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ABSTRACT: Brachiopods are marine invertebrates with a pelago-benthic life cycle. The
life cycle and structure of planktonic stages vary among brachiopod taxa. Many rhynchonel-
liform brachiopods, including those in the order Rhynchonellida, brood three-lobed larvae
(i.e., the cephalulae) in the mantle cavity. However, no cephalulae were found in the mantle
cavity of the rhynchonellid Hemithiris psittacea (Gmelin, 1791) from the White Sea. In this
research, artificial insemination and induced spawning were used to study the ontogeny of
H. psittacea from the White Sea Biological Station of Moscow State University (Kandalak-
shskii Bay of the White Sea). After fertilization, a thick egg envelope forms around the
zygote and adheres to the substrate. Cleavage, gastrulation, and formation of the three-
lobed cephalula occur within the egg envelope. A worm-like competent cephalula hatches
from the egg envelope and swims along the substrate rather than in the water column. The
cephalula of H. psittacea differs in structure from the terebratulid larva, which actively
swims in the water column. In contrast to terebratulid larva, the cephalula of H. psittacea
lacks the eyespots and has shorter and less abundant setae. Development of H. psittacea
from the White Sea proceeds in the external environment rather in the lophophore of the
female. These results are inconsistent with the published data on H. psitfacea from the San
Juan Channel (Washington, USA), whose larvae develop outside the egg envelope in the
lophophore of the female. A possible explanation is that Hemithiris from the San Juan
Channel and from the White Sea represent separate species. The current report for H.
psittacea from the White Sea is the first to describe embryonization of larval development
for a thynchonelliform.
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PE3IOME: Bpaxuonoasl — Mopckue 0ecrio3BOHOYHBIC KUBOTHBIE C Tejaro-0eHTuiec-
KHM >KU3HEHHBIM [IUKJIOM. JKU3HEHHBIE IUKJIBI M CTPOCHHE IIAHKTOHHBIX CTAANH pa3iiu-
YaloTCsl B Pa3HBIX rpymnmax oOpaxuonox. [yt MHOTMX pHHXOHEIM(OPMHBIX Opaxromo, B
TOM umncie u npeacrasutenei orpsaa Rhynchonellida, xapakTepHo BbIHaIIMBaHUE TPEX-
JIONACTHBIX JTMYMHOK, 1e(aityil, B MAHTHHHOHN noioctu. OJTHAaKo 710 CUX He ObUTH O0HapY-
JKCHBI 1e(anyyibl B MAHTHWHOW TIOJIOCTH PUHXOHEIUTUIBI Hemithiris psittacea (Gmelin,
1791), oburaromieii B besom mope. B nanHoii pabote u3y4eHo pazButue Opaxuornos! H.
psittacea, cOOpaHHOW B OKPECTHOCTsIX bemomopckoit Ouonornveckoit cranumu MI'Y
(Kannamakmickuit 3ainuB benoro mMopsi), METOJIOM MCKYCCTBCHHOTO OILUIOJOTBOPCHUS W
WHYKIMHU HepecTa. bbuto nmokasaHo, 4To nociie oo f0TBOPEHHUST BOKPYT 3UTOTHI (POPMU-
PYIOTCS TOJICTas stiflieBast 000JI04Ka, KOTOpas IPUIIUIACT KO HY. [Toa siiiieBoit 000104K0i
MIPOUCXO/UT JIpoOIIeHNE, TacTPYIISLUs 1 (GOPMUPOBAHHUE TPEXJIOMACTHOH Ledaiybl. W3
SUIEBBIX 000JIOYEK BBIXOJIHUT YepBeoOpa3Hask KOMIIETeHTHas Ledaitya 1 IaBaeT BoJb
noBepxHoctu aHa. Ctpoenue nedanyn H. psittacea oTaudyaercst OT JMYHMHOK Tepedpary-
JIMJ], KOTOPbIE aKTHBHO IUIABaOT B TOuIIIE BObI. Lledanynst H. psittacea nuuieHpl ria3HbIX
IISITeH, UIMEIOT YKOPOYECHHbBIE MaJOYNCIICHHBIC NIETHHKU. BbIIO TIOKa3aHO, YTO Pa3BUTHE
JTAHHOTO BHJIa TPOMCXOIUT BO BHelIHeH cpefe. [lonmyueHHbIe pe3yapTaThl MPOTHBOpEYaT
JJAHHBIM OTHOCHUTEJBHO DTOrO K€ BHIa Opaxuono, coOpanHoro B xanaine Can XyaH
(Bammnrron, CHIA), U1t KOTOPOTO ONMUCAHO JIMYMHOYHOE Pa3BUTHE BHE SHIIEBBIX 000J10-
4yek B Jo¢odope MaTepruHCKOW ocodu. beiio nmpearnonoxeHo, uro Hemithiris U3 xaHaia
Can Xyan u bestoro Mopst mpeicTaBIIsIIOT co00ii pa3Hbie BUbl. B nanHOI paboTe BriepBbIe
JUISl pPUHXOHEJUTH(OPMHBIX Opaxnoro/] OblT ONMCAH JKU3HEHHBIH IIUKII ¢ SMOPUOHHU3aLUeH
JMYMHOYHOTO Pa3BUTHSI.
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Introduction

Brachiopods are marine invertebrates with a
pelago-benthic life cycle. The adults are pro-
tected by a bivalved shell, which in most cases
is attached to the substrate by a pedicle. The
adults use their tentacle apparatus, the lopho-
phore, for feeding and respiration. Dispersal is
performed by planktonic larvae or juveniles
(Liter, 2001a; Kuzmina ef al., 2019). Aspects
of the life cycle and morphology of planktonic
stages vary among brachiopod taxa. Four types
of the planktonic stages have been recently
distinguished: chaetotrocha, cephalula, chae-
tolopha, and tegulolopha (Malakhov et al.,
2021). This terminological concept has been
used in the present paper.

The phylum Brachiopoda is divided into
three subphyla: Linguliformea, Craniiformea,
and Rhynchonelliformea (Williams et al., 1996).
The craniiforms have a calcareous shell without
articulation (Williams et al., 2000a). In the life
cycle of recent craniiforms, fertilization occurs
in the water column, the ciliary blastula hatches
from the egg envelope, and then the leci-
thotrophic larva, the chaetotrocha, forms (Niels-
en, 1991). The chaetotrocha is divided into a
rounded apical lobe with a ciliary band and a
body lobe with three pairs of bundles of larval
setae (Nielsen, 1991; Altenburger, Wanninger,
2010; Altenburger et al., 2013). The planktonic
development requires about 4 days (Nielsen,
1991). The craniiform life cycle possibly re-
sembles the life cycle of the brachiopod ances-
tor (Kuzmina et al., 2019).
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The linguliforms have an organophosphatic
inarticulate shell (Williams et al., 2000b). Re-
cent linguliforms are represented only by the
order Lingulida with two superfamilies: Lingu-
loidea and Discinoidea. The two superfamilies
differ substantially in biology: the lingulids live
in burrows, while the discinids use a short mus-
cular pedicle to attach to hard substrates (Emig,
1997). The recent discinids have three plank-
tonic stages in their life cycle. The first stage, the
two-lobed lecithotrophic larva (the cephalula),
hatches from its egg envelope and has a ciliary
band on the apical lobe and three pairs of long
larval setac on the body lobe (Chuang, 1977;
Freeman, 1999; Liiter, 2001a). In the water
column, the cephalula transforms into the sec-
ond stage, the chaetolopha, which is plank-
totrophic and has a rudimentary lophophore
(Chuang, 1977; Freeman, 1999). With the se-
cretion of a shell, the chaetolopha transforms
into the third developmental stage, the tegulol-
opha. In lingulids, the planktotrophic stage, the
tegulolopha, with ashell and a lophophore hatch-
es from the egg envelope, and grows and swims
in the water column (Yatsu, 1902). The linguli-
form tegulolopha swims for a several weeks
and then settles on the bottom (Yatsu, 1902;
Williams, Carlson, 2007). Researchers have
suggested that the lingulid life cycle is charac-
terized by the embryonization of all develop-
mental stages except for the tegulolopha and is
the most derived life cycle among all recent
brachiopods (Kuzmina et al., 2019; Malakhov
etal., 2021).

The rhynchonelliforms have a calcareous
shell, the posterior region of which has well-
developed complementary articulatory struc-
tures (Williams et al., 2000c¢). This subphylum
isthe most widespread and diverse group among
brachiopods and contains three extant orders:
Rhynchonellida, Thecideida, and Terebratuli-
da. The life cycle of the recent rhynchonelli-
forms possibly evolved from the craniiform-
like life cycle (Kuzmina et al., 2019) and
includes the lecithotrophic larval stage, the
cephalula. The rhynchonelliform cephalula
consists of three lobes: an apical lobe with a
ciliary band, a mantle lobe with two pairs of
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setal bundles, and a pedicle lobe (Kovalevsky,
1874, 1883; Conklin, 1902; Percival, 1944,
1960; Malakhov, 1976, 1983; Kuzmina et al.,
2019). Most rhynchonelliforms are gonocho-
ristic and exhibit external fertilization in the
water column. The ciliary blastula or early
gastrula hatches from the egg envelope (Chua-
ng, 1996; Pennington et al., 1999; Liiter, 2000;
D’Hondt, Franzen,2001; Kuzminaetal.,2019).
In the water column, the gastrula gradually
transforms into the three-lobed cephalula,
which swims in the water column for 3 or 4
days before it settles and attaches to the sub-
strate by its pedicle lobe. The mantle lobe then
reverses and envelops the apical lobe (Per-
cival, 1960; Stricker, Reed, 1985; Chuang,
1996; Pennington et al., 1999).

In some rhynchonelliforms, however, this
life cycle is transformed in that fertilization
occurs and larvae are brooded in the mantle
cavity (Kovalevsky, 1874; Shipley, 1883;
Hoverd, 1985; Liiter, 2001b; Seidel et al., 2012;
Kaulfuss et al., 2013). For instance, the brood-
ing of larvae on the brachial fold of the lopho-
phore has been documented for Notosaria nig-
ricans (Sowerby, 1846) (Rhynchonellida),
which has a spirolophous lophophore (Hoverd,
1985). Long (1964) reported that another rhyn-
chonellid, Hemithiris psittacea (Gmelin, 1791)
(collected from the San Juan Channel, Wash-
ington, USA), also broods its larvae in the
lophophore. However, although the larvae of H.
psittacea from the White Sea Biological Station
of Moscow State University have been fre-
quently examined by researchers and students,
the larvae have never been observed in the
lophophore or in the plankton (unpublished
observations). The life cycle of H. psittacea
therefore requires detailed examination.

The current report describes the develop-
ment of larvae of the rhynchonellid brachiopod
H. psittacea from the White Sea. Data on the
ontogeny of recent rthynchonelliforms are also
analyzed. Finally, possible explanation for the
differences in the development of H. psittacea
collected in the San Juan Channel and the White
Sea is considered.
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Materials and methods

H. psittacea is a gonochoristic species with-
out sexual dimorphism. Sixty adults of H. psit-
tacea were collected at a depth of 9 m in August
2020 at the White Sea Biological Station of
Moscow State University (Kandalakshskii Bay
of the White Sea). The specimens were kept in
sea water in the laboratory conditions at 2—4 °C.
Development was studied by two methods: arti-
ficial insemination and spawning induction.

The male and female gonads of H. psittacea
are located in the coelomic canals of the mantle.
For the artificial insemination, the valves were
opened, and using a Pasteur pipette oocytes and
sperm were obtained from the ovary and testis,
respectively. The oocytes were washed with
two changes of filtered sea water and were kept
at 2—4 °C for 6 h to enable the shedding of the
follicle cells and the breakdown of germinal
vesicles in the eggs. The sperm was kept for 15
min at 4 °C. Sperm motility was monitored by
light microscopy. Five milliliters of a sperm
suspension was added to 300 ml of filtered sea
water with the eggs. In 1 h, the zygotes were
washed three times with filtered sea water. The
embryos were kept in 300 ml glass vessels at a
concentration of 1 larva per 3 mm? of water (2—
4 °C). The water was changed once each day.
When the competent larvae formed, stones were
placed in the vessels for the larval settlement.

Spawning was induced by adding sperm,
obtained as described in the previous para-
graph, to the 300 ml vessel containing 4 females
at 2 °C. After 5 h, the vessel with females was
washed three times with filtered sea water.

The eggs, embryos, and larvae were studied
and photographed with a Zeiss Axioplan 2 light
microscope equipped with Axioplan2 digital
camera. The larvae and settled juveniles were
studied and photographed with a Leica M165C
stereo microscope equipped with a Leica
DFC420 digital camera.

For scanning electron microscopy (SEM),
the larvae were fixed in 2.5% phosphate-buff-
ered glutaraldehyde. After the samples were
further treated using standard SEM techniques,
they were examined and photographed with a
Vega3 Tescan scanning electron microscope.

T.V. Kuzmina

Results

Spawning was induced by adding sperm to a
vessel containing females. While spawning, the
female slightly opens its valves and discharges
unfertilized oocytes from the middle of the shell
with the exhalant flow onto the surrounding
substrate (Fig. 1A—B). The released oocytes are
160 um in diameter and lack the follicular cells
and the germinal vesicle, i.e., they are ready for
fertilization.

Fig. 1. The spawning of Hemithiris psittacea (light
microscopy). A — spawning of oocytes; B — the
released oocytes on the substrate.

Abbreviations: dv — dorsal valve; vv — ventral valve;
arrows indicate released oocytes.

Puc. 1. Hepect Hemithiris psittacea (CBeTOBast MHK-
pockornusi). A — BbIOpOC oonuTOB; B — BbIIEICH-
HBIE OOIMTHI Ha CcyOcTpare.

O6o3nauenus: dv — ngopcanbHas CTBOPKA; VV — BEHT-
palibHasl CTBOPKa PAaKOBUHBI; CTPEJIKM YKa3bIBalOT Ha BbI-
XOJISIIHAE OOIUTHI.
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Fig. 2. Development of Hemithiris psittacea (light microscopy). A — the oocyte extracted from ovaries; B —
the oocyte that breaks down follicular cells; C — the zygote covered by the egg envelope; D — two-cell
embryo; E — four-cell embryo; F — blastula; G — early three-lobed cephalula in the egg envelope, lateral
view; H — early three-lobed cephalula in the egg envelope, dorsal view; I — competent three-lobed
cephalula.

Abbreviations: al — apical lobe; en — egg envelope; fe — follicular envelope; ml — mantle lobe; pb — polar body; pl —
pedicle lobe; se — setae.

Puc. 2. Pazsutue Hemithiris psittacea (CBeTOBast MUKPOCKOTIHS ). A — OOIIHT, BBIICICHHBIN U3 SIMIHNKA; B —
OOIUT, COPOCUBINUI (POTTUKYISIPHYIO 0005104uKy; C — 3HroTa, MoKpbiTas 0001049Koi; D — craaus AByx
6nactomepoB; E — cranus uetsipex 61actomepos; F — Onactyna; G — panHsst TpexyionactHas nedanyna
B siIIeBO 00osouke, Bua cOoky; H — panHss TpexionactHas medanyna B siIieBoil 000I0UKe, BUI C
JIOpCaJIbHOM CTOPOHBI; | — KOMIIeTeHTHast TpexXJIomnacTHas nedaiya.

O06o03Hauenws: al — nmepemHss JIomacTh; en — sidresast ooonouka; fe — Qommkynspraas obonouka; ml — MaHTHITHAS
JIOIIaCTh, pb — PEAYKIHUOHHOE TEJIbLE; pl — HOYKHas JIONAaCTh, S€ — IICTHHKH.
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All developmental stages were studied us-
ing the artificial insemination. The oocytes ex-
tracted from ovaries are enveloped by follicular
cells and contain readily observed germinal
vesicles (Fig. 2A). The mature oocytes are about
160 pum in diameter. Before fertilization, the
oocytes shed the follicular cells, and the germi-
nal vesicle breaks down (Fig. 2B). At 10 min-
utes after fertilization, the zygotes become cov-
ered with an envelope that is up to 20 um thick,
and a pair of polar bodies then forms (Fig. 2C).
Further development occurred under the egg
envelope, which adhered to the bottom of the
glass vessel. Cleavage is total and equal (Fig.
2D-F). The first and the second cleavages are
meridional and perpendicular to each other (Fig.
2D-E). A blastula about 180 pm in diameter
forms about 21 hours after fertilization (Fig.
2F). Within the egg envelope, gastrulation oc-
curs, the blastopore closes, and the two-lobed
stage composed of the apical and body lobes
forms. At about 170 hours after fertilization, a
three-lobed larva that is about 200 um long and
is composed of the apical, mantle, and the pedi-
cle lobes forms within the egg envelope. The
setae at this stage are absent (Fig. 2G-H). The
larva begins to move and rotate inside the egg
envelope using the cilia covering the apical
lobe. At about 300 hours after fertilization, a
three-lobed competent larva, the cephalula,
hatches from the egg envelope (Fig. 2I).

The cephalula is wormlike and about 250
pum long (Figs 21, 3). The apical lobe is about 85
pm long and is completely covered with cilia; a
ciliary band runs along the margin of the apical
lobe (Figs 21, 3A—C). Irregularly shaped cells
are located under the apical lobe (Fig. 3C-D).
The apical lobe lacks eyespots. The mantle lobe
is elongated, with ring-shaped transverse con-
strictions (Fig. 2I). The ventral side of the man-
tle lobe is considerably longer than the dorsal
side (Fig. 3C). The ventral side of the mantle
lobe is about 105 um long, and the dorsal side of
the mantle lobe is about 70 um long. The surface
ofthe mantle lobe is sparsely covered with cilia;
the ciliary band runs along the midline of the
ventral side but does not reach the margin of the
mantle lobe (Fig. 3A, C). Two pairs of spinose
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setal bundles form at this stage. One pair is
located on the dorsal side of the mantle, and the
other pair is located on the lateral sides of the
mantle. The setae are few in number (from 1 to
3 setae in a bundle) and are very short, i.e., <35
pum long (Fig. 3E). The pedicle lobe is about 60
pm long and has a constriction on the dorsal side
(Fig. 3C). The surface of the pedicle lobe is
sparsely covered with cilia.

The competent cephalula of H. psittacea
does not rise into the water column and swims
only near the bottom (Fig. 4A). Atabout 19 days
after fertilization, metamorphosing stages were
evident. The larva selects a location on the
substrate to which it attaches with its pedicle
lobe; the mantle then gradually reverses and
envelopes the apical lobe (Fig. 4B). Atabout 22
days after fertilization, the mouth opens in the
middle of the apical lobe, and at about 26 days
after fertilization, the rudiment of the brachial
fold forms above the mouth, and the rudiments
of the first pair of tentacles form on either side
of the mouth (Fig. 4C). The shell is secreted on
the external mantle surface (Fig. 4C-D). The
larval setae are shed at this stage.

Discussion

In the current study, H. psittacea collected at
9 m depth developed in the laboratory at 2—
4 °C; this temperature corresponds to that of the
shallow water layer (0-10 m depth) in Kan-
dalakshskii Bay of the White Sea in June and in
October—November (Prudkovsky et al., 2019).
The development of H. psittacea from the San
Juan Channel was studied by the method of
artificial insemination by Freeman (2003) at
10-12 °C and by Long (1964) at 10 °C; H.
psittacea in the San Juan Channel breeds in
December and January (Long, 1964). The de-
velopment of H. psittacea from fertilization to
metamorphosis required 19 days according to
our data, 12 days according to Freeman (2003),
and 8 days according to Long (1964). The
differences in the duration of the initial ontoge-
netic stages is probably the result of tempera-
ture, and development presumably takes longer
in the White Sea than in the San Juan Channel
because the water is colder in the White Sea.
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Fig. 3. Competent cephalula of Hemithiris psittacea (SEM). A — ventral view; B— dorsal view; C — lateral
view; D — the irregularly shaped cells of the lower surface of the apical lobe; E — spinose setae.
Abbreviations: acb — ciliary band of apical lobe; al — apical lobe; dm — dorsal part of mantle lobe; ml — mantle lobe;
pl — pedicle lobe; se — setae; veb — ventral ciliary band.

Puc. 3. Komnerenrtnas uedanyna Hemithiris psittacea (COM). A — Buj ¢ BEeHTPaJIbHO# CTOPOHBI; B — BHz
¢ nopcanbHOU cToponsl; C — BUI cO0Ky; D — KileTkn HenpaBWIbHONM (OpPMBI Ha HIDKHEH TTOBEPXHOCTH
alUKallbHOH JlonacTH; E — urospyarelie MIETHHKU.

O6o3HaueHus: acb — pecHUYHBIN IIHYP HA AalIMKAIbHOHU JIoNacTH; al — anukaipHas Jonacts; dm — gopcaibHas 4acTh
MaHTHHHOM JIomnmacTu, ml — manTHiHasA JIONTacTh, pl — HOXHas JIOIIaCTh, S€ — IIECTHHKH, veb — BeHTpaJ'ILHLIﬁ
PECHUUHBIN HIHYD.
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Fig. 4. Settlement and metamorphosis of Hemithiris psittacea (light microscopy). A — competent cephalula
chooses a place on the substrate for settlement (photo by A. Prudkovsky); B — the mantle of the cephalula
reverses after settlement(photo by A. Prudkovsky); C — juvenile with opened valves, D — juvenile with
closed valves.

Abbreviations: al — apical lobe; dv — dorsal valve; er — rudiment of brachial fold; m — mouth; rv — reversed mantle;
tr — tentacle rudiment; vv — ventral valve.

Puc. 4. Ocenanne u meramopho3 Hemithiris psittacea (CBETOBask MUKPOCKOMHS). A — KOMITCTCHTHAS
JMYUHKA BEIOUpaeT MecTo s ocenanus (¢poro A. Ilpynkosckoro); B — MaHTHs BRIBOpauMBaeTCs mocie
ocenanus (¢poro A. Ilpyakosckoro); C — [OBEHHJIb C NPUOTKPHITBIMH CTBOpKaMH; D — IOBEHMIBb C
3aKPBITBIMH CTBOPKAMH PAaKOBUHEL.

O0o03HaueHus: al — anuKanbHAsK JIONacCTh, dv — JopcalibHast CTBOPKa; €1 — 3a4aTOK 6anI/IaHBHOI‘;l CKJIaZIKU; M — POT;
IV — BBIBEpHYTass MaHTHS; tr — 3a4aTtok mynainbla; vv — BEHTPaJIbHas CTBOPKA paKOBHUHBI.

As described here, the general structure of
the competent larvae, cephalulae, of the rhyn-
chonellid H. psittacea resembles that of other
rhynchonelliforms, e.g., the terebratulid Cop-
tothyris grayi (Hirai, Fukushi, 1960; Kuzmina
et al., 2019). The larva is composed of the
apical, mantle, and pedicle lobes. Like the ceph-

alula of H. psittacea from the San Juan Channel
(Long, 1964), the cephalula of H. psittacea
from the White Sea has an elongate, wormlike
body. In rthynchonelliforms, the cephalula cilia
are located on the apical lobe and form a ciliary
band, which is better developed in C. grayi than
in the H. psittacea from the White Sea. The
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mantle of the rhynchonelliform cephalula bears
two pairs of setal bundles; the setae of H. psit-
tacea are less abundant and shorter than those of
C. grayi, which has two pairs of massive setal
bundles that are 2.5 times longer than the pedi-
cle lobe (Hirai, Fukushi, 1960; Kuzmina ef al.,
2019). The differences in the cephalula struc-
ture of H. psittacea and C. grayi is probably
related to their mode of life. The cephalulae of
C. grayi and of most of other terebratulids
actively swim in the water column and use their
long setae for buoyancy and protection (Will-
iams et al., 1997). In contrast, the cephalulae of
the studied H. psittacea lives exclusively near
the bottom and are worm-like; their short setae
are not used for swimming and may have only
sensory and protective functions. The presence
of eyespots on the apical lobe is the characteris-
tic feature of the most rhynchonelliform cepha-
lulae (Williams et al., 1997; Liiter, 2007) and
may be an ancestral character of rhynchonelli-
forms. All recent rhynchonellid cephalulae lack
the eyespots (Williams et al., 1997). This may
be explained by the brooding in the mantle
cavity in some rhynchonellid species (Percival,
1960; Hoverd, 1985; Liiter, 2001b), or by exter-
nal development in the egg envelope, as in H.
psittacea from the White Sea, because in both
cases the larvae do not need light for the orien-
tation in the water column.

In H. psittacea, irregularly shaped cells are
located on the apical lobe. Their size and form
differ from the undulating row of large cells on
the apical lobe of other rhynchonellid larvae
(Liiter, 2001b). However, they possibly have
the same function as the vesicular bodies on the
apical lobe of terebratulids (Long, 1964; Strick-
er, Reed, 1985; Kuzmina ef al., 2019).

The spawning induction assay revealed that
H. psittacea from the White sea does not devel-
op in the parental lophophore, as was previously
recorded for H. psittacea in the San Juan Chan-
nel (Long, 1964), but on the substrate surround-
ing the female. The current study also revealed
that H. psittacea development occurs within the
thick egg envelope until the stage of the compe-
tent larva. These results contradict the previous-
ly published finding that the cephalula of H.
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psittacea hatches from the egg envelope at the
blastula stage (Long, 1964; Freeman, 2003), as
is known for the other rhynchonelliforms (Pen-
nington et al., 1999; D’Hondt, Franzen, 2001;
Kuzmina et al., 2019). It follows that the cur-
rent report is the first to describe the embryon-
ization of larval development in Rhynchonelli-
da (Rhynchonelliformea). Such embryoniza-
tion of larval development is also typical for
recent linguliforms; in this development, a
ciliary cephalula (Discinidae) or tegulolopha
(Lingulidae) hatches from the egg envelope
(Yatsu, 1902; Freeman, 1999; Liiter, 2001a).
In craniiforms and most rhynchonelliforms, in
contrast, the ciliary blastula or early gastrula
hatches from the egg envelope (Chuang, 1996;
Pennington et al., 1999; Nielsen, 1991; Will-
iams et al., 1997, D’Hondt, Franzen, 2001,
Kuzmina et al., 2019). Embryonization of lar-
val development probably arose independent-
ly in different brachiopod subphyla. In Lingu-
liformea, the planktonic stage of the life cycle
is prolonged due to the lifting of juveniles into
the water column, where they begin to swim,
feed, and disperse, while their larval develop-
ment was retained to the egg envelope (Kuzmi-
na et al., 2019). The embryonization of larval
development in H. psittacea is probably the
result of the necessity of protect the ontogenet-
ic stages under the egg envelopes, because the
development takes a long period of time in
cold water of the White Sea.

Before the present investigation, two types
of life cycles were known for Rhynchonelli-
formea: a life cycle characterized by external
fertilization and development in the water col-
umn, and a life cycle characterized by the fertil-
ization and the brooding of larvae in the mantle
cavity. The plesiomorphic life cycle of recent
Rhynchonelliformea probably included exter-
nal fertilization, a free-swimming blastula, gas-
trula, and three-lobed cephalula, which swam in
the water column and reversed its mantle upon
settlement. This life cycle characterizes most of
the recent brachiopods in the order Terebratul-
ida (Chuang, 1996; Pennington et al., 1999;
D’Hondt, Franzen,2001; Kuzminaetal.,2019).
In contrast, all brachiopods in the order Theci-
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deida (Lacaze-Duthiers, 1861; Liiter, 2007;
Seidel et al.,2012), most rhynchonellids (Long,
1964; Hoverd, 1985; Liiter, 2001b), and some
terebratulids (Kowalewsky, 1874; Shipley,
1883; Swedmark, 1967; Kaulfuss et al., 2013)
brood the larvae in the mantle cavity. Brooding
probably arose independently in these orders
(e.g., see Kaulfuss et al., 2013). In most cases,
brooding is known for micromorphic brachio-
pods and is necessary to decrease the loss of
gametes and larvae and to maximize the chances
of'successful fertilization (Williams et al., 1997,
Liiter, 2001b; Kaulfuss et al., 2013). In Rhyn-
chonellida, brooding was found in the lopho-
phore (Long, 1964; Hoverd, 1985) and on the
mantle (Liiter, 2001b) without the formation of
specialized brooding chambers. The present
paper provides the first report of external fertil-
ization and larval development within the egg
envelope for a rhynchonelliform brachiopod,
i.e., H. psittacea in the order Rhynchonellida.
This type of development is probably transi-
tional to the brooding of larvae in the mantle
cavity, which is characteristic of other rhyn-
chonellids.

Why is it that H. psittacea from the San Juan
Channel broods its larvae in the lophophore
(Long, 1964), while H. psittacea from the White
Sea has external fertilization with larval devel-
opment within the egg envelope (the current
study)? A possible explanation is that Hemith-
iris from the San Juan Channel and from the
White Sea represent separate species, which
should be tested with molecular methods.
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