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Abstract

The digestive system of the malacostracan crustaceans, namely the decapods, isopods, amphipods and mysids, is among the most
complex organ systems of the animal kingdom serving multiple functions such as food processing, absorption and storage of
nutrients, synthesis of digestive enzymes and blood proteins, detoxification of xenobiotics and osmoregulation. It is rather well
investigated compared to other invertebrates because the Malacostraca include many ecological keystone species and food items
for humans. The Decapoda and Peracarida share food processing with chewing and filtering structures of the stomach but differ
with respect to morphology and ultrastructure of the digestive glands. In the Peracarida, the digestive glands are composed of few,
relatively large lateral caeca, whereas in the Decapoda, hundreds to thousands of blindly ending tubules form a voluminous
hepatopancreas. Morphogenesis and onset of functionality of the digestive system strongly depend on the mode of development.
The digestive system is early developed in species with feeding planktonic larvae and appears late in species with direct
lecithotrophic development. Some structures of the digestive system like the stomach ossicles are rather constant in higher taxa
and are of taxonomic value, whereas others like the chewing structures are to some degree adapted to the feeding strategy. The
nutrient absorbing and storing cells of the digestive glands show considerable ultrastructural variation during moult cycle,
vitellogenesis and starvation. Some of the various functions of the digestive system are already assigned to specific sections of
the digestive tract and cell types, but others still await precise localization.
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Introduction crustaceans, have successfully invaded terrestrial environ-

ments, with woodlice being entirely terrestrial (Martin and

Malacostraca (“higher crustaceans”) is the largest clade of the
Crustacea comprising more than 40,000 species, including
almost 15,000 described decapods (De Grave et al. 2009)
and 25,000 peracarids (Ahyong et al. 2011). It contains famil-
iar animals such as shrimps, lobsters, crayfish and crabs
(Decapoda), krill (Euphausiacea), woodlice, amphipods and
mysids (Peracarida) and some smaller and less known taxa.
Malacostracans are mostly water-dwelling organisms, but
many peracarids, which represent almost one-third of all
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Davis 2001). Regarding their food sources and supply,
malacostracans can be carnivorous, omnivorous, herbivorous
or detritivorous and act as predators, scavengers or ectopara-
sites (Schram 1986). Decapods are mostly predators, herbi-
vores, suspension and deposit feeders, and peracarids feed
on suspended particles, sediment, algae, wood and decaying
organic material. Inhabiting marine habitats from the littoral to
the deep sea including the pelagial, freshwater habitats from
epigean to subterranean waters and terrestrial habitats from the
sea shore to high mountains including deserts (Schram 1986),
malacostracans exhibit a large diversity in feeding strategy
and architecture of the digestive system (Icely and Nott
1992; Watling 2013).

Because of the economic and ecological importance of the
Malacostraca, knowledge on the anatomy, morphogenesis and
function of their digestive system is of utmost importance.
Moreover, because of the high diversity of lifestyles and feed-
ing strategies, the malacostracan digestive system is an
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interesting paradigm for the morphological and functional di-
versification of an organ system in a larger animal group. In the
Malacostraca, the digestive system serves not only for the di-
gestion and absorption of the food but also for a variety of other
functions including detoxification of xenobiotics, synthesis of
immune defence molecules and osmoregulation as will be de-
tailed in this paper. The complex anatomy and physiology of
the malacostracan digestive system have been extensively stud-
ied, and numerous data are available on the morphology and
ultrastructure of the various parts of the alimentary system in
adults, larvae and embryos (e.g. Wigele et al. 1981; Storch
1982; Icely and Nott 1984; Vogt 1985, 1993, 1994; Friesen
et al. 1986; Storch and Strus 1989, 2004; Hames and Hopkin
1989; Wigele 1992; Schmitz 1992; Coleman 1994; Biesiot and
McDowell 1995, Strus et al. 1995, 2008; Strus and Blejec
2001; Storch et al. 2001, 2002; Tziouveli et al. 2011; McGaw
and Curtis 2013; Trevisan et al. 2014; Sonakowska et al. 2015).
Several papers focus on adaptations of the digestive system to
different lifestyles and feeding strategies (Vogt et al. 1985;
Ahearn 1987; Icely and Nott 1992; Watling 2013;
Saborowski 2015; Spitzner et al. 2018). The microscopic anat-
omy, biochemistry and physiology of digestion in crustaceans
as well as differentiation of the digestive tract were reviewed by
Ceccaldi (2006) and Watling (2013).

It is noteworthy that complex digestive organs have already
been found in early arthropods from the Cambrian period
(Vannier et al. 2014) which appear functionally similar to
some modern branchiuran and highly derived decapod crus-
taceans such as spiny lobsters. Macrophagy and carnivory and
enzymatic breakdown of related food stuff were seemingly
important for the evolutionary success and wide distribution
of the ancient arthropods.

In this paper, we review structural and functional features
of the digestive system of malacostracan crustaceans, focus-
sing on decapods and peracarids. Particular emphasis is given
to the elaboration of similarities and differences between these
two taxa. Emphasis is also given to variations during devel-
opment and between different life histories, lifestyles, feeding
strategies and nutritional conditions. Since parts of the mala-
costracan digestive tract, particularly the triturating and filter-
ing structures, are regularly renewed by moulting, we also
address this crustacean-specific aspect.

Anatomy of the malacostracan digestive
system

The malacostracan digestive system is composed of three re-
gions, stomodeum or foregut with oesophagus and stomach,
mesenteron or midgut comprising midgut canal and dorsal
and lateral caeca and proctodeum with hindgut and rectum
(Gruner 1993). In both decapods (Fig. 1a) and peracarids
(Fig. 1b), the stomodeum and proctodeum derive from the
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ectoderm and are thus lined by a cuticle that is shed and re-
placed during growth by moulting. The stomodeum usually
includes cuticular chewing and filtering structures for process-
ing of the food.

The mesenteron of Decapoda is characterized by extensive-
ly ramified lateral caeca, which together form the hepatopan-
creas. The midgut is long in some decapods like shrimps and
lobsters and has small anterior and posterior dorsal caeca but
is short in others like crayfish and crabs (Icely and Nott 1992).
In crayfish, the posterior dorsal caecum is lacking. In
gammaridean amphipods, the mesenteron is long (Schmitz
1992) and bears seven blindly ending tubes: a single anterior
caecum, two pairs of lateral caeca forming the digestive gland
(hepatopancreas) and a pair of posterior caeca involved in
mineral translocation during the moult cycle (Graf and
Michaut 1980). In isopods, the midgut tube is short in am-
phibious species of the family Ligiidae (Strus and Draslar
1988; Strus et al. 2008) and completely absent in strictly ter-
restrial isopods. The endodermal part of the gut is then only
represented by two or rarely three pairs of lateral midgut gland
tubules connected to the atrium of the stomach at the foregut-
hindgut junction. Dorsal caeca are lacking in isopods.

Comparison of the functional morphology of the digestive
system in amphibious and terrestrial oniscideans by Strus et al.
(1995) revealed key adaptations to life on land. It was shown
that the variety of cuticular structures, the compartmentaliza-
tion of the stomach, the reduction of the endodermal midgut,
the complexity of the foregut-hindgut junction, the presence
of a typhlosole and the water-conserving properties of the
posterior hindgut are specific traits of terrestrial species. The
ultrastructure and dynamics of the epithelia of the digestive
system in terrestrial isopods reflect both feeding strategies and
moult cycle. During premoult and exuviation, food intake is
reduced and the ectodermal epithelia are involved in forma-
tion of the new cuticle (Strus et al. 1985; Strus and Storch
1991).

Morphogenesis of the malacostracan
digestive system

The development of the digestive tract is very variable in the
Malacostraca, depending on life history. In species with pe-
lagic larvae like many shrimps, the digestive tract is formed
early and serves for feeding on plankton and suspended food
particles (Anger 2001). Particularly, the stomach is consider-
ably modified during the larval stages and acquires a complex
gastric armature involved in the mastication and filtration of
food. These changes are particularly obvious when the feeding
habits change during the transition from pelagic larvae to ben-
thic juveniles (e.g. Reedy 1935; Hinton and Corey 1979;
Factor 1981, 1982; Nishida et al. 1990; Wolfe and
Felgenhauer 1991; Suh et al. 1994; Lemmens and Knott
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Fig. 1 a Schematic illustration of a
the digestive tract of the
Decapoda on the example of
freshwater crayfish (medio-lateral
sagittal plane). The foregut
(oesophagus, cardiac stomach and
pyloric stomach) and hindgut are
lined by a cuticle. A atrium of
hepatopancreas, AC anterior
dorsal caecum, CF cardiac filter,
CP cardiopyloric filter channel,
CV cardiopyloric valve, DC
dorsal pyloric chamber, G
gastrolith, HV hepatopancreatic-
intestinal valve, LT lateral tooth,
MC medial pyloric chamber, MT
medial tooth, O oesophagus, PF
pyloric filter, PV pyloro-intestinal
valve (modified after Vogt 2002).
b Digestive system of isopod
Porcellio scaber. The ectodermal
digestive tract is composed of the
foregut (F) comprising oesopha-
gus and stomach and the hindgut
divided into anterior chamber
(AC), papillate region (PR) and
rectum (R). Four endodermal
hepatopancreatic tubules (Hp) are
connected to the digestive tract at
the junction of the foregut and
hindgut. Scale bar 1 mm

Cardiac stomach

1994; Abrunhosa and Kittaka 1997a; Abrunhosa et al. 2006,
2011; Abrunhosa and Melo 2008; Queiroz et al. 2011;
Tziouveli et al. 2011; Castejon et al. 2015a, b). In groups with
direct development such as the Peracarida and freshwater
crayfish, the digestive system develops and becomes function-
al rather late (Anger 2001).

Diversity of morphogenetic trajectories
in the digestive tract of Decapoda

The developmental pattern in the Dendrobranchiata (penaeid
shrimps), which are regarded as plesiomorphic within the
Decapoda sensu strictu (Richter and Scholtz 2001), comprises
embryonic stages that develop within the eggs, several pelagic
larval stages (nauplius, zoea and mysis) and a transitional
decapodid stage that settles on the ground (Anger 2001).
However, in most Decapoda, this scheme is abbreviated
starting with the zoea as first larva.

The foregut, midgut and hindgut primordia are separately
formed in the pelagic nauplius stages of the penaeid shrimps

Pyloric stomach

AC

Hindgut
l

Hepatopancreas

(Penaeoidea) and the late embryos of the decapods with ab-
breviated development, which live on abundant yolk reserves
(Hinton and Corey 1979). The most extreme case is the fresh-
water crayfish (Astacidea) with direct development, which
completely lost the pelagic larval phase and hatch from the
eggs as benthic adult-like juveniles (Gherardi et al. 2010). In
cambarid crayfish, the stomach develops late and is only func-
tional in stage-3 juveniles, the first feeding stage (Vogt 2008a).
In these juveniles, the yolk is stored in the large lumina of the
anterior dorsal coeca (Fig. 5a) and digested by their epithelial
cells. In contrast, the external food is processed in the
stomach-hepatopancreas system, and therefore, stage-3 juve-
niles can digest yolk and external food at the same time, fa-
cilitating slow adaptation to active feeding (Vogt 2008a).
The ectodermal foregut in decapod larvae consists of a
simple tubular oesophagus (Ullrich and Storch 1993;
Castejon et al. 2018) and a rather complex stomach, both lined
with cuticle. The stomach in early pelagic larvae is generally
divided into cardiac and pyloric chamber by a cardiopyloric
valve and has a well-developed gland filter in the pyloric
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chamber. The gastric mill in the cardiac chamber that can
triturate harder food stuffis usually formed in late larval stages
during the transition to benthic juveniles. With the formation
of'the gastric mill, the mastication of food often partially shifts
from the external mouthparts to the internal gastric mill. The
teeth of the gastric mill are further modified and calcified in
the subsequent juvenile stages (Hinton and Corey 1979;
Factor 1981, 1982; Abrunhosa et al. 2006, 2011; Abrunhosa
and Melo 2008; Castejon et al. 2015a, b).

The transitional stages that leave the pelagial and settle on
the ground are non-feeding in some cases. Examples are the
puerulus larvae of Palinuridae (Achelata, spiny lobsters) and
the glaucothoe larvae of the king crabs Paralithodes sp.
(Anomura). Both have reduced mouthparts, which are ineffec-
tive in mastication of the food, and at the same time still lack
the gastric mill in the cardiac stomach, which is formed only
later in the juveniles (Nishida et al. 1990; Wolfe and
Felgenhauer 1991; Lemmens and Knott 1994; Abrunhosa
and Kittaka 1997a). The puerulus larvae of the Palinuridae
depend on the extensive lipid reserves stored in the fat bodies
within the haemocoel (Takahashi et al. 1994; Nishida et al.
1995), while the glaucothoe larvae of Paralithodes utilize the
lipids stored in the anterior midgut caecum and hepatopancre-
as (Abrunhosa and Kittaka 1997b).

In the Penaeoidea, the development of the foregut is slight-
ly delayed compared to the derived groups of the Decapoda.
The pelagic protozoea larvae have a simple foregut without
gland filter, which is formed later in the mysis stage. The
gastric mill is gradually established during postlarval devel-
opment (Lovett and Felder 1989; Abrunhosa and Melo 2008;
Diaz et al. 2008; Muhammad et al. 2012). In the caridean
shrimps, the first pelagic larva, the zoea, already has a func-
tional gland filter in the pyloric chamber, which is further
elaborated during transition to the benthic lifestyle. In contrast
to other decapods, a sophisticated gastric mill is not developed
in the adults, so that the food is masticated solely by the
mouthparts in all larval, postlarval and adult stages (Queiroz
et al. 2011; Tziouveli et al. 2011).

The hindgut, another ectodermal part of the digestive tract, is
present in decapod larvae as a simple cuticle lined tube. During
larval development, the hindgut wall often folds into longitudi-
nal ridges that run along the entire length of the hindgut (Hinton
and Corey 1979; Factor 1981; Lovett and Felder 1989; Mikami
et al. 1994; Tziouveli et al. 2011; Spitzner et al. 2018).

The formation of the endodermal midgut in the Penaeoidea
begins in nauplius larvae when the abundant yolk cells in the
body cavity assemble into a midgut anlage. The anterior mid-
gut caeca and hepatopancreas emerge before the last nauplius
stage (Talbot et al. 1972; Nakamura and Seki 1990; Abubakr
and Jones 1992; Muhammad et al. 2012). In lobsters
(Astacidea), which show prolonged embryonic development
and abbreviated larval development, midgut formation starts
around mid-embryonic development (Hinton and Corey
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1979; Factor 1981). Late embryos have a midgut anlage with
a distinct separation in anterior and posterior regions. The
anterior region occupies the majority of the thoracic area and
contains large amount of yolk surrounded by vitellophage
epithelium (Hinton and Corey 1979).

The endodermal part of the digestive system in the
postnaupliar protozoea stages of Penacoidea and the zoea
stages of the other Decapoda generally consists of the tubular
midgut canal, the anterior midgut caeca and the hepatopancre-
as. The midgut canal is connected with the stomach anteriorly
and with the hindgut posteriorly. The anterior midgut caeca
and hepatopancreas originate from the midgut canal near its
junction with the stomach. The anterior midgut caeca are usu-
ally paired structures and the hepatopancreas anlage consists
of several paired lobes (Hinton and Corey 1979; Factor 1981,
Lovett and Felder 1989; Nakamura and Seki 1990; Abubakr
and Jones 1992; Abrunhosa and Kittaka 1997b; Muhammad
et al. 2012; Spitzner et al. 2018).

The anterior midgut caeca reach the largest volume in the
mysis stages of Penaeoidea and in the early larval stages of the
other Decapoda and often contain yolk and storage lipids.
During the subsequent development, the anterior midgut
caeca are reduced in size and fuse into a single anterior midgut
diverticulum while the yolk and storage lipids are utilized. The
posterior midgut caecum at the junction between the midgut
and hindgut develops in postlarval stages of Penaeoidea
(Lovett and Felder 1989; Diaz et al. 2008; Muhammad et al.
2012) and in late larval stages of the majority of the other
Decapoda (Hinton and Corey 1979; Factor 1981; Abrunhosa
and Kittaka 1997b; Spitzner et al. 2018).

The hepatopancreas increases in volume during larval de-
velopment and the initial hepatopancreatic lobes ramify into
numerous tubules of smaller diameter, which multiply and
elongate progressively (Factor 1981; Lovett and Felder
1989; Nakamura and Seki 1990; Abubakr and Jones 1992;
Diaz et al. 2008; Tziouveli et al. 2011; Muhammad et al.
2012). All developmental stages include the same
hepatopancreatic cell types as the adults (see below), but they
show their typical ultrastructural features only in feeding
stages. The epithelial cells in the hepatopancreas are subject
to structural modifications associated with active feeding and
the utilization of storage lipids in non-feeding stages.
Particularly, the content of lipid droplets in the R cells of
actively feeding larvae depends on their nutritional status
and is depleted during shortage (Storch and Anger 1983;
Anger et al. 1985; Mikami et al. 1994; Abrunhosa and
Kittaka 1997b). Interestingly, in some non-feeding develop-
mental stages like the puerulus larvae of Palinuridae or stage-1
juveniles of freshwater crayfish lipids are transferred via the
haemolymph from external lipid stores to the R cells of the
hepatopancreas where they are first stored in large lipid drop-
lets and later metabolized (Takahashi et al. 1994; Nishida et al.
1995; Vogt 2008a).
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Diversity of morphogenetic trajectories
in the digestive tract of Peracarida

Peracarida generally develop directly in a brood chamber
(marsupium) and following release the juveniles reach matu-
rity after several moults. The development of digestive system
starts with stomodeal and proctodeal invaginations that fuse
with the embryonic yolk sac and progresses gradually with
formation of the midgut and embryonic digestive glands.
The morphogenesis of the digestive system is described for
a few peracaridan species displaying diverse lifestyles. Most
data are available from developmental studies in the marine
amphipod and common laboratory model Parhyale
hawaiensis (Browne et al. 2005) and the terrestrial isopod
Porcellio scaber (gtrus et al. 2008; Wolff 2009; Milatovi¢
et al. 2010; Mrak et al. 2015). Some data are also provided
from the study of isopod Paragnathia formica, a fish ectopar-
asite with a unique brooding mechanism: the embryos remain
within the ovaries until hatching to the free-swimming juve-
niles (Manship et al. 2011).

The common characteristic of morphogenesis of the
peracarid digestive system is the development of the stomo-
deal invagination shortly before the proctodeal invagination.
Both elongate towards each other and join with the midgut
during further development (Nair 1956; Stromberg 1964,
1967; Browne et al. 2005; Wolff 2009; Milatovi¢ et al.
2010; Manship et al. 2011). At the anterior lateral edges of
the newly formed stomodeum, the oesophageal projections
become visible, resulting in a Y-shaped stomodeal opening
(Browne et al. 2005; Wolff, 2009). In the isopod Porcellio
scaber, the stomodeum and proctodeum are formed during
mid-embryogenesis (Fig. 2a) (Wolff 2009; Milatovi¢ et al.
2010) and fuse just prior to hatching of the embryo from the
chorion (Fig. 2b) (Milatovi¢ et al. 2010). During early mor-
phogenesis, the digestive tract is a simple tube with the gut
epithelial cells secreting a thin apical matrix. In late embryo-
genesis, a finely elaborate cuticle lines the foregut and the
cuticular structures in the filtering region of the stomach are
already formed (Strus et al. 2008). In the hindgut, the anatom-
ical and ultrastructural distinction between anterior and poste-
rior region becomes evident with typhlosole folds forming in
the anterior region. The hindgut cells differentiate simulta-
neously (Fig. 2c). The first cuticle is represented by a thin
layer of matrix covering the plasma membrane of the epithe-
lial cells (Fig. 2d).

In postembryonic manca stages of Porcellio scaber, the
filters, ridges and folds of the stomach and typhlosole in the
anterior chamber are elaborated and functional (Fig. 2¢). The
hindgut cuticle consists of procuticle and epicuticle (Fig. 2f)
with cuticular spines. The cuticle is replaced during release of
the manca from the marsupium to the terrestrial environment
(Mrak et al. 2015). After this moult, the gut lumen is usually
filled with diverse food particles (Fig. 2g) and a complete

functional gut with elaborated cuticle in the entire hindgut
region is evident (Fig. 2h).

The functionality of the midgut and midgut glands in
Peracarida begins already during embryonic and early
postembryonic development with their involvement in the
degradation and absorption of yolk. The midgut primordia
are first visible as lateral disc-shaped structures early dur-
ing embryogenesis, in the amphipod Parhyale hawaiensis
even before the body appendages start to develop.
Labelling with fluorescent dye revealed several layers of
nuclei within the disc-shaped midgut in Parhyale
hawaiensis during early morphogenesis (Browne et al.
2005). The midgut cells are later in development clearly
recognized as endoderm and visceral mesoderm derivates
as demonstrated with fluorescent labelling of blastomeres
traced during development (Gerberding et al. 2002). In
Parhyale hawaiensis, the yolk is first completely
enveloped by the midgut forming a dorso-ventrally orient-
ed wedge and then by the tubes of the digestive caeca that
begin to project posteriorly from the midgut. The extension
of the caecum anlagen is accompanied by peristaltic, mus-
cular contractions and yolk transfer from the medial mid-
gut to the bilateral digestive caeca, changing from coarse
yolk granules to finer structured yolk (Browne et al. 2005).

In the isopod Porcellio scaber, there are only the paired
midgut gland anlagen, which elongate towards the posterior
region simultaneously with inclusion of the egg yolk. A pair
of midgut gland primordia becomes prominent around mid-
embryogenesis, when the buds of the body appendages are
already apparent. Anteriorly, the two lobes of the midgut
gland fuse and the yolk from the embryonic yolk sac gradually
moves into the gland lumen displaying a finer texture (Fig. 3a,
b) (Wolff 2009; Milatovic et al. 2010; Manship et al. 2011). In
Porcellio scaber embryos, the gland epithelium encloses yolk
and large lipid globules. Numerous lipid droplets are now
present in the epithelial cells (Fig. 3c). In late embryos, the
yolk-filled glands are directly connected via the
hepatopancreatic duct to the stomach in the area of the
foregut-hindgut junction (Fig. 3d) and the outgrowths of the
second pair of digestive gland tubules from the previously-
formed tubules are already observed (Wolff 2009; Milatovic¢
et al. 2010). The typical B- and S cells of the digestive caeca
are both flattened, but already discernible, based on the char-
acteristic orange autoflorescence of the S cells under ultravi-
olet excitation. The main ultrastructural features of the B cells,
such as microvillar apical surface and electron dense cyto-
plasm containing abundant lipid droplets and mitochondria,
are already apparent (Strus et al. 2008).

In all three peracarid species described, the yolk in the
digestive glands is consumed until the young are released
from the female, although the developmental time of yolk
consumption is different among species, most likely as the
consequence of different lifestyles. The yolk stores in the
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< Fig. 2 Morphogenesis of the digestive system in terrestrial isopod

Porcellio scaber: differentiation of the ectodermal parts of the digestive
tract during embryonic (a—d) and postembryonic (e-h) development. a
Mid-stage embryo characterized by the onset of foregut and hindgut
development. The proctodeal invagination (arrow) is visible in the dorsal
posterior part, elongating towards the yolk sac (YS) in the middle of the
embryo body. The midgut glands (MG) are filled with yolk. Scale bar
100 pm. b Cross section of foregut-hindgut junction in late embryo. The
digestive tract is now continuous, with ventrally located stomach (S)
connected to the hindgut (H) dorsally and midgut glands with yolk and
lipids laterally. Richardson’s staining. Scale bar 50 pm. ¢ Digestive tract
surrounded by midgut gland diverticula. The epithelial cells (EC) of the
hindgut are columnar in shape and the typhlosole (T) forms in the anterior
hindgut. Richardson’s staining. Scale bar 20 um. d Secretion of first
cuticle (arrow) below the precuticular matrix (PM) covering the apical
plasma membrane of the hindgut epithelial cells. TEM. Scale bar 0.5 pm.
e Cross section of marsupial manca stage at stomach-hindgut junction.
The stomach is separated into dorsal, lateral and ventral chambers, and the
filter region (arrow) is discernible. In the hindgut, the typhlosole is pres-
ent. Richardson’s staining. Scale bar 100 pm. f Formation of first cuticle
(C) in hindgut with thin epicuticle (arrow) and procuticle (Pr). TEM.
Scale bar 0.5 pum. g Cross section of postmarsupial manca. The gut tube
is extensive and filled with diverse food particles (arrow). There are two
pairs of laterally aligned midgut gland diverticula. Richardson’s staining.
Scale bar 100 um. h Elaborate cuticle in hindgut region composed of
epicuticle (Ep) and procuticle with discernible pattern of chitin-protein
fibers arrangement. TEM. Scale bar 0.5 pm

digestive caeca of the amphipod Parhyale hawaiensis are sig-
nificantly depleted towards the end of embryogenesis and the
hatchlings become dependent on external food sources
(Browne et al. 2005). In the ectoparasitic isopod
Paragnathia formica, which develops within the ovaries, the
yolk inclusions in the digestive glands are largest in chorion-
free embryos inside the ovaries. The yolk is gradually dimin-
ished until motile embryos are released from the female
(Manship et al. 2011).

In Porcellio scaber, the yolk in the gland lumen is grad-
ually consumed during the intramarsupial postembryonic
stages (Fig. 3e—g). In this developmental period, the mid-
gut gland epithelial cells are larger than in the embryonic
stages, begin to protrude apically into the lumen and con-
tain numerous lipid droplets (Fig. 3f, g). The most signif-
icant changes in the morphology of the gland tubules and
cells are evident in the stage just before the release of the
manca from the marsupium. The cells protrude deeper into
the gland lumen and acquire a characteristic shape as in the
midgut glands of the adults (Fig. 3g). In postmarsupial
manca stages, the gland lumen is devoid of yolk and the
apical parts of the epithelial cells with abundant microvillar
surface protrude into the lumen. The amount of lipid drop-
lets in their cytoplasm is low, indicating that the nutrients
from the yolk were already consumed (Fig. 3h). The
postmarsupial mancae and juveniles are able to feed on
different food sources available in the surroundings, as is
evident by the abundance of diverse food particles in their
gut.

Structure, function and dynamics
of the ectodermal parts of the malacostracan
digestive system

The ectodermal parts of the digestive system serve for masti-
cation of the food, filtration of the chymus, compaction of
undigestable food components into faecal pellets and regula-
tion of water and ions.

Food processing in the decapod stomach and hindgut

In decapods, the food is usually taken with the pereopods and
delivered to the mouthparts. The mouthparts typically consist
of six pairs of appendages, the mandibles, maxillae 1 and 2
and maxillipeds 1-3 (Garm 2004). They are rich in cutting
structures, pestles, mechano- and chemoreceptors (Fig. 4a)
and tear the food into pieces. At the entrance of the oesopha-
gus, the food is lubricated by mucus secreted from mucus
glands (Fig. 4b). The oesophagus is a short extensible tube
that channels the food into the stomach and transports large
indigestible food components back to the exterior. The stom-
ach is divided into two parts, the anterior cardiac stomach that
serves for physical and chemical breakdown of the food and
the posterior pyloric stomach that serves for filtration of the
chymus and compaction of the solids (Fig. 1a) (Icely and Nott
1992). The stomach is armed by a system of calcified cuticular
ossicles that support the chewing structures, participate in for-
mation of the pyloric filter and provide attachment sites for the
extensive musculature (Brosing 2010). The number and ar-
rangement of these ossicles vary between the higher taxa of
the Decapoda (e.g. 41 in brachyuran crabs) and can be used
for taxonomic purposes.

In the cardiac stomach, the food is mixed with the gastric
fluid and is triturated by masticatory cuticular structures. In
crayfish Astacus astacus, the gastric fluid has a volume of
about 0.4 ml and contains 50 mg/ml protein. It is brown,
slightly acidic (pH 5.6) and bitter tasting (Vogt et al. 1989a).
The gastric fluid contains a variety of digestive enzymes and a
fat emulsifier (Saborowski 2015) and is synthesized in the
hepatopancreas. The chewing structures of the cardiac stom-
ach vary considerably in the Decapoda. They are relatively
simple in caridean shrimps (Storch et al. 2001) but elaborate
in crayfish and crabs (Icely and Nott 1992; Vogt 2002). Thus,
they can be used for taxonomic purposes. On the other hand,
within a given higher taxon, they are modified according to
different feeding strategies (Brosing and Tiirkay 2011).

Crayfish possess a gastric mill composed of a medial tooth
located at the roof of the stomach, two lateral teeth and two
smaller accessory lateral teeth (Vogt 2002), all consisting of
thick calcified cuticle which is replaced by each moult (Fig.
4c, e). The calcium of the teeth and other cuticular parts of the
body is withdrawn in pre-ecdysis, stored in the haemolymph
and the digestive tract and used again for calcification of the
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< Fig. 3 Morphogenesis of the digestive system in the terrestrial isopod

Porcellio scaber: differentiation of the endodermal midgut glands
during embryonic (a—d) and postembryonic (e-h) development. a Mid-
stage embryo with egg envelopes (EE). Body segmentation and append-
ages are clearly visible (arrow) and prominent midgut gland primordia
(MQ) are filled with yolk which is also present in the embryonic yolk sac
(YS). Scale bar 200 pm. b Sagital section of late embryo. The yolk with
lipid globules is completely enclosed in the midgut glands. Richardson’s
staining. Scale bar 100 um. ¢ Epithelial cells (EC) of midgut glands in
direct apical contact with yolk (Y) and filled with lipid droplets (aster-
isks). Richardson’s staining. Scale bar 20 um. d Cross section of late
embryo in the area of the stomach (S)-hindgut (H) junction. The midgut
glands join the digestive tract via the hepatopancreatic duct (arrow).
Richardson’s staining. Scale bar 20 pm. e Two midgut gland diverticula
in marsupial manca filled with yolk which is gradually reduced during the
intramarsupial postembryonic development. Scale bar 200 pum. f Cross
section of marsupial manca with two pairs of midgut gland diverticula
around the hindgut. Richardson’s staining. Scale bar 100 um. g Cross
section of midgut gland diverticulum with two cell types, B cells (B) and
S cells (S). Before release of the manca from the marsupium the B cells
are large, protrude apically into the lumen and contain numerous lipid
droplets. Richardson’s staining. Scale bar 20 um. h Cross section of
midgut gland diverticulum in postmarsupial manca. The midgut glands
are devoid of yolk, and the epithelial cells are poor in lipid. The apical
parts of the cells have prominent microvillar surface (arrow).
Richardson’s staining. Scale bar 20 pm

new cuticle. In brachyuran crabs, the calcium is stored in large
calcium phosphate granules of the hepatopancreatic R cells
(Greenaway 1985) but in crayfish, it is stored in special organs
in the inner wall of the cardiac stomach called gastroliths (Fig.
l1a) (Shechter et al. 2008).

The gastric mill can perform a variety of cutting, grinding
and squeezing movements (Bohm 1996). The chymus is fil-
tered a first time through the cardiac filters at the floor of the
cardiac stomach (Fig. 4c) (Storch et al. 2001). The filtrate is
then transported via the cardiopyloric filter channels to the
pyloric filters and the solids are transferred through the
cardiopyloric valve into the medial chamber of the tri-storied
pyloric stomach (Fig. 4d). Each of the two ventral pyloric
chambers consists of a press plate and numerous filter chan-
nels covered by dense mats of setae (Fig. 4d, f, g) that retain
particles larger than ~ 100 nm (Vogt 2002). These filters serve
for further filtration of the first filtrate from the cardiac filters
and of fluids that are pressed out from the solids in the medial
chamber of the pyloric stomach. This secondary filtrate is then
transported into the hepatopancreas tubules where the nutri-
ents are absorbed. The medial chamber of the pyloric stomach
serves for compaction of the solids. The dorsal chamber and
the dorsolateral channels may serve for the transport of fluids
and solids from the midgut to the cardiac stomach, e.g. for
remastication.

The midgut and hindgut further solidify the faeces and
transport them to the exterior. In the semi-transparent shrimp
Palaemon elegans, we have repeatedly observed
antiperistalsis of the gut and retrograde transport of the entire
gut content into the cardiac stomach where it was again mas-
ticated (unpublished). This transport probably occurred

through the dorsal chamber of the pyloric stomach. The his-
tology and function of the midgut are described in detail in the
“endodermal parts” section below. The hindgut is additionally
involved in rapid uptake of water after ecdysis, seems to con-
tribute to ion- and osmoregulation and can harbour bacterial
symbionts (Icely and Nott 1992).

Cross sections of the hindgut of Astacus astacus typically
showed six longitudinal folds which are lined by a single-
layered epithelium (Fig. 5f) (Vogt 2002). This epithelium is
covered by a cuticle and consists of a single columnar cell type
without microvilli but with numerous apical membrane
infoldings typical of osmoregulatory cells (Mykles 1979).
Basally, the epithelium is covered by a thick layer of spongy
connective tissue including longitudinal muscle fibres and a
peripheral layer of circular musculature. These muscles pro-
duce peristaltic and antiperistaltic movements. Two nerves
originating from the terminal ganglion run on either side of
the hindgut (Fig. 5f) and regulate activity of this organ (To
et al. 2004).

The arrangement of the musculature is quite different in the
various regions of the digestive tract. The oesophagus, midgut
and hindgut have closed layers of circular musculature and
some longitudinal muscles enabling swallowing of the food
and peristalsis and antiperistalsis. The stomach is equipped
with numerous individual muscles (Fig. 4d) that enable pre-
cise movement of the teeth and filtering structures (Icely and
Nott 1992). The hepatopancreas tubules are enveloped by a
muscle net consisting of longitudinal and circular muscles (see
below), similarly to that shown for isopods in Fig. 13a. The
alimentary tract except of the hepatopancreas is equipped with
nerves (Fig. Se, ) (Mykles 1979). The movements of the
oesophagus, gastric mill and pyloric filters are controlled by
the stomatogastric nervous system, which in crayfish consists
of the oesophageal ganglion, the stomatogastric ganglion and
two commissural ganglia of the tritocerebrum (Skiebe 2003).

Food processing in the peracarid stomach
and hindgut

Food processing in peracarids starts in the mouth region with
diversified mouthparts which manipulate the food and enable
ingestion. In scavengers who ingest large quantities of food,
the food is held with the maxillipeds and the mouthparts move
antero-posteriorly or laterally to triturate it and direct it to the
oral cavity (Ceccaldi 2006; Watling 2013). The muscular oe-
sophagus is equipped with valve-like structures to prevent
regurgitation and draws the food into the stomach. The struc-
tural features of the amphipod and isopod stomach were de-
scribed by Icely and Nott (1984), Storch (1987) and Storch
and Strus (2004) and were revised by Schmitz (1992) and
Wigele (1992). The available literature on gut ultrastructure
and digestive processes in terrestrial isopods concerns
Porcellio scaber (Hames and Hopkin 1989) and Ligia italica
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edges of mouthparts of crayfish Procambarus virginalis. Ma mandible;
M1 maxilla 1. SEM. Scale bar 10 um (from Vogt 2008a). b Oesophageal
gland (OG) of shrimp Palaemon elegans including acidic mucopolysac-
charides (blue). E epithelium of oesophagus. Alcian blue staining. Scale
bar 2 um. ¢ View from oesophagus on gastric mill and cardiac filters (CF)
of crayfish Faxonius limosus. The gastric mill is composed of the median
tooth (MT) at the roof of the stomach, two lateral teeth (LT) and two
accessory lateral teeth (AT). Scale bar 1 mm (from Vogt 2002). d
Transversal resin section through pyloric stomach of postlarva of shrimp

(Storch and Strus 1989). The feeding strategies and data on
physicochemical conditions in the gut of woodlice were
reviewed by Zimmer (2002). Food choice and feeding strate-
gies of woodlice with respect to evolutionary adaptations to
terrestrial lifestyle were reviewed by Hornung (2011).

The mechanical and chemical degradation of food takes
place in a complex stomach with elaborate masticating and
filtering structures (Fig. 6a, b). The food is masticated and
squeezed in the anterior part of the stomach (cardia) with prom-
inent lateralia which are generally present in peracarid stomachs
but their position and structure are variable. They are equipped
with bristles, spines or denticles. Their armature is related to
feeding strategy and represents a valuable trait for phylogenetic
reconstructions (Coleman 1992). An extensive study of the
mysid stomach from the phylogenetic viewpoint was presented
by Kobusch (1998), and the armature of the lateralia and the
funnel region were described as apomorphies of the Mysida. In
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Penaeus monodon showing dorsal chamber (DC) with lateral channels
(LC), medial chamber (MC) and ventral chambers (VC) with cuticular
press plate (P) and cuticular pyloric filter channels (arrow). Arrowhead
example of cuticular ossicle, asterisk fused filter channels leading to he-
patopancreas, M musculature. Richardson’s staining. Scale bar 100 pm. e
Lateral tooth of crayfish Astacus astacus. SEM. Scale bar 1 mm (from
Vogt 2002). f Pyloric filter channels of Astacus astacus covered by filter
setae. SEM. Scale bar 50 um (from Vogt 2002). g Filter setae with lateral
setules in Astacus astacus. SEM. Scale bar 2 pm (from Vogt 2002)

amphibious woodlice, the lateralia are covered with long bris-
tles and in the amphipod Arcitalitrus sylvaticus, they are
equipped with additional spines which are involved in grinding
larger food particles (Fig. 6¢, d). Lateralia armoured with spines
were also described in the stomach of the terrestrial isopod
Porcellio scaber (Storch 1987).

Partly degraded food is filtered through two sets of ventral-
ly located filters (Fig. 6e, f). Paired primary and secondary
filters are composed of Y-structured chitinous setae with dif-
ferent filtering capacities. Setae of the secondary filter form a
fine sieve preventing larger particles to enter the midgut
glands, where the filtrate is further processed and absorbed.
In amphipods and mysids, partly degraded food is conveyed
to the midgut/hindgut region through an extensive canal sys-
tem of the stomach (Storch and Strus 2004) that ends with a
funnel (Fig. 6a) which voids food particles to the midgut. In
isopods, the canals and funnel are not prominent as the midgut
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cephalothorax of stage 1 juvenile of Procambarus virginalis showing
yolk (Y) in lumen of anterior midgut coecum, midgut (asterisk) and
developing hepatopancreatic tubule system (H). Arrow ventral nerve
cord, G gills. Azan staining. Scale bar 200 pm (from Vogt 2008a). b
Midgut cells of Penaeus monodon with plenty of lipid globules (LG)
and apical granules (arrow). BL basal lamina, N nucleus, L midgut lumen.
TEM. Scale bar 5 pm. ¢ Apex of midgut cell of Penaeus monodon
showing apocrine secretion (arrow) of granular material for assembly of

is reduced and coarse particles are directed to the hindgut
through the dorsal part of the stomach (Fig. 6b).

The long hindgut in terrestrial isopods is divided into the
anterior chamber, papillate region and rectum, which is sepa-
rated from the papillate region by a muscular sphincter. The
hindgut is generally in direct contact with the stomach
(Vernon et al. 1974; Hassall and Jennings 1975; Holdich and
Mayes 1975; Bettica et al. 1987; Storch and Strus 1989;
Wigele 1992; Rode and Draslar 1998).

The anterior hindgut is a large storage chamber where food
can be further digested or stored in species with limited food
supply. A prominent typhlosole forms two dorsolateral chan-
nels (Fig. 7a, b) connected to the stomach anteriorly, while in
amphibious species the typhlosole is a transient structure
(Strus et al. 1995). In the anterior hindgut, the food is proc-
essed and partially absorbed, as indicated by the structural
characteristics of its epithelium (Hryniewiecka-Szyfter and
Storch 1986). However, the digestion products are mainly
transported along the typhlosole channels back to the stomach,
where they are filtered into the hepatopancreas where nutri-
ents are absorbed (Hames and Hopkin 1989).

7 e

the peritrophic membrane (arrowheads). TEM. Scale bar 0.5 um. d Golgi
body of midgut cell of Penaeus monodon producing vesicles for secre-
tion. TEM. Scale bar 0.3 um. e Nerve (arrow) between basal cell mem-
brane and basal lamina of midgut cell of Penaeus monodon. TEM. Scale
bar 1 pm. f Transversal section of hindgut of Astacus astacus showing
longitudinal folds lined by cuticle-lined epithelium. Arrow circular mus-
culature, arrowhead longitudinal muscle, N nerve. HE staining. Scale bar
200 pm (from Vogt 2002)

The posterior hindgut of terrestrial species is also described
as the papillate region due to prominent protuberances
(papillae) on its outer surface (Fig. 7c). The papillae are the
dome-shaped basal parts of the epithelial cells (Fig. 7d), pro-
truding into the haemocoel between the longitudinal and cir-
cular muscles that envelop the hindgut (Hassal and Jennings
1975; Strus et al. 1995; Rode and Draslar 1998). The main
functions of the papillate region, as indicated by its structural
characteristics, are ion transport and water conservation
(Vernon et al. 1974; Coruzzi et al. 1982; Palackal et al.
1984). The dry faecal pellets produced by terrestrial isopods
are compacted in a short and extensively folded rectum and
excreted through the anus (Hames and Hopkin 1989; Storch
and Strus 1989).

The entire hindgut is lined by a thin cuticle, which consists
of an electron dense epicuticle and electron lucent procuticle
(Fig. 7e). The surface of the epicuticle bears numerous poste-
riorly oriented spines (Fig. 7f), which direct the faeces towards
the anus (Vernon et al. 1974; Palackal et al. 1984; Storch and
Strus 1989; Mrak et al. 2015). Bacteria are attached to the tips
of these cuticular spines (Kostanjsek et al. 2006, 2007).
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Fig. 6 Stomach of the Peracarida. a Sagital section of stomach of
amphipod Arcitalitrus sylvaticus consisting of cardia (C) with lateralia
(L), pylorus (P) with inferolateralia (Il) and funnel (F). Food is filtered
through primary filter (PF) and secondary filter (SF). SEM. Scale bar
100 um (from Strus and Storch 2004). b Sagital section of stomach of
isopod Ligia italica connected to midgut (M) and hindgut (H) with three
pairs of midgut glands (MG) located ventrally. VL ventral lamella, DL
dorsal lamella. SEM. Scale bar 120 um. ¢ Lateralia in the stomach of
Ligia italica covered with long bristles. SEM. Scale bar 100 um. d
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Lateralia in the stomach of Arcitalitrus sylvatica covered with setae and
spines. SEM. Scale bar 50 um (from Strus and Storch 2004). e Primary
filter (arrows) in terrestrial isopod Armadillidium vulgare showing filter-
ing surfaces on both sides of the anteromedianum (Am) and dorsal
lateralia. Azan staining. Scale bar 100 pum. f Secondary filter (arrows)
in amphibious isopod Ligia italica on both sides of the inferomedianum
(Im) and inferolateralia. The endodermal midgut is located dorsally and
the midgut glands are located ventro-laterally. HE staining. Scale bar
50 um
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<« Fig. 7 Hindgut structures in terrestrial isopod Porcellio scaber. a Internal

view of dorsal hindgut wall in anterior chamber. The dorsal hindgut wall
is folded into a prominent typhlosole (T) and two dorsolateral channels
(Ch). SEM. Scale bar 100 um. b Cross section of hindgut in anterior
chamber. Distended dorsal hindgut cells form a typhlosole and two dor-
solateral channels. Lateral and ventral hindgut cells (HC) protrude into
the hindgut lumen (L) with their dome-shaped apical parts. Richardson’s
staining. Scale bar 100 pm. ¢ External view of hindgut papillate region.
Hindgut cells protrude with their basal parts (arrows) between the longi-
tudinal and circular muscles surrounding the hindgut. SEM. Scale bar
200 um. d Cross section of hindgut epithelium in papillate region.
Dome-shaped basal parts (arrows) of hindgut cells bulge into the
haemocoel (H). The hindgut lumen is filled with food. Richardson’s
staining. Scale bar 100 pm. e Ultrastructure of hindgut cuticle in anterior
chamber. The hindgut cuticle (C) consists of epicuticle (Ep) and
procuticle (Pr) with discernible sublayers (arrows). TEM. Scale bar
1 pum. f Surface of hindgut cuticle bearing numerous posteriorly oriented
spines. SEM. Scale bar 1 pm. g Apical plasma membrane of hindgut cells
covered by cuticle and forming densely stacked apical infoldings (arrows)
associated with numerous mitochondria (M). TEM. Scale bar 1 um. h
Basal plasma membrane of hindgut cells in papillate region folded into
extensive basal labyrinth. Numerous basal infoldings (arrows) are in close
contact with the abundant mitochondria (M). BL basal lamina. TEM.
Scale bar 1 um

The characteristic ultrastructural features of the hindgut
epithelial cells associated with their transport and barrier func-
tions are extensive apical and basal plasma membrane
infoldings associated with numerous mitochondria (Fig. 7g,
h), abundant apico-basally oriented microtubules and exten-
sive septate junctions on the interdigitated lateral plasma
membranes (Vernon et al. 1974; Coruzzi et al. 1982;
Palackal et al. 1984; Hryniewiecka-Szyfter and Storch 1986;
Storch and Strus 1989). The presence of Na*/K*-ATPase was
demonstrated in the apical membranous invaginations of the
epithelial cells in the hindgut of Armadillo officinalis
(Warburg and Rosenberg 1989). In P. scaber, the ultrastruc-
tural differences between the anterior and posterior hindgut
cells are consistent with the proposed absorption of digestion
products in the anterior hindgut and the transepithelial trans-
port of water and ions in the posterior hindgut (Bogataj et al.
2018).

Food consumption and food assimilation efficiency
in decapods and peracarids

McGaw and Curtis (2013) compiled the duration of the entire
digestive process in several Decapoda and found considerable
variation, depending on species, meal and environmental con-
ditions. The shortest retention time of food in the digestive
tract was 1-2 h in penaeid shrimps fed on shrimps, and the
longest reliably measured retention time was 72 h in crab
Liocarcinus puber fed with brown algae, suggesting that ani-
mal prey is faster digested than plant material.

The variation in food consumption in different species of
terrestrial isopods was described by Warburg (1987). In
Porcellio scaber, the consumption is about 1.2 to 2.7% body
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mass/day, when fed on different leaf litters, and food assimi-
lation efficiency is between 30 and 50% (Nair et al.1994).
Food can remain in the gut for 4-17 h (Hartenstein 1964)
and is digested and absorbed in a 24-h digestive cycle
(Hames and Hopkin 1991). When the feeding rate is lower,
food remains in the gut for a longer period of time. Porcellio
scaber produce 10-35 faecal pellets per day with up to 7
pellets filling the entire gut (Kostanjsek et al. 2003).

Bacterial symbionts in the intestine of decapods
and peracarids

Bacteria are important components of crustacean nutrition.
They regularly enter the gut together with the food. Real in-
testinal endosymbionts were described in decapods from hy-
drothermal vents (Pakes et al. 2014; Zhang et al. 2017). The
foregut of crustaceans is generally poorly inhabited by micro-
organisms, while in the hindgut, varied microbiota is often
present.

The intestine of Decapoda was repeatedly shown to har-
bour bacterial communities. These communities were mostly
analysed by DNA fingerprinting. However, it is still contro-
versial whether these bacteria were beneficial symbionts re-
sembling the microflora of humans or whether they were ac-
cidentally internalized with the food. For example, in the hind-
gut of Astacus astacus, Astacus leptodactylus and
Pacifastacus leniusculus 350 bacterial strains were identified,
mainly Pseudomonas, Aeromonas and Enterobacteriaceae
(Mickéniené 1999). Their concentration was 10°~10° bacteria
per gram gut content, and they produced 18 essential amino
acids, which could principally contribute to crayfish nutrition.
The digestive tract of Litopenaeus vannamei harboured di-
verse bacteria as well, which have the potential to degrade
the dietary components (Tzuc et al. 2014). In the hepatopan-
creas of shrimps and crayfish, we have never seen bacteria
except in individuals infected by pathogens (Vogt and Strus
1998).

There are several reports on the presence of bacteria and
fungi in the digestive system of terrestrial isopods, but their
role in digestion still remains to be elucidated. Terrestrial iso-
pods support microbial activity by mechanical degradation of
the substrate and use the microorganisms in their guts as nu-
tritional source. Molecular approaches applying 16S rRNA
sequence analysis indicated the presence of resident bacteria
in the gut of terrestrial isopods (Kostanjsek et al. 2002). Rod-
like bacteria attached to the hindgut cuticle were described in
the posterior hindgut of Porcellio scaber (Kostanjsek et al.
2003). Phylogenetic analysis based on 16S rRNA gene se-
quences grouped the bacteria within Mollicutes. In 16S
rRNA clone libraries, mycoplasma-like bacteria (Firmicutes)
were the most common bacteria present in sea slaters of the
genus Ligia from the intertidal zone along the Eastern Pacific
(Eberl 2012).
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Whereas attached Mollicutes were recognized as isopod
commensals highly adapted to their gut, intracellular
Rhabdochlamydiae represent the first description of a chla-
mydial infection in arthropods and are currently recognized
as human emerging pathogen. The isopod gut contains cellu-
lolytic enzymes, which may be produced by microorganisms.
However, functional cellulases of host origin have been ex-
tracted from the midgut caeca in Porcellio scaber (Kostanjsek
et al. 2010) and production of endogenous cellulases was also
reported for different decapod crustaceans (Linton et al.
2006), indicating that symbionts are not principally required
for the digestion of cellulose. Several bacterial symbionts
were described in the hepatopancreas of terrestrial isopods,
and current knowledge on these microbiomes is reviewed by
Bouchon et al. (2016).

Structure, function and dynamics
of the endodermal parts of the malacostracan
digestive tract

The endodermal parts of the digestive tract of malacostracans,
mainly the midgut glands and hepatopancreas, serve for secre-
tion of the digestive enzymes, absorption of nutrients, storage
of energy and nutrient reserves, supply of the body with me-
tabolites, storage of calcium during ecdysis, synthesis of blood
proteins and detoxification of xenobiotics.

Midgut and hepatopancreas of the Decapoda

The endodermal part of the decapod digestive tract consists of
the midgut canal, the anterior and posterior dorsal caeca and
the numerous lateral caeca that form the hepatopancreas (Icely
and Nott 1992).

The midgut is long in some decapod groups like penaeid
shrimps and lobsters and very short in brachyuran crabs and
crayfish (Icely and Nott 1992). The midgut cells of the shrimp
Penaeus monodon have a well-developed microvillar border
(Fig. 5b). Since they also include lipid droplets (Fig. 5b), they
obviously can absorb, metabolize and store nutrients.
However, most nutrients are absorbed and metabolized by
the hepatopancreatic R cells as detailed below. The midgut
cells of decapods further include plenty of rER and Golgi
bodies (Fig. 5d) that are involved in synthesis of a peritrophic
membrane (Fig. 5c) that surrounds the faeces. This structure
creates a space between the microvillar border and the faeces
that allows transport of fluids anterio-posteriorly and vice
versa.

The anterior dorsal caecum of adults is composed of the
same cell type as the midgut as revealed by us in the shrimps
Penaeus monodon and Palaemon elegans and the crayfish
Astacus astacus. It includes stem cells that regenerate the mid-
gut epithelium from the anterior and is thus the origin proper

of the midgut in which we have not seen mitotic stages. In
developing stages, the anterior dorsal caccum absorbs the yolk
as described above. The posterior dorsal midgut caecum also
consists of the same cell type (Mykles 1979) and seems to
regenerate the midgut from the posterior end. It is unknown
whether the anterior and posterior cacca have additional func-
tions in adults (Icely and Nott 1992).

The hepatopancreas of decapods is a bilobed organ com-
posed of hundreds to thousands of blindly ending tubules
(Fig. 8a). Each tubule is composed of a single layered epithe-
lium (Fig. 8c) surrounded by haemolymph sinuses (Fig. 8d).
The tubules include E cells (embryonic cells), R cells (resorp-
tive cells), F cells (fibrillar cells), B cells (blister-like cells) and
M cells (midget cells) (Fig. 8c) (Loizzi 1971; Al-Mohanna
and Nott 1986, 1987, 1989; Vogt 1985, 1993, 1994).

Four zones can be distinguished along each tubule: E cell
zone, differentiation zone, B cell zone and proximal zone (Fig.
8e). The E cells are stem cells and located at the distal tubular
ends (Fig. 8b) (Al-Mohanna et al. 1985a; Vogt 1994). They
give rise to new R-, F- and B cells (Fig. 8b), which are pushed
downstream by further mitotic pulses establishing a distinct
age gradient along the tubule (Vogt 1993, 1994). The B cell
zone is dominated by mature B cells. The proximal zone is
devoid of B cells because these are discharged at the end of the
B cell zone by holocrine secretion during a late phase of di-
gestion (see below). R cells and F cells are discharged from
the epithelium at the proximal end of the tubules. In crayfish,
regeneration of the complete hepatopancreas seems to last less
than 2 weeks as revealed with autoradiography (Davis and
Burnett 1964).

Each hepatopancreas tubule is surrounded by a muscle net
consisting of longitudinal and circular fibres and muscle cell
bodies protruding into the haemolymph sinuses (Fig. 11f).
These cell bodies include the nucleus, myofilaments, mito-
chondria, rER and free ribosomes. The muscle net serves for
filling and emptying of the tubules.

Nerves have been found along neither the muscle net nor
the hepatopancreas epithelium, suggesting that this organ is
hormonally controlled.

Synthesis of digestive enzymes in F cells

The hepatopancreas synthesizes carbohydrases including cellu-
lase, lipases and proteinases. An overview of the digestive en-
zymes of Decapoda and their properties is given in Saborowski
(2015). The digestive enzymes are synthesized in the F cells as
shown by immunocytochemistry (Fig. 9d, e) (Vogt et al. 1989a;
Mohrlen et al. 2001) and in situ hybridization (Lehnert and
Johnson 2002). The F cells show the typical ultrastructure of
protein synthesizing and exporting cells. They are characterized
by abundant rough endoplasmic reticulum (rER) and Golgi
bodies (Fig. 9a). The Golgi bodies are considerably larger than
those of the other hepatopancreatic cell types and produce large
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Fig. 8 Hepatopancreas of the Decapoda. a Bilobed hepatopancreas of
crayfish Pacifastacus leniusculus consisting of hundreds of blindly
ending tubules (arrow). Scale bar 10 mm (from Vogt 2002). b Oblique
section through distal end of hepatopancreas tubule of Procambarus
virginalis showing various mitotic stages (arrow). HS haemolymph
space, L tubular lumen. Goldner’s staining. Scale bar 20 um (from Vogt
2008Db). ¢ Transversal section of hepatopancreas tubule of Astacus
astacus showing R cells (R), F cells (F), B cells (B) and M cells (arrow).
PAS staining. Scale bar 50 pm (from Vogt 2002). d Transversal section of

Golgi vesicles (Fig. 9¢c), which migrate to the microvillar bor-
der (Fig. 9b) to discharge their contents into the tubular lumen.
Immunohistochemistry with antibodies raised against the pro-
teinases astacin, trypsin and carboxypeptidase revealed intense
staining of the Golgi bodies of the F cells and the lumina of the
hepatopancreatic tubules (Fig. 9d, e) (Vogt et al. 1989a). The R
cells and B cells were generally negative.

The mode of synthesis and storage of the digestive en-
zymes in the Decapoda deviates considerably from the well-
known scheme of the vertebrate pancreas. After synthesis in
the rER and processing in the Golgi bodies, the digestive
enzymes are directly transferred to the tubular lumen via
Golgi vesicles. There is no extensive intracellular storage of
the proenzymes in zymogen granules as is the case in the
exocrine cells of the vertebrate pancreas. The proenzymes
are activated on their way to the stomach or in the stomach
as demonstrated for astacin (Mdhrlen et al. 2001). Astacin
(Fig. 91) is a zinc-endopeptidase named after Astacus astacus
(Bode et al. 1992). It consists of 200 amino acids, occurs in the
gastric fluid of Astacus astacus in a concentration of ~1 mg
per ml and cleaves native collagen without prior acidic
denaturation.
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hepatopancreas of Astacus astacus showing tubules and interspersed
haemolymph sinuses (yellow). Immunohistochemistry with
haemocyanin antibodies. Scale bar 100 pm (from Vogt 2002). e
Longitudinal section of hepatopancreas tubule of Penaeus monodon
showing increase of copper deposits (arrow) from E cell zone (EZ) to B
cell zone (BZ), i.e. along the age gradient of cells. Arrowhead tubular
lumen, DZ differentiation zone. Rubeanic acid histochemistry for copper.
Scale bar 30 pm (from Vogt and Quinitio 1994)

In the cardiac stomach, the enzymes are stored in an active
molecular (i.e. with the pro-part cut off) form to await the next
meal as demonstrated for astacin, trypsin and carboxypeptidase
(Vogt et al. 1989a; Vogt 2002). The enzymes are highly stable
and well adapted to this extraordinary mode of storage
(Saborowski 2015). In crayfish, the gastric fluid can be exper-
imentally withdrawn through the oesophagus with a pipette,
which stimulates enzyme synthesis in the hepatopancreas.
Highest synthetic activity of the F cells was observed 1-2 h
after stimulation. The stomach was refilled after about 4 h.
When Astacus astacus was fed with a single portion of minced
meat, the cardiac stomach was emptied in the following 3—4 h
and refilled with new digestive fluid after about 5 h (Vogt et al.
1989a). A similar pattern of refilling of the stomach with diges-
tive fluid was observed in crayfish Cherax quadricarinatus
(Loya-Javellana et al. 1995).

Absorption of nutrients and storage of reserves in R cells
The nutrients are mainly absorbed, processed and stored by the

R cells, the most abundant cell type of the hepatopancreas. The
R cells have a polar architecture. Their apical part consists of a
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Fig. 9 Hepatopancreatic F cell and cytological aspects of the synthesis of
digestive enzymes in the Decapoda. a Longitudinal section of F cell of
Penaeus monodon characterized by abundant rough endoplasmic
reticulum (rER) and large Golgi bodies (arrow). Arrowhead basal lamina,
B B cell, M mitochondrium, MB microvillar border, N cell nucleus, R R
cell. TEM. Scale bar 3 um (from Vogt 1985). b Apex of F cell of Penaeus
monodon showing Golgi vesicles ready for secretion (arrow). TEM. Scale
bar 1 um. ¢ Golgi body of F cell of Astacus astacus with large Golgi
vesicles (arrow) at trans-side and small shuttling vesicles (arrowhead) at
cis-side. TEM. Scale bar 1 um (from Vogt et al. 1989a). d Oblique section

microvillar border, mitochondria and short sER cisternae of
smooth endoplasmic reticulum (sER) (Fig. 10a, d). The basal
part adjoining the haemolymph sinus includes a sER-like tubu-
lar system, rER and mitochondria (Figs. 10h and 11a, f). The
medial cell area contains the nucleus, lipid globules, rER, mi-
tochondria, Golgi bodies, peroxisomes, autophagosomes and
electron dense lysosomes (Fig. 10a) (Loizzi 1971; Vogt 1985,
1994; Al-Mohanna and Nott 1987). The Golgi bodies produce
vesicles with characteristic electron dense content, resembling
stapled discs (Fig. 10e). These vesicles are not discharged into

through hepatopancreas epithelium of Astacus astacus showing intense
staining of Golgi bodies in F cells for the digestive enzyme astacin (ar-
row). Immunohistochemistry with astacin antibodies. Scale bar 30 pm
(from Vogt et al. 1989a). e Longitudinal section of two F cells in Astacus
astacus showing astacin-related immunofluorescence in Golgi bodies
(arrows) and tubular lumen (asterisk). Immunohistochemistry with
astacin antibodies. Scale bar 20 pm (from Vogt 2002). f 3D-model of
astacin. Arrow substrate binding cleft, Zn zinc in active centre of enzyme
(from Bode et al. 1992)

the tubular lumen suggesting that their content is used for in-
tracellular purposes.

In the first 2 h after feeding of Astacus astacus, there were
marked ultrastructural alterations in the cell apices when com-
pared to unfed specimens. Numerous mitochondria accumulated
beneath the microvillar border and sER cisternae became verti-
cally arranged between the mitochondria and the microvillar bor-
der (Fig. 10d). This special arrangement of cell organelles may
reflect the uptake of fatty acids and their transport along the SER
membranes to the mitochondria as observed in nutrient absorb-
ing cells of mammals. This cell area also stained intensely for
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Fig. 10 Hepatopancreatic R cell and ultrastructural aspects of the
absorption, metabolization and storage of nutrients in Decapoda. a
Oblique section through R cells of Penaeus monodon showing
microvillar border (MB), cell nucleus (N), lipid globules (LG), rough
endoplasmic reticulum (rER), mitochondria (M), autophagosome (A)
and lysosome (Ly). TEM. Scale bar 3 um. b R cell of Penaeus monodon
after extended starvation. The cell height is drastically reduced and most
cell organelles have been catabolized. Arrow microvillar border, arrow-
head basal lamina, HS haemolymph space, L tubular lumen, Mu fibre of
muscle net. TEM. Scale bar 1 um (from Vogt et al. 1985). ¢ Transversal
section of hepatopancreas tubule of Astacus astacus showing unspecific
esterase activity 5 h after feeding. Enzyme activity is particularly strong
along the microvillar border (arrowhead) and in the bases of the R cells
(arrow). Histochemistry for unspecific esterase. Scale bar 100 um (from

unspecific esterase (Fig. 10c), probably reflecting uptake and
processing of the nutrients. In unfed specimens, only the micro-
villar border was stained for this enzyme. The nutrients pass the
apical plasma membrane in molecular form, mostly via carriers
for monosaccharides, amino acids and dipeptides, which have
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Gherardi et al. 2010). d Apex of R cell of Astacus astacus 2 h after
feeding showing special arrangement of mitochondria and cisternae of
smooth endoplasmic reticulum (arrow) underneath the microvillar border.
TEM. Scale bar 0.5 um (from Vogt 1994). e Golgi body of R cell of
Astacus astacus showing Golgi vesicles with electron dense material at
trans-face (arrow) and small shuttling vesicles at cis-face (arrowhead).
TEM. Scale bar 0.2 um (from Vogt 1994). f Glycogen field (GF) and
lipid globules in R cell of Astacus astacus. TEM. Scale bar 1 pm (from
Vogt 2002). g Catabolism of lipid globule in R cell of Penaeus monodon
in close association with rough endoplasmic reticulum (rER) cisternae
(arrow). TEM. Scale bar 0.4 pm. h Tubules of basal labyrinth in
vitellogenic Penaeus monodon female including numerous, relatively
large electron dense granules (arrow). TEM. Scale bar 0.2 um (from
Vogt et al. 1989b)

been identified and characterized in lobsters (Ahearn 1987;
Saborowski 2015). At 5 h after feeding of Astacus astacus, un-
specific esterase activity was mainly found in the basal part of the
R cells (Fig. 10c), reflecting final processing of the nutrients for
export into the haemolymph. The basal tubule system probably
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Fig. 11 Ultrastructure of B cell (a—d) and further hepatopancreatic cell
types (e—g) of the Decapoda. a Longitudinal section of young B cell of
Penaeus monodon showing microvillar border (MB), absorptive apical
complex (AC), zone with subapical vacuoles (S) and basal cell part with
nucleus (N), rough endoplasmic reticulum (rER), Golgi bodies (G) and
mitochondria (arrow). Arrowhead basal lamina, HS haemolymph space,
R R cell. TEM. Scale bar 3 um (from Vogt 1993). b Longitudinal section
of mature B cell of Penaeus monodon showing microvillar border (ar-
row), apical complex, subapical vacuoles, large central vacuole (CV) and
rather electron dense basal cytoplasm with nucleus. The cell is largely
detached from the basal lamina (arrowhead). TEM. Scale bar 5 pm (from
Vogt 1993). ¢ Apical complex of B cell of Penaeus monodon showing
endocytotic channels (arrow), endocytotic vesicles, darker Golgi vesicles

synthesizes the high density lipoproteins that are delivered to
other organs via the haemolymph. Interestingly, the HDL of
decapods includes phospholipids instead of triglycerides as a
major lipid component (Abdu et al. 2000).

The R cells can store large amounts of lipids and glycogen
(Fig. 10a, f) (Loizzi 1971; Vogt 1994). Lipid globules were
found in all shrimps, crayfish and crabs investigated, but gly-
cogen fields composed of «-glycogen particles were lacking
in penaeid shrimps. These nutrient and energy reserves are
mobilized during moulting (Al-Mohanna and Nott 1989), star-
vation (Vogt et al. 1985) and vitellogenesis (Vogt et al. 1989b).

(arrowhead) and subapical vacuoles. TEM. Scale bar 1 um (from Vogt
1993). d Golgi body of B cell of Astacus astacus with small Golgi ves-
icles at trans-face (arrow) and shuttling vesicles at cis-face (arrowhead).
TEM. Scale bar 0.2 um. e M cell of Penaeus monodon with nucleus and
large granular inclusion (GI). TEM. Scale bar 1 um (from Vogt 1985). f
Muscle net around hepatopancreas tubule showing cell body with nucleus
and circular (CM) and longitudinal (LM) muscle fibrils. Arrow basal
lamina, arrowhead basal tubule system of R cell. TEM. Scale bar 1 um
(from Vogt 1985). g Longitudinal resin section of hepatopancreas tubule
of cavernicolous shrimp Troglocaris anophthalmus showing large termi-
nal oleosphere (O) filled with lipid. Arrow lipid globule in R cell, arrow-
head tubular lumen, B B cell. Richardson’s staining. Scale bar 50 um
(from Vogt and Strus 1999)

They are sufficient to meet the energy requirements during
moulting and short-term starvation (Storch and Anger 1983;
Vogt et al. 1985), but if starvation continues after their deple-
tion, the cell organelles of all hepatopancreatic cells are catab-
olized (Fig. 10b) (Vogt et al. 1985). The breakdown of the
lipid globules is often reflected by their close association with
rER cisternae (Fig. 10g) and peroxisomes.

An unusual mode of extensive lipid storage aside of the
lipid globules in the R cells was found in the cavernicolous
shrimp Troglocaris anophthalmus. This shrimp has evolved
large chambers at the distal ends of the hepatopancreas tubules
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that are completely filled with oil (Fig. 11g). These energy
reserves enabled the shrimps to survive in the laboratory with-
out feeding for more than 2 years (Vogt and Strus 1999).
Vitellogenic females produce vitellogenins in the hepato-
pancreas that are delivered to the ovary to be transformed into
vitellins. Vitellogenins are glycolipoproteins and have a higher
molecular mass than the normally produced lipoproteins
(Soroka et al. 2000). The vitellogenin synthesizing cell type is
probably the R cell as may be deduced from striking ultrastruc-
tural changes in this life period. The R cells of vitellogenic
Penaeus monodon and Palaemon elegans were characterized
by large whorls of elongate and annulate rER cisternae, the
above-mentioned signs of catabolism of the lipid stores and
the presence of high amounts of electron dense particles in
the basal tubule system (Fig. 10h) (Vogt et al. 1989b). These
particles were much bigger than corresponding particles in non-
vitellogenic females and probably represent the vitellogenins.

Ultrastructure and potential function of B cells

The B cells are the most enigmatic cell types of the hepato-
pancreas. Mature B cells are characterized by a large central
vacuole. They are discharged from the epithelium at the end of
the B cell zone by holocrine secretion in an unknown relation-
ship to digestion. Earlier, B cells were considered as mature F
cells and their central vacuole was interpreted as a large zy-
mogen storing compartment (Al-Mohanna et al. 1985a; Al-
Mohanna and Nott 1986). However, immunohistochemistry
and in situ hybridization have clearly shown that B cells do
not synthesize the proteolytic digestive enzymes (Fig. 9d).
Moreover, B cells originate directly from E cells as shown
for Penaeus monodon (Vogt 1993) and Astacus astacus
(Vogt 1994). Young B cells and F cells look similar and can
only be distinguished from each other by their characteristic
Golgi bodies. These are small in B cells (Fig. 11d) but large in
F cells (Fig. 9¢) and produce different Golgi vesicles as shown
by us for Penaeus monodon, Palaemon elegans and Astacus
astacus.

Young B cells have contact to the tubular lumen and the
haemolymph sinus (Fig. 11a) but detach from the basal lamina
when they grow older (Fig. 11b) (Vogt 1993). B cells are
characterized by an apical complex consisting of endocytotic
channels and vesicles and Golgi vesicles that fuse with the
endocytotic vesicles to form subapical vacuoles (Fig. 11c).
These vacuoles then fuse with each other to form larger vac-
uoles and finally the central vacuole (Fig. 11a—c). The basal
part of B cells includes the nucleus, rER, mitochondria and
Golgi bodies (Fig. 11a, b) (Vogt 1993, 1994).

There is no doubt that B cells synthesize proteins on the
one hand and absorb material from the tubular lumen on the
other hand. One of the synthesized proteins is cathepsin L, a
typical lysosomal enzyme that is also present in the digestive
fluid of decapods (Hu and Leung 2007). It is not yet known
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what kind of material the B cells absorb. It is certainly not the
low molecular weight products of digestion because these are
absorbed by the R cells. Perhaps they absorb special nutrients
like cholesterol, which is also absorbed in the vertebrate in-
testine by endocytosis. The relatively early detachment of the
cells from the basal lamina does not fit to a cell type that
absorbs nutrients for delivery into the haemolymph. The cell
ultrastructure rather suggests that the absorbed material is de-
graded and a considerable proportion of the degradation prod-
uct is accumulated in the central vacuole which may be
interpreted as a large heterophagosome. The vacuolar content
is discharged into the tubular lumen by holocrine secretion of
the B cells and may be added to the gastric fluid either for
further digestion or, more likely, as an essential component of
the gastric fluid.

In Astacus astacus, the B cells were discharged from the
epithelium about 6 h after feeding at a time, when the cardiac
stomach was already refilled with digestive enzymes. The
discharged B cells and their vacuoles disintegrated in the he-
patopancreas tubules releasing the content of the central vac-
uole. Interestingly, Penaeus monodon fed for a longer period
of time with an artificial lipid diet had plenty of B cells with
particularly large central vacuoles, whereas specimens fed
with pure protein and carbohydrate diets had only B cells with
small central vacuoles. This may speak for the involvement of
B cells in the digestion of lipids. Perhaps, they synthesize and
even recycle the fat emulsifiers, which are acyltaurines and
acylsarcosyltaurines in the Decapoda (Van den Oord 1966).

Ultrastructure and potential function of M cells

The M cells are the smallest and least frequent cells in the
hepatopancreas epithelium (Fig. 8c) and were first described
in Penaeus semiculcatus as cells with storage function by Al-
Mohanna et al. (1985b). They are individually located on the
basal lamina with close contact to the haemolymph sinuses
and have no contact to the tubular lumen (Fig. 11e). They
show the typical ultrastructure of peptide synthesizing endo-
crine cells. The form of their granular inclusions varies con-
siderably between species. In Penaeus monodon, there was
mainly one large inclusion (Fig. 11e), whereas in Astacus
astacus, there were generally numerous small granules (Vogt
1994). M cells are probably not descendants of the
hepatopancreatic E cells because they also occur in the mid-
gut. They may be immigrants of a different cell lineage that
colonize the hepatopancreas in an early phase of development
and establish a self-perpetuating cell population.

The content of the M cells of the hepatopancreas is not yet
identified, but they probably include the same hormones as
their identically looking counterparts in the midgut (Christie
et al. 2007). M cells are thought to regulate either the function
and dynamics of neighbouring epithelial cells or the activity of
the muscle net that lacks neuromotoric connections (Vogt
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1994). The regulation of hepatopancreatic functions by hor-
mones from extrinsic sources is better known. For example,
injection of crustacean hyperglycemic hormone (CHH) from
the x-organ-sinus gland into the haemolymph of crayfish
Faxonius limosus elicited catabolism of the glycogen stores
in the R cells (Kummer and Keller 1993). Release of glucose
was detectable from 10 min after injection and attained a max-
imum after 2 h. CHH also seems to stimulate release of fatty
acids and phospholipids from the hepatopancreatic lipid stores
(Santos et al. 1997).

Synthesis of haemolymph proteins

The hepatopancreas synthesizes at least five macromole-
cules for secretion into the haemolymph, namely
haemocyanin, lipoprotein, vitellogenin, pathogen recog-
nizing and binding protein and clotting protein. The lipo-
proteins and vitellogenins are probably synthesized in the
R cells as discussed above.

The dominant protein in the haemolymph is the oxygen
carrier haemocyanin, which often exceeds 90% of the pro-
tein fraction. It is a polymer composed of several subunits
(Stocker et al. 1988) and is synthesized in the hepatopan-
creas as shown by Khayat et al. (1995). In situ hybridiza-
tion of probes of the haemocyanin gene to hepatopancreas
sections of Penaeus monodon suggests that the
haemocyanin is synthesized in F cells (Lehnert and
Johnson 2002; Wang 2007). We were not able to localize
haemocyanin in the hepatopancreas cells of Astacus
astacus by means of antibodies against the polymer al-
though the intertubular haemolymph sinuses stained in-
tensely (Fig. 8d). This feature may suggest that only the
subunits are synthesized within the epithelial cells and the
polymers are assembled outside in the haemolymph.

Bacterial and fungal pathogens release lipopolysaccha-
ride (LPS) and 3-1,3-glucan from their cell walls, respec-
tively. In decapods, these molecules are recognized and
bound by the LPS and (3-1,3-glucan-binding protein
(LGBP) (Cerenius et al. 1994). This complex then binds
to receptors of the haemocytes and triggers the melaniza-
tion and encapsulation reaction that eliminates the patho-
gens. In shrimp Litopenaeus vannamei, LGBP is synthe-
sized in the hepatopancreas (Phupet et al. 2018). Its expres-
sion was upregulated after injection of Vibrio
parahaemolyticus, white spot syndrome virus, lipopoly-
saccharide and B-1,3-glucan into the haemolymph. The
synthesizing cell type is probably the F cell.

Decapods possess an effective system of wound closure.
The involved clotting protein is a homologue of the
vitellogenins but occurs in both sexes (Hall et al. 1999). It is
produced in the hepatopancreas, but the synthesizing cell type
is unknown.

Detoxification of xenobiotics

The hepatopancreas of decapods is also a centre of the detox-
ification of xenobiotics. Environmental heavy metals are re-
moved by storage excretion in lysosomes of the R cells and F
cells. For instance, in the shrimp Penaeus monodon exposed
to water-borne copper, the metal was deposited in the lyso-
somes of the R cells as an inert sulphite (Fig. 8e) (Vogt and
Quinitio 1994), whereas in crayfish, water-borne iron was
mainly accumulated in the F cells and only to a lower degree
in the R cells (Roldan and Shivers 1987; Vogt 2002). The
copper accumulating lysosomes in Penaeus monodon became
larger along the tubules (i.e. with age of the cells) and were
extruded from the epithelium at the proximal end of the tu-
bules where the oldest cells are discharged. The metal gran-
ules were added to the facces. Heavy metals can also be de-
toxified by binding to cytoplasmic metallothioneins as shown
for cadmium in crayfish Procambarus clarkii (Del Ramo et al.
1989).

The hepatopancreas is also capable of detoxifying organic
compounds with the help of cytochrome P450, which was
repeatedly found in this organ (James and Boyle 1998).
Cytochrome P450 is inducible as was shown in Pacifastacus
leniusculus by the injection of TCDD (2,3,7,8-tetrachloro-
dibenzo-p-dioxin) (Ashley et al. 1996).

Special structures and functions

Curious transformation of parts of the hepatopancreas are the
lipid storing oleospheres of the cave-dwelling shrimp
Troglocaris anophthalmus described above and the light-
emitting organs of shrimps of the genus Sergestes. These bio-
luminescent organs are transformed hepatopancreas tubules
consisting of cells with fluorescent paracrystalline platelets,
which are the sources of the luminescence, and adjacent cells
filled with lipid droplets which act as a diffuse reflector
(Herring 1982). Further hepatopancreatic photophores with
different architectures are known from other shrimp genera.
Some caridean shrimps from the deep sea can eject a sub-
stance from the stomach that forms a luminous cloud upon
contact with the water. This fluorescent material is thought to
be synthesized in the hepatopancreas as well (Herring 1976).

Midgut and hepatopancreas of the Peracarida

The endodermal part of the digestive system differs markedly
between the higher taxa of the peracarids. The amphipod mid-
gut is a long weakly muscularized tube with variable numbers
of caeca with different functions (Schmitz 1992). In isopods,
the midgut portion of the alimentary canal is reduced or even
completely absent in terrestrial woodlice (Holdich and Mayes
1975, Bettica et al. 1987; Storch and Strus 1989). In amphib-
ious woodlice of the family Ligiidae, a short ring of midgut
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cells is present in the area of the foregut-hindgut junction
(Fig. 12a, b). These dome-shaped cells with microvilli, highly
vacuolated cytoplasm and abundant Golgi fields (Fig. 12¢, d)
may secrete digestive juices.

The cells of the midgut canal are very similar in all
Peracarida. Cuboidal or columnar cells with prominent micro-
villar border have numerous mitochondria and smooth ER in
their basal cytoplasm. They lie on a thick and densely folded
basal lamina. In amphipods, they contain abundant vacuoles
which are probably involved in the production of the
peritrophic membrane surrounding the faecal pellets. Cell
shape and ultrastructure change in relation to feeding and
moulting. A detailed description of the midgut cells during
the moult cycle of the amphipod Gammarus pulex is presented
by Trevisan et al. (2014).

In terrestrial isopods, the midgut region is restricted to
the paired blindly-ending tubules of the hepatopancreas,
which open into the digestive tract at the foregut-hindgut
junction. The hepatopancreas is composed of four or rarely
six blindly-ending tubules, which extend into the body
cavity along the hindgut (Hames and Hopkin 1989;

Fig. 12 Midgut of the amphibious isopod Ligia italica. a Cross section of
digestive system in the area of the foregut-hindgut junction. The posterior
part of the stomach (S) with dorsal and ventral lamellac (DL, VL) is
dorsally surrounded by the hindgut (H), laterally by the midgut (M) and
ventrally by the midgut glands (MG) which are connected to the atrium
(A) of the stomach. HE staining. Scale bar 50 pm. b SEM micrograph of
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Wigele 1992; Strus et al. 1995). The hepatopancreas of
Porcellio scaber consists of only four tubules. Each tubule
is surrounded by a muscular network consisting of longi-
tudinal and circular fibres running obliquely around the
tubules. These fibres can change their length and diameter
and enable peristaltic flux of fluids from and into the he-
patopancreas (Fig. 13a). The hepatopancreas of isopods
performs a broad range of functions such as absorption
and storage of lipids, carbohydrates, proteins and metals,
secretion of digestive enzymes, excretion of metals and
probably osmoregulation (Storch 1984).

In the single-layered hepatopancreatic epithelium, dome-
shaped large cells named B cells alternate with wedge-
shaped small cells named S cells (Fig. 13b). It has to be noted
here that the B cells of isopods are not homologous and ultra-
structurally and functionally comparable to the B cells of
decapods and amphipods. They have just got the same name
historically. The general ultrastructural characteristics of both
hepatopancreatic cell types of isopods have been described by
several authors (Storch 1984; Bettica et al. 1984; Wigele
1992; Znidar$i¢ et al. 2003).

endodermal midgut separated from hindgut by circular junctional fold
(plica circularis, PC), both covered by cuticle. Scale bar 100 pm.
¢ Midgut cells with prominent microvillar surface. SEM. Scale bar
10 um. d Section of midgut cells with large nuclei, numerous Golgi fields
and vacuolated cytoplasm. TEM. Scale bar 5 um
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The larger B cells are secretory and absorptive and contain
energy reserves, mostly lipids and glycogen (Fig. 13c, d). The
smaller S cells are the site of accumulation of metals, calcium
and urates. The ultrastructure of the B cells is very dynamic
and changes according to feeding cycles and environmental

influences, resembling the R cells of decapods. Usually, B
cells show dense cytoplasm and contain lipid droplets, glyco-
gen fields, abundant rER and Golgi fields (Fig. 13e). The basal
membrane area of both cell types is enlarged by deep invag-
inations associated with mitochondria (Fig. 13f). The
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<« Fig. 13 Histology and ultrastructure of the isopod hepatopancreas. a

SEM micrograph of hepatopancreatic tubule in Ligia italica. Circular
and longitudinal muscles extend between the epithelial cells. Scale bar
50 um. b Cross section of hepatopancreatic tubule in Porcellio scaber.
Large, dome-shaped B cells (B) alternate with small, wedge-shaped S
cells (S). Richardson’s staining. Scale bar 100 um. ¢ Apical membranes
of B and S cells forming regular microvilli (arrow). B cells harbour nu-
merous lipid droplets (LD). TEM. Scale bar 10 pum. d SEM micrograph of
B cells in Ligia italica secreting digestive juices. Scale bar 10 um. e
Ultrastructure of B cells. Abundant rough endoplasmic reticulum (ER)
organized in stacks of parallel cisternae, numerous Golgi stacks (GS),
lipid droplets and glycogen fields (arrows) are characteristic. TEM.
Scale bar 2 um. f Basal plasma membrane of both cell types enlarged
by deep invaginations (arrows) associated with mitochondria (M). BL
basal lamina. TEM. Scale bar 5 um

morphology of the B cells was monitored during a 24 h di-
gestive cycle (Leser et al. 2008). It was shown that the daily
cycle does markedly affect neither the epithelial thickness nor
the abundance of lipid droplets. In contrast, the B cells under-
go significant ultrastructural changes during starvation,
moulting and when fed with metal contaminated food
(Szyfter 1966; Strus et al. 1985; Strus 1987; Kohler et al.
1996; Znidarsi¢ et al. 2003; Odendaal and Reinecke 2003).
These structural changes are reversible.

The ultrastructure of the S cells is characterized by abun-
dant sER and electron dense granules. It remains rather con-
stant irrespective of changes in feeding or moult cycle (Hames
and Hopkin 1991). Terrestrial isopods can store outstanding
amounts of copper in these cells (Wieser 1966; Hopkin and
Martin 1982). Copper is accumulated in intracellular granules,
which were reported to belong to the lysosomal system, but
there is only a few data about the structure, chemical compo-
sition and function of these organelles (Wieser and Klima
1969; Prosi and Dallinger 1988).

In terrestrial isopods, the digestive juices are produced in
the hepatopancreas tubules and in amphibious species possi-
bly also in the short midgut canal (Strus et al. 1995). The food
consumed by woodlice contains large quantities of carbohy-
drates, especially lignins and cellulose. The enzymatic com-
position of the digestive juice was not yet thoroughly investi-
gated but there are some reports on the presence of cellulolytic
enzymes in woodlice (Hartenstein 1964; Hassall and Jennings
1975; Kozlovskaja and Striganova 1977). The authors argued
that the enzymes might be of endogenous origin or produced
by microbiota in the gut. The role of endosymbiotic bacteria in
the production of cellulases was proposed by Zimmer and
Topp (1998), but the presence of respective endosymbionts
was not confirmed with the methods applied. On the other
hand, Kostanjsek et al. (2010) report on the presence of en-
dogenous cellulases in terrestrial isopods and gives strong
support for the involvement of isopod endo-B-1,4-glucanases
in the degradation of cellulose.

Gammaridean amphipods possess a midgut canal, four
paired digestive caeca, a single anterior caecum and a pair of
posterior caeca (Schmitz 1992). The digestive caeca form
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together the hepatopancreas and include R, F and B cells re-
sembling ultrastructurally the corresponding cell types in the
Decapoda and Euphausiacea (Schultz 1976). Sequencing of
the whole genome of the model amphipod Parhyale hawaiensis
revealed the presence of an enzyme set for the digestion of
lignocellulose (Kao et al. 2016). In Gammarus pulex, moult-
related changes in the midgut and digestive glands were
analysed and found to correspond to those described for deca-
pods (Trevisan et al. 2014). The midgut canal remains filled
with plant debris until late pre-ecdysis. The accumulation and
consumption of lipid reserves in the R cells of the hepatopan-
creas are synchronized with the moult cycle. They accumulate
during intermoult, are most abundant in late pre-ecdysis and are
reduced during ecdysis and early postecdysis.

Conclusion and future directions

There is already a considerable amount of literature on the
structural features of the malacostracan digestive tract cover-
ing different aspects from gross morphology to ultrastructure.
However, the vast majority of articles come from relatively
few, common and easily available species, species exploited in
fisheries and aquaculture and laboratory models.

Most functions of the digestive tract were derived from
structural and ultrastructural features and their dynamics in
response to changes of the environmental and nutritional con-
ditions. Some functions were observed directly in living spec-
imens, for instance, in semi-transparent species and by endos-
copy. Relatively few functions were assigned to particular cell
types by in situ hybridization and immunocytochemistry.

Most parts of the malacostracan digestive system are sub-
ject to dynamic changes during lifetime. For example, the
chewing structures of the foregut are progressively elaborated
during larval development and the ultrastructure of the hepa-
topancreas cells, particularly the nutrient absorbing and stor-
ing cells, can reversibly change their appearance in all life
stages, mainly in relation to moulting, starvation and vitello-
genesis. They can thus be used to estimate the nutritional
status of their carriers.

Some structures like the ossicles of the stomach are rather
constant within higher taxa and can be used for systematics.
Others like the chewing structures of the stomach are to some
degree modified in adaptation to the feeding strategy. The
most dramatic structural and functional adaptation is shown
by terrestrial isopods which have significantly changed the
midgut-hindgut system when compared to their aquatic rela-
tives. Very few species are presently known to have evolved
unique structures of the digestive system not shared by the
other Malacostraca. Examples are the oleospheres in
troglobitic shrimps and the light emitting organs in deep sea
shrimps.
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Future studies should include species with exceptional
ecology, lifestyle and feeding strategy and apply modern mor-
phological and cytological techniques. Examples of species
from extreme environments are amphipods from the deep
sea, isopods from deserts and high mountains, shrimps, am-
phipods and isopods from polar waters and various malacos-
tracan taxa from subterranean environments. The application
of techniques like microtomography, in situ hybridization, im-
munohistochemistry and the biochemical investigation of iso-
lated cells is expected to provide new insights into the
structural-functional relationships of the malacostracan diges-
tive system. Last but not least, the present progress in geno-
mics and transcriptomics, particularly in the amphipod and
decapod laboratory models Parhyale hawaiensis and
Procambarus virginalis, may greatly facilitate the identifica-
tion of functions, particularly in the endodermal parts of the
digestive tract.
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