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ORIGIN OF NOTOCHORD

Development of the annelid
axochord: Insights into
notochord evolution

Antonella Lauri,’*t Thibaut Brunet,’* Mette Handberg-Thorsager,>f
Antje H.L. Fischer,'§ Oleg Simakov,” Patrick R. H. Steinmetz,'| Raju Tomer,">

Philipp J. Keller,” Detlev Arendt™-3#

The origin of chordates has been debated for more than a century, with one key issue being
the emergence of the notochord. In vertebrates, the notochord develops by convergence
and extension of the chordamesoderm, a population of midline cells of unique molecular
identity. We identify a population of mesodermal cells in a developing invertebrate, the marine
annelid Platynereis dumerilii, that converges and extends toward the midline and expresses a
notochord-specific combination of genes. These cells differentiate into a longitudinal muscle,
the axochord, that is positioned between central nervous system and axial blood vessel and
secretes a strong collagenous extracellular matrix. Ancestral state reconstruction suggests that
contractile mesodermal midline cells existed in bilaterian ancestors. We propose that these
cells, via vacuolization and stiffening, gave rise to the chordate notochord.

efining the properties and characteristics

of the last common ancestor of bilaterian

animals, Urbilateria, is a key question of

the evolution and development field (7).

In an attempt to infer a possible urbila-
terian precursor for the chordate notochord (2, 3),
we reasoned that this structure should occupy
a similar position with regard to overall mor-
phology and molecular topography during de-
velopment and in the adult body plan of living
descendants (Fig. 1, A and B); that it should
express, during its development, a suite of genes
that have proven specific and indispensable for
notochord formation in the chordates; and that
it should be of widespread occurrence in bilate-
rian body plans (Fig. 1C). We focused our search
on the model annelid Platynereis dumerilii, which
is amenable to molecular studies and has retained
more ancestral features than Drosophila melano-
gaster or Caenorhabditis elegans (4). By looking for
cell populations that would resemble the verte-
brate chordamesoderm (a population of mesoder-
mal midline cells that converge medially to give
rise to the notochord; red in Fig. 1A), we identified
segmental pairs of mesodermal cells on the non-
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bone morphogenetic protein (BMP) body side (5)
that stood out by early and continuous expression
of colA1, encoding collagen type A (Fig. 2, A to D).
SiMView light sheet microscopy (6) revealed that
these cells moved underneath the neuroectoderm
toward the midline until they contacted their bi-
lateral counterpart (movie S1 and Fig. 2E). Sub-
sequently, these cells narrowed and elongated
without a net increase in cell surface (fig. S1),
and additional adaxial mesodermal cells were
observed to intercalate between the elongating
pairs (Fig. 2E), reminiscent of the processes by
which the chordamesoderm converges and ex-
tends (table S1) (7). Lineage tracking by targeted
photoconversion of the fluorescent protein kikGR
confirmed the origin of these cells from the meso-
dermal bands (fig. S2).

The unique location, large size, and specific
arrangement of the Platynereis mesodermal mid-
line cells allowed their unambiguous identifi-
cation after whole-mount in situ hybridization
(WMISH) and thus expression profiling by con-
focal imaging. To test a possible homology of
these cells with the chordamesoderm, we chose
a chordamesoderm-specific gene set accord-
ing to the following criteria: (i) specificity—their
combined expression uniquely defines the chor-
damesoderm; (ii) conservation—their chorda-
mesoderm expression is conserved in at least three
of four vertebrate species; and (iii) function—
they have proven essential for chordamesoderm
development or signaling. We thus investigated
expression of seven transcription factors (brachyury,
JoxA, foxD, twist, not, soxD, and soxE), the signal-
ing molecules noggin and hedgehog [chordin
appears absent from annelid genomes (8)], and
the guidance factors netrin and slit (table S2
for references). Transcripts for all but one [the
not gene (2)] were detected (figs. S3 to S5) in
accordance with previously reported brachyury
expression (9), and their coexpression confirmed

by double WMISH (Fig. 2, F to L). Although none
of the genes were exclusively expressed in the
annelid mesodermal midline, their combined
coexpression was unique to these cells (implying
that mesodermal midline in annelids and chor-
damesoderm in vertebrates are more similar to
each other than to any other tissue). It is unlikely
that the molecular similarity between annelid
and vertebrate mesodermal midline is due to in-
dependent co-option of a conserved gene cas-
sette, because this would require either that this
cassette was active elsewhere in the body (which
is not the case) or that multiple identical inde-
pendent events of co-option occurred (which is
unparsimonious). As in vertebrates, the meso-
dermal midline resembles the neuroectodermal
midline, which expresses foxD, foxA, netrin, slit,
and noggin (figs. S6 and S7) but not brachyury or
twist. However, unlike in chicken (10), the an-
nelid mesodermal and ectodermal midline pop-
ulations are not directly related by lineage (fig. S2).
Last, the Platynereis mesodermal midline is
devoid of paraxis, which is exclusively expressed
in laterally adjacent mesoderm (fig. S8), in line
with its vertebrate ortholog demarcating par-
axial mesoderm (II). In vertebrates, this segre-
gation depends on canonical Wnt signaling, with
B-catenin-positive cells preferentially adopting
a paraxial fate and position (12). Consistently, we
observed nuclear localization of B-catenin in the
more-lateral mesoderm only, and B-catenin over-
activation converted the mesodermal midline
toward a more lateral fate and position (fig. S8).

We next compared the developmental fate of
annelid and vertebrate mesodermal midline cells.
Phalloidin staining and expression analysis of
muscle markers (fig. S9) revealed that, after
elongation, the Platynereis mesodermal midline
cells differentiate into the previously described
“medial ventral longitudinal muscle” (13) (Fig. 3A).
Given the ropelike appearance and axial position
of this muscle, we propose to call it “axochord.” A
muscular nature of a putative invertebrate count-
erpart of the chordate notochord is consistent with
the observation that in the most basal chordate,
amphioxus, the notochord is composed of spe-
cialized muscle cells (74) and expresses the same
muscle markers (15). We further observed segmen-
tal sets of transverse muscles connecting to the
axochord (“ventral oblique muscles”) (13) (Fig. 3, A
and B, and fig. S3). Scanning electron microscopy
revealed that, in adult worms, the axochord is
deeply embedded in the fibrous sheath of the
ventral nerve cord (16) and remains connected to
the transverse muscles (Fig. 3, C and D). Immu-
nostainings confirmed its axial position between
neuropil and blood vessel (fig. S12; similar to the
notochord; Fig. 1, A and B). Axochord contractility
was evident from live imaging (fig. S9, E to G, and
movie S2) and occurred in alternation with the
transverse muscles (movie S3). Electron micro-
graphs confirmed the muscular nature of axochor-
dal cells and revealed a tight physical connection to
transverse muscles (Fig. 3, E to I). Laser ablation of
the axochord impaired crawling (fig. S10 and
movie S4) and confirmed anchoring of the trans-
verse musculature. Additionally, we found that the
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Platynereis transverse muscles share a specific
molecular profile (en+foxD; fig. S11) with the verte-
brate pioneer myocyctes flanking the notochord (17).

We next examined whether an axochord is
also present in other annelids, lophotrochozoans,
or protostomes (Fig. 1C). Phalloidin stainings
had revealed ventral midline muscles in almost
all annelid families (table S3), yet in some cases
only pairs of ventral muscles had been reported
(18, 19). One such example is Capitella teleta, which
belongs to the second big clade of annelids, the
Sedentaria (beside Errantia, to which Platynereis

vertebrate
end %
mes
neuroh/\—/
annelid

\

Arth |:opoda

belongs). We investigated development and mo-
lecular identity of ventral muscle fibers in Capitella
(18) and found that (i), preceding metamorphosis,
these converge and fuse into an axochord (Fig. 4, A
to D, and fig. S13); (ii) the expression patterns of
JfoaxA, noggin, brachyury, netrin (Fig. 4, B and D, and
fig. S13, B and C); twist2 (20); and hedgehog (2I) are
consistent with coexpression in the axochord; and
(iii) pairs of transverse muscles connect to the
Capitella axochord (Fig. 4E) as in Platynereis. We
also investigated the annelid Owenia fusiformis
that belongs to the most basal annelid family

twist, paraxis
bra, foxA, twist
foxA, nk6.6

pax3-7, msx

(22) and likewise found an axochord connected
to transverse muscle fibers (Fig. 4F). A similar
arrangement also occurs in mollusk (23) and
brachiopod larvae (24), and ventral midline mus-
cles are observed in most lophotrochozoan phyla
(table S3), suggesting that an axochord is an-
cestral for lophotrochozoa. The lophotrochozoan
axochord is a genuinely paired structure, com-
posed of left and right adjacent muscle strands
that often bifurcate anteriorly and/or posteriorly,
as also observed in chaetognaths (Fig. 4, G and H),
a possible protostome outgroup (25, 26) (Fig. 1C).

% S T e amg

Chaetognatha  Annelida Mollusca Echinodermata Hemichordata Cephalochordata Vertebrata
Drosophila Sagitta Platynereis  Lepidochiton  Asterias Saccoglosus Branchiostoma Danio
mesodermal muscular muscular muscular ventral muscular non-muscular
midline glia axochord axochord axochord longitudinal muscles otochord notochord

loss of
muscular hature

Ecdysozoa

Protostomia
muscular axochord

Fig. 1. Comparison of notochord and axochord development, gene expres-
sion, and anatomy. (A) Notochord development schematized for zebrafish at
9 hours post fertilization (hpf) or 90% epiboly, 14 hpf/neural keel, and 30 hpf/
organogenesis stages. (B) Axochord development schematized for Platynereis
at 34 hpf, 72 hpf, and 2 months of development. Top left images are in similar
orientation with regard to the animal (an)—vegetal (veg) axis. Bold dashed lines
represent lines of convergence of neuroectodermal and mesodermal cells,
opposite to BMP signaling (blue arrows). The non-BMP body side will be dorsal
(d) in vertebrate and ventral (v) in annelid, reflecting inversion of body posture
in early chordate evolution (35). Thin black arrows indicate convergence and
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loss of
contractile
midline

incomplete
convergence

Lophotrochozoa Ambulacraria

Bilateria contractile, sheath-secreting

mesodermal midline cells

Deuterostomia

loss of
muscular nature

Chordata

vacuolization :
muscular notochord

extension. Thin black dashed lines indicate positions of transverse sections
(bottom left). Red, notochord (nch) or axochord (ach); orange, mesoderm (mes);
purple, neuroectodermal midline; yellow, medial interneuron column; faint yellow,
motor neuron column; gray, sensory interneuron column; blue, epidermis; green,
endoderm (end)/gut. Transcription factors defining the respective tissues are
written in corresponding colors. Bold black arrows indicate developmental progres-
sion. neuroect, neuroectoderm; coe, coelom; dao, dorsal aorta; pmy, primary
myocyte; som, somite; vao, ventral aorta; vom, ventral oblique muscle; vim, ventral
longitudinal muscle. (C) Simplified phylogenetic tree. Black boxes illustrate the
proposed evolutionary transition from ventral midline contractile cells to notochord.
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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

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

: CcolA1 ac.tubulin DAPI colA1

bra colA1

coslocallz.

foxA colA1

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" B-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.

co-localiz] co-localiz. co-localiz. co-localiz.

Fig. 3. The axochord
is a ventral medial
longitudinal muscle. 4
(A) Ventral view of mvim X\
Platynereis immuno- (RO §
labeled musculature
and nervous system,
z-projection of 75
confocal stack. Vnc, e
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-
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).

myofibers

oblique | 1
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st.5-6
(pre-conv

noggin

-4

Al
|
NS

converging

foregut

haetognath
(Spadelia)

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-

1368 12 SEPTEMBER 2014 « VOL 345 ISSUE 6202

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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