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Larval development of the brachiopod Coptothyris grayi
(Davidson, 1852) (Terebratulida: Rhynchonelliformea) and
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ABSTRACT: Larval development of the brachiopod Coptothyris grayi (Davidson, 1852)
(Terebratulida: Rhynchonelliformea) is investigated with scanning electron microscopy
and confocal laser scanning microscopy. At the early larval stage, the mantle rudiment forms
obliquely to the anteroposterior axis of the larva: its dorsal side is located closer to the larval
apical lobe than its ventral side. Young three-lobed larvae exhibit three pairs of coelomic
pouches: one pair in the apical lobe and two pairs in the mantle lobe. The number of coelomic
pouches in the mantle lobe of the larvae corresponds to the number of bundles of setae. At
the early larval stage, the dorsal pair of bundles of setae is located closer to the larval apical
lobe than the lateral pair, whereas in full-grown larvae, both pairs of bundles of sctae are at
the same level. This means that the dorsal side of the mantle grows faster at the late larval
stage. We analyze the data on the development of extant brachiopods and propose a
hypothesis on the evolution of brachiopod life cycles. The ancestral brachiopod had a
pelago-benthic life cycle with a ciliary planktotrophic larva (not to be confused with the
shelled planktotrophic juvenile of recent lingulids) that folded during metamorphosis. The
next evolutionary stage was the transition from planktotrophy to lecithotrophy, but the
lecithotrophic larvae of recent brachiopods are not homologous. Recent craniiforms retain
the true unfolded lecithotrophic larvae. The full-grown lecithotrophic larva of recent
rhynchonelliforms corresponds to the folded juvenile that ascends into the water column.
The pelagic life cycle phase of recent discinids comprises the lecithotrophic larva that
corresponds to the folded stage and the shelled planktotrophic stage that is essentially the
juvenile ascended into the water column. As for recent lingulids, their life cycle is
characterized by the embryonization of all developmental stages except the shelled
planktotrophic juvenile. Accordingly, the lingulid life cycle is the most modified among all
recent brachiopods.
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JIlnumHouHoe pa3Butue Gpaxmonoabl Coptothyris grayi
(Davidson, 1852) (Terebratulida: Rhynchonelliformea) n
3BOJIIOLIMA XU3HEHHbIX LIMKIOB bpaxuonopn

T.B. KysbmuHa, B.B. Manaxos, E.H. TemepeBa

Kageopa 300n02uu 6ecnoszsonounvix, buonocuveckuii paxynomem MI'Y umenu M.B. Jlomonocosa,
Jlenunckue copvt 1-12, Mockea 119991 Poccus. E-mail: kuzmina-t@yandex.ru

PE3IOME: N3yyeno nuuuHo4yHOE pa3Butue Opaxuomnoasl Coptothyris grayi (Davidson,
1852) (Terebratulida: Rhynchonelliformea) meronamu ckanupyomieid 1 KOH(OKaIbHON
JJIEKTPOHHONH MHUKPOCKONUH. Y paHHEW JMYMHKU 3a4aTOK MaHTUH (OPMHUPYETCS KOCO
OTHOCHTEJILHO €€ Tepe/iHe-3a/HeH OCH: JopcalibHasi CTOPOHA MAaHTHIHOTO 3a4aTKa CJIBH-
HyTa K NepelHeMY KOHIly JJMYMHKH, 2 BEHTPaJIbHAs CTOPOHA CABUHYTA K 33JIHEMY KOHILY
JIMYUHKA. Y PaHHHUX TPEXJIONACTHBIX JIMYMHOK UMEIOTCS TPH Maphl LETOMHYECKUX MeIll-
KOB: OJIHA 1apa pacrioyio’KeHa B alMKajIbHOM JIOMAacTH, OCTaJIbHBIE ABE MApPbl B MAHTUHHON
sonactd. YKCIIO 1eIOMUYECKUX MENIKOB B MAaHTHUIHOM JIONACTH COOTBETCTBYET YHCITY
MYYKOB IIETHHOK. Y PaHHHUX JMYMHOK JIOpCaIbHAs Mapa My4YKOB METHHOK PacIIoJIOKEeHa
OmKe K anuKaJlbHOM JIONAcTH, B TO BpeMs Kak JlaTepaibHasi rapa cMelleHa Hazajl.
JanbHeiiee pa3BUTHE JIMYUHKH COIIPOBOKAACTCSI pa3pacTaHueM J0pPCaIbHOTO CEKTOpa
MaHTHM M CMEIIEHHEM Ha3aJl JOPCAILHON mapbl My4YKOB IIETHHOK. B pesyibrate y
KOMITETEHTHOW JIMYMHKH JIBE Maphl MYyYKOB [MIETHHOK PAcoiararoTcsi Ha OJHOM YPOBHE.
Ha ocHoBe aHaim3a JIMTEPATYPHBIX JaHHBIX MO Pa3BUTHIO COBPEMEHHBIX OpaxHvoNoj
Npe/IoKeHa THIOTe3a SBOJIIOIMK MX KU3HEHHBIX IMKIOB. [Ipenok Opaxuonoasl uMen
nearo-0eHTHYCCKUH KU3HCHHBIH UK C PECHUYHOM IIAHKTOTPOGHOM THYUHKOU (IpockOa
HE MyTaTh C IAHKTOTPO(MHOM I0BEHHIIBIO COBPEMEHHBIX JIMHTYJIN]T), KOTOpasi CKJIa IbIBa-
nack npu ocenaHuu. Crienyromyii 9BOMIOIMOHHBIA mar ObUT CBSI3aH C MEPEXOJIOM OT
IUIAHKTOTPO(HH K JISHUTOTPOPHH, OJJTHAKO JICHUTOTPOPHBIC IMYMHKNA COBPEMEHHBIX Opa-
XHMOIIOJI HE TOMOJIOTWYHBI Jpyr Japyry. CoBpeMeHHble KpaHUU(POPMHBIE OpPaxHOINO/IbI
COXPaHWIIM HE CIOXKEHHYIO JIenToTpodHyto nunHKy. KomnereHTHast nenurorpodHas
JIMYMHKA 3aMKOBBIX OPaxXMOII0/] COOTBETCTBYET CJIOKEHHOI FOBEHHMIIM KPAHUHUITO0OHOTO
npeJika, KOTopast MO/IHSUIACH B TOJILY BOJBI. Y TUCIWHH/ U3 A1 BBUTYTUISETCS JICIIUTOT-
podHas JIUYMHKA, KOTOpas BCKOPE CTAHOBUTCS IUIAHKTOTPO(HON cTamuei, MOKPHITON
paxoBuHOi. O0e MIIaHKTOHHBIE CTAJNH JTUCLIUHU] SBISIFOTCS TIOJAHSITBHIMU B TOJIILY BOJBI
IOBEHWISIMU KpaHUUNOA00HOTO Tpenka. COBpeMEHHBIE JIMHTYIIH/BI XapaKTepH3yIOTCs
SMOpHOHU3AINEH BCeX CTaui Pa3BUTHsL, KPOME IIITAHKTOTPO(HON IOBEHMIH, TTOKPBITON
paxoBuHOi1. Takum 00pa3oMm, )KHU3HEHHBIN IIMKJI COBPEMEHHBIX JIMHTYJIN/ SIBJISIETCS HAanOo-
Jiee MPOJIBUHYTHIM Cpean Opaxuomnoz.
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Introduction

Brachiopoda is a relict and highly variable
group of marine invertebrates with pelago-benth-
ic life cycle that includes planktonic floating
and sessile attached stages. The brachiopods are
subdivided into three subphyla, Linguliformea,
Craniiformea and Rhynchonelliformea (Will-
iams et al., 1996). These three phylogenetic
branches separated from each other at the early
stage of brachiopod evolution and strongly dif-
fer in major aspects of shell morphology and
soft body anatomy (Harper et al., 2017). All
brachiopods have a pelago-benthic life cycle
that is typical of many marine invertebrates.
Nonetheless, the life cycles of representatives
of various brachiopod subphyla can vary dra-
matically. Numerous studies have shown a great
variety in the structure of the brachiopod larvae
and the pathways of their metamorphosis (Kov-
alevsky, 1874, 1883; Conklin, 1902; Yatsu,
1902; Percival, 1944, 1960; Malakhov, 1976,
1983; Chuang, 1977,1996; Nielsen, 1991; Long,
Stricker, 1991; Freeman, 1993, 1995, 1999,
2000, 2003; Liiter, 2000; Altenburger, Wan-
ninger, 2009; Zakrzewski et al., 2012; Alten-
burger et al., 2013, 2017; Santagata, 2015;
Martin-Duran et al., 2016; Vellutini, Heinol,
2016; Gasiorowski, Hejnol, 2019). This raises
the question as to which type of life cycle is the
most primitive and whether it is possible to
propose any general scheme of the evolution of
life cycles within the phylum.

The present research studies the larval de-
velopment of the rhynchonelliform brachiopod
Coptothyris grayi (Davidson, 1852), analyzes
the data on the ontogeny of recent brachiopods,
and proposes a hypothesis on the evolution of
brachiopod life cycles.

Material and methods

We used the artificial insemination method
to study the development of C. grayi. Mature
specimens were collected in July 2016 at a
depth of 8-10 m in Vostok Bay in the Sea of
Japan. Insemination and developmental stages
were observed in the embryology laboratory of

the marine biological station “Vostok” of the
National Scientific Centre of Marine Biology,
Far Eastern Branch, Russian Academy of Sci-
ence. The male and female gonads of C. grayi
are located in the mantle coelomic canals. In
order to obtain the gametes, the adductors were
cut and the valves were opened. The oocytes
and the sperm were obtained by Pasteur pipette
from ovary and testis, respectively. The oocytes
were washed with two changes of filtered sea
water and were kept at 18°C for 5 h for shedding
of the follicle cells and breakdown of germinal
vesicles in the eggs. The sperm was kept for 15
min. Sperm motility was monitored by light
microscopy. Five milliliters of sperm suspen-
sion were added to 300 ml of filtered sea water
with the eggs. In one hour, the zygotes were
washed three times with filtered sea water. The
embryos and larvae were kept in vessels at a
concentration of 1 larva per 3 mm? of water
(18°C). The water was refreshed twice a day.

For scanning electron microscopy (SEM),
the consecutive developmental stages were fixed
in2.5% cacodylate-buffered glutaraldehyde. The
material was further treated using standard scan-
ning electron microscopy techniques. The sam-
ples were examined and photographed using
Hitachi S-405A (Hitachi, Japan) and CamScan
S2 (Cambridge Instruments, United Kingdom)
scanning electron microscopes.

For confocal laser scanning microscopy
(cLSM), the early three-lobed larvae (23 h after
insemination) were fixed overnight in a 4%
paraformaldehyde solution in filtered sea water
and washed two times in phosphate buffer
(pH7.4) (Fisher Scientific, Pittsburgh, PA, USA)
with Triton X-100 (0.3%) (Fisher Scientific) for
a total of 12 h. Non-specific binding sites were
blocked with 10% normal donkey serum (Jack-
son ImmunoResearch, Newmarket, Suffolk, UK)
in phosphate buffer (PBS) with Triton X-100
(PBT) overnight at 4°C. The larvae were then
placed in PBT and incubated in rhodamine-
conjugated phalloidin (1:50) (Fisher Scientific,
Pittsburgh, PA, USA) for 2 h at room tempera-
ture in the dark. They were subsequently washed
in PBS (three times x 60 min), mounted on a
cover glass covered with poly-I-lysine (Sigma-
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Aldrich, St. Louis, MO, USA), and embedded in
Murray Clear. Specimens were examined with a
Nikon Eclipse Ti confocal microscope (Mos-
cow State University, Moscow, Russia). Z-pro-
jections were generated using the program Im-
age J version 1.43.

Results

The ciliated blastula hatches from the egg
envelope 6 h after fertilization. It lifts from the
bottom and starts to swim, rotating on its axis.
The gastrula starts to form about 11 h 30 min
after fertilization. The gastrulation occurs by
invagination. The round blastopore forms on
the vegetative pole of the embryo and thus the
first-formed gastrula has aradial symmetry (Fig.
1A). About 16 h 30 min after fertilization, the
blastopore elongates and the apical pole shifts
anteriorly. Thus, the gastrula becomes bilateral
(Fig. 1B).

At 19 h after fertilization, the first constric-
tion divides the apical and posterior lobes of the
larva. The rudiment of the mantle lobe appears
under the apical lobe about 23 h after fertiliza-
tion, so the larva at this stage consists of the
apical, mantle and pedicle lobes (Fig. 1C-D).
The blastopore becomes elongated into a drop-
like shape (Fig. 1C). Note that the larval mantle
rudiment develops obliquely relative to the an-
teroposterior axis of the larva: its dorsal side is
located closer to the larval apical lobe than its
ventral side (Fig. 1D). At this stage, the apical
organ and ciliary band form on the apical lobe.
Groups of small vesicular bodies form around
the apical lobe.

At 26 h after fertilization, the mantle lobe
enlarges but remains inclined to the anteropos-
terior axis (Fig. 1E, G). Two pairs of short setae
bundles form at this stage. One pairis located on
the dorsal side of the mantle, while another pair
is located on the lateral sides of the mantle (Fig.
1G). The setal bundles are obliquely arranged
(the first dorsal pair is shifted anteriorly, the

second lateral pair is shifted posteriorly) (Fig.
1E). The group of eyespots appears on the
apical lobes. The blastopore starts to close from
the posterior end; a small depression remains on
the apical lobe at the position of the blastopore
anterior end (Fig. 1F).

At 45 h after fertilization, the full-grown
three-lobed larva is formed (Fig. 1H). The blas-
topore is completely closed. The mantle is skirt-
like shaped and surrounds the pedicle. The
ventral part of the mantle is somewhat longer
than the dorsal part. The longitudinal ciliary
band runs along the ventral part of the mantle
lobe. Two pairs of long spinose setae are located
at the mantle margin at the same level. The
pedicle becomes constricted in the middle.

We studied a young larva (about 23 h after
fertilization) using confocal microscopy with
phalloidin staining. The elongated drop-like
blastopore is clearly visible at the ventral side of
the larva (Fig. 2A). The wide anterior end of the
blastopore is in front of the border between the
apical and mantle lobes, whereas its tapering
posterior end reaches the pedicle lobe. The
mesodermal precursor is horseshoe-shaped (Fig.
2B). Both branches of the horseshoe are con-
nected to each other in front of the intestine. The
mesoderm forms three pairs of coelomic pouch-
es on both sides of the archenteron. The coelo-
mic pouches of the anterior pair are in the apical
lobe; they are connected to each other by a
mesodermal strand in front of the archenteron.
The second and the third pairs of coelomic
pouches are in the mantle lobe on both side of
the archenteron (Fig. 2B).

Discussion

As outlined above, brachiopods are charac-
terized by great diversity in larval structure and
metamorphosis pathways. In our opinion, the
most primitive features should be sought in the
development of craniiform brachiopods. In a
thoroughly studied recent craniiform brachio-

O003HaueHNs: acb — PECHUYHBIH MIHYp HAa alMKaIbHOU JIONAcTH, al — amuKaiIbHas JIONacTs, bl — 6xacromop, dm —
JIOpcalibHast 4aCTh MAHTUITHOM JIONAacTH, Mcb — PeCHUYHBI IIHYpP HA MAaHTHHHOM JIONAacTH, Ml — MaHTHIHAS JIONIACTb,
pl — HOXHast 10NacTh, S€ — LIETHHKHU, Vb — BE3UKYJSIPHBIE TEJbIlA, VIN — BEHTpPAJIbHAsl YaCTh MAHTUITHOM JIOTIACTH.
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Fig. 1. Larval development of Coptothyris grayi (SEM). A — radially symmetric gastrula (~ 15 h after
fertilization); B — bilateral gastrula (~ 17 h after fertilization); C—D — early larva with rudiment of mantle
lobe (rm) (~ 23 h after fertilization): C — ventral view, D — lateral view; E-G — young three-lobed larva
(~ 27 h after fertilization): E — lateral view, pair of dorsal setal bundles (ds), F — ventral view, G — lateral
view, lateral setal bundle (Is); H — full-grown larva (~ 45 h after fertilization).

Abbreviations: acb — ciliary band on apical lobe, al — apical lobe, bl — blastopore, dm — dorsal part of mantle lobe,
mcb — ciliary band on mantle lobe, ml — mantle lobe, pl — pedicle lobe, se — setae, vb — vesicular bodies, vim —
ventral part of mantle lobe.

Puc. 1. Jlmunnounoe passurue of Coptothyris grayi (COM). A — paanalbHO CUMMETPUYHAS TacTpyJsia
(oxomo 15 4 mocne omaomgoTBOpeHus); B — OuarepanbHO cMMMeETpUYHas ractpyna (okoio 17 4 mocie
omtonotBopenus); C—D — paHHss JTHYMHKA C 33a4aTKOM MaHTHUIHOHW yiomacty (rm) (okoio 23 9 mocie
omronotBopenus): C — BUJ ¢ BEHTpanbHOI cTopoHbl, D — Bux cooxy; E-G — panHss TpexiomacTHast
JMYHHKA (0KOJIO 27 4 1mociie oMo J0TBopeHHus ): E — Buza cOOKy, BUIHA TTapa 10PCaIbHbIX IyYKOB IETHHOK
(ds), F — Bun ¢ BeHTpanbHOit cTopoHbl, G — BHJ COOKY, BHJCH Iy4OK JaTepaabHbIX meTHHOK (Is); H —
KOMIIETEHTHAs JTHYMHKA (OKOJIO 45 ¥ 1mocie OmIog0TBOPEHUS).
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Fig. 2. Z-projections of early larva of Coptothyris grayi (~ 23 h after fertilization) after staining with
phalloidin. A — ventral view of early larva, drop-shaped blastopore is visible; B — Z-projection of 51-52
slides of the stack, coelomic pouches visible at left side of larva.

Abbreviations: ar —archenteron, cs — coelomic pouches, arrows indicate the first constriction between apical lobe and
rudiment of mantle lobe, double arrows indicate the second constriction between rudiment of mantle lobe and pedicle
lobe.

Puc. 2. Z-upoexuuu pauneit nuuunkun Coptothyris grayi (oxono 23 4 mocie OIUIOJOTBOPEHUS) MpH
OKpalMBaHUU (GaTIONIHHOM. A — BH/J] C BEHTPAJIBHOW CTOPOHBI Ha PAHHIOIO JINUUHKY, BUJICH KaIlJIeBU/I-
HBIH OacTonop; B — Z-npoekrust 51-52 cnaiiioB CTKa, BUIHBI [IEJIOMUYESCKUAE MEIIKH C JICBOH CTOPOHBI
JINYUHKH.

0603Ha‘{e}m;[: ar — apXeHTEPOH, CS — HEJIOMHUYCCKUE MEIIKH, CTPEIIKU YKa3bIBAIOT Ha MEPETIKKY MEKIY anuKaJIbHON
JIOIIACThIO W 3a4YaTKOM MaHTHH, HBOﬁHLIe CTPEJIKM YKa3bIBAIOT Ha MEPETAKKY MEKIAY 3a9aTKOM MaHTUU U HOKHOU

JIOMmacTH.

pod, Novocrania anomala (O. F. Miiller, 1776),
the ciliary blastula hatches from the egg enve-
lope, so that the gastrulation and formation of
lecithotrophic larva proceed in the water col-
umn (Nielsen, 1991). The larva swims for about
four days. The competent larva is subdivided
into two lobes, the rounded ‘head’ and dorso-
ventrally flattened ‘body’ (Fig. 3A-B). The
wide, densely ciliated band delimits the head
lobe posteriorly. The ‘body’ bears cilia on the
ventral, lateral, and posterior sides. The larva of
N. anomala demonstrates a clear metamery,
which is expressed externally by the presence of
three pairs of bundles of setae (Fig. 3A-B). The
mesodermal precursor is subdivided into four
pairs of coelomic pouches (Fig. 3E). The pouches

of the anterior pair are in the head lobe; they are
connected to each other by a mesodermal strand
in front of the archenteron (Nielsen, 1991). The
body lobe contains three pairs of coelomic
pouches associated with the setal sacs (Fig. 3E).
The precursor of the brachial valve is a round
shield of modified cuticle on the dorsal side of
the body lobe (Fig. 3A).

Upon settling, the larva curls ventrally
through muscle contraction (Fig. 3C). The larva
is then attached to the substratum, and the at-
tachment site corresponds to the area of the
dorsal side behind the brachial valve precursor
(Fig. 3F). In metamorphosis, the third pair of
setaeis shed. The brachial valve precursor grows
rapidly, and the attached juvenile becomes cov-
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Fig. 3. The larva and metamorphosis of Novocrania anomala (based on Nielsen, 1991, 2001). A — full-
grown larva, dorsal view; B — the same, lateral view; C — folding larva, lateral view; D — juvenile about
3 days after settling; E — arrangement of coelomic sacs and setae in full-grown larva; F — arrangement of
coelomic sacs and setae in young bottom stage; G — structure of the juvenile with two shell valves.
Abbreviations: aa — attachment area, bv — brachial (“dorsal”) valve, c1-c4 — coelomic sacs, cs — cuticular shield,
the brachial valve precursor, pv — pedicle (“ventral”) valve.

Puc. 3. Jlnaunka u metamopho3 Novocrania anomala (no nanusim Nielsen, 1991, 2001). A — komneTeH-
THasl JIMYMHKA, BUJ C JOPCAITBHOU CTOPOHBI; B — KommereHTHas Tu4yuHKa, BUj cO0Ky; C — cilokeHHas
JTMYWHKA, BUJ cOOKY, D — r0BeHMITb OKOJIO 3 JHEH mociie ocenanus; E — pacmonoxxeHne neloMuIecKux
MEIIKOB ¥ MYYKOB MIETHHOK Y KOMIIETCHTHOH JTHUYUHKH; F — pacrosiokeHne NeTOMHYSCKUX MEIIKOB H
MyYKOB IETHHOK y OceBIeil craaun; G — CTPOCHUE FOBCHUJIH C JABYMSI CTBOPKAMH PAKOBHHBI.
O6o3HayeHus: aa — 00JacTh NPUKpEIIeHus, bv — OpaxuanbHas («IopcanbHas») CTBOpKa, ¢l—c4 — renomuyeckue
MEIIIKU, €S — O00JIaCTh, MOKPBITAsh KYTHKYJIOW, 3a4aTOK OpaxMalbHOM CTBOPKH, PV — MefalbHas («BEHTPaJIbHASN»)

CTBODKA.

ered with the brachial valve (Fig. 3D). The
pedicle valve, in contrast, is secreted much later
by the epithelium of the attachment area (Fig.
3@G). Based on the foregoing, both valves are
secreted by the dorsal epithelium of the larva,
though not at the same time. Accordingly, both
valves are essentially dorsal, with the brachial
valve in front, the pedicle valve in back.

The “folding” during the metamorphosis of
craniids provides the basis for the “brachiopod-
fold hypothesis” (Nielsen, 1991). The meta-
morphosis of recent craniids is considered to be
a recapitulation of the brachiopod body plan
origin. Initially, folding might have been merely
a feature of behavior, a kind of defensive habit.

One may speculate that the supposed creeping
ancestor had two dorsal protective shells ar-
ranged one behind the other (Fig. 4). During a
predator attack, the brachiopod ancestor curled
ventrally in the same way that extinct trilobites
did and extant chitons do. Later, the folding
condition was fixed as a permanent feature
because it helped protect the soft body with two
valves.

According to Altenburger et al. (2013), the
dorsal (=brachial) mantle forms during meta-
morphosis and the ventral (=pedicle) mantle
develops 17 days after metamorphosis. Alten-
burger ef al. (2013) believe that the secretion of
both valves on the dorsal side of larva is not
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-

Fig. 4. Protective habit became the basis for the emergence of the brachiopod body plan.
Puc. 4. ®opmMupoBaHHUe I1aHA CTPOCHHS OPAXUOIO]] B pe3yJbTaTe 3alllMTHOTO MOBEJICHHS HX MPEJIKa.

proved, although those authors definitely de-
scribed the ventral curvature of the larva at
settling: “The anterior lobe and the posterior
end of the posterior lobe are bent ventrally, thus
exposing the dorsal posterior lobe to the envi-
ronment” (Altenburger et al.,2013,p.381). The
“brachiopod fold hypothesis” has been the sub-
ject of criticism based on developmental gene
expression data (Altenburger et al., 2013; Mar-
tin-Duran et al.,2016; Altenburger et al.,2017).
The expression patterns of developmental genes
in the larva of N. anomala show that “anterior”
genes are expressed in the anterior lobe and
“posterior” genes are expressed in the posterior
domain of the posterior lobe (Martin-Duran et
al., 2016; Altenburger ef al., 2017). Important-
ly, however, these data are relevant to the un-
bent larva, so they cannot be considered as a
convincing argument against the “brachiopod-
fold hypothesis”.

According to the “brachiopod-fold hypoth-
esis”, the supposed brachiopod ancestor had a
life cycle with a planktotrophic larva equipped
with ciliary bands that is typical for benthic
invertebrates. After settling, the larva curls on
the ventral side (Fig. 5A). The craniid-like life
cycle evolved from the ancestral one, with the
difference that the larva lost the primary plank-
totrophy and became lecithotrophic (Fig. 5B).
The delay in the formation of the pedicle valve

versus brachial valve is apparently an apomor-
phy of recent craniiform brachiopods (Fig. 5C).
The rapid growth and differentiation of the
brachial valve is explained by the important role
the brachial valve plays in protecting the at-
tached juveniles.

The development and metamorphosis of
Rhynchonelliformea are described in several
classical and contemporary works (Kovalevsky,
1874, 1883; Conklin, 1902; Percival, 1944,
1960; Malakhov, 1976, 1983; Chuang, 1996;
Freeman, 1993, 2003; Liiter, 2000; Altenburg-
er, Wanninger, 2009; Zakrzewski et al., 2012;
Vellutini, Heinol, 2016; Gasiorowski, Hejnol,
2019). The full-grown larva of Rhynchonelli-
formea is subdivided into three lobes: the api-
cal, mantle, and pedicle ones. Our data relating
to C. grayi enable us to convincingly prove that
the rudiment of the mantle lobe forms obliquely
to the anteroposterior axis of the larva. The
mantle lobe increases in size by growth of its
dorsal sector (Fig. 6D-E). The full-grown larva
has a skirt-like mantle lobe that is located per-
pendicular to the anteroposterior axis of the
larva. The growth of the dorsal mantle is accom-
panied by the posterior displacement of the
dorsal pair of setal bundles.

Our data demonstrate the rhynchonelliform
C. grayi has one pair of coelomic pouches in the
apical lobe and two pairs of coelomic pouches
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Fig. 5. Evolutionary origin of the life cycle of recent craniids from the primary brachiopod life cycle. A —
primary life cycle of supposed brachiopod ancestor with planktotrophic larva; B — craniid-like life cycle
with lecithotrophic larva; C — life cycle of recent craniid (e.g. Novocrania anomala) with lecithotrophic
larva and delay of the ventral valve formation (by Nielsen, 1991; Altenburger et al., 2013).

Puc. 5. TIponcx o ieHust YKU3HEHHOTO IMKJIAa KPAHUIII OT MEPBUYHOTO KM3HEHHOTO UKIIa OpaxHomnoa. A —
MIePBUYHbIN JKM3HEHHBIH LIUKJ PEII0IaraeMoro npeaka Opaxuornos ¢ IIaHKToTpo(HON JIMYMHKOH; B —
KPaHUHJIOTIO{O0HBIN KU3HEHHBIH IUKII ¢ TeUTOoTpo(HOH ManHKOM; C — XHU3HEHHBIH MK COBPEMEH-
HBIX KpaHunp (Ha npumepe Novocrania anomala) ¢ neuutorpoduoii nuuunkoit (mo Nielsen, 1991 u
Altenburger et al., 2013).
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Fig. 6. Correlation between craniid-like and rhynchonelliform developmental stages. A — craniid-like full-
grown larva; B — craniid-like semi-folding juvenile; C — craniid-like completely folded juvenile; D —
early three-lobed larva of rhynchonelliform brachiopod; E — full-grown larva of rhynchonelliform

brachiopod.

Puc. 6. CooTHomIeHHE MKy KPaHUNIOTIOJOOHBIMH ¥ PUHXOHEIUTH()OPMHBIMH CTANUSIMU Pa3BUTHS. A —
KpaHUHJIONOM00HAsT KOMIIETEHTHasl IMIMHKA; B — kpanumgonomo6Has moxycioxkeHHas IoBeHms; C —
KPaHUHJIOIOI00HAS TIOJIHOCTHIO CIIOXKEHHAs IOBEHMIIb; D — paHHSS TpeXJIonacTHas JINYHHKA PUHXOHET-
nmudopmHO Opaxuonosl; E — KommeTeHTHas IMYMHKA PUHXOHEIUTH(GOPMHON OpaxXHOIIO/BI.

in the mantle lobe. The number of coelomic sacs
in the mantle lobe of the larva corresponds to the
number of setal bundles. The mesoderm of the
craniiform N. anomala forms four pairs of co-
elomic pouches: one pair in the anterior lobe
and three pairs in the posterior lobe. The poste-
rior lobe bears three pairs of the setal bundles.
Importantly, the coelothelium of coelomic
pouches forms the muscles of the setal bundles
(Nielsen, 1991). In the craniid larva, however,
the coelomic pouches and bundles of setae are
successively arranged along the anteroposterior
axis, whereas in the early three-lobed larva of
the rhynchonelliform C. grayi, the coelomic
pouches and setal bundles are obliquely ar-
ranged on the dorsal and lateral sides (Fig. 6D).
Our conclusion is that the young larva of C.
grayi with oblique rudiment of the mantle lobe
corresponds to the larva of N. anomala in a

semi-folded condition (Fig. 6B). The mantle
lobe increases in size by growth of its dorsal
sector; a fully developed larva of C. grayi cor-
responds to the fully folded juvenile of N. anom-
ala (Fig. 6C, E).

Accordingly, the recent rhynchonelliform
life cycle evolved from the craniid-like life
cycle by transformation of semi-folded and ful-
ly folded settled stages into the planktonic lar-
vae and, thus, the folding of recent rhynchoneli-
forms occurs at the floating stages (Fig. 7). The
formation of the mantle fold in the inverted
position at the plankton stage and its reversion
to the normal position after settling seems to be
an autopomorhy of recent rhynchonelliforms. It
isunrelated to the folding. Note that the larva of
N. anomala sheds the third pair of bundles of
setae after settling, and thus the settled larva of
N. anomala and planktonic larva of C. grayi
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Fig. 7. Origin of the recent rhynchonelliform life cycle. A — ancestral craniid-like life cycle; B — recent

rhynchonelliform life cycle.

Puc. 7. Ilporcxox/eHHe >KM3HEHHOIO IMKJIA COBPEMEHHBIX PHUHXOHEIIM(MOPMHBIX Opaxuomon. A —
KPaHUUJOMOJOOHBIH JKM3HEHHBIH LUK, B — >KM3HEHHbBIH LUKI COBPEMEHHBIX PHHXOHEIH(OPMHBIX

Opaxuomno/.

have an equal number of the bundles. Therefore,
the data on the development of recent rhyn-
chonelliforms is actually an argument in favor
of the “brachiopod-fold hypothesis”.

Recent linguliforms are represented by two
families, discinids and lingulids, which differ
with regard to larval development. In recent
discinids, newly hatched larvae have neither a
mouth nor anus (Freeman, 1999; Liiter, 2001).
The larva consists of anterior and posterior
lobes and bears three long larval setae on each
side of the two-lobed lecithotrophic larva. At
the present level of our knowledge, it is difficult
to determine whether the setae of the same side
are combined into one setal bundle, although
Chuang depicted them as combined in one “set-
al cone” (Chuang, 1977, fig. 1, B). At a later
stage, the mouth, anus, two-valved shell, and

lophophore tentacles form (Freeman, 1999;
Chuang, 1977, Liiter, 2001). From that moment
on, this stage becomes planktotrophic. We in-
terpret these findings to mean that the two-lobed
discinid larva corresponds to the folded stage of
the recent craniids that continues to float (Fig.
8A-B). As for the planktotrophic stage with
lophophore and shell, it corresponds to the
settled juvenile of recent craniids with the shell,
but in discinids this stage lives in the water
column (Fig. 8A-B). Accordingly, the life cycle
of recent discinids originated from the craniid-
like one due to the movement of early benthic
juveniles into the water column.

In recent lingulids, the newly hatched larva
has the two-valved shell and lophophore and
feeds on plankton (Yatsu, 1902). All previous
developmental stages are compressed under the
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Fig. 8. Origin of the life cycles of recent discinids and lingulids. A — ancestral craniid-like life cycle; B —

discinid life cycle; A — lingulid life cycle.

Puc. 8. IIponcxosxaeHue )KU3HEHHBIX IIUKIIOB COBPEMEHHBIX TUCIIMHUJ U JIMHTYJIUA. A — KpaHHHII0[00-
HBIW KU3HEHHBIH UK, B — skxu3HeHHBI UK qucuuHuI; C — KA3HEHHBIA UK JTUHTYITH]L.

egg envelope, and the shelled planktotrophic
larva of lingulids corresponds to a juvenile that
has developed in the water column (Fig. 8C).
In conclusion, the main points arising from
the analysis of the brachiopod life cycles are as
follows (Fig. 9). The ancestral brachiopod had
a pelago-benthic life cycle with a ciliary plank-

totrophic larva (not to be confused with the
shelled planktrotophic juvenile of recent lingu-
liforms) that folded during metamorphosis (Fig.
9). The next evolutionary stage was the transi-
tion from planktotrophy to lecithotrophy, but
the lecithotrophic larvae of recent brachiopods
are not homologous. Recent craniiforms retain
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Fig. 9. Evolution of brachiopod life cycles.
Puc. 9. OBomronns KU3HEHHBIX ITUKIOB OPaxHoOINO.

the true unfolded lecithotrophic larva. The full-
grown lecithotrophic larva of recent thynchonel-
liforms corresponds to the folded juvenile that
has ascended into the water column (Fig. 9). The
pelagic life cycle phase of recent discinids is
comprised of a) the lecithotrophic larva that
corresponds to the folded stage and b) the shelled
planktotrophic stage that is essentially the juve-
nile ascended into the water column (Fig. 9). As
for recent lingulids, their life cycle is character-
ized by the embryonization of all developmen-
tal stages except the shelled planktotrophic ju-
venile (Fig. 9). Thus, the lingulid life cycle is the
most modified among all recent brachiopods.
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