























EMBRYOLOGY OF PHORONIDA

ronida corresponds more closely to that of
Brachiopoda, especially in its tendency for
irregularity of cleavage and differs from
that of Bryozoa in details of the array of
the blastomeres.

Regulative potential of .Phoronida has
been investigated only by Zimmer (1964):
isolated blastomeres of Phoronis ijimai and
Phoronopsis harmer: at 2-cell stage produce
complete but diminutive embryos. In P.
ijimai each blastomere of 4-cell stage regu-
lates to form an atentaculate actinotroch, if
not blocked at gastrulation.

DEVELOPMENT OF THE GASTRULA

At the vegetal pole, the gastrula shows a
flattening which may be called the gastral
plate (Figs. 6a, 7a). This plate invaginates
in typical emboly or by bending of the two
germ-layers (ectoderm, endoderm) after
flattening of the whole embryo (all inter-
mediates of these two processes occur, but
the first is more general: Figs. 6b, 7b, 8a).
These processes affect the entire vegetal
hemisphere and give a gastrula with a
large blastopore. The embryo rapidly ac-
quires bilateral symmetry.

The gastrula in species of type 3 pos-
sesses a spacious primary cavity whereas
the gastrula in species of type 2 (Table 1)
has a virtually obliterated blastocoel (Emig,
1974), with the walls of the archenteron
closely pressed against the ectodermal cells
(Figs. 6, 7, 8).

The lateral lips of the blastopore fuse
from posterior towards the anterior with
reduction in diameter of the blastopore
and conversion of the hemispherical ar-
chenteron into a tubular canal (Figs. 6, 7,
8). Concomitantly, the gastrula elongates
in the antero-posterior axis. The blasto-
pore is reduced to an anterior remnant
and assumes an oval or triangular shape.
Then the line of the blastoporal fusions
disappears; the site of this raphe is the
ventral midline. The blastopore remains as
the connection between ectoderm and en-
doderm (Figs. 6d, 7d, 8c).

The external development of Phoronis
ovalis with its considerable variations has
been studied by Silén (1954) (Fig. 5). The
embryo leaves the parent’s tube as a slug-
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larval tentacle; m, mouth; Mp, metacoel primordium;
n, nephridia primordium; ng, nervous ganglion; oes,

FIG. 6. Development of the gastrula of Phoronis

psammophila in lateral view. a, anus; am, anterior

oesophagus; ov, oesophagal valve; P, protocoel; pol,

mesoderm; Ap, apical plate; ap, animal pole; ar,

preoral lobe; s, stomach, tr, tentacular ring; v, ves-

tibule; vp, vetetal pole.

archenteron; B, blastopore; bl, blastocoel; ec, ec-

toderm; en, endoderm; gp, gastral plate; 1, intestine;

29

ip, intestine primordium; Im, lateral mesoderm; It,
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like larva. For about 24 hours of their
pelagic life the larvae have a distinct rim
along the anterior region; this rim is prob-
ably the preoral lobe (Fig. 5b). With the
growth of the anterior region, the blasto-
pore acquires a central position on the
ventral side. At the posterior end, a blunt
outgrowth (probably the trunk) is formed
and the anus opens on this projection
(Figs. 5b, ¢).

In the species with brood protection, the
embryos are attached within the brood
mass by an aggregation or a cord of mucus
from the nidamental glands and inserted
at the apical plate region of the preoral
lobe (Zimmer, 1964). The embryos break
free from the parent and begin their
pelagic existence, at a stage of actinotroch
with incipient tentacle formation in
Phoronis psammophila, with two or four ten-
tacles in P. hippocrepia and P. ijimai, and
with six or eight tentacles in P. australis
(and P. Buskii).

Differentiation of the ectoderm

view (reconstructed from Zimmer, 1964). Abbrevia-

tions, see Figure 6.

The rapid growth of the ectoderm in the
anterior region leads to the formation of
the preoral lobe. With this development
and the elongation of the gastrula, the
blastocoel is reestablished (especially in the
anterior region) in the larva of type 2 (Figs.
6c-d, 7c-d, 8b-c). The preoral lobe, charac-
teristic of the Actinotrocha, grows ventrally
and posteriorly to overhand first the blas-
topore and then a part of the ventral
surface. The overgrowth of the ventral
surface by the lobe lines an ectodermal cav-
ity abutting on the blastopore (Figs. 6, 7,
8¢) is called a vestibule.

An ectodermal thickening which is the
apical plate occurs at the distal region of
the preoral lobe and represents the incip-
ient nervous ganglion of the larva (Figs. 6,
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FIG. 7. Development of the gastrula of Phoronopsis

harmert in lateral view, except f, which is in frontal

FIG. 8. Phorons psammophila. a) Section of early gas-
trula, with embolic invagination of the gastral plate;
the blastocoel is obliterated. b) Closing of the blasto-
pore and mesoderm formation. ¢) Longitudinal sec-
tion of a gastrula, with incipient preoral lobe. d) as c,
= with the protocoel. €) and f) Longitudinal sections of
< \ an older gastrula; the arrow indicates the metacoel
primordium. Abbreviations see Fig. 7.
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7, 8). At the onset of gastrulation the apical
plate of Phoronopsis harmeri appears at the
animal pole, directly over the gastral plate
(Fig. 7); later this plate is shifted anterior
to the blaspore (Zimmer, 1964). The cilia
of the apical plate are longer than those of
the other regions of the ectoderm. Accord-
ing to Zimmer (1964), this plate is the only
nervous tissue apparent in the embryos
during the lecithotropic growth.

At the postero-ventral region, a thicken-
ing of the ectoderm leads to the formation
of the tentacular ridge that runs obliquely
around the body (Figs. 6e-f, 8c-f). This
ridge is most highly developed in its ven-
tral portions; its cells are columnar, heavily
ciliated, with elongate nuclei. The ciliation
of the tentacular ring is longer and more
dense than that of the rest of the epi-
dermis; it shows a metachronal synchrony
(Zimmer, 1964). The tentacles arise as
evagination of the tentacular ridge (Emig,
1972b, 1973a). The first pair of tentacles
evaginates adjacent to the ventral midline
and successive pairs are formed in the
dorsal directions.

The primordium of the nephridial ducts
originate as an ectodermal invagination at
the postero-ventral region of the embryo
that leads to a small hollow ectodermal
tube (Fig. 6e-f, 8e). The latter gives rise to
the larval protonephridia. The nephridial
pit appears shortly before the opening of
the anus. The single duct bifurcates into
paired lateral tubes. Their communication
with the exterior is by a short common
canal, but this is lost with further de-
velopment and each tube opens separately
on each side of the intestine. The soleno-
cytes appear at the distal end of each
nephridial tube; their origin has not been
precisely determined. The development of
the larval trunk begins generally at the
actinotroch stage.

Formation of the digestive tract

After the emboly of the gastral plate,
nuclei of the ectodermal cells elongate and
lie near the middle of the cells; the end-
odermal cells (archenteron) keep their oval
nuclei but change biochemically so as to
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modify the histological staining charac-
teristics (Figs. 7b-c).

With the elongation of the gastrula and
the reduction of the blastopore, the cup-
shaped archenteron changes into a tubular
canal (Figs. 6, 7, 8); its wall is less and less
in contact with the ectoderm, so a blas-
tocoelic space reappears in later gastrulae
of type 2. The blastopore marks the sep-
aration between the ectodermal vestibule
and the archenteron (Masterman, 1900;
Roule, 1900a; Selys-Longchamps, 1902,
1907; Emig, 1974). As supposed by Brooks
and Cowles (1905) and Hyman (1959) and
as described by Emig (1974), and contrary
to the opinion of Selys-Longchamps
(1907), the mouth does not originate as
true stomodeum in Phoronida: A slight
penetration of the posterior part of the
vestibule into the body takes the place of a
stomodeal invagination; this penetration
pushes inside the blastopore (Figs. 6e-f,
8e). The posterior part of the vestibule
becomes the oesophagus, the mouth is
formed later. In Phoronis psammophila
(Emig, 1974) the blastopore marks the
separation of the ectodermal oesophagus
and the endodermal stomach. Thus, the
blastopore does not become the mouth of
the larva. In P. ijimai and Phoronopsis har-
meri an annular diaphragm marks the en-
trance to the stomach and is also the possi-
ble site of the blastopore (Fig. 7¢)

The posterior part of the archenteron
grows to the posterior pole of the embryo
and becomes a cell column which is the
larval intestine (Figs. 6e, 7e, 8e). The en-
dodermal cells come into contact with the
ectoderm which is then perforated without
any formation of a proctodeum: the intes-
tinal and ectodermal cells join together to
establish the anus (Fig. 6f). A similar pro-
cess occurs in regeneration of the anus
(Emig, 1972b, ¢; 1973a). The anus of
Phoronida appears as a neo-formed struc-
ture, independent of the blastopore
(Schultz, 1897; Shearer, 1906; Emig,
1974); the opening of the anus occurs in a
region corresponding to the posterior pole
of the gastrula, dorsal to the gastral plate
in the first stage of the gastrula (Figs. 6, 7).

The intestine is separated by a pyloric
valve from the anterior region of the ar-
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chenteron which is now the expanded lar-
val stomach. Both stomach and intestine

are derived from the original archenteric-

invagination and so are of endodermal
origin.

Formation of the mesoderm

Recent interpretation of mesoderm
formation (Emig, 1974) corroborates the
observation of many earlier workers (Ta-
ble 2). Initially, archenteric cells of the
anterior region are budded off as isolated
cells of initial mesoderm into the blastocoel
(Figs. 6¢c-d, 7d, 8b). The mesodermal cells
then aggregate and later become or-
ganized occupying most of the space of the
blastocoel of the preoral lobe (Fig. 8c). In
Phoronopsis harmer: the mesoderm cells are
budded from the gastral plate at the be-
ginning of the emboly; these cells form a
U-Shaped mass anterior and lateral to the
archenteron (Zimmer, 1964). The second
phase of mesoderm formation occurs at
the time of fusion of the blastoporal lips:
the mesoderm proliferates from paired
ventrolateral archenteric areas and mi-
grates along the walls of the blastocoel.
Although the mesoderm has a double
origin, its three sites of formation are
probably more or less contiguous (Figs.
6d-f, 7d-f, 8e-f). When the archenteric
cells become quite regular, no cell budding
of mesoderm occurs.

The mesoderm is not evolved from ar-
chenteric diverticula. Caldwell (1885) and
Masterman (1900, 1901) suggested that
there are true diverticula without com-
munication with the archenteron and that
the mesoderm originates from a true or
from a modified enterocoelous type. How-
ever, Roule (1900b) considered that the
initial mesoderm forms an incomplete lin-
ing of the blastocoelic cavity. Cori (1939)
concluded that the mesoderm develop-
ment is neither enterocoelous nor teloblas-
tic. Yet, the formation of mesoderm by cell
proliferation in Phoronida appears to be a
variation of the enterocoelous method
(Dawydoff, 1928; Hyman, 1959; Emig,
1974). This formation is comparable to
that of some Archimerata (Emig, 1975).

In the other Lophophorate phyla, the
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origin of mesoderm is uncertain. In
brachiopods, mesoderm originates by
proliferation of the lateral walls of the
archenteron into two cell masses with later
schizocoelous development (Yatsu, 1902);
this pattern does not differ significantly
from the enterocoelous method (Conklin,
1902; Plenk, 1913; Percival, 1944; Long,
1964). Origin of the mesoderm in the
Bryozoa has not been established.

Formation and initial development of body
cavities

The opinions of earlier investigators are
often divergent on the formation and ar-
rangement of the body cavities. Their
statements are briefly considered below in
comparison with recent observations
(Emig, 1974).

The blastocoelic cavity reappears at the
anterior pole of the gastrula with the de-
velopment of the preoral lobe; the meso-
dermal cells formed by budding are or-
ganized in a vesicle which rapidly fills most
of the space of the blastocoel along the
walls of the preoral lobe (Figs. 6, 7, 8c-d).
The formation of the epithelial wall of this
vesicle appears to form in two ways. (1)
The mesoderm cells proliferate and simply
line the walls of the blastocoel, which is
limited to the preoral lobe: this method
seems to occur in Phoronis ijimai and P.
psammophila (Fig. 8c-d) and the formation
arises by mesodermal wandering (Zimmer,
1973; Emig, 1974); (2) The cell aggrega-
tion may develop an internal cavity and its
expansion fills the blastocoel in the preoral
lobe: this latter method seems to occur in
Phoronopsis harmeri and the formation is a
schizocoel (Zimmer, 1964).

The single cavity of the preoral lobe
appears to be the first coelomic space,
the protocoel. Its size varies within the
phoronid species from most of the space of
this lobe to only its ventral half. Until the
work of Zimmer (1964), the existence of
the protocoel was not considered, except
by Masterman (1900) who described a pro-
tocoel in the preoral lobe originating from
a single anterior archenteric diverticula
(Table 2). Yet, some authors considered
that the spacious preoral lobe cavity is
completely or incompletely lined with
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mesoderm cells (Roule, 1890, 1900q;
Ikeda, 1901; Cowles, 1904; Brooks and
Cowles, 1905; Shearer, 1906; Rattenbury,
1954) and that this cavity is horseshoe-
shaped (Fig. 7f). Selys-Longchamps (1907)
considered the anterior cavity haemoco-
elic.

By its development, the protocoel of
Phoronis ijimai largely fills the preoral lobe
and afterwards this protocoel is obliterated
by approximation of the two surfaces of
the lobe. In Phoronopsis harmer: (Zimmer,
1964), the protocoel is formed by the an-
terior part of the U-shaped coelomic cavity
(Fig. 7). Near the end of the lecithotro-
phic stage, this cavity persists only as a
small remnant, not obliterated but re-
tained throughout larval life (Zimmer,
personal communication). In Phoronis
psammophilia, the two horns of the preoral
lobe cavity are slightly developed poster-
torly on either side of the blasto-
pore(Brooks and Cowles, 1905; Sheaer,
1906; Emig, 1974); these horns are con-
tinued in the two ventrolateral areas by
isolated cells (the mesodermal lateral pro-
liferations are not organized in masses, but
the mesodermal cells wander along the
blastocoelic walls—Figs. 6d-f, 8e-f). As, in
the preceding species, a temporary exist-
ence of the anterior cavity has been ob-
served (Brooks and Cowles, 1905; Shearer,
1906).

The trunk coelom (or metacoel) in Phor-
nonis ijimai originates from a single
U-shaped row of cells that proliferate to
form a solid mass (Zimmer, personal
communication) and then undergoes
schizocoely (Zimmer, 1973). Ikeda, (1901)
considered that the metacoel is probably
formed by cells lining the trunk space. In
Phoronopsis harmeri (Zimmer, 1964), no
trunk coelom is developed and no meso-
dermal aggregation is present at the end of
lecithotrophic development. Thus, it
seems that there is only the small pro-
tocoelic remnant at this time and the blas-
tocoel fills all other larval space. In Phoronis
psammophila, a mass of mesodermal cells,
issued from the postero-lateral prolifera-
tion areas, appears dorsally near the anus
around the intestine (Figs. 6f, 8f); from
this mass arises the metacoel as a schizocoel
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(Emig, 1974; Shearer, 1906). Selys-
Longchamps (1907) implied that the trunk
coelom is formed by mesodermal cell wan-
dering along the blastocoelic walls, but as
did Roule (1890, 1900a2) he considered
that the gastrula possesses no coelom, the
whole cavity 1s still blastocoelic. Cowles
(1904), and Brooks and Cowles (1905)
probably confused the solenocytes of the
protonephridia with the mesodermal ag-
gregation and described the metacoel
primordium only in Phoronis psammophila.
According to Caldwell (1882) and Cori
(1939), the metacoel in one Phornonis
hippocrepia originates posteriorly from
paired dorsal sacs, formed by aggregations
of isolated mesodermal cells. Masterman
(1900) stated that in Phoronis buskii the
trunk arises from a paired archenteric
diverticula on the dorsolateral areas of the

blastocoel. ] ]
In summary, it seems possible that the

mode of the formation of the coelomic
cavities varies with the species (Table 2).
The third coelomic cavity, that of the collar
(mesocoel), appears only shortly before
metamorphosis. The other space retains its
embryonic status, that of a surviving blas-
tocoel.

CONCLUSIONS

Two remarks are necessary on the pre-
viously listed features. First, too much
phylogenetic significance has been given
to the origin of the mouth and anus: these
two features present many deviations in
the Protostomia and Deuterostomia and
cannot be considered with certainty as
criteria for the separation of the two
superphyla. (Jagersten, 1955; Brien, 1970;
Emig, 1974). Secondly, coelom formation
in the Phoronida has parallels in deuter-
ostomic phyla such as the Hemichordata
and the Echinodermata and must be con-
sidered in relation to the origin of the
mesoderm from which the coeloms are
derived. These features have been consid-
ered in a recent study on the phylogenetic
position of Phoronida and Archimerata
(Emig, 1975): the phylum Phoronida
agrees with the pathway of Chordata, so
the statements of proceeding investigators
(Young, 1962; Zimmer, 1973; Emig,
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1973a, 1974) are corroborated, contrary to
the opinion of many earlier zoologists
which related the Phoronida to the “Pro-
stormia.”
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