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SUMMARY

Pterobranchs, amajor group of the phylum Hemichordata, first appear in the fossil record during the Cambrian,’
and there are more than 600 fossil genera dominated by the mainly planktic graptolites of the Paleozoic, which
are widely used as zone fossils for correlating sedimentary rock sequences.? Pterobranchs are rare today; they
are sessile marine forms represented by Rhabdopleura, which is considered the only living graptolite, and
Cephalodiscus. Unlike their sister taxon, the colonial graptolites, cephalodiscids are pseudocolonial.>* Here,
we describe a problematic fossil from the Silurian (Pridoli) Bertie Group of Ontario (420 mya), a sequence of
near-shore sediments well known for its remarkably preserved diversity of eurypterids (sea scorpions).’ The
fossil, Rotaciurca superbus, anew genus and species, was familiarly known as Ezekiel’s Wheel,® with reference
to the unusual circular arrangement of the tubes that compose it. The structure and arrangement of the tubes
identify Rotaciurca as a pterobranch, and phylogenetic analysis groups it with the cephalodiscids. We placeitin
anew family Rotaciurcidae to distinguish it from Cephalodiscidae. A large structure associated with the tubes is
interpreted as a float, which would distinguish Rotaciurca as the only known planktic cephalodiscid—thus
cephalodiscids, like the graptolites, invaded the water column. This mode of life reflects the rarity of pseudo-
colonial macroinvertebrates in planktic ocean communities, a role occupied by the tunicates (Chordata) known
as salps today. Our estimates of divergence times, the first using relaxed total-evidence clocks, date the origins

of both hemichordates and pterobranchs to the earliest Cambrian (Fortunian).

RESULTS

Pterobranchs have a more significant fossil record than the other
major group of hemichordates, enteropneusts (acorn worms),
owing to their decay-resistant fusellum,’® although some
Cambrian enteropneusts secreted a tube-like structure.””® Mo-
lecular phylogenies indicate a sister group relationship between
pterobranchs and enteropneusts,’®'? as do morphological
data,’® although earlier molecular studies found pterobranchs
within enteropneusts.'* ' Both orders of pterobranchs, Grapto-
lithina and Cephalodiscida, are characterized by a tubarium of
collagenous/proteinaceous tubes that accommodates zooids
with tentaculated arms used in suspension feeding.*'* Grapto-
lites invaded the water column early in the Ordovician (the
earliest planktic genus is Rhabdinopora)'® and are diverse and
abundant through to the Lower Devonian.? All known extant
and fossil cephalodiscids are benthic.”

The name of the new genus and species, Rotaciurca super-
bus, is derived from rota (Latin for wheel), combined with Ciurca
(masculine) in honor of Samuel J. Ciurca, Jr., who donated the
specimens together with thousands of eurypterids to the
Yale Peabody Museum (YPM).'”"'® Giurca’s name for the fossil,
Ezekiel’s Wheel, alludes to the prophet’s vision of the divine
warrior riding in a wheeled chariot, as described in the Book of
Ezekiel in the Bible.'® The species name superbus (Latin for

®

excellent, superior, and splendid) acknowledges that Ciurca
labeled the holotype “the most beautiful fossil ever found.” We
assign R. superbus to a new family Rotaciurcidae of the order
Cephalodiscida.

Material

The ten known specimens from the late Silurian (Pridoli) Bertie
Group (Bed A of the Williamsville Formation) in Ridgemount
Quarry South, Fort Erie, Welland County, Ontario, Canada are
registered in the Invertebrate Paleontology Division of the YPM
(YPM IP). Ciurca collected the holotype (YPM IP 428141 part
and counterpart; Figures 1A, 1B, and 1G-1l) in 1995 and eight
other specimens over the next 25 years: YPM IP 227590
(Figures 2F and 2G), 237272 (Figures 2D and 2E), 251592 (with
counterpart) (Figures 2H and 2l), 254553 (Figures 1C and 1D),
309898, 428830 (with counterpart) (Figures 2A-2C), 546797
(with counterpart) (Figures S1A-S1D), and 546798 (with counter-
part) (Figures 1E and 1F). An additional specimen, YPM IP
542614 (with counterpart), was discovered by Wayne Davey
and subsequently acquired by Ciurca.

Preservation

The specimens consist of a circular aggregate of radiating tubes,
arranged in two or more levels, making up the tubarium. They
have undergone some collapse and flattening, but the tubarium
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is largely symmetrical in most specimens, indicating that they are
preserved near parallel to bedding (Figures 1A, 1B, 2, and S1).
Where the tubarium shows some asymmetry and the mid-point
is not at the center (Figures 2A-2C), the specimen was tilted
slightly on burial, as reflected in its attitude to the sedimentary
laminations evident on the edge of the sample. A single spec-
imen is flattened so that it affords a lateral view (Figures 1C
and 1D) such that the radial arrangement of the tubes is not
evident.

The holotype preserves clear evidence of two sets of radiating
tubes (Figures 1G and 1H), one overlying the other, separated by
a featureless organic-rich sediment layer. An essentially com-
plete set of tubes is exposed, and a portion of the other is evident
where the specimen has split along the sediment layer, sepa-
rated by a break of slope. Radiating ridges on this partly exposed
level (Figure 1G) do not correspond to the boundaries of the
tubes that overlie it and presumably reflect the position of the
tubes beneath. A different specimen (Figures 2A-2C) was broken
through the periphery of the tubarium, revealing tubes in a sec-
tion on the vertical break at a different level to the one exposed
by splitting along the bedding plane. This confirms that the tuba-
rium consists of two or more levels. Some specimens (e.g.,
Figures 2D and 2E) have split along the sediment layer that sep-
arates sets of tubes rather than at a level of tubes. Here, poorly
defined ridges are the only trace of the tubes, except where
they emerge at the margin of the specimens.
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Figure 1. Rotaciurca superbus specimens
showing evidence of float and arrangement
of tubes

(A and B) YPM IP 428141 holotype, part, and
counterpart.

(C and D) YPM IP 254553, specimen and explana-
tory drawing.

(E and F) YPM IP 546798, part, specimen, and
explanatory drawing.

(G-1l) YPM IP 428141 holotype, counterpart, part,
and explanatory drawing of tubarium.

The arrow marks the preserved termination of the
float. Red dots mark the origins (closed ends) of
tubes, where evident on part or counterpart, blue
dots represent the termination of tubes. r indicates
ridges. fus shows the position of fuselli illustrated in
Figure 3A. s indicates position of sample for energy
dispersive X-ray spectrometer (EDS) analysis. Ha-
chures in these and other drawings indicate pro-
nounced changes in the level of splitting resulting in
breaks of slope, the solid line at the upper edge of
the break, the hachures directed downslope.

See also Figure S1.

The tube walls are dark in color
(Figures S2G-S2I) and often cracked into
irregular fragments such that tubarium tis-
sue is lost on splitting of the slabs
(Figures 3E and 3F). Their organic compo-
sition is confirmed by Raman analysis that
yields a set of signals associated with
insoluble kerogen (C=C, C-C, C-N, C=0
vibrations, aromatic rings) (Figure S2F).
The surface of the tube wall shows linear
structures (Figure 3), which we interpret as the margins of fuselli,
but there is no evidence that the internal ultrastructure of the wall
is preserved. The margins of the fuselli show some relief (Fig-
ure 3A), as do those in other fossils (e.g., Mierzejewski*® and
Mierzejewski and Kulicki®'). This may be exaggerated by separa-
tion along the boundaries between fuselli and by some penetra-
tion of sedimentary matrix during burial and flattening
(Figures 3B, 3E, and 3F). Where the separation narrows or is ab-
sent, as evidenced by continuity of the carbonaceous tubarium
tissue, the relief is likewise reduced (Figures 3C, 3D, 3F, and
3G). The high proportion of carbon in the tube walls (Figure S2A),
similar to that in associated eurypterid cuticle (Figures S2B and
S2F), decreases in the sediment layer separating the levels of
tubes within the tubarium, and it is lowest in the matrix beyond
the specimen. Where the material of the wall has flaked off or
is on the counterpart, the path of the tube is lighter in color but
still darker than the matrix surrounding the specimen (Fig-
ure S1B), indicating an organic residue in the sediment immedi-
ately adjacent to the tubes. The central part of the organic-rich
sediment layer separating the levels of tubes contains a higher
weight percent of silicon than the tubes themselves and the ma-
trix beyond the specimen, probably reflecting early cementation
of the organic-rich sediment.

Eurypterid cuticle from this locality is composed of long-chain
aliphatic components as a result of in situ polymerization during
diagenesis.?” The similarity of the Raman spectra of the tube
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walls and eurypterid cuticle (Figure S2F) shows that the two

samples have undergone similar diagenetic alteration—
arthropod cuticles and graptolite tubarium tissue behave simi-
larly during fossilization.?*>* The color of a large conical projec-
tion (Figures 1A and 1B), which preserves some relief, likewise
indicates an organic residue, and in places, tiny fragments of
its outer wall remain (Figure S2I). This structure is only evident
in three of the ten specimens (Figure 1), indicating that it normally
separated from the tubarium and/or decayed. In one case, it has
flexed through ~90° (Figures 1E and 1F), presumably during
transport and burial. The specimens preserve no evidence of zo-
oids, but this is the norm among fossil pterobranchs®> owing to
the susceptibility of zooids to decay.?%?”

Diagnoses
Phylogenetic analysis indicates that the affinities of Rotaciurca
lie with the cephalodiscid pterobranchs, but the structure and
arrangement of tubes in the new taxon differ significantly from
those in any known pterobranch including order Cephalodiscida,
family Cephalodiscidae.

Family Rotaciurcidae. Diagnosis as for genus and species.

Genus and species Rotaciurca superbus. Circular tubarium
comprising two or more levels each of ~16 radiating organic
tubes. The tubes, which have a closed convex origin and are un-
connected, widen and subdivide into two (or perhaps more)
branches distally. The tube walls are made up of irregular fuselli.
The tubarium is attached to a conical structure (possible float).

Description
The tubarium of Rotaciurca superbus consists of a circular
array of radiating tubular units (Figures 1, 2, and S1). The

¢? CellPress

Figure 2. Rotaciurca superbus specimens
showing arrangement of tubes

(A-C) YPM IP 428830, part, counterpart, and
explanatory drawing. Upper fus shows the position
of fuselli illustrated in Figure 3C and lower fus those
in Figure 3B.

(D and E) YPM IP 237272, specimen and explana-
tory drawing. Tubes in the bottom left overlie the
organic-rich layer that separates the two layers of
tubes. ext is the tube extension; fus shows the
position of fuselli illustrated in Figures 3D and 3E.
(F and G) YPM IP 227590, specimen and explana-
tory drawing.

(Hand I) YPM IP 251592, specimen and explanatory
drawing.

See also Figure S1.

tubarium tapers in lateral view toward
the origin of the tubes at its center
(Figures 1C and 1D). Its maximum pre-
served diameter in the known specimens
ranges from 11 (Figures 1E and 1F) to
38 mm (Figure S1): mean 24.1 mm, SD
7.83 (as a population). The preserved
length of the tubes ranges up to 20 mm
(Figure S1). The smaller tubaria may be
incomplete or may represent -earlier
developmental stages. It is difficult to
measure the width of the tubes at the perimeter of the tubarium
because of the overlap and the way the specimens split, but it
varies from ~2 mm in the smallest specimen to 3.5-4 mm in the
larger ones. An elongate conical feature, interpreted as an
attachment or float, is associated with the tubarium of YPM
IP 428141 (Figures 1A and 1B). It lacks the dark layer of organic
material that defines the tubes, but tiny organic fragments are
evident in places on the surface indicating that a thinner wall
was originally present. Two darker lines that run along the
length of this feature subparallel to the margins are marked
by a residue of the organic wall. They show very slight relief
and appear to be a result of compaction and splitting of the
specimen. Spaced transverse wrinkles may be similar in origin.
The preserved length of this feature is about 2.0x the pre-
served diameter of the tubarium (Figures 1A and 1B) and its
maximum width about 60% of the diameter, and it tapers
away from its attachment to the tubarium. The maximum width
of this feature in YPM IP 254553, which affords a lateral view, is
about 75% that of the tubarium, and wrinkling normal to its long
axis indicates shortening during flattening (Figures 1C and 1D).
These differences in the relative proportions of the conical
feature and tubarium reflect the contrast between preservation
parallel (where the tubes are splayed outward) versus lateral to
the bedding. A third example of this feature (Figures 1E and 1F)
extends a short distance before flexing through ~90° —its total
length is about 2.7 X the diameter of the tubarium. In this spec-
imen, the opposing walls are separated by a sediment fill.
The tubes radiate from the mid-point of the tubarium
(Figures 1G-1l). The outline of ~16 closed rounded ends is
evident where they are set apart (Figures 1C, 1D, and S1). In
other cases, they are juxtaposed (Figures 1G-1l) or overlapping
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(Figures 2A-2C). The tubes expand and divide along their
length, resulting in a total of up to 32 tube openings in each
level at the preserved perimeter (Figures 1G-1l and S1). This
estimate is approximate due to overlap and flattening during
fossilization (Figures 2A-2C). The nature and position of
branching are difficult to discern. Transverse curved lines
appear to indicate where the tubes divide (Figures 1G-1l); cir-
cular or arc-shaped structures along the length of some of
the tubes (Figure S1) may likewise represent branching points.
The opening of each tube is near straight to somewhat convex.
Some of the tubes curve slightly to one side along their length,
resulting in a termination outline approximating an inverted V
(Figures 1G-11I).

Where specimens preserve the tube wall, it shows lineations
with some relief, oriented approximately orthogonal to the axis
of the tube (Figure 3). These lineations are evident on all speci-
mens where fragments of the tube wall remain. The lineations
are generally curved and subparallel, and sometimes appear
discontinuous. They are separated by distances (measured par-
allel to the axis of the tube) from ~200 to 400 um. The lineations
occasionally show junctions that appear to zigzag (Figure 3B)
and are sometimes irregular. They are interpreted as the margins
of fuselli.

A number of smaller specimens are characterized by fewer
tube openings, often concave outward, at the perimeter: ~16
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Figure 3. Rotaciurca superbus, details of
tube wall showing fuselli

(A) YPM IP 428141 part, low angle light (see Fig-
ure 11).

(B-D) YPM IP 428830 (see Figure 2A). (B) Back-
scatter SEM showing zigzag, (C) backscatter SEM
showing fusellar boundaries, and (D) EDS carbon
map.

(E-G) YPM IP 237272, area on tube extension
(see Figure 2E). (E) Secondary electron SEM,
(F) backscatter SEM of upper part of area in (E), and
(G) EDS carbon map of area indicated in (F). Arrows
indicate where separation of fusellar tissue and
intrusion of sediment are minimal.

See also Figure S2.

(Figures 2F and 2G) to ~20 (Figures 2H
and 2I). In these cases (Figures 2D-2l),
the tubes themselves are largely con-
cealed by organic-rich sediment. One
specimen is unusual in preserving an
apparent extension of one of the tubes
(Figures 2D and 2E), which curves through
an angle where it projects from the tuba-
rium, its thickness reflected in a break of
slope. The lateral margins of this possible
extension appear to be contiguous with a
tube within the “wheel.” The extension is
similar in width to the associated tube ex-
panding just a little distally, and it is dark
in color like the rest of the specimen. The
surface is wrinkled, suggesting that the fu-
sellum is thinner, but a patch of the wall
shows fuselli running roughly normal to
the tube axis (Figures 3E and 3F). Where the extension bends,
faint traces of fuselli are evident both above and below the break
of slope (i.e., on both sides of its attachment to the "wheel"), and
here, they are likewise normal to the tube axis. It is possible that
this specimen, and others like it, represent only the central part of
the tubarium, corresponding to the area partly delimited by
curved lines traversing the tubes, perhaps branching points, in
YPM IP 428141 (Figures 1H and 11) and YPM IP 546797 (Fig-
ure S1)—the dimensions are compatible. Alternatively, the
extension may represent a tube displaced from the center of
the tubarium, but its length exceeds that of preserved radius,
making this unlikely. Thus, the outer part of the tubes may
have been lost in some specimens due to separation and/or
decay.

DISCUSSION

Affinities

The affinities of Rotaciurca superbus have been a mystery since
its discovery. The first image in the scientific literature was pub-
lished in 2008 by Nudds and Selden,® who confessed they had
“no idea what this organism is” but suggested it was most likely
part of a plant like Cooksonia, which also occurs in the Bertie
Group.”® Our results show that R. superbus is an aggregate of
tubes with organic walls showing lineations that demarcate
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fuselli, a synapomorphic character of pterobranchs.®*° The
arrangement of fuselli is less regular than in other pterobranchs,
but these features do not lend themselves to an alternative inter-
pretation. Other taxa have been identified as pterobranchs
based on a similar suite of attributes.>° 2 Fossils of Yuknessia,
for example, from the Trilobite Beds on Mount Stephen, British
Columbia and other Cambrian localities, which are also
composed of carbon, were long interpreted as an alga until a
combination of fine details and overall morphology revealed
a pterobranch affinity.’ Y. stephenensis, the larger more
completely known species, shares a number of similarities with
R. superbus. The tubes are rigid and lack folding or wrinkling. De-
tails of the central area of the tubarium, like those in R. superbus,
are often concealed by overlapping tubes, and evidence of
branching is difficult to discern. The tubes in Y. stephenensis
range up to 20 mm in length, similar to their maximum preserved
length in R. superbus, but they are narrower (from 0.1 at the base
to 1 mm at the aperture) than those in R. superbus that are up to
4 mm wide at the aperture. Apart from the morphology of the tu-
barium, a key feature in determining a pterobranch affinity of
Y. stephenensis was the presence of fusellar banding. The
mean height of the fuselli in Y. stephenensis is 0.032 mm,
whereas those in R. superbus are less regularly spaced and
0.2-0.4 mm in height, perhaps reflecting the difference in the
width of the tubes. The boundaries between fuselli show relief
in both cases, and neither displays a consistent zigzag pattern
or evidence of a stolon. A relationship between the dimensions
of fuselli and zooid size has been detected in Rhabdopleura
and inferred in graptolites,®® but see Maletz.** However, varia-
tion in the relationship between tube width and fusellar height
has been noted in fossil Rhabdopleura®® and even in individual
Rhabdopleura obuti,*® for example.

The arrangement of fuselli in R. superbus is irregular,
compared with that in most graptolites, even in Cambrian forms
such as Rhapdopleura obuti from Cambrian Series 3 of Sibe-
ria,*®° a taxon recently assigned to Graptolithina incertae
sedis.“° Fuselli are less regular in cephalodiscids.*' The irregular
fuselli of R. superbus and lack of connections between tubes
where they originate at the center of the tubarium contrast with
the morphology of graptolites and are reminiscent of the pseu-
docolonial organization found among cephalodiscids.?®*?

Other colonial animals with an outer organic skeleton, such as
hydroids*® and bryozoans, might be confused with ptero-
branchs. Hydroids, however, form networks of thecae that
branch irregularly from a stolon or regularly at the stolon termi-
nus,** patterns that differ from that in R. superbus where the
thecae are not connected at their origin. Similar considerations
apply to bryozoans that lack a calcified skeleton—neither the
colony form nor branching structure*® resembles that in
R. superbus. Structures resembling fuselli are not present in
the outer skeleton of hydroids or bryozoans.

Our analysis of the phylogenetic position of R. superbus is
based on the characters (Data S1 and S2) listed by Ramirez-
Guerrero and Cameron,®" which were in turn based largely on
those used in a previous investigation of graptolite phylogeny.*®
These are complemented with mitochondrial genome*® and 18S
rDNA*" information for all main clades of living hemichordates,
used to further inform their divergence times. Parsimony and un-
dated Bayesian analyses of morphology provide weak support
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for placing R. superbus as sister to crown-group pterobranchs
(Figures S3A and S3B). Time-calibrated (tip-dated) analyses of
both morphological and total-evidence datasets (Figures S3C-
S3F) favor a less resolved consensus (especially among grapto-
lites) instead of unwarranted levels of resolution.*® The results,
however, strongly support a cephalodiscid relationship for
R. superbus. We adopt this more conservative result and place
R. superbus in a new family Rotaciurcidae, to distinguish it
from family Cephalodiscidae, within the order Cephalodiscida.

Total-evidence dating resulted in narrower confidence inter-
vals for divergence times and younger median estimates,
compared with those based on morphology alone, a result that
recapitulates recent simulations.”® Pterobranchs and enterop-
neusts diverged in the early Cambrian (Fortunian), approximately
10 Ma younger than previous estimates.’’ Cephalodiscids and
graptolites (i.e., crown-group Pterobranchia, a node so far lack-
ing divergence time estimates) split shortly (<5 Ma) thereafter,
consistent with the earliest known pterobranch fragments from
the Fortunian of Ukraine.® Rotaciurca is confidently placed
outside the clade of extant Cephalodiscus, which is inferred to
have originated in the Triassic (although dates are poorly con-
strained). Assigning this fossil to the cephalodiscid stem group,
however, is complicated by the uncertain affinities of the extant
genus Atubaria®®—in the absence of clear evidence for the rela-
tionship between this unusual living taxon and fossil members of
the clade, the distinction between stem and crown groups
cannot be delineated with confidence. Regardless, Rotaciurca
increases the known morphological disparity of cephalodiscids
and extends the depauperate Paleozoic record of the clade
beyond Cambrian and Ordovician strata.” Rotaciurca also
stands out as the only planktic cephalodiscid, if our interpreta-
tion of its ecology is correct, indicating cephalodiscids, just like
graptolites, colonized the plankton (Figure S4).

Paleoecology

There is arisk that, depending on rates of sedimentation, the zo-
oids of Rotaciurca superbus would have been buried if it were
benthic, unless the pseudocolony was elevated above the sea-
floor. The conical feature that is preserved in some specimens
(Figures 1 and 4) might have functioned in attachment to the sub-
strate or support above it, but if so, a robust structure would be
expected. However, this feature lacks the thicker organic wall
of the tubes, as evidenced by its different preservation
(Figures S2G and S2I). An alternative interpretation is that it rep-
resents a float, and the orientation of specimens in our figures
shows this possibility. The circular shape and symmetry of the
tubarium of R. superbus are not at odds with a planktic mode
of life,'®*? but some benthic graptolites, such as Sphenoecium,
may show a similar radiating arrangement of tubes (Maletz®’;
Figure 1A, Museum of Comparative Zoology.IP.199806, scale
is 1 cm not 1 mm). The float may have promoted rotation in the
water column because of current flow, which has been shown
to increase the efficiency of feeding in graptolites.®’

Previously known cephalodiscids are benthic, but a variety of
possible floats (nematularia) evolved in different graptolites;***°
as in this case, however, they are rarely preserved.**>*> Nematu-
laria are associated with the nema,® but a possible float of
different origin is known in the early planktic graptolite Rhabdino-
pora proparabola.®'® The origin and development of the nema are
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Figure 4. Phylogeny of Rotaciurca superbus
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uncertain, and there is no equivalent structure in cephalodiscids.
The specimens of R. superbus provide no evidence of the origin of
the conical structure apart from the presence of an apparently thin
decay-prone organic outer surface, which may have been con-
structed by the zooids. The possibility that the conical structure
functioned as a float raises the question of how R. superbus
would have maintained its position in the water column. There
are no planktic pterobranchs today to provide observational
data. It is not known whether graptolites achieved neutral buoy-
ancy®® or relied on a combination of factors, including drag
and/or propulsion, to move in the water column. R. superbus is
relatively large, but strategies for inhabiting the water column pre-
sumably functioned in proportion to the size and weight of the col-
ony. The large tubes in R. superbus would have accommodated
larger zooids than those in graptolites. If it were planktic, it is likely
that R. superbus was capable of some form of active locomotion,
but the only feasible mode would have involved the zooids,*® and
there is no evidence available to assess that.

The dolomites of the Bertie Group are interpreted as shallow
restricted marine sediments that formed where there was sig-
nificant evaporation.® There is some debate, however, about
the salinity of the water where the fossils are preserved, and
conditions may not have been hypersaline.”® Nonetheless
benthic animals are rare in the unit that yields R. superbus
and are confined to small gastropods and brachiopods that
represent less than 2% of specimens from Bed A in Ridge-
mount Quarry South in the YPM Ciurca collection, excluding
the benthic alga Inocladus lesquereuxi®” and the plant Cookso-
nia,”® which was washed in from the land. Eurypterids are the
main faunal element, but they are represented exclusively by
exuviae, and there is a consensus that their normal habitat
was elsewhere—they congregated and molted in this setting.
Nautiloids, mainly straight but also coiled, are present and
were likewise swimmers. A single largely complete acanthodian
has also been recovered.’® R. superbus is known only from this
locality, which is an unusually limited distribution for a planktic
form, but the exceptional conditions may have been essential
to its preservation. Thus, the evidence of the associated biota
is consistent with an interpretation of R. superbus as planktic.
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See also Figures S3 and S4, Tables S1 and S2, and
Data S1 and S2.

The organization of R. superbus as a pseudocolony is different
from other planktic pterobranchs, i.e., graptolites, where individ-
ual zooids are connected by a stolon. Pseudocolonial macroin-
vertebrates are represented in the plankton today by salps.>®°
If our interpretation of R. superbus as planktic is correct, it ex-
pands the taxonomic and temporal breadth of this unusual
ecological strategy.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Fossil Rotaciurca superbus Yale Peabody Museum Invertebrate YPM IP 428141 (holotype) and 9 additional specimens
Paleontology Division (see Material for details)

Deposited data

Data S1 Present study Supplemental Information: Data S1
Data S2 Present study Supplemental Information: Data S2
Table S1 Present study Supplemental Information: Table S1
Table S2 Present study Supplemental Information: Table S2
Software and algorithms

Spectragryph v. 1.2 Friedrich Menges Spectroscopy Ninja https://www.effemm2.de/spectragryph/
TNTv. 1.5 Goloboff and Catalano®’ https://www.lillo.org.ar/phylogeny/tnt/
MrBayes v. 3.2.7a Ronquist et al.®? https://nbisweden.github.io/MrBayes/
MUSCLE v. 3.8 Edgar®® https://github.com/rcedgar/muscle
MAFFT v. 7.505 Katoh and Standley®* https://mafft.cbrc.jp/alignment/software/
IQ-TREE v. 2.0.3 Minh et al.®® http://www.igtree.org/

TreeAnnotator v. 2.6.3 Bouckaert et al.®® https://beast.community/programs
Rv.4.2.2 R Core Team®’ https://cran.r-project.org/

phytools v. 1.0-3 Revell®® https://github.com/liamrevell/phytools

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Derek E.G.
Briggs (derek.briggs@yale.edu).

Materials availability
The specimens are held by the Invertebrate Paleontology Division of the Yale Peabody Museum, New Haven, Connecticut,
06520, USA.

Data and code availability
A nexus file, including morphological, molecular, and stratigraphic information, as well as all parameters used for total-evidence
phylogenetic inference, is available as Data S2.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The material comes from the late Silurian (Pridoli) Bertie Group (Bed A of the Williamsville Formation) in Ridgemount Quarry South,
Fort Erie, Welland County, Ontario, Canada. See main text for further details.

METHOD DETAILS

Imaging and chemical analyses

Specimens were photographed with a Canon EOS 60D camera and EFS 60 mm lens, and close ups with a Canon EOS 5DSR camera
and NP-E 65 mm lens. Specimens were imaged and analysed using a Hitachi SU7000 Scanning Electron microscope (SEM).
Elemental analyses were carried out with an Energy Dispersive X-ray spectrometer (EDS) made by Oxford Instruments (Utilm
Max-100 EDS system). The SEM was operated at acceleration voltage 15KV at variable pressure mode at 50 Pascals. Unfortunately,
the density contrast between tube walls and matrix is insufficient to allow detection by CT scanning and serial sectioning was not
considered an appropriate option given the small number of specimens available. Raman spectra were obtained using a Horiba
LabRAM HR800 (532 nm, 20 mW, 1800 grooves/mm grating, 10 s acquisition time, 10 technical replicates mean averaged, 500 to
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2000 cm—1) and processed in LabSpec 5 software. Spectra were despiked, baselined, smoothed, and analyzed in SpectraGryph
1.2. Individual Raman bands were identified from the spectra through an automated peak search.

QUANTIFICATION AND STATISTICAL ANALYSIS

Phylogenetic analyses

Rotaciurca superbus was incorporated into the most recent morphological dataset of fossil and extant hemichordates (Data S1 and
$2).29%1 Stratigraphic ranges for all fossil terminals were compiled from the literature (Table S1). A few coding errors were corrected
(Table S2), and contingent characters previously scored were changed to inapplicables, as these might bias the placement of
R. superbus. The final morphological matrix was composed of 34 characters coded for 24 taxa, including the Cambrian stem-group
enteropneusts Oesia and Spartobranchus as outgroups.® Gyaltsenglossus senis, previously considered either a stem-group hemi-
chordate® or a stem-group pterobranch,®® was also incorporated into the matrix.

Phylogenetic inference was performed under equal-weights parsimony using TNT v. 1.5°" and under Bayesian inference using
MrBayes v. 3.2.7.°% For the former, an exhaustive search resulted in two optimal topologies, and support for nodes in the strict
consensus was evaluated using 1,000 bootstrap replicates. For the latter, a variety of undated and tip-dated inferences were
explored using the Mk, + I model of morphological evolution.”® Tip dating used the fossilized birth-death (FBD) tree prior,”” fixing
the extant sampling probability to the true value (determined using WoRMS),”? and using uninformative priors for remaining param-
eters (flat beta distribution for extinction and fossilization probabilities, exponential distribution with rate of 10 for speciation proba-
bility). A relaxed morphological clock assuming uncorrelated rate variation across branches (IGR) was implemented. A normal prior
was set for the base clock rate (mean = 0.001, standard deviation = 0.01) and an exponential prior was used for the variance of the
gamma distribution from which branch lengths are drawn (rate = 10). Stratigraphic ranges for tips were used as uniform age priors.
Outgroup (enteropneust) and ingroup (pterobranch) monophylies were enforced, and a partial constraint was used for the split be-
tween Cephalodiscus and Graptolithina, leaving the position of Rotaciurca to resolve within either group, or as sister to both. Similarly,
Gyaltsenglossus was free to resolve as a stem-group hemichordate, pterobranch, or enteropneust. Our results support the latter
placements (Figure 4), unlike previous estimates.®®°

Constraining the age of major hemichordate lineages is complicated by their poor preservation, paucity of diagnostic traits, sparse
record in the early to middle Cambrian, and lack of precise dates for many relevant faunas.®*"*° Given this, we implemented con-
servative minimum and soft maximum dates through broad offset exponential prior distributions. Crown-group Hemichordata was
constrained to be older than 529.0 Ma (base of Cambrian Stage 2) based on records of the pterobranch Sokoloviina costata from the
Lontova Formation in Estonia.”® A mean of 546.24 was used, as this value results in 95% of the prior probability to reside between the
minimum bound and 580 Ma, which matches previous estimates for the age of crown-group Ambulacraria.”* Therefore, this prior
(applied to the age of the tree) spans the entire range of possible times of origin of crown hemichordates from their stem group,
and places high probability close to even older plausible records of S. costata in the early Cambrian (Fortunian) Rovno Horizon in
Ukraine.® Pterobranch origins were constrained with a minimum age of 514.0 Ma (base of Cambrian Stage 4) given the many colonial
pterobranchs recorded around this time, representing the oldest definitive members of Graptolithina.® The mean of the distribution
was set to 522.28 Ma, generating a 95% prior distribution that extended to the base of the Cambrian.

Rooting is a problem for inferring pterobranch relationships given lack of suitable morphological outgroups.”® While a recent anal-
ysis rooted trees using tubicolous stem-group enteropneusts,®' calibrated inference can root trees using the node inferred to be old-
est in the absence of explicit outgroups. Tip dating can also accommodate changes in the overall tree structure through time, which is
relevant given the heterogeneity of the hemichordate fossil record. Inference was therefore performed with and without outgroups, as
well as with constant-rate and skyline FBD models’® (with an epoch transition at the end of the Carboniferous, by which time all non-
Rhabdopleura graptolites were certainly extinct).”®”” Neither rooting nor tree prior modified the overall results (Figures S3C-S3F),
and confirm recent insights on the relationships among fossil and extant hemichordates under a much expanded set of inference
conditions.

Finally, total-evidence inference was performed after adding data for 13 mitochondrial protein coding loci (PCLs; coded as amino
acids) and the 18S ribosomal DNA (coded as nucleotides). PCLs were obtained from the mitogenomes of Saccoglossus kowalevskii,
Rhabdopleura compacta, and Cephalodiscus (C.) hodgsoni,*® and aligned with MUSCLE v. 3.8%° under default settings. The rDNA
dataset included the same taxa, as well as C. (Orthoecus) densus and C. planitectus (which is the sister group to all other extant mem-
bers of the genus, defining their crown group),”” and was aligned with the L-INS-1 method in MAFFT v. 7.505.5* For all alignments,
positions with over 50% gaps were manually trimmed. Optimal models were obtained with IQ-TREE v. 2.0.3%%; in the case of the PCLs
merging loci into three partitions.”®’® Separate uncorrelated clocks were used for each of the three data types (morphology, nucle-
otides, and amino acids).

Four runs of four chains each were continued for 50 (undated), 80 (tip-dated, morphology only) and 100 (tip-dated, total evidence)
million generations, and the initial 50% was discarded as burn-in. Runs under a constant-rate FBD model (Figures S3C and S3D) did
not converge, and are shown only for illustrative purposes. For uncalibrated (Figure S3B) and tip-dated skyline analyses (using
morphological and total-evidence datasets; Figures S3E and S4, respectively), average effective sample sizes of parameters
were larger than 356.1, and potential scale reduction factors were less than 1.017.

Divergence times for crown-group hemichordates and pterobranchs were compared with those obtained under the joint prior
(shown in Figure 4, inset).®° Dates under the joint prior were obtained under the same analytical conditions used to generate Figure 4,
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yet without employing the morphological and molecular datasets. This confirmed that prior dates contained older estimates than
those inferred under morphological or total-evidence dating. Dates as old as 644.9 Ma and 596.7 Ma were sampled under the joint
prior for hemichordates and pterobranchs, respectively. While total-evidence dating discarded old origination dates of high prior
probability, resulting in 95% confidence intervals with truncated upper ends, dating under the morphological clock resulted in a shift
of 95% confidence intervals towards older origination times (Figure 4).

Ancestral state reconstructions

The evolutionary history of life-style (solitary/pseudocolonial/colonial), ecology (planktic/benthic), and tube-building (present/absent)
was assessed using 1,000 replicates of stochastic character mapping®' under equal-rate models. Analyses relied on a maximum
clade credibility (mcc) tree obtained from the posterior sample of topologies with TreeAnnotator v. 2.6.3,°° and were run in the R sta-
tistical environment v. 4.2.2° using function make.simmap from package phytools.®
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Derek E.G. Briggs and Nicolas Mongiardino Koch



Figure S1. Rotaciurca superbus sp. nov. YPM IP 546797, related to Figures 1, 2. (A,B) part and
counterpart, high angle illumination. (C,D) part and explanatory drawing, low angle illumination. Red
dots mark the origins (closed ends) of tubes where evident on part or counterpart, blue dots represent the
termination of tubes.
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Figure S2. Evidence of the composition of the skeleton of Rotaciurca superbus, related to Figure 3.
(A-E) EDS data on Rotaciurca superbus samples. (A) YPM IP 428141 (illustrated in G) fusellum. The
source of the sample (extracted and mounted on an SEM stub) is indicated as s in Figure 11. Note the
dominance of C. (B) YPM IP 428141, associated eurypterid tergite. The sample (extracted and mounted
on an SEM stub) is from an isolated tergite 13.4 cm from the edge of the tubarium on the part (Figure
1A). Note the dominance of C. (C) YPM IP 237272 (Figure 2D,E), fusellum of tube indicated fus in
Figure 2E (images in Figure 3E,F). The entire specimen was analysed in the environmental chamber of
the SEM. (D) YPM IP 237272 (Figure 2D,E), dark featureless area in the center of the tubarium. Note
lower C peak and high Si peak relative to (C). (E) YPM IP 237272 (Figure 2D,E), sediment adjacent to
the tubarium. Note lower C peak relative to (D). The horizontal Weight % divisions each represent 10
percentage points. (F) YPM IP 428141 (illustrated in G) Raman spectrum (blue) of area of tube in (H),
compared to that of cuticle from the eurypterid fragment (red) from the same sample for comparison. (G-
I) YPM IP 428141. (H,I) Close-ups of tube and area of conical structure showing dark colored fragments
of wall. Positions indicated by arrows in (G).
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Figure S3. Morphological phylogenies exploring the placement of Rotaciurca among
hemichordates, related to Figure 4. (A) Strict consensus of two most-parsimonious topologies, with
support values estimated using 1,000 replicates of bootstrap resampling. (B) Bayesian majority-rule
consensus, with support values estimated as posterior probabilities. (C) Constant-rate FBD analysis
rooted using enteropneust outgroups. (D) Constant-rate FBD analysis rooted on the node inferred to be
oldest (i.e., without outgroups). (E) Skyline FBD analysis rooted using enteropneust outgroups. (F)
Skyline FBD analysis rooted on the node inferred to be oldest (i.e., without outgroups). Phylogenies C-F
represent majority rule consensus trees, and node values are posterior probabilities. Axes represent
geological time in millions of years. Skyline FBD analyses implemented a shift in speciation, extinction,
and fossilization probabilities at the end of the Carboniferous (298.9 Ma). Analyses under constant-rate
FBD models (C-D) did not converge and are shown only for illustrative purposes. Analytical conditions
used to infer the tree in (E) are the ones also used for total-evidence dating.
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Figure S4. Ancestral state reconstruction of relevant characters, related to Figure 4. (A) The
evolution of hemichordate mode of life, and the origin of coloniality in the clade, remain ambiguous. (B)

A planktic lifestyle evolved independently in graptoloids and Rotaciurca. (C) Tube-dwelling is inferred to
be ancestral for hemichordates.



Taxon Stratigraphic age Tip dates (notes) Reference
Acanthograptus  ?Cambrian (Miaolingian, Drumian, ~504.5 - 425.6 (down to age, Maletz!
Goniagnostus nathorsti Biozone)-Silurian, not biozone, but the
Ludlow (Gorstian, Saetograptus chimaera Drumian is only 4 my long
Biozone) and the Gorstian 2 my)
Koremagraptus  ?Cambrian (Furongian)-Lower Devonian ~497 - 410.8 Maletz*!
(Lochkovian)
Anisograptus Lower Ordovician (lower Tremadocian, 485.4 - 477.7 (= range for Maletz et al.>?
Anisograptus matanensis—Rhabdinopora entire Tremadocian but
flabelliformis anglica Biozones) lower Tremadocian would
end around 481.5 assuming
it's half the length)
Rhabdinopora Lower Ordovician (lower Tremadocian, 485.4 — 477.7 (same as for Maletz et al.>?
Rhabdinopora flabelliformis praeparabola— Anisograptus)
Adelograptus Biozones)
Dictyonema Cambrian (Miaolingian)—?Carboniferous ~509 — ?298.9 Maletz*!
Dendrograptus  Furongian (Jiangshanian)-?Devonian ~494 - ?358.9 Maletz"!
Mastigograptus  Cambrian, Maolingian, Wuliuan to Upper 509 —445.2 Ramirez-Guerrero and
Ordovician (Sandbian—Katian) Cameron®3; Maletz*?
Reticulograptus  Lower Ordovician (Tremadocian)-Silurian 485.4—427.4 Maletz?
(Wenlock):
Kozlowskitubus ~ Upper Ordovician (Katian)—Silurian (Ludlow) 453.0-423.0 Maletz**
Dendrotubus Lower Ordovician (Tremadocian) 485.4 - 477.7 Maletz**
Bulmanicrusta Middle Ordovician (Darriwilian)-Upper Silurian  467.3 —423.0 Maletz**
(Ludlow)
Bithecocamara  Lower Ordovician (Tremadocian) 485.4-477.7 Maletz**
Cysticamara Lower Ordovician (Tremadocian)-Middle 485.4-458.4 Maletz®*
Ordovician (Darriwilian)
Epigraptus Lower Ordovician (Tremadocian)-Upper 485.4 - 443.8 Maletz and Beli*®
Ordovician
Chaunograptus  Cambrian (Maolingian, Wuliuan, 509 -427.4 Maletz and Beli*®
Ptychagnostus praecurrens Biozone)-Silurian
(Wenlock)
Yuknessia Cambrian (Maolingian, Wuliuan, 509 - 504.5 LoDuca et al.*®
Bathyuriscus/Elrathina—Ptychagnostus
punctuosus Biozone)
Spartobranchus  Cambrian, Maolingian, Wuliuan, Burgess Shale 509 — 504.5 Caron et al.¥’
Oesia Cambrian, Maolingian, Wuliuan, Burgess Shale 509 —504.5 Nanglu et al.*8
Gyaltsenglossus  Cambrian, Maolingian, Wuliuan, Burgess Shale 509 —504.5 Nanglu et al.*8
Protohalecium Cambrian, Maolingian, Wuliuan 509 —504.5 Ramirez-Guerrero and
Cameron®?
Rotaciurca Bertie Group, Ontario, Canada, Silurian, Pridoli 423 -419.2 This study

Table S1. Stratigraphic ranges of terminals included in the matrix, related to Figure 4 and Data S2.

Although extant genera (Cephalodiscus, Rhabdopleura) have extensive fossil records in the Paleozoic,

their tip ages were constrained to the present when the molecular data for them is observed. Dates are
taken from the International Chronostratigraphic Chart v. 2022/10.%°
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Table S2. Morphological data matrix, related to Figure 4, Data S1 and Data S2. Based on

Ramirez-Guerrero and Cameron,® with revised character codings as explained in Data S1, and with the

addition of Rotaciurca superbus and Gyaltsenglossus senis. Note that the datafile used for total-

evidence, tip-dated inference under a skyline FBD model (and including the morphological and

molecular datasets) is provided as Data S2.
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