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ABSTRACT: Brachiopoda is a phylum of marine benthic animals belonging to the Spiralia
clade; however, their relationships with other spiralians and the origin of their unusual
body plan remain unclear, even with the application of molecular genetics methods.

One of the major ideas on the origin of the brachiopod body plan is the “brachiopod
fold” hypothesis, first proposed in 1991, and much developed since then. In its present
content it implies that brachiopods derived from metameric ancestor by reduction of the
number of metameres, and folding onto the ventral side. Thereby both valves — “dorsal”
and “ventral” — turn out to be actually dorsal.

In the present study, we discuss the pros and cons of this hypothesis, and provide some
additional data on the anatomy of Novocrania anomala adults, which are consistent with
the “brachiopod fold” hypothesis. We have found traces of ancient “folding” in the form
and co-localisation of lateral mesenteries and metanephridia. We also propose a general
scheme of the evolution of the craniiformes’ body plan.
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HdaHHble no aHaTomum Novocrania anomala
(Brachiopoda: Craniiformea) cBuaetenscTByloT
B NOSIb3Yy «rMnoTe3bl CKraabiBaHUA» 6paxuonon

®.A. NnanauH, E.H. TemepeBa

Kageopa 300n02uu becnossonounvix, buonocuveckuii gaxynomem, MI'V um. M.B. Jlomonocosa,
Jlenunckue eopwl, 0. 1, cmp. 12, Mockea, 119991, Poccus.

PE3IOME: Bpaxuomnoasl — 3TO THI MOPCKHAX OCHTOCHBIX JKMBOTHBIX, OTHOCSIIIUIACS K
kiaje Spiralia; 0fiHAKO, MX POJCTBEHHBIE CBSI3H C IPYTUMH MIPEACTABUTEIISIMU DTOH KIIaIbl
U IPOUCXOKICHUE HX HeO6I)I‘-IHOFO IJlaHa CTPOCHHA OCTAOTCA B HEKOTOPBLIX ACTAIAX
HESICHBIM, Q)K€ HECMOTpPS Ha MPUMCHCHHE COBPEMCHHBIX METOIOB MOJICKYJISIPHO-
TCHETUYECKOTO aHaJIH3a.

OnHa M3 OCHOBHBIX HICH, CBS3aHHBIX C TIPOFCXOKICHHC TUIAHA CTPOCHHS OpaxmoIol, — 3TO
«THTIOTE3a CKIIA/IBIBAHMSD, BIIEpBBIC chopMymmpoBanHas B 1991 romy i CHIIBHO pacimpeHHas
¢ Tex nop. B cBoeii coBpeMeHHON (hopMe JaHHast TUTIOTE3a MOaPa3yMEBacT, YTo Opaxuomo/Ipl



270

F.A. Plandin, E.N. Temereva

TIPOM3OIILIH OT METAMEPHOTO TIPE/IKa ITyTEM OJTMTOMEPH3ALIMH 1 CKIIa IbIBAHHS HA BEHTPAIBHYIO
CTOPOHY — TaKUM 00pa3oM, 4TO 00€ CTBOPKH, «I0PCAIbHASD U «BEHTPAJIbHAS), OKa3bIBAIOTCS
Ha CaMOM JIeJie IOPCATbHBIMH.

B nacrostieii padbore Mbl 00CYyk/1aeM JOCTOMHCTBA M HEAOCTATKH YIIOMSHYTOM THIIOTE3bI
U TPEJCTaBIsIeM HEKOTOpbIe AaHHbIE 10 MOPQOIOTHH B3pOCibIX ocobeit Novocrania
anomala, cornacyroumecs ¢ «rHIOTE30i CKIIaabIBaHUsl Opaxuono». Mbl 0OHAPYKHIITH
CJIEJIBI JIPEBHETO «CKJIA/IBIBAHHSD) B OPUSHTAIIMN M B3AMMHOM PACTIOJIOKEHHH JIaTepaIbHBIX
Me3eHTepueB 1 MeTanedpuanes. Kpome Toro, Mbl peuiaraeM reHepain30BaHHYI0 CXeMy
SBOJIIOLUH TUIAHA CTPOEHHST KpaHHUU(DOPMHBIX OPAXHOIIOI.

Kak mutmpoBats 3Ty crareio: Plandin F.A., Temereva E.N. 2023. Anatomical data
on Novocrania anomala (Brachiopoda: Craniiformea) support the “brachiopod fold”

hypothesis // Invert. Zool. Vol.20. No.3. P.269-278. 10.15298/invertzool.20.3.01
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Introduction

Brachiopoda is a phylum of marine ben-
thic animals belonging to the Spiralia clade,
according to the phylogenetical data (e.g., Ha-
lanych et al. 1995; Kocot et al., 2016; Marlétaz
et al., 2019). However, the brachiopod body
plan stands out among other spiralians, and is
difficult to compare with the body plan of any
other bilaterian phyla.

The “brachiopod fold” hypothesis (Cohen
et al., 2003) is one of the oldest and well-de-
signed in terms of the origin of the brachio-
pods’ unusual body plan and symmetry. Origi-
nally (Nielsen, 1991; Cohen et al., 2003) it
implies that evolution of brachiopods included
folding of the anterior-posterior axis onto the
ventral side. Gutmann et al. (1978) also sug-
gested that brachiopods (as well as other
lophophorates) derived from a metameric an-
cestor. The synthesis of these two hypotheses
was presented in several recent studies (Mal-
akhov, Kuzmina, 2006; Temereva, Malakhov,
2011). So, in its modern form, the “brachiopod
fold” hypothesis implies that brachiopods de-
rived from annelid-like metameric ancestor by
a reduction of the number of metameres and
folding onto the ventral side — so that both
dorsal and ventral valves of the recent brachio-
pods are originally dorsal. Although the “bra-
chiopod fold” hypothesis has been supported
by data on development and metamorphosis of
Novocrania anomala (Miiller, 1776) (Nielsen,
1991), there are some results interpreted for re-
jection of this hypothesis (Altenburger et al.,

2013; Altenburger ef al., 2017). Thus, the cur-
rent status of the “brachiopod fold” hypothesis
is still uncertain.

In the present study, we discuss this hy-
pothesis in the context of modern views on
the brachiopod evolution and development, in-
cluding those rejecting the “brachiopod fold”
hypothesis. We also provide some new data on
the morphology of the adults of N. anomala,
which is consistent with the “brachiopod fold”
hypothesis. Closest attention was paid to mor-
phology, function, and co-localisation of the
mesenteries in the perivisceral coelom.

Material and methods

Material collection

In September 1980, adults of N. ano-
mala were collected at the Tofifio Seamount
in the west part of the Mediterranean Sea
(35°33’00”N; 3°46"36” W) at a depth of 100 m.
The specimens were fixed in 4% formalin and
stored in 70% ethanol.

In October 2022, about 30 adults of V. ano-
mala were also collected by dredging from a
rocky substrate near the Espegrend Marine Bio-
logical Station, the University of Bergen, North
Sea (60° 20'14”N 51° 1’42”E), at a depth of 40
m. Specimens were fixed with 2,5% glutaralde-
hyde in 0.05M cacodylate buffer and then stored
in 0.05M cacodylate buffer. These specimens
were photographed with Leica M165C (Leica
Microsystems, Wetzlar, Germany) stereomicro-
scope equipped with a Leica DFC420 digital
camera. Some specimens were postfixed in 1%
OsO, with the same buffer.
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Histology

Specimens were rinsed in distilled water;
decalcinated in 7% nitric acid; dehydrated in
a series of ethanol, butanol, and xylene; and
embedded in Paraplast Regular (Sigma). Sagit-
tal and cross histological sections (7 pm thick)
were obtained with a Leica RM 2125 micro-
tome (Leica Microsystems, Wetzlar, Germa-
ny). The sections were stained with Caracci
haematoxylin and then examined and photo-
graphed with a Zeiss Axioplan2 microscope
(Carl Zeiss AG, Jena, Germany) equipped with
an AxioCam HRm camera, and with an Olym-
pus VS-120-S slide microscope (Olympus Cor-
poration, Tokyo, Japan). 3D reconstructions
of the body cavity, including mesenteries and
metanephridia, were made using Imaris ver.
7.1.1. software (Bitplane, Ziirich, Switzerland)
with preliminary stack processing with Amira
ver. 5.2.2. (Thermo Fisher Scientific, Waltham,
MA, U.S.), PTGui ver. 8.3.7. (New House In-
ternet Services, Rotterdam, the Netherlands),
and IrfanView ver. 4.51 (Irfan Skiljan).

Terminology used

All terms used herein have been used in
previous studies of brachiopods. The names
of coelomic chambers, as well as the names
of mesenteries, follow the names used by
Blochmann (1892), Hyman (1959), and James
(1997). The names of digestive system parts
are used as in James (1997) and Robinson
(2014). The term “brachiopod fold” hypothesis
is used after Cohen et al. (2003).

Results

General morphology

The body of N. anomala is enclosed with
shell of two valves, traditionally named “dorsal”
and “ventral”, and consists of three general parts
(Fig. 1A): lophophore with tentacles in the ante-
rior part of mantle cavity, trunk in the posterior
part, and mantle, which underlays both valves
and encircles the mantle cavity. The digestive
system (Figs 1, 2) consists of pharynx, oesopha-
gus, stomach, pylorus, and intestine. The coelo-
mic system (Figs 1, 2) consists of lophophore
sinuses, perioesophageal coelom, surrounding
the pharynx and anterior portion of the oesopha-
gus, broad perivisceral coelom and separate
chambers containing brachial protractors (fron-
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tal chambers) and posterior adductors (posterior
adductor chambers). Perivisceral coelomic cav-
ity continues into mantle, where it forms mantle
sinuses (Fig. 1A).

Specialties in the organisation of the
perivisceral coelom

The perivisceral coelom of N. anomala is
the widest compartment of the coelomic sys-
tem. It surrounds most of the digestive tract
(Figs 1, 2), anterior adductors and oblique
muscles (Fig. 2), a pair of metanephridia
(Figs 2, 3) and gametogenic tissues (Fig. 3).

The perivisceral coelom contains mesenter-
ies, splitting it into several parts. However, all
the parts of the perivisceral coelom are only par-
tially divided, as they interconnect each other;
none of the mesenteries present a complete bor-
der between different chambers of the coelom.

There is an almost complete dorso-ventral
mesentery, dividing the perivisceral coelomic
cavity into left and right parts (Fig. 2). It breaks
up only in the rearmost part of the body, where
the intestine forms a prominent loop (Fig. 2).

There is one pair of ileoparietal mesenter-
ies, which are thin bands of coelothelium and
connective tissue extending between the pylo-
rus and the lateral body walls (Figs 2, 3). II-
eoparietal mesenteries are located obliquely in
respect to the body frontal plane: they attach to
the pylorus dorsally and approach body walls
ventrally and ahead of the attachment to the py-
lorus. They divide the perivisceral coelom into
two “metameres”: the large anterior and small
posterior. It must be mentioned that each ileo-
parietal mesentery consists of two parts (Fig.
3), we call them “main” part (ventral, lateral-
oriented, metanephridia-bearing) and “dorsal”
part (located dorsally of the main part, posteri-
or-oriented, bearing gametogenic tissue). Only
the main parts of the ileoparietal mesenteries
are shown in 3D reconstructions (Fig. 2), and
only the main parts are referred further in the
text as simply ileoparietal mesenteries.

The ileoparietal mesenteries bear large fun-
nels of one pair of metanephridia (Fig. 3A).
The proximal part of each metanephridium,
including the entire funnel, is located along the
ileoparietal mesentery and opens into the peri-
visceral coelom posteriorly, facing the dorsal
body wall. The funnels are merged with ileopa-
rietal mesenteries. The funnel forms prominent
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Fig. 1. General anatomy of Novocrania anomala. A — the total body viewed from the ventral side (vental
valve is removed). Dotted line marks the plane of the sagittal section 1B. Yellow asterisk points the lopho-
phore base and mouth (not visible); B — sagittal section of the entire body.

Abbreviations: aa — anterior adductor; dd — digestive diverticula; dvm — dorso-ventral mesentery;
fc — frontal coelomic chambers (containing brachial protractors); int — intestine; lph — lophophore;
ms — mantle sinus; oes — oesophagus; phr — pharynx; poc — perioesophageal coelom; pve — perivisceral coelom;
pyl — pylorus; sh — shell (dorsal valve); shr — shell remainder (organic components of the dorsal valve); st — stomach;
vr — ventral ridge of connective tissue.

Puc. 1. O6wast anaromust Novocrania anomala. A — o0UIMi BHJ] C BEHTPAJIbHON CTOPOHBI (BEHTpaJIbHAS
cTBOpKa ynaineHa). [TyHKTupHast TMHHS OTMEUYaeT INIOCKOCTh CarnTTanbHOTO cpe3a 1B. XKénrerit actepuck
YKa3bIBaeT Ha OCHOBaHUE Jopodopa 1 poT (He BUACH). B — caruTranbHbIi cpe3 uepes Beé Telno.
OG6o3HaueHus: aa — mepeaHuit ayrykrop; dd — mnmImeBapuTeNpHBIE OTPOCTKM; dvin — J0pCO-BEHTpATbHBII
MeseHtepuii; fc  —  QpoHTanmbHBIC — [ETOMHYECKHE  KaMepbl  (comepkar — MpOTpakTopsl  sododopa);
int — zangEss kwimka; Iph — mopodop; ms — MmaHTHItHBIA cuHYyC; oes — mmmieBox; phr — TioTka; poc —
nepussodarealbHbIi LEI0M; pVC — MEePUBUCLEPabHBIN 1eTaoM; pyl — cpennss kuika; sh — pakoBuHa (1opcaibHas
CTBOpKa); shr — OCTaTku pakoBHHBI (OPraHMYECKHIl KOMIIOHEHT JOPCAIBHON CTBOPKH); St — JKEIyNOK; VI —
BEHTPAJIbHBIN IPeOCHb COCIMHUTEIILHOM TKAHH.
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Fig. 2. Three dimensional reconstructions of the body of Novocrania anomala. The co-localisation of ileo-
parietal mesenteries and metanephridia in the perivisceral coelom is reconstructed. A — dorsal view. Dotted
line indicates the plane of the cross section in Fig. 3; B — lateral (right) view; C — posterior portion of the
trunk with the ileoparietal mesentery, right metanephridium, and intestine; D — latero-anterial view from
the right side.

Abbreviations: dt — digestive tract; dvim — dorso-ventral mesentery; int — intestine; ipm — ileoparietal mesentery
(main part); Iph — lophophore; mnc — metanephridium canal; mnf — metanephridium funnel; mnp — metanephridium;
pac — posterior adductor chamber; pvc — perivisceral coelom; pyl — pylorus; sobc — superior oblique muscle chamber;
st — stomach.

Puc. 2. TpéxmepHble peKOHCTpYKIMH Tena Novocrania anomala. PeKOHCTpyWpoBaHa KO-
JIOKAJHM3alusl  WICOMAPUETATbHBIX ME3CHTEPUEB W METaHe(ppPUAWEB B  TYJIOBHIIHOM  IICJIOME.
A — BUJ ¢ TOpCaNbHOM cTOpOHBL. [IyHKTHpHAS TUHUS Ha pUC. 2A yKa3bIBAIOT HA TUIOCKOCTH MOMEPEYHOTO
cpesa Ha puc. 3; B— Buj ¢ narepanbHoii (11paBoii) cTopoHbl; C — y4acTOK TYJIOBHILA C MICOTAPUETAIbHBIM
ME3EHTEpHEM, MTPAaBbIM MeTaHE(PPHUIUEM U KHIIEYHUKOM; D — BHJI criepe/in ciipaBa (BIOI000pOTa).
O6o3Hauenus: dt — NHIIEBAapUTENBHBIA TPakT, dvim — JOPCO-BEHTPAJbHBIH ME3CHTEpHit; int — 3aIHsis KHUIIKA;
ipm— uiieonapueTaibHbIi Me3eHTepuid; Iph — nododop; mnec — kanan meranegppuaus; mnf— BOpOHKA METaHEDPHUITHSL;
mnp — MetaneppuMii; pac — Kamepa 3a/{Hero aJUlyKTopa; pve — MEePHBHUCLEPANbHbII 1eI0M; pyl — CpeHsis KUIKa;
sobc — kamepa BepXHEH KOCOW MBIIIIIBL; St — JKETY/I0K.
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Fig. 3. Co-localisation of ileoparietal mesenteries and metanephridia in Novocrania anomala. Histological
cross sections in the region of the left metanephridium. A — cross section of the metanephridium funnel;
B — magnified portion of the previous cross section, demonstrating lips of the metanephridium funnel.
Abbreviations: dd — digestive diverticula; dIf — dorsal lip of the metanephridium funnel; int — intestine; iob — infe-
rior oblique muscle; ipm1 — main (metanephidium-bearing) part of the ileoparietal mesentery; ipm2 — dorsal part of
the ileoparietal mesentery (with gametogenic tissue); Iph — lophophore; mnc — metanephridim canal; mnf — meta-
nephridium funnel; oo — growing oocytes; pyl — pylorus; sob — superior oblique muscle; vif — ventral lip of the
metanephridium funnel. Ileoparietal mesentery is highlighted in green, and different parts of metanephidium in purple.
Puc. 3. Ko-nokanuzauus uieonapueTasbHBIX ME3CHTEpHEB W MeTaHeppunue y Novocrania anomala.
I'ucronornyeckue mnormepednsie cpe3sl B 00acTH MeTaHeGpuans. A — IMONepPevHbIil cpe3 Yepe3 BOPOHKY
MetaHe(puaus; B — yBenmueHHass 9acTh MpebIAYyIIEro MONepedHOro cpe3a, JEMOHCTPHPYIOMas TyObl
BOPOHKHU MeTaHeQpHIusL.

O6o3nauenus: dd — numeBapuTensHbie oTpoctky; dIf — nocansHas ryba BOpoHKH MeTaHeQPUIHS; int — 3aTHsIsI KHIIKa,
i0b — HIKHAS KOcasi MbIIILA; ipm] — OCHOBHAs YacTh WIICONAPHETAIBHOTO ME3eHTEepHs (Hecylas MeTaHeQpuIuii);
ipm2 — nopcalibHast 4acTh WICONAPUETAILHOI0 Me3eHTepH s (C raMeTOreHHOM TKaHbIO); MNc — KaHal MeTaHe(pHaus;
mnf — BOpoHKa MeTaHe()pUANS; 00 — CO3PEBAIOLINE OOLKTHI; Pyl — CpenHsis KUIIKa; SOb — BepXHsist KOCasi MbIIILIA;
vIf — BenTpanbHas ryba BOpoHKH MeTaHedpuuus. MieonmapueranbHblii ME3eHTCPUH BBIACICH 3€IEHBIM LIBETOM,

pa3IHUYHbIE YaCTU MeTaHE(PPUAUSI — (HOTCTOBBIM.
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dorsal and ventral lips, which extend along the
mesentery (Fig. 2, 3B). A narrow distal canal
of each metanephridium extends anteriorly
and laterally along the ventral side of the body
wall, and opens into the mantle cavity by a
nephropore aside of the superior and inferior
oblique muscles.

Discussion

Lateral mesenteries in other brachiopods

The presence of lateral mesenteries, bear-
ing metanephridia funnels, is well-known for
brachiopods of all subphyla (Hyman, 1959;
Gutmann et al., 1978; James, 1997; Malakhov,
Kuzmina, 2006). In lingulids and rhynchonelli-
forms, there are gastroparietal (anterior) and il-
eoparietal (posterior) lateral mesenteries, while
N. anomala possesses only ileoparietal ones. It
should be also noted that in rhynchonelliform
Hemithiris psittacea, in each mesentery, its left
and right halves merge with each other on the
dorsal side of the digestive tract. Hereby, each
mesentery may be regarded as single dissepi-
ment — one gastroparietal and one ileoparietal
(Malakhov, Kuzmina, 2006). According to our
results, no such connection is found in N. ano-
mala; thus, we consider left and right ileopari-
ctal bands as separate mesenteries.

The “brachiopod fold” hypothesis: his-
tory of changes and challenges

The origin of the brachiopod body plan is
not precisely defined. As this group of animals
is broadly present in fossils, palaeontological
studies could shed light on this topic; however,
palaecontological findings frequently turn out
to be inconsistent and incomplete in point of
soft body evolution, as the soft body is usually
poorly preserved in fossils. It can be argued
that brachiopods (and other lophophorates)
are related to annelids and molluscs (including
halkieriids), as well as to extinct groups of hal-
waxiids and tommotiids (Holmer et al., 2002,
2008, 2011; Cohen et al., 2003; Balthasar,
2004, Conway Morris, Caron, 2007; Skovst-
ed et al., 2009), and probably to the hyoliths
(Moysiuk et al.,2017; Sun et al., 2018; see also
discussion in Liu et al., 2020). However, pal-
aeontological methods are most likely insuffi-
cient for the reconstruction of the specific way
of the brachiopod evolution (Gutmann et al.,
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1978). Thus, comparative anatomy and embry-
ology might help to unravel the evolution of
the brachiopod body plan.

To date, the best-designed hypothesis on the
origin of the brachiopod body plan is the “bra-
chiopod fold” hypothesis. Its history begins
with the paper by Gutmann et al. (1978), in
which it was supposed that brachiopods could
evolve from metameric ancestors by the re-
ducing of the number of metameres. Although
Gutmann et al. (1978) presumably interpreted
the body axes of lingulids in the wrong way
and did not give much significance to a pos-
sible folding event, this work nevertheless is of
significant historical importance.

The further development to the “brachio-
pod fold” hypothesis occurred through the
study of the development in N. anomala lar-
vae (Nielsen, 1991). It was discovered that
in the beginning of metamorphosis the larvae
undergo folding onto the ventral side. During
development, valves of the juvenile shell are
secreted by larval dorsal mantle epithelium;
therefore, both valves are originally dorsal:
dorsal anterior (= “dorsal”) and dorsal poste-
rior (= “ventral”). This observation allows to
suggest that a similar process might be found
in development of other species of brachiopods
(Nielsen, 1991; Kuzmina ef al., 2019), and also
that it reflects some similar process that could
occur in the evolution of brachiopods.

Morphology and metamorphosis of larvae
of N. anomala differ greatly from that in rhyn-
chonelliform brachiopods (Santagata, 2015).
It raises the question: can we find any marks
of evolutionary folding of brachiopods in the
development of recent rhynchonelliforms?
Recent data on the development of Coptothy-
ris grayi have been interpreted as supporting
the “brachiopod fold” hypothesis (Kuzmina
et al., 2019). In the larvae of C. grayi, coelo-
mic pouches and setal bundles develop in the
oblique position in respect to the larval ante-
rior-posterior axis, but not along the anterior-
posterior axis as it is in the larvae of N. anom-
ala. This stage of development of C. grayi may
be compared with the larva of N. anomala in a
semi-folded condition (Kuzmina et al., 2019).

In 2003, the “brachiopod fold” hypothesis
acquired detailed justification from numerous on-
togenetic and palacontological evidences on dif-
ferent brachiopods’ subtaxa (Cohen et al., 2003).
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In several later studies (Malakhov, Kuzmina,
2006; Temereva, Malakhov, 2011), the “brachio-
pod fold” hypothesis was expanded (with special
attention to the oligomerisation processes); a
similar conception was also offered for the evolu-
tion of phoronids (Cohen et al., 2003; Temereva,
Malakhov, 2011; Guo et al., 2022).

Recently, the “brachiopod fold” hypothesis
has been refuted by studies of gene expression
in ontogenesis. Modern study of N. anomala
metamorphosis does not confirm the secretion
of both adult valves by larval dorsal epithelium;
in particular, it was suggested that vental valve
is homologous to the pedicle of rhynchonel-
liform brachiopods (Altenburger et al., 2013).
Therefore, new results contradict Nielsen’s ob-
servations (Altenburger et al., 2013). However,
we doubt if these accurate ontogenetic findings
could be used to refute the “brachiopod fold”
hypothesis, as the secretion of the ventral valve
starts two weeks after settling, while the folding
event is supposed to be during metamorphosis.

Besides, it was found that the gene expres-
sion pattern in N. anomala larval development
(Martin-Duran et al., 2016) does not corre-
spond to the “brachiopod fold” hypothesis
(Altenburger et al., 2017). Specifically, the
authors revealed that anterior markers (six3/6,
NK2.1, gsc, otx, foxC, foxF) are expressed an-
teriorly, while posterior markers (cdx, evx) are
expressed posteriorly in pre-metamorphic lar-
vae. It is important to mention that this study
(Martin-Duran et al., 2016) does not concern
metamorphic animals or juveniles. This data
(Martin-Duran et al., 2016, Altenburger ef al.,
2017) just implies that anterior-posterior axis in
larvae is actually straight as it is in most animal
phyla, and does not contradict the “brachiopod
fold” hypothesis, the main point of which is
axis folding in post-metamorphic animals spe-
cifically. It does not support the “brachiopod
fold” hypothesis either. A similarly designed
study on juvenile stages of N. anomala could
probably resolve this controversy.

The palacontological studies, which had
first agreed with the hypothesis (Holmer et
al., 2002), recently brought several arguments
against it (Holmer et al., 2008; Murdock et al.,
2014; Zhang et al., 2014). However, we would
like to emphasise that all these studies are more
non-consistent with the “brachiopod fold” hy-
pothesis rather than completely refuting it.

F.A. Plandin, E.N. Temereva

How is the anatomy of N. anomala adults
consistent with the “brachiopod fold” hy-
pothesis?

The 3D reconstruction of the anatomy of
mature specimens of N. anomala allowed us to
reveal some morphological features, which can
be interpreted as arguments for the “brachio-
pod fold” hypothesis.

The first argument is the presence and loca-
tion of ileoparietal mesenteries. According to
some studies (Gutmann et al., 1978; Malakhov,
Kuzmina, 2006; Temereva, Malakhov, 2011),
ileoparietal (as well as gastroparietal, absent in
N. anomala) mesenteries can be regarded as
derivatives of dissepiments between the body
metameres of oligomerous brachiopod ancestor
(Fig. 2). The metameric nature of lateral mesenter-
ies is proved by their function: lateral mesenteries
bear metanephridia funnels like dissepiments of
typical metameric lophotrochozoans such as anne-
lids (Malakhov, Kuzmina, 2006; Temereva, Mal-
akhov, 2011). According to our data, in N. anoma-
la adults, ileoparietal mesenteries extend between
the gut and the body wall and are located at the
oblique angle in respect of the gut. We consider the
oblique orientation of dissepiments as one of the
arguments for the “brachiopod fold” hypothesis.

The second argument is the co-localisation
of ileoparietal mesenteries and metanephridia.
It is very important to pay attention to the shape
and location of the N. anomala metanephridia.
The specific feature of metanephridia is that
their proximal parts (funnels) are attached to
the ileoparietal mesenteries (i.c., in the poste-
rior portion of the perivisceral coelom), while
their distal parts (nephropores) open anteriorly
in the region of the inferior oblique muscle, not
far from the lophophore base. The “anterior-
directed” pattern in metanephridia orientation
in N. anomala is easy to detect because of the
presence of the long metanephridial canal.
However, in other brachiopods, which have
a short metanephridial canal, the ‘“anterior-
directed” pattern of metanephridia orientation
can be observed as well (James, 1997; Malak-
hov, Kuzmina, 2006), though it is not so obvi-
ous as in the case of N. anomala. On the con-
trary, in typical metameric animals (like anne-
lids), the funnels of metanephridia are located
in the anterior metamere, whereas the canals
extend into the posterior metamere (Schmidt-
Rhaesa, 2007).
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Based on the data obtained and previous
studies in the frame of the “brachiopod fold”
hypothesis (Nielsen, 1991; Cohen et al., 2003),
we propose the generalised scheme of the cra-
niiformean body plan evolution (Fig. 4).

Conclusions

In this study, some features of the anatomy
of N. anomala adults have been revealed by the
use of the method of 3D reconstructions. We
have discovered an “anterior-directed” pattern
of metanephridia orientation. These feature, as
well as the oblique orientation of the ileoparietal
mesenteries (=dissepiments), is considered to be
in the frame of the “brachiopod fold” hypothesis
(Fig. 4), which nowadays is the best developed
idea about the evolutionary formation of the
brachiopod body plan. Our study does not claim
to be any sort of final solution to the problem of
anunusual brachiopod body plan origin, and we
would be grateful for any criticism on our work
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or any alternative interpretation of discussed
specific features in N. anomala and brachiopods
altogether.
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Fig. 4. Hypothetical reconstruction of the body plan
evolution in craniiformeans. Modified after Teme-
reva, Malakhov, 2011. A — hypothetical oligomeric
ancestor of the brachiopods; B — intermediate stage
while “folding” onto the ventral side; C — crani-
iformean-like brachiopod, completely “folded” onto
the ventral side and having a reduced number of
semi-detached metameres.

Abbreviations: av —  anterior (dorsal) valve;
dt — digestive tract; ipm — ileoparietal mesentery;
Iph — lophophore; mnp — metanephridium; pv — pos-
terior (ventral) valve; sb — setal bundle; vm — ventral
mesentery.

Puc. 4. 'unorernueckass PeKOHCTPYKLHUS 3BOJIIO-
MM IUIaHa CTPOCHUS KPaHMU(OPMHBIX Opaxmo-
moA. A — TUTIOTETHYECKUI OJUTOMEPHBIH TMPEenoK
Opaxuomnon; B — mpomexxyTouHast cTagust B Mpo-
LIECCE «CKJIAJbIBAHUS» HAa BEHTPAJIbHYIO CTOPOHY;
C — Opaxuonona, 6mm3Kas KpaHuH(GOPMHOH, TMoI-
HOCTBIO «CJIOKEHHAs1» HA BEHTPAJIbHYIO0 CTOPOHY U
o0aaromasi CHIYKEHHBIM KOJIMUECTBOM ITOJTyOT/e-
JIEHHBIX CETMEHTOB.

OO0o3HaueHUs: av — MepeaHsis (ZopcaibHas) CTBOPKA;
dt — digestive tract; ipm — wuJIeonapueTaNbHbIA Me-
3enTepuit; Iph — mnopodop; mnp — meranedpunmii;
PV — 3aHs1s1 (BEHTpaJIbHAs) CTBOPKA; Sb — ITy4OK IETHHOK;
VM — BEHTPAJIbHbIM MEe3EHTEpHUI.
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