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Abstract

Background: The freshwater cnidarian Hydra temporarily binds itself to numerous natural substrates encountered
underwater, such as stones, leafs, etc. This adhesion is mediated by secreted material from specialized ectodermal
modified cells at the aboral end of the animal. The means by which Hydra polyps attach to surface remain
unresolved, despite the fact that Hydra is a classic model in developmental and stem cell biology.

Results: Here, we present novel observations on the attachment mechanism of Hydra using high pressure
transmission electron microscopy, scanning electron microscopy, atomic force microscopy, super-resolution
microscopy, and enzyme histochemistry. We analyzed the morphology of ectodermal basal disc cells, studied the
secreted material, and its adhesive nature. By electron microscopy we identified four morphologically distinct
secretory granules occurring in a single cell type. All the secretory granules contained glycans with different
distribution patterns among the granule types. Footprints of the polyps were visualized under dry conditions by
atomic force microscopy and found to consist of a meshwork with nanopores occurring in the interstices. Two
antibodies AE03 and 3G11, previously used in cell differentiation studies, labelled both, basal disc cells and
footprints. Our data suggest that the adhesive components of Hydra are produced, stored and delivered by a single
cell type. Video microscopy analysis corroborates a role of muscle contractions for the detachment process.

Conclusion: We clearly demonstrated that bioadhesion of Hydra relies on the secreted material. Our data suggest that
glycans and/or glycoproteins represent an important fraction of the secreted material. Detachment seems to be
initiated by mechanical forces by muscular contractions. Taken together, our study represents the characterization of
an unique temporary adhesive system not known in aquatic organisms from other metazoan phyla.
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Background
Aquatic organisms, freshwater and marine, have evolved
a myriad of effective solutions for underwater adhesion.
Cases range from microscopic organisms, such as bac-
teria, through much larger and complex marine algae,
invertebrates, and vertebrates. Examples include the per-
manent attachments of sessile mussels [1] and barnacles
[2, 3], the temporary attachment of starfish and flat-
worms during locomotion [4, 5], the construction of
protective shelters by sandcastle worms [6], and the de-
fence against predators by the Cuverian tubules of sea
cucumbers [7]. All these bioadhesives were adapted by
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natural selection for specific roles in the organism’s life
style. Likewise, the way they attach are also remarkably
complex and involve a large range of interactions and
components with different functions [8, 9]. Generally,
these multicomponent adhesives are composed of pro-
tein, carbohydrates, and inorganic components. The
amount of each component is highly variable in different
organisms. For instance, in sea stars 21 % are proteins,
8 % carbohydrates, and 40 % inorganic material [10]. On
the contrary, in barnacles 90 % of the adhesive is made
out of proteins with the remainder being 1 % carbohy-
drates, 1 % lipids, and 4 % inorganic material [11]. Mus-
sels have one of the best studied bioadhesive systems
[12, 13]. These marine molluscs routinely stick to all
kinds of surfaces underwater using their so-called
byssus. This structure consists of a protein complex
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secreted as a fluid that spreads spontaneously and exhibits
strong reversible interfacial bonding and tunable cross-
linking. Similarly, the sabelariid polychaete sandcastle
worm Phragmatopoma californica [6, 14] secretes micro-
droplets of adhesive to build a tube-like burrow from sand
grains and other particles. Alternatively, the marine flat-
worm Macrostomum lignano, possesses a duo-gland adhe-
sive system in the tail plate [5] that allows it to adhere and
release from the substrate multiple times within seconds.
The different characteristics of all these adhesives are
often derived from the physico-chemical properties of the
adhesive proteins, and in particular, from their post-
translational modifications (PTM), such as hydroxylation,
phosphorylation, and glycosylation [15, 16]. Some organ-
isms contain glycans associated with the adhesive pro-
teins, but it is unknown whether they are covalently
attached to the proteins [10, 17].
The freshwater cnidarian Hydra (Fig. 1a, b) is a solitary

polyp inhabiting any unpolluted body of shallow fresh-
water all year round. During its whole lifecycle it lives
temporarily attached underwater, being able to attach and
detach repetitively, but only detaching when looking for
better living conditions [18]. Reproduction is sexual and/
or by asexual budding which dominates when food is
plentiful. The fertilized egg develops into an embryo that
grows to an adult polyp, or as late blastula enters a resting
stage surrounded by a chitinous covering. The animal has
a single axis and consists of only two layers of epithelial
cells: the endoderm and the ectoderm [19]. At the oral
end is the hypostome (mouth opening), which is sur-
rounded by a ring of tentacles, and at the aboral end is an
adhesive disc called “basal disc” [20]. It is well known that
basal disc cells are derived from ectodermal cells of the
lower gastric column [21, 22], therefore consisting of
modified ectodermal cells that secrete an adhesive mater-
ial by which Hydra can attach strongly to a number of sur-
faces underwater, i.e., stones, wood sticks, leaves, and
other submerged parts of plants.
Hydra is a classical model organism in axial pattern,

regeneration, and stem cell biology [22–26]. In contrast
to the existing detailed information about differentiation
and regeneration of the ectodermal basal disc cells, only
few studies have addressed Hydra’s astonishing attach-
ment ability. The ultrastructure of ectodermal basal disc
cells was studied by Chaet [27] and Philpott et al. [28]
who provided a first description of Hydra’s secretory
granules. They placed these granules in three categories,
two of them representing the same type of granule in
different stages of matureness, while the third granule is
of a different type. Further, Davis [29] proposed that
basal disc cells produce, by themselves or jointly with
other cells, at least six types of granules, and a seventh
one that originates from the neighbouring digestive cells.
The only constituent identified inside the basal disc cells
is the presence of hyaluronic acid as seen after an Alcian
Blue [28, 29] and PAS staining [28]. At the ultrastruc-
tural level, granules between 0.5 and 1.5 μm in diameter
are known to be peroxidase positive [30]. The mode of
action and the components of the secreted adhesives are
not understood. Enlarged cytoplasmic protrusions which
were named as filopodia were observed during Hydra at-
tachment by Pan et al. [31].
In this study, our goal was to characterize the cellular

components responsible for Hydra’s underwater adhe-
sion. Light-and electron microscopic techniques were
utilised for a comprehensive description of basal disc
morphology of free and attached polyps. Additionally,
morphology and adhesiveness of the secreted material
(footprint) was analysed using atomic force microscopy.
To investigate the components involved in adhesion, we
first used energy electron loss spectroscopy to identify
nitrogen and phosphorus atom distribution. Second, the
periodic acid-Schiff reaction was carried out to verify the
presence of glycans, and diamino benzidine was used to
attest peroxidase activity. The localisation of two anti-
gens labelled by two antibodies was confirmed to be
present in the footprints. Finally, we showed that lipids
most probably do not play a role in Hydra adhesion. We
suggest that detachment is driven by muscular activity.
After investigating all these components, we paved the
way for Hydra as a model organism for bioadhesion re-
search using molecular approaches [32]. It provides the
basis for our current efforts to uncover the biochemical
basis of the glue of Hydra.

Results
Basal disc cell morphology and secretion of adhesive
granules
Using interference contrast microscopy of squeezed live
animals the basal disc cells can be seen at the aboral end
of the animal (Fig. 1c and d). A longitudinal section
through a Carnoy-fixed unattached polyp showed an
overview of the basal disc cells, which constitute the ad-
hesive system (Fig. 1e and f). The external morphology
of the basal disc consisted of a cylindrical peduncle cov-
ered by a flat disc (Fig. 2a). Between the basal disc cells
there were uniformly distributed pores (Fig. 2b). Se-
creted material was visible on the basal disc (Fig. 2c). In
a Hydra polyp attached to the substrate (Fig. 3a and b),
the basal disc cells appeared directly in contact with the
surface. When it detached, it left behind a footprint
made up of the secreted material on the surface (Fig. 3c).
The basal disc cells left behind an imprint outlining their
apical cell-to-cell contact sites. The flat zones between
the rims outlining the basal disc cells also contain a thin
film of adhesive material (see below). In summary, the
basal disc is a specialized secretory tissue allowing Hydra
to attach to the surface.



Fig. 1 Light microscopy images of live and fixed Hydra magnipapillata strain 105. a An adult polyp. The arrow indicates the basal disc. b Scheme of an
adult polyp indicating details of the animal morphology. c Squeezed preparation of the foot region. The square indicates the area magnified in figure
d. d The arrowheads point at individual basal disc cells. e Longitudinal section stained with hematoxylin eosin showing a general morphology of the
basal disc. Inset shows the zone magnified in figure f. f Organization of basal disc cells with stained nuclei. Scale bars 1 mm (a), 100 μm (c), 50 μm
(d-f). Abbreviations: ec, ectoderm; m, mesoglea; en, endoderm; pe, peduncle; bd, basal disc
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The detachment process was recorded with video mi-
croscopy (Additional file 1). In the beginning, the full
basal disc was attached. The polyp started the detachment
from the outer rim towards the center of the basal disc.
When the detachment got closer to the center, Hydra sud-
denly detached the last cells. A footprint was left behind
which was transparent underwater (Additional file 1).
Phalloidin staining revealed the actin filament distribution



Fig. 2 Scanning Electron Microscopy. a Outer aspect of the basal disc. Arrows point at discharged nematocysts. b Basal disc surface. The numbers
1, 2, 3, mark three different basal disc cells. Arrows point at pores between the cells. c basal disc and substrate covered with secretory material.
Scale bars 100 μm (a), 2 μm (b), 10 μm (c). Abbreviations: pe, peduncle; bd, basal disc; sm, secretory material
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in the basal disc (Additional file 2). Within the ectodermal
layer the myonemes were radially distributed (Additional
file 2: Figure S2 a and b). From the radial myonemes a
branch of myonemes goes perpendicularly towards the ap-
ical side of ectodermal basal disc cells (Additional file 2:
Figure S2 c). This distribution of myonemes was corrobo-
rated by transmission electron microscopy experiments
(Additional file 3: Figure S3 a). Within the endodermal
layer they were circular (Additional file 2 Figure S2 a and
b). Based on these observations, we propose that muscle
contractions of the two cell layers (ectoderm and endo-
derm) of the basal disc were involved in the detachment
of the animals.
In side view at the ultrastructural level, the basal disc

cells had an irregular rectangular-like shape with a planar
diameter ranging from 10 to 17 μm at the apical end of
the cell and an apical-basal diameter about 51 to 60 μm
(Fig. 4a). Several water containing vacuoles were seen as
major constituents of the cells (Fig. 4 and Additional file
3: Figure S3 b). Their most apical region, which actually
gets in contact with the surface when attached (Fig. 4c
and d), beared an array of protruded cytoplasmic exten-
sions with a diameter of about 0.4–1 μm. Filopodia-like
cytoplasmic extensions were observed to be in contact
with the surface after basal disc attachment (Fig. 4d, and
Additional file 3: Figure S3 b). Basal disc cells presented
many morphological characteristics of gland cells. The
cells cytoplasm was rich in endoplasmic reticulum (ER),
golgi fields, and mitochondria around the stored secretory
granules. Based on morphology and size, four types of
granules located close to the secretory cell membrane
could be discriminated (Fig. 4b and Additional file 3: Fig-
ure S3 b). First, Hydra secretory granules I (HSGI) are
likely precursor (maturing granules) of the granules HSGII
(Additional file 3: Figure S3 c). These maturing granules
were closely associated with ER, suggesting that these or-
ganelles are involved in the synthesis and/or maturation
of the secretory granule contents. HSGI measured be-
tween 1.90 and 2.10 μm in diameter, and their content
were electron lucent. Second, Hydra secretory granules II
(HSGII) represented electron dense granules with a diam-
eter ranging from 0.40 to 1.10 μm. Hydra secretory gran-
ules III (HSGIII) measured between 0.45 and 0.49 μm in
diameter, and appeared less electron dense than the Hydra
secretory granules IV (HSGIV). HSGIV were by far the
smallest granules with a diameter of 0.18 to 0.21 μm
(Fig. 4b). In thick sections of 350 nm, secretory granules
can be seen overlapping each other, corroborating that
these are true vesicles (Additional file 3: Figure S3 b). Be-
sides the granules membrane, there was no compartmen-
tation of adhesive components inside the cell at any stage
of the secretory process, and there was no intracellular
drainage system. Once the cell surface established contact
with the substratum (Fig. 4c), the basal disc cells secreted
the adhesive material by exocytosis. The secreted material
was deposited as a thin film filling any space between the
cells and the substratum (Fig. 4d and see also AFM Fig. 5).
This film gives rise to the footprint after detachment.



Fig. 3 Light microscopy images of live (a) and fixed-attached Hydra polyp (b), and secreted footprint (c). a Overview of the basal disc of a live attached
polyp taken through inverted microscopy. Individual basal disc cells (arrowheads) are in focus along the outer margin. b Longitudinal semi-thin section
stained with the basic dye methylene blue and Azur II. The polyp was chemically-fixed when still attached to a substratum. Arrowheads indicate the
interface between substratum and polyp where the adhesive is secreted. c Footprint deposited by the basal disc of a Hydra polyp stained with crystal
violet. Imprints derived from individual cells are visible in the centre of the footprint while at the periphery fungi can be observed [arrows]. Inset is a
magnification of a central area of the footprint where the flat area [asterisks] and the rims [arrowheads] can be seen in a better detail. The fungi are
contamination and/or symbionts of Hydra culture. Scale bars 100 μm (a, c), 50 μm (b). Abbreviations: s, substratum; bd, basal disc; ec, ectoderm; m,
mesoglea; en, endoderm; pe, peduncle
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Overall, our results confirm that the basal disc cells pro-
duce secretory granules and that their contents play the
core role in Hydra adhesion.
The air dried footprints were easily located using

phase contrast and could be precisely positioned be-
neath the AFM cantilever. Care was taken to select a
scan site near to the rim of the footprints and to
avoid regions that were too thick to image. When vi-
sualized through AFM, the footprints of Hydra were
found to be a meshwork with nanopores occurring in
the interstices of the deposited material (Fig. 5a). The
secreted material seems homogeneous, traces of indi-
vidual secretory granules cannot be detected. Several
pores of about 0.5–1 μm where present at the surface
of the footprint whose diameter correlated to the one
of the protruded cytoplasmic extensions. The adhe-
sion profile (Fig. 5b) showed that adhesive forces were
higher in the deeper (thinner) areas of the footprint,
reaching up to 66.4 nN. In summary, the AFM results
corroborate the adhesive nature of the secreted
material.
Chemistry of granules
To determine whether granules contained vicinal diol-
containing glycans, Periodic Acid Schiff (PAS) cyto-
chemistry was carried out in both light-and electron
microscopy. The PAS method positively stained basal
disc cells showing a gradient towards the apical end of
the cells. The strongest reaction was observed most api-
cally where the granule secretion takes place (Fig. 6a and
b). Figure 6c showed that HSGII were fully positive to
PAS, with a strongest reaction near their surrounding
membrane, while negative control did not show any
staining (Fig. 6d). HSGIII and IV, positively reacted
throughout the whole vesicle. Alcian blue staining was
negative for ectodermal basal disc cells in H. magnipa-
pillata at pH-value 2.5. As positive control reaction for
AB we successfully stained nematocysts in tentacles
sections (Additional file 4), validating that the method
used was functional. Our results showed that secretory
granules from H. magnipapillata contained neutral gly-
cans instead of the acidic compounds found previously
in other species.



Fig. 4 Transmission electron microscopy images of chemically and cryo-fixed Hydra polyps. a Longitudinal section through a chemically-fixed basal
disc showing individual basal disc cells. Electron dense granules tend to accumulate at the aboral end of the cell, which is the area attaching to the
substratum. At the aboral end, several cytoplasmic extensions are present [arrows]. b Cryo-fixed basal disc reveals the fine structure of secretory
granules. c Chemically-fixed Hydra polyp right after attachment to the substratum. d Interface between an attached basal disc and the substratum.
Note protruded cytoplasmic extensions are in contact with the substratum. Scale bars 10 μm (a, c), 2 μm (b), 5 μm (d). Abbreviations: en, endoderm; m,
mesoglea; bdc, basal disc cell; I, Hydra secretory granule I; II, Hydra secretory granule II; III, Hydra secretory granule III; IV, Hydra secretory granule IV; s,
substratum; arrows, indicate cytoplasmic extensions; asterisks, indicate vacuoles of water
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Diamino benzidine treated polyps allowed to
visualize peroxidase activity in the basal disc of Hydra
(Fig. 6e and f ). The reaction was stronger close to
where exocytosis takes place. The peroxidase reaction
was associated with HSGI (Fig. 6g and h), but not for
all the granules. Peroxidase activity was also detected
at the level of cytoplasmic components surrounding
HSGII.
Based on information from other model organisms, in
which lipids played an important role in adhesion [33, 34],
the occurrence of lipids was investigated in the present
study using Nile Red on Hydra whole mounts. When ex-
posing stained specimens to both blue (450–500 nm) and
green (550 nm) exciting light, dispersed droplets of lipids
measuring between 1 and 1.8 μm were visible in basal disc
cells (Additional file 5), but apparently not associated to



Fig. 5 Atomic force microscopy images collected in air on dried footprints from Hydra. a Height profile revealing the meshwork structure. Arrows
point at pores presumably corresponding to cytoplasmic before polyp detachment. b Adhesion profile
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secretory granules. Lipid droplets were also not observed
in the footprints (data not shown). Therefore, these results
support a view that lipids do not play a critical role in the
adhesion process of Hydra.
Electron energy loss spectroscopy (EELS) and electron

spectroscopic imaging (ESI) experiments allowed to de-
termine the distribution of nitrogen and phosphorus on
high-pressure freezing ultrathin resin sections from
cryofixed specimens. Among the secretory granules, high
contents of N atoms were found in HSGI and II (Add-
itional file 6), demonstrating their protein nature. P
atoms were observed in HSGI and II (Additional file 6)
although at a lower density when compared to N atoms.
In summary, EELS and ESI showed the presence of pro-
teins and potentially post-translationally modified by
phosphorylation, in some granules of basal disc.
Two monoclonal antibodies had been previously ap-

plied to study nematocyte development [35] and basal
disc cell differentiation [36, 37]. Notably, both antibodies
also stained secreted material, however, this aspect was
not further pursued in the earlier studies. Therefore, we
applied immunohistochemistry with antibodies AE03
[35, 36], and 3G11 [37] to label basal disc cells in whole
mount preparations or macerated single cells, and of
footprints. Both antibodies were confirmed to label the
basal disc of polyps as well as the secreted material
(Fig. 7a-h). AE03 also recognized nematoblasts and ma-
ture nematocytes [35], but this immunoreactivity did not
impede the present study which focused at basal disc
cells and their secretion. In super-resolution microscopy
images, AE03 showed a clear specificity to an inner ring
of granular structures (Fig. 7c) whereas 3G11 also recog-
nized granular structures as well as cytoplasmic constit-
uents throughout the whole cell (Fig. 7g). However, we
cannot infer which granule type was labelled with the
antibodies. Although in macerated cells the staining pat-
terns of the two antibodies were different, the pattern
appeared very similar in the footprint (Fig. 7d and h).
The stained pattern of secreted material with a densely
stained rim outlining the cell margins and a weaker
stained flat centre, corroborates our earlier observation
of a crystal violet stained footprint (Fig. 3c). Therefore,
our results confirm that the granule material is in fact
secreted by basal disc cells.

Discussion
Hydra is considered to represent the most basal animals
with a defined body plan and organized epithelia. A com-
mon feature within the cnidarian group is their ability of
producing bioadhesives either for attaching permanently or
temporarily to surfaces through specialized ectodermal
cells, and their ability for food capture through specialized
nematocysts. Here we investigated the ability of temporary
adhesion in Hydra through ectodermal basal disc cells
(Fig. 8) which represents one of the most ancient metazoan
ways of cell-to-surface adhesion.
In organisms well-known for their capacity to adhere

temporarily, such as free living flatworms [5] and sea
stars [10] the adhesive mechanism relies on a duo-gland
system where two or more secretory cell types collabor-
ate in a way that allows attachment and detachment by
using adhesive and de-adhesive components. The num-
ber of cell types are variable, free living flatworms en-
close one adhesive and one de-adhesive cell, while sea
stars have two adhesive and one de-adhesive cell type.
Some parasitic flatworms possess two different glands
producing dissimilar adhesive components, while cells
producing de-adhesive constituents are absent [38]. In
contrast, substrate detachment in Hydra is mediated by
differentiated epithelia muscle cells of the ectoderm of



Fig. 6 Cytochemistry of Hydra basal disc. a Overview of semi-thin Epon section stained for glycans with PAS method. The reaction is stronger in the
mesoglea and at the aboral tip [arrows] of the cell. b Magnification of a. Arrows indicate strong PAS reactions. Note the reaction gets stronger towards
the aboral end of basal disc cells. c TEM- Periodic acid-thiocarbohydrazide-silver proteinate reaction (the EM-correlate PAS staining) was performed on
cryo-fixed basal disc revealing the glycan distribution in the Hydra secretory granules. HSGII react positively in and close proximities of the granule
membrane, while HSGIII and IV reacts quite uniformly. d Basal disc section not exposed to Periodic acid but regular thiocarbohydrazide-silver proteinate
staining. Note secretory granules do not react to glycan staining. e Longitudinal semi-thin section through the basal disc stained with diamino
benzidine and oxidized with Osmiun tetroxide. Endogenous peroxidase activity is strong at the aboral end of the basal disc [arrows] and endodermal
lipid granules are dark from osmium fixation [asterisks]. f Longitudinal section of basal disc cells reacted for peroxidase after diamino bencidine staining
counterstained with methylene blue and Azur II. Arrows point at some reacted secretory granules located at the most-aboral end of the cells. g TEM-
peroxidase staining in chemically fixed basal disc is positive for some Hydra secretory granules II and their neighbouring cytoplasm. Arrows point at
the most aboral end cell membrane, region with highly peroxidase activity. h Section from a negative control not exposed to diamino benzidine. Scale
bars 100 μm (a), 50 μm (b, e), 20 μm (f), 1 μm (c, d, g, h). Abbreviations: PAS, periodic acid Schiff; POX, peroxidase; en, endoderm; m, mesoderm; bd,
basal disc; bdc, basal disc cell; I, Hydra secretory granule I; II, Hydra secretory granule II; III, Hydra secretory granule III, IV, Hydra secretory granule IV; ex,
exterior of the cell
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Fig. 7 Immunofluorescence staining of whole mount (merged bright field and fluorescence), macerated cell (merged phase contrast and
fluorescence), and footprints with anti-AE03 and 3G11 antibodies. a Whole mount, b Macerated basal disc cell, c apical side of macerated cell
imaged with super-resolution microscopy, and d footprint stained with AE03 antibody. e Whole mount, f macerated basal disc cell, g apical side
of macerated cell imaged with super-resolution microscopy and h footprint stained with 3G11 antibody. Both AE03 and 3G11 have affinity to
basal disc cells. Their corresponding antigens are eventually secreted and become a component of the adhesive anchoring Hydra polyps
underwater. Scale bars 200 μm (a), 10 μm (b, f), 1 μm (c, g), 15 μm (d, h), 400 μm (e). Abbreviations: bd, basal disc; arrows, indicate bud; arrowheads,
indicate nematocysts
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basal disc. EM observations on secretory granules morph-
ology in these cells [28, 29] with additional information on
the molecules present. We have identified four morpho-
logically distinct secretory granules (HSGs) as a major
component of the basal disc cells that could be involved in
adhesion although it remains unclear to which degree
each granule type contributes to the adhesion process. We
classified the HSGII as a mature granule derived from the
HSGI, because these two granules share biochemical
features, they are the only ones of protein nature, and con-
tain phosphor. We also observed possible transition stages
from HSGI to HSGII. Another feature is that HSGI is
never seen close to the most-apical side of the cell. How-
ever, we have no direct proof for granule maturation.
Therefore, this process must be further addressed in order
to understand granule development.
The component that is actually labeled by the anti-

bodies was not precisely identified. However, super-
resolution microscopy experiments (Fig. 7d and h)
showed that both antibodies stained granular structures
that are eventually secreted and become a constituent of
the secreted material. The footprint of Hydra is a mesh-
work of quite homogenous strands. The starfish and sea
cucumber footprint have a similar meshwork morph-
ology [7, 39], but contain globular nanostructures which
are absent in Hydra. In the case of Hydra, all HSG have
spherical morphology before release and are not
recognizable in the footprint. The contents of the gran-
ules seem to have merged or fused into larger aggregates
forming the strands. In the footprints of sea cucumber
[7], adhesive forces of 17nN were measured under dry
conditions, and for the rootlets of the English ivy [40]
298 nN. Our measurements of Hydra footprints showed
an adhesion force as high as 66 nN. Measurements in
natural Hydra living conditions (i.e., under freshwater)
would be necessary for a better understanding of its
footprint adhesion forces. Yet, despite repeated attempts,
the topographical visualization of the footprints under



Fig. 8 Schematic representation of attachment (a-c) and detachment (d) of Hydra. Arrowheads indicate rims of footprints. Abbreviations: m,
mesoglea; n, nucleus; my, myoneme; w, vacuoles of water; I-IV, Hydra secretory granule types; i, interface; s, substratum; f, cytoplasmic extensions;
sm, secreted material; fo, footprint
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native conditions in culture medium was not possible,
due to the transparent nature of the footprints. New
technical developments would be needed to provide an
appropriate contrast for identifying the footprint
underwater.
Glycans are considered important components for tem-

porary adhesives, e.g., in cephalopods, gastropods, and
echinoderms [10, 17, 41–43]. Permanent glues seems to be
generally composed mainly of protein. Glycans have not
been considered as an important moiety, though reported
from mussels, stalked and acorn barnacles, sandcastle
worms, and caddisfly larva [2, 11, 44, 45]. Although previ-
ous reports showed alcian blue staining of basal disc cells
of other Hydra species [28, 29], our alcian blue experi-
ments performed at pH-value 2.5, staining was negative for
H. magnipapillata. In Hydra, EM cytochemistry showed
that glycans occur in all the HSG, with differential distribu-
tions (the present study). The presence of phosphor (P) in
HSGI and II raises the question about possible protein
phosphorylation of the Hydra adhesive. Phosphorus in the
form of phosphate group may indeed be involved in phos-
phorylation, a PTM which confer additional functionalities
to proteins, including adhesive proteins [16]. Phosphopro-
teins have been identified in a number of aquatic adhesives,
e.g., in adults and larvae of barnacles [3, 34], in the caddis-
fly larvae [46], in mussels [47], in sandcastle worms [48], in
sea cucumbers [16], and in kelp spores [49]. Although, co-
valently attached phosphate groups are usually present at
substoichiometric levels (less than 5 % of the protein is
modified) in intracellular proteins [50, 51], their proportion
is usually much higher in extracellular structural proteins
such as adhesive proteins. For instance, in Pc3 an adhesive
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protein from the sandcastle worm, up to 90 mol% (residues
per 100 residues) of the serine residues are modified by
phosphorylation [48]. The P concentration observed within
HSGII (Additional file 6) is lower than that of N (Add-
itional file 6). Both, glycosylation and phosphorylation,
could be important in the adhesion process of Hydra.
Peroxidase activity in the basal disc of Hydra [52, 53]

has been used as an important biochemical marker for
tracking the reappearance of basal disc cells during polyp
regeneration [53]. The Hydra genome [54] encodes five
isoforms of putative peroxidases. Their functional signifi-
cance for the animal is still under debate [55, 56], but
most likely they play several roles. The obtained results
are similar to the ones described earlier for other Hydra
species [30]. Although peroxidase-like enzymes are highly
concentrated in basal disc cells, it is not the adhesive per
se, and its role in Hydra’s adhesion remains to be eluci-
dated. The peroxidase-like enzyme could catalyse the
crosslinking of other components to post-draw the se-
creted adhesive as it occurs in the freshwater caddisfly silk
[57]. Furthermore, it is well known that peroxidase-like
enzymes possess antimicrobial features [58], and can func-
tion to either foster beneficial relationships or control
pathogenesis. During the attachment process, the basal
disc secretes a protein-rich adhesive material which might
serves as a nutrient source for bacteria and the peroxidase
may have a protective role, reducing bacterial biodegrad-
ation over the time protein needs for curing. The combin-
ation of both functions, i.e., curing and antimicrobial, may
occur in Hydra adhesion, though the functional signifi-
cance of this is yet to be examined.
In various organisms, detachment from temporary adhe-

sion is controlled by additional secretory products, en-
zymes, or by creating forces. However, the detachment
processes are largely not well understood. The observa-
tions on Hydra presented here support the hypothesis that
its detachment is mechanically induced (Additional files 1
and 2). If chemical detachment were the case, the basal
disc would detach at once, and individual basal disc cells
would not be seen detaching individually. When detach-
ment is necessary, myonemes within both ectoderm (radial
myoneme) and endoderm (circular myoneme) composing
the basal disc contract, leading to an expansion of both ra-
dial and circular myonemes. This retracts the attached cells
from the surface that in combination with the longitudinal
myonemes contracting the vacuoles of water which expels
water into the footprint meshwork would pull the polyp off
the cured adhesive.

Conclusion
This study showed that cnidarian Hydra polyps secrete
elaborate adhesive composites underwater (freshwater)
to temporarily anchor themselves to substrate surfaces.
The adhesive system used by Hydra exhibits unique
features among metazoans. Glue based adhesion is the
main component of the system: basal disc cells release
their adhesive vesicles whose contents would have the
ability to spread over the surface, displace water, and
create a proper environment for curing the secreted
glue. Projecting structures were observed, but the way
they functions is enigmatic. The adhesive components of
Hydra are produced, stored and delivered by a single cell
type, the ectodermal basal disc cells. Our results revealed
that the secretory granules contained glycans and phos-
phorus, which are important components in other
bioadhesive systems. A Peroxidase-like enzyme was as-
sociated with secretory granules and could play a role in
Hydra adhesion. This work was intended to offer a first
overview of the Hydra adhesive system. The characteris-
tics presented here provide a basis for an ongoing pro-
ject aimed at unravelling the molecular components of
Hydra’ glue.

Methods
Animals
Hydra magnipapillata strain 105 was used for all the ex-
periments carried out in this study in compliance with
animal welfare laws and policies (Austrian Law for ani-
mal experiments, TVG 2012, §1). Permanent mass cul-
tures were bred and kept at 18 °C in growth chambers,
and day/night light cycle at the Institute of Zoology,
University of Innsbruck. Hydra cultures were fed five
times per week with freshly hatched Artemia nauplii as
previously described [59]. Under these conditions, animals
remained asexual and reproduced by budding. We selected
animals that had at least one bud. Animals were starved
for 24 h before experiments. Before fixation, animals were
relaxed in 2 % urethane in culture medium for 2 min.

Light microscopy
For bright field or differential interference contrast
visualization, processed samples were examined with a
Leica DM5000. Images were taken with a Leica DFC495
digital camera and a Leica LAS software.
Footprint: To collect Hydra’s footprints, polyps were

placed onto glass slides and allowed attach for 30 min.
After this period, polyps were gently detached with the
help of a glass pipet. Glass slides bearing footprints were
rinsed three times with Hydra culture medium before
staining. Fresh footprints were stained using a 0.05 % so-
lution (in culture medium) of Crystal Violet, and rinsed
in culture medium.
Squeezing preparations: Living polyps were anesthe-

tized in a 2:1 mixture of 2 % Urethane and culture
medium, transferred in a drop onto a slide and slightly
squeezed under a coverslip. The specimens were ob-
served with interference contrast under the same mi-
croscopy as mentioned above.
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Histology: Adult Hydra polyps were fixed in Carnoy’s
fixative (ethanol, chloroform, glacial acetic acid, 6 + 3 + 1
respectively), Bouin’s fluid (saturated picric acid, 36 %
formaldehyde, and glacial acid, 15 + 3 + 1 respectively),
4 % paraformaldehyde (PFA) in 0.1 M Phosphate Buffer
(PBS)) and/or in Flemmings fixative (1 % chromium (VI)
oxide, 2 % osmium tetroxide and glacial acetic acid, 15
+ 4 + 1 respectively), dehydrated and embedded into
paraplast or in Technovit 7100 resin. Paraplast sections
(7 μm) and resin sections (3 μm) were produced with a
Reichert Autocut 2030 (Reichert, Austria) and stained
with hematoxylin and eosin (HE), periodic acid Schiff
(PAS), or alcian blue (AB) pH 2.5.
Enzymehistochemistry: For peroxidase activity, Hydra

polyps were fixed with 4 % PFA in 0.1 M PBS, stained
with diamino benzidine (DAB + CHROMOGEN, Dako)
post fixed either with 2.5 % glutaraldehyde or 1 % os-
mium tetroxide, dehydrated and embedded in PolyBed
812 resin. Semi thin sections (350 nm to 500 nm) were
cut with a Leica ultra-microtome UCT (Leica, Austria)
and stained according to Richardson et al. [60].
Lipid staining: PFA fixed polyps were stained with the

fluorescence Nile Red method as whole mounts for lipid
detection following method used by Gohad et al. [34].
Negative controls were performed by exposing speci-
mens to ETOH washes. Whole mounts were visualized
under a Leica SP5 II confocal laser scanning microscope.

Antibody staining
Two antibodies labelling basal disc cells were used: AE03
[35, 36], and 3G11 [37] were kindly provided by the corre-
sponding authors. The antibody staining method was
slightly modified from the original protocols. Experiments
were performed on whole mount, macerated cells and
footprints. Samples were mounted in Vectashield (Vector),
and visualized with a Leica DM5000, or a Leica SP5 II
confocal scanning microscope. For super resolution mi-
croscopy, macerated cells samples were mounted in
Mowiol and examined with a Leica TCS SP8 gSTED
microscope system. Obtained super-resolution images
were deconvoluted using the Huygens software from Sci-
entific Volume Imaging implemented in the TCS SP8.
Whole mount preparation: For AE03 labelling, whole

polyps were fixed in Zamboni’s fixative (2 % PFA, 0.2 %
picric acid in 0.1 M PBS pH 7.2). For 3G11 labelling,
whole polyps were fixed in 4 % PFA. Both fixations were
done at 4 °C overnight. The following steps were applied
to both antibodies: After three washes with PBS, the
polyps were permeabilized with 0.5 % Triton in PBS for
30 min, and incubated with 0.5 % Triton, 1 % bovine
serum albumin (BSA, w/v) in PBS with primary antibody
(dilutions = AE03 1:5, and 3G11 1:1000) overnight at 4 °C.
After this period, polyps were washed three times in PBS,
and incubated for 2 h with fluorescein isotthiocyanate-
conjugated (FITC) antimouse lgG (Dako) secondary anti-
body (1:200). Polyps were washed again three times in
PBS and mounted.
Macerated cells: Basal discs (from approx. 150 polyps)

were excised and incubated in 200 μl maceration medium
(acetic acid, glycerol, and distilled water, 1:1:7) for 2 h at
30 °C. Basal discs were then mechanically disrupted by
shearing them through the opening (roughly 1 mm diam-
eter) of a pipette. The same amount of fixative, either
Zamboni or PFA, were added to the medium containing
cells and gently mixed. 50 μl of the sample were spread
onto gelatine-coated slides and allowed dry for 20 min at
RT. Steps for antibody staining were as for whole mount.
Differences were a Triton concentration of 0.1 %, and an
incubation time for the secondary antibody of 4 h. Slides
were additionally counterstained with the DNA-specific
fluorochrome, Hoechst 33342 (Life Technologies; 1 μg/
ml). Samples examined with super-resolution microscopy
were incubated with antimouse abberior STAR 488
(Abberior) secondary antibody diluted 1:100.
Footprint: Secreted material was collected on glass

slides as described for light microscopy purposes. Im-
munofluorescence staining with AE03 and 3G11 was
carried out as described above.
We tried to elucidate the subcellular binding of AE03

and 3G11, but several different immunogold approaches
failed: i) post-embedded immunogold on both, cryo and
chemically fixed material [61], ii) post-embedded immu-
nogold on thawed cryosections according Tokuyasu
[62], and iii) pre-embedded with horseradish labelled
streptavidin conjugated antibodies.
Phalloidin staining
Configuration of actin filaments in the basal disc were de-
tected by phalloidin staining. Experiments were performed
using amputated basal discs. Animals were let to attach to
a glass slide for approximately 1 h and were then ampu-
tated. Basal discs were fixed with 4 % PFA for 1 h at room
temperature, then washed three times for 10 min in PBS-
0.5 % Triton, and then incubated in Alexa 488 phalloidin
(Invitrogen) in a concentration of 1:400 for 1 h at RT in
the dark. Afterwards, they were washed three times for
10 min with PBS. Samples were mounted in Vectashield
(Vector), and visualized with a Leica SP5 II confocal scan-
ning microscope.
Scanning electron microscopy
Hydra polyps were fixed in 4 % PFA for 24 h. They were
dehydrated in graded ETOH, dried by the critical point
method (with CO2 as transition fluid), mounted on
aluminium stubs, coated with gold in a sputter coater,
and observed with a JEOL JSM-6100 scanning electron
microscope.
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Transmission electron microscopy
Conventional chemical fixation and cryofixation were
performed basically as described by Holstein et al. [61].
Chemical fixation: Hydra polyps were allowed to attach
on a dialysis membrane, relaxed in 2 % urethane for
3 min and immediately fixed with a combined 2.5 % glu-
taraldehyde and 1 % osmium tetroxide fixative, dehy-
drated in a graded acetone series and embedded in
Polybed 812 resin.

High pressure freezing (HPF) and freeze substitution
Basal discs were dissected and frozen with a HPM-010
(HPF apparatus from BAL-TEC, Baltzers, Liechtenstein),
freeze substituted with acetone containing osmium tetrox-
ide and uranyl acetate, and embedded into PolyBed 812 as
previously described [61]. Thick sections (350 nm) and ul-
trathin sections (70 nm) were cut with a Leica ultra-
microtome UCT (Leica, Austria), mounted on copper
grids and stained with uranyl acetate and lead citrate and
examined with a Zeiss Libra 120 energy filter transmission
electron microscope using zero loss electrons. Images
were taken with a TRS 2048 high speed camera (Tröndle,
Germany) and visualized through Olympus SiS iTEM 5.0
software.
Cytochemical detection of PAS-positive 1–2 vicinal di-

ols was carried out according to Thiery [63]. Sections
from cryofixed samples were mounted on gold grids, ex-
posed to periodic acid, thiocarbohydrazide, and silver
proteinate. Negative control included omission of peri-
odic acid treatment.
Peroxidase activity was detected in Hydra polyps fixed

with 4 % PFA in 0.1 M PBS. They were stained with dia-
mino benzidine (DAB + CHROMOGEN, Dako), and post
fixation with 2.5 % glutaraldehyde/1 % osmium tetroxide,
dehydration and embedding into Polybed 812. Images
were taken without any further section post-staining. Con-
trols included the inhibition of peroxidase activity by incu-
bating samples in 3 % hydrogen peroxide for 20 min.
Electron energy loss spectroscopy (EELS) and electron

spectroscopic imaging (ESI) were performed on ultrathin
sections in order to detect element distribution in struc-
tures rich in nitrogen (N) and phosphorus (P) within the
basal disc cells. The EELS charts and ESI images were col-
lected using the software iTEM 5.0©. Distribution of N
and P was measured according to a three-window power
law difference ESI model with an energy slit width of
15 eV. Here, two background images and one image at the
ionization edge of the appropriate element, K edge 397 eV
for N and L2,3 edge at 129 eV for P were taken. Maximum
element distribution was finally mix mapped with an
inverted high contrast image taken at 250 eV.
The window-one was placed at 382 eV, the window-two

at 350 eV, and window-three at 410 eV. The difference of
the three windows coincide with the onset of the N –K
ionization edge at 397 eV. The background image was set
with the subtraction model obtained from the EELS ana-
lyses default, which ensures that only the energy loss from
the ion under examination is mapped. Likewise, for con-
structing the distribution map of P, the window-one was
placed at 121 eV, window-two at 110, and window-three at
153 eV. The energy-loss contribution of three windows co-
incide with the onset of P –L2,3 ionization edge of 129 eV.
Atomic force microscopy
Footprints from Hydra were collected on glass slides. The
samples were let dry at room temperature and analyzed
with Atomic Force Microscopy (AFM- Peak Force Tap-
ping™, PFT). Data collection was achieved by applying
controlled, low forces on the tip of the cantilever during
imaging, which allows a direct comparison between the
morphology and the adhesive properties at the nanometer
(nm) scale. With the PFT method, an adhesion profile can
be obtained by evaluating one force-distance curve for
each pixel of the obtained image. Thereof, the adhesion
force is defined as the maximum force needed to pull off
the cantilever tip. The probe (silicon tip on silicon nitride
cantilever—SNL, Bruker, Santa Barbara, CA, USA,
k¼0.12 N/m) was calibrated on a stiff surface prior to the
experiment for the measurements of the mechanical prop-
erties, in order to quantify the tip sample force.
Additional files

Additional file 1: Hydra magnipapillata dettaching from a glass slide in
real time. (MP4 3304 kb)

Additional file 2: Phalloidin staining of actin filaments visualized with
confocal microscopy. a overview of basal disc myoneme organization. The
square indicates the area magnified in figure b. b detail of actin filaments in
the basal disc. c lateral view of basal disc showing actin filaments which
branched perpendicularly towards the apical side. Arrowheads point at actin
filaments from basal disc cells, and arrows indicate the ones from endodermal
cells. Scale bars 50 μm (a), 15 μm (b, c). Abbreviation: ap, aboral pore; m,
mesoglea; bdc, ectodermal basal disc cells. (TIF 18280 kb)

Additional file 3: Transmission electron microscopy images of chemically
fixed basal discs from Hydra magnipapillata. a 350 nm sections from
longitudinal section of apical side of basal disc cell. Note that given the
thickness of sections, overlapping secretory granules can be seen. b 350 nm
sections from longitudinal section of basal side of basal disc cell. Myoneme
branching towards the apical side are seen. c 70 nm section longitudinal
section of basal disc showing possible HSGII developing stages. Scale bars
2 μm (a), 1 μm (b, c). Abbreviations: I, Hydra secretory granule I; II, Hydra
secretory granule II; I/II, possible developing transition between HSGI and
HSGII; III, Hydra secretory granule III; IV, Hydra secretory granule IV; ex,
exterior of the cell; m, mesoglea; my, myoneme; er, endoplasmic reticulum;
arrows, indicate cytoplasmic extensions; asterisks, indicate vacuoles of water;
arrowheads, indicate myoneme branching towards apical side of basal disc
cell. (TIF 9364 kb)

Additional file 4: Cytochemistry of Hydra basal disc. a longitudinal section
of a basal disc stained with alcian blue. Basal disc cells did not react for
acidic mucopolysaccarides. b Longitudinal section through a Hydra tentacle.
Nematocytes were alcian blue positive (arrows) corroborating the method
used was correct. Scale bars 100 μm (a), 50 μm (b). Abbreviations: bd, basal
disc; m, mesoglea; en, endoderm (TIF 3667 kb)

dx.doi.org/10.1186/s40850-016-0005-7
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Additional file 5: Lipidaceous granules distribution within Hydra basal
disc. Whole mounts were stained with Nile Red. a-a”’ Hydra polyps
contain few scattered lipid droplets within basal disc cells. Unlike basal
disc cells, the endoderm is rich in lipids. b-b”’ negative control was
established after a series of ETOH washes. Scale bars 30 μm. Abbreviations:
bd, basal disc; m, mesoglea; en, endoderm (TIF 6150 kb)

Additional file 6: Electron spectral imaging (ESI), and electron energy
loss spectroscopy (EELS) performed in sections of cryo-fixed basal disc. a
Merged ESI micrographs revealing the nitrogen atoms profile –green
dots. Nitrogen atoms are densely distributed in Hydra secretory granule II,
covering its full surface. b Merged ESI micrographs depicting P atoms
distribution –green dots. Note P atoms are found in the same secretory
granules as N but in much lower density. Scale bars 1 μm. Abbreviations:
ex, exterior of the cell. (TIF 2992 kb)

Abbreviations
AB, alcian blue; EELS, electron energy loss spectroscopy; EM, electron
microscopy; ER, endoplasmic reticulum; ESI, electron spectroscopic imaging;
HPF, high pressure freezing; HSG I-IV, Hydra secretory granule one to four;
PAS, periodic acid Schiff
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