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bstract

The early Ediacaran Weng’an Biota (ca. 609 Ma) of the Doushantuo Formation (Guizhou Province, China) encompasses an abundant and
xquisitely preserved assemblage of phosphatic microfossils that have provided unique insight into the origin and early evolution of multicellular
ukaryotes. However, the affinities of these early organisms are far from certain, including the tubular microfossils Crassitubulus, Quadrati-
ubus, Ramitubulus, and Sinocyclocylcicus. These taxa have been widely accepted as stem-cnidarians or, alternatively, interpreted as filamentous
yanobacteria, or multicellular algae. We use high-resolution X-ray tomographic microscopy to analyse the structure and development of the four
axa. Our data and analysis allow us to conclude that these four taxa were not biomineralized. Crassitubulus, Quadratitubus, and Sinocyclocylcicus,
ay be grouped on the basis that they exhibit alternating complete and incomplete cross walls, and bipolar growth; which makes them favourably

omparable to filamentous cyanobacteria. In contrast, Ramitubulus  exhibits only complete cross walls, unipolar growth and dichotomous branch-
ng. These features are difficult to reconcile with a cyanobacterial interpretation. They are, instead, more indicative of multicellular algae-like

ambrian Epiphyton. Thus, the Weng’an tubular microfossils constitute a disparate assemblage of cyanobacteria and algae, but none represents
arly Ediacaran animals.

 2019 Elsevier Ireland Ltd Elsevier B.V. and Nanjing Institute of Geology and Palaeontology, CAS. Published by Elsevier B.V. All rights reserved.
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.  Introduction

The early Ediacaran Weng’an Biota of the Doushantuo For-
ation in Guizhou, Southwest China (ca. 609 Ma) (Zhou et al.,

017) is a unique Lagerstätte. With fossils preserved to a cellular
r sub-cellular level of resolution (Hagadorn et al., 2006; Xiao

t al., 2014a, 2014b; Cunningham et al., 2017; Yin et al., 2017).
he Lagerstatte provides an important window to study the ori-
in and early evolution of multicellular eukaryotes. The majority

∗ Corresponding authors.
E-mail addresses: zjyin@nigpas.ac.cn (Z.J. Yin), pengju@cags.ac.cn (P.J.

iu).

o
d
v
B
2
R
c

ttps://doi.org/10.1016/j.palwor.2019.04.004
871-174X/© 2019 Elsevier Ireland Ltd Elsevier B.V. and Nanjing Institute of Geolo
 Microtomography

f the fossil remains are microscopic in scale and have been
nterpreted to represent early developmental stages. Their phy-
ogenetic affinity and evolutionary significance, however, have
een difficult to constrain because of the lack of adult remains
Xiao et al., 2014a; Cunningham et al., 2017). Because the age
f the Biota falls in the time interval when early animals, based
n molecular clocks, may have evolved (Erwin et al., 2011;
os Reis et al., 2015; Cunningham et al., 2016); many pre-
ious surveys attempted to identify adult metazoans from the
iota (Xiao et al., 2000; Chen et al., 2002, 2004; Liu et al.,

008; Yin et al., 2015). Among these, the tubular microfossils
amitubus increscens, Ramitubus  decrescens, Sinocyclocycli-
us guizhouensis, Quadratitubus  orbigoniatus, and Crassitubus

gy and Palaeontology, CAS. Published by Elsevier B.V. All rights reserved.
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ostatus  have been regarded as the most credible candidates.
hey have been widely interpreted as cnidarians and, there-

ore, the oldest record of eumetazoans (Xiao et al., 2000, 2014a;
hen et al., 2002; Liu et al., 2008). However, apart from sugges-

ions of a close relationship with crinoids (Xue et al., 1992) or
ome unknown early biomineralized animals (Li et al., 1997),
iu et al. (2010) alternatively interpreted Crassitubus, Sinocy-

ocyclicus  and Quadratitubus  as filamentous cyanobacteria, and
unningham et al. (2015) categorized all four genera as unspeci-
ed algae. Given the potential evolutionary significance of these

ubular microfossils, we use high-resolution X-ray tomographic
icroscopy to characterize the three-dimensional structure of

epresentative specimens, to reevaluate their diagnostic charac-
eristics, and to test existing interpretations of their affinities.
n this basis, we draw a distinction between Crassitubulus,
uadratitubulus, and Sinocyclocylcicus, which are comparable

o filamentous cyanobacteria, and Ramitubulus, which exhibits
trong similarity to multicellular algae-like Epiphyton. We find
o evidence to support the interpretation of any of the Weng’an
ubular microfossils as animals.

.  Material  and  methods

The fossils in this study were collected from the Upper
hosphate Member (or Weng’an Phosphate Member) of the
oushantuo Formation in the Weng’an phosphate mining area

n Guizhou Province, Southwest China (Zhu et al., 2007; Chen
t al., 2009; Cunningham et al., 2017). The Upper Phosphate
ember is composed of the upper grey dolomitic phosphorite

ayer and the underlying lower black phosphorite layer. The
ossils were recovered from the samples out of the grey inter-
al through acetic acid digestion (7%–10% with water). After
ecovery by manually picking from the acid insoluble residue,
ome well-preserved specimens were scanned at the Micro-CT
aboratory of Nanjing Institute of Geology and Palaeontology,
hinese Academy of Sciences (NIGPAS), using a Carl Zeiss
radia 520 Versa X-ray tomographic Microscope. The operat-

ng voltage and power settings for the X-ray tube were 55 kV and
.5 W. X-ray projections were obtained using a CCD-based 4X
bjective, resulting in voxel dimensions of 0.4583–0.5229 �m.
s most of the tubular fossils were too long for the maximum

izes of the field views under submicron resolution set up, we
canned these specimens part-by-part with the help of the “stitch-
ng” model in the “Scout-and-Scan” software of the Xradia 520
ersa (Wu et al., 2018). All the specimens figured in this paper
ave been deposited in NIGPAS or the Institute of Geology, Chi-
ese Academy of Geological Sciences. Following best practice
or digital morphology (Davies et al., 2017), the tomographic
ata arising from our study are available from Geobiodiversity
atabase (http://www.geobiodiversity.com).

.  Results
.1.  Ramitubus

Ramitubus  is the only one among the four tubular genera to
isplay dichotomous branching, with up to four hierarchies of

3
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ichotomy in any one of the known specimens, all of which are
ncomplete, and the longest is 4 mm in length (Liu et al., 2008).
he divergent angle between bifurcating branches ranges from
0◦ to 37◦, with mean angle of 30◦ (n = 9, Figs. 1, 2) (Liu et al.,
008). Ramitubus  occurs in clusters and always exhibits a cir-
ular cross section (Figs. 1, 2). All of the 13 specimens we
tudied expand in diameter in the direction of branching, with
he diameter of any single branch varying from 95 to 200 �m
Liu et al., 2008). Constrictions are commonly observed on both
he exterior and interior of the tube, and they can invariably be
raced between sister branches of the same individual (Figs. 1C,

 A–D, arrowed). Generally, the tube diameters decrease slightly
here the constrictions occur, and then the tubes grow thicker

o regain the original diameter (Fig. 2A–D, F; also refer to pls.
 and 2 in Liu et al., 2008). None of the specimens discov-
red so far has an enveloping sheath. Complete cross walls, flat
r slightly warped, were observed in well-preserved specimens
Figs. 1E, I, 2 F–H; Movie S1 in Supplementary data), arranged
egularly with an average spacing of 1̃2.4 �m along the long axis
f the tube (Liu et al., 2008). However, cross walls are commonly
ncompletely preserved as opposed to incompletely developed
Fig. 1J–L) (Cunningham et al., 2015). The taphonomic basis of
hese incompletely preserved cross walls is evidenced by the fact
hat they define vugs that are occupied by void-filling cement
Fig. 1J, L) and do not exhibit the patterning of alternating com-
lete and incomplete cross walls seen in the other tubular taxa
f the Weng’an Biota (Cunningham et al., 2015). For example,
ne specimen exhibits secondary cavities with irregular margins
nd void-filling cement (Fig. 1J); cross walls are visible at the
argins of the tube but they are truncated in the middle. In two

ther specimens, the cross walls are all-but absent, preserving
ust the base of the cross walls in places, the remaining space
ccupied by phosphatic filaments or diagenetic linings (Fig. 1K,
).

.2.  Sinocyclocyclicus

Sinocyclocyclicus  has a straight, non-branching form with a
ircular cross section (Fig. 3A, B). Some specimens preserve
lunt terminations (Fig. 3C). The outer sheath is smooth, and
he inner cross walls can be observed when the smooth external
heath is lost or broken (Fig. 3A, E). Tube diameter ranges from
32 to 272 �m and the maximum reported length is 1186 �m
Liu et al., 2008). Cross walls are regularly spaced and approxi-
ately planar, except where they curve gently to meet the wall of

he tube (Fig. 3D, F). Cross walls alternate between complete and
ncomplete, the latter occurring in two ranks, the first of which
xtends to approximately half the radius, while the second-rank
alls find their limit between those of the first-rank incomplete

ross walls (Fig. 3D, F). Brittle deformation of cross walls is
pparent in some specimens (e.g., fig. 1b and e in Cunningham
t al., 2015).
.3.  Quadratitubus

Quadratitubus  has a straight, non-branching form (Fig. 3G,
), with an approximately square cross section with rounded

http://www.geobiodiversity.com
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Fig. 1. Images of the Ediacaran tubular microfossil Ramitubus increscens. (A–D) Surface renderings of four specimens; the arrows in (C) indicate constrictions.
(E–H) Digital sections of the specimens shown in (A–D), displaying internal structures. (I–L) Close-up views of the areas marked by frames in (E–H), respectively,
showing more detail of the internal structures.
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Fig. 2. Ediacaran tubular microfossil Ramitubus and Cambrian tubular microfossil Epiphyton. (A–H) Images of Ediacaran Ramitubus; (A–C) surface renderings
f onstri
c a in (
f

c
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s
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t
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B
7
2

rom different views; (D) a digital slice of (C); the arrows in (A–D) indicate c
lose-up view of framed area in (D); (G, H) enlarged views of the branching are
rom Luchinina and Terleev (2008, pl. 1, fig. 2a), showing cellular structures.

orners (Fig. 3J). The diameter (i.e., length of each side in cross
ection) varies from 160 to 250 �m (Liu et al., 2008). The tube
urface is smooth when an enveloping sheath with thickness

round 3–5 �m is preserved (Liu et al., 2008), or annulated when
he sheath is absent (Fig. 3H). Cross walls are regularly spaced
nd alternate between complete and incomplete (Fig. 3I, K).

6
c
i

ctions; (E) a virtual 3D section through (C), showing internal structures; (F) a
F), showing more detail of internal structures. (I) An image of Epiphyton cited

rittle deformation of the cross walls is not uncommon (e.g., pl.
, fig. 10 in Liu et al., 2008; fig. 1d and f in Cunningham et al.,
015), but ductile deformation is rarely observed (refer to fig.

C in Liu et al., 2008). In some specimens, sparse constrictions
an be observed from exterior of the tube when the outer sheath
s not preserved (Fig. 3H, I, K, arrows), but the tube diameter
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Fig. 3. Ediacaran non-branching tubular microfossils from the Weng’an biota. (A–F) Sinocyclocyclicus guizhouensis; (A, B) SEM images; (C, D) transmitted optical
micrographs of thin sections, showing regular spaced cross walls; (E) a close-up view of the framed area in (A), showing the thin outer wall; (F) a close-up view
of the framed area in (D), the lines indicate the alternating complete and incomplete cross walls. (G–K) Quadratitubus orbigoniatus; (G, H) SEM images of two
specimens; (I) thin section of the specimen in (H), the arrows in (H, I) indicate constrictions; (J) cross section of the specimen in (G); (K) a close up view of the
framed area in (I), showing detail of the constriction structure. (L–Q) Crassitubus costatus; (L, M) SEM images of two specimens; (N) a synchrotron radiation X-ray
tomographic microscopic image of Crassitubus costatus cited from Cunningham et al., 2015 (fig. 3e in Cunningham et al., 2015); the arrow heads in (M, N) indicate
the thin ridges; (O, P) transmitted optical photomicrographs of two specimens; (Q) a close-up view of the framed area in (O), showing the enveloping sheath and the
constriction structure (arrows).
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oes not change around the constricted area; which is different
rom Ramitubus.

.4.  Crassitubus

Crassitubus  is non-branching and has a circular cross section
s well as an enveloping sheath, but it differs from Sinocy-
locyclicus in having a curved, twisted, or even a knotted
onfiguration (Fig. 3L–N). Tube diameter ranges from 140 to
20 �m and most specimens are less than 1 mm in length (Liu
t al., 2008). The enveloping sheath is thicker than in Sinocy-
locyclicus and Quadratitubus, and a multi-laminated structure
an be observed in well-preserved specimens (Fig. 3O–Q). In
ome but not all the specimens, one or two longitudinal ridges
an be observed on the outer surface of inner tube when the
nveloping sheath is absent (Fig. 3M, N; refer to pl. 6, figs. 3,

 in Liu et al., 2008; fig. 3e and f in Cunningham et al., 2015).
ike Sinocyclocyclicus  and Quadratitubus, Crassitubus  exhibits

egularly spaced and alternating complete and incomplete cross
alls (Fig. 3Q). Constrictions also occur in this taxon, and like
uadratitubus, the tube diameter does not change around the

onstriction (Fig. 3Q). At high resolution, the tube appears to
ave divided into two parts at the point of constriction, and the
ividing end of the tube turned to blunt (Fig. 3Q), similar to the
lunt end of Sinocyclocyclicus  (Fig. 3C).

.  Discussion

The phylogenetic affinities of the Weng’an tubular microfos-
ils are far from resolved. They were originally interpreted as
rinoid stems and arms, or components of the variably enigmatic
ambrian small shelly fauna. They have also been considered

tem- or crown-cnidarians, filamentous cyanobacteria, or other
lga (Xue et al., 1992; Li et al., 1997; Xiao et al., 2000; Chen
t al., 2002; Liu et al., 2008, 2010; Cunningham et al., 2015).

Xiao et al. (2000) compared these fossils with Ordovician
abulates and interpreted them as possible stem-cnidarians based
rincipally on their tubular morphology and the presence of cross
alls. They highlighted the gregarious habit of the tubes and

uggested that the fossils were benthic colonial organisms; they
iewed the branches of Ramitubulus  as a result of asexual repro-
uction by budding, and compared the cross walls observed in
ll of the tubular taxa to the tabulae of tabulate corals (Xiao et al.,
000). However, Crassitubulus, Quadratitubus, Ramitubulus,
nd Sinocyclocylicus, do not appear to have been biomineral-
zed in life, as evidenced by ductile deformation (Liu et al.,
008; Cunningham et al., 2015) and the incomplete preserva-
ion through secondary phosphatization of cross walls in all of
he taxa. The presence of brittle fracturing in some specimens,
hich inspired Cunningham et al. (2015) to conclude that at least

ome of the taxa were biomineralized, can be dismissed on the
bservation that cellular and subcellular soft tissue remains in
he Weng’an Biota also sometimes exhibit brittle deformation,

hich indicates a post mortem, post-fossilization phenomenon

Liu et al., 2008). The absence of biomineralization in Rami-
ubus, Sinocyclocyclicus, Quadratitubus, and Crassitubus, is
herefore significant, since it is inconsistent with the condition in

t
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ld 28 (2019) 469–477

abulate corals. Finally, Xiao et al. (2000) supported their cnidar-
an interpretation for these tubular taxa on the presence of a large
erminal chamber in one specimen (refer to fig. 2D in Xiao et al.,
000), which they compared to tabulate calices. However, this
pecimen is broken and this end of the fossil clearly does not
epresent the biological termination of the living organism. Void
paces occur in various areas of the Weng’an tubes (Fig. 1I–L),
ut their irregular truncation of cross walls demonstrates that
hey result from decay and incomplete fossilization, making the
nidarian interpretation ever more unlikely.

While most previous researchers have considered all of the
eng’an tubular fossils as comprising an essentially homoge-

ous group, Liu et al. (2010) established new taxa and drew
 distinction between Ramitubus  versus Sinocyclocyclicus,
uadratitubus  and Crassitubus  which they compared to fila-
entous cyanobacteria. Sinocyclocyclicus, Quadratitubus  and
rassitubus  were distinguished by (1) a blunt apical termination
hich is particularly clear in Sinocyclocyclicus  and Quadrat-

tubus; (2) a smooth enveloping sheath (especially thick and
aminated in Crassitubus); (3) alternately arranged complete and
ncomplete cross walls; and (4) unique constrictions suggesting
ube division in Quadratitubus  and Crassitubus.  All of these
eatures are compatible with modern filamentous cyanobacte-
ia, supporting a cyanobacterial affinity of the three genera.
onetheless, the cnidarian interpretation of Ramitubus  remained

Liu et al., 2010), following Xiao et al. (2000), Chen et al. (2002),
nd Liu et al. (2008).

Cunningham et al. (2015) interpreted Crassitubus, Quadrat-
tubus, Ramitubus  and Sinocyclocyclicus  as a largely homoge-
eous group, though they considered the tubes of Quadratitubus
nd Sinocyclocyclicus  to have been more rigid than those of
rassitubus  and Ramitubus. Our evidence suggests that this
istinction is a taphonomic artefact of post mortem, post-
ossilization compaction. Cunningham et al. (2015) observed
o-called ‘cell clusters’ at terminal positions in tubes of Crassi-
ubus, and polygonal granule-like structures between the cross
alls of Sinocyclocyclicus, drawing comparison to red algae,

uch as the coralline alga Amphiroa, and green algae Spirogyra.
The competing hypotheses of affinity for the tubular fossils

re distinguished by their interpretation of the cross walls and
hether or not the four genera are closely related. The shared
resence of cross-walls is critical to constraining their phyloge-
etic assignment. The cross walls with diameters ranging from
30 to 270 �m are too small to bear comparison to the tabu-
ae of tabulate corals. The arrangement of alternating complete
nd incomplete cross walls is also inconsistent with the tab-
lae of tabulates. Furthermore, tabulate corals exhibit CaCO3
iomineralization, while our analysis indicates that the tubes
ere unmineralised in vivo. Even if we were to assume that tabu-

ates (perhaps anthozoans in general) had a non-biomineralizing
eoproterozoic history, there is no credible evidence for the
olyp chamber that inspired the cnidarian interpretation in the
rst instance. The remaining interpretation of the cross-walls is
hat they represent cell boundaries (Liu et al., 2010; Cunningham
t al., 2015).

There is no material evidence to support a common affinity for
ll four of the tubular taxa other than their tubular gestalt and co-
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Table 1
Biological features of Ediacaran tubular microfossils from the Weng’an Biota, Cambrian fossil Eipiphyton and extant cyanobacteria. Notes: � means “Yes”, ©
means “No”.

Taxa Shape of
cross
section

Diameter
(�m)

Branching
form

Enveloping
sheath

Complete
cross wall

Incomplete
cross
wall

Unipolar
growth

Bipolar
growth

Tubular fossils

Ramitubus Circle 95–200 � © � © � ©
Sinocyclocyclicus Circle 132–272 © � � � © �

Quadratitubus Quadrangular 160–250 © � � � © �

Crassitubus Circle 140–220 © � � � © �

Cambrian Eipiphyton Circle 56–121 � © � © � ©
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xtant cyanobacteria Circle <80 ©

ccurrence. Our results reveal that Crassitubus, Quadratitubus,
nd Sinocyclocyclicus  are similar in that they are linear, have
nveloping sheaths and blunt terminations, and exhibit regularly
paced complete and incomplete cross walls, whereas in Rami-
ubus the cross walls are always complete, and exhibit polarized
ichotomous branching (Table 1). The blunt apical tube ends
f Sinocyclocyclicus, Quadratitubus  and Crassitubus  indicate
hey were not attached to a surface, whereas the unipolar growth
f Ramitubus  indicates that it was an epibenthic organism. The
ranching pattern and variation in stem diameter suggest that in
amitubus, the tube grew by terminal addition. In contrast, the
lternating complete and incomplete cross walls of Crassitubus,
uadratitubus, and Sinocyclocyclicus  are compatible with a pat-

ern of intercalary growth in which the incomplete cross walls
eflect incipient development of complete cross walls.

Liu et al. (2010) compared Crassitubus, Quadratitubus,
nd Sinocyclocyclicus, with filamentous cyanobacteria, based
n their non-branching configuration, thick multilaminated
nveloping sheath, uniform diameter, constriction-like narrow
aps between hormogonia-like tubes and blunt apical ends. All
f these features are compatible with living cyanobacteria such
s Oscillatoria  kawamurae.  Liu et al. (2010) interpreted the com-
lete cross walls as cell boundaries, and the incomplete cross
alls as reflecting the mechanism of cell division that is com-
on in cyanobacteria (Carr and Whitton, 1973). In particular,

he narrow gap seen in the tubes of Quadratitubus  (Fig. 3K) and
rassitubus  (Fig. 3Q) can be compared with the separation disk
etween two hormogonia of living Oscillatoria  cyanobacteria,
n which a short trichome slides off from a parental filament to
orm an independent daughter filament. This reflects an asexual
ode of reproduction in cyanobacteria.
The thin ridges observed on the surface of Crassitubus

Fig. 3M, N) cannot readily be interpreted under a cyanobac-
erial model, if they were biological in origin. They could be
iagenetic artefacts, reflecting cements or sediment deposited
long fractures of the thick enveloping sheaths that were devel-
ped secondarily along the long axis of the tubes. This may
xplain why the ridges can only be observed in some, but
ot all of the specimens, and the number of the ridges varies
mong specimens. The non-branching tubes are thicker than

xtant cyanobacteria, since the diameter of living filamentous
yanobacteria is no more than 80 �m or so (Demoulin and
anssen, 1981; Schulz and Jorgensen, 2001; Bengtson et al.,

a
Q
l

� � � © �

017), while the diameters of Crassitubus, Quadratitubus  and
inocyclocyclicus  range between 130 to 270 �m (Liu et al.,
008). However, the limited size difference between them is
ot a barrier to uniting them in affinity, because the diameters of
hese tubular fossils are still within the size range of living bacte-
ia. For example, individual cells of the living filamentous sulfur
acteria Thiomargarita  namibiensis  achieve very large size, typ-
cally ranging from 100 to 300 �m in diameter, and can be up
o 750 �m in diameter (Schulz et al., 1999). Furthermore, giant
lamentous cyanobacteria with diameters ranging from 113 to
14 �m, have been reported from the Neoproterozoic (Tonian)
iulaobei Formation (Pang et al., 2018).

The affinity of Ramitubus  must be distinct. The patterns of
olarized terminal growth and dichotomous branching exclude
t from a cyanobacterial affinity, and we have already presented
vidence precluding a cnidarian interpretation. As a matter of
act, the branching morphology and growth mode of Ramitubus
trongly resembles branching Cambrian Epiphyton, an enig-
atic group of benthic, colonial reef building organisms that

ave not only been compared to the living red alga Corallina
Riding and Toomey, 1972; Luchinina and Terleev, 2008), but
lso to cyanobacterial calcimicrobes (Pratt, 1984; Zhang et al.,
019). The angle between sister branches of Epiphyton  ranges
0◦–37◦, similar to that of Ramitubus.  Epiphyton  also resembles
amitubus in its circular cross section and the degree of diam-
ter variation along the length of a single colony (38–98 �m)
Figs. 1, 2). Moreover, the horizontal to slightly concave cross
alls in Epiphyton  are closely comparable to the complete cross
alls in Ramitubus  (Fig. 2H, I), as is the mode of branch-

ng in which large cells are succeeded by paired smaller cells
t the point of ramification. Despite a modest size difference,
hese features strongly support an interpretation of Ramitubus
s an early Ediacaran relative of Cambrian Epiphyton. Although
he systematic position of Epiphyton  remains controversial, the
vailable evidence suggests that the affinity of Ramitubus  lies
ith multicellular algae rather than with animals.

.  Conclusions
There is no credible evidence to support a metazoan
ffinity for the Weng’an tubular microfossils Crassitubus,
uadratitubus, Ramitubus, and Sinocyclocyclicus. The tabu-

ae identified in previous studies are, rather, cell boundaries,
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nd the putative polyp chamber is an artefact of decay and
ncomplete fossilization. We attribute these taxa to two principal
roups: non-branching Sinocyclocyclicus, Quadratitubus  and
rassitubus, and dichotomously branching Ramitubus. The non-
ranching group exhibits evidence of bipolar growth through
inary cell division, manifest as incomplete cross walls that
lternate with complete cross walls; we interpret them as
yanobacteria and they would have propagated asexually by
orming hormogonia. Branching Ramitubus  was benthic and
olonial, growing by terminal addition; it compares closely to
ambrian Epiphyton  and likely represents a multicellular alga.
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