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ABSTRACT 

The ecdysozoans are the most diverse animal group on Earth1,2. Molecular clock 

studies indicate that the ecdysozoans may have diverged and diversified in the 

Ediacaran Period3,4, but unambiguous ecdysozoan fossils first appear in the 

earliest Cambrian and are limited to cycloneuralians5-7. Here we report new 

material of the early Cambrian microscopic animal Saccorhytus coronarius, 

which was previously interpreted as a deuterostome8. Saccorhytus coronarius is 

reconstructed as a millimetric and ellipsoidal meiobenthic animal with a spinose 
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armor and an anterior mouth but no anus. Purported pharyngeal gills in support 

of the deuterostome hypothesis8 are shown to be taphonomic artifacts. 

Phylogenetic analyses indicate that Saccorhytus coronarius belongs to the 

total-group Ecdysozoa, highlighting the morphological and ecological diversity of 

early Cambrian ecdysozoans. 

 

The microscopic animal Saccorhytus coronarius8 was first reported from the 

early Cambrian Zhangjiagou Lagerstätte9 (c. 535 Ma10; Extended Data Fig. 1) of 

South China. It was interpreted as an anusless, meiobenthic deuterostome animal8. 

This interpretation was largely based on the presence of pharyngeal gills. If this 

interpretation is confirmed, Saccorhytus coronarius would fill a critical gap in the 

fossil record of the Deuterostomia and present an intriguing case of secondary loss of 

the anus, which is known to have occurred independently in several animal groups11. 

To further test the deuterostome interpretation and to shed fresh light on the 

morphology and ecology of this enigmatic animal, we analyzed new material of 

Saccorhytus coronarius from the Zhangjiagou Lagerstätte9. 

As other fossils in the Zhangjiagou Lagerstätte9, the new fossils of Saccorhytus 

coronarius are secondarily phosphatized. Although most examined specimens are 

flattened or deformed, some are three dimensionally preserved with minimal 

deformation (Extended Data Fig. 2a–c; Supplementary Movies 1–3). Only the 

integument is preserved, and no traces of internal soft tissues were discovered in all 

specimens examined by SRXTM12 (Extended Data Figs. 2, 3; Supplementary Movies 
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1–9). The integument is preserved as a two-layered structure (Fig. 1d; Extended Data 

Figs. 2d, 3c, 4a, 5e), which may represent two sub-layers of the cuticle8 that were 

thickened by excessive phosphate coating (Extended Data Fig. 3c). Alternatively, the 

two layers may represent phosphatic coatings on two separate organic sheets, as 

evidenced by the two detached or separate layers in some specimens (Fig. 1d). No 

cilium insertion sites were observed on the integument, even in high-magnification 

SEM images. A chevron pattern, which may be a diagenetic artifact, is present in 

some integument (Fig. 2h; Extended Data Figs. 3h, 4e, 5e, 6f, 7a, c). 

Saccorhytus coronarius is ellipsoidal in overall shape, with a terminal mouth 

(Fig. 1a, f; Extended Data Figs. 2a, d, 3d, e, 4a, h), which is regarded as the anterior 

end because in most living bilaterians the mouth is located at or near the anterior end. 

When the mouth is closed, it forms a flattened slit (Fig. 1b; Extended Data Figs. 7f, 

8a). From the anterior view, the flattened mouth divides the body into two halves, 

with one half slightly wider than the other (Extended Data Fig. 2a, b; Supplementary 

Movie 3); the wider half is regarded as the ventral side because it helps to balance the 

animal for hydrodynamic stability. When the mouth is partially open, it has V-shaped 

left and right corners (Fig. 1f; Extended Data Figs. 2d, 3d, 4h, 5c, 6a). When fully 

open, the mouth is nearly circular (Extended Data Figs. 6d, 8b). Unlike the prominent 

mouth at the anterior end, no traces of an anus are found on any specimen, confirming 

the absence of an anus in Saccorhytus coronarius8. 

The mouth is surrounded by radially arranged circumoral folds of the integument 

(Fig. 1b, e, f; Extended Data Figs. 2d, f, g, 3d, 4a, c, h, 6a, d, 8a). The folds appear 
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flexible, and thus were able to control the opening and closure of the mouth. The folds 

are surrounded by a circlet of about 30 circumoral protrusions that are in close contact 

with each other (Fig. 1f; Extended Data Figs. 2d, 4h). The circumoral protrusions are 

internally hollow (Fig. 1f), largest on the dorsal and ventral sides, but decrease in size 

toward the left and right sides (Fig. 1f; Extended Data Figs. 2d, f, 4h, 5c), thus 

exhibiting biradial symmetry. Each circumoral protrusion is flattened and tridented, 

with a larger main spine flanked by two smaller lateral spines (Fig. 1g; Extended Data 

Figs. 2f, g, 4g, 6c, 8e). At the antero-dorsal margin of the circumoral protrusions, 

there is an array of anterior protrusions. The number of anterior protrusions varies 

from one (Extended Data Figs. 3d, 5a), two (Fig. 1a, f; Extended Data Figs. 4a, h, 6a, 

d, 7f, 8b, c), three (Extended Data Fig. 2d), four (Extended Data Figs. 4c, 5c), to five 

(Extended Data Figs. 2a, 7d), possibly representing intraspecific or ontogenetic 

variations. They are arranged in one row if fewer than five, or in two rows if five. The 

anterior protrusions are also flattened and tridented, with a prominently longer and 

larger main spine flanked by two lateral spines or denticles (Fig. 1j; Extended Data 

Figs. 4c, 6a, 8a, e). The circumoral and anterior protrusions have similar morphology, 

and the only difference is that the latter are larger and longer. Because the anterior 

protrusions occur only on the dorsal side, they impose a dorsal-ventral polarity and 

render a true bilateral symmetry to the animal. 

Further posterior to the circumoral and anterior protrusions, there are integument 

folds that are arranged anteriorly-posteriorly but appear radial in anterior view (Fig. 

1a, e; Extended Data Figs. 2d, 4a, c, 5c, 6a, d, 7b, 8a), as well as nodes or tubercles on 
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the dorsal and lateral sides (Fig. 1a, f; Extended Data Figs. 2d, e, 4a, c, h, 5c, 6a, d, 

7d). These nodes are arranged in crescent half-circlets or sets parallel to the 

circumoral protrusions. The first set of nodes are aligned with the anterior protrusions 

and extend laterally (Fig. 1j; Extended Data Figs. 4a, c, 6a, d, 7d); the next two or 

three sets extend continuously to both lateral sides, whereas the remaining two to 

three sets are more sparsely and less regularly arranged (Extended Data Figs. 4a, c, 

7d), and there are sometimes single nodes positioned dorsally (Extended Data Fig. 

7d). 

Further posteriorward, there are two sets of spinose sclerites, one set 

antero-ventrally and the other dorso-laterally. The antero-ventral spinose sclerites 

consist of three pairs that are bilaterally symmetrically arranged (Fig. 1a, f; Extended 

Data Figs. 2d, 4a, i, 5c, d, 6d, 8b). The medial (1st) pair are the smallest, whereas the 

lateral-most (3rd) pair are the largest (Supplementary Table 1). Each spinose sclerite 

has an expanded conical base, and the completely preserved sclerites have a long 

distal spine with a closed tip. Most sclerites are broken at the juncture between the 

conical base and the apical spine, leaving behind jagged edges of the conical base and 

exposing the two integument layers (Fig. 2j, l; Extended Data Figs. 4i, j, 8b), but 

some are broken from the base or middle of the conical base (Fig. 1c; Extended Data 

Figs. 2d, 5e, 7f, 8b), and others are broken from the apical spine, leaving the proximal 

part of the distal spine still attached to the conical base (Figs. 1h, 2c, e). The conical 

base is ornamented with longitudinal folds or ridges (Figs. 1c, h, 2c–e; Extended Data 

Figs. 5a, e, 8b), and it is radially symmetrical or slightly lopsided (with the center 
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offset slightly medially; Fig. 1c; Extended Data Figs. 5a, 8b). The dorso-lateral set 

consists of up to five pairs of spinose sclerites arranged dorso-laterally in a bilaterally 

symmetric fashion (Fig. 2f, l; Extended Data Figs. 4b, j, 5c, d, 6e, 7b, e, g). The third 

pair are always present (Figs. 1f, 2a, b, f, j, l; Extended Data Figs. 2b, 3d, 4b, h, j, 5b, 

c, 6e, h, 7b, g, 8f) and are the largest in size (Supplementary Table 1), whereas the 

other spinose sclerites may be absent (Fig. 1f; Extended Data Fig. 2e), probably 

reflecting intraspecific or ontogenetic variations. These spinose sclerites also have a 

conical base with longitudinal folds, which are most prominent on the third pair (Figs. 

1i, 2f, h, j; Extended Data Figs. 4e, 6f, g, i, 7a, c), and a long distal spine with a closed 

tip (Fig. 2h, k; Extended Data Fig. 4k). Undeformed conical bases always have a 

circular footprint (e.g., Extended Data Figs. 4e, 7h), although they can be flattened 

when adpressed against the body wall (Fig. 2h, k; Extended Data Figs. 4j, k, 6f, g, i, 

7a), suggesting a degree of flexibility. The apical spines are typically broken from the 

base (Fig. 2f, l; Extended Data Figs. 5g, 6f, g, i, 7c), but they can be partially broken 

(Fig. 1i) or nearly completely preserved (Fig. 2h, k; Extended Data Figs. 3i, 4k, 7a, 

8d). The completely preserved spines are always adpressed on the body wall (thus 

avoiding being abraded) and they are about three to four times the height of the base. 

Our observation suggests that the 1st-3rd pairs of antero-ventral spinose sclerites are 

equivalent to 1st-3rd pairs of body cones, and the 3rd pair of dorso-lateral spinose 

sclerites are equivalent to the 4th pair of body cones of Han et al.8, who interpreted 

these structures as gill slits. 

On the posterior side of the body, there are many short and slender spines with a 
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sharp tip (Fig. 2g, i; Extended Data Figs. 2e, 3h, 4b, 6e). They may extend to the fifth 

dorso-lateral spinose sclerites (Fig. 2f; Extended Data Figs. 4b, 6e). They are 

distributed randomly, separate from each other, and directed postero-ventrally. They 

vary in size, with the ventral ones slightly smaller, but they are generally much 

smaller than the spinose sclerites described above (Supplementary Table 1) and they 

are typically broken from the base (Extended Data Figs. 4b, 5d, 6e). Again, the more 

completely preserved posterior spines tend to be those that are adpressed against the 

integument (Fig. 2g, i) and thus are not abraded during fossil preservation or 

preparation. 

Saccorhytus is reconstructed as a sac-like animal with a spinose armor and an 

anterior mouth but no anus (Fig. 3a–c; Supplementary Movie 10). Its small body size 

indicates a meiobenthic life style in a physical niche with low Reynolds number13. 

The non-ciliated integument implies that it did not have cilia for locomotion or 

feeding. It also lacked setae or paired appendages, thus was unable to creep or crawl. 

Locomotion by hydrostatic skeletons seems unlikely. Saccorhytus may be a free 

epibenthic or interstitial animal. The circumoral protrusions, anterior protrusions, 

spinose sclerites, and posterior spines may have functioned as sensory and/or defense 

organs, whereas the mouth appears to be the only body opening for feeding and 

excretion. 

The bilateral symmetry with both anterior-posterior and dorsal-ventral axes 

suggests that Saccorhytus should fall within the Bilateria14. Saccorhytus lacks an anus, 

but without a phylogenetic context, this condition may represent either primitive 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 6, 2020. ; https://doi.org/10.1101/2020.09.04.283960doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.04.283960


8 
 

absence or secondary loss, because a through gut with a terminal anus may have 

evolved independently in different bilaterian lineages15, and secondary loss of the 

anus has also occurred several times in at least nine bilaterian groups11. The 

previously proposed deuterostome hypothesis8 was based on similarities between the 

body cones of Saccorhytus and the body openings (interpreted as pharyngeal gills) of 

vetulicolians16 and vetulocystids17. Better preserved specimens illustrated here (Figs. 

1h, 2c, e), however, show that the so-called body cones in Saccorhytus are in fact 

remnants of broken spinose sclerites. Saccorhytus thus lacks homologs of pharyngeal 

gills14,18, and as such should not be considered as a deuterostome. Indeed, the revised 

anatomical observations, when incorporated into the morphological character matrix 

of Han et al.8 and subjected to phylogenetic analyses, resolved Saccorhytus as the 

sister-group of the Acoelomorpha, outside the clade that includes protostomes and 

deuterostomes (Extended Data Fig. 9a). 

As the data matrix of Han et al.8 has limited character and taxonomic coverage, 

we conducted new cladistic analyses based on a comprehensive morphological matrix 

published by Peterson and Eernisse19 to more thoroughly investigate the phylogenetic 

affinity of Saccorhytus. Various coding schemes and multiple cladistic methods were 

explored to test the sensitivity of the phylogenetic interpretation of Saccorhytus. In the 

most conservative coding scheme, Saccorhytus was resolved to be a total-group 

ecdysozoan (Extended Data Fig. 9b, a PAUP tree) or a stem-group nematoid 

(Extended Data Fig. 9c, a MrBayes tree), both with relatively low statistical support. 

The ecdysozoan affinity of Saccorhytus is supported by the radially arranged 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 6, 2020. ; https://doi.org/10.1101/2020.09.04.283960doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.04.283960


9 
 

circumoral folds that are regarded as an autapomorphy of the total-group Ecdysozoa20, 

as well as a terminal mouth and the absence of cilia. 

In a separate coding scheme, we consider the possibility that the two-layered 

integument of Saccorhytus (Fig. 1d; Extended Data Fig. 3c) represents evidence for 

an outer epicuticle and an inner procuticle2,14,21. This possibility is consistent with the 

consideration that recalcitrant tissues such as cuticle are often preferentially 

phosphatized in the Zhangjiagou Lagerstätte and other taphonomically similar 

Cambrian assemblages22. A cladistic analysis, assuming the presence of cuticle and 

ecdysis in Saccorhytus, gave the same results as far as Saccorhytus is concerned, but 

with higher statistical support (Extended Data Fig. 10a, b). 

We note that the circumoral and anterior protrusions of Saccorhytus are 

internally hollow and may have contained soft tissues when alive. These protrusions 

are thus similar to the scalids or spinoscalids of the scalidophorans that contain soft 

tissue internally23; although arrow worms (Chaetognatha) also have internally hollow 

perioral spines or grasping spines, these spines do not form radially arranged 

circumoral circlets2,14. In addition, the spinose sclerites and posterior spines are 

morphologically similar to the spinose armors of the coeval scalidophorans6,7 in their 

general shape and internally hollow nature. Considering these similarities, additional 

cladistic analyses, assuming homology between the circumoral/anterior protrusions 

and the scalids/spinoscalids, resolved Saccorhytus as a stem-group scalidophoran 

(Extended Data Fig. 10c, d). We regard the stem-group scalidophoran interpretation as 

tentative, because Saccorhytus does not have a differentiated introvert, a feature 
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characteristic of the Cycloneuralia and especially the more restrictive group of 

Scalidophora14,24. 

To summarize, Saccorhytus does not have pharyngeal gills and is not a 

deuterostome animal. Sequential cladistic analyses, starting with more conservative 

character coding and progressively testing more ambiguous characters, resolved 

Saccorhytus as a total-group ecdysozoan and possibly a stem-group scalidophoran 

(Fig. 3d). A crown-group panarthropod interpretation is unlikely due to lack of 

appendages in Saccorhytus. Together with co-occurring cycloneuralians from the 

Zhangjiagou Lagerstätte5,7 and equivalent strata in South China6, Saccorhytus testifies 

a remarkable morphological and ecological diversity of early Cambrian ecdysozoans. 

With a better phylogenetic constraint, Saccorhytus presents another ecdysozoan case 

of secondary loss of the anus in addition to the Onychophora11. 

 

Online content 

Any methods, additional references, source data, extended data, supplementary 
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Methods 

Rock samples were macerated in diluted acetic acid (10%). Microfossils were 

handpicked from residues under a binocular microscope. Specimens were glued on 

pin-type aluminum stubs for observation under a LEO 1530VP field-emission 

environmental scanning electron microscope. 

Three specimens were scanned using SRXTM12 at the X02DA TOMCAT beam 

line, Swiss Light Source, Paul Scherrer Institute, Villigen, Switzerland. The SRXTM 
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data were obtained using a 20 µm LuAg:Ce scintillator, a 20× objective lens, at an 

energy level of 14 KeV and an exposure time of 200 ms, as a series of 1501 

equiangular projections while the samples were rotated through 180° within the beam. 

The projections were post-processed and rearranged into flat- and dark-field-corrected 

sinograms, and reconstruction was performed on a 60-core Linux PC farm, using a 

highly optimized routine based on the Fourier transform method and a regridding 

procedure26. The SRXTM data were analysed using the AVIZO8.0 (ThermoFisher 

Scientific) software package. 

Phylogenetic analyses were carried out using the software PAUP427, 

MrBayes3.2.7a28, and TNT1.129. The most parsimonious trees and 50% majority rule 

trees were generated using PAUP4 (heuristic search; addition sequence = random, 

number of replicates = 100, hold one tree at each step; swapping algorithm = TBR). 

Bootstrap support values were calculated also using PAUP4 (full heuristic search, 

number of replicates = 10; addition sequence = simple, hold one tree at each step; 

swapping algorithm = TBR), whereas Bremer support values were calculated using 

TNT1.1 (saving trees of up to extra 10 steps longer). The Bayesian 50% majority trees 

were generated in MrBayes3.2.7a using the MK + informative model (which accounts 

for only parsimony-informative characters having been scored, and ascertainment bias) 

with equal rate variation (MKI + equal). 
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Figure 1. Saccorhytus coronarius. a–e, UMCU2016009; a, anterior view; b, detail of 

mouth; c, detail of broken spinose sclerite with jagged edge exposing two integument 

layers; d, opposite side of a, with posterior integument missing, showing inner view 

of mouth and detached integument layers; e, detail of inner side of mouth, showing 

hollow nature of circumoral protrusions; f, g, j, UMCU2019016; f, anterior left view; 

g, detail of circumoral protrusions; j, detail of anterior protrusions; h, i, 

UMCU2018011; h, a fragment; i, detail of spinose sclerite, showing remnant of apical 

spine. Abbreviations: ap, anterior protrusion; bss, base of spinose sclerite; cf, 
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circumoral fold; ch, chevron; cp, circumoral protrusion; i, integument; if, integument 

fold; lf, longitudinal fold; ls, lateral spine; mo, mouth opening; ms, main spine; n, 

node; (1-3)l/ras,1st to 3rd left/right antero-ventral spinose sclerite; (1-5)l/rls, 1st to 5th 

left/right dorso-lateral spinose sclerite; sp, (posterior) spine; sss, apical spine of 

spinose sclerite. Scale bar: 200 μm (a, d, f, h), 100 μm (b, c, e, g, j), 20 μm (i). 

 

 

Figure 2. Saccorhytus coronarius. a–e, UMCU2020021; a, left view; b, right view; 

c–e, detail of spinose sclerites tilted ~40° from a and b, showing remnant of apical 
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spine; f, h, UMCU2016008; f, left view; h, detail of spinose sclerite adpressed against 

body wall; g, i, UMCU2016010; g, posterior view; i, detail of posterior spines 

adpressed against body wall; j, k, UMCU2018012; j, right view; k, detail of spinose 

sclerite adpressed against body wall; l, UMCU2019018, posterior right view. Scale 

bar: 200 μm (a, b, f, g, j, l), 60 μm (c–e, h, i, k). See Fig. 1 for abbreviations. 

 

 

Figure 3. Reconstruction and phylogenetic interpretation of Saccorhytus coronarius. 

a–c, reconstructions showing anterior (a), left (b), and posterior (c) views, apical 

spines in 1l/ras, 2l/ras, and 3-5l/rls are inferred from their similarity to 3l/ras and 

1-2l/rls where apical spines are directly observed; scale bar 500 μm; see Fig. 1 for 

abbreviations; d, simplified phylogeny of Neuralia (based on ref14 and ref25) and 

possible phylogenetic positions of Saccorhytus (red line). 
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Extended Data 

 

 

Extended Data Figure 1 | Location map and stratigraphic column of the Zhangjiagou 

section in southern Shaanxi Province, South China. a, map of Shaanxi Province, with 

star marking Zhangjiagou section where fossils were collected; b, detailed map of 

southern Shaanxi Province showing fossil locality (star); c, stratigraphic column of 

Zhangjiagou section showing key horizon (arrow) where fossils were collected. 
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Extended Data Figure 2 | Saccorhytus coronarius. a–c, UMCU2014005, with five 

anterior protrusions; a, anterior view; b, posterior view; c, SRXTM image, transverse 

section marked in b; d–g, UMCU2014001, with three anterior protrusions; d, anterior 
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view; e, posterior view; f, g, detail of circumoral protrusions. Scale bar: 200 μm (a–e), 

50 μm (f), 40 μm (g). See Fig. 1 for abbreviations. 

 

Extended Data Figure 3 | Saccorhytus coronarius. a–c, UMCU2014001, same 

specimen as in Extended Data Fig. 2d; a, dorso-anterior view; b, ventral view; c, 
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SRXTM image, longitudinal section marked in a, with arrows marking boundary 

between two layers of integument; d–i, UMCU2014002; d, left view; e, right view; f, 

SRXTM image, tangential coronal section marked in d; g, close-up of spinose sclerite in 

central right of d; h, detail of posterior spines and chevron patterns in lower right of d; i, 

detail of spinose sclerites in upper central of e. Scale bar: 200 μm (a, b, d, e); 100 μm (c, 

f); 40 μm (g, h), 60 μm (i). See Fig. 1 for abbreviations. 
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Extended Data Figure 4 | Saccorhytus coronarius. a, b, UMCU2019017, with two 

anterior protrusions; a, anterior view; b, posterior view; c, UMCU2016006, with four 

anterior protrusions, antero-left view; d, e, UMCU2020022; d, left view; e, detail of 

spinose sclerite and chevron pattern in central right of d; f, g, UMCU2020023; f, left 
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view; g, detail of circumoral protrusions in central left of f; h, UMCU2018013, with 

two anterior protrusions, antero-left view; i–k, UMCU2020024; i, right ventral view; j, 

left dorsal view; k, detail of spinose sclerite in central of j. Scale bar: 200 μm (a–d, f, 

h–j), 40 μm (e, g, k). See Fig. 1 for abbreviations. 
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Extended Data Figure 5 | Saccorhytus coronarius. a, b, UMCU2014004, with only one 

anterior protrusion; a, anterior dorsal view; b, posterior view; c–g, UMCU2018014, 

with four anterior protrusions; c, right view; d, left view; e–g, detail of spinose sclerites 

and posterior spines in central left of d, upper left of c, and central left of c, respectively. 

Scale bar: 200 μm (a–d), 60 μm (e–g). See Fig. 1 for abbreviations. 
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Extended Data Figure 6 | Saccorhytus coronarius. a–c, UMCU2016007, with two 

anterior protrusions; a, anterior view; b, posterior view; c, detail of circumoral 

protrusions in central right of a; d–g, UMCU2019019, with two anterior protrusions; d, 

anterior view; e, posterior view; f, g, detail of spinose sclerites in central upper and 
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upper right of e; h, i, UMCU2018012, same specimen as in Fig. 2j; h, left view; i, detail 

of spinose sclerites in upper left of h. Scale bar: 200 μm (a, b, d, e, h), 20 μm (c, f, g, i). 

See Fig. 1 for abbreviations. 
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Extended Data Figure 7 | Saccorhytus coronarius. a–c, UMCU2016008, same 

specimen as in Fig. 2f, with three anterior protrusions; a, detail of spinose sclerites in 

central upper of Fig. 2f; b, right view; c, detail of spinose sclerites in upper left of b; d, 

UMCU2019020, a fragment with five anterior protrusions, dorsal anterior view; e, h, 

UMCU2020025; e, left view; h, detail of 1lls and 2lls, exhibiting round conical bases; f, 

g, UMCU2018015, with two anterior protrusions; f, anterior view; g, posterior view. 

Scale bar: 60 μm (a), 200 μm (b, d–g), 50 μm (c, h). See Fig. 1 for abbreviations. 
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Extended Data Figure 8 | Saccorhytus coronarius. a, UMCU2018015, same specimen 

as in Extended Data Fig. 7f, exhibiting circumoral folds and anterior protrusions; b, d, 

UMCU2019018, same specimen as in Fig. 2l, with two anterior protrusions; b, ventral 

anterior view; d, detail of spinose sclerites in central upper of Fig. 2l; c, e, f, 
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UMCU2014003, a fragment with two anterior protrusions; c, anterior view; e, detail of 

circumoral protrusions and anterior protrusions; f, posterior view. Scale bar represents 

100 μm in all images. See Fig. 1 for abbreviations. 

 

Extended Data Figure 9 | Results of phylogenetic analyses based on data matrix 1 (a) 

and data matrix 2 (b, c). a, strict consensus tree based on nine most parsimonious trees 

(tree length = 88, consistency index = 0.716, retention index = 0.866); b, 50% majority 

rule tree based on 22,848 most parsimonious trees (tree length = 285, consistency index 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 6, 2020. ; https://doi.org/10.1101/2020.09.04.283960doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.04.283960


13 
 

= 0.568, retention index = 0.827); in a and b, numbers above nodes are Bremer support 

values (up to extra 10 steps), and numbers below nodes are Bootstrap support values 

(only values greater than 50% are shown); c, Bayesian 50% majority rule tree, numbers 

above nodes are clade credibility values. Symbol † denotes extinct taxon. 
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Extended Data Figure 10 | Results of phylogenetic analyses based on data matrix 3 (a, 

b) and data matrix 4 (c, d). a, 50% majority rule tree based on 22,848 most 

parsimonious trees (tree length = 285, consistency index = 0.568, retention index = 
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0.827); b, Bayesian 50% majority rule tree; c, 50% majority rule tree based on 3,264 

most parsimonious trees (tree length = 285, consistency index = 0.568, retention index = 

0.828); d, Bayesian 50% majority rule tree. In a and c, numbers above nodes are 

Bremer support values (up to extra 10 steps), and numbers below nodes are Bootstrap 

support values (only values greater than 50% are shown). In b and d, numbers above 

nodes are clade credibility values. Symbol † denotes extinct taxon. 

 

Supplementary Information includes Systematic palaeontology; Taxa, characters and 

codings for phylogenetic analysis; Data matrices 1–4; 10 animations; and Tables 1–3. 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 6, 2020. ; https://doi.org/10.1101/2020.09.04.283960doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.04.283960


1 
 

Supplementary Information 

 

Systematic palaeontology 

 

Bilateria Hatschek30 

Protostomia Grobben31 

Ecdysozoa Aguinaldo et al.1 total group 

Phylum and Class uncertain 

Order Saccorhytida Han, Shu, Ou, and Conway Morris in Han et al.8 

Family Saccorhytidae Han, Shu, Ou, and Conway Morris in Han et al.8, emended. 

 

Emended diagnosis: Millimetric, ellipsoidal body with an anterior mouth but 

no anus, a spinose armor including circumoral protrusions, anterior protrusions, 

spinose sclerites, and posterior spines. 

 

Genus Saccorhytus Han, Shu, Ou, and Conway Morris in Han et al.8, emended. 

 

1988 Clypecella Li32 [nom. nud.] 

2017 Saccorhytus Han, Shu, Ou, and Conway Morris in Han et al.8 

 

Type species: Saccorhytus coronarius Han, Shu, Ou, and Conway Morris in 

Han et al.8 
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Emended diagnosis: As for the emended diagnosis of the type species. 

Remarks: Similar fossils were first described as Clypecella hexinsis Li, 1988 

(ref.32), but no holotype was designated. According to ICZN, Clypecella and 

Clypecella hexinsis are invalid. 

 

Saccorhytus coronarius Han, Shu, Ou, and Conway Morris in Han et al.8, emended. 

Figures 1, 2, 3a–c; Extended Data Figures 2–8; Supplementary Movies 1–10 

 

1988 Clypecella hexinsis Li32, p. 63, 64, pl. 1, figs. 1, 2 [nom. nud.] 

2017 Saccorhytus coronarius Han, Shu, Ou, and Conway Morris in Han et 

al.8, p. 229, fig. 1; p. 230, figs. 2, 3; extended data figs. 2–6; supplementary table 1. 

 

Holotype: Specimen XX45-20, as was originally designated by Han et al.8, and 

is deposited at the Early Life Institute, Northwest University, Xi’an, China. 

Material and repository information: A total of 270 specimens were 

extracted and examined, and 25 well-preserved specimens are illustrated in this 

paper. Specimens of Saccorhytus coronarius illustrated in this paper are deposited at 

the University Museum of Chang’an University (UMCU), and the accession 

numbers are UMCU2014001–2014005, 2016006–2016010, 2018011–2018015, 

2019016–2019020, and 2020021–2020025. 

Occurrence: Kuanchuanpu Formation, Zhangjiagou section, Dahe Village, 

Xixiang County, southern Shaanxi Province, South China; small shelly fossil 
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Anabarites trisulcatus-Protohertzina anabarica Assemblage Zone, about 535 Ma, 

Fortunian Stage, Cambrian System. 

Emended diagnosis: Millimetric, ellipsoidal animal with ventral half slightly 

wider than the dorsal half; integument two-layered and non-ciliated; anterior mouth 

surrounded by circumoral folds, one circlet of circumoral protrusions, one to five 

anterior protrusions, all protrusions bearing a central main spine flanked by two 

lateral spines with a closed tip; three pairs of spinose sclerites antero-ventrally, one 

to five pairs of spinose sclerites dorso-laterally, each with an expanded conical base 

that is ornamented with longitudinal folds and supports a long apical spine with a 

closed tip; nodes antero-dorsally; posterior spines with a sharp tip; anus absent. 

Preservation: All the specimens are three-dimensionally phosphatized although 

most are folded or deformed. The integument is flexible and deformed in most 

specimens, implying that they were originally non-biomineralized. SRXTM analyses 

revealed no trace of internal anatomies (Extended Data Figs. 2c, 3c, f), and only the 

two-layered integument is preserved. In some cases, the two layers are closely 

adhered to each other but are discernable in SEM and SRXTM (Extended Data Figs. 

2d, 3c); it is possible that these two layers represent the sub-layers of cuticle8. In 

other cases, the two layers are detached from each other, with a significant gap in 

between (Fig. 1d), indicating that the two layers may be phosphatic coating on two 

detached organic sheets (possibly representing taphonomically detached sub-layers 

of cuticles) that served as substrates for phosphatic coating. 

No cilium insertion sites were observed on the integument, even in 
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high-magnification SEM images. Cilia are rarely preserved in the fossil record, but 

putative cilia have been reported from Cambrian pterobranch fossils33 and compound 

cilia from Cambrian ctenophore fossils34. We infer that the integument of 

Saccorhytus is non-ciliated because no cilium insertion sites are found on the 

integument, but acknowledge this inference is based on the absence of evidence. 

Thus, in ensuing cladistic analyses (see below) the cilium-related characters are 

variously coded as “absent”, “uncertain”, or “present” in order to test the sensitivity 

of our phylogenetic interpretation to these characters. 

An important observation made in this study is the preservation of spines, 

including the apical spines on spinose sclerites as well as the posterior spines in the 

back of the body. As mentioned in the main text and discussed further below, most 

spinose sclerites and posterior spines are broken, leaving a hole on the conical base 

of the spinose sclerites or on the posterior part of the body integument. In rare cases, 

however, spines are partially or completely preserved. We note that complete 

preservation of spines happens only when the spines are adpressed or tucked on the 

body integument so that they escaped from being abraded during fossil preservation 

and preparation. Given that microfossils in the Zhangjiagou Lagerstätte constitute 

grains in phosphatic limestone (see extended data fig. 1 in Han et al.8), it is likely 

that they have been locally reworked. Thus, it is possible that most spines were 

broken during reworking, particularly if they were relatively rigid structure sticking 

out on the surface of the globose fossil. The relative rigidity is consistent with the 

observation that the spines typically are not folded or deformed (e.g., Extended Data 
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Fig. 4k), and implies that the spines may have been more robustly sclerotized than 

the rest of the integument or even biomineralized. 

Orientation: Saccorhytus has a roughly globose body with a prominent mouth, 

and as such the oral-aboral axis defines a major polarity of the animal. Because in 

most living bilaterian animals the mouth is located at or near the anterior end, the 

mouth is taken as the anterior end of Saccorhytus, and the opposite side as the 

posterior end. When the mouth is flattened, it divides the body into two halves, with 

one half slightly wider than the other (Extended Data Fig. 2a, b; Supplementary 

Movie 3). The wider half is regarded as the ventral side because it helps to balance 

the animal for hydrodynamic stability. The anterior protrusions only occur on the 

dorsal side. The orientation adopted here is different from that of Han et al.8, who 

placed the mouth at a centro-ventral position, which is rather unusual for a bilaterian 

animal. Thus, these two orientations are rotated 90° from each other about the 

left-right axis. We note that Han et al.’s orientation was based on the holotype8, 

which is a folded specimen (their fig. 1a). Because of its mechanical weakness, the 

mouth is expected to cave in when folding occurs, so that the anterior and posterior 

ends are brought closer to each other, with the mouth located in the central concavity 

in the folded specimen. In unfolded specimens (Fig. 1a; Extended Data Figs. 2a, d, 

3d, 4a, 6d; Han et al.’s fig. 1g, extended data fig. 6f), the mouth is terminally located 

and defines one polar end of the body. Because Han et al.’s orientation was based on 

the taphonomically folded holotype8 and is inconsistent with location of the mouth in 

most living bilaterian animals, the orientation of Saccorhytus is here revised. 
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The ventral side Saccorhytus is mostly free of spinose sclerites and spines. In 

addition, the ventral side is wider than the dorsal side, perhaps helping to balance the 

animal and to achieve hydrodynamic stability. Thus, we infer that the ventral side of 

Saccorhytus was in contact with the benthic substrate (if Saccorhytus was an 

epibenthic animal) or with sand grains (if it was an interstitial animal). 

Comparison with Han et al.’s description and reconstruction: The general 

morphology of the current specimens accords well with those described in Han et 

al.8, including a bag-shaped body, a prominent mouth surrounded by radial folds, and 

at least four pairs of spinose sclerites with an expanded base ornamented with 

longitudinal folds. 

The key difference between our reconstruction and Han et al.’s reconstruction8 

has to do with the structures described as spinose sclerites in this paper but as body 

cones in Han et al.8. Our observation indicates that the sclerites 1–3l/ras correspond 

with the body cones L/Rbc1–3 of Han et al.8, and the sclerites 3l/rls with the body 

cones L/Rbc4 of Han et al.8, whereas the sclerites 1–2l/rls and 4–5l/rls are structures 

newly identified in this study. Of these spinose sclerites, 3l/ras and 3l/rls are the 

largest and ornamented with more prominent longitudinal folds on the conical base, 

whereas the other spinose sclerites are smaller and sometimes the longitudinal folds 

are weakly developed. But these spinose sclerites are at least two to four times larger 

than the posterior spines (Supplementary Table 1), which do not have a well-defined 

conical base and lack longitudinal folds. These observations, together with the fact 

that the spinose sclerites are consistently arranged in a dorso-lateral set and an 
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antero-ventral set, indicate that they are related or serially homologous structures. In 

our reconstruction, these spinose sclerites are composed of an expanded conical base 

ornamented with longitudinal folds and supporting a distally closed apical spine. In 

Han et al.’s reconstruction8, the body cones were understood as conical structures 

with a biologically programmed aperture and were interpreted as gill slits. 

We contend that Han et al.’s reconstruction8 was misguided by broken sclerites 

and that the opening on the conical base is not a biologically programmed structure, 

but rather a taphonomic artifact related to physical damage. In both our specimens 

and Han et al.’s specimens8, the spinose sclerites are mostly damaged; breakage 

typically occurs at the junction between the conical base and the apical spine (Fig. 2f, 

j, l, Extended Data Fig. 6f, g; Han et al.’s fig. 2d, extended data fig. 5e), but can also 

occur at the base of the sclerite (Fig. 1a; Extended Data Figs. 2d, 4b, 8b; Han et al.’s 

figs. 1d, g, extended data figs. 2k and 4h), the middle of the conical base (Fig. 1c; 

Extended Data Figs. 2d, 5e; Han et al.’s fig. 2g, extended data figs. 3g), the lower 

part of the apical spine (Figs. 1h, i, 2c, e), and the distal end of the apical spine (Fig. 

2h, k; Extended Data Figs. 3i, 4k, 8d). Thus, the height of the surviving conical base 

varies greatly (compare Figs. 1c, h, 2c, d, e, and Extended Data Figs. 2d, 8b in this 

paper; compare Han et al.’s extended data figs. 2k, 3c, g, 4e). Evidence for physical 

damage also comes from the following observations. First, the rim of most conical 

bases are jagged (Fig. 1c, Extended Figs. 2d, e, 4a, b, 5d, e, 8b), exposing the broken 

edges of the two integument layers. This implies that these conical bases (or the 

“body cones”) were physically damaged; if the body cones had a biologically 
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programmed and taphonomically intact aperture, the two integument layers would be 

continuous and would wrap around the rim of the aperture. Second, the relative size 

of the hole on broken bases varies greatly, ranging from 15% to 100% of the 

maximum diameter of the conical base (Supplementary Table 1). This is consistent 

with physical damage but inconsistent with the gill slit interpretation. 

We argue that the spinose sclerites, including those equivalent to the body cones 

of Han et al.8, had an apical spine with a closed and pointed distal tip. A number of 

spinose sclerites bear nearly completely preserved apical spines (e.g., 1lls in Fig. 2h 

and Extended Data Fig. 7a; 2rls in Fig. 2k; 1rls and 2rls in Extended Data Fig. 3i; 

1lls in Extended Data Fig. 4k; 1rls and 2rls in Extended Data Fig. 8d), which are 

always adpressed against the body wall and thus escaped from being abraded during 

fossil preservation and preparation. More importantly, spinose sclerites that are 

directly equivalent to “body cones” of Han et al.8 also bear remnants of the apical 

spine (3ras in Fig. 1h and Fig. 2c; 3las in Fig. 2e). This is strong evidence that the 

“body cones” are broken spinose sclerites, and they cannot be interpreted as gill slits. 

There are other minor differences between our and Han et al.’s reconstructions. 

Although Han et al.8 did not explicitly identify the spinose sclerites 1–2 and 4–5l/rls, 

their fig. 2h did illustrate a spinose sclerite (1rls in our terminology) with an 

expanded conical base, and their fig. 2h also exhibited (but not labeled) the remnant 

of an expanded conical base of a spinose sclerite (2rls in our terminology). However, 

their reconstruction (fig. 3a of Han et al.8) depicted such sclerites as conical spines 

without an expanded base, thus glossing over the similarity between the closed 
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spinose sclerites and open “body cones”. As another example, Han et al.8 

reconstructed the circumoral protrusions as tubercles (their fig. 3, even though their 

fig. 1c illustrated a spinose protrusion), and our observation based on more 

completely preserved specimens shows that both the circumoral and anterior 

protrusions are tridented structures each with three spines. Here again, the tridented 

spines are preserved only when they are adpressed against the body wall, and in most 

cases they are either partially or entirely broken. Like the broken spinose sclerites, 

the broken circumoral and anterior protrusions leave a series of holes around the 

mouth (see Han et al.’s fig. 1g). It is interesting to note that these holes are treated 

differently in Han et al.’s8 reconstruction: the circumoral protrusions were depicted 

as closed tubercles, the body cones were reconstructed as open gill slits, and the 

anterior protrusions were not included in their reconstruction. In our reconstruction, 

these holes are all regarded as taphonomic artifacts related to physical breakage. 

Finally, Han et al.8 illustrated numerous “circular pores” on the body wall. In our 

opinion, these circular pores are also taphonomic artifacts: some represent broken 

posterior spines (e.g., their fig. 1f), others may represent broken dorso-lateral spinose 

sclerites (the largest hole in their extended data fig. 2a), and still others may simply 

be diagenetic artifacts (e.g., circular pore within Rbc3 in their fig. 1a). Better 

preserved specimens in our collection clearly demonstrate that posterior spines are 

present on much of the posterior and part of the dorsal and lateral sides of the animal. 

Once again, the posterior spines are not damaged by abrasion only if they are 

adpressed on the body wall. 
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Taxonomic consideration: Specimens of Saccorhytus coronarius in our 

collection do show some variations in the number of anterior protrusions and 

dorso-lateral spinose sclerites. For example, the number of the anterior protrusions 

varies from one to five, and the spinose sclerites 1–2l/rls and 4–5l/rls may not be 

present in all specimens. Considering the overall similarity of the specimens in our 

collection, we tentatively regard these minor variations in the number of anterior 

protrusions and dorso-lateral spinose sclerites as intraspecific variations (e.g., 

ontogenetic, ecophenotypic, or sexual variations). We note that intraspecific 

variations in the numbers of sclerites are common among the Cambrian ecdysozoans. 

For example, the number of sclerites (plates, microplates, and platelets) can vary 

greatly between individuals of the same palaeoscolecid species35. However, we do 

acknowledge that future investigation may recognize multiple species of Saccorhytus 

given that we did not observe any consistent relationship between body size and the 

number of anterior protrusions. 

Comments on possible similarity to scalidophorans: Scalidophorans (i.e., 

priapulids, kinorhynchs, and loriciferans) are united by the presence of internally 

hollow scalids, which contain sensory cells and other living tissues14,23. Similarly, 

scalidophoran fossils from the Fortunian Stage5–7 also have internally hollow scalids, 

and they are inferred to have contained sensory cells and other living tissues when 

alive. Other cycloneuralians such as nematoids may have superficially similar 

structures known as hooks, but these are simple thickenings of the cuticle and are 

internally solid14,23. We note that the circumoral protrusions and anterior protrusions 
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of Saccorhytus are also internally hollow, and by analogy they may have contained 

sensory cells and other living tissues as well. More importantly, the circumoral 

protrusions are radially arranged around the mouth opening, although the 

scalidophoran scalids exhibit pentaradial arrangement whereas Saccorhytus’ 

circumoral protrusions exhibit biradial arrangement. Thus, although the arrangement 

and symmetrical patterns are different between the scalids of scalidophorans and the 

circumoral/anterior protrusions of Saccorhytus, it is possible that these structures are 

homologous. The possibility is further support by the remarkable similar spinose 

sclerites between Saccorhytus and the co-occurring stem-group scalidophorans 

Qinscolex and Shanscolex7 and the coeval stem-group kinorhynch Eokinorhynchus6. 

These spinose sclerites are internally hollow structures with an expanded conical 

base and an elongate apical spine. Thus, a phylogenetic relationship with the 

scalidophorans is an intriguing possibility for Saccorhytus, and this should be further 

tested with additional evidence. 

 

Taxa, characters, and codings for phylogenetic analyses 

Data matrix 1 was modified from ref8, and Saccorhytus was coded as a 

total-group bilaterian with a terminal mouth and without an anus. The selected taxa 

and characters follow those of ref8, whereas the codings of Saccorhytus were revised 

according to the new observations made in this study. Specifically, codings of 

characters 9, 11, 22, 24, 26, 27, 31, 32, 34, 37–44, 46–48, 51, 54, and 55 are revised 

(Supplementary Table 2). An analysis of the revised data matrix of ref8 shows that 
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Saccorhytus is not a deuterostome, but instead forms a sister-group relationship with 

the Acoelomorpha (Extended Data Fig. 9a). The radially arranged circumoral 

structures do not unite Saccorhytus with vetulicolians, because Saccorhytus lacks 

key deuterostome apomorphies such as pharyngeal gill slits. Instead, Saccorhytus 

shares with the acoelomorphs characters such as radially arranged circumoral 

structures and absence of anus. Here, radially arranged circumoral structures are 

homoplastic structures between Saccorhytus and vetulicolians. 

Data matrices 2–4 were modified and expanded from ref19. In order to test the 

relationships between Saccorhytus and fossil ecdysozoans and deuterostomes, we 

included the Palaeoscolecida sensu stricto35, Eopriapulites5,36, and Eokinorhynchus6 

as representatives of Cambrian cycloneuralians, Hallucigenia20 as a representative of 

Cambrian stem-group arthropods, and Vetulicolia16 and Vetulocystida17 as 

representatives of Cambrian deuterostomes. We also split the Chordata into the 

Urochordata, Cephalochordata, and Vertebrata, so there are 51 selected taxa in the 

data matrix, with the Fungi as an outgroup. We also added 15 new characters to 

those in ref19, which are listed as below. 

139. Endostyle2,14: absent (0), present (1). This is an autapomorphy of the 

Deuterostomia. Endostyle is present in vetulicolians, but is uncertain in 

vetulocystids. 

140. Endoskeleton mesodermally derived8: absent (0), present (1). This is an 

autapomorphy of the Deuterostomia, but the tunicates lack internal skeletons. 

141. Cuticle2: absent (0), present (1). This character refers to the 
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presence/absence of cuticle in the integument, irrespective of chemical composition 

of the cuticle (i.e., chitinous vs non-chitinous cuticle). Thus, this character is 

different from character 78 (cuticle with chitin). The presence of cuticle (and by 

extension, ecdysis) can be inferred for certain fossils, but it is difficult to determine 

the chemical composition of cuticles in the fossil record. Thus, character 78 is coded 

as “uncertain” for all fossil taxa. 

142. Radially arranged circumoral structures20: absent (0), present (1). This is 

an autapomorphy of the total-group Ecdysozoa20, but it evolved convergently in 

acoelomorphs, and vetulicolians16 and vetulocystids17. The circumoral folds of 

Saccorhytus are regarded as circumoral structures and are coded as “present”. 

143. Sclerotized pharyngeal teeth20: absent (0), present (1). 

144. Trunk with macroannuli6,37: absent (0), present (1). 

145. Trunk with segmentation2,37: absent (0), present (1). 

146. Trunk with annular rings of sclerites6: absent (0), present (1). 

147. Spinoscalids2,14: absent (0), present (1). Character 112 refers to the 

presence of both spinoscalids and clavoscalids (coded 1, e.g., for loriciferans) or the 

lack of either spinoscalids or clavoscalids (coded 0, e.g., for all scalidophorans other 

than loriciferans). However, spinoscalids occur in crown-group scalidophorans as 

well as in all the Cambrian cycloneuralians (i.e., Eopriapulites, Eokinorhynchus, and 

the Palaeoscolecida), whereas clavoscalids occur only in crown-group loriciferans2. 

Thus, character 147 (spinoscalids) is added to refer specifically to the 

presence/absence of spinoscalids (coded 1 for all scalidophorans). The circumoral 
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and anterior protrusions of Saccorhytus may represent scalids/spinoscalids, in which 

case character 111 (scalids) and character 147 (spinoscalids) are both coded as 

presence for Saccorhytus. 

148. Filter feeding accomplished within pharynx8: absent (0), present (1). 

149. Pharyngeal food transport groove8: absent (0), present (1). 

150. Peripharyngeal atrium8: absent (0), present (1). 

151. V- or W-shaped myomeres8: absent (0), present (1). 

152. Neural crest cells8: absent (0), present (1). 

153. Neurogenic placodes8: absent (0), present (1). 

The original data matrix was revised according to Peterson and Eernisse’s 

comments in ref19. Specifically, the original character 117 was deleted and not 

included in Supplementary Table 3 or in phylogenetic analyses, so there are 152 

characters in total. The codings of character 4 for Onychophora, character 25 for 

Acoela, Nematodermatida, and Catenulida, character 44 for Loricifera, character 78 

for Entoprocta, character 87 for Onychophora and Arthropoda, original character 121 

for Acoela, Nematodermatida, Catenulida, Onychophora, Sipunculan, Echiuran, and 

Ectoprocta, original character 125 for Placozoa, original character 127 for Acoela 

and Nematodermatida, and original characters 127–135 for sponges, were revised. 

Additionally, character 78 for Nematoda and Nematomorpha is revised to be 

“absent”, because the adult nematoids lack chitin in their cuticle14 (Supplementary 

Table 3). 

For Saccorhytus, we employed several coding strategies to accommodate the 
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uncertainty about several characters and to test the sensitivity of our phylogenetic 

results to such uncertainties. Key examples of these characters are listed as follows. 

Characters 13 (ciliated epidermis), 14 (densely multiciliated epidermis), and 15 

(distinct “step” in cilia): our preferred interpretation is that the integument of 

Saccorhytus is non-ciliated and the three characters were coded as (0, 0, 0), but we 

also tested alternative codings (?, ?, ?) and (1, ?, ?). Character 87 (terminal mouth): 

we strongly prefer a terminal mouth for Saccorhytus (see discussion above on 

orientation), but we also tested an alternative coding of “uncertain” for this character. 

Character 83 (ecdysis) and character 141 (cuticle): our preferred coding is (1, 1) 

but we also tested the alternative coding (?, ?). Character 111 (scalids) and 

character 147 (spinoscalids): we tested two alternative codings (?, 0) and (1, 1). 

Three data matrices (Data matrices 2–4) with alternative codings for characters 

83, 111, 141, and 147 of Saccorhytus were analyzed using PAUP427 and 

MrBayes3.2.7a28 software. In the analysis of each data matrix, we also carried out 

two sensitivity tests using alternative codings for characters 13–15 and 87 to 

evaluate the influence of presence/absence of cilia and a terminal mouth on the 

position of Saccorhytus. For example, although character 13–15 were coded as (0, 0, 

0) in data matrices 2–4 and corresponding cladograms in Extended Data Figs. 9B–C 

and 10, we also generated sensitivity-test cladograms using alternative codings of 

(?, ?, ?) and (1, ?, ?) for these three characters in each data matrix, and the results are 

shown below. Details of the data matrices and results of cladistic analyses are 

described below. 
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First, we coded Saccorhytus as a total-group bilaterian animal, using our 

reconstruction of Saccorhytus but not assuming the presence of cuticle, ecdysis, or 

scalids [i.e., these three characters were coded (?, ?, ?); Data matrix 2]. The results 

show that Saccorhytus is a total-group ecdysozoan (Extended Data Fig. 9b; PAUP4) 

or a stem-group nematoid (Extended Data Fig. 9c; MrBayes3.2.7a). The key features 

uniting Saccorhytus with ecdysozoans are characters 13 (cilia absent), 87 (a terminal 

mouth), and 142 (radially arranged circumoral structures, herein the circumoral 

folds). Although radially arranged circumoral structures also occur in acoelomorphs, 

vetulicolians, and vetulocystids, the results imply convergent evolution among these 

groups. The software MrBayes3.2.7a may have interpreted character 78 (cuticle with 

chitin) as absent, and as such Saccorhytus is united with the Nematoida (Extended 

Data Fig. 9c; MrBayes3.2.7a). 

As a sensitivity test (Sensitivity Test 1), we recoded characters 13, 14, 15, and 

87 as uncertain (“?”) and re-ran the analysis using PAUP4. We obtained 9,792 most 

parsimonious trees (tree length = 284, consistency index = 0.570, retention index = 

0.828). The 50% majority rule tree indicates that Saccorhytus is resolved to be united 

with acoelomorphs (Supplementary Fig. 1). In this case, the software PAUP4 

parsimoniously interpreted Saccorhytus as a ciliated animal without a terminal 

mouth, i.e., an acoelomorph-like animal. 

As another sensitivity test (Sensitivity Test 2), characters 13–15 were coded as 

uncertain (“?”) but character 87 (terminal mouth) as present as we strongly prefer. A 

parsimonious analysis using PAUP4 recovered 32,640 most parsimonious trees (tree 
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length = 285, consistency index = 0.568, retention index = 0.827). The 50% majority 

rule tree indicates that Saccorhytus falls within the total-group Ecdysozoa 

(Supplementary Fig. 2). In this case, the software parsimoniously interpreted 

Saccorhytus as an animal with a terminal mouth but with no cilia. This test shows 

that a terminal mouth is a key character that unites Saccorhytus with the Ecdysozoa. 

 

Supplementary Fig. 1. Phylogenetic result of Sensitivity Test 1. 
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Supplementary Fig. 2. Phylogenetic result of Sensitivity Test 2. 

 

In Data matrix 3, characters were coded as Data matrix 2 except for characters 

83 (ecdysis) and 141 (cuticle). Because we interpret the two-layered integument of 

Saccorhytus as evidence for epicuticle and procuticle (with the innermost epidermis 

likely lost during degradation), the fossils represent molts. Accordingly, codings of 
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characters 83 (ecdysis) and 141 (cuticle) were revised from (?, ?) to (1, 1). Similar to 

Data matrix 2, the results show that Saccorhytus falls within the total-group 

Ecdysozoa (Extended Data Fig. 10a; PAUP4) or stem-group Nematoida (Extended 

Data Fig. 10b; MrBayes3.2.7a). The key features uniting Saccorhytus with 

Ecdysozoa are the presence of cuticle, ecdysis, and radially arranged circumoral 

structures, whereas the stem-group Nematoida affinity may also result from the 

uncertainty about the presence of chitin. 

Because the presence of cuticle does not necessarily exclude the presence of 

cilia, as in gastrotrichs2, as a sensitivity test (Sensitivity Test 3) we recoded 

characters 13–15 and 87 as uncertain (“?”) and re-ran the analysis using PAUP4. We 

recovered 22,848 most parsimonious trees (tree length = 285, consistency index = 

0.568, retention index = 0.827). The 50% majority rule tree indicates that 

Saccorhytus falls within the total-group Ecdysozoa (Supplementary Fig. 3). Here 

the software PAUP4 parsimoniously interpreted Saccorhytus as an animal with a 

terminal mouth and with no cilia. 

As another sensitivity test (Sensitivity Test 4), characters 13 was coded present, 

whereas characters 14, 15, and 87 were coded uncertain. A parsimonious analysis 

using PAUP4 recovered 22,848 most parsimonious trees (tree length = 286, 

consistency index = 0.566, retention index = 0.826). The 50% majority rule tree 

indicates that Saccorhytus still falls within the total-group Ecdysozoa 

(Supplementary Fig. 4). This phylogenetic result implies that Saccorhytus may 

have inherited cilia as a plesiomorphy if it is a stem-group ecdysozoan, or 
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independently acquired cilia if it is a crown-group ecdysozoan. 

 

 

Supplementary Fig. 3. Phylogenetic result of Sensitivity Test 3. 
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Supplementary Fig. 4. Phylogenetic result of Sensitivity Test 4. 

 

In Data matrix 4, we retained the codings of Data matrix 3 except for 

characters 111 (scalids) and 147 (spinoscalids). Because of the possibility that the 

circumoral protrusions and anterior protrusions of Saccorhytus may be homologous 

with scalids (spinoscalids), characters 111 (scalids) and 147 (spinoscalids) were both 
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coded as present in this data matrix. The results show that Saccorhytus, together with 

Eopriapulites, Eokinorhynchus, and the Palaeoscolecida sensu stricto, are 

stem-group scalidophorans (Extended Data Fig. 10c, d), and the key feature uniting 

these taxa is the presence of scalids/spinoscalids. 

As a sensitivity test (Sensitivity Test 5), we recoded characters 13–15 and 87 as 

uncertain (“?”) and re-ran the analysis using PAUP4. We obtained 3,264 most 

parsimonious trees (tree length = 285, consistency index = 0.568, retention index = 

0.827). The 50% majority rule tree indicates that Saccorhytus is a stem-group 

scalidophoran (Supplementary Fig. 5). In this case, the software PAUP4 

parsimoniously interpreted Saccorhytus as an animal with a terminal mouth but no 

cilia, and the result is the same as Data matrix 4 (Extended Data Fig. 10c). 

As another sensitivity test (Sensitivity Test 6), we recoded characters 13 as 

present, and characters 14, 15, and 87 as uncertain. A parsimonious analysis 

recovered 3,264 most parsimonious trees (tree length = 286, consistency index = 

0.566, retention index = 0.826). The 50% majority rule tree indicates that 

Saccorhytus is still a stem-group scalidophoran. This phylogenetic result implies that 

cilia originated secondarily within the total-group Scalidophora. 

To sum up, a terminal mouth and radially arranged circumoral structures are 

key characters supporting Saccorhytus as a total-group ecdysozoan. With the inferred 

presence of cuticle and molting, Saccorhytus is firmly placed within the total-group 

Ecdysozoa. And with the inferred homology between circumoral/anterior protrusions 

and scalids/spinoscalids, Saccorhytus is resolved within the total-group Scalidophora. 
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In contrast, the absence or presence of cilia on the integument has only minor 

influence on the phylogenetic interpretation of Saccorhytus. 

 

 

Supplementary Fig. 5. Phylogenetic result of Sensitivity Test 5. 
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Supplementary Fig. 6. Phylogenetic result of Sensitivity Test 6. 
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Data matrices 1–4 
 
Data matrix 1 
Cnidaria  1100-000?00000-0-000--0000000000100000-----0--000000000000000 
Acoelomorpha 01100-00010000-0-------000--0000100000-----0--00-0000000????0 
Arthropoda  -111001220000111011----001111101010000-----0--00-0000001?0011 
Onychophora -1110010(12)1000111011----001111101010000-----0--00-0000001?0011 
Kinorhyncha  ?110-01021011111000----001011101010000-----0--00-0000001????1 
Priapulida  111(01)-01021011110-10----001011101010000-----0--00-0000001?0011 
Mollusca  0(01)1100101000011(01)010----000000010010000-----0--00-000001100000 
Annelida  0(01)11001010000111010----001000010010000-----0--00-000001100000 
Echinodermata 10111112(02)00001(01)0-0---(01)-110-000000000(01)0-----0--?0-000010111100 
Enteropneusta 1011111210000110-0-----110-00000011010---1011110-000010111100 
Urochordata  -0111011?000010?-00----000-00000001010---10111110001100101100 
Cephalochordata 1011101110000101-00----110-00000001010---1011111-010000101100 
Vertebrata  1011101010000101-00----110-00000001010---1001001-011100101100 
Vetulicola  ??11???1202001111001100110?0--0?0?0111010001?1?0000?????????? 
Beidazoon  ??11???1202001111001100110?0--0?0?0111010001?1?0000?????????? 
Ooedigera  ??11???1202001111001000110?0--0?0?0111010001?1?0000?????????? 
Pomatrum  ??11???1211001111001000110?0--0?0?0111010011?1?0000?????????? 
Xidazoon  ??11???1211001111001000110?0--0?010111010011?1?0000?????????? 
Didazoon  ??11???1212001111001000110?0--0?0?011101001111?0000?????????? 
Yuyuanozoon ??11???1202001111001000110?0--0?0?0111010011?1?0000?????????? 
Heteromorphus ??11???1212001110001001110?0--0?0?0111010001?1?0100?????????? 
Banffia  ??11???12120011100010011?0?0--0?0?0111010001?1?0100?????????? 
Vetulocystis  ??1????1???001110000-1111??0--0?0??011101001???0010?????????? 
Dianchicystis ??1????1???001110000-1111??0--0?0??011101001???0010?????????? 
Saccorhytus  ??1????0210000-0-000--0?10-0--?0???000------?--?-0??????????? 
 

Data matrix 2 

Fungi   0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000?000000000000000000000000000000000000 
Saccorhytus  01????00????000??????????1???????1???????0????????????0??000000000???????0000????0?00010000??0?0??1????????????00???????????????????????????1?0000000??? 
Eopriapulites 01????00????000??????????1???????1??????10????????????0??000000000???????0000????01000110001?1?0??1???????????100??????????????????????????1110001000??? 
Eokinorhynchus 01????00????000??????????1???????1??????10????????????0??000000000???????0000????01000110001?1?0??1???????????100??????????????????????????1111001000??? 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 6, 2020. ; https://doi.org/10.1101/2020.09.04.283960doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.04.283960


26 
 

Palaeoscolecida 01????00????000??????????1???????1??????10????????????0??000000000???????0000????01000111001?1?0??1???????????100??????????????????????????1110011000??? 
Vetulicolia  01????00????000??????????1???????1??????1?????????????0??000000000???????0000????0?000100001?1?1??1???????????000????????????????????????11110110011?0?? 
Vetulocystida 01????00????000??????????1???????1????????????????????0??000000000???????0000?00?0?00000000????1??1???????????000??????????????????????????11000001??0?? 
Hallucigenia  01????00????000??????????1???????1??????1?????????????0??000000000???????0000????0100?100011?1?0??1???????????000??????????????????????????1110000000??? 
Choanoflagellata 1000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000??????????????????????000000000000000 
Demospongia 11100111000000013101000000100000000000000000000000000000000000000000000000000000000000000000000000000000000000000000??0000110000000000???000000000000000 
Hexactinellida 1110011100000001?1???00??01?000100000000000000000000000000000000000000000000000000000000000000000000000000000000000??????????000000000???000000000000000 
Calcarea  11100110100000013101000000100000000000000000000000000000000000000000000000000000000000000000000000000000000000000000?????????000000000???000000000000000 
Placozoa  0111000010101001??????0?001?000??0000000000000000000000000000000000000000000000000000000000000000000000000000000000????????1?100000000???000000000000000 
Cnidaria  011110001011100111010100101000010000000000001000000000000000000000000000000000000000000000010000001000000000000000001?0001110100000000010000000000000000 
Ctenophora  010110001011200111021100101100010010000000001000000000000000000000000000000000000000000000010?0000110000000000000000??????11?101000?00???000000000000000 
Chaetognatha 01111000101120012102110?11110001011100001000000000000010000000000000000000000100000000100001010000111011000000000000?2???????????????????001000000000000 
Gastrotricha  01111000101120012102110?11110001?1100000100000000000000000000000001000000000001000000010000111000011101000000000000??????????????????????001000000000000 
Nematoda  0111100010110001220001001111000111100000200000000000000000000000002000000000001110100010000111000011111010000000000?120111111111000100110001110000000000 
Nematomorpha 0111100010110001?202110?111?000101?00000200000000000000000000000000000000000001110100011000111000011111010000000?00??2???????111100100???001110000000000 
Priapulida  0111100010110001?102110?111?0001?1?0???010?000000000000000000000001000000000011101100011000111000011111000001010101?1????????111100100???001110001000000 
Kinorhyncha  0111100010110001?100010?11???????1?0???01??00000000000000000000000100000000001110110001110011100001?111000001010100??????????????????????001111101000000 
Loricifera  0111100010110001?102?10?11???????1?0???010??00000000000000000000001000000000011101?0001110011100001?111000001011100??????????????????????001110001000000 
Tardigrada  0111100010110001?102110?111?000?01???0?01?0000000000000000000000000000000000011100100110001111000011101000000000000??????????????????????001111100000000 
Onychophora 01101000101100012102010?1111000111100000110000000000000000000000001000001000011100100110001111000011101100000000000????1?????111100100???001110100000000 
Arthropoda  01111000101100012102110111100001111000001100000000000000000000000010000010000111001001100011110000111011000000000000120111111111100100110001111100000000 
Phoronida  01111000101110012102?10?1111000111110000100010000000101011000000001000010000000000000000000101000011100001000000000??2???????????????????001000000000000 
Linguliformea 0111100010111001210211011111000111??000010001000000000?01111111110100001010100000001000000010110001110000?1000000010?2???????111010110???000000000000000 
Craniiformea 01111000101110012102110?11110001011100001000??00000000?01111111110100001011110000001000000010100001110000?10000000???????????????????????000000000000000 
Rhynchonelliformea 011110001011100121021101111100011111000010001000000000?01111011110100001011010000001000000010010001110000?10000000???????????????????????000000000000000 
Ectoprocta  01111000101120012102?10?1111000111???00010001101000000000000000000000000000000000001000000010100001110000?0000000000???1?????????????????000000000000000 
Rotifera  01111000101120012112110?1111?00111??1000100000011100000000000000001100000000000000000000010101000011101000000000000??????????????????????000000000000000 
Gnathostomulida 0111100010111001?110010?11111??1?1????00100000000000000000000000001100000000000000000000010111000011101000000000000??????????????????????000000000000000 
Catenulida  01111000101120012211010?111?1??1?1?0??0010010000000000000000000000100000000000000000000000010000001?101000000000000????1?????????????????000000000000000 
Acoela  02111000111121112111010?111100011110000010010000000000000000000000000000000000000000000000021000001?101000010000000????1?????10??????????000100000000000 
Nematodermatida 01111000111121112101010?11???????1???0?010010000000000000000000000000000000000000000000000011000001?100000010000000????1?????10??????????000100000000000 
Rhabditophora 01111000101121012111010?11111001111011001001110000000000000000000010000000000000000000000001100000111010000100000000?200111111110101?01??000000000000000 
Cycliophora  0111100010112001?1?2??0?11???????1?????010??0001101000000000000000100000000000100000000000010100001?1010000?000000???????????????????????001000000000000 
Entoprocta  01111000101120012100010?1111100111101100000011011101000000000000001000000000000000000000000101000011100000000?00000??????????????????????001000000000000 
Nemertea  01111000101120012102110111111001111011111000110100?00000000000000010000000000000000000000001110000111010000001000000?2?????111110101?0???000000000000000 
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Annelida  01111000101120012102111111111101111011111110111111110100000000000010000000000000000110000001010000111011000001000110?2011111111101011011?001001100000000 
Echiura  01111000101120012102111?1111110111101111101011111111010000000000001000000000000000011000000101000011101100000000010??2?1?????????????????001000000000000 
Mollusca  01111000101120012102111111111011111011111010110111100000000000000010000000000100000100000001010000111011000001000000?201111111110101?0???001000000000000 
Sipuncula  01111000101120012102111?11111011111011111010111110000100000000000010000000000000000000000001010000111011000000000010?2?1?????????????????001000000000000 
Urochordata  01111000101100012102110?1111000101110000100010000?0000000000000000100?0000000000000000000001010110111000000001000001110101111111001001110100001100111011 
Cephalochordata 01111000101120012102110?1111000101110000100010000?0000000000000000100?0000000000000000000001010110111000000001000001110101111111001001110110001100111100 
Vertebrata  01111000101120012102110?1111000101110000100010000?0000000000000000100?0000000{01}0000000000000101011011100000000100000111010111111100100111011{01}001100000111 
Echinodermata 0111100010111001210211011111000101110000100010000?001010000000000010110000000000000000000001010?001110000000010000011?101111111100100111111000000000?000 
Ptychoderidae 0111100010112001210211011111000101110000100010000?101011000000000010110000000000000000000001010111111000010001000001??1011???111001001?11110000000111000 
Spengelidae  01111000101120012102110?111?000101110000100010000?1010110000000000101100000000000000000000010101011?100001000100000??????????????????????110000000111000 
Harrimaniidae 0111100010112001210211011111000101110000100010000?000011000000000110111000000000000000000001010101111000010001000001?????????111001001???110000000111000 
Pterobrancha 0111100010111001210??10?111?000?01??0000100010000?000011100000000110111000000000000000000001010101111000010001000001?????????????????????110000000111000 
 

Data matrix 3 
Fungi   0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000?000000000000000000000000000000000000 
Saccorhytus  01????00????000??????????1???????1???????0????????????0??000000000???????0000????0100010000??0?0??1????????????00??????????????????????????11?0000000??? 
Eopriapulites 01????00????000??????????1???????1??????10????????????0??000000000???????0000????01000110001?1?0??1???????????100??????????????????????????1110001000??? 
Eokinorhynchus 01????00????000??????????1???????1??????10????????????0??000000000???????0000????01000110001?1?0??1???????????100??????????????????????????1111001000??? 
Palaeoscolecida 01????00????000??????????1???????1??????10????????????0??000000000???????0000????01000111001?1?0??1???????????100??????????????????????????1110011000??? 
Vetulicolia  01????00????000??????????1???????1??????1?????????????0??000000000???????0000????0?000100001?1?1??1???????????000????????????????????????11110110011?0?? 
Vetulocystida 01????00????000??????????1???????1????????????????????0??000000000???????0000?00?0?00000000????1??1???????????000??????????????????????????11000001??0?? 
Hallucigenia  01????00????000??????????1???????1??????1?????????????0??000000000???????0000????0100?100011?1?0??1???????????000??????????????????????????1110000000??? 
Choanoflagellata 1000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000??????????????????????000000000000000 
Demospongia 11100111000000013101000000100000000000000000000000000000000000000000000000000000000000000000000000000000000000000000??0000110000000000???000000000000000 
Hexactinellida 1110011100000001?1???00??01?000100000000000000000000000000000000000000000000000000000000000000000000000000000000000??????????000000000???000000000000000 
Calcarea  11100110100000013101000000100000000000000000000000000000000000000000000000000000000000000000000000000000000000000000?????????000000000???000000000000000 
Placozoa  0111000010101001??????0?001?000??0000000000000000000000000000000000000000000000000000000000000000000000000000000000????????1?100000000???000000000000000 
Cnidaria  011110001011100111010100101000010000000000001000000000000000000000000000000000000000000000010000001000000000000000001?0001110100000000010000000000000000 
Ctenophora  010110001011200111021100101100010010000000001000000000000000000000000000000000000000000000010?0000110000000000000000??????11?101000?00???000000000000000 
Chaetognatha 01111000101120012102110?11110001011100001000000000000010000000000000000000000100000000100001010000111011000000000000?2???????????????????001000000000000 
Gastrotricha  01111000101120012102110?11110001?1100000100000000000000000000000001000000000001000000010000111000011101000000000000??????????????????????001000000000000 
Nematoda  0111100010110001220001001111000111100000200000000000000000000000002000000000001110100010000111000011111010000000000?120111111111000100110001110000000000 
Nematomorpha 0111100010110001?202110?111?000101?00000200000000000000000000000000000000000001110100011000111000011111010000000?00??2???????111100100???001110000000000 
Priapulida  0111100010110001?102110?111?0001?1?0???010?000000000000000000000001000000000011101100011000111000011111000001010101?1????????111100100???001110001000000 
Kinorhyncha  0111100010110001?100010?11???????1?0???01??00000000000000000000000100000000001110110001110011100001?111000001010100??????????????????????001111101000000 
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Loricifera  0111100010110001?102?10?11???????1?0???010??00000000000000000000001000000000011101?0001110011100001?111000001011100??????????????????????001110001000000 
Tardigrada  0111100010110001?102110?111?000?01???0?01?0000000000000000000000000000000000011100100110001111000011101000000000000??????????????????????001111100000000 
Onychophora 01101000101100012102010?1111000111100000110000000000000000000000001000001000011100100110001111000011101100000000000????1?????111100100???001110100000000 
Arthropoda  01111000101100012102110111100001111000001100000000000000000000000010000010000111001001100011110000111011000000000000120111111111100100110001111100000000 
Phoronida  01111000101110012102?10?1111000111110000100010000000101011000000001000010000000000000000000101000011100001000000000??2???????????????????001000000000000 
Linguliformea 0111100010111001210211011111000111??000010001000000000?01111111110100001010100000001000000010110001110000?1000000010?2???????111010110???000000000000000 
Craniiformea 01111000101110012102110?11110001011100001000??00000000?01111111110100001011110000001000000010100001110000?10000000???????????????????????000000000000000 
Rhynchonelliformea 011110001011100121021101111100011111000010001000000000?01111011110100001011010000001000000010010001110000?10000000???????????????????????000000000000000 
Ectoprocta  01111000101120012102?10?1111000111???00010001101000000000000000000000000000000000001000000010100001110000?0000000000???1?????????????????000000000000000 
Rotifera  01111000101120012112110?1111?00111??1000100000011100000000000000001100000000000000000000010101000011101000000000000??????????????????????000000000000000 
Gnathostomulida 0111100010111001?110010?11111??1?1????00100000000000000000000000001100000000000000000000010111000011101000000000000??????????????????????000000000000000 
Catenulida  01111000101120012211010?111?1??1?1?0??0010010000000000000000000000100000000000000000000000010000001?101000000000000????1?????????????????000000000000000 
Acoela  02111000111121112111010?111100011110000010010000000000000000000000000000000000000000000000021000001?101000010000000????1?????10??????????000100000000000 
Nematodermatida 01111000111121112101010?11???????1???0?010010000000000000000000000000000000000000000000000011000001?100000010000000????1?????10??????????000100000000000 
Rhabditophora 01111000101121012111010?11111001111011001001110000000000000000000010000000000000000000000001100000111010000100000000?200111111110101?01??000000000000000 
Cycliophora  0111100010112001?1?2??0?11???????1?????010??0001101000000000000000100000000000100000000000010100001?1010000?000000???????????????????????001000000000000 
Entoprocta  01111000101120012100010?1111100111101100000011011101000000000000001000000000000000000000000101000011100000000?00000??????????????????????001000000000000 
Nemertea  01111000101120012102110111111001111011111000110100?00000000000000010000000000000000000000001110000111010000001000000?2?????111110101?0???000000000000000 
Annelida  01111000101120012102111111111101111011111110111111110100000000000010000000000000000110000001010000111011000001000110?2011111111101011011?001001100000000 
Echiura  01111000101120012102111?1111110111101111101011111111010000000000001000000000000000011000000101000011101100000000010??2?1?????????????????001000000000000 
Mollusca  01111000101120012102111111111011111011111010110111100000000000000010000000000100000100000001010000111011000001000000?201111111110101?0???001000000000000 
Sipuncula  01111000101120012102111?11111011111011111010111110000100000000000010000000000000000000000001010000111011000000000010?2?1?????????????????001000000000000 
Urochordata  01111000101100012102110?1111000101110000100010000?0000000000000000100?0000000000000000000001010110111000000001000001110101111111001001110100001100111011 
Cephalochordata 01111000101120012102110?1111000101110000100010000?0000000000000000100?0000000000000000000001010110111000000001000001110101111111001001110110001100111100 
Vertebrata  01111000101120012102110?1111000101110000100010000?0000000000000000100?0000000{01}0000000000000101011011100000000100000111010111111100100111011{01}001100000111 
Echinodermata 0111100010111001210211011111000101110000100010000?001010000000000010110000000000000000000001010?001110000000010000011?101111111100100111111000000000?000 
Ptychoderidae 0111100010112001210211011111000101110000100010000?101011000000000010110000000000000000000001010111111000010001000001??1011???111001001?11110000000111000 
Spengelidae  01111000101120012102110?111?000101110000100010000?1010110000000000101100000000000000000000010101011?100001000100000??????????????????????110000000111000 
Harrimaniidae 0111100010112001210211011111000101110000100010000?000011000000000110111000000000000000000001010101111000010001000001?????????111001001???110000000111000 
Pterobrancha 0111100010111001210??10?111?000?01??0000100010000?000011100000000110111000000000000000000001010101111000010001000001?????????????????????110000000111000 
 

Data matrix 4 

Fungi   0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000?000000000000000000000000000000000000 
Saccorhytus  01????00????000??????????1???????1???????0????????????0??000000000???????0000????0100010000??0?0??1???????????100??????????????????????????11?0001000??? 
Eopriapulites 01????00????000??????????1???????1??????10????????????0??000000000???????0000????01000110001?1?0??1???????????100??????????????????????????1110001000??? 
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Eokinorhynchus 01????00????000??????????1???????1??????10????????????0??000000000???????0000????01000110001?1?0??1???????????100??????????????????????????1111001000??? 
Palaeoscolecida 01????00????000??????????1???????1??????10????????????0??000000000???????0000????01000111001?1?0??1???????????100??????????????????????????1110011000??? 
Vetulicolia  01????00????000??????????1???????1??????1?????????????0??000000000???????0000????0?000100001?1?1??1???????????000????????????????????????11110110011?0?? 
Vetulocystida 01????00????000??????????1???????1????????????????????0??000000000???????0000?00?0?00000000????1??1???????????000??????????????????????????11000001??0?? 
Hallucigenia  01????00????000??????????1???????1??????1?????????????0??000000000???????0000????0100?100011?1?0??1???????????000??????????????????????????1110000000??? 
Choanoflagellata 1000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000??????????????????????000000000000000 
Demospongia 11100111000000013101000000100000000000000000000000000000000000000000000000000000000000000000000000000000000000000000??0000110000000000???000000000000000 
Hexactinellida 1110011100000001?1???00??01?000100000000000000000000000000000000000000000000000000000000000000000000000000000000000??????????000000000???000000000000000 
Calcarea  11100110100000013101000000100000000000000000000000000000000000000000000000000000000000000000000000000000000000000000?????????000000000???000000000000000 
Placozoa  0111000010101001??????0?001?000??0000000000000000000000000000000000000000000000000000000000000000000000000000000000????????1?100000000???000000000000000 
Cnidaria  011110001011100111010100101000010000000000001000000000000000000000000000000000000000000000010000001000000000000000001?0001110100000000010000000000000000 
Ctenophora  010110001011200111021100101100010010000000001000000000000000000000000000000000000000000000010?0000110000000000000000??????11?101000?00???000000000000000 
Chaetognatha 01111000101120012102110?11110001011100001000000000000010000000000000000000000100000000100001010000111011000000000000?2???????????????????001000000000000 
Gastrotricha  01111000101120012102110?11110001?1100000100000000000000000000000001000000000001000000010000111000011101000000000000??????????????????????001000000000000 
Nematoda  0111100010110001220001001111000111100000200000000000000000000000002000000000001110100010000111000011111010000000000?120111111111000100110001110000000000 
Nematomorpha 0111100010110001?202110?111?000101?00000200000000000000000000000000000000000001110100011000111000011111010000000?00??2???????111100100???001110000000000 
Priapulida  0111100010110001?102110?111?0001?1?0???010?000000000000000000000001000000000011101100011000111000011111000001010101?1????????111100100???001110001000000 
Kinorhyncha  0111100010110001?100010?11???????1?0???01??00000000000000000000000100000000001110110001110011100001?111000001010100??????????????????????001111101000000 
Loricifera  0111100010110001?102?10?11???????1?0???010??00000000000000000000001000000000011101?0001110011100001?111000001011100??????????????????????001110001000000 
Tardigrada  0111100010110001?102110?111?000?01???0?01?0000000000000000000000000000000000011100100110001111000011101000000000000??????????????????????001111100000000 
Onychophora 01101000101100012102010?1111000111100000110000000000000000000000001000001000011100100110001111000011101100000000000????1?????111100100???001110100000000 
Arthropoda  01111000101100012102110111100001111000001100000000000000000000000010000010000111001001100011110000111011000000000000120111111111100100110001111100000000 
Phoronida  01111000101110012102?10?1111000111110000100010000000101011000000001000010000000000000000000101000011100001000000000??2???????????????????001000000000000 
Linguliformea 0111100010111001210211011111000111??000010001000000000?01111111110100001010100000001000000010110001110000?1000000010?2???????111010110???000000000000000 
Craniiformea 01111000101110012102110?11110001011100001000??00000000?01111111110100001011110000001000000010100001110000?10000000???????????????????????000000000000000 
Rhynchonelliformea 011110001011100121021101111100011111000010001000000000?01111011110100001011010000001000000010010001110000?10000000???????????????????????000000000000000 
Ectoprocta  01111000101120012102?10?1111000111???00010001101000000000000000000000000000000000001000000010100001110000?0000000000???1?????????????????000000000000000 
Rotifera  01111000101120012112110?1111?00111??1000100000011100000000000000001100000000000000000000010101000011101000000000000??????????????????????000000000000000 
Gnathostomulida 0111100010111001?110010?11111??1?1????00100000000000000000000000001100000000000000000000010111000011101000000000000??????????????????????000000000000000 
Catenulida  01111000101120012211010?111?1??1?1?0??0010010000000000000000000000100000000000000000000000010000001?101000000000000????1?????????????????000000000000000 
Acoela  02111000111121112111010?111100011110000010010000000000000000000000000000000000000000000000021000001?101000010000000????1?????10??????????000100000000000 
Nematodermatida 01111000111121112101010?11???????1???0?010010000000000000000000000000000000000000000000000011000001?100000010000000????1?????10??????????000100000000000 
Rhabditophora 01111000101121012111010?11111001111011001001110000000000000000000010000000000000000000000001100000111010000100000000?200111111110101?01??000000000000000 
Cycliophora  0111100010112001?1?2??0?11???????1?????010??0001101000000000000000100000000000100000000000010100001?1010000?000000???????????????????????001000000000000 
Entoprocta  01111000101120012100010?1111100111101100000011011101000000000000001000000000000000000000000101000011100000000?00000??????????????????????001000000000000 
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Nemertea  01111000101120012102110111111001111011111000110100?00000000000000010000000000000000000000001110000111010000001000000?2?????111110101?0???000000000000000 
Annelida  01111000101120012102111111111101111011111110111111110100000000000010000000000000000110000001010000111011000001000110?2011111111101011011?001001100000000 
Echiura  01111000101120012102111?1111110111101111101011111111010000000000001000000000000000011000000101000011101100000000010??2?1?????????????????001000000000000 
Mollusca  01111000101120012102111111111011111011111010110111100000000000000010000000000100000100000001010000111011000001000000?201111111110101?0???001000000000000 
Sipuncula  01111000101120012102111?11111011111011111010111110000100000000000010000000000000000000000001010000111011000000000010?2?1?????????????????001000000000000 
Urochordata  01111000101100012102110?1111000101110000100010000?0000000000000000100?0000000000000000000001010110111000000001000001110101111111001001110100001100111011 
Cephalochordata 01111000101120012102110?1111000101110000100010000?0000000000000000100?0000000000000000000001010110111000000001000001110101111111001001110110001100111100 
Vertebrata  01111000101120012102110?1111000101110000100010000?0000000000000000100?0000000{01}0000000000000101011011100000000100000111010111111100100111011{01}001100000111 
Echinodermata 0111100010111001210211011111000101110000100010000?001010000000000010110000000000000000000001010?001110000000010000011?101111111100100111111000000000?000 
Ptychoderidae 0111100010112001210211011111000101110000100010000?101011000000000010110000000000000000000001010111111000010001000001??1011???111001001?11110000000111000 
Spengelidae  01111000101120012102110?111?000101110000100010000?1010110000000000101100000000000000000000010101011?100001000100000??????????????????????110000000111000 
Harrimaniidae 0111100010112001210211011111000101110000100010000?000011000000000110111000000000000000000001010101111000010001000001?????????111001001???110000000111000 
Pterobrancha 0111100010111001210??10?111?000?01??0000100010000?000011100000000110111000000000000000000001010101111000010001000001?????????????????????110000000111000 
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Animations 

Supplementary Movie 1 | SRXTM slice movie based on volume rendition of 

specimen UMCU2014005 (Extended Data Fig. 2a). Slices perpendicular to 

anterior-posterior body axis and start from anterior end. 

 

Supplementary Movie 2 | SRXTM slice movie based on volume rendition of 

specimen UMCU2014005 (Extended Data Fig. 2a). Slices parallel to 

anterior-posterior body axis and start from dorsal side. 

 

Supplementary Movie 3 | SRXTM movie based on volume rendition of specimen 

UMCU2014005 (Extended Data Fig. 2a). 

 

Supplementary Movie 4 | SRXTM slice movie based on volume rendition of 

specimen UMCU2014001 (Extended Data Fig. 2d). Slices parallel to 

anterior-posterior body axis and start from antero-ventral side. 

 

Supplementary Movie 5 | SRXTM slice movie based on volume rendition of 

specimen UMCU2014001 (Extended Data Fig. 2d). Slices parallel to 

anterior-posterior body axis and start from postero-dorsal side. 

 

Supplementary Movie 6 | SRXTM movie based on volume rendition of specimen 

UMCU2014001 (Extended Data Fig. 2d). 

 

Supplementary Movie 7 | SRXTM slice movie based on volume rendition of 

specimen UMCU2014002 (Extended Data Fig. 3d). Slices parallel to 
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anterior-posterior body axis and start from left side. 

 

Supplementary Movie 8 | SRXTM slice movie based on volume rendition of 

specimen UMCU2014002 (Extended Data Fig. 3d). Slices parallel to 

anterior-posterior body axis and start from dorsal side. 

 

Supplementary Movie 9 | SRXTM movie based on volume rendition of specimen 

UMCU2014002 (Extended Data Fig. 3d). 

 

Supplementary Movie 10 | 3D reconstruction animation showing general 

morphology of Saccorhytus coronarius.
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Table 1. Measurements of spinose sclerites and posterior spines (μm)* 

Specimen number 
(UMCU) 

1l/ras 2l/ras 3l/ras 1l/rls 2l/rls 3l/rls 4l/rls 5l/rls 
sp. 

base hole %# base hole % base hole % base hole % base hole % base hole % base hole % base hole % 
2014001 

ED Fig. 2d 101 72 71 115 84 73 272 184 68 - - - - - - - - - 59 59 100 64 64 100 16 

2014002 
ED Fig. 3d - - - 88 55 63 188 87 46 82 40 49 77 35 45 116 53 46 - - - - - - 18 

2014003 
ED Fig. 8c - - - - - - 323 225 70 - - - - - - 219 108 49 88 65 74 - - - 28 

2014004 
ED Fig. 5a - - - - - - 285 80 28 - - - 115 54 47 174 66 38 52 29 56 - - - 23 

2014005 
ED Fig. 2a 59 59 100 146 146 100 - - - - - - - - - 177 177 100 111 111 100 82 82 100 26 

2016006 
ED Fig. 4c - - - - - - - - - - - - - - - - - - - - - - - - - 

2016007 
ED Fig. 6a - - - 109 64 58 283 105 37 - - - - - - - - - - - - - - - 18 

2016008 
Fig. 2f 

ED Fig. 7b 
- - - 156 101 65 287 120 42 136 37 27 142 36 25 166 78 47 58 49 84 65 48 74 20 

2016009 
Fig. 1a 122 92 75 198 110 56 354 165 47 - - - - - - - - - - - - - - - - 

2016010 
Fig. 2g - - - - - - - - - - - - - - - 151 55 36 51 36 71 53 36 68 28 

2018011 
Fig. 1h - - - - - - 292 46 16 - - - 121 26 21 - - - - - - - - - - 

2018012 
Fig. 2j 

ED Fig. 6h 
- - - 112 54 48 238 83 35 - - - 131 33 25 191 65 34 54 39 72 61 38 62 30 

2018013 
ED Fig. 4h - - - - - - - - - 111 26 23 136 111 87 220 112 51 - - - - - - 17 

2018014 
ED Fig. 5c 60 29 48 132 65 49 251 93 37 102 29 28 124 40 32 196 72 37 78 40 51 - - - 30 

2018015 
ED Fig. 7f 112 112 100 222 173 78 453 273 60 - - - - - - 217 100 46 118 87 74 114 74 65 27 

2019016 
Fig. 1f 78 36 46 152 55 36 234 87 37 - - - - - - 182 76 42 - - - - - - 21 

2019017 
ED Fig. 4a 74 74 100 121 85 70 277 118 43 - - - 117 95 81 187 105 56 78 57 73 47 47 100 27 

2019018 
Fig. 2l 

ED Fig. 8b 
121 100 83 246 246 100 371 109 29 136 43 32 138 34 25 229 72 31 102 42 41 98 69 70 22 

2019019 
ED Fig. 6d 84 59 70 193 113 59 385 168 44 125 33 26 158 47 30 237 237 100 81 81 100 86 86 100 22 

2019020 
ED Fig. 7d - - - - - - - - - - - - - - - - - - - - - - - - - 

2020021 
Fig. 2a 92 25 27 188 38 20 272 40 15 130 28 22 - - - 205 34 17 92 47 51 - - - 40 

2020022 
ED Fig. 4d - - - - - - 278 100 36 - - - - - - 178 73 41 80 31 39 71 48 68 22 
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2020023 
ED Fig. 4f - - - - - - 278 119 43 - - - - - - - - - - - - - - - - 

2020024 
ED Fig. 4i 103 52 50 200 71 36 355 84 24 155 46 30 156 33 21 277 74 27 - - - - - - - 

2020025 
ED Fig. 7e 80 70 88 157 124 79 241 120 50 100 48 48 111 48 43 - - - 66 36 55 - - - 35 

*If the spines or proximal part of the spines are preserved, the diameter of the hole refers to the diameter of the proximal part of the spines. 
#Hole diameter as a percentage of conical base diameter. Dash line means inapplicable. For abbreviations, see Fig. 1. 
 
Table 2. Taxa and codings revised from ref8. Codings marked in red are revised codings. See ref8 for detailed description of characters. 

Character number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

Character description 

C
leavage 

Fate of blastopore 

B
ilateral sym

m
etry 

C
oelom

 

C
oelom

 form
ation 

Tripartite coelom
 

Protonephridia 

B
ody division 

Position of m
outh 

M
outh surrounded by oral 

folds or plates 

M
ulti-circlets of oral folds 

Introvert  

Scalids  

A
nus  

Position of anus 

Segm
entation or 

m
etam

erism
 

B
ody divided into 13 

segm
ents 

Term
inal addition during 

ontogeny 

A
nterior segm

ents fused and 
condensed into a head 
region w

ith sensory or 
feeding organs  

A
nterior body w

ith fused 
dorsal and ventral m

arginal 
zones 

Shape of anterior body 
region 

Cnidaria 1 1 0 0 - 0 0 0 ? 0 0 0 0 0 - 0 - 0 0 0 - 

Acoelomorpha 0 1 1 0 0 - 0 0 0 1 0 0 0 0 - 0 - - - - - 

Arthropoda - 1 1 1 0 0 1 2 2 0 0 0 0 1 1 1 0 1 1 - - 

Onychophora - 1 1 1 0 0 1 0 [12] 1 0 0 0 1 1 1 0 1 1 - - 

Kinorhyncha ? 1 1 0 - 0 1 0 2 1 0 1 1 1 1 1 0 0 0 - - 

Priapulida 1 1 1 [01] - 0 1 0 2 1 0 1 1 1 1 0 - 1 0 - - 

Mollusca 0 [01] 1 1 0 0 1 0 1 0 0 0 0 1 1 [01] 0 1 0 - - 

Annelida 0 [01] 1 1 0 0 1 0 1 0 0 0 0 1 1 1 0 1 0 - - 

Echinodermata 1 0 1 1 1 1 1 2 [02] 0 0 0 0 1 [01] 0 - 0 - - - 

Enteropneusta 1 0 1 1 1 1 1 2 1 0 0 0 0 1 1 0 - 0 - - - 

Urochordata - 0 1 1 1 0 1 1 ? 0 0 0 0 1 0 ? - 0 0 - - 

Cephalochordata 1 0 1 1 1 0 1 1 1 0 0 0 0 1 0 1 - 0 0 - - 

Vertebrata 1 0 1 1 1 0 1 0 1 0 0 0 0 1 0 1 - 0 0 - - 

Vetulicola ? ? 1 1 ? ? ? 1 2 0 2 0 0 1 1 1 1 0 0 1 1 

Beidazoon ? ? 1 1 ? ? ? 1 2 0 2 0 0 1 1 1 1 0 0 1 1 

Ooedigera ? ? 1 1 ? ? ? 1 2 0 2 0 0 1 1 1 1 0 0 1 0 
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Pomatrum ? ? 1 1 ? ? ? 1 2 1 1 0 0 1 1 1 1 0 0 1 0 

Xidazoon ? ? 1 1 ? ? ? 1 2 1 1 0 0 1 1 1 1 0 0 1 0 

Didazoon ? ? 1 1 ? ? ? 1 2 1 2 0 0 1 1 1 1 0 0 1 0 

Yuyuanozoon ? ? 1 1 ? ? ? 1 2 0 2 0 0 1 1 1 1 0 0 1 0 

Heteromorphus ? ? 1 1 ? ? ? 1 2 1 2 0 0 1 1 1 0 0 0 1 0 

Banffia ? ? 1 1 ? ? ? 1 2 1 2 0 0 1 1 1 0 0 0 1 0 

Vetulocystis ? ? 1 ? ? ? ? 1 ? ? ? 0 0 1 1 1 0 0 0 0 - 

Dianchicystis ? ? 1 ? ? ? ? 1 ? ? ? 0 0 1 1 1 0 0 0 0 - 

Saccorhytus (original of ref8) ? ? 1 ? ? ? ? 0 0 1 1 0 0 0 - 0 - 0 0 0 - 

Saccorhytus (revised) ? ? 1 ? ? ? ? 0 2 1 0 0 0 0 - 0 - 0 0 0 - 

 

Table 2 (continued). Taxa and codings revised from ref8. Codings marked in red are revised codings. See ref8 for detailed description of characters. 

Character number 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 

Character description 

Shape of pharyngeal region 

Posterior body w
ith 

num
erous narrow

 
segm

ents/annulations 

Endoskeleton m
esoderm

ally 
derived 

Surface m
em

brane 
(epiderm

is) 

Surface cuticle (or 
exoskeleton) underlain by 

epiderm
is 

C
uticle m

ainly m
ade of 

α-chitin 

G
row

th by ecdysis (m
olting) 

Three-layered cuticle 

Trilam
inate epicuticle 

C
ircum

pharyngeal brain 

C
haetae  

D
iffuse nerve net 

Longitudinal ventral nerve 
cord(s) 

Longitudinal dorsal nerve 
cord(s) 

Longitudinal lateral grooves 
(m

edian zones) 

Pharyngeal gill slits  

B
ody cones 

B
ody cones w

ith radial folds 

O
rientation of body cones 

N
um

ber of body cones 

Cnidaria - 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 - - - 

Acoelomorpha - - 0 0 0 - - 0 0 0 0 1 0 0 0 0 0 - - - 

Arthropoda - - 0 0 1 1 1 1 1 0 1 0 1 0 0 0 0 - - - 

Onychophora - - 0 0 1 1 1 1 1 0 1 0 1 0 0 0 0 - - - 

Kinorhyncha - - 0 0 1 0 1 1 1 0 1 0 1 0 0 0 0 - - - 

Priapulida - - 0 0 1 0 1 1 1 0 1 0 1 0 0 0 0 - - - 

Mollusca - - 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 - - - 

Annelida - - 0 0 1 0 0 0 0 1 0 0 1 0 0 0 0 - - - 

Echinodermata [01] - 1 1 0 - 0 0 0 0 0 0 0 0 0 [01] 0 - - - 

Enteropneusta - - 1 1 0 - 0 0 0 0 0 0 1 1 0 1 0 - - - 

Urochordata - - 0 0 0 - 0 0 0 0 0 0 0 1 0 1 0 - - - 
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Cephalochordata - - 1 1 0 - 0 0 0 0 0 0 0 1 0 1 0 - - - 

Vertebrata - - 1 1 0 - 0 0 0 0 0 0 0 1 0 1 0 - - - 

Vetulicola 0 0 1 1 0 ? 0 - - 0 ? 0 ? 0 1 1 1 0 1 0 

Beidazoon 0 0 1 1 0 ? 0 - - 0 ? 0 ? 0 1 1 1 0 1 0 

Ooedigera 0 0 1 1 0 ? 0 - - 0 ? 0 ? 0 1 1 1 0 1 0 

Pomatrum 0 0 1 1 0 ? 0 - - 0 ? 0 ? 0 1 1 1 0 1 0 

Xidazoon 0 0 1 1 0 ? 0 - - 0 ? 0 1 0 1 1 1 0 1 0 

Didazoon 0 0 1 1 0 ? 0 - - 0 ? 0 ? 0 1 1 1 0 1 0 

Yuyuanozoon 0 0 1 1 0 ? 0 - - 0 ? 0 ? 0 1 1 1 0 1 0 

Heteromorphus 0 1 1 1 0 ? 0 - - 0 ? 0 ? 0 1 1 1 0 1 0 

Banffia 0 1 1 ? 0 ? 0 - - 0 ? 0 ? 0 1 1 1 0 1 0 

Vetulocystis 1 1 1 1 ? ? 0 - - 0 ? 0 ? ? 0 1 1 1 0 1 

Dianchicystis 1 1 1 1 ? ? 0 - - 0 ? 0 ? ? 0 1 1 1 0 1 

Saccorhytus (original of ref8) 1 0 1 1 ? ? 0 - - 0 ? ? 0 ? 0 1 1 2 0 2 

Saccorhytus (revised) - 0 ? 1 0 - 0 - - ? 0 ? ? ? 0 0 0 - - - 

 

Table 2 (continued). Taxa and codings revised from ref8. Codings marked in red are revised codings. See ref8 for detailed description of characters. 

Character number 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 

Character description 

G
ill bars/arches 

G
ill cow

ls (hoods) 

Filter feeding accom
plished 

w
ithin pharynx 

Endostyle, epibranchial ridg
e, or thyroid that accum

ulat
es iodine and secretes m

ucu
s 

Pharyngeal food-transport 
groove 

Peripharyngeal atrium
 

N
otochord 

X
-shaped m

ark around the 
antero-posterior junction 

?Lenticulate respiratory orga
n 

V- or W
-shaped m

yom
eres 

N
eural crest cells 

N
eurogenic placodes 

Tornaria-like larva 

Trochophore 

O
xygen transport proteins 

tRN
A

 Lys 

Lox2/4 

A
bd-B duplication 

A
ntp 

H
R

P 

Cnidaria - - 0 - - 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Acoelomorpha - - 0 - - 0 0 - 0 0 0 0 0 0 0 ? ? ? ? 0 

Arthropoda - - 0 - - 0 0 - 0 0 0 0 0 0 1 ? 0 0 1 1 

Onychophora - - 0 - - 0 0 - 0 0 0 0 0 0 1 ? 0 0 1 1 

Kinorhyncha - - 0 - - 0 0 - 0 0 0 0 0 0 1 ? ? ? ? 1 

Priapulida - - 0 - - 0 0 - 0 0 0 0 0 0 1 ? 0 0 1 1 
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Mollusca - - 0 - - 0 0 - 0 0 0 0 0 1 1 0 0 0 0 0 

Annelida - - 0 - - 0 0 - 0 0 0 0 0 1 1 0 0 0 0 0 

Echinodermata - - 0 - - ? 0 - 0 0 0 0 1 0 1 1 1 1 0 0 

Enteropneusta 1 0 1 1 1 1 0 - 0 0 0 0 1 0 1 1 1 1 0 0 

Urochordata 1 0 1 1 1 1 1 0 0 0 1 1 0 0 1 0 1 1 0 0 

Cephalochordata 1 0 1 1 1 1 1 - 0 1 0 0 0 0 1 0 1 1 0 0 

Vertebrata 1 0 0 1 0 0 1 - 0 1 1 1 0 0 1 0 1 1 0 0 

Vetulicola 0 0 1 ? 1 ? 0 0 0 0 ? ? ? ? ? ? ? ? ? ? 

Beidazoon 0 0 1 ? 1 ? 0 0 0 0 ? ? ? ? ? ? ? ? ? ? 

Ooedigera 0 0 1 ? 1 ? 0 0 0 0 ? ? ? ? ? ? ? ? ? ? 

Pomatrum 0 1 1 ? 1 ? 0 0 0 0 ? ? ? ? ? ? ? ? ? ? 

Xidazoon 0 1 1 ? 1 ? 0 0 0 0 ? ? ? ? ? ? ? ? ? ? 

Didazoon 0 1 1 1 1 ? 0 0 0 0 ? ? ? ? ? ? ? ? ? ? 

Yuyuanozoon 0 1 1 ? 1 ? 0 0 0 0 ? ? ? ? ? ? ? ? ? ? 

Heteromorphus 0 0 1 ? 1 ? 0 1 0 0 ? ? ? ? ? ? ? ? ? ? 

Banffia 0 0 1 ? 1 ? 0 1 0 0 ? ? ? ? ? ? ? ? ? ? 

Vetulocystis 0 0 1 ? ? ? 0 0 1 0 ? ? ? ? ? ? ? ? ? ? 

Dianchicystis 0 0 1 ? ? ? 0 0 1 0 ? ? ? ? ? ? ? ? ? ? 

Saccorhytus (original of ref8) 0 0 1 ? 0 ? 0 - 0 0 ? ? 0 0 ? ? ? ? ? ? 

Saccorhytus (revised) - - - ? - - ? - 0 ? ? ? ? ? ? ? ? ? ? ? 

 
Table 3. Taxa and codings modified from ref19. Character numbers retained those of ref19. Character 117 were not included in phylogenetic analysis. 
Revised codings are marked in red. See ref8 and ref19 for detailed description of characters. 
 
Character number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Character description 

C
hoanocytes 

M
ulticellularity w

ith 
extracellular m

atrix 

Septate junctions 

G
ap junctions 

H
em

idesm
osom

es 

Flagellar vanes 

W
ater-canal system

 

Siliceous spicules  

C
ross-striated rootlets 

“A
coelom

orph” type of 
ciliary rootlet 

B
elt desm

osom
es 

B
asal lam

ina 

C
iliated epiderm

is 

D
ensely m

ulticiliated 
epiderm

is 

D
istinct “step” in cilia 

Egg w
ith four polar 
bodies 

Position of polar bodies 

Sperm
atozoa 

Sperm
atozoa w

ithout 
accessory centriole 

A
crosom

e 

Fungi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Saccorhytus (data matrix 2) 0 1 ? ? ? ? 0 0 ? ? ? ? 0 0 0 ? ? ? ? ? 
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Saccorhytus (data matrix 3) 0 1 ? ? ? ? 0 0 ? ? ? ? 0 0 0 ? ? ? ? ? 

Saccorhytus (data matrix 4) 0 1 ? ? ? ? 0 0 ? ? ? ? 0 0 0 ? ? ? ? ? 

Eopriapulites 0 1 ? ? ? ? 0 0 ? ? ? ? 0 0 0 ? ? ? ? ? 

Eokinorhynchus 0 1 ? ? ? ? 0 0 ? ? ? ? 0 0 0 ? ? ? ? ? 

Palaeoscolecida 0 1 ? ? ? ? 0 0 ? ? ? ? 0 0 0 ? ? ? ? ? 

Vetulicolia 0 1 ? ? ? ? 0 0 ? ? ? ? 0 0 0 ? ? ? ? ? 

Vetulocystida 0 1 ? ? ? ? 0 0 ? ? ? ? 0 0 0 ? ? ? ? ? 

Hallucigenia 0 1 ? ? ? ? 0 0 ? ? ? ? 0 0 0 ? ? ? ? ? 

Choanoflagellata 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Demospongia 1 1 1 0 0 1 1 1 0 0 0 0 0 0 0 1 3 1 0 1 

Hexactinellida 1 1 1 0 0 1 1 1 0 0 0 0 0 0 0 1 ? 1 ? ? 

Calcarea 1 1 1 0 0 1 1 0 1 0 0 0 0 0 0 1 3 1 0 1 

Placozoa 0 1 1 1 0 0 0 0 1 0 1 0 1 0 0 1 ? ? ? ? 

Cnidaria 0 1 1 1 1 0 0 0 1 0 1 1 1 0 0 1 1 1 0 1 

Ctenophora 0 1 0 1 1 0 0 0 1 0 1 1 2 0 0 1 1 1 0 2 

Chaetognatha 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 2 1 0 2 

Gastrotricha 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 2 1 0 2 

Nematoda 0 1 1 1 1 0 0 0 1 0 1 1 0 0 0 1 2 2 0 0 

Nematomorpha 0 1 1 1 1 0 0 0 1 0 1 1 0 0 0 1 ? 2 0 2 

Priapulida 0 1 1 1 1 0 0 0 1 0 1 1 0 0 0 1 ? 1 0 2 

Kinorhyncha 0 1 1 1 1 0 0 0 1 0 1 1 0 0 0 1 ? 1 0 0 

Loricifera 0 1 1 1 1 0 0 0 1 0 1 1 0 0 0 1 ? 1 0 2 

Tardigrada 0 1 1 1 1 0 0 0 1 0 1 1 0 0 0 1 ? 1 0 2 

Onychophora 0 1 1 0 1 0 0 0 1 0 1 1 0 0 0 1 2 1 0 2 

Arthropoda 0 1 1 1 1 0 0 0 1 0 1 1 0 0 0 1 2 1 0 2 

Phoronida 0 1 1 1 1 0 0 0 1 0 1 1 1 0 0 1 2 1 0 2 

Linguliformea 0 1 1 1 1 0 0 0 1 0 1 1 1 0 0 1 2 1 0 2 

Craniiformea 0 1 1 1 1 0 0 0 1 0 1 1 1 0 0 1 2 1 0 2 

Rhynchonelliformea 0 1 1 1 1 0 0 0 1 0 1 1 1 0 0 1 2 1 0 2 

Ectoprocta 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 2 1 0 2 

Rotifera 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 2 1 1 2 

Gnathostomulida 0 1 1 1 1 0 0 0 1 0 1 1 1 0 0 1 ? 1 1 0 

Catenulida 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 2 2 1 1 
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Acoela 0 2 1 1 1 0 0 0 1 1 1 1 2 1 1 1 2 1 1 1 

Nematodermatida 0 1 1 1 1 0 0 0 1 1 1 1 2 1 1 1 2 1 0 1 

Rhabditophora 0 1 1 1 1 0 0 0 1 0 1 1 2 1 0 1 2 1 1 1 

Cycliophora 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 ? 1 ? 2 

Entoprocta 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 2 1 0 0 

Nemertea 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 2 1 0 2 

Annelida 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 2 1 0 2 

Echiura 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 2 1 0 2 

Mollusca 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 2 1 0 2 

Sipuncula 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 2 1 0 2 

Urochordata 0 1 1 1 1 0 0 0 1 0 1 1 0 0 0 1 2 1 0 2 

Cephalochordata 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 2 1 0 2 

Vertebrata 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 2 1 0 2 

Echinodermata 0 1 1 1 1 0 0 0 1 0 1 1 1 0 0 1 2 1 0 2 

Ptychoderidae 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 2 1 0 2 

Spengelidae 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 2 1 0 2 

Harrimaniidae 0 1 1 1 1 0 0 0 1 0 1 1 2 0 0 1 2 1 0 2 

Pterobrancha 0 1 1 1 1 0 0 0 1 0 1 1 1 0 0 1 2 1 0 ? 

 
Table 3 (continued). Taxa and codings modified from ref19. Character numbers retained those of ref19. Character 117 were not included in 
phylogenetic analysis. Revised codings are marked in red. See ref8 and ref19 for detailed description of characters. 
 
Character number 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 

Character description 

Perforatorium
 (subacrosom

al 
m

aterial) 

G
erm

 line and gonads 

G
onads present w

ith gam
etes 

passing through coelom
 and 

m
etanephridium

 

O
ne axis prespecified during 

oogenesis 

A
pical/blastoporal axis 

D
orsal/ventral axis 

B
lastula stage 

Stereotypical cleavage pattern 

Spiral cleavage 

A
nnelid cross 

M
olluscan cross 

G
astrulation  

B
lastopore associated w

ith 
larval/adult m

outh 

M
esoderm

  

Endom
esoderm

al m
uscle cells 

Endom
esoderm

 derived from
 gut  

Ectom
esenchym

e  

4d endom
esoderm

  

M
esoderm

al germ
 bands derived 

from
 4d 

Lateral coelom
 derived from

 
m

esoderm
al bands 

Fungi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Saccorhytus (data matrix 2) ? ? ? ? ? 1 ? ? ? ? ? ? ? 1 ? ? ? ? ? ? 

Saccorhytus (data matrix 3) ? ? ? ? ? 1 ? ? ? ? ? ? ? 1 ? ? ? ? ? ? 
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Saccorhytus (data matrix 4) ? ? ? ? ? 1 ? ? ? ? ? ? ? 1 ? ? ? ? ? ? 

Eopriapulites ? ? ? ? ? 1 ? ? ? ? ? ? ? 1 ? ? ? ? ? ? 

Eokinorhynchus ? ? ? ? ? 1 ? ? ? ? ? ? ? 1 ? ? ? ? ? ? 

Palaeoscolecida ? ? ? ? ? 1 ? ? ? ? ? ? ? 1 ? ? ? ? ? ? 

Vetulicolia ? ? ? ? ? 1 ? ? ? ? ? ? ? 1 ? ? ? ? ? ? 

Vetulocystida ? ? ? ? ? 1 ? ? ? ? ? ? ? 1 ? ? ? ? ? ? 

Hallucigenia ? ? ? ? ? 1 ? ? ? ? ? ? ? 1 ? ? ? ? ? ? 

Choanoflagellata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Demospongia 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Hexactinellida ? 0 0 ? ? 0 1 ? 0 0 0 1 0 0 0 0 0 0 0 0 

Calcarea 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Placozoa ? ? 0 ? 0 0 1 ? 0 0 0 ? ? 0 0 0 0 0 0 0 

Cnidaria 0 1 0 0 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 

Ctenophora 1 1 0 0 1 0 1 1 0 0 0 1 0 0 1 0 0 0 0 0 

Chaetognatha 1 1 0 ? 1 1 1 1 0 0 0 1 0 1 1 1 0 0 0 0 

Gastrotricha 1 1 0 ? 1 1 1 1 0 0 0 1 ? 1 1 0 0 0 0 0 

Nematoda 0 1 0 0 1 1 1 1 0 0 0 1 1 1 1 0 0 0 0 0 

Nematomorpha 1 1 0 ? 1 1 1 ? 0 0 0 1 0 1 ? 0 0 0 0 0 

Priapulida 1 1 0 ? 1 1 1 ? 0 0 0 1 ? 1 ? 0 ? ? ? 0 

Kinorhyncha 0 1 0 ? 1 1 ? ? ? ? ? ? ? 1 ? 0 ? ? ? 0 

Loricifera ? 1 0 ? 1 1 ? ? ? ? ? ? ? 1 ? 0 ? ? ? 0 

Tardigrada 1 1 0 ? 1 1 1 ? 0 0 0 ? 0 1 ? ? ? 0 ? 0 

Onychophora 0 1 0 ? 1 1 1 1 0 0 0 1 1 1 1 0 0 0 0 0 

Arthropoda 1 1 0 1 1 1 1 0 0 0 0 1 1 1 1 0 0 0 0 0 

Phoronida ? 1 0 ? 1 1 1 1 0 0 0 1 1 1 1 1 0 0 0 0 

Linguliformea 1 1 0 1 1 1 1 1 0 0 0 1 1 1 ? ? 0 0 0 0 

Craniiformea 1 1 0 ? 1 1 1 1 0 0 0 1 0 1 1 1 0 0 0 0 

Rhynchonelliformea 1 1 0 1 1 1 1 1 0 0 0 1 1 1 1 1 0 0 0 0 

Ectoprocta ? 1 0 ? 1 1 1 1 0 0 0 1 1 1 ? ? ? 0 0 0 

Rotifera 1 1 0 ? 1 1 1 1 ? 0 0 1 1 1 ? ? 1 0 0 0 

Gnathostomulida 0 1 0 ? 1 1 1 1 1 ? ? 1 ? 1 ? ? ? ? 0 0 

Catenulida 0 1 0 ? 1 1 1 ? 1 ? ? 1 ? 1 ? 0 ? ? 0 0 

Acoela 0 1 0 ? 1 1 1 1 0 0 0 1 1 1 1 0 0 0 0 0 
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Nematodermatida 0 1 0 ? 1 1 ? ? ? ? ? ? ? 1 ? ? ? 0 ? 0 

Rhabditophora 0 1 0 ? 1 1 1 1 1 0 0 1 1 1 1 0 1 1 0 0 

Cycliophora ? ? 0 ? 1 1 ? ? ? ? ? ? ? 1 ? ? ? ? ? 0 

Entoprocta 0 1 0 ? 1 1 1 1 1 0 0 1 1 1 1 0 1 1 0 0 

Nemertea 1 1 0 1 1 1 1 1 1 0 0 1 1 1 1 0 1 1 1 1 

Annelida 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 1 

Echiura 1 1 1 ? 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 1 

Mollusca 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 

Sipuncula 1 1 1 ? 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 

Urochordata 1 1 0 ? 1 1 1 1 0 0 0 1 0 1 1 1 0 0 0 0 

Cephalochordata 1 1 0 ? 1 1 1 1 0 0 0 1 0 1 1 1 0 0 0 0 

Vertebrata 1 1 0 ? 1 1 1 1 0 0 0 1 0 1 1 1 0 0 0 0 

Echinodermata 1 1 0 1 1 1 1 1 0 0 0 1 0 1 1 1 0 0 0 0 

Ptychoderidae 1 1 0 1 1 1 1 1 0 0 0 1 0 1 1 1 0 0 0 0 

Spengelidae 1 1 0 ? 1 1 1 ? 0 0 0 1 0 1 1 1 0 0 0 0 

Harrimaniidae 1 1 0 1 1 1 1 1 0 0 0 1 0 1 1 1 0 0 0 0 

Pterobrancha ? 1 0 ? 1 1 1 ? 0 0 0 ? 0 1 ? ? 0 0 0 0 

 
Table 3 (continued). Taxa and codings modified from ref19. Character numbers retained those of ref19. Character 117 were not included in 
phylogenetic analysis. Revised codings are marked in red. See ref8 and ref19 for detailed description of characters. 
 
Character number 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 

Character description 

C
ircular and longitudinal 

m
uscles 

Teloblastic segm
entation 

Som
atoblast  

N
eoblasts  

A
pical organ/tuft 

A
pical organ w

ith m
uscles 

extending to the hyposphere  

Pretrochal anlagen  

Prototroch  

M
etatroch  

A
doral ciliary band 

Telotroch  

N
eurotroch  

N
eotroch  

N
onm

uscular peritoneal cells 
in lateral regions of coelom

 

Trim
ery  

M
esocoelom

ic ducts and 
pores  

C
iliated extensions of the 

m
esocoel  

Lophophore  

B
ipartite lophophore  

Sm
all branchial canals  

Fungi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Saccorhytus (data matrix 2) ? 0 ? ? ? ? ? ? ? ? ? ? ? ? 0 ? ? 0 0 0 

Saccorhytus (data matrix 3) ? 0 ? ? ? ? ? ? ? ? ? ? ? ? 0 ? ? 0 0 0 

Saccorhytus (data matrix 4) ? 0 ? ? ? ? ? ? ? ? ? ? ? ? 0 ? ? 0 0 0 
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Eopriapulites 1 0 ? ? ? ? ? ? ? ? ? ? ? ? 0 ? ? 0 0 0 

Eokinorhynchus 1 0 ? ? ? ? ? ? ? ? ? ? ? ? 0 ? ? 0 0 0 

Palaeoscolecida 1 0 ? ? ? ? ? ? ? ? ? ? ? ? 0 ? ? 0 0 0 

Vetulicolia 1 ? ? ? ? ? ? ? ? ? ? ? ? ? 0 ? ? 0 0 0 

Vetulocystida ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 ? ? 0 0 0 

Hallucigenia 1 ? ? ? ? ? ? ? ? ? ? ? ? ? 0 ? ? 0 0 0 

Choanoflagellata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Demospongia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Hexactinellida 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Calcarea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Placozoa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Cnidaria 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ctenophora 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Chaetognatha 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

Gastrotricha 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Nematoda 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Nematomorpha 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Priapulida 1 0 ? 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Kinorhyncha 1 ? ? 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Loricifera 1 0 ? ? 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Tardigrada 1 ? 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Onychophora 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Arthropoda 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Phoronida 1 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 1 1 0 0 

Linguliformea 1 0 0 0 1 0 0 0 0 0 0 0 0 0 ? 0 1 1 1 1 

Craniiformea 1 0 0 0 ? ? 0 0 0 0 0 0 0 0 ? 0 1 1 1 1 

Rhynchonelliformea 1 0 0 0 1 0 0 0 0 0 0 0 0 0 ? 0 1 1 1 1 

Ectoprocta 1 0 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

Rotifera 1 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 

Gnathostomulida 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Catenulida 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Acoela 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Nematodermatida 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Rhabditophora 1 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Cycliophora 1 0 ? ? 0 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 

Entoprocta 0 0 0 0 1 1 0 1 1 1 0 1 0 0 0 0 0 0 0 0 

Nemertea 1 0 0 0 1 1 0 1 0 0 ? 0 0 0 0 0 0 0 0 0 

Annelida 1 1 1 0 1 1 1 1 1 1 1 1 0 1 0 0 0 0 0 0 

Echiura 1 0 1 0 1 1 1 1 1 1 1 1 0 1 0 0 0 0 0 0 

Mollusca 1 0 1 0 1 1 0 1 1 1 1 0 0 0 0 0 0 0 0 0 

Sipuncula 1 0 1 0 1 1 1 1 1 0 0 0 0 1 0 0 0 0 0 0 

Urochordata 1 0 0 0 1 0 0 0 0 ? 0 0 0 0 0 0 0 0 0 0 

Cephalochordata 1 0 0 0 1 0 0 0 0 ? 0 0 0 0 0 0 0 0 0 0 

Vertebrata 1 0 0 0 1 0 0 0 0 ? 0 0 0 0 0 0 0 0 0 0 

Echinodermata 1 0 0 0 1 0 0 0 0 ? 0 0 1 0 1 0 0 0 0 0 

Ptychoderidae 1 0 0 0 1 0 0 0 0 ? 1 0 1 0 1 1 0 0 0 0 

Spengelidae 1 0 0 0 1 0 0 0 0 ? 1 0 1 0 1 1 0 0 0 0 

Harrimaniidae 1 0 0 0 1 0 0 0 0 ? 0 0 0 0 1 1 0 0 0 0 

Pterobrancha 1 0 0 0 1 0 0 0 0 ? 0 0 0 0 1 1 1 0 0 0 

 
Table 3 (continued). Taxa and codings modified from ref19. Character numbers retained those of ref19. Character 117 were not included in 
phylogenetic analysis. Revised codings are marked in red. See ref8 and ref19 for detailed description of characters. 
 
Character number 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 

Character description 

M
edial tentacle of lophophore 

D
ouble row

 of tentacles 

Lophophore tentacles on only one 
side of arm

 axis w
ith a branchial lip 

bounding a food groove 

C
artilage-like connective tissue in 

lophophore 

Striated m
uscle fibers in lophophore 

Posterior stalk that develops as a 
ventral outgrow

th  

Podocytes/term
inal cells/nephrocytes  

Protonephridia w
ith channel cell 

com
pletely surrounding lum

en  

A
xial com

plex  

H
ydropore  

Paired hydropores  

M
etanephridia open through 

m
etacoel  

M
etanephridia w

ith coelom
ic 

com
partm

ent restricted to sacculus  

D
orsal and ventral m

antles, w
ith 

canals, that secret m
ineralized valves 

M
antle sinuses w

ith gonads  

Inner epithelium
 secreting 

periostracum
 

C
alcareous valves, w

hich rotate 
about a hinge axis 

C
uticle w

ith chitin  

Trilam
inate epicuticle  

Trilayered cuticle  

Fungi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Saccorhytus (data matrix 2) 0 0 0 0 0 0 ? ? ? ? ? ? ? 0 0 0 0 ? ? ? 

Saccorhytus (data matrix 3) 0 0 0 0 0 0 ? ? ? ? ? ? ? 0 0 0 0 ? ? ? 
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Saccorhytus (data matrix 4) 0 0 0 0 0 0 ? ? ? ? ? ? ? 0 0 0 0 ? ? ? 

Eopriapulites 0 0 0 0 0 0 ? ? ? ? ? ? ? 0 0 0 0 ? ? ? 

Eokinorhynchus 0 0 0 0 0 0 ? ? ? ? ? ? ? 0 0 0 0 ? ? ? 

Palaeoscolecida 0 0 0 0 0 0 ? ? ? ? ? ? ? 0 0 0 0 ? ? ? 

Vetulicolia 0 0 0 0 0 0 ? ? ? ? ? ? ? 0 0 0 0 ? ? ? 

Vetulocystida 0 0 0 0 0 0 ? ? ? ? ? ? ? 0 0 0 0 ? 0 0 

Hallucigenia 0 0 0 0 0 0 ? ? ? ? ? ? ? 0 0 0 0 ? ? ? 

Choanoflagellata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Demospongia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Hexactinellida 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Calcarea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Placozoa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Cnidaria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ctenophora 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Chaetognatha 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

Gastrotricha 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 

Nematoda 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 1 1 

Nematomorpha 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 

Priapulida 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 1 1 

Kinorhyncha 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 1 1 

Loricifera 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 1 1 

Tardigrada 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 

Onychophora 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 1 1 

Arthropoda 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 1 1 

Phoronida 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 

Linguliformea 1 1 1 1 1 0 1 0 0 0 0 1 0 1 0 1 0 0 0 0 

Craniiformea 1 1 1 1 1 0 1 0 0 0 0 1 0 1 1 1 1 0 0 0 

Rhynchonelliformea 0 1 1 1 1 0 1 0 0 0 0 1 0 1 1 0 1 0 0 0 

Ectoprocta 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Rotifera 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

Gnathostomulida 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

Catenulida 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Acoela 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Nematodermatida 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Rhabditophora 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Cycliophora 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 

Entoprocta 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Nemertea 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Annelida 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Echiura 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Mollusca 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 

Sipuncula 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

Urochordata 0 0 0 0 0 0 1 0 0 ? 0 0 0 0 0 0 0 0 0 0 

Cephalochordata 0 0 0 0 0 0 1 0 0 ? 0 0 0 0 0 0 0 0 0 0 

Vertebrata 0 0 0 0 0 0 1 0 0 ? 0 0 0 0 0 0 0 {01} 0 0 

Echinodermata 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 

Ptychoderidae 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 

Spengelidae 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 

Harrimaniidae 0 0 0 0 0 1 1 0 1 1 1 0 0 0 0 0 0 0 0 0 

Pterobrancha 0 0 0 0 0 1 1 0 1 1 1 0 0 0 0 0 0 0 0 0 

 
Table 3 (continued). Taxa and codings modified from ref19. Character numbers retained those of ref19. Character 117 were not included in 
phylogenetic analysis. Revised codings are marked in red. See ref8 and ref19 for detailed description of characters. 
 
Character number 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 

Character description 

C
ollagenous basal layer 

Lorica  

Ecdysis  

Setae  

Protrusible and retractible 
setae  

H
ead divided into three 

segm
ents  

Term
inal m

outh  

Introvert  

O
ral cone 

Jaw
s elem

ents w
ith cuticular 

rods w
ith osm

ophilic cores  

Food m
odified w

ith lim
bs  

D
igestive gut  

D
igestive gut w

ith cilia  

A
nus  

G
astroparietal bands  

Pharyngotrem
y  

Synapticules  

Stom
ochord  

N
erve cells  

A
cetylcholine used as a 

neurotransm
itter  

Fungi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Saccorhytus (data matrix 2) ? 0 ? 0 0 0 1 0 0 0 0 ? ? 0 ? 0 ? ? 1 ? 

Saccorhytus (data matrix 3) ? 0 1 0 0 0 1 0 0 0 0 ? ? 0 ? 0 ? ? 1 ? 

Saccorhytus (data matrix 4) ? 0 1 0 0 0 1 0 0 0 0 ? ? 0 ? 0 ? ? 1 ? 
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Eopriapulites ? 0 1 0 0 0 1 1 0 0 0 1 ? 1 ? 0 ? ? 1 ? 

Eokinorhynchus ? 0 1 0 0 0 1 1 0 0 0 1 ? 1 ? 0 ? ? 1 ? 

Palaeoscolecida ? 0 1 0 0 0 1 1 1 0 0 1 ? 1 ? 0 ? ? 1 ? 

Vetulicolia ? 0 ? 0 0 0 1 0 0 0 0 1 ? 1 ? 1 ? ? 1 ? 

Vetulocystida ? 0 ? 0 0 0 0 0 0 0 0 ? ? ? ? 1 ? ? 1 ? 

Hallucigenia ? 0 1 0 0 ? 1 0 0 0 1 1 ? 1 ? 0 ? ? 1 ? 

Choanoflagellata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Demospongia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Hexactinellida 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Calcarea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Placozoa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Cnidaria 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 

Ctenophora 0 0 0 0 0 0 0 0 0 0 0 1 0 ? 0 0 0 0 1 1 

Chaetognatha 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 0 0 0 1 1 

Gastrotricha 0 0 0 0 0 0 1 0 0 0 0 1 1 1 0 0 0 0 1 1 

Nematoda 1 0 1 0 0 0 1 0 0 0 0 1 1 1 0 0 0 0 1 1 

Nematomorpha 1 0 1 0 0 0 1 1 0 0 0 1 1 1 0 0 0 0 1 1 

Priapulida 0 1 1 0 0 0 1 1 0 0 0 1 1 1 0 0 0 0 1 1 

Kinorhyncha 0 1 1 0 0 0 1 1 1 0 0 1 1 1 0 0 0 0 1 ? 

Loricifera 0 1 ? 0 0 0 1 1 1 0 0 1 1 1 0 0 0 0 1 ? 

Tardigrada 0 0 1 0 0 1 1 0 0 0 1 1 1 1 0 0 0 0 1 1 

Onychophora 0 0 1 0 0 1 1 0 0 0 1 1 1 1 0 0 0 0 1 1 

Arthropoda 0 0 1 0 0 1 1 0 0 0 1 1 1 1 0 0 0 0 1 1 

Phoronida 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 1 

Linguliformea 0 0 0 1 0 0 0 0 0 0 0 1 0 1 1 0 0 0 1 1 

Craniiformea 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 1 

Rhynchonelliformea 0 0 0 1 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 1 

Ectoprocta 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 1 

Rotifera 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0 0 1 1 

Gnathostomulida 0 0 0 0 0 0 0 0 0 1 0 1 1 1 0 0 0 0 1 1 

Catenulida 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 ? 

Acoela 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 1 ? 

Nematodermatida 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 1 ? 
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Rhabditophora 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 1 1 

Cycliophora 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 ? 

Entoprocta 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 1 

Nemertea 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 1 1 

Annelida 0 0 0 1 1 0 0 0 0 0 0 1 0 1 0 0 0 0 1 1 

Echiura 0 0 0 1 1 0 0 0 0 0 0 1 0 1 0 0 0 0 1 1 

Mollusca 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 1 

Sipuncula 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 1 

Urochordata 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 1 0 1 1 

Cephalochordata 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 1 0 1 1 

Vertebrata 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 1 0 1 1 

Echinodermata 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 ? 0 0 1 1 

Ptychoderidae 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 1 1 1 1 

Spengelidae 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 1 1 ? 

Harrimaniidae 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 1 1 1 

Pterobrancha 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 1 1 1 

 
Table 3 (continued). Taxa and codings modified from ref19. Character numbers retained those of ref19. Character 117 were not included in 
phylogenetic analysis. Revised codings are marked in red. See ref8 and ref19 for detailed description of characters. 
 
Character number 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 118 119 120 121 

Character description 

N
erve cells organized into 

distinct ganglia  

C
ircum

pharyngeal brain w
ith 

anterior and posterior rings of 
perikarya separated by a ring of 

neuropil 

Ventral nervous system
 

C
ircum

oesophageal nerve ring 

D
orsal and ventral epiderm

al 
cords w

ith nerve cords  

D
orsal nervous cord/ganglion 

associated w
ith the m

esosom
e 

Subenteric ganglion 

Frontal com
plex  

Tanycytes  

G
lialinterstitial cell system

 

Scalids  

Spinoscalids and clavoscalids  

Flosculi  

C
losed circulatory system

 w
ith 

dorsal and ventral blood vessels  

H
em

erythrin  

Endogenous sialic acids  

N
uclear lam

ins  

Interm
ediate filam

ent proteins  

tR
N

A
 Lys 

A
U

A
 m

ethionine 

Fungi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? 0 0 0 0 

Saccorhytus (data matrix 2) ? ? ? ? ? ? ? ? ? ? ? 0 0 ? ? ? ? ? ? ? 

Saccorhytus (data matrix 3) ? ? ? ? ? ? ? ? ? ? ? 0 0 ? ? ? ? ? ? ? 

Saccorhytus (data matrix 4) ? ? ? ? ? ? ? ? ? ? 1 0 0 ? ? ? ? ? ? ? 

Eopriapulites ? ? ? ? ? ? ? ? ? ? 1 0 0 ? ? ? ? ? ? ? 
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Eokinorhynchus ? ? ? ? ? ? ? ? ? ? 1 0 0 ? ? ? ? ? ? ? 

Palaeoscolecida ? ? ? ? ? ? ? ? ? ? 1 0 0 ? ? ? ? ? ? ? 

Vetulicolia ? ? ? ? ? ? ? ? ? ? 0 0 0 ? ? ? ? ? ? ? 

Vetulocystida ? ? ? ? ? ? ? ? ? ? 0 0 0 ? ? ? ? ? ? ? 

Hallucigenia ? ? ? ? ? ? ? ? ? ? 0 0 0 ? ? ? ? ? ? ? 

Choanoflagellata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? ? ? ? ? 

Demospongia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? ? 0 0 

Hexactinellida 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? ? ? ? ? 

Calcarea 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? ? ? ? 

Placozoa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? ? ? ? ? 

Cnidaria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 ? 0 0 

Ctenophora 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? ? ? ? 

Chaetognatha 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 ? 2 ? ? 

Gastrotricha 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 ? ? ? ? ? 

Nematoda 1 1 1 0 1 0 0 0 0 0 0 0 0 0 0 ? 1 2 0 1 

Nematomorpha 1 1 1 0 1 0 0 0 0 0 0 0 ? 0 0 ? ? 2 ? ? 

Priapulida 1 1 1 0 0 0 0 0 1 0 1 0 1 0 1 ? 1 ? ? ? 

Kinorhyncha 1 1 1 0 0 0 0 0 1 0 1 0 1 0 0 ? ? ? ? ? 

Loricifera 1 1 1 0 0 0 0 0 1 0 1 1 1 0 0 ? ? ? ? ? 

Tardigrada 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 ? ? ? ? ? 

Onychophora 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 ? ? ? ? 1 

Arthropoda 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 2 0 1 

Phoronida 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 ? ? 2 ? ? 

Linguliformea 1 0 0 0 0 ? 1 0 0 0 0 0 0 0 1 0 ? 2 ? ? 

Craniiformea 1 0 0 0 0 ? 1 0 0 0 0 0 0 0 ? ? ? ? ? ? 

Rhynchonelliformea 1 0 0 0 0 ? 1 0 0 0 0 0 0 0 ? ? ? ? ? ? 

Ectoprocta 1 0 0 0 0 ? 0 0 0 0 0 0 0 0 0 0 ? ? ? 1 

Rotifera 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 ? ? ? ? ? 

Gnathostomulida 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 ? ? ? ? ? 

Catenulida 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 ? ? ? ? 1 

Acoela 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 ? ? ? ? 1 

Nematodermatida 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 ? ? ? ? 1 

Rhabditophora 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 ? 2 0 0 
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Cycliophora 1 0 1 0 0 0 0 ? 0 0 0 0 0 0 ? ? ? ? ? ? 

Entoprocta 1 0 0 0 0 0 0 0 0 ? 0 0 0 0 0 ? ? ? ? ? 

Nemertea 1 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 ? 2 ? ? 

Annelida 1 0 1 1 0 0 0 0 0 1 0 0 0 1 1 0 ? 2 0 1 

Echiura 1 0 1 1 0 0 0 0 0 0 0 0 0 1 0 ? ? 2 ? 1 

Mollusca 1 0 1 1 0 0 0 0 0 1 0 0 0 0 0 0 ? 2 0 1 

Sipuncula 1 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 ? 2 ? 1 

Urochordata 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 1 0 1 

Cephalochordata 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 1 0 1 

Vertebrata 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 1 0 1 

Echinodermata 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 ? 1 0 

Ptychoderidae 1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 ? ? 1 0 

Spengelidae 1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 ? ? ? ? ? 

Harrimaniidae 1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 ? ? ? ? 

Pterobrancha 1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 ? ? ? ? 

 
Table 3 (continued). Taxa and codings modified from ref19. Character numbers retained those of ref19. Character 117 were not included in 
phylogenetic analysis. Revised codings are marked in red. See ref8 and ref19 for detailed description of characters. 
 
Character number 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 

Character description 

A
G

A
 and A

G
G

 serine 

N
uclear horm

one receptors  

ETS gene fam
ily 

Paired-box genes  

Pax-6 

H
ox genes  

H
ox com

plex consisting of 
seven genes  

C
entral H

ox class 
m

em
ber(s) 

Antp 

U
bx/abd-A

 

Lox2/4 

H
ox6-8 

Abd-B duplication 
(Lophotrochozoa) 

Abd-B duplication 
(D

euterostom
ia) 

H
exapeptide  

T-box genes  

Brachyury expressed in oral 
and anal regions of gut 

Endostyle  

Endoskeleton m
esoderm

ally 
derived  

Fungi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Saccorhytus (data matrix 2) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 

Saccorhytus (data matrix 3) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 

Saccorhytus (data matrix 4) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 

Eopriapulites ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 

Eokinorhynchus ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 

Palaeoscolecida ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 
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Vetulicolia ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1 1 

Vetulocystida ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 

Hallucigenia ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 

Choanoflagellata ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 

Demospongia 0 0 1 1 0 0 0 0 0 0 0 0 0 0 ? ? ? 0 0 

Hexactinellida ? ? ? ? ? 0 0 0 0 0 0 0 0 0 ? ? ? 0 0 

Calcarea ? ? ? ? ? 0 0 0 0 0 0 0 0 0 ? ? ? 0 0 

Placozoa ? ? ? 1 ? 1 0 0 0 0 0 0 0 0 ? ? ? 0 0 

Cnidaria 0 1 1 1 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 

Ctenophora ? ? 1 1 ? 1 0 1 0 0 0 ? 0 0 ? ? ? 0 0 

Chaetognatha ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 

Gastrotricha ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 

Nematoda 1 1 1 1 1 1 1 1 0 0 0 1 0 0 1 1 0 0 0 

Nematomorpha ? ? ? ? ? 1 1 1 1 0 0 1 0 0 ? ? ? 0 0 

Priapulida ? ? ? ? ? 1 1 1 1 0 0 1 0 0 ? ? ? 0 0 

Kinorhyncha ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 

Loricifera ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 

Tardigrada ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 

Onychophora ? ? ? ? ? 1 1 1 1 0 0 1 0 0 ? ? ? 0 0 

Arthropoda 1 1 1 1 1 1 1 1 1 0 0 1 0 0 1 1 0 0 0 

Phoronida ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 

Linguliformea ? ? ? ? ? 1 1 1 0 1 0 1 1 0 ? ? ? 0 0 

Craniiformea ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 

Rhynchonelliformea ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 

Ectoprocta ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 

Rotifera ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 

Gnathostomulida ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 

Catenulida ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 

Acoela ? ? ? ? ? 1 0 ? ? ? ? ? ? ? ? ? ? 0 0 

Nematodermatida ? ? ? ? ? 1 0 ? ? ? ? ? ? ? ? ? ? 0 0 

Rhabditophora 1 1 1 1 1 1 1 1 0 1 0 1 ? 0 1 ? ? 0 0 

Cycliophora ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 

Entoprocta ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 
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Nemertea ? ? ? 1 1 1 1 1 0 1 0 1 ? 0 ? ? ? 0 0 

Annelida 1 1 1 1 1 1 1 1 0 1 0 1 1 0 1 1 ? 0 0 

Echiura ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 

Mollusca 1 1 1 1 1 1 1 1 0 1 0 1 ? 0 ? ? ? 0 0 

Sipuncula ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 

Urochordata 0 1 1 1 1 1 1 1 0 0 1 0 0 1 1 1 0 1 0 

Cephalochordata 0 1 1 1 1 1 1 1 0 0 1 0 0 1 1 1 0 1 1 

Vertebrata 0 1 1 1 1 1 1 1 0 0 1 0 0 1 1 1 0 1 1 

Echinodermata 1 1 1 1 1 1 1 1 0 0 1 0 0 1 1 1 1 1 1 

Ptychoderidae 1 1 ? ? ? 1 1 1 0 0 1 0 0 1 ? 1 1 1 1 

Spengelidae ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1 1 

Harrimaniidae ? ? ? ? ? 1 1 1 0 0 1 0 0 1 ? ? ? 1 1 

Pterobrancha ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1 1 

 
Table 3 (continued). Taxa and codings modified from ref19. Character numbers retained those of ref19. Character 117 were not included in 
phylogenetic analysis. Revised codings are marked in red. See ref8 and ref19 for detailed description of characters. 
 
Character number 141 142 143 144 145 146 147 148 149 150 151 152 153 

Character description 

C
uticle  

R
adially arranged 

circum
oral structures 

Sclerotized pharyngeal teeth 

Trunk w
ith annular 

m
acroannuli 

Trunk w
ith segm

entation 

Trunk w
ith annular rings of 

sclerites 

Spinoscalids 

Filter feeding accom
plished 

w
ithin pharynx 

Pharyngeal food-transport 
groove 

Peripharyngeal atrium
 

V- or W
-shaped m

yom
eres  

N
eural crest cells  

N
eurogenic placodes  

Fungi 0 0 0 0 0 0 0 0 0 0 0 0 0 

Saccorhytus (data matrix 2) ? 1 ? 0 0 0 0 0 0 0 ? ? ? 

Saccorhytus (data matrix 3) 1 1 ? 0 0 0 0 0 0 0 ? ? ? 

Saccorhytus (data matrix 4) 1 1 ? 0 0 0 1 0 0 0 ? ? ? 

Eopriapulites 1 1 1 0 0 0 1 0 0 0 ? ? ? 

Eokinorhynchus 1 1 1 1 0 0 1 0 0 0 ? ? ? 

Palaeoscolecida 1 1 1 0 0 1 1 0 0 0 ? ? ? 

Vetulicolia 1 1 0 1 1 0 0 1 1 ? 0 ? ? 

Vetulocystida 1 1 0 0 0 0 0 1 ? ? 0 ? ? 
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Hallucigenia 1 1 1 0 0 0 0 0 0 0 ? ? ? 

Choanoflagellata 0 0 0 0 0 0 0 0 0 0 0 0 0 

Demospongia 0 0 0 0 0 0 0 0 0 0 0 0 0 

Hexactinellida 0 0 0 0 0 0 0 0 0 0 0 0 0 

Calcarea 0 0 0 0 0 0 0 0 0 0 0 0 0 

Placozoa 0 0 0 0 0 0 0 0 0 0 0 0 0 

Cnidaria 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ctenophora 0 0 0 0 0 0 0 0 0 0 0 0 0 

Chaetognatha 1 0 0 0 0 0 0 0 0 0 0 0 0 

Gastrotricha 1 0 0 0 0 0 0 0 0 0 0 0 0 

Nematoda 1 1 1 0 0 0 0 0 0 0 0 0 0 

Nematomorpha 1 1 1 0 0 0 0 0 0 0 0 0 0 

Priapulida 1 1 1 0 0 0 1 0 0 0 0 0 0 

Kinorhyncha 1 1 1 1 1 0 1 0 0 0 0 0 0 

Loricifera 1 1 1 0 0 0 1 0 0 0 0 0 0 

Tardigrada 1 1 1 1 1 0 0 0 0 0 0 0 0 

Onychophora 1 1 1 0 1 0 0 0 0 0 0 0 0 

Arthropoda 1 1 1 1 1 0 0 0 0 0 0 0 0 

Phoronida 1 0 0 0 0 0 0 0 0 0 0 0 0 

Linguliformea 0 0 0 0 0 0 0 0 0 0 0 0 0 

Craniiformea 0 0 0 0 0 0 0 0 0 0 0 0 0 

Rhynchonelliformea 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ectoprocta 0 0 0 0 0 0 0 0 0 0 0 0 0 

Rotifera 0 0 0 0 0 0 0 0 0 0 0 0 0 

Gnathostomulida 0 0 0 0 0 0 0 0 0 0 0 0 0 

Catenulida 0 0 0 0 0 0 0 0 0 0 0 0 0 

Acoela 0 1 0 0 0 0 0 0 0 0 0 0 0 

Nematodermatida 0 1 0 0 0 0 0 0 0 0 0 0 0 

Rhabditophora 0 0 0 0 0 0 0 0 0 0 0 0 0 

Cycliophora 1 0 0 0 0 0 0 0 0 0 0 0 0 

Entoprocta 1 0 0 0 0 0 0 0 0 0 0 0 0 

Nemertea 0 0 0 0 0 0 0 0 0 0 0 0 0 

Annelida 1 0 0 1 1 0 0 0 0 0 0 0 0 
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Echiura 1 0 0 0 0 0 0 0 0 0 0 0 0 

Mollusca 1 0 0 0 0 0 0 0 0 0 0 0 0 

Sipuncula 1 0 0 0 0 0 0 0 0 0 0 0 0 

Urochordata 0 0 0 1 1 0 0 1 1 1 0 1 1 

Cephalochordata 0 0 0 1 1 0 0 1 1 1 1 0 0 

Vertebrata {01} 0 0 1 1 0 0 0 0 0 1 1 1 

Echinodermata 0 0 0 0 0 0 0 0 0 ? 0 0 0 

Ptychoderidae 0 0 0 0 0 0 0 1 1 1 0 0 0 

Spengelidae 0 0 0 0 0 0 0 1 1 1 0 0 0 

Harrimaniidae 0 0 0 0 0 0 0 1 1 1 0 0 0 

Pterobrancha 0 0 0 0 0 0 0 1 1 1 0 0 0 

 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 6, 2020. ; https://doi.org/10.1101/2020.09.04.283960doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.04.283960


54 
 

References unique to Supplementary Information 
 

30 Hatschek, B. Lehrbuch der Zoologie. Eine morphologische Ubersicht des Thierreicheszur 

Einfuhrung in das Studiumdieser Wissenschaft. Erste Liefrung (Verlag von Gustav Fischer, 

1888). 

31 Grobben, K. Die systematische Einteilung des Tierreichs. Verb. Zool.-Bot. Ges. Wien 58, 

491–511 (1908). 

32 Li, Z. P. The earliest bone fauna of the Meishucun Stage of the Lower Cambrian in the 

middle of the Hanzhong area of Shaanxi. Geol. Shaanxi 6, 60–65, 98 (1988). 

33 Hou, X. G. et al. An early Cambrian hemichordate zooid. Curr. Biol. 21, 612–616 (2011). 

34 Zhao, Y. et al. Cambrian sessile, suspension feeding stem-group ctenophores and evolution 

of the comb jelly body plan. Curr. Biol. 29, P1112–1125.E1112 (2019). 

35 Harvey, T. H. P., Dong, X. P., Donoghue, P. C. J. Are palaeoscolecids ancestral ecdysozoans? 

Evolution & Development 12, 177–200 (2010). 

36 Shao, T., Liu, Y., Wang, Q., Zhang, H., Tang, H., Li, Y. New material of the oldest known 

scalidophoran Eopriapulites sphinx. Palaeoworld 25, 1–11 (2016). 

37 Budd, G. Why are arthropods segmented? Evolution & Development 3, 332–342 (2001). 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 6, 2020. ; https://doi.org/10.1101/2020.09.04.283960doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.04.283960

	Liuetal_Text_Submitted
	Liuetal_ED
	Liuetal_SI_Submitted


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


