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Fracture promotion versus prevention: the cuticular
breakage zone at the trunk autotomy plane of the
scaleworm Harmothoe impar (Annelida: Polynoidae)
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ABSTRACT: Although it is well known that polynoid scaleworms can autotomise various
appendages and posterior portions of the trunk, this is a neglected component of their
behavioural repertoire. Autotomy in polynoids and other annelids necessitates the fracture
of the external cuticle, which is a collagenous structural material. The aim of this
investigation was to gain insight into the mechanism by which the cuticle is fractured during
trunk autotomy in Harmothoe impar using light and electron microscopy. At autotomy the
cuticle fractures at a pre-formed breakage zone which passes through a cuticular thickening
consisting of an internal apodeme and external ridge. It is hypothesised that cuticular
fracture is initiated by the contraction of specific groups of longitudinal muscle fibres,
which results in the concentration of tensile stress at the basal edge of the breakage zone.
The risk of accidental fracture of the breakage zone is reduced by several morphological
features including the external ridge, which prevents stress concentration at the external
edge of the breakage zone, and the undulating profile of the breakage zone, which increases
its resistance to shearing forces.
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PE3IOME: XoTst XOpoImo n3BeCTHO, YTO OOJBIIMHCTBO KOJBYATHIX UEPBEH ceMelcTBa
Polynoidae criocoOHO kK aBTOTOMUH pa3IMuHBIX BBIPOCTOB U 3a/THETO KOHIIA Tela, 10 CUX
TIOP OCTAIOTCS IUIOXO U3YYEHHBIMH TITyOMHHBIE MEXaHU3MBI 9TOTO Iporecca. ABTOTOMHS



Cuticular breakage zone at a scaleworm trunk autotomy plane

y MOJMHOM/ U APYTUX aHHETU Hen30€KHO MPUBOIHUT K pa3pbiBaM BHEIIHEH KYTHKYIIBI,
KOTOpasi MPEACTABISACT COOOW KOJTAreHOBYIO CTPYKTypy. Llenbro HacTosimielr paGoThl
SIBTISICTCS PACKPBITHE MEXaHU3MOB, JIS)KAIIUX B OCHOBE Pa3pbIBa Ky THKYJIbI IPH ABTOTOMUH
ydacTKa TyJIOBHIIA Ha mpumepe Harmothoe impar, ¢ UCTIONB30BaHUEM METO/IOB CBETOBOI
U POCBEYMBAOIICH dIEKTPOHHOH MUKpOCKOMHHU. [lepes pa3pblBOM B TOMIIE KYTHKYJIbI
(bopmupyeTcst 30Ha pa3oMa, KOTopast MPOXOAUT CKBO3b BCKO TOIIILY KYTHUKYJIbI, BKIFOYAs
BHYTPCHHIOIO aroIeMy U BHENIHUIT Kpail. Ha ocHOBe MONyYeHHBIX TaHHBIX OBLIO BBIJIBHU-
HYTO TIPE/MOI0KEHNE, YTO KOIBIICBOI pa3pblB KYTHKYJIbl HHUIIMHPYETCSI COKPALLICHHEM
CTICIHAITBHBIX IPYIIIT MPOOIBHBIX MBIIIII, B PE3YJIHTATE KOTOPOTO CO3/IACTCS HATIPSKCHHE
Ha 0a3ambHOM Kpae 30HbI pa3noma. PHCK c1yuaifHOTO pa3psiBa 30HBI pa3ioMa CBOAUTCS K
MHUHUMYMY OJarofapsi HAJTMYUIO HECKOJIIBKUX MOP(OJIOrHYecKuX 0COOCHHOCTEH, cpean
KOTOPBIX HATMYKE BHEUIHETO rPeOHsI, MPETOTBPAIIAIOIIET0 BOSHUKHOBCHUE HAMPSIKCHUSI
Ha HApY»KHOM Kpae 30HbI pa3noma. Bropas BaxxHas Mop¢honorinyeckas 0COGEHHOCTb — 3TO
BOJIHUCTAsI CTPYKTYPa 30HbI pa3ioMa, KOTOpas MOBBILIAET YCTOWYHBOCTh 30HBI K CPE3aro-
e cue.

Kak nntupoBats oty crarsio: Wilkie I.C. 2020. Fracture promotion versus prevention: the
cuticular breakage zone at the trunk autotomy plane of the scaleworm Harmothoe impar
(Annelida: Polynoidae) // Invert. Zool. Vol.17. No.l. P.76-92. doi: 10.15298/
invertzool.17.1.08
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Introduction

Scaleworms belonging to the family
Polynoidae occur worldwide, from the tropics
to the Arctic and Antarctic, and from the inter-
tidal to the hadal zones (Beesley ef al., 2000;
Paterson et al., 2009). They are present on and
in a broad range of substrata, they have colo-
nised various chemosynthetic-based habitats,
including hydrothermal vents and whale car-
casses (Zhang et al.,2017), and 25% of the 891
known species in the family form commensal
relationships with a wide diversity of host taxa
(Martin, Britayev, 1998, 2018). However, de-
spite their obvious evolutionary success, knowl-
edge of polynoid biology is patchy.

One component of their behavioural reper-
toire that has been largely neglected is autotomy
- the defensive and active detachment of ana-
tomical structures. It is well known that many
polynoids have the capacity to discard parapo-
dia, elytra, cirri and other sensory appendages,
as well as posterior portions of the trunk. Taxo-
nomic descriptions provide ample evidence for
this aptitude (see, e.g. Moore, 1910; Lopez, San

Martin, 1996; Nishi, Tachikawa, 1999; Zhang
etal.,2018), Moore’s comments on Harmothoe
fragilis being particularly pertinent: “... this
species is so fragile that not a single perfect
example is known. Most of the [considerable
number of] specimens are anterior ends of fif-
teen to twenty segments without elytra or cirri-
form appendages.” In view ofthe apparent prev-
alence of the phenomenon, it is surprising that
most available information on polynoid autoto-
my is to be found in only three papers: Daly
(1973) described the morphology of the trunk
autotomy plane in Harmothoe imbricata and
speculated about the autotomy mechanism; the
present author investigated the mechanism by
which the external collagenous cuticle is frac-
tured during autotomy of the elytra in Alentia
gelatinosa (Wilkie, 2011); and the employment
by H. imbricata of scale and trunk autotomy
(and luminescence) in response to decapod crus-
tacean predators was studied by Livermore et
al. (2018).

The work described herein complements
that of Wilkie (2011), since it deals with the
mechanism of cuticular fracture at the trunk
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autotomy plane of a polynoid. All autotomy
planes transect anumber of different anatomical
components, which always include structural
materials, such as the exocuticle of arthropod
limbs (McVean, 1973; Schindler, 1979; Shultz,
2000) or the dermis of the skin and the bone of
the spinal column in vertebrate tails (Wake,
Dresner, 1967; Sheppard, Bellairs, 1972; Sang-
gaard et al., 2012). Since an important role of
structural materials is to resist mechanical forc-
es, autotomy is always facilitated by either a
constitutive reduction in the cross-sectional area
of such materials, resulting in a preformed zone
of weakness, or by amechanism that reduces the
mechanical resistance of the material at the time
when autotomy is provoked. The latter can be
achieved either through an endogenous loss of
tensile strength, as occurs in the mutable collag-
enous tissue at echinoderm autotomy planes
(Wilkie, 2001), or through the application of a
muscular force that is sufficient to tear the
material apart, as occurs at the autotomy planes
of arthropod limbs (McVean, 1973; Shultz,
2000) and vertebrate tails (Wake, Dresner, 1967,
Sheppard, Bellairs, 1972).

The external cuticle that overlies the epider-
mis of the annelid integument is a structural
material that is transected during autotomy. At
the elytrophoral autotomy plane of the polynoid
Alentia gelatinosa, fracture of the cuticle is
initiated by both direct and indirect transmis-
sion of muscular force to a specialised breakage
zone in the cuticle (Wilkie, 2011). The different
microstructural organisation of the epidermis
and adjacent structures at the breakage zone of
the trunk cuticle (Daly, 1973) indicates that it
cannot be fractured by the same mechanism at
autotomy. The aim of this investigation was
therefore to gain insight into the mechanism of
trunk cuticular fracture in polynoids by analys-
ing the morphological features of the epidermal
region of the trunk autotomy plane of Har-
mothoe impar using light and transmission elec-
tron microscopy.

The trunk autotomy planes of polynoids are
located at the intersegmental grooves in the
body wall, the primary function of which is to
facilitate flexion of the body wall when the trunk

bends during locomotion and other activities.
As will be shown below, the cuticle fractures at
a breakage zone consisting of material that is
likely to have lower tensile strength than normal
cuticle. The presence of such a breakage zone at
the hinge area of the cuticle raises the danger
that during normal movement this zone may be
subjected to tensions that fracture it inappropri-
ately: this could occur, for example, at the
convex side of a bending trunk where the cuticle
is unfolding and the hinge area is stretched by
opposing tensile forces. This paper describes
structural features that reduce the risk of such
accidental breakage.

Materials and methods

Specimens of Harmothoe impar (Johnston,
1839) were collected from intertidal rock pools
at White Bay, Isle of Cumbrae, Firth of Clyde,
Scotland. Animals were induced to autotomise
by compressing the trunk with forceps. Autoto-
my was induced at a distal position and then at
a more proximal position, in order to obtain
pieces of trunk that consisted of three to seven
segments and had a fractured autotomy plane at
either end.

Forlight microscopy, such pieces were fixed
in 10% neutral buffered formalin and embedded
in paraffin wax. Parasagittal and horizontal sec-
tions 8 um thick (Fig. 1) were stained with
Milligan’s trichrome, which provides good dif-
ferentiation between basic tissue types (Huma-
son, 1979), picrosirius red, which distinguishes
collagenous components (Montes, Junqueira,
1991), and periodic acid-Schiff, which indi-
cates the presence of neutral 1,2 glycol-contain-
ing carbohydrates (Cook, 1990). The sections
were viewed and photographed in Olympus
BH-2 and CX40 microscopes (Olympus UK
Ltd., Southend-on-Sea, UK).

For transmission electron microscopy
(TEM), tissue pieces were fixed in 3% glutaral-
dehyde in sea water, post-fixed in 1% osmium
tetraoxide in sea water, and embedded in araldite.
Ultrathin parasagittal sections were cut using an
LKBIII 8800 ultramicrotome (LKB Instruments
Ltd., Croydon, UK), mounted on Formvar-coat-



Cuticular breakage zone at a scaleworm trunk autotomy plane 79

Fig. 1. Diagrammatic transverse section of the trunk
of a polynoid. Not to scale.

Abbreviations: cu — cuticle; dm — dorsal longitudinal
muscle; dv — dorsal blood vessel; e — epidermis; hh> —
example of a horizontal section plane; in — intestine; pp’ —
example of a parasagittal section plane; vm — ventral
longitudinal muscle; vnc — ventral nerve cord; vv —
ventral blood vessel.

Puc. 1. Cxema nomnepevyHoro cpesa uepes TeJo Mmojm-
HOMJHBIX YepBeil. be3 macmirada.

O003HaueHNs: Cu — KyTHKYyJa; dm — gopcanbHbIe Ipo-
JI0JIbHBIE MBIIIIIBI; dV — J0CaIbHBIH KPOBEHOCHBIIT COCYI;
e — snuaepMuc; hh’ — npumep cpesa B TOPH30HTATBEHOM
IUIOCKOCTH; in — KHUIIEYHUK; pp’ — HpHUMEp cpe3a B
[apacaruTTAIbHOM [IOCKOCTH; VI — BEHTPAJIbHASI MPO-
JI0JIbHAsE MyCKYJIaTypa; Ve — OpIOIIHAs HepBHAs Lenoy-
Ka; VV — BEHTPAIbHBIA KPOBCHOCHBIN COCYI.

ed copper grids, and stained with 2% uranyl
acetate in methanol and Reynolds’ lead citrate.
They were viewed and photographed in an FEI
Morgagni 268 microscope (FEI, Eindhoven,
The Netherlands).

Results

Gross anatomy

The gross anatomy of the trunk of Har-
mothoe impar is illustrated in Fig. 1, 2A. The
outermost layers of the trunk are the external
cuticle and underlying epidermis. Adjacent to
the epidermis in parasagittal positions are the
paired dorsal and ventral longitudinal muscles.
The dorsal and ventral surfaces of the trunk
exhibit two alternating types of circumferential
groove: one type of groove is shallow and broad
(especially in the dorsal region); the other type
is deeper and narrower (Fig. 2A). The latter,
which are called intersegmental grooves, de-

marcate the repeating segments of the trunk and
indicate the location of the trunk autotomy
planes. Major structures transected by the trunk
autotomy plane include the cuticle, epidermis,
longitudinal muscles, intestine, ventral nerve cord,
and ventral and dorsal blood vessels (Fig. 1).

Light microscopy

The cuticle comprises two layers: a thin
outer epicuticle and a much thicker inner basal
cuticle (Fig. 2B). The epidermis is a single layer
of columnar to cuboidal cells. These include
secretory cells, sensory cells, and support cells,
the last type often containing pigment granules
and showing a variety of cytological character-
istics thatreflect functional differentiation (Haus-
en, 2005). In parasagittal locations the epider-
mis is separated from the underlying longitudi-
nal muscle by a subepidermal layer of connec-
tive tissue of varying thickness (Figs 2B-D,
3A, B).

At the intersegmental grooves the cuticle
projects internally to form a circumferential
ridge or flange, which has previously been called
an “apodeme” (Clark, Richardson, 1967; Daly,
1973). The salience (radial thickness) of the
apodeme is greatest in dorsolateral and ventro-
lateral locations (Figs 2B-D, 3A, B), and least
in locations between the longitudinal muscle
blocks, such as below the ventral nerve cord
(Fig. 2E). The cuticular breakage zone (CBZ) is
discernible in sections stained by Milligan’s
trichrome or picrosirius red as a fine unstained,
or weakly stained, line (around 1 um thick) that
passes through the centre of the apodeme from
its outer to inner margins (Figs 2B-E, 3A, B).
The CBZ is strongly stained by periodic acid
Schiff (PAS) (as is the epicuticle), in contrast to
the moderate PAS staining of the other regions
of'the cuticle (Fig. 3C; Table 1). At the external
edge of the apodeme, the CBZ does not pass
through the deepest part of the intersegmental
groove, but through a low central ridge, on
either side of which are several smaller parallel
ridges and grooves resulting in a corrugated
topology (Fig. 3B). The CBZ itself is not a flat
plate but has an irregularly undulating profile
(Fig. 3B).
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Fig. 2. Histology of the trunk cuticular breakage zone (CBZ) and adjacent structures of Harmothoe impar.
All sections stained with Milligan’s trichrome. In all micrographs the anterior end of the animal is towards
the right; asterisks indicate cuticular apodeme; black arrowheads indicate crestal sheets of tendon cells; red
arrowheads indicate circumferential acidophilic fibres; and white arrowheads indicate CBZ. A — parasagittal
section of the whole trunk; dorsal side at top; arrows indicate intersegmental grooves; vertical lines indicate
non-intersegmental groove; box indicates area enlarged in Fig. 2B; B — parasagittal section of dorsal CBZ
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The epidermis adjacent to the apodeme dif-
fers in appearance from that outside the inter-
segmental grooves. The latter is dominated by
nucleated cells that overall are moderately aci-
dophilic (i.e. stained by the acid fuchsin of
Milligan’s trichrome) and tend to contain dark
pigment granules, whereas the epidermis adja-
cent to the anterior and posterior surfaces of the
apodeme (which will be called the “subcrestal
epidermis”™) is sparsely nucleated and seems to
consist of densely packed parallel fibres that are
weakly basophilic (i.e. stained by the aniline
blue of Milligan’s trichrome), though another
acidophilic component is just discernible in
some sections (Fig. 2B-D); they are also un-
stained by picrosirius red, in contrast to the
strongly stained cuticle and subepidermal con-
nective tissue (Fig. 3A, B; Table 1). These
fibres extend roughly orthogonally from the
apodeme to the subepidermal connective tissue.
At the internal crest (i.e. apex) of the apodeme,
the epidermis is inflated adaxially and in the
anterior and posterior directions to form a cir-
cumferential tube with a roughly circular trans-

ly orientated sheets of cells that extend from the
apodemal crest on the anterior and posterior
sides respectively of the CBZ to the subepider-
mal connective tissue at the opposite, adaxial
side of the epidermal tube; transverse sections
of these sheets are shown in Fig. 2B-D and Fig.
3A. The two sheets are roughly parallel to each
other or diverge slightly. The crestal sheets have
both basophilic and acidophilic components
(Fig. 2B-D). Other cells within the crestal epi-
dermis are weakly stained and have a vacuolat-
ed appearance (Fig. 2D). The subepidermal
connective tissue adjacent to the crestal epider-
mis is well developed on the anterior and poste-
rior sides, butis much thinner on the adaxial side
between the insertion points of the crestal sheets:
this is particularly obvious in Fig. 2D and Fig.
3A. At the basal edge of the cells overlying this
attenuated region there is a small cluster of
intensely acidophilic, circumferentially orien-
tated fibres (Fig. 2B-D).

Whilst the bulk of the dorsal and ventral
longitudinal muscles extends continuously be-
tween segments (Fig. 2A), a superficial layer of

fibres is interrupted by the apodemes. These
superficial fibres are attached via the connec-

verse profile (Figs 2B-D, 3A). This crestal
epidermis is dominated by two circumferential-

adjacent to dorsal longitudinal muscle, as indicated in Fig. 2A; box indicates approximate location of area
shown in Fig. 4A; C — parasagittal section of ventral CBZ adjacent to ventral longitudinal muscle; D —
horizontal section of lateral CBZ adjacent to ventral longitudinal muscle; E — parasagittal section of ventral
CBZ below ventral nerve cord; arrow indicates cuticular thickening.

Abbreviations: a— aciculum; ce — crestal epidermis; cm — crestal muscle fibres; ct — subepidermal connective tissue;
cu — basal cuticle; dm — dorsal longitudinal muscle; e — non-apodemal epidermis; ec — epicuticle; in — intestine;
n — nucleus; pm — parapodial musculature; se — subcrestal epidermis; sm — subcrestal muscle fibres; vim — ventral
longitudinal muscle; vnc — ventral nerve cord. Scale bars: A — 0.4 mm; B, E — 40 pm; C, D — 20 um.

Puc. 2. I'mcronornueckast opranu3amys KyTHKYJISIPHOH 30HBI pa3noma Tynosumma (CBZ) u npunexammx
cTpykTyp y Harmothoe impar. Bee cpe3bl okpaiiensl TpuxpomMom Musmurana. Ha Bcex ¢otorpadus
TIepeTHAN KOHEI] TeJla )XMBOTHOT'O PACIIONIOKEH CIpaBa; 3Be309KaMi 0003HaUYeHbI KyTHKYJISIPHBIE arofie-
MBI; Y€PHBIMH HAaKOHEYHUKAMH yYKa3aHbI ITTACTHHKY IPEOHS CyX0KIIBHBIX KIETOK; KPACHBIMH HAKOHCUHH-
KaMH{ yKa3aHbl KOJIbIEBbIe Nepupepuueckue acuao(QuiIbHbIC BOJIOKHA; OSIbIMI HAKOHEYHHKAMU yKa3aHa
CBZ. A — napacaruTTajibHbIil cpe3 uepe3 BCe TeJIO 4YepBs; JOopcallbHas CTOPOHA CBEpXY; CTpEIKaMu
MOKa3aHbl MEXKCETMEHTHBIE JKelI0oOKHM; KBagpaT oOo3HadaeT o0iacTh, IMOKa3aHHyIO Ha puc. 2B; B —
rapacaruTTanbHbIi cpe3 JopcanbHoil CBZ, mpunexareil K J0pcaibHBIM IPOJOIBHBIM MBIIIIAM (KaK 3TO
MMOKa3aHo Ha puc. 2A); KBaJpaToM 0003HaUYEHa 001aCTh, TTOKa3aHHas Ha puc. 4A; C — mapacaruTTaabHbIH
cpes BeHTpanbHoi CBZ, nmpuineskarieif kK BEeHTpaIbHBIM IPOOIBHBIM MBIIIIIaM; D — ropu30oHTaIbHBIH cpe3
narepaibHoil CBZ, npunexarieil K BEHTpaIbHBIM IPOJOJIBHBIM MbIIaM; E — mapacarutranpHbIi cpes
BeHTpanbHON CBZ, panooskeHHO 1101 OpIOITHOM HepPBHOH IETIOYKOI; CTpesIKa yKa3bIBaeT Ha Ky THKYJISIP-
HOE yTOJIICHHE.

O0603HaYeHNUs: @ — alUKYJIa; Ce — IMUIECPMHUC IPeOHS; CM — MBIIIIIBI TPEOHS; ¢t — CcyOdnuaepManbHas COSAMHUTEINb-
Hasd TKaHb, CU — GaszaibHast KYTHKYJ1a; dm — JOpCaJIbHBIC TPO0JIbHBIE MBIIIIEI, € — HE aHOZ[epMHLIﬁ SIUAEPMUC; €C —
SMMKYTHKYJIA; i — KUIIEYHUK; N — SPO; pPM — MYCKYJaTypa Hapanojuii; se — 3MUISPMUC Haja TpedHeM; sm —
MYCKYyJiaTypa Haq rpeGHeM; VM — BEHTPAJIBHBIC MPOAOJIbHBIE MBI, VIC — 6p}0m1—1a5{ HEpPBHAas LETIOYKaA. Maciura6:
A — 0,4 mm; B, E — 40 mxm; C, D — 20 MkMm.
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Fig. 3. Histology and histochemistry of the trunk cuticular breakage zone (CBZ) and adjacent structures of
Harmothoe impar. In all micrographs the anterior end of the animal is towards the right; asterisks indicate
cuticular apodeme; and black arrowheads indicate crestal sheets of tendon cells. A, B— parasagittal section
of dorsal CBZ stained with picrosirius red; single arrow indicates main externally projecting ridge; double
arrows indicate minor parallel ridges and grooves; C — parasagittal section stained with periodic acid-
Schiff; the CBZ was more strongly stained than other regions of the cuticle and all epidermal regions were
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Table 1. Staining properties of the cuticular breakage zone and adjacent histological components
of Harmothoe impar-.

Tabnuma 1. Oco6eHHOCTH OKPACKU 30HBI KYTHKYJISIPHOTO Pa3ioMa U MPUISKAIINX K Hel CTPYKTYp
y Harmothoe impar.

Stain
Component Milligan's trichrome . . .

i Aniline l%lue Acid fuchsin | | icrosirius red | PAS
Cuticular breakage zone —/+ — —/+ +++
Epicuticle — - — -+
Basal cuticle -+ - A+ ++
Subepidermal connective tissue ++ — ++ +
Subcrestal tendon cells + + - —
Crestal tendon cells ++ bt - +

Symbols: +++ — strongly stained; ++ — moderately stained; + — weakly stained; + — staining just discernible;
— — unstained; —/+ — some parts unstained, other parts weakly stained.

CumBosiaMu 0003HaueHbl: +++ — CHJIBHOE OKpallMBaHHE; ++ — yMEepeHHOe OKpaulMBaHue, + — ciaboe
OKpAIIMBAHNE; + — €/Ba PA3IMYNMOC OKPAIIMBAHKE, — — HE OKPAIICHO; —/+ — HEKOTOPBIC YaCTH HE OKPAIICHBI,
Jpyrue — ciabo OKpaIleHbl.

tive tissue layer to the subcrestal apodemal
epidermis on the anterior and posterior sides of
the apodeme, and to the anterior and posterior
sides of the crestal apodemal epidermis (Figs
2B-D, 3D).

After autotomy, the fracture surface of the
CBZ is relatively smooth and in parasagittal
sections has a undulating profile resembling
that of intact CBZs. The crestal apodemal epi-
dermis is torn apart during autotomy. Each half
apodeme thus retains a half portion of the crestal

philic cells that remains attached to the apode-
mal half-crest (Fig. 3D).

Transmission electron microscopy

The transmission electron microscopic in-
vestigation was aimed specifically at describing
the ultrastructure of those components that link
the longitudinal muscle to the anterior and pos-
terior subcrestal surfaces of the cuticular apo-
deme, since there has been uncertainty about the
identity of these components (Clark, Richard-

epidermis, including a single sheet of acido- son, 1967; Daly, 1973).

unstained; note the pigment granules in the non-apodemal epidermis; D — parasagittal section of proximal
(retained) portion of lateral apodeme and adjacent structures after autotomy (compare with intact lateral
apodeme in Fig. 2D); stained with Milligan’s trichrome; arrows indicate fracture surface of ruptured CBZ.
Abbreviations: ce — crestal epidermis; cm — crestal muscle fibres; ct — subepidermal connective tissue; cu — basal
cuticle; e — non-apodemal epidermis; ec — epicuticle; se — subcrestal epidermis; sm — subcrestal muscle fibres. Scale
bars: A, C, D — 20 um; B— 10 pm.

Puc. 3. I'uctonorus M rUCTOXUMHSA KYTHKYJSIPHOH 30HBI pasnoMa TyjioBuima (CBZ) m mpunexamunx
cTpyktyp y Harmothoe impar. Ha Bcex ¢otorpadust nepeqHuil KOHEI| Tejla KHBOTHOTO PACIIONIOKEH
crpaBa. 3Be3J09KaMH 0003HaYCHBI Ky THKYJISIPHBIC alI0/1€Mbl; YePHBIMH HAKOHEYHUKAMH YKa3aHbI IIaCTHH-
KM I'peOHs CyX0XKMIIbHBIX KJIETOK; OeIbIMU HaKOHEYHUKaMH yKazaHa CBZ. A, B — napacaruTraibHbli cpes
nopcanbHoil CBZ okxpameHHOH THKPOCHPHYCOM KpacHBIM; eMHUYHAS CTPEJIKA yKa3bIBaeT Ha Hauboiee
BBEICTYHAIOMNH KyTHKYJISIPHBII TpeOeHb; IBOIHBIC CTPEIIKH MOKA3bIBAIOT MEHBIINE MTapauIeIbHbIe TPeOHI
u xeno0ku; C — mapacaruTTaldbHbIN cpe3, okpameHHbld npu nomoun HIMK-peakunn; CBZ 6bta sipue
OKpallleHa [10 CPAaBHEHHUIO C JPYTUMH y4acTKaMU KyTHKYJIbI, B TO BpeMsl KaK dIIHJIEPMUC BOBCE OCTAJICS HE
OKpaIIeHHBIM; 00paTHUTe BHUMaHNE Ha MUTMEHTHBIC TPaHyJIbI B HE all0IEMHOM snujepMuce; D — mapaca-
TUTTAJbHBIN CPe3 MPOKCHMANBHOTO (CO3XPaHMBILETOCS) YUacTKa JaTepaabHON aroAeMbl U MPUISKAIIUX
CTPYKTYP IOCIIE aBTOTOMUM (CpaBHUTE C JIaATepaJIbHOHN aroaeMoit Ha puc. 2D); cpe3 okpalieH TpuXpoMoM
Murnurana; cTpenkaMu 0003HauCHBI M yKa3bIBAIOT pa3phIBbl HoBepxHOCTH CBZ.

O0o03HaueHUs: c€ — AMUIEPMUC IPeOHS; M — MBIIIIBI TPEOHS; ct — Cy03nuaepMaIbTHaAs COEANHUTEIbHAS TKAHb,
cu — OasasbHasl KyTHKYJIa; € — HE aroJIeMHbIN SHIEPMHUC; €C — SMUKYTHKYJIA; S& — 3MUISPMHUC MO IpeOHeM; Sm —
MBIIIBL 0 TpedHeM. Macmrtad: A, C, D — 20 mxm; B — 10 mxm.
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The cells of the subcrestal apodemal epider-
mis contain large numbers of fibrous structures
that extend from the basal to apical sides of the
cells (Fig. 4A). The fibrous structures are bun-
dles of tightly packed tonofilaments that have a
diameter of around 8 nm and a beaded appear-
ance with a periodicity of around 11 nm (Fig.
4B, C). The presence of these tonofilament
bundles explains the fibrous appearance of the
subcrestal epidermis when viewed in the light
microscope. The cells form an interdigitating
junction with the apodemal cuticle and the
tonofilament bundles are attached to hemides-
mosome-like structures at the base of the cellu-
lar projections (Fig. 4B). The tonofilament bun-
dles are also attached to hemidesmosome-like
structures at the basal edge of the epidermal
cells (Fig. 5A). Other organelles are present
between the tonofilament bundles, including
Golgi complexes and vacuoles of various sizes
and with contents of varying electron opacity
(Fig. 4B).

The connective tissue between the subcrest-
al epidermis and the adjacent longitudinal mus-
cle fibres consists of a layer of cross-banded
collagen fibrils (diameter around 70 nm; peri-
odicity around 50 nm) whose longitudinal axes
are parallel to the basal surface of the cells but
aligned in different directions within that plane
(Fig. 5B). The layer of collagen fibrils is sand-
wiched between the finely granular laminae
densae of the epidermal and muscle cells (Fig.
5A, B).

Discussion

Like other polynoids, H. impar can autoto-
mise posterior portions of the trunk. Whilst it
was demonstrated previously that this process
involves a localised breakage zone within the
external cuticle of the integument (Daly, 1973),
the present investigation has identified addi-
tional structural features of the cuticle, epider-
mis and musculature that appear to be related to
the capacity for autotomy.

Cuticle

The cuticle of polynoids and other annelids
comprises a thin outer epicuticle and much
thicker basal layer, the latter consisting predom-
inantly of unbanded collagen fibrils (Richards,
1984; Storch, 1988; Gardiner, 1992), which
explains its strong affinity for connective tissue
stains, such as the aniline blue of Milligan’s
trichrome and picrosirius red. In sections stained
by these two methods the CBZ is visible as an
unstained or weakly stained gap, indicating that
there is a discontinuity in the collagenous frame-
work. The strong staining by the PAS method
suggests that the collagenous component is at
least partly replaced by an electrostatically neu-
tral glycoprotein (Cook, 1990) and therefore
that the tensile strength of the material compris-
ing the CBZ is lower than that of the adjacent
cuticle (tensile strength = maximal tensile force
that can be applied to a structure before it
breaks/cross-sectional area of the structure:
Vogel, 2013).

cell-cuticle junction (arrows); C — more magnified image of a tonofilament bundle, showing the beaded
appearance of the tonofilaments (arrowhead).

Abbreviations: ct — subepidermal connective tissue; cu — basal cuticle; g — Golgi complex; dm — dorsal longitudinal
muscle; n — nucleus; tf — tonofilament bundle. Scale bars: A — 2 pm; B— 0.5 pm; C — 0.1 um.

Puc. 4. YnpTpacTpykTypa snuaepMuca rnoj rpedbHem anogeMHoro snutenus Harmothoe impar (TEM). A —
y4acTOK, COOTBETCTBYIOIIMI 00JIacTh B KBajpare Ha puc. 2B u 1eMOHCTpHPYIOMHH OTeIbHBIE HACP-
MaJIbHBIE KJIETKH, KOTOPBIE MPOXOIAT OT KyTHUKYJIBI all0/IEMBI (B JIEBOM HIKHEM YTIIy) 0 CyOamuaepMab-
HOU COEMHUTENBHON TKaHM (B MIPaBOM BEPXHEM YIIy) M COAEP’KaT MHOTOYHUCICHHBIE ITyYKH TOHO(UIA-
MEHTOB; B — amukaipHbI y4yacTOK 3NUAEPMAIbHBIX KIETOK, INPUWIEKAIUX K KyTHKYyJEe aloJeMbl U
coJiep KalIuX ITyYKH TOHO(PIIAMEHTOB, KPETISIIIXCS CyOMEeMOpaHHOM! IJTACTHHKE IOy IECMOCOMO-TI000-
HBIMH KOHTaKkTaMu (mokazaubl crpeikamu); C — mydkd TOHO(DHUIAMEHTOB Ha OOJIBLIOM YBEIHYCHUU:
HaKOHEYHUKOM ITOKa3aHbI MJIEKTPOHHO-TIOTHBIE CKOIUIEHHS («OYCHHBD)), aCCOMMPOBAHHBIE C TOHO(HIIA-
MCHTaMHU.

O6o3HaueHus: ct — cy0anuepmManbHas COSIMHUTENbHAs TKaHb; cU — 0asaibHasti KyTHUKYJIa; g — KOMILIEeKC [ obpKy;
dm — nopcaibHble IPOAOIBHBIE MBILIIEL; N — spo; tf — mydkn ToHOpMIamenToB. Macmrad: A — 2 mxM; B — 0,5
MkM; C — 0,1 MKM.



Cuticular breakage zone at a scaleworm trunk autotomy plane 85

Fig. 4. Ultrastructure of the subcrestal apodemal epidermis of Harmothoe impar (TEM). A — area
equivalent to that outlined by the box in Fig. 2B, showing a single epidermal cell, which extends from the
apodemal cuticle (on the lower left) to the subepidermal connective tissue (on the upper right) and contains
many tonofilament bundles; B — apical region of an epidermal cell adjacent to the apodemal cuticle, with
tonofilament bundles attached to the subplasmalemmal plaques of hemidesmosome-like structures at the
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The CBZ passes through a circumferential
thickening of the cuticle which projects inter-
nally. The presence of these internal ridges in
the trunk cuticle ofarange of polynoids was first
noted by Clark & Richardson (1967) who called
them “apodemes” due to their resemblance to
the cuticular apodemes of arthropods, which
support internal organs and provide attachment
points for muscles (Heming, 2003). Regarding
their functional significance, Lawry (1971) sug-
gested that those longitudinal muscle fibres that
are connected to the apodemes shorten individ-
ual trunk segments, whereas those fibres that
continue between segments are responsible for
trunk flexion. Daly (1973), on the other hand,
observing thatthe CBZs ofthe parapodia, elytro-
phores and other structures also pass through
cuticular ridges, proposed that the apodemes
are “primarily autotomy planes” and that auto-
tomy is achieved by the abrupt contraction of
the longitudinal muscle fibres that are attached
to them. However, in H. impar, even in dorsal,
ventral and lateral locations between the longi-
tudinal muscles, where no longitudinal muscle
fibres are connected to the cuticle, the CBZ
passes through a cuticular thickening (though
its salience is lower than in locations adjacent
to the muscles). Furthermore, the cuticular
thickening comprises both the internally pro-
jecting apodeme and a less prominent ridge
that projects externally into the intersegmental
groove. The cuticular thickening therefore has a
functional significance that is additional to its
role as an attachment point for muscle fibres.
This is probably related to the presence of the
CBZ and the need to reduce the risk of its
accidental fracture by tensile forces generated
during normal activities.

First, the thickening of the cuticle and con-
sequent increase in cross-sectional area at the
CBZ will at least partly compensate for the
lower tensile strength of its constituent material
and increase the resistance of the CBZ to tensile
forces acting perpendicularly to its transverse
plane (since breaking force = tensile strength x
cross-sectional area; Fig. 6A—C). Second, the
externally projecting ridge will prevent stress
concentration at the external edge of the CBZ.
When the trunk of a scaleworm bends, for exam-
ple during locomotion (Lawry, 1970), the inter-
segmental grooves on the convex side of the
trunk are under tension, which results in a con-
centration of stress at the deepest point in each
groove, i.e. at the external edge of the CBZ (Fig.
6A, B). Since the fracture of a structure is
initiated by a concentration of stress at a molec-
ular weakness (Buehler, Ackbarow,2007), there
is therefore a danger that the CBZ could be
ruptured accidentally. However, due to the ex-
ternally projecting cuticular ridge, stress is de-
flected away from the edge of the CBZ to the
grooves on the anterior and posterior sides of
the ridge (Fig. 6C). Stress concentration on
either side of the ridge will also be dissipated by
the presence of multiple, rather than single,
grooves, a design that is used to alleviate the
stress concentration effect of grooves in man-
made load-bearing structures (Hearn, 1985;
Pilkey, 2004).

The same mechanical functions may be
served by the thickening of the cuticle at the
elytrophoral CBZ of the polynoid Alentia gelat-
inosa (Wilkie, 2011) and the thickening of the
collagenous dermis at the autotomy plane of
reptile tails, where the breakage zone consists of

Abbreviations: cfl — collagen fibril (longitudinal section); cft — collagen fibril (transverse section); cp — cytoplasmic
plaque; 1d — lamina densa; lu — lamina lucida; dm — dorsal longitudinal muscle; pl — plasma membrane; tf —
tonofilaments. Scale bars: A, B— 0.2 um.

Puc. 5. YabTpacTpykTypa smuaepMuca amnoleMbl, PaclojoXeHHOro moja rpedHem y Harmothoe impar
(TEM). A — KOHTaKT Mex1y 0a3aJIbHBIM KpaeM SHHIepMalbHON KIeTKH (cIeBa) ¥ CyOdIHaepMalIbHOM
COCTMHUTEIFHON TKaHBIO (CTIpaBa): MOKa3aHbl MEXKKIETOYHBIE TOHO(PMIAMEHTHI, KPETISIIHecs K cyoMeMO-
paHHOI NOJTYAECMOCOMO-TIOI0O0HON TJIACTHHKE, M MOINEPEeYHO HCUEPUYCHHBIE KOJUIAr€HOBHIE BOJIOKHA,
CBsI3aHHBIE ¢ 0a3aJILHON INIACTHHKOM dMuiepMuca; B — KoHTakT Mexay cy0amuiepMaIbHON COSIMHUTEIb-
HOI TKaHbBIO (CJIeBa) U TPOJOIBHEIMU MBIIIIAMHE (CIpaBa).

O6o3HaueHus: cfl — KoareHoBoe BOJIOKHO (IIPOJIOJIbHBIN cpe3); cft — KoyutareHoBoe BOJIOKHO (MONEPEYHBIN cpe3);
Cp — LMTOIUIa3MaTHyecKas IuiacThHka; ld — GasambHas miacTuHka; lu — JgamuHa monuaa; dm — nopcaibHast
MpOJIoJIbHAS MYCKYJIaTypa; pl — rua3maruueckas MemOpana; tf — tonodmiamentsl. Macmrad: A, B — 0,2 MkMm.
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Fig. 5. Ultrastructure of the subcrestal apodemal epidermis of Harmothoe impar (TEM). A — junction
between the basal edge of an epidermal cell (on the left) and the subepidermal connective tissue (on the right),
showing intracellular tonofilaments attached to a subplasmalemmal hemidesmosome-like cytoplasmic
plaque and cross-banded collagen fibrils adjacent to the epidermal lamina densa; B — junction between the
subepidermal connective tissue (on the left) and longitudinal muscle (on the right).
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Fig. 6. Diagrams of the cuticular breakage zone (CBZ) and adjacent structures of Harmothoe impar. A —
bending trunk, showing that intersegmental grooves on the convex side of a bend are under tension (arrows);
box indicates area enlarged in Fig. 6 B-F. Fig. 6 B—F represent parasagittal sections of dorsal CBZ and
adjacent structures. B — imaginary intersegmental groove lacking adaptations for reducing the risk of
accidental CBZ fracture, showing that when the groove is under tension the CBZ is subjected to tensile forces
acting perpendicularly to its transverse plane (large arrows) and there is a concentration of tensile stress at
the external edge of the CBZ (small arrows). C — adapted intersegmental groove as observed in H. impar,
showing that the apodeme (asterisk) increases the cross-sectional area of the CBZ and that the externally
projecting ridge deflects stress concentration (small arrows) away from the CBZ. D-F — hypothesised
mechanism of cuticular fracture. D — intact condition before autotomy. E — at autotomy, crestal muscle
fibres begin to contract (large arrows) and rupture the subepidermal connective tissue at the adaxial side of
the crestal epidermis (small arrows). F — continuing contraction of the crestal muscle fibres results in
opposing tensile forces being transmitted through the crestal sheets to the basal edge of the CBZ (small
arrows) and initiating its fracture.

Abbreviations: CBZ — cuticular breakage zone; cm — crestal muscle fibres; cs — crestal sheets of tendon cells; ct —
subepidermal connective tissue; cu — cuticle; e — epidermis; sm — subcrestal muscle fibres; st — subcrestal tendon
cells.

Puc. 6. Cxema cTpoeHUsl KYTUKYJsIpHOU 30HBI pasnoma (CBZ) u npunexanmx cTpykryp y Harmothoe
impar. A — W30THYTHIN y4acTOK TeJa XMBOTHOT'O, ITOKA3bIBAIOIINIA, YTO Ha BBIMYKIOH CTOPOHE, MEXKITY
CerMEHTAaMH Tella MMEIOTCS JKeOOKH, B KOTOPBIX BO3HHKAET HANPSUKEHUE (HAMPABIISIONIE HATPSIKCHUS
mokaszanbl crpenkamu). KBaaparom o0o3HaueHa o6sacTh, mokasaHHas Ha puc. 6B-F. B-F — cxemsr
rnapacaruTTanabHOro cpesa fopcainbnoil CBZ u npuinesxamux cTpykryp; B — runorernueckuii MexcermMeH-
THBIH 5KeNI000K, TUIMIEHHBIH MOP(OIOTNIECKUX CTPYKTYP, MPEAOTBPAIIAIONINX PUCK CIy4aiHOTO pa3phiBa
CBZ. Iloka3aHo, 4TO KOT/ia )eJI000K HaX0ouTCs 10| HanpspkeHneM, CBZ siBisieTcst MECTOM MTPUIIOIKESHUS
TSHYIEH CHJIBI, JCHCTBYIONMEH MEepIeHINUKYISIPHO IonepeuHoil miockoctu CBZ (HampaBiieHHE CHITBI
MOKa3aHO OONBIIMMHU CTPEIKaMHU) M MPHBOIAIIEH K BOSHUKHOBEHHIO TSHYIIETO MOMEHTA Ha BHEIIHEH
[IOBEPXHOCTH Hapy»kHOro kpasi CBZ (Manenbkue crpeikn); C — reHepaau30BaHHas CXeMa MEXKCEIrMEHT-
HOTO >KelI00Ka: MOKa3aHo, YTO TOSBICHUE aloAeMbl (OTMEUEHa 3BE3/I0UKOH) YBEIHIHBACT HMOIEPETHBII
pasmep CBZ n Beiaronuiicst HapyKy rpeOSHb TPHUBOIUT K U3MEHEHHIO HANIPaBIEHNs (TTOKAa3aHO MaJleHb-
KHMH CTpeJIKaMH) HanpspkeHust 1poub oT CBZ; D—F — runoTernyecknii MexaHu3M pa3pbiBa Ky THKYJIbI; D —
HMHTaKTHOE COCTOSIHUE Iiepe] aBToToMuel. E — aBToTOMMS, MBIIIIBI TPeOHACOKpAIAIOTCS (HAIIPaBICHAE
CHJITBI COKPAIIIEHHE MTOKa3aHO OONBIIUMHU CTPETKAaMI) U Pa3phIBAIOT CyO3MUAEpMaIbHYIO0 COETHHUTENBHYIO
TKaHb 10 HAMpPAaBICHUIO K OCH JMHIAepMHUca TpeOHs (MayieHbKUE CTpenku); F — mpojormkaromieecs
COKpaIIeHHe MBIIII I'PeOHs IPHBOIUT K BOSHUKHOBEHHIO HANPsDKEHMS Ha 0azanbHOi kpae CBZ (MaseHs-
KH€ CTPENKHN), 9TO MPUBOAUT K Pa3pPhIBY.

0O6o03nauenus: CBZ — KyTuKyJIsipHast 30Ha pa3jioMa; Cm — MbILIIBI TPEOHS; ¢S — IUIACTUHKH B CYXOXMIIbHBIX KJIETKaX
KpecTa, ct— cy63nm{epMaanaﬂ COCAUHUTEIBHAA TKaHb; CU — KYTHUKYJIa; € — 3MNUJACPMHUC; SIM — MYCKYyJIaTypa 1o
rpedHeM; st — CyXOXMJIbHBIE KIETKHU IO/ KPECTOM.
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athin cellularised layer (Seligmann et al., 2008;
Sanggaard et al., 2012).

Epidermis and subepidermal connective
tissue

The histological appearance of the subcrest-
al epidermal cells that link longitudinal muscle
fibres to the anterior and posterior sides of the
apodeme differs from that of non-apodemal
epidermal cells. This was first noted by Clark
and Richardson (1967) who were uncertain as to
whether or not they were “musculo-epithelial
cells”, whilst Daly (1973) labelled them as “mus-
cle insertions” in his Fig. 3B but provided no
cytological information on them. The present
investigation has shown that these cells are
characterised by the presence in their cytoplasm
of prominent bundles of tonofilaments that ex-
tend between hemidesmosomes at the basal cell
membrane and at the shoulders of the apical
projections into the apodemal cuticle. Such
tonofilament-rich epithelial cells connect mus-
cles to cuticular structures in other annelids and
are known as tendon cells (Jouin, 1978; Bubel,
1983; Storch, 1988; Wilkie, 2011). The tonofil-
ament bundles are likely to possess relatively
high mechanical stiffness (Sanghvi-Shah, We-
ber,2017), which will enable them to efficiently
transmit muscular force from the basal hemides-
mosomes to the apical hemidesmosomes and
the adjacent cuticle.

Contractile force is not transmitted directly
from the longitudinal muscle fibres to the ten-
don cells, but via the intercalated subepidermal
connectivetissue, which consists largely of cross-
banded collagen fibrils. A similar layer of col-
lagen fibrils forming a “myotendon zone” oc-
curs between the tendon cells and myocytes at
other anatomical locations in annelids (Bubel,
1983; Wilkie, 2011), but is not always present
(Jouin, 1978).

The epidermis at the crest of the apodeme
includes two prominent sheets of cells that are
attached to the crest on the anterior and posteri-
or edges of the CBZ and extend to the subepi-
dermal connective tissue. The latter is well
developed at the insertion regions of these cells
and is very thin between the insertion regions.
The cellular sheets consist of tendon cells, since

their intense acidophilia indicates the presence
of tonofilaments, as was shown for the tendon
cells at the elytrophoral CBZ of Alentia gelati-
nosa (Wilkie, 2011). The different staining prop-
erties of the crestal tendon cells, which are
mainly acidophilic, and the mainly basophilic
subcrestal tendon cells may be due to differenc-
es in the composition of the intermediate fila-
ment proteins that constitute their tonofilaments
and may reflect differences in the mechanical
functioning of the two cell types (Sanghvi-Shah,
Weber, 2017). A similar distinction between the
staining properties of the crestal and subcrestal
tendon cells occurs at the trunk autotomy plane
of Harmothoe extenuata and H. imbricata, but
not at that of Alentia gelatinosa in which both
cell types are mainly acidophilic (Wilkie, pers.
obs.).

A cluster of circumferentially orientated
acidophilic fibres is present at the basal edge of
the crestal epidermal cells located between the
insertion areas of the two sheets of tendon cells.
Whilst the intense acidophilia of these fibres
suggests that they are tonofilament bundles,
their functional significance is not clear. Since
they are adjacent to a very thin, and therefore
mechanically fragile, region of subepidermal
connective tissue, their role may be to increase
the resistance of the overlying crestal epidermis
to tensile forces acting in a circumferential
direction and thus prevent accidental damage to
the epidermis during locomotion and other ac-
tivities. They may be related to the non-muscu-
lar “circumferential restraining fibres” which
Smith (1957) described as lying in the basement
membrane of the body wall of nereids.

Musculature and the mechanism of cutic-
ular fracture

An outer layer of longitudinal muscle fibres
extends between adjacent intersegmental apo-
demes. One subset of these fibres is attached to
the subcrestal epidermis on the anterior and
posterior sides of the apodeme and another,
more internally located, subset is attached to the
anterior and posterior sides of the inflated crest-
al epidermis. Daly (1973) suggested that the
contraction of the longitudinal muscle fibres



90 I.C. Wilkie

attached to the apodemes effected fracture of
the CBZ at autotomy, but he did not distinguish
between the subsets attached to the crestal and
subcrestal epidermis respectively.

As argued above, because it represents a
discontinuity in the collagenous framework of
the cuticle, the CBZ is a plane of mechanical
weakness. [t was also explained above that the
most efficient (i.e. energy-sparing) way to ini-
tiate the fracture of a plane of weakness is to
concentrate tensile stress at one edge of the
plane (Buehler, Ackbarow, 2007). Contraction
of the subcrestal muscle fibres connected to the
anterior and posterior sides of an apodeme would
not achieve such an effect, since the apodemal
insertion areas of the subcrestal tendon cells do
not reach the basal edge of the CBZ. However,
itis notable that the two sheets of crestal tendon
cells are attached to the crest of the apodeme
closely adjacent to, and on either side of, the
CBZ.Inhistological sections of intact autotomy
planes these sheets are aligned along, or close
to, the radial axis of the apodeme, i.e. they are
orthogonal, or nearly orthogonal, to the longitu-
dinal axis of the muscles (Fig. 6D). In such an
orientation, pulling forces transmitted through
them to the apodemal crest would generate little
if any tension across the edge of the CBZ. To
apply significant tension, the sheets would need
to be angled more obliquely. Such a change in
orientation could be achieved by contraction of
the crestal muscle fibres.

It is hypothesised herein that at trunk autot-
omy fracture of the cuticle is initiated by the
simultaneous contraction of the crestal muscle
fibres that are attached to the anterior and pos-
terior sides of the crestal epidermis. The first
effect of this contraction is to stretch and rupture
the thin region of the subepidermal connective
tissue between the basal insertion areas of the
crestal tendon cells (Fig. 6E). As crestal muscle
contraction continues, the two sheets of crestal
tendon cells are rotated abaxially, becoming
increasingly aligned with the crestal muscle
fibres, and thereby transmitting opposing pull-
ing forces to the CBZ. When the imposed stress
exceeds the tensile strength of the CBZ, its edge
is ruptured (Fig. 6F). Having been initiated by
contraction of the crestal muscle fibres alone,

CBZ fracture may be completed by contraction
of both the crestal and subcrestal muscle fibres.
This hypothesised mechanism resembles that
proposed for cuticular fracture at the elytropho-
ral autotomy plane of Alentia gelatinosa, in that
it depends on the transmission of opposing
forces by tendon cells attached to either side of
the CBZ. However, at the elytrophoral autoto-
my plane, muscle fibres are attached to tendon
cells on only one side of the CBZ, the force
transmitted by the tendon cells on the other side
being generated by a hydrostatic mechanism
activated by the main musculature of the elytro-
phoral wall (Wilkie, 2011).

The above hypothesis implies that (1) the
specific role of the crestal muscle fibres is to act
as an autotomiser muscle that contracts only at
autotomy and (2) the main function of the sub-
crestal muscle fibres is to effect normal trunk
movements such as segment shortening, as sug-
gested by Lawry (1971). It would be interesting
to know if such a functional differentiation is
reflected in the pattern of segmental innerva-
tion. Within each trunk segment are there sepa-
rate motor pathways to the crestal and subcrest-
al groups of myocytes in each of the four longi-
tudinal muscles?

Conclusions

The external cuticle and adjacent structures
at the trunk autotomy plane of H. impar exhibit
features that promote cuticular fracture at auto-
tomy and other features that reduce the risk of
fracture occurring accidentally in inappropriate
circumstances. These features are summarised
in Table 2. It is to be expected that a combina-
tion of features promoting and features prevent-
ing fracture will be present at any autotomy
plane where the detachment of an anatomical
structure depends on the mechanical disruption
of one or more breakage zones with constitu-
tively weaker material properties.

This investigation dealt mainly with the CBZ
and adjacent epidermis. However, the trunk
autotomy plane of polynoids passes through a
range of anatomical components including the
fourlongitudinal muscles, intestine, ventral nerve
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Table 2. Summary of features promoting and preventing cuticular fracture at the trunk autotomy plane of
Harmothoe impar and their putative functional significance.

Tabauua 2. CTPYKTYpBI, y4aCTBYIOIIHE B CTUMYJISIIMN M TIPEAOTBPALLICHUH Pa3pbiBa KYTHKYJIBI IPU
ABTOTOMHUHU TysoBuilla y Harmothoe impar, u ux npeanonaraemMoe (yHKIHOHAIbHOE HA3HAUCHHE.

Feature

Functional significance

Promoting fracture

Cuticular breakage zone (CBZ)

Restricts fracture to predictable plane

Crestal muscle fibres

Generate forces that initiate cuticular fracture

Crestal tendon cells

Transmit contractile force to basal edge of
CBZ

Thin subepidermal connective tissue
layer on adaxial side of crestal epidermis

Acts as pre-weakened breakage zone which
facilitates division of crestal epidermis

Preventing fracture

CBZ crosses cuticular thickening

Compensates for reduced tensile strength of
CBZ constituent material

CBZ external edge is at crest of
circumferential external ridge

Diverts tensile stress away from external edge
of CBZ during trunk bending

Circumferential corrugations on distal
and proximal sides of external ridge

Dissipate stress on either side of CBZ during
trunk bending

CBZ has undulating profile

Increases resistance to shearing forces

cord, and ventral and dorsal blood vessels. It is
likely thatin all of these there are adaptations for
expediting breakage and localising damage at
autotomy, as has been found in the various
organs and tissues transected by the autotomy
planes of other anatomically complex structures
such as lizard tails (Sheppard, Bellairs, 1972)
and brittlestar arms (Wilkie, 1978). The charac-
terisation of such adaptations is necessary for
understanding fully the link between autotomy
and regeneration. Many, if not most, regenera-
tion events occurring in polynoids and other
annelids in the natural environment follow auto-
tomy and in at least some species autotomy is a
necessary prelude to normal regeneration (Kawa-
moto et al., 2005). It is likely, therefore, that
there are cellular and/or molecular features at
autotomy planes that facilitate the rapid restora-
tion of normal structure and function. Current
ignorance of these features (see Bely, 2014)
indicates the need for thorough morphological,
cell biological and molecular analyses of auto-
tomy planes in polynoids and other annelids.
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