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Phylum Tardigrada (water bears), well known for their cryptobiosis, includes small
invertebrates with four paired limbs and is divided into two classes: Eutardigrada and
Heterotardigrada. The evolutionary origin of Tardigrada is known to lie within the
lobopodians, which are extinct soft-bodied worms with lobopodous limbs mostly dis-
covered at sites of exceptionally well-preserved fossils. Contrary to their closest rel-
atives, onychophorans and euarthropods, the origin of morphological characters of
tardigrades remains unclear, and detailed comparison with the lobopodians has not
been well explored. Here, we present detailed morphological comparison between tar-
digrades and Cambrian lobopodians, with a phylogenetic analysis encompassing most
of the lobopodians and three panarthropod phyla. The results indicate that the ancestral
tardigrades likely had a Cambrian lobopodian—like morphology and shared most recent
ancestry with the luolishaniids. Internal relationships within Tardigrada indicate that
the ancestral tardigrade had a vermiform body shape without segmental plates, but
possessed cuticular structures surrounding the mouth opening, and lobopodous legs ter-
minating with claws, but without digits. This finding is in contrast to the long-standing
stygarctid-like ancestor hypothesis. The highly compact and miniaturized body plan of
tardigrades evolved after the tardigrade lineage diverged from an ancient shared ancestor
with the luolishaniids.
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Tardigrades (water bears) are microscopic metazoans well known for their cryptobiotic
abilities (1). They have four paired limbs generally terminating with claws or digits and
have a bucco-pharyngeal apparatus lined by a cuticle as a foregut. They are an important
part of the meiofaunal ecosystem, feeding on algae, moss cells, detritus, bacteria, fungi,
protists, or smaller invertebrates (2). The phylum Tardigrada comprises two classes and
four orders: the Eutardigrada (exclusively terrestrial apochelans and mostly terrestrial
parachelans) and the Heterotardigrada (predominantly marine arthrotardigrades and
mostly terrestrial echiniscoideans) (Fig. 1 A and B). Together with the other panarthro-
pod phyla, Onychophora and Euarthropoda, Tardigrada is known to have originated
from the lobopodians, which were extinct soft-bodied worms with lobopodous limbs
that thrived during the Cambrian Period (3) (Fig. 1C). Due to the lack of a hard exo-
skeleton, most Cambrian lobopodian species have been only recovered from sites of
exceptionally well-preserved fossils. Contrary to onychophorans and euarthropods, the
origin of tardigrade morphology remains unclear, and detailed comparison with the
lobopodian morphology has not been explored. The scarce fossil record of the tardigrade
lineage has obstructed understanding of the early evolution of tardigrades. To date, only
one stem-group and three crown-group tardigrade species have been reported. The
“Orsten-type” fossil, discovered from the Middle Cambrian Kuonamka Formation of
Siberia, was reported to be a stem-group tardigrade, which has only three pairs of limbs
(4). However, it shows a gross morphology for a parasitic life mode, such as an anter-
oventral, pit-shaped mouth; sucking discs on the ventral body; lateral, rather than ventral,
limbs with forwardly tilting; and outward-facing claws, implying that this taxon, if truly
a stem-group tardigrade, likely lost plesiomorphic features. A comparable morphology
can be seen in the parasitic extant tardigrade Zetrakentron synaptae, probably due to
convergence (4, 5). Three crown-group tardigrade fossils, Milnesium swolenskyi, Beorn
leggi, and Paradoryphoribius chronocaribbeus, embedded in Cretaceous and Miocene
ambers, are all eutardigrades (6). The overall morphology of these amber fossils signifi-
cantly resembles extant tardigrades.

Since the zoologist Simonetta compared the Cambrian lobopodian Aysheaia
(SI Appendix, Fig. S1A) from the Burgess Shale (the only known lobopodian taxon,
except for Xenusion at that time) to the marine arthrotardigrade genus Parastygarctus
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Fig. 1. Images of tardigrades and lobopodians. (A) Apochelan Milnesium sp., DIC image. (B) Arthrotardigrade Parastygarctus sp., DIC image (image courtesy of
Shinta Fujimoto). (C) ROM 52707, Cambrian lobopodian Ovatiovermis cribratus (image courtesy of Jean-Bernard Caron). (D) Schematic drawing of the anterior
part of Milnesium. (E) Mouth and COS structures of Macrobiotus sp., SEM image. (F) Extracted bucco-pharyngeal apparatus of parachelan tardigrade Dactylobiotus
ovimutans, SEM image. (G) Echiniscoidean tardigrade Echiniscus testudo, SEM image. (H) SP-2018-43, mouth of Cambrian lobopodian Pambdelurion whittingtoni,
PTM image. Abbreviations: an, anus; atr, anterior tooth row; bl, buccal lobe; bt, buccal tube; cA, cirrus A; cp, cephalic papilla; e, eye; ec, external cirrus; ic, internal
cirrus; m, mouth; mc, median cirrus; pc, primary clava; ph, pharynx; pl, peribuccal lamella; pp, peribuccal papilla; pt, pharyngeal teeth; ptr, posterior tooth row;
tp, triangular plate; tr, transverse ridge; sc, secondary clava; and st, stylet. Asterisk indicates the dorsal peribuccal lamella.

(Fig. 1B), stygarctid-like marine heterotardigrades, rather than
eutardigrades, have been considered to retain primitive attributes
(7-9).  Subsequently, another marine heterotardigrade
Neostygarctus was suggested to be a basal taxon which retains the
most primitive body plan of tardigrades (10). Due to these sug-
gestions, the morphological characters of Parastygarctus or
Neostygarctus, such as segmentally arranged dorsal/ventral plates
(11), middorsal spines (11), lateral processes of segmental plates
(8), and digits on the tip of the limbs (10), have been considered
possible plesiomorphic traits inherited from the tardigrade last
common ancestor. However, the consideration of stygarctid-like
features as primitive was not based on shared morphological
characters, but on cursory aspects, such as remarkable morpho-
logical diversity, occurring in a marine interstitial biotope, and
cosmopolitan distribution (7).

Since then, several Cambrian Konservat-Lagerstitten, like the
Burgess Shale, Chengjiang Biota, Sirius Passet, and the Emu Bay
Shale (EBS) have produced more than thirty lobopodian taxa, pro-
viding various morphological data for analysis (12-16). This has
led to several studies on the phylogenetic relationships within
panarthropods, the main goal of which was to understand the
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morphological origination of the crown groups. For example, the
Cambrian lobopodians, Kerygmachela kierkegaardi, Pambdelurion
whittingtoni, and radiodontans were interpreted as stem groups of
Euarthropoda, based on a pair of frontal appendages on the head
and the paired gut-diverticula (17, 18), while Hallucigenia sparsa
was considered to be a stem-onychophoran based on the presence
of stacked elements in sclerites of claws and dorsal spines (19).
However, tardigrades have received little attention in studies of
panarthropod phylogeny. Recently, several morphology-based phy-
logenetic studies included a few tardigrade taxa (Batillipes pennaki,
Echiniscus testudo, Actinarctus doryphorus, Macrobiotus cf. harmswor-
thi, and Hypsibius exemplaris), but the characters for the analyses
were not particularly focused on tardigrade morphology (20-22).
Here, we present detailed morphological comparison between
the Cambrian lobopodians and tardigrades, with a phylogenetic
analysis encompassing 40 tardigrade species (including three amber
fossil species) belonging to 24 families, all available Cambrian
lobopodian species, representative onychophorans, and euarthro-
pods. This comparison will not only provide a glimpse into the
morphological origin of tardigrades, but also help elucidate the
relationship of tardigrades with other panarthropods.
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Results

Morphological Comparison.

Circumoral elements. In many ecdysozoan taxa, including
tardigrades and lobopodians, the mouth shows radially arranged
circumoral elements, and this structure is considered a shared
character inherited from the common ecdysozoan ancestor (20).
While heterotardigrades have only a simple ring structure at
the mouth opening (Fig. 1 B and G), most eutardigrades (all
apochelans and many parachelans) possess peribuccal lamellae
or papulae supported by a buccal ring as circumoral elements
(23) (Fig. 1 D—F). Most apochelans have six lamellae, and several
parachelans show six to more than thirty lamellae or papulae
depending on the genus. Although detailed mouth structures
are not well preserved in most lobopodians fossils, H. sparsa,
Pambdelurion, Jianshanopodia, and radiodonts show lamella-like
or plate-like circumoral elements (Fig. 1H) (20, 24, 25).

During or after death, by some currently unknown causes, the
bucco-pharyngeal apparatus of tardigrades (the rigid cuticular fore-
gut structure from the mouth opening to the pharynx) sometimes
retracts backward, forming a cavity near the original mouth open-
ing (Fig. 2 A and B). Interestingly, this structure evokes the buccal
cavity (buccal chamber in ref. 21) and circumoral elements of H.
sparsa (20). While the circumoral elements of other lobopodians
occur at the mouth opening, the circumoral elements of H. sparsa
are positioned inside the buccal cavity, posterior to the mouth
opening, being reminiscent of the retracted bucco-pharyngeal

branch-like base
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apparatus of dead tardigrades. We propose the possibility that the
circumoral element of H. sparsa may have been located at the
mouth opening in life, like those of other lobopodians. Because
the presence of the buccal cavity has been considered one of the
important links between H. sparsa and onychophorans, our com-
parison may be worth considering in terms of the affinity issue
between H. sparsa and onychophorans.

Pharyngeal teeth. The pharyngeal teeth, the sclerotized spinose
structures lining the pharynx, have been considered as a shared
character throughout ecdysozoan animals including tardigrades
(20). However, tardigrades lack teeth structures in their pharynx
(Fig. 2B). Instead, parachelan tardigrades possess a maximum
of three rows of teeth: i.e., the anterior teeth row, the posterior
teeth row, and the transverse ridge between the mouth opening
and the buccal tube (Fig. 17). The pharynx is separated from the
mouth opening by the buccal tube. Therefore, tardigrades have
oral teeth (26) rather than pharyngeal teeth. The anterior tooth
row and the posterior tooth row consist of radially arranged small
mucrones, and the transverse ridge comprises three or four crests
with multiple cusps dorsally and ventrally. The anterior tooth row
occurs on the base of circumoral elements (peribuccal lamellae),
which is similar to the nodes on the surface of radiodontan plate—
like circumoral elements (25). Both the anterior tooth row of
tardigrades and the nodes of radiodontan plates project toward
the mouth opening. The proboscis of the Cambrian lobopodian
Ovatiovermis has numerous tooth-like elements (27), the position
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Fig. 2. The foregut, dorsolateral paired structures, and claws of tardigrades and lobopodians. (A) Bucco-pharyngeal apparatus in place of parachelan tardigrade
Dactylobiotus ovimutans, DIC image. (B) Backwardly retracted bucco-pharyngeal apparatus of D. ovimutans, DIC image. (C) ML0020A-2, Cambrian lobopodian
Luolishania longicruris. (D) Claw of echiniscoidean tardigrade Cornechiniscus holmeni, SEM image. (E-G) JSO001A, Cambrian lobopodian Onychodictyon ferox and
its claws, digital camera images. The scale bars in (F) and (G) are 0.5 mm in length. Abbreviations: atr, anterior tooth row; bl, buccal lobe; bt, buccal tube; mp,
macroplacoid; ph, pharynx; pl, peribuccal lamella; ptr, posterior tooth row; and tr, transverse ridge.
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of which is similar to that of the posterior tooth row of parachelan
tardigrades (ptr in Fig. 1F). However, the tooth-like elements
of Ovatiovermis are needle-like structures and are unlikely to be
arranged radially.

Cuticular structures surrounding the mouth opening. Tardigrades
have a sensory field surrounding the mouth, the circumoral sensory
field (COS) (28, 29). Some tardigrade groups possess specialized
cuticular structures on the COS: six peribuccal papillae and their
base in apochelans (Fig. 1D) and buccal lobes or papulae in several
parachelans (six lobes in many cases) (Fig. 1E). Interestingly, similar
structures are observed in Cambrian lobopodians. Ouvatiovermis
shows a bulbous proboscis surrounding the mouth opening (27),
which evokes the cuticular structures on the COS of eutardigrades (bl
in Figs. 1 £ and 2A). Pambdelurion has ovate plates surrounding the
mouth opening (24). Based on their position and the morphology,
the ovate plates of Pambdelurion are considered to be homologous to
the scalids of priapulids (24). Interestingly, the COS of tardigrades
and buccal scalids of priapulid larvae share position and function,
i.e., they surround the mouth opening, and function as sensory
organs.

Rostral spines and stylets. The stylets (Fig. 1D), a pair of spines
within the mouth, are characteristic feeding organs of tardigrades
and have been considered to be an internalized pair of frontal
appendages in the mouth (30). The lower stem-group euarthropod
Kerygmachela has a pair of spine-like structures flanking the mouth,
which were interpreted as anterior paired projections homologous
to those present at the anterior margin of the head of Pambdelurion
and Canadaspis (31). While the circular structure at the posterior
end of the paired projections was previously identified as eyes (14),
recently, they were reinterpreted as apodemes (15). This implies
that the spine-like structures of Kerygmachela were indeed a pair
of spines, not sensory organs, being distinct from the anterior
paired projections of Pambdelurion, Canadaspis, or Tanazios (31).
Based on the similar morphology and location, the rostral spines
of Kerygmachela are comparable to the stylets of tardigrades.
If so, the stylets of tardigrades are not internalized frontal
appendages, because Kerygmachela has both raptorial frontal
appendages and a pair of rostral spines. The distant relationship
between Kerygmachela and tardigrades in the phylogenetic trees
(ref. 20 and Fig. 3) suggests that rostral spine-like structures may
be an ancestral characteristic of most lobopodians. However, this
structure has not been observed in other panarthropods so far,
leaving a possibility of convergent evolution.

Dorsolateral paired structures on the midhead. Heterotardigrades
have special sensory organs on the head which are innervated by
the brain: i.e., three pairs of cirri [internal, external, and cirrus A
(cA)] and an unpaired median cirrus (32). Ultrastructural analysis
has revealed similarities between the cirri of heterotardigrades
and scolopidia of euarthropods (33), which may imply a
common origin of sensory organs in both groups. While ¢4
of several arthrotardigrades occurs at the dorsolateral part of
the head near the eyes (if eyes are present) (e.g., Archechiniscus
bahamensis and Neostygarctus grossmeteori) or at the middle of
the head (e.g., Wingstrandarctus unsculptus, Actinarctus neretinus,
and Parastygarctus renaudae) (Fig. 1B), echiniscoidean ¢4 tends
to occur at the posterior part of the head segment (34, 35)
(Fig. 1G). Although eutardigrades lack cuticular sensory structures
corresponding to ¢A of heterotardigrades, they have sensory fields
near or behind the eyes where, in arthrotardigrades, ¢4 occurs.
Hence, they are considered to have rudiments of the ¢4 (28, 36).
Some lobopodians have a pair of cirri-like antenniform structures
on the middle of the head, which do not have annulations. These
nonappendicular antenniform structures occur at a position
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that is similar to where the ¢4 of arthrotardigrades occur: e.g.,
a pair of antenniform structures of Luolishania (Fig. 2C) occurs
immediately behind the eye (37). Other lobopodian taxa with
clear antenniform structures are Collinsium and Collinsovermis
(38, 39). Facivermis also has a vague pair of antenniform structures
(40). All these lobopodian taxa belong to the order Luolishaniida
(38). Antenniform frontal appendage-like structures of other
lobopodians, such as Onychodictyon (41) and Antennacanthopodia
(42), have annulations on the surface of the appendage-like
structures, which are as thick as half of the limb width; these
features are similar to the antenna of onychophorans. However,
the antenniform structures of luolishaniids lack annulations, and
the width of the antenna is significantly thinner than that of the
limbs, being reminiscent of the cA of tardigrades.

Epidermal specializations as muscle attachment sites. Some
specialized structures in the epidermis of Cambrian ecdysozoans,
including panarthropods, have been interpreted as sites for
muscle attachment. These structures occur as scleritomes in
palacoscolecids; spines in hallucigeniids and luolishaniids
(Fig. 20); plates in Microdictyon, Onychodictyon ferox (Fig. 2E),
and O. gracilis; and paired nodes in Xenusion, Hadranax, and
Kerygmachela (20). Since they are widespread in paleoscolecids and
lobopodians, their presence is considered an ancestral character of
ecdysozoans (9, 20, 27). In tardigrades, muscle attachment sites
often exhibit cuticular cribriform structures (43). The cribriform
structures possess numerous tiny pseudopores and sometimes
have a thick cuticular rim (87 Appendix, Fig. S1B). These closed
pseudopores are associated with muscle filaments (44).
Differentiation of lobopodous trunk limbs into two types. The
anterior limbs of luolishaniid lobopodians are differentiated
from the posterior limb pairs. Luolishaniids exhibit a chevron-
shaped pattern of spinules on the anterior limbs only (Fig. 1Cand
SI Appendix, Fig. S1C) (38). Although less prominent, tardigrades
also show differences between the anterior three limb pairs and
the posteriormost limb pair. In eutardigrades, claw shape/size is
different between the anterior three limb pairs and the last limb
pair, while in heterotardigrades, in addition to differences in claw
shape/size, the aspect of sensory organ distribution is different
(81 Appendix, Fig. S1 D and E). The limb musculature of the
anterior three limb pairs is also more similar to each other than
that of the posteriormost limb pair in tardigrades (44).

Claws. Unlike other tardigrades with directly inserted claws on each
limb, several marine arthrotardigrades have digits (45) (S Appendix,
Fig. S1D), and the toe-like digits of those arthrotardigrades have a
claw or a sucking disc on each tip (46). There is no other group in
panarthropods that shows digits on the tip of a limb.

Several heterotardigrades, including most terrestrial echinis-
coideans, have a branch-like base of the claw (e.g., Coronarctus
and Cornechiniscus holmeni) (Fig. 2D and SI Appendix, Fig. S1E),
and the lobopodian Onychodictyon has a similar base (Fig. 2 £-G).
Additionally, Onychodictyon has a much smaller accessory claw
adjacent to the main claw (47). Similarly, several tardigrades have
both larger and smaller claws on a limb (e.g., smaller external and
larger internal claws of arthrotardigrades and vice versa in eutar-

digrades) (87 Appendix, Fig. S1F).

Phylogenetic Analysis. The presence of comparable anatomical
features in tardigrades and lobopodians provides a platform for a
phylogenetic analysis, and included for this study are representatives
of most tardigrade families; all available lobopodians; and
representatives of Onychophora, Euarthropoda, and their stem-
groups. We have run parsimony, maximum likelihood, and
Bayesian phylogenetic inference using 121 characters from 79
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Fig. 3. Panarthropod phylogeny. (A) Summary tree showing relationships inferred under Bayesian, maximum likelihood, and maximum parsimony methods.
(B) A simplified tree obtained from the Bayesian inference (BI). (C) A simplified tree obtained from the maximum likelihood analysis (ML). (D) A simplified tree
obtained from the maximum parsimony strict consensus (MP). See S/ Appendix, Figs. S3 and S4 for full tree topologies.

taxa (Fig. 3). All obtained trees show that the genera Milnesium
and Coronarctus are the most basal groups of the Eutardigrada
and the Heterotardigrada, respectively. The phylum Tardigrada is
invariably recovered as the sister group of the Luolishaniida in all
obtained trees from the maximum parsimony, Bayesian inference,
and maximum likelihood (Fig. 3 and S/ Appendix, Figs. S3 and S4).
The Tardigrada + Luolishaniida clade does not fall closer to the total-
group Euarthropoda than the Onychophora, thus not supporting
the Tactopoda hypothesis (Tardigrada + Euarthropoda) (9, 20).

Discussion

Despite the possible loss of characters during miniaturization of
tardigrades and the incomplete preservation of fossil lobopodians,
detailed morphological comparison in this study reveals many

PNAS 2023 Vol.120 No.28 2211251120

shared characters between tardigrades and lobopodians, such as
cuticular sensory structures surrounding the mouth opening (the
circumoral sensory field, COS), dorsolateral paired structures on
the midhead, differentiation of lobopodous limbs into two types,
muscle attachment sites, and claws. Rostral spines may also be
homologous characters. This indicates that tardigrades actually
inherited many of their morphological features from their
lobopodian-like ancestors. In contrast to the long-standing previous
hypotheses in which stygarctid-like arthrotardigrades are considered
to retain the plesiomorphic characters of tardigrades, the phyloge-
netic result in this study suggests that Milnesium and Coronarctus
are the basal groups in Eutardigrada and Heterotardigrada,
respectively. These groups share several characters that are lobopo-
dian like: vermiform body shape without dorsal and ventral seg-
mental plates, but possessed terminal mouth, cuticular structures
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surrounding the mouth opening, lobopodous limbs, and claws that
are inserted directly without digits.

The phylogenetic trees suggest that tardigrades are closely related
to luolishaniids. Shared characters of a tardigrade-luolishaniid lineage
may include the presence of two different types of lobopodous limbs
and dorsolateral paired structures on the mid-head. One notable
difference between morphological traits is the relative length of ante-
rior limbs, which is much shorter in tardigrades than that in luolis-
haniids (Fig. 4). This difference may be explained by loss of the
dachshund (dac) gene in tardigrades (48). While other leg gap genes,
Distal-less (D)), homothorax (hth), and extradenticle (exd), were found
in the tardigrade genome, and expression of those genes was observed
during embryonic leg development, dac was not found (48). Because
dac regulates the development of the intermediate region of euar-
thropod and onychophoran limbs, the loss of dac may have resulted
in the loss of an intermediate region in tardigrade limbs. Dac knock-
out experiments conducted in amphipods and fruit flies have shown
the loss of the intermediate region of mutant limbs, leading to short-
ened limbs (49, 50). These results could provide evidence to support
the link between the relatively short limbs and the loss of dac in
tardigrades. In addition, in tardigrades, the leg gap gene expression
pattern in the posteriormost limbs is slightly different than the pat-
tern in the anterior limbs (48); only D/ is expressed in the posteri-
ormost limbs during embryonic development.

Another different morphological trait between tardigrades and
luolishaniids is the number of trunk segments (Fig. 4). While tardi-
grades have four trunk segments, luolishaniids show 9 to 16 trunk
segments, depending on the species (except EBS Collins monster
and Facivermis, for which the number of trunk segments is unclear).
According to the expression patterns of several anteroposterior pat-
terning genes (51, 52), the anterior four segments of tardigrades (the
head segment + the three trunk segments) correspond to the anterior
four segments of euarthropods and onychophorans. The Abdominal-B
gene (Abd-B), which is expressed at the posterior end of euarthropods
and onychophorans, is expressed in the posterior part of the fifth
(posteriormost) segment of tardigrades, indicating that the posteri-
ormost region of tardigrades is homologous to the posteriormost

Miniaturization
-Loss of intermediate
region of A-P axis on trunk
-Loss of intermediate
region of P-D axis on limb

L 0N

Fig. 4. Comparison of general body plan between luolishaniid lobopodians
and tardigrades. A hypothetical luolishaniid lobopodian exhibiting five anterior
limb pairs and six posterior limb pairs. A hypothetical tardigrade combining
eutardigrade Milnesium (left side) and heterotardigrade Coronarctus (right
side). Dark colored parts in the trunk and limb of the luolishaniid lobopodian
(Left) are absent in the tardigrade (Right). The anterior regions in the red color
represent COS (circumoral sensory field) (see text).
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region of other panarthropods. However, tardigrades lack several
central class Hox genes that specify the midtrunk region of other
panarthropods. Taken together, these results indicate that tardigrades
have lost an intermediate region of the body which is homologous
to the whole thorax and most of the abdomen of insects (51). This
loss may be related to the loss of terminal addition from a posterior
growth zone in tardigrade embryonic development, which might be
involved in the miniaturization of tardigrades (51). The loss of the
intermediate trunk region in tardigrades may explain the difference
in the trunk segment number between tardigrades and luolishaniids.
‘The pattern of Hox gene expression in tardigrades may also explain
the differentiation of limbs in tardigrades. Abd-B is a Hox gene, and
Hox genes are known to regulate the expression of leg gap genes in
euarthropods (48). Therefore, Abd-B might be regulating the differ-
ences that are seen in the posteriormost legs compared to the more
anterior leg pairs in terms of leg gap gene expression patterns in
tardigrades. Additionally, it is possible that the central class and/or
posterior Hox genes were also involved in the formation of the pos-
terior batch of lobopodous limbs in luolishaniids, which are mark-
edly different from the anterior limb batch.

To sum up, the detailed morphological comparison and the phy-
logenetic analysis show that tardigrades have a close relationship with
luolishaniids. This result suggests that the most primitive morpho-
logical characters of tardigrades are lobopodian-like characters, orig-
inating from the last common ancestor of tardigrades and
luolishaniids, not stygarctid arthrotardigrade—like characters as in
the long-standing previous hypothesis. The recent gene expression
could explain key morphological differences between tardigrades and
luolishaniids: Tardigrades appear to have lost an intermediate region
of both anteroposterior axis and the proximodistal axis, potentially
related to miniaturization in the tardigrade lineage.

Materials and Methods

Fossil Material. An Aysheaia pedunculata fossil from the Burgess Shale
was observed for this study and is deposited in the Smithsonian Institution,
Washington (USA), prefixed with United States National Museum (USNM).
Ovatiovermis cribratus from Burgess Shale is deposited in the Royal Ontario
Museum, Canada, prefixed with ROM. Onychodictyon ferox and Luolishania
longicruris from Chengjiang Fauna, Yunnan Province, China, are deposited
in Northwest University, Xi'an, China, prefixed with JS and ML, respectively.
Pambdelurion whittingtoni from Sirius Passet, Nansen Land, North Greenland,
is deposited in the Geological Museum, Natural History Museum of Denmark,
University of Copenhagen, prefixed with MGUH.

Tardigrade Material. Observed limno-terrestrial tardigrade specimens of
Echiniscus testudo, Cornechiniscus holmeni, Milnesium sp., and Macrobiotus sp.
are from Sirius Passet of North Greenland (82° 47’ 36.0”N, 42° 17’ 52.5"W),
and Ella Island, East Greenland (72° 56’ 6.1”N, 25° 9" 10.5”W), and are housed
at the Korea Polar Research Institute (KOPRI). The specimens of Dactylobiotus
ovimutans were extracted from the lake sediment samples collected from King
George Island of Antarctica (62° 14’ 24.1"S,42° 44" 36.6"W) and are also housed
at the KOPRI, prefixed with Antarctic Tardigrade Name of Specimen (ATNS). The
specimens of marine arthrotardigrades (Parastygarctus sp. and Coronarctus sp.
sensu ref. 53) were deposited in Shinta Fujimoto’s personal collection of Japanese
marine tardigrades.

Specimen Microscopy and Photography. Fossil photographs were taken using
a Canon camera EOS 6D with the Canon EF 100 mm macro lens. The mouth
image of Pambdelurion whittingtoni was taken with polynomial texture mapping
(PTM), at the KOPRI. Tardigrade SEM images were taken using a Field Emission
SEM JSM-7200F at the KOPRI. Tardigrade differential interference contrast (DIC)
images were taken using Carl Zeiss Axio Imager 2, with an AxioCam HRc camera.

Phylogenetic Analysis. The phylogenetic data matrix of this study was based
ona previous panarthropod character matrix (38), with several references (20,
21,39,54-56), and additional characters were added for tardigrade taxa. One
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or two tardigrade species which were reported with detailed description and
clear images were chosen randomly from each family, except Carphaniidae,
the images of which were unavailable.The Orsten-type stem-group tardigrade
was also excluded. The final matrix contained 79 taxa and 121 characters
(Dataset S1). Phylogenetic analyses were performed using Bayesian analy-
ses, maximum likelihood, and maximum parsimony. Bayesian inference was
performed by MrBayes 3.2.6. (57) using the Mkv + gamma model. We con-
ducted two independent runs for 20 million generations each with sampling
every 1,000th generations and discarded the initial 25% trees as burn-in.
Convergence was assessed by checking the standard MrBayes convergence
diagnostics (the estimated sample size scores >> 200; the average SD of
splitfrequencies values < 0.01; potential scale reduction factor values ~1.00
across all parameters). Tree samples were summarized as a majority rule con-
sensus. The maximum likelihood tree search was conducted in IQ-TREE (58)
using the MK model (Jukes-Cantor type model for morphological data), and
support was assessed using the ultrafast phylogenetic bootstrap replication
method from 10,000 replicates (59). Branches with node values of 70 or less
were collapsed. The maximum likelihood tree and the Bayesian tree were
visualized in FigTree 1.4.4 (60). Amaximum parsimony analysis was conducted
using the Traditional search in Tree analysis using New Technology (TNT) 1.5
(61), under equal character weighting with 100 random seeds, using 1,000
replicates (producing a strict consensus of 20 trees). The obtained parsimony
trees were visualized in Mesquite 3.7 (62). Although a recent paper (63)
emphasized the critical importance of molecular data in resolving panarthro-
pod phylogeny, the focus of this research lies on the relationship with the
lobopodians known only from fossils, and the extant tardigrades, and thus
morphology-based phylogenetic studies are required.

1. N.Mobjerg, R. C. Neves, New insights into survival strategies of tardigrades. Comp. Biochem.
Physiol. Part A Mol. Integr. Physiol. 254, 110890 (2021).

2. M.Bryndovd, D. Stec, R. 0. Schill,  Michalczyk, M. Devetter, Dietary preferences and diet effects on
life-history traits of tardigrades. Zool. J. Linn. Soc. 188, 865-877 (2020).

3. J.Ortega-Hernadndez, Lobopodians. Curr. Biol. 25, R873-R875 (2015).

4. K.J.Miller, D. Walossek, A. Zakharov, 'Orsten'type phosphatized soft-integument preservation
and a new record from the Middle Cambrian Kuonamka Formation in Siberia. Neues. Jahrb. Geol.
Palaeontol. Abh. 197,101-118 (1995).

5. A.Maas, D. Waloszek, Cambrian derivatives of the early arthropod stem lineage, pentastomids,
tardigrades and lobopodians an ‘Orsten’ Perspective. Zool. Anz. 240, 451-459 (2001).

6. M.A.Mapalo, N. Robin, B. E. Boudinot, J. Ortega-Hernéndez, P. Barden, A tardigrade in Dominican
amber. Proc. R. Soc. B288, 20211760 (2021).

7. J.Renaud-Mornant, "Species diversity in marine Tardigrada” in Proceedings of the Third International
Symposium on Tardigrada (East Tennessee State University Press, Johnson City, Tennessee, 1982),
pp. 149-178.

8. R.Dewel, W. Dewel, "The place of tardigrades in arthropod evolution” in Arthropod Relationships
(Springer, 1998), pp. 109-123.

9. G.E.Budd, Tardigrades as ‘stem-group arthropods'’: The evidence from the Cambrian fauna. Zool.
Anz. 240, 265-279 (2001).

10. S.Grimaldi de Zio, M. D'Addabbo Gallo, M. Morone de Lucia, Adaptive radiation and phylogenesis
in marine Tardigrada and the establishment of Neostygarctidae, a new family of Heterotardigrada.
Boll. Zool. 54,27-33 (1987).

11. R.M.Kristensen, R. P. Higgins, A new family of Arthrotardigrada (Tardigrada: Heterotardigrada) from
the Atlantic coast of Florida, USA. Trans. Am. Microsc. Soc. 103,295-311(1984).

12. D.E.Briggs, F.J. Collier, D. H. Erwin, The Fossils of the Burgess Shale (Smithsonian Institution Press,
1994), p. 256.

13. X-G.Hou etal., The Cambrian fossils of Chengjiang, China: The Flowering of Early Animal Life (John
Wiley & Sons, 2017).

14.  G.E.Budd, The morphology and phylogenetic significance of Kerygmachela kierkegaardi Budd
(Buen Formation, Lower Cambrian, N Greenland). Earth Environ. Sci. Trans. R. Soc. Edinb. 89,
249-290(1998).

15. TY.S. Park et al., Brain and eyes of Kerygmachela reveal protocerebral ancestry of the panarthropod
head. Nat. Comm. 9,1-7 (2018).

16. D.C.Garcia-Bellido, G. D. Edgecombe, J. R. Paterson, X. Ma, A "Collins’ monster"-type lobopodian from
the Emu Bay Shale Konservat-Lagerstatte (Cambrian), South Australia. Alcheringa 37, 474-478(2013).

17. J.Vannier, J. Liu, R. Lerosey-Aubril, J. Vinther, A. C. Daley, Sophisticated digestive systems in early
arthropods. Nat. Comm. 5,1-9 (2014).

18. J.Liuetal., Origin of raptorial feeding in juvenile euarthropods revealed by a Cambrian
radiodontan. Natl. Sci. Rev. 5, 863-869 (2018).

19. M.R.Smith, J. Ortega-Hernéndez, Hallucigenia's onychophoran-like claws and the case for
Tactopoda. Nature 514, 363-366 (2014).

20. M.R.Smith, J.-B. Caron, Hallucigenia's head and the pharyngeal armature of early ecdysozoans.
Nature 523, 75-78 (2015).

21. J.Yang et al., Fuxianhuiid ventral nerve cord and early nervous system evolution in Panarthropoda.
Proc. Natl. Acad. Sci. U.S.A. 113,2988-2993 (2016).

22. J.Ortega-Hernandez, R. Lerosey-Aubril, S. R. Losso, J. C. Weaver, Neuroanatomy in a middle Cambrian
mollisoniid and the ancestral nervous system organization of chelicerates. Nat. Comm. 13,1-11(2022).

23. R.Guidetti et al., Form and function of the feeding apparatus in Eutardigrada (Tardigrada).
Zoomorphology 131,127-148 (2012).

PNAS 2023 Vol.120 No.28 2211251120

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.

ACKNOWLEDGMENTS. We thank Jean-Bernard Caron (Royal Ontario Museum,
Canada) for kindly providing the Ovatiovermis cribratus image (Fig. 1C), Shinta
Fujimoto (Yamaguchi University) for kindly providing advice and the images of
Parastygarctus sp. (Fig. 1B) and Coronarctus sp. (S| Appendix, Fig. STE), and Tae
Kun Seo[Korea Polar Research Institute (KOPRI), Korea] for kindly providing helpful
advice and suggestions on phylogenetic analyses. We also thank Ki Beom Lee for
offering drawings (Figs. 1D and 4 and S/ Appendix, Fig. S1D). Arne Nielsen and
Jakob Vinther helped us collect the specimeniillustrated in Fig. 1H during the 2017
expedition to Sirius Passet. Jun Hyuck Lee, Eun Jin Yang, Hyoungseok Lee, and
Seunggwan Shin provided us with valuable advice in the early version of the man-
uscript. This work was supported by KOPRI grant funded by the Ministry of Oceans
and Fisheries (KOPRI project No. PE23060). FW.S. is supported by the NSF under
Grant No. 1951257. J.L.is supported by the National Natural Science Foundation
of China (Grant Nos. 42130206, 41890845, and 41621003). Comments from
tukasz Kaczmarek and two anonymous reviewers have significantly improved the
manuscript.

Author affiliations: “Division of Earth Sciences, Korea Polar Research Institute, Yeonsu-gu,
Incheon 21990, Korea; *Department of Biology, University of North Florida, Jacksonville,
FL 32224; “Division of Life Sciences, Korea Polar Research Institute, Yeonsu-gu, Incheon
21990, Korea; “East Sea Environment Research Center, East Sea Research Institute, Korea
Institute of Ocean Science and Technology, Uljin, Gyeongsangbuk-do 36315, Korea;
“State Key Laboratory of Continental Dynamics, Shaanxi Key Laboratory of Early Life and
Environments, Department of Geology, Northwest University, Xi'an 710069, China; and
‘Polar Science, University of Science and Technology, Yuseong-gu, Daejeon 34113, Korea

24. J.Vinther, L. Porras, F.J. Young, G. E. Budd, G. D. Edgecombe, The mouth apparatus of the Cambrian
gilled lobopodian Pambdelurion whittingtoni. Palaeontology 59, 841-849 (2016).

25. H.Zeng, F.Zhao, Z.Yin, M. Zhu, A new radiodontan oral cone with a unique combination of
anatomical features from the early Cambrian Guanshan Lagerstétte, eastern Yunnan, South China. J.
Paleontol. 92, 40-48 (2018).

26. tMichalczyk, & Kaczmarek, A description of the new tardigrade Macrobiotus reinhardti
(Eutardigrada: Macrobiotidae, harmsworthi group) with some remarks on the oral cavity armature
within the genus Macrobiotus Schultze. Zootaxa 331, 1-24-21-24 (2003).

27. J.-B.Caron, C.Aria, Cambrian suspension-feeding lobopodians and the early radiation of
panarthropods. BMC Evol. Biol. 17,1-14(2017).

28. H.Wiederhoft, H. Greven, Notes on head sensory organs of Milnesium tardigradum Doyre, 1840
(Apochela, Eutardigrada). Zool. Anz. 238, 338-346 (1999).

29. R.A.Dewel, J. Eibye-Jacobsen, The mouth cone and mouth ring of Echiniscus viridissimus Peterfi,
1956 (Heterotardigrada) with comparisons to corresponding structures in other tardigrades.
Hydrobiologia 558, 41-51(2006).

30. K.A.Halberg, D. Persson, N. Mabjerg, A. Wanninger, R. M. Kristensen, Myoanatomy of the marine
tardigrade Halobiotus crispae (Eutardigrada: Hypsibiidae). J. Morphol. 270, 996-1013 (2009).

31. J.Ortega-Herndndez, G. E. Budd, The nature of non-appendicular anterior paired projections in
Palaeozoic total-group Euarthropoda. Arthropod. Struct. Dev. 45, 185-199 (2016).

32. C.Schulze, R. C. Neves, A. Schmidt-Rhaesa, Comparative immunohistochemical investigation on
the nervous system of two species of Arthrotardigrada (Heterotardigrada, Tardigrada). Zoologischer
Anzeiger-J. Comp. Zool. 253, 225-235(2014).

33. R.M.Kristensen, Sense organs of two marine arthrotardigrades (Heterotardigrada, Tardigrada). Acta
Z00l. 62,27-41(1981).

34. P.J.Bartels, P. Fontoura, D. R. Nelson, Marine tardigrades of the Bahamas with the description of
two new species and updated keys to the species of Anisonyches and Archechiniscus. Zootaxa 4420,
43-70(2018).

35. A.V.Tchesunov, A new tardigrade species of the genus Neostygarctus Grimaldi de Zio etal., 1982
(Tardigrada, Arthrotardigrada) from the Great Meteor Seamount, Northeast Atlantic. Eur. J. Taxon.
479,1-17(2018).

36. J.Zantke, C. Wolff, G. Scholtz, Three-dimensional reconstruction of the central nervous system of
Macrobiotus hufelandi (Eutardigrada, Parachela): Implications for the phylogenetic position of
Tardigrada. Zoomorphology 127,21-36 (2008).

37. J.Liu, D.Shu, J. Han, Z. Zhang, A rare lobopod with well-preserved eyes from Chengjiang Lagerstétte
and its implications for origin of arthropods. Chin. Sci. Bull. 49, 1063-1071(2004).

38. J.B.Caron, C.Aria, The Collins' monster, a spinous suspension-feeding lobopodian from the
Cambrian Burgess Shale of British Columbia. Palaeontology 63, 979-994 (2020).

39. J.Yang etal., Asuperarmored lobopodian from the Cambrian of China and early disparity in the
evolution of Onychophora. Proc. Natl. Acad. Sci. U.S.A. 112, 8678-8683 (2015).

40. R.J.Howard etal., Atube-dwelling early Cambrian lobopodian. Curr. Biol. 30, 1529-1536.e1522
(2020).

41, Q.0u, D. Shu, G. Mayer, Cambrian lobopodians and extant onychophorans provide new insights
into early cephalization in Panarthropoda. Nat. Comm. 3,1-7 (2012).

42. Q.Ouetal., Arare onychophoran-like lobopodian from the Lower Cambrian Chengjiang Lagerstétte,
southwestern China, and its phylogenetic implications. J. Paleontol. 85, 587-594 (2011).

43. R.Schuster, D. Nelson, A. Grigarick, D. Christenberry, Systematic criteria of the Eutardigrada. Trans.
Am. Microsc. Soc. 99, 284-303 (1980).

44. V. Gross, G. Mayer, Cellular morphology of leg musculature in the water bear Hypsibius exemplaris
(Tardigrada) unravels serial homologies. R. Soc. Open Sci. 6, 191159 (2019).

https://doi.org/10.1073/pnas.2211251120 7 of 8



Downloaded from https://www.pnas.org by 73.148.245.35 on May 27, 2024 from IP address 73.148.245.35.

45.

46.

47.
48.

49.

50.

51,

52.

53.

54.

8 0of 8

N.Mobjerg, A. Jorgensen, R. M. Kristensen, R. C. Neves, "Morphology and functional anatomy" in
Water Bears: The Biology of Tardigrades (Springer, 2018), pp. 57-94.

P. Fontoura et al., A dichotomous key to the genera of the marine heterotardigrades (Tardigrada).
Zootaxa 4294, 1-45(2017).

L. Ramskéld, Homologies in Cambrian Onychophora. Lethaia 25, 443-460(1992).

M. Game, F.W. Smith, Loss of intermediate regions of perpendicular body axes contributed to
miniaturization of tardigrades. Proc. R. Soc. B 287, 20201135 (2020).

G. Mardon, N. M. Solomon, G. M. Rubin, Dachshund encodes a nuclear protein required for normal
eye and leg development in Drosophila. Development 120, 3473-3486 (1994).

H.S. Bruce, N. H. Patel, Knockout of crustacean leg patterning genes suggests that insect wings and
body walls evolved from ancient leg segments. Nat. Ecol. Evol. 4,1703-1712 (2020).

F.W. Smith et al., The compact body plan of tardigrades evolved by the loss of a large body region.
Curr. Biol. 26,224-229 (2016).

F.W. Smith, M. Cumming, B. Goldstein, Analyses of nervous system patterning genes in the tardigrade
Hypsibius exemplaris illuminate the evolution of panarthropod brains. EvoDevo 9, 1-23 (2018).

S. Fujimoto, A. Jorgensen, J. G. Hansen, A molecular approach to arthrotardigrade phylogeny
(Heterotardigrada, Tardigrada). Zool. Scr 46, 496-505 (2017).

H.Zeng, F. Zhao, K. Niu, M. Zhu, D. Huang, An early Cambrian euarthropod with radiodont-like
raptorial appendages. Nature 588, 101-105 (2020).

https://doi.org/10.1073/pnas.2211251120

55.

56.

57.

58.

59.

60.

61.

62.

63.

M.A.Wills, S. Gerber, M. Ruta, M. Hughes, The disparity of priapulid, archaeopriapulid and
palaeoscolecid worms in the light of new data. J. Evol. Biol. 25, 2056-2076 (2012).

X. Shi, R.J. Howard, G. D. Edgecombe, X. Hou, X. Ma, Tabelliscolex (Cricocosmiidae:
Palaeoscolecidomorpha) from the early Cambrian Chengjiang Biota and the evolution of seriation
in Ecdysozoa. J Geol. Soc. 179, jgs2021-060 (2022).

F. Ronquist et al., MrBayes 3.2: Efficient Bayesian phylogenetic inference and model choice across a
large model space. Syst. Biol. 61,539-542 (2012).

L-T. Nguyen, H.A. Schmidt, A. Von Haeseler, B. Q. Minh, IQ-TREE: A fast and effective stochastic
algorithm for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 32, 268-274 (2015).
D.T.Hoang, 0. Chernomor, A. Von Haeseler, B. Q. Minh, L. S.Vinh, UFBoot2: Improving the ultrafast
bootstrap approximation. Mol. Biol. Evol. 35, 518-522 (2018).

A.Rambaut, FigTree v1. 3.1 Institute of Evolutionary Biology. University of Edinburgh, http://tree.
bio.ed.ac.uk/software/figtree/. Deposited 21 December 2009.

P.A. Goloboff, S. A. Catalano, TNTversion 1.5, including a full implementation of phylogenetic
morphometrics. Cladistics 32, 221-238 (2016).

W. Maddison, D. Maddison, Mesquite: A modular system for evolutionary analysis. Version 3.31.
http://www.mesquiteproject.org. Deposited 20 September 2017.

R.Wu, D. Pisani, P.C. Donoghue, The unbearable uncertainty of panarthropod relationships. Biol.
Lett. 19, 20220497 (2023).

pnas.org



	Cambrian lobopodians shed light on the origin of the tardigrade body plan
	Significance
	Results
	Morphological Comparison.
	Circumoral elements.
	Pharyngeal teeth.
	Cuticular structures surrounding the mouth opening.
	Rostral spines and stylets.
	Dorsolateral paired structures on the midhead.
	Epidermal specializations as muscle attachment sites.
	Differentiation of lobopodous trunk limbs into two types.
	Claws.

	Phylogenetic Analysis.

	Discussion
	Materials and Methods
	Fossil Material.
	Tardigrade Material.
	Specimen Microscopy and Photography.
	Phylogenetic Analysis.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 30



