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Classification of planktonic stages of extant brachiopods
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ABSTRACT: Brachiopods are characterized by a pelago-benthic life cycle and strongly
differ in their planktonic stages. However, the planktonic stages in brachiopod ontogeny
still do not have special names. Here we propose names for all planktonic stages of extant
brachiopods. The chactotrocha is a larva consisting of a round anterior lobe with a ciliary
band and a body with three pairs of larval setae bundles. Lecithotrophic chaetotrocha is a
larva of extant Craniiformea. The cephalula is a larva divided into the anterior lobe bearing
the apical ciliary tuft and a marginal ciliary band, a mantle lobe with larval setal bundles,
and a pedicle lobe. Lecithotrophic cephalula is the only larval stage of recent Rhynchonel-
liformea. The development of Discinidae includes three planktonic stages succeeding each
other. The first is the cephalula. Second developmental stage of Discinidae is the chaeto-
lopha with a rudimentary lophophore and larval spinose setae. The third stage of discinid
development is the tegulolopha with a lophophore and a shell. The only planktonic stage of
extant Lingulidae is the tegulolopha. Larvalization and embryonization are the main trends
in the evolution of larval development of brachiopods.
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PE3KOME: Bpaxuonoasl IMEIOT IeTaro-0eHTHIeCKHUH KI3HEHHBIHA IIUKIT, X X ITTAHKTOHHBIC
CTaJIu¥ CYIIECTBCHHO pasznuuaroTcs. [[TaHKTOHHBIC CTaIuK B OHTOTEHE3¢e OpaxroIo 10
CHUX TIOp HE MMCIOT CHEIMaNbHBIX Ha3BaHWI. MBI TpeuraraeM Ha3BaHHSA I BCEX
IUTAHKTOHHBIX CTaINH COBPEMEHHBIX OpaxmoIo 1. XeToTpoxa — 3TO JINYUHKA, COCTOSIIAS
W3 OKPYTJION TepefHel JIOMacTH, OKPYKCHHOH PECHUYHBIM IIHYPOM, W TYJIOBHIIIHOTO
OTJeNa ¢ TPeMs TapaMHu ITyYKOB JTMINHOYHBIX MIETHHOK. XETOTPOXa SIBISCTCS THIUHKON
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coBpemeHHbIX Craniiformea. Lledanyna — 310 TuumHKa, opa3aeieHHas Ha TPH JIoNac-
TH: TIEPEIHIO0, HECYIITYO alTMKATbHBIN MYY0K PECHUUYCK U PECHUYHBIH IITHYP, MAHTHIHHYO,
HECYIIYFO Ty YKH THYMHOYHBIX [IIETUHOK, U TeIaTbHY 0. JlenutoTpodHas riedanyia sBaseTcst
€/IMHCTBEHHOM JMYMHOYHOW craaued coBpeMeHHbIX Rhynchonelliformea. Passutne
Discinidae BK/TtO9aeT TpU MIIAHKTOHHBIC CTAINH, CMEHSIIOIINE ApyT Apyra. [lepBas — 310
nedanyna. Bropas cranus Discinidae — 310 XeTonoda, uMeromias 3a4aTouHbii 10(hodop
U ITMYMHOYHBIE 3a3yOpeHHble meTHHKU. Tpetbst cranust Discinidae — ato terynomnoda,
uMmerorias topodop u pakoBuHy. Y coBpeMeHHbIX Lingulidae w3 siinia BBUTYILISCTCS
terynonoga. [lmankrorpodHas Terymonopa — CSIUHCTBCHHAS IUIAHKTOHHAS CTaIHsI
coBpemeHHbIX Lingulidae. B 3BoOIIUY THYMHOYHOTO PA3BUTHS OPAXHOIO]] UMECTCS JIBA

TpeH/ia — JapBaInu3anys ¥ IMOPUOHU3ALIHS.
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Introduction

The phylum Brachiopoda is subdivided into
three subphyla, Linguliformea, Craniiformea,
and Rhynchonelliformea (Williams et al., 1996).
These subphyla represent three distinct evolu-
tionary trends that probably diverged in the
Early Cambrian (Harperet al.,2017). All recent
brachiopods have a pelago-benthic life cycle.
The planktonic stages of the brachiopod life
cycle considerably differ in their morphology in
all three subphyla. Recent Rhynchonelliformea
have shell-less lecithotrophic larvae with a cil-
iary band and two pairs of setal bundles (Kova-
levsky, 1874, 1883; Conklin, 1902; Percival,
1944, 1960; Malakhov, 1976, 1983; Chuang,
1996; Freeman, 1993, 2003; Grobe, Liiter, 1999;
Penningtonetal., 1999; Zakrzewskietal.,2012;
Kuzmina et al., 2019, etc.). The lecithotrophic
larvae of recent Craniiformea also lack the shell
but have a ciliary band and three pairs of setal
bundles (Nielsen, 1991; Altenburger, Wan-
ninger, 2010; Altenburger ef al., 2013). Extant
Linguliformea comprise only two families, Dis-
cinidae and Lingulidae. The planktonic period
of'the discinid life cycle includes several stages,
the first one has a ciliary band and setae, the next
stage possesses a rudimentary lophophore and
setae, and the third stage develops a lophophore
and a shell (Chuang, 1977; Freeman, 1999;

Liiter,2001). The only lingulid planktonic stage
is planktotrophic and possesses shell and lo-
phophore (Yatsu, 1902; Paine, 1963; Free-
man, 1995; Collin ef al., 2019). Several at-
tempts have been made to reconstruct the plank-
tonic stages of fossil brachiopods (Popov et
al.,2007; Freeman, Lundelius, 2005; Zhang et
al., 2018; Madison, Kuzmina, 2019a, b; Mad-
ison et al., 2021).

The terminology for planktonic develop-
mental stages in other groups of animals is well-
established: trochophore, metatrochophore and
nectochaete for polychaetes, veliger for mol-
lusks, actinotrocha for phoronids, etc. The echi-
noderms are characterized by a wide diversity
of'larval types and the terminology within Echi-
nodermata is elaborated for each class separate-
ly (bipinnaria for asteroids, auricularia for ho-
lothurians, etc.). The planktonic developmental
stages of different groups of brachiopods are
also highly variable and differ in morphology
from other invertebrate larvae but still don’t
have generally accepted names. Beecher (1892)
gavethe name ‘cephalula’ to a three-lobed rhyn-
chonelliform larva. This name had been men-
tioned several times in old publications on bra-
chiopods (Schuchert, 1897; Beecher, 1902; Jack-
son, 1913; Joseph, 1937) but never in the later
reviews on brachiopod morphology and embry-
ology (Hyman, 1959; Ivanova-Kazas, 1977,
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James et al., 1992; Williams et al., 1997, Santa-
gata, 2015). However, ‘cephalula’ was included
in some modern zoological dictionaries
(Lawrence, 2005; Maggenti, 2005) and defined
as ‘a free-living embryonic stage in some bra-
chiopods’ without a reference to rhynchonelli-
forms (Lawrence, 2005: 109). Starobogatov
(1979) proposed the term ‘malleula’ for the
metamorphosing larva of phoronids. He sug-
gested that the shelled planktonic stage of lin-
gulids could also be considered as a ‘malleula’
(Starobogatov, 1979).

Astheterminology for the brachiopod plank-
tonic developmental stages still is not elaborat-
ed, here we introduce a new classification of
these stages for all groups of recent brachio-
pods.

Types of brachiopod planktonic
stages

The chaetotrocha (from the Greek khaitg
(long hair) and trokhos (wheel) meaning a cili-
ary band) is a larva consisting of a round ante-
rior lobe with a ciliary band and a body with
three pairs of larval setal bundles (Fig. 1A-B).
The chaetotrocha is a larva of recent craniid
brachiopods (Nielsen, 1991; Altenburger, Wan-
ninger, 2010; Altenburger et al., 2013). Al-
though the surface of the anterior lobe of craniid
larvais covered with ciliaentirely, a wide densely
ciliated band delimiting the anterior lobe poste-
riorly is well distinguishable (Nielsen, 1991).
The body of the craniid chaetotrocha bears cilia
on the ventral and lateral sides and three pairs of
bundles of spinose setac arranged dorsolateral-
ly along the anteroposterior body axis (Fig. 1A)
(Nielsen, 1991). Each pair of setal bundles
protrudes from the setal sack formed by inva-
gination of larval epidermis. The dorsal side
bears an oval area of thickened epidermis co-
vered with cuticle (Fig. 1A).

According to Nielsen (1991), at settlement
the craniid chaetotrocha folds on the ventral
side and its anteroposterior axis curves. The
dorsal valve forms at the site of the cuticular
area. The attachment site corresponds to the
area of the dorsal side of the swimming larva

behind the dorsal valve precursor. The third pair
of setae is shed at metamorphosis. The ventral
valve is secreted later by the epithelium of the
attachment area. These data served as basis for
the theory of folding (Nielsen, 1991). The fold-
ing theory has been supported by a number of
authors (Malakhov, 1995; Cohen et al., 2003;
Liiter, 2007; Malakhov, Kuzmina, 2006; Kuzmi-
na et al., 2019). Other authors argue against the
folding theory (Altenburger et al., 2013,2017).
In any case, the craniid larva distinctly differs
from the larvae of other brachiopods and de-
serves a special name.

As it was mentioned above, the name ceph-
alula was first introduced for the larvae of
rhynchonelliform brachiopods (Beecher, 1892).
Thoughitisnowrarely used, itis notareason for
not using this name. The cephalula consists of
three lobes: anterior, mantle, and pedicle (Fig.
1C) (Kovalevsky, 1874, 1883; Conklin, 1902;
Percival, 1944, 1960; Malakhov, 1976, 1983;
Chuang, 1996; Freeman, 1993, 2003; Grobe,
Liiter, 1999; Pennington et al., 1999; Zakrzews-
kietal., 2012; Santagata, 2015; Kuzmina et al.,
2019). The anterior lobe bears an apical organ.
A wide, densely ciliated band delimits the ante-
rior lobe posteriorly. The ventral side of the
mantle lobe bears another ciliary band, the
neurotroch. Initially the mantle lobe of the
early larva develops obliquely to the antero-
posterior body axis (Kuzmina et al., 2019).
Then the mantle lobe increases in size by
growth of its dorsal region. The cephalula of
rhynchonelliforms preserves only two pairs of
spinose larval setal bundles that correspond to
the number of setal bundles of the newly set-
tled craniide larva (see Nielsen, 1991). The
inner mantle epidermis of competent larva
secretes the proteinaceous periostracum (Mala-
khov, 1983; Stricker, Reed, 1985a, b). Alten-
burger et al. (2013) pointed out that the Novoc-
rania larva resembles an early stage of the
rhynchonelliform larva, at which its mantle is
not separated from the pedicle lobe. However,
the rhynchonelliform cephalula strongly dif-
fers from the craniid chaetotrocha in the pres-
ence of two pairs of setal bundles, a clearly
defined apical ciliary tuft, and the development
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Fig. 1. Chaetotrocha and cephalula. A, B— chaetotrocha of craniids (after Nielsen, 1991): A — dorsal view; B —
lateral view; C — lateral view of the rhynchonelliform cephalula (after Stricker, Reed, 1985; Pennington ef al.,
1999; Kuzmina et al., 2019); D — lateral view of discinid cephalula (after Freeman, 1999; Liiter, 2001, 2007).
Abbreviations: acb — anterior lobe ciliary band; ao — apical organ; al — anterior lobe; bl — body lobe; cs — cuticular shield,
precursor of dorsal periostracum; es — eyespots; Ise — larval setae; ml — mantle lobe; ne — neurotroch; vb — vesicle bodies.
Puc. 1. Xerorpoxa u nedanymna. A, B—xerorpoxa kpanuuz (o Nielsen, 1991): A — Buz ¢ nopcainbHOI
cropoHsl; B— Buj cooky; C— nedanyna puaxonemnpopMHbIx 6paxuono, Buj cooky (1o Stricker, Reed,
1985; Pennington et al., 1999; Kuzmina et al., 2019); D — nedanyna nucuunun, Bua c6oky (o Freeman,
1999; Liiter, 2001, 2007).

O0o3HaueHus: acb — pPECHUYHBIN LIHYP Ha MepeIHel JI0nacTH; a0 — anuKaabHbII opraH; al — nepesHss jgonacts; bl —
TyHOBP[HlHBIﬁ OTACII; CS — KYTHKYJIIPHOEC I10JIE; €S — IUIa3HbIC IIAITHA; lse — JIMUYAWHOYHBIC INCTUHKHA, ml— MaHTHIHAas
JIONIACTh; Ne — HEBPOTPOX; Vb — BE3UKYJISPHBIE TEIbIIA.
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of mantle folds. Thus, to avoid confusion, these
larval types should be separated.

The name cephalula is also applied to a
newly hatched discinid larva. In discinids, the
cephalula is the first planktonic stage, which
leaves the egg envelope and starts living in the
water column. The discinid cephalula consists
ofthe anterior and body lobes (= mantle lobe by
Freeman, 1999) (Fig. 1D). The anterior lobe
bears an apical tuft of cilia (Freeman, 1999).
The early larva is uniformly covered with cilia;
while later stages bear a wide ciliary band at the
anterior lobe and a ciliary band corresponding
to the neurotroch along the ventral side (Free-
man, 1999; Liiter, 2001). The two-lobed dis-
cinid larva has three long spinose larval setac on
each side of its body (Chuang, 1977). Accord-
ingtoultrastructural data, the larval setal pouches
ofrhynchonelliforms, craniiforms, and discinids
are similarly structured (Liiter, 2000, 2001,
2007). Since the structure of the discinid larva is
similar to that of rhynchonelliforms (q.v. Free-
man, 2003; Santagata, 2015; Kuzmina et al.,
2019), it can be considered as cephalula. The
newly hatched discinid cephalula does not have
a mouth and anus (see Luter, 2005), but later it
develops a mouth and anus and becomes plank-
totrophic (Freeman, 1999).

The chaetolopha (from the Greek khaitg
(long hair) meaning a seta and lophos (crest)
meaning a lophophore) is the next planktonic
stage of discinids. The chaetolopha is a peculiar
morphological type of brachiopod planktonic
stages that has a lophophore and spinose larval
setae but lacks the shell (Fig. 2A). The discinids
are the only group of extant brachiopods with a
chaetolopha in their life cycle (Table 1). The
first three tentacles (one median and two lateral)
form the chactolopha lophophore (Freeman,
1999). The discinid chaetolopha has a mouth,
anus and functioning intestine; thus, it is a true
planktotrophic stage (Chuang, 1977).

The tegulolopha (from the Latin fegere (to
cover) meaning a shell and the Greek lophos
(crest) meaning a lophophore) is a planktonic
stage having both a lophophore and a shell. The
discinid tegulolopha replaces the chaetolopha
in the ontogeny (Fig. 2B). In extant lingulids,

the tegulolopha hatches from the egg envelopes,
and therefore it is the only planktonic stage in
their life cycle (Fig. 2C-D) (Yatsu, 1902; Chua-
ng, 1977; Freeman, 1999; Kuzminaetal.,2019).
Starobogatov (1979) suggested the name
‘malleula’ for the phoronid larva at metamor-
phosis with a protruding metasomal outgrowth.
According to Starobogatov (1979), the lingulid
pedicle is a homologue of the metasomal out-
growth of phoronids and that is why he sup-
posed the shelled lingulid larva to be ‘malleula’
(Starobogatov, 1979). The homology between
the lingulid pedicle and the phoronid metasomal
outgrowth has not been proven; thus the term
‘malleula’ cannot be applied to the lingulid
planktonic stage.

Both in discinids and lingulids, the shell of
the full-grown tegulolopha is subdivided into
the protegulum and brephic shell (Fig. 2B, D).
In extant discinids, the protegulum forms at the
stage of 3 pairs of tentacles (Fig. 2B) The
discinid protegulum is circular, with a diameter
of about 70 um (Chuang, 1977). Tiny silicon
chips covering the periostracum of the discinid
brephic shell do not preserve in adults (Will-
iams et al., 2001; Liiter, 2004). The lingulid
tegulolopha hatches from the egg already hav-
ing a semicircular protegulum (Fig. 2C). The
straight posterior margin of the protegulum is
about 120-280 pum long (Yatsu, 1902; Paine,
1963; Freeman, 1995; Collins et al., 2019). The
protegulum of discinids and lingulids is smooth
while their brephic shell bears clearly visible
growth lines (Madison et al., 2021).

In discinids, the early tegulolopha preserves
spinose larval setae. Curved and flexible setae
appear at the stage of four pairs of lophophore
tentacles while the spinose setae are still present
(Fig. 2B). In full-grown tegulolopha, the spi-
nose setae are shed and the number of curved
and flexible setae increases. After settling, the
curved setae are shed too, but the flexible setae
may persist in adults (Chuang, 1977). The lin-
gulids lack spinose larval setae. Adult setae
develop along the mantle margins of the lingulid
planktonic tegulolopha at the stage of seven
pairs of tentacles (Yatsu, 1902). The lingulid
tegulolopha settles at the stage of 10—15 pairs of
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Fig. 2. Chaetolopha and tegulolopha (dorsal view). A — discinid chaetolopha (after Chuang, 1977; Freeman,
1999); B — discinid tegulolopha at the stage of four pairs of tentacles, three pairs of larval spinous setae are
still retained, first pair of curved setae is developed (after Chuang, 1968, 1977; Hammond, 1980; Collin et
al., 2019); C — lingulid tegulolopha immediately after hatching (after Yatsu, 1902: Freeman, 1995); D —
full-grown lingulid tegulolopha (after Yatsu, 1902; Hammond, 1982; Collin et al., 2019).

Abbreviations: a — anus; bs — brefic shell; cs — curved seta; Ise — larval setae; lo — lophophore; m — mouth; mt —
median tentacle; pr — protegulum.

Puc. 2. Xeronoda u rerynonoda (Bua ¢ 1opcanbHON cTOpoHbl). A — xeTtonoda aucuuaua (mo Chuang,
1977; Freeman, 1999); B — terynonoda mucuuHua Ha craguu 4 map Lrynajiel, UMEIOTCsS TPH Iapbl
JIMYMHOYHBIX NIETHHOK, TOSBUIIACH IIEpBasi apa U30THYTHIX meTHHOK (1o Chuang, 1968, 1977; Hammond,
1980; Collin et al., 2019); C — terynonoda TMHTYIUA cpasy mocie BeuTyuieHus (o Yatsu, 1902: Freeman,
1995); D — Terynonoda muurynus (mo Yatsu, 1902; Hammond, 1982; Collin ef al., 2019).

O0o03HaveHus:: a — aHyc; bs — Opeduueckas pakoBUHA; CS — H30THYTAs MIETUHKA; |se — JIMINHOYHBIE IEeTHHKH; 1o —
nododop; m — poT; mt — cpeHee HIynaible; pr — MPOTETyIIOM.
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Table 1. Types of planktonic stages in different groups of recent brachiopods.
Tabauua 1. TUIBI IIAHKTOHHBIX CTaJUil B Pa3HBIX TPYINAxX COBPEMEHHBIX OPaXHOIO/.

Chaetotrocha

Cephalula

Chaetolopha Tegulolopha

Craniiformea

Rhynchonelliformea

Discinidae

Linguliformea

Lingulidae

tentacles (Yatsu, 1902; Ashworth, 1915). Disci-
nisca laevis (Sowerby, 1822) was found settled
at the stage of six pairs of tentacles (Williams,
Rowell, 1965).

The affiliation of different types of plank-
tonic stages to higher brachiopod taxa is shown
in Table 1.

Evolution of larval development in
brachiopods

In a previous study (Kuzmina et al., 2019),
we assumed that the brachiopod ancestors had a
typical pelago-benthic life cycle with external
fertilization, a ciliary blastula, a gastrula, and a
planktotrophic larva with ciliary bands. The life
cycle of extant Craniiformea closely resembles
this prototype. The only difference is that the
larva of extant craniids is lecithotrophic. The
chaetotrocha of craniids may be considered as
the plesiomorphic variety of planktonic stages

ofrecent brachiopods. The craniid chaetotrocha
resembles planktonic larvae of other inverte-
brates, for instance, the nektochaeta of some
polychaetes.

Kuzmina et al. (2019) speculated the rhyn-
chonelliform larva corresponds to the folding
metamorphosing stage of craniids ascended into
the water column. Since some authors (Alten-
burger et al., 2013, 2017) adduce serious argu-
ments against the theory of folding, this inter-
pretation remains hypothetical.

The discinid chaetolopha demonstrates evi-
dence of heterochrony. The presence of spinose
larval setae is a larval feature while the develop-
ment of the lophophore is typical for benthic
juveniles. The discinid tegulolopha loses larval
characteristics with the shedding of spinose
setac. The full-grown tegulolopha is in fact a
brachiopod juvenile adapted to floating in the
water column. Thus, the tegulolopha is an ex-
ample of larvalization. The larvalization is an
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evolutionary trend when benthic juveniles trans-
form to planktonic larvae and acquire adapta-
tions to pelagic conditions. Larvalization is pro-
bably the main evolutionary way to prolongate
the planktonic phase of bilaterian life cycle (see
Malakhov et al., 2019).

The lingulids show another trend in the
evolution of brachiopod life cycles: embryon-
ization. The term embryonization was actively
used by Russian authors, for example, Schmal-
hausen (1942), Sachwatkin (1956), Ivanova-
Kazas (1975, 1995) but is poorly known in other
countries. Embryonization means that the onto-
genetic stages “that originally occurred at the
postembryonic stages are now included into the
embryonic development” (Ivanova-Kazas, 1975:
72). All developmental stages of recent lin-
gulids preceding the tegulolopha occur within
the egg envelope and are actually stages of
embryonic development. In recent lingulids, the
shelled juvenile hatches and is adapted to swim-
ming in the water column; it serves distribution
as is the case for various ciliated larvae of other
invertebrates.
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