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ABSTRACT

Tardigrades are microscopic animals, thus brightfield microscopy is a well established method for tardigrade observation.
Modern techniques in functional genetics like fluorescence in situ hybridisation or fluorescently labelled expression markers demand
high resolution fluorescence microscopy. Nevertheless tardigrades are still considered to be difficult objects for fluorescence
techniques as they are covered by an opaque and diffracting cuticle. We show a modern technique of structured light illumination
that enables us to acquire thin optical sections and consequently to reconstruct 3-dimensional structures in tardigrades with a high
spatial resolution in all 3 dimensions. This technique is evaluated on taxonomically valuable internal as well as external structures
of eutardigrades: the bucco-pharyngeal apparatus and the claws. The 3-dimensional reconstructions allow the measurement of

distances in all 3 dimensions.

Keywords: structured illumination, optical sectioning, fluorescence microscopy, ApoTome, 3-dimensional rendering, Tardigrada,

measuring 3D structures

1. INTRODUCTION

Tardigrades are microscopic small animals within
their own phylum consisting of more than 960 species
(Nelson 2001; Maas & Waloszek 2001; Guidetti &
Bertolani 2005). The first occurrence of tardigrades is
reported from the mid Cambrian (Miiller et al. 1995).
Eutardigrades have been present at least for 90 million
years (Bertolani & Grimaldi 2000; Budd 2001; Jergen-
sen & Kristensen 2004). Several semiterrestrial species
are able to survive extremely adverse conditions like
freezing and drying by undergoing cryptobiosis (Berto-
lani et al. 2004). These extraordinary capacities make
tardigrades an interesting phylum for the study of
extreme physiologies. Therefore the possibility to
localize fluorescently labelled probes or expression
markers is of highest interest for the applicability of
modern techniques in functional genetics and expression
analysis.

The animals bear a chitinous cuticle and their taxon-
omy mainly refers to their claws, the bucco-pharyngeal
apparatus, the cuticle's structure as well as to append-
ages of the cuticle (Thulin 1928; Ramazzotti 1962;
Pilato 1969, 1975); Guidetti & Bertolani 2005). Whilst
all these characters are examined microscopically, and
brightfield illumination techniques are well established
for tardigrade examination, tardigrades are still said to
be difficult objects for fluorescence microscopy (Russell
et al. 2001). This is mainly due to the opaque and dif-
fracting properties of the cuticle (Guidetti et al. 2000).
Apart from dye penetration problems, in epifluores-
cence microscopy and especially in laser scanning
microscopy unpredictable diffraction of illumination
and emitted light is a major problem (Russell et al.

2001). While many modern techniques, especially in
functional genetics (fluorochrome-coupled proteins,
fluorescence in situ hybridisation (fish), antibody-
staining), demand high resolution detection of fluores-
cent signals, the spatial distribution of these signals
gives additional and valuable information about their
functions. To overcome the aforementioned obstacles
physical sectioning or just cutting to get rid of the dif-
fracting cuticle and to facilitate dye penetration are pro-
posed (Russell ez al. 2001).

As a first step towards fluorescence microscopy in
tardigrades with a high spatial resolution, we decided to
reconstruct the 3-dimensional (3D) structure of taxo-
nomically valuable, autofluorescent morphological
characters: the bucco-pharyngeal apparatus and the
claws.

For fluorescence microscopy we employed the
ApoTome to acquire optical sections by application of a
so-called structured illumination (Neil ef al. 1997). This
wide field illumination fluorescence technique proved
itself to be applicable in tardigrades and not very sus-
ceptible to diffraction of the cuticle. In addition it
resulted in a good resolution of the observed structures.
Therefore we preferred the structured wide-field illumi-
nation (Neil et al. 1998). The 3D reconstructions enable
us to measure taxonomically important structures and
give us a good idea of their morphology.

2. METHODS

Tardigrade specimens of the species Milnesium
tardigradum Doyére, 1840 and Macrobiotus tonollii
Ramazzotti, 1956 were cultured on agar plates for a
couple of years, and subsequently used for the 3D
reconstruction of fluorescent structures. Originally they
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Fig. 1. Macrobiotus tonollii. a-d: Rotation around the x-axis and consequently different aspects of the claws on the right front leg.
During rotation of the 3-dimensional reconstruction all details of the structure become visible and thus even initially obstructed parts

become accessible.

were collected from moss (covering rock) in Tiibingen,
Germany and Eugene, Oregon, U.S.A. respectively. The
carnivorous tardigrades were reared in petri dishes on a
thin layer of 3% agar. A layer of 3 mm Volvic™ water
was added. For food, rotifers of the species Philodina
citrina Ehrenberg, 1832 were provided twice a week,
which were cultured separately in Volvic™ water and
fed with the green algae Chlorogonium sp. All cultures
were kept in a climate chamber at 20 °C.

Without previous fixation single specimens were
embedded directly in polyvinyl-lactophenol on a 1 mm
object carrier under a 0.13 mm cover-glass. To check
whether the applied method and the necessary
autofluorescence is generally valid, 15 specimens of
each species were examined. All microscopy was
performed on an Axiovert 200 M (Zeiss, Oberkochen,
Germany), equipped with an ApoTome unit and a Plan-
Apochromat 63x objective. Stacks of optical sections
were acquired with an Axiocam MRm using the
ApoTome with the high magnification grid. Exposure-
time was 100 ms. For each stack, according to the
dimensions of the structure, 40 to 60 optical sections
with a distance of 0.275 um were acquired. Each section
was averaged 3 times and the channels for filter sets 10

and 43 were adjusted to avoid chromatic z-axis
aberrations. Those stacks were acquired and processed
using the Axiovision 4.5 software package. Filter sets
used were: Filter set 10 BP450-490|BS510/BP515-565
(drawn  in  green) and  filter set 43
BP550/25/BS570|BP605/70.

3. RESULTS

After illumination with blue and green light we
could detect autofluorescent emission of green and red
light respectively. This autofluorescence  was
significantly high in the bucco-pharyngeal apparatuses
and the claws of Macrobiotus tonollii and in the claws
of Milnesium tardigradum. The resulting fluorescence
intensity was easily detectable against the diffuse
background signal of the cuticle and the tardigrades'
cells. That way, structured wide-field illumination
applying the ApoTome resulted in thin optical sections.
Stacks of these optical sections were processed resulting
in 3D reconstructions of these autofluorescent
structures. To give an idea of the easy handling of 3D
reconstructions, figure 1 shows 4 different aspects of the
claws on the right foreleg of M. tonollii. By turning the
3D reconstruction of these claws every detail of



160

M. Pfannkuchen et al.

Fig. 2. Macrobiotus tonollii. a: 3-dimensional (3D) reconstruction of the bucco-pharyngeal apparatus after combination of the signals
acquired with the filter sets 10 and 43. b: 3D reconstruction of the claws on the hind legs (left and right) (filter set 43). ¢: 3D
reconstruction of the right front claws (filter set 43). d: 3D reconstruction of the claws on the second leg (right) (filter set 43). e: 3D

reconstruction of the claws on the third leg (right) (filter set 43).

their morphology can be shown and measured, even
when initially being obstructed by parts of overlying
objects. Figure 2a displays the 3D reconstruction of the
bucco-pharyngeal apparatus of M. fonollii as an overlay
of green and red autofluorescence (filter sets 10 and 43
respectively). The placoids are clearly resolved,
showing that the first two placoids are joined. In
opposition to the buccal-tube and the placoidal
structures the stylets are of different material and thus
do not emit any autofluorescence. Parts of the buccal
tube as well as parts of the mouth also show only weak
or no fluorescence, again hinting to differences in the
material. Figure 2b shows the claws on the right hind
leg of M. tonollii, which is shown in different aspect
angles in figure la-d. Figures 2c-e show 3D

reconstructions of the claws on the first, second and
third legs of M. tonollii. All claw structures show a
strong autofluorescence.

Microscopy of specimens 5 weeks after embedding
showed no significant fading of the autofluorescence
signal (not shown) and no change in morphology as
well.

The software Axiovision allows the measurement of
distances in 3D reconstructions. Thus measurements of
initially obstructed areas which are obtained from dif-
ferent focal layers are now possible. Figure 3 demon-
strates the accuracy and possibilities of these measure-
ments. Figure 3a shows a claw on the third leg of M.
tardigradum displayed in differential interference con-
trast (DIC). The claw measures 18.76 um from the base
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Fig. 3. Milnesium tardigradum. a: Light micrograph (DIC) of the claws on the third leg. b: Fluorescence of the claws on the third leg
(filter set 43), 2-dimensional representation. ¢: 3-dimensional (3D) reconstruction of the autofluorescent claws on the third leg (filter
set 43). d: 3D reconstruction of the claws on the third leg (filter set 43) from different aspect angle. a-c show a measurement of the
same distance in 2-dimensional as well as 3D representation. d shows the measurement of the distance between the two tips of the
smaller claw, which originally obstructed each other, lying in different focal planes. After turning the 3D reconstruction both tips

became visible and thus measurable. Scale bar: a, b=15 pum.

to the tip. As it is oriented in the focal layer it is
assumed to be the correct value. The same value, of
course, is obtained when measuring the same claw's 2D
fluorescence image (filter set 43; Fig. 3b). Figure 3c
shows the 3D reconstruction of the claw (filter set 43)
and the corresponding measurement, giving a distance
of 18.77 pum. Figure 3d shows a different aspect of the
reconstruction allowing the measurement of the distance
of 10.51 um between the two tips of the smaller claw,
which were originally situated in different focal layers
(Fig. 3a) and thus their distance is only measurable after
3D reconstruction.

4. DISCUSSION

The claws and bucco-pharyngeal apparatuses of
eutardigrades are, among others, important taxonomic
structures (Ramazzotti & Maucci 1983; Guidetti &
Bertolani 2005) that show convenient autofluorescence
in green and red light after excitation with blue and
green light respectively. The autofluorescence intensity
is significantly high, enabling its clear detection above

the diffuse background autofluorescence of the tardi-
grade's body. After careful adjustment of the fluores-
cence filter sets, exposure time, contrast, brightness,
stack number and stack distance, after correction of the
chromatic aberrations and after choosing the correct
thresholds, a considerably high resolution in all 3
dimensions can be achieved, enabling the correct ren-
dering of internal as well as exposed structures of tardi-
grades. The resulting 3D reconstructions of these struc-
tures are not only convenient visualizations but enable
measurements of exact distances within these structures
with a putative taxonomic value. The claws could be
reconstructed irrespective of their position. Even when
lying underneath the specimen, with light having to
penetrate the tardigrade twice, the resulting optical sec-
tions resulted in good quality reconstructions. The
bucco-pharyngeal apparatus represents an internal
structure of eutardigrades, surrounded by the chitinous,
opaque cuticle. Even these internal structures could be
reconstructed with high spatial resolution. Both the
claws and the bucco-pharyngeal apparatus are still in
place, fixed on the whole specimen, thus showing their
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natural position representing the in situ habitus of the
tardigrade.

After the reconstruction of the 3D structure all dis-
tances in the object are measurable irrespective of the
object's initial orientation, possible obstructions or dif-
ferent focal layers. The measurements are almost identi-
cal to the values obtained from classical light micro-
graphs. The difference of 0.05% is most probably due to
a slightly different choice for the beginning and ending
of the distance, thus an error introduced by the experi-
menter. Keeping this and the value of 0.05% in mind,
we consider the measurement within the reconstructions
as accurate. Accurate measurements of distances as well
as angles within the aforementioned structures might
prove valuable in future descriptions and discussions
related to taxonomy, ecology and probably other topics
concerning tardigrades. However their significance will
be subject to further investigations.

Autofluorescence intensities of the claws and the
bucco-pharyngeal apparatuses were comparable to or
lower than fluorescence in DAPI, FITC, cy3 or cy5
labelled objects. That leads to the conclusion that those
aforementioned fluorochromes (which are not the
brightest ones available) will work very well in tardi-
grades, when detected as described here.

Tardigrade specimens are known to change (e.g.
degradation of tissue and cuticular structures) with time
when embedded in polyvinyl-lactophenol. However no
changes were observable within 5 weeks. This might be
different after a longer period of time. However embed-
ding in highly viscous material is inevitable because the
reduced movement of the object during the acquisition
of the focal stacks results in a significantly increased
resolution.

5. CONCLUSIONS

The method of structured illumination to obtain
optical sections applying the Zeiss ApoTome is easily
applied, works on specimens embedded already weeks
before and requires only one single specimen to be
embedded. All characters of taxonomic importance can
be revealed on this single specimen irrespective of their
position. That way the method is certainly valuable for
taxonomic work and results in didactically valuable 3D
models of taxonomically important characters (Miller
2004; Guidetti & Bertolani 2005). In comparison or
opposition to scanning electron microscopy the prepa-
ration for the described method is less laborious, thus
faster, and this light-microscopical method produces 3D
reconstructions that also reveal their covered side
"underneath" because they can be turned around after
reconstruction (Eibye-Jacobson 2001). Due to the whole
specimen being embedded, the claws and bucco-pha-
ryngeal apparatuses are considered to be still in place
and thus the reconstructions should represent the in situ
situation without preparation artefacts. All morphologi-
cal characters are resolved by the described technique.
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Measurements of distances in all 3 dimensions are
shown to be possible and accurate as well as easily ac-
cessible from one single specimen. Those measurements
and their significance in taxonomy, ecology and further
topics related with tardigrades will be subject to further
investigations.

As even internal structures, like the bucco-pharyn-
geal apparatus, with an autofluorescence intensity com-
parable to the fluorescence intensities of well estab-
lished fluorochromes, are easily detectable, we consider
the tardigrades ready for further investigations including
fluorescence detection of fluorochromes with a high
spatial resolution referring to the life-habitus of the
specimen.
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