Invertebrate Zoology, 2025, 22(1): 68-80 © INVERTEBRATE ZOOLOGY, 2025

Brachiopod development in light of Nielsen’s “folding
hypothesis”

T.V. Kuzmina*, V.V. Malakhov

Invertebrate Zoology Department, Lomonosov Moscow State University, Leninskie Gory 1-12, 119234
Moscow Russia.

* Corresponding author

Tatyana Kuzmina: kuzmina-t@yandex.ru ORCID https://orcid.org/0000-0001-7978-7608

Viadimir Malakhov: vmalakhov@inbox.ru ORCID https://orcid.org/0000-0003-1637-2354

ABSTRACT: Brachiopoda is a phylum of marine invertebrates with a fossil record dating
back to the Early Cambrian. Despite their extensive paleontological history, the evolution of
their body plan remains debated. Claus Nielsen (1991) suggested the “folding hypothesis”
based on data on development of the craniiform brachiopod Novocrania anomala. During
metamorphosis, the larva N. anomala folds ventrally, with both juvenile shell valves derived
from the dorsal side. It has been hypothesized that this process may reflect the evolution-
ary origin of the brachiopod body plan: brachiopods evolved from a creeping ancestor that
curled ventrally. This study revisits the “brachiopod fold hypothesis” by analyzing data
on development of three brachiopod subphyla: Craniiformea, Rhynchonelliformea, and
Linguliformea. Analysis of rthynchonelliform development reveals that “folding” occurs
during embryonic and larval stages, influencing the arrangement of larval structures. In
rhynchonelliform larva (cephalula), dorsal and lateral setal pairs are positioned at a right
angle relative to the anterior-posterior axis of the larva, while in craniid larva (chaetotro-
cha), setae are arranged sequentially along the dorsal side. In early cephalula, the mantle
rudiment forms obliquely to the anterior-posterior axis, with the dorsal side closer to the
larval apical lobe. The dorsal pair of setal bundles is also located closer to the apical lobe
than the lateral pair. As the cephalula grows, the dorsal sector of the mantle expands, caus-
ing the setal bundles to align. We propose that this dorsal expansion reflects the folding
process, with the early cephalula corresponding to the chaetotrocha stage during folding
at metamorphosis, and the competent cephalula corresponding to the folded juvenile stage
observed in craniids. In discinid and lingulid brachiopods, development suggests a trend
toward earlier, more embryonized “folding processes”. Data on fate map construction of
discinids reveals dorsal expansion in the embryo, contributing to both dorsal and ventral
valve formation in juveniles. In lingulids, both shell valves develop from the dorsal side
of the embryo. Our findings suggest a progressive embryonization of the folding process
in brachiopods: in craniids, “folding” occurs during metamorphosis; in rhynchonelliforms,
during embryonic and larval development; and in linguliforms, at early embryonic stages.
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“Folding” in brachiopod development
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PE3IOME: bpaxnoroibl — THII MOPCKHX O€CII03BOHOYHBIX H3BECTHBIX C PAHHETO KEMOPHSL.
Hecmotpst Ha 0OUIMPHYIO MMaJICOHTONIOTHUECKYI0 MCTOPHIO, SBOJIONNUS TUIaHA CTPOCHHMS
Opaxuorion ocraeTcs npenmeroM auckyccuid. Kimayc Hunmbscen (1991) Ha ocHOBe maHHBIX
10 Pa3BUTHIO KpaHU(OPMHON Opaxuononst Novocrania anomala IpeANIOXNI «TUIIOTE3Y
ckiaapiBaHus». Bo Bpems meramopdosa nuunnka N. anomala crubaercs Ha OPIOUIHYIO
CTOpPOHY, a 00€ CTBOPKH PAKOBUHBI IOBEHUJIBHOW CTaJuK (POPMHUPYIOTCS Ha JIOPCATBHON
CTOpOHE. BBII0 MpenonI0keHo, YTO TOT IPOLIECC MOXKET OTPAXKATh IBOITIOLIMOHHOE TPOKC-
XOX/ICHHE TUIaHa CTPOCHMST OPaXHOTO/: TTOI3AIONINHA TPEOK CBEPHYIICS Ha BEHTPAIBHYIO
cTopoHy. B HacTosmieit pabore nmpoBeeH aHAIN3 JaHHBIX 10 PA3BUTHIO MPEICTABUTENICH
Tpex montumoB O6paxuomnon: Craniiformea, Rhynchonelliformea n Linguliformea ¢ Touxu
3PEHUS KTUIOTE3bI CKIIAbIBAHUS». AHAIN3 JaHHBIX 110 Pa3BUTHIO PUHXOHEIUTH(OPMHBIX
OpaxuoIo]] TI0Ka3all, YTO «CKJIabIBAHUE)» IIPOUCXOANT Ha SMOPHOHAIBHBIX U IMUMHOYHBIX
CTausAX, YTO OTPAKEHO B PACIOJIOKEHUU JIMUMHOYHBIX IMYYKOB LIETHHOK. Y JIMUMHKU
puHXOHEIIH(OPMHBIX Opaxnornox (1edaimyisl) TopcaibHbIe U JIaTepajbHbIe Maphbl Ie-
THHOK PACIOIOXKEHBI TIOJ] MPSIMBIM YIJIOM K IepeHe-3aAHeH OCH JIMUYMHKH, B TO BpeMs
KaK y JIMYMHKHA KPAaHUUJ (XETOTPOXM) MIETHHKU PACIONOXKEHBI TTOCIEI0BATEIBHO BIOMIb
JIOpCajbHON CTOPOHBI. Y paHHel 1edanyspl 3a4aTOK MAaHTUH (POPMHUPYETCS KOCO IO OT-
HOIICHHUIO K MEepeAHe-3aAHel 0CH, IPH 3TOM JIOpCasibHasl CTOPOHA OMMKe K amuKaJlbHON
Jionacty JMYMHKU. Kpome Toro, y paHHeil nedainyisl jopcajibHas 1apa IMy4KOB [MIETHHOK
pacrioio’keHa OJibKe K alnnKaJlbHOH JIONacTH, YeM JiaTepaibHas mapa. [lo mepe pocra ne-
(airyibl JOpCaBHBIN CEKTOP MAHTHUH PACIINPSACTCS, YTO IPUBOJUT K TOMY, YTO LICTHHKH
CTAHOBSTCSI PACIIONIOKEHHBIMU Ha OJHOM YPOBHE. MBI IIpearnonaraem, 4Tto 10pCalbHbINA
POCT MaHTHH Tieaysbl OTpaXKaeT «IPOIECC CKIIaIbIBAHUS», TIPHUeM paHHss 1edaysa
COOTBETCTBYET XETOTPOXE BO BPeMsl CKIIaAbIBaHusI IpH MeTamopdo3se, a 3penas nedaiyna
COOTBETCTBYET CIO)KEHHOM IOBEHWJILHOW CTaJANU y KpaHUU. Y JAUCHUHUI U JIUHTYIU] B
OHTOTEHE3€ IPOLECC CKIIAJBIBAHMS» HAOMIOAaeTCss Ha Oojee paHHHUX ATanax PasBHUTHAL
JlaHHBIE IO TOCTPOEHHIO KAPT MPE3yMITHUBHBIX 3a4aTKOB Y AWCIIMHU]] MOKA3bIBAIOT pa3-
pacTaHue JOPCAIBLHOTO CEKTOpa 3MOPHOHA, KOTOPHIM B AajbHEHIIEM JacT Ha4dajlo Kak
JIOpCabHOM, TaK ¥ BEHTPAILHON CTBOPKaM PaKOBHHBI Y FOBEHHJIBHBIX 0CO0€H. Y TUHrynua
00€ CTBOPKH paKOBHMHBI TAK)K€ PA3BHBAIOTCS HA JIOPCAIbHOM cTOpoHe dSMOproHa. Takum
00pa3om, HallIM Pe3yJbTaThl IPEIIOoIATaloT MPOIPECCUBHYIO SIMOPHOHM3ALMIO IIpoliecca
CKJIaJIbIBaHMSI Y OpaXHOMO/: Y KpaHUHI CKIIaJIbIBAHUE TIPOUCXOIUT BO BpeMsi MmeTamopdo-
3a; y pUHXOHEIUN(OPMHBIX OPaxHoNo — Ha SMOPHOHAIBHBIX U JINUMHOYHBIX CTAIMAX;
a y TMHTYAH()OPMHBIX OpaxuoNox — Ha PAHHUX SMOPHOHAIBHBIX CTAANUSAX OHTOTEHE3A.
Kak iiutipoBats 3Ty padory: Kuzmina T.V., Malakhov V.V.2025. Brachiopod development
in light of Nielsen’s “folding hypothesis” // Invert. Zool. Vol.22. No.l. P.68-80. doi:
10.15298/invertzool.22.1.06

KJIFOYEBBIE CJIOBA: Opaxuormno/a, pa3BUTHE, OHTOT€HE3, SBOJIOINS, THIIOTE3a CKIIa-
JIBIBAHHSL.
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Introduction

Brachiopoda is a phylum of marine inverte-
brates with a rich paleontological history. This
group first appeared in the Early Cambrian,
reached its peak during the Paleozoic, but after
the mass extinction at the end of the Permian,
it was unable to regain its previous taxonomic
diversity. The paleontological record of brachio-
pods is well-documented due to their mineral-
ized bivalve shells, which are well-preserved
as fossils and have been extensively studied by
paleontologists. Brachiopods are divided into
three subphyla: Linguliformea, Craniiformea,
and Rhynchonelliformea, which differ in shell
structure and composition, internal anatomy,
and developmental processes (Williams et al.,
1996). There is still no consensus on the origin
and development of their body plan.

The investigation of the anatomy and devel-
opment of extant brachiopods has historically
lagged behind that of paleontological specimens.
For an extended period, the field relied on a
limited number of frequently cited anatomical
studies, the schemes from which were often
reproduced in textbooks (Hyman, 1959; Ivanov
et al., 1981; Ruppert et al., 2004). Research on
brachiopod development has primarily concen-
trated on rhynchonelliforms, with foundational
studies by Kovalevsky (1874, 1883) significantly
contributing to our understanding of rhynchonel-
liform development. In contrast, research on
the development of lingulids is predominantly
represented by a single detailed study by Yatsu
(1902), while craniids have remained largely
unexamined for a considerable period.

In 1991, Claus Nielsen’s article on the em-
bryonic and larval development of Novocrania
anomala (Nielsen, 1991) was groundbreaking.
This study revolutionized the understanding of
brachiopod evolution, significantly influenced
further research and laid the foundation for the
“folding hypothesis” regarding the development
of the brachiopod body plan.

According to Nielsen’s work (Nielsen,
1991), during settlement, the N. anomala larva
folds ventrally, with both juvenile shell valves
being of dorsal origin. It was suggested that
the metamorphosis of extant craniids reflects
the evolutionary origin of the brachiopod body
plan: brachiopods likely evolved froma creeping
ancestor that curled ventrally. In the 20th century,

the “folding hypothesis” was widely accepted by
both zoologists and paleontologists (Malakhov,
1995; Cohen et al., 2003; Malakhov, Kuzmina,
2006). However, the evolutionary scenario pro-
posed by Claus Nielsen (1991) isnow the subject
of active debate. The scientific community has
essentially split into two camps: one that sup-
ports the “folding hypothesis” (Kuzmina et al.,
2019; Malakhovetal.,2021; Plandin, Temereva,
2023), and another that criticizes it (Altenburger
etal.,2013,2017).

This study presents an opinion paper, in
which we analyze brachiopod developmental
data from the perspective of Claus Nielsen’s
“folding hypothesis”.

Brachiopod Development

Brachiopods are characterized by a pelago-
benthiclife cycle, whichincludes asessile or ben-
thic adult stage and a planktonic dispersal stage
(Williams et al., 1997; Malakhov et al., 2021).
Most brachiopods exhibit external fertilization,
radial cleavage, and an enterocoelic mode of
coelom formation (Nielsen, 1991; Percival, 1940,
1960; Kuzmina, Temereva, 2024). These traits
align this group with deuterostomes. However,
according to current data, brachiopods belong
to the clade Lophotrochozoa, which includes
lophophorates and trochozoans (Halanych et
al., 1995). The ontogenetic development varies
among representatives of the three brachiopod
subphyla.

Craniiform development

In Craniiformea, ontogeny has been thor-
oughly studied in one species, Novocrania
anomala, thanks to the work of Claus Nielsen
(1991). Furthermore, the development of crani-
ids has been studied using blastomere-marking
techniques (Freeman, 2000). Additionally, the
metamorphosis of craniids has been investigated
independently (Altenburger et al., 2013). A
spherical, ciliated blastula emerges from the egg
envelope and begins to swim in the water col-
umn (Fig. 1A). Gastrulation then occurs through
invagination (Fig. 1B—C). At the gastrula stage,
the mesoderm begins to form as two layers of
cells separate from the endodermal cells (Fig.
1D), which then divide into four plates (Fig. LE).
The gastrula elongates, with the blastopore atthe
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Fig. 1. Development of craniiforms. A — blastula; B — gastrula; C—E — schemes of frontal sections of:
C — early gastrula; D — late gastrula; E — early larva; F — early larva, ventral view, arrow indicates the
direction of the blastopore closure; G — scheme of frontal section of chaetotrocha; H — scheme of sagittal
section of chaetotrocha; I — chaetotrocha, lateral view; J — chaetotrocha, dorsal view; K — metamorphosis,
lateral view; L — juvenile, lateral view. A, B, F, ] — based on Nielsen, 1991. C-E, G. H — modified after
Nielsen, 1991.

Abbreviations: acb — apical lobe ciliary band; al — apical lobe; ar — archenteron; bl — blastopore; bo — body lobe;
ces — coelomic sacs; dv — dorsal valve; ec — ectoderm; en — endoderm; me — mesoderm; mr — rudiment of mesoderm;
rpr — rudiment of protegulum (juvenile dorsal valve); se — setae; vez — ventral ciliary zone.
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posterior end of the larva, gradually closing from
front to back (Fig. 1F). The endoderm forms the
primary gut, or archenteron (Fig. 1E). Four pairs
of coelomic sacs develop from the mesodermal
plates (Fig. 1G-H), a process referred to as
modified enterocoely.

The larva develops two lobes: an apical (or
head) lobe, surrounded by a ciliated band, and
a body (or mantle) lobe (Fig. 11-J). Three pairs
of setae bundles form on the dorsal side of the
body lobe. A ciliated zone is located on the ventral
side of the body lobe. The first pair of coelomic
sacs is located in the apical lobe. The remaining
three pairs of coelomic sacs are found in the
body lobe; their coelomic epithelium forms a
muscular sheath that surrounds the bases of the
setae bundles. On the dorsal side of the larva’s
body lobe, there is a protein plate — the rudi-
ment of the periostracum of the first region of
the juvenile shell, known as the protegulum. This
type of larva, bearing a ciliated band and larval
setae, is referred to as a chaetotrocha (Malakhov
etal.,2021). The chaetotrochais a lecithotrophic
larva. All development lasts from four to ten
days, after which the chaetotrocha settles to the
substrate and undergoes metamorphosis (Fig.
1K-L). According to Nielsen (1991), upon set-
tling, the larva folds onto its ventral side. The
rudiment of the dorsal valve is formed before
metamorphosis, while the ventral valve, which
cements to the substrate, is secreted after meta-
morphosis on the surface of the bent portion of
thebody lobe. Based on this information, Nielsen
considered both valves to be dorsal.

During larval settlement, the third posterior
pair of larval setae bundles is shed, while the
first and second pairs fall off a few days after
settlement. In the apical lobe of the settled larva,
the mouth opens, and simultaneously, three pairs
of tentacles begin to form around the periphery
ofthe apical lobe. The anus appears between the
dorsal and ventral valves. Nielsen described that
the second pair of coelomic sacs gives rise to the
coelom of the lophophore, while the third pair
forms the perivisceral coelom. The fate of the
first and fourth pairs of coelomic sacs has not
been traced (Nielsen, 1991).

Altenburger and coauthors (2013) describe
the metamorphosis of craniid larvae as follows:
“Larvae ready for metamorphosis appear to be
slightly curled, as they turn the anterior lobe and
the posterior tip of the posterior lobe ventrally.”

They interpret the origin of the shell valves
differently than Nielsen (1991). According to
Altenburger and coauthors, the ventral valve of
craniids, which cements to the substrate, develops
at the posterior end of the larva and corresponds
to the portion ofthe pedicle in thynchonelliforms
that attaches to the substrate. Consequently,
craniids lack a ventral valve homologous to
the ventral valve of rhynchonelliforms and
linguliforms. If craniids are considered as an
ancestral group of brachiopods, this suggests that
brachiopods originally possessed only one dorsal
valve, with the second (ventral) valve emerging
as a synapomorphy of the clade uniting lingu-
liforms and rhynchonelliforms. Alternatively,
if brachiopods originally had two valves, then
rhynchonelliforms and linguliforms retain the
plesiomorphic condition, while craniids represent
a derived group, characterized by the reduction
of the ventral valve as an apomorphy. However,
it is important to note that craniid ontogeny
provides no substantial evidence to support
their classification as a derived group. Craniids
exhibit more pronounced segmentation during
development compared to other brachiopods.
Their larvae possess three pairs of seta bundles
arranged sequentially along the anterior-posterior
axis, whereas rhynchonelliform brachiopods have
two pairs of seta bundles, which are oriented
perpendicularto the larval anterior-posterior axis.

Rhynchonelliform development

The development of the rhynchonelliforms
has been studied in the most details (see for ex-
amples, Kovalevsky, 1874, 1883; Percival, 1944,
1960; Malakhov, 1976, 1983; Chuang, 1996;
Freeman, 1993, 2003; Liiter, 2001; Kuzmina et
al.,2019; Kuzmina, 2021; Kuzmina, Temereva,
2024). Hatching from the egg envelope occurs at
the stage of a late blastula or early gastrula (Fig.
2A-C). Gastrulation proceeds by invagination,
forming the archenteron, which is connected
to the external environment through a rounded
blastopore (Fig. 2B—C). Then, the blastopore
at the vegetal pole of the gastrula elongates,
forming a bilaterally symmetrical late gastrula,
with the plane of symmetry coinciding with the
plane of the elongated blastopore (Fig. 2D). At
this stage, the anterior and posterior coelomic
mesoderm form via enterocoely (Fig. 2E). The
anterior and posterior coelomic sacs have a
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Fig. 2. Development of rhynchonelliforms. A — late blastula; B — gastrulation; C — early gastrula, lateral
view; D — late gastrula, lateral view; E — mesoderm formation; F — bilobed larva, ventral view, arrow
indicates the direction of the blastopore closure; G — early three-lobed larva, ventral view; H — early three-
lobed larva, lateral view, red line circles the lateral setal bundle, blue line circles the dorsal setal bundle;
I — coeloms in early three-lobed larva; J — full grown cephalula, ventral view; K — full grown cephalula,
lateral view; L — eversion of the mantle lobe after settlement. A—B, F — modified after Long, Stricker, 1991.
C, D, G, H — modified after Kuzmina et al., 2019. E, I — based on Kuzmina, Temereva, 2024. K — modi-
fied after Malakhov et al., 2021. C, D, G, H, J, L — scanning electron microscopy.

Abbreviation: acb — apical lobe ciliary band; al — apical lobe; am — anterior mesoderm; ao — apical organ; ar — arch-
enteron; bl — blastopore; bo — body lobe; dse — dorsal setal bundle; ec — ectoderm; es — eye spots; en — endoderm;
Ise — lateral setal bundle; ml — mantle lobe; pl — pedicle lobe; pm — posterior mesoderm; rml — rudiment of mantle
lobe; vb — vesicular bodies; veb — ventral ciliary band.

pair of lateral outgrowths that are positioned on
either side of the archenteron. In some species
of thynchonelliform brachiopods, the coelomic
rudiments represent a group of closely arranged
cells surrounded by a basal lamina (Liiter, 2000).

Next, a bilobed larva is formed, consisting
of an apical lobe and a body lobe (Fig. 2F). The
apical (anterior) lobe contains an apical organ
with a tuft of cilia. The anterior mesoderm gives
rise to a coelomic sac located in the apical lobe,
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while the posterior mesoderm gives rise to two
pairs of coelomic sacs located in the body lobe
ofthe larva (Fig. 21). Then the coelomic pouches
start fusing to form a common coelomic rudi-
ment, which is partly divided into three pairs
of coelomic cavities. After some time, the body
lobe differentiates into the mantle and pedicle
regions. Thus, an early trilobed larva is formed
(Fig. 2G). At this stage, the blastopore assumes
a teardrop shape and closes from the posterior
end toward the anterior. It is important to note
that in the early trilobed larva, the rudiment of
the mantle lobe is positioned obliquely relative
to the anterior-posterior axis: on the dorsal side,
it is closer to the apical lobe, and on the ventral
side, it is closer to the pedicle lobe (Fig. 2H).
Two pairs of setae bundles begin to form on the
mantle lobe: lateral and dorsal, with the dorsal
pairlocated closer to the anterior end of the larva.

Larval growth is accompanied by the expan-
sion of the dorsal sector of the mantle lobe, so
ina competent (ready-to-settle) larva, the dorsal
pair of setae bundles shifts to the posterior end
of the larva and is aligned with the lateral pair
(Fig. 2J-K). The apical lobe is covered with
cilia, but along its edge, the cilia are longer and
formaciliated band. Eye spots are located on the
apical lobe. Small spherical structures, vesicular
bodies, are situated at the base of the apical lobe.
On the ventral side of the mantle lobe, there is
a ciliated band resembling the neurotroch of
trochophore larvae. This type of larva is called
a cephalula (Beecher, 1892; Malakhov et al.,
2021). The full grown cephalula swims in the
water column and, when threatened, curls onto
its ventral side, spreading its setae in different
directions. In each bundle, the bases of the setae
are surrounded by a muscular sheath formed by
the coelomic epithelium of the second and third
pairs of coelomic sacs. The mantle lobe takes the
form of a fold that encircles the pedicle lobe like
a skirt. The epithelium of the pedicle lobe and
the inner epithelium of the mantle fold secrete a
protein rudiment of the periostracum (the outer
layer of the shell). After settlement, the larva
attaches to the substrate by the posterior end of
the pedicle and inverts the mantle lobe so that
it covers the apical lobe (Fig. 2L). The mouth
opens on the apical lobe, and the lophophore
tentacles begin to form. The mantle starts to se-
crete the first region of the shell — protegulum.
The larval setae are shed, and adult setae begin
to form along the mantle’s edge.

Recent study has shown that in some rep-
resentatives of Rhynchonellida, an order of
rhynchonelliform brachiopods, early stages of
ontogeny — such as gastrulation, blastopore
closure, and cephalula formation— occur within
the egg envelope, with hatching taking place at
the competent cephalulastage (Kuzmina, 2021).

Linguliform development

The development of linguliform is character-
ized by embryonization: cleavage, gastrulation,
mesoderm formation, blastopore closure, and
larval formation, all of which occur within the
eggenvelope (Figs 3,4). Linguliformea comprise
only two extant families, Discinidae and Lingu-
lidae, whose development differ from each other.

In Discinids, embryogenesis and the early
stages of development have been extensively
documented in the study by Freeman (1999).
Within the egg envelope, cleavage occurs, lead-
ing to the formation of a ciliated blastula (Fig.
3A). Subsequently, the cells of the vegetal plate
undergo invagination, transforming the blastula
into a radial symmetrical early gastrula (Fig.
3B). Following this, the blastopore elongates
and begins to close from the posterior end,
while the apical pole shifts anteriorly, result-
ing in the elongation of the embryo and the
formation of a bilateral late gastrula (Fig. 3C).
Hatching occurs at the stage of a lecithotrophic
bilobed larva, consisting of an apical lobe and a
mantle lobe (Fig. 3A-D; Chuang, 1977; Free-
man, 1999; Liiter, 2001). The apical lobe has
an apical tuft and is surrounded by a ciliated
band. On the ventral side of the mantle lobe,
there is a ciliated field, and on the sides of the
mantle lobe, there are three long setae. It has
been suggested that the lecithotrophic larva of
Disciniidae is correspond to the trilobed larva
of rhynchonelliform brachiopods and can also
be referred to as a cephalula (Malakhov et al.,
2021). However, the discinid cephalula does
not settle on the bottom; instead, in the water
column, itdevelops a definitive mouth, a through
gut, and a lophophore rudiment surrounding the
mouth. This gives rise to the next planktonic
stage, which bears a lophophore and retains
larval setae — called the chaetolopha (Fig.
3E; Malakhov et al., 2021). The chactolopha is
actually ajuvenile (Nielsen, 2005; Liiter, 2007).
The lophophore of the chaetolopha includes a
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Fig. 3. Development of discinids. A — blastula; B — early gastrula; C — late gastrula, arrow indicates the
direction of the blastopore closure; D — cephalula; E — chaetolopha; F — tegulolopha. A—-C — modified
after Freeman, 1999. D-F — modified after Malakhov et al., 2021.

Abbreviations: al — apical lobe; an — anus; ao — apical organ; bs — brefic shell; cse — curved setae; ec — ectoderm;
en — endoderm; env — egg envelope; lo — lophophore; Ise — larval setae; m — mouth; ml — mantle lobe; mt — me-

dian tentacle; pr — protegulum.

medial tentacle containing a nerve center, and
one tentacle on each side of the medial one. The
chaetolopha swims and feeds, with new tentacles
added on both sides of the medial tentacle. In
the water column, the first sections of the shell

are secreted, starting with the protegulum, fol-
lowed by the brephic shell. This gives rise to
the next planktonic stage, which bears a small
shell and a lophophore — the tegulolopha (Fig.
3F; Malakhov et al., 2021). At this stage, two
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Fig. 4. Development of lingulids. A — blastula; B — gastrula; C — embryo with lophophore rudiment; D —
scheme of sagittal section of tegulolopha; E — tegulolopha immediately after hatching; F — tegulolopha
with six pairs of tentacles. A—-D — modified after Yatsu, 1902. E-F — modified after Malakhov ez al., 2021.
Abbreviations: an — anus; bs — brefic shell; dv — dorsal valve; ec — ectoderm; en — endoderm; env — egg envelope;
lo — lophophore; Ir — lophophore rudiment; m — mouth; mt — median tentacle; pr — protegulum; vv — ventral valve.

types of juvenile setae are formed: curved and
flexible (Chuang, 1977). The tegulolopha swims
for 2—-3 weeks and settles on the bottom at the
stage when it has six pairs of tentacles. While
in the water column, the tegulolopha sheds its
larval setae, and after settling, it loses its curved
setae, although the flexible bristles may persist
in adult individuals.

In lingulids, cleavage occurs within the egg
membranes, resulting in the formation of a cili-
ated blastula (Yatsu, 1902; Fig. 4A). Gastrulation
proceeds viainvagination (Yatsu, 1902; Freeman,
1995; Fig. 4B). According to Yatsu’s illustration
(fig. 13 in Yatsu, 1902), in lingulid gastrulae, the
blastopore, which later becomes the mouth, is dis-
placed anteriorly, while the developing gut shifts
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Fig. 5. Formation of the body plan of brachiopods (modified after Malakhov, Kuzmina, 2006). A — creeping

ancestor; B — the same after folding.

Abbreviations: av — anterior valve; dv — dorsal valve; g — gut; lo — lophophore; pv — posterior valve; se — setae;

vv — ventral valve.

posteriorly. Subsequently, both the dorsal and
ventral shell valves form on the enlarged dorsal
side of the embryo, and an ectodermal thickening
in front of the mouth marks the development of
the lophophore (Fig. 4C-D). It is important to
note that, initially, the mantle secretes a small,
circular embryonic shell, which subsequently
bends along the transverse midline to form the
dorsal and ventral valves of the shell (Yatsu,
1902). At this stage, the embryo hatches from the
egg membranes. The first planktotrophic stage
oflingulids, called the tegulolopha (Malakhov et
al., 2021), has a rudimentary shell (protegulum)
and a developing lophophore with five tentacles
(Fig. 4D-E; Yatsu, 1902; Freeman, 1995). The
tegulolopha swims in the water for several weeks
(Yatsu, 1902; Paine, 1963; Freeman, 1995; Collin
et al., 2019). During this time, the lophophore
elongates, the brephic shell is secreted, and the
internal organs, including the pedicle and adult
setae, begin to form within the softbody (Fig. 4F).
Settlement occurs at the stage of 10—15 pairs of
tentacles. After settlement, the pedicle emerges
from beneath the shell valves, and the juvenile
begins to burrow into the substrate.

The evolution of “folding process”
in brachiopod ontogeny

Nielsen (1991) proposed that the develop-
mental data of extant craniids may represent a
plesiomorphic form of brachiopod development.
It was suggested that the metamorphosis of
extant craniids reflects the evolutionary origin

of'the brachiopod body plan: brachiopods likely
evolved from a worm-like ancestor possessing
two dorsal valves. When attacked by predators,
the brachiopod ancestor would curl ventrally
(Fig. 5). Over time, this folded state became
permanent, as the shell in this position protects
the entire soft body (Nielsen, 1991; Malakhov,
1995; Kuzmina et al., 2019).

It is important to note that signs of folding
have also been observed in the ontogeny of other
brachiopod groups. Nielsen (1991) highlighted
thatinrhynchonelliform cephalulae, larval setae
are positioned along the edge of the mantle lobe
atanangleto the anterior-posterior axis, whereas
incraniid chaetotrocha, they are arranged sequen-
tially along the dorsal side. Nielsen suggested
that the position of setae in rhynchonelliform
cephalulae reflects their displacement due to
folding, with the folding itself occurring at an
earlier developmental stage. This hypothesis
was supported by data on the development of
the rhynchonelliform brachiopod Coptothyris
grayi (Kuzmina et al., 2019). It was shown that
the formation of the competent cephalula in this
brachiopod is accompanied by the growth of the
dorsal sector of the mantle lobe. It was proposed
that the early cephalula corresponds to the chae-
totrocha during folding at metamorphosis, while
the later competent cephalula corresponds to the
folded juvenile stage of craniids (Fig. 6).

Interestingly, Freeman’s (1999) work on
constructing fate maps for development also
supports the “folding hypothesis”. In discinids,
at the four-cell embryo stage, Freeman marked a
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Fig. 6. The evolution of “folding process” in brachiopod ontogeny. A1 — craniiform gastrula; A2 — rhyn-
chonelliform gastrula; A3 — discinid gastrula; A4 — lingulid gastrula; B — craniid larva (chaetotrocha);
C1 — craniid semi-folding juvenile; C2 — rhynchonelliform early larva; C3 — early discinid larva; C4 —
lingulid late gastrula; D1 — craniid folded juvenile; D2 — rhynchonelliform full-grown larva (cephalula);
D3 — discinid planktonic stage (tegulolopha); D4 — lingulid planktonic stage (tegulolopha). A1, B, C1,
D1 — modified after Nielsen, 1991; A2, C2, D2 — modified after Kuzmina et al., 2019; A3, C3, D3 — modi-
fied after Freeman, 1999. A4, C4, D4 — modified after Freeman, 1995.

Abbreviations: green — dorsal valve; blue — ventral valve; purple — a mark on the discinid development stages; lilac —
ectoderm; rose — endoderm; light green — lophophore rudiment; arrow indicates anterior-posterior axis.

region at an equatorial level along the first cleav-
ageplane (Freeman, 1999; Fig. 6). Inthe gastrula,
this marked region is located in the dorsal sector
of the embryo (Fig. 6, A3). Subsequently, the
marked area expands to cover both part of the

dorsal and part of the ventral side of the larva
(Fig. 6, C3, D3). In our opinion, this process
corresponds to the folding of the larva, observed
in craniids during metamorphosis. The region
of the discinid embryo, initially located only on
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the dorsal side (Fig. 6, A3), later extends to also
cover part of the ventral side (Fig. 6, C3, D3).

The development of lingulids is highly em-
bryonized, making comparisons between their
ontogenetic stages and those of other brachio-
pod groups difficult. Nonetheless, both Yatsu
(1902) and Freeman (1995) depict a radially
symmetrical blastula. During gastrulation, the
blastopore shifts anteriorly, indicating significant
growth of the dorsal side. The formation of both
dorsal and ventral valves on the dorsal side of
the embryo, along with the development of the
lophophore in front of the blastopore, suggests
that in lingulids, the folding process occurs dur-
ing gastrulation. Consequently, both valves are
of dorsal origin (Fig. 6).

Thus, in the evolution of brachiopod ontog-
eny, there is a progressive embryonization of the
“folding” process. In craniids, “folding” occurs
during metamorphosis. In rhynchonelliforms,
part of the “folding process” takes place during
embryonic development, with the remainder
occurring during the larval stage. In contrast, in
discinids and lingulids, “folding” occurs at the
carly stages of embryonic development, and the
structure of the pelagic stage corresponds to the
folded juvenile stage of craniids.
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