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We describe Collinsium ciliosum from the early Cambrian Xiaoshiba
Lagerstatte in South China, an armored lobopodian with a remark-
able degree of limb differentiation including a pair of antenna-like
appendages, six pairs of elongate setiferous limbs for suspension
feeding, and nine pairs of clawed annulated legs with an anchor-
ing function. Collinsium belongs to a highly derived clade of lobo-
podians within stem group Onychophora, distinguished by a
substantial dorsal armature of supernumerary and biomineralized
spines (Family Luolishaniidae). As demonstrated here, luolishaniids
display the highest degree of limb specialization among Paleozoic
lobopodians, constitute more than one-third of the overall mor-
phological disparity of stem group Onychophora, and are substan-
tially more disparate than crown group representatives. Despite
having higher disparity and appendage complexity than other
lobopodians and extant velvet worms, the specialized mode of life
embodied by luolishaniids became extinct during the Early Paleo-
zoic. Collinsium and other superarmored lobopodians exploited a
unique paleoecological niche during the Cambrian explosion.

Collins’ monster | Xiaoshiba Lagerstétte | Cambrian explosion | evolution |
phylogeny

Onychophorans, or velvet worms, comprise a relatively small
phylum (~180 species) of soft-bodied panarthropods con-
stituting a minor component of modern rainforest ecosystems
around the world (1). The overall organization of extant ony-
chophorans is remarkably conserved (2), typified by a low mor-
phological variability and homogeneous autoecologies as ambush
predators of small invertebrates. An emerging fossil record,
however, points to a substantially wider range of forms and
habits during their early evolutionary history (3-8). Paleozoic
lobopodians—a paraphyletic group of soft-bodied extinct or-
ganisms resembling worms with legs—occupy basal phylogenetic
positions within the stem lineages of Onychophora, Tardigrada,
and Euarthropoda (3, 6, 9), and thus offer critical insights about
the early evolution and paleobiology of panarthropod phyla.
Here, we describe the stem group onychophoran Collinsium
ciliosum, a “superarmored” lobopodian with complex limbs,
based on a large and exquisitely preserved population from the
early Cambrian (Stage 3) Xiaoshiba Lagerstitte in South China
(10, 11) (SI Appendix, Fig. S1).

Systematic Paleontology

Superphylum Panarthropoda, Phylum (Stem Group) Onychophora,
Family Luolishaniidae (12).

Diagnosis. Armored lobopodians with thorn-shaped dorsal scler-
ites, arranged in odd-numbered sets of three or more per trunk
appendage pair; sclerite sets irregularly spaced, with separation
decreasing progressively toward the anterior and posterior ends
of the body; anteriormost five or six trunk limb pairs slender with
double rows of long setiform spines (emended from ref. 6).
Included taxa. Collinsium ciliosum gen. et sp. nov., early Cam-
brian Stage 3, Xiaoshiba; Acinocricus stichus, middle Cambrian
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Stage 5 Spence Shale (5); Luolishania longicruris early Cambrian
Stage 3, Chengjiang (6); Collins’ monster, early Cambrian Stage
4, Emu Bay Shale (7), and middle Cambrian Stage 5, Burgess
Shale (4).

Collinsium ciliosum gen. et sp. nov.

Etymology. Named after Desmond Collins, who discovered and
first illustrated the eponymous fossil (4); ciliosum (Latin), hairy.
Type material. Holotype YLKP 12127 (Fig. 14); paratypes YLKP
12128 (Fig. 24) and YLKP 12129 (Figs. 1D and 2D). YLKP: Key
Laboratory for Paleobiology, Yunnan University.

Referred material. An additional 26 topotype specimens (YKLP
12130-12155).

Locality and horizon. Xiaoshiba section, Kunming, Yunnan Prov-
ince; Cambrian Stage 3 (local upper Qiongzhusian), lower por-
tion of the Hongjingshao Formation (10, 11) (SI Appendix, Fig.
S1). The horizon has also been verified by a similar fossil as-
semblage found from another section in Kunming (13).
Diagnosis. Armored lobopodian with six pairs of setulose anterior
appendages and 15 biomineralized sclerite sets: first sclerite set
represented by a single pair of short dorsolateral spines; sets
2-15 composed of five spines of variable length. Nine posterior
walking legs with single terminal claws. Head with pair of
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anterior antenna-like limbs and paired dorsal sclerites. Head and
anterior trunk region densely covered by short filiform setae.
Description. Except for the three-dimensionally preserved dorsal
spines, Collinsium specimens are preserved as flattened compression
fossils. Complete individuals reach a maximum length of 85 mm.
The elongate body is approximately tubular, widening gradually
toward the middle section by a factor of ~1.5. The head region is
bulbous, curves ventrally, and bears a terminal mouth lacking
accessory oral structures (Fig. 1 4, B, and G, and SI Appendir,
Fig. S3). A pair of subrectangular sclerotized plates converge
dorsomedially on the head (Fig. 1 B and G-I), followed by a pair
of anteriorly directed uniramous antenniform appendages (Fig.
1B); there is no evidence of eyes. The paired trunk limbs are
uniramous and represented by two distinct morphotypes: the first
to sixth pairs of trunk appendages are elongate (approximately
one-third of the total body length), lack terminal claws or obvious
annulations, and bear ~30 pairs of regularly spaced (~0.25 mm)
1.5- to 2.5-mm-long setiform spines that attach medially on
the ventral side of the limbs to form a repeated chevron pattern
(Figs. 1 A and D, and 24, and SI Appendix, Fig. S4); by contrast,
the 7th to 15th limb pairs are more conventionally lobopod-like
with transverse epidermal annulations and a single terminal re-
curved claw that faces backward (Figs. 1D and 2 4, C, and D).
The posterior end of the body terminates in a lobopodous ex-
tension beyond the last leg pair (SI Appendix, Fig. S6I).
Dorsolaterally, the trunk bears 15 metamerically arranged sets
of three-dimensionally preserved sclerites (Figs. 1 4, D, G, and I,
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Fig. 1. Anterior morphology of Collinsium ciliosum
from the early Cambrian (Stage 3) Xiaoshiba
Lagerstatte. (A-C) YKLP 12127, holotype: (A) laterally
preserved specimen, showing antenna-like limbs, six
pairs of setiferous appendages, and limb correlation
with sets of sclerotized dorsal spines; (B) detail of the
head; (C) detail of the base of the fifth dorsal spine
and short filiform setae. (D-F) YKLP 12129a, para-
type: (D) lateral view showing correlation of ap-
pendages and sets of dorsal sclerotized spines;
(E) details of the annulations, papillae, and fine hair-
like setae; (F) bases of the dorsolateral spines and
the lateral spines of the seventh sclerite set. (G and
H) YKLP 12128, specimen with six pairs of setiferous
appendages (arrowed): (G) lateral view; (H) detail of
lateral overlap of the paired anterior sclerites on the
head region; arrows indicate the outline of the left
sclerite. (/) YKLP 12136, dorsal view showing organi-
zation of sclerite sets. Abbreviations: ann, annula-
tions; ant, antennae; asc, anterior dorsal sclerites; dls,
dorsal lateral spine; gut, digestive tract; hs, hair-like
setae; Is, lateral spine; ms, medial spine; pa, papillae;
set, setiform spines; SS1-15, sclerite series; tap1-15,
appendages.

and 2 A4, D, and E, and SI Appendix, Figs. S5 and S6). Whereas
the first sclerite set comprises a pair of short (<1-mm) dorso-
lateral spines (Fig. 1), the 2nd to 15th sets consist of five spines,
including the following: (i) a single, prominent, 6- to 12-mm-long
medial spine; (i) a pair of medium-sized (approximately one-
third the length of the associated median spine) dorsolateral
spines; and (iii) two smaller (approximately one-eighth the
length of the associated median spine) lateral spines (Figs. 1 A4,
C,D, F, G,and I, and 2 4, D, and E). The distal portions of the
spines curve gently toward the anterior (Figs. 1 4, D, and G, and
2A4). The distance between sclerite sets and their respective
ventral limb pairs decreases toward the anterior and posterior
ends of the animal, such that sets 1-6 and 12-15 are separated by
~1-1.5 times the maximum width of the median spine, compared
with a separation of ~3 times for sets 7-11 (Figs. 1 4, D, and G,
and 2 A and D). The spines have subcircular bases, a punctate
surface ornamentation, and a cone-in-cone construction similar
to that described in hallucigeniids (3, 14, 15) (Figs. 1C and 2G).
The three-dimensional preservation of the spines implies that
they were originally biomineralized (16), and is supported by the
cooccurrence of three-dimensionally preserved trilobites (SI
Appendix, Fig. S1) (10). Elemental analysis of the spines reveals
the presence of C and Fe, as well as selective depletion of Si, Al,
and K, relative to the rock matrix (SI Appendix, Fig. S2); the
taphonomically and geochemically indistinguishable preserva-
tion of Microdictyon sclerites from the adjacent—but strati-
graphically older—Chengjiang deposits (14, 17) points to a
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similarly phosphatic composition for the original composition of
Collinsium spines (15).

The trunk epidermis is marked by superficial annulations and
is sparsely covered by small papillae (Figs. 1 D-F and 2 C and D).
The anterior half of the body, including the head region to the
sixth trunk appendage pair, is densely covered by short (~0.1- to
0.3-mm) hair-like setae (Fig. 1 A and C); slightly longer (~0.5-mm)
filiform setae form a crown-like arrangement around the bases of
the median and dorsolateral sclerotized spines (Fig. 1 A and C).
The posterior half of the body appears to be devoid of hair-like
setae, except for small bundles associated with papillae (Fig. 1E).
The gut is the only internal structure preserved, represented by a
simple flattened tube, ~1.5 mm in diameter, which follows the ventral
curvature of the mouth (Figs. 1D and 2 4 and D); there is no evi-
dence for diverticulae or other specializations of the digestive tract.

Discussion

Although lobopodians are relatively well known from Cambrian
Burgess Shale-type assemblages (3, 6-9, 14, 15), Collinsium differs
from most representatives in its much more heavily developed
dorsolateral armor and highly specialized anterior limbs (Figs. 1-3).
Whereas other armored lobopodians are characterized by sclerite
sets composed of a single pair of spines (e.g., hallucigeniids; refs. 12
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Fig. 2. Posterior morphology of Collinsium cil-
iosum. (A-C) YKLP 12149, paratype: (A) complete
specimen in lateral view, showing 15 pairs of ap-
pendages and 15 sets of dorsal spines; (B) detail of
terminal claws in posterior limbs; (C) detail of the
most posterior portion of the trunk and append-
ages; (D) YKLP 12129b, showing the posteriormost
dorsal spine sets and last four appendage pairs; (E-
G) YKLP 12154, an incomplete specimen with well-
preserved dorsal spines: (E) oblique dorsal view;
(F) detail of three well-preserved spines in E; (G) SEM
photomicrograph showing cone-in-cone construc-
tion of dorsal spines (marked in black and white
arrows). Abbreviations: pte, posterior trunk ex-
treme; tc, terminal claw; others as in Fig. 1.

and 14) or plates (e.g., Microdictyon and Onychodictyon; refs. 18—
20) per appendage pair, the equivalent sclerite set in Collinsium
consists of five variably sized biomineralized spines. The disposition
of this dorsal covering would have presented an effective defensive
barrier to potential predators, particularly if the constituent sclerites
were capable of independent orientation (as suggested by the
abundance of presumably sensory hair-like setae and papillae).

Fig. 3. Morphological reconstruction of Collinsium ciliosum. Abbreviations:
ann, annulations; ant, antenna-like appendages; asc, anterior sclerite; dls,
dorsolateral spines; hs, hair-like setae; Is, lateral spine; m, mouth; ms, medial
spine; pa, papillae; pte, posterior trunk extension; set, setiform spines; SSn,
sclerite series n; tap, trunk appendages; tc, terminal claw.
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Given the accompanying absence of eyes or sclerotized oral/
feeding structures, this emphasis on dorsal armor clearly rules
out a macropredatory habit. Moreover, the batteries of closely
spaced elongate setiform spines on the flexible anterior trunk
appendages of Collinsium would have formed an efficient sieving
basket (SI Appendix, Fig. S4), potentially deployed on flocculent
organic-rich surface sediments (6). The well-developed terminal
claws of the posterior legs, however, are poorly suited for walking on
muddy substrates, suggesting instead a climbing or anchoring habit
(6, 14, 21). Based on the putative association between other clawed
lobopodians and sponges (22), Collinsium was most likely a benthic
suspension feeder, favoring the higher energy conditions associated
with hard substrates. Regardless of habitat preference, the derived
feeding behavior of Collinsium must have exposed it to significantly
greater levels of visual predation (23) than its less specialized rela-
tives, hence its extraordinary investment in dorsal armor (Fig. 3).
Only a small subset of lobopodians shares with Collinsium the
presence of setulose anterior limbs and supernumerary spines
(i.e., more than one pair of spines per sclerite set) (SI Appendix,
Fig. S7), most notably the enigmatic and as-yet-undescribed
taxon informally referred to as the “Collins’ monster” from the
middle Cambrian Burgess Shale (4, 24). Known from just a single
published specimen (4), the Collins’ monster clearly bears a
homologous row of long medial spines and anterior appendages
with long setiform spines. Other documented taxa with a similar
body organization—differing from Collinsium mainly in terms of
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| for appendage diversity (h) for each taxon (Dataset
0.75 1.0 S1); crossed bars indicate insufficient data. Abbrevi-
ations: BS, Burgess Shale; EBS, Emu Bay Shale.

number of dorsal spines and leg pairs—include Luolishania
longicruris from the early Cambrian Chengjiang biota (6), Aci-
nocricus stichus from the middle Cambrian Spence Shale (5, 8),
and a fragmentary specimen from the early Cambrian Emu Bay
Shale (7). With the exception of Collinsium and Luolishania,
however, most aspects of the morphology of these taxa are
known from incomplete material, and evidence for spine bio-
mineralization and cone-in-cone construction have only been
demonstrated in the new taxon (Fig. 2G and SI Appendix, Fig.
S2). A comprehensive phylogenetic analysis of Paleozoic lobo-
podians informed by developmental and paleoneurological data
(Dataset S1 and SI Appendix, Notes S1 and S2) demonstrates
that Collinsium and all other taxa with more than two dorsal
spines per sclerite set and setulose anterior limbs form a well-
defined clade of superarmored lobopodians—Family Luolisha-
niidae (6, 7, 12) (Fig. 44 and SI Appendix, Figs. S7 and S8).
Luolishaniids, in turn, belong to a more inclusive group unified
by posterior lobopodous legs with a single terminal claw and the
variable length of the dorsal spines throughout the body. Hal-
lucigenia hongmeia (14) occupies the most basal position within
this latter clade, indicating the paraphyly of the genus Halluci-
genia, or that the former species may merit a separate genus
altogether. On a broader scale, luolishaniids are resolved as stem
group representatives of Onychophora (per ref. 3; contra refs. 6
and 25), although these lobopodians fall outside of the direct
lineage leading to crown group onychophorans (Fig. 44). Insofar as
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group Onychophora (Lower). (D) Comparison of group disparity in stem and crown group Onychophora.

luolishaniids exhibit a number of autapomorphic characters (e.g.,
specialized feeding limbs and supernumerary dorsal spines), they
constitute a monophyletic group with no extant representatives
(i.e., a plesion). Luolishaniids evince various morphological fea-
tures that appear to be exclusive to total-group Onychophora in the
wider context of panarthropod phylogeny; these include presence
of a posterior extension of the lobopodous trunk, a dorsal armature
consisting of metamerically arranged sets of sclerotized spines, the
presence of stacked constituent elements (e.g., cone-in-cone dorsal
spines), and the absence of a modified last pair of appendages (SI
Appendix, Note S2) (3).

The strong support for luolishaniid monophyly revealed by the
phylogenetic analysis (SI Appendix, Fig. S8 and Note S3) and the
identification of these fossil organisms as members of stem group
Onychophora are significant given the general scarcity of syna-
pomorphic characters in Paleozoic lobopodians, which has led to
controversy regarding their interrelationships and systematic clas-
sification (3, 6, 8, 9, 12, 14, 18-22). On a broader scale, these re-
sults illuminate large-scale morphological patterns during the
early evolutionary history of Onychophora. The extraordinary
degree of morphological differentiation in Collinsium and other
luolishaniids—expressed in both dorsal armor and lobopodous
appendage specialization (25, 26)—is unparalleled within total-
group Onychophora. Although the limb complexity of crown group
onychophorans surpasses that of most stem group representatives,
luolishaniids possess by far the greatest degree of appendage tag-
mosis (Figs. 4B and 5B). Indeed, only highly derived nektonic
predators within stem group Euarthropoda, such as some radi-
odontans (27, 28), display comparable levels. These observations
evince parallel trends toward increasing overall limb complexity
among lobopodians in the stem lineages of both Onychophora
and Euarthropoda (Fig. 4B), possibly as a result of interspecific
competition and ecological escalation in early Paleozoic eco-
systems (29). Morphological analyses indicate that Collinsium
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and its close relatives occupy a distinct and nonoverlapping region
of morphospace compared with other total-group onychophorans
(Fig. 54). Despite being known from only five species—including
Collinsium—and temporally restricted to early (6, 7) and middle
Cambrian (4, 5) deposits, luolishaniids contribute 40% of the overall
disparity of stem group Onychophora and 30% of the disparity ob-
served in the total group (Fig. 5C); strikingly, the morphological
disparity within Luolishaniidae is more than six times greater than
that of crown group Onychophora (Fig. 5D). By contrast, extant
onychophorans occupy a restricted distribution in morphospace
(Fig. 54) that largely reflects their conservative appendage con-
struction—consisting of protocerebral “antennae,” deutocerebral
jaws, slime papillae, and a variable number of homonomous
walking legs—as well as relatively low degrees of variation in other
aspects of their nonappendicular morphology (2, 30) (Fig. 5 B and
D). Our analyses of Collinsium and other luolishaniids indicate
that the early evolutionary history of Onychophora was typified by
exceptionally high levels of morphological and functional in-
novation; these traits allowed stem group onychophorans to ex-
ploit a much wider range of lifestyles during the Cambrian than
those observed among extant representatives.

The fossil record has previously documented metazoan clades
whose extant diversity and disparity reflect only a modest fraction
of their earlier evolutionary success (e.g., crinoids, brachiopods),
usually resulting from a combination of extrinsic (e.g., environ-
mental) and intrinsic (e.g., developmental) factors (31, 32). Our
recognition of a similar pattern affecting total-group Onycho-
phora may be interpreted in light of high rates of genotypic and
phenotypic evolution that typify the Cambrian explosion (32, 33),
leading to the speciation of luolishaniids and their occupation of a
unique paleoecological niche. The causes behind the extinction of
the luolishaniid mode of life, although elusive, were likely linked
to the evolution of escalating new trophic behaviors associated
with the Cambrian radiation. Alternatively, the absence of
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luolishaniids in post-Cambrian strata may also reflect the poor
fossil record of armored lobopodians (e.g., ref. 34) and restricted
distribution of these extinct organisms to sites of exceptional
preservation (e.g., ref. 15).

Methods Summary

Digital images for all specimens were captured under bright-field illustration
using a Leica DFC 500 digital camera mounted to a Stereoscope Leica M205-C.
All images were processed in Adobe Photoshop CS 4. The elemental com-
position of the dorsal biomineralized spines was analyzed with an FEI XL30
FEGSEM electronic microscope with Oxford instruments using ATM Sili
spectrometer and running INCA software.

Phylogenetic Analysis. The data matrix includes 46 taxa and 86 characters
(Dataset S1 and S/ Appendix, Notes S1 and S2). The analysis was run in TNT
(35) under New Technology Search (36, 37). An initial analysis treated all
characters as equally weighted; subsequent iterations with variable con-
cavity values (k) were used to explore the effect of different degrees of
homoplasy penalization to test the robustness of the dataset. Detailed re-
sults are provided in S/ Appendix, Note S3 and Fig. S8.

Morphospace Analysis. Analyses were based on the phylogenetic dataset
(Dataset S1) and used the standard protocol of morphospace studies based
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on discrete character data (e.g., refs. 38 and 39). Pairwise dissimilarity among
taxa was calculated as the mean character difference (e.g., refs. 40 and 41).
A principal coordinate analysis was performed on the matrix of morpho-
logical dissimilarity to visualize the main features of the onychophoran
morphospace (Fig. 5A), but disparity analyses were carried out from the
original dissimilarity matrix (S/ Appendix, Note S1). Disparity was measured
as the mean pairwise dissimilarity (e.g., refs. 41 and 42).

Limb Tagmosis Analysis. Measures of limb complexity were calculated using
the coefficient of limb tagmosis proposed by Cisne (43) and based on Bril-
louin’s expression (44):

h=<InN!—Zlnn, !)/N

where N is the total number of limb pairs and n the number of limb pairs of
the ith type (43, 44); see SI Appendix, Notes S1 and S4 for details.
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