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ABSTRACT 
Histology and electron microscopy were used to describe and compare the structure of the 
dorso-lateral pedal defensive glands of three species of marine Basommatophora, Siphonaria capensis, 

S. serrata and S. gigas. All three species possessed multicellular glands, but these were largest and most 
abundant in S. capensis. In S. capensis and S. serrata, defensive glands were composed of two types 
(type I and II) of large secretory cells filled with product and some irregularly shaped support cells 
that surrounded a central lumen. The product of both cell types was produced by organelles confined 
to the bases of the cells. The entire gland was surrounded by a well-developed layer of smooth muscle 
and collagen. Type I cells stained positively for neutral and sulphated mucins, and observed with 
transmission electron microscope (TEM) the product had a reticulate appearance. By contrast type 
II gland cells stained positively for acidic mucins and the secretory product was formed as large gran- 
ular vesicles. The products from both types of cell, which appeared to be secreted by holocrine 
secretion, mixed in the lumen of the duct. Individuals of S. gigas had two types of lateral pedal 
glands, a large multicellular type and a tubular unicellular gland. The multicellular glands, which 
were surrounded by poorly developed muscle, contained one type of gland cell that stained for 
neutral and sulphated mucins only, as well as some support cells. The tubular glands contained a 
heterogeneous product that stained positively for neutral and sulphated mucins. 

INTRODUCTION 

The chemical ecology of organisms continues to attract a great 
deal of research. One of the main study areas in molluscan 
chemical ecology is that of chemical defence. Many opistho- 
branch and pulmonate gastropods produce mucous secretions 
that deter predators (Wagele, Ballesteros & Avila, 2006). These 
defensive secretions can contain a variety of secondary metab- 
olites that may be synthesized by the animal itself or derived 
from its diet (Simkiss, 1988; Davies-Coleman & Garson, 1998; 
Davies-Coleman, 2006; Moore, 2006; Wagele «f aZ., 2006). 
Gastropod mucous secretions are produced from a variety of 
epidermal and subepidermal glands. Whilst the general struc- 
ture of these glands is well described (for reviews see Bubel, 
1984; Simkiss, 1988; Gosliner, 1994; Voltzow, 1994; Luchtel 
el al., 1997) there are relatively few studies that have correlated 
gland structure to defensive secretions (but see Bickell-Page, 
1991; Wagele «W., 2006). 

The Siphonariidae are a basal family of marine basommato- 
phoran pulmonate limpets that are particularly abundant in 
the intertidal regions of warm temperate to tropical rocky 
shores (Hodgson, 1999). The success of these limpets is prob- 
ably not only due to their physiological and behavioural adap- 
tations, but also to the ability of most species to avoid 
predation (Branch, 1981; Hodgson, 1999). This is believed to 
be achieved by secreting sticky white mucus from glands 
located in the upper lateral regions of the headfoot when irri- 
tated (Hodgson, 1999). This mucus contains polypropionate 
metabolites (Davies-Coleman & Garson, 1998; Cimino & 
Ghiselin, 2001; Darias, Cueto & Diaz-Marrero, 2006; 
Davies-Coleman, 2006), some of which are biologically active 
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and toxic to fish at levels as low as 10 iig/ml (Hochlowski et al., 
1983). Chemical defence is very effective in some species of 
Siphonaria, and many predators that readily consume patello- 
gastropods refuse to eat siphonariids (Branch, 1981; Branch & 
Cherry, 1985; McQuaid, Cretchley & Rayner, 1999). The role 
of mucus in defence, however, has been questioned because 
some siphonariids do suffer predation (Cook, 1980; Cimino & 
Ghiselin, 2001; Yamamoto, 2004). A notable example of this is 
Siphonaria gigas that can be consumed by predators (Garrity & 
Levings, 1983) and is exploited for food by humans, possibly 
because this species does not produce polypropionates 
(J. Faulkner, personal communication cited in Ortega, 1987). 
Siphonaria gigas is found in the mid-intertidal of rocky shores 
from the Gulf of California to Peru (Hubendick, 1947). It is 
the largest species of Siphonaria, attaining a shell length of up to 
80 mm (Levings & Garrity, 1984). Whether it possesses epider- 
mal glands is not known. 

Thus, while the chemical nature of siphonariid secondary 
metabolites and their effects, as well as the effects of the 
mucous secretions of some species, are well established, the 
morphology of the structures that produce these secretions is 
poorly understood. Fretter & Graham (1954) noted that 
marine pulmonates such as Siphonaria species possessed large 
glands on the sides of the foot, and they provided an illus- 
tration (fig. 8) of a longitudinal section through one such 
gland. A single illustration of a lateral pedal gland from 
Siphonaria javanica was also presented in the recent paper by 
Wagele et al. (2006: fig. 9E). In a study of S. hispida, Marcus & 
Marcus (1960) also noted the presence of such lateral pedal (or 
marginal) glands and suggested that they had a repugnatorial 
function. The aim of this study, therefore, was to provide a 
more detailed description of the putative defensive glands 
and compare their structures in different species of Siphonaria, 
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focusing on two species that are known to be avoided by 
predators [S. capensis Quoy & Gaimard, 1833, and S. serrata 
(Fischer, 1807)] and one that can be consumed (S. gigas 
Sowerby, 1825). 

MATERIAL AND METHODS 

Siphonaria capensis and S. serrata were collected from rocks in the 
intertidal zone at Kenton-on-Sea (34°S, 27°E), Eastern Cape 
Province, South Africa. Siphonaria gigas was collected from the 
intertidal rocks of Naos island (adjacent to the Smithsonian 
Tropical Research Institute), Panama City, Panama (9°N, 
79°W). A minimum of five individuals per species were col- 
lected. The live animals were transported back to a laboratory, 
dissected and small portions of the outer lateral pedal tissue 
fixed for light and electron microscopy. Specimens were not 
relaxed prior to fixation. 

Light microscopy 

Tissues were fixed for at least 24 h in aqueous Bouin's 
solution, dehydrated and embedded in Paraplast via xylene. 
Sections (5-7 |xm thick) were cut on a Leitz rotary micro- 
tome. In addition, semi-thin sections (c. 1 |xm thick) of tissues 
that had been prepared for transmission electron microscopy 
(see below) were also cut. Some sections were stained in 
haematoxylin and eosin to show the general structure and dis- 
tribution of the glands. To examine whether connective and 
muscle tissues were associated with the glands, other sections 
were stained in Masson's trichrome. Mucosubstances were 
stained in toluidine blue (semi-thin resin sections), alcian blue 
(pH 1.5 and 2.5), periodic acid Schiff (AB-PAS) for differen- 
tiating between acid and neutral mucins, and aldehyde 
fuschin-alcian blue (AF-AB) for separating sulphated and 
carboxylated mucins. For proteins sections were stained with 
mercuric bromophenol blue. All staining protocols were taken 
from Humason (1979) and Bancroft & Gamble (2002). Gland 
dimensions (maximum length, width and area) were obtained 
by taking digital images of sections, using an Olympus 
Camedia digital camera mounted on an Olympus BX50 
microscope, that were then analysed using the image analysis 
software, AnalySIS. 

For scanning electron microscope (SEM) entire specimens of 
S. capensis and S. serrata (five individuals per species) were 
placed directly into 2.5% glutaraldehyde in filtered seawater 
(4°C). After 12 h fixation the animals were removed from their 
shells and the lateral regions dissected and reimmersed in the 
fixative for a further 4 h. Because of their size, smaller portions 
of the lateral epidermis of S. gigas (n = 3) were dissected from 
specimens and immersed in the fixative (two changes 6 h per 
change). The tissue samples were then rinsed in 0.2 M sodium 
cacodylate buffer (pH 7.2), dehydrated through an ethanol 
series (30-100%) and then critical point dried using a Polaron 
critical point dryer. Tissues were mounted on SEM stubs using 
double-sided graphite tape, sputter coated with gold using a 
Balzers Union sputtering device, and viewed under a Tescan 
Vega SEM (at 20 kV). All quantitative analysis was done 
using Scandium software. 

Transmission electron microscopy 

Small pieces from several regions of the lateral epidermal tissue 
from all three species were fixed in 2.5% glutaraldehyde in fil- 
tered seawater (4°C) for 12 h. Tissues were then rinsed in 
0.2 M    sodium   cacodylate   buffer    (pH    7.2)    followed   by 

secondary fixation in 1% osmium tetroxide in 0.2 M sodium 
cacodylate buffer for 90 min. After rinsing in 0.2 M sodium 
cacodylate buffer, tissues were dehydrated through a graded 
ethanol series (30-100%) and embedded in an Araldite-Taab 
812 resin mixture (Cross, 1989) via propylene oxide. Semi-thin 
sections of c. 1 u,m in thickness were cut from the polymerized 
blocks using an RMC MT-7 ultramicrotome and stained for 
light microscopy using 1% toluidine blue. After determining 
the correct region of tissue using the semi-thin sections, ultra- 
thin sections (silver/gold interface) were cut using a Microstar 
diamond knife. The thin sections were stained in a 5% 
aqueous solution of uranyl acetate for 30 min followed by lead 
citrate for 5 min. Sections were then viewed in a Jeol 1210 
TEM at 90 kV. 

RESULTS 

General observations and SEM 

Numerous white glands, visible to the naked eye, are 
embedded in the translucent lateral body wall (head-foot) in 
Siphonaria capensis and Siphonaria serrata (Fig. 1A). These glands 
are distributed around the entire animal and exude a thick, 
white sticky mucus in response to mechanical stimulation. By 
contrast the lateral pedal area of Siphonaria gigas is black in 
colour, and glands are not visible. However, when stimulated 
mechanically a sticky transparent mucus, similar in appear- 
ance to pedal mucus, is released. SEM of the lateral regions of 
the feet of all species, however, reveals the presence of pores 
that are the openings of glands. There was a significant differ- 
ence ((-test, P< 0.001) in the density of pores between 
S. capensis and S. serrata. In S. capensis the mean pore density was 
c. 74/mm whereas in S. serrata it was only 57/mm (Table 1). 
The mean pore diameter was similar in both species, c. 29 
and 23 |xm in S. capensis and S. serrata, respectively 
(Fig. IB; Table 1). In S. gigas two sizes of pores are visible, the 
first having a diameter of 10 |xm and the second c. 1 [Jim 
(Fig. 1C). The density of the larger pores was c. 34/mm 
(Table 1). 

Light microscopy 

In S. capensis and S. serrata large multicellular sub-epithelial 
glands are present in the lateral pedal regions. The glands 
(c. 280 |xm long X 160 |xm diameter in S. capensis and 
210 u,m long X 122 |xm diameter in S. serrata, Table 1) are 
surrounded by a muscle layer and open to the epidermal 
surface via a small duct and pore between the epithelial cells 
(Fig. 2A, B). Each gland consists of numerous product- 
containing pear-shaped cells that surround a central lumen. 
The contents of the gland cells stain differentially indicating 
the presence of more than one secretary product and two 
types of secretory cell. Cell type I stains positively for neutral 
and sulphated mucins only, whereas type II stains very posi- 
tively for acidic and sulphated mucins only (Table 2; 
Fig.'gC, D). 

Two types of subepidermal gland are present in the lateral 
pedal regions of S. gigas. The first type is a large multicellular 
sub-epithelial gland (c. 312 u,m long x 82 |xm diameter) with 
a central lumen, opening to the outside via a small duct 
(Fig. 2E). Unlike those of S. capensis and S. serrata, the multicel- 
lular glands are not surrounded by a well-developed muscle 
layer. Furthermore, each gland possesses one type of secretory 
cell only that stains for sulphated and neutral mucins only 
(Table 2). The second type of gland is unicellular, long and 
narrow, containing a secretory product that also stains for 
sulphated and neutral mucins (Fig. 2F; Table 2). 
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Figure 1. A. Ventral view of part of the foot of Siphonaria capensis showing position of lateral pedal glands (arrowed). B. SEM of the lateral pedal 
region of Siphonaria serrata showing pore openings to glands. C. SEM of the lateral pedal region of Siphonaria gigas showing openings to two sizes of 
pore (pi and p2). Abbreviations: f, foot; ma, mantle; p, pore. Scale bars: A = 0.5 mm; B, C = 50 u,m. 

Table 1. Dimensions of the multicellular glands, gland openings (pores) and pore density in Siphonaria species. 

Species Length (pum) Width (pirn) Area (pum Pore diameter (^m) Pore density (number/mm2) 

Siphonaria serrata 

Siphonaria capensis 

Siphonaria gigas 

210 

280 

312 

122 14,134 23.1 ±3.6 

157 31,173 29.3 ± 4.2 

82 15,257 10.1 +2.9 

56.7 ±12.1 

74.0 ±15.1 

-34 

Length, width and area are maximum dimensions observed from light microscope longitudinal sections (20 glands measured from 5 individuals per species). 
Pore diameters and densities (mean + SD; n = 5 for S. capensis and S. serrata, and n = 3 for S. gigas) were determined by SEM. The densities and diameters 
of large pores only are presented for S. gigas. 

Transmission electron microscopy 

As the infrastructure of the lateral pedal glands of S. capensis 
and S. serrata are very similar, only a single description follows. 
TEM confirmed that the glands are surrounded by a band of 
smooth muscle and collagen c. 4.8 ijtm thick (Figs 3A, 4C). 
The muscle fibres are orientated in longitudinal and circular 
directions around each gland. The two secretory cell types 
(type I and II) are clearly distinguished by the appearance of 
their content (Figs 3A, 4A). The majority of the volume of 
type I cells (which can be up to 36 iim long by 12 iim 
diameter) is occupied by a relatively electron-lucent substance 
with a reticulated appearance (Fig. 3A, B) which we presume 
to be mucus. The cytoplasm and the irregularly shaped 
nucleus are confined mainly to the base of the cell (Fig. 3A, 
C). In some type I cells the basal cytoplasm contains numerous 

mitochondria, rough endoplasmic reticulum, well-developed 
Golgi bodies, glycogen and accumulating secretory product 
(Fig. 3D). Numerous vesicles (50-55 nm in diameter) can be 
seen associated with the Golgi cisternae (Fig. 3D). Presumably 
these vesicles contain the mucus produced by these cells. In 
type I cells that are swollen with product, the base contains 
large amounts of glycogen and very few other organelles 
(Fig. 3C). The apical regions of the cell membranes of type I 
cells do not bear microvilli. 

The secretory product of type II cells is more electron-dense 
and vesicular in appearance with a granular-like content 
(Fig. 4A-C). The irregularly shaped nucleus and cytoplasm 

that contains a few well-developed Golgi bodies are restricted 
to the bases of these cells (Fig. 4B-D). Numerous vesicles are 

associated with the end of the Golgi cisternae and some appear 
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Figure 2. A. Longitudinal section through the lateral pedal glands of Siphonaria capensis stained in Mallory's trichrome, showing two types of 
secretory cell (i and ii), and gland surrounded by smooth muscle. B. Higher magnification of longitudinal section through glands of S. capensis 
(stained in Mallory's trichrome) showing central lumen and pore, as well as two types of secretory cell (i and ii). C, D. Transverse and longitudinal 
sections of glands of S. capensis stained in alcian blue (C, pH 1.5 and D pH 2.5). E. Longitudinal section through a Type 1 gland (multicellular) of 
Siphonaria gigas; section stained in aldehyde fuschin/alcian blue. F. Section through the lateral pedal region of S. gigas showing both type 1 (Tl) and 
type 2 (T2) glands. Section stained in aldehyde fuschin/alcian blue. Abbreviations: e, epithelium; lu, lumen; mu, muscle layer; p, pore; i, type I 
gland cell; ii, type II gland cell. Scale bars: A, C—F = 100 u.m; B = 20 u,m. 

to be fusing with the accumulating cell product   (Fig.  4D). 

Apically the cell membrane does not have any microvilli. 
Each gland opens to the outside via a pore lined by nonci- 

liated cuboidal epithelial cells (Fig. 5A). The lumens of nearly 

all glands sectioned contained products from both types of 

secretory cell (Fig. 5B, C), the product from type II cells being 

the more electron-dense. These secretory products appear to be 

released into the lumen of the gland by holocrine secretion, 

and in the case of type II cells, initially as vesicles (Fig. 5D). 
In addition to the two secretory cell types, nonsecretory 

support cells are present in the glands. These cells are joined to 
adjacent support cells and gland cells by desmosomes 

(Fig. 5F). The support cells are irregular in shape, have long 
(up to 2.5 |xm) apical microvilli and partially line the lumen of 
the gland (Fig. 5A, B, F). Thin strands of cytoplasm from 
these cells penetrate between the gland cells  (Figs 3A, 5E). 



DEFENSIVE GLANDS OF SIPHO.NARIA 

Table 2. Histochemical results from the multicellular lateral pedal glands of three species ofSiphonaria (+, positive; + + , very positive: negative) 

Species Cell type        Mueopolysaecharides        Neutral muoins        Acid mucins        Sulphated mucins        Carboxylated muoins        Protein 

Siphonaria capensis 

Siphonaria serrata 

Siphonaria gigas 

Figure 3. Siphonaria capensis, TEM images of type I secretory cells. A. Section through gland showing several type I secretory cells (s) and support 
cells (sc) surrounded by a muscle/collagen layer (mu). B. Higher magnification of secretory product of a type I cell. C. Section through the base of 
a type I secretory cell showing secretory product (s), glycogen (gly) and a multivesicular body (mvb). D. Section through a type I cell showing 
basal cytoplasm containing numerous Golgi bodies (g) surrounded by vesicles, rough endoplasmic reticulum (rer), mitochondria (m) and 
developing secretory product (s). Abbreviations: cy, cytoplasm; n, nucleus. Scale bars: A = 10 u,m; B = 0.1 u.m; C = 2 u.m; D = 3 fxm. 

The cytoplasm of these cells often contains large amounts of 
glycogen and lipid droplets (Fig. 5F). 

The large multicellular glands (type 1) of S. gigas are sur- 
rounded by a few smooth muscle myofibrils and collagen fibres 
only (Fig. 6A, B). In addition the surrounding connective 
tissue contains elongate cells that contain large  numbers of 

electron-dense vesicles (Fig. 6D, F) that we presume to be 
pigment granules. Only one type of secretory cell could be 
identified in the multicellular glands. Basally this cell type has 
an irregularly shaped nucleus (Fig. 6B) and some cytoplasm 
containing small mitochondria, a few well-developed Golgi 
bodies  and  smooth  endoplasmic  reticulum   (not  illustrated). 
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Figure 4. Siphonaria serrata, TEM images of type II secretory cells. A. Longitudinal section of apical region of type II cell [s (ii)] with a type I cell 
[s (i)] adjacent to it. B. Section through the basal region of a type II cell showing nucleus (n) surrounded by secretory product (s). C. Section 
through basal region of type II cell showing nucleus (n), cytoplasm with a small Golgi body (g) and secretory product (s). D. Higher 
magnification of a Golgi body (g) with peripheral vesicles (arrow). Abbreviations: co, collagen; mu, muscle layer; s, secretory product; sc, support 
cell. Scale bars: A = 10 pm; B = 5 pm; C = 2 pm; D = 0.5 pm. 

Most of the volume of these cells is occupied by large 
electron-dense vesicles embedded in an electron-lucent matrix 
(Fig. 6A-C). The content of the cells is released into the 
lumen of the duct by holocrine secretion (Fig. 6C). In addition 
to the secretory cells, irregularly shaped support cells lie 
between the gland cells (Fig. 6C). The support cells have 
well-developed, elongate, apical microvilli and a cytoplasm 
containing    an    irregularly    shaped    nucleus,    multivesicular 

bodies, small vesicles and rough endoplasmic reticulum  (not 
illustrated). 

Type 2 glands are comprised of a basal region containing an 
irregularly shaped nucleus, a few organelles and granular 
secretory vesicles (Fig. 6F), and a long tubular 'neck' c. 3 |xm 
diameter that extends to the outside (Fig. 6D). The tubular 
neck also contains an electron-dense granular product 
(Fig.   6E).   The  neck  of the  gland  penetrates  between  the 
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Figure 5. A. TEM section through the pore region (arrow) of a multicellular gland of Siphonaria capensis showing the epithelium (e), a support cell 
(sc) and Type I secretory cell [s(i)]. B. Longitudinal section though the lumen showing mucoid secretion (ms) in lumen and apical region of a 
support cell (sc). C. Lumen with secretory product from type I [ms (i)] and type II [ms (ii)] secretory cells. D. Transverse section through the 
lumen (lu) of a gland showing secretory product from type I cells [ms (i)] and secretory vesicles from type II glands [ms (ii)]. E. Transverse section 
through the lumen (lu) of a gland showing several type II secretory cells (ii) separated by support cells with well-developed microvilli (mv), 
F. Higher magnification of the apical regions of support cells joined by desmosomes (one arrowed). Note the lipid droplets (lp) in the cytoplasm. 
Scale bars: A, C, E = 10 (xm; B, D = 5 (xm; F = 2 u,m. 
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Figure 6. TEM images of the glands of Siphonaria gigas. A. Section through part of a multicellular gland (type 1) showing secretory vesicles (s). 
B. Section through the basal region of a type 1 gland showing nucleus (n) in peripheral cytoplasm. C. Transverse section though part of the lumen 
of a type 1 gland. Note the release of secretory product into the gland (arrow) and elongate microvilli (mv) of the support cells. D. Longitudinal 
section through parts of a type 2 (tubular, T2) gland part of which runs between the columnar epithelium (e), pigment granules (pyg). E. Higher 
magnification of the secretory vesicles of type 2 gland. F. Transverse section through the basal regions of several type 1 (Tl) glands. Abbreviations: 
co, collagen; lu, lumen; mu, muscle layer; n, nucleus; pyg, pigment granules; s, secretory product. Scale bars: A = 5 fim; B, C = 2 u,m; 
D, F = 10 (Jim; E = 1 (xm. 

8 
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columnar epithelial cells (Fig. 6D) and opens to the outside 
via a small pore. 

DISCUSSION 

The dorso-lateral pedal regions of all three species of 
Siphonaria studied possess large multicellular glands. Although 
the glands of S. capensis and S. serrata differ in size and abun- 
dance, they are structurally and histochemically similar. 
Their structure is also similar to that presented diagrammati- 
cally by Fretter & Graham (1954: fig. 8), being composed of 
numerous secretory cells and support cells that surround a 
central lumen, with a capsule of muscle surrounding the 
entire gland. This type of gland was categorized by Wagele 
et al. (2006) as a mantle dermal formation. Fretter & 
Graham's diagram clearly indicates the possibility of two 
types of secretory cell within the gland (although both types 
were simply labelled as 'gland cells'), and this has been con- 
firmed by this study. One type produces a secretion that 
stains positively for neutral and sulphated mucins, and the 
second type a product that stains very positively for acidic 
mucins. The latter type of mucin is a common feature of 
molluscan mucoid secretions (Wagele et al., 2006). These two 
products are presumably mixed in the lumen of the gland 
during exudation. 

The secretory product of the gland cells in all species did not 
stain for proteins. This suggests that they are either not pro- 
duced in the defensive gland secretions, or are in amounts too 
low to be detected using a simple histochemical stain. The 
paucity of rough endoplasmic reticulum in all the secretory 
cells suggests that they produce little protein. This is unlike the 
adhesive mucous secretions of gastropods that can have a sig- 
nificant protein content (e.g. Pawlicki et al., 2004; Li & 
Graham, 2007; Werneke «( a/., 2007; Smith «( aA, 2009). These 
proteins play a central role in adhesion and cause stiffening of 
the mucus. Detailed biochemical analysis of Siphonaria defensive 
mucus is now required to determine whether proteins are 
present. 

While S. gigas also has multicellular lateral pedal glands, 
they are smaller, less abundant and differ in structure to 
those of S. capensis and S. serrata. Siphonaria gigas glands 
possess one type of secretory cell only whose product does not 
contain acidic mucins. Morphologically these glands have a 
greater resemblance to the subepithelial gland cells of the 
opisthobranchs Cadlina luteomarginata and C. laevis described 
by Wagele et al. (2006) and it is interesting to note that the 
phylogeny of Grande et al. (2004) placed Siphonaria within the 
opisthobranchs. Whether the structurally simpler multicellu- 
lar glands of S. gigas are ancestral to those of S. capensis and 
S. serrata, or vestigial, remains to be determined. A phylogeny 
of the siphonariids onto which gland structure is mapped 
may help in this regard. In addition to multicellular glands, 
S. gigas also possessed unicellular glands, similar in structure 
to the tubular glands of other opisthobranchs and pulmo- 
nates (Storch & Welsch, 1972; Yamaguchi, Seo & Furuta, 
2000). 

The multicellular glands in all species studied were encapsu- 
lated by smooth muscle, although this was not well developed in 
S. gigas. A similar arrangement has been described for the 
dermal glands of several other gastropods (Bubel, 1984; Wagele 
et al., 2006). The multicellular glands of Melibe leonia is also sur- 
rounded by muscle, but in this species the glands are encased by 
striated muscle (Bickell-Page, 1991). Whatever the type of 
muscle, synchronised contraction of the muscle capsule may be 
responsible for squeezing secretions out of the glands. The lack 
of a well-organised muscle layer around S. gigas glands may 
mean that they are not able to project their glandular secretions 
in  the  same way as  S.  capensis and  S.  serrata.   In Siphonaria 

species the trigger for the discharge of the secretions is probably 
mechanical, although ciliated sensory cells such as those 
described in association with the repugnatorial glands of 
M. leonia (Bickell-Page, 1991) were not found in the siphonariids 
studied. 

The abundance of the lateral pedal glands in the species of 
Siphonaria studied suggests that they play an important role in 
their biology. In S. capensis and S. serrata they undoubtedly con- 
tribute towards defence. The secretory product is thick and 
sticky, contains both acidic and sulphated mucopolysacchar- 
ides, is bitter to the taste (A.N. Hodgson, personal observation) 
and repels predators (Hodgson, 1999; McQuaid et al., 1999). 
Whether the secretory exudate contains polypropionate metab- 
olites, however, is not known. Furthermore the location of such 
chemicals at a cellular level is equivocal. This is because all 
chemical extractions to date have been from entire animals, 
and not from specific glands or their secretions. Ireland & 
Faulkner (1978), however, did extract polypropionates from 
the mucous secretions of Onchidella binneyi, and it is likely that 
the exudate from the glands of siphonariids contains such 
chemicals. By contrast the lateral pedal glands of S. gigas 
clearly do not have a defensive role, as this species is consumed 
by fish and humans (Garrity & Levings, 1983; Ortega, 1987). 
Defence against predators in S. gigas is probably a combination 
of its size, extreme tenacity and habitat. This species is more 
common on irregular substrata in wave-exposed areas where 
predators find it more difficult to feed (Hodgson, 1999). In 
addition S. gigas creates well-developed home scars that have 
been shown to be a defence against fish predators (Garrity & 
Levings, 1983). 

Finally, the gland secretions of siphonariids may also play 
some role in protecting them from desiccation, microbial 
attack or the attachment of ectocommensals. Molluscan 
mucus is known for its anti-bacterial properties (Yamaguchi 
et al., 2000) and Hochlowski & Faulkner (1983) have shown 
that the metabolites from siphonariids act as antibiotics. 
Whilst the epidermis of many patellogastropods is the site 
of attachment of ectocommensals such as peritrich ciliates 
(Hodgson, Hawkins & Cross, 1985), no such unicellular 
organisms have been found attached to the epidermis 
of South African siphonariids (J. van As, personal 
communication). 

ACKNOWLEDGEMENTS 

This project was funded by a grant from Rhodes University. 
Out thanks to Professor John Christy and Dr Rachel Collin for 
hosting a visit by ANH to the Smithsonian Tropical Research 
Institute, Naos island, Panama, and for assistance in the field 
while collecting Siphonaria gigas. 

REFERENCES 

BANCROFT, J.D. & GAMBLE, M. 2002. Theory and practice of 
histological techniques. Churchill Livingstone, Edinburgh. 

BICKELL-PAGE, L.R. 1991. Repugnatorial glands with associated 
striated muscle and sensory cells in Melibe leonia (Mollusca, 
Nudibranchia). ^oornorphology, 110: 281 — 291. 

BRANCH, G.M. 1981. The biology of limpets: physical factors, energy 
flow, and ecological interactions. Oceanography and Marine Biology: 
An Annual Review, 19: 235-380. 

BRANCH, G.M. & CHERRY, M.I. 1985. Activity rhythms 
of the pulmonate limpet Siphonaria capensis Q. & G. as 
an adaptation to osmotic stress, predation and wave 
action. Journal of Experimental Marine Biology and Ecology, 87: 
153-168. 



S. C. PINCHUCK AND A. N. HODGSON 

BUBEL, A. 1984. Epidermal cells. In: Biology of the integument. Vol. 1: 
Invertebrates (J. Bereiter-Hahn, A.G. Matolsky & K.S. Richards, 
eds), pp. 400—441. Springer, Berlin. 

CIMINO, G. & GHISELIN, M.T. 2001. Marine natural products 
chemistry as an evolutionary narrative. In: Marine chemical ecology 
Q.B. McCintock & BJ. Baker, eds), pp. 115-154. CRC Press, 
Boca Raton, FL. 

COOK, S. 1980. Fish predation on pulmonate limpets. Veliger, 22: 
380-381. 

CROSS, R.H.M. 1989. A reliable epoxy resin mixture and its 
application in routine electron microscopy. Micron and Microscopica 
Ada, 20: 1-7. 

DARIAS, J., CUETO, M. & DIAZ-MARRERO, A.R. 2006. The 
chemistry of marine pulmonate gastropods. In: Progress in molecular 
and subcellular biology. Subseries marine molecular biotechnology 
(G. Gimeo & M. Gavagnin, eds), pp.  105—131. Springer-Verlag, 

DAVIES-COLEMAN,   M.T.   2006.   Secondary  metabolites  from  the 
marine   gastropod   molluscs   of Antarctica,   Southern  Africa   and 
South   America.   In:   Progress   in   molecular   and  subcellular   biology. 
Subseries marine molecular biotechnology  (G. Gimeo &  M.  Gavagnin. 
eds), pp. 133—157. Springer-Verlag, Berlin. 

DAVIES-COLEMAN,    M.T.    &    G ARSON,    M.J.    1998.    Marine 
polypropionates. Natural Products Reports, 15: 477—493. 

FRETTER,   V.    &    GRAHAM,   A.    1954.   Observations   on   the 
opisthobranch mollusc Aceton tornatilis  (L.). Journal of the Marine 
Biological Association of the United Kingdom, 33: 565 — 585. 

GARRITY,  S.D.   &  LEVINGS,  S.C.   1983.  Homing to scars are a 
defense against predators in the pulmonate limpet Siphonaria gigas 
(Gastropoda). Marine Biology, 72: 319—324. 

GOSLINER, J.M. 1994. Gastropoda: Opisthobranchia. In: Microscopic 
anatomy   of  invertebrates.   Vol.   5:   Mollusca   I   (F.W.   Harrison   & 
AJ. Kohn, eds), pp. 253-356. Wiley-Liss, New York. 

GRANDE, C, TEMPLADO, J., CERVERA, J.L. & ZARDOYA, R. 
2004. Molecular phylogeny of Euthynera (Mollusca: Gastropoda). 
Molecular Biology and Evolution, 21: 303 — 313. 

HOCHLOWSKI, J.E.  & FAULKNER, DJ.  1983. Antibiotics from 
the marine pulmontae Siphonaria diemenensis.  Tetrahedron Letters, 24: 
1917-1920. 

HOCHLOWSKI, J.E., FAULKNER, DJ., MATSUMOTO, G.K. & 
C LARDY,    J.     1983.    The    denticulatins,    two    polypropionate 
metabolites from the pulmonate Siphonaria denticulata. Journal of the 
American Chemical Society, 105: 7413 — 7415. 

HODGSON,    AN.    1999.    The    biology    of   siphonariid    limpets 
(Gastropoda:   Pulmonata).   Oceanography   and  Marine   Biology:   An 
^n%Wan*fw, 37: 245-314. 

HODGSON, AN, HAWKINS, SJ. & CROSS, R.H.M. 1985. Ciliate 
ectocommensals on southern African limpets. Journal of Molluscan 
Studies, 51: 215-217. 

HUBENDICK,     B.     1947.     Phylogenie    und    Tiergeographie    der 
Siphonariidae.   Zur   Kenntnis   der   Phylogenie   in   der   Ordnung 
Basommatophora    un    des    Ursprungs    der    Pulmonatengruppe. 
Zoologiska Bidrag Fran Uppsala, 24: 1-216. 

HUMASON, G.L. 1979. Animal tissue techniques. Edn 4. W.H. Freeman 
& Co., San Francisco. 

IRELAND, CM. & FAULKNER, DJ. 1978. The defensive secretion 
of the opisthobranch mollusc Onchidella binneyi. Journal of Bioorganic 
CWidry, 7: 125-131. 

LEVINGS, S.C. & GARRITY, S.D. 1984. Grazing patterns in 
Siphonaria gigas (Mollusca, Pulmonata) on the rocky Pacific coast of 
Panama. Oecologia, 64: 152-159. 

LI, D. & GRAHAM, L.D. 2007. Epidermal secretions of terrestrial 
ualworms and slugs: Lehmannia valentiana mucus contains 
matrilin-like proteins. Comparative Biochemistry and Physiology B, 148: 

231-244. 

LUCHTEL, D.L., MARTIN, A.W., DEYRUP-OLSEN, I. & BOER, 
H.H. 1997. Gastropoda, Pulmonata. In: Microscopic anatomy of 
invertebrates. Vol. 6B: Mollusca II (F.W. Harrison & AJ. Kohn, eds), 
pp. 459-718. Wiley-Liss, New York. 

MARCUS, E. & MARCUS, E. I960. On ^omzna Au/%6z. #WogM, 
23: 102-130. 

MCQUAID, CD., CRETCHLEY, R. & RAYNER, J.L. 1999. 
Chemical defence of the intertidal pulmonate limpet Siphonaria 
capensis (Quoy & Gaimard) against natural predation. Journal of 
Experimental Marine Biology and Ecology, 237: 141 — 154. 

MOORE,       B.S.       2006.       Biosynthesis       of      marine       natural 
products:   macroorganisms   (Part  B).   Natural Products  Reports,  23: 
615-629. 

ORTEGA,   S.   1987.   The   effect   of human   predation   on   the   size 
distribution of Siphonaria gigas (Mollusca: Pulmonata) on the Pacific 

Coast of Cosla Rica. fWigfr, 29= 251-255. 

PAWLICKI, J.M.,  PEASE, LB.,  PIERCE,  CM.,  STARTZ, T.P, 
ZHANG, Y. & SMITH, A.M. 2004. The effect of molluscan glue 
proteins   on   gel  mechanics.   Journal  of Experimental Biology,   207: 
1127-1135. 

SIMKISS, K. 1988. Molluscan skin (excluding cephalopoda). In: The 
Mollusca. Vol. 11: Form and function (E.R. Trueman & M.R. Clarke, 
eds), pp. 11 — 35. Academic Press, San Diego. 

SMITH,   A.M.,   ROBINSON,   T.M.,   SALT,   M.D.,   HAMILTON, 
K.S., SILVIA, B.E. & BLASIAK, R. 2009. Robust cross-links in 
molluscan adhesive gels: testing for contributions from hydrophobic 
and electrostatic interactions. Comparative Biochemistry and Physiology 
B, 152: 110-117. 

STORCH, V. & WELSCH, U. 1972. The ultrastructure of 
epidermal mucous cells in marine invertebrates (Nemertini, 
Polychaeta, Prosobranchia, Opisthobranchia). Marine Biology, 13: 
167-175. 

VOLTZOW, J. 1994. Gastropoda: Prosobranchia. In: Microscopic 
Anatomy of Invertebrates. Vol. 5: Mollusca I (F.W. Harrison & 
AJ. Kohn, eds), pp. 111-252. Wiley-Liss, New York. 

WAGELE, H., BALLESTEROS, M. & AVILA, C. 2006. Defensive 
glandular structures in Opisthobranch molluscs — from histology to 
ecology. Oceanography and Marine Biology: An Annual Review, 44: 
197-276. 

WERNEKE, S.W., SWANN, O, FARQUHARSON, LA., 
HAMILTON, K.S. & SMITH, A.M. 2007. The role of metals in 
molluscan adhesive gels. Journal of Experimental Biology, 210: 

2137-2145. 

YAMAGUCHI, K., SEO, N. & FURUTA, E. 2000. Histochemical 
and ultrastructural analyses of the epithelial cells of the body 
surface skin from the terrestrial slug, Indiana fruhstorferi. Zoological 
Science, 17: 1137-1146. 

YAMAMOTO, T. 2004. Prey consumption and prey selectivity of an 
intertidal generalist predator, Muricodrupa fusca (Kuster) 
(Muricidae). Marine Ecology, 25: 35-49. 

10 


