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of two Cambrian hyolithides (Hyolitha)
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Hyoliths are a group of Paleozoic marine bilaterian animals with conical aragonitic shells. Evolution of the hyoliths, and
their relationships to other early bilaterians, are controversial. New exceptionally preserved hyolithide hyolith speci-
mens from Cambrian Stage 4 strata of Nevada, USA, and Guizhou, China, provide information on the internal soft-part
anatomy that is pertinent to understanding the early evolutionary history of the group. Two specimens show partial di-
gestive tracts preserved in three dimensions. The guts comprise a modified U-shaped system consisting of a spiral intes-
tine wound about a nearly straight tube. Similarity to the spiral U-shaped gut tract of sipunculans supports an inferred sis-
ter-group relationship between sipunculans and hyoliths. * Key words: Hyolitha, Hyolithida, gut tract, Cambrian,
Nevada, China.
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One of the fossil groups most emblematic of rapid evolu-
tionary experimentation during the early part of the Cam-
brian Period is the hyoliths, a group of bilaterian marine
animals that had conical aragonitic shells. They appeared
early in the Cambrian Period, became one of the most nu-
merous and diverse of biomineralizing animals during that
time, and ranged through the Paleozoic before becoming
extinct. More than 150 hyolith genera (Qian & Xiao 1995)
and hundreds of species have been named. Hyoliths consist
of two subgroups, orthothecides and hyolithides, which are
usually treated as orders (e.g. Marek 1967, Runnegar et al.
1975, Marek & Yochelson 1976, Pojeta 1987, Malinky &
Yochelson 2007). Evolution of these two groups and their
relationships to other early bilaterians, have been discussed
extensively in literature. A consensus has emerged that
hyoliths share an evolutionary relationship with mollusks
but the closeness of that relationship and taxonomic ex-
pression of it are subject to interpretation (Pojeta 1987).
Gross anatomy of the digestive tract has been used to pro-
vide some of the strongest evidence of the evolutionary
relationships of hyoliths. Configuration of the guts, notably
of the orthothecide hyoliths, previously has been used to
infer that hyoliths share a closer affinity with sipunculans
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than with mollusks (e.g. Runnegar et al. 1975, Runnegar
1980, Pojeta 1987).

Digestive systems of hyoliths are now known from
both orthothecide and hyolithide hyoliths. They have been
preserved in part by sediment fill and partly through miner-
alization (silicification, phosphatization, or pyritization) or
carbonization. The configuration of the digestive tract of
orthothecides is now well established from good three-di-
mensional material (Thoral 1935, Marek 1967, Runnegar
et al. 1975, Meshkova & Sysoyev 1981, Pojeta 1987,
Kruse 1997, Horny 1998, Malinky 2003, Wilson & Ratcliffe
2003, Valent & Kraft 2009, Devaere et al. 2014). Most pub-
lished reconstructions of the internal anatomy of hyolithides
preceded the discovery of hyolithide soft-parts and were
based on orthothecide anatomy (Marek & Yochelson 1976,
Dzik 1980, Missarzhevskiy 1989). Until the present report,
hyolithide guts were known only from well-preserved speci-
mens compressed in shale (Babcock & Robison 1988, Mao
et al. 1992, Butterfield 2003, English & Babcock 2010, Bot-
ting et al. 2015, Robison et al. 2015).

Here we report new internal anatomical information
from two exceptionally preserved hyolithide hyoliths col-
lected from Cambrian Stage 4 (Series 2) strata of Nevada,
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USA, and Guizhou, China (Fig. 1). The specimens show
partial gut tracts preserved in three dimensions. The new
specimens confirm the general structure inferred from pre-
viously described compressed material, but show details
heretofore unknown, including a form of spiral gut tract
that appears to be distinct among animals. These speci-
mens show a highly modified U-type gut configuration that
consists of a spiral portion wound about a slightly curving
tube. Structure of the digestive system of hyolithides lend
supports to the view that hyoliths in general are a lopho-
trochozoan phylum having a closer evolutionary affinity
with sipunculans than with mollusks.

Material and methods

New hyolithid specimens (Fig. 1) preserving fossilized gut
tracts are from two Cambrian localities: 1, grey-green shale
of the basal Emigrant Formation (Amecephalus arrojosen-
sis Zone; provisional Stage 4), Split Mountain section, Ne-
vada, USA; and grey-green shale of the Balang Formation
(Arthricocephalus chauveaui Zone; provisional Stage 4),
Wenglingtang section, Guizhou, China. These localities
have yielded one specimen each showing three-dimen-
sionally preserved digestive tracts. Illustrated specimens
showing internal soft parts are split open along natural bed-
ding planes. Without key external features well exposed,
the specimens cannot be confidently identified to genus or
species levels.

Specimens were examined and imaged using standard
light microscopy, an FEI Quanta 250 Field Emission Gun
Scanning Electron Microscope (SEM) with Electron
Dispersive X-ray (EDX), a Neurologica CereTom CT
scanner, and digital macrophotography [Canon Rebel Xsi
(450D) with a Canon 60 mm /2,8 Macro USM lens]. Digi-
tal macrophotographs were stacked and rendered using
Photoshop and CorelDraw software.

Specimens are reposited in the Paleontological Re-
search Institution, Museum of the Earth, Ithaca, New York,
USA (PRI); and the paleontological collection of Guizhou
University (KW).

Hyolithid anatomy and new information

Two groups of hyoliths, usually classified as orders, are re-
cognized: Orthothecida and Hyolithida. Orthothecides
have relatively simple conchs characterized by planar
growth increments leading to a planar aperture and a retrac-
table planar operculum; they usually have a pair of blade-
like or cylindrical cardinal processes on the internal surface
of the operculum (e.g. Marek 1966, 1967; Skovsted et al.
2004, 2014). Hyolithides have conchs characterized by
biplanar growth increments leading to a biplanar aperture
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including a protruding ligula; they also have both cardinal
processes and one or more pairs of clavicles on the interior
of the operculum, plus a pair of slender helens (e.g. Marek
1963, 1966, 1967).

Based on an orthothecide model, hyolithide soft parts
have usually been reconstructed to include a ribbon-like,
ventrally disposed, intestine looping left to right in a single
plane, followed by a nearly straight dorsal rectum
(Fig. 2A). Illustrations of hyolithide digestive tracts that
have been compressed in shale (Babcock & Robison 1988,
Mao et al. 1992, Butterfield 2003, English & Babcock
2010, Robison et al. 2015) tended to confirm that the gut
had folded and nearly straight sections but were ambiguous
as to the precise configuration of these parts within a
three-dimensional conch.

New specimens from Nevada and Guizhou (Fig. 1) re-
veal the hyolithide gut to have a modified U-shape configu-
ration. Both specimens preserve incomplete digestive
tracts by means of sediment filling and iron oxide (possibly
after pyrite). Most of the preserved parts are in the apical
end of the conch, so the configuration of organs in other ar-
eas of the conch is less certain. However, it can be inferred
from good illustrations of compressed material showing
more complete digestive tracts (Babcock & Robison 1988,
Mao et al. 1992, Butterfield 2003, English & Babcock
2010) that the pattern established apically continues to ap-
proximately the position of the aperture. The specimens
show a slender tube, presumably the intestine, wound in a
tight spiral around a simple, nearly straight, subcentral tube
of wider diameter, presumably the rectum. In the specimen
from Nevada, the end of the larger tube emerges near the
aperture (Fig. 1C), at or close to the inferred position of the
anus. Evidence from this specimen, combined with previ-
ously illustrated material (Babcock & Robison 1988, Mao
et al. 1992, Butterfield 2003, English & Babcock 2010,
Robison et al. 2015) indicates that the rectum extends
much of the length of the conch.

The new specimens provide information for a new re-
construction of the hyolithide interior (Fig. 2B-D), and for
further information about hyolithide ecology. The entire
gut system occupies a relatively narrow area, providing
large areas in the lateral sides of the triangular shell for
muscles, mantle tissue, feeding devices, and even retrac-
tion of the biomineralized helens. Helens are important
functional devices for hyolithides (e.g. Marek 1963;
Runnegar er al. 1975; Babcock & Robison 1988; Marti
Mus & Bergstrom 2005, 2007; Marti Mus et al. 2014), but
the manner of their retraction and extension (Babcock &
Robison 1988, Butterfield & Nicholas 1996, Marek et al.
1997, Marti Mus & Bergstrom 2007; herein Fig. 2C, D) has
remained obscure, as muscle attachment structures were
incompletely known until recently. Marti Mus et al. (2014)
identified possible muscle attachment sites on the proximal
ends of the helens that may have functioned in retraction of
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Figure 1. Hyolithide specimens with preserved gut tracts. * A-E — undetermined hyolithide from the Emigrant Formation, Cambrian, Nevada, USA,
preserving three-dimensional gut tract, viewed from ventral side, PRI 68679. ¢ A — view of entire specimen using standard photography, box indicates
area enlarged in D. ¢ B — explanatory diagram of A. ¢ C — CT scan slice from anterior part of conch showing round cross-sectional profile of gut, inter-
preted as part of the nearly straight, longitudinally oriented rectum; for orientation, outline of shell margin has been added in red. * D — SEM view of gut
tract in the boxed area of A showing central tube (rectum) surrounded by spiral intestine (broken in places); white arrow indicates a broken curving intes-
tine. « E — interpreted gut tract based on the arrangements of exposed gut remains shown in D. ¢ F — undetermined hyolithide from the Balang Formation,
Cambrian, Guizhou, China, showing spiral intestine compacted in shale, viewed from ventral side, KW-110-17. Scale bars =2 mm for A and B, 4 mm for

C, 500 um for D and E, 1 mm for F. Abbreviations: An — anus, Ap — aperture, Co — conch, In — intestine, Li — ligula, Re — rectum.

the helens. In addition, muscle scars present along the inte-
rior of the conch in some species (Marek 1963, 1972) are
likely to have facilitated extension and retraction of the
helens. The proximal ends of the helens, upon retraction,
would have lodged deep within the conch. Gut tracts of the
new specimens are three-dimensionally preserved in part
because of sediment fill, which lends support for the con-
clusion that these hyolithides were sediment-deposit or de-
tritus feeders (see also Marek & Yochelson 1976, Babcock
& Robison 1988, Butterfield & Nicholas 1996).

Evolutionary implications

The evolutionary affinities of hyoliths have long been con-
troversial and involve two leading hypotheses: an extinct
phylum with a close relationship to sipunculan worms (e.g.
Runnegar et al. 1975, Runnegar 1980, Pojeta 1997), or a
class of mollusks (e.g. Marek & Yochelson 1976, Malinky
& Yochelson 2007). A molluskan affinity has been infer-
red in part by the presence and structure of aragonitic shell
material, whereas a sipunculan affinity has been suggested
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Figure 2. Reconstructions of hyolithides. ¢ A — early hyolithide reconstruction based on orthothecide model (Missarzhevskiy 1989). ¢ B-D — new anatomi-
cal reconstructions of hyolithide based on new specimens; B, C — general body organization; B — dorsal view with helens extended; C — dorsal view with
helens retracted; D — cross-section with helens retracted (compare with C). Abbreviations: An — anus, Ap — aperture, Ax — apex, Ci — cilium, Co — conch,
He —helen, In —intestine, Li —ligula, Mo — mouth, Op — operculum, Re — rectum, Se — septum, Te — tentacle, XS — position of transverse cross-section in D.

largely by the gut configuration of orthothecides. Recently,
Marti Mus et al. (2014) provided evidence that the basic
developmental pattern of hyoliths shares similarities with
that of some extant lophotrochozoans, especially annelids
and mollusks. Other forms of evidence, such as hard-part
evidence, have provided ambiguous evolutionary informa-
tion. Calcium carbonate hard parts have evolved multiple
times in the animal kingdom, and the relatively simple, mo-
dified cones could be construed as homoplasic (conver-
gent) with a varied array of modified cones known among
mollusks and even other animals.

In Fig. 3, we provide a tentative hypothesis for the evo-
lutionary relationships of mollusks, hyoliths, and sipun-
culans based on what we now know, including the gut con-
figuration of both orthothecide and hyolithide hyoliths. It is
reasonable to presume that mollusks, hyoliths, and
sipunculans all share a deeply rooted common ancestry
(see Pojeta 1987). The relatively simple gut form in primi-
tive mollusks may have appeared first as suggested by
stratigraphic first appearances, and the more complicated
gut forms of hyoliths and sipunculans would then be of
later origination.

Mollusks, which appeared earlier in Earth history than
either hyoliths or sipunculans, have what seems to be the
most primitive form of digestive system among the groups
considered (Fig. 3). The digestive tract of mollusks is usu-
ally a simple, irregularly curved tube (e.g. Purchon 1977,
Brooker et al. 2014), which differs from the more compli-
cated gut tracts of both hyoliths and sipunculans. The earli-
est fossil record of a possible mollusk is from Ediacaran
Stage 4 (Fedonkin & Waggoner 1997), and definite mol-
lusks have been recorded from the Fortunian Stage of the
Cambrian (e.g. Kouchinsky et al. 2012).

The fossil record of sipunculans, which lack hard parts,
is scant and greatly underestimates the full evolutionary
history of the group, as it depends largely on the finding of
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rare specimens in Fossil-Lagerstitten. Huang et al. (2004)
described sipunculans with U-shaped guts from the
Maotianshan Shale (Cambrian Stage 3) of Yunnan Prov-
ince, China. Holocene sipunculans have simple U- or
J-shaped digestive tracts in early ontogeny, which in adults
are modified into U-shaped gut tracts that spirally wind
around each other (e.g. Runnegar et al. 1975, Cutler 1994,
Devaere et al. 2014). As such, they share similarities with
the ontogenetic development of orthothecides (Devaere et
al. 2014) and with adult hyolithides (Figs 1, 2B, C, 3).
Hyoliths, which have readily preservable hard parts,
have an excellent fossil record, and stratigraphic first ap-
pearances of orthothecides and hyolithides (Fig. 3) provide
support for the interpretation that orthothecides are the
more primitive group. The earliest orthothecides are in the
Fortunian Stage (earliest Cambrian; Li er al. 2007,
Kouchinsky et al. 2012 and references in each), and the
earliest hyolithides are known from Cambrian Stage 2
(Qian & Xiao 1995, Li et al. 2007 and references in each).
The gut tract of the hyolithides shows both similarities
with and differences from the gut tract of orthothecide
hyoliths and sipunculans. Hyolithides have a U-shaped gut
tract consisting of an intestine that spirals around a nearly
straight rectum (Figs 1, 2B, C, 3; see also Babcock &
Robison 1988, Mao et al. 1992, Butterfield 2003).
Orthothecides have a U-shaped gut consisting of a pla-
nar-folded (left-right looping), ventrally located intestine
followed by a nearly straight dorsal rectum (Thoral 1935,
Marek 1967, Runnegar et al. 1975, Meshkova & Sysoyev
1981, Pojeta 1987, Kruse 1997, Horny 1998, Malinky
2003, Wilson & Ratcliffe 2003, Valent & Kraft 2009,
Devaere et al. 2014). The intestine does not wind around
the presumed rectum, as it does in hyolithides. The diges-
tive system of sipunculans is a simple U- or J-shaped gut in
early ontogeny that becomes modified to a U-shaped, spi-
rally winding gut in adults (e.g. Runnegar et al. 1975,
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Figure 3. Proposed phylogen-
etic relationships of mollusks,
orthothecides, hyolithides and
sipunculans. Schematic figures
modified after Brooker er al.
(2014 [mollusk]), Devaere et al.
(2014  [orthothecide]), Run-
negar et al. (1975 [sipunculan]).
Subdivision scheme of the Edia-
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Culter 1994). Structural similarities in the gut tracts of
sipunculans and hyoliths, including their ontogenetic de-
velopment in sipunculans, have been used to infer a sis-
ter-group relationship between the two groups (e.g.
Runnegar et al. 1975, Pojeta 1997, Devaere et al. 2014). If
so, the tendency for convolution of the gut was probably
present in the common ancestor of sipunculans and
hyoliths (Fig. 3). Convolution, either by spiraling or loop-
ing, provides greater total surface area and volume than a
simple tube for functions such as digestion. Because of its
functional efficiency, a spiral is a common feature that has
arisen homoplasically numerous times among animals (see
Babcock 2005).

The conical aragonite shell of hyoliths, and the oper-
culum equipped with cardinal processes are regarded as
synapomorphies of the hyoliths (Fig. 3). Autapomorphous
modifications of the shell in hyolithides include evolution of
the ligula, clavicles on the operculum, and the paired helens
(Fig. 3). The spiral intestine of hyolithides is most likely an
autapomorphous condition. The point at which the pla-
nar-looping intestine present in orthothecides was derived is
not known with certainty. It may have been either a syna-
pomorphy that developed in early hyoliths or an autapo-
morphy that developed in orthothecides. Because the rectum
is straight in both groups, it seems reasonable to interpret
spiraling of the intestine around the rectum in hyolithides as
a secondary condition compared to the looping of the intes-
tine below the rectum known from orthothecides.
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