








Fig. 3. Synchrotron radiation X-ray tomographic microscopy (SRXTM; a–h) and light microscopy (i–k) images of Weng’an fossils. (a, b) a possible alga
SMNH X 6459, comparable with Paramecia. (c, d) a peanut-shaped fossil SMNH X 6460. (e, f ) Sinocyclocyclicus SMNH X 5322. (g, h) Ramitubus
SMNH X 5326. (i–k) Light microscopy images of putative algae from Weng’an. Scale bar: (a, b) 270 µm, (c, d) 280 µm, (e, f ) 180 µm, (g, h) 175 µm,
(i, j) 140 µm, (k) 115 µm.
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named either Tianzhushania orMegasphaera according to different
taxonomic interpretations (Yin et al. 2004; Xiao et al. 2014b).
Tianzhushania is preferred here (see Box 3). These specimens were
interpreted as animal embryos by Xiao et al. (1998) based on the
similar size and the presence of palintomic cell division, Y-shaped
junctions between cells and an ornate enclosing envelope. More
recently, these have been considered as stem, rather than crown,
animals because later stages lack evidence for epithelial organiza-
tion, which is characteristic of modern embryos (Hagadorn et al.
2006). However, the placement of these fossils in the animal total-
group has also been questioned (Bailey et al. 2007a; Butterfield
2011b; Huldtgren et al. 2011; L. Chen et al. 2014; Zhang & Pratt
2014).

None of the characters that have been used to justify an animal
interpretation are exclusive to animals (see Fig. 4). Features such as
palintomic cleavage, Y-shaped cell junctions and an ornate
envelope are found in non-animal groups (Huldtgren et al. 2011,
2012). They are therefore consistent with an animal interpretation,
but they are not diagnostic characters. They are insufficient, either in
isolation or in combination, to justify an animal affinity.

It has also been suggested that Tianzhushania exhibits characters
gained in the animal stem lineage. L. Chen et al. (2014) described
discrete clusters of cells (‘matryoshkas’) within embryo-like fossils
with hundreds of cells. They interpreted these as reproductive
propagules and presented them as evidence for spatial cell
differentiation, germ–soma separation and apoptosis. Based on
these characters, along with functional cell adhesion, obligate
multicellularity and the potential lack of a rigid cell wall, L. Chen
et al. (2014) argued that Tianzhushaniamight be a stem-animal that
had gained some, but not all, of the characters that are present in
animals, but not choanoflagellates. The occurrence of dividing cells
within the embryo-like fossils is merely an expectation of the
existing observation that they exhibit asynchronous cell division
(Hagadorn et al. 2006). Nevertheless, the interpretation of
differentiation and germ–soma separation requires that the clusters
are part of the embryo-like organism rather than an exogenous
parasite. L. Chen et al. (2014) suggested that there is a
developmental continuation from the typical cells of these speci-
mens and the clusters, which rules out an exogenous origin.
However, there is a discontinuity between monads, dyads and

Box 3: Taxonomy of the embryo-like fossils

The embryo-like fossils have been described under various genus and species names that are now considered to be different developmental stages or taphonomic
variants of a single taxon (Huldtgren et al. 2011; Cunningham et al. 2012a; L. Chen et al. 2014; Xiao et al. 2014a,b). The names Megasphaera (single-celled
specimens), Parapandorina (multiple polyhedral cells) andMegaclonophycus (large numbers of usually spheroidal cells) are nowwidely considered to be synonyms
(e.g. Huldtgren et al. 2011; Cunningham et al. 2012a; Xiao et al. 2014a,b). However, because of different taxonomic interpretations, different researchers have
referred to this taxon as eitherMegasphaera (e.g. L. Chen et al. 2014; Xiao et al. 2014a,b) or Tianzhushania (e.g. Yin et al. 2004; Huldtgren et al. 2011; Cunningham
et al. 2012a). The genus Tianzhushania and its type species T. spinosa were described in 1978 for acanthomorphic acritarchs with cylindrical processes that were
known from thin sections (Yin & Li 1978). Yin et al. (2001) subsequently described T. tuberifera based on specimens with both cylindrical processes and sculptured
ornament. Megasphaera, with the type species M. inornata, was described in 1986 for smooth envelopes (Chen & Liu 1986) and later expanded by Xiao & Knoll
(2000) to accommodate specimens with sculptured envelopes (M. ornata). Yin et al. (2004) showed thatM. ornata specimens, when viewed in thin sections, could be
surrounded by an outer wall identical to that of Tianzhushania. They therefore argued that T. tuberifera, which had been studied in thin sections, was the same species
as M. ornata, which had mainly been studied in specimens isolated from acid residues. Yin et al. (2004) proposed Tianzhushania ornata as the valid name for this
taxon. As the various embryo-like stages can be found inside these specimens, Huldtgren et al. (2011) argued that Tianzhushania is the senior synonym of
Megasphaera, Parapandorina and Megaclonophycus. Xiao et al. (2014) noted that the diagnosis of Tianzhushania had never been formally emended to include
specimens with sculptured envelopes. They therefore proposed to retainMegasphaera for smooth or sculptured specimens that lack processes and Tianzhushania for
specimens that have smooth envelopes and processes. The new genus Yinitianzhushania (basionym T. tuberifera) was erected to accommodate those specimens that
have sculptured envelopes and cylindrical processes. However, this classification differentiatesMegasphaera from the other genera based on the absence of tubular
processes, which probably results from taphonomic loss rather than a biological difference. We also find it unsatisfactory to place specimens from acid residues into
Yinitianzhushania if they have a sculptured envelope and Tianzhushania if they do not. This would result in a specimen with a sculptured envelope and tubular
processes being placed in one genus (Yinitianzhushania) if it had lost only its processes and another (Tianzhushania) if it had also lost its sculptured envelope. It is
therefore preferable to place all of these taxa in a single genus, Tianzhushania, which we consider to be the senior synonym of Yinitianzhushania, as well as of
Megasphaera, Parapandorina and Megaclonophycus, despite the fact that the diagnosis of Tianzhushania has not yet been formally revised to include specimens
with sculptured envelopes.

Fig. 4. Schematic representation of
eukaryote phylogeny, modified after
Rensing (2016), showing the distribution
of characters relevant to the interpretation
of the embryo-like fossil Tianzhushania.
Here multicellularity includes both
aggregative multicellularity (e.g. slime
moulds) and clonal multicellularity
(animals, plants, fungi, various algae), as
well as both facultative (e.g.
choanoflagellates) and obligate
multicellularity.
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tetrads, which show evidence for palintomy, and larger ‘matry-
oshka’ clusters, which do not (Tang 2015; Cunningham et al. 2016).
Although there must be a switch from palintomy at some point
(Chen et al. 2017), the lack of intermediates weakens the evidence
for an endogenous origin (Tang 2015; Cunningham et al. 2016).

The argument for apoptosis is that, because the enclosing
envelope imposes a constant volume throughout ontogeny, the only
way to create the space required for the putative reproductive
structures to grow is for other cells to die off. However, the volume
of Tianzhushaniamaywell not be constrained in this way, given that
early stages often do not occupy the full envelope, and putative later
stages provide evidence for distension and then rupture of the
envelope (Liu et al. 2009; Huldtgren et al. 2011). The evidence for
differentiation, germ–soma separation and programmed cell death is
therefore unconvincing. Moreover, there is also uncertainty
regarding the other proposed animal characters. There is no
evidence that the walls of Tianzhushania are any less rigid than
those of non-animal groups such as non-metazoan holozoans
(Marshall & Berbee 2011), amoebozoans (Olive 1975), ciliates
(Park et al. 2005) or volvocalean algae (Hallmann 2006), which also
have Y-shaped cell junctions. Nor is there evidence that cell
adhesion is different from that seen in groups such as non-metazoan
holozoans (volvocalean algae achieve adhesion through cytoplas-
mic bridges, which are absent in the fossils).

To summarize, Tianzhushania does not exhibit characters that are
sufficient to identify it as an animal. Evidence for the presence of
characters gained in the animal stem lineage is equivocal. There is
therefore no justification for an interpretation of Tianzhushania as an
animal, although a stem-animal affinity cannot be definitively rejected
on the basis of current data (Huldtgren et al. 2011, 2012). Above all,
the available evidence does not yet allow these fossils to be used to
substantiate hypotheses on the timing of animal diversification.

Other possibilities

A number of alternative interpretations have been proposed, yet the
affinities of these organisms remain uncertain. Comparisonswith non-
metazoanholozoans (Huldtgren et al.2011), algae (Butterfield 2011b;
L.Chen et al.2014; Zhang&Pratt 2014) orciliates are plausible but as
yet unsubstantiated and require further investigation. The primary
factor that has hindered interpretation of these fossils is poor
understanding of the later stages of the organisms’ ontogeny. A
number of candidates have been proposed, but none are widely
accepted.Xiao et al. (2007a) suggested that helically coiled specimens
(Fig. 2g), now named Helicoforamina, might be later stages, perhaps
representing a coiled vermiform animal. However, this taxon is
enigmatic and has also been argued to be an embryo of the ctenophore-
like fossil Eoandromeda, which has eight spiral arms (Tang et al.
2008, 2011), or a single-celled stage of Spiralicellula (Fig. 2h), a form
that resembles Tianzhushania, but differs in having coiled cells
(Huldtgren et al. 2011). Peanut-shaped specimens with hundreds of
thousands of cells (Fig. 3c and d) have also been interpreted as later
developmental stages (Huldtgren et al. 2011). These have single cells
and clusters of cells that are isolated from the main mass of cells and
have been argued to be reproductive propagules. L. Chen et al. (2014)
have also described specimens with putative reproductive propagules.
If Tianzhushania does reproduce via propagules, then this indicates a
lifecycle incompatible with at least crown animals. However, in both
cases the interpretation as propagules has proven contentious (Xiao
et al. 2012; Tang 2015) with a key issue being the incomplete
knowledge of the lifecycle of Tianzhushania.

Sponge-like fossils

Structures from the Weng’an Biota have been interpreted as
siliceous sponge spicules (Li et al. 1998). However, these have been
shown by subsequent analysis not to be composed of silica and to

lack convincing sponge characters (Zhang et al. 1998; Antcliffe
et al. 2014; Muscente et al. 2015). More recently, Eocyathispongia
(Fig. 3c) has been described as a possible sponge from Weng’an
(Yin et al. 2015). This is known from a single specimen that is
preserved at a cellular level. Eocyathispongia is considered to be
one of the strongest candidates for a Precambrian sponge. However,
although it could be a sponge, it has no convincing sponge
apomorphies such as pores or spicules, just a generalized sponge
gestalt. More detailed characterization of the anatomy of
Eocyathispongia is required. For example, high-resolution tomog-
raphy might reveal evidence for the presence or absence of sponge
characters and help to constrain the affinity of this enigmatic
organism.

Tubular microfossils

A group of tubular microfossils assigned to the genera
Sinocyclocyclicus (Fig. 3e and f), Ramitubus (Fig. 3g and h),
Crassitubus and Quadratitubus have been interpreted as cnidarian-
like eumetazoans from the Weng’an Biota (Xiao et al. 2000; Chen
et al. 2002; Liu et al. 2008). These genera have regularly spaced
cross walls and have been compared with tabulate corals. In a coral-
like body plan, the spaces between the cross walls represent the
former living positions of the polyp and would be expected to be
empty or filled with diagenetic cements. However, the fossils
preserve biological structures in these spaces, which is incompatible
with a cnidarian interpretation (Cunningham et al. 2015). There is
no evidence to support a placement of these tubular fossils within
eumetazoans or animals.

Vernanimalcula

Vernanimalcula has been described from thin sections as a
miniature, adult bilaterian from the Weng’an Biota (Chen et al.
2004; Petryshyn et al. 2013). It is purported to preserve bilaterian
characters such as a mouth, gut, anus and paired coelomic cavities.
However, all of the putative bilaterian characters can be alternatively
interpreted as artefacts resulting from abiological diagenetic apatite
cements, which are ubiquitous in the deposit (Bengtson 2003;
Bengtson & Budd 2004; Bengtson et al. 2012; Cunningham et al.
2012a). Moreover, 3D analyses show that Weng’an fossils such as
acritarchs and fertilization envelopes that clearly lack bilateral
symmetry can exhibit Vernanimalcula-like morphology when
sectioned in particular orientations (Bengtson et al. 2012). There
is no evidential basis for interpreting Vernanimalcula either as a
bilaterian or as an animal of any kind.

Summary and prospects

Research into the Weng’an Biota is currently in a transitional phase.
Early research involved many attempts to demonstrate the long-
expected presence of animals, including bilaterians, in the
Ediacaran. This has been followed by a spell of critical analysis
of these claims that has shown that none of these fossils can so far be
confidently identified as stem- or crown-group metazoans. The
research is now entering a phase where more targeted analysis of the
palaeobiology of each taxon is helping to constrain wide-ranging
hypotheses of affinity more rigorously. Many fossils are known
only from a few specimens and have received limited attention. One
such example is the enigmatic fossil Caveasphaera (Fig. 2i), which
has been tentatively compared with cnidarian embryos (Xiao &
Knoll 2000) but requires further investigation. Such taxa betray a
cryptic diversity that has been overlooked because of the focus on
Tianzhushania.

The Ediacaran was a critical interval in the history of life
(Butterfield 2007) and the Weng’an Biota offers a unique glimpse
of microscopic, multicellular and soft-bodied organisms at this time.
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It can provide important insights into Ediacaran biology and the
evolution of multicellular organisms at this time, possibly including
animal-type multicellularity. Future work constraining the diversity,
affinity and ontogeny of theWeng’an organisms is necessary before
this potential is fully realized.
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