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ABSTRACT: The outer epithelium of free-swimming larvae of marine invertebrates is
composed of several cell types and performs a variety of vital functions. In bryozoan larvae,
early anatomical studies revealed a rather complex organization of this epithelium. The
present contribution re-examines the available morphological descriptions, as well as
investigates anatomically and ultrastructurally the epispheral (aboral) part of the outer
pallial epithelium in contrasting larval types of six marine bryozoans from three orders —
Cheilostomatida, Ctenostomatida, and Cyclostomatida. A total of 11 cell types were
identified — three of them are typical for most of the studied larvae, the rest are unique to
specific larval types. Based on the data obtained, we conducted a comparative analysis and
assigned potential functions to particular types of cells during larval life. We proposed the
hypothesis that immersion/invagination of the larval pallial epithelium (which was accom-
panied by cell enlargement in ciliary locomotory corona) occurred independently in
different bryozoan lineages and was associated with acquisition of incubation. We also
consider the presence of the cuticle above the episphere and the absence of cilia in most
principal pallial epithelial cells as plesiomorphic traits of bryozoan larvae.
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PE3IOME: Hapy»Hblii sniuTenuii miaBaommx JHYHHOK MOPCKUX OECIIO3BOHOYHBIX CO-
CTOWT M3 pa3HbIX THIIOB KJIETOK M OCYIIECTBIIET MHOXKECTBO BaKHBIX (DyHKIMH. Y
JMYUHOK MIITAHOK OH UMEET TOCTATOYHO CIIOKHYIO OPTaHU3AIINIO, 9TO OBLIIO TPOIEMOHCT-
PHPOBAHO YK€ HA PAaHHUX dTanax M3y4YeHUs UX CTPOCHHUs. B manHO# paboTe MBI nccieno-
BaJIM MUKPOAHATOMHIO M YJIBTPACTPYKTYPY HapyKHOTo (MajIMajabHOr0) SMHUTENUsS a00-
payibHOI Toycdepsl (3nuchepsl) (a TaKKe MPOBEIH PEBU3HIO PAHEE OMYyOIUKOBAHHBIX
MOP(OIOTHUECKUX OMUCAHUH) Y Pa3HBIX TUIIOB JIMYMHOK ILIECTH BUIOB MOPCKUX MIIIAHOK
m3 Tpex otpsanoB Cheilostomatida, Ctenostomatida u Cyclostomatida. B o0mieit cioxHOCTH
MBI ormrcand 11 THITOB KIIETOK — TPHU W3 HUX TUIHYHBI IS OOJBIIMHCTBA M3YICHHBIX
JMYUHOK, OCTATbHBIC YHUKAIBHBI IS OTPEACTICHHBIX BUAOB. Ha OCHOBaHUH MOTyIeHHBIX
JIAHHBIX MBI TIPOBEJIN CPABHUTENBHBII aHATIN3 U CJIENAU IPEANOI0KEHHS O MOTECHIIUAIb-
HBIX (DYHKIUSIX KJIETOK. MBI BBIIBUHYJIU TUIIOTE3Y O TOM, YTO B CBSI3U C BOBHUKHOBEHUSIEM
BBIHAIIMBAHMUS HE3aBUCHMO B PA3HBIX JIMHUSIX MIIAHOK IIPOUCXOMIIO TOTPYKEHHUE AU~
QIBHOTO SIHUTEINS, COTPOBOXK/IAIONIEECS YBEINUYECHHEM KJICTOK JIOKOMOTOPHOTO PECHHY-
HOTO KOITbIIa (KOPOHBI). MBI TaKKe MPEIIOI0KIIIN, YTO HATTIMYNE KYTHKYJIBI HAJ dTHcQe-
pO¥i M OTCYTCTBHE PECHUYEK y OCHOBHBIX KJIETOK MAJTHAIIEHOTO JIUTENNS MOKHO pac-
CMAaTpUBaTh B KAYECTBE aHIIECTPAIbHBIX IPHU3HAKOB JINUMHOK MIIAHOK.
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Introduction

The outer epithelium (integument) of Eu-
metazoa is a derivative of the ectodermal germ
layer, which is the first to differentiate in the
course of embryonic development. Its main
functions are the protection of the internal mi-
lieu and interaction with the environment (thus
being involved in maintaining homeostasis),
including barrier and sensory functions, gas
exchange, and excretion of metabolites (Bereit-
er-Hahn et al., 1984; Schmidt-Rhaesa, 2007).
The outer epithelium is usually associated with
the external and internal extracellular matrix.
The external matrix often shows the ability to
harden (chitinize or biomineralize), forming
various skeletal structures (needles, plates, and
shells), thus providing support and protection.
Moreover, epithelial cells can serve as an an-
chor for muscles and can accumulate metabolic
products and store nutrients (Beklemishev, 1970;
Schmidt-Rhaesa, 2007). In various tiny organ-
isms (including larvae), the outer epithelium
can absorb dissolved organic matter from the
environment via endocytosis (Boidron-
Meétairon, 1995; Boucaud-Camou, Roper, 1995;
Johnson, Wendt, 2007).

The integument undergoes active changes in
the course of both ontogenetic and evolutionary
transformations (Bereiter-Hahn et al., 1984),
whereby animals with larval development are of
particular interest. In invertebrates, during meta-
morphosis, the integumentary cells often change
their cytological and functional properties or
are even replaced by other cell types (e.g.,
Ivanova-Kazas, Krichinskaja, 1988; Reed, 1991;
Hiebertetral.,2010; Martin-Duran, Egger, 2012).
Similar changes occur during shifts from long-
lived exotrophic larvae developing in the exter-
nal environment to short-lived endotrophic ones,
which is often associated with the emergence of
incubation, and sometimes with the appearance
of extraembryonic nutrition (reviewed in Ostro-
vsky et al., 2016). Changes in the habitat can
also alter the integument of both larvae and
adult forms (Reed, Cloney, 1982b).

All the above changes in the external epithe-
lium and their causes can be studied using Bry-
ozoa, a phylum of aquatic colonial inverte-
brates. These suspension feeders have a long
evolutionary history being among the dominat-
ing fouling groups in many benthic marine,
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brackishand freshwater communities since Cam-
brian (Taylor, 2020; Schwaha, 2021; Zhang et
al., 2021). Their life cycle includes the larval
phase that undergoes catastrophic metamor-
phosis to form a primary zooid(s) — ancestrula
or ancestrular complex (Reed, 1991; d’Hondt,
1994). The colony then grows by iterative zoo-
idal budding.

Bryozoa comprises two major clades —
Phylactolaemata and Myolaemata (Schwaha et
al.,2020). Phylactolaemata are exclusively fresh-
water, non-skeletal bryozoans with placental
matrotrophy and highly modified sexual and
asexual development (Bibermair et al., 2021).
This class is not considered in this study. Myo-
laemata is divided into Stenolaecmata with one
recent order Cyclostomatida, and Gymnolae-
mata with two orders Cheilostomatida and
Ctenostomatida.

Monophyletic Cyclostomatida are exclusive-
ly marine calcified bryozoans with viviparous
matrotrophic incubation, polyembryony, and
characteristic short-lived, so-called ‘cyclostome
larvae’ (Harmer, 1893; Borg, 1926; Nielsen,
1970; Nekliudova et al., 2021). Cheilostomati-
da comprises a monophyletic group of mostly
marine calcified bryozoans, whereas Ctenosto-
matidais paraphyletic, including marine, brack-
ish- and freshwater unmineralized forms. Most
gymnolaemates are brooders having short-lived
endotrophic larvae, either lecithotrophic or pla-
centally nourished (Woollacott, Zimmer, 1975;
Reed, 1991; Ostrovsky et al., 2009; Moosbrug-
ger et al., 2012; Ostrovsky, 2013a, b; Schwaha
et al., 2019; Nekliudova et al., 2019a). Such
larvae have an expanded ciliary ring (corona)
and are termed coronate larvae. A few gymno-
laemates species (both cteno- and cheilostomes)
are zygote-spawners having a relatively long-
lived planktotrophic larva (cyphonautes) with a
characteristic triangular two-valved shell and
functioning gut. In addition, morphologically
‘intermediate’ larval forms (pseudocyphonautes,
paracyphonautes, etc.) with vestigial gut and,
sometimes, a shell, were described in a few
gymnolaemates (Nielsen, 1971; Zimmer, Wool-
lacott, 1977a; d’Hondt, 1977a, 1997, 2012).
Cyphonautes is considered by most researchers
as being similar to an ancient larval type in
Bryozoa (Reed, 1991), whereas all other types
are evolutionary modified (reviewed in Ostro-
vsky, 2013a).
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Bryozoan larvae have a high structural di-
versity and complexity, consisting of several
dozen or even hundreds cells of various types
(Zimmer, Woollacott, 1977a; Gruhl, 2021).
Despite their variety, myolaemate larvae share
common axial properties and zonality of epithe-
lia (d’Hondt, 1975, 1977a; Zimmer, Woolla-
cott, 1977a). The outer surface is represented by
the upper (aboral, or epispheral) and the lower
(oral, or hypospheral) epithelium with the loco-
motory coronal cell ring between them. In cy-
clostome larvae, the corona consists of many
cell rows (d’Hondt, 1977b; Zimmer, Woolla-
cott, 1977b), while in other myolaemates, itis a
single- or double-cell ring. The aboral epitheli-
um of the bryozoan larvae most likely corre-
sponds to the epispheral epithelium of the tro-
chophore larvae of other coelomate spiralians,
since it originates from the same blastomere
descendants (Vellutini ez al., 2017). In bryozo-
ans, it is usually called ‘pallial’ epithelium, by
analogy with mollusks, in which pallium (or
mantle) secretes a shell, as it is in cyphonautes
and some pseudo- and paracyphonautes.

Unlike cyclostome larvae, those of Gymno-
laemata have specialized sensory areas of the
outer epithelia — an apical organ on the epi-
spheral (aboral) part of the larva, and the pyri-
form organ with ciliary tuft and groove at the
anterior end of the hypospheral (oral) part. In all
myolaemate larvae, the oral epithelium forms
an invaginated adhesive organ (internal sac)
posteriorly. In cyphonautes and several other
gymnolaemate larvae, the hypospheral part of
the oral epithelium is screwed under the epi-
sphere, forming an atrium. The latter can be
divided by ciliary ridges into the inhalant and
exhalant chambers. In such larvae, the adhesive
organ is displaced upwards and lies in the upper
part of the exhalant chamber.

Although several cell types were described
within the pallial epithelium of myolaemate
larvae (e.g., suprapallial, principal pallial, in-
fra- and subpallial and supracoronal cells, see
d’Hondt, 1975), its structure is still poorly un-
derstood. Due to the small larval size (which can
be less than 100 um) and difficulties in cultiva-
tion, physiological and molecular studies on
bryozoan larval cells and their functions are rare
(e.g., Okano et al., 1996; Fuchs ef al., 2011).
Routine histology and electron microscopy (cur-
rently supplemented by CLSM) are still the
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main research tools in this field. Detailed ultra-
structural descriptions are limited to seven my-
olaemate genera (Supplementary File 1). Data
on the larvae of many taxa from different phylo-
genetic lineages are still completely lacking,
which strongly hampers comparative and evo-
lutionary analysis (d’Hondt, 1974, 1997, 2015,
2016).

In this study, we re-examined and studied
anew the aboral pallial epithelium (except api-
cal organ) in six species of myolaemate bryozo-
ans: two ctenostomes, three cheilostomes, and
onecyclostome (Supplementary File 2). We chose
larvae with profound differences in structure and
biology, namely: long-lived non-brooded plank-
totrophic cyphonautes vs short-lived non-feed-
ing (lecithotrophic and placentotrophic) larvae
of contrasting morphology developing in incuba-
tion chambers of various types. Based on our own
and published data, we conducted a comparative
morphological analysis of the aboral epithelium
in an attempt to determine the functions of vari-
ous cells and to detect possible changes during
the transition between larval types in the bryo-
zoan evolution. We also compared the aboral
epithelium in bryozoan larvae with that in the
larvae of other marine invertebrates.

Material and methods

Plankotrophic cyphonautes larvae of Electra
pilosa (Linnaeus, 1767) were collected from a boat
using a plankton net (200 pum mesh) at 5 m depth near
the Educational and Research Station “Belomorska-
ia”, Saint Petersburg State University (Chupa Inlet,
Kandalaksha Bay, White Sea, 66°18730.6”N, 33°55’
03.1”E). Non-feeding incubated larvae of the ctenos-
tomes Flustrellidra hispida (Fabricius, 1780) and
Alcyonidium hirsutum (Fleming, 1828), cheilostome
Juxtacribrilina annulata (Fabricius, 1780) (former
Cribrilina), and cyclostome Patinella verrucaria
(Linnaeus, 1758) were obtained after their release
from reproducing colonies collected in the same
locality at the White Sea by boat dredging and
SCUBA-diving from various algal substrates at 1-8
m depth. Non-feeding larvae of Tendra zostericola
de Nordmann, 1839 were obtained after their release
from reproducing colonies growing on Zostera sp.
collected by snorkeling at the Black Sea at 1-2 m
depth (Kazachja Bay, 44°34’02.4”N, 33°24’45.5"E).
All incubated larvae were processed immediately
after their release.

Larvae were anesthetized with 5% magnesium
chloride solution mixed with filtered seawater (1:1)
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for about 10—40 min until signs of contraction disap-
peared, and then fixed. For light and transmission
electron microscopy (TEM), fixation was performed
at 4°C for 12 h-2 weeks in 2.5% glutaraldehyde in
0.1 M Na-cacodylate buffer, pH 7.4 (containing
0.14% NaCl (750 mOsm) for larvae from the White
Sea). After fixation, specimens were rinsed three
times in the same buffer and post-fixed for 1 h at 4°C
in a buffered 1% solution of OsO,. After three rinses
(for 5 min each) in the same buffer, larvae were
dehydrated in a graded alcohol series (30 to 96% at
steps of 10%), further in alcohol-acetone mixtures
(3:1—1:1-1:3) and in pure acetone, then embedded
in acetone-resin mixtures (3:1 — 1:1 — 1:3), and
finally in epoxy resin (Epon 812 kit, Sigma-Aldrich,
USA).

Semithin (750 nm) and ultrathin sections (60—70
nm) were made using a diamond Diatome Histo
Jumbo Knife on a Leica EM UC7 Ultramicrotome.
Semithin sections were stained with Richardson’s
stain (Richardson et al., 1960) and examined under
a Leica DM2500 optical microscope equipped with
a digital camera Leica DFC295. Ultrathin sections
were placed on the copper blends with Formwar
film, contrasted with uranyl acetate (1-3 min) and
lead citrate (1-2 min), and examined using a Jeol
JEM-1400 and Jeol JEM-2100HC transmission elec-
tron microscopes; photographs were taken with a
digital Olympus-SIS Veleta camera and Gatan Ul-
traScan 4000 camera, respectively. The total number
of larvae examined by TEM: E. pilosa — 4, F.
hispida — 3, A. hirsutum — 4, T. zostericola — 6, J.
annulata — 3, P. verrucaria — 2.

For visualization of cilia and cell boundaries
using confocal scanning laser microscopy (CSLM),
larvae were fixed for 1-6 h in 4% paraformaldehyde
in 0.1 M phosphate-buffered saline (PBS) followed
by three rinses (for 5 min each) in the same buffer.
Specimens were then transferred to PBS with Triton-
X100 (0.1%) (PBT) for 1-2 h, blocked with 1%
bovine serum albumin in PBT during 6 h, and
incubated with primary anti-acetylated o-tubulin
antibodies (mouse monoclonal, Sigma-Aldrich,
USA) diluted in blocking solution (1:1000) at 4 °C
for 12 h. Before staining, specimens were rinsed
three times for 15 min each in the PBS. Incubation in
a 1:500 dilution of Goat Anti-Mouse IgG Antibodies
labeled with Alexa Fluor 633 (Sigma-Aldrich, USA)
took 24 h, followed by 15 min wash in PBS. Incuba-
tion in TRITC-labeled phalloidin (Sigma-Aldrich,
USA) solution (200 ng/ml) took 24 h, followed by 15
minwash in PBS. Finally, the specimens were mount-
ed in Fluoroshield with Dapi (Sigma Aldrich, USA)
and examined under the confocal scanning laser
microscope Leica TCS-SPS.

Living and fixed larvae were photographed with
a digital Leica DFC295 camera attached to a com-
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pound microscope Leica DM 2500. ImagelJ v. 1.48e
software was used to process data from CSLM.
Schemes and reconstructions were done with Adobe
Ilustrator CS 5.1, and images were modified with
Adobe Photoshop CS 5.1.

To describe the cell types in the studied larvae,
we used the terminology coined by previous authors,
cells were named predominantly by their position
relative to the aboral-oral axis (Kupelwieser, 1905;
d’Hondt, 1979; Santagata, Zimmer, 2000).

Results

Data presented below are also shortly summa-
rized in Supplementary Files 2 and 3.

Electra pilosa (Figs 1, 2; 8A)

The cyphonautes larva of E. pilosa is non-brood-
ed, planktotrophic, living up to one month (Kupel-
wieser, 1905; reviewed in Shevchenko et al., 2020).

The larva has the appearance of a laterally flat-
tened cone with a wide base surrounded by a ciliary
corona, and the apical organ on the top (Figs 1A; 2A;
8A) (average height 299 um (N=18, range 193-389
um), length along the lower margin 333 pm (N=17,
range 225447 pum), width in the middle 81 pum
(N=5, range 69-105 um)). Laterally the larva is
covered by the translucent triangular shell valves
that protect most of the aboral surface except the
apical organ and elongated areas running between
the valves from the apical organ to the corona along
the anterior and posterior larval margins. Shell valves
are stratified and seemingly slightly mineralized
(Figs 1E, G, I; 2E, G). In cross-sections, a thin,
flexible cuticular ‘film’ is visible between the valves
(Figs 2C; 8A). It extends around the base of the
apical organ, continues in each valve, and basally
hangs freely over the corona (Figs 1C; 2F; 8A).
When the larva is ‘relaxed’, the valves lie directly on
the pallial epithelium; when it contracts, a narrow
cavity appears between the valves and the epitheli-
um, whose cells remain visibly connected to the shell
by elongated cytoplasmic processes (Fig. 1B). This
cavity is isolated from the external medium by the
cuticular ‘film’ adjoining the apical organ (Fig. 1C)
and by peripheral margins of the shell valves abut-
ting the pallial epithelium (Fig. 2D, F).

The pallial epithelium comprises seven cell types
(Figs 1, 2; 8A): (1) suprapallial secretory cells form-
ing a ring zone beneath the apical organ (Fig. 1C, D),
(2) principal pallial cells constituting extensive lateral
areas of the pallial epithelium underneath the shell
valves (Figs 1E-H; 2E), (3) ‘polster’ cells (Figs 1H;
2F, G) grouped between the principal pallial cells, (4)
ciliated secretory cells forming anterior and posterior
marginal zones between the valve edges (Figs 1B; 2A,
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Fig. 1. Anatomy and ultrastructure of cyphonautes of Electra pilosa (Gymnolaemata: Cheilostomatida)
(unless stated otherwise anterior end is oriented to leff). A — light microcsopy; B, G, K — stained semithin
sections, light microcsopy; C, D, E, F, H-J — transmission electron microscopy. A — lateral view of living
mature larva (plane shown by dotted-line 1 corresponds to section plane in E, F; plane shown by dotted-line
2 corresponds to section plane in G, I); B — sagittal section of anterior region of larva to show secretory and
‘polster’ cells of pallial epithelium under shell; C — sagittal section of apical organ with secretory pallial cells
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on periphery (note secreted material forming thin cuticular ‘film”); D — sagittal section through apical organ
and suprapallial epitheluim beneath (border shown by dotted line; note numerous interdigitations between cells
and cisternae of RER); E — oblique frontal section of shell and squamous principal pallial cells on the level
of stomach (section plane 1 as indicated in A); F — oblique frontal section of cuboidal principal pallial cells
just above pharynx (section plane 1 as indicated in A; note ‘upper’ cell showing mitotic division, interdigitations
between two neighbor cells (marked by dotted line) and thick basal lamina (arrowheads) between principal
pallial epithelium and inner mass of muscle and other mesenchymal cells); G — oblique frontal section of
tendon cells in place of adductor attachment (section plane 2 as indicated in A); H — sagittal section on level
just above pyriform organ showing two ‘polster’ cells and deformed principal pallial cell (marked by blue
color) sandwiched between ‘polster’ cells; I — oblique frontal section of tendon cells beneath the ciliary
ridges (section plane 2 as indicated in A); J — close-up of the tendon cell contacting to shell showing
hemidesmosomes providing attachment to shell valve, tonofilaments, and thickened basal lamina; K —
transversal section on the level of lower ‘polster’ cells, epitheliomuscular cells and biciliated supracoronal
cells. Asterisks indicate cavity between shell and pallial epithelium; white arrowheads show basal lamina;
black arrows show cytoplasmic processes of principal pallial cells.

Abbreviations: a — anterior region; an — anus; ao — apical organ; aor — apical organ retractors; at — atrium; ¢ —
corona; ce — centriole; cf — cuticular ‘film’; cm — cross-striated epitheliomuscular cell(s); cr — ciliated ridge(s); csc —
ciliary secretory cell(s) of anterior and posterior marginal areas between valves; m — mouth opening; me —
mesenchymal cells; mu — muscle cells; n — nucleus; oa — adhesive organ (internal sac); p — posterior region; pc —
‘polster’ cell(s); ph — pharynx; po — pyriform organ; ppc — principal pallial cell(s); s — shell; sc — supracoronal
cell(s); spc — suprapallial secretory cell(s); st — stomach; t — ciliary taft of pyriform organ; tc — tendon cell(s); v —
vacuole.

Puc. 1. Anmatomus u yneTpactpykrypa nudponayra Electra pilosa (Gymnolaemata: Cheilostomatida) (ecim
He yKa3aHO MHOE, MepeJHUIl KOHell OpHEHTHPOBaH BIeBO). A — cBeToBas Mukpockomus; B, G, K —
OKpallIeHHbIE I0TyTOHKHUE cpe3bl, cBeToBas Mukpockonus; C, D, E, F, H-J — TpancMuCcCHOHHASA 371€KTPOH-
Hast MUKPOCKOIHS. A — IPHKU3HEHHOE (POTO JIMUMHKH, BUJ COOKY (IIIIOCKOCTB, OKa3aHHAas IyHKTHPHON
nuHUeH 1, cooTBeTCTBYeT IutockocTH cpe3oB Ha E, F; mimockocTh, moka3zaHHasi MyHKTHPHOW JHMHHEH 2,
COOTBETCTBYET INIOCKOCTHU cpe30B G, ); B — nonyToHkuii caruTTanbHeli cpe3 nepeaHeit 00J1acTi IMYMHKY
C CEKPETOPHBIMU M “TIONYIIKOBHIHBIMH KJIETKaMHU MNAJITMAIBHOTO SMMTENUS MOJ pakoBuHOMW; C —
CarHTTATBHBII Cpe3 amMKaTbHOTO OpraHa C CEKPETOPHBIMU MAUIHANTbHBIMU KJIETKaMH Ha mepudepun
(oOpaTtuTe BHUMaHHE Ha CEKPETUPYEMBIi MaTeprai, GOPMHUPYIOMINI TOHKYIO Ky THKYJISIPHYIO ‘TUIeHKY ); D —
CaruTTAIBHBIN CPE3 Uepe3 auKaIbHBII OpraH U CylpanaTiadbHbIi SIUTEIHH 101 HUM (TpaHuIa MoKa3aHa
ITyHKTHPHON JIMHUEH; 00paTnTe BHUMAHIE HA MHOTOUYHCIICHHBIC BITYMBAHIS MEMOPaH MEX/y COCETHIMHI
KJIeTKaMH 1 MHOTouncienHsie muctepusl JI1P); E — kocoii ¢ppoHTanbHb cpe3 pakoBHHBI U YILUIOMIEHHBIX
OCHOBHBIX NAJUTHAIBHEIX KJIETOK HA yPOBHE JKEITYAOYHOTO OT/IeJIa KUIIKH (TIOCKOCTH cpe3a | Kak ykazaHo
Ha A); F — kocoll GppoHTaIBHEIH cpe3 KyOMYeCKUX OCHOBHBIX ITJTHAIBHBIX KJIETOK BBIIIE INIOTOYHOTO
OTJIeIa KUIIKH (IUIOCKOCTh cpe3a 1 Kak yka3aHo Ha A; oOpaTHTe BHUMaHHE Ha ‘BEpXHIOI’ KIIETKY B (aze
MHUTOTHYECKOTO JICJICHUS, HA CJIOXKHBIC KOHTAKTBI MKy JIBYMsI COCEHUMH KJI€TKaMHU (OTMEUEeHBI ITyHK-
TUPHO# JIMHKEH) U Ha TOJICTYIO 0a3aJIbHYIO INIACTHHKY (HAKOHEYHHUKHU CTPEJIOK) MEKIY OCHOBHBIM ITaJIIH-
QJILHBIM DITUTEIIEM U BHY TPEHHEH MacCOii MBI U APYTUX ME3EHXUMHBIX KIIETOK); G — Kocoii ppoHTaIbHBIH
cpe3 TeHJOLUTOB B MeCTe MPUKPENJICHUs alyKTopa (IUIOCKOCTh cpe3a 2, Kak moka3aHo Ha A); H —
CaruTTalIbHBIA CpPE3 BBIIE TPYIIECBHIHOTO OpraHa, MOKa3bIBAIOMIMI JBE 'TOAYIIKOBHIHBIE  KIETKH U
n1ehOpMHUPOBAHHYIO OCHOBHYIO KIETKY MaJUTHATBbHOTO SMHUTENHsS (OTMEUEHa CHHHM IIBETOM), 3aXKaTylo
MeX Iy HUMH; | — Kocoit ppoHTaNIBHEIH cpe3 TEHIONNUTOB Ha YPOBHE PECHUYHBIX IPeOHEH (ITOCKOCTH cpe3a
2, KaK MoKa3aHo Ha A); ] — KpyIHBIN IJIaH TEHAOINTA, KOHTAKTUPYOLIETO C PAKOBUHOM, OKA3bIBAFOIIIA
TIOJTyI€CMOCOMBI, 00eCTICUHBAIOIINE TPUKPETIIIEHIE K CTBOPKE PaKOBUHBL, TOHO(MIIAMEHTHI U y TOJIICHHYIO
0a3abHYIO IIIACTHHKY; K— ronepeuHslii cpe3 Ha ypoOBHE HIKHUX ‘TIOTYIIKOBUIHBIX  KJIETOK, SITHTEIHAIBHO-
MBIIICYHBIX KJIETOK M OMIIMIMAPHBIX CYNPAaKOPOHAIBHBIX KJIETOK. 3BE3J0YKH 0003HAYalOT IPOCTPAHCTBO
MEKTy PAKOBUHOM M TAJUTHAIBEHBIM SITUTEINEeM; Oelible HAKOHEYHUKH YKa3bIBAlOT HA 0a3aIbHYIO INTACTHHKY;
YepHBIE CTPEJIKH yKa3bIBAIOT Ha [IUTOINIA3MATHYECKUE OTPOCTKH OCHOBHBIX IMaJIMAIBHBIX KIETOK.
OO0o03HaueHNs: a — MEepeHUH KOHEI; an — aHaJIbHOEe OTBEPCTHE; a0 — alMKaJbHBIH OpraH; aor — pPEeTPaKTOPBI
AMMKaJIbHOTO OpPraHa; at — aTpUyM; C — KOPOHA; € — LEHTPUOIb; cf — KyTHKyJIsipHas ‘TIEHKa’; Cm — IMOMePeyHO-
noJjiocarast SIUTEINAJIbHO-MbBINICYHAA KHCTKa(I/I); Cr — PECHUYHBIC FpeGHH; CSC — PECHUYHBIE CEKPETOPHBIC KIIETKHU
TICPEAHETO M 3aTHCTO YYACTKOB SMUTEIUA MEKAY CTBOPKAMU PAKOBUHBI; M — POTOBOC OTBECPCTHE; ME — ME3CHXUMHBIC
KIJIETKH; MU — MBIIICYHBIC KJIETKHU; N — AP0, 0a — OpraH aAre3nu (BHyTpeHHI/H\/’I MeH_IOK); pP— 3alIHI/H\/'I KOHCIL; pC —
‘MOYIIKOBH/IHAs ™ KIIeTKa(1); ph — IJI0TKa; PO — TPYILEBUIHbIH OpPraH; ppc — OCHOBHBIE MAJTHANBHBIE KIETKU; S —
PaKOBHHA; SC — CYIpaKOpoHabHasl KJIeTKa(1); Spc — cyrnparnauidalibHas CeKpeTopHas KiieTka(u); st — jKesyJ10K; t —
My4OK PECHUYEK IPYIIEBUIHOIO OpraHa; t¢ — TeHAOUMT(bI); V — BaKyOJb.
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Fig. 2. Anatomy and ultrastructure of cyphonautes of Electra pilosa (Gymnolaemata: Cheilostomatida)
(unless stated otherwise anterior end is oriented to /left). A — CLSM, fluorescent labeling with antibodies
against acetylated o-tubulin (confocal z-projection stack in middle part of larva); B, E, G — transmission
electron microscopy; C-D, F — stained semithin sections, light microscopy. A — lateral view of
cyphonautes; B — sagittal section through ciliated secretory cells forming anterior zone of larva between



Aboral (pallial) epithelium in bryozoan larvae

B, E), (5) tendon cells at the sites of muscle attachment
(Fig. 1G, L, J), (6) cross-striated epitheliomuscular
cells (Figs 1K; 2F, G) and (7) biciliated supracoronal
secretory cells above the corona (Fig. 2D, F, G). All
pallial cells are positioned on a more or less thick
basal lamina and, except for the supracoronal cells,
lack a glycocalyx and microvilli (Figs 1; 2).

The ring zone around the apical organ base
consists of up to four rows of trapezoidal (closer to
the apical organ) and columnar suprapallial secreto-
ry cells with folded lateral walls (Figs 1C, D; 8A).
Their electron-translucent cytoplasm contains a large
central nucleus, numerous cisternae of rough endo-
plasmic reticulum (RER) and Golgi apparatus, as
well as abundant vacuoles of various sizes; the latter
release an amorphous substance around the periph-
ery of the apical organ (visible as apocrine secretion
on TEMs) (Fig. 1C).
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Ciliated secretory cells form up to four rows
along the anterior and posterior marginal areas be-
tween the valves (Figs 1B; 2A, B, E). They are
columnar or cubic and equipped with one or two
rigid cilia (each projecting from a deep pit) with at
least one rootlet each, suggesting a sensory function
(Fig. 2B, E). These cells are polarized with a basally
located nucleus surrounded by numerous RER cis-
ternae and, like suprapallial cells, contain prominent
Golgi complexes and show an apocrine secretion.
Laterally these cells are connected by interdigita-
tions (Fig. 2B).

The pallial epithelium underlying the shell valves
consists of two cell types. Principal pallial cells
change their shape in the direction from the apical
organ towards the corona along the larval surface
(Fig. 8A) — they are cuboidal below the apical organ
(Fig. 1F), becoming flatter and nearly squamous

valves (note apocrine secretion and interdigitations between two neighbour cells (shown by dotted line));
C — oblique frontal section trough anterior part of the larva showing thin cuticular ‘film’ inbetween two
valves; D — frontal section of posterior lower end of larva (rectangular area magnified in G); E — oblique
frontal section of posterior zone of larva mostly showing biciliated secretory cells (section plane 1 as
indicated in Fig. 1A; note cilia lying in deep pits; border between principal pallial cells is shown by dotted
line); F — transversal section on the level of lower ‘polster’ cells, epitheliomuscular cells and biciliated
supracoronal cells; G — frontal section of biciliated supracoronal secretory cells, some with cilium
(corresponds to rectangular area indicated in D; cross-striated epitheliomuscular cell marked with rose color;
coronal nerve ring at base of corona cells marked by green colour). Asterisks indicate cavity between shell
and pallial epithelium; white arrowheads show basal lamina; black arrowheads indicate microvilli.
Abbreviations: a— anterior region; a0 — apical organ; ¢ — corona; cf— cuticular ‘film’; ci— cilia; cm — cross-striated
epitheliomuscular cell(s); crn — coronal ring nerve; csc — ciliated secretory cell(s) of anterior and posterior marginal
areas between valves; mu — muscle cell(s); p — posterior region; pc — ‘polster’ cell(s); po — pyriform organ; ppc —
principal pallial cell(s); r— ciliary rootlet(s); s — shell; sc — supracoronal secretory cell(s); spc — suprapallial secretory
cell(s); v — vacuole.

Puc. 2. Anatomus u yneTpacTpyktypa nudponayta Electra pilosa (Gymnolaemata: Cheilostomatida) (ecim
HE yKa3aHO WHOE, TMepelHHi KOHeI OpHeHTHpoBaH BieBo). A — CLSM, duyopecreHTHOE MedeHHe
AQHTHUTEJIAMHU TIPOTHB alleTHIINPOBAHHOTO 0-TyOyiHHa (Z-CTEeK NMPOESKLUH B cpeaHeil yacTn InauHkKn); B, E,
G — TpancMuccHOHHas 3IeKTpoHHast Mukpockonust; C—D, F — oxpamnieHHbIe Oy TOHKHE Cpe3bl, CBETOBAs
MHUKpocKkomust. A — mndoHayT (Bua cOoky); B — carutranbHbIl cpe3 yepe3 pecCHHUYHbIE CEKPETOPHBIE
KJIETKH, 00pa3yIolIye NepeTHAi yqacTOK SIHUTEI S MEXIy CTBOPKAMU PaKOBHHBI (00paTHUTE BHUMAaHKE Ha
AIIOKPHUHOBYIO CEKPEIIHIO; CIIOKHBIE KOHTAKTHI MEXK/Ty IBYMSI COCEAHIMH OTMEUEHBI ITyHKTHPHOH JIMHUEH );
C — Kxocoi ppoHTaNBHEIN cpe3 MepeIHel YaCTH INYUHKY C TOHKOI Ky TUKYJISIPHOU ‘TUICHKOH ™ MEXKIY JBYMSI
cTBOpKamMu; D — (pOHTAIBHBII cpe3 3aHero HIDKHEro Kpast IMYMHKY (4YePHBIM ITyHKTHPOM OTpaHHYeHa
obmacts, yBenmmuenHas Ha G); E — QpoHTanpHbI cpe3 3aaHel 30HBI JTHYMHKY, IEMOHCTPUPYIOMINI
PECHUYHBIE CEKPETOPHBIE KIETKU (INIOCKOCTh cpe3a 1 kak mokazaHo Ha Puc. 1A; oOpaTure BHUMaHue Ha
PECHHUKY, JISKalIHe B IIIyOOKHMX SIMKax; IYHKTHPHOW JIMHUEH MOKa3aHa TpaHHIa MEXTy OCHOBHBIMHU
TaJUTHATIBHBIME KJICTKAaMH M PECHHIHBIMH CEKPETOPHBIMH KIIETKaM1); F — momnepeunsiii cpe3 Ha ypoBHE
‘HOAYIIKOBUIHBIX  KJIETOK, SMHUTEIHAIBHO-MBIIIEUHbIX KIETOK U OMIIMIMAPHBIX CYNPAaKOPOHAIBHBIX KIle-
ToK; G — (pOHTATBHBIH Cpe3 CyNpaKOpOHATIBHBIX CEKPETOPHBIX KIIETOK (HEKOTOPBIE C PECHUYKAMU ) (y4aCTOK
cpe3a COOTBETCTBYET HPSIMOYTOJIbHON oOyacth Ha D; momepedHo-mosocaras SHHUTEIHATLHO-MYCKYIJIbHAS
KJIETKa OTMEYeHA PO30BBIM IIBETOM; KOJIbLIEBOH HEPB y OCHOBAHHS KJIETOK KOPOHBI OTMEUEH 3€lIE€HBIM
1BeTOM). 3Be3/J09KaMH 0003HAUECHO IPOCTPAHCTBO MEX/Y PAKOBHHON W MaUIHAJIBHBIM JIHTEINEM; Oenbie
HAKOHEYHHKH yKa3bIBAIOT HA 0a3albHYIO IUIACTHHKY; YEPHBIC CTPENKU ITOKA3BIBAIOT HA MUKPOBOPCHHKH.
O003HaYeHUs: a — MEPEHUI KOHEIl; a0 — ANMKaJIbHBIN OpraH; ¢ — KOPOHA; C1 — PECHUYKH; CM — IOIEePEYHOIOI0-
caTas SIUTEINaJIbHO-MBINICYHAA KIIeTKa(I/I); crn — KOHLHGBOﬁ HEPB KOPOHBI; CSC — PECHUYHBIC CCKPETOPHBIC KIIETKU
MEPETHEr0 M 33/IHET0 YYACTKOB SMUTEIHS MEXK/y CTBOPKAMH PAKOBHHBI; MU — MBbILIEYHAas KJIeTKa(¥); p — 3a{HUI KOHEl;
pc — ‘HOMYLIKOBUHAS KJIETKA; pO — IPYIIEBUIHBII OpraH; ppc — OCHOBHAs NajulnalibHasl KJIeTKa(1); S — paKOBHHA,
SC — CYNpPaKOpOHAIbHBIE CEKPETOPHBIE KIETKU; SPC — CyIpanauldalbHble CEKPETOPHBIC KIETKH; V — BaKyoOJlb.
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(Fig. 1E). Cuboidal cells have a central oval nucleus,
numerous RER cisternae, some mitochondria scat-
tered through the electron-lucent cytoplasm, and a
few vacuoles in the apical part. These cells are
interconnected by adherens junctions (zonula adhe-
rens) apically followed by (presumably) septate junc-
tions, and via interdigitations (Fig. 1F). In some
cases, principal pallial cells form a pseudo-stratified
epithelium of overlapping cell parts occupying large
areas (Fig. 8A). Principal pallial cells form thin
cytoplasmic processes contacting the inner side of
the shell (Fig. 1B).

The so-called pallial ‘polster’ cells are visible on
both lateral sides of the mature cyphonautes, usually
being basally inclined between the principal pallial
cells, sometimes strongly deforming the latter and
being covered by their processes (Figs 1H; 8A). Two
lateral groups of large ‘polster’ cells flank the lower
edge of the principal pallial epithelium on both sides,
abutting the lower edges of each valve; these cells
produce a thick layer of amorphous cuticular ‘film’
that continues to the valves (Figs 1K; 2F). Polster’
cells are filled with tightly packed, electron-dense
and translucent vacuoles of various sizes. The nucle-
us is situated basally, numerous RER cisterns are
placed between vacuoles and in the basal part of the
cell (Figs 1K; 2F, G).

Special tendon cells are grouped between the
principal pallial cells directly above the point of
convergence of two ciliary ridges, providing attach-
ment of the adductor to the shell valves (Fig. 1F, I).
Some tendon cells were also found along with mus-
cle cells located beneath the ciliary ridges of the
atrium (Fig. 1 I). They are flattened, sometimes
forming deep folds and invaginations. Numerous
tonofilament bundles cross the electron-translucent
cytoplasm and insert into the thickened basal lamina
via several hemidesmosomes (Fig. 1J). Tendon cells
are attached to the shell by hemidesmosome-like
structures (Fig. 1J).

The biciliated supracoronal secretory cells are
columnar, with polarized cytoplasm (Figs 2F, G;
8A). Each cilium projects from the bottom of a small
pit and have a ciliary rootlet (Fig. 2G). The cyto-
plasm in the apical third of these cells is filled with
electron-translucent vacuoles of various sizes. A
large, oval, sometimes lobed nucleus is situated in
the central part of the cell, with mitochondria, RER,
and vacuoles with electron-dense content clumped
underneath. Unlike all other pallial cells, the apical
membrane of the supracoronal cells forms many
long, sometimes V-shaped (branching) microvilli,
inserted into a layer of flocculent glycocalyx above
them. When the larva is ‘relaxed’, the supracoronal
cells protrude beyond the shell margin, and the cutic-
ular “film” extends above the microvillous layer. When
the larva contracts, supracoronal cells (together with
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coronal cells) tuck under the ‘polster’ cells in such a
way that their basal laminae come into contact.

The superficial ring of cross-striated epithelio-
muscular cells is located directly between the lower
group of ‘polster’ cells and the supracoronal bicili-
ated cell ring (Figs 1K; 2G). Their cytoplasm is
electron-lucent, with many small vesicles in the
apical part, a large nucleus and a loose RER in the
central part of the cell. The myofilaments are situated
basally forming a series of sarcomeres which are
visible in our transversal sections (Fig. 1K).

Flustrellidra hispida (Figs 3; 8B)

The pseudocyphonautes larva of F. hispida
(d’Hondt, 1977a, c) is endotrophic, with a vestigial
gut, and is presumably nourished by the maternal
zooid during a 1-2 months long incubation in the
modified tentacle sheath. After release, the larva
lives up to three days in the water column before
settlement (Prouho, 1892; our data; reviewed in
Kvach et al., 2019).

The larva is bean-shaped, elongated along the
anterior-posterior axis, and laterally flattened (Figs
3A; 8B) (average height 172 um (N=4, range 157—
186 pm), length 443 pm (N=8, range 343-692 pm),
width 128 pm (N=4, range 115-122 um)). Its hypo-
spheral (oral) part is screwed inward, forming a
small atrium under the episphere (aboral hemisphere).
The apical organ is situated on the top, and the ciliary
corona lies along the edge of the epispheral base.
Laterally, the pseudocyphonautes is covered by two
translucent non-mineralized shell valves (Fig. 3A,
B). As in cyphonautes, the valves are interconnected
by the thin cuticular ‘film’ along the anterior and
posterior areas of the larval surface (Fig. 3B). This
‘film’ constitutes the outermost electron-denser lay-
er of the shell valves and expands over the corona
when the larva is ‘contracted’ (Fig. 3B, E).

The pallial epithelium comprises three cell types
(Figs 3; 8B): (1) principal pallial cells constituting
extensive fields underneath the shell valves and
between them, along larval anterior and posterior
areas (Fig. 3B-D), (2) tendon cells at the sites of
muscle attachment (Fig. 3B, C, F, G), and (3) supra-
coronal cells forming several ‘rows’ above the coro-
na (Fig. 3B, E). All pallial cells are interconnected by
the zonula adherens in their apical parts and by
numerous interdigitations (Fig. 3C, D).

The upper (except the apical organ) and lateral
sides of the larva are covered by the columnar or
trapezoidal principal pallial cells with long apical
cytoplasmic processes expanding towards the shell
(Figs 3B-D; 8B). These cells show noticeable polar-
ity in organelle distribution, usually having a large,
elongated, sometimes lobed nucleus that occupies
the lower third of the cell. Most mitochondria are
accumulated underneath the nucleus (Fig. 3D). The
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Fig. 3. Anatomy and ultrastructure of pseudocyphonautes of Flustrellidra hispida (Gymnolaemata:
Ctenostomatida) (unless stated otherwise anterior end is oriented to /eff). A—light microscopy; B — stained
semithin section, light microscopy; C—G — transmission electron microscopy. A — lateral view of living,
newly released larva (plane shown by dotted-line corresponds to section plane in B); B — oblique frontal
section through posterior region of larva showing principal pallial cells with long cytoplasmic processes,

—>



380

cytoplasm in the upper part of the cell is filled with
vacuoles, electron-lucent or with a flocculent con-
tent (Fig. 3B—D). Numerous cisterns of RER are
visible throughout the cytoplasm. Principal pallial
cells in the lower part of both lateral sides are flatter,
sometimes squamous, non-polarized, and have short-
er apical cytoplasmic processes, fewer vacuoles, and
a centrally placed nucleus (Fig. 3E). Pallial epithe-
lial cells situated along the anterior and posterior
margins of the larva in between the shell valves
contain a greater number of larger vacuoles than most
of the principal pallial cells (Fig. 3B). Majority of the
pallial cells are positioned on a very thin basal lamina;
when the larva is contracted, their basal membrane
can form folds that overlap each other.

O.N. Kotenko et al.

Special tendon cells are situated between the
principal pallial cells, attaching to the shell valves
and also being the sites of muscle attachment (Figs
3B, C, F, G; 8B). They have an irregular shape,
sometimes flattened, being sandwiched between the
shell and the muscle cells whose tonofilaments are
inserted to the thickened basal lamina below each
tendon cell via several hemidesmosomes (Fig. 3G).
On the opposite side of the basal lamina, thick
bundles of tonofilaments of the tendon cell also
attach to the hemidesmosomes (Fig. 3G). Some
tonofilaments merge together, forming dense clus-
ters in the cytoplasm. Some of them extend to the
apical membrane and connect to hemidesmosome-
like structures providing an attachment of the tendon

tendon cells and supracoronal secretory cells (note cuticular ‘film’ connecting two valves; rectangular areas
1 and 2 magnified in C, D and E correspondingly); C, D — oblique frontal sections of principal pallial cells
and tendon cell (correspond to rectangular area 1 in B; in C basal plate is underlined by black dotted line,
in D interdigitations between two cells marked by white dotted line); E — supracoronal cells with cuticular
“film’ above microvilli (note folded basal parts of cells (the area marked by white arrow) and squamous
principal pallial cell just under shell valve; coronal ring muscle between coronal and supracoronal cells (also
visible in B) marked by rose color); F— close-up of tendon cell contacting to shell showing hemidesmosomes
providing attachment to shell valve; G — tendon cell contacting to muscle cell and showing tonofilaments,
numerous hemidesmosomes and thickened basal lamina. Asterisk indicates cavity between shell and pallial
epithelium; black arrows show cytoplasmic processes of principal pallial cells and tendon cells, black
arrowheads — microvilli of supracoronal cells, white arrowheads — basal lamina.

Abbreviations: a — anterior region; aj — adherens junction (zonula adherens); ao — apical organ; at — atrium; ¢ —
corona; cf — cuticular ‘film’; crm — coronal ring muscle; me — mesenchymal cells; mu — muscle cells; oa — adhesive
organ; p — posterior region; po — pyriform organ; ppc — principal pallial cell(s); s — shell; sc — supracoronal cell(s);
sj — septate junction; tc — tendon cell(s); v — vacuole; vg — vestigial gut.

Puc. 3. Amatomus m ynabTpacTpykrypa mncespoundonayra Flustrellidra hispida (Gymnolaemata:
Ctenostomatida) (eciu He yka3aHO HHOE, TIEPEAHUI KOHEI OPHEHTHPOBAH BIIEBO). A — CBETOBask MUKPO-
ckonusi; B — okpamieHHbIH TONyTOHKMHA cpe3, cBeToBas Mukpockonus; C—G — TpaHCMHCCHOHHAs
JNIEKTPOHHASI MUKPOCKOIIHSL. A — BHJ] COOKY Ha XHBYIO, TOJBKO UTO BBIISAIIYIO M3 BEIBOJKOBOH KaMephl
JTUYUHKY (ITyHKTHPOM 0003HauYeHa IIOCKOCTH cpe3a Ha B); B — kocoit GppoHTansHblii cpe3 3aaHeil yactu
JUYMHKH, TTOKa3bIBAIOIIMN OCHOBHBIE NAJITHAIbHBIE KJIETKH C JUIMHHBIMH IUTOIUIa3MaTHYECKUMH
OTPOCTKAMH, TEHIOLIUTHI i CYyIIPAKOPOHAIBHEIE CeKPETOPHBIE KIICTKH (00paTHTe BHUMAHHE Ha KYTHKYIAPHYIO
‘IUIEHKY , COeAMHSIONIYIO IB€ CTBOPKHU PAKOBUHBI; IPsAMOYTroiibHbIe 00nactu 1 u 2 yBennuensl Ha C, Du E,
cootBercTBeHHO); C, D — KochIe (hpoHTaIBHBIE CPe3bl OCHOBHBIX MAJUIMAIBHBIX KJIETOK M TEHIOLHUTA
(COOTBETCTBYIOT MPSIMOYTOJILHOM 00nacTh 1, oTmMedenHoit Ha B; Ha C 6a3anbHast mIacTHHKA OAYEPKHYTA
YepHOH MYHKTHUPHOW JHMHHUEH; Ha D KOHTAaKTBI MeXIy ABYyMs KJIETKaMH OTMEYEHBI Oeloil MyHKTHPHOM
nHuei); E — cynpakopoHaibHbIE KIETKH ¢ KYTHKYJISIPHOH ‘IUIEHKOH HaJx MHKPOBOPCHHKaMH (oOpaTuTe
BHUMaHME Ha CKJIaJaThle 0a3aJIbHbIEC YaCTH KJICTOK (YIaCTOK OTMEUCH OeI0 CTPEIIKOI ) M Ha YIIIOICHHYIO
OCHOBHYIO MAJUTHAJIbHYIO KJIETKY HEMOCPEACTBEHHO MO CTBOPKOI PAKOBHUHBI; KOJIbIIEBAsI MBIIIIA KOPOHBI
MEXIy KJIETKaMHU KOPOHBI M CyNPaKOPOHAJIBHBIMH KJICTKaMH (Takke BHJIHA Ha B) oTMedeHa po30BEIM
1BeTOM); F — KpyIHBIN IUIaH KOHTAKTa TEHJOIUTa C PAKOBHHON, JEMOHCTPUPYIOMIUI TTOITYAeCMOCOMBL,
obecreunBaroIie KperieHne TeHA0LUTa K CTBOPKE PaKOBUHBI; G — KPYTHBIH IIaH KOHTAKTa TEHAOLUTA
1 MBIIIEYHON KJICTKH, ITOKa3bIBAIOIINI TOHO(PHUIAMEHTHI, MHOTOYHCIIEHHEIE TT0JIYIECMOCOMBI 1 YTOJIIICH-
HyI0 0a3aJIbHYIO IUIACTUHKY. 3BE3J0YKH yKa3bIBAIOT IIPOCTPAHCTBO MEXKIY PaKOBHHOW M MAJUTHATBHBIM
SMUTENNEM; YEPHBIE CTPENKM yKa3bIBAIOT Ha IMTOILUIA3MATHYECKUE OTPOCTKH OCHOBHBIX MaIHAIbHBIX
KJIETOK M TEHJOIIMTOB, YepHbIC HAKOHEYHUKN — HA MHUKPOBOPCHUHKH CYIIPAKOPOHAIBHBIX KJIETOK, Oenble
HaKOHEYHUKH — Ha 0a3albHYyIO IITACTHHKY.

O0o3HaueHus: a — TepeHNIl KOHEll; aj — aJre3uBHbIH KOHTaKT (zonula adherens); a0 — anukanbHbIi opraH; at —
aTpuyMm; ¢ — KOpOHa; cf — KYTUKYJISIpHAsK LHHCHKa’; Crm — KOJIbII€BAasA MbIIIIA KOPOHBI; M€ — ME3CHXUMaJIbHBIC
KJIETKH; MU — MBbIIIEYHbIC KJIETKH; 0a — OpraH aJre3uu; p — 3aJHUIl 0TAed; po — IPYLIEBUIHBIA OpraH; ppc —
OCHOBHas ITaJUTHAJIbHASI KJIETKA(H); S — PAKOBHHA; SC — CYIPAKOPOHAIbHAS KJICTKA(H); S] — CENTHPOBAHHBII KOHTAKT;
tc — TeHAOUMT(bI); V — BaKyOJIb; Vg — PYJAUMEHTAPHBIA KUIICYHUK.



Aboral (pallial) epithelium in bryozoan larvae

cell to the shell (Fig. 3F). In most tendon cells such
attachment zones are rather extensive (Fig. 3B).
These cells have an electron-translucent cytoplasm
with vacuoles of various sizes, numerous RER cis-
ternae and mitochondria. Some tendon cells also
form apical cytoplasmic processes.

In contrast to all other pallial cells, the supra-
coronal secretory cells have an electron-dense cyto-
plasm tightly packed with electron-dense and trans-
lucent vacuoles of various sizes in the apical part of
the cell (Fig. 3E). These cells are columnar with a
lobed nucleus situated basally in the cell. The apical
membrane forms relatively rare filiform microvilli
inserting into the flocculent glycocalyx above them.
No signs of cilia were found. Similar to the cypho-
nautes, in the ‘relaxed’ larvae the supracoronal cells
protrude beyond the shell, being covered by the
cuticular ‘film’ extending above their microvilli
(Fig. 3B, E).

Alcyonidium hirsutum (Figs 4; 8C)

The larva of 4. hirsutum is lecithotrophic, with
a vestigial gut, and is incubated in the modified
tentacle sheath (Owrid, Ryland, 1991; Wood, Seed,
1992; our data). After release, the larva swims sev-
eral hours in the water column before settlement.

The larva is hat-shaped (approximate height 195
um, average length 283 (measured without cilia) /
340 (with cilia) pm (N=25, range 220-317 um),
width at the basal part 284/339 um (N=25, range
213-310 pm) with the apical organ in the center of
the convex aboral hemisphere surrounded by a nar-
row equatorial corona, and a slightly convex flat-
tened oral hemisphere (Figs 4A, E; 8C). Larva has no
shell valves.

The pallial epithelium comprises four cell types
(Figs 4; 8C): (1) principal pallial cells (Fig. 4D-G),
(2) vacuolated (presumably secretory) cells (Fig.
4B, E, F), (3) tendon cells associated with the muscle
cells (Fig. 4B, E, G), and (4) ciliated supracoronal
cells forming three to four ‘rows’ above the corona
(Fig. 4E, H). Principal, tendon, and supracoronal
cells are positioned on a rather thick basal lamina,
whereas vacuolated cells are usually situated above
it, intraepithelially (Fig. 4B, E). Except for the apical
organ and supracoronal cells, the aboral hemisphere
is covered by a rigid cuticle that has a filamentous
structure with an electron-denser outer layer on
TEM (Fig. 4B-E, G).

The principal pallial cells constituting most of
the epithelium of the aboral surface are typically
columnar, with apical cytoplasmic processes (some
reaching the external cuticle) (Figs 4B, D, F, G; 8C).
They have an electron-dense cytoplasm and show
polarity, having basally situated mitochondria and
nucleus, whereas the apical third is filled with nu-
merous electron-dense ‘granules’ of the various siz-
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es and shapes, with filamentous contents. Several
RER cisterns are usually visible in the cell periphery.
In addition, a few yolk droplets were recorded
throughout the cytoplasm. In some of principal pal-
lial cells, the cell basal membrane forms deep invag-
inations. The principal pallial cells on the border
with the apical organ are squamous and show no
polarity. No cuticular ‘film’ expands above these
cells (Fig. 4D).

Round or oval ‘intrapallial’ vacuolated cells
generally have a small, sometimes strongly deformed
nucleus, almost totally filled with large vacuoles
with light content which is clearly released outside
the cell (Figs 4B, E, F; 8C).

As in F. hispida pseudocyphonautes, the tendon
cells of A. hirsutum larvae are spread in between the
principal pallial cells (Figs 4B, E, G; 8C). Their
shape is irregular, sometimes warped by underlying
muscle cells. The apical membrane forms microvilli
that are supported by tonofilaments and connected
with the external cuticle by very thin fibrils. Basally
these cells anchor via hemidesmosomes on the basal
lamina. The electron-translucent cytoplasm contains
the tonofilament bundles connected with either api-
cal or basal hemidesmosomes, sometimes with both.
Electron-dense ‘bodies’ visible in the cytoplasm are
presumed hemidesmosomes during their assembly
and disassembly (Fig. 4G). Some tendon cells show
large vacuoles with electron-translucent content.

Principal pallial cells are connected with each
other and with tendon cells by adherens junctions
(zonula adherens) apically, then by several interdig-
itations.

Supracoronal cells are typically columnar or
bottle-shaped with one or two presumably rigid cilia
and electron-dense cytoplasm (Figs 4E, H; 8C). The
apical membrane forms many long, branching, clav-
ate microvilli penetrating a filamentous glycocalyx
above them. Each cell shows distinct apico-basal
polarity, with a large nucleus at the cell base and
several spindle-shaped and oval granules with heter-
ogeneous content in the apical part of the cell,
seemingly releasing their content that is visible in
some TEMs. Some RER and mitochondria are scat-
tered through the cytoplasm. Supracoronal cells are
connected to neighboring cells by adherens junc-
tions (zonula adherens) in the apical part and by
interdigitations.

Tendra zostericola (Figs 5; 9A)

The larva of T. zostericola is lecithotrophic, with
a vestigial gut, and is incubated in the acanthostegal
brood chamber from less than 10 hours to two days.
After release, the larva swims from 1-2 hours to two
days in the water column before settlement (Pal-
tschikowa-Ostroumowa, 1926; Braiko, 1967; our
data).
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Fig. 4. Larval anatomy and ultrastructure of Alcyonidium hirsutum (Gymnolaemata: Ctenostomatida). A —
CLSM, fluorescent labeling with antibodies against acetylated a-tubulin (blue) and with DAPI (white)
(confocal z-projection stack); B, E — stained semithin sections, light microcsopy; C, D, F—H — transmission
electron microscopy. A — general view of larva from above showing corona and apical organ (note darker
arch-like area of adhesive organ in the posterior part of larvae and narrow ring of cilia of supracoronal cells
above corona); B — sagittal section of the upper part of larva with apical organ (anterior end is oriented to
left; white dotted-line indicates the border between pallial epithelium and underlying mesenchymal cells:
rectangular area magnified in D); C — close-up of the cuticle (or cuticular ‘film’) showing two layers —
filamentous and amorphous, and the vacuole underneath with filamentous content; D — sagittal section of
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The larva is hat-shaped (approximate height
71um, average length 104 (measured without cilia)
/118 (with cilia) um (N=11/5, range 62/105-127/
128 um), width 76/100 um (N=11/8, range 47/73—
95/119 pm)) with the convex aboral hemisphere
bearing the apical organ, which is slightly displaced
anteriorly, and a narrow equatorial corona (Figs 5B,
C; 9A). The oral hemisphere is convex, with a
massive adhesive organ (Figs 5C; 9A).

The pallial epithelium consists of (1) principal
pallial cells, and (2) ciliated supracoronal cells form-
ing at least two rows above the corona (Figs 5SC-G;
9A). All cells are connected by a zonula adherens
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and septate junctions in the apical part and via
interdigitations and are underlain by very thin basal
lamina (Fig. 5D-G).

The principal epithelial cells form a relatively
narrow ‘ring’ around the apical organ (Fig. 5C).
They are typically columnar or somewhat bottle-
shaped with electron-dense cytoplasm and polarized
distribution of organelles (Fig. 5C, D). Their apical
membrane is covered by a fuzzy, homogencous,
electron-translucent extracellular matrix (glycoca-
lyx), pierced by numerous thin cytoplasmic process-
es of various sizes and shapes (Fig. 5D, F, G).
Externally this fuzzy coat is covered by hemispher-

upper part of larva showing principal pallial cells and their cuticular cover (correspond to rectangular area
shown in B; note that cuticular ‘film’ above squamous pallial cell on the border with apical organ is absent);
E — semithin sagittal section of the larva (anterior end is oriented to /eft; the green dotted line outlines cluster
of presumptive blastemal cells; rectangular area magnified in H); F — close-up of vacuolated cell (outlined
by dotted line); G — close-up of tendon cell contacting shell and muscle cell (tendon cell detached from
cuticular layer during fixation; note tonofilaments, numerous hemidesmosomes and thickened basal
lamina); H — sagittal section of supracoronal cells corresponding to rectangular area shown in E (note
coronal ring muscle (marked by red colour) situated above supracoronal cells). Asterisk shows cavity
between cuticular ‘film’ and pallial epithelium; black arrows indicate cytoplasmic processes of pallial cells,
black arrowheads — hemidesmosomes of tendon cell in G and microvilli of supracoronal cells in H, white
arrowheads indicate basal lamina.

Abbreviations: a — anterior region; ao — apical organ; ¢ — corona; ci — cilia; crm — coronal ring muscle; cu —
cuticular ‘film’; mu — muscle cells; oa — adhesive organ; p — posterior region; po — pyriform organ; ppc — principal
pallial cell(s); sc — supracoronal cell(s); tc — tendon cell(s); v — vacuole; ve — vacuolated cell; vg — vestigial gut.
Puc. 4. AnaTomus 1 yabTpacTpyKTypa JHIUHOK Alcyonidium hirsutum (Gymnolaemata: Ctenostomatida).
A — CLSM, o¢uryopeciieHTHOe MeueHHe aHTUTeIaMHU TIPOTHB alleTHIIMPOBAHHOTO o-TyOyJIMHa (ITO0Ka3aHo
rory6sIM) 1 okpacka DAPI (rmokazano 6enbim) (z-cTek mpoekimii); B,E — okxpamenHble Moy TOHKHE CPe3Hl,
cBetoBas mukpokonus; C, D, F-H — TpancmuccuoHHast 371eKTpOHHAS MHKPOCKOMHA. A — 0OImidi BUjg
JIMYMHKH CBEPXY, IEMOHCTPUPYIOIINI KOPOHY U alTMKaJIbHBII opraH (00paTuTe BHUMaHKeE Ha 6oJiee TEeMHYIO
00J1aCTh CEKPETOPHBIX KIIETOK a[r€3MBHOT0 OpraHa B BUJIE aPKH B 33 JHEI YaCTH JININHKH U Ha y3KOE KOJIBIIO
PpEeCHHUYEK CYNPaKOPOHATIBHBIX KJIETOK HaJl KOPOHOW); B — carutTanbpHbIil cpe3 BepXHEW 4acTH JINYUHKU B
00J1acTH anMKaIbHOTo opraHa (IIepeAHui KOHel OPUSHTHPOBAH BJIEBO; Oenasi MyHKTHPHAsI JIMHUS [T0Ka3bI-
BAaeT IPAHUIly MEX/y HMaJUITHAIEHBIM JIHUTEIHEM H JeKAMUMH HIDKE ME3CHXUMHBIMHU KJICTKAMH; MIPSIMOY-
rojgpHas obmactb yBenmyeHa Ha D); C — KpymHBIA IJIaH KYyTHUKYJBl WIH KyTHKYJSIPHOW ‘TUIEHKH ,
JEMOHCTPUPYIOLIMI aBa Ci0si — (QUIAMEHTO3HBI W aMOpP(HBINA, U BaKyoJlb CHH3Y C (HIAMEHTO3HBIM
COJICPKIMBIM; D — carutranbHbI cpe3 BepXHEH YacTH JIMYUHKH, JIEMOHCTPHPYIONINH OCHOBHBIE TTAJIIH-
aNbHbIE KIETKH U UX KyTUKYJISIPHBIH MOKPOB (COOTBETCTBYET MPSMOYTONbHOM obOmactu Ha B; oOpaTtute
BHHMMAaHUE, YTO KyTUKYJIApHAs ‘TJIeHKa OTCYTCTBYET HaJl IUIOCKOM MainalbHOM KJIETKOH Ha rpaHHMIle C
aNMKAIBHBIM OpraHoM); E — Moy TOHKHMI caruTTanbHBIN Cpe3 IMYHHKY (TIepeHUH KOHEIl OPHEHTHPOBAH
BJIEBO; 3€JICHAsI ITyHKTHPHAS JIMHHS OUYEPUUBAET CKOIIEHUE TPE3yMITUBHBIX OJACTEMHBIX KIETOK; YEPHBII
npsIMOYTOJIbHAs 00J1acTh, yBennueHHas Ha H); F — kpymHbIif uian BakyoJIn3upoBaHHOMN KieTkH (00BeaeHa
ITyHKTHPHOU JmHUeH); G — KPyNHBIH IUIaH TEHAONUTA, KOHTAKTHPYIOMIETO ¢ PAKOBUHOM M MBIIICYHOMN
KJIETKOH (TEHAOIMT yTPATHI KOHTAKT C KyTHKYJIOH pH (puKcannu; o0paTuTe BHUMaHKUE HAa TOHO(HIaMEH-
Tbl, MHOTOUHUCJICHHbIE T€éMHIECMOCOMBI M YTOJIILEHHYI0 0a3aJibHYIO IIIACTUHKY); H — carutranbsHelil cpe3
CYIIPAaKOPOHAIBHBIX KIICTOK (COOTBETCTBYET IPSIMOYroibHOHM obnactu Ha E; oOparure BHUMaHHMe Ha
KOIIBIIEBYIO MBIIIITY KOPOHBI (OTMEUEHa KPACHBIM I[BETOM), PACIIONO0KEHHYIO HaJl CyNpPaKOpOHAIbHBIMU
KJIETKaMH). 3BE3/I0YKH YKa3bIBAlOT Ha MPOCTPAHCTBO MEX/IY KYTHKYJIOH M MaJUIMAIBHBIM JIIUTEINEM;
YEepHBIE CTPEIIKY YKA3bIBAIOT HA [IUTOINIA3MATHIECKUE OTPOCTKH OCHOBHBIX ITAJTHAIBHBIX KJIETOK, YePHBIC
HaKOHEYHUKH — Ha TOJIyJIECMOCOMBI TEHAOUUTOB Ha G M HA MUKPOBOPCHHKH CYIPAaKOPOHANBHBIX KIETOK
Ha H, Gesible HAKOHEUHUKH yKa3bIBAalOT Ha 0a3ajbHYIO IUIACTHHKY.

O6o3HaueHus: a — Hepez[m/lﬁ KOHEII; a0 — aNUKaIbHBIN opras; ¢ — KOpOHa,; ci— PECHUYKH; CTM — KOJIbLIE€BAs MbIIIIA
KOPOHBI; CU — KYTHKYJISIpHast 'TUIEHKA ; MU — MbIIIEYHbIE KIETKHU; 0a — OpraH aJiIre3uu; p — 3aJHUI KOHEell; po —
IPYIICBUAHBIH OpraH; ppc — OCHOBHas HaJIHaJIbHAs KIETKA(H); SC — CyIpaKopOHaIbHas KJIETKA(!1); tC — TEHJIOLHUT;
V — BaKyOllb; VC — BaKyOJM3UPOBAaHHAsI KJIETKA; Vg — PYJUMEHTApHBIA KUIICYHUK.
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Fig. 5. Larval anatomy and ultrastructure of Tendra zostericola (Gymnolaemata: Cheilostomatida). A, B—
CLSM, fluorescent labeling with antibodies against acetylated a-tubulin (A, B, white) and with DAPI (B,
blue) (confocal z-projection stack); C — stained semithin section, light microscopy; D—-G — transmission
electron microscopy. A — general view of larva from above showing cilia of apical organ (in the center),
rigid cilia of supracoronal cells and corona; B — lateral view of larva showing its hat-like shape (note cilia



Aboral (pallial) epithelium in bryozoan larvae

ical ‘caps’ with peripheral ‘striation’; the cytoplas-
mic processes do not reach them (Fig. 5D, F, G).
Many small vacuoles with electron-translucent con-
tent are present below the apical membrane (Fig. 5D,
F, G). The elaborated RER forms plentiful strands
and whorls in the basalmost as well apical parts of the
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al short clavate microvilli embedded in a thin fila-
mentous glycocalyx (Fig. 5E). The cytoplasm is
electron-translucent with some RER, electron-light
vacuoles, large granules with heterogeneous con-
tent, and scattered mitochondria. The oval nucleus
occupies the basal part of the cell (Fig. 5D, E).

principal pallial cells around the dense lipid droplets
and elsewhere (Fig. SD-F). The nucleus is situated
basally in the cell. The apical part of these cells also
contains prominent Golgi complexes and some mi-
tochondria (Fig. 5G). Electron-dense and electron-
translucent granules of various sizes and shapes,
some with filamentous content, are scattered through-
out the cytoplasm (Fig. 5D).

Supracoronal cells are typically cuboidal and
presumably monociliated (Figs 5D, E; 9A). Rigid
cilia project from the bottom of small ‘pits’ and have
no ciliary rootlet. The apical membrane forms sever-

Juxtacribrilina annulata (Figs 6; 9B)

The larva of J. annulata is lecithotrophic, incu-
bated in the ovicell. Afterrelease, it swims 1-2 hours
before settlement (Ostrovsky, 1998a; Nekliudova et
al., 2019b; our data).

Theliving larvais barrel-shaped, elongated along
the oral-aboral axis (average height 182 um (N=14,
range149-220 um), length 215 (measured without
cilia) /264 (with cilia) pm (N=12/7, range 187/210-
233/288 pm), width 191/238 um (N=18/9, range
158/215-212/271 pm)), with densely ciliated wide

of apical organ and rigid cilia of supracoronal cells facing upwards relative to corona); C — sagittal section
oflarva (anterior end is oriented to /eff; white dotted line frames ‘ring’ of principal pallial cells between apical
organ and supracoronal cells; note thick layer of extracellular matrix above principal pallial cells; rectangular
area magnified in D); D — sagittal section of principal pallial cells and supracoronal cells (image
corresponds to rectangular area in C; note cross-sectioned coronal nerve at base of corona cells marked by
green colour); E — sagittal section of two supracoronal cells; F, G — sagittal section of principal pallial cells
(note external extracellular matrix, consisting of glycocalyx and hemispherical “cups” (presumably,
remnants of fertilization envelope)); G, inset — close-up of cell contacts between pallial cells. Black arrows
show cytoplasmic processes of principal pallial cells, black arrowheads — microvilli of supracoronal cells,
white arrowheads — basal lamina.

Abbreviations: a — anterior region; aj — adherens junction (zonula adherens); ao — apical organ; ¢ — corona; ci —
rigid cilia of supracoronal cells; crn — coronal ring nerve; gl — glycocalyx; oa— adhesive organ; p — posterior region;
ppc — principal pallial cell(s); rer — rough endoplasmic reticulum; sc — supracoronal cell(s); sj — septate junction;
vg — vestigial gut.

Puc. 5. Anaromus u yapTpacTpyKTypa THIHHOK Tendra zostericola (Gymnolaemata: Cheilostomatida). A,
B — CLSM, ¢ayopecuieHTHOE MEYEHHE aHTHTEIaMHU MPOTHUB aleTHIUPOBAHHOTO 0-TyOynuHa (A, B,
noka3zano 6ensiM) 1 DAPI (B, mokaszano rony0bim) (z-CTeK mpoeknuii); B — okpalieHHbIi MOy TOHKHUH
cpes, cBeToBasi MHKpockonusi; D-G — TpaHCMUCCHOHHAS AJIEKTPOHHAST MUKPOCKOMHUS. A — OO BHL
JUYUHKA CBEPXY: PECHUYKH alMKaIbHOTO OpraHa (B IIEHTPE), PUTHAHBIE PECHUYKH CYHNPaKOPOHAIBHBIX
KJIETOK ¥ KopoHa (Ha nepudepun); B — Bux inunHKN cOOKY, AEMOHCTPUPYIOIINIT € IUISIIOBHIHYO GOopMy
(oOpatuTe BHIMaHNE Ha PECHIYKH allMKAILHOTO OpraHa (BBEpXY) M PUTHIHBIE PECHUUKHI CYNPaKOPOHAIIb-
HBIX KJIETOK, OOpalleHHbIe KBEPXY OTHOCHUTENBHO PeCHUUEK KOPOHBI); C — caruTTaabHBIN Cpe3 JTMIHMHKI
(mepeiHU KOHEI OPUEHTHPOBAH BIIEBO; Oejasi MyHKTUPHAs JMHUS 00pamiisieT “KOJbIO” M3 OCHOBHBIX
TTAJUTHATIBHBIX KJIETOK MEX/Ty alliKaJIbHBIM OPraHOM M CYIPaKOpOHAIBHBIMHU KIETKaMH; 00paTUTe BHUMA-
HHUE Ha TOJICTHINA CIIOH SKCTPALEIUTIONAPHOTO MaTpuKca (TIIMKOKAINKCa) HaJl OCHOBHBIMH NAIITHAIbHBIMU
KJIETKaMH; IPSAMOYTO/bHas 00J1aCTh MOKA3bIBAET YYaCTOK, yBeIMUeHHbIH Ha D); D — carurranbHelit cpes
OCHOBHBIX TAJUTHAIBHBIX KJIETOK M CYIPaKOPOHAIBHBIX KJICTOK (H300pa)KeHIe COOTBETCTBYET IIPSIMOYTOJIb-
HOii obnacti Ha C; oOpaTuTe BHUMaHHE HAa HEPB KOPOHBI, MEpepe3aHHbIN MOonepeKk (OTMEUYEH 3eJICHBIM
nseToM)); E — carurtanbHbll cpe3 IByX cynpakopoHalbHBIX KieTok; F, G — caruTranbHblii cpes
OCHOBHBIX MNMaJUIMAJBHBIX KIETOK (0OpaTWTe BHUMAaHHE Ha HApPYXXHBIH IKCTPAIEIUIIONISPHBIA MaTpHKC,
COCTOSIIINN U3 TIINKOKAJIMKCA U Moaycheprudyeckux “yameuek” (MpeanoIoKUTeIbHO, OCTATKOB 000I0UKH
omo0TBopeHus)): G, BCTaBKa —. KPYIHBIM IUIaH MEXKJICTOYHBIX KOHTAKTOB MEXIYy NaIHaJIbHBIMU
KJIeTKaMH. YepHBIE CTPENKH yKa3blBAalOT HA IMTOIUIA3MAaTHYECKHE OTPOCTKH OCHOBHBIX IMaJUTMANIBHBIX
KJIETOK, YePHBIE HAKOHEUHHKN — HAa MEKPOBOPCHHKH CYNPaKOPOHAIBHBIX KIETOK, O€/Tble HAKOHEUHUKN —
Ha 0a3aJbHYIO IUIACTHHKY.

O0o03HaueHNs: a — NEepeaHN KOHeIl; aj — aJre3uBHBII KoHTakT (zonula adherens); a0 — ammMKanbHbIA OpraH; ¢ —
KOPOHA; Cl — PUTH/IHBIE PECHUYKH CYNPAKOPOHAIBHBIX KJIETOK; CIN — KOJIBLEBOI HEPB KOPOHBI; gl — TIIMKOKAIIMKC;
0a — OpraH aJire3uu; p — 3aJHUI KOHEIl, ppC — OCHOBHAs MaJuIHalibHas KieTka(n); rer — mepoxosaras DIIC; sc —
CynpakopoHaibHasd KHeTKa(I/I); Sj — CeHTHpOBaHHLIf/‘I KOHTAaKT; Vg — pyI[I/IMeHTapHLII‘/’I KHIICYHUK.
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Fig. 6. Larval anatomy and ultrastructure of Juxtacribrilina annulata (Gymnolaemata: Cheilostomatida). A —
CLSM, actin filaments staining with fluorescent phalloidin (confocal z-projection stack); B, C — stained
semithin sections, light microscopy; D — transmission electron microscopy. A — general view of larval
posterior side; B — frontal section of larva as in A (note part of muscle band attached to underside of pallial
epithelium; white dotted line frames deep depression of principal pallial cells with slit-like pallial sinus
(visible to left); C — sagittal section of larva (anterior end is oriented to /eff; white dotted line frames deep
depression of principal pallial cells with slit-like pallial sinus; note short rigid cilia of supracoronal cells
facing upwards); D — supracoronal cells (shown by white dotted line in same orientation as in C). Black
arrowheads indicate microvilli of supracoronal cells.

Abbreviations: a — anterior region; ao — apical organ; ¢ — corona; ci — short rigid cilia of supracoronal cells; mu —
muscle cell(s); oa— adhesive organ; oe — oral epithelium; p — posterior region; po — pyriform organ; ppc — principal
pallial cell(s); ps — pallial sinus; sc — supracoronal cell(s).

Puc. 6. AHaTOMUS U yIBTPACTPYKTypa THUHHOK Juxtacribrilina annulata (Gymnolaemata: Cheilostomatida).
A — CLSM, okpacka akTHHOBBIX (MIIAMEHTOB (DITyOpeceHTHBIM (haNIONANHOM (Z-cTek npoeknuii); B, C
— OKpAILICHHBIE TIOJIyTOHKHE CPe3bl, CBETOBas MHUKPOCKOMUs; D — TpaHCMUCCHOHHAS JIEKTPOHHAS
MHUKPOCKOIHsL. A — 00K BUJ TMYUHKY c3aau; B — GpoHTanbHbIi cpe3 mnunHKH, Kak Ha A (oOpartuTte
BHUMaHME Ha KPETUICHHE MBIIIEYHOTO MyYKa K HIDKHEH 9acTH MaTHAIbHOTO SIMHUTENHS; Oerast MyHKTHPHAast
JIHUS TOKA3bIBAeT IITyOO0KOE BIITYNBAHNE OCHOBHBIX KJICTOK MAJUTHATLHOTO SITUTEINS, [IEJICBH/HEIA CHHYC
BujieH cieBa); C — caruTTalbHbIA cpe3 IMYMHKY (TTepeHII KOHEeI] OPUEeHTUPOBAH BIICBO; Oeast yHKTHP-
Hast TMHUS TTIOKa3bIBAET NTy0OKOE BIISTYUMBAHNE OCHOBHBIX MAJUTHATIBHBIX KJIETOK CO IEIEBUIHBIM CHHYCOM;
oOpaTuTe BHIMaHHE Ha KOPOTKHE KECTKHE PECHUIKH CYPAKOPOHAIBHBIX KIIETOK, 00paIieHHbIe BBepX); D —
CyIIpaKOpOHAJIbHEIE KIETKH (TOKa3aHbl OO IyHKTHPHOHW JMHHEH, opueHTarust cootBercTByeT C).
UepHBIMH HAaKOHEYHHKAMH MTOKa3aHbl MUKPOBOPCHHKH CYIPaKOPOHAIBHBIX KIIETOK.

O0o3HaueHus: a — MEepPeJHUI KOHEell; a0 — aNKMKaJbHBIH OpraH; ¢ — KOPOHA; CI — KOPOTKHE PUTH/IHBIC PECHHUYKH
CyNpaKOPOHAIIBHBIX KJIETOK; MU — MbIIIeYHast KJIeTKa(1); 0a — OpPraH aJire3ui; 0¢ — OPaIbHBII SMUTENNI; p — 3aJHUI
KOHEILl; pO — TPYLIEBUIHBIA OpraH; ppc — OCHOBHAs NaJUIMANIbHASL KJIETKA(M); pS — MaIMAIbHBIA CHHYC; SC —
CyIpaKopoOHanbHasl KIeTKa(H).
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corona occupying most of the larval surface except
the large apical organ and oral hemisphere (Figs 6A,
B; 9B). The apical organ and corona limit the pallial
epithelium to a narrow ring zone composed of supra-
coronal cells, whereas the principal pallial cells are
almost totally submerged forming a deep pallial
sinus occupying the large part of the aboral hemi-
sphere interior (Figs 6A—C; 9B).

The pallial epithelium consists of (1) principal
pallial cells (Figs 6B, C; 9B) and (2) supracoronal
cells (Figs 6A-D; 9B). The apical organ is surround-
ed by a conspicuous, deep depression of the pallial
epithelium (pallial sinus) with a slit-like lumen (Figs
6B-D; 9B). A collarette of approximately 2—4 rows
of superficial supracoronal cells is situated between
the principal pallial cells and coronal cells (Fig. 6A—
D). Both pallial and supracoronal cells are underlain
by the thin basal lamina.

Principal pallial cells are mostly columnar or
bottle-shaped with distinct polarity (Fig. 6B, C). The
basal nucleus opposes the apical part of the cell with
well-developed RER and numerous electron-lucent
vacuoles. These cells secrete a fuzzy extracellular
organic matrix filling the sinus (Fig. 6B). The apical
membranes of the pallial cells at the sinus opening
form short, interfolded cytoplasmic processes. The
peripheral pallial cells that adjoin the supracoronal
cells are flat and lack polarity. Supracoronal cells are
‘superimposed’ on these flattened cells (Fig. 6C, D).

Supracoronal cells are columnar, also exhibiting
apico-basal polarity with lipid granules at the cell
base, a central elongated nucleus, and electron-
dense yolk platelets above it; some small electron-
dense and lucid vesicles are located in the apical part
of the cell (Fig. 6B-D). Their apical membrane
forms numerous branched clavate microvilli embed-
ded in the glycocalyx (Fig. 6D). At least some
supracoronal cells bear cilia (Fig. 6C). Peripheral
supracoronal cells adjoin the coronal ciliated cells
by zonula adherens in the apical part. Confocal
images show distinct actin filaments beneath the
plasmalemma in these cells (Fig. 6A).

Patinella verrucaria (Figs 7; 9C)

The endotrophic larva of P. verrucaria is incu-
bated intracoelomically in the colonial incubation
chamber, and is nourished via the placenta (Borg,
1926; Nekliudova et al., 2021). After release, it lives
about 1 hour before settlement (our data).

The larva is round (the bilateral symmetry is
obscure) (average height 105 pm (N=13, range 76—
117 pm), width or diameter 99 (measured without
cilia)/138 (with cilia) pm (N=16/12, range 82/107—
112/154 um)) with two invaginations on the oppo-
site poles — the apical one and the adhesive organ
(Figs 7A, B; 9C). The coronal ciliary epithelium
occupies almost the entire larval surface except for
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the upper central part of the aboral hemisphere (Figs
7A, C; 9C). A deep apical invagination of the pallial
epithelium is situated in the center of the upper
hemisphere. The walls of this cavity are covered by
a thick folded cuticle, leaving only a few slit-like
spaces (Fig. 7C, F). Pallial cells are loosely packed;
the basal plate is absent (Fig. 7D-F).

In the pallial epithelium at least four cell types
can be recognized: (1) principal pallial cells (Figs
7D-F; 9C), (2) intrapallial cells with lysosomes
(Figs 7C, D; 9C), and poorly differentiated (3) infra-
pallial cells (Figs 7C, D; 9C) and (4) subpallial cells
(Fig. 7C, E).

The principal pallial epithelium lines a cupped
invagination with inwardly curved edges and a con-
vex bottom (Fig. 7C). The overall cell shape is
prismatic, cuboidal, or columnar, whereby the apical
membrane facing the cuticle forms numerous long,
wide and narrow cytoplasmic ‘processes’ corre-
sponding to the folds of the cuticle (Fig. 7F). Most of
these cells exhibit an electron-dense cytoplasm and
large nucleus, elaborated RER, free ribosomes, mi-
tochondria, and numerous vacuoles of various sizes,
especially in their apical part adjacent to the cuticle.
The cuticle average width is 11 pum. It is stratified
with an electron-denser outer layer (Fig. 7F).

Intraepithelial cells with characteristic oval and
round lysosome-like and endosome-like vacuoles of
various sizes, with dark and light-gray content
(metachromatically stained with Richardson tech-
nique indicating the acidic content) and uneven
boundaries, were recorded near the curved edges of
the apical invagination between the principal pallial
cells (Fig. 7C, D). These cells varied in shape and
size, with their basal part containing the nucleus and
most of the lysosomes, being embedded between
other pallial cells, while the apical part reached the
cuticle.

The basal parts of some principal pallial cells and
intrapallial cells with lysosomes along the edges of
the invagination were surrounded by numerous cu-
bic infrapallial cells forming from two to several
layers (Fig. 7C, D). They surround the invagination
of the aboral hemisphere including the invagination
‘neck’ and obturating the opening of the apical
invagination. No principal pallial cells are present
around the ‘neck’. The outermost infrapallial cells
constitute the apical larval surface, also forming
wide, flattened processes covered by the glycocalyx,
which is penetrated by long thin sparse microvilli
(not shown in Figure 7). Some of these cells are
connected to the coronal cells. Some infrapallial
cells from the deeper layers form cytoplasmic pro-
cesses wedging between the neighboring cells in-
cluding the coronal ones, and sometimes extending
inside the cuticle (Fig. 7C). Except for the superficial
infrapallial cells, most of these cells are apparently
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Fig. 7. Larval anatomy and ultrastructure of Patinella verrucaria (Stenolaemata: Cyclostomatida). A — light
microscopy; B — CLSM, fluorescent labeling with DAPI (confocal z-projection stack); C — stained
semithin section, light microscopy; D-F — transmission electron microscopy. A — general side view of
larva showing apical invagination (note non-ciliated upper central part of aboral hemisphere), adhesive
organ (both outlined by dotted lines) and corona; B — side view of the larva showing positions of apical
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non-differentiated, having a high nuclear-cytoplas-
mic ratio, an electron-dense cytoplasm with numer-
ous free ribosomes, and a large nucleus.

Similar non-differentiated cells are visible be-
tween the principal pallial cells and the adhesive
organ (Fig. 7E). We were unable to establish their
connection to infrapallial cells, so we called them
subpallial, based on their position. Basally subpal-
lial cells are separated from cells of the adhesive
organ by a narrow zone filled with numerous cyto-
plasmic ‘processes’ of currently uncertain nature.

Numerous bacteria were detected between the
cilia of the corona on our TEM images (Fig. 7D).

Discussion

Position of the pallial epithelium

In accord with the published data, our study
showed that larvae from different clades mark-
edly vary in size and shape as well as in shape
and relative size of the aboral (epispheral) part
of the outer epithelium, corona, and oral (hypo-
spheral) part of the outer epithelium. In some
gymnolaemates, larval episphere is convex, with
the pallial epithelium sometimes secreting an

389

organic (e.g., in Flustrellidra. hispida) or pre-
sumably slightly mineralized (e.g., Electra pi-
losa) protective shell (d’Hondt, 1977a, 2012;
Zimmer, Woollacott, 1977a; Reed, 1991). In
many myolaemate larvae, it is entirely or partly
invaginated, forming a sinus between the apical
organ and the corona or, in cyclostome larvae, a
large invagination of the entire aboral epithelium
(Nielsen, 1970; d’Hondt, 1977a, 1997; Zimmer,
Woollacott, 1977a; Reed, 1991). Invaginated
pallial epithelium clearly shows a derived state.

We found that in Alcyonidium hirsutum,
similarly to E.pilosa and F. hispida, the pallial
epithelium forms almost the entire larval epi-
sphere and never folds inwards/submerses.

In Tendra zostericola, the pallial epithelium
is partially ‘immersed’ consisting of elongated,
bottle-shaped cells with narrow apical parts
facing the external environment and wider basal
parts situated considerably deeper than the sur-
rounding epithelial cells. Similar immersion is
met in the larvae of some species from the genus
Alcyonidium (see textfig. 3 in Seeliger, 1906;
fig. 33 in Prouho, 1892; d’Hondt, 1973).

invagination and adhesive organ; C — longitudinal section of larva in position similar to A (white dotted
line shows outer border of apical invagination; black arrows indicate cytoplasmic processes of principal
pallial cells; black square shows area magnified in D); D — part of larva (corresponding to square area in
C) showing various cell types (intrapallial cells with presumed lysosomes marked by yellow color; note
numerous bacteria on larval surface); E — area beneath apical invagination and just above adhesive organ,
showing principal pallial cells and subpallial undifferentiated cells (white arrows show numerous cytoplasmic
“processes” in area between subpallial epithelium and adhesive organ); F — close-up of processes of
principal pallial cell ajoined cuticle (note slit of apical invagination).

Abbreviations: ai — apical invagination; b — bacteria; ¢ — corona; c¢i — cilia; cu — cuticle; ic — infrapallial cells;
lic — intrapallial cell(s) with lysosomes; oa — adhesive organ; oac — cells of the adhesive organ; ppc — principal pallial
cell(s); sbc — subpallial cell(s).

Puc. 7. AnaTomus 1 yeTpacTpyKTypa TMInHOK Patinella verrucaria (Stenolaemata: Cyclostomatida). A —
cBeroBasgs Mukpockommsi; B — CLSM, ¢umyopecuentnoe medenue ¢ ucnoib3oBanueM DAPI (z-ctex
npoekiyn); C — OKpalleHHBIH MOJYTOHKUH cpe3, cBeToBas Mukpockonus; D-F — tpancmuccnonnas
JIEKTPOHHAS! MUKPOCKOIHSI. A — OO BHJI IMYMHKH, TOKa3bIBAIOIINI allMKaIbHOE BITYUBAHUE, OPTaH
anre3un (00a 00BEICHBI Ty HKTHPHBIMHE JIMHUSIMH ) K KOPOHY (00paTHTe BHUMAHIE Ha BEPXHIOIO IEHTPAILHYTO
yacTh a00paIbHOTO MOy AU, TULIICHHYI0 peCHIYEK); B — o0uuii Bua TMYMHKH (S11pa KJIETOK TOMEYEHBI
DAPI), noka3bIBaronuii mojoxeHnue aluKaibHO MHBarMHAIIMN U aAre3uBHOTO oprana; C — IpoIoJIbHBIN
Cpe3 JIMYUHKK B TIOJIOXKEHHHM, aHAJOTMYHOM A (Oenas MyHKTHpHAs JMHHUS OTPAHUYMBACT AMHKAILHOE
BIISTYMBAHUE; YEPHBIE CTPENIKM YKa3bIBAIOT HA I[UTOIUIA3MATHYECKUE OTPOCTKU OCHOBHBIX MaJUIHAIBHBIX
KJIETOK; YepHBIM KBaJPaTOM OTMEUCH Y4acTOK, yBeIHUeHHbIH Ha D); D — 9acTh TMYMHKH, COOTBETCTBYIO-
1mast KBaJpaTHoi o6nactu Ha C; BUIHBI PAa3IUYHBIC THITH KJICTOK (BHYTPHIAIUIHAIBHBIC KIETKH C IPEATIO-
JIaraeMbIMHU JIN30COMaMU, OTMEUEHBI JKEIThIM I[BETOM); 00paTUTe BHUMaHNE Ha MHOTOYHCIIEHHBIE OaKTe-
pHUU Ha MOBEPXHOCTH JINUMHKH; E — 00:1acTh 10/ anMKaIbHBIM BIITYMBAHUEM UYTh BBIIIE aATe3MBHOTO
opraHa; BUIHBI OCHOBHBIC NaJUIMANbHBIC KICTKH M cyOnanuanbHble HemuddgepeHnnpoBaHHBIE KIETKH
(Oenble cTpENKH YKa3bIBalOT HA MHOTOUHCIICHHbIE IIUTOIIA3MAaTHUECKHE “OTPOCTKH MEXK Ly CyOnananaib-
HBIM SIIUTEIIEM H a/Ir€3UBHBIM OPraHoM); F — KpyIHBIH IIJIaH OTPOCTKOB OCHOBHBIX MAJUTHATIBHBIX KIETOK,
MIPIJICTAIONINX K KYTHKYJIe (0OpaTuTe BHIMaHNE HA IIENb allHKaJbHOTO BIITIMBAHMSA).

O0o03HaueHNUs: ai — anMKaJIbHOE BISTYMBaHKE; b — OaKTepuH; ¢ — KOPOHa; CU — KYTHKYJIa; i¢ — HH}pananiaibHbie
KJIIeTKH; lic — BHyTpUIaiumainbHast KJIeTKka(H) ¢ IM30COMaMy; 0a — OpPraH aAre3nH; 0ac — KJICTKHU a/[Ire3MBHOT0 OpPraHa;
Ppc — OCHOBHAs najulMalibHas Kietka(u); sbc — cyOnamanpHas kieTka(u).
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Fig. 8. Schematic representations of cyphonautes of Electra pilosa (A), pseudocyphonautes of Flusrellidra
hispida (B) and hat-shaped larva of Alcyonidium hirsutum (C); anterior ends are oriented to /eft; internal cilia
omitted; different colours show supposed homology of parts of pallial epithelium of larvae in different
species, as well as supposed homology of different cell types. A — left — lateral view (left shell valve
omitted), right — frontal view from posterior end (cilia omitted) showing various cell-types of pallial epithelium;
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In contrast, in Juxtacribrilina annulata (as
in closely related species J. corbicula
(O’Donoghue et O’Donoghue, 1923) and many
other coronate larvae, see d’Hondt, 1977a; Zim-
mer, Woollacott, 1977a; Reed, 1991), the pal-
lial epithelium is almost totally invaginated,
forming a more or less deep ring-shaped groove
(pallial sinus) with a slit-like cavity that commu-
nicates with the external environment. The bot-
tle-shaped principal pallial cells line this sinus
and their apically narrowed parts face the slit.

In Patinella verrucaria and other studied
cyclostome larvae, whose aboral hemisphere
bears a deep invagination (d’Hondt, 1977b;
Zimmer, Woolacott, 1977a; Nielsen, 1970;
Nielsen et al., 2019), only a small hole remains
on the top; the apical organ is missing. Similar
to coronate larvae, the invagination is lined with
the principal pallial cells.

Altogether, the immersion of the pallial ep-
ithelium in the myolaemate larvae can be con-
sidered as an evolutionary trend with cyclos-
tome larvae showing its ultimate stage. It should
be mentioned that at the initial stages of devel-
opment the pallial epithelium is not invaginated
in the cyclostome larva and a cuticular cap can
be seen at its top (Nielsen, 1970).

The submersion of the pallial epithelium is
accompanied by an enlargement of the corona
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that often spreads over almost entire larval sur-
face. A noticeable increase in the area of loco-
motory corona relative to the rest of the larval
outer epithelium is unlikely connected with a
distant larval dispersal involving long-term
swimming, since both coronate and cyclostome
larvae spend in the water column from several
minutes to a few hours before settlement. We
hypothesize that these transformations of the
larval outer epithelium presumably correlate
with the multiple independed emergence of
embryonic incubation in Bryozoa (for reviews
see Ostrovsky, 1998a, b, 2013a; Ostrovsky,
Taylor,2004,2005; Schwaha et al.,2018,2019,
2020; Nekliudova et al., 2021). It was assumed
that the acquisition of incubated lecithotrophic
larvae, based on the shift from small oligoleci-
thal to large macrolecithal oocytes could cause
problems when large eggs had to be delivered to
the brooding site via tiny coelomopore, at least
in some species (Silén, 1945); Strém, 1977;
Ostrovsky, Porter, 2011; Ostrovsky, 2013a).
Note, however, large oocytes quickly pass
through the coelomopore without squeezing in
Fenestrulina malusii (Audouin, 1826) (Niels-
en, 1981). One more problem is how the mature
larva can release out of the incubation chamber
with relatively small opening (Nielsen, 1981;
Reed, 1991). It is also important to note that in

B — left — lateral view, right — frontal view from posterior end showing various cell-types of pallial
epithelium; C — /eft — lateral view, dotted line marks part of pallial epithelium enlarged in right, right —
part of the pallial epithelium showing various cell types; coronal cilia cut off.

Abbreviations: ae — aboral (pallial) epithelium; an — anus; ao — apical organ; at — atrium; bl — basal lamina; ¢ —
corona; cf — cuticular ‘film’; cm — cross-striated epitheliomuscular cell(s); cr — ciliary ridge(s); crm — coronal ring
muscle; csc — ciliary secretory cell(s) of anterior and posterior marginal areas between valves; cu — cuticle; oa —
adhesive organ; oe — oral epithelium; pc — ‘polster’ cell; ph — pharynx; po — pyriform organ; ppc — principal pallial
cell(s); s — shell; sc — supracoronal cell(s); spc — suprapallial secretory cell(s); st — stomach; t — ciliary tuft of
pyriform organ; tc — tendon cell; ve — vacuolated cell; vg — vestigial gut.

Puc. 8. Cxemartnueckue m3obpaxenus nuponayra Electra pilosa (A), ncesnonmbonayra Flusrellidra
hispida (B) n nuisnoBuaHo# nuanHku Alcyonidium hirsutum (C); mepeaHne KOHLBI OpPUSHTUPOBAHEI BIICBO;
BHYTPEHHHE PECHUUKHU He IT0Ka3aHbl; pa3IMYHBIMU [[BETaMH II0Ka3aHbI IIpeiriojaraeMas FoMoJIOrus 4acTel
MaJUIMATBHOIO SIUTEINS JINYMHOK Pa3HbIX BUOB, a TAKXKe Ipe/oaraeMasi ToOMOJIOTHsI pPa3INYHbIX TUIIOB
KIETOK. A — cieéa — B COOKY, cnpasa — BUJ C 3aIHETO KOHIA (TIOKa3aHbl PA3IMYHBIE THITHI KIETOK
NaJUTHaIbHOTO d1HTeNNs); B — ciesa — BUI cOOKyY, cnpasa — B ¢ 3a/1HET0 KOHIIA (TIOKa3aHbl pa3InyHbIe
THUTIBI KJIETOK TaJTHabHOTO dnutenus); C — cieéa — B COOKY, IYHKTUPHOU JTMHHEH OTMEUYCH Y9aCcTOK
MAJUTHAIBHOTO SIHTENNS, IOKa3aHHBIA CIpaBa, cnpasa — y4acTOK MaJUTHAIBHOTO AMUTENHUS (ITOKa3aHbI
pa3iIUYHbIC TUIB! KJIECTOK, PECHUYKH KOPOHBI OOpE3aHbl).

O06o03HaueHys: ae — abopabHbIH (MaJUIHAIBHBIN ) SIIUTEIIHH; an — aHAIBHOE OTBEPCTHE; a0 — alMKAIBHBIH opraH; at —
atpuym; bl — 0Oa3anpHas IUIaCTHHKA; ¢ — KOpoHa; cf — KyTHKyJsipHas ‘IUIeHKa’; cm — IONEPEe4HOIoaocarTas
SITUTEJINAJIBHO-MBIIICYHAsA KHCTKa(I/I); CI' — PECHUYHBIC I‘p€6HI/I; Crm — KOJIbII€Bas MbIIIIAa KOPOHBI; CSC — PECHUYHBIC
CEKPETOPHBIC KJIETKU MEPETHEr0 U 3a/HEr0 yYacTKOB SIUTEIHNS MEKAY CTBOPKAMH PAaKOBHHBI; CU — KYTHKYJIA; 0a —

OpTaH aJire3uH; 0€ — OPATBHBIH AIUTENNIT; pc — “HOIYIIKOBUIHAS KJIETKA; ph — IIOTKA; PO — IPyLIEBUHEIH OpraH;
Ppc — OCHOBHAs NAJTHANbHAs KIIETKa(1); S — PaKOBUHA; SC — CYNPAKOPOHAJIbHAS KIETKa(H); SPC — Cynpanauinaib-
HbIE€ CEKPETOPHbIE KJIETKH; St — JKENYJO0K; t — IIy4OK PECHUYEK IPYLIEBUHOTO OpraHa; t¢ — TEHJOLUT; VC —

BaKyOJIM3UPOBAHHAS KIETKA; Vg — PyIUMEHTAPHBIH KHIICUYHHK.
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100 pm

Fig. 9. Schematic representations of hat-shaped larva of Tendra zostericola (A), coronate larva of
Juxtacribrilina annulata (B) and larva of cyclostome Patinella verrucaria (C); in A, B anterior ends are
oriented to /eft, in C aboral pole is above (only coronal cilia on the right part of body are shown); different
colors show the supposed homology of parts of pallial epithelium in larvae of different species, as well as
supposed homology of different cell types. A, B— right — lateral view, rectangular area marks part of pallial
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many myolaemate lineages, the larval develop-
ment was supplemented by extraembryonic nu-
trition, resulting in a considerable increase in
larval size (e.g., Borg, 1926; Woollacott, Zim-
mer, 1975; Dyrynda, King, 1982; Hughes, 1987,
Moosbrugger et al., 2012; Ostrovsky, 2013b;
Schwabha et al., 2019; Nekliudova et al., 2021,
Bibermair et al., 2021). Thus, the oocyte-larval
large size could conflict with the size of the
much smaller opening of incubation chamber.

We suggest that the progressive immersion
of the pallial epithelium accompanied by the
development of a large and powerful locomoto-
ry corona, sometimes with the acquisition of
well-developed body-wall musculature, provides
(1) retaining the stable/smaller larval size cor-
responding to the size of the egg and the brood-
ing space throughout postembryonic develop-
ment, (2) a successful release of large non-
feeding larvae through a much smaller opening
of the incubation chamber and (3) active larval
swimming and crawling (both rather short, how-
ever) in search of the suitable spot on the sub-
strate for settlement. Similarly, some small-
sized demersal larvae of epibiotic invertebrates
that swim along the substrate in water layer of
higher viscosity (Chia et al., 1984), are usually
completely covered by cilia (e.g., crawling de-
mersal planulae of some cnidarians, Piraino et
al., 2011).

In the larvae of some brooding ctenostomes
that incubate several embryos on the surface of
the zooid when lophophore is expanded and
inside vestibulum when polypide is retracted
(e.g.in Bulbella abscondita Braem, 1951), or in
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the voluminous space of the modified tentacular
sheath (e.g., F. hispida, A. hirsutum, Pherusella
minima Decker et al., 2021, and some others
(Strom, 1977)), the pallial epithelium is ex-
panded, and the corona remains narrow relative
to the episphere. Also in ctenostomes the larval
release from the modified tentacular sheath has
not been studied in detail, but in P. minima (as
Pherusella sp.) having pseudocyphonautes sim-
ilar to F. hispida, it can take several days and
requires contractions of the vestibular wall of
the maternal zooid to release larvae through the
peristome (Decker et al., 2020). In both F.
hispida and P. minima, embryos grow during
development (suggesting matrotrophy), which
might further complicate the release of large
larvae.

In contrast, the vast majority of incubating
myolaemates possess larvae with a relatively
large, well-developed corona and a deeply in-
vaginated pallial epithelium, which we consider
to be an advanced state (d’Hondt, 1977a; Zim-
mer, Woollacott, 1977a). This includes some
ctenostomes, e.g., Victorella muelleri (Kraepe-
lin, 1887) (as Tanganella in Zimmer, Reed,
1994) and Amathia (as Bowerbankia in Reed,
1978; Reed, Cloney, 1982a; reviewed in
d’Hondt, 1997) that brood their embryos in the
vestibulum or in the tentacle sheath, similar to
F. hispida and A. hirsutum. During develop-
ment, the embryo of matrotrophic Amathia great-
ly increases occupying most of the brooding
zooid (see, e.g., Schwaha et al., 2019); thus, the
expanded locomotory corona could be a major
‘tool” for larval release (Reed, 1988).

epithelium enlarged in left; C — right — side view, rectangular area marks part of pallial epithelium enlarged
in left; left — only outer borders of epithelium are shown.

Abbreviations: ae — aboral (pallial) epithelium; ai — apical invagination; ao — apical organ; bl — basal lamina; ¢ —
corona; ci — cilia of supracoronal cells; cu — cuticle; eom — extracellular organic matrix; ic — infrapallial cells; lic —
intrapallial cell(s) with lysosomes; oa — adhesive organ; oe — oral epithelium; po — pyriform organ; ppc — principal
pallial cell; sc — supracoronal cell(s); t — ciliary tuft of pyriform organ; vg — vestigial gut.

Puc. 9. Cxemarnueckue n300pakeHUs] HUIANOBUAHON nuuuHku Tendra zostericola (A), xopoHaTHOU
mauHKY Juxtacribrilina annulata (B) m muauaky nuxinoctomat Patinella verrucaria (C); Ha A, B nepenane
KOHIIBI OPHEHTHPOBAHBI BJI€BO, Ha C a00paIbHBIH OIIOC OPHEHTHPOBAH BBEPX; PAa3HBIC [IBETA TOKA3BIBAIOT
IPEeANoJIaracMylo TOMOJIOTHIO YacTell MaIMaabHOr0 SMUTENNS IMYUHOK PA3HBIX BUJIOB, a TAKXKe IPEeAIo-
JIaraeMyI0 TOMOJIOTHIO Pa3HBIX THUIOB KIETOK. A, B — cnpasa — Bun cOOKy, npsMoyroibHas 0071acTh
OTMEYAeT YBEJINYCHHYIO YaCTh MAJTHAIBHOTO dnuTenus cresa; C — cnpaséa — OOLIMA BUA, IPIMOYTOIIb-
HOI 00J1aCThI0 OTMEYCHA YBEJIMUCHHAS YaCTh MAJUIHAILHOTO AMUTEIHNS C/ledd.

O603HaueHUs: ac — abopalbHbIH (MATHAIBHBIIN ATUTENNH ); ai — alMKaIbHOE BIISTYMBAHKE; 40 — allMKaJIbHBIN OpraH;
bl — OGaszanpHas MIACTHHKA; ¢ — KOPOHA; Ci — PECHUYKU CYNPAKOPOHAIBHBIX KIJIETOK; CU — KyTHKYJa; eom —
BHEKJICTOYHBIH OpraHMYeCKuil MaTpHKc; ic — HH(ppanauManbHble KICTKH; lic — HMHTpanaanaibHble KICTKH C
JIM30COMAMH; 0a — OpraH ajre3vn; 0¢ — OPAIBHBIH SMHUTENHI; PO — TPYIIEBHAHBIA OpPraH; ppc — OCHOBHAs
HajulhaibHas KJIEeTKa; SC — CyNPAaKOpOHalbHasi KIETKa(M); t — Iy4OK PECHHYEK IPYIICBHIHOIO OpraHa; vg —
PYIMMEHTApHbIH KUIICYHHK.
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Most incubating cheilostomes also have typ-
ical coronate larvae with a deep pallial sinus and
a large corona covering the whole body except
apical organ and small part of the oral hemi-
sphere (d’Hondt, 1977a; Zimmer, Woollacott,
1977a). The few known exceptions fall in two
groups. The first group comprises clades that
acquired embryonic incubation and non-feed-
ing larvae independently from the remaining so-
called ‘neocheilostomes’ (Ostrovsky, 2013a).
Among them the larvae of only three genera —
Tendra, Scruparia, and Thalamoporella, were
described showing such plesiomorphic traits as
convex episphere and relatively narrow corona
(Repiachoff, 1875; Barrois, 1877; Marcus, 1939;
d’Hondt, 1997,2016, 2018). We found, that the
pallial epithelium of 7. zostericola larvae does
not form a sinus, although it shows signs of ‘cell
immersion’. In this species, several larvae de-
velop in the voluminous space (epistege) be-
tween the frontal spines and the frontal zooidal
membrane of the brooding zooid (the so-called
acanthostegal brood chamber). The larval re-
lease takes 10-20 minutes, whereby the larva
flattens and slowly squeezes through the brood
chamber opening (Braiko, 1967). Noteworthy,
despite its rather narrow corona, 7. zostericola,
unlike other studied larvae, has the longest cilia
of the corona cells in relation to the body size.
The second group of exceptions comprises some
‘neocheilostomes’ with the relatively narrow
corona (e.g., Watersipora). Although their lar-
vae retain the deep pallial sinus, the epithelium of
the oral hemisphere is (secondarily?) expanded
(Zimmer, Woollacott, 1989; Reed, 1991). The
larvae of J. annulata we described, have simi-
larly ‘narrow’ corona and large oral ciliated
hemisphere. The same was mentioned by Reed
in 1991 for the larvae of J. corbicula (as Cribril-
ina). Activity of cilia of the oral hemisphere
potentially can compensate the narrow corona

Finally, we suggest that phylactolacmates
(Reed, 1991; Gruhl, 2021) and cyclostomes
followed the same evolutionary vectors, enlarg-
ing locomotory ciliary cover and immersion of
the pallial epithelium.

The development of an extensive corona did
not prevent the nutrient absorption and endocy-
tosis in phylactolaemate, cyclostome, and some
coronate larvae from the fluid of the incubation
cavity during development. Although endocy-
tosis occurs from all sides of the developing
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embryo via its superficial cells (Moosbrugger et
al., 2012; Ostrovsky, 2013b; Schwaha et al.,
2019; Nekliudova et al., 2019a, 2021; Biber-
mair et al., 2021), the pallial epithelium proba-
bly is the least suited for this function, as it is
either covered by a protective cuticle or shell, or
immersed.

Fine structure of the pallial epithelium

Several cell types were described in the
pallial epithelium of the myolaemate larvae
(Stricker et al., 1988; d’Hondt, 1975, 2012),
and d’Hondt (1977a) considered their position
to be one of the key features of bryozoan larval
types. In the larvae we studied the pallial epithe-
lium is composed of 2—7 cell types. The princi-
pal pallial cells, tendon and supracoronal senso-
ry cells are the most common. Other types are
confined to certain species and/or larval types.
All the aboral epithelial cells are connected by
a typical set of contacts characteristic for other
invertebrates (Tyler, 2003), with the apical-
most zonula adherens. In addition, in E.pilosa,
F. hispida, A. hirsutum, and other bryozoan
larvae with a convex episphere, the pallial cells
often form interdigitations that provide a large
contact area, and, presumably, allow the epi-
thelium to stretch and shrink during larval
contractions.

L. Principal pallial cells

The most common type is principal pallial
cells, usually forming a typical palisade epithe-
lium with apico-basal polarity, and underlain
(except P. verrucaria) by avariously developed
basal lamina. This epithelium was recorded in
all studied larvae and considered as homolo-
gous across Myolaemata (Mukai et al., 1997,
see also Supplementary Files 1, 2 and referenc-
es therein). The absence of the basal lamina in
Patinella (and probably other cyclostomates) is
possibly associated with the unique features of
their early development (i.e., irregular cleav-
age, fission of embryos).

In the larvae of E. pilosa and F. hispida, the
principal pallial cells have different shapes,
being columnar, cuboidal (in the upper part of
the larva), or flattened, sometimes nearly squa-
mous (Kupelwieser, 1905; d’Hondt, 1977¢; our
study). In the latter case, these cells usually lose
their polarity, which is most likely accompanied
by a change in function, for example, the loss of
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secretory ability. In both cyphonautes and
pseudocyphonautes, cell deformation can be
explained by larval growth, which involves a
significant increase in the size of the larvae
compared to the initial embryo (E. pilosa —
four times, F. hispida — three times). The cell
deformation was also observed to be a result of
the ‘pressure’ of the neighboring ‘polster’ (E.
pilosa), vacuolated (A. hirsutum), or infrapal-
lial cells (P. verrucaria). This also happens
along the margins of the pallial epithelium zone
as aresult of its immersion (in 7. zostericola) or
invagination (inJ. annulata and P. verrucaria).

When the principal pallial cells are inter-
spaced with the aforementioned specialized cells
that have an intraepithelial position and neither
contact the basal lamina nor reach the larval
surface, the epithelium becomes pseudo-strati-
fied. In E. pilosa, the principal pallial cells are
partially overlapped in some areas, giving the
impression of a bi- or even three-layered epithe-
lium. This might provide higher mechanical
stability, especially in the areas where cells are
flattened.

Our data confirmed the statement of d’Hondt
(1979) that principal pallial cells are devoid of
cilia. Noteworthy, Zimmer & Woollacott
(1977a) and Gruhl (2021) depicted cilia on the
surface of the episphere of the hypothetical
gymnolaemate larva, presumably suggesting this
as a plesiomorphic state. Indeed, some bryozo-
an larvae have ciliated cells in the epispheral part
ofthe body, for example, cells between valves (in
cyphonautes) and supracoronal cells. Since they
never form the entire episphere, we suggested
they evolved secondarily as sensory cells.

The ultrastructure of principal pallial cells
(primarily the presence of RER and various
vacuoles) indicates high synthetic activity. Inall
larvae we studied, these cells (except flattened)
produce the variously developed external extra-
cellular matrix; usually, their apical membrane
forms irregular cytoplasmic processes that con-
tact, but did not penetrate it. The extracellular
matrix can resemble a fuzzy coat (7. zosterico-
la, J. annulata, and most coronate larvae stud-
ied) or can form a thick, folded (but flexible?)
cuticular cover as in P. verrucaria and other
cyclostome larvae (d’Hondt, 1977b; Nekliudo-
va et al., 2021). It can also form a more or less
rigid cuticle (4. hirsutum) or even a shell (E.
pilosa, F. hispida, P. minima, B. abscondita and
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other cheilostome and ctenostome shelled cy-
phonautes and pseudocyphonautes (Braem, 1951;
Stricker et al., 1988; d’Hondt, 2012)), mineral-
ized in some cheilostome larvae. We assume that
the suprapallial cells in cyphonautes of E. pilosa,
as well as secretory cells of the anterior and
posterior regions between shell valves in this
species and in pseudocyphonautes of F. hispida
(see below), can be involved in the shell forma-
tion. In the cyphonautes of E. pilosa, most of the
cells of the pallial epithelium on the lateral sides
are flattened and lost their synthetic activity.

The genus Alcyonidium represents the most
striking example of the diversity of the extracel-
lular matrix. The cyphonautes-like larva of the
zygote-spawning 4. albidum has a rigid cuticle
or a shell (Prouho, 1892), the apical hemisphere
of the brooded larvae of 4. hirsutum is covered
by a cuticular ‘film’ (this study), whereas the
brooded larvae of 4. polyoum (Hassall, 1841)
(withslightly immersed pallial epithelium) have
no recognizable cuticle (d’Hondt, 1972, 1973),
which could be a result of a secondary loss.

We found that in all larvae except J. annula-
ta the ultrastructure of the uppermost layer of
the cuticle or shell differs from the rest in being
more electron-dense (although not always ‘sol-
id’). In E. pilosa, A. hirsutum, and T. zostericola
this layer resembles remnants of the fertilization
envelope, which corresponds to the observa-
tions by Mawatari & Mawatari (1974) and by
Hageman (cited in Reed, 1991) on the cypho-
nautes of Membranipora villosa Hincks, 1880
(as M. serrilamella). These authors suggested
that the shell valves in the cyphonautes are
formed from the fertilization envelope broken
up by apical and coronal cilia. Possibly later it
is used as a base for a developing shell, although
in much larger adult cyphonautes it cannot cov-
er the entire valve. Whether the fertilization
envelope is resistant in this and other larvae
(exceptcyclostomes, whose larvae develop from
the secondary embryos that lack such an enve-
lope) requires further study.

In the absence of paleontological data, we
can only speculate whether the larvae of the
ancestral bryozoans had a shell. Since the two-
valved shell in the larvae of some cheilostome
and ctenostome bryozoans is fundamentally the
same (except its slight mineralization in cheilos-
tomes), possibly it has evolved just once in the
originally non-shelled (although, covered by
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cuticle) larva of the ancestral form. Potentially
the cuticle could be secreted due to the hetero-
chronous activity of the larval pallial cells al-
though originally should appear much later in
development, in the ancestrular stage (see p.
133 in Zimmer, Woollacott, 1977b). In some
myolaemates the larval cuticle is later used for
the protection of forming ancestrula. We further
suggest that the protective mineralized shell of
the cyphonautes has evolved because of its
extended free-swimming period. In most spe-
cies that have acquired an embryonic incuba-
tion, the cuticle is usually markedly reduced due
to the submersion of the pallial epithelium. The
exceptions are cyclostomes and some ctenos-
tomes with prolonged brooding — Flustrellidra,
Pherusella and a few others (e.g., A. hirsutum)
with non-invaginated pallial epithelium.

II. Additional pallial cell types

Additional specialized cell types were rec-
ognized in the larvae of most of the studied
species. These include intrapallial cells (tendon
cells, ‘polster’ cells, vacuolated cells, and cells
with lysosomes), and supra-, infra- and subpal-
lial cells.

Tendon cells

In bryozoan larvae, tendon cells originally
were described by d’Hondt (1979) as muscular
insertion cells in F. hispida and Alcyonidium
polyoum. They are very similar to the tendon
cells found in the integument of other inverte-
brates (e.g., Lai-Fook, 1967; Bairati, Gioria,
2008; Ponder et al., 2020). We redescribed
these cells in the pseudocyphonautes of F. his-
pida and recorded them in E. pilosa and A.
hirsutum. In the larvae of these three species,
tonofilaments and hemidesmosomes are very
prominent, providing both stable anchor points
for muscle attachment to the tendon cells and a
strong connection of the pallial epithelium to
the shell/cuticle. According to Tyler (2003),
invertebrate hemiadherens junction may be mis-
interpreted as hemidesmosomes, but this re-
quires further study.

We did not find tendon cells in larvae of
other studied species. However, our semi-thin
sections show that, at least in the larvae of J.
annulata, muscle bundles are attached directly
to the pallial epithelium. Since the larva of J.
annulata has no cuticle or shell, the pallial
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epithelium is probably unable to resist muscle
contractions. Most likely, itis these muscles that
pull it inwards, so that it eventually completely
involutes by the time the larva leaves the brood
chamber. The same is typical for P. verrucaria
and other cyclostome larvae, in which the pallial
epithelium is not invaginated at the initial stages
of development (Nielsen, 1970). It invaginates
later (Nielsen, 1970, Nielsen et al., 2019), prob-
ably after the formation of longitudinal muscle
cells and prior to the hardening of the cuticle.

‘Polster’ cells

These cells were first described in the cy-
phonautes of E. pilosa by Kupelweiser (1905),
who thought that they protect the apical organ
and corona (from ‘polster’ (German) — pad).
Later, Stricker and co-authors (1988) found
them in the cyphonautes of related Membra-
nipora membranacea (Linnaeus, 1767), sug-
gesting that their main function is to resist mus-
cle contraction during metamorphosis, along
with tendon cells. However, we believe that the
‘polster’ cells can also function as storage cells
formetamorphosis, since Electra and other free-
spawning species have oligolecithal eggs and
must accumulate reserves for successful devel-
opment. This is confirmed by the fact that the
number and volume of ‘polster’ cells increase
during the feeding period of cyphonautes in the
plankton. It is also possible that these cells may
be involved in the secretion of the larval shell or
ancestrular pellicula.

Vacuolated cells

Pallial cells with characteristic clumped vac-
uoles originally were described by d’Hondt
(1973) inthe larva of 4. polyoum. In our turn, we
found similar cells in the larva of 4. hirsutum.
Considering position and presence of vacuoles,
these cells are similar to the ‘polster’ cells of
cyphonautes. We think that these vacuoles can
participate in the formation of a dense ancestru-
lar pellicula after the larva has settled. Interes-
ingly, similar-looking cells are present in the
preoral lobe of actinotroch larvae of some
phoronids (Temereva, Tsitrin, 2014).

Cells with lysosomes

Some intrapallial cells seemingly contain-
ing lysosomes were found in the larvae of P.
verrucaria. We suggest that these cells could
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performa cell ‘digestion’ since the larvae of'this
species grow being supported by the placental
nutritive tissue, acquiring nutrition via endocy-
tosis (see Nekliudova et al., 2021).

Supra-, infra- and subpallial cells

In the cyphonautes of E. pilosa the principal
pallial cells are flanked from above by the
suprapallial secretory cells that presumably par-
ticipate in the formation of the shell cuticle (see
above).

Remarkably, we found that in E. pilosa cy-
phonautes, the aboral pallial epithelium includes
cross-striated epitheliomuscular cells that form
an infrapallial ring just above the supracoronal
sensory cells. These cells appear to correspond
to the coronal ring muscle, described by previ-
ous authors as the muscle running underneath
the coronal cells (Gruhl, 2008).

In the larvae of P. verrucaria non-differen-
tiated infrapallial cells and the additional layer
of subpallial undifferentiated cells were found.
The latter may represent the mesoderm of incip-
ient polypide rudiment (see Nielsen, 1970 and
Nielsen et al., 2019 for another cyclostome
Crisia eburnea (Linnaeus, 1758)).

Sensory cells

One of the most striking features of the
aboral epithelium of gymnolaemate larvae is the
presence of mono- or biciliated supracoronal
cells, usually forming one to several rows in
episphere just above the corona (Stricker et al.,
1988; Zimmer, Woollacott, 1989; Reed, 1991;
Zimmer, Reed, 1994; Santagata, Zimmer, 2000).
Using TEM, we redescribed them in E. pilosa
cyphonautes, confirmed their presence in J.
annulata coronate larva (see Kupelwieser, 1905
and Nikulina, 1998 for original description),
and found them in the larvae of 4. hirsutum and
T. zostericola. Interestingly, in contrast to J.
annulata, in a closely related species J. corbic-
ula, supracoronal cells were described as show-
ing signs of non-differentiated cells withno cilia
(see Addendum in Reed, 1991).

Although ultrastructural characteristics of
supracoronal cells differ slightly between the
larvae of the studied species, they are presum-
ably primary sensory cells possessing mechan-
oreceptors. These cells usually have the non-
motile cilia projecting from the deep pit and
facing upwards relative to the cilia of the coro-
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na. In T. zostericola, supracoronal cell cilia
seem to lack a ciliary root as was described in
the uniciliate sensory cells of some oligochaetes
(Welsch et al., 1984); therefore, their sensory
function is obscure. We should stress that in
some cheilostome coronate larvae (e.g., in Celle-
poraria brunnea and Schizoporella errata),
complex sensory organs have evolved from the
supracoronal cells some of which produce a
shielding pigment for the primary eyespots (San-
tagata, Zimmer, 2000; Reed, 1991).

Ciliated secretory cells are also known to
develop between shell valves in the cheilostome
cyphonautes (Stricker ef al., 1988 and our data).
Presumably, they are multifunctional; in addi-
tion to the rigid cilia, they are characterized by
many secretory granules with flocculent content
occupying the upper half of the cell and well-
developed RER and Golgi apparatus. These
cells are presumed to be neuro-secretory or
glandular, possibly providing the growth of
mineralized shell along anterior (predominant-
ly) and posterior valve margins. Interestingly, in
some invertebrates (Gnathostomulida) mucous
cells are presumably formed from monociliated
cells since they are found to possess degenerat-
ing cilia, ciliary pits, and rootlets (Storch, 1984).
We should point out, that in pseudocyphonautes
of F. hispida pallial epithelial cells along the
anterior and posterior margins in between the
shell valves contain a greater number of secre-
tory vacuoles than most of the principal pallial
cells, suggesting their participation in the shell
formation. Unlike in cyphonautes of E. pilosa,
these cells have no cilia, thus their homology to
ciliated secretory cells forming anterior and
posterior marginal zones between the valve
edges in cyphonautes is not clear.

In contrast to the principal pallial cells, the
supracoronal and ciliated secretory cells gener-
ally form typical microvilli. They are normally
embedded in the glycocalyx layer and have
inflated tips, that extend beyond the cuticle, like
in sensory cells in many other invertebrates
(e.g., kamptozoans (Storch, 1984)).

The fate of pallial epithelial cells

during metamorphosis

Bryozoans have a catastrophic metamor-
phosis with the reduction of most larval organs
and tissues (reviewed in Reed, 1991; Zimmer,
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Woollacott, 1977b; Mukai et al., 1997). Never-
theless, some of the ectodermal derivatives in-
cludingaboral epithelium are definitely involved
in the formation of the body wall of ancestrula.

The post-metamorphic fate of ectodermal
derivatives has been studied for at least seven
myolaemate genera (including Electra, Flus-
trellidra, and Alcyonidium) (reviewed in Zim-
mer, Woollacott, 1977b; d’Hondt, 1979; Reed,
1991; Mukai et al., 1997). In most cases, the
principal pallial cells of the aboral outer epithe-
lium constitute the prospective upper wall of the
preancestrular cystid, primarily the frontal wall.
This was recorded in E. pilosa, F. hispida, and
several other gymnolaemate species with con-
vex larval episphere (d’Hondt, 1974, 1977c,
1997; Zimmer, Woollacott, 1977b). In some
larvae with convex episphere, the aboral outer
epithelium forms the whole ancestrular cystid
(e.g., B. abscondita (Braem, 1951)). It is also
involved in the formation of the tentacular sheath,
and/or vestibulum in some species (d’Hondt,
1974b, 1977a, c).

Asto the coronate larvae with a pallial sinus,
its cells can form the entire ancestrular wall in
some ctenostomes (e.g., in Amathia (as Bower-
bankiaind’Hondt, 1977d; Reed, Cloney, 1982b;
Lyke et al., 1983) and Victorella muelleri (as
Tanganella in Zimmer, Reed, 1994)). In cyclos-
tomes (Nielsen, 1970; d’Hondt, 1977b), and in
most cheilostomes, the larval pallial epithelium
(principal pallial cells) usually gives rise to the
frontal wall of the ancestrular cystid, and to a
thin squamous epithelium of tentacular sheath
and/or vestibulum (e.g., in Bugula, Woollacott,
Zimmer, 1971, 1978; Reed, Woollacott, 1982;
Watersipora sp. and Juxtacribrilina (as Cribril-
ina) corbicula (Lyke et al., 1983; Reed, 1991,
Addendum).

Thus, in cyclostome and gymnolaemate lar-
vae with a deep pallial sinus, principal pallial
cells seemto play no role during the larval stage,
developing within the epispheral part of the
larval body as pre-patterned adult tissues. In
contrast, in the larvae of other lophotrochozoan
groups, the adult rudiments/blastemas more of-
ten develop within the hyposphere. The exam-
ples are postlarval segments of various polycha-
ete endolarvae, the shell gland of gastropod and
bivalve veligers. Yet, the epithelium of the epi-
sphere in lophotrochozoan larvae usually does
not form submersed/invaginated rudiments (for
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example, see Ivanova-Kazas, 1977). In this re-
spect, the pilidium larvae of nemerteans and the
larvae of some bryozoans are exceptions.

Considering that in the larvae of 4. hirsutum
and T. zostericola the principal pallial cells
form a convex episphere as in cyphonautes and
pseudocyphonautes, we can hypothesize that
they give rise to the frontal ancestrular wall
(with the cuticular covering) too. We do not
know the fate of the principal pallial cells of
other studied species yet. Also, little is known
about the destiny of other cell types constituting
the epispheral region in the bryozoan larvae.
Addressing these issues helps us to clarify tissue
homology between various larval types
(d’Hondt, 1975).

Conclusions

In bryozoan larvae, the pallial epithelium is
among the most variable structures in terms of
position to the other tissues, number of cell
types, and functions. We suggest that this vari-
ation could be related to the acquisition of
incubation and a concomitant change in larval
biology in various bryozoan lineages. Indeed,
exo- and endotrophic larvae develop in the
totally different environment: either in plankton
or inside the incubation chambers of different
morphotypes (in some cases acquiring nutrition
from maternal zooid).

In all myolaemate larvae studied to date,
principal pallial cells are covered by an external
extracellular matrix. It can be more or less rigid
and, together with the pallial epithelium itself,
can act as a muscle antagonist. Following Zim-
mer & Woollacott (1977b) we consider the
presence of a cuticle above the aboral larval
epithelium as a plesiomorphic trait since it is
found in larvae of different clades among Myo-
laemata. The formation of the unique two-valved
shell presumably occurred before the separa-
tion of cheilostomes and ctenostomes, but still,
the presence of the shell in the ancestral form
cannot be stated with certainty. We propose a
new schematic representation of hypothetical
‘ancestral’ larva of Myolaemata with unciliated
principal pallial epithelium covered with a cuti-
cle (Fig. 10).

In some incubated myolaemate larvae, the
submersed pallial epithelium lost the protective
function. Nevertheless, we would like to point



Aboral (pallial) epithelium in bryozoan larvae 399

ab

~4-

f

u
T

oe

Fig. 10. Schematic representation of hypothetical ‘ancestral’ larva of Myolaemata. Aboral part of larva
corresponds to episphere, oral part to hyposphere of typical trochophore. Internal cilia omitted.
Abbreviations: a — anterior; ab — aboral pole; ac — aboral pallial epithelium; an — anus; ao — apical organ; ¢ —
corona; cu — cuticle; g — gut; m — mouth opening; oa — adhesive organ (internal sac); oe — oral epithelium; or —
oral pole; p — posterior; po — pyriform organ; t — ciliary tuft of the pyriform organ.

Puc. 10. Cxemarnueckoe H300pakeHHE T'MIOTETHYECKOHW ‘IPEIKOBOW’ JIMYMHKH MHOIeMaTr. BepxHss
(abopanpHast) 9acTh JTMYMHKH COOTBETCTBYET dnucdepe, HIDKHSS (OpallbHast) YacTh — THochepe THIINY-
HBIX TPOXO(MOPHBIX JTMYMHOK. PECHHUYKYM BHYTPHU JIMYUHKH HE TTOKA3aHbI.

O0o03HaueHus: a — MepeiHuil KoHel; ab — abopaibHBII MOII0C; a¢ — a0opaTbHBINA MaJUTHAIBHBINH IUTENHNIH; an —
aHYC; a0 — AIMKAJIbHBIN OPraH; ¢ — KOPOHA; CU — KYTHKYJIa; g — KHUIIKa; M — POTOBOE OTBEPCTHE; 04 — a/Ire3UBHBbIIT
opras (BHYTPEHHHH MEILIOK); 0¢ — OpAJbHBI IHUTENNH; Or — OpAJIbHBIN IMOIIOC; P — 3aJHHH KOHEL; PO —

TPYIICBUAHBIA OpPraH; t — My40K PEeCHUYEK IPYIIEBUIHOTO OpraHa.

out that in mature larvae it is always well-
developed (even in a submersed state) further
participating in the development of the outer
epithelium of the ancestrula. We hypothesize
thatinvagination of the pallial epithelium, which
is typical for most myolaemates with incuba-
tion, is achieved independently in evolution of
different lineages since among both cteno- and
cheilostomes we found brooded larvae with
exposed and submersed pallial epithelium. This
is applicable to viviparous cyclostomes too if
we believe that they originated from ctenos-
tomes.

We should stress that larval epithelia in
bryozoans are surprisingly complex, and per-
form several functions. The number of the cell
types of the pallial epithelium varies in larvae
from different phylogenetic lineages (having
from two to seven cell types). In total, we
recorded 11 various cell types by TEM, and
functional interpretation has been proposed for

some of them. Except for principal pallial cells,
tendon cells, and probably ciliated supracoro-
nal cells, true homology could not be stated for
most cell types at the moment.
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