT imaging and analyses. All samples were
fixed in aldehydes, dehydrated in ethanol series and
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dried after HMDS treatment, and in addition, a subset of
samples was contrasted with OsO4 before dehydration.
In both, osmicated and non-osmicated samples, the anat-
omy of the embryos and mancae was well preserved and
we obtained adequate contrast and resolution for suc-
cessful segmentation and 3D imaging of organs and tis-
sues. In the osmicated samples, tissues containing lipids
showed a very strong signal, which is due to osmium te-
troxide binding to lipids. Osmium is a transition metal
and gives high attenuation of x-rays and reduced trans-
mittance in micro-CT analysis (O'Sullivan et al., 2018).
The contrast and resolution achieved with this method
enable detailed visualization of lipid droplets and facili-
tate quantitative analysis of their number and size, which
is valuable for many studies involving lipid droplets
analysis. In the osmicated samples of P. scaber embryos
and marsupial mancae lipid droplets show a very strong
signal and are clearly imaged within the external yolk,
within the yolk in the lumen of digestive gland lobes and
in the epithelium lining the digestive glands. The yolk
outside the glands (external yolk) and the yolk incorpo-
rated in the gland lumen are different in structure, exter-
nal yolk forms large clusters visible by stereomicro-
scope (Wolff, 2009; Milatovi¢ et al., 2010). Gradual in-
corporation of yolk into glands’ lumen during embry-
onic development is characteristic for the peracarid spe-
cies studied previously (Browne et al., 2005; Wolff,
2009; Milatovi¢ et al., 2010; Manship et al., 2011),
while in decapods the digestive glands are much less
prominent during development and were not reported to
contain yolk (Vogt, 2008; Spitzner et al., 2018; Strus et
al., 2019; Kalacheva et al., 2023).

Results of micro-CT analysis in this study upgrade
and complement previous data on the embryonic and
postembryonic development and morphology of the di-
gestive system of P. scaber (Strus et al. 2008; Wolff,
2009; Milatovi¢ et al., 2010; Strus et al., 2019), that
were based on light microscopy, fluorescence micros-
copy and scanning electron microscopy. Studies of
Wolff (2009) and Milatovi¢ et al. (2010) highlight that
two useful characters for distinguishing the sequential
developmental stages of P. scaber are the size and shape
of the digestive glands. Here we provide a detailed in-
sight into the internal 3D anatomy of the embryonic and
postembryonic developmental stages of P. scaber and a
quantitative imaging of digestive glands morphogenesis
in the context of whole animals during development. In
mid-stage embryos, 3D reconstructions reveal a large
primordium of the digestive glands, that afterwards di-
vides into two distinct lobes during mid-embryonic de-
velopment by epithelium progressively forming the fur-
row in the ventral-dorsal and posterior-anterior direc-
tions. As observed here by histology, the epithelial cells
enclosing the glands are cuboidal in shape in the mid-
stage and late embryos as well as in the mid-stage mar-
supial mancae. Cells bulge in the gland lumen and con-
tain small lipid droplets. Distinct dome-shaped B and
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wedge-shaped S cells are morphologically distinguished
in the late marsupial manca stage. Orange autofluores-
cence, characteristic for S cells in adults under ultravio-
let excitation (Znidari¢ et al., 2005), was previously
recorded already in embryos (Strus et al., 2008), thus we
assume that certain aspects of functional and ultrastruc-
tural differentiation precede cell shape modification dur-
ing morphogenesis.

Using different projections of 3D reconstruction
and virtual 2D sections of embryos obtained by micro-
CT imaging, we have characterized the formation of the
second pair of gland tubules in detail. Gland tubules of
the second pair firstly appear as two small outgrowths,
originating anteriorly from the first pair in mid-stage
embryo S14. In the study by Milatovi€ ef al. (2010), the
formation of the second pair was first observed with a
stereomicroscope in stage S15. By micro-CT 3D recon-
struction and volume quantification we have clearly
shown the progress of the second pair of digestive gland
tubules elongation in the anterior-posterior direction
alongside the first pair and gradual increase of their vol-
ume during late embryo, marsupial manca and postmar-
supial manca development. Concurrently with the sec-
ond pair of digestive glands tubules elongation, the vol-
ume of the first pair of gland tubules gradually decreases
due to narrowing of the tubules. Combination of micro-
CT and histological analysis showed that volume de-
crease and shape change are a consequence of yolk con-
sumption and lumen reduction. Complete depletion of
yolk within gland lumen in late marsupial manca stage
coincides with morphological differentiation of B and S
cells observed by histology as cell shape modification.
In this stage mancae do not feed due to moulting, but by
the start of feeding soon after release from marsupium
the full functionality of the manca digestive glands is
necessary. B cells of both pairs of gland tubules incor-
porate a high amount of different-sized lipid droplets in
all developmental stages of P. scaber investigated, ex-
cept in postmarsupial mancae 14 day after release.
Abundant lipid droplets are characteristic for B cells in
adult isopods and R cells in adults and larval decapods
(Biesiot and McDowell, 1995; Nishida er al., 1995;
Vogt, 2008; Strus et al., 2019). The 14 days postmarsu-
pial mancae have less abundant and smaller lipid drop-
lets in digestive gland epithelium, which can be at-
tributed to animal physiological or nutritional condition
(moulting), and not necessarily to the developmental
stage. There are studies of adult isopods showing that
after the food shortage the lipid droplets in digestive
glands’ cells are less abundant and smaller (Strus et al.,
1985; Leser et al., 2008).

Quantification of the length of septate junctions in
digestive gland epithelium in P. scaber showed that sep-
tate junctions gradually elongate during development
from embryonic stages to postmarsupial manca stages.
The results suggest that the paracellular barrier function
of the digestive gland epithelium is basically established
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in the investigated stages of embryos and mancae. In
these developmental stages, yolk is consumed by the
gland cells and individual microvilli are already evident
apically. Yolk is completely depleted by the late marsu-
pial manca stage, when moulting of manca occurs. The
most intense increase of the septate junctions’ length
was evident at transition from marsupial to postmarsu-
pial manca stage, which corresponds to release of the
animal from marsupium to the external environment. In
postmarsupial mancae the septate junctions are pro-
nouncedly elongated and are only slightly shorter than
in adult animals, which coincides with food source
change and animal feeding on external nutrient sources.
Quantification of ultrastructural characteristics of sep-
tate junctions further showed that the width of the inter-
cellular space in the region of septate junctions and the
thickness of septa are similar in embryos, marsupial
manca stages and in adults, while the distance between
consecutive septa is slightly larger in adults.

There is not much data available on septate junction
differentiation during digestive system morphogenesis.
Two comprehensive studies that analysed the ultrastruc-
ture of septate junctions in digestive system of more than
two developmental stages were performed on different
epithelia in Drosophila melanogaster by Tepass and
Hartenstein (1994) and on P. scaber hindgut epithelium
by Bogataj et al. (2019). Tepass and Hartenstein (1994)
showed that septate junctions in midgut epithelium of D.
melanogaster are differentiated only in the first larval
stage. In P. scaber hindgut the septate junctions are
gradually differentiated and elongated during develop-
ment, with shorter septa arrays in late embryos than in
manca stages. In postmarsupial mancae 14 days after re-
lease from marsupium, septate junctions in hindgut re-
semble those in adults (Bogataj et al., 2019). A similar
sequence of septate junctions’ formation as in hindgut
was reported also in P. scaber epidermis (Kunci¢ ef al.,
2022). The Sonakowska-Czajka et al. (2021) study of
midgut differentiation in two larval stages in decapod
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