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Abstract

Introduction: Tardigrades are an ancient lineage of microinvertebrates with a unique metameric pattern consisting
of a head and four lobopodal leg-bearing segments. While their close relationship to Onychophora and Arthropoda
is well established, many questions remain about the structure and origin of the tardigrade metameric pattern.

For example, the relationship of the tardigrade head to that of Arthropoda and Onychophora remains a contentious
issue. One source of contention stems from disagreement about the structure of the tardigrade brain. The availability
of developmental tools for the tardigrade Hypsibius dujardini give this species the potential to clarify questions regarding
the relationship of tardigrade segmental patterns to those in Arthropoda and Onychophora. Here we investigate the
nervous system, muscle system, and cuticle anatomy of H. dujardini using high-resolution microscopy methods.

Results: We characterized nervous system anatomy of H. dujardini using a combination of anti-f -tubulin staining and
DAPI staining and muscle system anatomy using phalloidin staining. We identified several brain lobes: paired outer
lobes, paired inner lobes, and a single horseshoe-shaped ventral lobe. We also characterized similarities and differences
in the nervous system and muscle system anatomy of the four body segments. Based on these, we detect distinct
morphological identities for each segment in this species.

Conclusions: Based on comparisons of our results to previous reports, we find support for an ancestral
tardigrade brain exhibiting architecture similar to that of H. dujardini. Comparisons to other tardigrade species
suggest that each segment in the ancestral tardigrade possessed a unique morphological identity, rather than
exhibiting strictly homonomous segmentation, and thus that differentiation of anterior segment identities arose
prior to the diversification of panarthropodan lineages. This hypothesis can be further tested by examination of
the expression boundaries of anterior Hox genes, which differentiate anterior segments through a mechanism
conserved between onychophorans and arthropods. Our investigation of H. dujardini segmental morphologies
will facilitate developmental genetic studies in this species that promise to illuminate the relationship of the
tardigrade metameric pattern to that of other panarthropods.
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Introduction

The taxon Tardigrada is composed of microscopic inverte-
brates known for their remarkable ability to survive hostile
environments, including extremes in temperature, pres-
sure, salinity, radiation, and even the vacuum of outer
space [1-8]. Tardigrada is an ancient lineage, with a fossil
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record extending back to the Cambrian period [9]. Extant
tardigrade species inhabit marine, freshwater, and terres-
trial habitats [10,11]. The metameric pattern of tardigrades
consists of a head, housing a multilobed brain [12-18],
and four segments bearing lobopodal legs [10,11,19,20].
Based on morphological similarities, a close relationship
of Tardigrada with two other ancient lineages, Onychoph-
ora and Arthropoda, has long been acknowledged; the
taxon Panarthropoda was erected in recognition of this rela-
tionship [10,12,20-23]. A recent taxonomically well-sampled
phylogenomic analysis recovered a highly supported

© 2014 Smith and Jockusch; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly credited. The Creative Commons Public

Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this

article, unless otherwise stated.


mailto:frank.w.smithiii@gmail.com
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/publicdomain/zero/1.0/

Smith and Jockusch Frontiers in Zoology 2014, 11:66
http://www.frontiersinzoology.com/content/11/1/66

monophyletic Panarthropoda and suggested that the earli-
est divergence within this lineage was between Tardigrada
and the ancestor of Arthropoda + Onychophora [24]. A re-
cent analysis that included morphological data from extant
and extinct species recovered the same topology [25]. How-
ever, other studies have found support for Arthropoda +
Tardigrada [26] or Tardigrada + Onychophora [27].

Both arthropods and onychophorans exhibit clear head
tagmata [10,28,29], which house the brains of these ani-
mals. In one model of panarthropod nervous system
evolution, ancestrally each segment housed a ganglion
[30]. In this model, the three parts of the arthropod
brain, the protocerebrum, deutocerebrum, and tritocere-
brum, are derived from ancestral ganglia of the anterior
three segments. Onychophorans possess a head tagma
composed of only three morphologically and function-
ally distinct segments, and a trunk composed of many
morphologically similar segments [10]. The onychoph-
oran brain is derived from nervous tissue of the two
anterior-most segments [31]. Fossil evidence that the
common ancestor of arthropods and onychophorans lacked
tagmosis [32,33], along with differences in tagmosis pat-
terns in arthropods and onychophorans, suggest that tag-
mosis evolved independently in these two lineages [27].

The relationship of the tardigrade head to the heads of
arthropods and onychophorans has important implica-
tions for the evolution of tagmosis in Panarthropoda.
However, how the segments of tardigrades align to those
of arthropods and onychophorans is a contentious issue.
This debate stems in part from disagreements concern-
ing the relationship of the tardigrade brain to the arthro-
pod brain. In the tripartite hypothesis of tardigrade brain
composition, paired outer, inner, and ventral brain lobes
are considered to be serially homologous to segmental
ganglia [17-20,34]. This is based on similarities in struc-
ture between lobes and ganglia, such as the presence of
commissures. Under this hypothesis, there is direct hom-
ology between tardigrade brain lobes and the three seg-
ments of the arthropod brain [17-20,34]. Generally, the
inner lobe of the tardigrade brain is aligned with the pro-
tocerebrum, the outer lobe with the deuterocerebrum,
and the ventral lobe with the tritocerebrum [20,34]. There
are several important evolutionary implications of this hy-
pothesis. If the tardigrade brain is composed of three
ancestral segmental ganglia, then the tardigrade head
originated by fusion of three ancestral segments. Tardi-
grades would possess a head tagma under this hypo-
thesis. Under the hypothesis that Onychophora is the
sister group of Arthropoda, it suggests that the bipart-
ite brain of Onychophora is derived from an ancestral
tripartite brain. Alternatively, if tardigrades are the sis-
ter group of arthropods, then the tripartite brain may
be a synapomorphy of this clade. By contrast, the pro-
tocerebral hypothesis of brain composition asserts that
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the entire tardigrade brain is directly homologous to
the protocerebrum of arthropods [15,35], and therefore
that the tardigrade head is composed of a single seg-
ment and the tardigrade brain is derived from the gan-
glion of that segment. Under this hypothesis, the tripartite
brain is a synapomorphy of Arthropoda [31].

Proponents of the protocerebral hypothesis have pre-
sented high-resolution confocal microscopy investiga-
tions of brain anatomy of two species of Macrobiotus
(Eutardigrada) [15,35], Echiniscus testudo (Heterotardi-
grada) [36], Batillipes pennaki (Heterotardigrada) [37],
and Actinarctus doryphorus ocellatus (Heterotardigrada)
[37]. Proponents of the tripartite hypothesis have pre-
sented confocal microscopy investigations of Halobiotus
crispae (Eutardigrada) [17] and Actinarctus doryphorus
(Heterotardigrada) [18]. The above studies are generally in
agreement that tardigrades possess a multilobed brain, but
how many lobes are present in the brain and the relation-
ship of brain lobes across Tardigrada are not well resolved.
Moreover, investigations of brain lobes and commissures
alone have been unable to resolve the relationship of the
tardigrade brain to that in other panarthropods.

Several additional aspects of anterior nervous system
anatomy have been evaluated in attempting to homologize
tardigrade brains to those of other panarthropods. Ac-
cording to the tripartite hypothesis of tardigrade brain
architecture, an arthropod-like subesophogeal ganglion is
also present in the tardigrade head. By contrast, under the
protocerebral hypothesis, there is no subesophogeal
ganglion, because its existence would require the brain to
be composed of at least two ganglia. A subesophageal gan-
glion was included in the brain anatomy interpretations of
several studies [13,17,18,20,34]. However, most recent
studies of tardigrade brain anatomy have not identified a
subesophogeal ganglion [15,35-37]. In arthropods, the
stomatogastric ganglion is innervated by the tritocere-
brum [38]. Mayer et al. [15] interpreted a structure above
the ventral ganglion of the second leg-bearing segment of
Macrobiotus harmsworthi as a stomatogastric ganglion,
suggesting that the third segment of M. harmsworthi aligns
with the tritocerebral segment of arthropods, and by exten-
sion, that the brain-housing segment of M. harmsworthi
aligns with the protocerebrum of arthropods [15]. How-
ever, a candidate stomatogastric ganglion has not been
identified in other tardigrade species.

One explanation for these conflicting conclusions is
that there is variation in brain anatomy across Tardi-
grada. Alternatively, the putative differences may instead
reflect different evolutionary interpretations of similar
brain morphologies by workers in the field. Although it
seems possible that nervous system anatomies have di-
verged among tardigrade lineages, segmental patterns of
muscle anatomy are highly conserved across tardigrades
[39], suggesting that, at the very least, all tardigrades
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share the same complement of directly homologous
segments.

The value of developmental studies for discriminating
between the protocerebral and tripartite hypotheses has
been acknowledged by proponents of both interpreta-
tions of tardigrade brain morphology [15-17,35,37]. Such
data have put to rest long-standing controversy regard-
ing the composition of the chelicerate head [40-42]. The
tardigrade Hybsibius dujardini (Parachela, Eutardigrada)
is an ideal system for testing these and other hypotheses
related to the evolution of tardigrades with developmen-
tal data. First, H. dujardini is easily cultured, providing
unlimited access to embryos for experimentation [43].
Second, the feasibility of embryonic studies of gene ex-
pression [44,45] and gene function through RNAI [46] has
been demonstrated for this species. Third, an H. dujardini
genome sequencing project is in progress (Goldstein, pers.
comm.). Mayer et al. [16] previously investigated the
organization of the nervous system of H. dujardini. In
order to investigate segmental patterns in H. dujardini
in further detail, we stained the nervous system with a
B-tubulin antibody and the muscle system with phal-
loidin, and then analyzed the segmental structure of
these systems with confocal microscopy. We also ex-
amined the cuticle of H. dujardini using scanning elec-
tron micrographs. Our results reveal that H. dujardini
retains highly conserved segmental muscle and ner-
vous system anatomies, supporting the suitability of
this species as a developmental model for Tardigrada.
Our results support an ancestral tardigrade brain com-
posed of paired outer lobes, paired inner lobes, and a ven-
tral lobe. We propose that the ventral lobe of H. dujardini
is directly homologous to both the ventral lobe and sube-
sophogeal ganglion identified in previous studies [17,18].
Furthermore, these results suggest that internal morpho-
logical aspects of the anterior segments were already dif-
ferentiated in the panarthropod ancestor. Thus, although
the panarthropod common ancestor is characterized as
being homonomously segmented [19,22,23,32,47-50],
these comparative data suggest that segmental diver-
sity may have evolved prior to the divergence of the
three panarthropod lineages. The developmental mechan-
ism responsible for differentiating anterior segments in
Onychophora and Arthropoda is conserved [51,52]. The
discovery of segmental diversity in tardigrades raises the
question of whether this mechanism is even evolutionarily
more ancient.

Results

General morphology

Like other tardigrades, H. dujardini possesses a head
and four trunk segments. A pair of ventral legs is found
in each trunk segment (Figure 1A). A series of claws
attach to the distal tip of each leg (c1-c4, Figure 1A, D).
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The head lacks legs, but has an internal pharyngeal ap-
paratus, which has been suggested to be derived from
an ancestral pair of head appendages [20,53]. The pharyngeal
apparatus includes a muscular pharyngeal bulb (ph) and sty-
lets (st), which are used in feeding (Figure 1C). The mouth
is found at the anterior end of the head (mo, Figure 1A).
Below we describe the nervous and muscular systems of
H. dujardini. We identify nervous system anatomy and
muscle system anatomy with terminology based on previ-
ous confocal microscopy analyses [15,17,35,53,54].

Nervous system anatomy
We used a combination of DAPI-staining and anti-p-
tubulin immunohistochemistry to characterize the ner-
vous system of H. dujardini. The H. dujardini nervous
system is composed of an anterior brain, a pair of ventral
nerve cords, and a peripheral nervous system composed
of many smaller nerves. In DAPI-stained specimens, we
identified several clusters of somata in the head, which we
refer to as brain lobes. Two bilaterally symmetrical pairs
of brain lobes, outer lobes (ol) and inner lobes (il), were
detected, along with a ventral lobe (vl) that spanned the
midline (Figure 2B-E). In anti-B-tubulin stained speci-
mens, two nerves, the outer connective (oc) and the inner
connective (ic), could be seen extending from both the
right and left anterior region of the first trunk ganglion
into the brain (Figure 2A). The outer connective extends
dorsally to the dorsal cluster (dc) near the eye. The inner
connective extends through the ventral lobe (vl) into a
region of dense nervous tissue (ne) innervating the
mouth (Figures 2A and 3A). Anterior clusters (ac) of
nerves innervate the papillae cephalica (Figures 2A and
3A, D). A dorsal commissure (dco) connects the outer
brain lobes (Figure 2A). An inner commissure (ico) con-
nects the inner brain lobes (Figure 2A). A commissure
(co*) also extends between the inner connectives beneath
the ventral lobe (Figure 3A, C, E). Several nerves extend
posteriorly from the brain along the sides of the
pharyngeal bulb (labeled ‘pn’ in Figures 2A and 3D).
Four ganglia are found along the ventral nerve cords,
one for each trunk segment (gal-ga4, Figure 3A). Each
ganglion includes a single dense cluster of cell bodies
that does not show anti-B-tubulin expression. The ven-
tral nerve cords extend ventrolaterally across the cell
clusters. Within each ganglion, the ventral nerve cords
swell to roughly three times the width of the connectives
between the ganglia. The ventral nerve cords are con-
nected by fibrous commissures that extend across the
cell cluster of each ganglion (co, Figure 3A, C-E, G).
Nerves extend from each ganglion into the legs of the
segment in which the ganglion is found. The first three
ganglia are wider than the fourth ganglion (Figure 3A, G).
For example, in the specimen shown in Figure 3A, from
ganglion 1 to 4, the maximum widths of the ganglia
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le, leg; mo, mouth; ph, pharyngeal bulb; st, stylet.

Figure 1 General anatomy of H. dujardini. Scale bars equal 25 um (A) Differential interference micrograph showing ventrolateral view of the
left side of an adult H. dujardini specimen. The anteroposterior axis includes a head and four trunk segments, each with a pair of legs (left legs
are in focus). (B) Light micrograph of an adult laying eggs in its exuvia during molting. (C) DIC micrograph of the ventral head of an adult H.
dujardini specimen. (D) DIC micrograph of the leg claws of the anterior three right legs. Abbreviations: bu, buccal tube; ¢, claw; e, eggs; fu, furca;

measured 12.4 pm, 12.8 pm, 13.4 pum, and 8.0 um,
respectively. Anti- B-tubulin expression in the stomach
in Figure 3A and G is autofluorescence due to algal
gut content (see Additional file 1: Figure S1).

Ventral and lateral musculature

Muscles were visualized using phalloidin staining. A pair of
bilaterally symmetric muscle strands extends longitudinally
throughout much of the ventral axis (ve, Figure 4A). Each
of these muscle strands is interrupted by 7 intermediate
attachment sites (a—g, Figures 4A and 5A). At its corre-
sponding attachment site ¢, each muscle strand bifurcates
and extends in an anterior direction past the pharyngeal
bulb. For both ventral longitudinal muscles, one strand
of each bifurcation extends to intermediate attachment
site a, and the other to intermediate attachment site b
(Figure 5A).

Seven ventral median muscle attachment sites are
found in H. dujardini and other tardigrade species (1-7,
Figure 4A). These attachment sites are visible as depres-
sions in the ventral cuticle of H. dujardini (Figure 4B).
Muscles attaching at the ventral median attachment sites
extend to the base of the legs or into the legs, run along
the ventral muscle strands, extend dorsoanteriorly, ex-
tend anteriorly along the ventral muscle bands, or run
dorsally to lateral muscle attachment sites. Lateral
muscle attachment sites are also visible as depressions
in the exterior cuticle (Figure 5B). We label lateral
muscle attachment sites following the scheme of Halberg
et al. [53]: from the anterior TO, 11, T1, 12, T2, etc. We
analyzed the structures of the ventral attachment sites in
seven phalloidin-stained H. dujardini specimens; mor-
phology of ventral median attachment sites was consistent
across specimens. All ventral median attachment sites are
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Figure 2 Structure of the H. dujardini head. All images are of
ventral-mounted specimens. Scale bar equals 25 um. (A) Maximum
projection of confocal Z-series. (B-D). Increasingly deeper slices of a
DAPI-stained specimen. (B) The ventral lobe appears continuous
across the midline. Note the groove that runs through the outer
(arrows) brain lobes. (C) The ventral lobe extends on both sides
of the buccal tube, suggesting that it is horseshoe shaped. (D) Few
cell bodies surround the buccal tube in the interior of the head.

(E) Dorsal brain. Abbreviations: ac, anterior cluster; bd, neurite
bundles; bu, buccal tube; dc, dorsal cluster; dco, dorsal commissure;
ga, ganglion; ic, inner connective ico, inner commissure; il, inner brain
lobe; le, leg; ne, neurites of the mouth; oc, outer connective; ol, outer
brain lobe; ph, pharyngeal bulb; pn, posterior nerves; vl, ventral
brain lobe.

bilaterally symmetrical, and unless indicated below, mus-
cles they support do not cross the midline. Here we
provide anatomical details for one side of each ventral
attachment site.
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The first ventral median attachment site includes 7
muscle pairs that do not make contact medially (Figure 4A
inset). Muscle strand 1a at this site extends anteriorly to an
intermediate attachment site (a) of the ventral longitudinal
muscle strand. Muscle strand 1i extends into the first leg.
A thin muscle strand (1i*) extends across the midline into
the first leg of the other side. This is the only instance of a
ventral muscle strand crossing the midline. Two thin
muscle strands (1ii) extend dorsally to lateral longitu-
dinal attachment site TO (Figure 5A). Next, two thick
muscle strands (1iii) extend to the base of the second
leg (Figure 4A, see leg muscles section below).

The second ventral median attachment site includes three
pairs of muscles that make contact medially (Figure 4A).
The anterior-most muscle strand (2i) extends into the first
leg, where it forms a sheet muscle along the poster wall of
the leg (see leg muscles section). Next a bifurcated muscle
strand (2ii) extends dorsally along the body wall to lateral
longitudinal attachment site t1 (Figures 4A and 5A). The
posterior-most muscle extends to the base of the second leg
(2iii, Figure 4A). The third ventral median attachment site
includes five muscle pairs that do not make contact medially
(Figure 4A). The anterior-most muscle strand (3a, Figure 4A)
extends anteriorly to an intermediate attachment site (c) of
the ventral longitudinal muscle strand. This muscle is
followed by a muscle strand that extends into the second leg
(3i). Two thin muscle strands (3ii) extend dorsally along the
body wall to longitudinal attachment site T1 (Figures 4A
and 5A). These are followed by a muscle strand that extends
to the base of the third leg (3iii, Figure 4A).

The architecture of ventral median attachment site 4
is identical to that of attachment site 2 (Figure 4A). In
this case, the anterior-most muscle strand (4i) runs into
the second leg, muscle strand 4ii extends to longitudinal
attachment site 12, and the posterior-most muscle strand
(4iii) runs to the base of third leg (Figures 4A and 5A).
Ventral median attachment site 5 is similar to attach-
ment site 3. In this case, muscle strand (5i) extends from
attachment site 5 laterally into the third leg and two thin
muscle strands (5ii) extend to longitudinal attachment
site T2 (Figures 4A and 5A). Attachment site 5 differs
from attachment site 3 in that the anterior-most muscle
strand (5a) runs dorsoanteriorly to a lateral position
(Figure 5A) and continues in an anterior direction and
no posteriorly-directed muscle strand is present.

Two muscle pairs are attached to ventral median at-
tachment site 6 (Figure 4A); these come into contact
medially. The anterior muscle strand (6i) extends lat-
erally into the third leg and forms a sheet muscle along
the posterior of the leg (see leg muscles section). The
posterior muscle strand (6ii) splits into two muscle
bands, which run dorsally along the body wall to longitu-
dinal attachment site 13 (Figure 5A). Four muscle pairs
that do not make contact medially extend from ventral
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Figure 3 “Rope ladder-like” ventral nervous system of H. dujardini. Anti-3-tubulin immunolabeling is shown in A, C-G. DAPI counterstaining
is shown in A, D-G. Scale bars equal 25 um. (A) Maximum projection of brain and ventral nervous system. Each body segment includes a ventral
ganglion. The inner connective extends from the anterior-most ventral ganglion to the ventral brain lobe, where a commissure (co®) transverses
the midline. The position of the mouth is indicated. (B) DIC micrograph of the head. (C) Depth-coded maximum-projection of confocal Z-series
of specimen shown in B. The brain and first ganglion can be seen. (D-E) Individual slices of the Z-series used to produce C. Inset in E shows a
maximum projection magnification of the ganglion; fibrous commissures extend across the ganglion. (F) Maximum projection of the ganglion
and a leg of the third trunk segment (same specimen as shown in A). The right leg is outlined. Arrowheads point to nerves extending from the
third ganglion. (G) Maximum projection of the second, third, and anterior fourth segments (same specimen as shown in B-E). Ganglion 4 is
smaller than ganglion 2 or 3. Abbreviations: ac, anterior cluster; bu, buccal tube; cn, connective; co, commissure; dc, dorsal cluster; ga, ganglion; ic,
inner connective; le, leg; Ig, leg ganglion; mo, mouth; ne, neurites of the mouth; oc, outer connective; ol, outer lobe; ph, pharyngeal bulb; pn,

posterior nerves; so, stomach; st, stylet; vl, ventral lobe.

median attachment site 7 (Figure 4A). The anterior muscle
strand (7a) extends dorsoanteriorly to a lateral position
and continues in an anterior direction (Figure 5A). Two
thin muscle strands (7ii) extend dorsally along the body
wall to longitudinal attachment site T3 (Figure 5A). Finally
a muscle strand (7iii) extends to the base of the posterior-
most leg (Figure 4A).

Dorsal musculature
Two pairs of longitudinal dorsal muscle strands extend

attachment sites are found along the dorsal muscle
strands, which by convention are given capital letter des-
ignations. The outer strand of each pair extends from at-
tachment site A to attachment site W. The inner strand
extends from attachment site A* to dorsal attachment
site V. Longitudinal muscle stands of each pair appear to
fuse and split at several positions along their lengths.
Several muscle attachment sites are located along these
muscle strands. Muscles extending from near the pharyngeal
bulb attach to the outer longitudinal muscle strand at attach-

ment sites B and C. At the next several attachment sites, the
longitudinal muscle strands connect to muscles extending

from in front of the pharyngeal bulb (ph) along the dor-
sum to the posterior end (Figure 6A). Several muscle

Figure 4 Ventral muscle anatomy in H. dujardini as revealed by phalloidin staining. Specimens are oriented ventral side up. Anterior is to
the top. Scale bars equal 25 um. (A) Depth-coded maximum projection of ventral slices of confocal Z-series. Ventral median attachment sites are
numbered 1-7. Muscle strands are labeled following the system of Schmidt-Rhaesa and Kulessa [54]. The first attachment site is out of focus
below the pharyngeal bulb. We have outlined its position. Inset shows a maximum projection of the first attachment site. Intermediate attachment
sites along one ventral longitudinal muscle strand are boxed. (B) Scanning electron micrograph showing cuticular depressions associated with ventral
attachment sites. Abbreviations: mo, mouth; ph, pharyngeal bulb; ve, ventral longitudinal muscle; vi, visceral muscle.
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Figure 5 Lateral muscle anatomy of H. dujardini as revealed by phalloidin staining. Lateral muscle attachment sites are labeled following
the system of Halberg et al. [54]. Anterior is to the right. Scale bars equal 25 um. (A) View of longitudinal musculature. Lateral attachment sites
are circled. Muscles labeled 'i" extend from ventral attachment sites to longitudinal attachment sites. Intermediate attachment sites a and b are
visible in the ventral anterior and muscles labeled ‘a" attach to these. (B) Scanning electron micrograph showing cuticular depressions associated
with longitudinal attachment sites. Abbreviation: le, leg; ph, pharyngeal bulb.

from the lateral region of the legs (see leg muscles section).
Attachment sites D, E, H, , N, O, S, U and W are on the
outer dorsal muscle strand. Attachment sites E G, K, L, P
and Q are connected to leg muscles that cross over the outer
longitudinal muscle strand and connect to the inner stand.
F*, L* and Q* represent dorsal attachment sites that are off
of the longitudinal muscle stands, but connect to leg muscles
like most other attachment sites. Attachment sites M and R
are points where longitudinal muscle strands bifurcate.
Dorsal attachment points are visible as depressions in the
dorsal cuticle of H. dujardini and cause folding of the cuticle
(Figure 6B).

Visceral musculature

The visceral musculature of tardigrades functions in food
acquisition and digestion. The muscular pharyngeal bulb
(ph, Figures 4A, 5A and 6A) of H. dujardini sits above the
ganglion of the first leg-bearing segment (Figure 3A). The
stylets (st) sit in front of the pharyngeal bulb (Figure 1C).
A total of 10 muscles are attached to the stylets of the

pharyngeal apparatus near the dorsoanterior region of the
phanyngeal bulb (Figure 6A). 2 muscle pairs (m1, m6) that
extend from the furca (fu) to the anterior end of the buc-
cal tube, 2 muscle pairs (m2, m3) that extend from the
pharyngeal bulb to the furca, and 2 muscles (m4, m5) that
extend from the furca of the left stylet to the furca of the
right stylet. We detected an additional six visceral muscles
in the gut cavity (vil-6, Figures 4A and 6A), which likely
function in digestion.

Leg muscles

In terms of leg musculature, the first three pairs of legs
are much more similar to each other than they are to
the fourth pair of legs. The medial muscles of the first
three leg pairs are connected to ventral median attach-
ment sites and are labeled as such (Figure 7A). Each of
these legs includes a posterior sheet muscle (sh) that
extends from the ventral median attachment site just
posterior to it (2i, 4i, 6i). Each of these legs also includes
a muscle that extends to its distal tip from an adjacent
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pharyngeal bulb; vi, visceral muscle.

Figure 6 Dorsal muscle anatomy and visceral musculature of H. dujardini as revealed by phalloidin staining. Anterior is to the top. Scale
bars equal 25 um. (A) Depth-coded maximum projection of dorsal slices of confocal Z-series. Same specimen as in Figure 4A. Dorsal attachment
sites are labeled with capital letters. Inset shows a maximum projection of stylet muscles not visible in the depth-coded image. (B) Scanning elec-
tron micrograph showing cuticular depressions and wrinkles associated with dorsal attachment sites. Abbreviations: fu, furca; le, leg; ph,

ventral median attachment site (1i, 3i, 5i). Muscles of
the iii variety attach to leg pairs two (1iii, 2iii) and three
(3iii, 4iii) from the corresponding ventral attachment
sites anterior to these legs (Figure 7A). No iii muscles
extend to the first leg pair. Unlike the other leg pairs, a
muscle extends across ventral attachment site (1)
between the first leg pair into the contralateral leg (1i).
For the lateral leg, muscles are named after the attach-
ment sites they extend to. As with the medial muscle
patterns, there are similar lateral muscle patterns
between the legs of the first three leg pairs (Figure 7B,
C). Each leg of the first three leg pairs includes a muscle
(t1, t2, t3b, respectively) that extends in a dorsoposterior
direction to a lateral attachment site. Each leg of the first
three leg pairs also includes a muscle that extends
dorsally to a lateral attachment site (11, 12, 13, respect-
ively). Finally, each of these legs also includes several
muscles that extend to dorsal longitudinal attachment
sites, including two muscles, each (f*1 and 2, I*1 and 2,
q*1 and 2, respectively), that extend to dorsal attach-
ment sites that are off of the dorsal longitudinal muscle
strands. In contrast to the three anterior leg pairs, very
few muscles extend into the posterior-most legs
(Figure 7C). A ventral longitudinal muscle strand extends

into each leg of this pair, where it forms a sheet muscle
(sh). A muscle (7iii) extends from each posterior leg to
ventral attachment site 7. Finally, a muscle extends from
each posterior leg (wl) to dorsal attachment site W.

Discussion

Segmental patterns in H. dujardini

Based on muscle and nervous system anatomy, we
detected five segments in H. dujardini, each exhibiting a
distinct morphological identity (summarized in Figure 8A).
Characterization of distinct identities is valuable for deve-
lopmental analyses and also informs our understanding of
panarthropod and tardigrade evolution. The head is dis-
tinct, with the presence of the brain, stylets, and stylet
musculature. In our model of segmentation, a pair of legs
and the associated ganglion define each segment posterior
to the head; ventral attachment sites are considered to be
part of the same segment as the adjacent ganglion. Attach-
ment site 1 is part of the first leg-bearing segment, along
with the first ventral ganglion. Attachment site 1 exhibits
a unique morphology compared to other ventral attach-
ment sites, and the first leg-bearing segment is unique in
housing just a single attachment site. The arrangement of
leg muscles in the first leg segment was also unique.
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Figure 7 Side-mounted H. dujardini specimen showing leg
muscle anatomy as revealed by phalloidin staining. Anterior is
to the right. Scale bar equals 25 um. (A) Maximum projection of the
medial muscles of the left three anterior-most legs. All medial leg
muscles extend to ventral median attachment sites. Ventral median
attachment sites are numbered 1-7. Right legs are outlined. (B) Maximum
projection of the lateral muscles of the left three anterior-most legs.

Lateral leg muscles extend to dorsal attachment sites (lower case letters
correspond to letter designation of dorsal attachment site) or to
lateral attachment sites (muscles labeled t, 1). (C) Maximum projection
of the lateral (right leg) and medial (left leg) muscles of the posterior-
most legs. Dashed lines in the posterior denotes boundary between
legs and body wall. A dashed line also outlines the right third leg.

The posterolateral muscle strands of the third leg are labeled (u1, s1).
Dorsolaterally directed muscle 8a is labeled. Abbreviations: ga, ganglion;

le, leg; sh, sheet muscle; ve, ventral longitudinal muscle strand.

Attachment sites 2 and 3 belong to the second leg-bearing
segment. These attachment sites circumscribe the ventral
ganglion of this segment (ganglion 2). Attachment sites 4
and 5 are parts of the third trunk segment, and circum-
scribe ganglion 3. Attachment site 4 shares an identical
muscle arrangement with attachment site 2, while the an-
terior of attachment site 5 is similar to the anterior of ven-
tral attachment site 3. Segments 2 and 3 share leg muscle
architecture as well as attachment site architecture. How-
ever, they are distinguished by the muscle arrangement in
the posterior of attachment sites 3 and 5. Attachment sites
6 and 7 are parts of the fourth trunk segment; the mor-
phologies of both are unique compared to those of other
attachment sites. These sites circumscribe ganglion 4. The
ganglion of this segment is the smallest of the segmental
ganglia. Based on muscle anatomy in the legs, we detected
three distinct leg identities. Both appendage pairs one and
four have distinct morphologies, while appendage pairs
two and three are nearly identical. Therefore, while we
could detect distinct segmental identities among the leg-
bearing segments, based on morphology, it is clear that
leg-bearing segments 2 and 3 are the most similar.
Below, we compare our results to those from other
tardigrade species to reconstruct the antiquity in
Tardigrada of the segmental patterns we detected in H.
dujardini.

Nervous system anatomy of H. dujardini and its

relationship to that of other tardigrade species

The tardigrade brain is composed of several lobes, which are
at least party composed of neuronal somata [15,16,18,35-37].
The brain of H. dujardini is composed of two paired lobes
(outer and inner) and one unpaired lobe (ventral). Outer and
inner lobes have been identified in brains across Tardigrada
[15,17,18,35,36]. The similar location of these brain struc-
tures across Tardigrada supports their direct homology in
this lineage. Ventral lobes and a subesophogeal ganglion
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Figure 8 The metameric pattern of H. dujardini includes five distinct segment identities. (A) A model H. dujardini segmental anatomy
based on results of the investigations of ventral nervous and muscle systems presented here. Dashed lines demarcate the hypothesized
boundaries between segments. Nervous system structures are depicted in red. Muscle system structures are depicted in green. Ventral
attachment sites are numbered. Dashed lines represent muscles that extend dorsally. (B) Hypothesized anterior Hox gene expression
domains of the onychophoran-arthropod ancestor based on [63]. The identities of onychophoran segments are provided on the left and the
identities of insect segments are provided on the right. Dashed expression domains represent uncertainty in reconstruction of ancestral anterior expression
boundaries. The anterior-most expression boundary of the Hox genes is the anterior boundary of the third segment. This pattern in H. dujardini would
support direct alignment of tardigrade segments with arthropod and onychophoran segments and would suggest that the tardigrade head is
composed of a single segment. Abbreviations: Dfd, Deformed; ftz, fushi tarazu; ga, ganglion; lab, labial; il, inner lobe; mo, mouth; ol, outer
lobe; ph, pharyngeal bulb; pb, proboscipedia, Scr, Sex combs reduced; vl, ventral lobe.
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have been identified in the eutardigrade species Halobiotus
crispae [17]. Corresponding structures were not identified in
two species of Macrobiotus [15,35], which are also eutardi-
grades. Based on these studies, it was suggested that a sube-
sophogeal ganglion is not part of the tardigrade brain
[15,35]. While we did not detect a discrete subesophogeal
ganglion in H. dujardini, we suggest that the ventral brain
lobe of this species can be homologized with the ventral
brain structures of H. crispae [17]. The structure that
we identified in H. dujardini as the ventral brain lobe
(Figures 2B, 3A, 3D) is horseshoe-shaped. The ventral
body of this structure is found in a position that corre-
sponds to the position of the subesophogeal ganglion
in H. crispae, while the branches of the ventral lobe ex-
tend around either side of the buccal tube (Figure 2C)
to positions that correspond to the position of the
paired ventral lobes in H. crispae. Based on similarities

in size and position of the subesophogeal ganglion and
ventral lobes of H. crispae to the ventral body and
branches of the ventral lobe in H. dujardini, we propose
that these structures are directly homologous. Based on
our homology assignments and the fact that H. dujardini
is more closely related to Macrobiotus than to H. crispae
[55], we conclude that the ancestor of Eutardigrada in-
cluded brain regions homologous to the outer, inner, and
ventral brain lobes of H. dujardini. The interpretation of
the brain anatomy of the heterotardigrade Actinarctus
doryphorus by Persson et al. [18] is consistent with their
interpretation of H. crispae. In this case, we interpret the
ventral lobe of H. dujardini as homologous to the subeso-
phogeal ganglion and third brain lobe in A. doryphorus.
The fact that H. dujardini and A. doryphorus span the
basal split of Tardigrada suggests that the tardigrade
ancestor also had a brain exhibiting this architecture.
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Additional studies are needed to resolve the debate
concerning the morphology of the ventral brain com-
ponent of tardigrades.

While an understanding is emerging of how the brains
of different tardigrade species relate to each other, the
question remains of how tardigrade brains relate to the
brains of other panarthropods. The tripartite hypothesis
is based on the number of brain lobes and commissures
found in the tardigrade brain, which are roughly consist-
ent with a brain composed of three ganglia, if each pair
of lobes connected by a commissure defines a ganglion.
In further support of the tripartite hypothesis, Persson
et al. [18] pointed out that differences in the number of
sensory appendages found on the heads of arthrotardi-
grades compared to the leg-bearing segments is consistent
with a head composed of multiple segments. However,
Zantke et al. [35] noted that the protocerebrum of arthro-
pods is itself composed of multiple lobes, suggesting that
brain lobes do not indicate segmental status. Likewise,
Mayer et al. [15] noted that a single ganglion can have
more than one commissure. Approaches using data other
than morphology may be necessary to reveal the relation-
ship of the tardigrade brain to that of other panarthropods
(see below).

As with brain anatomy, there are disagreements among
various studies regarding nervous system architecture in
the leg-bearing segments. However, phylogenetic recon-
structions allow us to unambiguously interpret plesio-
morphic conditions for Tardigrada. For instance, Zantke
et al. [35] did not identify ventral commissures in the gan-
glia of leg bearing segments of M. hufelandi. However,
ventral commissures were identified in the ganglia of
both heterotardigrade [18,36,37] and eutardigrade spe-
cies [16,17], including M. harmsworthi [15], suggesting
that ganglionic ventral commissures are ancestral for
tardigrades. In this respect, H. dujardini appears to re-
tain the ancestral condition. Interestingly, Mayer et al.
[16] detected extra-ganglionic interpedal commissures
in H dujardini, M. harmsworthi, and Paramacrobiotus rich-
tersi using combined anti-tyrosinated and anti-acetylated
a-tubulin immunolabeling. These structures are also
present in E. testudo [36]. Presence of these structures
in taxa that span the basal split of Tardigrada argues
that they are ancestral components of tardigrade ner-
vous systems [16].

We did not detect obvious morphological differences be-
tween the ganglia of the first three leg-bearing segments.
However, these three ganglia are noticeably wider than the
ganglion of the posterior-most segment (Figure 3A). Seg-
mental differences in nervous system anatomy have also
been reported for other tardigrade species. As in H. dujar-
dini, the fourth ganglion of Halobiotus crispae is the most
morphologically distinct. In this species, the first three
trunk ganglia each have two transverse commissures, while
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the fourth trunk ganglion has only one [17]. Detailed inves-
tigations of ganglion morphology are also available for two
species of Macrobiotus. Zantke et al. [35] reported differ-
ences in the number of cells composing each ganglion. In
this species, the anterior-most ganglion was consistently
composed of the most cells and the posterior-most gan-
glion was consistently composed of the fewest cells, while
the 2™ and 3™ ganglia exhibited similar intermediate cell
numbers. As in H. dujardini, in M. harmsworthi, the first
three ganglia are similar in size, while the posterior-most
ganglion is much smaller [16]. Therefore, in terms of size,
is seems likely that a differentiated fourth ganglion is the
ancestral condition for Eutardigrada. Ganglion morphology
has been investigated in more detail in M. harmsworthi
using RFamide immunostaining, which labels a class of
neuropeptides. This approach revealed distinct and consist-
ent morphological differences between all segmental gan-
glia [15]. Schulze and Schmidt-Rhaesa [36] showed that
the first and fourth ganglia are narrower than the second
and third in E. testudo, a heterotardigrade species. This
suggests that a differentiated fourth ganglion is ancestral
for Tardigrada, and raises the possibility that the first gan-
glion was also differentiated. The functional significance, if
any, for different sizes among ganglia remains unclear.

Muscle system anatomy of H. dujardini and its
relationship to that of other tardigrade species

Muscle anatomy has been investigated in two heterotar-
digrade species, Batillipes bullacaudatus and Echiniscus
testudo [39], and six eutardigrade species, an unidenti-
fied Hypsibius species [54], H. crispae [53], Milnesium
tardigradum [30,54], Bertolanius volubilis [39], Dactylo-
biotus parthenogeneticus [39], and Richtersius coronifer
[56]. These studies illuminate highly conserved aspects
of segmental muscle patterns across tardigrade species
(see [33] for reconstructions of ancestral muscle anat-
omies). For example, the head of all tardigrades, including
H. dujardini (Figure 6A), includes muscles associated with
the stylets. Interestingly, the stylets and stylet glands of
the pharyngeal apparatus have been proposed to be seri-
ally homologous to the claws and claw glands of tardi-
grade legs, suggesting that the stylets and associated
structures may be derived from ancestral legs of the head
[20]. This is supported by the fact that only leg muscles
and stylet muscles exhibit cross-striation patterns in
the tardigrade species H. crispae [53]. We did not in-
vestigate whether these two muscle types are striated
in H. dujardini.

Of particular interest is the arrangement of ventral at-
tachment sites in the leg-bearing segments among tardi-
grade species. Seven attachment sites is a conserved feature
of tardigrades. In both Hypsibius (Figure 4A) and M. tardi-
gradum [54] the left and right halves of ventral attachment
sites make contact at the midline in even-numbered
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attachment sites, but not in odd-numbered attachment
sites. These two taxa span the basal eutardigrade node
in a recent molecular phylogeny [55], suggesting that
they likely inherited this pattern from the eutardigrade
common ancestor. Two exceptions to this rule are
found within Eutardigrada. First, in H. crispae, the left
and right halves make contact at every ventral median
attachment site except for site 5 [53]. Second, in R.
coronifer, the left and right halves of attachment site 1
make contact at the midline [56]. Whether or not the
pattern revealed in H. dujardini and M. tardigradum
exists among heterotardigrade species has not been re-
ported, leaving open the question of whether this is
the ancestral state for Tardigrada.

The first leg-bearing segment differs from more pos-
terior ones in having only a single ventral median at-
tachment site in both H. dujardini (Figures 4A and 8A)
and other tardigrade species [39,53,54]. A thin muscle
crosses the midline of attachment site 1 and extends into
the contralateral leg in both eutardigrades, including H.
dujardini (Figures 4A and 8A), and heterotardigrades
[39]; as a rule, muscles do not cross the midline at more
posterior ventral attachment sites in tardigrade species
investigated. The only exception to this rule is found in
H. crispae; in this species, the posteriorly directed mus-
cles extending from attachment site 5 cross the midline
[53]. More posterior segments usually possess two at-
tachment sites each. The exception to this rule is the
heterotardigrade species B. bullacaudatus, in which ven-
tral attachment site 3 is divided into two separate nodes,
resulting in three attachment sites in the second seg-
ment [39]. However, because the heterotardigrade spe-
cies E. testudo has a single attachment site 3 [39], like
eutardigrades, including H. dujardini (Figures 4A and
8A), it is inferred that ancestrally, in Tardigrada, leg-
bearing segments 2—-4 each contained two attachment
sites. Ventral attachment site 2 is identical to attachment
site 4 in eutardigrade species investigated [39,53,54], in-
cluding H. dujardini (Figures 4A and 8A). This pattern
is also found in the heterotardigrade E. testudo [39], sug-
gesting that it is the ancestral condition for tardigrades.
Interestingly, in the heterotadigrade species B. bullacau-
datus, ventral attachment site 2 is morphologically dis-
tinct from attachment site 4 [39]. As with their paired
3" ventral attachment sites, this is likely a derived con-
dition. Additional investigations of heterotardigrade spe-
cies should be performed to test the robustness of these
reconstructions of ancestral muscle anatomy.

With the exception of B. bullacaudatus, in all tardi-
grades investigated, including H. dujardini (Figures 4A
and 8A), ventral attachment site 3 resembles attachment
site 5 [39,53,54]. However, in eutardigrade species, includ-
ing H. dujardini, attachment site 3 includes a muscle band
that extends to the base of the third leg; a corresponding
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muscle is lacking in attachment site 5 [39,53,54]. In all
species investigated, ventral median attachment sites 6
and 7 show distinct architectures compared to more an-
terior ventral attachment sites; these sites also exhibit vari-
ation between species, making it difficult to infer their
ancestral morphologies. Finally, as with H. dujardini leg
muscle anatomy (Figure 7), muscle anatomy of the fourth
leg pair is always the most differentiated in other tardi-
grade species; these legs generally possess fewer muscles
than other legs [39,53,54]. Of the more anterior leg pairs,
the anatomy of the first leg pair is the most differentiated
(Figure 7A, B) [39,53,54]. While the lateral musculature is
very similar among the anterior three leg pairs, the first
leg pair lack iii muscles, which attach to the anterior bases
of the 2 and 3" leg pairs (Figures 7A and 8A).

The segmental regionalization pattern of tardigrades and
its relationship to that of other panarthropods

Although the relationship among the segments of tardi-
grades is not a contentious issue, the relationship of
their segments to those of other panarthropods remains
problematic. It seems unlikely that investigations of the
neural anatomies of additional species will allow distin-
guishing between the protocerebral and tripartite hy-
potheses of brain anatomy. These hypotheses are based
on different evolutionary interpretations of very similar
morphologies; i.e., additional data are unlikely to sway
opinions in either direction. This debate may seem fa-
miliar; it is quite similar to the historic debate among
arthropod biologists concerning the homology of head
segments of Chelicerata to head segments of mandibu-
late arthropods (see [30]). In this case, expression pat-
terns of Hox genes revealed a conserved pattern of head
segmentation across arthropods [40-42,57-62]. Moreover,
expression patterns of Hox genes in onychophorans have
revealed the relationship of their head segments to those
of arthropods [51,63]. One conclusion of these studies is
that the anterior expression boundaries of anterior Hox
genes evolved in an ancestor of arthropods + onychopho-
rans and have been highly conserved.

These conserved expression patterns suggest that the
developmental mechanisms that differentiate the anter-
ior segments of arthropods already existed in the shared
ancestor of Onychophora and Arthropoda, even though
the ancestor is thought to have exhibited homonomous
segments [32,33]. Why would the ancestor of these two
lineages, which is hypothesized to have lacked obvious
morphological distinctions between segments, already
possess the developmental machinery to produce mor-
phologically distinct anterior segments? Our model of
tardigrade segmentation presents the possibility that the
muscle system and nervous system had already evolved
distinct segmental morphologies in the panarthropod
ancestor, long before the evolution of conspicuously
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different segment morphologies and tagmatization pat-
terns found in extant arthropods and onychophorans.
Therefore, the developmental mechanisms differentiat-
ing the anterior segments of both onychophorans and
arthropods may have been responsible for differentiation
of the nervous system and muscular system in the anter-
ior segments of the panarthropod ancestor, explaining
the similarity of these mechanisms between Onychoph-
ora and Arthropoda. If so, arthropod-like segmental ex-
pression patterns of Hox genes might explain the subtle
segmental differentiation of tardigrades. Functional and
expression studies of the Hox genes in H. dujardini would
illuminate ancestral anterior segment patterning mecha-
nisms and whether these genes underlie the production of
segmental differentiation in tardigrades. Especially relevant
to arguments about the segmental composition of the tar-
digrade head, the discovery of conserved arthropod-like
segmental Hox expression patterns in H. dujardini would
suggest that the tardigrade head is composed of a single
segment that is directly homologous to the arthropod and
onychophoran protocerebral segment (Figure 8B).

Conclusions

Tardigrades are an enigmatic group closely related to ar-
thropods with a unique metameric pattern consisting of
a head and four leg-bearing segments. We provide a de-
tailed description of segmental differentiation in the emer-
ging developmental genetic model tardigrade H. dujardini
(Figure 8A), based on examination of muscle and nervous
system anatomy. Although morphological differentiation
between some segments is subtle, these subtle differences
are shared with distantly related tardigrades. This provides
evidence that the ancestor of tardigrades already possessed
segmental differentiation. Furthermore, unique segmental
identities are present in the anterior segments of ony-
chophorans and arthropods, and segmental differentiation
in these taxa is the product of shared developmental
mechanisms (Figure 8B). Together, these data suggest that
the ancestor of Panarthropoda already had a series of dif-
ferentiated anterior segments, and lead to the hypothesis
that the developmental mechanisms producing segmental
differentiation predate the divergence of the three panar-
thropod lineages.

Materials and methods

Maintaining tardigrade cultures

Our line of H. dujardini was originally collected from a
benthic pond sample in Darcy Lever, Bolton, Lancashire,
England [43], and has been maintained in culture since
1987. For this study, tardigrade cultures were maintained
in 60 mm polystyrene petri dishes in 12.5 ml of Poland
Spring brand water. Tardigrades were fed a diet of
Chlorococcum sp. algae. Cultures were inspected weekly,
and fresh water was added to offset evaporation. Subcultures
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were prepared at least once a month and parent cul-
tures were allowed to expire. We have maintained our
H. dujardini cultures for over 3 years with this method.

Specimen relaxation and fixation

Juvenile and reproductively mature H. dujardini speci-
mens were collected for this study. Tardigrades tend to
contract their muscles during the fixation process, mak-
ing it difficult to interpret anatomy. To prevent contrac-
tion, specimens were relaxed in carbonated water for
1 hour before fixation. At the end of this hour, the bod-
ies of specimens appeared turgid and their appendages
were completely extended. Specimens were fixed in 4%
EM Grade Paraformaldehyde (Electron Microscopy
Sciences) in PB-Triton (1X phosphate-buffered saline,
0.1% Triton X-100, pH 7.4) for 15 minutes at room
temperature. Specimens were used immediately for stain-
ing of the muscle or nervous systems, as described below.

Anti-B-tubulin immunostaining

We stained the nervous system of H. dujardini using a
monoclonal anti-B-tubulin antibody (E7, Developmental
Studies Hybridoma Bank) [64], following a slightly modi-
fied version of a protocol previously used to stain a-tubulin
in a different tardigrade species [29]. Fixation was followed
by three 5 minute and four 30 minute rinses in PB-Triton.
At this point, the specimens were in a 1.5 ml microcentri-
fuge tube filled with 1 ml of PB-Triton. Specimens were
then permeabilized by sonicating them for 25 seconds with
an FS30 sonicater (Fisher Scientific) filled with 850 ml of
water. This was followed by three 10 minute and four
30 minute washes in PB-Triton with 0.2% Bovine Serum
Albumin and two 30 minute washes in PB-Triton with 5%
normal goat serum (NGS). Specimens were then incubated
at 4°C overnight in a 1:100 dilution of B-tubulin antibody
in PB-Triton + NGS. This incubation period was followed
by three 5 minute and four 30 minute washes in PB-
Triton. Specimens were then washed twice for 30 minutes
in PB-Triton + NGS. This was followed by an overnight in-
cubation at 4°C in a 1:200 dilution of a goat anti-mouse
Cy3-conjugated secondary antibody (Jackson ImmunoRe-
search). This incubation period was followed by three 5 mi-
nute and six 30 minute washes in PB-Triton.

Phalloidin staining

We stained muscle cells with Oregon Green 488 phalloidin
(Molecular Probes), which binds actin filaments, following
a slightly modified version of the protocol used by Halberg
et al. [53]. Fixation was followed by four 15 minute and
one overnight wash in PB-Triton with 0.1% NaNj. Speci-
mens were then incubated at room temperature for 27 hrs
in a 1:40 dilution of phalloidin in PB-Triton with 0.1%
NaNj. Following phalloidin incubation, specimens were
rinsed three times for 5 minutes in PB-Triton.



Smith and Jockusch Frontiers in Zoology 2014, 11:66
http://www.frontiersinzoology.com/content/11/1/66

Specimen preparation, imaging, and analysis

The scanning electron micrograph protocol was pre-
viously published [44]. For other imaging techniques,
specimens were taken through a glycerol series, which
included 1 hour washes in 5%, 10%, 20%, and 40% glycerol
in PB-Triton. Specimens were then mounted on slides in
Fluoromount-G (SouthernBiotech) with 1.5 pg/ml 4', 6-
diamidino-2-phenylindole (DAPI) added to counterstain
nuclei. Differential interference contrast (DIC) micro-
graphs were taken on a Zeiss Axioskop or a Nikon A1R
Spectral Confocal Microscope. Z-series of phalloidin (N = 8)
and anti-B-tubulin (N = 3) stained specimens were taken on
a Nikon AIR Spectral Confocal Microscope. Z-series for 2
additional anti-p-tubulin stained specimens were acquired
with a Nikon Eclipse Ti spinning disk confocal microscope.
Figi [65-67] was used for image analysis and processing. The
Merge function in Figi was used to produce images showing
data from multiple confocal channels. Depth-coded images
were produced using the Temporal-Color Code function
in Figi. Maximum projection images were produced using
the maximum intensity option of the Z Project function in
Figi. Image levels were adjusted in Adobe Photoshop CS4.

Additional file

Additional file 1: Figure S1. Autofluorescence of algal gut content.
The gut is outlined. (A) Unstained specimen with algal gut content. The
algal gut content exhibits a high degree of autofluorescence. (B) DIC image
of the same specimen. Algae can be seen in the gut.
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