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Exoskeletal dwelling tubes are widespread among extant animals and
early fossil assemblages. Exceptional fossils from the Cambrian reveal
independent origins of tube dwelling by several clades including cnidarians,
lophophorates, annelids, scalidophorans, panarthropods and ambulacrar-
ians. However, most fossil tubes lack preservation of soft parts, making
it difficult to understand their affinities and evolutionary significance.
Gangtoucunia aspera (Wulongqing Formation, Cambrian Stage 4) was an annu-
lated, gradually expanding phosphatic tube, with occasional attachments of
multiple, smaller juveniles and has previously been interpreted as the dwell-
ing tube of a ‘worm’ (e.g. a scalidophoran), lophophorate or problematicum.
Here, we report the first soft tissues from Gangtoucunia that reveal a smooth
body with circumoral tentacles and a blind, spacious gut that is partitioned
by septa. This is consistent with cnidarian polyps and phylogenetic analysis
resolves Gangtoucunia as a total group medusozoan. The tube of Gangtoucunia
is phenotypically similar to problematic annulated tubular fossils (e.g. Sphe-
nothallus, Byronia, hyolithelminths), which have been compared to both
cnidarians and annelids, and are among the oldest assemblages of skeletal
fossils. The cnidarian characters of G. aspera suggest that these early tubular
taxa are best interpreted as cnidarians rather than sessile bilaterians in the
absence of contrary soft tissue evidence.

1. Introduction

A tubicolous mode of life is common among animals, with the tubular exoskeleton
providing a variety of functions including protection from predation, supporting
and elevating the body during feeding, assisting in respiration in oxygen poor
environments (e.g. within sediments) and isolating animals from hostile surround-
ing conditions (e.g. polychaetes at hydrothermal vents) [1]. Tubes are common
among the oldest assemblages of skeletal fossils in the latest Ediacaran and early
Cambrian [2,3], indicating the importance of this lifestyle during the assembly
of the oldest animal-dominated communities. Examples of early tube builders
are known from across the animal tree of life, including cnidarians [4], annelids
[5], hemichordates [6], lobopodians [7] and scalidophorans [8] as well as numerous
examples with unknown or controversial phylogenetic affinities [3,9,10].

Given their morphological simplicity, fossil tubes are oftentimes difficult to
diagnose with confidence to a particular taxon, and most early fossil tubes lack
preservation of soft tissues. This uncertainty obfuscates the evolutionary and eco-
logical significance of many of the oldest skeletal fossils. The tubes of extinct
animals do not necessarily closely resemble those of extant analogues (e.g. agglu-
tinated tubes in the extant priapulid Maccabeus [11] versus annulated, cuticular
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tubes in the fossil scalidophoran Selkirkia [8]), and direct
comparison between tube morphology of living and extinct
species may, therefore, not provide sufficient evidence to
diagnose fossil tubes in the absence of associated soft tissues.

The controversial and uncertain identity of fossil tubes is
exemplified by the late Ediacaran fossil Cloudina and relatives,
which has been repeatedly interpreted and re-interpreted as
an annelid or cnidarian [3,12]. Similar annulated tubes are
common components of earliest Cambrian skeletal assem-
blages [2] and have diverse morphologies and construction
materials. These include a suite of fossils that reveals a diversity
of early cnidarians, such as early developmental stages of
extinct medusozoans and ‘protoconulariids’, tubes with a
polygonal cross section with close similarities to co-eval
cnidarians [13] and younger Palaeozoic conulariids [14]. The
affinities of the phosphatic hyolithelminths are somewhat
more mysterious and they are compared to both annelids
and cnidarians [15,16], as with cloudinimorphs [3,10]. How-
ever, they also closely resemble the organo-phosphatic tubes
of Sphenothallus, Byronia and Tubulella, more often interpreted
as cnidarians [15,17]. Soft tissues from these genera are
almost completely unknown, with the only example from the
Devonian Hunsriick Slate, where three-dimensional pyritiza-
tion reveals a bilaterally symmetrical tentacle apparatus [18].
While this specimen was originally interpreted as annelid-
like these features can also be accommodated by a cnidarian
interpretation [19].

In the light of this lack of soft tissue evidence, these
tubicolous taxa have also been interpreted as annelids, specifi-
cally siboglinids [20], a group with which many early
annulated tubular fossils are often compared [3,9], despite a
lack of unambiguous evidence for this group and their close
relatives not appearing until much later in the fossil record
[21]. In general there is a lack of preservation of soft tissues
associated with putative cnidarians in Cambrian Lagerstétten,
and some authors have advocated extreme caution in assign-
ing these organisms at phylum level due to the absence of
diagnostic features [22]. However, given that these taxa are
stratigraphically long lived and geographically widespread,
our understanding of their role in Palaeozoic ecosystems is
hampered by a lack of clear understanding of their affinities.

Gangtoucunia aspera is a problematic, annulated, tubular
and phosphatic fossil from the Guanshan Lagerstétte (Cam-
brian Stage 4) from eastern Yunnan Province, China, which is
broadly morphologically similar to hyolithelminths and Byro-
nia. The affinities of Gangtoucunia have been little explored
since it was described, but it has been interpreted as some
kind of ‘worm’ among scalidophorans (see [23] and electronic
supplementary material, table S1 [24]), as a member of Lopho-
phorata [25] or a problematic taxon [26]. Here, we describe new
specimens of G. aspera, which reveal its originally phosphatic
tube (figure 1) and exceptionally preserved internal soft tissues
for the first time (figures 2 and 3), shedding new light on its
phylogenetic position and evolutionary significance.

The specimens were collected from the Gaoloufang section at
Guangwei village, Kunming city, eastern Yunnan Province,
China. This site belongs to the lower part of the Wulonggqing
Formation, Palaeolenus lantenoisi zone, Cambrian Stage 4. All speci-
mens are housed at the Yunnan Key Laboratory for Palaeobiology,
Yunnan University, Kunming, China. Seventy-six specimens were

analysed in total, including eight specimens that formed a sub-
strate for multiple juveniles to attach to, two with a holdfast, and
four with soft tissue associated with the tube.

Specimens were photographed with a Keyence VHX 6000
digital microscope and a Nikon D850 DSLR camera. Elemental
maps were obtained using a Bruker M4 Tornado micro X-ray flu-
orescence (XRF) spectrometer instrument. All analyses were
conducted under vacuum pressure of 2.4 mbar, X-ray tube vol-
tage of 50 kV and currents of 599 pA with no primary beam
filters.

Phylogenetic and tube morphospace analyses were carried
out using modified datasets from Dunn et al. [27],
which incorporated G. aspera along with several minor changes
and additions (see electronic supplementary material). Phyloge-
netic analyses were run in MrBayes v.3.2.7 using the Mkv model
with a gamma distribution for character rate variation; 100 000
000 generations were requested, with the analyses terminating
once the average standard deviation of split frequencies dropped
below 0.01. The analysis reached convergence after 5695 000 gen-
erations. Convergence was assessed using the effective sample
size (ESS) and potential scale reduction factor (PSRF) scores cal-
culated using the sump command and 25% of the sample was
discarded as burn-in.

Tube morphospace analyses were performed using R, follow-
ing a similar approach to previous analyses [27]. Gower distances
were computed using the package daisy, and non-metric multidi-
mensional scaling with four axes was performed using vegan
(stress less than 0.1). Minor modifications have been made to
the previous iteration of the tube morphospace dataset. These
include the addition of the tubicolous priapulid Selkirkia [8]
and the expansion of the taxon sample to encompass multiple
species of Hyolithellus and Byronia, as previous character scores
did not capture some of the morphological variations in these
taxa. Hyolithellus insolitus was added as it has a longitudinal
ornament similar to many Byronia species [28] and Hyolithellus
cf. micans is scored for the taxon known in life position from
Greenland [15]. Byronia annulata is rescored as uncertain for the
presence of biomineralization [15] and Byronia jaegeri [29] is
incorporated as it possesses a similar irregular transverse annula-
tion to G. aspera, which is scored as an additional character not
present in the original dataset.

Systematic palaeontology

Cnidaria Verrill, 1865 nov.

Medusozoa Peterson, 1979 nov.

Gangtoucunia aspera Luo & Hu, 1999

Emended diagnosis: Elongated, tubular polypoid cnidar-
ian that secreted an organophosphatic dwelling tube. The
external surface of the tube is transversely annulated with
dense and irregular growth lines and has a basal, disc-
shaped holdfast. The tube is elongate with a slight, gradual
proximal tapering. The polyp has a single whorl of circu-
moral tentacles of unknown total length. The polyp body is
externally smooth. Internally, the gut is divided by numerous
longitudinal septa that partition an elongate gut extending
along the preserved length of the body.

Description: The tubes of Gangtoucunia are approxi-
mately straight with some irregular, gentle curvature
(figures 1 and 2a-c). Towards the aboral region the tube
tapers gently, with tapering almost absent in the remaining
part. Two specimens preserve an apical structure that is con-
sistent with an attachment structure/holdfast (figure 1a,c—),
suggesting that the tube was attached to a substrate in life
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Figure 1. Tube morphology, composition and epibionts in Gangtoucunia aspera. (a,d) YKLP 11439, complete adult tube with conspecific epibionts and preserving
the apical attachment structure. (b) YKLP 11436, showing detail of transverse tube ornament. (c,e) Specimen kg-f-2-10, with apical attachment structure/holdfast.
(d) Detail of apical attachment structure in YKLP 11439. (e) Detail of apical attachment structure of specimen kg-f-2-10. (f,g) YKLP 11435, with conspecific epibionts
(f) and interpretative drawing (g). (h,/) YKLP 11434, adult tube with small conspecific epibionts (h) and interpretative drawing (7). () Elemental mapping of YKLP

11435. (Online version in colour.)

and open only at one end. This is also consistent with the obser-
vation of multiple smaller tubes attached to large tubes,
suggesting conspecific epibionts (figure 1a,fh). Gangtoucunia
tubes or morphologically similar holdfast structures are also
observed encrusting relatively robust bilaterian carcasses,
including non-biomineralized arthropods (electronic sup-
plementary material, figure Sla,b), trilobites (electronic
supplementary material, figure Slc,d) and vetulicolians
(electronic supplementary material, figure Sle,f), suggesting
a general preference for attachment to hard substrates.

The tube is densely and irregularly annulated, with
approximately 3-10 transverse annulations per millimetre
and more prominent annulation every approximately 10th
annulation. The annulations are irregular in width (figure 1)
and approximately straight, suggesting that the tube was
circular (or sub-circular) prior to compaction. There is no
obvious longitudinal ornament (i.e. that is characteristic of
the type species of Byronia and some taxa currently referred
to as Hyolithellus [15]).

The skeleton is preserved in high relief as an off-white
material with an associated rusty coating. The high relief
preservation is consistent with an originally biomineralized

composition that was presumably calcium phosphate,
which is further indicated by the enrichment of phosphorus
relative to the matrix in well-preserved regions of the tubes.
Due to the compacted and flattened nature of the fossils,
internal features such as cusps or peridermal teeth (e.g. as
in coronates and visible in some fossil species, e.g.
Olivooides [30] and Sphenothallus [31]) cannot be observed.

Soft tissues are preserved as dark and rust-coloured films
and were observed in four specimens. In two specimens the
soft tissues emerge directly from the tube aperture, whereas
in the others the distal portion of the soft anatomy is dis-
placed up to 37.3 mm from the end of the tube, suggesting
partial extrusion and effacement of the animal during or
immediately prior to burial.

In YKLP 11436 (figure 2), the body is preserved in situ
inside the tube, with tentacles emerging from the body
close to the position of the tube aperture. The tentacles are
47mm long where fully exposed and approximately
2.5 mm wide. They are preserved with the greatest fidelity
proximally where they are clearly differentiated as orange
and dark coloured remains with some relief. The tentacles
are smooth, unbranched and gently tapering. A total of five

€7917707 68T § 0 'Y 20id  qdsi/jeuinol/biobuiysiignd£iaposiefo u



. tentacles
[ qut infill

|1 gastric septa
periderm

Figure 2. Specimen YKLP11436 preserved in situ in a dwelling tube with soft tissues and life reconstruction. (a) Overview of oralmost region of part, boxed region
shown in (d). (b) Overview of oralmost region of counterpart. (c) Interpretative drawing combining information from both part and counterpart. (d) Detail of oral
region and tentacular apparatus of part. (¢) Close up of tentacles in part. (f) Close up of tentacles in counterpart. (g) Life reconstruction of G. aspera by Xiaodong

Wang. (Online version in colour.)

tentacles can be clearly identified but there is a region of non-
preservation to the right-hand side of the part, indicating
more tentacles would have been present along the width
of the specimen. Given that the specimen is preserved in
lateral view and only a subset of the tentacles is visible
(i.e. as in other polypoid fossils like dinomischiids [32]), the
total number of tentacles was well in excess of six in life,
totalling approximately 18.6, given a circular outline and
calculating the circumference by the preserved diameter
divided by the tentacle width of the tentacle exposed
medially on this specimen.

The tentacles encircle the mouth, which is connected to a
long, tubular gut, that is preserved as a wide, rust-coloured
impression with low relief in YKLP 11437 figure 3a—d and
YKLP 11438 figure 3e-h. Longitudinal divisions of the gut
can be seen at the oral end of the tentacle bearing specimen
(YKLP 11436), where the skeleton has been removed during
splitting. These partitions (gastric septa hereafter) are revealed
as longitudinal dark lines when illuminated with high
angle light, but are also visible as relief structures in low
angle light, with breaks of slope indicating the position of
overlapping individual gastric septa. This three-dimensional
morphology indicates that these features are sheets of tissue
that projected from the wall of the gut into the lumen, partition-
ing the gut longitudinally. Preservation of these septa is
similar to that described in early Cambrian ‘dinomischiids’
where the guts have not been infilled (e.g. Figure 1g in [32]).
As with the tentacles, the number of mesenteries is difficult
to discern with confidence, but assuming a circular body, an
equal spacing of septa and dividing the best exposed spacing
between the mesenteries with the calculated circumference
yields a number between 15.96 and 19.1 mesenteries, which
is potentially indicative of a one-to-one correspondence

between the tentacles and mesenteries. The same method has
previously been used to calculate the number of gastric septa
and tentacles in dinomischiids [32]. The mesenteries can be
seen along the entire visible length of the body, but are
obscured by the tube in the most aboral region of the specimen
preserving most of its length.

Our phylogenetic analyses recover Gangtoucunia as a
medusozoan, either in a polytomy with extant taxa
(figure 4a) or within the scyphozoan crown group (figure 4b)
with or without topological constraints, respectively. Analyses
of tube morphospace characters find the smallest pairwise
distance between G. aspera and Hyolithellus micans and
is positioned proximally to hyolithellids, byroniids and
problematic, annulated terminal Ediacaran taxa (figure 4c,d).

4. Discussion

Soft tissue preservation is rare among organisms enclosed
by hard skeletons. The fortuitous association of soft bodies
of Gangtoucunia partially within their phosphatic dwelling
tubes offers the means to distinguish between competing
hypotheses for the affinities of Gangtouconia and that of simi-
lar tubes that are known from skeletal fossil assemblages. The
presence of a smooth external body surface with a thin body
wall that enclosed a large digestive cavity partitioned by
longitudinal septa and a crown of circumoral tentacles
occurs only among polypoid cnidarians. The body plan
observed in Gangtoucunia excludes previously proposed
affinities for Gangtoucunia and (potentially) other morpho-
logically similar tubes (e.g. scalidophorans and polychaete
annelids). Externally annulated skeletons with accretionary
growth are characteristic of some living medusozoans and
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Figure 3. Specimens preserving internal details of the digestive system. (a—d) YKLP 11437; (e—h) YKLP 11438. (a) Overview of specimen showing soft tissues
partially extruded from the dwelling tube. (b) Detail of boxed region in (a) showing longitudinal gastric septa using low angle lighting. (c) Interpretative drawing
of (b) highlighting the morphology of the digestive tract and gastric septa. (d) High angle light image of digestive tract showing extent of the gastric septa
demarcated by dark linear structures. (e) Overview of specimen with high angle illumination. () Overview of specimen as in (e) with low angle illumination.
(g) Interpretative drawing of region shown in (e,f) highlighting the trajectory and morphology of the digestive tract. (h) Close up of three dimensionally preserved

septa. (Online version in colour.)

similarly enclose the body in extant coronate scyphozoans
[33]. However, such an extensive skeleton is widespread in
the early evolutionary history of medusozoan cnidarians,
occurring in taxa that deviate from the character combi-
nations of extant scyphozoans in terms of body symmetry,
the presence of direct development and tube biomineraliza-
tion [13,30,34]. We, therefore, reconstruct G. aspera as a
benthic medusozoan polyp, that was attached to hard
substrates in life (figure 2g).

While some of these soft tissue characteristics (circumoral
tentacles, radial symmetry, a septate blind gut) and skeletoni-
zation are also present in dinomischiids (potential stem
group ctenophores [30]), dinomischiid hard parts appear to
be endoskeletal and are in close association with particular ana-
tomical features (i.e. supporting the tentacles and calyx) [32],
rather than enclosing the body as in Gangtoucunia. None of
the proposed apomorphies linking dinomischiids and cteno-
phores are present in Gangtoucunia. The number of gastric
septa in Gangtoucunia inferred above (approx. 16-19) greatly
exceeds that observed in the polyps of crown group medusozo-
ans, where only four are present [35]. Regardless of whether
the number of mesenteries/tentacles calculated is an overesti-
mate impacted by taphonomic distortion and collapse of the

body, there are at least seven visible in lateral view provided
by the studied material (figure 3) suggesting that the number
in Gangtoucunia substantially exceeded that present in the
extant medusozoan lineages and is instead comparable to the
condition in Anthozoa. Other taxa known from the Cambrian
suggest that many gastric septa are the likely plesiomorphic
condition for the cnidarian total group, with approximately
28 such septa present in the stem medusozoan Conicula striata
[36] and 18 gastric septa in dinomischiids [32]. Regardless of
competing interpretations of the latter as either stem cteno-
phores [32] or stem cnidarians [37,38] these taxa lie outside of
the cnidarian crown group, and likewise suggest that in
excess of 10 septa is plesiomorphic, with the four present in
crown medusozoans representing a reduction.

Numerous similar tubicolous taxa with annulated external
morphologies and accretionary growth span the Ediacaran—
Cambrian boundary and have been the subject of numerous
competing interpretations. These tubes vary in their compo-
sition, including groups that are organic (e.g. Sabellidites and
Byronia), phosphatic (e.g. Hyolithellus, Sphenothallus and conu-
lariids and related taxa) or calcareous (e.g. Cloudina and
Anabarites). These tubes have all previously been interpreted
as cnidarians based on their overall morphology and skeletal
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Figure 4. Summary of phylogenetic analyses and morphospace of the Ediacaran—Cambrian tubicolous taxa. (a) Analysis without topological constraint, scale bar and
branch lengths in units of expected numbers of substitutions per site, numbers at nodes are posterior probabilities expressed as percentages. (b) Analysis with
topological constraints on cnidarian relationships. (c) Scatterplot of NMDS axes 1 and 2. (d) Scatterplot of NMDS axes 3 and 4. (Online version in colour.)

microstructure/composition and rare instances of soft tissue
preservation, such as ephyrae [30]. Soft tissues from early
Palaeozoic adult tubes are almost entirely unknown, with the
exception of Devonian Sphenothallus [18]. Sphenothallus tubes
from the Ordovician exhibit longitudinal projections of the
tube wall that are comparable to peridermal teeth [31], which
has been used as evidence for a polypoid body plan with a
gut partitioned by septa. Cnidarian affinities are confidently
known for conulariids and related taxa due to the presence of
a periderm like exoskeleton with projections resembling the
peridermal teeth of extant scyphozoans [39,40]. Recently, ana-
baritids have more confidently been placed with cnidarians
based on the discovery of well-preserved endocasts that demon-
strate the presence of a lobate oral aperture, a feature that is
present in several groups of extinct cnidarians, including oli-
vooids, carinachitids and conulariids [13]. Attachment to hard
substrates has been demonstrated in several of these groups,
including conulariids and Sphenothallus [41]. Similar conspecific
epibiosis has been demonstrated in the conulariid Eoconularia
[42]. Tubes with a similar mode of preservation to Gangtoucunia
encrusting brachiopods have been described from the
Guanshan Biota [43]. While these tubes likely had a similar bio-
mineralized composition and accretionary growth [43], they

lack the characteristic and prominent irregular transverse
ornament shown in Gangtoucunia.

The tube of Gangtoucunia exhibits similarities with a
number of taxa including possession of phosphatic mineralogy
(Spenothallus, conulariids, hyolithelminths), irregular trans-
verse annulation and lack of longitudinal ornament (certain
Byronia species, e.g. B. jaeggeri, Sabellidites, Sinotublites) and
an apical attachment structure. Although most of these taxa
have been interpreted as annelids previously, the substantial
overlap in characters among these tubes and the high morpho-
logical variability of taxa with clear cnidarian affinities (e.g.
biomineralogy, ultrastructure, external ornament) we argue is
more consistent with a highly diverse radiation of early cnidar-
ians. While Hyolithellus has previously been interpreted as a
Chaetoptreus-like annelid [15], our tube morphospace analysis
demonstrates close morphological similarity between the
tubes of Gangtoucunia, Byronia and Huyolithellus, consistent
with a close relationship and shared affinity among these
taxa (figure 4c,d). Nevertheless, taxonomic/morpho-groups
are dispersed in our NMDS spaces (figure 4c,d), in overlapping
regions consistent with abundant convergent evolution among
early tube dwelling taxa, suggesting that tube structure charac-
ters alone may not be sufficient to diagnose tubicolous animals
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to phylum level. The tubicolous Cambrian scalidophoran Selk-
irkia is a clear case study as this taxon shares no tube characters
with extant tubicolous priapulids, is otherwise comparable to
contemporary annulated tubicolous organisms based on our
tube morphospace dataset (figure 4c,d) and it is unlikely that
it would be correctly diagnosed to the correct phylum in the
absence of soft tissue data.

None of the tubular taxa previously interpreted as anne-
lids preserve characters (e.g. soft tissues) indicative of an
annelid body plan, and the tube characters linking them to
annelids are not sufficiently diagnostic to identify them as
members of extant annelid subclades or their total group.
Extant annelids that build tubes with extensive external
annulation are restricted to a subset of Chaetopteridae, Sibo-
glinidae, Maldanidae, certain serpulids and some species of
Onuphidae. The majority of annelid tubes are irregular con-
structions from mucous, with or without agglutination of
foreign particles. No unambiguous living or extinct annelids
use calcium phosphate as a tube building material, while
members of Sabellidae evolved tubes composed of calcium
carbonate, which appeared in the late Palaeozoic and
radiated mainly during the Mesozoic, with calcifying cirratu-
lids originating much later, in the Cenozoic [44]. Calcium
phosphate biomineralization in annelids appears to be
restricted to the chaetae of Amphinomida [45], an errant
group that is distantly related to the tubicolous taxa with
which Cambrian tubes are compared [46,47].

Of the relevant fossil tube-building groups outlined above,
the only groups that do not become extinct during or
shortly after the Cambrian are those that are less ambiguously
interpreted as cnidarians to the exclusion of annelids, i.e. conu-
lariids [14], Byronia [29] and Sphenothallus [31,48] and there are
gaps of hundreds of millions of years between these early tubi-
colous fossils and unambiguous records of tube-building
annelid clades. This issue has been raised previously regarding
interpretations of Sabellidites as a member of Siboglinidae, a
clade whose less ambiguous fossil occurrences are far younger
[21] and is inconsistent with the fossil record of crown group
annelids, given their nested position within the Sedentaria
[47], which along with its sister group (Errantia/Sedentaria)
has no apparent fossil record before the Ordovician or
maximally latest Cambrian [49]. Currently, the only known
annelid tube dweller from the Cambrian is a member of Mage-
lonidae [5], which lived in an organic (likely mucous) tube or
lined burrow, sharing no features with the taxa under discus-
sion here. Given the diversity of tubes that they produce,
Annelida is frequently used as a wastebasket taxon into
which poorly understood tubicolous taxa have been placed.
This issue is exemplified by the case of Palaeozoic lophophorate
“Spirorbis’ [50], which predates records of true serpulids by hun-
dreds of millions of years, analogous to the comparisons made
between late Ediacaran-Cambrian tubes and Siboglinidae.

The oldest records of tube dwelling cnidarians are found
in the terminal Ediacaran, which include the oldest known
conulariids from Brazil [51] and a stem group medusozoan pre-
serving soft tissues that occurs alongside the classical Avalonian
‘Ediacara Biota’ [27] of Charmnwood Forest. Some additional
Ediacaran taxa have been discussed as possible cnidarians, pri-
marily Cloudina and potentially related taxa that range into the
Cambrian [10]. These taxa exhibit a variable tubular mor-
phology and often exhibit a mode of skeletal growth in which
apical deposition of shell laminae results in a morphology
resembling stacked funnels. While recently the inferred presence

of a discrete, internal gut [3] in cloudinids invited comparisons
to bilaterian taxa (e.g. tubicolous annelids), such a tubular gut is
not incompatible with the condition in elongate cnidarian
polyps [27], such as that of G. aspera. A potential annelid affinity
for Cloudina has previously been criticized due to lack of
detailed similarities shared between Cloudina and calcareous
annelids [12] and the annelid groups with which cloudiniids
are currently compared (i.e. Siboglinidae) are unlikely to range
into the early Palaeozoic [21]. More recently, a study proposed
morphological links between Cloudina and unambiguous cni-
darians from the Cambrian (Cambroctoconus and relatives),
and suggested that Cloudina and its close relatives are a
rare example of a clade that was diverse either side of the
Ediacaran-Cambrian boundary [10].

Among extant cnidarians, an extensive, accretionary
tubular exoskeleton is restricted to medusozoans, more
specifically coronate scyphozoans [33]. However, tubicolous
cnidarians identified from the Cambrian in particular deviate
from living medusozoans in many respects, including body
symmetry (tri-, hexa, penta radiality as compared to the cano-
nical tetraradiate symmetry in the meduzoan crown group)
and overall form. While some previous analyses have
favoured placing this diversity of early tube dwelling cnidar-
ians in the medusozoan crown, subtending or within
Scyphozoa [4], more recent studies have placed them in the
medusozoan stem lineage [27]. Our phylogenetic analysis
places Gangtoucunia in a polytomy with living medusozoans,
indicative of a position either within or proximal to the
medusozoan crown group and the lack of resolution best
attributed to the apparent character conflict between poly-
poid medusozoans and members of the Cambrian forms.
Intriguingly, we do not recover a close relationship between
Gangtoucunia in a clade with other medusozoans with cal-
cium phosphate exoskeletons, suggesting that tube building
materials could have a complex early evolutionary history,
possibly due to convergent losses and reduction of calcium
phosphate in skeletons as it became less available through
the Palaeozoic [52]. The taxa identified as early cnidarians
are also diverse in terms of skeletal ornament, transverse
cross section and type of symmetry, indicating that early
medusozoans were morphologically diverse. We, therefore,
propose that early annulated tubular exoskeletons from
the latest Ediacaran and Cambrian are better understood as
variations on cnidarian exoskeletons rather than early anne-
lids, in the absence of compelling and unambiguous soft
tissue evidence.

The data used in the tube morphospace analysis and
phylogenetic analyses are available as part of the electronic sup-
plementary material. The commands and topological constraints
necessary to run the phylogenetic analyses are available as a separate
MrBayes execuatable NEXUS file provided.

The data are provided in electronic supplementary material [53].
G.Z.: conceptualization, data curation, formal
analysis, investigation, writing—review and editing; L.A.P:
conceptualization, data curation, formal analysis, investigation, meth-
odology, project administration, supervision, writing—original draft;
J.V.: conceptualization, formal analysis, investigation, methodology,
supervision, writing—review and editing; X.M.: conceptualization,
funding acquisition, project administration, supervision, writing—
review and editing.
All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

We declare no competing interest.

Yunnan Provincial Research Grants (grant nos. 2015HA021,
2015HC029 and 2019DG050 for G.Z. and X.M.) supported the



YKLP research group including field collecting, students’ stipend and
research expenditure. L.A.P. was supported by an early career
research and teaching fellowship from St Edmund Hall.

Merz RA. 2015 Textures and traction: how tube-
dwelling polychaetes get a leg up. /nvertebr. Biol.
134, 61-77. (doi:10.1111/ivb.12079)

Kouchinsky A, Bengtson S, Runnegar B, Skovsted C,
Steiner M, Vendrasco M. 2012 Chronology of early
Cambrian biomineralization. Geol. Mag. 149,
221-251. (doi:10.1017/50016756811000720)
Schiffbauer JD, Selly T, Jacquet SM, Merz RA, Nelson
LL, Strange MA, Gai Y, Smith EF. 2020 Discovery of
bilaterian-type through-guts in cloudinomorphs
from the terminal Ediacaran Period. Nat. Commun.
11, 1-12. (doi:10.1038/541467-019-13882-z)

Duan B, Dong X-P, Porras L, Vargas K, Cunningham
JA, Donoghue PC. 2017 The early Cambrian fossil
embryo Pseudooides is a direct-developing
cnidarian, not an early ecdysozoan. Proc. R. Soc. B
284, 20172188. (doi:10.1098/rsph.2017.2188)
Chen H, Parry LA, Vinther J, Zhai D, Xianguang H,
Ma XA. 2020 A Cambrian crown annelid reconciles
phylogenomics and the fossil record. Nature 583,
249-252. (doi:10.1038/541586-020-2384-8)

Caron J-B, Morris SC, Cameron (B. 2013 Tubicolous
enteropneusts from the Cambrian period. Nature
495, 503-506. (doi:10.1038/nature12017)

Howard RJ, Hou X, Edgecombe GD, Salge T, Shi X,
Ma X. 2020 A tube-dwelling early Cambrian
lobopodian. Curr. Biol. 30, 1529-1536.e1522.
(doi:10.1016/j.cub.2020.01.075)

Wang D, Vannier J, Aria C, Sun J, Han J. 2021 Tube-
dwelling in early animals exemplified by Cambrian
scalidophoran worms. BMC Biol. 19, 1-20. (doi:10.
1186/512915-020-00927-9)

Moczydtowska M, Westall F, Foucher F. 2014
Microstructure and biogeochemistry of the
organically preserved Ediacaran metazoan
Sabellidites. J. Paleontol. 88, 224-239. (doi:10.
1666/13-003)

Park T-YS, Jung J, Lee M, Lee S, Zhen YY, Hua H,
Warren LV, Hughes NC. 2021 Enduring evolutionary
embellishment of cloudinids in the Cambrian.

R. Soc. Open Sci. 8, 210829. (doi:10.1098/rsos.
210829)

Por F, Bromley H. 1974 Morphology and anatomy of
Maccabeus tentaculatus (Priapulida: Seticoronaria).
J. Zool. 173, 173-197. (doi:10.1111/}.1469-7998.
1974.th03125.x)

Vinn 0, Zaton M. 2012 Inconsistencies in proposed
annelid affinities of early biomineralized organism
(Cloudina (Ediacaran): structural and ontogenetic
evidences. Carnets Géol. [Note-books Geol.] Brest
Artic. 3, 39-47.

Han J, Li G, Wang X, Yang X, Guo J, Sasaki O,
Komiya T. 2018 Olivooides-like tube aperture in
early Cambrian carinachitids (Medusozoa, Cnidaria).
J. Paleontol. 92, 3—13. (doi:10.1017/jpa.2017.10)

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Van lten H, de Moraes Leme J, Simdes MG, Marques
AC, Collins AG. 2006 Reassessment of the
phylogenetic position of conulariids (? Ediacaran—
Triassic) within the subphylum Medusozoa (phylum
Cnidaria). J. Syst. Paleontol. 4, 109-118. (doi:10.
1017/51477201905001793)

Skovsted (B, Peel JS. 2011 Hyolithellus in life
position from the lower Cambrian of North
Greenland. J. Paleontol. 85, 37—47. (doi:10.1666/
10-065.1)

Vinn 0. 2006 Possible cnidarian affinities of
Torellella (Hyolithelminthes, Upper Cambrian,
Estonia). Paldontol. Z. 80, 384—389. (doi:10.1007/
BF02990210)

Vinn 0, Kirsimde K. 2014 Alleged cnidarian
Sphenothallus in the Late Ordovician of Baltica, its
mineral composition and microstructure. Acta
Palaeontol. Pol. 60, 1001-1008.

Fauchald K, Stiirmer W, Yochelson EL. 1986
Sphenothallus “Vermes” in the Early Devonian
Hunsriick Slate, West Germany. Paldontol. Z. 60,
57-64. (doi:10.1007/BF02989422)

Van Iten H, De Moraes Leme J, Simdes MG,
Cournoyer M. 2019 Clonal colony in the Early
Devonian cnidarian Sphenothallus from Brazil. Acta
Palaeontol. Pol. 64, 409—416. (doi:10.4202/app.
00576.2018)

Johnston PA, Johnston KJ, Collom J, Powell WG,
Pollock RJ. 2009 Palaeontology and depositional
environments of ancient brine seeps in the Middle
(Cambrian Burgess Shale at The Monarch, British
Columbia, Canada. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 277, 86-105. (doi:10.1016/j.palaeo.
2009.02.013)

Georgieva MN, Little CT, Watson JS, Sephton MA,
Ball AD, Glover AG. 2017 Identification of fossil
worm tubes from Phanerozoic hydrothermal vents
and cold seeps. J. Syst. Paleontol. 17, 287-329.
(doi:10.1080/14772019.2017.1412362)

Hancy AD, Antcliffe JB. 2020 Anoxia can increase
the rate of decay for cnidarian tissue: using Actinia
equina to understand the early fossil record.
Geobiology 18, 167-184. (doi:10.1111/gbi.12370)
Luo H, Hu S, Chen L, Zhang S, Tao Y. 1999 Early
Cambrian Chengjiang fauna from Kunming region,
China. Kunming, China: Yunnan Science and
Technology Press.

Smith MR, Harvey TH, Butterfield NJ. 2015 The
macro-and microfossil record of the Cambrian
priapulid Ottoia. Palaeontology 58, 705—721.
(doiz10.1111/pala.12168)

Luo H, Li Y, Hu S. 2008 Early Cambrian Malong
fauna and Guanshan biota from eastern Yunnan,
China (in Chinese with English summary). Kunming,
China: Yunnan Science and Technology Press.

26.

2].

28.

29.

30.

3N

32.

33.

34.

35.

36.

37.

We thank Yujuan Wang for photographing specimen
YKLP 11439 and Xiaodong Wang for the artistic reconstruction of
Gangtoucunia aspera.

Hu S, Zhu M, Steiner M, Luo H, Zhao F, Liu Q. 2010
Biodiversity and taphonomy of the Early Cambrian
Guanshan biota, eastern Yunnan. Sci. China

Earth Sci. 53, 1765-1773. (doi:10.1007/511430-
010-4086-9)

Dunn F, Kenchington C, Parry L, Clark J, Kendall R,
Wilby P. 2022 A crown-group cnidarian from

the Ediacaran of Charnwood Forest, UK. Nat.

Ecol. Evol. 6, 1095—1104. (doi:10.1038/s41559-
022-01807-x)

Skovsted (B, Holmer LE. 2006 The Lower Cambrian
brachiopod Kyrshabaktella and associated shelly
fossils from the Harkless Formation, southern
Nevada. GFF 128, 327-337. (doi:10.1080/
11035890601284327)

Vinn 0, Kirsimde K, Parry LA, Toom U. 2016 A new
Byronia species from the Late Ordovician of Estonia.
Est. J. Earth Sci. 65, 201. (doi:10.3176/earth.2016.
01)

Dong X-P, Cunningham JA, Bengtson S, Thomas (-
W, Liu J, Stampanoni M, Donoghue PC. 2013
Embryos, polyps and medusae of the Early
Cambrian scyphozoan Olivooides. Proc. R. Soc. B
280, 20130071. (doi:10.1098/rspb.2013.0071)

Dzik J, Baliriski A, Sun Y. 2017 The origin of
tetraradial symmetry in cnidarians. Lethaia 50,
306-321. (doi:10.1111/1et.12199)

Zhao Y, Vinther J, Parry LA, Wei F, Green E, Pisani D,
Hou X, Edgecombe GD, Cong P. 2019 Cambrian
sessile, suspension feeding stem-group ctenophores
and evolution of the comb jelly body plan. Curr.
Biol. 29, 1112-1125.e1112. (doi:10.1016/j.cub.
2019.02.036)

Mendoza-Becerril MA, Maronna MM, Pacheco ML,
Simdes MG, Leme JM, Miranda LS, Morandini AC,
Marques AC. 2016 An evolutionary comparative
analysis of the medusozoan (Cnidaria) exoskeleton.
Zool. J. Linn. Soc. 178, 206-225. (doi:10.1111/
20.12415)

Zhang Y-N, Liu Y-H, Shao T-Q, Wang Q, Qin J-C, Li
L-L, Zhou X-Y. 2022 The morphology and affinity of
anabaritids revealed by their internal molds from
the Cambrian Fortunian, southern Shaanxi, China.
Palaeoworld 31, 600—606. (doi:10.1016/j.palwor.
2022.03.008)

Marques AC, Collins AG. 2004 Cladistic analysis of
Medusozoa and cnidarian evolution. Invertebr. Biol.
123, 23-42. (doi:10.1111/j.1744-7410.2004.
th00139.x)

Zhao Y, Parry L, Vinther J, Dunn FS, Li Y, Wei F, Hou
X, Cong P. In press. An early Cambrian polyp reveals
an anemone-like ancestor for medusozoan
cnidarians. Palaeontology.

Ou Q et al. 2022 Dawn of complex animal food
webs: a new predatory anthozoan (Cnidaria) from


http://dx.doi.org/10.1111/ivb.12079
http://dx.doi.org/10.1017/S0016756811000720
http://dx.doi.org/10.1038/s41467-019-13882-z
https://doi.org/10.1098/rspb.2017.2188
http://dx.doi.org/10.1038/s41586-020-2384-8
http://dx.doi.org/10.1038/nature12017
http://dx.doi.org/10.1016/j.cub.2020.01.075
http://dx.doi.org/10.1186/s12915-020-00927-9
http://dx.doi.org/10.1186/s12915-020-00927-9
http://dx.doi.org/10.1666/13-003
http://dx.doi.org/10.1666/13-003
http://dx.doi.org/10.1098/rsos.210829
http://dx.doi.org/10.1098/rsos.210829
http://dx.doi.org/10.1111/j.1469-7998.1974.tb03125.x
http://dx.doi.org/10.1111/j.1469-7998.1974.tb03125.x
http://dx.doi.org/10.1017/jpa.2017.10
https://doi.org/10.1017/S1477201905001793
https://doi.org/10.1017/S1477201905001793
https://doi.org/10.1666/10-065.1
https://doi.org/10.1666/10-065.1
https://doi.org/10.1007/BF02990210
https://doi.org/10.1007/BF02990210
https://doi.org/10.1007/BF02989422
http://dx.doi.org/10.4202/app.00576.2018
http://dx.doi.org/10.4202/app.00576.2018
http://dx.doi.org/10.1016/j.palaeo.2009.02.013
http://dx.doi.org/10.1016/j.palaeo.2009.02.013
http://dx.doi.org/10.1080/14772019.2017.1412362
http://dx.doi.org/10.1111/gbi.12370
http://dx.doi.org/10.1111/pala.12168
http://dx.doi.org/10.1007/s11430-010-4086-9
http://dx.doi.org/10.1007/s11430-010-4086-9
http://dx.doi.org/10.1038/s41559-022-01807-x
http://dx.doi.org/10.1038/s41559-022-01807-x
http://dx.doi.org/10.1080/11035890601284327
http://dx.doi.org/10.1080/11035890601284327
https://doi.org/10.3176/earth.2016.01
https://doi.org/10.3176/earth.2016.01
https://doi.org/10.1098/rspb.2013.0071
http://dx.doi.org/10.1111/let.12199
http://dx.doi.org/10.1016/j.cub.2019.02.036
http://dx.doi.org/10.1016/j.cub.2019.02.036
http://dx.doi.org/10.1111/zoj.12415
http://dx.doi.org/10.1111/zoj.12415
http://dx.doi.org/10.1016/j.palwor.2022.03.008
http://dx.doi.org/10.1016/j.palwor.2022.03.008
http://dx.doi.org/10.1111/j.1744-7410.2004.tb00139.x
http://dx.doi.org/10.1111/j.1744-7410.2004.tb00139.x

38.

39.

40.

4.

42.

Cambrian. Innovation 3, 100195. (doi:10.1016/j.
Xinn.2021.100195)

Ou Q, Han J, Zhang Z, Shu D, Sun G, Mayer G. 2017
Three Cambrian fossils assembled into an extinct
body plan of cnidarian affinity. Proc. Nat! Acad. Si.
USA 114, 8835-8840. (doi:10.1073/pnas.
1701650114)

Jerre F. 1994 Anatomy and phylogenetic significance
of Foconularia loculata, a conulariid from the
Silurian of Gotland. Lethaia 27, 97-109. (doi:10.
1111/j.1502-3931.1994.th01562.x)

Van Iten H. 1991 Evolutionary affinities of
conulariids. In The early evolution of metazoa and
the significance of problematic taxa (eds A
Simonetta, S Conway Morris), pp. 145-155.
Cambridge, UK: Cambridge University Press.
Bruthansova J, Van lten H. 2020 Invertebrate
epibionts on Ordovician conulariids from the Prague
Basin (Czech Republic, Bohemia). Palaeogeogr.
Palaeoclimatol. Palaeoecol. 558, 109963. (doi:10.
1016/j.palaeo.2020.109963)

Van Iten H, Muir L, Simdes MG, Leme JM, Marques
AC, Yoder N. 2016 Palaeobiogeography,
palaeoecology and evolution of Lower Ordovician
conulariids and Sphenothallus (Medusozoa,
Cnidaria), with emphasis on the Fezouata Shale of

43.

45.

46.

47.

southeastern Morocco. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 460, 170—178. (doi:10.1016/j.palaeo.
2016.03.008)

Zhang Z, Strotz LC, Topper TP, Chen F, Chen Y, Liang
Y, Zhang Z, Skovsted (B, Brock GA. 2020 An
encrusting kleptoparasite—host interaction from the
early Cambrian. Nat. Commun. 11, 1-7. (doi:10.
1038/541467-019-13993-7)

Ippolitov A, Vinn 0, Kupriyanova E, Jager M. 2014
Written in stone: history of serpulid polychaetes
through time. Mem. Mus. Vic. 71, 123-159.
Miiller J, Schumacher A, Borda E, Rouse GW,
Bartolomaeus T, Tilic E. 2021 Brittleworms”:
ultrastructure and arrangement of the calcified
chaetae of Euphrosine (Amphinomida, Annelida).
Invertebr. Biol. 140, e12353. (doi:10.1111/ivh.
12353)

Parry LA, Edgecombe GD, Eibye-Jacobsen D, Vinther
J. 2016 The impact of fossil data on annelid
phylogeny inferred from discrete morphological
characters. Proc. R. Soc. B 283, 20161378. (doi:10.
1098/rspb.2016.1378)

Weigert A et al. 2014 llluminating the base

of the annelid tree using transcriptomics.

Mol. Biol. Evol. 31, 1391-1401. (doi:10.1093/
molbev/msu080)

48.

49.

50.

51.

52.

53.

[ten HV, Cox RS, Mapes RH. 1992 New data on the
morphology of Sphenothallus Hall: implications for
its affinities. Lethaia 25, 135-144. (doi:10.1111/].
1502-3931.1992.th01378.x)

Parry LA, Eriksson M, Vinther J. 2019 The annelid
fossil record. In Volume 1. Annelida basal groups
and Pleistoannelida, Sedentaria (eds G Purschke, M
Boggemann, W Westheide), pp. 69—88. Berlin,
Germany: De Gruyter.

Taylor PD, Vinn 0. 2006 Convergent morphology in
small spiral worm tubes (‘Spirorbis’) and its
palaeoenvironmental implications. J. Geol. Soc. 163,
225-228. (doi:10.1144/0016-764905-145)

Leme J, Van lten H, Simbes M. 2022 A new
conulariid (Cnidaria, Scyphozoa) from the terminal
Ediacaran of Brazil. front. Earth Sci 10, 777746.
(doi:10.3389/feart.2022.777746)

Kraft P, Mergl M. 2022 Struggle for phosphorus
and the Devonian overturn. Trends Ecol. Evol.

37, 645-654. (d0i:10.1016/j.tree.2022.

03.009)

Zhang G, Parry LA, Vinther J, Ma X. 2022 Data from:
Exceptional soft tissue preservation reveals a
cnidarian affinity for a Cambrian phosphatic
tubicolous enigma. Figshare. (doi:10.6084/m9.
figshare.c.6251440)


https://doi.org/10.1016/j.xinn.2021.100195
https://doi.org/10.1016/j.xinn.2021.100195
http://dx.doi.org/10.1073/pnas.1701650114
http://dx.doi.org/10.1073/pnas.1701650114
http://dx.doi.org/10.1111/j.1502-3931.1994.tb01562.x
http://dx.doi.org/10.1111/j.1502-3931.1994.tb01562.x
http://dx.doi.org/10.1016/j.palaeo.2020.109963
http://dx.doi.org/10.1016/j.palaeo.2020.109963
https://doi.org/10.1016/j.palaeo.2016.03.008
https://doi.org/10.1016/j.palaeo.2016.03.008
https://doi.org/10.1038/s41467-019-13993-7
https://doi.org/10.1038/s41467-019-13993-7
http://dx.doi.org/10.1111/ivb.12353
http://dx.doi.org/10.1111/ivb.12353
http://dx.doi.org/10.1098/rspb.2016.1378
http://dx.doi.org/10.1098/rspb.2016.1378
http://dx.doi.org/10.1093/molbev/msu080
http://dx.doi.org/10.1093/molbev/msu080
https://doi.org/10.1111/j.1502-3931.1992.tb01378.x
https://doi.org/10.1111/j.1502-3931.1992.tb01378.x
https://doi.org/10.1144/0016-764905-145
https://doi.org/10.3389/feart.2022.777746
https://doi.org/10.1016/j.tree.2022.03.009
https://doi.org/10.1016/j.tree.2022.03.009
https://doi.org/10.6084/m9.figshare.c.6251440
https://doi.org/10.6084/m9.figshare.c.6251440

	Exceptional soft tissue preservation reveals a cnidarian affinity for a Cambrian phosphatic tubicolous enigma
	Introduction
	Material and methods
	Results
	Discussion
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


