Invertebrate Zoology, 2011, 8(2): 87-101 © INVERTEBRATE ZOOLOGY, 2011

The evidence of metamery in adult brachiopods
and phoronids
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ABSTRACT: There are both metameric and nonmetameric animal body plans in each of the
three main branches of the bilaterian tree — the Ecdysozoa, the Deuterostomia and the
Lophotrochozoa. Has metamery originated independently in these groups or is it a
synapomorphy of all Bilateria? If the latter is correct, we might expect to find remnants of
metamery in nonmetameric forms. The Lophophorata seems to be the only group of main
bilaterian groups that lacks metamery. Here, we infer that the lateral mesenteries of
brachiopods and phoronids are metameric in nature and originated from dissepiments
between segments of trunk coelomic sacks of an oligomerous ancestor. In addition to
preoral and lophophore coeloms, brachiopods and phoronids demonstrate a metameric
subdivision of the body coelom. The trunk coelom of recent brachiopods and phoronids is
a product of partial fusion of three or two segments, respectively. The lateral mesenteries
in phoronids and brachiopods bear funnels of excretory organs like the dissepiments of true
metameric animals (for example, annelids). In both groups, the lateral mesenteries are
situated at an angle to the main axis of the body and always at a right angle to the axis of
metamery. We conclude that metamery was present in ancestral Lophrophotrochozoans and
in the common ancestor of all Bilateria but has since been reduced in some groups. The
reduction of metamery in phoronids and brachiopods is correlated with strong changes in
their body plan. We suggest that lophophorates are primitive lophotrochozoans because
they retained some plesiomorphic features.

KEY WORDS: Lophotrochozoa, phylogeny, lateral mesenteries, metamorphosis, body
plan.
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PE3IOME: MeramepHbie 1 HeMeTaMepHbIE MPEACTaBUTENN MOTYT OBITH OOHAPY>KEHBI BO
BCceX Tpex riaBHbIX rpynmax Bilateria: Ecdysozoa, Deuterostomia, Lophotrochozoa. Ipo-
M301IUIA JIM METaMepus HE3aBUCUMO BO BCEX TPEX IJIaBHBIX IPYIIIAX UIIM )K€ METaMepust —
aT0 cuHanompdus Beex Bilateria? Eciiu mocneinue yrBepikieHIe BEPHO, TO MbI MOTJTH ObI
O’KHUJIaTh 0OHApY’KEHHE METaMEPHH y HeMeTaMepHbIX oprann3MoB. Lophophorata kaxyT-
s € IMHCTBEHHOM KPYITHOU rpy ol OmiiaTepaibHO-CHMMETPUYHBIX OPIaHU3MOB, Y ITPEe/I-
CTaBHTElIEi KOTOPOIf MeTaMepHsi OTCYTCTBYeT. B HacTosIel paboTe Mbl yTBEPKIAEM, UTO
JaTepajbHbIe Me3eHTepHH (POPOHHT M OPaXHOII01 MMEIOT METAMEPHYO IIPHUPO,TY U IIPOVIC-
XOAAT OT JAMCCENMMEHTOB MEXKJy TYJOBUIIHBIMU CEIMEHTaMU OJIMTOMEPHOIO IpeiKa.
Kpome mpenpoToBOro M MOCTPOTOBOTO IIEJIOMOB Yy (OPOHHJ M Opaxvomnoj HMeeTcs
MeTaMEepPHBIN TYJIOBHUILHBIH 11€7I0M, KOTOPBI Y COBPEMEHHBIX (hOPM TIpeICTaBIsIeT COO0H
MIPOJIYKT YaCTHYHOTO CIIUSHHS LIEJIOMHUYECKHX MELIKOB JBYX (y GopoHHT) uiau Tpex (y
Opaxuorion) cerMeHTOB. JlarepaibHbie Me3eHTepHUH (OPOHHT M OPAXHOIIOL HECYT BOPOH-
KH{ BBIJICJIUTEILHBIX OPraHOB KaK 3TO XapaKTEPHO JIJIsl INCCETMMEHTOB HACTOSIIINX METa-
MEpHBIX JKUBOTHBIX (HarmpuMmep, KoipuaThix uepseil). U y dopouna, n ybpaxuonon
JaTepajgbHbIe ME3EHTEPUH PACIIONIATAIOTCS TT0J1 YTIIOM K IIIaBHOW OCH TeJa U MO PSIMBIM
YIJIOM K OCH MeTaMepHu. MOYKHO 3aKJIIOYHUTh, YTO METaAMEPHsI IIPUCYTCTBOBAJIA y IPEAKOB
Lophrophotrochozoa, a Tak >xe u y obuero npenka Bilateria, Ho Obu1a yTepsiHa B HEKOTO-
peIX rpymmax. Pemykims metamepuu y (GOpOHUI M OpaxHoIo]] CBsI3aHA C CHIIBHBIM
M3MEHEHHUEM IIIaHa CTPOCHUS ATHX )KUBOTHBIX. MBI IpeinonaraeM, 4to Jiodgodoparsl —
910 Hanbosee npumuTHBHBIE Lophrophotrochozoa, mockobKy OHU COXPaHUIN MHOTHE
TIe3MOMOP(HBIE YEPTHI CTPOCHUS U PA3BUTHSL.

KJIFOUEBBIE CJIOBA: Lophotrochozoa, ¢hunorenus, sarepajibHble ME3CHTEPUH, METa-
Mop}03, TIIaH CTPOCHHUSL.

Introduction

Many publications over the last 15 years
strongly support the view that Bilateria consist
of'three groups: the Lophotrochozoa, the Ecdys-
0zoa, and the Deuterostomia (Zravy etal., 1998;
Adoutte et al,. 2000; Halanych, Passamaneck,
2001; Peterson, Eernisse, 2001; Giribet, 2002;
Balavoine, Adoutte, 2003; Halanych, 2004;
Telford, 2006; Dun et al., 2008; Paps et al.,
2009). Despite controversy about the specific
position of some taxa, these major groups now
seem to be well established and are frequently
recovered in analyses of data sets derived from
ribosomal RNAs, mitochondrial genomes, and
ESTs. The classical view that the Lophophorata
is closely related to the Deuterostomia is still
discussed but has increasingly been challenged
based on morphology and molecular phylogeny
(see Cohen, 2000; Cohen, Weydmann, 2005;
Liiter, 2000, 2004; Liiter, Bartolomaeus, 1997;

Adoutte et al., 2000; Giribet et al., 2000; Nes-
nidal etal., 2010). According to recent ideas on
animal phylogeny, the Lophophorata and Tro-
chozoa are two closely related animal groups
forming the taxon Lophotrochozoa (Halanych
et al., 1995; Helfenbein, Boore, 2004; Helm-
kampf et al., 2008; Giribet, 2008). Moreover,
all three phyla of lophophorates (the Phoronida,
the Bryoza, and the Brachiopoda) are currently
thought to be included in the Trochozoa (Dun et
al., 2008; Giribet, 2008; Paps et al., 2010).
Metamery is clearly pronounced in many
groups within the Ecdysozoa (e.g., Arthropoda
and Lobopoda) and the Deuterostomia (e.g.,
Chordata). Among the Lophotrochozoa, some
groups of typical trochozoan (annelids, for ex-
ample) exhibit classical metamery, while others
(e.g., mollusks, echiurids, and sipunculids) dem-
onstrate more or less well-expressed traces of
ancestral metamery (Hessling, Westheide, 2002;
Kristof et al., 2008; Wanninger, 2009).
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In understanding of the origin of metamery
in these groups, we must choose between two
hypotheses. The first hypothesis is that in ani-
mal evolution metamery originated three times
independently. The alternative hypothesis is
that the common bilaterian ancestor possessed
metamery and that some animal groups lost
metamery during further evolution. The second
hypothesis seems more plausible than the first.

Lophophorata seems to be the only group
that lacks metamery. In classical zoology, the
Lophophorata is regarded as an archicoelomate
group that has archimery instead of metamery
(Masterman, 1898; Remane, 1949; Ulrich, 1951;
Siewing, 1980). The search for traces of meta-
mery in lophophorates is important because the
detection of such traces would confirm the hy-
pothesis concerning the primary metamery of
Bilateria.

Nielsen (1991) demonstrated that the larva
of the brachiopod Neocrania, which is in the
Lophophorata, has three pairs of setae bundles
arranged metamerically. Until now, this is the
only unquestionable example of metamery in
lophophorates. Adult brachiopods and phoron-
ids have no definite signs of metamery. The
main purpose of this publication is to reveal the
traces of the ancestral metamery in the structure
of brachiopods and phoronids and suggest a
hypothesis concerning the origin of their so-
phisticated body plans.

Metamery in brachiopods

Among all brachiopods, metamery is ex-
pressed mostin the larva of Neocrania. Accord-
ing to Nielsen (1991), the larva of Neocrania
has external and internal metamery. Externally,
the larva has three pairs of setae pouches (Fig.
1A). It is well known that, among all Bilateria,
only brachiopods and annelids have setae with
defined ultrastructure. In Neocrania larvae,
Nielsen (1996) described an unpaired anterior
coelom and three pairs of coelomic sacks corre-
sponding to three pairs of setae pouches (Fig.
1A). Other authors suggested that the three pairs
of sacks are not coelomic sacks but are setae
pouch muscles (Altenburger, Wanninger, 2010).

Nevertheless, no researcher has denied the oc-
currence of metamery in the organization of
Neocranialarvae. According to Nielsen (1991),
the Neocrania larva at metamorphosis curls
ventrally by contraction of a pair of midventral
muscles, which are extensions of the first pair of
coelomic sacks (Fig. 1A). The anterior—posteri-
or axis of the larva curves. Both valves of the
adult originate from dorsal epithelial areas of
the larva. The brachial valve is secreted by the
middle part of the dorsal epithelium, and the
pedicle valve is secreted by the attachment
epithelium. Nielsen (1991) suggested that met-
amorphosis of Neocrania recapitulates origin
of the body plan of all brachiopods, i.e., recent
brachiopods fold on the ventral side. Accept-
ance of this idea facilitates the detection of
metamery in adult brachiopods.

The coelom ofadult brachiopods has a com-
plex organization. Adult brachipods have large
and small sinuses of the lophophore, a pere-
isophageal coelom associated with the small
sinus of lophophore, and a voluminous trunk
coelom that penetrates into the mantle (Han-
cock, 1859; Blochmann, 1892; Blochmann,
1900; James, 1997; Williams et al., 1997; Kuz-
mina et al., 2006; Kuzmina, Malakhov, 2011).
The dorso-ventral mesentery divides the trunk
coelom into left and right parts. Most brachio-
pods have two pairs of incomplete lateral me-
senteries (Fig. 1B). They are called the gas-
troparietal and ileoparietal mesentery. Novocra-
nia have only ileoparietal mesentery. The origin
of the lateral mesenteries in brachiopods is
unknown. Three-dimensional reconstruction of
the lateral mesenteries reveals that they pass at
an angle to each other (Fig. 1B) (Malakhov,
Kuzmina, 2006). If one accepts that the anteri-
or—posterior axis of the brachiopod is curved
(as it is in metamorphosis) (Fig. 1C), then the
lateral mesenteries are located like dissepiments
between segments. If lateral mesenteries corre-
spond to dissepiments, three trunkal segments
that partly fused form the trunk coelom. Inter-
estingly, thisnumber (three) agrees with number
of segments in Neocrania larvae.

In typical metameric animals like annelids,
the dissepiments bear the funnels of the nephrid-
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Fig. 1. Metamery in brachiopods.

A — The organization and metamorphosis of a Neocrania anomala larva according to Nielsen (1991) with changes;
B — The arrangement of lateral mesenteries in adult articulate brachiopods (Hemithyris psittacea): dorsal and side views
according to Malakhov, Kuzmina (2006) with changes; C — The origin of the brachiopod body plan in evolution.
Puc. 1. Metamepust y Opaxuorio.

A — Opranmzanus 1 MeramMopdo3 THauHKN Neocrania anomala o nanuasM Nielsen (1991) ¢ u3menennsvu; B —
PacrionokeHne JaTepalbHBIX ME3CHTEPHEB Y B3POCIBIX COBPEMEHHBIX Opaxwomnoxn (Hemithyris psittacea): Bun c
JlopcanbHOi 1 natepanbHOM cropoH no Malakhov, Kuzmina (2006) ¢ usmeHenusimu; C — NPOUCXOKICHUE TIJIaHA
CTPOCHHUS OPAXUOIOM B DBOIIOLUH.
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ia. Primitive articulated brachiopods, the Rhyn-
chonellida, have two pairs of nephridial funnels
that open on the gastroparietal and ileoparietal
mesenteries (Fig. 1B). Brachiopods from Disci-
nisca have two pairs of gonads: one connects
with the gastroparietal mesentery, and the other
connects with the ileoparietal mesentery (Hy-
man, 1959). These findings demonstrate that
adult brachiopods maintain metamery, but that
the metamery is masked by the curvature of the
anterior—posterior axis. It is important to note
that Gutmann and his coauthors (1978) were the
firstto suggest that brachiopods exhibit metam-
ery. These authors homologized lateral me-
senteries of Lingula with dissepiments. At that
time, however, it was not yet known that the
anterior—posterior axis of brachiopods curves
during metamorphosis. Gutmann et al. (1978)
inferred that the anterior—posterior axis (the
axis of metamery) of adult brachiopods passes
along the axis of the pedicel of Lingula.

Thus, we can find three segments in adult
brachiopods (Fig. 1C), and these segments do
not include the lophophore and associated coe-
loms (large and small sinuses). Some typical
trochozoans such as Canalipalpata polychaetes
have a tentacular coelom, which is usually not
included in the counting of trunkal segments
(Rouse, Fauchald, 1997). It is conceivable that
the lophophoral coelom of brachiopods is a
homologue of the tentacular coelom of Canali-
palpata polychaetes.

Metamery in phoronids

Until recently, phoronids were considered
to be typical archimeric (but not metameric)
animals. This opinion was based on results of
Masterman (1898) who described three coe-
lomic compartments in phoronids: unpaired pre-
oral, paired tentacular, and paired trunkal com-
partments. Subsequently, these results were
corrected when researchers determined that
phoronid larvae have unpaired preoral, unpaired
tentacular, and unpaired trunk coeloms (Me-
non, 1902; Goodrich, 1903; Cowles, 1904).
New data on the organization of the coelomic
system of phoronid larvae were then obtained

by transmission electron microscopy, which was
a novel method at that time (Bartolomaeus,
2001). According these new results, phoronid
larvae of Phoronis muelleri have tentacular and
trunk coeloms but do not have a preoral coelom.
Inourrecent work (Temereva, Malakhov,2006),
we showed that larvae of Phoronopsis harmeri
have three coeloms: preoral, tentacular, and
trunkal (Fig. 2A, B). Thus, phoronid larvae have
two types of coelomic system organization. This
is also true for adult phoronids. For example,
Phoronis ovalis lacks the preoral coelom (coe-
lom of the epistome) (Gruchl et al., 2005),
whereas Phoronopsis harmeri has a distinct
preoral coelom inside the epistome (Temereva,
Malakhov, 2011). Thus, two patterns of organ-
ization for the coelomic system occur among
adult phoronids. The first pattern — the bipar-
tite coelom — is found in specimens of the genus
Phoronis, which have two coelomic compart-
ments: the mesocoel (the tentacular or lophopho-
ral coelom) and the metacoel (the trunk coelom).
The second pattern — the tripartite coelom — is
found in specimens of the genus Phoronopsis,
which have three coelomic compartments: the
protocoel, mesocoel, and metacoel. Neverthe-
less, no authors have considered that larvae or
adult phoronids have true metamery.
Metamorphosis in phoronids differs from
metamorphosis in brachiopods (Fig. 3) (Kova-
levsky, 1867; Siewing, 1974; Herrmann, 1979;
Temereva, 2010). In the young larval stage of
phoronids, the metasomal sack forms on the
ventral body side under the tentacles (Fig. 3B,
C) (Temereva, Malakhov, 2007). The metaso-
mal sack is an invagination of the body wall
ectoderm into the trunk coelom (Fig. 2B). In
competent larvae, the metasomal sack becomes
voluminous and long (Fig. 2C). Phoronid meta-
morphosis begins with evagination of the meta-
somal sack (Fig. 3B, C). Simultaneously, the
digestive tract attached to the metasomal sack
by ventral mesentery draws down. Together
with the digestive tract, other organs (the blood
system and nephridia) draw down into the in-
verted metasomal sack. The terminal part of the
metasomal sack moves constantly; it becomes
swollen and spherical (Fig. 3D) and then trans-
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Fig. 2. Phoronid larvae.

A — Competent larva of Phoronipsis harmeri, frontal section, scanning electron microscopy (SEM); B — Young larva
of Phoronipsis harmeri, sagittal semi-thin section; C — Live actinotrocha from Coos Bay (Oregon, USA, photograph
courtesy of S. A. Maslakova); D — Z-projection of apical organ of a 24-day-old larva of Phoronopsis harmeri stained
for SHT and F-actin (mounted in Muray Clear). Green color — nervous system, gray color — muscles.

Puc. 2. Jluunnku GopoHu.

A — KowmrmereHTHast muauHKa Phoronipsis harmeri, GpOHTANBHBIH cpe3, CKAaHUPYIOIMIAsl JIEKTPOHHAS MHKPOCKOIIHS
(COM); B — Momnopas nuauuka Phoronipsis harmeri, caruTTaabHbI Moy ToHKHH cpe3; C — JKuBast akTHHOTpOXa U3
3an. kyc boit (Operon, CIIIA, mo6e3no npenocranena C.A. MacnakoBoii); D — Z-mpoekius nepeHero KoHIa Teia
24xnHeBHOW nu4uHKH Phoronipsis harmeri, OKpalIeHHONH aHTHTEJAMH HPOTHB CEPOTOHMHA M (HAJUIOUANHOM
(cmotpupoBana B Muray Clear). 3eeHblii IBeT — HepBHAsI CHCTEMa, CEphIi IIBET — MYCKyJIaTypa.
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Fig. 3. Metamorphosis in phoronids. SEM (A-E) and light (F) micrographs.

A — Competent larva of Phoronopsis harmeri; B — Larva of Phoronis ijimai, the start of eversion of the metasomal
sack; C — Larva of Phoronopsis harmeri with fully everted metasomal sack; D — The stage of maceration of the preoral
lobe; E — The stage of formation of definitive tentacles from distal portions of larval tentacles; F — The juvenile of
Phoronopsis harmeri.

Puc. 3. Meramopdo3 doponun. dororpadun co CKaHUPYIOLIETO AIEKTPOHHOTO MHKpockomna (A-E) u
CBETOBOTO cTepeocKonuieckoro mukpockorna (F).

A — KoMmnerenTHast TnauHKa Phoronopsis harmeri; B — Jlnaunka Phoronis ijimai, y KOTOpoi# Hadas BEIBOPaUYHBATHCS
MeracoManbHblil Kapman; C — Jlnaunka Phoronopsis harmeri ¢ OJHOCTBIO BEIBEPHY THIM METACOMAIbHBIM KAPMAHOM;
D — Craaus manepauuns npeopaisHoii nonacti; E— Craaus dopmupoBanus 1e(pMHUTHBHBIX Iy TAICI] U3 AUCTATBHBIX
KOHIIOB JINYMHOYHEIX mynanen; F — IOBenuns Phoronopsis harmeri.
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forms into a thin protrusion. During the first 6
minutes of metamorphosis, the metasomal sack
and larval oesophagus and stomach, and espe-
cially the upper portion of the stomach, stretch
substantially. During the metamorphosis of
Phoronopsis harmeri, the larval preoral lobe
and distal parts of larval tentacles are macerated
and digested (Fig. 3D, E). The dorsal body wall
of the larva becomes very short and is located
between the mouth and anus. After 15 minutes,
the juvenile animal forms; only the presence of
the telotroch indicates that it is not an adult
animal. The telotroch breaks down and disap-
pears after 9 days (Fig. 3F).

Thus, the body of the adult phoronid origi-
nates from the ventral body side of the larva
(Fig. 4A). Adult phoronids have very long ven-
tral sides and very short dorsal sides. The ante-
rior-posterior axis passes from mouth to anus,
and is also very short.

Do phoronids have any sign of metamery? Itis
well known that the trunk coelom in adult phoro-
nids is subdivided into four cavities by five me-
senteries (Fig. 4B). In addition to dorso—ventral
mesentery, which occurs in all bilaterian animals,
phoronids possess two lateral mesenteries (Fig.
4B). Their nature has been explained by the hy-
pothesis of phoronid folding. This hypothesis pre-
sumes that a hypothetical ancestor of phoronids
inhabited a U-shaped burrow in soft sediment,
where itdrew the anterior and posterior parts of the
body together and eventually fused them (Mam-
kaev, 1962). As a consequence of folding, the
paired coelomic sacks situated along the ascend-
ing and descending portions of the gut came into
contact with each other and fused, forming the
lateral mesenteries along the line of contact. How-
ever, peculiarities of phoronid metamorphosis and
the position of the nephridial funnels on the lateral
mesenteries are not explained by this elegant con-
cept. The phoronid larva does not, strictly speak-
ing, fold onto its dorsal side, becoming U-shaped.
In fact, the protrusion of the larval ventral side has
just developed (Fig. 4A).

We suggest an alternative hypothesis to ex-
plain the origin of lateral mesenteries in phoron-
ids. According to this alternative hypothesis, the
phoronid ancestors were oligomerous animals

E.N. Temereva, V.V. Malakhov

that possessed not only preoral and tentacular
coelomes butalso two coelomic compartments in
the trunk (Fig. 4C). The paired nephridial funnels
opened onadissepiment between these coelomic
compartments. This oligomerous ancestor bur-
ied itself in soft sediment by means of the ventral
protrusion to which the loop of the intestine and
dissepiment were drawn (Fig. 4C). We suggest
thatthe lateral mesenteries of contemporary adult
phoronids represent what became of the dissepi-
ments between the anterior and posterior pairs of
trunk coeloms (Fig. 4C). This also explains the
position of the nephridial funnels.

Phoronids have oral, anal, interintestinal,
and two lateral mesenteries (Temereva, Mala-
khov, 2001). The oral, anal, and interintestinal
mesenteries are parts of the dorso-ventral me-
sentery, which is present in all coelomic Bilate-
ria. The left and right lateral mesenteries are
unique features of phoronids. Lateral mesenter-
ies are situated at a right angle to the short
anterior—posterior axis (Fig. 4B). This is con-
sistent with the idea that the left and right me-
senteries are parts of a dissepiment that divided
two trunk segments. These segments have formed
the body of recent phoronids (Fig. 4C). We
emphasize that the epistomal coelom (if present)
and the lophophoral coelom do not count as
trunk segments.

The presence of metamery in phoronid can
be supported by new data about early neurogen-
esis of Phoronopsis harmeri (Temereva, 2011).
Asitwas shown, young Ph. harmerilarvae have
ventral nerve cord, which consist of two rows of
repetitive perikarya and cross commissures be-
tween paired perikarya. Thin repetitive com-
missures are apparent both in the serotonergic
and FMRF-amidergic nervous system in young
larvae. Phoronids may have inherited this nerve
cord with metameric commissures from their
common ancestor, which had a metameric or-
ganization.

Why was metamery reduced in
phoronids and brachiopods?

The presence of metamery in phoronids and
brachiopods correlates with their close relation
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A — The scheme of phoronid metamorphosis; B — Schemes of longitudibal and transverse sections through the body

of an adult phoronid; C — The origin of the phoronid body plan during evolution.
Puc. 4. Metamepust y GOpOHUI.

A — Cxema metamopdo3a (OpOHH]T OT aAKTHHOTPOXH JI0 FOBEHUIILHOTO )KUBOTHOT0; B — CXeMbI Ipo10J1bHOTO (ClieBa)
1 TIOTIEPEYHOTO (CIIpaBa) cpe3oB uepes Teo B3pocioit Goponuasr; C — IIponucxoaeHus iaHa CTpoeHus (GOPOHU B

OBOJJIIOOWH.
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with the Trochozoa, in which the central group
(the Annelida) has pronounced metamery. Prim-
itive annelids are polymeric animals with a large
number of segments. Annelida have a tendency
toward oligomerization of segment number.
Among annelids, oligomerous forms are small
animals like Dinophilus, Ophriotrocha, and
other Archiannelida. Living in tubes and bur-
rows contributes to the loss of metamery. In
some sedentary polychaets, the dissepiments in
the anterior body part are partly reduced or
absent. Adult sipunculans and echiurans, which
are burrowing animals, do not have metamery.
It is possible that reduction of dissepiments in
sedentary polychaets, echiurans, and sipuncu-
lans correlates with peristaltic locomotion. If
dissepiments remained, they would prevent move-
ment of the coelomic fluid. In nonmetameric
sipunculids and echiurids, detailed investigation
of the nervous system has revealed metameric
ganglions in the ventral nerve cord (Hessling,
Westheide, 2002; Kristof et al., 2008; Wannin-
ger, 2009). Like annelids, mollusks exhibit a
reduction of metamery. In Polyplacophora, the
metamery is expressed as metameric plates of the
shell and metameric muscles (Dogiel, 1981;
Ivanov etal., 1985). Monoplacophora has meta-
meric ctenidia and nerve comissures. Moreover,
monoplacophores have six pairs of nephridial,
and this metamery is coordinated with metamery
of'the ctenidia. Other mollusks demonstrate par-
tial or complete loss of metamery.

Brachiopods and phoronids are true meta-
meric animals but are extremely oligomerous
even in comparison with archiannelids or Mol-
lusks. It is therefore reasonable to ask: “Why
have brachiopods and phoronids retained so
few segments?” The reduction in segments might
correlate with aunique body plan. In both groups,
the anterior-posterior axis (this is the axis of
metamery) is extremely short (Figs 1,4). Though
body plans of brachiopods and phoronids are
variable in both groups, the main body axis
(apical-basal axis) passes perpendicularly to the
anterior—posterior axis.

In brachiopods, the anterior-posterior axis
passes from the brachial valve to the pedicle
valve, and this leaves sufficient space for only a
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small number of segments. In phoronids, the
length of anterior-posterior axis relative to the
apical-basal axis is even less than in brachio-
pods. This might explain why phoronids re-
tained only two trunk segments.

In both groups, further loss of metamery is
evident in some species. In adult craniids, for
example, the gastroparietal mesentery is absent
(Hyman, 1959). Among phoronids, Phoronis
muelleri does not have a left lateral mesentery,
and the tiny Phoronis ovalis lacks both the left
and right mesenteries. In addition, neither of the
lateral mesenteries in phoronids passes into the
ampulla (Fig. 4B, C). The ampulla is the most
mobile body part and can swell and contract
(Fig. 3D-F). The reduction of lateral mesenter-
ies in this body part facilitates movement of the
coelomic fluid in the trunk cavity.

Are Lophophorates primitive Lo-
photrochozoa?

The position of the Lophophorata on the
phylogenetic tree of Lophotrochozoa is still a
subject of intensive discussions. Some authors
consider brachiopods and phoronids as the ba-
sal Lophotrochozoa (Zrzavy et al., 1998; Giri-
bet etal., 2000; Peterson, Ernisse, 2001), while
others place them among true Trochozoa (Gir-
ibet, 2008; Jang, Hwang, 2009; Paps et al.,
2010). However, true Trochozoa (annelids,
molluscks, nemertines, and entoprocts) have
determined spiral cleavage of the egg and their
coelom formation involves teloblasts (Render,
1997; Henry, Martindale, 1998; Boyer et al.,
1998), whereas barchiopods and phoronids have
radial undetermined cleavage of the egg and
their coelom formation, like that of the deuter-
ostomians, involves enterocoely (Malakhov,
Temereva, 1999; Freeman, Martindale, 2002;
Temereva, Malakhov, 2007).

How can this contradiction be solved? One
possible solution is that brachiopods and phoro-
nids lost spiral cleavage and develop radial
cleavage and an enterocoelic manner of coelom
formation independently of deuterostomians
(Hausdorfetal.,2007,2010; Dunn et al., 2008;
Hejnol et al., 2009; Heinol, 2010). In that case,
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Phoronida
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and teloblastic mesoderm
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Lophophorata

Polymerous ancestor of
Lophotrochozoa

Fig. 5. Evolution of metamery in the stem Lophophorata.

Puc. 5. DBomtonus metamepuu 1odogopart.

we have to concede that the radial cleavage and
enterocoelic type of coelom formation originat-
ed at least twice: in deuterostomians and in
lophophorates. It is more plausible that radial
cleavage and enterocoely are plesiomorphic
features that were characteristic for ancestral
bilaterians. Deuterostomians, chaetognaths, and
lophophorates have retained these plesiomor-
phic conditions, while spiralians developed de-
termined spiral cleavage and teloblasts as a
specific synapomorphy.

Some other aspects of lophophorates devel-
opment also emphasize their primitive position
in comparison with true Trochozoa. In phoronid

and brachiopod development, their first signal
neurons differentiate in the epidermis of the
apical plate (Hay-Schmidt, 1990a; Altenburger,
Wanninger, 2010) as they do in larvae of Deu-
terostomia: hemichordates and echinodermates
(Hay-Schmidt, 2000; Tagawa et al., 2001; Du-
pontetal.,2009; Katow etal.,2009). Moreover,
according to our unpublished data (Fig. 2D) and
the published literature (Hay-Schmidt, 1990a,
b; Sanatagata, 2002; Santagata, Zimmer, 2002),
the apical organ of actinotrochs contains numer-
ous serotonergic neurons. The apical organ of
trochophores contains only two or four seroton-
ergic neurons (Croll, Voronezhskaya, 1996;
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Voronezhskaya et al., 2002, 2003; Voronezh-
skaya, 2007). In larvae of annelids and mol-
lusks, the first signal neurons differentiate in the
posterior part of the body and do not connect
with the apical plate (McDougall et al., 2006;
Voronezhskaya,2007). The decrease innumber
of neurons in the apical organ of Spiralia is
derived condition in comparison with quantity
of neurons in lophophorates and deuterostomi-
ans. The formation of the posterior nerve center
seems to be a synapomorphy of Spiralia.

Conclusion

Because metamery occurs in all principal
groups of Bilateria, we infer that the common
bilaterian ancestor was a metameric animal.
This hypothesized ancestor had metameric co-
elomic compartments that arose from chambers
of the gastral cavity; it had simple, nondetermi-
nate radial cleavage of the egg; it had multicel-
lular enterocoelic origin of the coelomic meso-
derm; and it had numerous nerve cells in the
apical nerve center. Lophophorates retained most
ofthese characters but they reduced the number
oftrunk segments drastically (Fig. 5). Metamery
was nearly lost, we suggest, because the body
plan in all lophophorates has strongly changed
in different ways. Brachiopods have folded on
the ventral side while phoronids formed a ven-
tral protrusion (Fig. 5). In spite of these dramat-
ic transformations of body plans, we are able to
recognize the vestiges of the metamery in both
brachiopods and phoronids, and these are the
lateral mesenteries. They are situated atan angle
to the main axis of the body and always at a right
angle to the axis of metamery. Moreover, the
lateral mesenteries in phoronids and brachio-
pods bear funnels of excretory organs like the
dissepiments of true metameric animals. Thus,
lophophorates are metameric animals like all
other Bilateria.
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