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Comparative midgut ultrastructure in three species of Tardigrada
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ABSTRACT. The ultrastructure and adsorption abil-
ity of the midgut in eutardigrades from a variety of
marine, freshwater, and terrestrial ecosystems and with
either phytophagous or zoophagous feeding habits, as
well as having or lacking a capacity for anhydrobiosis
have been studied. Differences revealed in the mor-
phology of the intestine, the thickness of the intestinal
wall, the nature of the folding of the apical and basal
surfaces, intensification of adsorption ability and mem-
branous digestion. It is shown that the maximum values
of these attributes are characteristic for Milnesium tar-
digradum, large predators living in unstable conditions
of drip of water bodies, capable to the long anhydrobi-
osis. These values of phytophagous moss-dwelling Rich-
tersius coronifer are close to those of another phytoph-
agous species Ramazzottius tribulosus. In zoophagous
Halobiotus stenostomus (marine species, unable to an-
hydrobiosis), we identified significant differences in
the ultrastructure and morphometric parameters of the
intestine between the juvenile and adult stages of the
animal. In juveniles (24-h age, did not feed), the diges-
tion membrane surface was increased by 75 times that
closely matches the data for other zoophages, Macro-
biotus richtersi and Isohypsibius prosostomus. In the
intestines of actively feeding adult H. stenostomus, we
found the powerful development of peritrophic mem-
brane; and morphometric parameters of increasing the
membrane surface was significantly reduced (35). In
addition, the enterocytes in the front and rear sections
of the midgut revealed morphological and functional
differences in the ultrastructure. The functional role of
the peritrophic membrane in the digestive process is
discussed. Our data indicate the existence of ultrastruc-
tural adaptations in the intestine of tardigrades with
different food preferences and varying ability to rapid
response to changes in the environment, in particular
the ability to anhydrobiosis.

PE3IOME. V¥ 3 BUOB TUXOXOJOK M3 Pa3HBIX KO-
JIOTHYECKUX HHII, CIIOCOOHBIX WIJIM HE CIIOCOOHBIX K
BBICBIXaHUIO, HCCIIE/IOBAaHA YIBTPACTPYKTYpa CpeaHer
KHIIKK ¥ CIIOCOOHOCTH SHTEPOILMTOB K a/ICOPOIUH.
BbIsIBIIEHBI OTIHYHST B MOP(OJIOTHH KHUIIIEYHNUKA, TON-
IIMHE KHUIIEYHOH CTEHKH, XapaKTepe CKIaJdaToOCTH
anuKaJbHOU UM 0a3ajJbHON MOBEPXHOCTH, CTETICHH YBe-
JIMYECHUS] TIOBEPXHOCTH ISl MEMOPaHHOTO MUIleBape-
HUSI 32 cYeT MHUKpOBOpcHHOK. [lokazaHo, 4To Makcu-
MaJIbHbIC 3HAYCHHS IIEPEUNCIICHHBIX ITPU3HAKOB XapaK-
TepHbl i Milnesium tardigradum, KpymHOTO XUIITHHU-
Ka, OOWUTAIOMIETO B HECTAOWIBHBIX YCIOBHUSIX Kalleib-
HBIX BOJOEMOB, CIOCOOHOTO K JIIATCIIBHOMY aHTUIPO-
6nosy. Jlnst ¢urodara, oduraromero B mepechxaro-
meM MXYy, Richtersius coronifer, 5Tu 3HaueHUs OIN3KO
COBMAJAI C APYTMM CXOJHBIM MO MECTOOOWTAHUIO
¢dutodarom, Ramazzottius tribulosus. Y 30o0thara Halo-
biotus stenostomus, MOPCKOH BHJ, HECTTOCOOEH K BBI-
CBIXaHUIO, 6I)IJ'II/I BBIABJICHBI CYHICCTBCHHBIC pa3jin-
YHs B YJABTPACTPYKTYpE U MOP(OMETPUUECKHX Tapa-
MeTpax KHIICYHHKA MEXIY JIMYMHOYHOW M B3pOCION
CTaMsMH XMUBOTHOTO. Y HE NMHUTABIICHCS I0BSHWIN B
BO3pacte 24 4, MeMOpaHHasi TIOBEPXHOCTh YBEIHYCHA
B 75 pa3, 4yTo OJM3KO COOTBETCTBYET JAHHBIM LIS APY-
rux 300¢aroB Macrobiotus richtersiv Isohypsibius pro-
sostomus. B KnIe4HNKe akTHBHO NMUTABIIETOCS B3POC-
moro H. stenostomus oOHapyX€Ha MOIIHO pa3BUTAsS
neputrpopuueckas MemMOpaHa, a MOp(hOMETpHIECcKHe
MIOKA3aTeNIN yBEIMUCHNST MEMOPaHHON MOBEPXHOCTH
CYIIECTBEHHO CHIDKEHHBI (35); KpoMe TOro, y SHTEpO-
LIUTOB B MEPEIHEM U 3aJHEM OT/ACNIaX CPeHEN KUIIKU
BBISIBJICHBI MOP(OQYHKIIMOHAIBHBIE OTIHYHS B YIbT-
pactpyktype. Ponb mepurpoduueckoit MeMOpaHBI B
rporiecce MuIeBapeHust oocysxnaercs. Ilomyuennsie
JIAaHHBIC CBHICTEIBCTBYIOT O HAIWYHMU YIbTPACTPYK-
TYPHBIX aJaNTallMi B KUIIEYHUKE THXOXOAOK C pa3HbI-
MH MUOICBBIMU MPEANOYTCHUAMU U pa3nI/mH0171 CITO-
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COOHOCTBIO K OBICTPOH peakiuy Ha U3MEHEHUE OKpY-
JKarolel cpelibl, B YaCTHOCTH, CIIOCOOHOCTBIO K aH-
THUIPOOHO3Y.

Phyla Tardigrada, Onychophora, and Arthropoda
comprise the group Panarthropoda [Nielsen, 2008],
which is characterized by the molting of the animal’s
cuticle, serial pairs of limbs, metamery of the nervous
system, and the body cavity, or the hemocoel. Accord-
ing to molecular phylogenetics, these three phyla are
related closely [see overview by Reiger et al., 2010].

The nutrition of tardigrades, micro-animals that are
found worldwide in a variety of habitats within marine,
freshwater, and terrestrial ecosystems, can be phytoph-
agous or zoophagous. The tardigrade’s digestive tract
consists of three major sections: the foregut, the midg-
ut, and the hindgut. The foregut consists of a buccal
tube, two stylets, a myoepthelial pharynx, and an esoph-
agus. Both foregut and hindgut are lined by a cuticle
that is shed prior to molting [Dewel et al., 1993; Kinchin,
1994]. The midgut, the largest part of the digestive
tract in tardigrades, lacks a cuticular lining, as first
evidenced in Isohypsibius augusty [Greven, 1976].

The microscopic anatomy of the tardigrade’s diges-
tive system has been partly analyzed in several species
of Eutardigrada [Dewel, Clark, 1973a, b, ¢; Shaw, 1974,
Walz, 1975; Greven, 1976; Dewel, Dewel, 1979;
Kinchin, 1994; Eibye-Jacobsen, 1996, 1997; Avdoni-
na, Biserova, 2003] and one Heterotardigrada, echinis-
cidiid [Dewel et al., 1988; Dewel, Eibye-Jacobsen,
2006]. According to Hallas & Yeates [1972], the width
of the buccal tube of the tardigrade correlates to the
species’ different types of diets. A correlation between
the ultrastructure of the digestive system and the diet
has not yet been evaluated; the topic has been studied
only with respect to Macrobiotus richtersi Murray,
1911 and Ramazzottius tribulosus Bertolani et Rebec-
chi, 1988 [Avdonina et al., 2007].

The midgut epithelium of Tardigrada, as with other
invertebrates, is the first line of defense against envi-
ronmental changes, pathogens, and excessive levels of,
for example, heavy metals and toxic substances. Diges-
tive ability and the potential mechanisms that might be
involved in the maintenance of homeostasis and anhy-
drobiosis have been studied in some species of Tardi-
grada [Mali et al., 2010; Halberg, Moberg, 2012; Hal-
berg et al., 2013; Rebecchi, 2013].

The aim of our investigation was to compare the
ultrastructure and the adsorption ability of the midgut
in species from a variety of habitats within marine,
freshwater, and terrestrial ecosystems and with both
phytophagous and zoophagous diets, as well as with
the capacity for anhydrobiosis. Secondarily, we attempt-
ed to find differenses between juveniles (24-h age, did
not feed) and adults.

Materials and Methods

Halobiotus stenostomus were collected from fila-
mentous algae in the littoral zone of Eremeevskii ledge
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near the Kindo Peninsula (Poyakonda, Murmansk Area),
at the White Sea Biological Station of Moscow State
University. The average size of an adult H. stenosto-
mus does not exceed 600 pm, while that of a juvenile
(age 24 h) is approximately 100 um. Exuviae with eggs
cultured in the watch glasses at about 3—5°C until hatch-
ing and fixed on the next day, after 24 hours*.

For ultrastructural analysis, the animals were fixed
in a 2.5% glutaraldehyde solution in 0.1 M phosphate
buffer (pH 7.4) with 0.1 M sucrose, washed in the same
buffer, postfixed in a 1% OsO, solution for 1 h, and
embedded in agar. Agar cubes containing the study
objects were dehydrated in a graded alcohol series and
pure acetone, impregnated with an Araldite—acetone
mixture for 48 h, and embedded in Araldite, which was
polymerized in two steps, at 37°C and 60°C.

Richtersius coronifer were extracted from mosses
collected by V.I. Biserov in 1986, Azerbaijan. After
activation in the water (48 h), the animals were fixed in
a 2.5% glutaraldehyde solution in 0.05 M Na-cacodi-
late buffer (pH 7.2) and postfixed in a 1% OsO, solu-
tion for 1 h, dehydrated in ethanol and acetone, im-
pregnated with an Araldite—acetone mixture for 48 h,
and embedded in Araldite, which was polymerized in
two steps, at 37°C and 60°C.

Milnesium tardigradum were extracted from moss-
es collected on apple trees located in the MSU Botani-
cal Garden, Moscow. Animals were placed in water
saturated with CO, for 5 min and in a fixed 2.5%
glutaraldehyde solution in 0.05 M Na-cacodilate buffer
(pH 7.4) for 22 h, washed in the same buffer, postfixed
in a 1% OsO, solution in 0.05 M Na-cacodilate buffer
(pH 7.4) for 1 h, dehydrated in ethanol and acetone,
and embedded in Epon.

Serial semithin sections (1.5-2 pwm) were cut on
microtome LKB III (Sweden) and stained by method
Biserova and Kuznetsova [2012]. The preparations were
examined and photographed under a BX51 light mi-
croscope (Olympus, Japan). Ultrathin sections were
prepared and contrasted, in accordance with method
Biserova [2013]. The resulting preparations were ex-
amined under JEM-1011 transmission electron micro-
scopes (JEOL, Japan) at the Collective Access Centers
for Electron Microscopy of the Papanin Institute of the
Biology of Inland Waters, Russian Academy of Sci-
ences, and the Biological Faculty of Moscow State
University.

For investigation of the adsorption ability of the
digestive epithelium, we used an indirect method to
calculate the adsorption ability of the cestode tegument
[Biserova and Smetanin, 1982]. By considering a mi-
crovillus as a cylinder, we calculated the ratio of a
midgut’s defined surface area with microvilli to that of
a hypothetical equivalent area without microvilli. To
calculate the number of microvilli on a 1 square micron
slice, the thickness was considered equal to the diame-
ter of the microvillus.

* Cultivation, hatching and fixation of juveniles H. stenosto-
mus have been developed by K.G. Kuznetsova.
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Results

Midgut ultrastructure of Halobiotus stenostomus,
juvenile

The anterior part of the midgut has a tube-like
shape; its central and posterior parts, however, feature
deep folds that extend radially folds (Fig. 1).

The midgut epithelium consists of a single layer of
cells. The lateral membranes of adjacent cells form
extended junctions similar to desmosomes, tight junc-
tions, and gap junctions; the intercellular space be-
tween the membranes appears to be electron-dense,
and prominent clusters of the electron-dense matrix
(dense plate or plate-like densification) were not ob-
served (Figs 2—4). These junctions cover more than
one third or one half of the lateral surfaces of epithelial
cells (see small arrowheads) and are presented on sec-
tions in the form of dark bars surrounding every cell.
The cistern of the rough endoplasmic reticulum (Fig.
2) often joins the junction area.

Nuclei, which have an elongated oval shape, are
usually located in the basal part of the cells and contain
nucleoli. The cytoplasm contains a developed rough
reticulum, mitochondria, primary or secondary lysos-
omes, and vacuoles.

It should be noted that portions of the organelles
feature vertical stratification: The nuclei and reticulum
are situated in the basal part of the cell and lysosome,
and light vacuoles appear in the apical part of the cell.
Not all cells of the intestinal epithelium have the same
ultrastructure: Some are light cells with a finely-dis-
persed light cytoplasm and small mitochondria; but
cells of this structure lack vacuoles and a developed
reticulum (Figs 1, 5).

The apical membrane of the digestive cells in H.
stenostomus forms typical cylindrical microvilli up to
350 nm in length and 70 nm in diameter (Tab. 1).

Microvilli are covered by the glycocalyx consisting
in small agglomerates and long filaments (Fig. 3). The
apical surfaces of the microvilli contain electron-dense
material similar to apical granules.

The peritrophic membrane, visible in the 24-h old
hungry animal, presents in the form of vacuoles-like
structures and is not available on the entire surface of
the epithelium.

The apical surface of the intestine forms deep folds
in the central portion of the midgut (Figs 1, 5, and 6).
The folds are arranged radially to the longitudinal axis
of the body and have a specific structure, as described
in the following paragraph.

The fold may be formed by a single cell (type 1) as
a deep invagination of the apical surface with microvil-
li and extending almost to the nucleus (Fig. 5). In
another case (type 2), the apical surfaces of the four
cells form a deep fold (Fig. 6). Both types of folds
belong only to the digestive apical surface of the intes-
tinal epithelium and do not appear on the basal surface.

The cells of the type-2 fold contain numerous light
vacuoles. Within the fold, microvilli locate very close
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together; the coated pits and vesicles are visible, which
then sink into the cytoplasm and merge with lysos-
omes. The type-1 folds, or unicellular folds, contain
phagosomes in the bottom cytoplasms (Fig. 5).

The basal matrix (lamina densa) covers the basal-
cell membrane at a thickness of 40 nm, resulting in
shallow, regular basal folds. The endoplasmic reticu-
lum is well developed in the basal regions of the epi-
thelium cells; deep invaginations of the basal mem-
brane form the basal labyrinth, which is flanked by
large mitochondria and vesicles. Due to these ultra-
structural components, this region of enterocytes is a
zone in which nutrients are actively transported.

Midgut ultrastructure of Halobiotus stenostomus,
adult

Internal lumen of the intestine is oval on the cross
sections, without radial or other folds (Figs 8—11). The
thickness of the midgut wall (height of the epithelial
cells) ranges from 4 to 6.5 microns depending on the
location to the longitudinal axis of the body. Anterior-
ly, the height of the epithelium is greater than that of
the posterior portion of the midgut.

With respect to the composition of the organelles,
the ultrastructure of the digestive cells of the anterior
portion of the midgut differs from that observed in the
posterior portion. The front cells contain numerous
round electron-dense vacuoles, the diameters of which
vary from 0.7 to 2.5 microns (Figs 8, 9). Smaller vacu-
oles of average density are situated near the apical
membrane and probably correspond to the primary
lysosomes (Fig. 11). Large vacuoles of high electron
density appear to be lipoprotein granules, resulting in
intracellular digestion. There are often lipid droplets,
which have a low electron density and are not sur-
rounded by a membrane. Furthermore, this type of cell
contains large multivesicular vacuoles of average den-
sity; light-translucent vacuoles are extremely rare. The
cells of this type have larger apical surfaces facing the
lumen of the intestine. The apical membrane features
areas that bear microvilli (Tab. 1) that are arranged in
groups and which alternate with flat-surface areas with-
out microvilli.

The ultrastructure of the enterocytes demonstrates
changes toward the posterior end: The cytoplasm con-
tains many electron-dense granules of various sizes
that form large conglomerates (Fig. 10). Conglomer-
ates are not limited to the membrane and completely
fill the cytoplasm in some areas. The microvilli on the
surface of the posterior cells are of less height and
packing density than the anterior enterocytes.

The peritrophic membrane of adults fills the midgut
as concentric profiles. The thickness a multilayered
peritrophic membrane can be up to 800 nm. The per-
itrophic membrane, which is connected to the glycoca-
lyx filaments of the microvilli, is more developed in
adult animals than in juveniles. A food bolus, located
in the peritrophic membrane, lacks plant ultrastruc-
tures (Figs 8—11).
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Figs 1-4. Halobiotus stenostomus, juvenile. 1 — cross section of the midgut; it is noted radial folders (rf); microvilli (mv); nuclei (N);
peritrophic membrane (pm); digestive epithelial cells (dc) with phagosomes (ph); lc — light cell; 2 — digestive epithelium with microvilli
(mv) and long bands of junctions between cells (small arrowheds) and the cistern of the RER (short arrows); er — endoplasmic reticulum,
L — lumen; ly — lysosome; 3 — peritrophic membrane (pm) and glycocalyx (gly) on the microvillar membrane; 4 — edocytosis (arrow) in
the digestive cell; ecv — endocytotic vesicle; other abbreviations see above

Puc. 1-4. Halobiotus stenostomus, 10BeHWJIb. | — IMONEpEYHbIH cpe3 KHIIEYHHKA, OTMEUCHbI PaJnaIbHble CKIaaKH KuuedHuka (rf),
MHKpoOBOpcHHKE (mv), saapo (N), meputpoduueckas memOpana (pm), surepouuts! (dc), darocomsr (ph), cBernere kmerku (Ic); 2 —
SHTEPOIMTHI ¢ MUKPOBOPCHHKAMH (MV) U TPOTSHKEHHbBIE JTEHThI KOHTAKTOB MEX/y KJIETKaMH (HAKOHEUHHKHM) M MPHIIETaOIHUe [UCTEPHbI
ISP (KopoTKHE CTPENKH); er — DHAOIUIA3MAaTHUeCKUil peTHKyIyM; L — mpocBeT kumieynuka; ly — mm3ocoMsl; 3 — mepTpoduyaeckas
MeMmOpaHa (pm) U TIHKOKanuKe (gly) Ha TOBEPXHOCTH MUKPOBOPCHHOK; 4 — SHIOIMTO3 (CTpENKa) B MHUIIEBAPUTEIBLHON KIIETKE; eCV —
9HIOILMTO3HAST BE3UKYJIA; OCTAIbHBIC 0003HAYCHHS YKa3aHbI BBIIIC.
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Figs 5-7. Halobiotus stenostomus, juvenile. 5 — one-cell fold of the intestinal wall (arrow); bp — basal plate; other abbreviations see
above; 6 — multi-cellar fold of the intestinal wall (1, 2, 3, 4); it is noted the basal labyrinth membrane (arrow), vesicles (v), short folds of
the basal plate (bf) and contacts (arrowheads) with the visceral muscles cell (M); other abbreviations see above; 7 — posterior part of the
midgut and the beginning of the hindgut; the light cell (Ic) lack phagosomes; it is noted microvilli (mv), cuticular layer (cu) and excretory
organs (ex).

Puc. 5-7. Halobiotus stenostomus, I0BeHHIIb. 5 — ORHOKIETOYHAs CKJIAJKa KHUIICYHON CTCHKH (CTpenKa); bp — Oa3anbHas IIaCTHHKA;
ocTasnbHbIe 0003HAYCHHUs yKa3aHbl BhIIIE; 6 — MHOTOKJICTOYHAs CKJIAJKa KMIIEUHOH CTEHKM (KJIETKM yKkasaHbl udpamu 1, 2, 3, 4); Ha doto
OTMeUeHBI MeMOpaHbI 6a3aIbHOTO JTAOMPUHTA (CTPENKa), BE3UKYIHI (V), KOPOTKHE CKIagKky Oa3anbHOl miacTuHKH (bf) 1 KOHTAKTHI (HAKOHEd-
HHKH) C BUCIIEPAIBbHBIMU MbIlamu (M); ocTaibHble 0003HAYCHUs yKa3aHbI BbIIIE, 7 — 3aHAS 4acTh CPEJHEH KUIIKM M HAdajio 3aJHeil
KHIIKH; CBeTibIe KIeTkH (Ic) He comepxkaT (arocom; OTMEUSHBI MUKPOBHIUIN (MV), KyTHKYJISIPHBII CIIOH (Cu) M 9KCKPETOPHBINA OpraH (ex).
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Table 1. The characteristics of the microvilli in the tardigrades midgut.
Tabmuma 1. MopdpomeTprueckie XapakKTepUCTUKA MEMOPaHHON MOBEPXHOCTH CPEIHETO KUIIEYHUKA TapAUTPaI.
length | diameter | density the peritrophic intestine folds .
2 : diet
nm nm per um ratio membrane (I, 1)
Macrobiotus
+
vichiersi’ 362 45 73 4.6 no zoophagous
Isohyp szbmsl 81 9 zoophagous
prosostomus
Milnesium
tardigradum 800 60 141.4 22.31 no + zoophagous
Halobiotus
stenostomus, 850 85 37.5 9.5 thick, 1 um - zoophagous*
adult
H.s., juvenile 336 72 75 6.7 slim +
Richtersius .
coronifer 750 52 130 17 slim + phytophagous
Ramazzottius
ribulosus’ 477 65 111 11.5 yes + phytophagous

* according to Prof. A.V. Tchesunov unpublished communication

! Avdonina, Biserova, 2003; > Avdonina et al., 2007

Midgut ultrastructure of Milnesium tardigrad-
um, adult

The folded midgut occupies a large part of the
body. The midgut wall consists of a thick layer of
epithelial cells (up to 20 um in height). A lumen typi-
cally looks like a slit. The apical surface of the midgut
forms several deep first-order folds, which have sec-
ond-order folding at the end of deep invaginations
(Fig. 12).

Apical microvilli have a cylindrical shape and form
a typical brush border (Figs 13—14); in general, they
have electron-dense apical caps, or granules. The outer
glycocalyx is well developed and both are present on
the lateral and apical surfaces of the microvilli. The
lengths of microvilli differ significantly on the surfaces
of the first- and second-order folds. On the first-order
folds, the length of the microvilli ranges from 50 to 60
nm; on the second-order folds, the microvilli length
reaches 154 nm (Figs 13, 23 in rectangle). The ratio
between the real surface of a midgut with microvilli
and a hypothetic surface without microvilli is 22.3, and
the density per pm?is 141.4 (Tab. 1). Coated pits are
regularly visible between microvilli.

Enterocytes exhibit electron-dense cytoplasm, many
free ribosomes, and rich rough endoplasmic reticulum,
lysosomes, multivesicular bodies, phagosomes and va-
cuoles. The large nucleus has a central position in the
cell and contains a large, dense nucleolus. The lateral
surface of the enterocytes possesses contact bands sim-
ilar to apical complex junctions, which are shorter than
those seen in H. stenostomus.

The basal membrane of enterocytes forms deep
invaginations of the basal labyrinth (Fig. 15); the adja-
cent cytoplasm contains lipid droplets and glycogen
granules. The basal surface of the midgut exhibits deep
folds that contain material of lamina densa and lamina
lucida.

Midgut ultrastructure of Richtersius coronifer,
adult

The midgut of R. coronifer consists of a single
layer of enterocytes which are up to 6—8 um in height.
The ultrastucture of the enterocytes in R. coronifer was
studied for comparative purposes (Figs 16-20). The
apical cytoplasm contains many coated vesicles of dif-
ferent sizes and small electron-dense granules. Con-
trary to M. tardigradum, in the enterocytes of R. coron-
ifer, the RER is rarely presented, and the lucent cyto-
plasm contains a few ribosomes. Large phagosomes
with geterogenous material have typically been found
in the enterocytes.

The microvilli of R. coronifer contain electron-
dense apical granules and are smaller in diameter
(52 nm) than in the other species studied. The glyco-
calyx is also weakly developed (Fig. 19); it covers
every microvillus but does not form the common
layer (as in M. tardigradum) or long-branched fila-
ments (as in H. stenostomus). The density of mi-
crovilli per pm?varies from 110 to 175, and the ratio
between the membrane surface of a midgut with mi-
crovilli and a hypothetic surface without microvilli
is 17 (Tab. 1).

The peritrophic membrane visible in the lumen
(Figs 16, 19) features thin, unilamellar membrane
connected to the surface of the microvilli. In the
studied animals, the lumen was full of cellular frag-
ments (Fig. 20).

Discussion

Our investigation of the digestive system in three
species of Tardigrada revealed many peculiarities in
the midgut ultrastructure. A comparative analysis of
several aspects of the midgut ultrastructure was com-
pleted in this study.
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Fig. 8-11. Halobiotus stenostomus, adult. 8§ —midgut lumen (L) with peritrophic membrane (pm) and bolus (bo); arrow notes the
anterior (A) and posterior (P) end of the body; other abbreviations see above; 9 — digestive cell (dc) with apical microvilli (mv) and the
basal plate (bp); the enterocyte’s basal surface (lamina dense) adjoins (arrow) to the ventral ganglion (vg); wide layers of the glycocalyx
(gly) and peritrophic gel (ge) are presented between microvilli and peritrophic membrane (pm); other abbreviations see above; 10 — the
digestive cell (dc) in posterior part of the midgut with small microvilli (mv); it is noted the large granules of the reserve material (rm) and
reserve cell (RC); 11 — microvilli and glycocalyx on the anterior portion of the midgut; it is noted large phagosomes (ph), nucleus (N),
lysosomes and lipids droplet.

Puc. 8-11. Halobiotus stenostomus, B3pocibiii. 8 — mpocBer kuineynuka (L) ¢ meputpoduyeckoil MeMOpaHoi (pm) M MHILIEBBIM
KxoMKoM (bo); CTpenKkoi 0OTMEUeHO HampaBiieHue K nepegaeMy (A) u 3agueMy (P) koHIy Tena; ocTanbHble 0003HAYEHHS YKa3aHBI BEIIIE; 9 —
anuKaabHble MUKPOBOPCHUHKU (mv) M Ga3zanpHas mactuHka (bp) muiieBaputenbHo# kietku (dc); OasaigbHas MOBEPXHOCTh IHTEPOLUTA
mpuiieraeT (CTpelsika) K BeHTpalnbHOMYy ranrmio (vg). llupoxuii cinoit rmukokanukca (gly) 1 mepuTpopuueckoro reis (ge) UMeeTcst MexK Iy
MHKPOBOPCHHKAMH U TEpUTPO(UUEecKOil MeMOpaHoil (pm); ocTanbHble 0003HAYCHMs yKa3aHbl Bbiie; 10 — muieBapuTeIbHbIC KICTKH
(dc) B 3ajHeil yacTn cpeHEN KUIIKK C MEIKHMH MHKPOBOPCHHKAaMH (IMV); OTMEYEHBI KPYIHBIC TPAHYJIBI PE3epPBHOrO Marepuana (rm) u
pesepsubie ki1eTku (RC); 11 — MHUKPOBOPCHHKH M ITIMKOKAIUKC B MEPEIHEH YaCTH CPEAHEH KHUIH; OTMEUCHBI KPYIHbIe (harocoMsl, sSpo,
JIM30COMBI ¥ JIUIU/IHBIC KAIlIH.
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Fig. 12-15. Milnesium tardigradum, adult. 12 — frontal section of the midgut; it is shown apical first- and second-order folds (f1, {2)
and basal folds (bf) of the intestine, large enterocytes with nuclei (N) and the visceral muscle (M); L — lumen; 13 —microvilli (mv) on the
first-order fold covered by electron dense apical granules (arrows); 14 —microvilli (mv) on the second-order fold; the cytoplasm contains
lysosomes (ly), phagosomes (ph), and multivesicular bodies (mvb); j — junctions; 15 —basal portion of the enterocyte with the basal
labyrinth (blm), and basal folds (bf) of the basal plate (bp) covering the midgut (arrows), and the visceral muscle (M).

Puc. 12—15. Milnesium tardigradum, B3pocibiii. 12 — (QpoHTaNbHBII Cpe3 KUIIEYHHUKA; MTOKAa3aHbl aluKaJIbHbIE CKIAAKKU 1-r0 U 2-r0
nopsinka (f1, £2) u 6asambrble cknagky (bf) xumeuHnka, KpymHele SHTEPOUNTH ¢ sapamu (N) 1 IMydYKH BHCIEPATbHONH MYCKYJIaTyphl
(M); L — mieneBuaHbINH TPOCBET KUIIEYHHUKA; 13 — MUKPOBOPCHHKHM (MV) B CKIAIKe 1-ro MOpsjKa; CTPEIKaMU OTMEUEHbI allMKaJIbHbIC
9JIEKTPOHHO-IIOTHBIC TPaHYIIbI; 14 — MHKPOBOPCHHKH (MV) B CKJIaJKe 2-T0 MOPsIIKa; HUTOILIa3Ma coepxkuT m3ocomsl (ly), darocomsr
(ph), 1 MynbTHBE3UKYJISIpHBIC Tebla (MVb); j — MEKKIETOYHBIE KOHTAKThI; 15 — 0a3aiabHas 4acTh SHTEpOLHMTA ¢ Oa3aJbHBIM JTaOUPUH-
ToM (blm), 6azanbHbIME ckitankamu (bf) G6azanbHOM macTuHKH (bp) ¥ BHCHEpaIbHEIME MbIamu (M).
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Fig. 16-20. Richtersius coronifer, adult. Ultrastructure of the digestive epithelium: it is noted large phagosome (ph), many endocytotic
vesicles (ecv), dense granules (dg) and slim peritrophic membrane (pm); microvilli (mv) covered by tiny glycocalyx (arrows) and the dense
apical granule rare have seen (arrows); bo — bolus; L — lumen.

Puc. 16-20. Richtersius coronifer, B3pociblif. YIbTpacTpyKTypa MUIIEBAPUTEIHLHOIO SMUTENHUS: TIOKa3aHbl KpyIHble (arocomst (ph),
SHJIOIIUTO3HBIE ITy3BIPHKU (€CV), IIOTHEIE TpaHyisl (dg), ToHKas mepurpodudeckas MeMOpaHa (pm); MUKPOBOPCHHKHU ITOKPHITHI TOHKIM
TIIMKOKAJIUKCOM (CTPEJIKH), MHOTA BUHBI 3IEKTPOHHO-IUIOTHBIE alMKallbHbIC IPaHyJIbl (CTpeikn). bo — muieBoit koMok; L — mpocser
KHIICYHNKA.
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Midgut morphology

The midgut of the species studied in our research
has a tube-like shape without any distinct regions. It is
known that in some species (e.g., Dactylobiotus dis-
par), three distinct regions of the midgut have been
distinguished: pro-, meso- and metamesenteron [Zabc-
zyk, 2000]. The most thick intestinal wall was ob-
served in M. tardigradum, and the thinnest wall was
seen in H. stenostomus. The nature of the folding of the
intestinal wall was different in the studied species of
tardigrades (Figs 21-23): First- and second-order folds
were found in M. tarigradum (Fig. 23); the second-
order folds were similar to the villi present in the
intestines of others animals. In H. stenostomus, juve-
nile, we found unicellular and deep fourth-cellular folds
although, in the adult animal, we observed a sac-like
midgut which lacks the folds (Figs 21, 22). Also we did
not find folds in the midgut of R. coronifer, first- and
second-order folds were present in the midguts of Mac-
robiotus richtersi and Ramazzottius tribulosus, as de-
scribed previously [Avdonina et al., 2007]. In contrast,
in Xerobiotus pseudohufelandi (Eutardigrada, Macro-
biotidae), the apical cell region forms a large evagina-
tion protruding into the midgut lumen, causing the
epithelial surface to fold. In these digestive cells, the
nucleus is present in this evagination of the apical
cytoplasm [Rost-Roszkowska et al., 2013].

Enterocytes

The enterocytes of the species studied differ in a
number of ways. In the posterior portion of the adult H.
stenostomus midgut, enterocytes reserve a lot of elec-
tron-dense nonmembrane-bound material (Fig. 22).
These conglomerates were not observed in the entero-
cytes of M. tardigradum or R. coronifer. Large spheri-
cal electron-dense membrane-bound granules are
present in the enterocytes of Echiniscus viridissimus
[Dewel et al., 1993]. The authors believe that these
structures are released into the midgut lumen as excre-
tory waste. In our investigation, we did not observe
excretory activity of the enterocytes. On the other hand,
endocytosis was observed in the midgut cells and par-
ticularly in juvenile H. stenostomus. In the fourth-cel-
lular folds, the apical membrane forms the coated pits
and vesicles, which then sink into the cytoplasm.

Glycogen granules and lipid droplets were present
in all three species studied. In the midgut epithelium
cells of Isohypsibius granulifer granulifer (Eutardigra-
da), the gradual accumulation of glycogen granules,
lipid droplets, and structures of varying electron densi-
ty were observed [Rost-Roszkowska et al., 2011]. Dur-
ing oogenesis, an increased number of organelles, which
are responsible for the intensive synthesis of lipids,
proteins, and saccharides, were found. Histochemical
analyses of the X. pseudohufelandi showed that the
enterocytes predominantly contain lipids, whereas pro-
teins and saccharides are rare [Rost-Roszkowska et al.,
2013]. The presence of reserve material in the cyto-
plasm of the digestive cells has also been described in
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the eutardigrade Dactylobiotus dispar (Murray, 1907)
[Zabczyk, 2000; Rost-Roszkowska, Poprawa, 2008].
Active epithelial transport of organic anions was dem-
onstrated in the tardigrade Halobiotus crispae [Hal-
berg, Moberg, 2012].

Microvillar brush and digestive surface magni-
fication

Midgut cells are connected to one another by junc-
tions that separate the plasma cell membranes into an
apical and a basolateral domain. The apical domain is
usually modified into finger-like projections, the mi-
crovilli, whose shape are ensured by a core of actin that
are held in place by various ancillary proteins. In all
examined eutardigrades, there was a typical brush bor-
der with finger-like microvilli. In contrast, in Echinis-
cus vurudissimus (Heterotardigrada), the apical surfac-
es were characterized by irregular lobes with ribo-
somes and endoplasmatic reticulum [Dewel et al., 1988,
1993].

Our estimation calculated the membrane enlarge-
ment of Milnesium tardigradum to be 22.3, that of the
Richtersia coronifer to be 17, and that of the H. stenos-
tomus to be 9.5, which is comparable to that of Iso-
hypsibius prosostomus, which was calculated to be 9
[Avdonina, Biserova, 2003]. This parameter was 11 in
Ramazzottius tribulosus and only 4.6 in Macrobiotus
richtersi [Avdonina et al., 2007]. It is known that the
insect midgut cell microvillus is homologous to that
described in vertebrates [Bement, Mooseker, 1996;
Terra et al., 2006]. For vertebrates, extension of the gut
area by microvilli is an indirect indication of intensifi-
cation of adsorption ability and membranous digestion
[Ugolev, 1967]. We can conclude that species such as
Milnesium tardigradum and Richtersia coronifer have
high levels of the membranous (contact) digestion and
that Macrobiotus richtersi have low levels.

The glycocalyx

Of the three species studied, the glycocalyx is most
developed on the microvilli membrane of M. tardigra-
dum. That fact correlates with the high level of mem-
branous digestion in M. tardigradum. It is known that
the glycocalyx creates a meshwork and consists of
acidic mucopolysaccharides and glycoproteins that
project from the apical plasma membrane of epithelial
absorptive cells. It provides an additional surface for
adsorption and includes enzymes secreted by the ab-
sorptive cells that are essential for the final steps in the
digestion of proteins and sugars [Ugolev, 1967].

Structure of the glycocalyx in the juvenile and adult
midguts of H. stenostomus differed: Small particles
were present in the juveniles” microvilli (Fig. 3), and
long-branched filament meshworks were present in those
of the adults (Fig. 8).

Peritrophic membrane
The peritrophic membrane is an anatomical struc-
ture surrounding the food bolus in some arthropods. A
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21 Halobiotus stenostomus, juvenile

22

anterior posterior

Halobiotus stenostomus, adult

23 Milnesium tardigradum, adult

anterior posterior

Figs 21-23. 21 — schematic drawing of the unicellular and deep fourth-cellular folds in the midgut in the
juvenile Halobiotus stenostomus; abbreviations see above; 22 — schematic drawing of a sac-like midgut in the
adult Halobiotus stenostomus; ultrastructure of the enterocytes demonstrates changes toward the posterior end:
in the posterior portion, enterocytes reserve a lot of electron-dense nonmembrane-bound material; microvilli of
the posterior cells are of less height and packing density than the anterior enterocytes; abbreviations see above;

23 — schematic drawing of the midgut in the Milnesium tardigradum with the apical first- and second-order
folds and deep basal folds; in the rectangle it is presented the apical surface of the epithelium with microvili;
abbreviations see above.

Puc. 21-23. 21 — cxema cTpOCHUs OJHOKIIETOUHOM U TITyOO0KOH 4-KI€TOYHOW CKIIaJOK B CEpIHEN KHUIIKE Y
1oBeHMIIboro Halobiotus stenostomus; 0003Ha4YEHMs yKa3aHbl BbIlIe; 22 — cXeMa CTPOCHUSI MEIIKOBHMIHOTO
KHUIIEYHNKA y B3pocaoro Halobiotus stenostomus; yIbTpacTpyKTypa SHTEPOLUTOB H3MEHSETCS 110 HAMPaBJICHUIO
K 3aJHEMy KOHIy: B 3aJHEH 4YacTH JHTEpPOLMTH HAKAIUIMBAIOT OOJBIIOE KOJMYECTBO DICKTPOHHOIIIOTHOIO
Marepuana, He OrpaHUYCHHOT0 MEMOpPAHOIT; MUKPOBOPCHHKH SHTCPOLHTOB B 3aAHEH YaCTH MMEIOT MEHBIIYIO
BBICOTY M IUIOTHOCTH DACIIOJOKEHHS, YeM B IepejHeil 4acTh; obO03HaueHHs yKasaHbl Bblie; 23 — cxema
CTPOCHUS CPEJHEH KHUIIKHU B3pocioro Milnesium tardigradum ¢ anukajabHBIMK CKIafKaMu 1-ro u 2-ro mopsiaka
U r1y6oKMMHU Ga3aibHBIMK CKJIAJKaMH; Ha BCTaBKE M300pakeHa arMKalbHasi MOBEPXHOCTH 3MUTENHs ¢ MHUKPO-
BOPCHHKaMHU; 0003HAYCHHUs YKa3aHBI BBILIC.
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fluid (peritrophic gel) or membranous (peritrophic mem-
brane) film surrounds the food bolus in most insects
[Terra, 2001] and acari [Grigorieva, Amosova, 2004],
which protects the epithelium against food abrasion and
microorganisms; the film has other functions based on
the compartmentalization of enzymes. Unfortunately,
there are minimum data about the peritrophic membrane
in tardigrades. This structure is not noted in microscopi-
cal reviews [Dewel et al., 1993; Kinchin, 1994].

We found the peritrophic membrane in the midgut
of two species, H. stenostomus and R. coronifer; and it
was more massive in the midgut of adult H. stenosto-
mus. In our previous study the peritrophic membrane
was found in the midgut of Ramazzottius tribulosus
[Avdonina et al., 2007]. We did not observe the per-
itrophic membrane in the midgut of M. tardigradum,
which correlates with another previous ultrastructural
investigation [Dewel et al., 1988].

In insects, the peritrophic membrane is composed
of chitin and proteins, of which peritrophins are the
most important [Bolognesi et al., 2001]. It was pro-
posed that during evolution, midgut cells initially syn-
thesized chitin and peritrophins derived from mucins
by acquiring chitin-binding domains, thus permitting
the formation of the peritrophic membrane [Terra,
2001]. Experimental data have indicated that the per-
itrophic membrane favors a decrease of enzyme excre-
tion by encouraging enzyme recycling [Terra, 2001];
we suggest that this function occurs in H. stenostomus
— a marine species without an anhydrobiosis stage. In
contrast, some insects increase the enzyme excretion in
the midgut if their peritrophic membrane is disrupted by
a diet containing calcofluor [Bolognesi et al., 2001;
Terra, 2001]. Compared with H. stenostomus, the M.
tardigradum, hunter-zoophagous, has a desiccation stage;
their enterocytes have a richly developed basal laby-
rinth, microvilli, and glycocalyx. In our opinion, these
peculiarities indicate fast transportation of the digested
substances to the body cavity during short, active life
periods. M. tardigradum lack the peritrophic membrane
in the midgut and possible has an enzyme excretion rate
that is higher than that in H. stenostomus.

In the folds of the juvenile H. stenostomus, the
process of endocytosis and phagosomes formation is
very intensive (Figs 5, 6, 21, 22). The glycocalyx and
peritrophic membrane of adults are more richly devel-
oped than those in juveniles. We suggest that juvenile
has intracellular digestion at the first time. After the
juveniles begin to feed, the glycocalyx and the per-
itrophic membrane start to develop, and extracellular
and membranous digestion dominate.

Our data indicate the existence of ultrastructural
adaptations in the intestine of tardigrades with differ-
ent food preferences and varying ability to rapid re-
sponse to changes in the environment, in particular the
ability to anhydrobiosis.
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