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ABSTRACT: The prey defensive strategy of the scale-worms can be divided to 3 different
strategies. First one is symbiosis, the second defense strategy is to autotomize scales, and
the third defense strategy is to curl into the ring and to protect the body by thick scales with
big and sharp tubercles. The aim of this paper is to present the morphological, ultrastruc-
tural, and immunohistochemical studies of the scale of Lepidonotus squamatus. Elytrum of
L. squamatus is composed from a dorsal and ventral single-layered epithelium covered with
cuticle. The middle compartment is crossed by the ramifications of a nervous plexus. Dorsal
cuticle is thicker than ventral and bears numerical macrotubercles of irregular shape.
Elytrum is innervated by a single ganglion, situated in the base of elytrophor. Both
FMRFamide- and SHT-positive elements are presented in the ganglion. Laterally thick
nerve bundles emerge from the elytrum ganglion to the thickness of elytrum. In the proximal
part some fine neural processes protrude between the lower lateral margins of the epithelial
cells and go inside papillae. In the distal parts nerves are lying in the middle between dorsal
and ventral epithelium. We suppose that nerve fibers of neuroglia form a “chanell” inside
the tissue, which is filling elytrum.
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PE3IOME: Mo’HO BBIAECTHUTD 3 BapHaHTa CTPATETHUH 3aIIUTHI OT XUIIHUKOB Y TIOJNHOU.
[epBas 3amuTHAS CTpaTErnsi — CUMOMO03, BTOpasi — aBTOTOMUPOBAHHUE SITUTP, TPEThSI —
CIIOCOOHOCTH CKPYUMBATHCS B KOJIEUYKO U 3aLHUIIATH TEJIO TPH MOMOIIIHN YEITyeK ¢ O0JIbIIH-
MH U OCTpBIMHU TyOepkyiamu. L{enb maHHOTO MCCIeTOBAHUS OMUCATh CTPOCHHUE DITUTPHI
Lepidonotus squamatus ¢ TOYKA 3peHIsI MOP(OIIOTHH, YIBTPACTPYKTYPhI © HIMMYHOTHCTO-
XUMHU. DnuTpa L. squamatus COCTpOUT U3 ABYX OJHOPSATHBIX JMUTEITUEB — JA0PCATBHOTO
U BEHTPAJIbHOI'O, NOKPBITHIX KYTUKYJIOW. B cpeHEel yacTu 2IUTphl pacloararoTcs He-
PBHBIE BOJIOKHA. JlopcalibHas Ky THKYJIA TONIIE BEHTPAIbHOI H MOKPHITA MHOTOUHCIIEHHBI-
MH KPYIHBIMH TyOepKyJaMH HENpaBWIbHONH (OPMBL. DNHUTPY WHHEPBHPYET HEMAPHBIN
TaHTJIAHN, PACIIONOKCHHBIN B OCHOBAaHHH dUTPodopa. B ranrinu oOHapyKEHBI KaK cepo-
ToHUH- Tak 1 FMRFamua-nonoxurenabHbie 21eMeHThl. JIaTepaabHO OT FaHIJIUS B TOJILY
SIUTPBI OTXOAST KPYIHBIE HEPBHBIE CTBONBL. B MPOKCHUMAaIbHBIX YaCTAX AJIUTPBI MOXKHO
00HApYXKUTHh TOHKHE HEPBHBIC OTPOCTKH, MPOXOSIINE MEXKTYy HHKHUMH JIaATePaTbHBIMU
KpasiMHi SIUTEINATIbHBIX KIETOK M BXOJAIINE B TONIY MaluIbl. B AuCTanbHON YacTH
SIIUTPBI HEPBBI JIEKAT MMOCEPEANHE MEXKTY JOPCATIbHBIM U BEHTPAIbHBIM dIUTEINEM. MBI
IperonaraeM, 4To TKaHb, MOX0Xast Ha HeHpornuio GpopMUpYeT «KaHaJIbD» B KOTOPBIX
MIPOXOAAT HEPBBI CKBO3b TKaHb, 3aMONHSAONLYIO TOJIILY SIUTPBL.
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Introduction

Among the segmented marine worms (An-
nelida, Polychaeta), the species of the order
Polynoidae (together with some other like Pho-
loididae or Sigalionidae) are commonly known
as scale-worms because their dorsal side is
covered by ornamented scales (referred to as
elytra). The series of paired elytrum are at-
tached to dorsal prominences, called elytro-
phores, arising from the notopodia. The number
of pairs of elytrum is constant within a genus, and
varies from relatively few (7-21) to very numer-
ous. Elytra can be minute or large and overlap-
ping (covering the entire dorsum or leaving the
mid-dorsum and posterior end uncovered), and
can be smooth, covered with micro- or macrotu-
bercles, or with fringed or smooth margins.

In the food chain polynoids are the source of
food for bigger predators, like fishes. To protect
themselves they have to evolve their own defen-

sive strategies. Defensive strategy of the scale-
worms can be divided to 3 different ways. First
one is symbiosis, when worms just hide them-
selves or in the ambulacral groove of sea-stars,
like Acholoe squamosa (Delle Chiaje, 1827), or
in the mantle of sea slugs, like Arctonoe vittata
(Grube, 1855). The second defense strategy is
to autotomize scales, that after the detached
process starting to glow that allows worm to
escape from the predator like Harmothoe imbri-
cata Linnaeus, 1767 and Malmgreniella lunu-
lata (Delle Chiaje, 1830). In this case the elytra
are moved by muscle and tendon cells and are
provided with a rich variety of receptor cells
(Anton-Erxleben, 1981) so that they just func-
tion as a neuro-ectodermic organ. The middle
compartment is crossed by the ramifications of
a nervous plexus ending in sencili, histochemi-
cally rich in cholinesterases (Bassot, Nicolas,
1995). The third defense strategy is to curl into
a ring and to protect the body by thick scales
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armed with big and sharp tubercles, like Iphione
muricata (Lamarck, 1818), Lepidonotus squa-
matus (Linnaeus, 1758) or L. clava (Montagu,
1808), in this case elytrum dehiscence occurs
across a distinct line and only during strong
mechanical stimuli (Storch, Alberti, 1995).

The morphology of symbiotic scale-worms
and ultrastructure of photocites of biolumines-
cent ones, that autotomize scales are rather good
studied (Bassot, Nicolas, 1995; Anctil et al.,
1987; Miron, Anctil, 1988), but ultrastructural
studies of elytrum have been held only for two
species of scale-worms, Pholoe minuta (Fabri-
cius, 1780) (Heffernan, 1990) and Iphione mu-
ricata (Storch, Alberti, 1995). The aim of this
paper is to present the morphological, ultra-
structural and immunohistochemical studies of
the scale of Lepidonotus squamatus and to
compare new data with the morphology of elytra
of other scale-worms.

Materials and methods

Electron microscopy

The specimens of Lepidonotus squamatus
were collected in Kandalaksha Bay (White Sea,
18-20 m depth) and kept alive in native marine
water at 68 °C. For transmission electron mi-
croscopy (TEM) elytra were fixed in 3% glut-

araldehyde solution in 0,1 M phosphate buffer
saline (PBS) (pH 7.4) for 2 h at 4°C, then
overfixed in 1% osmium tetraoxide solution in
buffer for 1.5 h, and dehydrated in alcohol series
with increasing alcohol concentrations (70%
alcohol was saturated with uranyl acetate). The
material was embedded in an Epon-812 epoxy
resin.

Serial ultrathin sections were made with a
Leica UC6 microtome and stained by lead ac-
cording to Reinolds (Reynolds, 1963). The re-
sulting preparations were scanned and photo-
graphed using JEM-1400 electron microscope
(“JEOL”, Japan) and filmed using Olympus
QUEMESA camera (Olympus Corporation,
Japan).

Immunohistochemistry

For the visualization of FMRFamide- and
SHT-positive parts of the elytrum nervous sys-
tem we used the standard method of immunohis-
tochemical staining with antibodies against se-
rotonin (Sigma, S5545) and FMRFamide (Im-
munostar, 20091) diluted 1:500 and the corre-
sponding secondary antibodies Alexa Fluor®
488 (Invitrogen, A_11008) diluted 1:500. Stain-
ing was made by a standard protocol, widely
used for different groups of invertebrates
(Shunkina et al., 2015).

Fig. 1. Semi thin cross-section of Lepidonotus squamatus elytrum (methylene blue staining) showing
macrotubercles on the dorsal side of the scale and middle compartment is crossed by the ramifications of a

nervous plexus.

Abbreviations: El — elytrophore; Tu — tubercle. Scale bar — 400 um.
Puc. 1. Tlonyronkuii cpe3 anutpsl Lepidonotus squamatus (OKpacka METHJICHOBBIM CHHUM). XOpOIIO
3aMETHBI KPYIHbIC TyOSpKYJIbl HA JOPCATLHON CTOPOHE JIUTPBI U BHYTPEHHEE MTPOCTPAHCTBO, B KOTOPOM

pacnoJiararoTcss HEpPBbI.

O6o3nauenus: El — amurpodop; Tu — tybepkyna. Macmrab 400pum.
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Fig. 2. Different areas of elytrum cuticle and epithelium in Lepidonotus squamatus (TEM). A — collagen
organization of dorsal cuticle; B — supportive cells of dorsal epithelium; C — secretory cells of dorsal
epithelium; D — desmosomes.

Abbreviations: Co — collagen fibers; D — desmosomes; Fgl — fibers of neuroglia; Mv — microvilli; N — nucleus;
Nu — nucleoli; Sg — secretory granules. Scale bar: A, D — 1 pm; B, C — 2 um.

Puc. 2. Pa3Hble yuacTKu KyTHKYJIbI ¥ dNUTENUs SMUTPbI Lepidonotus squamatus (TEM). A — ctpoenune
KOJUIareHa JopcaibHON KYyTHKYNbl; B — mojjep:kuBaromuye KieTku gopcanabHoro snurenus; C — cekpe-
TOpHBIE KJIETKH JIOPCALHOTO 3nuTenus; D — necMocomsl.

O6o3nauenus: Co — KoyIareHoBble BOIOKHA; D — necmocomsl; Fgl — BonokHa Helipornuu; MV — MHKPOBHUILIN;
N — sapo; Nu — sapbIiiko; Sg — cekpeTopHsle rpanyibl. Macmrad: A, D — 1 um; B, C — 2 pm.

Results and discussion

Lepidonotus squamatus carries 12 pairs of
elytra with almost roundish anterior pair and
more oval at the posterior end. Dorsal side of
scales is covered by macrotubercles (Plyusche-
va et al., 2017; Plyuscheva, Martin, 2009) and

papillae (Fig. 1). Elytrum of L. squamatus is
composed of a dorsal and ventral single-layered
epithelium covered by a cuticle. The middle
compartment is crossed by the ramifications of
a nervous plexus, like in autotomizing scale-
worm Harmothoe imbricata (Mironetal., 1987)

(Fig. 2).
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Dorsal cuticle

Dorsal cuticle is formed by thin layer of
epicuticle 0.536 pm and parallel layers of col-
lagen fibrils arranged in orthogonal order of
0.177 pm medial thickness. The thickness of the
dorsal cuticle varies from 11.85 to 18.5 pm,
that’s several times thicker than in H. imbricata
(Mironet. al., 1987). Small electron dense gran-
ules could be observed in-between the fibers
(Fig. 2A).

The dorsal side of scale covered with numer-
ical macrotubercles of irregular shape. In cuti-
cle organisation of tubercle 3 layers can be
distinguished: electron-dense external without
collagen fibrils, less dense middle layer with
chaotically organized collagen fibrils and elec-
tron-dense internal one with rare inclusions of
collagen fibrils, internal cavity is empty (Figs 1,
3A). These data confirm the description of Ip-
hione muricata (Storch, Alberti, 1995), but in
that case authors do mistake and call macrotu-
bercles, that are one of the specie-specific char-
acters, as “polygonal areas”.

Dorsal epithelium

A single layer of epithelial cells is located
under the dorsal cuticle. A simple, cuboidal
epithelium consists of cells combining features
of both supportive and secretory cells. The
apical surface of epithelial cells bears microvil-
li, which penetrate into the cuticle and extend
through all the layers of collagen fibrils till the
epicuticle. The main part of epithelial cell is
occupied by nucleus of irregular shape (Fig. 2B,
C,D).

Nervous system

Elytrum is innervated by a single ganglion,
situated in the base of elytrophor. Both FMRFa-
mide- and SHT-positive elements are presented
in the ganglion (Fig. 3B, C). Laterally thick
nerve bundles emerge from the elytrum gangli-
on to the thickness of elytrum. In the proximal
part some fine neural processes protrude be-
tween the lower lateral margins of the epithelial
cells and go inside papillae. In the distal parts
nerves are lying in the middle between dorsal
and ventral epithelium. Nerve processes, pass-

ing to the most distal edge of elytrum are sur-
rounded by a lot of cells (which nuclei could be
clearly seen on immunohistochemical images).
We suppose that nerve fibers of neuroglia form
a “channel” inside the tissue, which is filling
elytrum (Anctil et al., 1987; Miron, Anctil,
1988; Heffernan, 1990). Possibly, these cells
form some kind of neuroglial channel around
nerves. Earlier neuroglia was found in the ven-
tral nerve cord of different polychaetes of fam-
ily Nereidae (Baskin, 1971) and that is sup-
posed to be the main component of the periph-
eral nerve system. Glia binds single elements of
neuropile, forming a structure like a wrapped
cable (Fig. 4). Probably, this neuroglial “chan-
nel” secures nerve fibers, innervating the most
distal part of elytrum and also forms a support
structure — some kind of internal compartmen-
talization — for the nerve processes.

Ventral epithelium

Ventral epithelium is composed of support-
ive cells of squamous shape and equipped with
standard organelles (Hausen, 2005) (Fig. 5A, C).

Ventral cuticle

Ventral cuticle organized by thin layer of
epicuticle 0,536 pm and parallel layers of col-
lagen fibrils arranged in orthogonal order of
0.125 to 0.250 pum thickness (Fig. 5B). The
thickness ofthe ventral cuticle varies from 11.85
to 18.5 pum, that almost 2 times less, that the
dorsal cuticle. In-between the fibers could be
observed small electron dense granules with the
size of 0.125 nm.

Within the differences that we can observe
between the structure of dorsal and ventral cuti-
cle we can support the theory of Storch and
Alberti (1995) that in case of non-autotomizing
scale-worms elytra serve the purposes of pro-
tection against predators.
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Fig. 3. Nervous system of Lepidonotus squamatus elytra (immunocytochemistry and laser confocal scanning
microscopy); Z-projections. A — cross-section of elytrum, stained with anti-FRMF-amide antibodies and
Bodipy stain for cell membranes, showing fibres of neuroglia, crossing all the internal compartment of the
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Fig. 4. Ganglion and neuronal supportive cells of Lepidonotus squamatus elytra (TEM). A — ganglion,
surrounded by supportive glial cells and connected via desmosomes to dorsal epithelial cells; B, C —
neuronal supportive cell.

Abbreviations: D — desmosomes; DE — dorsal epithelium; Fgl — fibers of neuroglia; G — ganglion; N — nucleus;
Ngl — neuroglia; NS — nerve cell. Scale bar: A — 10 pm; B, C — 2 pm.

Puc. 4. Taurnmii u BcrioMorartenbHbIe KJICTKH HEPBOB AIUTPHI Lepidonotus squamatus (TEM). A —
l"aHFJ'IPIﬁ, Opr)KeHHHﬁ BCIIOMOIraT€JIbHBIMH KJIECTKAMM, B,C — BCIIOMOratejibHast KJI€TKa HEpBa.
O603nauenus: D — gecmocomsl; DE — nopcanshslii snutenuii; Fgl — Bonokna meiporinu; G — ranrmmii; N — s1po;
Ngl — sinpeiko; NS — HepBHas kierka. Macmtad: A — 10 pm; B, C — 2 um.

elytrum; B — anti-FRMF visualization of nervous system; C — anti-SHT visualization of nervous system.
Specific antibody signal is green, nuclei are blue, autofluorescence of macrotubercles is orange. Abbreviations: Cu —
cuticle; Fgl — fibers of neuroglia; G — ganglion; N — nerve; P — papilla; Tu — tubercle. Scale bar: A, C — 100 pm;
B — 500 pum.

Puc. 3. HepBHas cucrema anutpsl Lepidonotus squamatus (1o TaHHBIM KMMYHOIIUTOXUMHYECKOTO OKpa-
LIMBAHUS M JIa3epHOH KOH(OKAIBHOH MHUKPOCKOIMH); Z-TNPOSKIUH. A — MONEPEYHBIH Cpe3 DIIUTPHI,
okpamenHbli antutenamu kK FMRFamuny u Bodipy (oxpacka kinerounsix MemOpan). [Toka3zaHbl BojlokHa
Helporyiuu, Npoxosiue B Toiue 3auTpsl; B — Busyanusauus FMRFamunepruueckoii yactu HepBHOM
cucteMsbl; C — HEpBHBIE JIEMEHTHI, OKPALIEHHbIC aHTUTEIAMU [IPOTUB CEPOTOHHHA.

OpamxeBblii — aBTO(UIyopecueHIus MakpoTyoepkyn; C — BH3yanu3alus CepOTOHHHEPIHYECKOIl 4acTH HEepBHOM
cucteMsl, saep. OpamkeBblil — aBTo(ryopeceHnus MakpoTyoepkyn. O6o3nauenus: Cu — kytukyna; Fgl — Bonoxna
meiipornun; G — ranrauif; N — seps; P — nmammmia; Tu — ty6epkyna. MacmTab: A, C — 100 pm; B — 500 um.
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Fig. 5. Ventral epithelium and cuticle of Lepidonotus squamatus elytra (TEM). A — ventral epithelial cells,
connected by desmosomes to supportive cells of neuroglia; B — cuticle; C — desmosomes.
Abbreviations: Co — collagen fibers; Ep — epicuticle; Fgl — fibers of neuroglia; N — nucleus; Ngl — neuroglia;
Mv — microvilli; VE — ventral epithelium. Scale bar: A — 4 pm; B— 1 pm; C — 2 um.

Puc. 5. BeHtpanbpHblil aUTeNWi U KyTHKYIa SMUTPBI Lepidonotus squamatus (TEM). A — BeHTpabHbIC
SIMTENUANBHBIC KIETKH, CBSA3aHHBIE JECMOCOMaMH C BCIIOMOIATENIbHBIMM KIETKaMu Hedpornuu; B —

KyTHKyJaa; C — JI€CMOCOMBI.

Oo6o3Hauenns:: Co — KkoJutareHoBble BoJokHa; D — necmocomsl; Ep — anukyrtukyna; Fgl — BonokHa Heiiporiun;
N — sapo; Ngl — neiiporius; Mv — mukposmuin; VE — BeHTpanbHblil snuTenuii. Macmrad: A — 4 pm; B— 1 um;

C—2 pum.
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