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Supplementary Materials: 

Material and Methods: 

Immunostainings 

We developed a protocol for Platynereis immunostainings using the Zamboni fixative (37). 

Embryos were fixed either 40 (3 dpf embryos) or 50 minutes (5 days) in cold (4°C) Zamboni 

fixative (for 20mL: 14.2mL Na2HPO4 0.2M, 4 mL NaH2PO4 0.2M, 1.3% picric acid, 2.5% 

paraformaldehyde) at room temperature, washed 5 times in PBS and digested for 1 minute with 

100 µg/mL Proteinase K (Merck). Embryos were then washed twice with glycine (2 mg/mL) in 

PBS, postfixed in Zamboni fixative for 20 minutes at room temperature (25°C), washed 5 times 

15 minutes in PBS 0.1% Triton (PBST), blocked 1 hour at room temperature in PBST 5% sheep 

serum or Roche Blocking Reagent, incubated overnight at 4°C in the primary antibody, washed 5 

times in PBST, blocked 1 hour at room temperature and incubated overnight at 4°C in the 

secondary antibody. Embryos were washed 5 times 15 minutes in PBST and gradually 

transferred into 80% glycerol DABCO 20% PBS for mounting and imaging. Primary antibodies 

were: rabbit anti-β-catenin (38) (gift of Pierre McCrea, University of Texas), rabbit anti-β-

tubulin (gift of Renate Renkawitz-Pohl, Marburg University), and mouse anti-acetylated tubulin 

(Sigma T9028 1:250). Secondary antibodies were: Dylight  488 anti-rabbit Jackson Laboratories, 

1:500 and Dylight 549 anti-mouse (Jackson Laboratories, 1:500). DAPI (1:1000), FM 4-64FX

(Invitrogen, 2 μg/mL) and rhodamin-phalloidin (Molecular Probes, 1:500) were used in some 

stainings in combination with secondary antibodies. Quantification of the fluorescent β-catenin 
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staining was performed with ImageJ, with DAPI as a counterstain to define the position of the 

nuclei. 

Cloning of Platynereis genes 

The following primers were used for cloning Platynereis genes using a mixed stages Platynereis 

cDNA library (obtained from 1, 2, 3, 5, 6, 10, and 14-days old larvae) and either the HotStart 

Taq Polymerase from Qiagen or the Phusion polymerase from New England BioLabs (for GC-

rich primers). 

Gene 

name	  

Forward primer	   Reverse primer	  

ColA2	   GCTCGAGACAACCCTGCTCGCA TCAACTGAAACACACAGGACCGAT 

FoxD	   ACAGAGACTGTGTCATTTCCGTCAC CTGGGAGGTTTAGAGTCAGAATTGC 

Mox	   ATGGCCACGCAGAATGGGGGATTGG TCCTTTGCCATCTGGGCCCCCT 

Lamα4	   ATGTCAGATGACAGTGGAGGAGC ATAGAGTGGGTCGTTAGTGTCTG 

ColA1	   GTGTACCTGGTCTCCAGGGTATGAA CTGCGCTTGATATCACAGTGAACTT 

Twist was cloned by RACE-PCR, using the following forward and reverse RACE (FW1 and R1) 

and nested (FW2 and R2) primers: 

FW1	   FW2 R1	   R2	  

Twist	   TCGTGAACGGCAAA GAAAGATCATCCCC GTAACTGCAGGACGG TGCCACTAAAGAAGC
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GGACGCAATCG ACCCTCCCATC GGGAATGAGC GTCGTCGGTC 

The following genes were retrieved from an EST collection: actin, mhc1-4, mhc11, tropomyosin. 

Other genes were published earlier: netrin (4), foxA (39), bra (9), slit (4), noggin (40) and 

hedgehog (41). Orthology of novel genes was checked by molecular phylogeny (Figure S15). 

SiMView light-sheet microscopy imaging 

An in vivo time-lapse recording of a histone-eGFP labelled Platynereis embryo was acquired 

with SiMView light-sheet microscopy (6). The zygote was injected with 185 ng/μl H2B-eGFP 

mRNA and imaged in 100-second intervals. A movie showing maximum-intensity projections of 

a 30 µm slice of the embryo with manual labeling and tracking of the axochord cells was 

produced in Imaris. 

Whole-mount in situ hybridizations 

In situ hybridizations were performed as described (42) with the following modifications: larvae 

were not relaxed (by transfer into 3.75% MgCl2 seawater) before fixation, as relaxation was 

found to decrease muscle expression of some genes (foxA, brachyury, hedgehog), consistently 

with the observation that, in vertebrates, gene expression in myocytes is dynamically controlled 

by contractions (43). Immediately after digestion with proteinase K, embryos were acetylated by 

5 minutes incubation in 1% triethanolamine, followed by 5 minutes incubation in 1% 

triethanolamine 0.2% acetic anhydride and by 5 minutes incubation in 1% triethanolamine 0.4% 

acetic anhydride. Acetylation was found to decrease unspecific binding of the anti-digoxigenin 
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antibody. 

Laser ablations and photoconversion 

For both ablation and photoconversion experiments, larvae were briefly (5 minutes) transferred 

before mounting into 3.75% MgCl2 filtered natural seawater to inhibit muscle contraction (by 

competitive inhibition of Ca2+ by Mg2+). Larvae were then mounted in 3.75% MgCl2 filtered 

natural sea water, on slides previously coated with 0.5 mg/mL poly-D-lysine in distilled water 

(P6407 Sigma Aldrich). Poly-D-lysine coating creates an adhesive surface that prevents 

movements by ciliary beating. Mounted larvae are thus unable to move using either muscles or 

cilia and are amenable to confocal imaging. Laser ablations were performed using 

subnanosecond pulses of a 532 nm laser coupled to an Olympus FluoView 1000 inverted 

confocal microscope. Animals were either co-injected with mYFP and H2A-mCherry or soaked 

for 12 hours in 2 µM FM 4-64FX (Invitrogen) for live imaging during ablation. kikGR mRNA 

was synthesized from a kikGR-encoding pCS1+ plasmid construct (gift from Atsushi Miyawaki, 

Riken Centre, Kobe, Japan) using the SP6 mMachine Ambion kit. kikGR photoconversion was 

performed with pulses of a 405 nm laser at 3% intensity on a Zeiss LSM780 inverted confocal 

microscope equipped with a photobleaching module. Only kikGR was sufficiently stable for 

lineage tracking over several days, in contrast to other photoconvertible proteins (Kaede and 

mEOS). 

Microinjection 
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An agarose stage with a high wall and low wall separated by a 1 mm-wide groove was prepared 

out of 2% agarose in filtered natural sea water (FNSW) using a microscopy slide and a custom 

made mold (similar dimensions as the microscopy slide but with a 0.3 mm x 1 mm step on one 

side). The mold was placed on top of the slide with the step facing down. Liquid 2% agarose was 

poured next to the slide so that it flows under the mold and polymerizes into a stage of the 

required shape. After the agarose solidified, the mold was removed, the stage was cut out and 

placed in the lid of a small Nunclon Surface petri dish. Small scratches in the low wall of the 

stage, perpendicular to the groove, were manually prepared with a BD Microlance 3 needle 

under the injection microscope (Zeiss Axiovert 40C inverted microscope, equipped with a 

micromanipulator and an Eppendorf Femtojet microinjector). Such scratches were found to 

facilitate needle removal from the eggs after microinjection. The dish was filled with FNSW. 55 

min after fertilization the jelly envelope was removed from the zygotes by rinsing them through 

a net with natural seawater. Then the zygotes were digested for 30 sec with Proteinase K (46 

μg/ml) and washed with natural seawater. Digested zygotes were placed in the groove on the 

agarose stage. The needles used for Platynereis are pooled from glass capillaries (borosilicate 

thin wall with filament, 1.0 mm outer diameter, 0.78 mm inner diameter, Harvard apparatus) 

using a Sutter needle pooler (with the following parameters: heat 515, pull 025, velocity 120, 

time 120). During injection, the prepared scratches in the low wall of the agarose stage were used 

to pull the needle back out of the zygotes. Once the zygotes started cleaving, they were collected 

into Thermo Scientific 6-well plates (<100 larvae per well in 5 mL FNSW), wrapped into 

aluminium foil to prevent photobleaching of fluorescent constructs and kept at 18°C. 

Transmission electron microscopy 
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Samples were cryofixed using high pressure freezer HPM-010 at EMBL EM core facility. The 

freeze substitution was done with 0.2% uranyl acetate, 0.5% osmium, 0.25% glutaraldehyde, 3% 

water in dehydrated acetone. The following program was used: 

Reagent	   Time	   Temperature	  
FS solution	   24h or longer	   -90ºC	  
FS solution	   12h	   -90 ºC  -> -30 ºC 

(5ºC/h)	  
FS solution	   3h	   -30 ºC	  

Acetone 100%	   3 x 10 min	   -30 ºC	  
Epon:Acetone  1:2	   1h	   -30 ºC	  
Epon:Acetone 1:1	   1h	   -30 ºC	  
Epon:Acetone 1:2	   2h	   On ice	  

Epon pure	   1h	   On ice	  
Epon pure	   Overnight Room temperature 
Epon pure	   1h	   Room temperature 

polymerisation	   48h	   60 ºC	  

The samples were then embedded in moulds, or between Aklar sheets and left in a 60 °C 

incubator for at least 48 h. Serial sectioning was done with Ultracut (Leica) microtome, 

producing 70 nm sections. After contrasting with uranyl acetate the sections were imaged on 

Biotwin CM120 electron microscope. 

Vibrotome sections of Platynereis adults 

Cross-sections of adult Platynereis for Scanning Electron Microscopy observation were 

produced with a vibrotome. The adults were fixed in Zamboni fixative with 2% of PFA, 

overnight at 4°C, and then washed 5x5 minutes with PBS. The animals were then embedded in 

3% low melting agarose in PBS using a 24 well plate. When the gel was polymerized a squared 

block of agarose containing the specimens was cut out and glued on the vibrotome holder. The 

vibrotome chamber was filled with cold PBS. The parameters used for the sections were: 300 µm 
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(size), 1.40 mm (amplitude), 50mm/s at (speed) to cut the excess of agarose and then 26mm/s to 

cut samples. 

Scanning electron microscopy 

Animals were fixed in Zamboni fixative (see Immunostainings section), dehydrated with a series 

of washes from 20% to 100% acetone and critical point dried in a Leica CPD300 in the Core 

Facility of Electron Microscopy (Bioquant, University of Heidelberg). The samples were 

manually put on a SEM holder and the skin was manually removed using tweezers. The 

specimens were contrasted with gold (10 nm) with a Leica EM MED020 and imaged with a EM 

LEO1530 using the SE2 detector. 

Azakenpaullone treatments 

Treated Platynereis larvae and the corresponding controls were raised at 18°C in 6 well-plates 

(Thermo Scientific Nunclon), with about 50 larvae per plate in 5 mL FNSW. Azakenpaullone 

stocks were kept in DMSO at -20°C. Controls were treated with an equivalent quantity of 

DMSO. Azakenpaullone treatments were performed from 24 hpf to 48 hpf, at either 2 µM or 

5 µM in accordance with the concentrations determined to yield specific phenotypes in 

previously published studies (44). 

Clustering analysis 

Expression data on the vertebrate structures were compiled from the following resources: ZFIN 

for zebrafish (http://zfin.org/), Mouse Genetics Institute for mouse 

(http://www.informatics.jax.org/expression.shtml), GEISHA for chicken 
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(http://geisha.arizona.edu/geisha/), XenBase for xenopus (http://www.xenbase.org/common/), 

ANISEED for Ciona intestinalis (http://www.aniseed.cnrs.fr/) and gathered from the literature 

for amphioxus. Clustering analysis of the molecular profiles was performed using MrBayes 

version 3.2.1 and was run for 1,000,000 generations (until average deviation of split frequencies 

< 1%) and with constraint of monophyly of Chordates (for floor plate and hypochord), 

monophyly of Olfactores (for notochord and floor plate) and monophyly of Vertebrates (for 

notochord, floor plate and hypochord).  
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Figure S1. Elongation and narrowing of individual cells contribute to convergence and 

extension of the axochord. (A-L) z projections of confocal stacks of fixed Platynereis larvae 

stained with FM dyes and DAPI. Membranes are in red and nuclei in blue. Cellular outlines in 

white stippled lines. Note that the axochord cells are visible as dark shades over the brightly 

stained neuropil of the nerve cord. (A-D) Longitudinal sections at the z-level of the axochord 

showing whole body of the larvae. White dashed line: foregut. (E-H) Close-up on the area in the 

white dashed square, showing selected axochord nuclei. Arrowhead: nucleus of the axochord cell 

chosen as example to illustrate the measurements (see I-L). (I-L) Same optical sections of the 

same individuals as E-H, showing membrane signal. Arrowhead: axochord cell chosen as 

example to illustrate the measurements. Each axochordal cell was measured in its longest 

dimension along the anteroposterior (orange) and mediolateral (blue) axes. (M) Change in cell 

elongation ratio from 2 dpf to 5 dpf. Cell elongation ratio is defined as (anteroposterior 

dimension)/(mediolateral dimension). All differences between a time point and the following 

were significant by Student’s t-test (p<0.05), apart from the 4/5 dpf comparison (p=0.11). 5 dpf 

significantly differs from both 3 dpf (p=0.0007) and 10 dpf (see below), which confirms the 

overall trend. Cells simultaneously become longer and narrower (mediolateral dimension: 

12.3±3.4 µm at 2 dpf versus 3.7±1.0 µm at 5 dpf, Student’s t-test p=0.0003; while sectional area 

does not significantly change: 44.4±16.0 µm2 versus 39.2±11.1 µm2, Mann-Whitney’s exact test 

p=0.56). (N) Same as in M, but showing timecourse until 10 dpf. Between 5 and 10 dpf, the 

axochord nuclei sink deeply into the tissue, leaving between the commissures only thin and 

elongated fibres, to which oblique muscles are connected. As the measurements were taken at the 

level of these more superficial fibres, it results in a very high elongation ratio at 10 dpf, which 

masks the variation from 2 to 5 dpf. Student’s t-test p=0.0007 for the 5/10 dpf comparison. 
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Directed migration Mediolateral 
intercalation 

Cell elongation Bipolar to unipolar 
cell shape change 

Frogs X √ (45–48) ? √ (45)

‘Boundary capture’ at 
the axial/paraxial 

mesoderm boundary 
Teleosts √ 

‘Dorsal convergence’:  results 
first in convergence without 
extension (shield formation) 

(49) then in convergence-
extension. (7, 49) 

√ 

At the dorsal midline 
after dorsal convergence, 
results in convergence-

extension. 
(7, 49, 50)

√ ?

In ntl mutants, notochord cell 
elongation drives extension 
without convergence (radial 
thinning). Assumed to exist 
also in wild-type fish. (50) 

? (7) 

Ascidians X (51) √ (51, 52) √ (51, 52)

After mediolateral 
intercalation. Extension by cell 

lengthening and narrowing 

? 

Amphioxus 

NB: convergence by 
an amphioxus-

specific mechanism 
of groove formation 

(53) 

X? (53) √ ? (53)

‘Interdigitation’ reported 
by Conklin 

√ ? (53)

‘Cell growth’ contributing to 
notochord elongation reported 

by Conklin 

? (53) 

Platynereis √ 

‘Ventral convergence’ similar 
to fish ‘dorsal convergence’ 

√ 

At the ventral midline 
after ventral 
convergence. 

√ 

After ventral convergence 

X? 

24 hpf: isotropic 
ColA1 mRNA 

distribution (Fig. 2A) 
48 hpf: unipolar 
ColA1 mRNA 

accumulation towards 
the midline (Fig. 2B). 

No bipolar 
configuration 

observed. 

Table S1. Mechanisms underlying axial mesoderm convergence and extension in annelids 
and chordates 
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Figure S2. Lineage tracing of the neural midline and of the axochord. All images are z-

projections of confocal stacks. (A) Ventro-posterior view of a live Platynereis larva at around 

34 h injected with mRNA for mYFP (membrane, green) and kikGR (cytoplasmic, green). The 

yellow dashed line outlines the photoconverted area (white arrow). (B) Same individual after 

photoconversion of the superficial midline (photoconverted cells are red, white arrow). (C) 

Ventral view of the same individual after 3 dpf of development showing red labeling in the 

neuronal midline (nm). (D) A deeper view showing no labeling in the axochord (ach, dashed 

white line). (E) Posterior view (ventral side up) of a live Platynereis larva at around 24 h injected 

as in A. Yellow dashed line outlines the photoconverted area (white arrow). a: anus, s: 

stomodeum. (F) Same individual after photoconversion of the left mesodermal band 

(photoconverted cells are red, white arrow). (G) Ventral view of the same individual after 3 dpf 

of development showing red labeling in the axochord (ach, dashed white line; inspection of the 

entire confocal stack confirms identification as axochord cells), the ventral oblique muscles 

(vom) and the ventral longitudinal muscles (vlm). During photoconversion of the deep 

mesodermal bands, a few overlying neuroectodermal cells are unavoidably photoconverted as a 

side effect (white asterisk).  In C, D and G a white dashed circle outlines the stomodeum. 
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Figure S3. Single WMISH allows identification and expression profiling of individual 

axochord cells. All panels are z-projections of confocal stacks, ventral view, anterior up. DAPI 

is in blue and WMISH signal is in red (apart from panels B to D). (A) 5 dpf larva stained for 

colA1 expression. (B) Close-up on the axochord nuclei of the second segment of a 5 dpf larva. 

Phalloidin signal in red indicates axochord myofibers and shows the muscular nature of 

axochordal cells. (B’) Same as panel B with DAPI signal only. (C) Explanatory schematic of 

panel B. (D-O’) Close-up on the axochord nuclei of the second segment of 3 dpf or 5 dpf 

animals, showing expression of notochordal genes. WMISH signal is red, DAPI is blue. cg or 

asterisks: central ganglia, white arrows: axochord nuclei (1-4: nuclei of the third attachment 

point, 1is: one intrasegmental nucleus - see Fig. S3), nm: neural midline, green arrows: nuclei of 

the ventral oblique muscles. (C) schematic drawing showing the position of the four axochord 

nuclei of the third attachment point with the myofibers of the axochord and of the ventral oblique 

muscles (pink). Panels B’, D’, I, N’ and O’ are the same views as panel B, D, H, N and O but 

with DAPI signal only.  
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Figure S4: Distinct axochord cell complements, with specific molecular profiles, at different 

axial levels. All panels apart from G and S are projections of confocal stacks. In A to F’, 

phalloidin is pink, DAPI is blue. (A) muscular system of a 5 dpf larva, showing the axochord

(white dashed line), the attached oblique muscles (om) and the central ganglia (cg). Ventral view, 

anterior is up. Similar to other muscle cells, axochord nuclei are larger than those of the neural 

cells and elongated in the direction of their myofibers, parallel to the anteroposterior axis. Note 

that due to the contractility of the axochord (Figure 3B,C), the position and shape of the 

intrasegmental nuclei can vary between individuals, while the one of attachment points is much 

more stable. The different subregions of the axochord are labelled on the right next to their axial 

position. (B-F) (respectively B’-F’), morphology of the axochordal nuclei with the

corresponding myofibers (respectively of the axochordal nuclei only), for each subset of 

axochordal cells. In C and D, the dashed box outlines the segment shown in Figure 2. (G)

schematic drawing of axochord and oblique muscles. (H-R) (respectively H'-O') z-projections of

confocal stacks used for axochord expression profiling of 3 dpf (respectively 5 dpf) larvae. 

WMISH signal is in red, DAPI is in blue. All panels are ventral views, anterior side up. Dashed 

white circle is the stomodeum, dashed white line is the axochord. 1ap: first attachment point. 

2ap: second attachment point. 3ap: third attachment point. 4ap: fourth attachment point. The 

expression signal within the white dashed line represents axochord expression only (as assessed 

by detailed examination of the nuclei in each of the planes of the z-stack, following the criteria 

detailed in Fig. 2 and panels A-I in this figure). Note that due do the curved shape of the 

axochord (depending on its contraction state), axochord nuclei were sometimes located in 

different planes of the same z-stack and required to combine projections of distinct planes in one 

given picture to show the full complement of axochord nuclei (in B-F and in I, K, Q and R). S, 

detailed expression profile of each complement of axochord cells at 3 dpf and 5 dpf. A. point: 

attachment point, CS a. point: cryptic segment attachment point, intras. area: intrasegmental 

area. Green: gene expression detected via WMISH, red: gene expression not detected.  
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Figure S5. Platynereis expression pattern of notochord markers observed in DIC optics. A-

J, ventral views of Platynereis larvae observed in DIC optics with NBT/BCIP blue precipitate 

indicating gene expression. In all panels, anterior is up, red arrows indicate expression in midline 

cells, dashed circle indicates the mouth, asterisk indicates foregut expression. 
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Amphioxus Zebrafish Xenopus Chicken Mouse 
Brachyury Expression: 

Holland et 
al. (54); 
Terazawa & 
Satoh (55) 

Expression: 
Schulte-
Merker et 
al. (56) 4-42 
hpf 
Function: 
required for 
notochord 
formation 
(56) 

Expression: 
Smith et al. 
(57) 
Function: 
required for 
notochord 
formation 
(58) 

Expression: 
Kispert et al. 
(59) 
HH4-HH25 

Expression: 
Wilkinson et al. 
(60) E7.5- E12.5 
Function: 
required for 
notochord 
formation (60) 

FoxA Expression:  
Terazawa & 
Satoh (55); 
Shimeld (62) 

Expression: 
Odenthal & 
Nüsslein-
Volhard (62) 
10.33-16 hpf 

Expression: 
Dirksen & 
Jamrich (63) 
(xfkh1) 

Expression: 
GEISHA 
(64) HH4-
HH17 

Expression: Ding 
et al. (65) E8-
E12.5 
Function: 
required for 
notochord 
formation (66) 

Twist Expression: 
Yasui et al. 
(67) 

Expression: 
Germanguz 
et al. (68) 6- 
60 hpf 

Expression: 
Hopwood et 
al. (69) 
Function: 
required for 
Chordin 
expression 
(70) 

Expression: 
Scaal et al. 
(71) 
(cDermo-1) 
HH7-HH10 

Expression: Li et 
al. (72) E9 

FoxD Expression: 
Yu et al. (73) 

Expression: 
Dutta & 
Dawid (74) 
(foxd3) 
10.33-11.66 
hpf 

Expression: 
Sölter et al. 
(75) (xfd12’) 
Function: 
required for 
notochord 
formation 
(76) 

Expression: 
Khudyakov 
& Bronner-
Fraser (77) 
(foxd3) 
HH4-HH10 

Expression: 
Saaki & Hogan 
(78), Tamplin et 
al. (79) (foxd1, 
foxd2) 
E8.5-E9 

SoxD Expression: 
Meulemans 
& Bronner-
Fraser (80) 

Expression: 
unreported 
in the 
notochord 
(sox13 
expression 
unknown) 

Expression: 
unreported 
in the 
notochord 
(sox6 and 
sox13 
expression 
unknown) 

Expression: 
GEISHA 
(64) (Sox6) 
HH7-HH18 

Expression: 
Smits & Lefebvre 
(81) (Sox5, Sox6) 
E11.5-E15.5 
Function: 
required for 
notochordal 
sheath formation 
(81) 



18 

SoxE Expression: 
unreported 
in the 
notochord 

Expression: 
Li et al (82) 
– 18 hpf
(sox9b) 

Expression: 
Lee & Saint-
Jannet (83) 

Expression: 
McKeown 
et al. (84) 
HH7-HH18 

Expression: Ng 
et al. (85) E8.5-
E12.5 
Function: 
required for 
notochord 
maintenance 

Slit Expression: 
unknown 

Expression: 
Thisse & 
Thisse (86) 
10.33-42 hpf 

Expression: 
Chen et al. 
(87) 

Expression: 
Holmes & 
Niswander 
(88) (slit2, 
slit3) HH7-
HH24 

Expression: 
Holmes et al. (89) 
E8.5-E13.5 
Function: 
Midline 
expression 
required for 
commissure 
formation 
(90) 

Netrin Expression: 
Shimeld (91) 

Expression: 
Park et al. 
(92) 11-96 
hpf 

Expression: 
unreported 
in the 
notochord 

Expression: 
Kennedy et 
al. (93) 
HH7-HH10 
Function:  
commissure 
formation 
(93) 

Expression: 
unreported in the 
notochord 

Hedgehog Expression: 
Shimeld (94) 

Expression: 
Krauss et al. 
(95) 6-60 
hpf 

Expression: 
Ekker et al. 
(96) 

Expression: 
Marti et al. 
(97) HH4-
HH30 

Expression: 
Echelard et al. 
(98) E7.75-E13.5 
Function: neural 
tube patterning 
(99) and 
commissure 
formation (100) 

Noggin Expression: 
unknown 

Expression: 
Fürthauer et 
al.(101) 
10-60 hpf 

Expression: 
Smith & 
Harland 
(102) 

Expression: 
GEISHA(64) 
HH4-HH17 

Expression: 
McMahon et al. 
(103) E8-E10.5 
Function: neural 
tube patterning 
(103) 

ColA Expression: 
Meulemans 
& Bronner-
Fraser (80) 

Expression: 
Yan et al. 
(104) 10-60 
hpf 

Expression: 
Su et al. 

(105) 

Expression: 
Bendall et al. 
(106),Kosher 
et al. (107) 
HH14-
HH44 

Expression: 
Wood et al. 
(108) E9-E13.5 
Function: inter-
vertebral discs 
formation (109) 

Coexpressed All markers All markers All markers 
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apart from 
SoxE: 11-
11.66 hpf 

apart from 
ColA: HH7-
HH10 
(ColA not 
investigated 
in this range) 

apart from 
SoxD: E9 

Functional categories: 
Notochord specification 
Notochord differentiation and structure 
Signaling 

Table S2. Expression of the notochord markers over five chordate model species. 

Coexpression for zebrafish, chicken and mouse was determined according to data from the 

Zebrafish International Resource Center (http://zfin.org), Gallus Expression In Situ 

Hybridization Analysis (http://geisha.arizona.edu) and Mouse Genetics Informatics 

(http://www.informatics.jax.org). Not assessed for xenopus and amphioxus due to the absence of 

centralized databases associating expression sites with systematic staging. 
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Figure S6. Molecular profile of the neural midline of the Platynereis larva. All images are z-

projections of confocal stacks, ventral surface views, anterior side up. A-D: 5days, E: 72hpf. 

WMISH signal is shown in red, tyrosinated tubulin in green and DAPI in blue. (A) FoxD, (B) 

FoxA, (C) Netrin, (D) Slit, (E) Noggin. Dashed white circle indicates the mouth. 
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Figure S7. Clustering analysis of molecular profiles of mesodermal midline structures in 

Platynereis and chordates. (A) Clustering analysis of the molecular profiles of mesodermal

midline structures in annelids and chordates using MrBayes (see Material and Methods), with 

neural midlines used collectively as an outgroup, identifies the Platynereis neural midline as 

most closely related to the floor plate with a posterior probability of 0.70 and the axochord as 

most closely related to the chordate notochord group with a posterior probability of 0.81. (B)

Molecular profile of the midline structures analyzed. All Platynereis expression patterns refer to 

the same stage (72 hpf). 
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Figure S8. Wnt/β-catenin signaling controls cell sorting and cell identity at the 

axochord/paraxial mesoderm boundary. (A) Ventral view of paraxis+ (red) paraxial 

mesoderm cells (fated to become the ventral oblique muscles), lateral to the axochord, in a 48 h 

wild-type Platynereis larva. White arrows indicate paraxis-negative axochord cells. (B) Ventral 

view of colA1+ ( WMISH is blue) medial axochord cells in a 48 h wild-type Platynereis larva. 

(C) Immunofluorescence, ventral view of β-catenin immunostainings (yellow) of a 48 h larva, 

revealing a high level of β-catenin nuclear translocation in paraxial mesoderm cells (red arrows), 

but not in axochord cells (white arrows, ach). (D) Quantification of the fluorescent β-catenin 

signal of panel C in the nuclei of the axochord and of paraxial mesoderm (arbitrary units, p<0.05 

by Mann-Whitney’s exact test). (E) Ventral view of a 48 h Platynereis larva treated with 2 µM 

azakenpaullone showing paraxis expression in the entire mesodermal bands. The lack of 

mesodermal paraxis-negative cells was confirmed by inspection of all confocal z-stacks, 

demonstrating that the paraxis expression pattern includes the non-converged colA+ axochord 

precursors. (F) Ventral view of a 48 h Platynereis larva treated with 2 µM 1-azakenpaullone 

(Aza) showing that ColA1+ axochord precursors keep a lateral position and stay embedded in the 

paraxial mesoderm. (G) Schematic drawing showing the conversion of axochordal cells towards 

a paraxial fate and position upon ectopic β-catenin nuclear translocation. (H) Quantification of 

the convergence default of axochord cells in 1-azakenpaullone-treated larvae. Student’s t-test p-

value is 3.8*10-5 (respectively 8.77*10-5) for controls versus 2 µm (respectively 5 µm) 1-

azakenpaullone-treated individuals. A, C and E are z-projections of confocal stacks, DAPI is in 

blue. 
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Figure S9. The axochord is a muscle, as shown by live imaging of contractions and 

expression of muscle markers, and expresses colA2, laminin α4 and mox. All images are z-

projection of confocal stacks, ventral views. WMISH signal is shown in red in A, B, C, H, in 

yellow in D, and DAPI is blue. Axochord is indicated with a white dashed line, ventral oblique 

muscles with an asterisk and ventral longitudinal muscles with white arrowheads. (A) ColA2. (B) 

Lam-α4 (laminin α4). (C) Actin. (D) double WMISH of mhc1-4 and tropM (tropomyosin) (co-

localization shown in yellow). (E-G) Snapshots of a confocal time lapse movie (Supplementary 

Movie 3) of a juvenile Platynereis injected with of H2A-mCherry (red) and mYFP (green). 

Contraction and relaxation of the axochord can be quantified by measuring the distance (in µm) 

between commissures A and B (c. A, c. B) in consecutive snapshots. (H) Mox expression in the 

axochord and the ventral oblique muscles. 
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Figure S10. Ablation of axochordal cells disturbs parapodial movements. A-D are

immunofluorescence of 5 days larvae. (A) Muscles, including the axochord (white arrow)

labelled by phalloidin (pink). (B) White arrow indicates the missing axochordal cells in the

second segment after laser ablation. (C) Lateral view of a non-ablated control individual stained

with DAPI (blue). (D) Lateral view of an ablated individual, ventral side on the left, anterior side
up. Note the strong curvature of the ventral side of the body (compare to C). A-D are z-
projections of confocal stacks (E) Measurements of the radius of curvature of the body in control

(n=5) and ablated (n=5) individuals. Student’s t-test p-value is 3.1%. (F-G’) Dorsal views. Two
snapshots of a movie of a wild type animal (F, F’) and an animal after axochord ablation (G, G’), 
showing parapodial movement during crawling behaviour at 5 day. In the ablated animals 
parapodia remain perpendicular to the body (as shown by the angle in red). Dashed line: body 
outline. (H) Measurements of the angle between the parapodium and the body for ablated
parapodia and non-ablated parapodia (internal controls) of the same individuals (n=5). Student’s 
t-test p-value is 1.4%. 
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Figure S11. Ventral oblique muscles are uniquely characterized by engrailed and foxD 

coexpression. A-D (respectively E-H) are z-projections of confocal stacks of 3 dpf Platynereis 

larvae with DAPI in blue and WMISH (respectively immunostaining) signal in red. All images 

are ventral views with anterior side up. (A) Overview of first two parapodial trunk segments and 

the corresponding parapodia (1p and 2p) showing foxD expression (red) in the posterior ventral 

oblique muscles (yellow arrows). (B) Zoom on the right first parapodium detailing foxd 

expression (red) in the posterior ventral oblique muscles. Dashed lines outline the ventral oblique 

muscle between the first and second segment as visualized by β-tubulin staining, which 

specifically stains muscles in Drosophila (78) and Platynereis (compare E-H). Asterisks indicate 

large cells at the base of chaetal sacs, providing another landmark. (C) Overview of the two first 

trunk segments and the corresponding parapodia (1p and 2p) showing engrailed expression (red) 

in the posterior ventral oblique muscles (yellow arrows). (D) Zoom on the right first parapodium 

detailing engrailed expression in the posterior ventral oblique muscles. Dashed lines and 

asterisks are as in B. (E) Ventral view on the right first parapodium showing β–tubulin 

immunostaining in the posterior ventral oblique muscles, confirming the muscular nature of the 

nuclei identified (compare with B, D). (F) Same view as E, showing β-tubulin staining only. 

Note that the myofibers of the posterior ventral oblique muscles extend medially (white arrows) 

to reach their axochordal attachment point (see H). (G) Same view as E, showing DAPI staining 

only for comparison with B, D. (H) Ventral view of the same individual as in E-G. Note that the 

myofibers of the posterior ventral oblique muscles (whose en+ foxd+ nuclei are located 

peripherally in between the parapodia) extend medially (white arrows) to reach their axochordal 

attachment point (black arrow). 
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Figure S12. Cross sections of the adult Platynereis trunk. A and B are z-projections of 

confocal stacks. (A) Cross sections of a 12 segments (12 s; about 1 month old) old juvenile 

labeled with FM 4-64FX (red) and DAPI (blue); ventral is down. The ventral blood vessel 

(orange asterisk) is first visible at this stage between the axochord (ach) and gut. vnc: ventral 

nerve cord. (B) Cross section of the same individual as in A at another anteroposterior level, 

showing the attachment of ventral oblique muscles (vom, outlined by yellow dotted lines). 

(C,D) Explanatory schematics showing anatomical position and cellular morphology of the 

axochord compared to the notochord. Abbreviations in C are as in A and B. In D, orange asterisk 

indicates the dorsal aorta. pmy: pioneer myocytes, nch: notochord, som: somites, da: dorsal aorta, 

v: vacuoles. 
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Figure S13. Convergence of the Capitella paramedian muscle into an axochord, and foxA 
and netrin expression. Z-projections of confocal stacks, ventral view, anterior up. Blue is DAPI 

and red (B and C) is WMISH signal. Dashed line indicates the stomodeum. (A) Superficial view 

of a stage 5-6 larva showing the open neural midline (yellow arrow). (A’) Deep view of the same 

individual showing the non-converged nuclei of the paramedian muscle. Red square: close-up of 

the area within the dashed white square, showing paramedian muscle nuclei (white arrowheads). 

(B) foxA expression in paramedian muscle cells before convergence (white arrowheads). Note 

expression in scattered ectodermal cells (yellow arrowheads). (C) netrin expression in axochord 

cells after convergence (see below). (D) Superficial view of a stage 8-9 larva showing the closed 

neural midline (yellow arrow). (D’) Deep view of the same individual showing the converged 

axochord nuclei. Red square: close-up of the area within the dashed white square, showing the 

converged axochord nuclei (white arrowheads). Note the perpendicular orientation of the oblique 

muscles nuclei (green arrowheads). (E) Deep ventral view of a post-metamorphic (post-

settlement) Capitella larva, showing axochord nuclei within the dashed white square. Yellow 

asterisks: central ganglia. Yellow line: neural midline. 
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Phylum Presence of axial longitudinal muscles 
Chordata Notochord, near-universally present, muscular in amphioxus (111) 
Hemichordata Ventromedian muscle:  Protoglossus (112, 113) ( referred to 

as Protobalanus in the original publication) 
Paramedian muscle: Saccoglossus, Balanoglossus 
(112), Cephalodiscus (114) 
Ventromedian and paramedian muscles share the same quality 
(longitudinal striated muscles) and the same connections with other 
organs (as the median edge of the ventral muscle mass, ventral to 
the blood vessel and dorsal to the ventral nerve cord). The transition 
between both configurations most likely reflects variable degrees of 
convergence. 

Echinodermata No candidate ventromedian muscle (115) 
Chaetognatha Ventromedian muscle: repeated pair of elongated, triangular 

muscular cells in the ventral midline, connected to the ventral 
mesentery (116, 117) 

Loricifera No candidate ventromedian muscle (118) 
Kinorhyncha Paramedian muscle pair of fibers immediately flanking the 

midline and serving as an attachment point for ventral transverse 
muscles (119) 

Priapulida Continuous longitudinal muscle layer (120) 
Nematoda Continuous longitudinal muscle layer (120) 
Nematomorpha Continuous longitudinal muscle layer (120) 
Tardigrada Ventromedian longitudinal muscle in the first segment, bordering 

ventrally the pharynx in Macrobiotus (122) 
Onychophora Ventromedian muscle (123) 
Arthropoda Ventromedian mesodermal midline glia: Drosophila. 

Segmentally repeated pairs of cells immediately underlying the 
ventral nerve chord, secreting an abundant extracellular matrix 
(including laminin and collagen), required for commissural axon 
guidance and specifically expressing the homeobox gene mox/
buttonless (124) (also expressed in the Platynereis axochord, see 
Fig. S9H). 

Brachiopoda Ventromedian muscle: Argyrotheca larvae (24) 
Phoronida Ventromedian muscle: median longitudinal fibers bordering the 

ventral side of the gut of Phoronis pallida (125) 
Ectoprocta NA (no unambiguous assignment of dorsal or ventral sides) 
Cycliophora Ventromedian muscle (vacuolated “chordoid organ”) (126–128) 
Entoprocta NA (no unambiguous assignment of dorsal or ventral sides) 
Rotifera Ventromedian muscle: Proales daphnicola and Brachionus 

urceolaris. Formed by a pair of bilateral myofibers contacting each 
other in the midline and diverging at their anterior and posterior 
extremities (129, 130) 
Paramedian muscle: Dicranophorus (131). Pairs of fibers meeting 
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in the midline at their posterior attachment point, and attaching 
anteriorly at the corona boundary, like the ventromedian muscle in 
other genera, supporting homology of both structures. 

Micrognathozoa No data on musculature 
Gnathostomulida Ventromedian muscle: in the stylet, formed a pair of bilateral 

myofibers contacting each other in the midline and diverging in 
the anterior part of the animal (132) 

Gastrotricha Ventromedian longitudinal muscle: Xenotrichula. Formed by a 
pair of bilateral myofibers contacting each other in the midline and 
diverging at their anterior and posterior extremities (133, 134) 
Paramedian muscle: Draculiciteria. Pair of fibers flanking the 
midline (135) 
Both type of muscles represent the ventral-most pair of longitudinal 
somatic muscles and extend along the whole antero-posterior axis, 
with anterior paired attachment behind the mouth and posterior 
divergent extensions into the adhesive tubes, consistently with them 
being homologous to each other. 

Platyhelmintha Continuous longitudinal muscle layer (121) 
Nemertea Continuous longitudinal muscle layer in adults (121) 

Ventromedian muscle in embryos of Prosorhochmus americanus 
(proboscis retractor muscle) (136). Early embryos develop first 
a simple stereotypic pattern comprising circular muscles, a few 
pairs of lateral longitudinal muscles and a ventromedian muscle, 
before elaborating a circumferential longitudinal muscle layer. 

Mollusca Ventromedian muscle: in both main aplacaphoran clades: 
Chaetodermomorpha (Chaetoderma) (137) and Neomeniomorpha 
(Pachymenia (138), Wirenia) and in polyplacophorans 
(Leptochiton, Mopalia) (23) 

Annelida Ventromedian longitudinal muscle in virtually every family 
investigated, in both Sedentaria (Serpulidae (139), Spionidae (19), 
Sabellidae (140) and Capitellidae (18)) and Errantia (Magelonidae 
(19), Dorvilleidae (141), Nerilidae (142), Chrysopetalidae (143), 
Syllidae (144), Sphaerodoridae (144) and Nereidae (145)) 
Paramedian longitudinal muscle: in young Capitella larvae (18) 
(becomes unpaired in later development (Fig. 4a-d)) and Prionospio 
(19) 
Continuous longitudinal muscle layer in clitellates (121) 
No candidate ventromedian muscle revealed by phalloidin 
stainings in the sipunculid Themiste (146) (but in situ hybridization 
indicates the existence of probably non-muscular deep foxA+ 
midline cells (147)) 

Table S3: Phylogenetic distribution of axial longitudinal muscles in bilaterian phyla 
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Figure S14. Phylogenetic distribution and ancestral state for ventral musculature in 

Bilateria. Ventromedian longitudinal muscles were counted as axochord if they span the midline 

along a significant part of their length, but can diverge into paired fibers at their anterior or 

posterior ends (as the axochord of the annelid Pomatoceros (148)). Ancestral state reconstruction 

was performed with Mesquite 2.75, using parsimony and Maximum Likelihood (ML) methods. 

Both methods yielded the same ancestral state for all nodes. Proportional Likelihood (PL) 

indicated in bold black numbers for the general presence of ventromedian myofibers and in 

regular black numbers for the presence of a distinct ventromedian muscle not embedded in a 

continuous longitudinal muscle layer. Numbers in red indicate PL under conservative 

assumptions (with enteropneusts, rotifers and gastrotrichs counted as paramedian). The bilaterian 

phylogenetic tree is following Nielsen (149). The inferred bilaterian ancestral state is robust to 

alternative tree topologies (Figure S14). All bilaterian phyla, apart from Echinodermata, 

Loricifera, and the insufficiently studied Micrognathozoa, possess ventromedian mesodermal 

cells on the neural side (dorsal in chordates and ventral in non-chordates). No character state is 

proposed for ectoprocts and entoprocts, since assignment of ventral or dorsal sides in these phyla 

is uncertain. Coloring of branches indicates that axial mesodermal cells have been reported in at 

least some members of the phylum but not necessarily in all (e.g. some chordates, such as the 

direct-developing tailless ascidian Molgula occulta, have lost the notochord; moreover the 

axochord can easily be overlooked, as it was until recently in polyplacophoran mollusks (23)). 

By comparison to the annelid situation, paramedian muscles were defined as pairs of ventral 

muscles flanking the midline. For annelids, the most parsimonious ancestral state is the presence 

of a distinct axochord, as other character states are present in a minority of scattered species (see 

Table S3). Three other phyla similarly show mixed character states: Gastrotricha, Rotifera and 

Enteropneusta (indicated by double colors in the tree; Table S3). In those three phyla, homology 

of ventromedian and paramedian muscles is supported by the fact they never coexist, by the 

existence of a continuum of intermediate configurations across species (with varying levels of 

convergence) and sometimes within species (e.g. in ontogeny as in Capitella, or along the 

antero-posterior axis as in Pomatoceros), and by their identical connections to the rest of the 

musculature (Table S3). Under both configurations, those muscles thus represent reasonable 

candidate axochord homologs. As the internal phylogeny of these three groups is still poorly 

known, either configuration could represent the primitive state. Regardless of which 



33 

configuration is primitive for these three phyla, presence of a ventromedian longitudinal muscle 

is the most parsimonious ancestral state for Bilateria.  
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Figure S15. The hypothesis of the ancestrality of a ventromedian muscle is robust to 

uncertainties about high-level metazoan phylogeny. Green ticks indicate the presence of a 

candidate axochord homolog, with letters in exponent detailing the character state: A: axochord 

clearly distinct from the rest of the musculature; C: continuous longitudinal muscle layer; 

P: paramedian muscle flanking the midline. Red crosses indicate the absence of any candidate 

axochord homolog. Ancestral character states for each node were inferred using the parsimony 

method. (A) metazoan phylogeny according to Dunn et al. (150) (B) metazoan phylogeny 

according to Hejnol et al. (151) In both panels, Deuterostomia are pink, Lophotrochozoa are 

yellow and Ecdysozoa are green. Character states are as in Figure S13, with ventromedian 

muscle being assumed to be the primitive state for enteropneusts, gastrotrichs and rotifers, which 

show coexistence with paramedian muscles.  Note that assuming paramedian muscles instead to 

be the primitive state for those phyla would not affect this conclusion. 
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Figure S16. Molecular phylogenies of the genes studied. (A) FoxD, (B) ColA1 and ColA2, (C) 

Lam-alpha4, (D) Mox. (E) Twist (Twi), (F) Paraxis, (G) Tropomyosin 1 (TM1), (H) Myosin 

heavy chain 1-4 (striated myosin heavy chain), (I) Actin. Noggin orthology has been reported 

elsewhere (152). In all panels, the species names are abbreviated as follows: Pdu (Platynereis 

dumerilii), Dr (Danio rerio), Hs (Homo sapiens), Xl (Xenopus laevis), Bf (Branchiostoma 

floridae), Bb (Branchiostoma belcheri), Ce (Caenorhabditis elegans), Dpulex (Daphnia pulex), 

Dmagna (Daphnia magna), Dm (Drosophila melanogaster), Sk (Saccoglosus kovalewskii), Nv 

(Nematostella vectensis), Ct (Capitella teleta), HALTU (Haliotis tuberculata), EM (Ephydatia 

muelleri), Mm or m (Mus musculus), AnG (Anopheles gambiae), Nov (Nasonia vitripennis), Cg 

(Crassostrea gigas), Bl (Bombus latreille), Bt (Bos taurus), MD (Monodelphis domestica), TR 

(Takifugu rubripes), Ae  (Aedes aegypti), Ha (Homarus americanus), HaSa (Haliotis asinina), 

Bgla (Biomphalaria glabrata), MyGpro (Mytilus galloprovincialis), BaRo (Balanus rostratus), 

LRu (Lumbricus rubellus), Se (Sepia esculenta), Ov (Octopus vulgaris), My (Mizuhopecten 
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yessoensis), HaTu (Haliotis tuberculata), Ss (Sus scrofa), Cf  (Canis familiaris), PleA (Plectus 

acuminatus), AnG (Anopheles gambiae), HaVi (Haliotis virescens), Orm (Ornithodoros 

moubata), A.irradiens (Argopectenn irradiens), Subdo (Suberites domuncula). A: amino acid 

alignment performed with Muscle and phylogenetic analysis with PhyML (bootstrap values are 

on the nodes). B-D: amino acid alignment performed with ClustalX and phylogenetic analysis 

with PhyML (bootstrap values are on the nodes). E-I: amino acid alignment performed with 

ClustalX and phylogenetic analysis with MrBayes (posterior probabilities are on the nodes). 
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