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ABSTRACT: The Phoronida is a phylum of marine animals whose position in the Bilateria
has radically changed as a result of recent molecular phylogenetic analysis. Although
molecular data have confirmed the position of phoronids among typical Trochozoa,
supporting data from comparative embryology and morphology are lacking. This paper
reviews the available literature and also provides original results concerning the early
embryonic and larval development of phoronids. Phoronid egg cleavage can be regarded
as transitory between a typical radial and typical spiral pattern. The presence of oblique
furrows in early phoronid development should not be interpreted to mean that phoronid
cleavage is typically radial. At the same time, phoronids lack a specific mosaic of
blastomeres, whose presence is characteristic of true spiral development. Phoronids also
lack trochoblasts, rosettes, and cross cells. Nondeterministic cleavage with an oblique
position of furrows allows the blastula to form at the 16-cell stage, which is very important
for species with holopelagic development. In phoronid species that brood, a brick-like
embryo appears as aresult of early egg development. In phoronids, there are two distinctive
sources of coelomic mesoderm: anterior and posterior. Both sources are multicellular and
originate from the anterior wall of the archenteron (the anterior mesoderm) or by entherocoely
(the posterior mesoderm). Organogenesis starts in the later gastrula. The ectoblast gives rise
to the epidermis, ciliated bands, nervous system, excretory system, and some parts of
digestive tract (esophagus and proctodacum). The ultrastructure of the epidermis differs
depending on body part. The activity of ciliated bands in phoronid larvae combines features
of the Protostomia and Deuterostomia. In actinotrocha, the preoral ciliated band functions
as itdoes in protostomian larvae (the preoral ciliated band beats from anterior to posterior),
whereas the postoral ciliated band functions as it does in deuterostomian larvae (the postoral
ciliated band beats from anterior to posterior). The first neurons are serotonergic; they
appear in the epidermis of the apical plate. In the young larva of Phoronopsis harmeri, the
serotonergic nervous system consists of apical ganglion, which contains a U-shaped field
of monopolar perikarya, and two groups of bipolar (or multipolar) perikarya; the tentacular
neurite bundle, which runs dorsally from the left and right groups of bipolar (or multipolar)
perikarya; two nerve rings of the telotroch; the oral nerve ring; and the nervous net around
the proctodaeum and pyloric sphincter. In the early larva, serotonergic perikarya originate
along the edge of the preoral lobe and then disappear. At this stage, the perikarya on the
ventral body side form the ventral nerve cord and then also disappear. The FMRFamidergic
nervous system is very complex; the main nervous tracts underline the main muscles. The
FMRFamidergic ventral nerve cord appears in the 6-day-old larva and remains in older
stages. The excretory system forms as an unpaired ectodermal protrusion under the postoral
ciliated band in front of the anus. The protrusion develops two branches (left and right),
which then separate and form two protonephridia. The entoblast gives rise to other parts of
digestivetract (cardiac sphincter, stomach, midgut). The posterior part arises from ectoderm.
Mesoblast is the source of the coelomic lining of the preoral and (in future) tentacular
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coeloms, muscles, and blood corpuscles. In the early embryo, muscle cells and coelothelial
cells have similar ultrastructures and form a continuous layer; all cells bear desmosomes.
Then the myofilaments appear in the muscle cells, which lose desmosomes and become
cross-striated. In summary, phoronids combine features of Protostomia and Deuteroatomia.
Apparently, these features (nondeterministic cleavage of the egg; formation of blastule
early in development; two sources of mesoderm; simultaneous occurrence of the mouth,
nervous system, and muscles; etc.) are plesiomorphic and inherited from the common
Bilateria ancestor. On the phylogenetic tree, phoronids should therefore be regarded as one
of the basal groups of the Lophortochozoa.
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PE3IOME: ®opoHuabl — OTAENbHBIA THUI KUBOTHOTO LIAPCTBA, MOJI0KEHHE KOTOPOIO
cpemu npyrux Bilateria KOpeHHBIM 00pa30M W3MEHUIIOCH B PE3yJIbTaTe aHAIM3a HOBBIX
TAHHBIX MOJIEKYISAPHOU (DMIIOTCHETHKH. Pe3yIbTaThl MOCIEIHNUX JIET YBEPSHHO CBHJIC-
TEJIBCTBYIOT O TTOJIOKEHUH (POPOHU cpeu THITHIHBIX Trochozoa. B To e BpeMs JaHHEIC
MOJICKYJISIPHOU (DMITOTCHUH 10 CHX TIOP HE HAIILTH OYCBHIHBIX JIOKA3aTEIBCTB CO CTOPOHBI
CPaBHUTEIBHOI YMOPHOTIOTHH U MOPQoIorHH. B paboTe mpencTaBieH 0030p IMEIOIIUXCS
JUTEPaATYPHBIX JaHHBIX, & TaK )K€ COOCTBCHHBIC OPUTHHAIBHBIC PE3YIbTATHI ITO PAHHEMY
SMOPUOHATHFHOMY M JINTYMHOYHOMY pa3BUTHIO poporua. [TokazaHo, 9To IpoOiieHus sia
y (OpOHHI MOXKET OBITh OXaPaKTEPHU30BAHO KaK MEPEXOIHBINH THIT MEKIY THITUYHBIM
paaraTbHBIM ¥ THITUYHBIM CITUPATHHBIM. THITHYHBIM PaTUaIbHBIM JpoOiacHue (HOpOHHT
HEJb3sl CYUTATh, MIOCKOJIBKY Y MHOTHUX BHJOB OBUIO OMUCAHO HAKIOHHOC IOJIOKCHUE
00pO3IT TPETHETO, YSTBEPTOTO U MOCISAYIONINX JeIeHUH npobiaeHus. B To ke BpeMs y
(hopOoHH]T OTCYTCTBYIOT THITHYHASI JIJIsI CIIUPAIEHOTO JIPOOIICHUST MO3arnKa 0J1acTOMEpOB,
TPOXOOJIACTHI, KIIETKU KpecTa U T.1. HeneTepMUHUPOBAaHHOE POOIICHHUE, TIPU KOTOPOM
HaKIIOHHOE PACITOIOKEHUE O0PO31 APOOIICHHUS TI03BOIISIET CPOPMHIPOBATH OIACTYITY YKE
Ha ctagud 16 KIIETOK, YTO YPE3BBIYAITHO BaXKHO UISI PA3BHTHS B TOJIIE BOJIEI, ITO-
BHIUMOMY, JOCTAJIOCh (POPOHUIAM OT 001ero npenka Bilateria, mMeBiero rojormneiaru-
YECKOe pa3BUTHE. Y BUJIOB, BBIHANIMBAMOIINX SHUIA M SMOPHOHBI B KPOHE IIyIaliell,
MTOCIICAOBATEIIEHOCTh MEPUINOHATBHBIX M MIAPOTHBIX ACICHUA IPOOIICHUS MO3BOISCT
copMupoBaTh SMOPHOH ITPSIMOYTOJILHOH (POPMBIL, KOTOpas sIBIIsieTCs Ooiee ya0O0HOM Jist
ITOCTPOUKH SMOPHUOHATBHBIX cKoIUIeHnH. OOHapyx)eHne y (OPOHUI] XOPOIIIO BEIPAKEH-
HBIX JIBYX ACTOYHUKOB IIEJIOMUYECKON ME30ICPMBI — MEPETHETO U 33 THETO — MO3BOJISCT
paccMmatpuBaTh Ty TPYIITY Kak Hauboliee apxandHyro cpeau Beex Bilateria. McTounnku
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Me30/IepMbl MHOTOKJIETOYHbIE U (POPMHUPYIOTCS 38 CUET MMMUTPALNU KIETOK U3 CTCHKH
apxeHTepoHa (TepeIHss Me30IepMa) UITH SHTEPOIICNIbHO (3aaHss1 Me3oaepMma). OpraHore-
He3 HaYMHAETCs Ha CTaJINH O3HEH racTpysl. 13 sxTob1acTa pa3BUBaIOTCS SIIUIEPMHIC
1 PECHUYHBIC HIHYPBI, HECPBHAA CUCTEMA, BBIACIUTCIIbHAA CUCTEMA U HEKOTOPHIC OTACIIbI
MTUILIEBAPUTEIBHOTO TPAKTA (ITUILEBOJ] M TPOKTOACYM). DMHUIEPMHUC PETepIieBaeT Tud-
(bepeHIMPOBKY ¥ OTIIMYACTCS 110 YIBTPACTPYKTYPE B Pa3HBIX y4acTKax Teia. Y MOJOIBIX
JMYUHOK UMEIOTCS TOJIBKO PEOPATBHBIN M TTOCTOPAIBHBIN PECHUYHBIC ITHYPBI. Y JTHIH-
HOK (hOPOHU/T PECHUIKH MPEOPATLHOTO IIHypa padoTarOT TaK XKe KakK y JMINHOK JIPYTHX
MIEPBUYHOPOTHIX: OBIOT CIEpeAN Ha3aj, TOTAA PECHUYKH IOCTOPAIBHOIO PECHUYHOTO
HIHypa paboTaroT Kak y BTOPHYHOPOTHIX: OBIOT criepein Ha3a. CHrHaIbHbIE CEPOTOHH-
HAIpru4deckne HeWpoHbl AU((EPEHIMPYIOTCS B SMUACPMHUCE AMUKAIBHON IUIACTHHKH.
CepoTOHMHAPrHYECKHE KJIETKH IOSBIISIOTCSI, HO IOTOM HCYE3aI0T BAOJIb Kpasi Ipeopallb-
HOW JIONACTH, a TAK)KE BJIOJIb BEHTPAIBHOM CTOPOHBI TEJIA, TJI€ OHU (DOPMHUPYIOT IPOJI0ITH-
HBII HEPBHBIN CTBOJI C MAPHBIMU HEMPOHAMU U METAMEPHBIMU KOMHUCCYpaMu. Y MOJIOAOH
JMYUHKH CEPOTOHMHAPIrUYecKass HepBHAs CHUCTEMa COCTOMT W3 allMKaJIbHOTO OpraHa,
KOTOpBI 00pa3yl0T MOHOMNOJSIPBl W JIBE TPYIMIbI (IIpaBasi W JieBasi) OWUIONISIPOB WM
MYJIBTHIIOJSIPOB, HEPBA Iy TIAJIEL], OKOJIOTIIOTOYHOT'0 HEPBHOT'O KOJIIIA H JIBYX KOJIBLIEBBIX
HepBoB Tenorpoxa. FMRFamumspriuueckast HepBHast cucTeMa ycTpoeHa 00Jiee CII0KHO U
TJIaBHBIE HEPBHBIE TPAKThl MOBTOPSIOT XOJ TJIAaBHBIX MBIIMIEYHBIX ITYYKOB.
FMRFamuspruyeckuii BEHTpajdbHbI HEPBHBIA CTBOJI IMOSIBISIETCS y LIECTHIHEBHON
JIMYUHKHU U COXPAHACTCA Ha 6onee TIO3JHUX CTaaUsX. BI)I)ICHI/ITQHBHaH CHCTCMaA 3aKJIaabl-
BaeTCs HEMapHBIM DKTO/IEPMaIbHBIM BIISTYMBaHUEM, KOTOpOe (pOpMHUPYETCs O TIOCTO-
PaJIbHBIM PECHUYHBIM IITHYPOM BIIEpeIU KUIIeYHUKa. OT 3TOT0 BISIYMBAHUS OTXOIST JIBE
BETBU — JICBasl U IIpaBasi, KaKaas U3 KOTOPBIX HeceT rpymnmy u3 7—-10 TepMUHAIBHBIX
KJIETOK. 3aTeM eANHOE OCHOBaHME pa3zeisieTcst u (popMHUpYIOTCS Ba MPOTOHE(PHIHSL.
OHTOOMACT AaeT HaYaI0 HEKOTOPBIM OTAETaM MHUIEBAPUTEIBHOTO TPAKTA: KapAHaIbHbINA
COUHKTED, )KEITYA0K, CPSHSISI KHIIKA. 3aJTHUI OTAeI IPOUCXOIUT U3 3KToOIacTa. Me300-
JacT JaeT Hayajo KJIETKaM IeJIOMUYECKOW BBICTHIIKHM IMPEOpPAILHOTO U, MO3/HEe —
LIYaJIBIIEBOTO LIEJIOMOB, MYCKYJIATYPE M KJIETKaM KPOBH, KOTOPBIE IOSIBIISTIOTCSI Ha OoJiee
TO3/THUX JIMYMHOYHBIX CTaAMsIX. Ha paHHUX 9Tarax pa3BUTHs MBIILIEYHbIE KIIETKU U KJICTKH
LIEJIOMUYIECKOH BBICTHIIKH HE OTIIMYAIOTCS IPYT OT APYTATIO yIBTPACTPYKTYPE M 00pa3yroT
€IMHBIN CIIOH, B KOTOPOM BCE KIETKM CBSI3aHBI JIECMOCOMAaMH. 3aT€M B MBIMIEYHBIX
KJICTKaX MOSBIISIOTCS MHO(QUIAMEHTHI U YTPAaYMBarOTCs JecMOocoMbl. Ha Oostee mo3qHmx
CTaausAX MHO(DUIAMEHTBI OPTaHU3YIOTCS 0 THITY MOIIEPEYHOII0JIOCATON MYyCKYIaTyphI.
CyMMupysi pe3ynbTaTbhl MOXHO 3aKIIOYNTh, YTO (POPOHHIBI — TPYIIa, COYETAIONIAs
MIPU3HAKN TIEPBUYHOPOTHIX U BTOPUYHOPOTHIX. [To-BuanMOMYy, 3TH ipu3HaKy (HexeTep-
MUHHUPOBaHHOE IpoOIIeHHE sifia, hopMUpoBaHUe OIACTYIIBI HA PAHHUX CTAIHAX Ipooiie-
HUSL, HAJIMYNE IBYX HCTOYHUKOB LIEJIOMUYECKOH ME30/1€pMBbl, ONHOBPEMEHHOE TTOSIBIICHHE
pTa, HEpBHOM CHCTEMbI U MYCKYJIATYpPhI 1 T.JI.) yHAcJIe0BaHbl (OPOHUIAMHU OT OOIETOo
npenka Bilateria, a camu GpopoHHIBI, TaKUM 00pa3oM, 3aHMMaeT Oosiee 0a3aIbHOE MOJI0-
xenue cpeau Lophotrochozoa.

Kak nmruposats a1y crateio: Temereva E.N., Malakhov V.V. 2012. Embryogenesis in
phoronids // Invert. Zool. Vol.9. No.1. P.1-39.
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1. Introduction

The Phoronida is a group of invertebrates
with a unique body plan. The position of phoro-
nids on the phylogenetic tree of Bilateria is still
unclear and is a hotly debated topic in metazoan
phylogeny. Traditionally, phoronids have been
allied with brachiopods and bryozoans — all of
which bear a ciliated, tentacular feeding appara-
tus called a lophophore — in the taxon Tentac-
ulata (Hatschek, 1888) or Lophophorata (Hy-
man, 1959). The monophyly of Lophophorata,
however, has been questioned by several au-
thors. For example, V.N. Beklemishev (1964)
inferred that metamorphosis of phoronids is
similar to metamorphosis of bryozoans, and he
merged both groups into one taxon — Podaxo-
nia. In contrast, there is substantial molecular
evidence that the Phoronida and Brachiopoda
are closely related (Cohen et al., 1998; Cohen,
2000; Cohen, Weydmann, 2005; Santagata,
Cohen, 2009). Accordingto all these data, more-
over, phoronids form a small taxon among the
inarticulate brachiopods. In any case, the deci-
sion concerning relationships between the main
groups of the Lophophorata does not help us
define the position of the Lophophorata on the
bilaterian phylogenetic tree.

The position of lophophorates among other
Bilateria has been changed several times. Some
authors concluded that the Lophophorata are
protostomian animals (e.g., Hatschek, 1888;
Grobben, 1908; Hyman, 1940; Marcus, 1958).
Others regarded the Lophophorata as an ar-
chicoelomate group thatis situated at the base of
the Bilateria phylogenetic tree (Masrterman,
1900; Remane, 1949; Siewing, 1980). A third
group of authors, who focused on comparative
anatomy and embryology, considered the Lo-
phophorata to be closely related to the Deuter-
ostomia (e.g., Zimmer, 1973; Emig, 1977a;
Liiter, 2000; Ax, 2001).

In recent zoological science, phoronids are
regarded as trochozoans (Giribet, 2008; Paps et
al., 2009), but their position among the Lopho-
trochozoa is still debated. Some molecular phy-
logenetic analyses have suggested a close rela-
tionship between phoronids and mollusks (Mal-

lat, Winchell, 2002; Paps et al., 2009) or be-
tween phoronids and nemerteans (Dunn et al.,
2008; Helmkampf et al., 2008; Hausdorf et al.,
2010). In any case, these affiliations are based
solely on molecular data and are not supported
by any morphological or embryological data.
Moreover, analyses based on comparative anat-
omy and embryology always indicate that
phoronids are a sister group of the Deuterosto-
mia (Remane, 1949; Siewing, 1980). This con-
tradiction between molecular data and data from
comparative anatomy and embryology reflects
contradiction in other results of modern investi-
gations. Thus, on the one hand, phoronids have
all the features of deuterostomian animals such
as radial cleavage of the egg (Emig, 1977b;
Herrmann, 1986; Temereva, Malakhov, 2007),
multicellular origin of the coelomic mesoderm
(Herrmann, 1980; Zimmer, 1980; Temereva,
Malakhov, 2007), and three coelomic compart-
ments in the larva (Masterman, 1900; Temere-
va, Malakhov, 2006a) and the adult (Emig,
Siewing, 1975; Temereva, Malakhov, 2011a).
On the other hand, some data indicate the pres-
ence of trochozoan features in phoronid organi-
zation and development. Thus, spiral cleavage
was discovered in several species (Rattenbury,
1954; Pennerstorfer, Scholtz, 2011), and some
larvae and adults lack a preoral coelom (Bartolo-
maeus, 2001; Gruhl et al., 2005). At the same
time, some principal aspects of phoronid embry-
ogenesis have not been studied. These unstudied
aspects concern the formation of the digestive
tract and coelomic system, neurogenesis, and
myogenesis. In this chapter, we provide new data
about phoronid embryogenesis and a compara-
tive analysis of phoronid embryogenesis.

2. Formation of gametes and ferti-
lization

The development of oocytes and spermato-
zoa has studied in two phoronid species: Pho-
ronopsis harmeriPixell 1912 (see Reunov, Kle-
pal, 2004; Temereva et al., 201 1c) and Phoron-
is muelleri Selys-Longchamps 1903 (see Fran-
zen, Ahlfors, 1980).
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Phoronids do not have special gonads, and
germ cells develop in a special tissue called
vasoperitoneal tissue (Fig. 1 A). The ultrastruc-
ture and development of vasoperitoneal tissue
wererecently studied in Ph. harmeri(Temereva
et al., 2011). According to these data, cells of
the vasoperitoneal tissue and oocytes rest on the
blood capillaries (Fig. 1A), and cells of the
vasoperitoneal tissue form a follicular layer
around each oocyte; although the follicle covers
the oocyte, it does not nourish it (Temereva et
al., 2011). The mature oocyte has one large
nucleus and one or several large nucleoli, which
are visible even with a light microscope (Fig.
1B). Spermatozoa mature inside special lopho-
phoral organs, which are present in mails of
dioecious species and in all adult hermaphrodit-
ic species. The organization and ultrastructure
of the lophophoral organ were described in
several reports (Ikeda, 1903; Zimmer, 1967;
Temereva, Malakhov, 2006b). According to
these reports, lophophoral organs contain cavi-
ties in which the spermatophores form. The
morphology of spermatophores has been de-
scribed for two phoronid species (Zimmer,
1967). In Phoronis ijimai Oka 1897 (=Phoronis
vancouverensis Pixell 1912), the spermatophore
is ovoid and small. In Ph. harmeri, the spermat-
ophore has a large spiral sail and a round basal
pocket that contains spermatozoa (Fig. 1C). In
some cases, the male can produce aggregations
of spermatophores (Fig. 1D). One aggregation
can contain two or three round pockets of differ-
ent diameters. At the location where the sail
contacts the pocket, there is a roundish socket
(Fig. 1E). The pocket with spermatozoa is cov-
ered by a thin, transparent, massy layer (proba-
bly, mucous) with stuck grogs (Fig. 1F). The
pocket surface bears many ovoid dents (Fig.
1E). Spermatophores can float in water, and
the spermatozoa that they release into the wa-
ter enter the female through the nephridial
ducts. Once in the female’s trunk coelom, the
spermatozoa form large aggregations that float
in the coelomic fluid (Fig. 1G) and then ferti-
lize the eggs. Because fertilization occurs in
the female’s trunk coelom, fertilization in pho-
ronids can be categorized as internal. The

spawning occurs as a release of fertilized eggs
or early embryos. Most eggs start to develop in
the sea water, but the intriguing idea that con-
tact with sea water triggers the cleavage of the
egg is incorrect because cleavage (embryos
with 2 or 4 blastomeres) in the trunk coelom
has been documented (Selys-Longchamps,
1907; Rattenbury, 1953; Temereva, Malakhov,
2007).

3. Early development

Because early development of phoronids is
still debated, it necessary to discuss and consid-
er all relevant evidence. Moreover, phoronid
species vary considerably with respect to egg
cleavage, blastulation, and gastrulation.

3.1 Egg cleavage

Is cleavage spiral or radial?

Early development of phoronids was first
described in detail by J. Rattenbury (1954), who
worked with Phoronopsis viridis Hilton 1930
(=Ph. harmeri). According to Rattenbury, the
eggs of Ph. viridis and probably of all phoronids
have spiral cleavage. Starting from the third
division, the spindles arise in an oblique direc-
tion, and the degree of spindle inclination may
vary between the cells of one embryo (Ratten-
bury, 1954). The third cleavage is approximate-
ly equal, the micromeres being the same size as
the macromeres. As a result of the oblique
position of the spindles, sister cells shift with
respect to each other so that one lies closer to the
animal pole and the other lies closer to the
vegetal pole. Rattenbury (1954) traced the fate
of'each quadrant up to the late blastula stage and
concluded that phoronids have equal, undeter-
mined, spiral cleavage without specialised mes-
odermal cells, i.e., without teloblasts. The view
that cleavage in phoronids is spiral received
new support from the modern view that phoro-
nids are closely related to typical spiralians.
Some authors have suggested that spiral cleav-
age has been reduced in phoronids (Hejnol,
2010), and others have suggested that phoron-
ids might exhibit a plesiomorphic or a second-
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Fig. 1. Germ cells and spermatophore of Phoronopsis harmeri, live specimens, light microscopy.

A — part of the blood capillary (bv) with oocytes (ooc) and vasoperitoneal tissue (vpt); B — part of the oocyte cytoplasm
(cy) with a portion of the nucleus (n) and large nucleolus (nu); C — the spermatophore consists of a sail (s) and a pocket
(po) with spermatozoa; D — aggregation of pockets (po), which are covered by a mucous layer (ml); E — spermatophore;
the place of contact between sail (s) and pocket. A small socket (so) and dents (de) are indicated; F — general view of
spermatophore pocket, which is covered by a mucous layer (ml), and part of the sail (s); G — aggregations of spermatozoa
(sa) from the coelomic fluid of a female. Scale bars: A, F — 50 um; B— 10 um; C, D — 100 um; E, G — | pm.
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arily simplified spiralian condition (Pennerstor-
fer, Scholtz, 2011).

Our own data indicate that phoronid egg
cleavage is closer to radial than spiral, although
cleavage varies depending on the type of devel-
opment (Malakhov, Temereva, 2000; Temere-
va, Malakhov, 2007). Phoronids exhibit three
types of development (Emig, 1977b; Temereva,
2009). In the first type, which is termed holope-
lagic, embryos develop freely in sea water. In
the second type of development, the embryos
are retained in the lophophore up to the actino-
troch stage. In the third type, which is termed
lecitotrophic and which is exhibited only by
Phoronis ovalis Wright 1856, the embryo de-
velops without pelagic stages. We have studied
embryonic development in two species, which
exhibit the first and second types of develop-
ment.

Ph. harmeri is a phoronid with the first type
ofdevelopment and releases eggs into the water.
The egg is 90 um in diameter and is surrounded
by a thin envelope (Fig. 2A). Before the first
cleavage, the envelope becomes more amor-
phous and undulated (Fig. 2B). The furrow of
the first division appears on the animal pole, and
first division occurs on the meridional plane
(Fig. 2C). One blastomere is somewhat larger
than the other (Temereva, Malakhov, 2007).
After the first cleavage, the blastomeres sepa-
rate, and the difference in size is easily observed
(Fig. 2D). The blastomeres then gradually ap-
proach each other, and difference in blastomere
size becomes insignificant (Fig. 2E, F). The
difference in size between the first two blast-
omeres has also been observed for several other
phoronid species (Foettinger, 1882; Roule, 1900;
Brooks, Cowles, 1905; Rattenbury, 1954; Emig,
1974, 1977b). Experimental studies of embry-
onic development in Ph. ijimai showed that the

first groove is usually transverse to the anterior—
posterior axis of the larval body, producing one
anterior and one posterior blastomere (Free-
man, 1991). Hence, in phoronids in which the
first division is unequal, the larger blastomere
may be located at either end of the embryo.
Considering that the anterior end of the larva is
larger than the posterior end (the spacious head
lobe develops and immigration of primary mes-
oderm occurs in the anterior end), one could
speculate that the larger blastomere corresponds
to the anterior end of the embryo. According to
other observations, cells of the animal pole are
slightly smaller that those of the vegetal pole at
the 8-blastomere stage (Rattenbury, 1954; Emig,
1977b). The cleavage inequality at this stage is
often (but not always) pronounced in spiral
embryogenesis. In these cases, the animal cells
(the first quartet micromeres) give rise to the
larval episphere, while the vegetative cells (first
quartet of macromeres) give rise to the larval
hypersphere. In phoronids, the inequality is
often not detectable by observation with a light
microscope, and cell fate of both pole blast-
omeres is determined at the 8-cell stage (Free-
man, 1991). In gastrula, the descendants of
animal blastomeres occupy the aboral pole re-
gion, whereas descendants of vegetal blastomer-
es occupy the periblastoporal region. In the
actinotrocha, the animal blastomere descend-
ants (together with the apical plate and the
stretching of the ectodermal tier along the dorsal
part of larval body) give rise to the ectoderm of
the head lobe (above the ciliated band) (Free-
man, 1991). This pattern is easily accounted for
by accretion of the gastrula dorsal zone, result-
ing in displacement of the apical plate to the
front of the embryo. However, in Phoronis
pallid Silen 1952, for instance, a typical radial
symmetry of blastomeres is observed at the 16-

Puc. 1. [Tonossre kietku u ciepmarodopsl Phoronopsis harmeri, ceeToBbie poTorpaduu )KUBOTO MaTepH-

aja.

A — yacte kpoBeHocHoro kamwuisipa (bv) ¢ oountamu (00C) U Ba30NEPUTOHEANTBHOW TKaHbIO (Vpt); B — wacth
LUTOILIA3MBI 00IIUTA (CV) € yUacTKOM siapa (n) 1 siapsimkoM (nu); C — cnepmatodop, cocTosmuii u3 napyca (s) 1 MeIka
(po) co cnepmusiMu; D — cKOIUIEHHE MEIIKOB (PO), MOKPBITHIX 001IeH CIM3UCTOi 06010ukoii (ml); E — cnepmarodop;
MECTO KOHTaKTa napyca (s) 1 memka. [Tokazano HeGombiIoe yriayoineHue (S0) B OCHOBaHMU napyca u siMku (de) Ha
noBepxHOCTH; F — o0umii Bu Melika criepmMatoopa, MOKpeITOro CIU3UCTON 000510uK0ii (ml), n yyacTka napyca (s);
G — CKOIUICHHUS CLIEPMATO30U10B U3JICYCHHBIX U3 IIETIOMHUECKON MOJI0CTH caMKku. MacmTab: A, F— 50 mxm; B— 10

MiM; C, D — 100 mxMm; E, G — 1 MKM.
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Fig. 2. Early cleavage of Phoronopsis harmeri, live embryo, light microscopy. A-D, F, J, K— lateral views
are oriented with the animal pole to the top; E, G-I — animal view; L — vegetal view. Sister cells are
connected by a line. Each stage is 90 um in diameter.

A — the egg with the polar body (pb) and envelope (en); B — the start of the first cleavage: two light areas (la) in the
cytoplasm (two poles of spindle) appear and the envelope becomes amorphous; C — formation of the first cleavage
furrow (arrowheads); D-F — stage of 2 blastomeres; D — blastomeres part from each other; the right blastomere is larger
than the left; E — the gradual approach of the blastomeres; F — connivent blastomeres; G-I — the 4-blastomere stage;
G — just after division: the envelope is amorphous; H — formation of inner protrusions (arrowheads) in two sister
blastomeres; I — an embryo in which the blastomeres on the right are clearly larger than the blastomeres on the left; ] —
typical shape of an 8-cell embryo in radial cleavage: animal blastomeres (top) are strictly juxtaposed with vegetal
blastomeres (bottom); K — the start of the fourth division. Protrusions of blastomeres are marked by arrowheads; L —
the 16-cell stage: the embryo contains a small cavity (c).
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cell stage, and even a 32-celled blastula is not
polarized (Santagata, 2004).

According to our data, the second cleavage
furrow of Ph. harmeri also forms on the merid-
ional plane (Fig. 2G-I). Sister blastomeres part
from each other, and the envelope forms many
waves (Fig. 2G). Then the blastomeres approach,
and some form a protrusion on the inner-lateral
blastomere surface (Fig. 2H). When blastomer-
es approach, the envelope becomes smooth. In
some embryos, the difference in size between
blastomeres is evident at this stage (Fig. 21).

The third cleavage furrows are oriented on
the equatorial plane. The arrangement of blast-
omeres at the 8-cell stage is typical for radial
cleavage and deuterostomian development in
which the four vegetal blastomeres are strictly
juxtaposed with four animal blastomeres (Fig.
2J). The fourth cleavage furrows are oblique,
and the spindles are situated at an angle with
respect to animal-vegetal axis (Fig. 2K). In
some blastomeres, short, thick protrusions form.
They point toward a small cavity that has formed
as a result of the oblique positions of the spin-
dles (Fig. 2K). Thus, the small blastocoel cavity
appears at the 16-cell stage (Fig. 2L). The ob-
lique orientation of the fourth cleavage furrows
and the early formation of the blastocoel are in
accord with the holopelagic type of develop-
ment, because the blastocoel cavity promotes
the buoyancy of the embryo. Oblique furrows
have been described in other phoronid species.
Thus, according to Herrmann (1986), the third
cleavage furrows in Ph. muelleri are orientated
at an angle to the animal-vegetal axis. This

angle can vary from 10to 45 degrees. After that,
the animal and vegetal blastomeres are shifted
by some angle relative to the animal-vegetal
axis. Herrmann (1986) emphasized that this
event is not evidence of spiral cleavage. Inter-
esting, Zimmer (1964) describes 8-cell embry-
os in which animal blastomers have shifted
relative to vegetal blastomers. Rattenbury (1954)
and Pennerstorfer with Scholtz (2011), who
dealt with the oblique positions of the furrows of
the third and subsequent divisions, assumed that
aspiralian pattern characterized the cleavage in
phoronids. In our opinion, the oblique position
ofdivision furrows correlates only with the type
of development and cannot be regarded as typ-
ical spiral cleavage.

In Ph. harmeri, the swimming blastula con-
tains a spacious blastocoel. The blastoderm is
noticeably thicker at the vegetal pole than at the
animal pole. Each cell bears the cilium. There is
a tuft of long cilia on the animal pole of the
swimming blastula (Temereva, Malakov, 2007).

Ph. ijimai exhibits the second type of devel-
opment (Emig, 1977b; Malakhov, Temereva,
2000; Temereva, Malakhov, 2009). This spe-
cies broods embryos up to the young larval
stage. In Ph. ijimai, the three first cleavages are
similar to those in Ph. harmeri. The furrows of
fourth and fifth cleavage are meridional, almost
parallel to each other. As a result, the 32-cell
embryo consists of two 16-cell plates. The brick-
like shape of the embryo is maintained in subse-
quent stages. The blastula is compressed along
the animal—vegetal axis, and there is no spa-
cious blastocoel within.

Puc. 2. Pannee npobnenue Phoronopsis harmeri, ;xuBbie SMOPHOHBI, cBeTOBasi MUKpockomusi. A—D, F, J,
K — Bujg cOoky, anuManbsHbiil noitoc ceepxy; E, G-I — Buza ¢ anumansHOro mnosroca; L — Buj ¢
BEreTaTUBHOTrO nouoca. JlouepHue 61acToMepsl COeAMHEHBI TMHUAMHE. [{namerp Kax o ctaguu 90 MKM.
A — 5110 ¢ NOJSIPHBIM TembleM (pb) 1 000104K0i (en); B — Hauano nepBoro meneHus JpOOICHUS: TOSIBILSIIOTCS ABS
cBeTubIx oOacT (1a) B iuTorIa3Me (JBa noJist BEpeTeHa JIeJIeH s ) 1 000JI04Ka CTAHOBUTCS MOPIIMHUCTOM U aMOPHOIA;
C — dopmupoBanue 60pO3/1bI IEPBOTO ACIEHU 1podaeHus (0OTMeYeHa HakoHeuHuKamn); D-F — ctaaus 2 6mactome-
poB; D — 6acToMeps! pacXoasATCs; paBblii Oi1acTomMep OoJblIe 1eBoro; E — mocrenennoe cOmmKkenne 61acToMepos;
F — cOnusuBmmuecs 6macromepsl; G-I — cragus 4 6macromepo; G — cpasy mocie AeleHHs: BHIHA aMopdHas
o6osouka; H— popmupoBaHne BHYTPEHHHX BBIITYUBAHMIT (YKa3aHbI HAKOHEYHUKAMH) Y yX CECTPUHCKHX OIacToMe-
poB; [ —>MOpHOH, y KOTOPOT0 OTYETIINBO BUAHA Pa3HHIIA MEXK Ty KPYITHBIMHU OJ1acTOMepaMH (cIipaBa) 1 001ee MEITKUMU
Giacromepamu (ciieBa); J — THOMYHAS JUTS PAJHAIBHOTO ApobieHus Gopma 8 KIETOYHOro 3apOobIiia: aHHMAJIbHBIC
GimacTomepsl (CBEpXy) pacloOararoTcs CTPOro HaJ BEereTaTuBHbIMU (CHH3Y); K — Hadamo 4eTBepTOro JCieHHUs
npoOieHus. BeimsiunBaHus 01acTOMEPOB yKa3aHbl HAKOHEUHHKaMu; L — 16-KJIeTO4HBIH SMOPUOH C MOJIOCTBIO (C)
BHYTpH.
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Overall, egg cleavage in phoronids usually
follows a radial rather than a spiral pattern but
varies depending on type of development. In
phoronids with holopelagic development (e.g.,
Ph. harmeri), oblique furrows of the fourth and
subsequent divisions allow the formation of a
spherical blastula containing a spacious blasto-
coel thatis very important for embryo buoyancy.
Phoronids with brooding (e.g., Ph. ijimai), in
contrast, lack oblique furrows although the regu-
lar alternation of meridian and latitudinal divi-
sionsisaltered in some positions. The meridional
position of the furrows of the 4% and the 5%
divisions facilitates the formation of an embryo
with a brick-like shape, a shape that allows the
embryosto be closely packed within the aggrega-
tion. The second type of phoronid development
inwhich larvacarereleased relatively late seems
to be more advanced than the first type.

Although some aspects of phoronid cleav-
age superficially resemble spiral cleavage, es-
pecially in phoronids with holopelagic develop-
ment, phoronid development and typical spiral
development are significantly different. Phoro-
nid development lacks the kind of specific mo-
saic of blastomeres that is characteristic for true

spiral development. Rosette cells, cross cells,
and trochoblasts, all of which are characteristic
of spiral development, have never been report-
ed in phoronids. We therefore believe that pho-
ronid development should not be interpreted as
being derived from a spiral development. More
likely, phoronid cleavage demonstrates the first
steps away from undetermined radial cleavage
that seems to be plesiomorphic for bilaterian
clade towards the spiral cleavage which is char-
acteristic for trochozoans as such. From this
standpoint, phoronids probably with other lo-
phophorates occupy a basal position within the
lophotrochozoan clade in comparison with more
advanced trochozoans.

3.2 Gastrulation and mesoderm for-
mation

In Ph. harmeri, blastulae actively swim in
sea water. The gastrulation starts with the flat-
tening of the vegetal blastoderm (Fig. 4A). The
apical tuft of long cilia shifts onward, and the
direction of the animal—vegetal axis changes —
it curves (Fig. 4A). The blastoderm then mi-
grates into the blastocoels (Fig. 4B). The prima-

Fig. 3. Early development, gastrulation, and mesoderm formation in Phoronis ijimai. A—F — drawings of
live embryos extracted from the embryonic mass. The position of polar bodies (pb) indicates the animal pole
of the embryo. Sister cells are connected by lines; A-E — lateral view; F — animal view; G—J — pictures
of histological sections of embryos.

A — the egg with two polar bodies (pb) enveloped by the thin envelope (en); B — two blastomeres; C — completion
of the second cleavage; D — eight blastomeres; E — sixteen blastomeres; F — thirty-two blastomeres. The embryo has
a brick-like shape; G — early gastrula stage with differentiated ectoderm (ect) and entoderm (ent), primary archenteron
(ar), and primary anterior mesoderm precursor (am). Sagittal section, the anterior pole is on the right; H — later gastrula
with large archenteron (ar) and anterior mesoderm (am). Sagittal section, the anterior pole is at the top; [ — later gastrula
stage with a spacious blastocoel in the anterior part, which is lined by cells that arose from the anterior mesodermal
precursor (am). Frontal section, the anterior pole is at the top; J — preactinotrocha; the formation of the posterior
mesodermal precursor (pm). The larva has a large apical plate (ap) and archenteron (ar). Sagittal section.

Puc. 3. Pannee pa3BuTHe, racTpysius # GOpMUPOBaHKUE Me30AepMbl Y Phoronis ijimai. A—F — pucyHku
JKUBBIX SMOPHOHOB, U3BJICUCHHBIX M3 YMOPHOHANBHBIX CKOIICHUH. [losipHbIe Tenbla MapKUPYIOT aHU-
MaibHBI momoc. CecTpuHCckue Omactomepsl coeauHeHbl uHUsAMH. A—E — Bug cOoky; F — Bun c
aHMMaJIbHOTO nomoca; G—J — PUCYHKU THCTOJIOTUYECKUX CPE30B YMOPHOHOB.

A — 110 ¢ IBYMSI HOJIIPHBIMH TeNbIaMu (pb), oeToe TOHKOM 060104K0ii (en); B — nBa 6macromepa; C — okoHUaHHE
BTOpOTO AeneHus npodnenust; D — cranus 8 6mactomepos; E— cragus 16 61actomepos; F — cranust 32 GactoMepos;
G — pannsis ractpyna ¢ nuddepeHIpoBaHHOI SKTOAEPMOi (ect) U SJHTOEPMOii (ent), apXEHTEPOHOM (ar) B 3a94aTKOM
nepenHeil MezonepMel (am). CaruTTaubHBIH cpes, HEepeIHUH KOHel Tela — cBepxXy; H — mosmHss ractpynia c
OOLIMPHBIM apXEHTEPOHOM (ar) u nepejineit Mme3oaepmoii (am). CarurraibHbIM Cpe3, HepeIHUI KOHEl] Tejla — CBEpXY;
I — mo3xuss racTpyna ¢ oOIIMPHEIM OnacToleneM B IepeJHell YacTH 3apoAblIa; O1acTOLeIb BEICTIAH KISTKAMH,
MIPOUCXOSIIINMH U3 IIEPEIHET0 IeJIOMIUEecKoro 3a4artka (am). @poHTanbHEIH cpe3, HepeaHuil KOHel Tella — CBEpXY;
J — npeakTuHOTpOXa, (hOpMHUpPOBAHHME 3aJHEr0 LEIOMHYECKOro 3adatka (pm). [lokaszaHbl KpymHas amuKaibHas
MJIacTHHKA (ap) U apxeHTepoH (ar). CaruTTanbHbIi cpes.
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ry blastopore looks like a round orifice in the
center of the vegetal pole (Fig. 4C). It elongates
on the anterior—posterior axis to occupy the
major portion of the back half of the ventral area
of the embryo. Blastopore lips gradually close
in at its middle and later at the posterior region.
In later gastrula stages, the blastopore has a
narrow posterior part and a wide anterior part
(Fig. 4E). Then the posterior part closes and is
replaced by a deep groove on the ventral side of
the gastrula (Fig. 4F). The remnant of the blas-
topore at its anterior region forms the mouth.
The gastrula has a spacious blastocoel, which is
especially voluminous in its anterior part (Fig.
4D). The archenteron occupies the middle and
posterior part of the embryo (Fig. 4D).

In Ph. ijimai, gastrulation proceeds in the
maternal lophophore. Cilia develop on the cells
of the blastoderm by the beginning of gastrula-
tion, but embryos still remain aggregated. Gas-
trulation combines several events: the ingrowth
of the vegetal pole blastoderm, the bending of
the embryo, and the invagination of the vegetal
blastoderm. The primary blastopore looks like a
depression at the centre of the vegetal pole (Fig.
5A). Cells of the vegetal depression have dis-
tinctly prominent apical parts that distinguish
the blastopore area from other regions of the

embryo that are formed by more flattened cells
(Fig. 5B). The primary blastopore then elon-
gates and looks like a narrow slit (Fig. 5C). The
cells in the vegetal pole retain their peculiar
shape. The narrow blastocoel between the ecto-
derm and invaginated entoderm is filled with
mesodermal cells (Fig. 5D). The blastopore
gradually elongates and closes in the middle.
The blastoporal grove is clearly visible on the
ventral side of the embryo (Fig. SE). The mouth
and anus develop as deep depressions at the
opposite ends of the blastoporal groove (Fig.
5F).

Inboth species (Ph. ijimai and Ph. harmerti),
the mesoderm originates from two sources: an-
terior and posterior. In Ph. harmeri, the anterior
precursor arises from the anterior wall of the
archenteron in the early gastrula stage. Initially,
it looks like a small bulb (Fig. 4B) but then it
grows and gives rise to a large mass of cells that
fill the anterior part of the blastocoel (Fig. 4D).
Some mesoderm cells remain in the anterior part
ofthe embryo (Fig. 4G) but some migrate back-
wards, forming two lateral tiers along both sides
of the archenteron (Fig. 4H). The anterior mass
of mesoderm cells gives rise to the preoral
coelom (see below) and the muscle of the pre-
oral lobe (Fig. 41). The lateral cell tiers form the

Fig. 4. Gastrulation and mesoderm formation in Phoronopsis harmeri. A—E, H-1 — photographs of live
embryos, light microscopy; F, G — fixed embryos stained with phalloidin, confocal microscopy.

A — lateral view of the early gastrula stage with a long apical tuft (at), a shifted apical plate (ap), a spacious blastocoel,
and a flat blastoderm (vp) of the vegetal pole; B — the next stage with an archenteron (ar), a large apical plate (ap), and
the precursor of the anterior mesoderm (am), lateral view; C — the same stage on the ventral side, showing the
archenteron (ar) and elongated blastopore (bp); D — later gastrula stage with apical tuft (at) on the anterior pole, small
blastocoels (bl), and cells that migrated from the anterior mesoderm (arrowheads). Lateral view, the ventral side is on
the right; E — dorsal view of the later gastrula stage with apical plate (ap), archenteron (ar), and blastopore (bp), which
has started to close posteriorly; F — the same stage from the ventral side, 3D-reconstruction by Amira ver. 5.2.2. The
blastopore (bp) and ventral deep grove (arrowheads) are shown; G — Z-projection of several middle slides of the stack
with a mass of mesodermal cell (arrowheads), archenteron (ar), and the blastopore (bp); H — lateral view of the later
gastrula stage with a spacious blastocoel (bl) in the anterior part, an archenteron (ar), and two lateral tiers (It) of cells
that migrated from the anterior pole; I — the next stage with the closed cavity of the preoral coelom (c1), apical tuft (at),
and archenteron (ar). Scale bars: A—-C — 25 pm; D-I — 15 um.

Puc. 4. Tactpymsiuus 1 popMupoBaHue HEIOMHYECKON Me30aepMbl y Phoronopsis harmeri. A—E, H-1 —
(hororpadum KUBBIX )KHBOTHBIX; CBETOBast MUKpockomus; F, G— pukcupoBaHHbBIC SMOPHOHBI, OKpAIICHHBIC
(annonaHOM; KOH(pOKaIbHAS Ja3epHas CKAaHUPYIOIIas MUKPOCKOIIHSI.

A — panuss ractpyia (Bua cOOKy) ¢ JUIMHHBIM TEMEHHBIM CYJITAaHYMKOM (at), CMELIEHHOW BIIEpe] aliKaIbHON
TUIACTHHKOI (ap), 0OIIMPHBIM OJ1aCTOLIEIIEM H YIIOLIEHHO! 6J1aCTOAePMOIi BEreTaTHBHOT 0 rojroca (vp); B— cnenyromas
cranavsi, BUJT C60Ky, IIOKa3aHbl apXCHTCPOH (ar), KpynHas allMKaJbHas IJIACTUHKA (ap), 3a4aToK rlepe)meﬁ ME30A€PMbI
(am); C — Ta e cTajiust cO CTOPOHBI BEHTPAIBHOIO II0JIF0CA, T0OKAa3aHbI ApXEHTEPOH (ar) U BRITAHYTHIH 61acTonop (bp);
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D — mo3xuss racTpyiaa ¢ TeMEHHBIM CYJITaHUHKOM (at) Ha IMepeqHeM KOHIe Tela, HeGonpmuM OimacroneneM (bl), u
KJIeTKaMu (yKa3aHbl HAKOHEYHHKAMH), IMMHUTPUPOBABIIIMY U3 IIEPEAHEr0 Me30JepMalbHOro 3adaTka. Bunx cOoky,
BEHTpabHas CTOPOHA — cIipaBa; E — mo3auss racTpyia (BUA ¢ JOPCAIbHOM CTOPOHEI), TOKa3aHbL: TEMEHHAsS INIACTHHKA
(ap), apxentepoH (ar) u 6macronop (bp), HauaBIIKil 3aMBIKaThCS ¢33 Hareped;, F — Ta jke cTaausi ¢ BEHTpaIbHOI
cTopoHsl, 3D-peKoHCTPyKIHs, cAelaHHas B mporpamMme Amira Bep. 5.2.2. IToka3ansl 61acTONOp M BEHTPAIbHBII
JKEeNO0OOK (HAKOHEUHHUKH ), TPOX OIS BIOJb IMHUU 3aMbIKaHHs O1acTonopa; G — Z-IpoeKIus HECKOJIBKUX CIIaiI0B
13 CepeIUHBI CTOIKH, OKa3aHO CKOIUICHHE ME30ePMaIbHBIX KJIETOK (HAKOHEUHHKH), apXCHTEPOH (ar) H O6JIacTorop
(bp); H — mo3amss ractpyna ¢ odmupHbM OnactoneneM (bl) B mepenueil gacTu Tena, apXeHTEPOHOM (ar) U ABYMs
JIaTepalbHBIMH psiiaMu KIeTok (lt), BEICETUBIIMXCS U3 CTEHKH apXeHTepoHa (BuA cOOKy); I — crmemyromas ctagus ¢
3aMKHYTOH HOJIOCTh IPEIPOTOBOTO 1enoMa (cl), TeMEHHBIM CyJITaHYMKOM (at) 1 apxeHTepoHoM (ar). Macirad: A—C —
25 mxm; DT — 15 MM
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muscle system of the hyposphere and tentacles.
The posterior mesodermal precursor appears in
early larval stages (Fig. 6A). The posterior
mesoderm precursor first forms as asmall evagi-
nation at the border between the midgut and
hindgut. Then the precursor buds off becoming
a horseshoe-shaped body (Fig. 6B), which em-
braces the intestine dorsally and on both sides
(Fig. 6C). Later in development, two branches
of the metacoel “horseshoe”, which are easily
observed in live larvae (Fig. 6D), meet on ven-
tral the side, thus forming the ventral mesentery.

In Ph. ijimai, two precursors of the coelomic
mesoderm can be recognized in histological
sections (Fig. 3G-J). The anterior one also
arises from cells that migrate from the anterior
wall of the archenteron (Fig. 3G-I); the posteri-
or one forms by enterocoely at the border be-
tween the hindgut and midgut (Fig. 3J).

According to mostauthors, mesodermal cells
consist of cells that migrated from the frontal
and lateral archenteron walls (Selys-Long-
champs, 1902; Brooks, Cowles, 1905; Zimmer,
1980; Emig, 1974; Herrmann, 1986). Thus,
Brooks and Cowles (1905) argue that the bud-
ding clumps primarily form the preoral coelom
(protocoel) with two descending tiers of meso-
derm later giving rise to meso- and metacoels. In
the view of Rattenbury (1954), who inferred
that spiral cleavage occurred in phoronids, the
mesoderm originates from quadrants A, B, and
C. Ikeda (1901) discovered that the mesoderm
in Ph. vancouverensis originated from cells that
migrate from the archenteron wall and from the
formation of paired temporal pouches, from
which mesodermal clumps bud off. Zimmer
(1980) indicated that the proto- and mesocoel
form from 30—40 cells that migrate frontally and
ventrolaterally from the archenteron, whereas
the metacoel originates from 6—10 cells of the
archenteron wall near the junction between the
gut and stomach. Later, those cells aggregate to
form a U-shaped body around the sides and
dorsal part of the gut. A schizocoel forming
inside this body givesrise to the definitive trunk
coelom.

According to our data, the mesoderm in
phoronids has a dual origin, anterior and poste-

rior, and this has been proved in experiments
with cell labeling in Ph. vancouverensis (Free-
man, Martindale, 2002). The mesoderm of this
species includes cells labeled around both the
mouth and anus, and forms at the border of the
ecto-and endoderm, both of which contribute to
its origin (Freeman, Martindale, 2002).

Two origins for the mesoderm (anterior and
posterior) are characteristic of other groups of
Bilateria. Thus, in the Spiralia, the precursor of
the posterior mesoderm is the 4d blastomere,
whereas the anterior mesoderm originates from
the descendants of blastomeres 2a, 2b, 2¢, or 3a
and 3band givesrise to pharynx muscles (Boyer
et al., 1998; Henry, Martindale, 1998; Lartillot
etal., 2002a). In chordates, the posterior meso-
derm is the mesoderm of the tail bud, and the
anterior mesoderm is the so-called prechordal
mesoderm (Seifertetal., 1993; Kiecker, Niehrs,
2001). The mesoderm also has two origins in
crustaceans, where the bulk of the mesoderm
comes from the posterior portion of the embry-
onic plate (Weygoldt, 1961; Anderson, 1967;
Behesch, 1969). In many groups of crustaceans,
on the other hand, the so-called preantennal
mesoderm segregates anteriorly in the embryo
(Weygoldt, 1961; Benesch, 1969), thus giving
rise to the muscles of the labium superius, phar-
ynx, and eye-stalks.

The anterior and posterior mesoderm pre-
cursors are topologically associated with the
mouth and anus, which within the framework of
comparative anatomy are the products of the
segregation of the slit-like blastopore of a radi-
ally symmetric ancestor (Sedgwick, 1884; Jag-
ersten, 1955). Interestingly, in both chordates
and invertebrates, the regions of the anterior and
posterior mesoderm precursors express the
homeobox genes «Brachiury», «goosecoid», and
«fork head» (Bassham, Postlethwait, 2000;
Tagawaetal.,2001; Technau, 2001; Lartillot et
al., 2002b; Takade et al., 2002). Homologous
genes express in Cnidaria circularly around
mouth opening (Technau, Bode, 1999; Broun et
al., 1999; Scholz, Technau, 2003). This sug-
gests that the two precursors associated with the
anterior and posterior ends of the slit-like blas-
topore descended from a primarily circular re-
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gion of mesoderm formation in a radially sym-
metrical ancestor that split in the evolution of
the Bilateria.

In phoronids, the anterior mesoderm precur-
sor forms at the anterior tip of the slit-like
blastopore at the ecto-endoderm junction. The
posterior precursor develops at the edge of the
endodermal gut and ectodermal proctodeum,
i.e., at the region corresponding to the posterior
blastopore tip.

4. Organogenesis

Specific larval organs begin to form in the
later gastrula stage. First, the primary muscles
and nervous system appear, and then the diges-
tive tract forms. At the same time, the shape of
embryo changes and the ciliated bands arise.
The channels of the protonephridia and the
posterior precursor of the coelomic mesoderm
originate simultaneously. After that, the body
area under the tentacle ridge grows, the telo-
troch appears around the anus, and the trunk
coelom acquires a sack-like shape. The tentacle
coelom forms in older larvae; then the blood
masses originate and become large and red
before metamorphosis. The tentacular ridge
forms protrusions, which are the tentacles. The
number of tentacles increases with age. In mid-
larval stages, the metasomal sack occurs on the
middle line of the ventral side under the tenta-
cles. We have studied all the steps of Ph. har-
meri organogenesis. As is the case for all Bila-
teria, organs and tissues of phoronids arise from
three germ layers: the ectoblast, entoblast, and
mesoblast.

4.1 Ectoblast

In phoronids, the epidermis (including cil-
iated bands), nervous system, larval excretory
system, esophagus and proctodaeum arise from
the ectoblast.

4.1.1 Epidermis

In preactinotroch larvae, which do not feed
and does not have ciliated bands, the epidermis

is formed by monociliate cells that do not have
evidentdifferences in shape and height through-
outthebody (Fig. 7A). The dorsal body wall has
the least height and is composed of cuboidal
cells with round nuclei bearing nucleoli (Fig.
7B). The epidermis of the oral field, apical
plate, and preoral lobe is identical in height and
is formed by cylindrical cells (Fig. 7C). Nucleus
occupies the center of the cell. The apical cyto-
plasm of all cells contains large transparent
vesicles (Fig. 7B, C). These vesicles can be
found in all cells of the embryo and apparently
arise from cortical granules of the egg. The
basal cytoplasm of most epidermal cells have
retained solitary yolk granules (Fig. 7A—C).

In the young actinotrocha and in all later
stages, epidermal cells lack apical transparent
vesicles and yolk granules. Differences between
the epidermis of different body parts then be-
come more evident (Fig. 7D). At first, the pre-
oral and postoral ciliated bands appear; then the
telotroch forms (Fig. 7D). All ciliated bands are
formed by monociliate, high, columnar cells
with elongated nuclei. Cells of the preoral cili-
ated band contain bundles of thin filaments,
which extend along the lateral walls of the cell
(Fig. 7E). The postoral ciliated band contains
the so-called latero-frontal cilia, which bear
nine thick, long microvilli and motionless cilia.
In more advanced stages, these cilia form two
rows along the lateral sides of each tentacle and
are involved in particle capture (see Bullivant,
1968; Gilmour, 1978; Strathmann and Bone,
1997; Riisgérd, 2002). The latero-frontal cells
can be visualized by staining with phalloidin
because the long microvilli contain actin micro-
filaments (Fig. 7G). Moreover, these microfila-
ments extend into the cell cytoplasm and sur-
round the nucleus, as revealed by confocal laser
scanning microscopy (CLSM) (Fig. 7G). The
telotroch is the thickest ciliated band and is
formed by columnar cells (Fig. 7F). The desmo-
somes between these cells are located on the
lateral walls, and the apical portions of the cells
unattached to each other (Fig. 7F). Cells of the
telotroch epidermis have a long vertical rootlet,
which passes from the apical cell part to the
basal cell border.
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The thick epidermis of the oral field (the
area between the mouth and tentacles), apical
plate, and preoral lobe is formed by columnar
cells with well-developed apical net of thin
microfilaments (Fig. 7H). The nuclei are oval-
shaped in these cells. The thin epidermis of the
dorsal, lateral, and ventral body wall is com-
posed of short, flat cells, which have a large
surface area (Fig. 71). The nuclei in these cells
usually have an irregular form: they are curved
or horseshoe-like in shape.

The formation of specialized epidermis along
the ciliated bands is a common character for
most ciliated Bilateria larvae. In phoronid lar-
vae, cilated bands are formed by monociliate
cells. Such organization of ciliated bands is
known in deuterostomian larvae: tornaria and
dipleurula (Strathmann, Bonar, 1976; Nielsen,
1987; Dautov, Nezlin, 1992; Lacalli, Gilmour,
2001). Some trochozoan larvae have mono-
cilate cells in ciliated bands (larvae of Owentii-
dae) (Gardiner, 1978; Nielsen, 1987; Smart,
Dassow, 2009). Nevertheless, in most trocho-
zoan larvae, ciliated bands are formed by mul-
ticiliate cells.

Ciliated bands participate in larval locomo-
tion in water and in the capture of food particles.
Usually, the telotroche works as an organ of
locomotion whereas the preoral and postoral
ciliated bands surround the mouth and create a
water current that moves food particles into the
mouth. The Bilateria contains two groups of
animals that create the water current with either

an upstream- or a down-stream collecting sys-
tem (Nielsen, 1987). The upstream collecting
system has been described in adult phoronids,
bryozoans, brachiopods, and pterobranchia
(Nielsen, 1987; Nielsen, Riisgard, 1998). The
down-stream collecting system is known in adult
entoprocts, annelids, and sipunculids (Nielsen,
1987). Two types of collecting systems also
occurinlarvae. In “upstream larvae”, cilia of the
preoral ciliated band beat from posterior to
anterior, whereas cilia of the postoral ciliated
band beat from anterior to posterior. This type
of collecting system was described in echino-
dermate and hemichordate larvae. The second
type of larval type collecting system — down-
stream filtration— occurs in typical trochozoan
larvae (e.g., trochophore). In these larvae, cilia
of preoral ciliated band beat from anterior to
posterior, whereas cilia of postoral ciliated band
beat from posterior to anterior.

According to our data concerning actinotro-
cha, the preoral ciliated band beats from anteri-
or to posterior, whereas the postoral ciliated
band beats from anterior to posterior. Thus, in
phoronid larvae, the preoral ciliated band works
in the same manner as in trochozoan larvae,
whereas the postroral ciliated band works in the
same manner as in deuterostomian larvae. The
same pattern with respect to the activities of
preoral and postroral ciliated bands was de-
scribed in cyphonautes, which are larvae of
bryozoans (Strathmann, McEdwards, 1986;
Strathmann, 2006).

Fig. 5. Early development of Phoronis ijimai, scanning electron microscopy (SEM).

A — the start of gastrulation, formation of the depression on the vegetal pole. Lateral view; B — fine morphology of the
ventral depression, the apical portions of the vegetal cells look like bubbles; C — ventral view of the gastrula stage with
aslit-like blastopore in the centre of the vegetal pole; D — the same stage; longitudinal section. The deep, narrow cavity
ofthe primary archenteron (ar) is in the centre. The upper border of the blastocoel is indicated by arrowheads; E — ventro-
lateral view of the later gastrula stage with the blastoporal groove (arrowheads) along the ventral body side; F — ventro-
lateral view of the young actinotrocha with mouth (m) and anus (a). Scale bars: A, C, F—20 pum; B— 5 pm; D, E —
10 pm.

Puc. 5. Pannee pazsutue Phoronis ijimai, ckauupyromas yeKTpoHHas Mukpockomnust (CEM).

A — Hayano ractpyisuuu; GOpMHPOBAHKE BIABJICHUS B IIGHTPE BEr€TaTUBHOTO TOJIIOCA 3apobiia. Bua cooky; B —
BIITYMBAHNUE BETETATUBHOI'O ITOJIIOCA: alITMKAJIBHBIC YaCTHU KIIETOK B3AYThI U BBITVIAAAT KaK ITY3BIPH; C— racTpyia, BUJ
C BEIr€TaTUBHOTO IMOJIIOCA: BUJICH IHeHCBHZIHLIﬁ GHBCTOHOP; D — Ta xe CTangus; HpOL[OHLHLIﬁ Ccpes. FJ'Iy6OKB.$[ y3Kast
MOJIOCTh B LICHTPE — apXeHTEPOH (ar). BepxHsis rpanuiia 6iactoress ykazaHa HaKOHeUHUKaMu; E — o3 ausist ractpyiia
¢ GacTornopanbHbIM KeJI0OKOM (YKa3aH HAKOHEYHUKAMHU ) BJIOJIb BEHTPAJIbHOM CTOPOHBI TeJa, BU]] C BEHTPO-JIaTePAIbHOM
cTopoHbl; F — Mononas aktuHOTpoxa co proM (m) u anycoM (a), BHJ ¢ BEHTPO-JIATepalibHOI cTOpoHBI. MacmrTad: A,
C, F —20 mxm; B— 5 mxm; D, E — 10 mMxm.
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4.1.2 Nervous system

The development of the phoronid nervous
system has been studied in Ph. vancouverensis
by immunochemistry (Hay-Schmidt, 1990a) and
in Ph. harmeri by confocal microscopy and
transmission electron microscopy (TEM) (Te-
mereva, 2012; our unpublished data). Although
the results of both investigations are generally
similar, Ph. vancouverensis and Ph. harmeri
differ in the details of early neurogenesis. Ac-
cording to our data, Ph. harmerineurogenesis is
characterized by the presence of nervous ele-
ments that have not been found before in phoro-
nids (Temereva, 2012; our unpublished data).

According to Hay-Schmidt (1990) and our
data, first nerve cells differentiate in the epider-
mis of the apical plate. We have shown that
perikarya first appear with the formation of
mesodermal cells (and their derivatives — mus-
cles) and the mouth. This simultaneous forma-
tion of the nervous system, muscular system,
and mouth may reflect some processes in evolu-
tionary history when the organism changed from
feeding on micro-particles to feeding on macro-
particles. Neurotransmitters are first generated
in epidermal cells, which are in close contact
with the mesodermal cells (the future muscle
cells).

In Ph. vancouverensis, the first perikarya
contain catecholamine and serotonin (Hay-
Schmidt, 1990a). Catecholaminergetic cells
appear in the centre of the apical plate, but then
disappear, and new catecholamine-containing
perikarya originate in the epidermis of the pre-
oral lobe without connection to the apical plate
(Hay-Schmidt, 1990a: Fig. 1a, b). Radial cate-
cholamine-containing processes extend from
these perikarya to the edge of the preoral lobe.
Catecholamine-containing neurites were found
in the neuropil, along the edge of the preoral
lobe, along the tentacular ridge, in each tentacle,
and around the anus (Hay-Schmidt, 1990a).

Serotonergic perikarya also arise in the api-
cal plate and are evident there throughout larval
development (Hay-Schmidt, 1990a). As shown
in our work, in Ph. harmeri, the first neurons
appear in the epidermis of the apical plate in the

middle gastrula stage (Fig. 8A). The number of
serotonergic perikarya increases with age. In
the epidermis of the apical plate, serotonergic
perikarya are located along the perimeter of the
apical plate and arranged in the shape of a
horseshoe with two dorsal branches (Fig. 8B,
D). This horseshoe-like structure forms the basis
of the larval apical organ. A horseshoe-shaped
apical organ has been described in several
phoronid larvae by several authors (Hay-
Schmidt, 1989, 1990b; Lakalli, 1990; Santagata,
Zimmer, 2002; own data). As shown in our
research, the apical organ in advanced larvae of
Ph. harmeriis composed of two types of perikarya:
monopolar and multi- or bipolar (Fig. 8B). The
first bipolar perikarya arise from monopolar
perikarya, which lose apical parts with cilia and
plunge into the epidermis of the apical plate. The
monopolar perikarya are arranged along the
perimeter of the apical organ, whereas the multi-
or bipolar perikarya are located in the base of
the epidermis of the apical plate and form two
lateral groups (right and left) (Fig. 8B).

Additional serotonergic perikarya appear
around the apical plate in Ph. vancouverensis
(Hay-Schmidt, 1990a) and along the edge of the
preoral lobe in Ph. harmeri (own data).

The first serotonergic neurites extend from
the apical organ along the lateral and dorsal
sides of the preoral lobe and collar region (up-
per portion of the hyposphere) in Ph. vancouv-
erensis (Hay-Schmidt, 1990a) and along the
dorso-lateral sides in Ph. harmeri (own data).
According to Hay-Schmidt (1990a), in older
Ph. vancouverensis larvae, three pairs of major
serotonergic “nerves” (probably these are neu-
rite bundles) extend from the apical organ. In
addition to these main “nerves”, there are radial
“nerves” (probably neurite bundles) of the pre-
oral lobe, which extend from the apical organ to
the nerve on the edge of the preoral lobe, and the
posterior nerve ring around the anus (Hay-
Schmidt, 1990a). According to our data for Ph.
harmeri larvae, only two serotonergic neurite
bundles arise from the apical organ: the median
neurite bundle of the preoral lobe and the tentac-
ular neurite bundle. The latter starts as two
dorso-lateral branches, which are formed by
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Fig. 6. Development of the trunk coelom in Phoronopsis harmeri, photographs of live animals, light
microscopy.

A — lateral view of the later gastrula stage; the ventral side is on the right. The apical plate (ap), spacious blastocoels
(bl), dorsal precursor of posterior mesoderm (pc3), and ventral precursor of protonepridium (ppn) are evident; B—a
6-day-old larva; a dorsal view showing the stomach (st), midgut (mg), proctodaeum (pr), right protonephridium (pn),
and the precursor of the posterior mesoderm (pc3), which surrounds the proctodacum; C — a 9-day-old larva; a lateral
view showing the stomach (st), midgut (mg), proctodaeum (pr), and border of the trunk coelom (bc3); D — the same
larva, dorsal view. The same parts of digestive tract (stomach, midgut, and proctodaeum), paired protonephridia (pn),
and trunk coelom (bc3) are indicated. Scale bar 20 um.

Puc. 6. Pa3Burtue TynoBuiiHoro nenomMa 'y Phoronopsis harmeri. ®otorpaduu ;KUBbIX THIYHHOK, CBETOBAs
MUKDPOCKOIIHS.

A —mo3guaracTpyia, Bua cOoKy, BeHTpaIbHas CTOPOHa ciipaBa. O003HaUeHbI alliKaIbHas INIACTHHKA (ap ), OOIIUPHEIH
6nacronens (bl), TopcanbHBI 3a9aTOK 3agHEll Me30aepMBI (pc3) U BeHTPaIbHEINA 3a9aTOK MpoToHedpuanes (ppn),
B — miectunHeBHast TMYHHKA, BU c3aqd. [Toka3aHbl: XKeIy 0K (st), CpeAHssI KHIIKA (Mg), 3aJHsIs KAIIKA (Pr), IIPaBbIit
nporoHedpuanii (pn) u 3a9aToK 3agHeil Me30aepMbI (pc3), KOTOPBIH OKpYysKaeT 3aAHIOI0 KUIIKY; C — IeBATHAHCBHAS
JIMYMHKA; BUJ COOKY, TOKAa3HBI )KeITyJOK (St), CpeIHss KUIIKa (mg), 3aJHsIs1 KUIIKA (Pr) U TPaHHI[A TYJIOBHIIHOTO [IeI0Ma
(be3); D — Ta e nmuunHKa, BUJ c3a1u. OTMEUEHBI T€ JKE YACTH MUILIEBAPUTEIBHOTO TPAKTa (KEITY 0K, CPETHSS KUILIKA,
3aHss KHIIKA), TapHble TpoToHeGpuaun (pn) U TyIoBUIIHEIH HexoM (be3). Macmrad 20 MxM.



20

E.N. Temereva, V.V. Malakhov




Embryogenesis in phoronids 21

several thin neuritis and connect to each other
via dorsal commissure. These dorso-lateral
branches fuse on the ventral side and form
several loops into each tentacle. In addition to
the two main serotonergic neurite bundles in Ph.
harmeri, there are weak neurite bundles along
the edge of the preoral lobe, a thick neurite
bundles around the anus, and anerve ring around
the esophagus and cardiac sphincter. At some
stage of development, unusual nerve elements

are evident in Ph. harmeri larva. Thus, 6-day-
old larvae have a ventral nerve cord, which
extends from the oral nerve ring to the tentacular
neurite bundle. The cord is composed of two
longitudinal ventro-lateral nerves with paired
bipolar perikarya and thin commissures be-
tween them (see Temereva, 2012).

The FMRFamide-reactive nervous system
appears at later stages than the serotonergic
nervous system. At early stages, FMRFamide-

Fig. 7. Organization of the epidermis in the preactinotrocha (A—C) and in the 13-day-old actinotrocha (D—
I) of Phoronopsis harmeri.

A — sagittal semi-thin section of preactinotrocha showing the general anatomy: apical plate (ap), mouth (m), stomach
(st), midgut (mg), oral field (of), and posterior ectodermal invagination (ei) opposite the midgut; B — fine structure of
the dorsal side of the epidermis. Longitudinal section showing round nucleus (n) with nucleolus, branched microvilli
(mi), vacuoles with transparent content (lv), and electron-dense granules (dg); C — fine structure of the epidermis of
the oral field showing elongated nuclei (n), vacuoles with transparent content (1v), and electron-dense granules (dg);
D — sagittal semi-thin section of the 13-day-old actinotrocha showing the general anatomy and difference in
organization of epidermis between different body parts, including the apical plate (ap), preoral coelom (cl), preoral
ciliated band (pcb), esophagus (eso), stomach (st), midgut (mg), proctodaeum (pr), oral field (of), spacious blastocoel
(bl), trunk coelom (c3), tentacle (t), and telotroch (tt); E — details of the fine structure of the preoral ciliated band
epidermis showing the presence of longitudinal filaments (arrowheads), which run along the nucleus (n); F — the portion
of the telotroch epidermis with long cilia (c), long striated rootlet (sr), and free apical parts of cells (apc); G — latero-
frontal cells in the postoral ciliated band. The larva was stained with phalloidin (actin filaments appear gray) and hoechst
(nuclei glow) and analysed by Amira ver. 5.2.2. A 3D-reconstruction showing actin microfilaments in microvilli (mm)
above apical cell borders, which are also stained because contain microfilaments (mcb) along apical perimeter, and
microfilaments in the cytoplasm (mc) around the nucleus (n); H — apical parts of cells of the oral field epidermis.
Microvilli (mi) and apical net of microfilaments (arrowheads) are indicated; I — fine structure of the dorsal side
epidermis, which is formed by flat cells with microvilli (mi) and irregular nuclei (n) and which are underlain by muscles
cells (mc) of the blastocoel (bl). Scale bars: A— 5 um; B, E,F, H, I — 2 pm; C — | pm; D — 50 pm; G — 4 pm.

Puc. 7. Opranmzanus snuaepmuca npeaktuHoTpoxu (A”C) n 13-nueBHoit muunnku (D) Phoronopsis
harmeri.

A — CaruTTaIbHBIII IOy TOHKHIT CPE3 MPEaKTHHOTPOXH, II0OKA3bIBAOIIHIT OOIIYI0 QHATOMHIO: allMKaIbHas IITACTHHKA
(ap), pot (m), xkemynok (st), cpeaHsist Kumka (mg), opaibHoe nosie (of) u 3a7Hee HKTOASPMATBHOE BIsTYUBAHUE (€i)
HaNpOTHUB CpefHeil KumKku; B — yipTpacTpykTypa smugepMuca IOpCaIbHON CTOPOHBI Tela, IPONOIBHBIN cpes.
TToxaszanbl OKpyTiI0€ SAPO (N) C SAPBIIIKOM, BETBAIINECS MUKPOBIILIH (Mi), BAKYOJIH C IPO3PAaYHBIM COepKUMBIM (1v)
1 AJICKTPOHHO-IUTOTHBIE rpaHy.ibl (dg); C — ynbTpacTpyKTypa SMHIepPMECa OPAITBHOTO OIS TIOKA3bIH BBITSHYTOE SAPO
(n), BaKyOJIH ¢ IPO3PAaUHBIM COACPKHUMBIM (1V) U 2J1eKTpOHHO-IITOTHEIE TpaHyisl (dg); D — caruTTaiabHbI IOTy TOHKUH
cpe3 13-aHeBHOI aKTHHOTPOXH, TT0Ka3aHa OOLIast aHATOMUSI U BUAHBI PAa3JIN4Ksl B OPTaHU3ALMH SIINICPMICA Pa3HBIX
y4acTKoB Tenna. Ha cpese 0603HaueHBI: anuKaibHas IIIACTHHKA (ap), MPeopasbHEIi 1enoMm (¢ 1), mpeapoToBoii peCHUYHBII
mHyp (pcb), mumeBos (eso), KeIynokK (st), CpeIHss KUKa (mg), 3aAHss Kumka (pr), opansHoe noie (of), o0mupHsIit
6macrouens (bl), TynoBuiHki nenom (¢3), mynainsiie (t) u TenoTpox (tt); E— neranu yipTpacTpyKTypHOIt OpraHu3anuu
SMUEPMICA IPEOPATBHOTO PECHUYHOTO MIHYpa. HakoHeYHNKaMK yKa3aHBI MPOJOJIbHBIC (DHIAMEHTBI, TIPOXO/IAIINE
BIIOJIb BEITSIHYTOTO siipa (n); F— ydacTok snuaepmuca TeoTpoxa ¢ ATHHHBIMUA XKTy THKaMH (C), JIHHHBIMH HCIEPICHHBIMU
KOpEIIKaMH (ST) 1 CBOOOIHBIMH alTHKAIBHBIMHI yJaCTKaMH KJIETOK (apc); G — naTepodpOHTAIBHBIC KIICTKH IOCTOPAIBLHOIO
pecHnuHOrO IHypa. JInunHka okpamieHa (HarToOMANHOM (AKTHHOBBIC (DMIIAMEHTBI — cepbie) U XEKCTOM (sapa —
OpamXKeBBIC), PEKOHCTPYKIIHS IIPOBEeHa B IporpaMme Amira Bep. 5.2.2. 3D-peKOHCTPYKIHS TOKA3bIBACT aKTHHOBBIC
MHKPO(DHIAMEHTHI B MEKPOBHIIISIX (MM) Ha/{ aTUKAIBHOM TOBEPXHOCTHIO, KOTOPAsi TAK )K€ OKPALINBACTCS (haIIOUIHOM,
MIOCKOJIbKY B I[UTOIIIA3MeE IO IEPUMETPY KJICTKH IIPOXOIUT AKTHHOBBIC MUKPO(HIaMeHThI (mcb), 1 MUKPO(hHIaMEHTBI
B [IUTOILIa3Me (MC), IPOXOSIINE ITyIKaMH BIOJb sapa (n); H — anukanbHble 4acTH KISTOK SMUICPMHCA OPaTbHOTO
110J151; TI0OKA3aHbl MUKPOBHJLIM (Mi) U allMKaIbHAS CETh MUKPO(QHUIAMCHTOB (yKa3aHbl HAKOHEYHHUKAMH); | — TOHKOE
CTPOCHHE SMHUACPMHUCA JOPCATBHOM CTOPOHBI Tea, KOTOPBI 00pa30BaH yIUIOMCHHBIMH KICTKAMU C MHKPOBHILISIMI
(mi) 1 HenpaBWIBLHON (OPMBI sapamMu (n) U co CTOpoHbI OnacTonens (bl) moIOCTIaHBI MBIIICYHBIMU KJIETKAMH (MC).
Macmrab: A — 5 mxm; B, E, F, H, I — 2 mxm; C — 1 Mxm; D — 50 mxm; G — 4 MKM.
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Fig. 8. Organization of the nervous system at different stage of Phoronopsis harmeri development. A—H —
3D-reconstructions made with Amiraver. 5.2.2. The anterior pole is oriented vertically. A—-D — organization
of the SHT nervous system at different stages. E-H — organization of the FMRFamide nervous system at
different stages. Color: yellow — apical organ; pink — tentacular neurite bundle; light green — telotroch
neurite bundles; dark green — net around the proctodaeum; cyan — ventral nerve cord; pale blue — oral
nerve ring; dark blue — marginal neurite bundle of the preoral lobe edge, two pairs of ventro-lateral neurites
of the oral field, the upper ventro-lateral perikarya, and the lower ventro-lateral perikarya; brown — trunk
neurites; magenta— neurites and perikarya of the preoral lobe; orange — large neuron near the mouth; grey/
white — muscular system and all actin-containing structures (parietal cytoplasm, microvilli, etc.). I, ] —
ultrastructure of the apical plate, sagittal sections.

A — frontal view of the middle gastrula indicating cells (ic) that migrated from the archenteron (ar) and the mouth
(m); B — organization of the apical organ in an advanced larva showing the monopolar perikarya (mo — gold), left
(lg) and right (rg) groups of bipolar or multipolar perikarya (light blue), which give rise two branches of the tentacular
nerve (pink), view from below; C — the organization of the SHT nervous system in a 6-day-old larva, ventro-lateral
view. A weak signal is evident around the proctodaecum (dark green) and along the edge of the preoral lobe (dark blue).
Numerous perikarya are located along the ventral side of the oral field; D — lateral view of a 24-day-old larva with
the preoral lobe (pl), strong muscles of esophagus (me), and dorsal commissure (dc) between two branches of the
tentacular nerve; E — lateral view of later gastrula stage with the FMRFamide-reactive neuropil (np), cells (ic) derived
from anterior mesoderm, and the mouth (m); F — ventro-lateral view of a young actinotrocha with first FMRFamide-
reactive perikarya (fp), mouth (m), and tentacular ridge (tr); G — ventral view of a 6-day-old larva; the upper (up)
and lower (Ip) perikarya of ventro-lateral nerves are indicated; H — ventro-lateral view of a 24-day-old larva; I —
epidermis of apical plate in the later gastrula stage: the cells have the same fine structure; some of them contain
synaptic vesicles (sv). Epidermis is underlined by mesodermal cells (mc); J — epidermis of the apical plate in a 6-
day-old larva: the cells have a different fine structure. Monopolar perikarya (mo), bipolar or multipolar perikarya (bp),
the neuropil (np), epidermal cells (ec), and mesodermal cells (mc) are evident. The flask-shape perikaryon is indicated
by arrowheads. Scale bars: I — 2 um; J — 2.5 um.

Puc. 8. Opranuzamnus HEpBHOM CHCTEMBI Ha pa3HBIX CTaIusAX pa3Butus Phoronopsis harmeri. A—H — 3D-
PEKOHCTPYKIIUH, CICITaHHBIC B TIporpaMMe Amira Bep. 5.2.2. [lepenHuii KOHEII TeJa — CTOPOTO CBEPXY. A—
D — opranusanus cepoTOHMHAIPTUYECKOW HEPBHOW CUCTEMBI Ha pa3HbIX cTaausx pa3Butus. E-H —
opranuzanuss FMRFamupopruueckoii HepBHOW CHCTEMBbl Ha pa3HbIX CTaAMsAX pa3BuTus. L{Beramu
0003HAYEHBI: KENTHII — aTUKAIbHBIA OPTaH; PO30BBIH — LIYNAIBLEBBIA HEPB; CBETIO-3€JICHBII — HEPBBI
TEJIOTPOXa; TEMHO-3EJICHBI — HEPBHAS CETh BOKPYT 3aHEH KUIIKH; TOIy00il — BEHTPaJIbHBIN HEPBHBIH
CTBOJI; TEMHO-CUHHE — MAaprUHAJIbHBIN HEpB MpeopajabHON JIONACTH, JBE Mapbl BEHTPO-IaTepalbHBIX
HEPBOB OPAJILHOTO I10JIsL, TPYIIIBI BEPXHUX U HIDKHUX BEHTPO-JIaTepaIbHbIX IEPUKAPHEB; KOPUUHEBBIN —
HEPBBI TENIOBHIIA (TUTIOC(EPHI); MyPITyPHBIH — OTPOCTKH M TeJla HEPBHBIX KIIETOK MPEOPATEHON JIOMIACTH;
OpaHXEBBI — HEWPOHBI ¢ 00EMX CTOPOH OTO PTa; CEPHIIA/OCNbIii — MbIIICEYHAsT CHCTEMBI U BCE
AKTHHCOJEPIKAIINE CTPYKTYPHI (MapHeTanbHas MUTOIUIa3Ma KIETOK, MUKPOBOPCHUHKH H T.A.). I, J —
YIABTPACTPYKTYpa allMKaJIbHON IUNIACTUHKH; CAarUTTaJIbHbIE CPE3bI.

A — cpenHss racTpysia, BU CHEPE/H, OKa3aHbl KICTKH (iC), IMMUTPHPOBABILHE U3 CTCHKH apXCHTEPOHa, H POT (m);
B — opranu3anus anuKajabHOro opraHa y IMo3/Hel JMYnHKY; B1J cHU3Yy.I[Toka3aHbl MOHONOJSIPHBIE TIEpHKapuH (MO)
1 HeHpONWIIb, 00Pa30BaHHbIH HX OTPOCTKAMH (IIOKa3aHbI 30JI0THIM LIBETOM), @ Tak e JeBas (1g) u nmpasast (rg) rpymmst
OUIOJISIPHBIX HIIM MYJIBTHIIOJISIPHBIX TIEPHUKAPUCB (CBETIIO-TOIy00# ), KOTOPBIE JAI0T HAYAJIO ABYM JIOPCATBHBIM BETBSAM
IIyajbIeBOro Heppa (po30Bklif); C — opraHu3aliys CepOTOHUHAPTHYECKOH HEPBHOW CHCTEMBI Y 6-JHEBHOI JIMYNHKH;
BEHTpO-JaTepaibHo. Caa0blil CUrHA pa3iHyiM BOKPYT 3aHEH KUIIKH (TEMHO-3€ICHBIIT) H BAOJIb Kpasi IPeopaIbHOR
JI01acTH (IT0OKa3aH TEMHO-CHHUM). MHOTOUYHCIICHHBIE IEPUKAPHUH PACIIONAraloTCsl BOJIb BEHTPAIBHOM CTOPOHBI OPAITBHOTO
nonsi; D — Bua cOoKy Ha 24-IHEBHYIO JIMYMHKY C HPEOpabHON jomacTbio (pl), MOIIHO Pa3BUTBIMU MBIIILAMHI
MUIeBo/1a (me) ¥ JopcaabHON KoMucCypoil (dc) Mex Iy JBYMsI BETBSIMH LIy NAlbIIEBOro HepBa; E — mo3auHsist racTpyia,
By cOoky. O6o3nauerns FMRMFamumpprudeckuii Heiiponmis (np), KIETKH (ic), BBICSTUBILHECS U3 CTCHKH apXCHTEpPOHA
u pot (m); F — Moronas akTHHOTpoXa BeHTpo-natepaibHo ¢ nepsbiMu FMRFamunprudyecknmu nepukapusivu (fp),
pTOM (M) ¥ LIyanbLeBbIM BaTUKOM (tr); G — 6-1HEeBHast IMYMHKA, BUJ CIIEPEan, 0003HaUeHbI BEpXHHUE (UP) U HIKHHE
(Ip) mepukapum BEHTPO-TaTEPAIbHBIX HEPBOB OPAILHOTO 110JIA; | — 3MHUAEPMHC alMKaIbHON IITACTHHKY Y TIO3HEH
racTpyJIbl: BCE KIISTKM IMEIOT O0JIee MEHee CXO/IHYI0 OPTraHHU3aI|I0, B HEKOTOPBIX M3 HUX 0OHAPYKHBAIOTCSI CHHAITHYECKHE
My3BIPbKH (SV). DNUAEPMHUC ITOAOCTIAH CII0EM ME30AEPMAIIbHBIX KJIETOK (MC); J — 3MuAepMHUC arnKalbHOW INIACTUHKU
y 6-JIHEBHO JIMYMHKHN: KJIETKH IMEIOT Pa3HOE TOHKOE cTpoeHHe. [Toka3aHbl MOHOIOJIAPHEIE IIepHKapu (Mo), OUTIOIApHbIC
WM MyJIbTHIOJISIpHBIE TIepukapui (bp), Helpornuib (np), anuaepMabHble KISTKH (€C) M Me30/iepMalibHbIe KISTKH (Mc).
INepuxapuii, nmeromuii popmy ko0, 0003HaYeH HaKOHeYHHKamMu. MacmTa6: [ — 2 MxmM; J — 2,5 MKM.
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reactive neuritis is evident in the epidermis of
the apical plate. Then first FMRFamide-reac-
tive perikarya originate on the dorso-lateral
sides of the preoral lobe near the apical plate.
Then these perikarya disappear in Ph. vancou-
verensis (Hay-Schmidt, 1990a) and increase in
number in Ph. harmeri (own data). According
to Hay-Schmidt (1990a), older Ph. vancouver-
ensis larvae lack FMRFamide-reactive perikar-
ya, and the FMRFamide nervous system con-
sists of the central neuropil and several “nerves”
(neurite bundles): the median processes, pos-
terolateral processes, the two bundles of the
preoral lobe margin processes, the minor nerve
ring, major nerves of collar region, and the
posterior nerve ring around the anus.

All these neurite bundles were found in Ph.
harmeri larvae during our investigation. Ac-
cording to our data, however, Ph. harmeri lar-
vae have numerous FMRFamide-reactive peri-
karyain the apical organ, in the epidermis of the
preoral lobe, in the epidermis of the ventral and
ventro-lateral sides of the oral field (collar re-
gion), and in the epithelium of the esophagus
and the midgut. In the apical organ of older
larvae, FMRFamide-reactive perikarya form two
dorso-lateral groups of monopolar and multi- or
bipolar neurons. Perikarya scattered in the epi-
thelium of the preoral lobe and their processes
contact with the marginal nerve of the preoral
lobe and with the apical organ. In the epithelium
of the esophagus, perikarya are located in the
dorsal wall and form circular processes, which
extend around the esophagus and cardiac sphinc-
ter. In the midgut, about 10 perikarya form a
nerve ring near the pyloric sphincter. In the
epidermis of the oral field, perikarya form five
groups: upper leftand right, lower left and right,
and medioventral. The last is the most interest-
ing because it has not been described before.
Six-day-old larvae have a medioventral nerve
cord, which extends from the oral nerve ring to
the tentacular neurite bundle. The cord is com-
posed of six bipolar perikarya, which are con-
nected each other via thin longitudinal neurites
(see Temereva, 2012). Nine-day-old larvac have
two ventro-lateral nerves containing paired peri-
karya that are connected by thin commissures.

The ultrastructure of the nerve cells changes
greatly during development. In later gastrula
stages, the nerve cells of the apical organ resem-
ble the common epidermal cells of the apical
plate (Fig. 91). The size and shape of the cell
body and nucleus are similar for both kinds of
cells. The main difference is that the cytoplasm
rarely contains synaptic vesicles in nerve cells
but never contains synaptic vesicles in epider-
mal cells (Fig. 91). In 6-day-old larvae, the
apical plate is composed of common epidermal
cells and specialized perikarya (Fig. 9J). Neur-
ites form a large neuropile under the cell bodies.

As shown before (see Hay-Schmidt, 1990;
Santagata, 2004), in actinotrochs, the apical
organ is composed of several types of perikarya
(Fig. 9A). First, the apical plate contains a row
of cells that are located along the anterior edge
of the apical plate and in a horseshoe-shaped
pattern. These cells have long, thick microvilli,
which contain actin filaments that are stained by
phalloidin. Long, thick microvilli are character-
istic of the sensory cells of tentacles, and we can
conclude that the cells of the apical plate are
also sensory. These are ciliate cells, and they
contain at least one striated rootlet, which pass-
es near the nucleus (Fig. 9B). A round nucleus
is situated basally and has light karyoplasm.
Second, monociliated epithelial cells are locat-
ed in the center of the apical plate above the
neuropil (Fig. 9C). These cells have a wide
apical part, which contains an elongate nucleus,
and athin and long basal part—axon. Third, the
apical plate contains two groups of perikarya,
one in the upper portion and the other in the
basal portion (Fig. 9D). A layer of neurites
separates these two groups of perikarya (Fig.
9D). The apical borders of the first group of
perikarya (probably monopolar) bear thin mi-
crovilli and are in contact with the surrounding
medium. The perikarya of the second group
(probably bipolar or multipolar) rest on the
basal lamina and contact the coelothelial cells of
the preoral coelom; they do not have microvilli
and do not contact the surrounding medium,
even though the basal apparatus of the cilium
occurs near the nucleus. This apparatus contains
two centrioles, a striated rootlet, and an adjacent
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Golgi apparatus (Fig. 9E). The presence of the
basal apparatus of the cilium is the evidence of
appearance of perikarya of the second group
from ciliate perykaria of first group during their
plunge into the epidermis of the apical plate (our
unpublished data). The neuropil of the apical
organ is composed of numerous neurites, which
contain various kinds of synaptic vesicles (Fig.
9C). Large neurites have less dense cytoplasm
than small neurites. Marginal nerves of the
preoral lobe pass between the basal parts of the
epidermal cells of the preoral ciliated band.
TEM reveals three bundles of neurites, which
are separated by thin basal processes of epider-
mal cells (Fig. 9F). The median nerve passes
between the apical organ and the marginal nerve.
As shown by CLSM on early larvae, the middle
part of the median nerve forms a bulge, which
corresponds to the frontal organ of the older
larva. This bulge, which is also revealed by
TEM (Fig. 9G), resembles a large bundle of
neurites, which rest on the basal lamina and are
bordered by the thin epidermis of the preoral
lobe. The tentacular nerve is located at the base
of tentacular ridge. The neurites of the tentacu-
lar nerve pass near sensory cells, which bear
long, thick microvilli (Fig. 9H). On its basal
side, the tentacular nerve borders the basal lam-
ina and contacts the circular muscle of the
tentacles. Large perikarya and neurites occur in
the epidermis of the esophagus (Fig. 9I). These
neurons form the oral nerve ring. Most of these
neurons are monopolar. Within each neuron, a
roundish nucleus is situated basally and con-
tains a nucleolus (Fig. 91). The cytoplasm of
these neurons contains numerous vesicles and
appears less dense than the cytoplasm of adja-
cent cells. Neurites contact the basal lamina.
Some neurites are very large (600-700 nm in
diameter). The cytoplasm of neurites contains
many synaptic vesicles of the first kind and few
dense core vesicles. Perikarya and neurites are
present on the epithelium of the cardiac sphinc-
ter. These neurites are up to 1 pm in diameter. In
the midgut, there are many basal neurites, which
contain many kinds of synaptic vesicles (Fig.
9J). We did not find any cell bodies that could be
regarded as perikarya. The epithelium of the

proctodacum is formed by cells that also contain
many different kinds of vesicles (Fig. 9K). The
nature of these vesicles is unknown, but their
position in the apical cytoplasm and the CLSM
data (the presence of signal in the apical portion
of the proctodaeim epithelium) suggest that
these vesicles may contain neurotransmitters. In
addition, the basal processes occur near the
basal lamina of the proctodacum (Fig. 9L).
These processes contain vesicles with electron
dense material and are in close contact with the
coelothelial cells of the trunk coelom.

According to our data, Ph. harmeri at early
stages of development has a more complicated
nervous system than other phoronid species.
The presence of the ventral nerve cord is the
most interesting feature of nervous system or-
ganization in Ph. harmeri and may reflect some
evolutionary steps in the formation of the pho-
ronid nervous system (Temereva, 2012). In pho-
ronid larvae, the ventral nerve cord exhibits
metamery because it is composed of repetitive
perikaryaand commissures. Phoronids may have
inherited this nerve cord from an ancestor that is
common to all bilaterian animals and that had a
metameric organization. The presence of the
metameric nerve cord supports the idea of
metamery in phoronids (see Temereva, Mala-
khov, 2011b)

4.1.3. Excretory system

The development and anatomy of the phoro-
nid excretory system was reported in our previ-
ous work with Ph. harmeri larvae (Temereva,
Malakhov, 2006¢).

In Ph. harmeri, protonephridia appear in
preactinotrocha as an unpaired ectodermal in-
vagination, which is located in front of the anus
and intestine (Fig. 10A). The protonephridial
channels can be recognized by CLSM because
the epithelium of the channel forms numerous
long microvilli that contain actin fibres that can
be stained by phalloidin (Fig. 10D-G). In early
larval stages, the protonephridial complex con-
sists of a large base and two branches (left and
right), each of which bears one group of termi-
nal cells (Fig. 10B, D). Each branch extends
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Fig. 9. Ultrastructure of some nerve elements in 13-day-old larva Phoronopsis harmeri, longitudinal
sections.

A — general view of apical organ on parasagittal section, anterior point of preoral lobe is to the right, dorsal body side
is to the left; apical point is at the top. The neuropil (np) occupies most of the apical organ; perikarya form two groups:
upper (mo) and lower (bp). Sensory cells (sc) are located anteriorly; unspecialized epidermal cells (ec) are situated
dorsally. Coelothelial cells (ct) of preoral coelom (cl) lay under neuropil and lower group of perikarya. Spacious
blastocoel (bl) is located anteriorly; B — organization of sensory cell of apical organ showing thick microvilli (tmi),
roundish nucleus (n), striated rootlet (arrowhead), and one perikaryon from lower group (bp). Anterior point of preoral
lobe is to the right; dorsal body side is to the left; apical point is at the top; C — neuropil of apical organ consists of nerve
fibers with large (1) and small (sf) diameters. Top of neuropil is covered by epidermal cells (ec), and the bottom is covered
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along the lateral body walls and skirts the intes-  start to separate (Fig. 10F). In 5-day-old larvae,
tine (Fig. 10E). In 3-day-old larvae, the base of  each protonephridium consists of a straight chan-
the protonephridial complex becomes thinner neland 15-20 terminal cells (Fig. 10C). In more
(Fig. 10E), and the left and right pritonephridia advanced larvae, the straight channel curves

by coelothelial cells (ct); D — anterior portion of apical organ, anterior point of preoral lobe is to the right, dorsal body
side is to the upper left, apical point is at the top. Upper (mo) and lower (bp) groups of perikarya are separated by a layer
of neurites (In). Basal body in perikaryon from lower group is indicated by arrowhead. Micrograph also shows part of
neuropil (np) with large (1f) and small (sf) neurites, epidermal cell (ec), preoral coelom (c1) with lining (ct), and blastocoel
(bl); E — basal apparatus (arrowhead) of rudimentary cilium, Golgy apparatus (G), and part of nucleus (n) in cytoplasm
of pericaryon from lower group; F — sagittal section of the preoral lobe edge with ciliate cells of preoral ciliated band
(pcb), muscle cells (mc), and three bundles of neurites (arrowheads). Anterior point is to the right; dorsal side is to the
left; G — part of median nerve of preoral lobe. Concentration of neurites (nf) surrounded by basal lamina of blastocoels
(bl) and epidermal cells (ec) with microvilli (mi) and cilia (c). Anterior point is to the right; dorsal side is to the left;
H — portion of tentacular nerve: bundle of neurites (nf) in contact with basal lamina (ba) and muscle cells (mc), and
located near sensory cell, which is characterized by presence of thick microvilli (tmi), several striated rootlets
(arrowheads), and denser karyoplasm of nucleus (n). Anterior pole of larva is to the left, and posterior pole is to the right;
I—perikaryon (pe) in epithelium of esophagus has synaptic vesicles (arrowheads) and basal processes (nf), which spread
on the basal lamina (ba) and underlined by muscle cells (mc). Cardiac sphincter is to the right, vestibulum is to the upper
left; J — nervous fiber (arrowheads) in the basal part of epithelium (ec) of the midgut; K — part of proctodaeum wall
and portion of trunk coelom (c3) with coelothelial cells (ct). Arrowheads are indicate vesicles, which look like synaptic
vesicles. Midgut is to the upper left, anus is to the right; L — basal parts of proctodacum wall (pr) with basal process
(arrowheads), which contain vesicles, underlined by basal lamina of blastocoels (bl), and contact coelothelial cells (ct) of
trunk coelom. Scale bars: A— 10 um; B, C,H—1.25 pum; D—2.5 um; E— 0.5 pm; F, G, , K, L — 2 pm; J — | pm.

Puc. 9. VabpTpacTpyKTypa HEKOTOPBIX 3JIEMEHTOB HEPBHOM CHCTEMBI y 13-1HeBHOM THUnHKU Phoronopsis
harmeri, IpOIOJBbHBIE CPE3BI.

A — 001Hil BUJ] aUKaIBHOTO OpraHa Ha IapCaruTTalbHOM Cpe3e, IIEPeIHNIT Kpail IPeopabHOH JI0MacTH — CIIpaBa,
JopcaibHasi CTOpOHa Tefla — ciieBa. Helipormuips (np) 3aHuMaeT OO0ibIINil 00bEM aNMKaIbHOTO OpraHa; MepHKapuu
(dopMupYyIO ABe TPYHIEL: BepXHIOW (pel) 1 HikHIoo (pe2). UyBcTBUTEIbHBIE KICTKH (SC) PAaCcIoIaraloTCs BIIEPEay,
HECIeIUaIN3HPOBAHHBIC SMHUACPMAlIbHbIC KIETKH (ec) — c3aau. Kierkn BeicTHikH (ct) mpeaporoBoro ueiaoma (cl)
JIeXaT MOJ HeWpOnuiIeM W HIKHEH rpynnoil nepukapueB. OOmupHbIi Onactonens (bl) 3aHMMaeT MpOCTPaHCTBO
crepeny; B — oprannzanus 4yBCTBUTEIBHOMN KIICTKH allUKaIbHOTO OpraHa; I0Ka3aHbl TOJICThIC MUKPOBOPCHHKH (tmi),
OKpYTJI0€ AP0 (1), UCUSPUYCHHBIN KOPEIIOK (yKa3aH HAKOHEUYHHKAMMU) U OJIMH NEPUKAPHOH U3 HIKHEH rpymsl (pe2);
C — HelpOoNMIIb aMKAILHOTO OpraHa 00pa3oBaH HEPBHBIMU BoJOKHaMHu Oosbioro (1f) u manenskoro (sf) auamerpos.
C BepxHeil CTOPOHBI HEHPOIMIIE OKPHIT YN ASPMATLHBIMHI KIIETKaMH (€C), a ¢ HIDKHEH — I10JJOCTIIaH 10 TSI aTbHEIMU
kieTkamu (ct); D — mepenHsist 4acTh anuKaibHOro opraHa. Bepxuss (pel) w HioKHss (pe2) TPYIIbI NEepUKapUeB
pa3JeneHsl cIoeM HepBHBIX BOJIOKOH (In). BaszambHOe Teno B IUTOIIIA3Me MEPHKAPHOHA HIDKHEW TPYIIIBI YKa3aHO
HakoHeyHHKOM. Ha MuKpodoTorpaduu Tak ske 0003HaYCHBI: YaCTh HEHPOIMIIA (NP) C HPBHEIMHU BOJIOKHAMH OOJIBIIOTO
(1f) 1 manenskoro (sf) tnamerpos, snuAEpPMATBHBIE KIETKH (€C), MPEIPOTOBOM 1eoM (c1) 1 KIeTKH BBICTHIKY (Ct) 1
6mactornens (bl); E — y4acTok MTOIUIa3MbI IEpUKapUOHa HIDKHEH rpynibl. [TokasaHsl: 6a3anbHOe Teblie (HaKOHeu-
HUK) pyAUMEHTapHOT 0 XKI'yTHKa, arnapat ['onsmku (G) 1 gacTs siapa (n); F — caruTranbsHelii cpe3 kpas peopanbHoit
JIOITACTH CO KI'yTHKOBBIMHU KJIETKaMHU [IPEOPATLHOTO PECHUYHOTO MIHYpa (pcb), MBINICYHBIME KJICTKAMH (INC) B TPeMst
IIy4KaMH HEPBHBIX BOJIOKOH (yKa3aHbl HaKOHe4HHKaMH); G — 9acTh MEIHAIBHOTO HEpPBa MPEOPANBHON JIOMACTH:
CKOIUICHHE HEPBHBIX BOIOKOH (nf) oxpyxkeHo 6a3anbHOI miacTHHKOU Gractorens (bl) u snuaepManbHBIMU KIeTKaMU
(ec) ¢ MuKpoBOpCHHKaMHU (mi) u KryTukamu (¢); H — y4acTok IynanbleBoro HepBa: My40K HEPBHBIX OTPOCTKOB,
KOHTaKTUPYIOLIHe ¢ 6a3aIbHOI MTaCTHHKO# (ba) M MBIIICYHBIMI KIICTKAMH (IMC)H IPOXO/IIINI PSIIOM C CEHCOPHBIME
KIIETKaMU, KOTOPBIC XapaKTePU3yIOTCsl HATMIHEM TOJICTHIX MUKPOBOPCHHOK (tmi), HECKOIBKUX HCUSPUCHHBIX KOPEIIIKOB
(yxa3aHbl HAKOHEYHHKAMH) U IUIOTHON KapHOIIa3Moii siapa (n); | — nepukapuoH (pe) B SIHUTEINH HHIEBOA COACPKUT
CHHAIITHYECKHE ITy3bIPBKH (yKa3aHbI HAKOHEYHUKAMH) M IMeeT 6a3anbHble 0TpocTkH (nf), paciuiactanHble 10 6a3aibHOI
miactuHKe (ba), K KOTOPOH ¢ APYroi CTOPOHBI IPUIIeKAT MBIIIeYHbIe KIeTKU (mc). KapruansHslii chuHKTep — cIpasa,
BeCTHOYIIOM — CBEpXy; J — HEepBHBIC BOJIOKHA (yKa3aHbI HAKOHCYHHKAMMU) B 0a3albHON 9aCTH SIUTEIHUS CPeIHei
kumkn; K — y4acTox smutesns 3a{Heil KUIIKH U y9acTKa TYJIOBHIIHOrO mesnoma (c3) u ero BeicTuikw (ct). Hakoneu-
HHUKAaMH YKa3aHbI BE3UKYJIbI, KOTOPBIE BBITTIAIAT CXOJHO C CHHANITHISCKUMU ITy3bIpbKkaMy. CpeHss KUIIKa B BEpXHEM
JICBOM YTy, aHyC — ciipaBa; L — Ga3anpHasi 9acTh CTCHKH 3a{HEHl KUIIKH (Pr) ¢ 6a3aabHBIMI OTPOCTKAMH (yKa3aHbI
HaKOHEYHUKAMH ), KOTOPBIE COJIEPIKAT BE3UKYJIbI, IOAOCTIaHbI 0a3aJIbHOM IUTaCTUHKOM O1acTonens (bl) 1 KOHTaKTHPYIOT
C LENIOTENINABHBIME KJIeTKaMu (ct) TynoBHIIHOTO Henoma. Macmtad: A — 10 mxwm; B, C, H— 1,25 mxm; D — 2,5 Mxwm;
E—0,5vkm; F, G, I, K, L — 2 mMkm; J — 1 MKM.
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Fig. 10. Development and organization of protonephridia in Phoronopsis harmeri larvae. A-C —
photographs oflive animals; D-F — 3D-reconstructions made with Amira ver. 5.2.2. The top of the organism
is oriented to the top of each photographs. The protonephridia are indicated by green; the gut — by dark
yellow; the muscles and actin containing structures — by grey. G—K —transmission electron microscopy
(TEM), micrographs, longitudinal sections of larvae, desmosomes are indicated by straight arrowheads,
electron-dense contacts are indicated by concave arrowheads.

A — lateral view of preactinotrocha with ventral ectodermal primordium of the protonephridia (ppn); B — lateral view
of an early larval stage with protonephridial complex: basis (bs) and branches (br); C — ventro-lateral view of a 5-day-
old larva with two separated protonephridia (pn), each of which bears terminal cells (tc); D — lateral view of an early
actinotrocha; E — Lateral view of a young actinotrocha; F — dorsal view of a 5-day-old actinotrocha; G — Terminal
cells (nucleus (n), mitochondria (m), inner microvilli (im), and outer microvilli (om)) are located in blastocoel (bl) near
the coelomic lining (ce) of the trunk coelom (c3); H — the apical surface of the terminal cell with cilium (c), striated
rootlet (r), Golgi apparatus (G), and large mitochondria (m); I — cross section through the collar region of one terminal
cell showing the inner microvilli (im), outer microvilli (om), basal lamina (ba), and blastocoel (bl); J — the wall of
excretory channel, which contacts with two layers of coelomic lining (ce). The lumen of the channel is filled with cilia
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and consists of two branches: a shorter, ascend-
ing branch and alonger, descending branch (see
Temereva, Malakhov, 2006). The descending
branch extends between two coelothelial layers:
mesocoel lining and metacoel lining (Fig. 10G,
J). Thus, the descending branch is situated in-
side the diaphragm. The ascending branch is
located more ventrally than the descending
branch and opens by the nephridiopore on the
lateral side under the tentacles. The number of
terminal cells then increases to as many as 40.
The terminal cells are exposed in spacious blas-
tocoels above the tentacles and form an upper
group. In competent larvae, the lower group of
terminal cells appears and is located between
the body wall and coelothelial lining of the trunk
coelom. Here, the large blastocoel forms be-
tween the body wall and coelomic lining, which
is 100—150 pm distant from the body wall. The
lower group consists of 20 terminal cells. Thus,
in Ph. harmeri larvae, each protonephridium
has two terminal parts with 40-50 terminal cells
in the upper part and 20 terminal cells in the
lower part. Interestingly, there are some differ-
ences among descriptions of terminal-part or-
ganization. Thus, Hay-Schmidt (1987) found
25 terminal cells in the protonephridia of Acti-

notrocha branchiata Mueller 1846 (larva of
Ph. muelleri); each of these cells directly con-
tacts the channel. In contrast, Bartolomaeus
(1989) studied larvae of the same species (Ph.
muelleri) and recognized three terminal aggre-
gations, each of which consists of 30 terminal
cells and 15 accessory cells; the terminal por-
tion of each protonephridium contains 125 cells:
45 accessory cells and 90 terminal cells. In the
creeping lecititrophic larvae of Ph. ovalis, each
protonephrida consists of an excretory channel,
five terminal cells,and one accessory cell (Grobe,
Bartolomaeus, 2007).

The histology and ultrastructure of protone-
phridia in different phoronid species have been
described by various authors (Selys-Long-
champs, 1902; Menon, 1902; Goodrich, 1903;
Shearer, 1906; Hay-Schmidt, 1987; Bartolo-
maeus, 1989). All of these descriptions were
made on larvae of Phoronis spp. Here, we
present new data about the ultrastructure of the
protonephridia in advanced larvae belonging to
other genera — Phoronopsis (Ph. harmeri).

The separate terminal cell is monociliate
and cylindrical (Fig. 10G, H). The apical sur-
facebears one cilium and two kinds of microvilli.
The outer microvilli are thick and form a collar

and microvilli (mi). Nucleus (n), mitochondria (m), epidermis (ep), and Golgi apparatus (G) are indicated; K — a portion
ofthe lumen of the excretory channel showing cilia (c), striated rootlet (r), nucleus (n), mitochondrion (m), and microvilli
(mi). Scale bars: G, K — 1 ym; H— 0.7 pm; I — 0.5 pm; J — 1.3 pm.

Puc. 10. Pa3Butne u opranusaiusi mpoToHehpuares y tuauaku Phoronopsis harmeri. A—C — doTorpaduu
JKUBBIX THYHHOK; D—F — 3D-pexoHCcTpyKIHH, caenaHHble B mporpamme Amira Bep. 5.2.2. ITepeanuii konery
TeJa )KUBOTHBIX OPHEHTHPOBAH CTPOro BBepX. [IpoToHedhpu i 0603HAUCHBI 3¢ICHBIM [[BETOM, KUIIICYHUK —
JKEJITBIM, MBIILIIBI U aKTUHCOAepKAIINE CTPYKTYpbl — cepbiM; G—K — TpaHCMUCCHOHHAS 3JIEKTPOHHAS
mukpockonus (TEM), mukpodororpaduu; npomoibHble CPe3bl; AECMOCOMBI YKa3aHbl HPSIMbBIMH
HAKOHEYHUKAMU; DIICKTPOHHO-IIJIOTHBIE KOHTAKThI YKa3aHbl BOTHYTHIMU HAKOHEYHUKAMU.

A — IIpeakTHHOTPOXAa C BEHTPAIbHEIM HEapHBIM YKTOAECPMAIBLHBIM 3a9aTKOM IPOTOHeGpuaUeB (ppn); BUX COOKY;
B —pannss nuurHKa (BUI COOKY) € IPOTOHE(PPUANAIEHBIM KOMILJIEKCOM: HellapHoe ocHOBaHue (bs) U [iBe TaTepalibHbIe
BeTBH (br); C — BEHTpO-aTepasibHO S-THEBHAS JIMYMHKA C ABYMS PA3ICIUBIIUMUCS TPOTOHEDPUIUSIMU (pn), KaXKIbIi
13 KOTOPBIX HeCceT TePMUHANIBHEIE KICTKH (t¢); D — paHHsst akTHHOTpOXA cO0Ky; E — Mononas akTuHOTpoXa cOOKy;
F — Bun ¢ caan, 5-pueBHas nuunuka; G — TepMUHANbHBIE KIETKH (PO (n), MHTOXOHAPHH (M), BHYTpEHHHE
MHUKPOBOPCHHKH (im), BHELUIHWE MUKPOBOPCHHKHM (0m)) pacnonaratorcs B Onactouene (bl) psgom ¢ meiaoMuyeckoit
BEICTHJIKOH (ce) TynoBumiHoro menoma (c3); H — ammkanbHas 9acTb TePMUHAIBHOIN KIETKH CO JKTYTHKOM (C),
HCUEPUCHHBIM KopemkoM (r), anmaparoM 'omsmxu (G) 1 kpynHOU MuTOXOHApHEH (m); I — monepednslii cpes uepes
BOPOTHHYOK TEPMHHAIBHOM KIETKHM, I0OKA3aHbl BHYTPCHHUE MUKPOBOPCHHKH (im), BHEIIHHE MUKPOBOPCHHKHU (om),
6asanpHas miactuHKa (ba) u 6nacronens (bl); J — cTeHKa BEIIETHTEILHOIO KaHAIA B MECTE KOHTAKTA C IEIOMHIECKON
BBICTHJIKON (ce), mpuiexamieil k snuaepmucy (ep) creHku Ttena. [IpocBeT KaHama 3amoOMHEH KIYTHKAMH U
MHUKpOBOpCHHKamMu (mi). OTMedeHsl: sapo (n), MutoxoHapux (m) u komuieke I'onbmku (G); K — ywyactok mpocsera
BBIJICJIUTEIIBHOTO KaHalla, MOKa3aHbl XI'YTUKU (C), MCUEpUYEHHBbIE KOpemkH (r), sapa (n), MUTOXOHIpuH (m),
MuKpoBopcuHKH (mi). Macmrad: G, K — 1 mxm; H — 0,7 mxm; [ — 0,5 mxwm; J — 1,3 MrM.
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along the cell periphery (Fig. 10I). The inner
microvilli are thinner and located in the centre
near the cilium. The cytoplasm differs in these
two kinds of microvilli: the cytoplasm s electron
lighter and contains many vesicles in the outer
microvilli but is denser and never contains
vesicles in the inner microvilli. The outer
microvilli bear desmosomes, contact each other
via desmosomes and special electron-dense
contacts, and form a tube that surrounds the
cilium and inner microvilli (Fig. 10G). Exter-
nally, this tube is covered by a thick layer of the
basal lamina, which contains long collagenous
fibres and forms a filter for ultrafiltration (Fig.
10I). The cell body contains the basal apparatus
of the cilium, which consists of the basal body,
accessory centriole, long vertical rootlet, Golgi
apparatus, nucleus, and large mitochondria (Fig.
10H). We did not find accessory cells in the
terminal parts of phoronid protonephridia.
According to Bartolomacus (1989), the
organization of accessory cells is similar to that
of terminal cells, but their cilia expose into
blastocoels instead of the excretory channel.
The excretory channel is composed of mono-
ciliate cells (Fig. 10J, K). The undulipodium,
basal body of cilium, and striated rootlet are
situated parallel to the apical surface (Fig. 10K).
The striated rootlet bears numerous microvilli,
which fill the lumen of the channel. Between
bases of adjacent microvilli, absorption occurs
and vesicles arise. The apical cytoplasm con-
tains many vesicles of different sizes. The nu-
cleus occupies the basal part of the cell. Mito-
chondria and rough endoplasmic reticulum are
concentrated in the basal cytoplasm but are also
present in the apical cytoplasm (Fig. 10J, K).
The protonephridia of Ph. harmeri larvae
have an organization that s typical for phoronid
larvae and for some trochophores and adult
annelids. In phoronids, the protonephridium
contains many terminal cells, which have only
one cilium, whereas in the most species of
annelids, each protonephridium bears from one
to three terminal cells, which usually have sev-
eral ciliary elements (Bartolomacus, Quast,
2005). The organization of phoronid protone-
phridiaindicates that they are the most primitive

type of protonephridia among all Bilateria. The
functional organization of the protonephridia
was described by Smith and Ruppert (1988).
The organization of the protonephridia in
phoronids and their position in blastocoels be-
tween thick layers of basal lamina is consistent
with a role in ultrafiltration in that the basal
lamina together with the outer microvilli form a
filter, and the cilium creates pressure inside the
collar of the terminal cell. The presence of
many vesicles in the cytoplasm of excretory
channel cells indicates that this area functions
in absorption.

4.2 Entoblast

Most parts of the digestive tract arise from
the entoblast. The trunk coelom can also be
regarded as derived from the entoblast because
it arises from the larval gut.

4.2.1. Digestive system

The anatomy and ultrastructure of the larval
digestive tract in phoronids were studied in our
previous works (Temereva, Malakhov, 2007,
Temereva, 2010). Here, we briefly describe the
formation and organization of the digestive tract
at early stages of Ph. harmeri development.

The archenteron forms as an invagination of
the vegetal pole of the blastula. In the middle
gastrula stage, it has a round terminal end and
looks like a sack, which occupies most of the
blastocoel but which does not contact the ecto-
derm of the posterior pole (Fig. 11A). Then, in
the late gastrula stage, the archenteron is elon-
gated because the posterior cone-shaped por-
tion appears (Fig. 11B). This portion of the
archenteron will eventually give rise to the mid-
gut. Later, the form of the embryo changes: the
mouth deepens, and the precursor of the esopha-
gus forms (Fig. 11C). At the same time, the
posterior end of the archenteron forms a small
terminal bulge directed towards the ectoderm
(Fig. 7A, ei). A counter-directed shallow
ectodermal depression forms concurrently. The
two structures merge to form a complete
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Fig. 11. Development and organization of the digestive tract in Phoronopsis harmeri. A—D — photographs
of live animals. Lateral view, the ventral side is on the right, the anterior pole is at the top; E-G —
micrographs of the digestive epithelium in an early larval stage.

A — middle gastrula stage with round posterior end (pe) of archenteron (ar), spacious blastocoel (bl), and apical plate
(ap); B — later gastrula stage with cone-shaped posterior portion (pp) of the archenteron (ar) and the apical plate (ap);
C — a preactinotrocha with an elongated archenteron (ar) and anterior (ad) and posterior depressions (pd) of the
ectoderm; D — early larval stage with esophagus (es), stomach (st), and proctodacum (pr); E— fine structure of the upper
wall of the esophagus showing the horizontal rootlet (hr), vertical rootlet (vr), apical vacuoles (av), basal granules (bg),
and adjacent mesodermal cells (mc); F—a cell of the ventral wall of the stomach with central nucleus (n), apical vacuoles
(av), and basal granules (bg); G — the dorsal wall of the stomach (st) borders the dorsal epidermis (de). Scale bars: E,
G—2um; F—1 pm.

Puc. 11. Pa3Butue n opranusaiys MuieBapuTesIbHOro Tpakra Phoronopsis harmeri. A—D — ¢dortorpadun
JKUBBIX )KUBOTHBIX. Buj cO0Ky, BeHTpabHas CTOPOHA CIIpaBa, IepeAHNH KoHel Teina — cBepXy; E-G —
TOHKOE€ CTPOCHUE OTACIIOB MUIICBAPUTEIIBHOTO TPAKTa paHHeﬁ JIMYUHKH.

A — cpelHsis racTpysia C OKPYIVIBIM 3aJHHM KOHIIOM (pe) apxeHTepoHa (ar), oOmmpHEIM Onactomenem (bl) u
anMKaNbHOH IacTHHOKH (ap); B — mo3musis ractpyia ¢ KOHHYECKHM 3aJHUM KOHIIOM (pp) apXeHTepoHa (ar) U
anMKanbHOI mIacTHHKOH (ap); C — MpeakTHHOTPOXa C BBITSHYTHIM apXEHTEPOHOM (ar), a Tak ke nepeguuM (ad) u
3aHuM (pd) yriyOieHusIMU 3KToIepMbl; D — paHHsS IMYMHKA ¢ MHIIEBOAOM (€S), KEIYIKOM (St) U 3aIHeH KUIIKOH
(pr); E — ToHKOE CTpoeHUEe SIUTENNs BEpXHEH CTEHKH MHIIEBOA, T0KAa3aHbl TOPU30HTANBHEIH (hr) n BepTHKaIbHBII
(Vr) ucuepueHHBIE KOPEUIKH, BaKyOJId B alUKaIbHOU IMTOILIa3Me (av), rpaHyisl B 6a3anbpHON nuTomitasme (bg) u
MIPUIICKALIHE Me30epPMaIbHbIE KIICTKH (mc); F — KileTka BEHTpaJIbHON CTEHKH XKelyIKa ¢ IEHTPAIbHBIM SAPOM (1),
BaKyoOJISIMU B allMKaJIbHON LUTOILIa3Me (av) U IpaHynaMu B 0azanbHOM nuTomiasMe (bg); G — mopcanbHas cTeHKA
JKelTyKa, paHudanas ¢ snuaepmucoM (de) nopcanbHol cTopoHs! Tena. Macmrab: E, G — 2 mxm; F — 1 MxM.

intestine (Fig. 11D). Thus, the proctodacum of In the preactinotrocha, the epithelium of the
Ph. harmeri larva originates from the posterior ~digestive tract is thick and has the same ul-
ectoderm. This fact was metioned before in Ph.  trastructure throughout (Fig. 7A) but there are
ijimai (Freeman, Martindale, 2002). differences in the size and shape of cells and
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their nuclei (Fig. 1 1E-G). Thus, the epithelium
of the esophagus near the mouth is composed of
columnar cells with irregular nuclei, which oc-
cupy the middle or basal part of the cell (Fig.
11E). Cuboudal cells with thin, rare microvilli
and large round nuclei with nucleoli form the
ventral wall of the stomach (Fig. 10F). The
epithelium of the dorsal wall of the stomach is
thicker than the epithelium in other areas; it is
formed by cylindrical cells with round nuclei

located in their middles (Fig. 11G). All epithe-
lial cells are monociliate and contain large api-
cal vesicles with transparent content and basal
electron-dense granules (Fig. 1 1E-G). The api-
cal cell surface forms short, sparse microvilli.
The basal apparatus of the cilium consists of a
basal body, accessory centriole, and two striat-
ed rootlets (short-horizontal and long-vertical).

Inearly larval stages, which start to feed, the
digestive tract consists of five parts: the vestibu-

Fig. 12. Details of organization of mesodermal cells at different stages of development of Phoronopsis
harmeri. A,1— photographs of live animals; B-E, J-K — micrographs of derivatives of mesodermal cells.
Desmosomes are indicated by concave arrowheads, addition junctions are indicated by straight arrowheads,
double arrows indicate hemidesmosomes; F-H — 3D-reconstructions of an embryo at different stages of
development, made with Amira ver. 5.2.2. Lateral view, the anterior pole is at the top of the photographs,
the ventral side is on the right. The muscular system is indicated by magenta, other actin-containing elements
are indicated by grey.

A — lateral view of later gastrula stage with mesodermal cells (ic), spacious blastocoel (bl), archenteron (ar), and two
ventro-lateral tiers (It) of mesodermal cells; B — a portion of the mesodermal lining of the preoral coelom (c1) adjacent
to the epidermis of the apical plate (eap). Mesodermal cells contain nuclei (n) and large electron-dense granules (dg);
C — mesodermal cells near the epidermis of the preoral ciliated band; D — cells of the lower wall of the preoral coelom
(cl); E — posterior portion of the preoral coelom (c1) near the epithelium of the esophagus (eso): the lining is formed
by monociliate cells with cilium (c), Golgi apparatus (G), and nucleus (n); F — later gastrula stage with a small
archenteron (ar), a continuous layer of muscle cells on the lower wall of the preoral lobe precursor, and lateral tiers (It)
of muscle cells; G — Preactinotrocha; H — early larval stage with a large apical plate (ap), stomach (st), well-developed
muscles of the preoral lobe (mpl), circular muscles of the esophagus (mes), circular muscles of the hyposphere (ch), and
two longitudinal ventro-lateral muscles of the hyposphere (vlh); I — larva with twelve pairs of tentacles. Lateral view
showing mass of erythrocytes (bm), preoral coelom (cl), esophagus (es), stomach (st), and tentacles (t); J] — the mass
of erythrocytes in the blastocoel (bl) near the basal lamina (ba) of the epidermis. Nuclei (n) and nucleolei (nu) are
indicated; K — a portion of the erythrocyte cytoplasm with striated rootlet (r), basal body (bb), and Golgi apparatus (G).
Scale bars: B, E,— 1 um; C, D, K— 0.5 um; J — 2 pm.

Puc. 12. JleTkanu orpaHu3alil Me30/epPMaJIbHBIX KJIETOK Ha pasHbIX CTaAUIX pa3BUTHs Phoronopsis
harmeri. A, 1 — dororpadun xuBbix xnBoTHBIX; B-E, J-K — mMukpodororpadgun notomxoB mMe3onep-
MaJIbHBIX KJIETOK. JIecMOCOMBI yKa3aHbl BOTHYTBIMU HAKOHEYHHUKAMU, TOTIOJIHUTENIbHBIE KOHTAKThl — Mpsi-
MBIMU HAKOHEUHHKaMU, FeMHIeCMOCOMBI — NBOWHBIMHU cTpeikamu; F-H — 3D-pekoHcTpykunu smOpuo-
HOB Ha pa3HbIX CTaIUIX pa3BUTHL. BrinoHeHO B mporpamme Amira Bep. 5.2.2. Buyx cOoky, mepeaHuii konery
CBEpXY, BEHTpalibHasi CTOpOHa — cripaBa. MycKkysarypa 0003HaueHa My pIypHbIM IIBETOM, IPYTHUe aKTHH-
CcoJiepaKaIInue CTPYKTYPhl — CEPBIM I[BETOM.

A — no3aHss racTpyJa, Buj cooky. [Tokazansl Me30epMaibHbIe KIeTKH (ic), 00mupHbIii Oactonens (bl), apxeHTepoH
(ar) u mBa BeHTpo-maTepaibHbIX psida (It) Me30aepManbHBIX KIETOK; B — y4acTOK Me30AepMasbHON BBICTHIIKH
IIPEAPOTOBOTO IienoMa (cl), mprmexaluii K SIMUAepPMICY aluKaIbHON ITACTHHKH (eap). Me3omepMalbHbIe KICTKU
HECYT siApo (N) M KPYIHBIC SJIEKTPOHHO-IUIOTHEIE rpanyisl (dg); C — Me30aepManbHbIe KISTKH Ha MOBEPXHOCTH
SMUEPMICA MPEIPOTOBOTO PECHUYHOr0; D — KIIeTKM HIKHEIl CTeHKH mpeaportosoro ieioma (cl); E — 3amHumit
y4JacTOK IPeIpOTOBOro IenoMa (cl) psioM ¢ amuTenreM MHIeBoa (eso): BRICTIIIKA 00pa3oBaHa MOHOIIMIHAPHEIMU
KIIETKAMH CO KTyTHKOM (¢), kommiekcoM I 'onbmku (G) usiapoM (n); F—mo3auss ractpyiia ¢ MaleHbKIM apXEHTEPOHOM
(ar), CIUTONIHBIM CITOEM MBIIIEYHBIX KJICTOK Ha HIDKHEH IIOBEPXHOCTH 3a4aTKa PeopaabHOi JOMacTH U JIaTepalbHbIMU
psimamu (1t) MbImeyHBIX KiIeTok; G — mIpeakTHHOTpoxa; H — paHHsAS NHYMHKA ¢ aNUKalIbHOHN INTACTHHKOHU (ap),
JKEITYAKOM (st), XOPOIIIO pa3BUTON MyCKYJIaTypoii mpeopaabHoii tomact (mpl), KOJIbLEBOH MyCKyJIaTypoil MHIIEBOA
(mes), KOJIBIIEBOI MyCKyIaTypoii runocdeps! (ch) 1 AByMS BEHTpO-IaTepaibHbIMU MblmaMu runocdepst (vih); I —
JIMYMHKA ¢ 12 mapamu mynanen. Bux cooky, moka3pIBalomuii CKOIIeHHE SpUTponuToB (bm), mpeopanbHslii nemoM (cl),
numeBos (es), Xelyaok (st) u mymnansna (t); ] — ckomuleHne dpuTponutoB B Omacrouene (bl) BOnu3u 6a3anbHOM
miactuaku (ba) snupepmuca. OTMedeHs! sapa (n) U sapsimku (nu); K — y4acToOK HUTOIIa3Mbl 3PUTPOLUTA C
HMCYEPUYCHHBIM KOpenkoM (1), 6a3anbHbIM TenbleM (bb) n komminekcom [Nonbxau (G). Macwmta6: B, E, — 1 mxwm; C, D,
K — 0,5 mxm; J — 2 MKM.
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lum with the mouth, the esophagus with the
cardiac sphincter, the stomach, the midgut, and
the proctodacum. The young actinotrocha has a
differentiated digestive tract, but the ultrastruc-
ture is the same in different parts of digestive
tract. In comparison with later gastrula stages,
all cells of the digestive epithelium in young
larval stages lack apical vesicles and basal elec-
tron-dense granules. In more advanced larval
stages, the ultrastructure differs in different parts
of the digestive tract. The epithelium of the
esophagus becomes columnar and very thick,
the epithelium of the stomach accumulates nu-
trients (lipid droplets and yolk granules) and the
stomach diverticulum arises, the epithelium of
the midgut becomes biciliate; and the procto-
daeum subdivides into two parts. The anatomy
and ultrastructure of digestive tract in compe-
tent actinotrochs were described in previous
work (Temereva, 2010).

4.3 Mesoblast

The muscular system, coelomic system, and
blood corpuscles arise from the mesoblast. The
mesoblast (mesoderm) arises from two multi-
cellular sources (see above) (Fig. 4B, 6A). Pho-
ronid myogenesis had not been studied before.
We have investigated consecutive stages of Ph.
harmeri and obtained data about myogenesis
using confocal microscopy (CLSM) and trans-
mission electron microscopy (TEM).

Coelothelial and muscle cells arise from one
source, i.¢., the mesoderm. In the middle gastru-
la stage, which has small archenteron and spa-
cious blastocoel, the two kinds of cells have a
similar ultrastructure for the first several days
after they migrate from the anterior wall of the
archenteron. After they migrate, the cells have a
strong actin-myosin net under their surface and
are stained by phalloidin. Immediately after
migration, the cells rest on the basal lamina of
the ectoderm and archenteron. They move from
the anterior pole to the posterior portion of the
embryo, skirt the oral opening, and form two
ventro-lateral tiers along oral field (Fig. 12A).
With time, most cells that migrated into the
blastocoel transform into muscle cells. During

the first 2 days after migration, there are no
differences between the cells of the coelomic
lining and muscle cells. These cells are flat and
form long processes, which spread on the basal
lamina (Fig. 12B). Round nuclei with nucleoli
occupy the center of the cell. Myofilaments
cannot be detected by TEM. In some muscle
cells, a few electron-dense fibers occur in the
basal cytoplasm. Some areas of the basal sur-
face are more electron dense than adjacent are-
as: hemidesmosomes appear in these electron-
dense areas (Fig. 12C). Cells contact each other
by lateral borders and connect via desmosomes,
which are located near the apical surface (Fig.
12B-E). Additional cellular contacts sometimes
occur between cells via additional desmosomes
on the middle of the lateral borders (Fig. 12D)
or via septate contacts (Fig. 12C). Mesodermal
cells are underlained by basal lamina. Thus, the
epithelium, which is formed by mesodermal
cells, corresponds to true epithelium — coe-
lothelium. The mesodermal cells that migrated
from the archenteron form a large closed cavity
in the precursor of the preoral lobe (Fig. 12E).
This cavity can beregarded as a coelom because
it is closed and lined with true epithelium. Like
all other cells in early embryonic stages, the
cells that migrated contain large electron-dense
yolk granules and few apical vesicles with trans-
parent content.

4.3.1. Muscular system

The phoronid muscular system begins to
form when the embryo is 48-hours-old. The
muscle cells differentiate from mesodermal cells,
which have migrated into the blastocoel from
the anterior wall of the archenteron. First, thin
muscular fibers spread on the basal lamina of
the preoral lobe precursor (Fig. 12F). These
muscle fibers form a continuous layer on the
lower wall and form a few bundles on the upper
wall. Singular muscle fibers are evident in the
hyposphere on the basal lamina of the oral field
epidermis (Fig. 12F). Over several hours, the
main muscles of the preoral lobe arise: thick
marginal muscle originates on the edge of the
preoral lobe, and radial muscles extend from the
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upper wall of the preoral lobe to the edge (Fig.
12G). The continuous layer of muscle cells
gives rise to the thick muscles of the esophagus
(Fig. 12G, H). In the hyposphere, muscles first
arise on the ventral side and form a circular
musculature. With time, muscle cells lose con-
nection and desmosomes disappear. Simultane-
ously, myofilaments arrange regularly, and stri-
ated muscle forms. The muscular system in
young larvae consists of the marginal, radial,
and circular muscles of the preoral lobe; the
circular muscles ofthe esophagus, circular mus-
cles of the hyposphere; and two ventro-lateral
muscles, which correspond to two tiers of mes-
odermal cells (Fig. 12H).

4.3.2. Coelomic system

In young larvae, the coelomic system con-
sists of one coelomic compartment — the pre-
oral coelom. The preoral coelom is located in
the preoral lobe under the apical plate and looks
like a cylinder (Fig. 121). In contrast to muscle
cells, cells of the coelomic lining do not lose
desmosomes, and they form true epithelium.
The cytoplasm of coelomic cells lacks myofila-
ments and contains numerous tubes and vesicles
ofrough endoplasmic reticulum. A nucleus with
nucleolus occupies the centre of the cell. The
mature larva has three coelomic compartments,
the organization of which is described in detail
in our previous work (Temereva, Malakhov,
2006¢).

4.3.3. Blood system

The blood system is a blastocoel, which is
derived from the blastula and occurs as a net of
slits between epitheliums. Primarily, the wall of
the blood vessel is the basal lamina of the
blastocoel and contains amorphous material and
collagenous fibres. Blood corpuscles arise from
and differentiate from nonspecialized mesoder-
mal cells, which arise from the anterior meso-
dermal precursor. In phoronids, there are two
sorts of blood corpuscles: erythrocytes and
amoebocytes. In Ph. harmeri, erythrocytes can
first be found in larvae with five pairs of tenta-

cles. Erythrocytes form two groups in the blast-
ocoel of the collar region (between the tentacles
and the preoral lobe) (Fig. 121). Erythrocytes
are usually round. They closely contact each
otherand the basal lamina ofthe blastocoel (Fig.
12]). The nucleus in erythrocytes is large and
bears a nucleolus (Fig. 12J). A rudimentary
cilium (basal-body and striated-rootlet cilia as-
sociated with the Golgi apparatus) occurs in the
cytoplasm of the erythrocyte (Fig. 12K). The
cilium is inherited from ciliate cells of the ante-
rior wall of the archenterion, which give rise to
the anterior mesoderm. The organization of the
blood system in phoronid larvae was described
in our previous work (Temereva, Malakhov,
2000).

Conclusion

Phoronids combine features of the Protosto-
mia and Deuterostomia and demonstrate some
plesiomorphic features of development and or-
ganization. First, egg cleavage of phoronids can
be regarded as transitory between typical radial
and typical spiral cleavage. The presence of
oblique furrows in early phoronid development
should not be interpreted to mean that phoronid
cleavage is typical radial. At the same time,
phoronids lack a specific mosaic of blastomer-
es, the presence of which is a characteristic of
true spiral development. Phoronids also lack
trochoblasts, rosettes, and cross cells. Two sourc-
es of the coelomic mesoderm, which are well
pronounced in phoronids, were found in all of
the main groups of Bilateria. This dual meso-
derm formation seems to be a plesiomorphic
feature inherited from a common bilaterian an-
cestors. Second, the activity of ciliated bands in
phoronid larvae combines features of the Proto-
stomia and Deuterostomia. In actinotrocha, the
preoral ciliated band works as it does in proto-
stomian larvae (the preoral ciliated band beats
from anterior to posterior), whereas the postoral
ciliated band works as it does in deuterostomian
larvae (the postoral ciliated band beats from
anterior to posterior). Third, development of the
nervous system in phoronids begins in the apical
pole, and at least 25 monopolar serotonergic
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perikarya differentiate in the epidermis of the
apical plate. The large number of neurons and
their position in the apical organ are more typical
for deuterostomian larvae (e.g., for tornaria
larva) than for trochozoan larvae. At the same
time, the flask-shaped serotonegric perikarya
are more typical for protostomian larvae. We
can conclude that phoronid neurogenesis is also
transitory in that it combines protostomian and
deuterostomian characteristics. The same mix-
ture of protostome and deuterostome develop-
mental traits is known in mitraria larva of Owe-
nia collaris Chiaje 1841 (Smart, Dassow, 2009).

Overall, that developmental data corrobo-
rate the protostomian affinity of phoronids. At
the same time, phoronids retain some plesio-
morphic features of organization and develop-
ment thatindicate their basal position within the
lophotrochozoan clade.
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