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Introduction these ostensibly strange fossils as extinct bodyplans. In the
literature these are often equated with the level of phylum, and
An understanding of the Cambrian “explosion” arguably the idea of a plethora of extinct Cambrian phyla has played a
provides one of the best avenues to tackling two major questiorsgnificant role in evolutionary interpretations of the Cambrian
in evolutionary biology: How are metazoan bodyplans assembletexplosion”[3]. The clade we identify here has considerable
and what, if any, role do macroevolutionary processes play? ldisparity, ranging from pedunculate to discoidal animals, but we
addition, this event provides a crucial test as to the relevance of thergue still represents a distinctive and identifiable bodyplan whose
fossil record either to decide between conflicting phylogenetiavider relationships are less easy to establish. Should we designate a
hypotheses or to determine the actual course of events. Given tirew phylum? In principle the taxon Dendrobrachia [4] is
crucial contributions of the fossil record to understanding such kewvailable, but the diagnosis by X-G. Haeual only encompasses
episodes as the terrestrialization of the sarcopterygian fish or thene of the taxailogites) that we consider here. Another important
capacity of theropod dinosaurs to engage in flight, then it mightconsideration is that the cladistic methodology attempts to identify
seem paradoxical that equivalent material is of ambiguous statustem-groups, and this has important strengths in understanding
when it comes to the interpretation of the Cambrian “explosion”. how bodyplans might be assembled as against the more essentialist
The reason largely revolves around the fact that a significanstance of phyla. Accordingly, rather than expanding the concept of
number of these early animal fossils have very unfamiliar, if noPhylum Dendrobrachia (and recalling also that the rules of priority
bizarre, anatomies, exhibiting a combination of characters notlaid down by the ICZN do not extend to the taxonomic level of
encountered in any extant phyla [1,2]. Traditionally regarded asphylum), here we employ the informal stem-group category of
Problematica (i.e., of unknown affinity), these bizarre taxa preserdambroernids whose currently recognized taxa inclidigites,
a significant challenge in terms of often complex preservation, nalerpetogaster and all members of the eldoniids (includifigionia,
to mention the difficulties in reconstructing a plausible functionalParopsonema, Rotadiscus, and Stellostomates).
morphology. It is important to recall that not only is the concept of phyla
What then is the best line of approach when it comes toessentialist but it serves to place problematic taxa in a phylogenetic
establishing their evolutionary position? One procedure is to treaimbo, rendering them effectively immune to further evolutionary
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projections representing evidence of possible segmental mesenteries. Scale bars: 10 mm. an, anus; in, intestine; ph, pharynx; stom, stomach; te,
tentacle. (Photos D. Collins).
doi:10.1371/journal.pone.0009586.9001

hypothesis that the former taxon could represent a preservationattachment disc (Figure 3F-H). Viewed dorsally the trunk
variant of Eldonia can be firmly rejected. With two exceptions invariably inclines clock-wise combined with a modest helical
(dissociated tentacles), all specimens seem to have been comptedeslation (Figure 3A, C, D, H). The body is not mineralized and
at the time of burial. Overall, a range of minute preservationalwas evidently encased in a fairly tough but flexible integument.
differences can be recognized from perfectly distinct body outlineticluding tentacles, specimens are typically 3—-4 cm in length
with well preserved tentacles and clear segmental boundaries fallowing for curvature, see Figure S1).
poorly preserved specimens showing evidence of decay of theThe tentacles (Figure 3A, E) emerge from the corners of the
tentacles still being in contact with the trunk. There is no evidencéhead (Figure 3A—F, H), and were evidently softer than the rest of
of tearing of tissues which could indicate decay of a dorsal disc, thike body. On either side they appear to arise as a pair, although it
being one of the most conspicuous body element&dinia and is possible that each inserts via a single stalk which then
other Cambrian discoidal forms (Figure 1). Discoidal animalsmmediately bifurcates (Figure 3B, C). The tentacles tend to vary
related toEldonia from the Chengjiang and Kaili biota [5] show in length within and between pairs (Figure 3A). In some cases they
clear evidence of decay of the tentacles dipetogasier but retain -~ are clearly asymmetrical, but other specimens have tentacles of
clearly the dorsal disc, presumably because this disc is moreughly similar sizes (Figure 3D, H). Length variations are
resilient to decay than the tentaclé&rpetogaster occurs in 11 bed  probably controlled in part by both angle of burial and decay
assemblages from the Walcott Quarry [17] and 20 bed(Figure 3A), but like the stolon, the tentacles were probably
assemblages from the Raymond Quarry [18] in addition to twoextensible. Branches usually face inwards, and their overall
other localities (Figure 2). Patterns of co-occurrence of the twarrangement is indicative of a monopodial growth (Figure 3A—
species provide additional support for separating both taxa; botlD). At least five orders of branching are recognized, with branch
species only co-occur in the Walcott Quarry in three beddiameter decreasing distally (Figure 3A, C). The medial zone
assemblages. typically houses a narrow dark strand (Figure 3B), connecting to a
Description. The body of Herpetogaster consists of a head with  darker zone inside the head (Figure 3B). The style of preservation
tentacles, trunk, and stolon (Figures 3, 4). Its bilateral symmetry {glarker and more reflective like the gut) and topology suggest this
most clearly defined by the paired tentacles (Figure 3D) and lateraftructure is probably internal and might represent either a
lobes along the head (Figure 3A, C, D), whilst the more developetydrostatic canal and/or vascular system; it is less likely to
banding, on one side of the trunk is tentatively regarded as dorsatepresent an external feeding groove.
The re-curved trunk has a terminal anus (Figure 3E), and a stolon In dorso-ventral specimens the frontal margin of the head is
arises from the ventral mid-trunk, sometimes terminating in anstraight and broad (Figure 3A—-Xut in lateral view (Figure 3F)
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Figure 2. Herpetogaster collinsi from the Middle Cambrian Burgess Shale. A-B, Locality maps. C, specimen occurrences.
doi:10.1371/journal.pone.0009586.g002
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Figure 3. Herpetogaster collinsi from the Middle Cambrian Burgess Shale. All specimens are preserved dorso-ventrally, except F. In each
photographic figure anterior is indicated by a wide white arrow. A-C, Royal Ontario Museum (ROM) 58051 Holotype. A, Part, overall view; B,
Counterpart, detail of tentacles with hydrostatic canal and/or vascular system emphasized by white arrows; C, Camera-lucida drawing of part and
counterpart emphasizing the presence of putative segment boundaries and triangular projections along the stomach. D, ROM 58046 Part, with
symmetrical tentacles and pharyngeal pores. E, ROM 58039 Counterpart, intestine with putative enclosing tube emphasized by small arrows. F, G,
ROM 58037 Part. F, Part, lateral view; G, Detail of terminal disc. H, I, ROM 58047 Part. H, extended stolon and terminal disc; |, Detail of the stolon, small
arrows point to a darker central area representing a possible coelomic cavity. Scale bars: A-F, H, 5 mm; G,I, T mm. an, anus; hy?, putative hydrostatic
canal and/or vascular system; in, intestine; p?, putative pharyngeal pores; ph, pharynx; seg, segment boundary?; st, stolon; stom, stomach; td, terminal
disc; te, tentacle.

doi:10.1371/journal.pone.0009586.9g003

it appears narrower suggesting the head had an elliptical crodmpart a distinct scalloped appearance to the body margins
section. In some dorso-ventrapecimens conspicuous hemi- (Figure 3A, C, D, F, H). The extension of the segments across the
spherical to semi-triangular sttures (occasionally duplicated gut (Figure 3A, C) and the presee of darker areas delimiting

on at least one side) extend from either side of the posterior heaghch segment indicate that these latter structures are unlikely to
(Figure 3A-E, H). Their function is not known, but their be internal mesenteries but are integral to the segments. The
prominence and bilateral arraegnent suggest they could have presence of triangular projections along both sides of the
an association with the pharynx representing potential pharyndigestive tract, however, is interpreted as possible insertion
geal pores. The trunk shows traesse bandings interpreted as points for mesenteries that in both directions would
segments and numbering up to 13. They extend from the level ohave suspended the digestitract from the body wall

the anterior margin of the stomach to the posterior tip, and (Figure 3A, C, E).
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Figure 4. Reconstruction of Herpetogaster collinsi from the Middle Cambrian Burgess Shale. 2010 - Marianne Collins.
doi:10.1371/journal.pone.0009586.9004

The mouth is assumed to have been located on the anteriotn dorso-ventral view the stomach occupies much of the trunk
margin and between the tentacles. A central darker area, which ifFigure 3A, C-E, H), whereas viewed laterally it is narrower
dorso-ventral view occupies much of the head, is interpreted as @igure 3F), suggesting it was compressed in cross-section. The
pharynx (Figure 3A-F, H), flanked anteriorly by the probable intestine is usually a faintly preserved canal which starts with a
canals/blood vessels. Posterior to the pharynx, the alimentarglight constriction near the stomach (Figure 3A, C, E). A darker
canal is composed of two distinct parts of sub-equal lengths; zone on either side of the intestine may represent an enclosing
conspicuous lenticular stomach and a straight, un-looped intestinenembrane, which also is seen to enclose the stomach (Figure 3E).
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Darker material at the rear end of the trunk (Figure 3A, C), and benthic deposit feeders, with the tentacles raised above the sea-
sometimes extending to the adjacent sediment, possibly represeffitsor. An alternative view with the tentacles sweeping the sea-floor
gut contents seeping from the anus. is corroborated by the types of depositional environment, patterns

An elongate structure, termed here the stolon, extends fronof preservation (when recorded in the field most eldoniids are
approximately the ninth trunk segment. It evidently arises fromrecovered disc-up [5,6], fossil associations and functional mor-
the ventral mid-line (Figure 3A, C, E, F, H), and is highly variable phology (stiffness of the disc, and evident lack of gas-filled
in length. Within its length a central dark zone may represent achambers to confer buoyancy). It is less certain, however, whether
coelomic cavity (Figure 3l). The termination of the stolon iseldoniids were completely sedentary [15] or had at least a semi-
generally simple, but occasionally bears a dark reflective film witlvagrant lifestyle.
some relief (Figure 3F, G). A mode of life as an epibenthic
suspension feeder, occupying the intermediate feeding tieDjscussion
(Figure 4), is indicated by the elongate and dendritic tentacles
and the contractile and flexible stolon, and in some cases a defindd) Comparisons between Herpetogaster, Phlogites and
holdfast. There is no evidence of mouth parts and gut content thathe Eldoniids
would indicate predation on macroscopic animals. Evidence for a The overall similarities betweerHerpetogaster and  Phlogites
hydrostatic skeleton, presumably coelomic, is inferred fromstrongly suggest a close relationship. Moreover, despite a
structures in the tentacles and stolon, and most likely a similaseemingly disparate anatomy the eldoniids also share important
cavity extended along the trunk. On occasion the animal may havéeatures with these two taxa (see also [4] for a comparison between
been attached directly to the epibenthic spofiigexa, with which  eldoniids andPhiagites). Amongst the similarities considered to be
it is commonly associated. A gregarious lifestyle is indicated biyomologous are: a coiled sac that houses a voluminous stomach
clusters of specimens (up to 8 on the same slab, see Figure S2hnd narrow intestine, at least one pair of oral tentacles that

bifurcate several times along their lengths (eldoniid tentacles are

(b) Phlogites shorter and more robust; tentaclesRuwadiscus only bifurcate once

The somewnhat olderPhiogites [4,11,13,14,19] is similar to attheir base [5]). Assuming the arrangement sedifxtogaster is
Henpelogaster, but shows a number of differences that may reflect arthe more primitive, a transformation to the medusoid-like body of
adaptation to a completely sessile mode of life (Figure 5, sdbe eldoniids would have been achieved by a lateral expansion of
camera-lucida drawings, Figure S3). Thus, the stolon is morghe dorsal and ventral body walls to form upper and lower surfaces
massive, effectively continuous with the body, and shows a@f the disc, combined with further clockwise rotation about the
ornamentation of longitudinal strands and fine transverse folds [4]helical axis so the posterior intestine came to underlie the oral
It appears to be invariably attached to a hard substrate, such akegion. These re-alignments led in turn to a shortening of the
trilobite debris [4] (Figure 5A) or vacated tubes [19]. The body istentacles which necessarily needed to remain external, loss of the
more calyx-like, and the posterior region is reduced to a smalstolon and development of a complex radial system of mesenteries
lobate extension with the anus opening laterally [4,14] (Figure 5Aand canals. The transformation from a worm-like to medusiform
C). The arrangement of the gut reflects the configuration of theorganism also explains the radial arrangement of the mesenteries
body, with the oesophagus joining a large quadrate stomach anénd canals, and for at least the former it seems possible that they
thence in a clockwise direction leads to a recurved, narroworiginated from the segments Herpetogaster (note these are not
intestine, sub-equal in length [4] (Figure 5A). The anterior of theevident in Phlgites, and presumably were lost as a result of the
body bears prominent lobes [4], each semi-circular in shape with &ansformation to a calyx-like arrangement of the body). In any
smooth margin, which are located between the tentacle basedvent, these realignments would have necessitated employment of
(Figure 5B). The tentacles appear to have had at least four (mom@ mesenterial system to anchor the alimentary canal in eldoniids.
likely five) separate insertions on to the rim of the calyx. Theln this scenarioHerpetogaster with its single pair of tentacles might
tentacles themselves are massive, and show an apparentpresent a primitive stage leading to forms with a more cup-
dichotomous branching with simpler terminations (Figure 5B).shaped (phlogitid) and ultimately a disc-shaped body (eldoniid).
Similar to Herpetogaster, internal strands, possibly blood vessels and/  Accepting our arguments for significant homologies that unite
or coelomic cavities, extend from the tentacles into the anterioferpetogaster + Phlogites and the eldoniids (as noted above
body. A characteristic feature dfilogites is two to three ovate collectively identified as the cambroernids). Arguably, of course,
structures with some relief within the anterior part of the calyx.tentacle morphology and gut anatomy might have more to do with
They are evidently an integral part of the body, and their original a particular feeding strategy than shared ancestry and could then
function is speculative; possibly they were reproductive tissuee interpreted to be convergent. After all, the “Lophophorata”

(Figure 5A). have been united by morphological characters such as possession
of tentacles but as a result of recent molecular phylogenies are how
(c) Eldoniids thought to represent a polyphyletic group (see discussion below).

The best known eldoniids come from various Cambrian fossilThe broadly similar age Oﬂerpetogaster + P/zlogites and the eldoniids
Lagerstéten: Eldonia ludwigi from the Burgess Shale (Figure 1) and does, however, go some way to support our argument for this
Stellostomiles eumorphus, Rotadiscus grandis, and Pararotadiscus guizhouen- being a _m0n0phy|etic association. In addition, it is worth
sis from southwest China. These various taxa are distinguished ofMphasizing that no other Cambrian or post-Cambrian fossils
the basis of relatively minor morphological differences of the discisplay a similar association of characters. Nevertheless in the
tentacles and internal radiating lobe structures [5]. In all forms,absence of additional independent data to test our hypothesis, we
the mouth and anus open ventrally and off-centre. There is aconsider the monophyly of the cambroernids to be a working
prominent pair of tentacles, while internally the gut consists of dypothesis.
pharynx, voluminous stomach and narrower intestine, all located
in a distinct coiled sac. As witHerpetogaster and Phlogites [13] this  (b) Difficulties in Phylogenetic Interpretation
has a clockwise orientation. Whilst often interpreted as pelagic As noted above in the introduction, the problems of assigning
filter feeders [10], the eldoniids have been reinterpreted [15] agpparently problematic taxa (which are by no means confined to
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unequal size [54,56]. The function of these inferred tentacles wathe branching point of the two main ambulacrarian clades that led
probably connected to feeding; their position could have beenltimately to the echinoderms and hemichordates, then we should
exothecal or when inferred from skeletal impressions confinedot be surprised that it seems reminiscent of both pterobranchs
within the paired anterior marginal grooves [55]. Since the right and pre-radial echinoderms.
marginal groove is always the shortest (or interestingly is absent inFinally, if accepted as some sort of deuterostome then these
some forms), this suggests at least an incipient reduction of tHessils have some further interesting implications. For example,
right-hand hydrocoel by torsion [55] with presumably the loss ofconsider the possible segmentationtHmypetogaster (Figure 3A, C,
an associated tentacle if originally present. In this evolutionanD, F, H). In overall form this is intriguingly reminiscent of the
scenario the next stage would be the final loss of the tentacles. Thirsal segmentation seen in the trunk of the Cambrian
presumably occurred in the solutans, where they are replaced withunnanozoans [64—67]. Although yunnanozoans are vaguely
a feeding arm (ambulacrum), so indicating the evolution of thefish-like, and have been allied to the chordates [66,67], an
diagnostic water vascular system. Ctenocystoids are somewhgternative view has placed them amongst the hemichordates
similar to cinctans but with a straight gut and a pair of bilaterally [64,65,68], if not yet more primitive deuterostomes [65,68]. If the
anterior feeding grooves. Ctenocystoids are thought to be morgrimitive deuterostomes were indeed segmented and free living,
primitive than cinctans but still located within the stem lineagethen the cambroernids could be particularly instructive with
echinoderms and to approximate to the hypothetical ambulacrarrespect to the early evolution of the Ambulacraria. Thus, one of
ian ancestor [54]. In this schema the cambroernids (possessinge key steps in their evolution was arguably the adoption of
bilaterally symmetrical tentacles that suggest the presence ofjgitially a semi-sessile mode of life. This was marked by acquisition
paired coelomic cavity) could presumably be placed stemward @f prominent tentacles for suspension feeding, a reduction of the
the cinctans and ctenocystoids, evolving before the evolution of thgead region with a corresponding re-organization of the coelomic
stereom and yet closer to the hypothetical ambulacrarian ancestotavities, and ultimately the loss of segmentation (albeit partially
3. Comparisons to stem-group ambulacrarians. Based retained inHepetogaster). It is at this juncture that we predict (see
on molecular phylogenies, fossils and detailed developmentalso [43]) the dichotomy towards the first echinoderms (acquiring
studies, the last common ancestor of hemichordates andtereom and ultimately a water vascular system) and the
echinoderms is predicted to have been bilaterally symmetrical, Aemichordates. Whilst many of the evolutionary steps involved
filter feeder with a paired water vascular system constructed frorth this process are still hypothetical, we suggest that animals similar
right and left hydrocoels, and with a muscular post-anal stalk ([43lo Herpetogaster may, in terms of the fossil record, be our best
see references herein). In addition this animal would have beegurrent glimpse of a very primitive ambulacrarian. In addition, if
equipped with a filter feeding pharynx [39]). In this context, the the cambroernids are confirmed as a group of Palaeozoic
cambroernids might represent the earliest ambulacrarians an@mbulacrarians, a long-standing evolutionary question is resolved
thus be our best clue as to the emergence of the ambulacrariaghat in addition suggests a hitherto unappreciated diversity of form
bodyplan (Fig. 6C). and ecology amongst the ambulacrarians, not least in the form of
Any discussion of the stem-group ambulacrarians must also ithe medusiform eldoniids.
principle consider the somewhat problematic xenoturbellans, a
group of modern free-living worm-like animals. Xanoturbella the Materials and Methods
animal shows a very simple organisation, with a diffuse nervous
system and apart from a statocyst lacks defined organs. Since itsMost specimens afferpetogaster were collectedn-situ by Royal
discovery 50 years ago numerous proposals concerning ifgntario Museum field crews. When possible, specimens were
phylogenetic position have been put forward [57], although recenprepared to remove rock-coated parts using an engraving tool,
molecular data argue (as well as earlier morphological studies (e.glpng with a thin reamer made of tungsten carbide. Camera lucida
[58]) for a position as a stem-group ambulacrarian [22,45,59]drawings were produced (with both part and counterpart) when
probably closer to hemichordates [60]. However, other molecularavailable to represent some particular morphological features that
studies do not entirely agree with this interpretation [61]. Theseare difficult to see on photographs. Pictures were taken by
studies, together with the fact that the xenoturbellids appear t@pplying polarizing filters to both the camera and the light-source
have very low number of hox-genes [62], suggest that they may bi@ order to increase contrast on wet or dry specimens. Scanning
more basal deuterostomes than previously thought, while thelectron microscope (SEM) photographs of uncoated specimens
likelihood of a yet more primitive position [63] is now receiving were taken at McMaster University using a FEI-Electroscan
fresh new support [23]. In any event it is evident that irrespectiveESEM 2020 microscope. Basic measurements (Figure S1) were
of their still controversial phylogenetic position the cambroernidgaken from live digital images using ECLIPSE NET 1.2 and Nis-

cannot throw useful light on the xenoturbellid question. Elements D 2.3 from a Nikon DS-5M digital camera mounted on
a Nikon SMZ-1500 stereoscopic microscope at the Royal Ontario
(e) Evolutionary Implications Museum.

Arriving at a precise phylogenetic position for the cambroernids,
therefore, has proved difficult. On balance a place amongst thdélomenclatural Acts
tentaculate lophotrochozoans seems to be less persuasive. Given &he electronic version of this document does not represent a
place within the ecdysozoans is even less plausible, then the finmiblished work according to the International Code of Zoological
possibility must be to look to the deuterostomes. Here, as noted thdomenclature (ICZN), and hence the nomenclatural acts
options revolve around a series of possibilities, including a stengontained in the electronic version are not available under that
group echinoderm, a hemichordate or an ambulacrarian. WhilstCode from the electronic edition. Therefore, a separate edition of
this list of possibilities might seem to leave the matter largelyhis document was produced by a method that assures numerous
unconstrained, it is important to stress that from a Cambrianidentical and durable copies, and those copies were simultaneously
perspective the morphological differences between these varioobtainable (from the publication date noted on the first page of this
alternatives were probably insignificant. If, for the sake of thearticle) for the purpose of providing a public and permanent
argument, the position of the cambroernids does indeed lie neascientific record, in accordance with Article 8.1 of the Code. The
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separate print-only edition is available on request from PLoS byramed area in C. E-F, specimen ROM 58058 with the terminal

sending a request to PLoS ONE, 185 Berry Street, Suite 3100, Sadisk at the end of the stolon attached Kauxia sp., the stolon is

Francisco, CA 94107, USA along with a check for $10 (to coverrotated 180 degree presumably as a result of burial; E, overall

printing and postage) payable to “Public Library of Science”.  view; F, close-up of the framed area in E. Scale bars: A,B, 20 mm;
In addition, this published work and the nomenclatural acts itC,E, 10 mm; D,F, 1 mm. vaFauxia, hz = Hazelia. Legend as in

contains have been registered in ZooBank, the proposed onlingigure 1.

registration system for the ICZN. The ZooBank LSIDs (Life Found at: doi:10.1371/journal.pone.0009586.s002 (12.54 MB

Science Identifiers) can be resolved and the associated informatiqnr)

viewed through any standard web browser by appending the LSID ) ) )

to the prefix “http:/zoobank.org/’. The LSID for this Figure S3 Camera-lucida drawings aPilogites longus from the

publication is:urn:Isid:zoobank.org:pub:502400AC-FD1B-41FA-Lower Cambrian Chengjiang biota. A, ELI-Phl-07-001. B, ELI-

AAE4-683089B7C2EA PhI-07-003. C, ELI-PhI-07-002. Scale bars: 5 mm. Legend, an,
Digital Archiving: PubMedCentral and LOCKSS anus; in, intestine; lo, lobe; ro?, reproductive organs?; st, stolon;

stom, stomach; te, tentacle; tr, trilobite fragment.

Supporting Information Found at: doi:10.1371/journal.pone.0009586.s003 (8.92 MB TIF)
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