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ABSTRACT: This paper is a third part of the series started by Ippolitov and Rzhavsky
(2014, 2015) and providing detailed descriptions of Recent spirorbin tubes, their mineral-
ogy and ultrastructures. In the present part we describe species of the small tribe Circeini
Knight-Jones, 1978, which includes the genera Circeis Saint-Joseph, 1894 and Paradex-
iospira Caullery et Mesnil, 1897. Mineralogically, tubes of both genera are purely calcitic.
Ultrastructurally, most studied Circeis had three-layered tubes with spherulitic irregularly
oriented prismatic (SIOP) structure of the main middle layer, while inner and outer surfaces
were consolidated by dense spherulitic prismatic (SPHP) layers. All Paradexiospira
species tend to have unilayered tubes with simple prismatic (SP) structure resulting in tube
transparency. One unique species (Circeis vitreopsis Rzhavsky, 1992), shows a transition
between these two types. A direct observation of ultrastructures at early stages of a tube
development suggests that the presence of thick middle SIOP layer is a plesiomorphic state,
while unilayered SP wall is apomorphic. Most plesiomorphic structures among Circeini
look similar to structures of certain Spirorbini, probably indicating close phylogenetic
relationships of these taxa. Development of apomorphic unilayered SP wall in Paradex-
iospira providing consolidation and strengthening of the tube is probably a result of
adaptation to living on hard substrates with strong rate of sand abrasion in bottom waters.
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PE3IOME: DOra crarbss — Ttperbst yacth cepun (Ippolitov, Rzhavsky, 2014, 2015),
MTOCBSIIIEHHON OMUCAHUIO MOP(OJIIOTHH, MUHEPAJIOTHU U YIBTPACTPYKTYp TPYOOK COBpe-
MEHHBIX CIIUPOpOMH. B cTarbe onmmchIBarOTCS BUABI, OTHOCSAIINECS K HEOOIbIION Tpruode
Circeini Knight-Jones, 1978, Bxirouatomieir 18a poga — Circeis Saint-Joseph, 1894 u
Paradexiospira Caullery et Mesnil, 1897. TpyOku BceX U3yuCHHBIX BHIIOB COCTOST H3
kajpuuTa. C TOUYKM 3pEHUS YJIBTPACTPYKTYP TPYOKM MpEACTAaBICHBI IBYMSI THIAMU. Y
OoJIbIIMHCTBA N3yUYeHHBIX BUIOB Circeis TpyOKN UMEIOT TPEXCIOWHYIO CTEHKY: IJIOTHBIE
BHEIIHUH W BHYTPEHHHUH CIIOW UMEIOT CQEpYIUTOBYIO NMPU3MATHYECKYIO CTPYKTYpY, a
MEHee IJIOTHBIH CPeIHUH CIION UIMEET CTPYKTYPY Xa0THYECKH OPHEHTHPOBAHHBIX ITPU3Ma-
tudeckux cepymnuroB. Y mpeacraButencit poga Paradexiospira cteHka TpyOKU OIHO-
CJIOWHAsl ¢ MPOCTOM NPHU3MaTHYECKOH CTPYKTypod, 0OyciaBiMBaIoliell Mpo3pavyHOCTh
TpyOku. Y oxnoro u3 BunoB (Circeis vitreopsis Rzhavsky, 1992) B npenenax TpyOku
HaliileHa KoMOWHanusi 00OMX THUIIOB CTPOCHHUSI CTCHKH, JAEMOHCTPHUPYIOLIAs MEPEeXojl
MEXIy HUMU. V3ydyeHue yIbTpacTpyKTyp CTEHOK Ha PaHHUX CTaJUsIX Pa3BUTHs TPyOKH
MIOKa3bIBAET, YTO TPEXCIIOWHAS CTEHKA SIBIISICTCS] NCXOIHOM (apXanyHO#), a OJJHOCIONHAs
CTEHKA C TIPOCTOH NMPU3MAaTHYECKOH CTPYKTYPOil — BTOPUYHOM (IIpOrpeccuBHON). Buibl
LUPIEHH ¢ HanOoJiee apXanyHbIM CTPOCHUEM CTEHKH TPYOKH OOHapy>KHUBAalOT BBICOKOE
CXOJICTBO 10 0COOCHHOCTSIM CTPYKTYPBI C HEKOTOPBIMH IPEJICTABUTEISIMU TPHOBI Spirorbini,
M3y4YCHHBIMU HAMH paHee, YTO, BEPOSITHO, YKAa3bIBAET HA OJIM3KOE POJICTBO 3TUX TAKCOHOB.
[TosiBneHne 0AHOCIONHOM CTEHKU C MPOCTOM MPU3MATUUYECKOW CTPYKTYpOH B mpenenax
pona Paradexiospira, no-BuIuMoMy, ObLIIO 00YCIIOBIEHO HEOOXOAMMOCTHIO KOHCOJIU 1a-
LUK ¥ YIPOYHEHUsI TPYOKH B CBSI3U C IIEPEXOIOM K ITOCEJICHHIO Ha KAMHSIX B MECTOOOHTa-
HUSIX C MHTEHCHBHOW NecyaHoi abpasuei B MPUIOHHOM CIIO€ BOJIBI.

Kak nutnpoBate a1y crateio: Ippolitov A.P, Rzhavsky A.V. 2015. Tube morphology,
ultrastructures and mineralogy in recent Spirorbinae (Annelida: Polychaeta: Serpulidae).
III. Tribe Circeini// Invert Zool. Vol.12. No.2. P.151-173. doi: 10.15298/invertzool.12.2.03

KJIFOYEBBIE CJIOBA: Yabrpactpykrypa TpyooK, Mopdoorus TpyOooK, MUHEpaIOT sl
TpyOOK, CKaHUPYIONIasl IEKTPOHHASI MUKPOCKOIHUS, PEHTICHOIU(PPAKIIMOHHBIN aHaJIN3,
Spirorbinae, Circeini.

Introduction

Introductory remarks, including key termi-
nology of tubes and their ultrastructures, were
provided in the first part of the present series
(Ippolitov, Rzhavsky, 2014).

Material and methods

Detailed information on material and meth-
ods is provided in the first part of the series
(Ippolitov, Rzhavsky, 2014). Current investiga-
tion covers 6 out of 9 (10?) known species
belonging to the genera Circeis Saint-Joseph,
1894 and Paradexiospira Caullery et Mesnil,

1897 of the tribe Circeini. All examined tubes
are obtained from the collection of A.V.
Rzhavsky deposited in A.N. Severtsov Institute
of Ecology and Evolution, Russian Academy of
Sciences, Moscow (IPEE RAS).

Results

Tribe Circeini Knight-Jones, 1978

Diagnosis. The embryos stick to each other
and then directly to the inner side of the tube;
accordingly, the only type of operculum through-
out life time is an endplate, usually with a talon.
Other important features are: 1) thoracic uncini
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wide rasp-shaped, with 3—15 longitudinal rows
of teeth and blunt anterior peg; 2) abdominal
uncini distributed quite asymmetrically, on con-
vex body side they may be present on last
chaetigers only or absent altogether; 3) abdom-
inal chaetae are flat geniculate, pennant-shaped
(blade width decreasing gradually towards the
tip), usually with a thick projecting heel; the
length of their blade is no longer than blade
length of largest collar chaetae; 4) abdominal
companion capillary hooked chaetae sometimes
present only on the last abdominal chaetigers; 5)
larvae without white attachment glands.

Distribution. All species of Circeini are
found in the North Hemisphere only. Most of
them are arcto-boreal, while others are boreal
Atlantic or Pacific (Knight-Jones P. etal., 1991;
Rzhavsky, 1992a, b, 1992[1994], 1998;
Rzhavsky et al., 2014).

Remarks. The tribe includes two genera:
Circeis Saint-Joseph, 1894 and Paradexiospira
Caullery et Mesnil, 1897.

Genus Circeis Saint-Joseph, 1894

Type species: Circeis armoricana Saint-
Joseph, 1894.

Diagnosis. Tubes usually dextral (anticlock-
wise), but in some species may be regularly or
occasionally sinistral (clockwise); margins of
collar and thoracic membranes not fused over
thoracic groove; large collar chaetae bent (usu-
ally strongly), modified with vestigial lateral
cross-striation or cross-striated from “frontal
side” of blade, not visible laterally under a
dissecting microscope; sickle chaetae absent;
three thoracic chaetigers.

Composition. The genus includes 6 recent
species, 3 of them are described below and the
rest are not covered in the present study. How-
ever, real number of species in the genus may be
larger (see Remarks for C. armoricana).

Distribution. As for the tribe (see above).

Circeis armoricana Saint-Joseph, 1894
Fig. 1A-K.

For descriptions see Knight-Jones P., Knight-Jones
E.W., 1977: 468-470, Fig. 5A-C, E-M [non Circeis
armoricana paguri, p. 470, Fig. 5D]; Knight-Jones P. et
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al., 1979: 427-429, Fig. 3A (a—d); Rzhavsky et al., 2014:
77-80, Fig. 16A-K.

Material examined. Two specimens were studied
with SEM in longitudinal sections (IPEE No. 54/1204, Kit
Bay, Primorsky Krai, Sea of Japan, on a bivalve shell cast
ashore). Mineralogy was analyzed twice: using a single
tube and couple of fused tubes from the same sample.
External tube morphology was illustrated using specimens
from different samples to demonstrate intraspecific vari-
ability [IPEE No. 33/1183, Kamenka Bay, Primorsky
Krai, Sea of Japan, several meters deep, on Laminaria
(Fig. 1C); IPEE No. 96/2051, Jarnyshnaja Inlet, Barents
Sea, depth 10 m, on filamentous algae (Fig. 1B, E); IPEE
No. 148/2871, Rifovaja Bay, Primorsky Krai, Sea of
Japan, tidal pool, on hydrozoans (Fig. 1A); IPEE No. 149/
2889, Rifovaja Bay, Primorsky Krai, Sea of Japan, tidal
pool, on Laminaria (Fig. 1D)].

Tube morphology. Tubes are normally dex-
tral, but some sinistral specimens are recorded
from Pacific coast of North America (Knight-
Jones P.etal., 1979) and Kiel, Baltic Sea (Bock,
1953, as “Spirorbis spirillum”). Coil diameter
up to 2.5 mm. Tube typically unsculptured (Fig.
1C) or bearing distinct (Fig. 1A, B) or vestigial
(Fig. 1D) median keel. Rarely tube with up to 3
keels. Coils usually planospiral, but overlap-
ping in specimens from filamentous algae or
uneven substrates (Fig. 1E), sometimes ascend-
ing over substrate, or the last coil may be erect-
ed. Tube walls white opaque, but usually with
narrow semitransparent transverse bands; slight-
ly porcellaneous. Indistinct peripheral flange
may be present (Fig. 1D).

Tube ultrastructures. Wall is three-layered
(Fig. 1F). Outer covering layer (Fig. 1G) is 67
pm wide (corresponding wall width is 55 pum)
with spherulitic prismatic (SPHP) structure.
Spherulites are usually oriented almost perpen-
dicular to the surface by their long axes, but
often somewhat slightly inclined. The thickest
(35-40 pm wide) middle layer (Fig. 1H) with
spherulitic irregularly oriented prismatic (SIOP)
structure is composed of densely packed typical
irregular isometric or slightly elongated spher-
ulites up to 3—4 pum long and some smaller (~1
pum) isometric crystals also considered here as
irregularly-shaped spherulites. The inner layer
(Fig. 1I) has width ~10 pm, and, like the outer
layer, is represented by spherulites, arranged
along the tube surface as SPHP structure.

The lower part of the tube, adhering to the
substrate, has SIOP structure (Fig. 1J). Internal
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Fig. 1. Circeis armoricana. A—E — tubes: A — adult tube with a distinct median keel (IPEE No. 148/2871);
B — juvenile with distinct median keel (IPEE No. 96/2051); C — unsculptured tube of mature specimen
(IPEE No. 33/1183); D — tube with indistinct median keel and peripheral flange (IPEE No. 149/2889); E —
aggregation of unsculptured tubes with overlapping coils from filamentous algae (IPEE No. 96/20); F-K —
tube ultrastructures, specimen 1 (F-J), specimen 2 (K): F — general view of the longitudinal section; G —
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wall has three-layered structure (Fig. 1K) simi-
lar to that of external wall. Early coils (Fig. 1K)
have main layer relatively thicker than in that of
later coils, and consist of smaller isometric and
elongated crystals, forming typical irregularly
oriented prismatic (IOP) structure similar to
that of Paralaeospirini and Spirorbini (Ippoli-
tov, Rzhavsky, 2014, 2015).

Inner organic lining was not observed.

Tube mineralogy. 100% low-Mg calcite
(I,,.=99 and 225 in two different samples, re-
spectively).

Distribution. In the Arctic C. armoricana is
reported from Chukchi, East-Siberian, Laptev,
Kara, Barents, White, Norwegian (the mainland
coast) and Greenland Seas (Spitsbergen coast)
and from the central Arctic Ocean (Rzhavsky,
1992a,1992[1994],2001; Rzhavsky etal.,2014).
Also known from Barrow Point, Arctic coast of
Alaska (Knight-Jones P. et al., 1979, 1991) and
Iceland coast of the Greenland Sea (Knight-
Jones P. et al., 1991). In the North Pacific its
distribution range extends south to Possiet Bay
(Sea of Japan, Russia), Japan coasts and Acapul-
co (Mexico); in the North Atlantic it extends to
Brittany (France) and Nova Scotia (Canada) (see
Knight-Jones P., Knight-Jones E.W., 1977,
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Knight-Jones P. et al., 1979, 1991; Rzhavsky,
1992a, 1992[1994]; Rzhavsky et al., 2014).

Ecology. C. armoricana is one of the most
common and abundant species in arctic and
boreal waters. It occupies various substrates —
rocks, stones, shells, live crustaceans, macro-
phytes, other polychaete tubes, ascidians, artifi-
cial substrates, rarely bryozoans and hydrozo-
ans. The species was recorded from intertidal
zone up to 271 m deep, although its preferable
bathymetric range is 0—50 m.

Remarks. 1tis not obvious if C. armoricana,
which is extremely widely distributed, variable
morphologically and showing a wide ecological
range, is a true cosmopolitan species or a com-
plex of sibling species. This problem should be
solved using molecular data.

Circeis spirillum (Linnaeus, 1758)
Fig. 2A-G.

For descriptions see Knight-Jones P., Knight-Jones
E.W., 1977: 471, Fig. 5SN-U; Knight-Jones et al., 1979:
429, Fig. 3B (a—d); Rzhavsky et al., 2014: 81-83, Fig.
17A-G, PL. 2H.

Material examined. One specimen was studied with
SEM in longitudinal section (IPEE No. 3/1130, Kamen’
Morskoj Cliff, Pacific coast of Kamchatka, depth 30 m, on
bryozoan). Mineralogy was analyzed twice: using a single

outer part of the wall showing SPHP structure; H — middle part of the wall showing SIOP structure; [ —

innermost part of the wall showing SPHP structure; J — attachment surface, substrate matter detached; K —
longitudinal section through the contact of coils in early growth stages, showing elongated rice grain-like
appearance of crystals in the middle layer (IOP structure) and relatively poorly developed SPHP layers.
Abbreviations: os — outer surface, is — inner surface, a— attachment side of the tube, Is — lower side of the tube, wi —
tube wall on the internal side of the last coil, we — tube wall on the external side of the next-to-last coil. Large arrows
indicate the direction of tube growth.

Puc. 1. Circeis armoricana. A—E — TpyOku: A — B3pocinas 0codb ¢ ueTkuM MeananHbIM KuiieM [PEE No.
148/2871); B — TpyOKa 1oBeHMIbHON 0c00M ¢ X0pomIo BeIpakeHHbIM MeauaHHbM kmieM (IPEE No. 96/
2051); C — ne ckynpnTypHupoBaHHas TpyOka B3pocnoii ocodu (IPEE No. 33/1183); D — tpy06ka co crabo
BBIP@KEHHBIM MeJHaHHbIM KuiieM u nepudepuitnbiv Guanrom (IPEE No. 149/2889); E — arperaius ne
CKYJIBIITHPOBAHHBIX TPYOOK C HaJeraloIluMu 00OpOTaMH Ha BOJOPOCIH C Y3KUM TauiomoMm; F-K —

YIBTPACTPYKTYphI TpyOok, sx3emmursip Ne 1 (F-J), sxzemmmsap Ne 2 (K): F — oOmmuit Bug crenku B
MIPOOJIBHOM ce4eHHH; G — BHELIHSS 4YacTh CTEHKH, IEMOHCTPUPYIOIIast ChepyInTOBYIO IPU3MATHYECKY O
(SPHP) crpykrypy; H — cpennsist acte TpyOKH CO CTPYKTYypOH M3 XaOTHYECKH OPHEHTHPOBAHHBIX
cpepymutoB (SIOP); I — BHYTpeHHSSI 4acThb CTEHKH CO CQEpyIUTOBOI MPU3MATHUECKOW CTPYKTYpOi

(SPHP); J — moBepXHOCTh MpHUKpEIUIEHUsT K CyOCTpaTy, BeLecTBO CcyOcTpaTra He COXpaHmioch, K —
IIPOJIOJIBHOE CEUCHHE 4epe3 001acTh CMbIKaHHS 00OPOTOB HAa PAHHUX CTaJHUAX POCTA; B CPEIAHEM CIIOE
XOPOILIO 3aMETHBI Y/UIMHCHHBIC KPUCTAIIBI B JOpPME 3EpeH pHca, Clararline CTPYKTYPY XaoTHYECKH
OpPHEHTHPOBAHHBIX Mpu3MaTHdeckux kpuctamios (IOP) u oTHocuTeNnbHO €1a00 pa3BuUThe chepyTUTOBbIE
NpU3MaTHYECKUE CJIOM HA HApy)KHOW M BHYTPEHHEH IOBEPXHOCTSIX TPYOKH.

VcnoBHbie 0003HAYCHHST: 0S — HapyKHasl IOBEPXHOCTD, is — BHYTPECHHSSI TIOBEPXHOCTD, @ — MOBEPXHOCTH IIPUKPEII-
JIeHUsI TPYOKH, Wi — CTEHKa BHYTPEHHEH CTOPOHBI MO3IHEr0 000pOTa; We — CTeHKa Hapy)KHOIl CTOPOHBI PaHHETO
obopora. bonbmme cTpesku yka3pIBalOT HAapaBIeHHE POCTa TPYOKH.
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Fig. 2. Circeis spirillum. A—F — tubes (A—E: IPEE No. 13/1140; F — underwater photo in situ). A — tube
with overlapping coils from the lateral side of view; B — juvenile tube with overlapping coils, view from
the top; C — typical mode of coiling (tube, ascending over substratum like a spring); D — the same with
slightly irregular initial coiling and almost straight posteriorly; E— specimen with irregular coiling; F — group
of specimens on a hydroid colony; G — tube ultrastructure, longitudinal section of the wall showing three-
layered structure (outer SPHP, middle SIOP and thick inner SPHP layers).

Abbreviations: os — outer surface, is — inner surface. Large arrow indicates the direction of tube growth.

Puc. 2. Circeis spirillum. A—F — tpy0xu (A—E: IPEE No. 13/1140; F — noasoanoe GoTo B €CTECTBEHHBIX
yCIOBHSX). A — TpyOKa ¢ HajeraommumMu o0opoTamu, BuJI cOOKy; B — 1oBeHmbHas TpyOKa ¢ HaJlerarony-
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tube and a set of 4 tubes (IPEE No. 21/1148, Atlasova
Island, North Kurile Islands, depth 19 m, on bryozoan).
External tube morphology was illustrated using preserved
specimens (IPEE No. 13/1140, Atlasova Island, North
Kurile Islands, depth 17-18 m, on bryozoans and under-
water photo taken in vicinity of Velikaja Salma Strait,
White Sea).

Tube morphology. Tubes are dextral. Only
initial coils planospiral, further ones overlap-
ping (Fig. 2A—B, F) or ascending over substrate
like a spring (Fig. 2C-D) so that tube height
sometimes reaches up to 67 mm. Also tubes
may be somewhat irregularly coiled (Fig. 2E).
Sculpture absent. Tube walls white but semi-
transparent because thin-walled; porcellaneous.

Tube ultrastructures. Wall is three-layered,
having very recognizable structure with irregu-
lar, non-rectilinear boundaries between layers
(Fig. 2QG). Outer layer is 8—10 um wide (corre-
sponding wall width 40 um), and has SPHP
structure with well-defined spherulites. Middle
layer is 8—15 pm wide, composed of irregularly
oriented spherulites (SIOP structure), smaller
of them are more or less isometric (size ~2 pm),
larger ones irregularly elongated up to 45 pum.
Inner layer with SPHP structure is15-25 pm
wide comprising up to 1/2 of total wall thick-
ness.

Position of the axial part of parabolic growth
lamellae is slightly displaced to outer surface,
roughly coinciding with central part of the mid-
dle (SIOP) layer.

Inner organic lining was not observed.

Tube mineralogy. 100% low-Mg calcite
(I,.=48 and 246).

Distribution. In the Arctic this species is
recorded from Chukchi, Laptev, Kara, Barents,
White, Greenland Seas, and Central Arctic
Ocean (Rzhavsky, 1992a, 1992[1994], 2001;
Rzhavsky et al., 2014) as well as from Norwe-
gian Sea (Knight-Jones P. et al., 1991). In the
North Pacificits distribution range extends south
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to Possiet Bay (Sea of Japan, Russia), Japan and
California, USA; in the North Atlantic it ex-
tends to Brittany, France, and Nova Scotia,
Canada (see Knight-Jones P. & Knight-Jones
E.W., 1977; Knight-Jones P. et al., 1979; 1991;
Rzhavsky, 1992a, 1992 [1994]).

Ecology. C. spirillum mainly colonizes hy-
drozoans and bryozoans, but as an exception it
was recorded from the White Sea on red algae
Ptilota sp. (Jakovis, 1997) and on some red
algae from British coasts (Knight-Jones P.,
Knight-Jones E.W., 1977); juveniles sometimes
are found on mussel byssus in the Sea of Japan
(Rzhavsky, pers. observation). Worms are re-
corded at depths of 0-550 m with preferable
bathymetric range 50—-100 m.

Circeis vitreopsis Rzhavsky, 1992
Fig. 3A-H.

For description see Rzhavsky, 1992b: 167-170, Figs
1A-C, 2A-1.

Material examined. Two specimens were studied
with SEM in longitudinal sections [IPEE No. 4/2873,
Vostok Bay, Primorsky Krai, Sea of Japan, depth 4-5 m,
on the shell of bivalve Swiftopecten swiftii (Bernardi,
1858)]. Mineralogy was analyzed using a set of 7 tubes
[TPEE No. 5/2891, Vostok Bay, Primorsky Krai, Sea of
Japan, depth 5-15 m, on shells of bivalve Crenomytilus
grayanus (Dunker, 1853)]. External tube morphology was
illustrated using specimens from the sample also used for
SEM analysis.

Tube morphology. Tubes are sinistral, usu-
ally planospiral (Fig. 3A), or with last whorl
slightly overlapping preceding one (Fig. 3B).
One distinct median longitudinal keel may form
a small pointed projection over aperture. Coil
diameter up to 2.5 mm. Wall vitreous (transpar-
ent or semitransparent); fieclds of transparent
and semitransparent appearance are irregularly
distributed over the surface, providing an im-
pression of some “clouding” of the tube. In
some specimens well-defined transparent lon-
gitudinal band running along outer median keel
side (Fig. 3A).

MU oboporamu, Buja cBepxy; C — TummyHas Qopma, TpyOKa NPHUIOAHATA HAJ CyOCTpaToM B BHIC
pacTsHyTOM NpyXKHBI; D — To *e, HO ¢ HeIPaBUIIBHBIM 3aBUBAaHMEM Ha HAUAJIbHBIX CTaIUSIX POCTa U Oomee
pacupsIMIEHHBIM OCIIETHAM 3aBUTKOM; E — TpyOKa ¢ HenpaBMIIBHBIM KiTyOK000pa3HbIM 3aBUBaHHeM; F —
rpymmna oco0ei Ha KOJIOHHN THAPONA0B; G — yIbTpacTpyKTypa TPYOKH, MPOJONEHOE CEYEHHE CTEHKHU C
TPEXCIOWHON CTPYKTYpOH (BHEIIHUH CEepyIUTOBBIH NMPU3MATHYECKUH, CPEAHUIN CIOH M3 XaOTHYECKH
OPHEHTHPOBAHHBIX CHEPyTUTOB U BHYTPEHHUH CHEPYINTOBBIA NPU3MATHUCCKUI CIION).

VcnoBHbie 0003HAYEHUS: OS — HapyKHasl IOBEPXHOCTD, is — BHYTPECHHSS IIOBEPXHOCTb. Bonbmmas CTpEJIKAa YKa3bIBACT

HaIpaBlIeHUEe pOCTa TPYOKH.



158 A.P. Ippolitov, A.V. Rzhavsky

0.5mm
"

:5 pnm E

»

‘_,fa.—nf‘: 10 pum '

Fig. 3. Circeis vitreopsis. A, B— tubes (IPEE No. 4/2873): A — with longitudinal transparent band running
along the lateral side of the median keel; B — semitransparent, locally with “cloudy” appearance; C—-H —
tube ultrastructures, specimen 1 (C—G), specimen 2 (H): C — general view of the longitudinal section, note
parabolic growth lamellae and SPHP bands penetrating along them to the central part of the wall; D — outer
part of the wall showing irregular SIOP structure; E — middle wall part showing SIOP structure; F — inner
wall part showing SPHP structure along the lumen; G — section through the area of coils contact in early
growth stages showing SPHP structure of the internal wall; H — general view of oblique section near the
tube base, showing transition from three-layered structure near the attachment area (inner SPHP, middle
SIOP, outer SP) to unilayered SP in the middle part of the wall by reduction of the middle SIOP layer.
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Tube ultrastructures. Wall was found to be
different in two studied specimens. In the first
specimen (Fig. 3C—G) longitudinal section run-
ning nearby the tube base revealed two-layered
structure. Inner SPHP layer (Fig. 3F) is 15-35
um wide (corresponding wall thickness is 90 pum)
and locally penetrates into the inner part of the
wall along certain growth lamellae (Fig. 3C).
Outer layer (55-75 um wide) had SIOP structure
consisting of irregularly shaped angular elongat-
ed spherulites (up to 5 um long and 2-2.5 pm
wide; Fig. 3D, E). Early coils (Fig. 3G) showed
three-layered structure with developed outer
SPHP, middle SIOP and inner SPHP layers,
where inner and outer layers had equal thickness.

In the second specimen (Fig. 3H) the wall in
standard longitudinal section was unilayered
with simple prismatic (SP) structure. The wall
was not homogenous as its middle part was less
consolidated than outer and inner parts. Near
the base of the tube chaotically oriented isomet-
ric spherulites appear in the middle part of the
wall, thus transforming the structure into three-
layered with inner and outer SPHP layers and
middle SIOP. No details on spherulite morphol-
ogy of SIOP layer were obtained for this spec-
imen. The axis of parabolic growth lamellae
was slightly displaced to the outer side of the
wall, outer branch of parabola was partly re-
duced, so that crystals were inclined towards
outer surface with angle ~45° (Fig. 3H).
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Internal wall of the coil, as observed from
two different sections, was simplified, the only
layer had SPHP structure (Fig. 3G). This layer
probably corresponds to the inner SPHP layer,
while middle SIOP layer and outer SPHP layers
were absent in the contact zone of coils. Early
growth stages had large amount of cement in the
middle layer (Fig. 3G).

Inner organic lining was not observed.

Tube mineralogy. Probably 100% low-Mg
calcite (I, =41), doubtful weak aragonite peak
was observed.

Distribution. Primorsky Krai, Sea of Japan
(Rzhavsky, 1992b and unpubl.).

Ecology. Known from bivalve shells (live
and dead) of S. swifti and C. grayanus at depths
of 4-15 m.

Remarks. The tubes of C. vitreopsis are
untypical for the genus because of their sinistral
vitreous (transparent/semitransparent) tubes be-
ing far thicker and more solid than tube of any
other Circeis species. They resemble the tubes
belonging to Paradexiospira, but somewhat
more fragile.

Variations of wall structure, observed in
studied sections, may explain the “cloudy” wall
appearance and the presence of a transparent
band running along the outer side of the median
keel. As unilayered SP structure tends to be
related to transparency in serpulid tubes (Ip-
politov, Rzhavsky, 2008; Vinn et al., 2008;

Abbreviations: os — outer surface, is — inner surface, tb — tube base, wi — tube wall on the internal side of the last
coil, we — tube wall on the external side of the next-to-last coil. Large arrows indicate the direction of tube growth.
Puc. 3. Circeis vitreopsis. A, B — tpyoku (IPEE No. 4/2873): A — monynpo3padHasi ¢ TpOJOIbHOMI
MPO3pavHOMN IMOJIOCON C HApy>KHOH CTOPOHBI CEPEIMHHOIO MPOAOJIBHOTO Kuis; B — mosmynpo3paunas,
mectamu 3amyTHEHHas; C—H — ynbTpactpykTypsl Tpy0oK, sk3emiuwsip Ne 1 (C—G), sxzemmmsip Ne 2 (H): C —
oOImUi BH MPOJOIBHOTO CeYEHHs TPYOKH, XOpOIIO 3aMETHBI MapaboINYecKye JIMHUU POCTa U CJIOU C
npu3Matueckoit cepymuroBoit (SPHP) ctpykTypoii, mpoHHKaromre BAOAb OTACIBHBIX JUHHN pocTa B
CPEIHIOI0 YacTh CTeHKH; D — HapyiKHas yacTh TPyOKH CO CTPYKTYpOH XaOTHYECKH OPHEHTHPOBAHHBIX
coepymutoB (SIOP); E — cpenusist 4acTb CTEHKU CO CTPYKTYPOH XaOTHUECKN OPHEHTUPOBAHHEIX chepyiH-
ToB (SIOP); F — BHYTpeHHSA yacTh CTEHKH cO cepyauToBoit mpuzMaTudeckoii (SPHP) ctpykrypoit; G —
HPOJIOJIHOE CEUCHHE uepe3 CMBbIKaHWe 00OpOTOB Ha PAaHHMX CTAJHUAX POCTA; CTEHKAa HAa BHYTPEHHEH
CTOpPOHE 1T03/1HeT0 000poTa nMeeT chepyauToByio npusmarmdeckyio (SPHP) ctpykrypy; H— npononsnoe
ceueHne O3 OCHOBAHMS TPYOKH, JEMOHCTPHPYIOIIEE IEPEX0]] OT TPEXCIOHHOTO CTPOCHUS (BHYTPEHHHUI
chepynuToBblil npusMarndeckuii (SPHP), cpennuii citoii co CTpyKTYpoi XaOTHUECKH OPHUEHTHPOBAHHBIX
cthepymutoB (SIOP); HapyXHBIA clloif ¢ mpocToil nmpuaMatudeckoil (SP) cTpykTypoil) K OIHOCIOIHOM
CTEHKE ¢ MpOCToi mpu3matudeckor (SP) cTpyKkTypoii 3a CUéT BBIKIMHUBAHHS CPETHETO CIOSI.

VcnoBHbIe 0003HAYCHHUS: 08 — Hapy)KHas IOBEPXHOCTD, 1S — BHYTPEHHSISI IIOBEPXHOCTD, th — ocHOBaHHe TPYyOKH, Wi —
CTCHKa BHyTpeHHeﬁ CTOPOHBI ITO3THETO 060p0Ta; W€ — CTCHKa Hapy)KHOﬁ CTOPOHBI PAHHETO 060p0Ta‘ Bonbmme
CTPEJIKU YKa3bIBAIOT HAIIPABJICHHE POCTa TPYOKH.
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Ippolitov et al., 2014), such structure found in
longitudinal sections in the middle wall part
seems to correspond to the longitudinal trans-
parent band. Middle SIOP layer found in other
sections, tapers out here. On the contrary, sec-
tions with a developed SIOP structure in middle
(and sometimes in outer) zones of the wall
obviously correspond to semitransparent areas
of the tube.

The doubtful aragonite peak (Iarag[_,=8, re-
flecting content ~16%) in mineralogical analy-
sis was somewhat shifted (spacing between dif-
fracting planes d=3.39 A). Due to the weakness
of'this signal we cannot be sure if any aragonite
is really present.

Genus Paradexiospira Caullery et Mes-
nil, 1897

Type species: Spirorbis violaceus Levinsen,
1884.

Diagnosis. Tubes dextral, one species oc-
casionally may be coiled sinistrally. Margins
of collar and thoracic membrane not fused over
thoracic groove. Large collar chaetae bent,
cross-striated or fin-and-blade cross-striated.
Only sickle (Apomatus-type) chaetae present
on 3" thoracic chaetigers. Four thoracic chae-
tigers in adults (juveniles rarely with only 3
chaetigers).

A.P. Ippolitov, A.V. Rzhavsky

Composition. Genus includes subgenera Pa-
radexiospira Caullery et Mesnil, 1897 and
Spirorbides Chamberlin, 1919.

Distribution. All known species are arcto-
boreal.

Subgenus Paradexiospira Caullery et Mes-
nil, 1897

Type species: Spirorbis violaceus Levins-
en, 1884.

Diagnosis. Modified collar chaetae cross-
striated, groove may present in basal part of
blade, but fin never forms.

Composition. P. (P.) violacea only.

Paradexiospira (Paradexiospira) violacea
(Levinsen, 1884)
Fig. 4A-H.

For descriptions see Knight-Jones et al., 1979: 429—
430, Fig. 3C (a—e); Rzhavsky et al., 2014: 84-86, Fig.
18A-F, PL. 2B.

Material examined. Five specimens were studied
with SEM in longitudinal sections (IPEE No. 41/2430,
Vhodnoj Reef Point, Bering Island, Commander Islands,
depth 8 m, on brachiopod). Mineralogy was analyzed
using a single tube and by a set of 3 tubes from the same
sample as was used for SEM. External tube morphology
was illustrated using specimens from Telegraph Bay,
Tromse, Norway, littoral, on stones (IPEE No. 51/2880).

Tube morphology. Tubes are dextral, pl-
anospiral, thick-walled, up to 3.5 mm in coil

Fig. 4. Paradexiospira (Paradexiospira) violacea. A—-C — tubes (IPEE No. 51/2880): A — typical live
mature specimen, with three distinct keels ending with projections over the aperture; B — younger live
specimen with a single median keel; C — preserved juvenile unsculptured specimen with small rounded
projection over the aperture; D-H — tube ultrastructures, specimen 1 (D-F), specimen 2 (G), specimen 3
(H): D — general view of the longitudinal section of the contact of coils in late growth stages, showing
unilayered SP structure in both external and internal walls (note gradually changing crystal orientation across
the wall, giving a false impression of three-layered structure); E— inner part of the external wall; F — contact
of coils; G — details of consolidated SP structure near the lumen, note tiny growth lines on the crystals
subparallel to the lumen; H — longitudinal section near the tube base showing intercalating zones of SP and
SIOP structures.

Abbreviations: os — outer surface, is — inner surface, wi — tube wall on the internal side of the last coil, we — tube
wall on the external side of the next-to-last coil. Large arrows indicate the direction of tube growth.

Puc. 4. Paradexiospira (Paradexiospira) violacea. A—C — tpy0xu (IPEE No. 51/2880): A — tunuyHas
JKUBas B3pociias 0c00b ¢ TpEMA NPOAOJIbHBIMH KUJIAMHU, OKaHYUBAKOIIUMHUCH 3y6uaM1/1 HaJl YCTbEM; B —
OoJiee MoJI0/1ast JKUBAst 0COOb C OJJHUM MEIMAHHBIM KHMJIEM, OKaHUMBAIOIIUMCS 3yOmoM Hax ycTbeM; C —
IOBeHWJIbHAs (PMKCHPOBAHHAs 0COOb ¢ HECKYJIBIITYPHPOBAHHOM TPYOKOH M 3aKpYTJIEHHBIM BBICTYIIOM HaJl
yCThEeM HaNpoTUB Oyayiiero Mmeauannoro kuisti; D—-F — ynpTpactpyktypsl Tpy06oK, sxk3emiuisip Ne 1 (D-F),
axzeMiuisip Ne 2 (G), sxsemmuisip Ne 3 (H): D — oOmuit BuI POMOJIBHOTO CEYEHUS Yepe3 CMBIKaHHE
000pOTOB Ha MMO3JIHUX CTAZAUSAX POCTA, AEMOHCTPUPYIONIHI OTHOCIOWHYIO CTEHKY € IIPOCTOil IpU3MaTHyec-
kol (SP) cTpykTypoil kak Ha BHEIIHEH, Tak ¥ Ha BHYTPEHHEH CTOpOHaxX 00OpOTa, XOPOIIO 3aMETHBI
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TIOCTENIEHHBIE N3MEHEHNsI OPHEHTUPOBKH KPHCTAJIIOB B CTEHKE, CO3/JAOMINE JIOXKHOE BIEUATIEHUE HAIH-
4us TpEX ci1oeB; E — BHYTpeHHIs 4acTh CTEHKU Ha HApY>KHOI cTopoHe 06opoTta; F — cMbIkanne 000poToB;
G — neranmy cTpoeHHs KOHCOJNMAMPOBAHHOW MPOCTOH mpm3marmueckoil (SP) cTpykTypsl 61m3 ycThst
TpyOKH, Ha KPUCTAJLIAX XOPOLIO 3aMETHBI TOHYANIIINE JINHUK POCTA, WYIIHE CyOIapauleIbHO BHY TPEHHE!
noiiocty; H — mpogonsHOE ceuenne oCHOBaHUS TPYyOKH ¢ BBIPQKCHHBIM ITepecIanBaHUEM 30H C MPOCTOIT
npuzMarndeckoi (SP) cTpykTypoii 1 CTPYKTypoH XaOTHUECKH OpHEHTHPOBAaHHEIX cepynuros (SIOP).
VYcnoBHbIe 0003HAYEHHS: 0S — HapyIXKHAs MOBEPXHOCTH, iS — BHYTPEHHSS MIOBEPXHOCTb, Wi — CTE€HKa BHYTPEHHEH
CTOPOHBI IMO3HET0 060p0'ra; W€ — CTCHKa Hapy)KHOI;'I CTOPOHBI paHHETO 060p0Ta. Boubmue CTPECJIKK yKa3bIBalOT
HAIpaBlIeHUE POCTa TPYOKH.
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diameter; adults with up to three massive keels
ending as three projections over aperture (Fig.
4A, B), juvenile tubes unsculptured (Fig. 4C).
Tube walls vitreous (transparent); deep violet
inner tube lining visible through tube walls, so
that tubes of live animals appearing almost
black (Fig. 4A, B). This lining may change
colour to brown in freshly preserved material
(Fig. 4C) and to light-brown in long-stored
material.

Tube ultrastructures. Tube wall is unilay-
ered with SP structure (Fig. 4D—H). Prismatic
crystals are merged together during the growth
process, so that individual units, having the
same cleavage, can be hardly recognized within
the wall. The surface of crystals often demon-
strates very fine transverse growth lines (Fig.
4G). The axis of parabolic growth lamellae
slightly displaced to the outer side of the wall.
External branch of parabola is partly reduced:
crystals are inclined to outer surface at ~45°
angle (Fig. 4D, F). Structure of the internal wall
is also unilayered SP (Fig. 4D, F). Outer and
middle parts of the wall are absent in the coils
contact zone, as suggested by the configuration
of growth lamellae of the internal wall. Near the
tube base there are numerous areas with SIOP
structure (Fig. 4H), forming intercalating zones
with normal SP structure.

Inner organic lining is about 1 um thick and
well-separated from the wall.

Tube mineralogy. 100% low-Mg calcite
(I,.=130 and 231).

Distribution. In the Arctic the species was
recorded from Chukchi, Kara, Barents, White,
and Greenland Seas (Rzhavsky, 1992a, 1992
[1994], 2001; Rzhavsky et al., 2014); also off
the Arctic coast of West Greenland (Wesen-
berg-Lund, 1950) and Iceland (Knight-Jones P.
et al., 1991). In the North-Western Pacific its
distribution range to the south extends to North
Kurile Islands, Russia (Rzhavsky, 1992a, 1992
[1994]); off American coast of Pacific the spe-
cies is known only from Alaska (Knight-Jones
P.etal., 1979). In the North Atlantic the species
is recorded only from off Newfoundland, Can-
ada (Knight-Jones P. et al., 1979).

Ecology. Worms live on stones, mollusk,
brachiopod and barnacle shells, other serpulid

A.P. Ippolitov, A.V. Rzhavsky

tubes, and solid erect branched bryozoans at
depths of 0—130 m (preferable range 5-50 m).

Remarks. In P. (P.)violacea,as well as in all
other members of the genus Paradexiospira
described below, the general pattern of crystal
orientation of SP structure is perpendicular to
parabolic growth lamellae. As a result, the ori-
entation of individual crystals changes gradual-
ly across the wall: in the middle part of the wall
crystals are more or less parallel to the surface,
while in outer part they are inclined to outer
surface, and in the inner part of the wall crystals
become almost perpendicular to the inner sur-
face (Fig. 4D). This provides false impression
ofathree-layered tube. Because smallest crystal
units in different zones of the wall look the same
and are oriented in the same way (perpendicular
to the growth lamellae), while distinct bound-
aries between these zones are absent, such wall
is considered unilayered.

Subgenus Spirorbides Chamberlin, 1919

Type species: Serpula cancellata Fabricius,
1780.

Diagnosis. Modified collar chaetae fin-and-
blade cross-striated.

Composition. Only two species described
below. Additionally, Knight-Jones P. et al.
(1979) recorded specimens of P. (S.) vitrea
(Fabricius, 1780) from Oregon with domed
operculum, which may be a new species of the
subgenus Spirorbides (Knight-Jones P., pers.
comm.), but as it was never described, it was not
included in our study.

Paradexiospira (Spirorbides) cancellata
(Fabricius, 1780)
Fig. SA-J.

For descriptions see Bergan, 1953: 38, Fig. 3a—d;
Rzhavsky et al., 2014: 86-88, Fig 19A-D.

Material examined. Two specimens were studied
with SEM in longitudinal and transverse sections [IPEE
No. 3/898, Olutorsky Gulf, Bering Sea (East Kamchatka),
depth 52 m, on gravel]. Mineralogy was analyzed using a
single tube and set of 2 tubes (IPEE No. 1/896, Morzhovaja
Bay, Pacific coast of East Kamchatka, depth 25 m, on
stones). External tube morphology was illustrated using
specimens from the sample also used for SEM.
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Tube morphology. Tubes are dextral, pl-
anospiral, thick-walled, up to 4 mm in coil
diameter, usually with regularly spaced alveoli
(pits) along the tube periphery (Fig. SA-C).
Alveoli often absent in juveniles (Fig. 5D), but
very rarely in adults. Adult tubes with 2-3
distinct keels ending as projections over the
aperture (Fig. SA-B); juvenile tubes are un-
sculptured (Fig. 5D). Specimens of intermedi-
ate age between juveniles and adults have 1-2
vestigial keels (Fig. 5C). Tube walls are vitre-
ous (transparent); inner tube lining is transpar-
ent and macroscopically invisible, while the
body is uncoloured, so that tubes of live speci-
mens appear greyish-white.

Tube ultrastructures. The wall in longitudi-
nal section is unilayered, having SP structure
(Fig. SE-G). Individual crystals are poorly dis-
cernible. In the central wall part crystals are
spiculi-like, over 15 um long, while their width
does not exceed 0.5—-1 um (Fig. SE, I). Crystals
making SP structure grow across parabolic lamel-
lae. Locally near the inner and outer margins of
the wall prismatic crystals can be gradually
replaced by spherulites (SPHP structure; Fig.
SE, F), preserving the same orientation within
the wall. In transverse section near the lumen we
observed interbedding oftypical SP/SPHP struc-
ture with thin layers composed of spherulites up
to 9—10 pm length, oriented irregularly, densely
packed and growing through each other (SIOP
structure). The latter type of structure was also
found near the attachment area (Fig. SH-J),
where relatively thin outer and inner sides of the
wall are consolidated and have SP/SPHP struc-
ture, while thick middle zone has SIOP struc-
ture.

The axis of parabolic growth lamellae is
located centrally or slightly displaced to the
outer side of the wall (Fig. SE). The outer branch
is partly reduced: crystals are inclined towards
outer surface at ~45° angle. In the internal wall,
which is very thin, growth lamellae run almost
parallel to the tube wall, being slightly inclined
to lumen backwards, thus indicating that outer
part of the wall is absent here.

Inner organic lining is well-discernible, 1-2
pm thick.
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Tube mineralogy. 100% low-Mg calcite
(I, =445 and 436 in different samples).

Distribution. In the Arctic the species was
recorded from Kara, Barents, White, and Green-
land Seas (Rzhavsky, 1992a, 1992[1994],2001;
Rzhavsky et al., 2014); also reported off the
Arctic coast of West Greenland (Wesenberg-
Lund, 1950, 1953; Knight-Jones P. etal., 1991).
In the North Pacific the species is known only
off Russian coast where its range extends south
to North Kurile Islands and northern part of
Sakhalin (Rzhavsky, 1992a, 1992[1994]). In
the North Atlantic the species is recorded only
from Newfoundland, Canada (Knight-Jones P.
et al., 1991).

Ecology. Worms attach to stones and shells
at depths of 3—120 m (preferable range 5-50 m).

Paradexiospira (Spirorbides) vitrea (Fab-
ricius, 1780)
Fig. 6A-].

For descriptions see Knight-Jones P., Knight-Jones
E.W., 1977: 472-474, Fig.6A-J; Knight-Jones P. et al.,
1979: 430, Fig. 3D (a—f); Rzhavsky et al., 2014: 88-91,
Fig. 20A-1, PL. 2A.

Material examined. Six specimens were studied with
SEM in longitudinal and transverse sections (three from
IPEE No 23/978, Poludennaja Bay, Bering Island, Com-
mander Islands, Russia, depth 9 m, on stones, and three
from No. 39/994, Shirokaja Bay, Jurij Island, South Kurile
Islands, Russia, depth 3 m, on stones). Mineralogy was
analyzed using a single tube and the set of 4 tubes from the
same sample as used for SEM (IPEE No 23/978). External
tube morphology was illustrated using specimens from the
Telegraph Bay, Tromse, Norway, littoral, on stones (IPEE
No. 117/2879) and the same sample as for SEM (No. 39/
994).

Tube morphology. Tubes are normally dex-
tral, sinistral specimens also recorded from Pa-
cific coast of North America (Knight-Jones P. et
al., 1979; Macdonald, 2007). Whorl diameter
up to 2.5 mm, not exceeding 2 mm when tube is
turret-shaped. Tubes of mature specimens thick,
hard, vitreous (transparent), with 1-3 massive
keels often ending as projections over the aper-
ture (Fig. 6A—C). In live specimens red body
colour visible through transparent tube walls,
giving bright-pink appearance to tubes (Fig. 6A,
B). Tubes may be overgrown by green-coloured
algae (Fig. 6A). Walls of preserved or dead
specimens sometimes lose transparency (Fig.
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Fig. 5. Paradexiospira (Spirorbides) cancellata. A—D — tubes (IPEE No 3/898): A — mature tube, view
from the top; B — the same specimen, from the lateral side of view; C — younger specimen with well-
developed peripheral row of alveoli and only vestigial longitudinal keel; D — juvenile, yet without sculpture
and without alveoli; E-J — tube ultrastructures: E — general view of the longitudinal section of the contact
of coils in late growth stages showing unilayered SP structure in both external and internal walls; F —
internal wall of the last coil; G — innermost part of the external wall showing calcite crystals of typical
rhomboidal shape; H — general view of section along the tube base showing residual SIOP structure in
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6C, D). Whorls usually planospiral (Fig. 6A, B)
or overlapping giving turret-like shape to tubes
(Fig. 6C, D), when tube height exceeds diameter
1.5-2 times. Tubes of juveniles unsculptured
and planospiral; their walls having narrow trans-
verse wavy transparent zones alternating with
milky-white coloured ones.

Tube ultrastructures. In the last coils wall is
unilayered, with SP structure (Fig. 6E—H). Inner
and middle wall parts show high degree of
consolidation, and isolated crystals are usually
not distinguishable in these zones. In outer part
individual crystals are sometimes better dis-
cernible, being composed of a bundles of tiny
parallel crystallites (Fig. 6H). Their precise size
isunclear as crystals grow continuously through
consequent growth lamellae forming long crys-
tal units with the same cleavage. Locally along
the outer surface there are regions with spheru-
litic irregularly oriented structure (SIOP; Fig.
61), and the tube surface is covered by spherulit-
ic prismatic structure (SPHP) with somewhat
loose orientation.

The axis of parabolic growth lines is located
in the central part of the wall, being slightly
displaced towards the outer side. In the internal
wall middle and inner wall parts are completely
declined (Fig. 6J), as it follows from the orien-
tation of crystals, and parabolic growth lamellae
are not visible.

Early (juvenile) coils have three-layered
walls with thin inner and outer SPHP layers
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(Fig. 6J), while the widest middle part of the
wall has IOP (or irregular SIOP?) structure with
crystals of 1, rarely 2 pm long, embedded into
amorphous organic matter. During tube growth
this middle layer gradually reduces, being re-
placed by increasing inner and outer SP layers,
finally merging together into a single layer.

Inner organic lining is thin, less than 0.5 pm.

Tube mineralogy. 100% low-Mg calcite
(I, =130 and 345 in different samples).

Distribution. In the Arctic the species was
recorded from Chukchi, Kara, Barents, White,
Norwegian, and Greenland Seas (Rzhavsky,
1992a, 1992[1994], 2001; Rzhavsky et al.,
2014); also reported from off Arctic coasts of
Greenland (Wesenberg-Lund, 1950, 1953) and
Iceland (Knight-Jones P. et al., 1991). In the
North Pacific its range extends south the Rus-
sian coast of Sea of Japan (Rzhavsky, 1992a,
1992[1994]), Japan and California, USA
(Knight-Jones P. et al., 1979, 1991). In the
North Atlantic it extends to Brittany, France
(Knight-Jones P., Knight-Jones E.W., 1977)
and New England, USA (Knight-Jones P. etal.,
1979, 1991).

Ecology. The species occupies only hard
substrates, such as rocks, stones, mollusk, bra-
chiopod and barnacle shells, other serpulid tubes
and artificial substrates with rough surface. Ju-
veniles are occasionally found on laminarian
folds and Abietinaria sp. (Hydrozoa) at depths
of 0-242 m (preferable range 3—50 m).

interspaces between zones with SP structure; [ — parallel rod-like crystallites forming SP structure; J] —
irregularly oriented spherulites forming SIOP structure.

Abbreviations: is — inner surface, wi — tube wall on the internal side of the last coil, we — tube wall on the external
side of the next-to-last coil. Large arrows indicate the direction of tube growth.

Puc. 5. Paradexiospira (Spirorbides) cancellata. A—D — tpy6xu (IPEE No. 3/898) A — B3pocnas oco0b,
BUJ CBepXy; B — ToT ke sx3eMmunsip, Buj ¢ 60ky; C — Gosee MoJonast 0co0b ¢ mepudepuIecKuil psiioMm
QJIbBEOJI, HO TOJIBKO C OJHUM 3a9aTOYHBIM MEJMaHHBIM KuiieM; D — roBeHHIbHAst 0c00b 6€3 CKyIIBITYPEI
u anbBeon; E—J — ynbrpactpykTypsl TpyOok: E — o0muii BUI MpOJOIBHOTO CEYEHUs Yepe3 CMbIKaHHUE
000pOTOB HA TIO3]THUX CTA/IUSAX POCTA, IEMOHCTPHUPYIOIIN OJTHOCIONHYIO CTEHKY C IIPOCTOM IPHU3MATHYECKOM
(SP) cTpykTypoii Kak Ha Hapy>KHOMH, Tak U Ha BHYTPeHHeH cTopoHax obopoTa; F — crenka Ha BHyTpeHHEiT
CTOpOHE MocieaHero ooopota; G — BHYTPEHHSASA 4acTh CTEHKHM Ha HapY)KHOW CTOpoHE 000poTa, BUIHA
TUNUYHAs poMOrdeckas popma KpHuCTaIUIOB KanbiuTa; H — nposonsHoe ceuenne 61113 OCHOBaHHS TPYOKH,
JIEMOHCTPHPYIOIIEe YIaCTKU C OCTaTOYHOH CTPYKTYPOH XaOTHUECKH OPHEHTHPOBAHHBIX IPU3MaTHIECKUX
KPHUCTAJNIOB MEXIY y4YacTKaMH C IpocToil mpusmarmueckoil (SP) ctpykrypoif; I — mnapannensHbie
NaJIOYKOBH/THBIE KPUCTAJUINTEI, CIaraloline IpoCTyIo IPU3MaTHIEeCKyIo cTpyKTypy (SP); J — xaoTuueckn
OPHEHTHUPOBAHHBIE CEPYIUTH, ClIaralolie OJHONMEHHYIO CTpYKTYpy (SIOP).

VYcnoBHbIe 0003HAYEHHS: 0S — HapyXKHAs MOBEPXHOCTH, iS — BHYTPEHHSS MIOBEPXHOCTh, Wi — CTE€HKAa BHYTPEHHEH
CTOPOHBI TIO3JHEr0 060POTa; We — CTEHKAa HapyXKHOIl CTOPOHBI paHHero 00opora. BoJblne CTPEelKH yKasblBAarOT
HAIpaBlIeHUE POCTa TPYOKH.
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Fig. 6. Paradexiospira (Spirorbides) vitrea. A—D — tubes: A (IPEE No. 117/2879) — mature tube of live
animal with three well-defined keels, view from the top; B-D (IPEE No. 39/994), B — mature tube of
preserved worm with vestigial median keels, transparent tube and still kept light-red colour of the body (view
from the top); C — preserved worm with turret-like tube, which has lost its original transparency, view from
the top; D — the same specimen, from the lateral side view; E-J: tube ultrastructures: E — general view of
the longitudinal section showing unilayered wall with SP structure; F — innermost part of the wall; G —
middle part of the wall; H — outermost part of the wall; [ — outermost part of the wall with unique residual



167

Tube morphology, ultrastructures and mineralogy in recent Spirorbinae. III.

Fig. 7. Tubes of Circeini species not covered in the present study. A, B — Circeis gurjanovae (from
Rzhavsky, 1992a, fig. A, B); C—-E — C. oshurkovi (from Rzhavsky, 1998, fig. 1A-C).

Puc. 7. TpyOxu npencraBurenei Tpuos! Circeini, He H3y4eHHBIE B X0JIe HACTOSIIETO HCclenoBanus. A, B —
Circeis gurjanovae (u3 Rzhavsky, 1992a, fig. A, B); C—E — C. oshurkovi (u3 Rzhavsky, 1998, fig. 1A-C).

Remarks. Internal tube surface demonstrates
small imprints up to 1 pm in diameter, some-
what similar to those described for Spirorbini
and interpreted as traces of anchoring by chae-
tae (Ippolitov, Rzhavsky, 2015).

Tube morphology of species not cov-

E.W., 1977, C. gurjanovae Rzhavsky, 1992 and
C. oshurkovi Rzhavsky, 1998.

C. paguri was originally described as a sub-
species of C. armoricana by Knight-Jones P.
and Knight-Jones E-W. (1977) and later was
erected as valid species by Al-Ogily and Knight-
Jones E.W. (1981) on the basis of the differenc-

es in ecology and larval morphology. Tube
morphology of C. paguri (planospiral and un-
sculptured) is identical to that typical for repre-
sentatives of C. armoricana,buttubes are smaller
(coil diameter up to 1.5 mm only versus 2.5 mm
in C. armoricana); its tube walls are white

ered with the SEM study

Only three species of Circeis were not cov-
ered by our SEM and mineralogical studies:
Circeis paguri Knight-Jones P. et Knight-Jones

area with SIOP structure; J — longitudinal section of the contact of early coils, showing three-layered
external wall of the early coil, with thin outer SPHP, thick middle IOP, and thin inner SPHP layers. Note
the cavity between coils, filled with carbonate debris and immured diatoms.

Abbreviations: cav — cavity between coils; is — inner surface, os — outer surface, wi — tube wall on the internal side
of the last coil, we — tube wall on the external side of the next-to-last coil. Large arrows indicate the direction of tube
growth.

Puc. 6. Paradexiospira (Spirorbides) vitrea. A—D — tpy6ku: A (IPEE No. 117/2879) — B3pocnast xuBast
0co0b ¢ Tpems kuisimu, B ceepxy; B—D (IPEE No. 39/994), B — B3pocnas 3adukcupoBaHHAs 0COOb C
3a4aTOYHBIM CEPEAMHHBIM KWJIEM, NMPO3padyHOi TpyOKoil M BCE 51I€ COXpaHUBILEHCS CBETIO-KPAaCHOM
oKpackoii Tena (Bux cBepxy); C — TpyOKa B3pocIioif 3aguKCUpOBaAaHHOM 0COOH, OTEPSBIIAS PO3PAYHOCTD
C HaJIeTaoMUMK 000opoTamH (OaleHKOBHHAS ), BUJ CBepXy; D —ToT ke, Buj ¢ 60Ky; E-J: yapTpacTpykTypst
TpyOok: E — o0mmuii BUJ MPOAOIBHOTO CEYEHUS, IEMOHCTPUPYIOIINI OHOCIONHHYIO CTEHKY C IPOCTOH
npusmarnueckoi (SP) crpykrypoii; F — BHyTpeHHss yacTh cTeHkH; G — cpelHss yacTh cTeHku; H —
BHEIITHSS YacTh CTEHKH; | — TO e caMmoe, yHUKaJIbHBIN PETUKTOBBIN YyIaCTOK CO CTPYKTYPOH XaOTHIECKH
opreHTHpoBaHHbIX chepynuToB (SIOP); J — mpomosbHoe ceueHne Yepe3 CMbIKaHie 000POTOB Ha paHHHUX
CTausIX, XOPOIIO BHJHO TPEXCIOWHOE CTPOCHHE CTEHKH PaHHEro o0OpoTa, COCTOSIIEe M3 TOHKOTO
BHEIITHETo c(hepyauTOBOTrO IMpu3MaTHdeckoro ciost (SPHP), Goxee MomrHOro cpeanero co CTpyKTypoi u3
Xa0THYECKH OPHEHTHPOBAHHBIX ITpU3MaTHyeckux Kpuctaiios (IOP) M TOHKOro BHy TpEeHHEr0 chepyInToBOro
npusmarudeckoro (SPHP) crost. Mexty o6oporamu 3aMeTHA IT0JIOCTb, 3alI0JHEHHAs! HECTPYKTYpPHPOBaH-
HBIM KapOOHATHBIM BEIIECTBOM U 3aMypPOBAaHHBIMH B IIPOIIECCE POCTA TPYOKH CTBOPKAMH JHATOMEH.
VYcnoBHble 0003HAUCHHMS: cav — TOJIOCTh MEXIy 000poTaMu, 0S — Hapy)KHas MOBEPXHOCTh, 1S — BHYTPEHHSS
IIOBEPXHOCTD, Wi — CTeHKa BHyTpeHHeﬁ CTOPOHBI ITO3AHETO 060p0'ra; W€ — CTCHKa Hapy)KHOﬁ CTOPOHBI PAaHHETO
o0opoTta. bonblime cTpenku yKasbBalOT HalpaBlIeHUE pocTa TPyOKu.
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opaque, slightly porcellancous. It was never
illustrated in literature.

Tubes of C. gurjanovae (Fig. 7A-B) look
just the same as unsculptured tubes of C. armor-
icana, and have approximately the same size (2
mm in coil diameter versus 2.5 mmin C. armori-
cana); planospiral or their last whorls may over-
lap previous ones. Tubes examined by Rzhavsky
(1992a) were non-porcellaneous, but this may
be a result of long preservation time, which
resulted in degradation.

The third species, C. oshurkovi, is very
similar to C. spirillum by having thin, semi-
transparent and unsculptured tubes (Rzhavsky,
1998). On the other hand, tubes of C. oshurkovi
usually have last whorls covering the inner ones
or last whorl may turn upwards away from the
substrate (Fig. 7C-E), but never ascend over
substrate like a spring as seen in C. spirillum;
sometimes tubes of C. oshurkovi are planospiral
with coil diameter up to 1.3 mm.

A potential new species of Paradexiospira
(See Remarks to the subgenus Spirorbides) was
not examined.

Discussion

Patterns and variations. All Circeini have
purely calcitic tubes with various numbers of
layers having different structures, and can be
classified into the following groups (Table 1).

Group A. Three-layered tube wall with well-
developed inner and outer spherulitic prismatic
(SPHP) covering layers, while middle part of
the wall in juveniles has irregularly oriented
prismatic (IOP) structure that in mature tubes
transfers into spherulitic irregularly oriented
prismatic (SIOP) structure with large spheru-
lites (up to S um). Macroscopically tubes are not
transparent and tend to be unsculptured or to
have a single median keel, rarely 3 keels. This
group includes C. armoricana and C. spirillum.

Group B. Unilayered tubes with simple pris-
matic (SP) structure, which may locally trans-
form to SPHP in inner and outer zones of the
tube wall. Locally (for example in the attach-
ment area) large slightly elongated spherulites
without certain orientation (SIOP structure) may

A.P. Ippolitov, A.V. Rzhavsky

also appear. Macroscopically tubes are always
transparent, and mature specimens tend to have
planospiral tubes with 3 massive keels. This
group includes all studied species of Parade-
xiospira.

Spatial and ontogenetic interrelationships
of two ultrastructural groups described above
may be observed even within a single species —
for example, P. (S.) vitrea obviously has type A
of structure in early coils, while in later coils
structure represents type B. One more species,
C. vitreopsis, not included in the lists above, has
tube features intermediate between groups A
and B: a three-layered wall with a well-devel-
oped inner SIOP layer (characteristic of Group
A) in the lower part of the tube, nearby the
attachmentarea, butan unilayered SP wall (char-
acteristic for Group B) slightly above. Also,
general tube morphology of C. vitreopsis is also
somewhat similar to that of the genus Paradex-
iospira (see Remarks above). Intypically unilay-
ered tubes (Group B) SIOP structure may ap-
pear locally, tending to be localized near the
tube base.

As three Circeis species not covered by
SEM studies, have opaque or semitransparent
tubes, most probably they belong to Group A.
Therefore, ultrastructural groups are well-cor-
related with generic subdivision of Circeini into
Circeis and Paradexiospira, allowing in most
cases the determination of generic affiliation of
mature specimens (except for C. vitreopsis) by
tube structure only. Representatives of the sub-
genera Paradexiospiras. str. and Paradexiospi-
ra (Spirorbides) do not differ by ultrastructures.

Both studied species of Group A (i.e. Cir-
ceis species) are more or less individual by their
ultrastructures, differing in relative thickness of
middle layer with spherulites. However, num-
ber of studied species is too small (3 out of 6
described species) to conclude that ultrastruc-
tures are a certain specific character for the
members of the genus. SIOP structure of the
middle layer, described here for Circeini, is
much different from that known for other ser-
pulids (e.g., Vinn et al., 2008; Vinn, 2013):
crystals do not grow through each other, but are
lying loosely in the wall and have more irregular
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shapes. They are more likely to be somewhat
intermediate between well-defined spherulites
and simple elongated prismatic crystals typical
for IOP structure.

Comparison with other Spirorbinae. Both
Circeis and Paradexiospira are clearly differ-
entby ultrastructure from spirorbins of the tribes
Paralaeospirini and Spirorbini studied before
(Ippolitov, Rzhavsky, 2014, 2015).

Members of both Paralaeospirini and Spiror-
bini have well-defined main layer with IOP
structure, which is found in Circeini only in
juveniles. Many Spirorbini have an outer SPHP
layer, which is, unlike in Circeini, usually thin
andunevenly developed. However, among stud-
ied Spirorbini, one unique species, Spirorbis
(Spirorbis) rothlisbergi Knight-Jones, 1978, has
three-layered tube (Ippolitov, Rzhavsky, 2015,
“Spirorbini group C”), principally similar with
the Circeini Group A. However, the middle
layer of S. (S.) rothlisbergi consists of small rice
grain-like crystals (not spherulites) typical within
Spirorbinae, and therefore, has IOP structure
which cannot be confused with SIOP structure
of the middle layer in Circeini.

Among published data on species of other
spirorbin tribes, unilayered SP tubes similar to
Circeini Group B, were found in Protolaeospi-
ra (Protolaeospira) augeneri (Vine, 1977) (Ip-
politov, Rzhavsky, 2008: fig. 1d), while a com-
bination of middle SIOP layer with covering
inner and outer SPHP layers, like in Circeini
Group A, is known for Protolaeospira (Dextra-
lia) stalagmia Knight-Jones P. et Walker, 1972
(Ippolitov, Rzhavsky, 2008: fig. 1 ¢, d); both
species belonging to the tribe Romanchellini
Knight-Jones P., 1978. Comparison with other
species of Romanchellini as well as with species
of tribes Januini and Pileolariini will be provid-
ed in subsequent parts of the present series.

Phylogenetic significance. Altogether all
species of the tribe Circeini form a continuous
spectrum of tube structures. It includes three-
layered tubes with well-developed middle SIOP
layer (C. armoricana), three-layered tubes with
thin, but still distinct middle SIOP layer (C.
spirillum), complex uni- and three-layered tubes
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(C. vitreopsis), and presumably unilayered SP
tubes with residual spherulitic zones (all mem-
bers of Paradexiospira). Early coils of unilay-
ered SP tubes, as observed for P. (S.) vitrea, are
essentially similar to those of Circeis by struc-
ture, being three-layered with well-developed
middle IOP/SIOP layer. This means that within
the range of ultrastructural variability of Circe-
ini the presence of well-developed SIOP middle
layer is a plesiomorphic state, while unilayered
SP tubes are produced by strong reduction of
SIOP elements during the ontogeny, and are
evidently apomorphic. From this point of view,
ultrastructurally Paradexiospira may be con-
sidered as a derivate of Circeis, and C. vitreop-
sis as an advanced member of the genus, close to
the bifurcation point of Circeis/Paradexiospira
in the phylogeny. However, Circeis looks more
apomorphic from the point of soft body, having
three thoracic chaetigers instead of four in Pa-
radexiospira, thus illustrating a trend for oligo-
merization as a basic principle of metazoan
evolution (Dogiel, 1954). The progressive soft-
body characters in Circeis in combination with
plesiomorphic tube wall structure and vice ver-
sa in Paradexiospira probably mean that the
last common ancestor or both genera had three-
layered Circeis-like tube wall, and four thoracic
segments, like Paradexiospira. So, we can sup-
pose that Circeis lineage evolved to oligomer-
ization of thorax, while its tube structures re-
mained more or less archaic, and in Paradex-
iospira lincage major evolutionary changes
touched the tube structure.

Ontogenetic transition in Circeini from IOP
structure in juveniles to SIOP structure in ma-
ture specimens, observed in C. armoricana, fits
well the hypothesis of Vinn (2013), who sug-
gested the idea of derivation of SIOP structure
from IOP or RHC (rounded homogeneous crys-
tal) structure. Also, our data suggest reasonably
close relationships between Spirorbini and Cir-
ceini based on tube ultrastructures. Early onto-
genetic stages showing IOP structure and un-
even outer SPHP layer in C. armoricana fully
repeat characteristics of some Spirorbini, hav-
ing outer SPHP layer (Ippolitov, Rzhavsky,
2015). The striking morphological, mineralog-
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ical, and ultrastructural similarity of adults in
most ultrastructurally “plesiomorphic” Circeini
(C. armoricana), having well-developed mid-
dle layer with unoriented type of structure with
certain three-layered Spirorbini (S. (S.) rothlis-
bergi) having well-developed outer and inner
SPHP layers, also supports the close phyloge-
netic relation of the tribes.

Evolutionary interpretation of tube struc-
ture in Paradexiospira. The present study sug-
gests that unilayered tubes with SP wall struc-
ture is an evolutionary result of gradual swelling
of dense inner and outer oriented spherulitic
layers (usually having SPHP structure) com-
bined with the total suppression of crumbly
middle layer with unoriented structure (IOP or
SIOP). Ippolitov and Rzhavsky (2015) discussed
the explanation for the formation of dense outer
layers in serpulids, introduced by Vinn and
Kupriyanova (2011). We concluded that unlike
in non-spirorbin serpulids, the appearance of
SPHP layers in Spirorbini is related to their
substrate preferences and the need of tube me-
chanical consolidation as protection from abra-
sion in high-energy environments. A similar
explanation, suggesting development of SPHP
layers as a factor resisting mechanical stress,
was introduced by Chan et al. (2015), who
hypothesized that outer SPHP layer may be
important for preventing crack propagation on
the juvenile tubes in Hydroides elegans Haswell,
1883. From this point of view, further transition
to unilayered SP structure within Circeini could
be interpreted as an extreme degree of strength-
ening the tube wall, allowing the species to
settle in shallow-water bottom environments
with high rates of sand abrasion. All species
having unilayered SP tubes (C. vitreopsis and
all Paradexiospira) are found only in such envi-
ronments, settling on stones, shells etc. There-
fore, Circeini group B may be interpreted as
spirorbin branch that made a back evolutionary
transition from inhabiting macrophytes and float-
ingephemeral substrata to hard-sediment benthic
environments, like the serpulid ancestors of the
subfamily Spirorbinae (Ippolitov, 2010; Ippoli-
tov etal., 2014). In the frame of this hypothesis,

171

tube transparency, which is the most remarkable
macroscopic character for all Paradexiopsira
tubes, is nothing but an accessory result of
adaptation to high-energy bottom environments,
not having strong adaptive significance itself.
The combination of SP and SPHP struc-
tures, making the tubes transparent, was also
found in some unrelated serpulid genera (Pla-
costegus Philippi, 1844 and Vitreotubus Zi-
browius, 1979 — see Hove, Zibrowius, 1986;
Vinnetal.,2008). An application of our hypoth-
esis to these non-spirorbin Serpulidae is not
fully consistent and needs to be discussed.
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