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An ancestral state reconstruction based on our
data and on a survey of bilaterian musculature
(table S3) favored the presence of an axochord
in protostome ancestors (fig. S14:).

Regarding deuterostomes, previous studies
on the origin of the notochord focused on the

hemichordate stomochord, an unpaired chor-
doid outpocketing of the pharynx, as a possible
notochord homolog (27). Speaking against this
hypothesis is its very anterior position and the
absence of brachyury, foxA, and noggin ex-
pression (27, 28). goosecoid, hedgehog, and colA

Fig. 2. The molecular fingerprint of Platynereis mesodermal midline cells.
(A to C) Bright-field images and (D) confocal z-projection of colAl WMISH.
Dotted white circle and line indicate foregut and midline, respectively. DAPI,
4’ 6-diamidino-2-phenylindole. (E to E™) Snapshots of SiMView time lapse of a live larva with fluorescently labeled nuclei showing ventrally converging (green
dots) and intercalating (red dots) axochordal cells. Time interval, 2 to 3 hours. (F to K) Confocal z-projections of double WMISH 3-dpf larvae, ventral views, anterior

up. (L) Explanatory scheme. vom also weakly express colA and foxD. Foregut also expresses bra and foxA.

Fig. 3. The axochord
is a ventral medial
longitudinal muscle.
(A) Ventral view of
Platynereis immuno-
labeled musculature
and nervous system,
z-projection of
confocal stack. Vnc,
ventral nerve cord;
mvim, median ventral
longitudinal muscle
(axochord). (B) Pseu-
docolored scanning
electron micrograph of
Platynereis juvenile
trunk, dorsal view.
Axochord (deep pink)
and attached oblique
muscles (light pink).
(C and D) Pseudocol-
ored scanning electron
micrographs. (C) Adult
cross section. g, gut;
vbv/dbv, ventral/dorsal
blood vessel. (D)
Dissected specimen
showing axochord and
oblique muscles
embedded in the vnc
sheath. Closeup illus-

expression rather suggest homology to the verte-
brate prechordal plate (29-33). The pygochord, a
stiff vacuolated rod in the posterior trunk of
ptychoderid hemichordates (34), lies dorsal to
the ventral blood vessel in the ventral mesentery.
This stands in contrast to both axochord and

trates axochord cell morphology. (E) Transmission electron micrograph showing axochordal cells, ventral oblique muscles, neuronal midline (nm), and the neuropil
(np). (F) Closeup of area in black square in (E). One axochordal cell is outlined with dashed black line; asterisk indicates extracellular matrix. (G) Schematic drawing
of (E). (H) Closeup of are in white square in (E), showing interdigitations between axochordal cells and oblique muscles. (I) Closeup of (F) (orange square) showing

cross-sectioned myofibers (red arrow).
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Fig. 4. An axochord is widespread in protostomes. (A to D) Convergence of ventral muscles into an
axochord (white arrows) in Capitella, illustrated by phalloidin stainings (A and C) and WMISH (red in B and
D) of selected axochord markers. (E) Axochord and transverse musculature in a stage-9 Capitella larva.
Axochord bifurcation at the level of the foregut. (F) Axochord (white arrows) and transverse muscle
fibers (green arrows) in juvenile Owenia, below the circumferential layer of longitudinal muscles. (G)
Axochord (white arrow) in adult chaetognath (inset) bifurcating at the level of foregut. (H) Closeup of
the axochord in the same specimen. Note elongated median nuclei and the two parallel strands of
striated myofibers. All panels are z-projections of confocal stacks, ventral view, anterior up, white

dashed line outlining foregut.

notochord, which are positioned between blood
vessel and nerve cord (Fig. 1). Thus, vacuolization
in the hemichordate stomochord and pygochord
might have occurred independent to that of the
chordate notochord. Unfortunately, no data are
available for the specification and developmen-
tal fate of ventral mesodermal midline cells in
hemichordates or larval echinoderms; except for
Protoglossus, no ventromedian musculature has
yet been observed (table S3).

Our study of annelid development reveals a pop-
ulation of mesodermal cells that converge and
extend along the ventral midline and express a
combination of transcription factors, signaling mol-
ecules, and guidance factors that closely matches
that of the vertebrate chordamesoderm. These com-
parative data suggest that a similar population
of mesodermal midline cells already existed in
urbilaterian ancestors but leave open its ancient
developmental fate. In annelids, these cells dif-
ferentiate into an axochord; our investigation of
chaetognath musculature and an ancestral state
reconstruction based on comparative anatomy
(fig. S14)) suggest that a similar paired longitudinal
muscle existed in protostome ancestors. Yet, in the
absence of detailed investigations of expression
profile and developmental fate of mesodermal mid-
line cells in basal ecdysozoans and deuterostome
ambulacrarians, the nature of ventral midline tis-
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sue in urbilaterians remains undecided. It might
have constituted sheath-secreting mesenchyme
that was independently converted into muscular
axochord and notochord in lophotrochozoans and
chordates, respectively; alternatively, this tissue
might have been contractile already and trans-
formed into axochord in protostomes and noto-
chord in chordates (Fig. 1C). Regardless of its
nature, dorsoventral axis inversion (35) would have
brought the ventral midline tissue into a dorsal
position in the chordate lineage, and the appear-
ance of incompressible vacuoles (14) would have
gradually transformed it into a stiff rod of con-
stant length; the amphioxus notochord could then
be regarded a vestige of a contractile-cartilaginous
transition. This transition could have involved the
co-option of not expression (which is absent from
the axochord, see above) given that zebrafish not
null mutants form muscle tissue instead of noto-
chord (36). Last, in vertebrates, the notochord
was complemented by a rigid backbone that cru-
cially contributed to the success of our phylum.
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