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P A L E O N T O L O G Y

A giant stem-group chaetognath
Tae-Yoon S. Park1,2*, Morten Lunde Nielsen1,3,4, Luke A. Parry5, Martin Vinther Sørensen6,  
Mirinae Lee1, Ji-Hoon Kihm1,2, Inhye Ahn1,2, Changkun Park1, Giacinto de Vivo7, M. Paul Smith8, 
David A. T. Harper9, Arne T. Nielsen10, Jakob Vinther3,11*

Chaetognaths, with their characteristic grasping spines, are the oldest known pelagic predators, found in the 
lowest Cambrian (Terreneuvian). Here, we describe a large stem chaetognath, Timorebestia koprii gen. et sp. nov., 
from the lower Cambrian Sirius Passet Lagerstätte, which exhibits lateral and caudal fins, a distinct head region 
with long antennae and a jaw apparatus similar to Amiskwia sagittiformis. Amiskwia has previously been inter-
preted as a total-group chaetognathiferan, as either a stem-chaetognath or gnathostomulid. We show that T. koprii 
shares a ventral ganglion with chaetognaths to the exclusion of other animal groups, firmly placing these fossils 
on the chaetognath stem. The large size (up to 30 cm) and gut contents in T. koprii suggest that early chaetognaths 
occupied a higher trophic position in pelagic food chains than today.

INTRODUCTION
The Ediacaran-Cambrian transition (~540 million years ago) was 
marked by an exceptionally large expansion in animal diversity 
and disparity (1), which was coincident with the exploration of 
new regions of ecospace through deeper and more varied burrow-
ing strategies and colonization of the water column (2, 3). The causes 
underlying this evolutionary “explosion” remain debated, but the 
convergent evolution of predation and ensuing arms races (4) are 
nevertheless considered key components (5). Establishment of 
higher trophic levels would also have fueled the biological pump, by 
concentrating nutrients and drawing down organic carbon (3, 6). 
The diversification of animals across the Ediacaran-Cambrian tran-
sition is increasingly recognized as a two- or three-step shift in 
diversity, first in the late Ediacaran “Wormworld” where simple trace 
fossils and tubular skeletons diversify (7), followed by a subsequent 
expansion of a more diverse biota with skeletal hard parts during the 
earliest Cambrian (Terreneuvian) that finally expanded in diversity 
markedly during the Cambrian Age 3. Chaetognaths (arrow worms) 
are candidates for the earliest bilaterian carnivores to have colo-
nized the water column, as their grasping spines occur as micro-
fossils (Protohertzina and other protoconodonts) from the lowest 
Cambrian (Fortunian, Terreneuvian) and onward (8, 9), with stem-
euarthropods (e.g., radiodonts) becoming dominant later on by 
Cambrian Age 3 (10).

Amiskwia sagittiformis Walcott, 1911 from the Burgess Shale shares 
a similar body plan and nektonic mode of life with chaetognaths due to 

the presence of paired lateral and tail fins for swimming. While the 
absence of grasping spines in Amiskwia led to a rejection of a relation-
ship with chaetognaths, recent studies demonstrated the presence of 
an internal jaw apparatus (11, 12), similar to that possessed by gnathif-
erans. Recent molecular phylogenetic studies have found that chaeto-
gnaths and gnathiferans may form a clade (13–15), Chaetognathifera 
(16). The presence of a gnathostomulid-like jaw in Amiskwia has led to 
competing interpretations of its position in the tree of life, with the 
lateral fins representing either shared plesiomorphies (12, 16) or con-
vergences (11) with those in chaetognaths. This phylogenetic position 
has important implications for understanding the evolution of the four 
phyla, Chaetognatha, Gnathostomulida, Micrognathozoa, and Rotifera, 
such as primitive or secondary miniaturization, benthic versus pelagic 
lifestyle, and ancestral jaw apparatus morphology.

Here, we describe Timorebestia koprii gen. et sp. nov. (Holotype, 
Fig. 1) from the lower Cambrian Sirius Passet Lagerstätte, North 
Greenland (Cambrian Stage 3) (17). Elemental mapping for carbon 
using an electron probe microanalyzer (EPMA) allows for certain 
tissues to be revealed with exceptional clarity (Fig. 1A). T. koprii 
shares with Amiskwia the presence of lateral and caudal fins (Fig. 1A 
and fig. S1, G and H), a distinct head region with long antennae 
(Figs. 2, A, B, E, and F, and 3) and a jaw apparatus (Fig. 1, D to F; 
fig.  S2; and movie S1) (18). We show that T. koprii preserves a 
ventral ganglion (19, 20) in a unique mode through secondary 
phosphate mineralization (phosphatization) of the lateral neuron 
somata (Figs. 4 and 5). This organ is shared with chaetognaths to 
the exclusion of any other living animal group, therefore offering 
additional evidence placing these fossils on the chaetognath stem 
(Fig. 5H).

RESULTS
Systematic paleontology
Unranked clade Spiralia Scleip, 1929

Unranked clade Chaetognathifera Bekkouche and Gąsiorowski, 2022
Phylum Chaetognatha Leuckart, 1854 (stem group)
T. koprii gen. et sp. nov.
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Holotype
MGUH 34286 (Fig. 1 and figs. S1 and S2), Natural History Museum 
of Denmark, University of Copenhagen.

Referred material
MGUH 34287 (Fig. 2, A and B, and fig. S3), MGUH 34288 (Fig. 2, 
C to E, and fig. S4), MGUH 34289 (Fig. 2, F and G), MGUH 34290 
(Fig. 5, A and B, and fig. S8, A to E), MGUH 34291 (Fig. 6, A to C, 
and fig. S15, A to D and H to M), MGUH 34292 (fig. S5), MGUH 
34293 (fig. S6), MGUH 34294 (fig. S7), MGUH 34295 (Fig. 3 and 
fig.  S8, K to M), MGUH 34296 (fig.  S8, F to J), MGUH 34297 
(fig. S15, E to G and N to Q), MGUH 34298 (fig. S8, N to P).

Locality and horizon
T. koprii occurs in several horizons at the main Lagerstätte locality 
(17) in Sirius Passet, 82°47.6′N, 42°13.7′W, Peary Land, North Greenland. 
Collections from which material is derived have been focused on an 
exposed section that totals 12 m, with collection focused on a par-
ticular fossiliferous interval between 5 and 7 m (21).

Etymology
Genus name: Timor, (Latin) for causing fear or dread and bestia 
(Latin), meaning beast. The species name is after Korea Polar 
Research Institute (KOPRI) for their support of the past, and on-
going, field expeditions to Sirius Passet.

Fig. 1. Holotype (MGUH 34286) of T. koprii gen. et sp. nov. (A to C) Entire specimen. (D and E) Jaw apparatus in the anterior region of trunk. (A) Wavelength-dispersive 
x-ray spectrometry (WDS) map of carbon on the specimen surface. (B) Polynomial texture mapping (PTM) visualization using specular enhancement, illuminated from top 
left. (C) Interpretative drawing. (D) Carbon map of jaw apparatus indicating some indistinct enrichment of carbon within it. (E) PTM image illuminated from top left of jaw 
apparatus. (F) Interpretative drawing of jaw apparatus based on tracing of multiple illumination angles (see movie S1 for visualization of this). Bp, basal plate; Lb, lateral 
bars; Jw, jaw; Ja, jaw apparatus; G, gut; Tm, transverse muscles; Fr, fin rays; Ps, posterior structure; Lm, longitudinal muscles.
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Diagnosis for genus and species
Wide-bodied “amiskwiiform” with lateral fins along most of the trunk 
length. The body and the lateral fins taper distally and terminate in 
a well-developed rounded caudal fin. Distinct fin rays are present 
with no rayless zone separating the trunk and tail fins. Anterior 
region of trunk tapers markedly into a short head bearing a pair of 
long antennae, which are about half the length of the body. An 
internal jaw apparatus in the anterior trunk region consists of a pair 
of larger subtriangular elements connected by a symphysis, a pair of 
blunt anterior elements, and a single anterior, presumed ventral/basal, 
plate. Longitudinal muscles occurring in discrete bands are present 
in the trunk with additional sparse and delicate outer circular/trans-
verse muscles. The digestive tract extends from the trunk-head tran-
sition and terminates anterior to the caudal fin with no septum 
separating the caudal region from the trunk.

Description
The study included 13 specimens attributed to T. koprii, ranging in 
size from ~22 mm (fig. S15, E to G) to 200 mm in length, or ~290 mm 
(Fig.  2A) when antennae are included. Variation in degree and 
mode of preservation due to different levels of decay and secondary 
mineralization by phosphatization between available specimens 
result in variable expressions of body extremities and internal 
organs. Consistent features across specimens allow for identifying 
and characterizing the body outline (including lateral view; Fig. 2, E 
and F), fin rays, alimentary tract, jaw apparatus, longitudinal/
transverse musculature, and a ventral ganglion. The body is divided 

Fig. 2. Additional specimens of T. koprii gen. et sp. nov. (A) MGUH 34287, the largest preserved individual imaged with high dynamic range (HDR) based on multiple 
images taken with different incident illumination angles while submerged in water. (B) Interpretative drawing. (C) MGUH 34288, another very large individual preserving 
less detail in low angle illumination. (D) HDR image. (E) Interpretative drawing. (F) MGUH 34289, laterally preserved specimen. (G) Interpretative drawing. An, antennae; 
Cr, caudal region; Hd, head; Mu, muscles; Mgc, mineralized gut contents; G, gut; Tr, trunk.

Fig.  3. Musculature in T. koprii gen. et sp. nov. MGUH 34295, small specimen 
preserving phosphatized musculature in association with the ventral ganglion 
revealing both dorsal and ventral configuration. (A) Whole specimen in low angle 
illumination. (B) Close-up of phosphatized musculature, revealing musculature 
from both dorsal and ventral surfaces due to unequal splitting of the mineralized 
material. (C) Interpretative drawing, highlighting longitudinal musculature (red), 
transverse/circular musculature (purple), and the gut (green). Hatched lines 
indicate unequal splitting of the phosphatized musculature. (D) Close-up of the 
mineralized musculature in epirelief; stippled lines trace transverse musculature. 
(E) Close-up of impressions of musculature from the opposite surface in hyporelief, 
revealing faint impressions of transverse musculature (stippled lines) underneath 
the longitudinal musculature.
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into four distinct regions (Fig. 2, B and F): a pair of anterior antennae 
about one-third of the total body length (Fig. 2, A, B, E, and F, and 
fig. S3, A to C), a broad head lacking a neck region, and a dorsoven-
trally flattened trunk divided into a wide midbody that tapers into 
a caudal region separated by a longer, constricted margin (Figs. 1 
and 2). The head region is often poorly preserved, but is present as a 
rounded lobe in the best preserved specimens (Fig. 2, A, C, and E, 
and figs. S3, S6, S7, and S8, F to J). The fin region shows well-
developed continuous fin rays along the midbody and caudal region 
(Fig. 1, A to C, and figs. S1, S5, S6, and S8, A to E), contrasting with 
A. sagittiformis and living chaetognaths in which the lateral and cau-
dal fins are separate. The gut was a tubular structure, widest in the 
mid body and inferred, based on multiple specimens, to have 
extended from the rear of the head region and into the caudal region 
(figs. S1, S3, S4, and S7), terminating anterior to the caudal fin. The 
position of the mouth opening is unclear.

The holotype (Fig. 1 and figs. S1 and S2) is a medium-sized indi-
vidual with a complete trunk. The head region is poorly preserved. 
The preserved body length is 88 mm, while the widest part of the 
mid body is 33 mm. The trunk widens markedly about 17 mm from 
the anterior margin of the preserved head and tapers markedly 
again about 46 mm farther posteriorly into a caudal region. The cau-
dal region (fig.  S1G) is ~26 mm long (including the tail fin) 
and ~13 mm and 18 mm wide at the narrowest and widest part of 

the fin, respectively. Two specimens are exceptionally large. The 
largest individual (MGUH 34287; Fig. 2, A and B, and fig. S3) has a 
body length of ~206 mm and well-defined antennae that are addi-
tionally 92 mm long (total length ~298 mm). The posterior region is 
poorly preserved due to decay, but based on relative proportions 
between the trunk and the caudal region, as observed in the holo-
type, the total body length is calculated to slightly surpass 300 mm 
and is therefore nonetheless largely complete. A second specimen, 
MGUH 34288 (Fig. 2, C and D), preserves similar body proportions 
and paired, arcuate phosphate mineralizations in the midbody after 
musculature and an underlying organ (ventral ganglion, see below). 
It lacks antennae but has a body length of 178 mm and so are slight-
ly smaller than MGUH 34287.

Several specimens reveal distinct fin rays preserved along the en-
tire trunk (Fig. 1 and figs. S1, A, B, E, and H, S5, A and B, S6, A, C, 
E, and F, S7, A, B, E, and J, and S8, B, C, and E). Fin rays are stout 
along the midbody (~350 μm wide in the holotype) becoming 
longer and narrower in the caudal region (~100 μm wide) (compare 
fig. S1, G and H). Fin rays are present along most of the trunk (com-
mencing about 10% from the head/trunk junction) and are uninter-
rupted at the transition into the caudal region (Fig. 1 and figs. S1, A, 
B, E, and G, and S8, C and E).

Sirius Passet has experienced a higher degree of metamorphic 
recrystallization (22) and volatilization of less recalcitrant organic 
phases (23) than other classic Burgess Shale-type localities limiting 
some features to those expressed mainly through their relief. We 
identify faintly impressed structures attributable to a jaw apparatus 
in the holotype as well as other specimens (Fig. 1, D to F, and fig. S2) 
traced using multiple, stacked images with different illumination 
angles (demonstrated in movie S1). At least five elements can be 
identified: a pair of larger triangular plates that connect posteriorly 
in a symphysis; a pair of anteriorly placed, transverse, elements that 
taper laterally with a flattened margin medially and a median ante-
rior plate with anteriorly bulging lateral lobes (Fig. 1, D to F, and 
fig. S2). The digestive tract is narrow and best observed in the mid-
body, but it is typically poorly exposed in the caudal and head 
regions (Fig. 1 and figs. S1F and S3F). Sometimes the digestive tract 
is locally expanded (fig. S1, D to F) or widened along most of its 
length (Fig. 6, A to C, and figs. S7, A to G, and S15, A to G), often 
accompanied by food content. The digestive tract can be traced 
further into the caudal region where it terminates anterior of the 
caudal fin (figs. S1, D and E, S3, S4, S6, S7, S8E, and S15, A to G). 
Anteriorly, it extends into the base of the head and widens into a 
region containing sclerotized jaw elements, preserved as faint im-
pressions with little reflectivity (Fig. 1D). The digestive tract contin-
ues along the midline, preserved sometimes as a reflective film, with 
some relief and/or as occasional three-dimensional phosphate-
derived mineralization (fig.  S3F) (22). Some specimens preserve 
food content, dominated by carapaces of the nektonic arthropod 
Isoxys (Fig. 6, A to C, and figs. S4, D and E, S7, C to E, and S15). 
Their outline is often faint due to preservation within the gut tract of 
T. koprii, which often is preserved with higher reflective carbon. In 
one specimen (fig. S15, A to D), over five individual Isoxys speci-
mens are present. One small specimen contains an Isoxys in the jaw 
region (fig. S15, E to G and N to Q).

The musculature is partly preserved through phosphatization 
(22) (Figs. 3 and 5A and figs. S1, I and J, S3, D and E, and S4F) and 
as organic strands (Fig. 1A and figs. S1, B and K, S5, B and G, and S6, 
C and F). The longitudinal muscles form separate ribbons that are 

Fig. 4. Digital 3D model of T. koprii gen. et sp. nov. Reconstruction showing inter-
nal and external anatomy (red, musculature; blue, ventral ganglion; black, jaw ap-
paratus; green, gut). (A) Lateral view. (B) Dorsal view. (C) Ventral view. (D) Ventral 
view excluding musculature.
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densely arranged as observed when phosphatized but are splayed 
from each other when preserved organically (fig. S6). This variation 
is likely a consequence of preservation timing, with phosphatiza-
tion occurring early during post-mortem decay, while organically 
preserved elements experienced further decay that enabled displace-
ment before compaction. Discrete, transverse musculature is some-
times present as imprints in the mineralized tissues (Fig.  3 and 
figs. S1I, S3D, S8P). In one specimen, the association between the 
longitudinal and transverse muscles on both the dorsal and ventral 
side (Fig. 3, D and E) can be surmised due to muscle preservation by 
extensive phosphatization in the midbody in which the digestive 
tract can be seen as an impression, embedded within the two layers 
(Fig. 3, B and C). The uneven splitting of the rock in which portions 
of the mineralized material adhered to the counterpart reveals 

impressions of longitudinal muscles and underlying circular muscles 
from the opposite surface (Fig. 3E), demonstrating the presence of 
circular muscles on both sides.

The mineralized musculature is concentrated in the mid-body and 
varies in extent from a single mass (fig. S6) into a restricted set of 
bilateral arcuate structures, which appear to be due to confla-
tion with some other organ containing phosphate having this 
morphology (Figs. 2A and 5A and figs. S3, S4, and S8). Phosphati-
zation of anatomy is common in several taxa from Sirius Passet (22), 
and mostly mineralizes tissues enriched in phosphate in vivo, such 
as adenosine triphosphate (ATP)–rich musculature (24) or the diges-
tive systems of carnivorous taxa (25). Neither the nature of the 
arcuate lateral structures corresponds to the distribution of the 
more extensive musculature nor do they connect to the digestive 
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Fig. 5. Ventral ganglion comparisons and phylogenetic relationships. (A and B) T. koprii gen. et sp. nov. MGUH 34290 and an interpretative drawing highlighting the 
presence of a paired set of bilobed structures (arrowed), mineralized by phosphate interpreted as lateral neuron somata of a ventral ganglion. (C and D) A small undescribed 
chaetognath from Sirius Passet, MGUH 34299, preserving the ventral ganglion (arrowed) as paired phosphatized structures. See also fig. S10 for more details of this 
specimen and details of the grasping spines and additional specimens (figs. S10 and S11). Taphonomic model for preservation of the ventral ganglion is shown in fig. S9. 
(E to G) Confocal laser scanning microscope images of the extant chaetognath Sagitta sp. (E) Histochemical labeling of nuclei (blue) and α-tubulin (green). (F) Same view 
as in (E), with only immunolocalization nuclei (blue). (G) Magnified view of the ventral nerve center and the lateral neuron somata (arrowed) enriched in nuclei (blue). 
(H) Summary of phylogenetic analysis (fig. S13 for full analysis) placing T. koprii on the chaetognath stem. Schematic reconstructions at the tips indicate relative associa-
tion of the jaw apparatus, pedal ganglion in rotifers, and ventral ganglion.
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tract. They are therefore considered to be distinct organs that phos-
phatized in association with adjacent musculature, which is evident 
in some specimens where the arcuate mineralizations can be dis-
cerned from the musculature by a more featureless texture (fig. S8). 
The structures resemble the lateral neuron somata of the ventral 
ganglion of extant chaetognaths (Fig. 5, E to G) (19). This organ is 
composed of serially arranged neurons in which each cell nucleus 
is localized to the lateral somata (19, 20), apparent when 

immunohistochemically stained (for DNA) with bisbenzimide 
(0.5%, Hoechst H 33258) (Fig. 5, E to G). Its unique structure likely 
aided phosphatization. Cell nuclei contain DNA with a phosphate 
backbone and could therefore act as a source of phosphate for 
mineralization when concentrated enough in a tissue such as the 
lateral neuron somata observed here (fig. S9). This is additionally 
corroborated by a chaetognath from Sirius Passet with external 
grasping spines (Fig. 5, C and D, and figs. S10 and S11) shown here 
for the first time that more closely resembles members of the crown 
group. Many specimens preserve discrete phosphate mineraliza-
tions in their midbody, ranging from a decayed patch (fig. S11) into 
a set of discrete and paired mineralizations (Fig. 5C and fig. S10, A 
to D) similar to T. koprii. While previous studies have proposed that 
the pedal ganglion of rotifers is a potential homolog of the chae-
tognath ventral ganglion (13), similar small ganglia are also present 
in Gnathostomulida (26) and Gastrotricha (27), suggesting that they 
are widely distributed among early branching spiralians. These 
structures differ vastly in their relative size to that present in chaeto-
gnaths, and therefore, these massive nervous structures are restricted 
to members of the chaetognath total group.

Nervous systems typically preserve as carbon-rich reflective struc-
tures (28, 29). We note that the reflective structures labeled as “inde-
terminate organ” in some specimens of A. sagittiformis (11) conform 
in appearance and localization to the phosphatized lateral neuron 
somata observed in T. koprii (fig. S12), hence corroborating the iden-
tity of these structures as derived from the nervous system and 
having an affinity with chaetognaths.

DISCUSSION
Because of preservation of tissues as both reflective films and 
sclerotized structures with relief and through phosphate mineral-
ization, we can reconstruct the anatomical associations of fin rays, 
musculature, the digestive tract, internal jaw apparatus, and the ven-
tral ganglion (Fig. 4) in Timorebestia. Amiskwia shares this suite of 
body plan features with Timorebestia, and these taxa have a combi-
nation of characters that are not seen in any group of extant gnathif-
erans and are hereafter referred to as “amiskwiiforms.” The affinities 
of amiskwiiforms have been debated ever since Amiskwia was first 
described (18, 30, 31) and most recently in terms of their position 
within the Chaetognathifera (11, 12, 16). The unique preservation of 
a ventral ganglion with lateral neuron somata through phosphatiza-
tion present in both T. koprii and the more crownward chaetognath 
taxon from Sirius Passet described here offer further evidence im-
plying closer affinities of amiskwiids to the chaetognaths (Fig. 5H) 
than to other chaetognathiferan phyla (11). This is corroborated by 
our phylogenetic analysis (Fig. 5H and fig. S13), wherein Timorebe-
stia and Amiskwia are the deepest branches in the chaetognath total 
group. Amiskwiiforms represent a paraphyletic grade of stem-group 
chaetognaths with a mixture of derived and plesiomorphic traits. 
The internal jaw apparatus (pair of lateral elements joined by a sym-
physis and a median basal plate) resembles that of gnathostomulid 
gnathiferans (32), and hence can be surmised to have been the an-
cestral chaetognathiferan condition. The accessory pair of trans-
verse elements (Fig. 1F and fig. S2) resembles the uncus elements 
displayed in rotifers (33). Modern chaetognaths lack external trans-
verse/circular muscles (34), which is otherwise widely observed 
among several other spiralian phyla. Within the gnathiferan taxa, 
we see a tendency toward having fewer but stronger circular muscles 
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Fig. 6. Isoxys predation and evolution of food web tiering. (A to C) T. koprii gen 
et sp. nov. MGUH 34291, specimen with several specimens of the bivalved arthro-
pod Isoxys volucris in its gut. (A) Specimen photographed with reflective light. 
(B) Specimen photographed with low angle light illuminated from top left. (C) In-
terpretative drawing (color guide: green, gut; dark yellow, Isoxys specimens). 
(D) Schematic presentation of the preserved and inferred components of the pe-
lagic food web in Sirius Passet during the early Cambrian in comparison to modern 
pelagic food webs, highlighting the downward shift of arthropods and chaeto-
gnaths that took place during the Paleozoic as jawed vertebrates evolved to domi-
nate the upper tiers in the food chain.
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among Rotifera (35) and Micrognathozoa (36). In contrast, Gna-
thostomulida have numerous, but much thinner circular muscles 
(37–39), which is not unlike the condition observed in T. koprii 
(Fig.  3), suggesting that this represents a symplesiomorphic trait 
shared by gnathostomulids and amiskwiiforms. However, given that 
the non-chaetognath gnathiferan groups have undergone minia-
turization, the discovery of large-bodied stem-lineage fossils of 
these groups could further clarify the phylogeny, morphological 
evolution, and the sequence of character acquisition in chaeto-
gnathiferans in the future.

The size of the ventral ganglion in T. koprii gen. et sp. nov. (Fig. 5A 
and fig. S8) is noteworthy, as it is larger relative to the body than in 
living chaetognaths and the fossil taxon with grasping spines from 
Sirius Passet illustrated here (Fig.  5C and figs.  S10 and S11). The 
ventral ganglion in extant chaetognaths controls the locomotory 
musculature and integumentary sensory organs (19, 40). The large 
size of the ventral ganglion in T. koprii must therefore have facili-
tated an expanded locomotory apparatus, although we cannot 
comment on possible integumentary sense organs on the basis of 
the features preserved. The lateral fin apparatus in T. koprii is highly 
elaborated, resembling fish and coleoid cephalopods that propel 
themselves by oscillatory fin movements (modern chaetognaths 
propel themselves by flexing their body musculature). Such a fin 
apparatus may explain the need for a higher degree of discrete ner-
vous signaling, which the large ventral ganglion could have accom-
modated. Other invertebrates with a complex locomotory apparatus 
also control their movements with an elaborate post-cephalic gan-
glion. In decabrachiate cephalopods, the oscillatory fins are controlled 
by large stellate ganglia (41).

The extremely large body size offers key insights into the early 
evolutionary history of chaetognaths (fig. S14). A. sagittiformis has a 
maximum length of 3.5 cm (11), making T. koprii almost an order of 
magnitude larger. The large chaetognath Capinatator praetermissus 
Briggs and Caron, 2017 (42) from the Burgess Shale is ~10 cm long, 
similar to the largest living species (Pseudosagitta gazellae) (43), but 
only a third of the length of T. koprii. The body volume of T. koprii 
(~5.5 log mm3) places it in the top percentiles among contempora-
neous Cambrian pelagic species (44, 45). With their long antennae 
and complex swimming apparatus, they would likely have been agile 
pelagic macropredators. This is corroborated by the common 
occurrence of the pelagic, bivalved arthropod Isoxys volucris within 
the digestive tract of T. koprii (Fig. 6, A to C, and figs. S4E and S15).

While modern chaetognaths occupy a role as secondary con-
sumers feeding on zooplankton and small fish, the discovery of 
T. koprii demonstrates that chaetognaths had a stem lineage that in-
cluded taxa occupying a role higher in the food chain (Figs. 6D and 
7). It is noteworthy that chaetognaths are among the oldest pelagic 
predators, occurring as small shelly fossils (protoconodonts, e.g., 
Protohertzina) in the earliest Cambrian (lower parts of the Fortuni-
an, Terreneuvian), about 538 to 535 million years ago (9). Some pro-
toconodonts exhibit more diverse anatomies that depart from the 
condition observed in extant chaetognaths. Scoponodus (46) is a 
unique protoconodont that exhibits a flattened, triangular structure 
with denticles on one side and a long, projecting element (the bar) 
bearing some resemblance to the symphysis structure documented 
in T. koprii, although they are still anatomically distinct taxa. The 
early diversity and occurrence of chaetognaths in small shelly fossil 
assemblages most likely precedes the colonization of the water 
column by panarthropods (10), which seems to have taken place in 

the transition from the Cambrian Age 2 to 3 of the early Cambrian 
(~525 to 522 million years ago). Sirius Passet may therefore reveal 
a transition between two pelagic evolutionary realms. The inferred 
trophic displacement of the chaetognath total group could be a 
result of competitive transposition down the food chain, first by 
panarthropods. Subsequently, the evolution of jawed vertebrates 
(Fig.  6D) in the Silurian/Devonian displaced most other inverte-
brates down the food chain, except for the cephalopods. The discovery 
of Timorebestia may therefore document a window to a pelagic eco-
system that preceded the evolution of nektonic panarthropods—
typically encountered in Burgess Shale faunas from the Cambrian 
Series 2 and Miaolingian—in which large chaetognaths dominated 
the top of the food chain.

MATERIALS AND METHODS
Material studied
Thirteen specimens of Timorebestia gen. nov. were included in this 
study along with five specimens of a currently undescribed chaeto-
gnath. While one specimen of T. koprii (MGUH 34289; Fig. 2F) is 
preserved in lateral view, all other specimens are in dorso-ventral 
aspect. Apart from the three-dimensional mineralization in some 
specimens of the lateral somata in the ventral ganglion and neigh-
boring muscles, fossils are usually preserved as thin reflective films, 
with some relief defining the sclerotized jaw elements and the out-
line of the gut. All specimens are deposited in the Geological 
Museum, Natural History Museum of Denmark, University of 
Copenhagen, prefixed with MGUH. Specimens were cleaned with 
water and detergents. Some specimens were furthermore cleaned 
with dilute hydrochloric acid to remove rust on the surface. Mechani-
cal preparation of the fossils was done with an AUTOMEL Electric 
Engraver (Dong Yang Electric Co.).

Methods
Image acquisition
The fossils were photographed in the laboratory, submerged in 
water, with a Canon EOS 6D using a Canon EF 100 mm f/2.8L IS 
USM macro lens. High-angle polarized lighting was used to obtain 
reflectivity; low-angle (close to horizontal) lighting was used from 
various orientations to enhance recognition of the low relief of the 
fossil structure. Specimens were also photographed with low angle 
lighting dry after having been coated with sublimated magnesium 
oxide. Images were cropped, adjusted, and enhanced in Adobe Pho-
toshop CS6. The raw images for polynomial texture mapping (PTM) 
images were acquired using a system (crafted by J. Jung at KOPRI) 
with lighting from 50 different directions and a Canon EOS 60D 
equipped with a Canon EF 100 mm f/2.8 USM macro lens. The 
50 images were taken for each white-coated specimen, which were 
converted into a PTM format file. The PTM file was then run in 
RTI Viewer software, which is freely downloadable at http://
culturalheritageimaging.org/What_We_Offer/Downloads/, to 
acquire enhanced surface details of the fossils.
X-ray elemental mapping
Fossils were gold-coated using a Cressington 108 Auto sputter 
coater with 10 mA for 70 s. X-ray elemental maps for C, Na, Mg, Al, 
P, S, Cl, K, Ca, Ti, and Fe were obtained using the JEOL JXA-8530F 
field emission EPMA at KOPRI, equipped with five wavelength-
dispersive x-ray spectrometers (WDS) and an energy-dispersive 
x-ray spectrometer (EDS). We used an acceleration voltage of 20 kV, 

http://culturalheritageimaging.org/What_We_Offer/Downloads/
http://culturalheritageimaging.org/What_We_Offer/Downloads/
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beam current of 200 nA, beam size of 10 to 25 μm, dwell time of 
10 to 25 ms, and step size of 15 to 30 μm. WDS and EDS x-ray 
elemental maps and secondary electron (SE) and backscattered 
electron (BSE) images were simultaneously obtained via stage 
mapping. Raw data of x-ray elemental maps and SE and BSE images 
were imported and processed for brightness and contrast by 
ImageJ. Three x-ray maps of interest were chosen to make a red-
green-blue false color map using ImageJ. Some large specimens 
were split up due to the size limitation of the EPMA sample stage 
(90  ×  100 mm); a deep groove was made in the back side of the 
specimen with a fine diamond saw and subsequently cleaved into 
two pieces. The elemental maps for each specimen piece were 
acquired separately and then merged in Adobe Photoshop CS6.
Immunohistochemical staining
For confocal laser scanning microscope (CLSM) imaging of the 
extant chaetognath, Sagitta sp. was collected in the Southern Sea of 
Korea in November 2018 by the KOPRI paleontology team using a 
plankton net with a mesh size of 100 μm. Specimens were killed and 
fixed in a 4% formaldehyde solution in artificial seawater with a sa-
linity of 30‰. Nine specimens were preserved at room temperature 
using 4% paraformaldehyde solution in a phosphate buffer (PB: 
0.1 M, pH 7.4) for a duration of 4 hours. Immunohistochemistry 
was performed on whole mounts of adult specimens using primary 
and fluorochrome-conjugated secondary antibodies, following 
standard protocols (40). Subsequently, the specimens underwent 
multiple rinses in phosphate-buffered saline (PBS), followed by pre-
incubation in PBS-TX (containing 1% normal goat serum, 0.3% 
Triton X-100, and 0.05% Na-azide) for 1 hour. Afterward, they were 
incubated in the primary anti–α-tubulin antibody (mouse mono-
clonal; Sigma) diluted at a 1:2000 ratio in PBS-TX at room tempera-
ture for 12 hours. The specimens were rinsed again for at least 
2 hours in multiple changes of PBS and were then incubated with 
secondary antibodies targeting mouse proteins conjugated to the 
fluorochrome Cy3 (diluted at 1:500; Jackson ImmunoResearch) for 

over 4 hours. During the secondary antibody incubations, the 
specimens were stained with the nuclear dye bisbenzimide (0.5%, 
Hoechst H 33258) and underwent 2-hour rinsing process in multi-
ple changes of PBS. To minimize autofluorescence, an autofluores-
cence quenching kit called TrueVIEW (from Vector Lab, a part of 
Maravai Life Sciences, USA) was used, and the specimens were 
mounted in Gelmount (Biømeda, USA). Digital images were 
captured using a Zeiss Axio Imager Z2 fluorescence microscope 
equipped with a digital camera Axiocam 305 color controlled by 
Zenblue V 2.5 (Zeiss). The specimens were scanned using Zeiss 
LSM 800 Confocal Laser Scanning Microscope at KOPRI. The 
images were generated by stitching together 14 images in the 
panorama module (Zeiss) to ensure equal optical sections.
Trophic chain
To compare the trophic levels and the position of T. koprii in the 
early Cambrian pelagic system, we identified key pelagic taxa known 
from the Sirius Passet locality and evaluated their trophic level 
based on either preserved food content (e.g., Isoxys specimens in 
T. koprii) or the functional morphology of feeding structures [e.g., 
grasping/frontal appendage pincer grasp diameter (47) and gnathobase 
spacing]. The diagram includes an amplectobeluid and a vertebrate-
like chordate, which is known from a small number of specimens 
in Sirius Passet but remains undescribed. These taxa are known 
from other early Cambrian sites as well, such as Chengjiang 
in China.
Phylogenetic analysis
See the Supplementary Materials for details of the phylogenetic 
dataset, characters, and character scores. Phylogenetic analyses 
were performed in MrBayes 3.2.7 (48). Analyses used the mkinf + 
gamma model (correction for scoring only parsimony informa-
tive and rate variation among characters modeled as a gamma 
distribution). One million generations were requested, and 
analyses were automatically stopped when the average SD of split 
frequencies was below 0.01. Convergence was assessed using 
effective sample size (ESS) (>200) and potential scale reduc-
tion factor (PRSF) (~1.0) values for each parameter. Two sepa-
rate analyses were performed. The first included all taxa, while 
the second excluded the currently unnamed chaetognath from 
Sirius Passet.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S15
Legends for data S1 and S2
Legend for movie S1
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