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Abstract

The pen shell Atrina maura bears economic importance in northwest Mexico. This chapter 
considers a review on diverse ecology, fishery, and aquaculture topics of this species, car-
ried out in northwest Mexico. In ecology, biology, abundance, spatial prospecting, sex 
ratio, size structure, reproductive cycle, first maturity sizes, variation of gonadosomatic 
indexes and growth are discussed. In fishery, the information analysed corresponds to the 
structure of the organisms in the banks susceptible to capture, institutional and ecologi-
cal interaction for fishing regulation, evaluation of fishing effort, improvement in fishing 
performance using the knowledge and attitudes of the fishermen on fisheries policies in 
the Gulf of California, resilience and collapse of artisanal fisheries and public politics. In 
aquaculture, they are long-line culture, bottom culture, reproductive cycle, growth, pro-
duction of larvae and seeds, biochemistry of oocytes, nutritional quality of the muscle, 
evaluation of diets based on microalgae, immunology in larval and juvenile and probi-
otic use. The present work shows a status based on information published in theses and 
articles indexed 15 years ago to the date on the ecology, fishery and aquaculture in the pen 
shell Atrina maura carried out in the lagoon systems of northwest Mexico.
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1. Introduction

1.1. Taxonomic position

The taxonomy of the pen shell according to Keen (1971):

Phylum: Mollusca (Linnaeus 1758)

Class: Bivalvia

Subclass: Lamellibranchia

Order: Anisomyaria

Family: Pinnidae

Genus: Atrina maura (Sowerby 1835)

Synonymy: Pinna lanceolata (G.P. Sowerby 1835)

1.2. Biologic

1.2.1. Current status

The Pinnidae (‘mussels, scallops, oysters or pen shells’) are bivalve marine mollusks that dur-
ing their life cycle have a planktonic stage and later will incorporate to the benthos where 
they live until they die. A. maura adults measure approximately between 170 and 350 mm, 
they live in muddy or sandy bottom places, where they strongly attach themselves to the 
substrate by using their fixation organ; also, due to the proximity of the organisms, they tend 
to form dense banks by living in groups with other species of lamellibranchs [1]. The shell of 
these organisms is triangular, reduced in the anterior part and has a pointy shape, whereas 
the posterior one is a long, flat and well-developed part similar to a wide fan, with a rounded 
truncated edge, the shape of the shell is strongly influenced by a series of adaptations related 
to the species life style. The reduction of the anterior part and of the anterior adductor muscle 
is associated to the substrate fixation by byssal threads, as it occurs with other anisomyarian 
mollusks [2]. The shell is colonized by a great amount of epibionts that make it look irregular; 
usually on the shell, there are numerous species of algae, mollusks, polychaetes, bryozoans, 
ascidians, etc. The outer surface is purplish-amber or dark brown in colour, while the inner 
surface is shiny [3] (Figure 1).

In the Pinnidae, the opening and closing of the valves does not occur in the normal way by 
the ligament, since the only function of this structure is to keep the valves together; therefore, 
it takes place by the flexion of the posterior part of the shell, which has high protein content. 
These organisms have a big posterior adductor muscle located at the central part of the shell 
(the organism’s tissue that is put on the market), as well as a small anterior muscle located 
at the umbonal vertex. There are two more pairs of muscles that help the movement of the 
organism’s foot, which are the anterior retractor pedals that together with the foot carry out 
the excavation and motility function [4]. These organisms can even bear the loss of the anterior 
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adductor muscle or even the fusion of the ventral margins of the shell, as long as the posterior 
part can still be closed by the action of the posterior adductor muscle [5]. The byssus is kept 
in a chamber found at the posterior basal region of the foot; the bundle of fibrous strands can 
measure 25 cm in length. The byssus gland is near the area where the foot begins. The soft parts 
hold a series of characters that differ from other bivalves and are confined mainly in the area 
between both adductor muscles and overstepping this region, the mantle’s lobs and the elon-
gated gills are found, which are extended toward the posterior region, overtaking the adduc-
tor muscle [4]. The mantle is attached to the shell as it occurs with other species with similar 
living habits (some Mytilidae), so it is very retractable without a pallial line. The mantle’s 
retraction confers the family great regeneration ability since all the posterior part of the shell 
can be rebuilt. The mantle’s cavity is divided by a septum that forms the external and internal 
chambers [5]. The mouth is a tiny orifice located at the anterior portion of the labial lips and 
continues with the oesophagus, a narrow circular canal that connects with the stomach, where 
the intestine begins, running toward the posterior area and coming out from the digestive 
gland, entering the gonad until it reaches the posterior adductor muscle [4]. A very distinc-
tive and unique organ from the Pinnidae family is the pallial organ, whose function has been 
controversial for a long time. Originally, it was considered as a cleansing organ, in charge of 
extracting broken pieces from the shell that would remain in the pallial cavity [6, 7]. The heart 
is located in the dorsal region at the same level as the posterior adductor muscle. The crystal-
line style begins in the stomach up to the posterior intestine grip, and it secretes enzymes that 
aid in digestion [8]. The respiratory organ is composed by gills or ctenidia that resemble light 
brown elongated leaf shape structures which appear in groups of four, located by pairs on each 
side of the organisms [4]. There are waste ducts that cover the mantle in an anterior-posterior 

Figure 1. Atrina maura procured from the bottom culture at San Buto estuary in Baja California Sur, México [20].
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direction, starting from the mouth’s palps reaching up to the end of the posterior back part of 
the gills, completing the division between the inhalant and exhalant chambers.

These canals allow the disposal of pseudofeces and other type of wastes from the inhalant 
chamber, which can be used to clean the sandy cavity and other residues introduced by the 
swell before the animal shuts its valves [5]. A. maura is a gonochoric organism whose zygotes 
arise from the union of female and male gametes deriving from those organisms with sepa-
rated genders. The sexual maturity state can be determined by the gonad’s coloration, which 
sometimes can be observed macroscopically when the valves are opened. The females pres-
ent a deep orange coloured gonad (like the colour of a brick), and the males have a whitish 
gonad [9]. The fertilization is external and the larval development is planktonic with trocho-
phore and veliger larvae [10]. The gonads are anastomosed glandular structures that branch 
out invading the digestive gland. As the maturation progresses, the gonad occupies an even 
larger space, and it turns out to be more notorious up to the point in which it reaches the typi-
cal follicular tubular-acinar system structure that characterizes all bivalves [8, 11].

2. Ecology

2.1. Current status

The organisms of the Pinnidae family spend a short but important stage of their life cycle in 
the plankton and later will incorporate to the benthic zone where they will live until they die.

2.2. Distribution and habitat

Since the first research of [12], in the Eastern Pacific, it is known that the Pinnidae family 
(in Mexico, commonly known as ‘Callo de Hacha’) has a wide biogeographic distribution 
that runs from the Baja California Peninsula, Mexico, down to Panama. However, in many 
cases, the regional boundaries of this distribution are unknown. As part of the Pinnidae 
population, four species have been identified: Pinna rugosa, Atrina tuberculosa, Atrina oldroydii 
and Atrina maura, the latter presents a relative abundance of approximately 95% [1]. These 
scallops are distributed in the Indo-Pacific from the southwest of Africa to Malaysia and 
New Zealand and the north of Japan, they are found in Mediterranean waters and America 
[13–15]. In the American continent, the A. maura species has a wide biogeographic distribu-
tion from the Baja California Peninsula down to the south of Peru, forming not so dense 
banks in bays and coastal lagoons on both littorals of the California Peninsula. Nevertheless, 
in many cases, the regional boundaries of this distribution are unknown [1, 12]. In the 
Mexican Pacific, there are four species of the Pinnidae family, particularly in the Gulf of 
California, Atrina maura, Atrina tuberculosa, Atrina oldroydii and Pinna rugosa are distributed 
[9]. These are benthic organisms that live in protected intertidal zones, as well as in estuaries 
with slimy-clay, muddy-sandy, sandy limestone or sandy-rocky bottoms [16]. These animals 
can be found from the lower limit of the tide up to a maximum of 10 meters, although some 
have been recorded in more than 45 m of depth in some bays. A. maura lives semi-buried in 
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different types of substrates such as soft substrates that can have roots and rhizomes of sea 
grass, small gravels, biodetritic waste and sand grains to which these animals attach to by 
using their byssus. A. maura is a halotolerant and thermotolerant species, which makes it suit-
able for culture in the Gulf of California for having an adequate environmental production 
framework [17].

3. Fisheries

3.1. Current status

Atrina maura also known as ‘Hacha China’ represents one of the most valuable fishery 
resources in the coasts of the Mexican Pacific; it is highly valued in the national and interna-
tional market, because it has an edible adductor muscle that can be commercialized. These 
animals are dominant mollusks in the benthic community of the sites they live in, where they 
form dense size banks of variable permanence [1]. The Gulf of California fishery comprises 
four species: Pinna rugosa, A. maura, A. tuberculosa and A. oldroydii, which represent approxi-
mately 25% of the national scallop catch [9]. The commercialized part of the organism is 
the posterior adductor muscle, known as ‘callo’, that has a wide demand due to its nutri-
tional quality, texture, taste and high prices in the national market, reaching up to $120 and 
180 (Mexican pesos) per kilogram in the beach buying it directly from the fishermen, and if 
the product is sold by an intermediary, the price to the public can reach up to $300 Mexican 
pesos per kilogram [18, 19]. The product is sold fresh or iced, and it is mainly marketed in 
Nayarit, Sinaloa, Sonora, Baja California, Baja California Sur and in the most important cities 
of the country such as México City, Guadalajara and Monterrey [9].

During the past 30 years, the exploitation of these scallops has increased, overfishing A. maura in 
some zones of the Mexican Pacific [20]. Catch records in Baja California Sur (A. maura, P. rugosa 
and A. oldroydii) between 1985 and 1995 show a maximum intake of 1148 tons of fresh product 
(adductor muscle). Since 1991, there has been a low catch trend, reaching a minimum catch 
of 91 tons in 1995 [9]. According to Mexican official sources, the catch of pen shells has been 
included within the catch of other species of clams. Between 1966 and 2010, the pen shell rep-
resented 25% of the pen shell production as reported by the fisheries sub-delegation in Baja 
California Sur showing the highest catch volume in 2004 and 2008 with 280 tons, whereas the 
lowest value occurred in 2000 with only 20 tons, respectively [21] (Figure 2).

Due to the decrease in the production by fishing and the lack of culture development, the 
current global production levels have not been able to satisfy the national market demand, 
so different alternatives have been searched in order to allow a sustainable exploitation of 
this wild resource, such as the one that is taking place in some Seri fishing communities from 
Punta Chueca and Kino Viejo in Sonora, by using a population growth function which emu-
lates how the carrying capacity affects small scale fishing communities, as well as the different 
institutional development levels, the opportunity to adopt new institutions and the degree 
in which the fishing effort is reduced, thus avoiding overfishing of the species. With these 
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measures, the fishing Seri communities of Punta Chueca have avoided overfishing of the pen 
shell banks; while in their neighbour fishing community in Kino Viejo occurs otherwise, where 
exploitation of the resource without a proper measure occurs, in spite of the fact that these two 
communities are only separated by a 30 km distance.

With these two cases, there was a need to create governmental organizations because there 
are not enough ones to regulate and keep a sustainable fishery through the time. As soon as 
the communities adopt strong and solid institutions, there will be more chances of sustain-
ing the resource. In which moment should institutions be adopted and in what measure the 
fishing effort must decrease? This will depend on the ecological capacity of the species in 
those places where the fishing takes place, as well as the fishing capacity among sites, even in 
those settings of similar institutional development [22]. In addition, studies have been made 
in order to increase the production levels through biotechnical alternatives that can be applied 
to aquaculture to solve the problem faced by A. maura in the coasts of the Mexican Pacific [23], 
specifically in a regional level (Gulf of California) like the realization of projects that generate 
information regarding the production [20, 24], larval survival up to the phase of pre-fattening 
and fattening [25], genetic improvement and triploid and seed production [26], economic fea-
sibility [27], among others.

4. Aquaculture

4.1. Current status

Bivalve aquaculture in Mexico is performed almost exclusively in the coasts of the Pacific 
Ocean and Gulf of California, where more than 54 species of mollusks are exploited [28], 
as they have water bodies suitable for the development of cultures. It occupies the fourth 
place in Latin America after Chile, Brazil and Peru. The production data from FAO began 

Figure 2. Catch volume expressed in weight tons of total live weight of pen shell A. maura in Baja California Sur, from 
1996 to 2010 (source: Ref. [21]).
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in 1987 with 20 tons, and subsequently, the production increased to 2200 tons in 1990. In 1993, 
there was a decrease in the production to 1053 tons and increasing afterwards in 1995 up to 
2500  tons and to 3038 tons in 1997. After this year, the production decreased again to an aver-
age of 1500 annual tons, which sustained until 2005 [29].

In the coasts of the Mexican Pacific, the pen shell Atrina maura is one of the most important 
commercialized mollusks, with a broad national and international market. The natural popula-
tions of this species are increasingly seen as decimated due to overfishing. That is why research 
has been directed toward the experimentation of diverse culture stages of such a valuable 
mollusk. Nevertheless, there have not been any successful results about its production under 
controlled conditions over time. The entrepreneurial and educational sector has a big interest 
on this resource as they have invested in lab facilities for seed production, using a developed 
methodology by the Company Acuacultura Robles S.A. de C.V., Centro de Reproducción de 
Especie Marinas del Estado de Sonora (CREMES) and el Centro de Investigaciones Biológicas 
del Noroeste (CIBNOR), from La Paz, Baja California Sur, as well as from Sea Farmer S.A. de 
C.V. in the northern part of Sinaloa. The seeds that are produced in the lab have been planted 
in the sea, but it has been observed that there has been a struggle with huge mortality rates; 
as a result, there is no culture technique that can escalade up to an industrial level. Therefore, 
it has been of great importance the collaboration between the academic and industrial sector 
with the aim of conducting studies to deal with those bottlenecks that take place during the 
larval phase of the species which substantially affects the seed production in an industrial 
level. Regarding the culture stages in the phase of pre-fattening and fattening, there is no prob-
lem whatsoever; once a certain size has been achieved, the fattening stage does not demand 
a higher maintenance and care because those are phases in which more level of research has 
been developed. On the other hand, it has been considered to contribute with cultures in a 
wild level and therefore promotes the occurrence of the species in its natural habitat.

4.2. Seed production

Bivalve seed production is practically based on the Pacific oyster Crassostrea gigas and in a 
lower degree in the Cortez oyster (Crassostrea corteziensis), the Mediterranean mussel (Mytilus 
galloprovincialis), the Pacific scallop (Argopecten ventricosus) and the rainbow-lipped pearl 
oyster (Pteria sterna). Production of emerging species under a commercial level has been car-
ried out such as the case of the lion’s paw scallop Nodipecten subnodosus and the pen shell 
Atrina maura, but such production has not been maintained over time [29]. A. maura is a species 
with a highly cultured potential in the northwest of Mexico because of its nutritional content, 
resistance to transport and handling, as well as for its highly commercial value [20]. Within the 
past years, there have been huge efforts to perform diverse studies in order to know the basic 
biology, physiology and reproductive biology of the species [30]. For example, some research 
has been done to accomplish the seed production in labs to carry out cultures in the natural 
environment with high success probabilities [31]. Nevertheless, the species A. maura must be 
handled under physical-chemical optimum conditions as well as nutritional ones in those 
zones of culture, in which unfortunately there is not enough research done about the subject, 
which has made this situation to be considered as a big problem for seed production [32]. 
On the other hand, there is a need to perform studies in search of other alternatives to solve 
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such a problem; one would be the manipulation of the species reproductive cycle under spe-
cific conditions during gametogenesis.

This is important because natural banks have been significantly diminished due to overfish-
ing since there is no law that regulates this activity, which in turn limits the massive removal 
of seed from their natural environment [31, 33]. In turn, the seed production obtained from 
artificial collectors seems uncertain for a sustainable aquaculture activity. There are some 
studies regarding the recollection of juvenile pen shells in the Gulf of California [33, 34] 
and in the Pacific coast of the Baja California Peninsula [35, 36]. In 1988, the first juveniles 
of A. maura were produced at the Centro Reproductor de Especies Marinas del Estado de 
Sonora (CREMES). In 1991, a new attempt was performed with encouraging results due to the 
increase of produced seeds. By the end of 1994 and the beginning of 1995, the first commercial 
production of seeds in the lab was produced with over 800,000 organisms ranging between 
15 and 25 mm in length. In 1996, the production increased to double, but there was a massive 
mortality of 4 or 5 days after being delivered to the producer [37]. In 2004 [19], biotechnology 
was developed to artificially produce larvae and diploid and triploid seeds of A. maura under 
lab conditions, establishing the proper temperature, feeding and care parameters for each of 
the stages such as the spawning induction, larval culture, fixation, metamorphosis and pre-
fattening stage. In 2009 [38], a comparative study between the growth and survival of float-
ing and swimming larvae of A. maura under intense culture lab conditions was performed, 
observing a higher growth in swimming larvae whereas the floating larvae showed the lowest 
sizes; survival was lower for both types of larvae but being higher (around 16%) for the swim-
ming type. In 2011 [39], a lab production of larvae and seeds of A. maura was analysed, deter-
mining each one of the stages of the larval cycle, as well as the period of time for the growth 
of each stage, concluding that the pen shell larvae and seed production are different from that 
of other bivalves. In this species, a lower survival rate was recorded which seems to be linked 
to the buoyancy of the larvae within larval cultures, combined with the production facilities 
which must be suitable for the species culture.

4.3. Culture

In Mexico, there are few research advances regarding A. maura that can determine with cer-
tainty the establishment of a sustainable culture. The first study for this type of activity was 
initiated at the early 80s with the research carried out in San Blas, Nayarit by a group of work-
ers from the former Secretaria de Pesca. The accomplished advances regarding the extraction 
and transport of breeders, the spawning induction and at a certain point the handling of lar-
vae turned out to be encouraging, and therefore, some hundred larvae were produced, which 
were followed up to the fattening stage in the field [19].

The fattening culture could start after capturing seeds in collectors that come from natu-
ral populations or from juveniles produced under controlled lab conditions. In both cases, 
the culture is extended to the sea until a commercial size is reached (200 mm in valve height). 
This type of culture is performed in extensive systems so the nutritional or feeding studies 
and the carrying capacity of the ecosystems in which the fattening is carried out are essential, 
since the growth rate, survival, accumulation of energy reserves and biochemical composition 
of tissues depend on them.
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This carrying capacity is defined by terms of appropriate feeding particle availability in the 
area as well as by physical and chemical variables that allow culture of juvenile and adult 
biomass which constitute the sustainability of the culture [40].

4.3.1. Culture technologies

The use of two types of fattening techniques has developed based on the location of the organ-
isms in the water column, which are the suspension and bottom cultures.

4.3.1.1. Suspension cultures

In those suspension cultures, the fundamental principle requires that the organisms are con-
fined in boxes or in any artefact (pearl baskets, ‘Nestier’, purse nets, Japanese lanterns, etc.), 
and keeping them by modules along the water column, assisted by supporting and floatation 
structures to keep them suspended over the surface or at a specific depth, such as the ‘Long 
line’ or stem lines, floating rafts, etc.

In 2012 [20], a suspended culture of A. maura was performed after produced seeds, evaluating 
their growth in San Buto estuary. Baja California Sur, Mexico, observing significant differ-
ences in both the size and weight growth of A. maura according to the length, width and thick-
ness (p = 0.0001) during the experimental period. This trend was shown in the total weight of 
the organisms, having a final average value of 39.11 ± 3.13 g by the end of this stage, and in the 
case of the adductor muscle, a final average weight of 0.77 ± 0.09 g (Figure 3).

4.3.1.2. Bottom cultures

Bottom cultures are defined as the planting of freely dispersed seeds over the ocean floor in 
which they are expected to develop until they reach a commercial size [20]. Both technologies 
have been widely used with different species and in different parts of the world, and in each 
species and locality obtaining different results among them [41].

The culture of A. maura has high potential because it can develop under temperatures of 
16–30°C, and due to the fact that it presents fast growth rates. The first culture was started 
at the beginning of the 1990 decade. With the first group of seeds obtained in the lab of the 
Dirección de Fomento Pesquero del Estado de Sonora, who donated some seed batches 
(between 1000 and 2000 seeds per social group) that were distributed in different localities at 
the northwest part of the country (Gulf of California), some good results were obtained. Such 
results were satisfying in terms of survival and growth that even until now the seed demands 
from the different social and private groups continue [19]. In 1997 [32], an experimental culture 
of A. maura was carried out at Agiabampo lagoon, in Sonora, considering the seed transport, 
pre-growth and final growth phase. In this study, it was observed that the species adapts to 
artificial pre-growth conditions and stands being planted subsequently in the sea bottom after 
17 months of culture; the organisms reached an average size of 208 mm, with an adductor 
muscle weight of 22.75 g and an accumulated population rate of 28%. Another research [31] 
performed an experimental  culture in Bahía Magdalena Baja California Sur obtaining adductor 
muscles around 14 g in weight in a period of 20 months of culture, although the harvest time 
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was of approximately 2 years. In 2008 [63], the growth and survival of a culture of A. maura 
in La Palmita cove, Navolato, Sinaloa, was evaluated revealing that the organisms reached an 
average size of 167.81 mm in length and a total weight of 153.16 g with a survival rate of 71.57% 
during 19 months of culture.

In 2012 [20], a bottom culture of A. maura was carried out at San Buto estuary, Baja California Sur, 
Mexico, where a total of 584 organisms were analysed under three experimental densities of 12, 
24 and 48 org/m2, resulting in similar average sizes under the three densities: 243.61 ± 3.37 mm 
of length, 148.17 ± 3.77 mm in width and 44.86 ± 0.41 mm of valve thickness. Regarding the total 
weight (382.89 ± 19.08 g), biomass weight (107.2 ± 5.96 g) and adductor muscle weight (18.39 ± 
1.24g), the results were similar under all three densities. The survival rate during the study was 
greater for those organisms kept in the density of 24 org.m–2 (90%) rather than in the other two 
densities.

4.4. Growth

The growth in bivalves is affected by a complex combination of biological and environmen-
tal factors such as temperature, salinity, oxygen concentration, quantity and quality of food, 

Figure 3. Growth in length, width, thickness, total weight, adductor muscle weight and biomass weight (media ± 
standard error) of the shell of Atrina maura during the fattening stage at San Buto estuary, Baja California Sur, Mexico.
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affecting the size, reproductive condition and genetic characteristics of animals, etc. These 
growth aspects in mollusks are sometimes difficult or impossible to manipulate under aqua-
culture situations that assure an optimum growth; however, a limited control can be executed 
over such conditions by a careful selection of culture sites [42–44]. Different studies agree that 
growth rate is one of the main factors that determine the feasibility of those cultures of bivalve 
mollusks. The growth is inversely proportional to the population density due to the intra-
specific competition over available resources in the environment [45–47], and the increase of 
‘fouling’ can also decrease the growth rate, which also differs among size classes and change 
according to geographical regions [48]. Food availability is limited in reproductive periods, 
the gonadic growth is favoured as an evolutionary strategy in mollusks, and therefore, it is 
probably that the species starts forming gonads in small sizes, focusing the energy mainly for 
reproduction more than for somatic growth [49].

Fewer are the studies performed on organisms of the Pinnidae family related to growth. 
In 2011 [50], growth was analysed in a bottom culture of A. maura under two tide levels at San 
Buto estuary in Bahía Magdalena and Baja California Sur, Mexico, using the von Bertalanffy 
model, where it was revealed that A. maura reached a maximum valve height of 127 mm dur-
ing the first year of life and of 207 mm in the second year; survival rate after transplanting the 
organisms was high (99%), and after 8 months of culture, it was of 78% for both tide levels. 
In 2015 [51], growth and survival were evaluated for pen shell organisms, A. maura, that were 
harvested for 15 months (May 2010–August 2011), at La Piedra estuary, Guasave, Sinaloa, 
Mexico. A total of 3000 seeds were obtained (61.50 ± 0.5 mm of valve height, 4.98 ± 0.2 g of 
total average weight). The temperature (26.15 ± 6.35°C), dissolved oxygen (6.94 ± 1.67 mg/L), 
pH (6.79 ± 1.5) and water salinity (32.25 ± 7.25 ups) were recorded every other week. Final 
growth values were of 193.17 ± 11.50 mm for shell height and of 156.54 ± 25.30 g for the weight. 
Significant differences were found in both, the shell height and total weight, during the cul-
ture. Growth rate was of 0.29 mm/d and 0.33 g/d for the shell height and weight, respec-
tively. The morphometric relation of valve height with total weight was allometric (2.39), and 
showed a positive correlation (r = 0.88). The final survival rate was of 92.79%. A recommenda-
tion was given for future cultures of A. maura at the mentioned estuary, considering the effect 
of the environmental variables on the species growth.

4.5. Reproduction

Studies about reproduction are important because they provide necessary information for 
obtaining seeds in aquaculture [52]. One of the bases to know the reproductive biology of an 
organism is the determination of the reproductive cycle, based on the analysis of the ecology 
and physiology of the species. The reproductive cycle is defined as the group of events that 
start with the activation of the gonad, going through gametogenesis, maturity and spawning 
(or gamete release) and gonad recession. In every bivalve, the gonadic development consists 
on gonad growth drawn from an undifferentiated germinal epithelium with mesodermic origin 
which remains dormant within the connective tissue after each reproductive cycle. During this 
stage known as ‘undifferentiated’, no gametes are observed, and it is characterized by intense 
metabolic activity conducted to store reserve substances. Subsequently, the germinal epithelium 
proliferates and originates the gametes. Generally, during the reproductive season, the spawning 
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consists of a series of partial releases of the gonadic content of a certain population percentage 
that varies within a very small percentage and 100% of the overall population [53].

Reproductive studies of bivalves indicate that gamete maturity is mainly controlled by tem-
perature and food and secondarily by salinity and the light period. In temperate environments, 
temperature is the main regulatory component, but in tropical environments, emphasis has 
been given to food availability which in turn acts as the regulatory factor on the reproduc-
tive cycle of many species [54]. In relation with the reproductive matters of A. maura, some 
research has been done about the reproductive biology and studies on the cytology of gonads 
of A. maura [18, 22, 30], where the cytologic evolution of the ultra-structural histologic level 
of the gonads was determined, showing similar aspects as those described for Pinna nobilis 
[30]. In 2000 [55], the variations of protein and lipid concentration in gonads of A. maura were 
established before the maturation process. The results showed that unlike other mollusks, 
the energy used during the gonadic maturation process was provided by the food as no evi-
dence was found toward the nutrient supply from other somatic compartments. Rodríguez-
Jaramillo [56] compared morphometric variables and the quality of female eggs of A. maura 
by inducing gametogenesis in three temperatures (20, 25 and 30°C) under lab conditions; on 
the other hand, a histochemical analysis was also performed which determined the lipid con-
centration in oocytes, revealing that temperature does influence the size of oocytes as well as 
triglyceride quantity. By comparing the spawning of those females brought from their natural 
habitat with that of females from a lab, a significant difference was found in the lipid index 
of immature normal oocytes where the lipid index of oocytes coming from natural spawning 
environments was more heterogeneous than the one from mature lab females. In another 
study about the reproductive cycle of A. maura [23], in Bahía Magdalena, Baja California Sur, 
only one reproductive period was observed with synchronous spawning that took place from 
January to March, giving the evidence that this species habits different biogeographic regions 
and has a great reproductive plasticity, adapting to local environments because reproduction 
is an endogenous answer genetically controlled by the environment known as the reproduc-
tive latitudinal gradient. In 2007 [57], it was found that this species reproduces itself year-
round with two important reproductive peaks, one from April to July and the other one from 
October to November and with only one resting phase from August to September. The repro-
ductive cycle showed a direct relation with the gonadosomatic index and an inverse relation 
with muscle activity, as well as a spawning and post-spawning period directly related with 
water temperature. The influence of phenomena such as ‘El Niño’ and ‘La Niña’ over the 
reproductive cycle of A. maura at la Ensenada de La Paz, Baja California Sur, Mexico [8] is 
different; during ‘El Niño’ (2004–2005), a high proportion of mature organisms (55%), high 
condition index values (ICG) (33–44%) and low spawning proportions were recorded with 
the decrease of temperature, whereas a high proportion of organisms with gonads under a 
reabsorption phase (17–100%) was registered in those areas with highest temperature anoma-
lies; therefore, assuming negative effects of ‘El Niño’ during spawning processes turn out to 
be abnormal. In contrast, during ‘La Niña’, lower values of ICG (29–36%) were found and a 
decrease in the amount of mature organisms was noticed. The latter reveals that there were 
massive spawning events (36–71%) when the temperature increases. In conclusion, A. maura 
at the Ensenada de La Paz Baja California Sur showed an opportunistic reproductive strategy, 
which allows gamete reabsorption when unfavourable environmental conditions prevail and 
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a distribution of the exceeding energy for reproduction purposes under favourable condi-
tions. In 2016 [58], the advantages and disadvantages of three methods used to estimate the 
potential fecundity in commercial valued organisms of A. maura were analysed in northwest 
Mexico. Gonadic samples were taken during the reproductive season in March of 2003 and 
were processed by histological combined techniques with the Cavalieri Principle, stereologi-
cal analysis of the gonad with the gauge method and the theoretical radius estimate of the 
oocytes. Comparing with other methods, the determination of the potential fecundity by the 
gauge method was precise in A. maura (9.8 – 15 × 106 cells ind–1). The reproductive cycle and 
the growth of A. maura were determined at the Ensenada Pabellones lagoon system in Sinaloa 
[59], where the sex proportion was of 0.57 females:1.72 males within the studied popula-
tion. In reference to growth, there were no valve height difference between the males and 
females. The average height of those sample specimens ranged between 50.99 ± 4.86 mm and 
218.16 ± 8.87 mm. Histological results confirmed that A. maura is a gonochoric organism that 
presents a synchronic development of the gonads. Maturation and spawning stages were 
observed during the entire study period except of March and May of 2008. The frequency of 
the development of the gonad stages obtained on a monthly bases suggested that this species 
reproduces twice a year with an important reproductive period from June to September, a 
minor reproductive period from November to February and two resting periods from July 
and August and in January and February of 2009.

4.6. Sensory and nutritional quality of the adductor muscle (‘Callo’)

In 2010 [60], the effect on seasonality and tide level on the adductor muscle quality of A. maura 
was assessed at San Buto estuary Baja California Sur, Mexico, by determining the optimum 
harvest periods, the muscle mass index (IRM) and some physical variables such as quality, 
texture, colour, percentage of water release and pH. Likewise, the proximal composition and 
gonadic index were analysed. According to the muscle mass index, June turned out to be the 
best month to harvest organisms because it showed the highest IRM value (26.9%), while not 
enough evidences were found in order to consider that the tide level was a decisive factor that 
could be affecting texture quality. Furthermore, the muscle colour of A. maura showed high 
chromatic values related with a dark colour and low luminosity indexes. A proximal analysis 
indicated a high protein content which represents good nutrient quality muscles. As for the 
pH, no relation between these variations and the percentage of released water was found, as 
there was no relation with the season or tide level. The quality of the adductor muscle [20] was 
evaluated in a bottom culture at San Buto estuary, Baja California Sur, Mexico, under three 
different densities (12, 24 and 48 org m–2), showing a high correlation between the pH and 
the ability of water retention (CRA), where low pH values correspond to high CRA values. 
In terms of the components of colour parameters in the adductor muscles under the differ-
ent culture densities, two types of colorations appeared, and based on the obtained values, 
a small part was white, and a big one was darker (cream colour). The most luminous part 
was the smallest in the 24 org.m2 density, and the less luminous was the bigger part at 12 
and 48 org.m2 densities. Regarding texture, the muscle with best hardness and adhesiveness 
was found at the 48 org.m2 density, which matches with the biggest adductor muscles in size 
and weight, whereas the most elastic and cohesive muscles were those found in the 24 org.
m2 density, revealing that those pH values recorded in these densities were found within the 
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established ranges for considering an adductor muscle as a fresh product and therefore hav-
ing a better texture. In some commercial catch samples of the pen shell, A. maura [61] diverse 
features related with the dietary quality were analysed and compared. The quality of the 
adductor muscle was analysed by sensory (preference and hedonic test) and instrumental 
methods (colour analysis, capacity of water retention, pH, colour, texture and proximal chem-
ical analysis). The results revealed that the sensorial panel used for the preference analysis 
and hedonic acceptability only showed a significant preference for the general appearance of 
A. maura, and no differences in the colour and texture parameters were detected by the senso-
rial evaluation. The quality comparison by instrumental methods indicated that the adductor 
muscle of A. maura had less luminosity. Higher pH values in A. maura originated less lumi-
nosity; nevertheless, it gives it an advantage for a better capacity of water retention (CRA) and 
could even have influence in the higher hardness and chewiness found in the species.

4.7. Genetics

The degree of variability and the population genetic structure, as well as the estimates of 
demographic and phylogenetic history patterns of A. maura were evaluated by the isolation 
and characterization of the sequences of the gene COI [62]. A total of 45 nucleotidic sequences 
of the gene COI with a longitude of 650 bp from Guerrero Negro, Bahía Magdalena and 
La Paz Baja California Sur Mexico were evaluated. High haplotypic diversity (0.7333–0.9714) 
and lower nucleotidic diversity (0.00185–0.002912) were found for the three studied localities. 
A total of seven haplotypes were identified from which three are endemic for La Paz Baja 
California Sur. These results indicated that this could be a consequence of the larval dynam-
ics of the species mainly related with its prolonged larval plankton stage and to the fact that 
during this stage its distribution is being highly influenced by the pattern of marine currents 
along the Pacific and Gulf of California. On the other hand, the neutral evolutionary tests sug-
gest a population expansion event for the species in La Paz and the presence of a bottleneck 
for Guerrero Negro and Bahía Magdalena.
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Abstract

At least 10 pairs of similar, most probably closely related, species of Raphitoma are often 
sampled in the same Mediterranean localities. In each pair, one member bears a plank-
totrophic protoconch and the other a lecithotrophic one. We propose that the phenom-
enon may be attributed to a simple gene that functions in conjunction with others and 
environmental factors to exhibit a discontinuous multifactorial inheritance leading to 
poecilogony. Below a threshold, the animals may produce fewer and larger germ cells, 
giving rise to fewer and larger eggs and large lecithotrophic embryos with large pau-
cispiral protoconch I, while above that threshold, more and smaller germ cells leading to 
smaller eggs and to planktotrophic larvae with small protoconch I and large multispiral 
protoconch II. Preliminary measurements are in support of our hypothesis. Analysis of 
mitochondrial DNA markers as well as interbreeding experiments could bring an end to 
the existing confusion.

Keywords: Raphitoma, protoconch, Mediterranean sea

1. Introduction

Marine shelled gastropods follow, in general, three types of larval development: (1) direct, 
in which embryo development is completed in the egg capsule and the juvenile is ready 
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to commence its benthic life immediately after hatching. (2) Lecithotrophic development 
in which, after hatching, the larva spends from a few minutes to several days as a veliger 
without feeding or growing. (3) Planktotrophic development, in which the larva hatches 
as a veliger and spends a few days to several months in the planktonic mode of life dur-
ing which it feeds and grows [1]. In all cases, a larval shell is formed which is called 
protoconch.

The size of fossilized early protoconches suggests that feeding (planktotrophic) embryos first 
appeared at the transition from the Cambrian era to the Ordovician as Ordovician proto-
conches were smaller than Cambrian ones indicating smaller Ordovician eggs and offspring. 
It is believed that planktotrophy would prolongate their escape from benthic predators and 
that an increasing nutrient supply and availability of photoautotrophic plankton in the world 
oceans of that period have facilitated both planktotrophy and suspension feeding [2]. The 
eventual loss of planktotrophy in the Pliocene has been documented in some taxa of Conoidea 
(Raphitoma, Bela) and is believed to be irreversible [3]. The same phenomenon has occurred in 
the families such as Cerithiidae (Bittium), Turritellidae (Turritella), Rissoidae (Rissoa, Pusillina), 
and Nassariidae (Nassarius) [4, 5].

Planktotrophic mode of life with long-living planktonic larvae is considered advantageous 
in the dispersal of the larvae as they may drift considerable distances with the currents [6, 
7]. In addition, it has been demonstrated that the switch in some conoidean taxa from the 
planktotrophic to the non-planktotrophic development has increased their adaptive radia-
tion, especially in polar or insular region, or in groups with narrow bathymetric distribution 
[3, 7]. In the case of Oenopota elongata Bogdanov, 1989, and in the polar genus or bathyal Indo-
Pacific genus Bathytoma Harris & Burrows, 1891, the loss of planktotrophy actually preceded 
adaptive radiation [8–11].

Within the Neogastropoda, Conoidea is a diverse superfamily of venomous and exclusively 
marine gastropods which harbors more than 300 genera, 4000 known species, and an esti-
mated number of over 12,000 existing species [3, 12, 13]. Due to the species richness and the 
extensive homoplasy among shell’s features and the anterior alimentary system, they have 
resisted repeated attempts to be permanently classified with those attempts to be hindered 
primarily by the absence of a stable phylogenetic framework. Rather recently, DNA analysis 
provided an updated classification and divided the superfamily of Conoidea into 13 families 
[14–16]. Among them, the position of Raphitomidae is not sufficiently secured as a clade of 
Conoidea and for that reason there has been an on-going attempt to clarify the phylogeny 
of its Mediterranean members through a greater number of taxonomic data [17, 18]. These 
later publications have taken into account the pioneering works of Thorson [19, 20], concern-
ing the relationship between the morphology of the protoconch and the type of the larval 
development in Caenogastropoda, e.g., the dichotomy “multispiral protoconch/planktotro-
phic development” and “paucispiral protoconch/lecithotrophic development” that has been 
widely accepted [6, 21]. Although some authors have used this dichotomy to divide species 
into planktotrophic genera and non-planktotrophic ones [3, 22, 23], it has been clearly demon-
strated that such a division based exclusively on the morphology of the protoconch produces 
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artificially separated polyphyletic taxa of otherwise distinct genera of closely related species. 
A separation, for instance, between the genus Raphitoma (with multispiral protoconch) and 
the genus Philbertia (with a paucispiral protoconch) is inconsistent and, therefore, must be 
rejected [17]. Nevertheless, this planktotrophic or lecithotrophic mode of larval life as reflected 
in the morphology of its protoconch comprises a useful basis for distinguishing different spe-
cies in several genera in  Prosobranchia and Opisthobranchia Mollusca [24–29].

Under the weight of the above unsettled situation, the aim of this study was to aid the clas-
sification of the Mediterranean Raphitoma species by presenting new material from the 
Hellenic seas, demonstrating them in detailed descriptions and coming up with new ideas 
on the protoconch issue. More specifically, our objective was to put to test the hypothesis that 
protoconch poecilogony exists within a species population, with lecithotrophic larvae being 
 produced from fewer and larger eggs, while planktotrophic ones from more and smaller eggs 
that result merely by additional cleavages of the maternal stem cells.

2. Materials and methods

Sampling of gastropods specimens was conducted from October 2008 to October 2016 in cer-
tain locations of Greece, according to Manousis and Galinou-Mitsoudi [30]. The Raphitoma 
species recognition was based on (a) systematic guides and atlases [23, 31–38], (b) faunistic 
and review articles [39, 40], (c) studies on the Mollusca fauna in the Hellenic seas [30, 41–47]. 
Information from specific websites was also taken into account. For the species nomenclature 
update (31 December 2016), besides the Marine Biodiversity and Ecosystem Functioning EU 
Network of Excellence (MarBEF, www.marbef.org) and the World Register of Marine Species 
(WoRMS, http://www.marinespecies.org), the Taxonomic on-line Database on European 
Marine Mollusca (CLEMAM, www.somali.asso.fr,) was followed. In addition, the Ellenic 
Network on Aquatic Invasive Species (ELNAIS, https://services.ath.hcmr.gr, 31 December 
2016) and the Marine Mediterranean Invasive Alien Species database (MAMIAS, http://
mamias.org/taxonomicgroup.php) were used for the status of possible alien species in the 
Hellenic and Mediterranean seas. Protoconch whorls were counted according to Verduin [48]. 
The measurement of the protoconch maximum diameter was performed at top view accord-
ing to Gofas and Oliver [49]. The shell’s slenderness (h/w) was estimated including the outer 
lip of the aperture in the shell’s width. The protoconch I maximum diameter deriving after 
each hypothetical additional cleavage of the stem cells was calculated by multiplying mea-
sured maximum diameter of the lecithotrophic protoconch of each, so-called, sibling species 
by the approximate factor of 0.7937 receiving as a fact that each stem cell is a sphere that 
divides into two equal spheres at cleavage.

The specimens are deposited in the premises of the Alexander Technological Educational 
Institute of Thessaloniki and those of Dr T. Manousis, Mr Constantinos Kontadakis, Mr George 
Mbazios and Mr Georgios Polyzoulis. Scientists are welcome to have access to the biological 
material at will.
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3. Results

Among the 570 specimens collected, three pairs of ‘sibling’ species of Raphitoma appropriate 
for comparison were identified, which are presented in Figures 1–4 and described below in 
an alphabetical order.

Raphitoma contigua (Monterosato, 1884) (Figure 1c and d).

Collection stations: 13 shells (5.00–10.00 mm long, 2.10–4.20 mm wide) were collected from 
detritus material trapped in small-scale fishing nets at 10–120 m from mixed bottoms of 
Central Saronikos Gulf: Pantokratoras, Preveza.

Description: The shell is hyaline, fusiform, and 2.2 times as long as wide. Its multispiral proto-
conch, which is approximately 390 μm (mean) wide and 490 μm (mean) high, bears a 230 μm 
(mean) protoconch I of slightly more than 1 whorl that is decorated with regularly placed small 
tubercules. Protoconch II consists of almost 1.5 diagonally cancellated and convex whorls, the 
last of which bears a weak keel with erasures before the onset of the teleoconch. The teleoconch 
consists of five convex whorls separated by a deep suture. The body whorl occupies almost 
65% of the total length and bears 15–16 orthocline axial ribs with interspaces approximately 1.5 
times wider than the ribs themselves and 17–18 spiral cords slightly thinner than the ribs, six 
of which are situated above the aperture and the rest 12 below the extension of the suture. The 
spiral cords in their intersections with the axial ribs form erasures in the form of small elon-
gated rectangular tubercules. The tubercles on the first two adapical cords are spiny and close 
to each other forming a subsutural ramp. The shell’s inner wall viewed through the aperture 
exhibits a transparency. The aperture occupies approximately 45% of the shells length and 
exhibits a smooth and sigmoid columella, angled at its upper part. The anterior siphonal canal 
is short and wide, while the posterior one is deep and narrow. The color is uniformly light 
yellowish tan and in certain shells darker with irregularly situated areas of cream-white and 
a white subsutural band by the ramp and one more as an extension of the suture on the body 
whorl. Protoconch I is white and the rest is light yellowish tan with white erasures.

Similar species: R. contigua superficially resembles a number of congeneric Mediterranean 
Raphitoma species, but it is different from: R. alternans (Monterosato, 1884), in which, the 
latter has a paucispiral protoconch, a more elongated shell, and a different color pattern; R. 
atropurpurea in its color, which is honey-red instead of purple-brown in R. atropurpurea and 
in its less slender spire than R. atropurpurea; R. densa (Monterosato, 1884) in the color and the 
paucispiral protoconch of the late; Raphitoma lineolata (Bucquoy, Dautzenberg and Dollfus, 
1883) in its more inflated profile, its more robust shell, in the presence of a narrow subsutural 
ramp in R. contigua, in its wider aperture, and in the absence in R. contigua of a subsutural 
white cord present in R. lineolata; R. oblonga (Jeffreys, 1867) in its wider aperture and the dif-
ferent color pattern; R. spadiana mainly because the latter bears a paucispiral protoconch [17].

Habitat and distribution: Infralittoral, on sandy and muddy bottoms, also under stones and in 
the holes of the rocks [38]. Central Mediterranean Sea [17, 36, 38].
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Figure 1. (a and b): R. spadiana, (c and d): R. contigua.
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Status: Uncommon [34]. First record for the Greek seas.

Raphitoma lineolata (Bucquoy, Dollfus & Dautzenberg, 1883) (Figure 2c and d).

Collection stations: 44 shells (4.00–8.00 mm long, 1.40–2.80 mm wide) were collected from 
detritus material trapped in small-scale fishing nets at 10–40 m depth from mixed bottoms 
of Palioura, Epanomi; Pyrgadikia, Chalkidiki; Psakoudia, Chalkidiki; Anavyssos, Attiki; 
Legrena, Attiki; Central Saronikos Gulf; Syros Island; and Pantokratoras, Preveza.

Description: The slim, small, thin but solid and fusiform shell is almost 2.5 times as long as 
wide. Its multispiral protoconch, which is 410 μm (mean) wide and 510 μm (mean) high, bears 
a protoconch I of 226 μm (mean) and consists of 2.7 convex whorls with a white nucleus deco-
rated with diagonally cancellated striae and the last whorl with a weak keel before the onset 
of the teleoconch. The later consists of five moderately convex whorls separated by a deep and 
canaliculated suture with a narrow ramp. The body whorl occupies in certain shells almost 
75% and in others almost 60% of the total length, bearing 17–18 orthocline axial ribs with 
interspaces approximately as wide as the ribs and 16–17 spiral cords slightly thinner than the 
ribs, six of which are situated above the aperture and the rest bellow. The spiral cords in their 
intersections with the axial ribs exhibit mammiliform tubercules. The tubercules on the first 
two adapical cords are spiny and close to each other. The shell’s inner wall viewed through 
the aperture exhibits a transparency. The aperture occupies something more than 40% of the 
shells length and exhibits a smooth and S-shaped columella angled at its upper part. The 
anterior siphonal canal is short and wide, while the posterior one is conspicuous. The outer lip 
bears 9–10 strong teeth with the first one delimiting the posterior canal and the last the ante-
rior. The whole shell exhibits either a lemon-yellow or a honey-red background color with 
beige or honey-yellow the tubercules, respectively, and irregularly placed white highlights all 
over and an interrupted white band as a prolongation of the suture on the body whorl.

Similar species: R. lineolata superficially resembles R. contigua (Monterosato, 1884), from which 
it differs in that R. lineolata is slender, less robust, bears a narrow subsutural ramp, and has a 
smaller aperture and only a narrow white band on its body whorl [17, 18].

Habitat and distribution: Infralittoral, on sandy and muddy bottoms. During the day, also 
under stones and crevices. It can be found live among the rhizomes of Posidonia oceanica [38]. 
Mediterranean Sea [[18, 34, 38], http://www.conchigliedelmediterraneo.it].

Status: Uncommon [34, http://www.conchigliedelmediterraneo.it]. First record for the 
Greek seas.

Raphitoma locardi Pusateri & Giannuzzi 2013 (Figures 3c and d, and 4).

Collection stations: Two shells (7.90 and 8.00 mm long, 2.90 and 2.95 mm wide, respectively) 
were collected from detritus material trapped in small-scale fishing nets at about 60 m depth 
from mixed bottoms of Central Saronikos Gulf.

Description: The solid and fusiform shell is almost 2.3 times as long as wide. Its multispiral pro-
toconch is 400 μm (mean) wide and 440 μm (mean) high, bears a protoconch I of 221 μm (mean) 
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Figure 2. (a and b): R. smriglioi, (c and d): R. lineolata.
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and consists of 3.0 convex whorls with nucleus decorated with diagonally cancellated striae and 
the last whorl with a weak keel before the onset of the teleoconch. The latter consists of five mod-
erately convex whorls separated by a deep and canaliculated suture with a ramp. The inflated 
body whorl occupies almost 65% of the total length, is rounded at its base, and bears 17–18 
opisthocline axial ribs with slightly wider interspaces and 19–20 spiral cords slightly thinner 
than the ribs, seven of which are situated above the aperture and the rest below. The spiral cords 
in their intersections with the axial ribs exhibit pointed tubercules that lend a rough appear-
ance. The tubercules on the first two adapical cords are particularly spiky. The shell’s inner wall 
viewed through the aperture exhibits a transparency. The aperture occupies some 44% of the 
shells length and exhibits a smooth and S-shaped columella, angled at its upper part. The ante-
rior siphonal canal is rather long and wide, while the posterior one is narrow and shallow. The 
outer lip bears 10–11 strong teeth with the first one delimiting the posterior canal and the last 
the anterior. The whole shell exhibits a chestnut-purple background color with beige or honey-
yellow irregularly placed highlights all over and an interrupted white band as a prolongation of 
the suture on the body whorl, while the aperture is lilac and the apex dark chestnut-purple with 
irregularly placed yellow spotlets. The animal’s body is gray turning lighter towards the foot, 
the foot and the antennas are off white with white speckles and there is a white area around the 
eyes. The siphon is dark gray with irregularly placed white speckles but its white edge.

Similar species: R. locardi superficially resembles R. contigua (Monterosato, 1884), from which 
it differs in that R. locardi is slender, less robust, bearing a narrow subsutural ramp, and has a 
smaller aperture and only a narrow white band on its body whorl [17].

Habitat and distribution: Mediterranean Sea [[18, 34], http://www.conchigliedelmediterraneo.
it].

Status: Uncommon ([34], http://www.conchigliedelmediterraneo.it). First record for the 
Greek seas.

Raphitoma philberti (Michaud, 1829) (Figure 3a and b).

Collection stations: 35 shells (8.90–9.15 mm long, 3.70–3.80 mm wide) were collected from 
Zostera bed, 0.2 m, Cape, Epanomi; several depths of Psakoudia, Chalkidiki; Nea Roda, 
Chalkidiki; Alonissos Island; Amorgos Island; Elaphonisos, Lakonia; Siros Island; Elaphonisi, 
Crete; Karpathos Island.

Description: Shell solid, fusiform, and almost 2.4 times as long as wide. Its paucispiral pro-
toconch is 358 μm (mean) wide and 420 μm (mean) high and consists of approximately 1.25 
convex whorls, a white nucleus decorated with diagonally cancellated striae and bears a weak 
keel before the onset of the teleoconch. The later consists of five moderately convex whorls 
separated by a deep and canaliculated suture with a ramp. The inflated body whorl occupies 
almost 65% of the total length, is rounded at its base, and bears 17–18 slightly opisthocline axial 
ribs with slightly wider interspaces and 17–19 spiral cords slightly thinner than the ribs, 6–7 
of which are situated above the aperture and the rest below. The spiral cords in their intersec-
tions with the axial ribs exhibit pointed tubercules lending a rough appearance. The tubercules 
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Figure 3. (a and b): R. philberti, (c and d) R. locardi.
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on the first two adapical cords are particularly spiky. The shell’s inner wall viewed through 
the aperture exhibits a transparency. The aperture occupies some 40% of the shells length and 
exhibits a smooth and S-shaped columella angled at its upper part. The anterior siphonal canal 
is rather long and wide while the posterior one is narrow and shallow. The outer lip bears 
9–11 strong teeth with the first one delimiting the posterior canal and the last the anterior. 
The whole shell exhibits a chestnut-purple or, rarely, a honey-yellow background color with 
white or light beige irregularly placed highlights all over and an interrupted white band as 
a prolongation of the suture on the body whorl, while the aperture is lilac and the apex dark 
chestnut-purple with irregularly placed yellow spotlets.

Similar species: R. philberti superficially resembles R. contigua (Monterosato, 1884), from which 
it differs in that R. philberti is slender, less robust, and has a smaller aperture. It differs from 
R. locardi, in which it bears a lecithotrophic protoconch while R. locardi bears a planktotrophic 
one [17].

Habitat and distribution: Mediterranean Sea [18, 34, http://www.conchigliedelmediterraneo.it], 
Central and Eastern Mediterranean Sea [18].

Figure 4. R. locardi live individual.
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Status: Uncommon [34, http://www.conchigliedelmediterraneo.it). Species already reported 
for the Greek seas.

Raphitoma smriglioi Pusateri & Giannuzzi-Savelli, 2013 (Figure 2a and b).

Collection stations: Nine shells (3.75–9.70 mm long, 2.15–3.80 mm wide) were collected from 
detritus material trapped in small-scale fishing nets at about 50 m depth from mixed bottoms 
of Central Saronikos Gulf; found beached in Legrena, Attiki; mixed bottom of Pantokratoras, 
Preveza; Zostera bed, 0.2 m, Cape, Epanomi.

Description: The slim, small, thin but solid and fusiform shell is almost 2.5 times as long as 
wide. Its paucispiral protoconch, which is 375 μm (mean) wide and 390 μm (mean) high, 
consists of approximately 1.25 convex whorls, bears a white nucleus, and is decorated with 
irregularly cancellated fine striae. The mature teleoconch consists of five moderately convex 
whorls separated by a deep and canaliculated suture. The body whorl occupies some 70% of 
the total length and bears 17–18 orthocline axial rips with interspaces almost twice as wide as 
the ribs. Spiral decoration of 17–18 spiral cords is slightly thinner than the ribs, six or seven 
of which are situated above the aperture and the rest below. The spiral cords in their intersec-
tions with the axial ribs exhibit small and elongated tubercles. The first two adapical cords are 
vestigial, spiky and close to each other. The shell’s inner wall viewed through the aperture 
exhibits a transparency. The aperture occupies some 44 % of the shell length and exhibits a 
smooth and S-shaped columella angled at its upper part. The anterior siphonal canal is short 
and wide while the posterior one (anal) is conspicuous. The whole shell exhibits a variety of 
shades from lemon-yellow to honey-red background color with slightly lighter the cords, and 
irregularly placed white highlights all over.

Similar species: R. smriglioi differs from R. contigua (Monterosato, 1884) in its paucispiral pro-
toconch and the lack of a subsutural ramp; R. lineolata (Bucquoy, Dollfus & Dautzenberg, 
1883) in its paucispiral protoconch; from R. philberti (Michaud, 1829) in its white and 
smaller nucleus of the protoconch and its relatively smaller body whorl; from R. spadiana 
Pusareti & Giannuzzi-Savelli, 2012 in the lack of a subsutural ramp and in the protoconch 
which is slightly smaller and slender in smriglioi (395 μm × 400 μm) while almost 10% larger 
in R. spadiana (425 μm × 450 μm) [17, 18].

Habitat and distribution: Mediterranean Sea [18, 34, http://www.conchigliedelmediterraneo.it], 
Central and Eastern Mediterranean Sea [18].

Status: Uncommon ([35]; http://www.conchigliedelmediterraneo.it). First record for the 
Greek seas.

Raphitoma spadiana Pusareti & Giannuzzi-Savelli, 2012 (Figure 1a and b).

Collection stations: Two live specimens and three shells (2.00–9.80 mm long, 1.05–4.00 mm 
wide) were collected: detritus material trapped in small-scale fishing nets at 60–80 m depth 
from mixed bottoms of Kardamili, Messinia and South Saronic Gulf.

Description: The shell is hyaline, fusiform and almost 2.3 times as long as wide. Its paucispiral 
protoconch, which is approximately 457 μm (mean) wide and 470 μm (mean) high, consists of 
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almost 1.35 irregularly cancellated and convex whorl, the first of which is decorated only with 
fine spiral striae. The teleoconch consists of five convex whorls separated by a deep suture. The 
body whorl occupies almost 65% of the total length and bears 16–17 orthocline axial ribs with 
interspaces approximately two times wider than the ribs themselves and 19–20 spiral cords 
thinner than the ribs, six of which are situated above the aperture and the rest 14 below the aper-
ture. The spiral cords in their intersections with the axial ribs form erasures in the form of small 
elongated rectangular tubercles. The tubercles on the first two adapical cords are spiky and 
close to each other. The shell’s inner wall viewed through the aperture exhibits a transparency. 
A narrow ramp is evident immediately below the suture, formed by the vestigial first two spi-
ral cords and the much prominent and spiky third cord. The aperture occupies approximately 
45% of the shells length and exhibits a smooth and slightly sinuous columella in its lower part, 
angled at its upper part. The anterior siphonal canal is short and wide, while the posterior one 
is deep and narrow. The outer lip bears 11 strong teeth with the first one delimiting the poste-
rior canal and the last the anterior. The shells  are of yellow-beige background color, while the 
tubercles and some irregularly situated areas or isolated tubercles are of lighter color. The body 
whorl usually bears at its middle a lighter color spiral band as a prolongation of the suture.

Similar species: R. spadiana is different from: R. alternans (Monterosato, 1884), in which the lat-
ter is slender and with a different color pattern; R. atropurpurea in its color which is light red-
brown instead of purple-brown in R. atropurpurea and in its more inflated spire; R. contigua, 
in which the latter bears a multispiral protoconch, is larger, of lighter color, and more robust; 
R. densa (Monterosato, 1884) in the color and the less dense sculpture; R. lineolata (Bucquoy, 
Dautzenberg and Dollfus, 1883), in which R. lineolata has a less robust shell, a more narrow 
aperture, and a more narrow subsutural ramp; R. oblonga (Jeffreys, 1867) in its wider aperture 
and the different color pattern [17, 18].

Habitat and distribution: Whole Mediterranean Sea [17].

Status: Uncommon [17]. First record for the Greek seas.

4. Discussion

It is generally accepted that the morphology of the gastropod protoconch determines the 
mode of development and the duration of larval stage in the ontogenesis [3, 6, 11]. We are 
of the opinion that such a change in the larval morphology in members of different geneti-
cally isolated molluscan lower taxa must have taken place independently and must be due 
to a simple genetic change involved in the cell’s contingency. Otherwise, it would be rather 
improbable for the same, yet complex, genetic changes to have taken place simultaneously in 
different individuals belonging to different taxa. Point mutations or even reverse mutations 
could easily occur leading also to switches. Such multiple switches in the mode of proto-
conch development are shown to have occurred in the evolutionary history of the Indo-Pacific 
Kermia–Pseudodaphnella complex and the diversity of protoconch morphologies exhibited in 
this group points to a high developmental and evolutionary plasticity [10].
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Both, planktotrophy and lecithotrophy commence with an initial short lecithotrophic stage 
equipped with the larval shell I. The initial difference between the two types of larval shells 
I lies in their size which, in turn, is associated with the size of the egg. Larval shell I, lead-
ing to multispiral protoconch II, is smaller in width and accounts for the planktotrophic 
developmental mode, whereas larval shell I, directly linked to lecithotrophy (paucispiral), is 
larger. In the case of the Mediterranean pair of the so-called sibling species, R. spadiana and 
R. contigua (Figure 1) were examined in this work; the first bears a larger lecithotrophic larval 
shell (protoconch I), while the second bears a smaller protoconch I (of its planktotrophic lar-
val shell) of a diameter that corresponds to 3 additional cell cycles (Table 1) of the stem cells. 
In the case of R. smriglioi and R. lineolata (Figure 2), the size of the protoconch I of the latter 
corresponds to 2 additional cell cycles (Table 1), while in that of R. philberti and R. locardi 
(Figure 3) also to 2 (Table 1). This kind of difference in the size of protoconch I could be 
attributed simply to a single gene intervening in the control of the germ line cell cycle in the 
gonads, functioning either in favor of a few additional mitoses and thus to a larger number 
and smaller germ cells and eggs (reduced parental investment per offspring) and eventually 
smaller in diameter (by a factor of approximately 0.7937 per cell cycle) stage I embryos, or 
in favor of no further mitoses and thus to a smaller number of larger germ cells, eggs and 
embryos (increased parental investment per offspring). At the same time, the reproductive 
output per adult biomass (total energy expenditure or reproductive effort) in those alterna-
tive gene actions would not constrain any of the two types of larval development; otherwise, 
all mollusks should tend to have the same mode of development if that mode gave higher 
returns per effort [50].

Larger embryos (lecithotrophic) leave the water column early, while smaller ones (plank-
totrophic) later and thus continue with the development of protoconch II. In spite that time 
latency, both types of larvae eventually lose their buoyancy and sink. There seems to be no 

Pair of ‘sibling’ 
species

Measured 
lecithotrophic 
protoconch 
I maximum 
diameter (μm) 
(mean)

Expected 
planktotrophic 
protoconch 
I maximum 
diameter 
(μm) after one 
additional cell 
cycle

Expected 
planktotrophic 
protoconch 
I maximum 
diameter (μm) 
after two 
additional cell 
cycles

Expected 
planktrotophic 
protoconch 
I maximum 
diameter (μm) 
after three 
additional cell 
cycles

Measured 
planktotrophic 
protoconch 
I maximum 
diameter (μm) 
(mean)

Corresponding 
additional cell 
cycles

R. spadiana – R. 
contigua

R. spadiana 457 R. contigua 363 R. contigua 88 R. contigua 228 R. contigua 230 3

R. smriglioi – 
R. lineolata

R. smriglioi 375 R. lineolata 297 R. lineolata 235 R. lineolata 186 R. lineolata 226 2

R. philberti – R. 
locardi

R. philberti 358 R. locardi 284 R. locardi 225 R. locardi 179 R. locardi 221 2

Table 1. Expected and measured maximum diameter of protoconch I in planktotrophic sibling species after hypothetical 
additional cell cycles. Bold characters indicate concurrence between expected and measured protoconch I maximum 
diameter.
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reason why, at least some of those two different types of larvae, not to find themselves in the 
same locality and, as the initial mutation responsible for the differentiation of the larval mode 
of life has not led to the establishment of a genetic barrier, when maturation is reached, to 
interbreed. There are no publications on interbreeding of Mediterranean ‘sibling’ species so 
that one can draw conclusions on the existence of a genetic barrier and thus to a confirmation 
that loss of either planktotrophy or lecithotrophy in the past has eventually led to speciation.

If there is no genetic barrier, then a rising question is associated with the type of inheritance 
imposed by the initial mutation on that gene controlling the germ cell cycle prior to meiosis. 
If it displayed a Mendelian inheritance, we would expect also the production of heterozygotes 
exhibiting a kind of semi-planktotrophic mode of life of shorter duration and presumably pro-
toconches with fewer whorls. In conclusion, someone would expect to find in the same morpho-
logical species all three types of protoconches, e.g., paucispiral, multispiral, and intermediate. 
As this is not the case, at least in Mediterranean Raphitoma species [17, 18], we are inclined to 
propose that the mutated gene cooperates in conjunction with other genes and environmental 
factors in a discontinuous multifactorial inheritance in which environmental or even popula-
tion factors also effect a threshold. Ceteris paribus, below that threshold, the animals would pro-
duce fewer and larger germ cells giving rise through meiosis to fewer and larger eggs that after 
fertilization produce large lecithotrophic embryos with large paucispiral protoconch I, while, 
above that threshold, more and smaller germ cells would be produced leading after meiosis to 
smaller eggs which eventually give rise to planktotrophic larvae with small protoconch I and 
large multispiral protoconch II. Those two possibilities would jointly constitute protoconch-
related poecilogony, a phenomenon already known in some sacoglossan mollusks [51].

In support to the above hypothesis, there are at least 10 pairs of similar, most probably 
closely related species of Raphitoma, one of which bears planktotrophic protoconch and 
the other lecithotrophic, often sampled in the same localities [17, 18]. That implies the 
same mode of adulthood life supported by a common gene pool maintained by free gene 
exchange. Populations of such pairs would employ simultaneously (under different environ-
mental conditions) different dispersal strategies that might reduce interspecific competition. 
Apparently, long-living planktotrophic larvae maintain a wide geographic range of a species 
and high genetic integrity between distant subpopulations [11]. Comprehensive accounts 
on the benefits of these strategies are already given [10, 50]. At the same time, it is generally 
accepted that, in shelled molluscs, the presence or the absence of any nutritional resource 
during development affects egg size, which, in turn, affects the size, the number of whorls, 
and the morphology of the protoconch [1, 52].

Apart from the loss of planktotrophy (in our view, in some members of the same popula-
tion, as mutations are random phenomena) in Raphitomidae, there is also a well-documented 
tendency for repeated loss of other conoidean important foregut structures such as radula, 
proboscis, and venom gland without alteration of the teleoconch morphology [12, 53–55]. 
Nevertheless, it is worth noting that the loss of planktotrophy in some turrids, like Raphitoma, 
is not necessarily related to simplification in shell morphology [56] which means that the 
teleoconch morphology could remain unaltered in a species population consisted of individu-
als with either lecithotrophic or planktotrophic protoconch. We are of the opinion that at least 
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some of the Mediterranean Haedropleura, Mangelia, and Bela species also fall in the same case 
as Raphitoma, but we conservatively refrain from formally proposing that possibility pending 
the mitochondrial DNA markers analysis and employment of interbreeding experiments that 
could answer the questions raised and solve existing paradoxes.

Finally, through the present work the Raphitomid fauna of the Hellenic sea has been enriched 
by five new members as the search targeted appropriate environments such as biogenic back-
grounds, maerl beds, and deeper waters.
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Abstract

Bivalves appear as relevant sentinel species in aquatic ecotoxicology and water quality 
assessment. This is particularly true in marine ecosystems. In fact, several biomonitoring 
frameworks in the world used mollusks since several decades on the base of contaminant 
accumulation (Mussel Watch, ROCCH) and/or biological responses called biomarker 
(OSPAR) measurements. In freshwater systems, zebra and quagga mussels could rep-
resent alternative sentinels, which could be seen as the counterparts of mussel marine 
species. This chapter presents original studies and projects underlying the interest of 
these freshwater mussels for water quality monitoring based on contaminant accumula-
tion and biomarker development measurements. These sentinel species could be used as 
a tool for chemical/biological monitoring of biota under the European water framework 
directive and for the development of effect-based monitoring tools.
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1. Introduction

The continental ecosystems are subjected to many stresses related to the human activities 
through the emission of a large number of molecules whose toxicological and ecological 
effects are currently poorly studied. There needs to be further development of tools not only 
for highlighting the exposure of nontarget organisms to these molecules but also for assessing 
possible risk to the stability of their population and, by domino effect, to the biodiversity and 
ecological functioning of the ecosystems. Water quality evaluation, management, and protec-
tion represent a strong challenge of our society to maintain the sustainability of freshwater 
ecosystems and protect the biodiversity and ecosystem services for human benefits such as 
the potabilization or recreational uses. This challenge results in particular in a better manage-
ment of all the new chemical products likely to be introduced into the environment (program 
recording of chemical substances REACH) as well as the evaluation of its ecological state 
(European framework directive on water 2000/60/CE). Currently, the texts of the European 
Community dated October 23, 2000, set a number of environmental objectives in order to 
reach the “chemical and ecological good state” of freshwaters. Although environmental qual-
ity standards appear in European texts, this monitoring program is primarily based on the 
evaluation of the level of contaminants in water and on the biological diversity of the aquatic 
communities. In addition to the biocenotic approaches, many researches focus on biological 
responses evaluated at sub-individual and individual levels, gathered under the generic term 
of “biomarkers.” Among these biomarkers, a very close attention is paid to the processes 
whose disturbances may induce a chain reaction of damage on the population and commu-
nity levels. These biomarkers include physiological functions such as the energy metabolism, 
the reproduction, or the immune system. The development of biomarkers is conducted on a 
large number of species known as “environmental sentinels” with respect to criteria related 
to their sedentary lifestyle, their large distribution, knowledge on their biology and ecology, 
and the feasibility of using them for experimental exposures. Among these species, bivalves 
appear to be a genuine tool for the detection of the chemical and biological contamination 
of the environment [1]. Indeed, the filter feeders have the ability to accumulate and concen-
trate the contamination in a time- and dose-dependent manner that allows to recall events 
of pollution prior to the sampling point. The studies are mainly based on the marine species 
of economic interest as the mussels (Mytilus sp.), the clams (Ruditapes sp.), and the oysters 
(Crassostrea sp.). However, at the continental level, a model organism, zebra mussel Dreissena 
polymorpha (Pallas, 1771), proves its interest and could represent the freshwater counterpart 
of Mytilus sp. [2]. Zebra mussel is an invasive species originated from Ponto-Caspian region 
in central Europe. It has spread around the world and became invasive in Europe and North-
America freshwater ecosystem, where it has been observed in the great lakes at the end of the 
1980s. D. polymorpha is characterized by a large abundance and widespread distribution, great 
filtration capacities leading to high levels of xenobiotic accumulation, and a good tolerance of 
environmental stressors. Being sedentary, their individual responses may be correlated to the 
quality of the site. Moreover, dreissenids present a lifetime of several years, can be sampled all 
year around, and their biology and ecology are well known [3]. Therefore, zebra mussel con-
stitutes a valuable bioindicator species, largely used as freshwater biomonitoring tool [4–7].
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2. Interest for bioaccumulation capacities

Bioaccumulation is defined as the accumulation of a target compound in an organism rela-
tive to its concentration in the surrounding environment. It depends on several intrinsic 
(e.g., detoxification abilities, lipid content, maturity, or sex of the organism) and environ-
mental (e.g., water temperature or pH) factors that have to be considered in bioaccumu-
lation assessment. The ability of species to bioaccumulate contaminants could represent 
an indirect evaluation tool of water quality allowing going beyond the limitations asso-
ciated both to the sporadic nature of water sampling and to potent high dilution of con-
taminant in the water matrix. In fact, contrary to water matrix, using attached filter-feeding 
organisms makes contamination measurements representative of their living environment. 
Measurements in appropriate biological matrices such as mussels will (i) limit the variability 
(temporal integration) of measurements as compared to measurements on water samples, 
(ii) convey the degree of contamination of water bodies more reliably, and thus facilitate 
comparisons. Zebra mussel, D. polymorpha, has a high filtration activity and filters between 
0.018 and 0.402 L/mussel/h [8] that may give them a capacity to accumulate environmental 
contaminants.

2.1. Pharmaceuticals

There are only a few studies dealing with the uptake and bioaccumulation of pharmaceu-
ticals in freshwater mussels; more studies are available for fish. Quantification of pharma-
ceuticals at trace levels in mollusks is often analytically challenging, due to the complexity 
of the biological matrix, requiring suitable extraction and purification steps combined with 
selective and sensitive detection techniques. Various methods are employed for the extrac-
tion of pharmaceuticals in bivalves: pressurized liquid extraction [9, 10], microwave-assisted 
extraction [11, 12], sonication [13], or QuEChERS (Quick, Easy, Cheap, Effective, Rugged, 
and Safe) extraction [14, 15]. The last one has the advantages of a low solvent consumption 
combined with rapid extraction and clean-up steps. Most current analytical methods for the 
separation and detection of pharmaceuticals are based on gas chromatography-mass spec-
trometry (GC-MS) or more frequently on liquid chromatography (LC) coupled to ultraviolet 
(UV), diode array (DAD), fluorescence (FL) detectors, or mass spectrometry (MS) and tan-
dem mass spectrometry (MS/MS). Due to large differences in their physicochemical prop-
erties (e.g., polarity and solubility), efficient extractions of all the targeted pharmaceuticals 
are difficult to obtain, especially in multiresidue methods. As a consequence, the few studies 
related to the bioaccumulation of pharmaceuticals in freshwater mussels generally focused 
on a very small number of target compounds [15–17]. Li et al. [18] studied the distribution 
of 22 antibiotics in 11 mollusk species sampled from the Bohai Sea of China, with concentra-
tions up to 1575.10 μg/kg for quinolones, 76.75 μg/kg for sulfonamides, and 36.21 μg/kg for 
macrolides. Du et al. [19] studied the bioaccumulation of several selected pharmaceuticals in 
two mussel species (Pondhorn mussel and Paper pondshell mussel) and fish, among other matri-
ces, collected from a lower-order effluent-dependent stream in Texas, USA. They concluded 
that pharmaceuticals accumulated to higher concentrations in invertebrates in comparison 
to fish. Fluoxetine, carbamazepine, and diphenhydramine were quantified at concentrations 
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inferior to 22 μg/kg, whereas elevated concentrations of the antidepressant sertraline and its 
primary metabolite desmethylsertraline were observed in both mussel species at levels higher 
than 130 μg/kg. Indeed, as they could exhibit equal or higher bioaccumulation capacities, 
it is relevant to include metabolites and transformation products in bioaccumulation stud-
ies [15, 19]. Bioconcentration factors (BCFs) have been calculated for the anti-inflammatory 
drug diclofenac in different studies. BCF of 10 have been displayed for blue mussels exposed 
during 8 days in aquarium to diclofenac at 1 μg/L [20], and comprised between 4 and 13 in 
another study where diclofenac was introduced in mesocosms at concentrations between 0.05 
and 5 μg/L [15]. This study shows the accumulation in D. polymorpha as a function of exposure 
time, and highlights the presence of one of its transformation products in this bivalve species. 
The bioaccumulation of the contraceptive hormone levonorgestrel was also examined in D. 
polymorpha [21]. The lowest concentration (0.312 μg/L) was 100-fold bioconcentrated within 4 
days. A decrease of the BCF was observed within 1 week for the highest tested concentrations 
(3.12 and 6.24 μg/L).

2.2. Protozoa pathogens

Protozoa such as Toxoplasma gondii, Cryptosporidium parvum, and Giardia duodenalis repre-
sent a threat to human health because they are infectious at low doses and their (oo)cysts 
can remain infectious in the environment for months due to a robust wall [22, 23]. T. gondii 
is the agent of toxoplasmosis and infection is mainly acquired by the ingestion of food or 
water that is contaminated with oocysts. C. parvum and G. duodenalis are intestinal protozoa 
found in mammals, fish, and birds. (Oo)cysts can be transmitted via drinking and recre-
ational waters contaminated by agricultural and urban runoff [24]. Protozoa are difficult 
to detect in environmental samples. Actually, no standardized method has been developed 
for the detection of Toxoplasma oocysts in water samples. On the contrary, Cryptosporidium 
oocysts and Giardia cysts are currently detected in samples from 100 L of filtered water, 
using indirect immunofluorescence after immunomagnetic separation (ISO 15553:2006). 
Limitations have been identified in this method: it requires large volumes of filtered water 
and high parasite concentrations, it is costly and time-consuming, and thus does not allow 
for rapid routine detection. Moreover, filtration and purification techniques from water 
supplies can yield variable results depending on water quality, sampling period, place, and 
quantity [24].

Several studies have demonstrated the interest of using aquatic organisms to assess and moni-
tor the quality of water bodies [25] and D. polymorpha can represent a tool to reveal protozoan 
contamination. Indeed, during a laboratory experiment, zebra mussels were exposed to vari-
ous C. parvum, G. duodenalis, and T. gondii (oo)cyst concentrations for 1 week, and bioaccumu-
lation by mussels proportionally to ambient contamination was observed. This study showed 
for the first time T. gondii accumulation by zebra mussel [26]. In a second in vivo experiment, 
D. polymorpha were exposed to 1000 T. gondii oocysts per individual and per day for 21 con-
secutive days, followed by 14 days of depuration time in protozoa-free water. T. gondii was 
detected in all organs in a time-dependent manner, but oocysts were found in greater amount 
in the hemolymph and mantle tissues compared to the other organs (gills, gonads, and foot). 
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This study also shows that mussels accumulate protozoan proportionally to water contamina-
tion. Moreover, T. gondii was still present in the mussel tissues for up to 14 days postinocula-
tion, reflecting the integrative character of D. polymorpha [27]. A field study was also carried out 
in order to test protozoa detection under environmental conditions. D. polymorpha were caged 
for two seasons (autumn and spring) for 1 month upstream and downstream of wastewater 
treatment plants (WWTPs). Concerning the study realized in autumn, T. gondii was detected in 
mussels caged downstream of two WWTPs. In spring, T. gondii was detected upstream of one 
WWTP. These results highlight the interest to use D. polymorpha caged as a new effective tool 
in sanitary biomonitoring of water bodies [28].

2.3. Cyanobacteria

The eutrophication of aquatic ecosystems, associated to the climate change, enhances the fre-
quency and the severity of cyanobacterial proliferations. Cyanobacteria are photosynthetic 
organisms producing endotoxins such as neurotoxins, hepatotoxins, dermatotoxins, and 
cytotoxins, threatening target organisms and humans [29]. The World Health Organization 
derived a guideline value of 1 μg/L in tap water for the hepatotoxins microcystins (MCs), 
the most reported cyanotoxins in fresh waters worldwide. In addition to being exposed to 
cyanotoxins through drinking, humans can also be exposed by ingestion or inhalation of 
contaminated water during recreational activities [30, 31], or by trophic transfer of MCs as 
demonstrated between invertebrates and vertebrates [32]. The bioaccumulation of MCs and 
their effects on organisms are overall quite well documented. However, some cyanobacteria 
and diatom strains may also produce the neurotoxin BMAA (β-N-methylamino-L-alanine) 
[33–35], a nonproteinogenic amino acid that has been associated with neurodegenerative 
diseases like amyotrophic lateral sclerosis/Parkinsonism dementia complex (ALS-PDC) that 
occurred on the Guam Island [36]. The bioaccumulation of BMAA in marine organisms is 
little documented [37–39]. However, BMAA accumulation and impact on freshwater organ-
isms during laboratory exposure or field investigations remains poorly investigated [35, 37].

Even though monitoring programs are in place to evaluate the concentration of cyanotoxins in 
fresh waters, prompt management of ecological and public health risk remains difficult due to 
the high spatiotemporal variability of the cyanobacterial proliferations. Freshwater mussels, 
and particularly D. polymorpha, are known to ingest phytoplankton and cyanobacteria and 
accumulate cyanotoxins at the laboratory [40, 41] and in the field [42–44]. Therefore, the use 
of sentinel species to integrate and reveal early MC and BMAA contamination at low cyano-
bacterial or phytoplankton densities may allow a preventative management of contaminated 
sites. As MC accumulation by D. polymorpha has been largely demonstrated, we primarily 
focused on the capacity of the mussel to accumulate BMAA using a laboratory approach. 
The mussel D. polymorpha was exposed to exogenous BMAA at 500 μg/L for 3 weeks, and we 
followed up both free and protein-bound BMAA in tissues. The free amino acid BMAA was 
detected from day 2 to day 21 and really high concentrations (reaching 283 μg/g dry weight) 
were quantified in mussels at the end of the contamination experiment. BMAA was therefore 
taken up by D. polymorpha and the internalized concentration of the toxin, detected as its free 
form, increased linearly over time (r² = 0.9635) while no steady state was reached (Figure 1). 
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It is conceivable that this freshwater species would have continued to accumulate BMAA 
from the medium after a longer exposure time. Concentrations of total BMAA in mussels of 
day 2 and day 21 were not significantly different from the concentrations of free BMAA in the 
same individuals (data not shown). Thus, the incorporation into or in association of BMAA to 
proteins was not evident in this study.

Overall current projects also include other freshwater bivalves as potent predictive sentinel 
species of the presence of MCs and BMAA in freshwater environments through laboratory 
and in situ approaches. The results that will be achieved in these projects will facilitate the 
long-term tracking of the contamination of ecosystems by cyanotoxins, which will provide an 
advance in the knowledge about the ecodynamic of cyanotoxins and the main conditions of 
human exposure. This step forward could constitute a decision-making tool for public health 
authority in charge with the management of food safety risks.

3. Interest for biomarker measurement

Different biological responses have been developed as biomarkers on freshwater mussels. 
Biomarkers related to energy metabolism could be an interesting prognostic tool bearing in 
mind the close relationships existing between the energy balance and health of individu-
als. As well, the reproduction function is a key element for the preservation of the species 
in their environment and can be disrupted by numerous stresses of anthropogenic origin. 
Furthermore, organisms are subjected to various pathogens. Thus, interaction with hemo-
cytes, a key component of the immune system, undoubtedly occurs. Exploring these three 
relevant functions will permit to develop early warning and sensitive diagnosis tools with an 
ecological relevance which seems to be promising for the early assessment of the ecosystem 
degradation resulting from damaging contaminants.

Figure 1. Concentration of free BMAA in D. polymorpha with fitted linear regression after free exogenous exposure for 21 
days at 500 μg/L. Error bars denote standard deviation of n = 5 (except for D21, n = 2).
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3.1. Energy and metabolism

All the biochemical and physiological processes involved in the vital cycle of the organisms 
depend strictly on the energy metabolism. Besides, within the framework of an evaluation of 
the quality of the environment, the variations at the molecular level (e.g., enzymatic activities) 
are one of often first answers to the stress; they thus represent useful points in the confirmation 
of the toxic effects before these last ones are perceptible at superior biological levels of organi-
zation (cellular, tissular, and physiological). Biomarkers related to energy metabolism could 
then constitute interesting prognostic tools considering the casual relationships linking the 
energy balance and the health status of individuals. A very large number of biological (adenyl-
ate energy charge, energy reserves, cellular energy allocation, scope for growth, etc.) responses 
to stress linked to the metabolism and energy of living organisms may be investigated. While 
the concept is clear, linking cellular or biochemical responses to the individual and population 
level remains relatively scarce. However, several studies underline the relevance of cellular 
responses to extrapolate effects at higher levels of biological organization in D. polymorpha 
under laboratory [45] and environmental conditions [46]. Zebra mussel and all other animals 
obtain the energy necessary for life from an external source. So, in heterotrophic organisms, the 
acquisition of energy is controlled by feeding and the subsequent breakdown of food to release 
the energy contained (assimilation). Feeding rate/clearance was studied in different species of 
mussels (particularly blue mussel) exposed to various contaminants [47–49]. Generally, feed-
ing appears unaffected and/or less sensitive compared to biochemical responses. Inversely, 
during the study of different zebra mussel populations, among several genes involved in cellu-
lar metabolic activities, detoxification process, oxidative stress, and digestive functions, diges-
tive enzyme genes expression appears particularly relevant to discriminate the sites according 
to the contamination level [50]. This study has also pointed out different sources of variability 
in gene expression (individual size, season, trophic resources, and origin of mussels) which 
are inevitable in natural fluctuant environment. Accordingly, in D. polymorpha, we decided 
to investigate the breakdown of food’s mechanisms and particularly the digestive capacity. 
Digestion in bivalves occurs through a biphasic process involving an extracellular digestion 
phase of ingested food particles followed by an intracellular digestion phase. The first step 
occurs within the stomach under the mechanical and chemical actions of the crystalline style 
(CS), a gelatinous rod saturated with digestive enzymes. The CS protrudes from the style sac 
into the stomach and revolves against a cuticular structure, the gastric shield, promoting the 
grinding of food materials and their mixing with the enzymes released by its former dissolu-
tion. This extracellular digestion phase allows a preliminary breakdown of food particles into 
molecules small enough to enter the digestive diverticulae where digestion is completed intra-
cellularly within phagocytic digestive cells. In this way, amylolytic and cellulolytic activities in 
the crystalline style and the digestive diverticulae of the freshwater bivalve D. polymorpha were 
characterized [51]. In the same time, to avoid the influence of biotic parameters (age, size, etc.), 
we proposed to use individual from the same population transplanted to the study sites (see 
part 5). Thus, during active biomonitoring carried out with D. polymorpha, in the catchment of 
the River Vesle, upregulation of digestive activities in digestive gland was observed in mus-
sels exposed to various chemical contaminants and thus potentially facing an increase in their 
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energy expenditure (general adaptation syndrome) [52]. However, this upregulation has not 
been recorded at all contaminated sites, lower levels of pollution or higher levels of food avail-
ability probably explaining the low need for organisms to “invest” in their digestive activities 
(least energy requirement). These results highlight adjustment of digestive enzymatic activities 
according to intake and energy requirements of the organism, factors which, if not taken into 
account, constitute potential confounding sources in the interpretation of response measured. 
According to literature data, digestive carbohydrate activity of bivalve species shows a great 
adaptability to variations in food availability, quantity, and quality. However, if food avail-
ability exerts a primary control on digestive activities, the latter could also vary in response 
to other factors, both external (e.g., temperature) and internal (e.g., reproductive state). These 
“regulation” factors exhibit seasonal variations, which, logically, should be reflected on diges-
tive enzyme activities [52]. Nevertheless, if seasonal amylase and cellulase activities were well 
recorded in the digestive gland of zebra mussels, no seasonal activities were recorded in their 
crystalline style. The absence of seasonality in the crystalline-style activities could be related 
to the innate nature of the style, for example, a secretion organ whose weight does not vary 
according to the seasons. Inversely to digestive gland, the crystalline-style activity (downregu-
lated) appeared to be more associated with the location and metal exposure level, allowing the 
discrimination of the most chemically impacted site from the others. Thus, the high discrimi-
nation potential of crystalline-style enzymes activities, in association with their low seasonal 
dependency, makes these parameters very promising biomarkers to develop in biomonitoring 
studies using D. polymorpha. In this way, zebra mussels were transplanted during 2 months 
along a metal and organic pollution gradient in spring 2008 (Seine River, France; PIREN-Seine 
program) [53]. Amylolytic and cellulolytic activities measured in the CS displayed similar pat-
terns of response with lower activities at the downstream site compared to the upstream site 
(20–30% lower). By contrast, digestive enzyme activities in the digestive gland displayed only 
slight variations during the whole period of exposure, confirming the interest of the crystalline 
style as matrix in biomonitoring program.

3.2. Reproductive process

There is a large body of literature on ecophysiology and reproductive biology of dreisse-
nid species [54]. The reproductive function is a key element for the preservation of species, 
implying a lot of responses which may be studied in reproductive ecotoxicology at differ-
ent levels of biological organization, for example, from toxic effects on biological macromol-
ecules to the consequences on the reproductive capacity of organisms and the maintenance 
of their population in the environment. Until today, literature in dreissenids mainly focused 
on disturbances of gametogenesis and on biomarkers related to the integrity and functional-
ity of gametes. Numerous stressors of anthropogenic origin are susceptible to modify the 
reproductive physiology of mussels, either by direct or by indirect effects. In dreissenid spe-
cies, existing data on the disturbances of the reproductive cycle by environmental factors, 
such as water temperature, food availability, or chemical contamination, highlighted early 
or delayed sexual maturation as well as asynchronous development between congeners in 
exposed mussels [55–58]. Many studies also revealed that gonads were the primary organs 
infected by trematodes of the family Bucephalidae in dreissenid mussels, known as the first 
intermediate host. The development of cercariae in sporocysts coincides with the host sexual 
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maturation and causes in infected mussels an energetic depletion allowed to the reproductive 
tissue, leading to disturbances of their reproductive cycle as well as in the most severe cases 
to complete castration and host sterility [59, 60].

The gametogenesis and reproductive effort in dreissenid species has mainly been investigated 
by either nonhistological examinations, with the measure of the reproductive tissue biomass 
(gonad) compared to the rest of soft tissues (somatic) and the definition of a gonado-somatic index: 
GSI (the difficulty for discriminating the reproductive tissue and the digestive gland renders 
this methodology quite imprecise); either histological examination of gonads with the defini-
tion of various reproductive stages (resting, development, prespawning, or postspawning stages) 
and the possible measurements of morphological parameters by computer-assisted image 
analysis systems (e.g., oocyte number in follicles, oocyte diameter, etc.). Although informative, 
histological examination of the gonads is both time-consuming and experimenter- dependent. 
Recently, a novel strategy has been developed for a rapid and sensitive determination of an 
index of sexual maturity in male zebra mussels. This index considers the proportion of germ 
cells in male gonad according to their DNA content ((sub)-haploid, diploid, or tetraploid cells) 
measured by flow cytometry. This index of sexual maturity was used to describe the reproduc-
tive cycle in a control population of zebra mussels over a year. This biomarker also highlighted 
the reprotoxicity of carbamazepine, an anti-epileptic compound which was experimented in 
a mesocosm study in caged zebra mussels [61]. Initiation of gametogenesis, proliferation, and 
differentiation of immature germ cells determines both the quantity and quality of mature 
germ cells or gametes implied in fertilization and de facto in the reproductive success of zebra 
mussels [62]. Gametes represent “cells of choice” for the development of biomarkers in eco-
toxicology, by relating the exposure of adult mussels with the long-term consequences in off-
springs [63]. Until today, spermatozoa of dreissenid mussels have mainly been studied in 
comparison with oocytes for the development of biomarkers like sperm mortality (or mem-
brane permeability), sperm motility (duration, velocity, etc.) with computer-assisted sperm 
analysis (CASA) system or fecundity [64]. Other authors investigated the integrity or the func-
tionality of specific organites, like acrosomal integrity or mitochondrial membrane potential, 
and demonstrated the sensitivity of zebra mussel’s spermatozoa to the toxicity of commercial 
formulations of pesticides (Bayluscide, Round-Up Ready-to Use Plus®) [65]. In their study, 
Seaver et al. [66] observed in spermatozoa of zebra mussel that in vitro irradiated with a physi-
cal agent (UV-B) decreased acrosomal integrity, incorporation of sperm into egg cytoplasm, 
and first zygotic cleavage. These defects in first zygotic cleavages, as also observed by these 
authors with the irradiation of eggs to UV-B, could be related to genomic damage in gametes. 
To our knowledge, the use of gametes (spermatozoa and oocyte) for evaluating the genotoxic-
ity of water contaminants has not yet been tested in dreissenid mussels. Other authors also 
highlighted the sensitivity of early-life stages in zebra mussels to the toxicity of various water 
contaminants and proposed their use for the development of biomarkers [67].

3.3. Hemocytes

To be relevant, biomarkers must gather several properties such as being flexible according 
to the various pressures exerted by the environment and associated with a specific mode of 
action which is measurable by significant and reproducible techniques. Moreover, the early 
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analyses of these biomarkers have to predict the effects at higher levels of organization, that 
is, the population. In this context, the hemocytes responses show a particular interest since 
they are key cells involved in the major physiological functions in invertebrates. Indeed, the 
hemolymph is a remarkable mussel tissue. With an opened circulatory system, hemolymph 
circulates through the bodies allowing to bring the nutrients to the various organs. Drawn 
from the adductor muscle of the bivalves after having carried out a little breach on the shell, 
hemolymph sampling is not lethal for the individuals and represents a clear advantage for 
biomonitoring. Circulating cells, the hemocytes, are present in the cellular fraction of the 
hemolymph and have been recently characterized [68]. These cells, mainly granulocytes and 
hyalinocytes, provide various functions involved in the essential physiological activities such 
as the transport and the digestion of the nutrients, breathing, excretion, repairs as well of 
the tissues and of the shell and, of course, immune defenses [69]. Contrary to vertebrates, 
which have an acquired immunity (or specific), the immunity of the invertebrates is only com-
posed of the innate immunity (or not specific) ensured by the hemolymphatic compartment 
(hemocytes and plasma). In a global context, hemocytes allow the measurement of various 
markers involved in the physiological processes usually studied in ecotoxicology. Current 
studies are based mainly on the evaluation of the biomarkers of genotoxicity (measurements 
of DNA damage in hemocytes [70]), of cellular parameters (oxidative activity, mortality [71]), 
and immune defense (capacity of phagocytosis [72]). However, all these responses suggest 
the implication of another component of the immune system and complementary to the cel-
lular responses of the organism, the humoral-mediated responses in plasma [73]. Humoral 
responses are regrouped in different effectors such as the lysosomal enzymes, lectins, pro-
tease inhibitors, or antimicrobial peptides [74]. The phenoloxidase cascade [75] and the fast 
production of reactive oxygen species (ROS) also take part in organism homeostasis. Both 
systems interact to give an effective answer relative to the various types of aggressions which 
the organism undergoes.

A recent study by Juhel et al. [45] highlights the effect of cyanotoxins on the immune func-
tions of D. polymorpha. The authors underline a reduction in the full number of hemocytes 
per milliliter of hemolymph as well as a modulation of the subpopulations of hemocytes, an 
inhibition of the phagocytosis capacity and an increase in the concentration of lysozyme after 
21 days of in vivo exposition to various strains of cyanobacteria. However, this study raises 
the problematic of the complexity to define the real immune effects based only on cellular 
approaches. Currently, very few studies take into account the entire hemolymphatic compart-
ment, for example, cells and plasma, in the analysis of the biomarkers. However, the evalua-
tion of the interactions and the relations between these two types of responses would permit 
to understand the functioning of this complex tissue which maintains actively the homeosta-
sis of organism (for review see [76]). Indeed, considering that a panel of enzymes and hydro-
lytic molecules can influence the cellular responses, it seems paramount to study the humoral 
compounds in parallel. Considering the central role of hemolymph in the physiology of the 
organisms, the comprehension of the different functions it provides in relation to other major 
biological functions is also necessary to ensure relevant conclusions in ecotoxicological stud-
ies. However, to date, very little information is available on the hemocyte implications on 
the physiological responses other than those of immune functions and defenses. This lack of 
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knowledge is certainly due to difficulties in studying simultaneously both cellular and acel-
lular compartment, because it necessarily implies a global and multi-markers approach which 
is difficult to perform with the techniques commonly used.

4. Interest of D. polymorpha in aquatic biomonitoring framework

For being usable as early warning system, a sentinel species should be able to accumulate con-
taminants at much higher levels than those in the environment and/or to show variations in 
biological parameters at one or several levels of organization. In fact, even if analyses of bioac-
cumulated pollutants have the great benefit of traducing the bioavailable fraction of xenobi-
otic, they give no information about the potential biological effects. Therefore, the relationship 
between exposure to pollutants and associated adverse effects is of growing importance in 
environmental-risk assessment (ERA) and management. In this way, a sentinel species could 
be designated as a necessary tool of choice for monitoring both the contamination levels 
and the associated risks for organisms. The zebra mussel was extensively used as model 
organism for the quality assessment and the biomonitoring of freshwater systems for large 
amounts of well-known mineral and organic trace pollutants (for review, see [2]). However, 
more recently zebra mussel appeared also particularly relevant for the assessment of chemi-
cal (pharmaceutical, part 2.1) and biological (protozoa and algae toxins, parts 2.2 and 2.3) 
emergent contaminants as underlined in this chapter. Similarly, an increasing development 
of biological responses, called as biomarkers, under controlled laboratory conditions (in vivo 
and in vitro approaches considering particularly hemocytes and gill cells) and field studies 
([2] and part 3 of this chapter) is observed. Regarding field studies, several passive biomoni-
toring approaches based on autochthonous populations underline a significant modulation of 
biological responses not only by environmental parameters (e.g., temperature, conductivity, 
etc.) but also by intrinsic parameters (e.g., size, age, genetic background, life history according 
to contamination, and potential adaptive responses) [50, 7]. These confounding factors could 
induce a misunderstanding in the data interpretation according to the toxicity of pollutants. 
Also, as discussed in section 4, zebra mussel seems to coexist with another Dreissena species 
and it remains difficult to distinguish between the two species. These potent physiological 
discrepancies could put into questions the biomarker response interpretation.

An active biomonitoring approach appears as an interesting strategy with the view to improv-
ing the usefulness of biomarkers and particularly defining reference and threshold values 
allowing (i) a qualification of the toxicological effects of water quality on organisms and (ii) a 
suitable comparison between the monitored sites. In fact, the caging of individuals from the 
same population (and a fortiori the same species) in different sites allows (i) to limit or avoid 
influence of intrinsic parameters and (ii) to expose organisms for a time-limited period, so 
recent contamination can be detected. As for contamination level and/or biological effects 
associated, several studies had underlined the interest of the active biomonitoring approach 
using the zebra mussel, D. polymorpha [28, 52, 53, 77, 78]. In the purpose of improving the eco-
logical relevance of biomarkers as early-warning responses, many studies proposed to apply 
a multi-biomarkers approach considering physiological processes particularly those implied 

Mussel as a Tool to Define Continental Watershed Quality
http://dx.doi.org/10.5772/67995

53



to maintain an individual and/or its population (e.g., reproduction, energy, and immunity) 
as indicated in part 3 of this chapter. Therefore, the proposition of an integrated tool is man-
datory to ensure the use of zebra mussel (together with developed biological responses) in 
environmental-risk assessment and management in order to establish environmental quality 
standards and to favor ecosystem protection. Through the process, several developments and 
approaches were proposed including “Integrated Biological Response” (IBR) to summarize 
biomarker responses [79]. This approach takes into account “only” biomarker measurements 
that may be limiting for an environment quality assessment requiring data from a variety of 
multidisciplinary sources. Then, the weight-of-evidence (WOE) approach including multiple 
parameters such as for instance bioaccumulation, biomarkers, bioassays, or life history traits 
appears particularly relevant (see part 6.2 of this chapter).

5. The usefulness of another dreissenid species, D. rostriformis bugensis

Despite its high invasive potential, zebra mussel populations have been recently reported to 
decline such as in the Rhine River [80] or in the Seine River where some populations seem to 
have disappeared since a dozen years (personal observations). In the meantime, the closely 
related quagga mussel D. rostriformis bugensis [81] became in turn invasive in Europe and North 
America. In Western Europe, the first observation of quagga mussels was made in 2006 in the 
Hollands Diep [82, 83] and since 2008 in the Meuse River [81, 84]. In some sites, D. rostriformis 
seems to have become gradually the dominant species [85], as it has been observed in some 
German and Dutch rivers [86]. Some researchers tried to explain the dominance shift from 
zebra to quagga mussels through biological, ecological, and ecophysiological studies. The two 
species are indeed characterized by differential physiological performances. They disclose dif-
ferent temperature, salinity and low oxygen tolerance levels, byssal thread attachment, growth, 
respiration rates, assimilation efficiency, or reproduction [87–89]. Quagga mussels reveal a 
lower tolerance to high temperature, although there is a better adaptability to lower tempera-
ture, allowing a development in deeper waters. A higher physiological adaptability of quagga 
mussel than zebra mussel is also highlighted with higher filtration and lower respiration rates, 
decreasing the energetic cost in quagga [88, 90]. A higher assimilation efficiency allows quagga 
mussel to maintain higher growth and fecundity rates even at low food levels [8]. Both spe-
cies also reveal different reproductive strategies. Quagga mussel spawn earlier in the season 
and in deeper waters, but zebra mussel releases more eggs than quagga [87, 88, 90]. Quagga 
mussel seems to invest less energy into reproduction than zebra mussel: its lower fecundity is 
offset by an earlier maturity [90]. Quagga larvae settle at a larger size as they grow more rap-
idly. Quagga higher somatic growth rate and size [91] are supposed to contribute to a better 
stress survivorship. A differential sensitivity to chemicals could also be involved in the replace-
ment of a species by the other. Some studies focused on differential xenobiotics accumula-
tion between the two species, mostly on metals and given scarce or inconclusive information 
[92–95]. Schäfer et al. [80] also showed differences between D. polymorpha and D. rostriformis 
in the bioaccumulation potential of pesticides from resuspended sediments. They showed that 
quagga mussel accumulates more organochlorine pesticides, with greater DNA damage and 
lower stress protein hsp70 content. These results suggest a difference of sensitivity to genotoxic 
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stress between the two species that may be related to “threshold” levels of DNA damage or 
to differential capacity of DNA repair [80]. More recently, Potet et al. [96] exposed zebra and 
quagga mussels to nickel and chromium at two temperatures in laboratory conditions. They 
measured a set of 14 biomarkers that revealed differential bioaccumulation patterns, filtration 
activity, and cellular antioxidant and detoxification responses between the two species, with 
more marked effect of metals in D. polymorpha.

In most of the comparative studies, the morphological criterion is chosen to identify the two 
species. However, the two species show high morphological similarities [97, 98] that prevent 
from morphological consistent species identification [99]. Mussel’s “angularity” has been pro-
posed anyway to improve morphometric identification with discriminating thresholds for 
zebra and quagga mussels [100]. Molecular genetic markers have then been developed to 
differentiate Dreissena species [97, 98, 101], but most of them are based on restriction fragment 
length polymorphism (RFLP) of cytochrome-C oxidase subunit I (COI gene). Such mitochon-
drial genetic tool does not allow identifying potential interspecific hybrids [97]. If natural 
hybridization has been reported only once by Voroshilova et al. [97] using allozyme patterns, 
no evidence exists that the two species are unable to hybridize in natural environment. In 
ecotoxicological studies, a reliable identification of Dreissena species is a key step to ensure 
the efficiency of the use of such freshwater sentinel species and their associated biomarkers to 
reflect exposure and toxic effects of xenobiotics. It is currently essential to deepen our knowl-
edge on the levels of responses and sensitivity of these two species with a view to their use in 
biomonitoring projects.

6. Perspective: toward new markers and an integrative approach

Contamination of aquatic environment is multifaceted as it combines chemical, physical, and 
biological pollutions, which could be influenced by a wide range of (a)biotic factors. Both 
short- and long-term cascading negative effects of such pressures on ecosystems still remain 
difficult to evaluate considering the complexity and the diversity of exogenous inputs in the 
aquatic environment. While the contamination level in a particular site can be quite readily 
determined through chemical analysis as defined by the presence of “substances that would 
not normally occur or at concentrations above the natural background,” the assessment of the 
“pollution status” also integrates the notion of chemicals bioavailability and biological impacts 
induced by contaminants within the considered environment [102]. Assessing the ecological 
health of an ecosystem should thus address the following questions, initially enunciated for 
metallic contaminants by Chapman et al. [103], but which can be generalized to all environ-
mental contaminants: (1) do chemicals/biologicals accumulate in biota above background (or 
reference) concentrations? (2) once accumulated, are they bioreactive? and if so, (3) what are 
the incidence and severity of the induced effects (acute, long-term sublethal, individual, popu-
lation effects, etc.)? Thus, a relevant and successful water quality assessment has to be based on 
combined analyses integrating the greatest possible number of these various parameters. This 
also includes the sanitary status of aquatic organisms which are chronically exposed to a cock-
tail of pollutants in their environment. Despite a large number of publications on invertebrate 
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biomarkers, little of them reached a level of validation allowing to be recommended as efficient 
tools for an accurate evaluation of the quality of the aquatic compartment. Nonetheless, new 
integrative approaches could permit to remove scientific (define the reference levels) and tech-
nical (integration of several responses) obstacles encountered in environmental-risk assess-
ment strategies. The use of OMICS tools in field studies has gained great interest for some 
years as it gives broad information on pollutant modes of actions, considerably increasing 
knowledge and an understanding of such mechanisms. Finally, clustering data in a weight-of-
evidence approach represents a powerful and practical tool to facilitate the decision-making 
processes of environment managers within the framework strategies.

6.1. Genomics and proteomics in ecotoxicology

Although next-generation sequencing has made great progress over the last decade, genome 
sequencing of animal models is still far to be a trivial task. This is due to their large genome 
and the difficulty for assembling too numerous short reads without any scaffold from a 
closely related species. Furthermore, the delineation of coding open-reading frames and 
their functional annotation is difficult and subjected to an important bias toward easy anno-
tation of conserved genes but detrimental to species-specific genes. Till now, no complete 
genome is available for any Dreissena and genetic markers are relatively scarce [104–106]. 
The genomes of marine mussels such as M. galloprovincialis are only partially known [107, 
108]. Transcriptomics is fully complementary to genomics and adds value in highlighting 
genes of interest if their expression is regulated. However, this approach has till now been 
really poorly used for characterizing Dreissena. Very few studies based on cDNA microarray 
have been published, specifying the molecular mechanisms at the early stage of underwater 
adhesion of the zebra mussel [109], or the effect of seasonal and environmental variations on 
the physiology and metabolism of D. polymorpha [110]. Today, cDNA microarray has been 
advantageously replaced by RNAseq. High-throughput sequencing of cDNA allows compar-
ing the transcriptome from several conditions and highlighting the most modulated genes in 
terms of expression levels. In addition, RNAseq data may be used to construct a six-reading 
frame RNA-translated database that can be used for discovery proteomics. This concept is 
the basis of numerous proteogenomics analysis of various animal models or even nonmodels 
[111]. For example, the amphipod Gammarus fossarum has been scrutinized in detail to docu-
ment the reproductive system of amphipods [112] or to understand the response to endocrine 
disruptors [113].

Till now, Dreissena has been worked out in terms of proteomics only with 2D-PAGE traditional 
approach. For example, [114] analyzed D. polymorpha exposed to benzo(α)pyrene and focused 
on 28 proteins. A set of 16 proteins were found more abundant and 12 were noted as less 
abundant in exposed mussels. They could be identified after MALDI-TOF/TOF mass spec-
trometry measurements on their tryptic peptides. Such methodology is known to focus only 
on the most abundant and soluble proteins [115], thus explaining the relatively low number of 
protein hits identified by this approach. For sure, high-throughput shotgun proteomics based 
on next-generation mass spectrometers should allow today documenting thousands of pro-
teins and delineating candidate biomarkers after the analysis of specific exposure conditions. 
Importantly, these candidate biomarkers require a strict validation consisting in monitoring 

Organismal and Molecular Malacology56



the candidate biomarkers for a large cohort of animals and various conditions [116]. Such 
monitoring is ideally carried out with targeted proteomics based on the selected reaction mon-
itoring (SRM) quantitative approach. SRM mass spectrometry assay allows high-throughput 
multiplex analysis, with fewer samples required. It is efficient in terms of time and cost and 
is able to reliably detect different proteins across a broad dynamic range of concentrations as 
recently reported for G. fossarum [117]. Thus, in our opinion, OMICS tools are today pertinent 
for obtaining major insights into the most important molecular mechanisms of mussels.

6.2. Weight of evidence

The WOE approach is based on the packaging of a wide variety of data within several lines of 
evidence (LOEs) in which the contamination level—assessed through chemical analyses—is 
combined to bioavailability (bioaccumulation) analysis, and biological responses (biomark-
ers) on key species and/or model organisms (bioassays) at different levels of biological orga-
nization, from the molecular to the community level [118, 119]. The resulting environmental 
diagnosis is then based on the calculation of a hazard index for each LOE, which is next set 
out on an evaluation grid allowing a clear and rapid classification of hazard [118, 120, 121]. 
A global hazard evaluation is also proposed through the compilation of all calculated LOE 
indexes within a single one that is also finally assigned to a hazard class. The WOE approach 
is applicable to various matrices such as effluent, water, and soil, as well as for more global 
environmental diagnosis like aquatic and terrestrial ERA. The WOE model developed by Piva 
et al. [121] was mainly applied to the quality assessment of harbor area using fish species 
(European eel, Anguilla anguilla) and/or mussels (Mediterranean mussels, M. galloprovincialis) 
as bioindicator organisms. These studies undoubtedly demonstrated the relevance and the 
performance of the procedure to diagnose ecosystem health status in chronically impacted 
area (e.g., industrial harbors, natural crude oil, and gas seepage) [122, 123] as well as in acci-
dental pollution events as demonstrated by its use in the Mussel Watch program following 
the Costa Concordia wreck [124]. Mussels were relevantly used in these studies for their suit-
ability in translocation (caging) procedures and their ability to reflect environmental pollu-
tion levels through bioaccumulation measurements (see part 2) and biomarkers analysis (see 
part 3). The elaboration of each hazard index within the WOE approach relies on the initial 
calculation of ratio-to-reference (RTR) values. It thus supposes that reference levels are avail-
able for every end point integrated in the model. In the abovementioned studies, the reference 
levels were determined examining the biological responses in control organisms maintained 
in clean water under laboratory conditions or transplanted at a reference site. However, the 
laboratory (controlled) conditions are far removed from those during in situ exposure as con-
trol organisms are not submitted to any variations of their environment that naturally occur 
in field (e.g., temperature variations, general physico-chemistry of the water column, etc.) 
and which could modulate the biological responses of the organisms with no link with the 
contamination status of the environment. Transplantation of organisms at a reference site is 
also commonly used to avoid such bias. However, a “perfect” reference station would assume 
that (i) the site is geographically close enough to reflect the natural state of the studied envi-
ronment; (ii) the exposure conditions are exactly similar to those at the other sites (in terms of 
temperature, physicochemistry, etc.); and (iii) that there is absolutely no anthropogenic con-
tamination which could induce any modulations in the biological responses, even in a limited 
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Figure 2. WOE indices and associated hazard classes integrating the results of each LOE calculated for the three stations 
during four sampling campaigns (C1–C4) and annual average (AA) values. The hazard class attributed to each LOE 
hazard quotient (HQ) is summarized in the table below. ChemHQwater/sed, water/sediment contamination HQ; BioavHQ, 
bioavailability (bioaccumulation) HQ; BiomHQ, biomarker HQ; ToxHQwater/sed, bioassay-based HQ on water/sediment 
samples. Note that in the C2 campaign, only data on water contamination and bioavailability are evaluated. The 
integral version of the article is available at: http://link.springer.com/article/10.1007/s11356-016-6993-6. The figure was 
reproduced with permission of SpringerNature publisher.

way. There is no doubt that the determination of such station in each studied area is not realis-
tic—if not utopic—and that the use of control organisms (at a reference station or maintained 
in laboratory conditions) to set the reference levels integrated in the WOE approach generates 
a bias in the ecological health status assessment.

An alternative was proposed by Barjhoux et al. [125] to address these concerns. Briefly, the 
study proposes an application of the WOE strategy to a freshwater system: the Seine River 
(France), well known to be submitted to heavy anthropogenic pressures through important 
industrial, agricultural, and urban activities. The three studied sites were located upstream 
(Marnay, in a non-urbanized area) to downstream from Paris conurbation (Bougival and 
Triel, respectively, situated at 40 and 80 km from Paris). The dataset selected for WOE inte-
gration included (i) chemical contamination levels, (ii) bioavailability (bioaccumulation) mea-
surements, (iii) biological effects in field-transplanted organisms (biomarkers in gammarids), 
and (iv) (eco)toxicological responses assessed using laboratory bioassays. The strength of the 
quality assessment proposed in this study lies on the use of the same population of gam-
marids for bioaccumulation and biomarkers measurements. Reference and threshold values 
were established using modeling developments quantifying the natural variability of the 
studied markers in relation to identified confounding factors. These reference/threshold lev-
els were integrated in the WOE approach as they clearly enhance the reliability of in situ meth-
odology and allow its implementation at a large spatial and temporal scales [126, 127]. The 
calculated WOE indexes clearly reflected the anthropogenic gradient along the Seine River, 
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with values increasing from upstream to downstream of Paris (Figure 2: [125]). The results 
also highlighted some seasonal variations in the hazard class attributed to each site with the 
winter campaign showing lower level of perturbation than the three other campaigns.

Accordingly, the use of external reference values and thresholds eliminated the need for a refer-
ence site in the study area, which could be very problematic in large rivers subjected to multiple 
and diffuse pressures. The results of this study also reveal that at the upstream site, generally used 
as a relative reference or control site in previous investigations in this area, the low contamination 
levels nonetheless resulted in low but significant biological effects. The WOE approach applied in 
this study proved to be efficient and relevant in terms of both global environmental hazard diag-
nosis and seasonality analysis. The in-depth characterization of the baseline levels and relevant 
effect thresholds for environmentally relevant end points is thus a challenge and might be vigor-
ously pursued and developed further over the coming years to lead to homogenized ERA proce-
dures between the various environmental institutions. In particular, several research programs are 
in progress to define basal reference levels, effect thresholds, and confounding factors of the bio-
logical responses in D. polymorpha (from molecular to population) in order to routinely include this 
promising species in WOE approaches dedicated to freshwater environment quality diagnosis.
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Abstract

This work reviews a broad spectrum of subjects associated to Patellid limpets’ biology 
such as growth, reproduction, and recruitment, also the consequences of commercial 
exploitation on the stocks and the effects of marine protected areas (MPAs) in the biology 
and populational dynamics of these intertidal grazers. Knowledge of limpets’ biological 
traits plays an important role in providing proper background for their effective man-
agement. This chapter focuses on determining the effect of biotic and abiotic factors that 
influence these biological characteristics and associated geographical patterns. Human 
exploitation of limpets is one of the main causes of disturbance in the intertidal ecosys-
tem and has occurred since prehistorical times resulting in direct and indirect alterations 
in the abundance and size structure of the target populations. The implementation of 
MPAs has been shown to result in greater biomass, abundance, and size of limpets and to 
counter other negative anthropogenic effects. However, inefficient planning and lack of 
surveillance hinder the accomplishment of the conservation purpose of MPAs. Inclusive 
conservation approaches involving all the stakeholders could guarantee future success 
of conservation strategies and sustainable exploitation. This review also aims to estab-
lish how beneficial MPAs are in enhancing recruitment and yield of adjacent exploited 
populations.

Keywords: Patellidae, limpets, fisheries, MPAs, conservation

1. Introduction

The Patellidae are one of the most successful families of gastropods that inhabit the rocky 
shores from the supratidal to the subtidal, a marine habitat subject to some of the most 
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variable and unpredictable environmental conditions. Therefore, many of their peculiar 
morphological and biological characteristics can be understood as adaptations to this envi-
ronment. The biological traits of limpets vary inter- and intraspecifically as a result of genetic 
differences and environmental influences [1]. Parameters such as growth, reproduction, and 
mortality are dependent on a complex array of selective forces and are important in under-
standing the distribution and abundance of a species [2, 3]. Differences in limpet popula-
tions from distinct geographic areas are most probably explained by specific environmental 
and anthropogenic conditions, essentially oligotrophy, sea water temperature, and fishing 
pressure. Thus, for some of the biological traits, it is expected to find patterns, like tempera-
ture which changes somewhat consistently with latitude and has a profound effect on the 
growth of limpet species, with species inhabiting higher latitudes growing more slowly and 
achieving larger maximum sizes, therefore having a longer lifespan than limpets from lower 
latitudes.

Patellid limpets are also subjected to anthropogenic impacts on the coastal ecosystems such 
as, pollution, habitat removal, and harvest which in some cases has led to the reduction of 
abundance or even the disappearance of limpets from large areas. The decline of these species, 
which may have been further accelerated by the progressive deterioration of the coastline, 
continues at an alarming rate and many of their stocks are on the verge of disappearance. To 
avert this situation, regulators have established several measures including the implementa-
tion of closed seasons and areas where limpet harvest is interdicted, minimum size of capture, 
and catch limits. Limpet populations seem to respond, in general, in a positive way to these 
measures; however, the response is closely linked to the ability of the regulators to enforce said 
measures.

Another popular strategy adopted in the protection of the rocky shores and limpets is the 
implementation of marine protected areas (MPAs). The effectiveness of MPAs in protecting 
exploited populations of limpets and underlying their overall success in increasing den-
sity and abundance as well as promoting healthy size composition with impact on the 
reproductive output of these species is well known. Nonetheless, several limitations are 
recognized that can negatively affect the protective role of MPAs such as, naturally occur-
ring variations of the species biology and ecology as well as limitations regarding the man-
agement of MPAs, for instance, the lack of surveillance and enforcement of protection 
regulations.

The aim of this work is to review a broad spectrum of subjects associated to Patellid limpets’ 
biology such as growth and reproduction, also the consequences of commercial exploitation 
on the stocks of these species and the effects of marine protected areas in the biology and 
populational dynamics of these intertidal grazers. The focus is on determining the effect of 
identified biotic and abiotic factors that influence these biological characteristics and geo-
graphical patterns recognized to be closely connected to growth and reproduction, such as 
latitude. Regarding conservation of Patellidae, the authors aim to elucidate how beneficial 
MPAs are in their role of protection of exploited populations and in enhancing recruitment 
and yield of adjacent exploited populations.
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2. Biology and ecology of Patellid limpets

2.1. Taxonomy and distribution

Patellid limpets are marine gastropod grazers belonging to the family Patellidae Rafinesque, 
1815 that comprises the genera Patella Linnaeus, 1758, Cymbula, H. Adams & A. Adams, 
1854, Helcion Montfort, 1810, and Scutellastra H. Adams & A. Adams, 1854. The worldwide 
distribution of Patellidae species is anti-tropical with half of the known species restricted 
to southern Africa and the North-Eastern Atlantic where a high diversity of species is 
found, while relatively few species are present in the Indian and Pacific Oceans [4, 5]. The 
Patellidae family is currently represented by, at least, 49 recognized species [6]. The genus 
Patella is comprised of 14 recognized species with a geographical distribution restricted 
to the North-Eastern Atlantic and the Mediterranean Sea; the genus Cymbula includes 10 
species found in Southern Africa, South-Eastern Atlantic, and Mediterranean; the genus 
Helcion is represented by four species restricted to Southern Africa, while Scutellastra 
encompasses 21 species with a wide distribution ranging from Southern Africa to the Indo-
West and Eastern Pacific [4, 7–10]. Limpets are subject to an array of environmental stresses 
as a result of their extended vertical distribution, which ranges from the upper to the lower 
shore levels. Thus, limpets can exhibit varying degrees of structural adaptations since 
their position relative to the shore influences their exposure to desiccation, hydrodynamic 
action of the waves, temperature variation, and tidal width [11–14]. This impressive pheno-
typic plasticity allied to the relatively simple shell geometry, convergent shell shape, and 
sculpturing results in an unclear Patellid limpet’s taxonomy, in such a way that the initial 
generic names, with broad geographical range, had to be re-evaluated based on superficial 
similarities [15].

2.2. Feeding habits and ecological importance

Limpets are grazing herbivores that feed, by scraping the rocky substrate with the radula, on 
microbial biofilms which are primarily composed of cyanobacteria and microalgae, including 
diatoms, spores, and other propagules of macroalgae and invertebrates [16, 17]. Limpets’ feeding 
habits are essential in structuring intertidal communities [16–19] since limpet grazing is a key 
process in rocky shores involved in determining macroalgal abundance and in modifying eco-
system stability, indirectly enhancing or inhibiting the establishment of other organisms [17].  
The decline of population density of limpets might result in an abnormal development of 
algae diversity as reported by Boaventura et al. [20] or in the occupation of their ecological 
niche by competing organisms such as barnacles or sea urchins [21–23]. However, the effect of 
these grazers is not limited to the removal of algae, and very often they can affect other animal 
species through competitive interactions [24] and by providing secondary habitats for other 
invertebrates that settle either on top of, or beneath, their shells [19, 25, 26]. Grazers may also 
affect the rate of succession [27] or cause different assemblages to develop [28]. Thus, limpets 
are rightfully considered to be keystone species in intertidal communities [29].
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2.3. Movement and homing

Patellid limpets are considered to some extent semi-sessile organisms; nonetheless, they 
perform small movements in the area surrounding their usual fixation site. This behavior is 
designated as homing and can often be observed through the scar that remains in the rocky 
substrate where the limpet settles. Limpet movement patterns and homing behavior have 
been extensively studied for Patella vulgata Linnaeus, 1758 [30], Patella depressa Pennant, 1777 
[31], Patella rustica Linnaeus, 1758 [32], Patella ferruginea Gmelin, 1791 [33], Scutellastra flexuosa 
(Quoy & Gaimard, 1834), and Scutellastra argenvillei (Krauss, 1848) [34]. This homing behavior 
has different functions in different species such as avoiding desiccation [35, 36], reducing pre-
dation and intraspecific competition [37–40], responding to wave action [41, 42] and defending  
territory or asserting dominance [43, 44]. The mechanism that is most widely accepted as 
being responsible for the homing behavior reports limpets following chemical trails, laid 
down on the outward trip, on their way back to the fixation site [31, 45, 46].

2.4. Growth

Biological parameters such as growth rate, asymptotic length, and age structure reflect the 
overall state of health of a population and are commonly used as stock assessment tools of 
exploited marine organisms. Growth, reproductive strategy, and mortality are dependent on 
a complex array of selective forces [2] and are important in understanding the distribution 
and abundance of a species [3]. To determine these parameters, most studies usually resort 
to the capture-recapture method [22, 47–50] or length-frequency distribution analysis [51–53]. 
Over the past decades, intensive research has focused on the biology of limpets, due to their 
diversity and ecological significance; however, there remain gaps in the knowledge concerning 
these species’ age structure and growth patterns.

Patellid limpets, like many marine gastropods, exhibit both intra- and interspecific seasonal 
variation in growth rates [54]. Although some intraspecific variation may be genetically con-
trolled [55], external factors such as changes in food availability [56, 57], wave action [58–60], 
and vertical distribution on the shore [61] are thought to influence growth rates. Other factors 
such as population density, available grazing area, predation, and competition are indicated as 
influencing growth rates of mollusks supporting the idea that the strategy of diverting energy 
to reproduction and vice versa, according to the organisms’ needs, influences growth rates [24, 
49, 62, 63]. It has been suggested that limpets with greater growth rates have smaller lifespan 
while limpets with slow growth are generally long-lived [46]. As such, rapidly growing lim-
pets are usually associated with early maturation, high mortality, and a short lifespan [46, 64].

Clarke et al. [49] observed a latitudinal cline in annual shell growth of the polar limpet Nacella 
concinna (Strebel, 1908). This latitudinal pattern could nevertheless be masked by inter-annual 
variability. The authors suggest that the observed variation could be the result of a simultane-
ous change in both growth rate and the duration of the growth period. This change would 
result from the shorter duration of the seasonal blooming of epiphytic microalgal and micro-
bial biomass at higher latitudes. Another factor influencing growth rates in N. concinna is sea-
water temperature, with warmer temperatures that last longer producing higher growth rates.
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Scutellastra and Cymbula species that occur at similar latitudes present variations in terms 
of growth, namely in maximum size and growth rates. When compared to tropical limpets 
belonging to the genus Cellana H. Adams, 1869, limpets from temperate regions are gener-
ally larger, with wider lifespan and slower growth rates. Additionally, limpets inhabiting the 
artic regions such as N. conccina achieve larger sizes, even wider lifespans, and slower growth 
rates. This latitudinal pattern has been usually associated with the latitudinal variation of 
temperature, photoperiod, and insolation [49]. Even though it is consensual that species from 
lower latitudes grow more rapidly than species from higher latitudes [49, 52], it is not yet 
clarified whether physiological constraints, a reduced or prolonged growing season, or com-
bination of both might be the cause of dissimilar growth rates at differing latitudes [49].

Nevertheless, due to Patellids’ anti-tropical distribution, growth patterns are difficult to observe, 
particularly when considering latitude. Within this family, variations in growth are mostly 
derived from prevalent local environmental factors. Nonetheless, when comparing to other 
Patellogastropoda, a latitudinal pattern becomes apparent, in which at lower latitudes limpets 
grow at faster rates and achieve smaller sizes, while at higher latitudes, they grow at slower 
rates and achieve larger sizes. For instance, for the polar limpet N. concinna reported growth 
rates range between 0.059 and 0.323 year−1, while the highest growth rate is exceptionally high 
for a limpet inhabiting the polar regions, probably due to specific characteristics of the habitat in 
Signy Island [49]. The overall growth rates are inferior to those reported for limpets of the genus 
Cellana that inhabit lower latitudes in temperate and tropical regions with growth rates ranging 
from 0.400 to 1.661 year−1. Patellid limpets exhibit intermediate growth rates ranging from 0.117 
year−1 in Scutellastra choclear (Born, 1778) and 1.020 year−1 in Cymbula oculus (Born, 1778) reflecting 
their anti-tropical distribution.

However, the nonlinearity of growth of marine organisms renders the direct comparison of 
growth parameters impossible [65]. As such, determination and comparison of the overall 
growth performance of different marine species is achieved using the growth performance 
index (GPI) of Pauly and Munro [66], which relates the asymptotic length and growth rate [66]. 
Nonetheless, the growth performance index in Patellogastropod limpets exhibits the same 
pattern as growth rates with decreasing GPI as latitude increases and ranging from 1.942 in 
 N. concinna to 3.653 in Cymbula granatina (Linnaeus, 1758), suggesting that growth performance 
of limpets varies with latitude. Within the Patellidae family the variation of GPI is reduced with 
values ranging from 2.42 for S. cochlear to 3.65 for C. granatina from South Africa [62], which 
is in agreement with Sparre et al. [67] who claim that the growth performance index remains 
relatively constant at similar rates between related taxa. The variability results therefore due to 
abiotic and biotic factors that different species are subject to, such as greater or lesser extent of 
hydrodynamics, desiccation, predation, competition, and temperature.

2.5. Reproduction

Patellid limpets have a simple reproductive system, consisting of a simple gonad inserted 
in the visceral mass and a reduced gonoduct leading to the right nephridium [68, 69]. These 
species are not externally sexually dimorphic, and sex determination is only possible through 
macroscopic observation of the gonads. Spawning results in the release of oocytes and sperm 
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directly in the ocean where fecundation occurs. According to Orton et al. [68], spawning is 
stimulated by environmental triggers, such as high wind speed and wave action. An increase 
in phytoplankton concentration may also stimulate spawning as suggested by Underwood 
[24] who observed that gastropod species with planktotrophic larvae spawn when phyto-
plankton concentration is high.

Most limpet species have a reproductive cycle with a gonadal development stage culminat-
ing in a spawning period followed by a resting phase. The spawning period varies inter- and 
intraspecifically; it may also vary from year to year and is supposed to be triggered by temper-
ature variations, increased wave action, and onshore winds [70]. In regions with higher tem-
peratures, spawning occurs in a short period contrary to what happens in regions with colder 
waters, where the development of the gonads requires a longer time period [71]. P. vulgata is 
believed to be a winter breeder, with spawning occurring from October to March; however, 
in colder localities, sexual maturation occurs earlier [68]. On the other hand, in south-west 
England, P. depressa is considered a summer breeder [72] with spawning occurring between 
late July and early September and without a resting phase unlike P. vulgata. The same authors 
suggested that an increase in temperature associated with wave action stimulates spawning in 
this species. Patella ulyssiponensis Gmelin, 1791 has a spawning period that lasts from October 
to December, being also considered a winter breeder in south-west England [59, 68, 73]. Orton 
et al. [68] and Orton and Southward [72] suggested that although the development of the 
gonad in P. vulgata and P. depressa, respectively, is well related with temperature, the act of 
spawning is triggered by violent onshore storms. Thompson [59] also found P. ulyssiponensis 
spawning during the autumn storms. Hence, it seems likely that spawning cannot take place 
until a population is sufficiently mature, but after that stage is reached, the first strong wind-
storm will trigger spawning [59]. Another factor that potentially affects the timing of spawn-
ing in limpets is food availability; Underwood [24] reported that species with planktotrophic 
larval stage time spawning with periods when phytoplankton concentrations are high. One 
such case is that of the closely related species of P. ulyssiponensis from the Portuguese main-
land and Patella aspera Röding, 1798 from Madeira Island. P. ulyssiponensis is reported to be a 
summer breeder while P. aspera was reported to be a winter breeder with spawning occurring 
when the phytoplankton concentration is higher (P. Henriques, pers. comm.). Similarly, it has 
been reported that in limpets with restricted geographic distribution, the reproductive cycle 
is influenced by geographic locality, namely in the timing of gametogenesis and spawning 
[62, 74]. For limpets with broader geographic distribution, it is possible that the reproductive 
cycle is adjusted to regional environmental conditions [74].

Limpets, like many sessile or sedentary marine invertebrates, have life cycles that include a 
prolonged pelagic larval phase that can last up to 2 weeks as reported by Hawkins et al. [75] 
for Patella species. Veliger larvae remain in the water column as plankton until eventually 
fixating in the rocky substrate on the inferior level of the coast. As the juveniles grow, they 
begin a slow vertical migration, colonizing different levels of the rocky shores [76], leading to 
variability in patterns of recruitment [77]. Moreover, larvae in the water column are subject 
to processes of physical transport that can disperse them from the site of reproduction [78].  
Thus, the number of recruits on a specific location may be independent of the local larvae pro-
duction [16, 79] and influenced by current regimes. Nonetheless, limpet populations cannot be 
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considered fully open or fully closed, since some local larval retention is likely to occur despite 
larval dispersal [80, 81].

Orton [82] suggested the existence of the phenomenon of protandrous hermaphroditism in 
limpets of the genus Patella based on sexual dimorphism in size-frequency of P. vulgata; sub-
sequently Thompson [59], Branch [46], and Le Quesne [83] observed that some individuals 
reach maturity as males and become females in the more advanced stages of their life cycle. 
This phenomenon of sequential hermaphroditism is also suggested to occur in species of the 
genera Cymbula [46], Helcion [74], and Scutellastra [62, 84, 85]. Not all male limpets change sex, 
since a considerable proportion of males can be found in the larger size-groups, these indi-
viduals might eventually change sex or remain as males if the signals that lead to sex change 
are not present [86]. Also, some limpet species are sequential hermaphrodites in which the sex 
change can be reverted as reported for P. ferruginea by Guallart et al. [87].

Sex change in limpet species is thought to be genetically controlled. However, high variability 
in the timing or on the limpet size at which the change occurs suggests that environmental fac-
tors may influence the process. Species such as C. oculus have a relatively fixed timing of sex 
change [88], while in other species, the sex change occurs at sizes that are highly variable. These 
differences in size and age at which the sex change occurs are often mediated by environmental 
factors [46, 89–92]. For instance, sex change in mollusks can be delayed in populations where 
large females are present [89, 90]. Additionally, in populations subjected to higher mortality 
rates or slower growth rates, sex change seems to occur earlier [93]. Also, it has been reported 
that social control of sex change occurs in Patellogastropod limpets [91, 92]. In this case, several 
possible cues for sex change have been suggested such as, contact frequency between indi-
viduals, available movement area, food availability, growth rate, pheromonal information, and 
communication by mucus traces left by individuals during foraging excursions [91].

Hermaphroditism is an evolutionarily advantageous strategy for species with low population 
densities or low motility such as limpets, since under such conditions, hermaphroditism is sup-
posed to increase the likelihood of successful fertilization [87]. Reproductive success in broad-
cast spawners, such as limpets, is correlated to the quantity of gametes released into the water 
column. It is believed that larger limpets produce more gametes than smaller individuals.  
Additionally, sex change in protandrous hermaphrodite species results in an increase of 
female individuals in the larger size classes. Thus, the sex distribution through sizes in pro-
tandrous hermaphrodite limpets makes these species extremely vulnerable to harvest [33], 
since the depletion of larger and more fecund individuals and females in a higher percentage 
may potentially alter the sex ratio and reduce the reproductive output of populations [86].

3. Anthropogenic impact on Patellid limpets

Patellid limpets are common gastropods of intertidal rocky shores; however, some species 
are in serious decline mainly as a consequence of overexploitation [94]. These intertidal 
and shallow-water grazers are highly vulnerable because of their restricted habitat and its 
accessibility to human activity [26]. Worldwide, shellfish exploitation has often been shown 
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to lead to decreased biomass and species richness and cause shifts in community composi-
tion [95–98]. These effects are driven by the increase of human population density along 
the coast, the replacement of subsistence by commercial exploitation, and technological 
advances in methods of collection, processing, storage, and transport [99, 100]. As a result, 
the effects of human exploitation add to those of natural processes that influence popula-
tion size of exploited limpets and are a concern in conservation biology [101]. Limpets have 
been exploited by human populations since the Palaeolithic period [102] at a subsistence 
level and used as food and bait in several parts of the world, including Mexico, the United 
States of America [101], Hawaii [103], Australia [104], South Africa [105], Chile [106], and 
Macaronesia [53, 107, 108]. More recently, this subsistence activity has been replaced, in 
many parts of the world, by heavy and highly profitable commercial exploitation, increas-
ing the pressure on these species’ stocks. Limpet harvest results in reductions in density and 
shifts toward smaller individuals and can decrease reproductive output since individual 
fecundity is greater in larger individuals [44, 109, 110]. Thus, harvesting has both direct and 
indirect effects on these species. There are also effects on the overall community composi-
tion as removal of grazing limpets facilitates the growth of algae [20, 111, 112], leading to 
further changes within the rocky shore communities [16, 17].

The direct effects of limpet exploitation are the decline of the exploited species’ abundance 
and a shift in size composition of their populations that results from the size-selective nature 
of limpet harvest [100]. This is a result of larger individuals being more visible, thus more 
prone to be caught, and due to their greater commercial value [22, 113, 114]. The loss of older 
and larger individuals results in cascading effects on the biology of these species and the affected 
populations, including changes in life-history parameters, demographics, reproductive success, 
and ecological interactions [98].

For instance, the decline of larger individuals in an exploited population of limpets might 
lead to the complete disappearance of the population’s viable size as a consequence of a seri-
ously diminished reproductive success, affecting different species in a differentiated manner, 
as observed by Martins et al. [115] in the Azores. Protandrous hermaphrodite species are par-
ticularly susceptible to changes in their population size composition that promote a decline of 
frequency of larger individuals, since it directly affects the sex ratio of the population resulting 
in a decrease in female specimens that in natural conditions occur with higher frequency in the 
larger size classes. Also, larger individuals represent a greater contribution to the reproductive 
effort in limpets [104], thus the harvest of larger individuals contributes to a decrease in the 
reproductive success of marine invertebrates such as reported for P. ferruginea [33] and may 
eventually result in the collapse of exploited populations [86, 116, 117].

Reduction of sizes and abundance of larger individuals in exploited populations of limpets 
have been reported for Patella candei d'Orbigny, 1840 [116] and Patella candei crenata [114] in 
the Canaries, P. candei e P. aspera in the Azores [115], Helcion concolor (Krauss, 1848) [44], and 
P. ferruginea in Algeria [118] and Spain [86], as well as for the species C. oculus in Southern 
Africa [88]. The overexploitation of limpets has prompted the implementation of manage-
ment strategies in order to protect the exploited populations and mitigate human impacts in 
several parts of the world [26, 53]. The establishment of species-specific total allowable catch, 
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minimum size of capture, closed seasons, and closed areas has been the most common mea-
sures ensued with this objective. These strategies are thought to maintain sex ratios, preserve 
age structure, prevent sperm limitation, enhance yield, and restrict evolutionary changes in 
response to fishing, such as shifts to early maturation [119–122]. When considering limpets, 
due to the phenomenon of protandrous hermaphroditism, in addition to minimum size limits 
used to prevent recruitment overfishing, management policies should also consider minimum 
and maximum size limits [122].

For instance, in Madeira archipelago the harvest of Patella candei sensu lato and P. aspera is 
regulated since 2006, enforcing the maximum allowable commercial catch of 15 kg/person/
day or 200 kg/boat/day and a minimum capture size of 40 mm. Additionally, the competent 
authorities became responsible for issuing harvest licenses, limiting the number of active fish-
ermen involved in limpet harvest. A closed season was also implemented between November 
and February in order to prevent limpet harvest during the reproductive season. More 
recently, the closed season was modified in order to more effectively provide protection to 
these heavily exploited species, now lasting from December to March. In the Azores, the over-
exploitation of limpets resulted in a drastic decline in population density and abundance of 
limpet populations, and in order to prevent a complete collapse of the stocks, regulation was 
implemented through the establishment of limpet protected zones that comprise stretches of 
coast of a few kilometers where the collection of limpets is strictly prohibited throughout the 
year, seasonal fishing closures, and minimum legal catch sizes [123].

Martins et al. [123] studied the effect of regulation on the recovery of the exploited pop-
ulations of limpets in the Azores and concluded that the legislation and current levels of 
enforcement were insufficient to protect the exploited populations and greater levels of 
enforcement, such as the establishment of physical barriers and other protective strategies 
should be considered to protect limpet populations. The authors further elaborate that in the 
absence of adequate enforcement, a complementary approach that has had positive results 
is co-management [124], due to increasing awareness of the need to increase ownership of 
conservation areas and to involve all interested parties in the development of management 
schemes [125, 126].

4. Marine protected areas and their protective role in exploited limpet 
populations

Marine protected areas are frequently considered as a key tool in the conservation of marine 
biodiversity in coastal regions [127, 128] due to its ecosystem-level approach for exploited 
species. Reserves are supposed to restore and protect exploited marine organisms within 
their boundaries and have been shown to harbor denser populations, larger individuals, and 
higher biomass of exploited species [129].

MPAs potentially offer a way to conserve marine biodiversity by prohibiting harvest and 
at the same time sustaining fisheries by re-establishing natural conditions for reproduction 
[129–131]. Thus, protected populations would have higher densities and larger individuals 
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leading to greater production of larvae that would eventually settle outside of the protected 
area [88, 132–134]. However, increase in recruitment outside reserves can be difficult to verify 
in the field [135, 136], and there is debate about whether marine reserves can benefit fisheries, 
as well as act as a conservation tool [137–139].

Human harvesting of limpets is usually size-selective with a strong preference for larger indi-
viduals [98] that may potentially alter the sex ratio and reduce the reproductive output of popu-
lations in successive hermaphrodite species [75, 140]. A reduction in the abundance of large 
limpet species, induced by high harvesting pressure, has been observed worldwide with several 
documented cases of drastic declines such as in the case of the endemic limpet P. candei in the 
Macaronesian Archipelagos [115, 141, 142], P. ferruginea considered one of the most endangered 
marine invertebrates on western Mediterranean rocky shores [118, 143] and C. oculus in South 
Africa [88]. In a more extreme case, the overexploitation as a food source and adornments [144], 
since pre-Columbian times [145] of Scutellastra mexicana (Broderip & G. B. Sowerby I, 1829), 
resulted in this species being thought extinct [146]. However, some populations of this species 
were reported to have survived and now the species is considered endangered [147, 148].

MPAs are zones where the harvest of marine organisms is interdicted and are considered 
a popular alternative to traditional marine resource management measures [149]. Exploited 
marine organisms in general achieve higher abundance, biomass, and size in MPAs [104, 150]. 
Halpern [129] reported that abundance and species diversity of marine invertebrates were 
significantly higher in MPAs regardless of their size.

Halpern and Warner [149] reported that establishing MPAs results in significant increases in 
the average level of density and biomass in a period of 3 years and that these values are per-
sistent over time. Even though it is considerably difficult to predict the amount of time needed 
for a community to respond to MPA protection, evidence collected by some authors suggests 
that the response occurs within 2 years [151, 152]. The speed of response to MPA protection 
depends on the degree of exploitation to which the species is subjected. If exploitation  levels 
are high, the species are more probable to respond rapidly to the MPA protection, when recruit-
ment occurs at the required levels, as a consequence of the removal of the fishing  activity that 
limits population size, demographics of the species [153–155], and the trophic level occupied 
by the species, since recruitment is associated to the species’ life-history parameters.

In general, for marine invertebrates with a long lifespan and slow growth, it is assumed that 
the response to protection from MPAs occurs at a slower rate [149]. Some limpet species such 
as P. candei sensu lato and P. aspera are considered to have slow growth and relatively long 
lifespan, thus they are extremely vulnerable to size-selective harvest and would have a slower 
response to MPA protection [53] (P. Henriques, pers. comm.).

Another possible effect of MPAs is the enhancement of recruitment on adjacent exploited 
populations, since the higher densities and larger individuals in reserves are expected to 
lead to greater production of larvae than in nearby exploited areas [88]. Therefore, MPAs are 
expected to enhance adjacent fisheries through the export of larvae [132, 133]. However, it is 
still unclear how and to what extent reserves influence exploited populations regarding the 
renewal of recruitment on these populations, due to the export of larvae originated in MPAs 
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[137, 138, 156]. For instance, Hockey and Branch [157] found that limpet populations closer 
to protected areas benefit from an increase in juvenile individuals, suggesting a spillover of 
recruitment from MPAs. Nevertheless, the correlation between larvae production in MPAs 
and recruitment on exploited populations is difficult to predict, due to the difficulties in deter-
mining patterns of physical transport, especially at small scales [78, 79, 158].

According to Halpern [129], the average values of several biological variables are 20 to 30% 
higher in populations of MPAs when compared to exploited populations, independent of 
MPA size, indicating that small MPAs can also produce high values. Several studies have 
reported a pattern of better preserved populations of limpets in MPAs regarding abundance 
and biometric structure, for example P. candei in Fuerteventura [116], P. candei crenata, P. aspera 
and P. rustica in the Canaries archipelago [114], P. ferruginea in the Mediterranean [159], C. 
oculus in South Africa [88] as well as H. concolor, Scutellastra longicosta (Lamarck, 1819) and 
Scutellastra granularis (Linnaeus, 1758) in South Africa [26].

Núñez et al. [116] studied the abundance and size composition of eight populations of the 
heavily exploited P. candei in the island of Fuerteventura, two of which were included in two 
protected areas, and reported that these two populations were the best preserved in terms of 
abundance and size composition, while the areas closer to human settlement, thus more acces-
sible, exhibited less abundance and smaller size individuals. Another study in the Canaries 
archipelago by Ramírez et al. [114] showed that the populations of limpets exposed to anthro-
pogenic effects return lower levels of abundance and smaller size composition compared 
to more isolated populations; even when the populations are encompassed in an MPA, the 
non-enforcement of the imposed regulations and lack of surveillance may compromise their 
effectiveness. Coppa et al. [159] also reported that the impact of MPAs in the protection of the 
endangered limpet P. ferruginea in terms of population density, spatial distribution, and mor-
phometric characteristics is inversely correlated to accessibility.

The effect of MPAs in population density, size structure, and biomass of the exploited limpet 
C. oculus in South Africa was assessed by Branch and Odendaal [88], resulting in important 
increases of the studied parameters in MPAs when compared to exploited populations. Also, 
survivability, sex ratio, and reproductive output were significantly higher in MPAs. Other 
examined parameters such as growth rate and age at maturity were apparently unaffected by 
the protection of MPAs. Conversely, recruitment was higher in exploited populations than in 
protected areas. These results clearly show the necessity for MPAs among the tools used for 
coastal management.

Nakin and McQuaid [26] reported the effect of MPAs in the populations of heavily exploited 
limpets S. longicosta and H. concolor and the less exploited S. granularis. The authors evidenced 
a subtle enhancement of population density and size structure, more evident in heavily 
exploited species. However, the effects of spatial and temporal variation allied to the existence 
of poaching activities appear to dilute the effect of marine reserves.

Even though these studies put in evidence the overall benefits of establishing MPAs in protecting 
the intertidal habitat and the species that inhabit it, they also raise important questions regarding 
their effectiveness. If on one side, MPAs allow exploited limpet populations to recover in regard 
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to certain biological parameters, on the other hand their effectiveness is in some cases hindered 
by the lack of surveillance and poor enforcement of protection regulations. In fact, these two 
factors seem the most important in determining the effectiveness of MPAs. Nonetheless, the 
implementation of MPAs even when unable to fully stop illegal harvest of limpet species, results 
in direct improvements for the protected populations in terms of abundance, size structure, and 
population density and indirect effects regarding reproductive output of these broadcast spawn-
ers. For this reason, the implementation of MPAs has become one of the most widely advocated 
tools for the management and conservation of coastal marine ecosystems in the recent decades 
[160, 161].

Several factors affect the response of protected populations, thus comparison between differ-
ent MPAs is somewhat difficult. In fact, the recovery indicators reported for protected popula-
tions may be a consequence not only of MPA protection but also of changes in environmental 
conditions, biological characteristics of the species and, level of exploitation to which they are 
subjected [162–164]. The degree of exposure to wave action, as well as the vertical distribution 
of the species is thought to play an important role in the recovery of limpet populations; lim-
pets more exposed to wave action as well as species exposed for longer periods to desiccation 
have a less pronounced response to the protection given by MPAs as shown by Branch and 
Odendaal [88] for C. oculus in South Africa.

Unsatisfactory results generally occur in those MPAs that are affected by inappropriate plan-
ning, ineffective surveillance, poor acceptance by local communities, and the lack of political 
will to reinforce the importance of environmental protection [140, 165–167]. For instance, Coppa 
et al. [159] concluded that although the designation of MPAs as a tool to preserve the remaining 
populations of the heavily exploited P. ferruginea is of extreme importance, for these MPAs to 
fulfil their goal, additional measures must be considered. In 2015, Coppa et al. [163] suggested 
that without a joint effort toward the protection of intertidal habitats by enforcement bodies, 
regulators, researchers, and sea users, the MPAs will not be able to achieve their conservation 
objectives.

The effectiveness of MPAs’ conservation of limpet populations could be enhanced through 
the implementation of several additional measures that encompass a broader view of these 
exploited populations and the biological and ecological factors that influence their capacity 
to recover. For instance, it is necessary to determine which actions are required to ensure the 
reproductive success of individuals, essential to maintain the genetic biodiversity of over-
exploited species, particularly in species with absent gene flow between populations, since 
inbreeding increases the extinction probability of wild populations [168]. Also, the reintroduc-
tion or reinforcement of recruitment of depleted populations with allochthonous specimens 
produced by artificial fertilization procedures could be considered as a strategy to further 
fulfil the MPAs’ conservation objective [169].

The establishment of MPAs as a conservation tool of marine coastal habitats and species has 
returned valuable contributions over the years, particularly in terms of density, abundance, 
and size structure of exploited species. However, to overcome limitations a possible route to 
improve the success of conservation strategies could be the establishment of networks of MPAs 
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based on solid scientific information that identifies the type of measures that need to be imple-
mented. Planning should consider the number and size of MPAs, which should be large enough 
to ensure the recovery of protected populations but sufficiently spaced in order to allow the 
spillover of recruits and adults to the exploited populations. MPA planning should ultimately 
target the ecosystem and not a specific exploited species, since the success of a reserve depends 
not only on the recovery of a single species but on the recovery of the ecosystem to which the 
species belongs. Additionally, due to geographic specificities, the prevalent abiotic factors and 
how they influence the target ecosystem should be considered when planning MPAs. Also, 
continuous monitoring of the effects of MPAs on the exploited populations would allow for a 
more adequate management of MPAs, allowing for the adjustment of the protective measures 
as needed.

Besides adequate planning of MPAs, new conservation strategies are required to imple-
ment measures that raise public awareness and the political will of decision makers that 
would allow for innovative approaches involving not only decision makers but also the 
end users of these marine resources in the conservation effort of exploited species, par-
ticularly to avoid illegal poaching, which is one if not the greatest factors hindering MPA 
success.

Acknowledgements

ARDITI (Agência Regional para o Desenvolvimento da Investigação, Tecnologia e Inovação) 
is acknowledged for providing financial support for this work in the framework of the grant 
ARDITI-OOM/2016/010 (M1420-01-0145-FEDER-000001-Observatório Oceânico da Madeira-
OOM). The third author (RS) was supported by a grant from ARDITI-OOM/2016/010 (M1420-
01-0145-FEDER-000001-Observatório Oceânico da Madeira-OOM).

Author details

Paulo Henriques1*, João Delgado2,3 and Ricardo Sousa4

*Address all correspondence to: paulomvh@gmail.com

1 University of Madeira, Campus da Penteada, Funchal, Madeira, Portugal

2 Service Directorate of Research (DSI)—Regional Directorate of Fisheries, Estrada da Pontinha, 
Funchal, Madeira, Portugal

3 Interdisciplinary Centre of Marine and Environmental Research (CIIMAR/CIMAR), Rua 
dos Bragas, Porto, Portugal

4 Oceanic Observatory of Madeira (OOM)—Edifício Madeira Tecnopolo, Funchal, Madeira, 
Portugal

Patellid Limpets: An Overview of the Biology and Conservation of Keystone Species of the Rocky Shores
http://dx.doi.org/10.5772/67862

83



References

[1] Bowman RS, Lewis JR. Geographical variation in the breeding cycles and recruitment of 
Patella spp. Hydrobiologia. 1986;142:41-56. DOI: 10.1007/BF00026746

[2] Stearns SC. The evolution of life histories (1st ed.). Oxford: Oxford University Press; 
1992. 249 p

[3] Begon M, Harper JL, Townsend CR. Ecology: individuals, populations and communities 
(2nd ed.). Oxford: Blackwell Scientific Publications; 1996. 945 p

[4] Ridgway SA, Reid DG, Taylor JD, Branch GM, Hodgson AN. A cladistic phylogeny of 
the family Patellidae (Mollusca: Gastropoda). Phil Trans R Soc B. 1998;353:1645-1671. 
DOI: 10.1098/rstb.1998.0316

[5] Koufopanou V, Reid DG, Ridgway SA, Thomas RH. A molecular phylogeny of the Patellid 
limpets (Gastropoda: Patellidae) and its implications for the origins of their antitropical 
distribution. Mol Phylogenet Evol. 1999;11(1):138-156. DOI: 10.1006/mpev.1998.0557

[6] WoRMS Editorial Board. World register of marine species [Internet]. 2017. Available 
from: http://www.marinespecies.org [Accessed: 24-01-2017]

[7] Branch GM. The ecology of Patella Linnaeus from the Cape Peninsula, South Africa. 
I. Zonation, movements, and feeding. Zool Afr. 1971;6:1-38. DOI: 10.1080/00445096. 
1971.11447402

[8] Christiaens J. Révision du genre Patella (Mollusca, Gastropoda). B Mus Natl Hist Nat. 
1973;182(3):1305-1392

[9] Powell AWR. The patellid limpets of the world (Patellidae) (1st ed.). Delaware: Delaware 
Museum of Natural History; 1973. 132 p

[10] Espinosa F, Nakano T, Guerra-García JM, García-Gómez JC. Population genetic structure 
of the endangered limpet Cymbula nigra in a temperate Northern hemisphere region: 
influence of palaeoclimatic events? Mar Ecol. 2010;32:1-5. DOI: 10.1111/j.1439-0485. 
2010.00410.x

[11] Moore HB. The relation of shell growth to environment in Patella vulgata. Proc Malacol 
Soc Lond. 1934;21(3):217-222

[12] Davies PS. Effect of environment on metabolic activity and morphology of Mediterranean 
and British species of Patella. Pubbl Stn Zool. 1969;37:641-656

[13] Bannister JV. Shell parameters in relation to zonation in Mediterranean limpets. Mar 
Biol. 1975;31:63-67. DOI: 10.1007/BF00390648

[14] Boukhicha J, Kalthoum O, Hassine B, Tlig-Zouari S. Morphological evidence for adaptive 
diversification of sympatric Mediterranean Patella limpets. Rapp Comm Int Mer Medit. 
2013;40:686

[15] Scuderi D, Eernisse DJ. A new alien limpet for the Mediterranean: Lottia sp. (Patellogas-
tropoda: Lottiidae). Biodivers J. 2016;7(2):287-293

Organismal and Molecular Malacology84



[16] Jenkins SR, Coleman RA, Burrows MT, Hartnoll RG, Hawkins SJ. Regional scale differ-
ences in determinism of limpet grazing effects. Mar Ecol Prog Ser. 2005;287:77-86. DOI: 
10.3354/meps287077

[17] Coleman RA, Underwood AJ, Benedetti-Cecchi L, Aberg P, Arenas F, Arrontes J, 
Castro J, Hartnoll RG, Jenkins SR, Paula J, Della Santina P, Hawkins SJ. A continental 
scale evaluation of the role of limpet grazing on rocky shores. Oecol. 2006;147(3):556-564. 
DOI: 10.1007/s00442-005-0296-9

[18] Southward AJ. Limpet grazing and the control of vegetation on rocky shores. In: Crisp DJ, 
editor. Grazing in terrestrial and marine environments (1st ed.). Oxford: Blackwell 
Publications; 1964. pp. 265-273

[19] Hawkins SJ, Hartnoll RG. Grazing of intertidal algae by marine invertebrates. Oceanogr 
Mar Biol Annu Rev. 1983;21:195-282

[20] Boaventura D, Alexander M, Della Santina P, Smith ND, Ré P, da Fonseca LC, Hawkins SJ. 
The effects of grazing on the distribution and composition of low-shore algal communi-
ties on the central coast of Portugal and the southern coast of Britain. J Exp Mar Biol Ecol. 
2002;267:185-206. DOI: 10.1016/S0022-0981(01)00372-0

[21] Menge B. Indirect effects in marine rocky intertidal interaction webs: patterns and impor-
tance. Ecol Monogr. 1995;65(1):21-74. DOI: 10.2307/2937158

[22] Kido JS, Murray SN. Variation in owl limpet Lottia gigantea population structures, growth 
rates and gonadal production on southern California rocky shores. Mar Ecol Prog Ser. 
2003;257:111-124. DOI: 10.3354/meps257111

[23] Arrontes J, Arenas F, Fernández C, Rico JM, Oliveros J, Martínez B, Viejo RM, Alvarez D. 
Effect of grazing by limpets, on mid-shore species assemblages in northern Spain. Mar 
Ecol Prog Ser. 2004;277:117-133. DOI: 10.3354/meps277117

[24] Underwood AJ. The biology of gastropods. Adv Mar Biol. 1979;16:111-210

[25] Branch GM. Limpets: their role in littoral and sublittoral community dynamics. In: 
Moore PG, Seed R, editors. The ecology of rocky coasts (1st ed.). London: Hodder & 
Stoughton; 1985. pp. 97-116

[26] Nakin MDV, McQuaid CD. Marine reserve effects on population density and size struc-
ture of commonly and rarely exploited limpets in South Africa. Afr J Mar Sci. 2014;3:1-9. 
DOI: 10.2989/1814232X.2014.946091

[27] Farrell TM. Models and mechanisms of succession: an example from a rocky intertidal 
community. Ecol Monogr. 1991;61:95-113. DOI: 10.2307/1943001

[28] Anderson MJ, Underwood AJ. Effects of gastropod grazers on recruitment and suc-
cession of an estuarine assemblage: a multivariate and univariate approach. Oecol. 
1997;109:442-453. DOI: 10.1007/s004420050104

[29] Menge BA, Freidenburg TL. Keystone species. In: Levin SA, editor. Encyclopedia of biodiversity 
(Vol. 4). New York: Academic Press; 2001. pp. 613-631

Patellid Limpets: An Overview of the Biology and Conservation of Keystone Species of the Rocky Shores
http://dx.doi.org/10.5772/67862

85



[30] Bree PJH. Homing-gedrag van Patella vulgata L. Verslagen van de gewone vergadering der 
Afdeeling natuurkunde K. Nederlandse Akademie van wetenschappen. 1959;68:106-108

[31] Cook A, Bamford OS, Freeman JDB, Teidman DJ. A study on the homing habit of the 
limpet. Anim Behav. 1969;17:330-339. DOI: 10.1016/0003-3472(69)90019-0

[32] Evans MR, Williams GA. Time partitioning of foraging in the limpet Patella vulgata. 
J Anim Ecol. 1991;60(2):563-575. DOI: 10.2307/5298

[33] Espinosa F, Guerra-García JM, Fa D, García-Gómez JC. Aspects of reproduction and their 
implications for the conservationof the endangered limpet, Patella ferruginea. Invertebr 
Reprod Dev. 2006;49:85-92. DOI: 10.1080/07924259.2006.9652197

[34] Sebastián CR, Steffani CN, Branch GM. Homing and movement patterns of a South African 
limpet Scutellastra argenvillei in an area invaded by an alien mussel Mytilus galloprovincialis. 
Mar Ecol Prog Ser. 2002;243:111-122. DOI: 10.3354/meps243111

[35] Branch GM, Cherry MI. Activity rhythms of the pulmonated limpet Siphonaria capensis Q.  
and G. as an adaptation to osmotic stress, predation and wave action. J Exp Mar Biol 
Ecol. 1985;87:153-168

[36] Iwasaki K. Intra- and interspecific variation in activity patterns of intertidal limpets. 
Venus Jpn J Malacol. 1994;53:85-104

[37] Mackay DA, Underwood AJ. Experimental studies on homing in the intertidal patellid 
limpet Cellana tramoserica (Sowerby). Oecol. 1977;30:215-237

[38] Branch GM. The response of South African patellid limpets to invertebrate predators. 
Zool Afr. 1978;13:221-232. DOI: 10.1080/00445096.1978.11447624

[39] Garrity SD, Levings SC. Homing to scars as a defence against predators in the pulmonate 
limpet Siphonaria gigas (Gastropoda). Mar Biol. 1983;72:319-324. DOI: 10.1007/BF00396838

[40] Iwasaki K. Analyses of limpet defence and predator offense in the field. Mar Biol. 
1993;116:277-289. DOI: 10.1007/BF00350018

[41] Branch GM. Activity rhythms in Siphonaria thersites. In: Chelazzi G, Vannini M, editors. 
Behavioural adaptation to intertidal life NATO ASI Series (Vol. 151. 1st ed.). New York: 
Plenum Press; 1988. pp. 27-44

[42] Gray DR, Hodgson AN. Foraging and homing behaviour in the high-shore, crevice-
dwelling limpet Helcion pectunculus (Prosobranchia: Patellidae). Mar Biol. 1998;132: 
283-294. DOI: 10.1007/s002270050394

[43] Stimson J. Territorial behaviour of the owl limpet Lottia gigantea. Ecology. 1970;51:113-118.  
DOI: 10.2307/1933604

[44] Branch GM. Mechanisms reducing intraspecific competition in Patella spp.: migration, 
differentiation and territorial behaviour. J Anim Ecol. 1975;44:575-600

[45] Funke W. Heimfindevermögen und Ortstreue bei Patella L. (Gastropoda: Prosobranchia). 
Oecol. 1968;2:19-142. DOI: 10.1007/BF00394506

Organismal and Molecular Malacology86



[46] Branch GM. The biology of limpets: physical factors, energy flow and ecological interac-
tions. Oceanogr Mar Biol Annu Rev. 1981;19:235-380

[47] Kenny R. Growth studies of the tropical intertidal limpet Acmaea antillarum. Mar Biol. 
1977;39:161-170. DOI: 10.1007/BF00387001

[48] Gray DR, Hodgson AN. Growth and reproduction in the high-shore South African limpet 
Helcion pectunculus (Mollusca: Patellogastropoda). Afr Zool. 2003;38(2):371-386

[49] Clarke A, Prothero-Thomas E, Beaumont JC, Chapman AL, Brey T. Growth in the lim-
pet Nacella concinna from contrasting sites in Antarctica. Polar Biol. 2004;28:62-71. DOI: 
10.1007/s00300-004-0647-8

[50] Espinosa F, Gonzáles AR, Maestre MJ, Fa D, Guerra-García JM, García-Gómez JC. 
Responses of the endangered limpet Patella ferruginea to reintroduction under different 
 environmental conditions: survival, growth rates and life history. Ital J Zool. 2008;75: 
371-384. DOI: 10.1080/11250000801887740

[51] Brêthes JC, Ferreyra G, de la Vega S. Distribution, growth and reproduction of the lim-
pet Nacella (Patinigera) concinna (Strebel 1908) in relation to potential food availability, in 
Esperanza Bay (Antarctic Peninsula). Polar Biol. 1994;14:161-170. DOI: 10.1007/BF00240521

[52] Khow AS. Growth determination of tropical limpet Cellana testudinaria (Linnaeus, 1758) 
living on the rocky shore of Ohoiwait, Southeast Moluccas, Indonesia. J Coastal Dev. 
2007;10(2):89-103

[53] Henriques P, Sousa R, Pinto AR, Delgado J, Faria G, Alves A, Khadem M. Life history 
traits of the exploited limpet Patella candei (Mollusca: Patellogastropoda) of the north-
eastern Atlantic. J Mar Biol Assoc UK. 2012;92(1):1-9. DOI: 10.1017/S0025315411001068

[54] Vermeij GJ. Gastropod shell growth rate, allometry & adult size: environmental implica-
tions. In: Rhodes DC, Lutz RA, editors. Skeletal growth of aquatic organisms (1st ed.). 
New York: Plenum Press; 1980. pp. 379-394

[55] Janson K. Genetic and environmental effects on the growth rate of Littorina saxatilus. Mar 
Biol. 1982;69:73-78. DOI: 10.1007/BF00396963

[56] McQuaid CD. The establishment and maintenance of vertical size gradients in popula-
tions of Littorina africana knysnaensis (Philippi) on an exposed rocky shore. J Exp Mar Biol 
Ecol. 1981;54:77-89. DOI: 10.1016/0022-0981(81)90104-0

[57] Bosman AL, Hockey PAR. Life-history patterns of populations of the limpet Patella gran-
ularis: the dominant roles of food supply and mortality rate. Oecol. 1988;75:412-419. DOI: 
10.1007/BF00376945

[58] Branch GM, Marsh AC. Tenacity and shell shape of six Patella species: adaptive features. 
J Exp Mar Biol Ecol. 1978;87:153-168. DOI: 10.1016/0022-0981(78)90035-7

[59] Thompson GB. Distribution and population dynamics of the limpet Patella aspera (Lamarck) 
in Bantry Bay. J Exp Mar Biol Ecol. 1979;40:115-135. DOI: 10.1016/0022-0981(79)90039-x

Patellid Limpets: An Overview of the Biology and Conservation of Keystone Species of the Rocky Shores
http://dx.doi.org/10.5772/67862

87



[60] Brown KM, Quinn JF. The effect of wave action on growth in three species of intertidal 
gastropods. Oecol. 1988;75(3):420-425

[61] Lewis JR, Bowman RS. Local habitat-induced variations in the population dynamics of 
Patella vulgata L. J Exp Mar Biol Ecol. 1975;17:165-203

[62] Branch GM. The ecology of Patella Linnaeus from the Cape peninsula, South Africa. 3. 
Growth rates. Trans R Soc S Afr. 1974;41:161-193

[63] Black R. Population regulation in the intertidal limpet Patelloida alticostata (Angas, 1865). 
Oecol. 1977;30:9-22. DOI: 10.1007/BF00344888

[64] Gray DR. Studies of the biology and ecology of the high shore South African limpet,  
Helcion pectunculus (Mollusca: Patellogastropoda) [thesis]. South Africa: Rhodes University;  
1996. 304 p

[65] Etim L, Sankare Y. Growth and mortality, recruitment and yield of the fresh-water 
shrimp, Macrobrachium vollenhovenii, Herklots, 1851 (Crustacea, Palaemonidae) in the 
Fahe reservoir, Côte d'Ivoire, West Africa. Fish Res. 1988;38:211-223. DOI: 10.1016/
S0165-7836(98)00161-1

[66] Pauly D, Munro JL. Once more on the comparison of growth in fish and invertebrates. 
ICLARM Fishbyte. 1984;2:21

[67] Sparre P, Ursin E, Venema SC. Introduction to tropical fish stock assessment, part 1 
manual. Rome: FAO Fisheries Technical Paper; 1989. 337 p

[68] Orton JH, Southward AJ, Dodd JM. Studies on the biology of limpets II. The breed-
ing of Patella vulgata L. in Britain. J Mar Biol Assoc UK. 1956;35:149-176. DOI: 10.1017/
S0025315400009036

[69] Hyman LH. The invertebrates VI – mollusca I: aplacophora, polyplacophora, monopla-
cophora, gastropoda (1st ed.). New York: McGraw-Hill Book Company; 1967. 792 p

[70] Fretter V, Graham A. The prosobranch mollucs of Britain and Denmark. I. Pleuroto-
mariacea, Fissurellacea and Patellacea. J Molluscan Stud Supp. 1976;1:1-37

[71] Orton JH. Observations on Patella vulgata. Part III. Habitat and habits. J Mar Biol Assoc 
UK. 1929;16:277-288. DOI: 10.1017/S0025315400029805

[72] Orton JH, Southward AJ. Studies on the biology of limpets IV. The breeding of Patella 
depressa pennant on the north Cornish coast. J Mar Biol Assoc UK. 1961;41(3):653-662. 
DOI: 10.1017/S0025315400016210

[73] Orton JH. Biology of Patella in Great Britain. Nature. 1946;158:173-174

[74] Henninger TO, Hodgson AN. The reproductive cycle of Helcion pruinosus 
(Patellogastropoda) on two South African boulder shores. J Molluscan Stud. 2001;67: 
385-394

[75] Hawkins SJ, Côrte-Real HBSM, Pannacciulli FG, Weber LC, Bishop JDD. Thoughts on 
the ecology and evolution of the intertidal biota of the Azores and other Atlantic Islands. 
Hydrobiologia. 2000;440:3-17. DOI: 10.1023/A:1004118220083

Organismal and Molecular Malacology88



[76] Boaventura D, Fonseca LC, Hawkins SJ. Size matters: competition within pop-
ulations of the limpet Patella depressa. J Anim Ecol. 2003;72:435-446. DOI: 10.1046/j. 
1365-2656.2003.00713.x

[77] Bowman RS, Lewis JR. Annual fluctuations in the recruitment of Patella vulgata L. J. Mar 
Biol Assoc UK. 1977;57:793-815. DOI: 10.1017/S0025315400025169

[78] Cowen RK, Paris CB, Srinivasan A. Scaling of connectivity in marine populations. 
Science. 2006;311:522-527. DOI: 10.1126/science.1122039

[79] Cowen RK, Sponaugle S. Larval dispersal and marine population connectivity. Ann Rev 
Mar Sci. 2009;1:443-466. DOI: 10.1146/annurev.marine.010908.163757

[80] Schmitt RJ, Holbrook SJ, Osenberg CW. Quantifying the effects of multiple processes on 
local abundance: a cohort approach for open populations. Ecol Lett. 1999;2:294-303. DOI: 
10.1046/j.1461-0248.1999.00086.x

[81] Johnson MP. Is there confusion over what is meant by “open population?”. Hydro-
biologia. 2005;544:333-338. DOI: 10.1007/s10750-005-1698-8

[82] Orton JH. Observations on Patella vulgata. Part II. Rate of growth of shell. J Mar Biol 
Assoc UK. 1928;15:863-874. DOI: 10.1017/S0025315400009954

[83] Le Quesne WJF. The response of a protandrous species to exploitation, and the impli-
cations for management: a case study with Patellid limpets [thesis]. United Kingdom: 
University of Southampton; 2005. 203 p

[84] Robson G. Aspects of the biology of a new species of South African Patella. (Mollusca: 
Gastropoda: Patellidae) [thesis]. Pietermaritzburg: University of Natal; 1986

[85] Lindberg DR. Reproduction, ecology, and evolution of the Indo-pacific limpet Scutellastra 
flexuosa. Bull Mar Sci. 2007;81(2):219-234

[86] Espinosa F, Rivera-Ingraham G, García-Gómez JC. Gonochorism or protandrous her-
maphroditism? Evidence of sex change in the endangered limpet Patella ferruginea. J Mar 
Biol Assoc Biodiv Rec. 2009;2:153. DOI: 10.1017/S1755267209990790

[87] Guallart J, Calvo M, Acevedo I, Templado J. Two-way sex change in the endangered lim-
pet Patella ferruginea (Mollusca, Gastropoda). Invertebr Reprod Dev. 2013;57(3):247-253. 
DOI: 10.1080/07924259.2012.754794

[88] Branch GM, Odendaal F. The effects of marine protected areas on the population dynam-
ics of a South African limpet, Cymbula oculus, relative to the influence of wave action. 
Biol Conserv. 2003;114:255-269. DOI: 10.1016/S0006-3207(03)00045-4

[89] Coe WR. Conditions influencing change of sex in mollusks of the genus Crepidula. J Exp 
Zool. 1938;77:401-424. DOI: 10.1002/jez.1400770305

[90] Hoagland KE. Protandry and the evolution of environmentally-mediated sex change: a 
study of the mollusca. Malacologia. 1978;17:365-391

[91] Wright WG. Intraspecific density mediates sex-change in the territorial patellacean limpet 
Lottia gigantea. Mar Biol. 1989;100:353-364. DOI: 10.1007/BF00391151

Patellid Limpets: An Overview of the Biology and Conservation of Keystone Species of the Rocky Shores
http://dx.doi.org/10.5772/67862

89



[92] Warner RR, Fitch DL, Standish JD. Social control of sex change in the shelf limpet, 
Crepidula norrisiarum: size-specific responses to local group composition. J Exp Mar Biol 
Ecol. 1996;204:155-167. DOI: 10.1016/0022-0981(96)02582-8

[93] Munday PL, Buston PM, Warner RR. Diversity and flexibility of sex-change strategies 
in animals. Trends Ecol Evol. 2006;21:89-95. DOI: 10.1016/j.tree.2005.10.020

[94] Marra S, de Lucia GA, Camedda A, Esinosa F, Coppa S. New records of the distribution 
and conservation status of the endangered limpet Patella ferruginea in Sardinia (Italy, W 
Mediterranean). Aquat Conserv Mar Freshw Ecosys. 2015;26(3):607-612. DOI: 10.1002/
aqc.2615

[95] Durán LR, Castilla JC. Variation and persistence of the middle rocky intertidal commu-
nity of central Chile, with and without human harvesting. Mar Biol. 1989;103:555-562. 
DOI: 10.1007/BF00399588

[96] Lasiak TA. Multivariate comparisons of rocky infratidal macrofaunal assemblages from 
replicate exploited and non-exploited localities on the Transkei coast of South Africa. 
Mar Ecol Prog Ser. 1998;167:15-23. DOI: 10.3354/meps167015

[97] Sagarin RD, Ambrose RF, Becker BJ, Engle JM, Kido J, Lee SF, Miner CM, Murray SN, 
Raimondi PT, Richards DV, Roe C. Ecological impacts on the limpet Lottia gigantea pop-
ulations: human pressure over a broad scale on islands and mainland intertidal zones. 
Mar Biol. 2007;150:399-413. DOI: 10.1007/s00227-006-0341-1

[98] Fenberg PB, Roy K. Ecological and evolutionary consequences of size-selective har-
vesting: how much do we know? Mol Ecol. 2008;17:209-220. DOI: 10.1111/j.1365- 
294X.2007.03522.x

[99] Eekhout S, Raubenheimer CM, Branch GM, Bosman AL, Bergh MO. A holistic 
approach to the exploitation of intertidal stocks: limpets as a case study. Afr J Mar Sci. 
1992;12:1017-1029

[100] Griffiths CL, Branch GM. The exploitation of coastal invertebrates and seaweeds in 
South Africa: historical trends, ecological impacts and implications for management. 
Trans R Soc S Afr. 1997;52:121-148. DOI: 10.1080/00359199709520619

[101] Pombo OA, Escofet A. Effect of exploitation on the limpet Lottia gigantea: a field study in 
Baja California (Mexico) and California (U.S.A.). Pac Sci. 1996;50:393-403. DOI: 10125/2914

[102] Turrero P, Munoz Colmenero AM, Prado A, García-Vázquez E. Long-term impacts of 
human harvesting on shellfish: North Iberian top shells and limpets from the upper pal-
aeolithic to the present. J Mar Syst. 2014;139:51-57. DOI: 10.1016/j.jmarsys.2014.05.011

[103] McCoy M. Hawaiian limpet harvesting in historical perspective: a review of mod-
ern and archaeological data on Cellana spp. From the Kalaupapa Peninsula, Moloka‘i 
Island. Pac Sci. 2008;62(1):28-38. DOI: 10.2984/1534-6188(2008)62[21:HLHIHP]2.0.CO;2

[104] Keough MJ, Quinn GP, King A. Correlations between human collecting and intertidal 
mollusc populations on rocky shores. Conserv Biol. 1993;7:378-390

Organismal and Molecular Malacology90



[105] Lasiak TA. The susceptibility and/or resilience of rocky littoral molluscs to stock 
depletion by the indigenous coastal people of Transkei, southern Africa. Biol Cons. 
1991;56:245-264. DOI: 10.1016/0006-3207(91)90060-M

[106] Moreno CA, Sutherland JP, Jara HF. Man as a predator in the intertidal zone of southern 
Chile. Oikos. 1984;42:155-160. DOI: 10.2307/3544787

[107] Santos SR, Hawkins SJ, Monteiro LR, Alves M, Isidro EJ. Marine research, resources 
and conservation in the Azores. Aquat Conservat Mar Freshwat Ecosyst. 1995;5:311-354. 
DOI: 10.1002/aqc.3270050406

[108] Moro L, Herrera R. Las lapas, un recurso en extincíon. Medio Ambiente Canarias. 
2000;16:3

[109] Levitan DR. Influence of body size and population density on fertilization success and 
reproductive output in a free-spawning invertebrate. Biol Bull. 1991;181:261-268. DOI: 
10.2307/1542097

[110] Tegner MJ, Basch LV, Dayton PK. Near extinction of an exploited marine invertebrate. 
Trends Ecol Evol. 1996;11:278-280. DOI: 10.1016/0169-5347(96)30029-3

[111] Dye AH. The effects of excluding limpets from the lower balanoid zone of rocky shores 
in Transkei, South Africa. S Afr J Mar Sci. 1995;15:9-15. DOI: 10.2989/025776195784156313

[112] Davies AJ, Johnson MP, Maggs CA. Limpet grazing and loss of Ascophyllum nodosum 
canopies on decadal time scales. Mar Ecol Prog Ser. 2007;339:131-141. DOI: 10.3354/
meps339131

[113] Lindberg K, Estes JA, Warheit KI. Human influences on trophic cascades along rocky 
shores. Ecol Appl. 1998;8:880-890. DOI: 10.2307/2641274

[114] Ramírez R, Tuya F, Haroun R. Efectos potenciales del marisqueo sobre moluscos gas-
terópodos de interés comercial (Osilinus spp. y Patella spp.) en el Archipiélago Canario. 
Rev Biol Mar Oceanogr. 2009;44(3):703-714

[115] Martins GM, Thompson RC, Hawkins SJ, Neto AI, Jenkins SR. Rocky intertidal com-
munity structure in oceanic islands: scales of spatial variability. Mar Ecol Prog Ser. 
2008;356:15-24. DOI: 10.3354/meps07247

[116] Núñez J, Brito MC, Riera R, Docoito JR, Monterroso Ó. Distribución actual de las pobla-
ciones de Patella candei D’Orbigny, 1840 (Mollusca, Gastropoda) en las islas Canarias. 
Una especie en peligro de extinción. Bol Inst Esp Oceanog. 2003;19(1-4):371-377

[117] Guerra-García JM, Corzo J, Espinosa F, García-Gómez JC. Assessing habitat use of the 
endangered marine mollusk Patella ferruginea (Gastropoda, Patellidae) in the north-
ern Africa: preliminary results and implications for conservation. Biol Cons. 2004;16: 
319-326. DOI: 10.1016/S0006-3207(03)00201-5

[118] Espinosa F. Population status of the endangered mollusc Patella ferruginea Gmelin, 1791 
(Gastropoda, Patellidae) on Algerian islands (SW Mediterranean). Anim Biodivers 
Conserv. 2009;32(1):19-28

Patellid Limpets: An Overview of the Biology and Conservation of Keystone Species of the Rocky Shores
http://dx.doi.org/10.5772/67862

91



[119] Alonzo SH, Mangel M. The effects of size selective fisheries on the stock dynamics of 
and sperm limitation in sex-changing fish. Fish Bull. 2004;102:1-13

[120] Baskett ML, Levin SA, Gaines SD, Dushoff J. Marine reserve design and the evolution 
of size at maturation in harvested fish. Ecol Appl. 2005;15:882-901. DOI: 10.1890/04-0723

[121] Heppell SS, Heppell SA, Coleman FC, Koenig CC. Models to compare management 
options for a protogynous fish. Ecol Appl. 2006;16:238-249. DOI: 10.1890/04-1113

[122] Hamilton SL, Caselle JE, Standish JD, Schroeder DM, Love MS, Rosales-Casian JA, 
Sosa-Nishizaki O. Size-selective harvesting alters life histories of a sex-changing fish. 
Ecol Appl. 2007;17:2268-2280. DOI: 10.1890/06-1930.1

[123] Martins GM, Jenkins SR, Hawkins SJ, Neto AI, Medeiros AR, Thompson RC. Illegal 
 harvesting affects the success of fishing closure areas. J Mar Biol Assoc UK. 2011;91: 
929-937. DOI: 10.1017/S0025315410001189

[124] Costello C, Gaines SD, Lynham J. Can catch shares prevent fisheries collapse? Science. 
2008;321:1678-1681. DOI: 10.1126/science.1159478

[125] Baxter JM. Establishing management schemes on marine special areas of conservation 
in Scotland. Aquat Conserv Mar Freshw Ecosys. 2001;11:261-265. DOI: 10.1002/aqc.465

[126] Thompson RC, Crowe TP, Hawkins SJ. Rocky intertidal communities: past environ-
mental changes, present status and predictions for the next 25 years. Environ Conserv. 
2002;29:168-191. DOI: 10.1017/S0376892902000115

[127] Ballantine B. Marine reserves for New Zealand. Leigh Laboratory bulletin (Vol. 25). 
Auckland: University of Auckland; 1991. pp. 1-196

[128] Zann LP. Our sea, our future. Major findings of the state of the marine environment 
report for Australia (1st ed.). QLD: Great Barrier Reef Marine Park Authority; 1995

[129] Halpern BS. The impact of marine reserves: do reserves work and does reserve size 
matter? Ecol Appl. 2003;13:117-137. DOI: 10.1890/1051-0761(2003)013[0117:TIOMRD]2
.0.CO;2

[130] Roberts CM, Hawkins JP. Extinction risk in the sea. Trends Ecol Evol. 1999;14:241-246

[131] Lubchenco J, Palumbi SR, Gaines SD, Andelman S. Plugging a hole in the ocean: the 
energy science of marine reserves. Ecol Appl. 2003;13:S3–S7. DOI: 10.1890/1051-0761 
(2003)013[0003:PAHITO]2.0.CO;2

[132] Gell FR, Roberts CM. Benefits beyond boundaries: the fishery effects of marine reserves. 
Trends Ecol Evol. 2003;18:448-455. DOI: 10.1016/S0169-5347(03)00189-7

[133] Halpern BS, Warner RR. Matching marine reserve design to reserve objectives. Proc R 
Soc Lond Ser B Biol Sci. 2003;270:1871-1878. DOI: 10.1098/rspb.2003.2405

[134] Pelc RA, Baskett ML, Tanci T, Gaines SD, Warner RR. Quantifying larval export from South 
African marine reserves. Mar Ecol Prog Ser. 2009;394:65-78. DOI: 10.3354/meps08326

Organismal and Molecular Malacology92



[135] Pelc RA, Warmer RR, Gaines SD, Paris CB. Detecting larval export from marine reserves. 
Proc Natl Acad Sci USA. 2010;107:18266-18271. DOI: 10.1073/pnas.0907368107

[136] Cole VJ, McQuaid CD, Nakin MDV. Marine protected areas export larvae of infauna, 
but not of bioengineering mussels to adjacent areas. Biol Conserv. 2011;144:2088-2096. 
DOI: 10.1016/j.biocon.2011.04.030

[137] Stobutzki IC. Marine reserves and the complexity of larval dispersal. Rev Fish Biol Fish. 
2001;10:515-518

[138] Gaylord B, Gaines SD, Siegel DA, Carr MH. Marine reserves exploit population structure 
and life history in potentially improving fisheries yields. Ecol Appl. 2005;15:2180-2191.  
DOI: 10.1890/04-1810

[139] Sale PF, Cowen RK, Danilowicz BS, Jones GP, Kritzer JP, Lindeman KC, Planes S, 
Polunin NV, Russ GR, Sadovy YJ, Steneck RS. Critical science gaps impede use of no-
take fishery reserves. Trends Ecol Evol. 2005;20:74-80. DOI: 10.3410/f.1024416.288798

[140] Fenberg PB, Caselle JE, Claudet J, Clemence M, Gaines SD, García-Charton JA, Gonçalves 
EJ, Grorud-Colvert K, Guidetti P, Jenkins SR, Jones PJS, Lester SE, McAllen R, Moland 
E, Planes S, Sørensen TK. The science of European marine reserves: status, efficacy, and 
future needs. Mar Policy. 2012;36:1012-1021. DOI: 10.1016/j.marpol.2012.02.021

[141] Weber LI, Hawkins SJ. Evolution of the limpet Patella candei d’Orbigny (Mollusca: 
Patellidae) in the Atlantic archipelagos: human intervention and natural processes. Biol 
J Linn Soc. 2002;77:341-353. DOI: 10.1046/j.1095-8312.2002.00102.x

[142] Navarro PG, Ramírez R, Tuya F, Fernández-Gil C, Sánchez-Jerez P, Haroun RJ. 
Hierarchical analysis of spatial distribution patterns of patellid limpets in the Canary 
Islands. J Molluscan Stud. 2005;71:67-73. DOI: 10.1093/mollus/eyi009

[143] Ramos MA. Implementing the habitats directive for mollusc species in Spain. J Conchol 
Spec Publ. 1998;2:125-132

[144] Feinman GM, Nicholas LM. High-intensity household-scale production in ancient 
Mesoamerica – a perspective from Ejutla, Oaxaca. In: Feinman GM, Mazilla L, editors. 
Cultural evolution: contemporary viewpoints (1st ed.). New York: Kluwer Academic/
Plenum Publisher; 2000. pp. 119-142

[145] Melgar-Tísoc E. Las ofrendas de concha de moluscos de la Pirámide de las Serpientes 
Emplumadas, Xochicalco, Morelos. Rev Mex Biodivers. 2007;78:83-92

[146] Simison WB. Evolution and phylogeography of new world gastropod faunas [thesis]. 
Berkeley: University of California; 1985. 214 p

[147] Ríos-Jara E, Pérez-Peña M, López-Uriarte E, Enciso-Padilla I, Juárez-Carillo E. Biodiversidad 
de moluscos marinos de la costa de Jalisco y Colima, con anotaciones sobre su aprove-
chamiento en la región. In: Jiménez-Quiroz MC, Espino-Barr E, editors. Los Recursos 
Pesqueros y Acuícolas de Jalisco, Colima y Michoacán. Sagarpa, México: Instituto Nacional 
de la Pesca, CRIP-Manzanillo; 2006. pp. 103-120

Patellid Limpets: An Overview of the Biology and Conservation of Keystone Species of the Rocky Shores
http://dx.doi.org/10.5772/67862

93



[148] Bastida-Zavala JR, García-Madrigal MS, Rosas-Alquicira EF, López-Pérez RA, Benítez-
Villalobos F, Meraz-Hernando JF, Torres-Huerta M, Montoya-Márquez A, Barrientos-
Luján NA. Marine and coastal biodiversity of Oaxaca. Mexico Check List. 2013;9:329-390. 
DOI: 10.15560/9.2.329

[149] Halpern BS, Warner RR. Marine reserves have rapid and lasting effects. Ecol Lett. 
2002;5:361-366. DOI: 10.1046/j.1461-0248.2002.00326.x

[150] Hockey PAR, Bosman AL. Man as an intertidal predator in Transkei: disturbance, com-
munity convergence and management of a natural food resource. Oikos. 1986;46:3-14. 
DOI: 10.2307/3565373

[151] Roberts C. Marine fishery reserves for the Caribbean. Caribbean Parks Protect Area 
Bull. 1995;5(2):8-11

[152] Russ G, Alcala A. Natural fishing experiments in marine reserves 1983-1993: commu-
nity and trophic responses. Coral Reefs. 1998;17:383-397. DOI: 10.1007/s003380050144

[153] Polacheck T. Year around closed areas as a management tool. Nat Resour Model. 
1990;4:327-353

[154] Carr MH, Reed DC. Conceptual issues relevant to marine harvest refuges: examples 
from temperature reef fishes. Can J Fish Aquat Sci. 1993;50:2019-2028. DOI: 10.1139/
f93-226

[155] Rowley RJ. Marine reserves in fisheries management. Aquat Conserv Mar Freshw 
Ecosys. 1994;4:233-254. DOI: 10.1002/aqc.3270040305

[156] Palumbi SR. Marine reserves and ocean neighborhoods: the spatial scale of marine 
populations and their management. Annu Rev Environ Resour. 2004;29:31-68. DOI: 
10.1146/annurev.energy.29.062403.102254

[157] Hockey PAR, Branch GM. Conserving marine biodiversity on the African coast: impli-
cations of a terrestrial perspective. Aquat Conserv Mar Freshw Ecosys. 1994;4:345-362. 
DOI: 10.1002/aqc.3270040406

[158] Caley MJ, Carr MH, Hixon MA, Hughes TP, Jones GP, Menge BA. Recruitment and the 
local dynamics of open marine populations. Annu Rev Ecol Syst. 1996;27:477-500. DOI: 
10.1146/annurev.ecolsys.27.1.477

[159] Coppa S, Lucia GA, Massaro G, Magni P. Density and distribution of Patella ferruginea 
in a marine protected area (western Sardinia, Italy): constraint analysis for population 
conservation. Mediterr Mar Sci. 2012;13(1):108-117. DOI: 10.12681/mms.27

[160] Carr MH. Marine protected areas: challenges and opportunities for understanding and 
conserving coastal marine ecosystems. Environ Conserv. 2000;27:106-109

[161] Claudet J, Guidetti P, Mouillot D, Shears NT, Micheli F. Ecological effects of marine 
protected areas: conservation, restoration and functioning. In: Claudel J, editor. Marine 
protected areas: a multidisciplinary approach (1st ed.). Cambridge, UK: Cambridge 
University Press; 2011. DOI: 10.1017/CBO9781139049382.005

Organismal and Molecular Malacology94



[162] Boersma DP, Parrish JK. Limiting abuse: marine protected areas, a limiting solution. 
Ecol Econ. 1999;31:287-304. DOI: 10.1016/S0921-8009(99)00085-3

[163] Coppa S, de Lucia GA, Massaro G, Camedda A, Marra S, Magni P, Perilli A, Di Bitetto 
M, García-Gómez JC, Espinosa F. Is the establishment of MPAs enough to preserve 
endangered intertidal species? The case of Patella ferruginea in the Mal di Ventre Island 
(W Sardinia, Italy). Aquat Conserv Mar Freshw Ecosys. 2015. DOI: 10.1002/aqc.2579

[164] Sciberras M, Jenkins SR, Mant R, KaiserMJ, Hawkins SJ, Pullin AS. Evaluating the 
relative conservation value of fully and partially protected marine areas. Fish Fish. 
2015;16:28-77. DOI: 10.1111/faf.12044

[165] Jameson SC, Tupper MH, Ridley JM. The three screen doors: can marine ‘protected’ areas 
be effective? Mar Pollut Bull. 2002;44:1177-1183. DOI: 10.1016/S0025-326X(02)00258-8

[166] Guidetti P, Milazzo M, Bussotti S, Molinari A, Murenu M, Pais A, Spanò N, Balzano R, 
Agardy T, Boero F, Carrada G, Cattaneo-Vietti R, Cau A, Chemello R, Greco S, 
Manganaro A, di Sciara GN, Russo GF, Tunesi L. Italian marine reserve effectiveness:  
does enforcement matter? Biol Conser. 2008;141:699-709. DOI: 10.1016/j.biocon.2007. 
12.013

[167] Camargo C, Maldonado JH, Alvarado E, Moreno-Sanchez R, Mendosa S, Manrique N, 
Mogollon A, Osorio JD, Grajales A, Sanchez JA. Community involvement in management 
for maintaining coral reef resilience and biodiversity in southern Caribbean marine pro-
tected areas. Biodivers Conserv. 2009;18:935-356. DOI: 10.1007/s10531-008-9555-5

[168] Clark SA, Richardson BJ. Spatial analysis of genetic variation as a rapid assessment tool 
in the conservation management of narrow-range endemics. Invertebr Syst. 2002;16: 
583-587. DOI: 10.1071/IT01041

[169] Guallart J, Peña JB, Pérez-Larruscain J. Primeras imágenes de una forma juvenil de la 
lapa ferruginosa. Quercus. 2013;325:52-53

Patellid Limpets: An Overview of the Biology and Conservation of Keystone Species of the Rocky Shores
http://dx.doi.org/10.5772/67862

95





Chapter 5

Freshwater Mussels Exposed to Arsenic and Sulfate

Show Contrasting Patterns of Gene Expression

Pawel Michalak, Lin Kang, Serena Ciparis,

William Henley, Jess Jones, Andrew Phipps and

Eric Hallerman

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67674

Abstract

Freshwater mussels of the Clinch and Powell rivers of Virginia in the southeastern United 
States have been heavily impacted by runoff, leachates, or spills of materials related to 
coal extraction, processing, and use. Assays quantifying sublethal impacts of such wastes 
are needed. We assessed gene transcriptional markers in a laboratory study under con-
trolled conditions, focusing upon arsenic (arsenate, As(V)) and sulphate, contaminants 
related to coal mining and processing. Pheasantshells Actinonaias pectorosa collected 
from the Clinch River were subjected to a 28-day chronic exposure to control or envi-
ronmentally relevant concentrations of each compound. We compared gene expression 
in digestive gland among parasite-free, female pheasantshells among control and con-
taminant-exposed individuals using the Illumina HiSeq platform. Statistically significant 
differential expression of particular genes was observed among control mussels and 
those exposed to either arsenate or sulfate. Chemical stress was as likely to cause under-
expression as it was to cause over-expression of particular genes. Arsenate and sulfate 
induced up- or down-expression of different suites of 50-100 genes. Our results provide 
proof-of-principle for using RNAseq technology to approach issues of toxicogenomics 
in freshwater mussels. The candidate markers could be validated for quantitative PCR 
assays for rapidly assessing single-gene responses to exposure to toxic compounds. 

Keywords: arsenic, differential gene expression, sulfate, toxicogenomics, transcriptional 
markers

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Introduction

1.1. Response of aquatic organisms to exposure to toxic substances

Exposure to toxic compounds has not only lethal but also important sublethal effects upon 
affected individuals. Successful identification of molecular mechanisms underlying response 
to toxic exposure depends upon development and use of a suitable set of assays, and sev-
eral approaches are potentially available. While various biomarkers [1, 2] or gene expression 
[3, 4] assays have been demonstrated for marine mollusks in recent years, there has been 
no parallel work for freshwater mussels, many of which are of conservation concern. More 
fundamentally, adaptation of existing assays to freshwater mussels is not entirely attractive 
because a focus on candidate genes of known function certainly will miss genes or biochem-
ical pathways that are not known. A preferable approach would be to screen global gene 
expression and thereby identify genes of interest not only in known but also in unknown 
pathways. Three approaches are available. Microarrays are available for several marine mol-
lusks, and have in some cases been used for purposes of characterizing responses to environ-
mental stressors including toxins or other bioactive compounds (e.g., marine mussels [5–8], 
Manila clam Venerupis philippinarum [9]). There are no existing microarrays for freshwater 
mussels, however, and construction of such screening platforms would require a large body 
of work developing and characterizing expressed sequence tags for hundreds to thousands 
of genes. Subtractive hybridization has been applied to other mollusks, such as the invasive 
zebra mussel Dreissena polymorpha [10], Pacific oyster Crassostrea gigas [11], and peppery fur-
row shell Scrobicularia plana [12], and has been shown a viable but technically challenging 
approach to identifying differentially expressed genes. Next-generation DNA-sequencing 
technology has made it possible to cost-effectively screen expression of all genes transcribed 
in tissues of interest, even in species for which prior knowledge of the genome is lacking. 
The approach is tantamount to sequencing all the RNAs produced in that tissue; hence, the 
approach is referred to as RNAseq. In our context, RNAseq makes quantitative comparison of 
gene expression in selected tissues among toxin-challenged and control individuals possible. 
Against this background, the goal of this study was to relate gene expression end points in 
a representative freshwater mussel, pheasantshell A. pectorosa, to exposure to arsenate and 
sulfate, two pollutants resulting from coal combustion and mining, respectively.

1.2. Freshwater mussels

Freshwater mussels (Class Bivalvia: Family Unionidae) have their center of biodiversity in 
the southeastern United States. However, many regionally important species face a variety 
of threats, including exposure to toxic compounds. In particular, mussels of the Clinch and 
Powell River systems of southwest Virginia have been heavily impacted by runoff, leachates, or 
spills of materials related to coal extraction, processing, and use for electric power generation. 
Given the continued operation of coal extraction and processing facilities, the shift from deep- 
to surface-mining practices, and the increase in coal-bed gas extraction wells in the Clinch and 
Powell River system, defensible biological assays for assessing the impacts on key components 
of this aquatic ecosystem must be developed. These assays could provide critical information 
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for assessing the impacts of future toxic events and thereby allow characterization of potential 
long-term effects of resource extraction on freshwater mussel populations. This project was 
conducted to show the response of freshwater mussels to selected physiological stressors. 
Within this context, the objective of the study was to screen gene-transcriptional markers in 
a laboratory study under controlled conditions, focusing upon arsenate and sulfate, two con-
taminants related to coal mining and processing. Identification of such genetic markers could 
prove essential for use in future nonlethal determinations of contaminant impacts to federally 
listed mussels.

1.3. Contaminant selection

The coal industry is a potential source of numerous contaminants to aquatic environments. 
In several Virginia watersheds, habitat for imperiled freshwater mussel populations exists 
in close proximity to coal industry-associated activities. These activities include mining and 
coal-fired electric power plants with on-site storage of coal combustion residue (CCR). Two 
contaminants were selected for this study based on their association with surface mining (sul-
fate, SO4

2-) or CCR storage (arsenate, As(V)). The contaminants As and SO4
2- were selected due 

to their environmental relevance and the potential for concentrations to become elevated due 
to activities related to coal mining and power generation.

Freshwater bivalves appear to be relatively tolerant to acute effects of As; the estimated 96-h 
LC50 for Asian clam Corbicula fluminea is 20,740 µg/L As, with no mortality observed at con-
centrations up to 5000 µg/L for 21 days [13]. In surface waters, the majority of total As will 
be As(V) under oxygenated conditions. However, investigations of sublethal effects of As on 
bivalves have generally focused on As(III). Exposures of bivalves to As(III) have demonstrated 
histological effects including increased damage to digestive gland tissue [14] and biochemical 
effects including alteration of levels of adenosine triphosphate [15], inhibition of the detoxifi-
cation enzyme catalase [14], and changes in the activity of glutathione-S-transferase (stimula-
tion and inhibition) [14, 16]. Detoxification of As(III) and As(V) involves reduced glutathione 
and glutathione-dependent enzymes, and effects on this system in bivalves have been shown 
to be variable and dependent on both concentration and chemical speciation [14, 16]. The 
sublethal effects of environmentally relevant concentrations of As(V) on freshwater mussels 
are currently unknown.

Freshwater bivalves also appear to be relatively tolerant to acute effects of SO4
2-. Soucek and 

Kennedy [17] determined a sulfate 96-h LC50 for grooved fingernail clam Sphaerium simile of 
2078 mg/L. However, exposure of C. fluminea to 1500 mg/L SO4

2- reduced feeding rates over 
a 4-week period [18].

For each contaminant, a relatively ‘high’ concentration was selected based on worst-case conditions 
previously measured in heavily impacted environments. The concentration of SO4

2- (1250 mg/L)  
was based on low-flow measurements up to 1200 mg/L in a notoriously polluted river in West 
Virginia, USA [19]. The high concentration of As (1000 µg/L) was based on measurements in 
pore-water downstream of a massive CCR spill (up to 1200 µg/L; [20]). For both chemicals, 
the selected concentrations were not expected to cause mortality based on results of acute and 
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chronic toxicity studies conducted with other bivalves (S. simile and C. fluminea; [13, 17, 18, 21]). 
The majority of toxicity tests with As have been conducted with arsenite (As(III)), the more 
toxic form of As. However, due to the oxygenated environment in our exposure system, mus-
sels were exposed to As as arsenate (As(V)). Hence, the purpose of this study was to determine 
whether As (as As(V)) and SO4

2- caused sublethal changes in freshwater mussels, the nature of 
these changes, and the relationships between biochemical, histological, and genetic markers.

2. Methods

2.1. Mussel collection and holding

Pheasantshell mussels (A. pectorosa) were collected from the Clinch River, Hancock County, 
Tennessee, on September 23, 2014. A total of 143 individuals ranging in size from 70 to 90 mm 
were collected by hand using snorkel and mask. Mussels were held for 14 days of acclimation 
at the Freshwater Mollusk Conservation Center (FMCC), Virginia Tech, Blacksburg, Virginia, 
in flow-through systems continuously replenished with unfiltered water from a man-made, 
on-site pond.

2.2. Chemicals

Sodium arsenate heptahydrate (Na2HAsO4*7H2O, American Chemical Society (ACS)-certified 
reagent grade) was purchased from J.T. Baker Co. (Avantor Performance Materials, Center 
Valley, PA). A 100-mM (7.492 g/L) As (V) stock solution in ultrapure water was prepared at the 
beginning of the study. ACS-certified reagent-grade sodium sulfate (Na2SO4) was purchased 
from Fisher Scientific (Fair Lawn, NJ). Stock solutions were prepared weekly in ultrapure water.

2.3. Mussel exposure system

Mussels were exposed in 18-L downweller-bucket systems [22] modified to accommodate 
adult mussels [23]. Buckets were placed into a 757-L container filled with well water to serve 
as a temperature control bath. The target exposure temperature of 23°C was maintained in the 
water baths using aquarium heaters. Each bath held up to five buckets. In the bucket systems, 
unfiltered water from the FMCC pond was used for acclimation, control water, and make-
up water for each treatment. Mussels were fed daily with a 1:1:1 algal cell ratio from three 
premixed commercial microalgae diets (Nanno 3600, Shellfish Diet 1800, and TP 1800; Reed 
Mariculture, Campbell, CA). A concentrated stock solution was prepared in deionized water 
and 1 mL of stock was added to each bucket to achieve a final concentration of 24,000 cells/mL.

2.4. A 7‐day acute exposure

Thirty mussels were allocated to 10 buckets (three mussels each, arbitrarily chosen) on October 
7, 2014 for a preliminary 7-day test of acute toxicity. This test was conducted to determine the 
potential for mussel survival in solutions of As(V) and SO4

2- over 28 days; treatments were not 
replicated. Five buckets (n = 1) were used to test acute toxicity of five SO4

2- concentrations: 1500, 
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1000, 500, 250, and 0 mg/L (control). Treatments were prepared via direct addition of appropri-
ate volumes of a 607-mM (58.3-g/L) stock solution of SO4

2-. Five buckets were used to test acute 
toxicity of five As(V) concentrations: 2000, 985, 515, 170, and 0 µg/L (control). Treatments were 
prepared via direct addition of the 100-mM stock solution of As(V). On Day 7, all 30 mussels 
were alive; there was no mortality in any of the As(V) or SO4

2- treatments or controls.

2.5. A 28‐day chronic exposure

Sixty-four mussels were randomly selected on October 16, 2014. Four mussels were allocated 
to each of 16 buckets, and the length of each mussel was recorded using dial calipers. Mussels 
were allowed to acclimate in the buckets for 11 days prior to the start of the chronic exposure. 
During the acclimation period, dissolved oxygen and ammonia levels were monitored using 
the methods described below to ensure that the feeding rate was appropriate to maintain 
acceptable water quality.

On Day 0 of the exposure (October 27, 2014), each bucket received a 100% water exchange and 
was randomly assigned to one of four treatments/controls (n = 4 for each treatment/control). 
Because of the availability of experimental units and mussels, two separate controls were used 
(control_1 and control_2); both consisted of 100% unfiltered pond water. The As(V) treatment 
(hereafter, HA) concentration of 1000 µg/L was achieved by adding appropriate volumes of 
100 mM stock solution to unfiltered pond water. The SO4

2- treatment (hereafter HS) of 1250 mg/L 
was achieved by adding appropriate concentrations of a 569-mM (54.65-g/L) stock solution to 
unfiltered pond water. The final water volume in all treatment and control buckets was 17.5 L.

For each bucket, mussel mortality was checked daily and recorded, and a 100% water exchange 
was conducted weekly. Prior to water exchanges, temperature (°C), specific conductance 
(µS/cm), dissolved oxygen (DO; mg/L and % saturation), and pH were measured using a 
calibrated YSI 556 Multi-Probe Sensor (YSI Inc., Yellow Springs, OH), and water samples were 
collected. Total ammonia-nitrogen (TAN) was measured in unfiltered samples using a Hach 
DR/2400 meter following the manufacturer's methods. Concentrations of elemental As and S 
were measured in filtered (0.45-µm) water samples. Elemental quantification was performed 
by the Virginia Tech Soil Testing Laboratory using an inductively coupled plasma atomic emis-
sion spectrometer (ICP-AES, Spectro Analytical Instrumentation, Kleve, Germany) following 
the laboratory's standard operating procedures and quality assurance/quality control meth-
ods [24]. Sulfate concentrations were calculated from measured total S; all S were assumed to 
be present as SO4

2- due to the buckets’ oxygenated environment. Although only total As was 
measured, all As are assumed to have been present as As (V) due to the oxygenated environ-
ment in the buckets. Alkalinity and hardness of the pond water were measured weekly as part 
of a concurrent study [24]. The 28-day exposure concluded on November 24, 2014.

2.6. Mussel dissection

At the end of the study on Day 28, all mussels were removed from the buckets. Each mussel was 
measured using dial calipers and opened using reverse pliers. Each mussel was evaluated for 
gravidity, that is, the presence of glochidia in the outer marsupial gills. Mussels were removed 
from their shells by severing the adductor muscles. The mantle tissue was removed and samples 
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of gill, kidney, and gonad were excised and fixed in neutral buffered formalin for histological 
evaluation. The digestive gland was removed from the remainder of the tissue and divided 
into three portions, with one portion each preserved separately for histological evaluation and 
RNA extraction. The remaining portion was further divided into thirds for separate biochemi-
cal analyses. Samples for biochemical work were immediately frozen. Samples for screening of 
gene expression were preserved in RNALater (Qiagen). All dissection tools were sterilized in a 
concentrated bleach solution between dissections of each mussel.

2.7. Transcriptome analysis

Only parasite-free, female mussels (determined via histological analysis) were used for tran-
scriptomic analysis. RNA isolated from digestive gland tissue samples was transcribed in 
vitro to double-stranded cDNA, yielding a library of transcripts for each individual mussel. 
Individual-specific adapters were ligated onto transcripts for each individual so that we could 
subsequently identify RNA sourced from the respective individuals. Barcoded cDNA samples—
three from control and six from contaminant-exposed individuals (three per treatment)—were 
sequenced using the Illumina HiSeq platform. Adapters were removed from the raw sequenc-
ing reads. Duplicated and low-quality reads were discarded using FastqMcf [25] with default 
parameters. To exclude possible contamination, all reads were aligned to a bacterial database 
downloaded from NCBI (http://www.ncbi.nlm.nih.gov/), and only unmapped reads were used 
for assembly. Processed reads from all nine samples were merged together, assembled with 
Trinity [26] with parameter—trimmomatic, after duplications were removed. TransDecoder 
(Trinity package) was used to identify candidate-coding regions within assembled transcripts, 
and transcripts with open-reading frame (ORF) lengths less than 300 (100 amino acids) were 
removed from the assembly. The final transcript assembly was used as a reference for gene 
annotation and expression calculation. Transcripts were mapped to the nonredundant protein 
database [(NR database) from NCBI] using BLAST (v. 2.2.28). Alignments with threshold e-val-
ues greater than 1e-10 or identity less than 50% were discarded. The clean reads were mapped 
to the reference assembly using Bowtie v. 1.0.0 [27] with parameters set to ‘-l 25 -I 1 -X 1000 -a 
-m 200.’ RSEM [28] was used to calculate the gene expression. Differentially expressed genes 
were calculated using the edgeR [29] package in R software (http://www.r-project.org/), and 
Benjamini-Hochberg adjusted p-values less than 0.05 were considered to be significant.

2.8. Histological analysis

Sections from gonads, digestive glands, and gills were stained with hematoxylin and eosin 
for routine histological evaluations, and sections from kidneys were stained with Long Ziehl-
Neelsen stain for elaboration of lipofuscin [30]. Histological evaluations of tissues were con-
ducted by light microscopy using point counting [31]. Evaluations determined fractions of 
reproductive acini containing mature and/or developing gametes, acini containing atretic and/
or resorbing gametes, digestive gland diverticula cells with abnormal cytoplasm, gill filament 
termini without cilia, and kidney diverticula cells containing lipofuscin inclusions. Genders 
(female, male, hermaphrodite, and indeterminate) of mussels and incidences of parasitic 
infestation were recorded. Histological data were analyzed using generalized linear-mixed 
models for binomial data with SAS GLIMMIX.
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2.9. Biochemical analysis

Digestive gland samples for biochemical analysis were placed in 1.5-mL tubes, immediately 
frozen, and held at -80°C. Analyses of biochemical parameters in mussel digestive glands 
were conducted in duplicate and expressed per mg of protein determined using a bicincho-
ninic acid method (Pierce BCA Protein Assay Kit, Thermo Scientific, Rockford, IL). Activities 
of catalase (CAT), glutathione S-transferase (GST), glutathione peroxidase (GPx), glutathione 
reductase (GR), malondialdehyde (MDA), total- and Na+, K+−ATPase, and lactate dehydroge-
nase (LDH), and the concentration of reduced glutathione (GSH) were determined.

2.10. Correlations with histological and biochemical markers

Correlations between biochemical measurements, histological variables, and gene expression 
were evaluated using rank-transformed data (Spearman's rho) to minimize effects of the differ-
ent data types and scales for each class of variable. Due to the large number of variables exam-
ined, the criterion for statistical significance was reduced (α = 0.01) and plots of all significant 
relationships were examined to ensure linearity. To select genes for assessment of correlations, 
genes with the lowest false-detection rate (<9.67 × 10-5) and p-values (<9.5 × 10-8) were identified 
among genes with differential expression between control, HS, and HA. All annotated genes 
with differential expression between control, HS, and HA females were also selected. For these 
48 selected genes, gene expression was correlated with biochemical measurements and his-
tological variables. Digestive glands from nine mussels were included in the analysis of gene 
expression, but only eight mussels were included in correlations with biochemical measure-
ments of the glutathione antioxidant system; that is, one extract lost during the set of biochemi-
cal analyses was one of the mussels randomly selected for analyses of gene expression.

3. Results

3.1. Water chemistry

Mean-measured concentrations of SO4
2- and As were similar to nominal concentrations 

(Table 1). Background SO4
2- (∼17 mg/L) was present in the pond water; thus, measured con-

centrations were slightly above nominal concentrations. There was no measureable back-
ground As in the pond water.

Water quality measurements were within acceptable ranges for toxicity tests with freshwater 
mussels. During the study, the pond had a mean measured hardness of 204 mg/L CaCO3 and 
a mean measured alkalinity of 196 mg/L CaCO3. Mean measured temperatures were similar 
between treatments, and temperature was generally within 1°C of the 23°C target tempera-
ture (Table 2). Measured pH was similar across all treatments and varied little over the course 
of the study. Specific conductivity was similar in the controls and As treatments, and was 
elevated in the SO4

2- treatments as expected. Dissolved oxygen concentrations remained rela-
tively high for the duration of the study (lowest recorded value: 75% saturation, 6.20 mg/L, 
on Day 28). Dissolved oxygen concentrations were consistent between treatments but did 
show variation during the study, with a decrease in overall mean saturation from 86% on 
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Day 7 (range 79.1–88.7%) to 78% on Day 28 (range 75–78.8%). TAN concentrations were also 
consistent between treatments, but varied over the course of the study. The overall mean TAN 
concentration was 0.001 mg/L on Day 7 (range 0–0.01 mg/L) and increased to 0.068 mg/L on 
Day 21 (range 0.05–0.08 mg/L). The maximum measured TAN concentration was 0.080 mg/L 
in several control and SO4

2- units, but this value is far below the 2013 acute and chronic water 
quality standards for ammonia (0.96 and 0.24 mg/L, respectively, at pH 8.6 and 23°C), derived 
based on the sensitivity of mussels [32].

3.2. Mussels

No mussels died during the course of the experiment. The mean length of all exposed mus-
sels was 85.1 mm (range 79.0–99.3 mm). The mean lengths were not significantly different 
between treatments (GLIMMIX, p = 0.22). Mussel growth was not quantified in this study due 
to the use of adult mussels and the short duration of the exposure.

3.3. Reference assembly

The analytic program Trinity handled 61,774 transcripts, assembling them into the putative 
transcripts of 34,019 genes. The average length of these contiguous sequences, or “contigs,” 
was 1012 base pairs.

SO4
2− (mg/L) As (µg/L)

Treatment Nominal Mean Nominal Mean

Arsenic - 16.93 (1.44)b 1000 1027 (111)

Sulfate 1250 1276 (48) 0 <8.1c

Controla - 16.90 (1.56)b 0 <8.1c

aMeasurements were pooled for control_1 and control_2, since all replicates consisted of 100% unfiltered pond water.
bBackground concentration of SO4

2⁻ in the pond.
cMethod detection limit for As.

Table 1. Nominal and mean (standard deviation) measured concentrations of SO4
2- and As in treatments (n = 4 each) and 

controls (n = 8) during the 28-day exposure.

Treatment Temp. (°C) pH Specific conductivity (mS/
cm)

Arsenic 22.8 (0.9) 8.58 (0.03) 0.436 (0.004)

Sulfate 22.6 (0.8) 8.64 (0.05) 2.89 (0.10)

Control_1 22.6 (1.1) 8.51 (0.27) 0.431 (0.005)

Control_2 22.8 (1.2) 8.61 (0.07) 0.434 (0.004)

Table 2. Mean (standard deviation) measured concentrations of water quality parameters in all treatments and controls 
(n = 4 each) during the 28-day exposure.
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3.4. Differential expression analysis

Statistically significant (p < 0.05) differential expression (DE) of particular genes was observed 
among control mussels (CT) and those exposed to either arsenate (HA) or sulfate (HS). Chemical 
stress was as likely to cause underexpression as it was to cause overexpression of genes relative 
to levels observed in control mussels. Contrasts also were observed among mussels exposed to 
the respective pollutants, indicating that pollutants induced up- or downexpression of differ-
ent suites of genes. From 50 to 100 differentially expressed genes were found for each compari-
son. Figures 1–3 compare levels of expression of particular genes among groups of mussels.

Comparing gene expression among control and arsenate-treated mussels (Figure 1), 18,572 
transcripts were not affected by treatment, 28 were underexpressed in controls relative to 
treated mussels, and 30 were overexpressed.

Comparing gene expression among control and sulfate-treated mussels (Figure 2), 18,469 
transcripts were not affected by treatment, 74 were underexpressed in controls relative to 
treated mussels, and 86 were overexpressed.

Comparing gene expression among pollutants, 18,444 transcripts were not differentially 
expressed, 128 were more highly expressed in sulfate-exposed mussels, and 57 more highly 
in arsenate-exposed mussels (Figure 3). Overall, the sulfate treatment was a ∼3× greater stress 
factor in terms of the number of differentially expressed genes than was the arsenate (HA) 
treatment. We offer the explanation that in aquatic species, maintaining homeostasis in the 
face of ionic and osmotic stressors affects many cellular processes, while heavy metal  toxicity 

Figure 1. Summary of differential gene expression (DE) in control (CT) compared to arsenate-treated (HA) mussels. LogCPM 
is the logarithm of counts per million reads, and logFC is the log-transformed fold change in gene expression. Each dot in 
the figure represents the expression of one gene. Dots for genes whose expression is not significantly affected fall between 
the two horizontal lines. Dots for genes whose expression is upregulated relative to controls fall above the upper line. Dots 
for genes whose expression is downregulated relative to controls fall below the lower line.
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Figure 3. Summary of differential gene expression (DE) in high arsenate-(HA) compared to high sulfate-(HS) treated 
mussels. LogCPM is the logarithm of counts per million reads, and logFC is the log-transformed fold change in gene 
expression. Each dot in the figure represents the expression of one gene. Dots for genes whose expression is not 
significantly affected fall between the two horizontal lines. Dots for genes whose expression is upregulated relative to 
controls fall above the upper line. Dots for genes whose expression is downregulated relative to controls fall below the 
lower line.

Figure 2. Summary of differential gene expression (DE) in control (CT) compared to sulfate-treated (HS) mussels. 
LogCPM is the logarithm of counts per million reads, and logFC is the log-transformed fold change in gene 
expression. Each dot in the figure represents the expression of one gene. Dots for genes whose expression is not 
significantly affected fall between the two horizontal lines. Dots for genes whose expression is upregulated relative 
to controls fall above the upper line. Dots for genes whose expression is downregulated relative to controls fall below 
the lower line.
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affects relatively few. Comparing the effects of HS and HA directly, it was evident that HS 
causes >2 times more overexpression, again potentially pointing to a greater effect of HS. 
Interestingly, and as would be expected, the expression of different genes was affected. As 
discussed below, these genes are candidate markers for indicating exposure of mussels to the 
respective pollutants.

3.5. Annotation of expressed genes

The proportion of genes that we were able to annotate by reference to GenBank was relatively 
low (63%), as mollusks are nonmodel organisms and hugely underrepresented in genomic 
databases. We note that the proportions of genes that we annotated are very similar to those 
reported by Bai et al. [33, 34] for the freshwater pearl mussel Hyriopsis cumingii.

Among annotated underexpressed genes in the arsenate treatment relative to controls were 
guanylate binding protein 1 (GBP1) and poly [ADP-ribose] polymerase (BRAFLDRAFT_74879). 
In mammalian cells, GBP1 has been shown to respond to exposure to multiple stress agents 
including paclitaxel and doxorubicin [35]. The enzymes poly(ADP-ribose) (PAR) and poly-
merase-1 (PARP‐1) are central for cellular stress responses and for directing cells to specific 
fates (e.g., DNA repair vs. cell death) [36]. Among annotated overexpressed genes in arsenate 
relative to control were poly [ADP-ribose] polymerase 15-like (LOC101731886), and sodium- 
and chloride-dependent glycine transporter 2-like (LOC100899820).

Among annotated underexpressed genes in the sulfate treatment relative to controls 
were serine protease inhibitor dipetalogastin precursor and zinc-binding Sp-Hypp_8991. 
Interestingly, the expression of serine protease inhibitor seems to offer stress tolerance via 
delayed senescence [37]. Among annotated overexpressed genes in sulfate relative to control 
were NADPH-dependent alpha-keto amide reductase (YDL124W), and poly [ADP-ribose] 
polymerase 15-like (LOC101731886). Multiple aldo-keto reductases fulfill functionally redun-
dant roles in stress response in yeast [38].

3.6. Correlations with histological, biochemical, and gene expression markers

Significant correlations (r, p < 0.05) were observed among genetics and histological data from 
the nine sampled females. Fractions of reproductive acini containing mature or developing 
oocytes were significantly negatively correlated with gene identification code (gene code) 
c140332_g1 (gene symbol = LOC101731886) (r = -0.78, p = 0.01). Fractions of digestive divertic-
ula cells with lesions were significantly correlated with gene code c145102_g1 (none) (r = 0.74, 
p = 0.04) and negatively correlated with gene codes c103784_g1 (CGI_10002926) (r = -0.76, 
p = 0.03), c149150_g3 (none) (r = -0.78, p = 0.02), and c152424_g6 (none) (r = -0.73, p = 0.04). 
Fractions of kidney cells containing lipofuscin inclusions were significantly correlated with 
c138105_g1 (none) (r = 0.76, p = 0.02).

There were strong correlations (r > 0.85, p < 0.01) between the expression of five genes 
and biochemical measurements. Numerous weaker correlations (0.05 > p > 0.01) are not 
presented or discussed. The expression of one annotated gene, c150857_g2 (GBP1), was 
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positively correlated with the activity of glutathione-S-transferase, but there was little sepa-
ration between treatments and control_2 for both gene expression and enzyme activity. The 
expression of one annotated gene (c152797_g1; BRAFLDRAFT_74879) and one unannotated 
gene (c126914_g1) was positively correlated with the concentration of reduced glutathione, 
and there was good separation between treatments and control_2. The expression of two 
unannotated genes (c155139_g1 and c155139_g2) was negatively correlated with the concen-
tration of reduced glutathione and there was good separation between the treatments and 
control_2. Correlation between the expression of a sixth gene (unannotated; c154720_g4) did 
not meet the α = 0.01 criterion for strong correlation, but the plot demonstrated a similar pat-
tern as the other two genes negatively correlated with reduced glutathione concentration, 
with good separation between treatments and control_2. For the eight mussels included in 
these correlations, concentrations of reduced glutathione were higher in the control and 
lower in the two treatments, whether these genes are directly related to reduced glutathi-
one production or utilization is unknown. The small sample of mussels utilized for genetic 
analysis limits the interpretation of the relationships but suggests that these genes warrant 
further investigation, particularly as related to As(V) exposure.

4. Discussion

Gene expression profiling via next-generation sequencing has emerged as a tool to assess the 
biological impact of environmental pollutants and natural chemical stressors. This approach 
supports better understanding of whole-genome expression responses to chemical stress, aids 
in the identification of ecological and toxicological modes of action, and provides hundreds 
(or in some cases thousands) of rigorously tested markers for stress responses. Gene expres-
sion profiles thus provide a more comprehensive, sensitive, and actionable insight into toxic-
ity than typical toxicological parameters such as morphological changes, altered reproductive 
capacity, or mortality [39]. For example, it has been demonstrated that chemicals from the 
same class of compounds give rise to discernible gene expression profiles that bear more 
similarity to each other than to patterns corresponding to exposure to compounds from a 
different class [40]. It would be useful for a database for gene expression responses to envi-
ronmental pollutants to be developed for recognizing compound-specific expression profiles 
and molecular signatures of stress responses.

Functional annotations of genes may provide insights into affected regulatory and prolifera-
tive and repair/adaptive pathways, with immediate management and conservation impli-
cations. To improve the rate of functional annotations, expanded sequencing with more 
complete sequence information will be required. Recent bioinformatics developments, such 
as improvements to Trinotate (https://trinotate.github.io/), also hold promise of improved 
functional annotations. However, we note that complete annotations of affected genes are 
not necessary. Unannotated transcripts are potentially useful markers not only for com-
pound-specific expression profiling but also candidates for cost-effective and rapid individ-
ual biomarker assays based on real-time polymerase chain reaction (PCR), which could be 
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developed for use in the laboratory or even in field settings. Despite the limited sampling, 
we found dozens of highly significant gene expression markers (after the correction for false 
discovery rate) for the two stressors tested. As many as 66 genes were expressed only in 
the presence of the two compounds, with zero transcripts (i.e., no sequences found) in the 
control group.

We sought quantitative differences between the RNA pools of control and arsenate- or 
sulfate-exposed mussels. We sought evidence of altered expression of genes known to 
be linked to toxin response (e.g., heat-shock proteins, glutathione transferase, metallo-
thioneins, cytochrome P450, etc.), and confirmed that some of the pathways, such as 
poly(ADP-ribose), were indeed induced. We also sought to identify genes whose expres-
sion is influenced by toxin exposure, but of which we have no existing knowledge. We 
found many such putative markers of toxin-induced responses. In this latter case, more 
complete sequence data will be required to enhance functional annotation, but even if we 
do not know the functions of all the associated genes, they are still candidate markers for 
pollutant response.

4.1. Comparisons among biomarker types

Exposure to toxic compounds would be expected to affect gene expression, molecular flux 
through biochemical pathways, and ultimately histological structures in freshwater mus-
sels. Further, the respective markers would be expected to be causally related to one another. 
Hence, we sought statistical indicators of such correlations among our data sets.

Correlations among histological and genetics data provide provisional bases for hypoth-
eses regarding links among histological lesions and genes identified during this study. 
While many of the significant correlations involved genes without known function, a few 
involved genes of known function. Gene LOC101731886 was significantly negatively cor-
related with fractions of reproductive acini containing mature or developing gametes. The 
gene has been linked to the activity of poly [ADP-ribose] polymerase (15-like) (PARP) [41]. 
The PARP enzyme family is associated with physiological functions during cell division, 
transcriptional regulation, repair of DNA damage, and cytoplasmic cell response [42]. 
Females that provided the data for the correlations had completed oogenesis, and oocytes 
in acini were mostly atretic or resorbing; it seems logical that nucleus-related activities 
controlled by PARP in postgametogenic females would be negatively related to abundances 
of developing oocytes, since active gametogenesis had ceased. The positive relationship 
between abundances of lipofuscin in kidney cells and upregulation of gene LOC101731886 
(expression of PARP) may be related to oxidative stress. Increased production of reactive 
oxygen species (ROS) has been related to DNA single-strand damage incurred during con-
taminant exposure and inadequate aquaculture holding conditions [43, 44]. Since abun-
dances of intra-lysosomal lipofuscin granules are related to both contaminant exposure 
and oxidative stress [45, 46], it is logical that they are positively related to the expression of 
PARP activity to repair DNA.
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Abundances of lesions in digestive cells were negatively correlated with genes BRAFL-
DRAFT_118372 (histamine N-methyltransferase activity) and CGI_10002926 (uncharacterized 
protein with unknown function) [47–49]. A negative correlation between gene regulation of 
histamine methylation and lesions in digestive cells seems reasonable, because with increas-
ing abundance of lesions, destruction of cytoplasmic organelles probably occurs. A positive 
correlation between the expression of Sp-Hypp_8991 and digestive lesions may be related to 
activities to repair nuclear damage incurred during treatment and captive holding.

4.2. Implications for future research

Although there has been some limited application in marine mollusks, and one study has 
identified candidate stress-response genes in the freshwater mussel Elliptio complanata [50], 
RNAseq has not been evaluated for its utility for monitoring of the responses of freshwater 
mussels to coal-related environmental contaminants. Successful execution of this project pro-
vides proof of principle for using RNAseq technology to approach issues of toxicogenomics in 
freshwater mussels. Among key findings, our results collectively support the view that sub-
stantial changes of gene expression occur before dramatic changes in biochemical and histo-
logical effects. Our understanding of how changes in gene expression result in physiological 
and histological effects on the organism is hampered by the current situation in which many 
freshwater mollusk genes remain unannotated.

RNAseq-based assessment of global gene expression identified candidate markers for quan-
titative polymerase chain reaction (qPCR) assays, which could be developed and validated 
for rapidly assessing single-gene responses to exposure to toxic compounds. As noted 
above, Hamadeh et al. [40] demonstrated that chemicals from the same class of compounds 
give rise to discernible gene expression profiles that bear more similarity to each other than 
to patterns corresponding to exposure to compounds from a different class [40]. It would be 
useful for a comprehensive database for gene expression responses to environmental pollut-
ants to be developed toward recognizing compound-specific expression profiles and molec-
ular signatures of stress responses. Additional, well-controlled laboratory studies would be 
appropriate for the purpose of defining defensible biomarkers for toxicant-induced harm in 
freshwater mussels. Ultimately, practical work would apply (modifications of) the respec-
tive approaches to a range of sites in the Clinch, Powell, and other aquatic ecosystems.
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Abstract

The brain or central nervous system forms a network composed of so many neurons and 
their function is based on complex interactions among electric neural activities, intracellular 
calcium signals, intercellular communications by neurotransmitter, and so on. For multi-
point measurement of neural activities, fluorescent-imaging technique using voltage- 
sensitive dyes or calcium-sensitive dyes can be a powerful technique. This technique has 
been applied to measure spatiotemporal neural activities involved in the olfactory pro-
cessing of the land slug Limax. In Limax, the procerebral (PC) lobe, which is the olfactory 
center located in the lateral part of each cerebral ganglion, spontaneously produces a 
periodic oscillation of local field potential (LFP) of about 1 Hz, and the phase of the LFP 
oscillation is advanced at the distal region, resulting in periodic propagating waves of 
neural activity from the distal to proximal regions. The previous studies showed that 
odor stimuli change the LFP frequency and the wave propagation speed. In this article, 
we review the previous studies, as well as our recent studies, on the spatiotemporal neu-
ral activities of the land slug Limax using fluorescent-imaging technique.

Keywords: land slug, olfactory processing, spatiotemporal neural activity, fluorescent-
imaging technique, voltage-sensitive dye, calcium-sensitive dye

1. Introduction

The conventional electrophysiological methods have been well used for the measurement of 
neural activities of vertebrate and invertebrate. The direct measurement from single neurons 
and neural areas is possible by the conventional methods using microelectrodes. However, 
the brain or central nervous system forms a network composed of so many neurons and 
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their function is based on complex interactions among electric neural activities, intracellu-
lar calcium signals, intercellular communications by neurotransmitter, etc. The electrophysi-
ological methods are not suitable for the simultaneous measurement from many neurons or 
neural areas. For multi-point measurement of neural activities, fluorescent-imaging technique 
using voltage-sensitive dyes or calcium-sensitive dyes can be a powerful technique. In this 
technique, the dyes, which change their fluorescent intensities due to the voltage or calcium 
ion concentration change [1], are loaded into the cells, and their fluorescence changes are 
acquired into a computer as a series of images.

The multi-point measurement using fluorescent-imaging technique has been reported in ver-
tebrates [2–5] and invertebrates [6–16]. In invertebrates, for example, this technique has been 
applied to measure spatiotemporal neural activities involved in the olfactory processing of 
the land slug Limax [6, 7, 9–11, 13–16]. In Limax, the procerebral (PC) lobe, which is the olfac-
tory center located in the lateral part of each cerebral ganglion, spontaneously produces a 
periodic oscillation of local field potential (LFP) of about 1 Hz. The LFP oscillation is well 
synchronized over the entire PC lobe, but the phase of oscillation is advanced at the distal 
region, resulting in periodic propagating waves of neural activity from the distal to proximal 
regions. The previous studies showed that odor stimuli change the LFP frequency and the 
wave propagation speed.

In this article, we review the previous studies, as well as our recent studies, on the spatiotem-
poral neural activities of the land slug Limax using fluorescent-imaging technique.

2. Fluorescent-imaging technique

In fluorescent-imaging technique, the dyes, which change their fluorescence intensities due to 
the voltage or calcium ion concentration change [1], are loaded into cells, and their fluorescence 
changes are acquired into a computer as a series of images. However, the voltage-sensitive  
dyes generally exhibit a relatively small change in the fluorescence intensities, resulting in a 
low signal-to-noise (S/N) ratio. On the other hand, the calcium-sensitive dyes exhibit a larger 
change in the fluorescence intensities than that of the voltage-sensitive dyes. Therefore, 
their fluorescence changes can be detected easily, which enables us to indirectly measure 
neural activities because the intracellular calcium concentration often increases with neural 
activities.

As the calcium-sensitive dyes, those bonded with the acetoxymethyl (AM) group are com-
monly used because they are permeable into cells. After the AM-bonded dyes permeate into 
cells, the AM group is dissociated by intracellular esterase, and then the dyes can be non- 
permeable and loaded into cells. Vertebrate neurons are well known to be easily loaded with 
the AM-bonded calcium-sensitive dyes. In invertebrates, however, the AM-bonded dyes can-
not be easily loaded into neurons because the AM group is difficult to be dissociated due to 
their weak activity of intracellular esterase.

For these reasons, it has not been determined yet which type of dyes is better for fluorescent 
imaging of neural activities in invertebrates. In Section 4, we introduce some studies on the 
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spatiotemporal neural activities of the land slug Limax using fluorescent-imaging technique 
with both types of dyes.

3. Neural systems for olfactory processing of the land slug

The land slug Limax has two pairs of tentacles, the superior and inferior tentacles. Figure 1 
shows a photograph of the central nervous system of Limax and the schematic illustration of 
the cerebral ganglion and superior tentacle. Each tentacle has an olfactory epithelium, which 
receives odors, at its tip. Olfactory receptor neurons are located at the tip regions of the digi-
tate extensions of the tentacular ganglion (TG) (referring as “digitate ganglion” in Figure 1B) 
beneath the epithelium and terminate to synapse projection neurons in the TG that is the pri-
mary center of olfactory information processing (Figure 1B). The TG contains interneurons, as 
well as projection neurons that project to the cerebral ganglion [17]. The TG shows a sponta-
neous oscillation of LFP at about 2 Hz, which is usually measured by extracellular recording 
[18]. The oscillation is modulated by odor and air stimuli [19]. Several neurotransmitters such 
as serotonin, acetylcholine, glutamate, and gamma-aminobutyric acid (GABA), exist in the TG 
and modulate the spontaneous oscillation [20–22]. In addition, the olfactory epithelium also 
shows an oscillatory electro-olfactogram (EOG) in response to odor and air stimuli. The EOG 
oscillation interacts with the LFP oscillation in the TG [19].

TG neurons project to the cerebral ganglion via the tentacle or olfactory nerves. The major 
target of projection is the procerebral lobe, which is the lateral part of the cerebral ganglion 
(Figure 1). The PC lobe is a division of the cerebral ganglion unique to terrestrial slugs and 
snails that is specialized for the processing of olfactory information [23–25]. The PC lobe 
consists of three layers, the cell mass (CM), terminal mass (TM), and internal mass (IM) 
(Figure 2). The CM contains a large number of cell bodies of neurons, which are generally 

Figure 1. (A) Photograph of the central nervous system of the land slug Limax Color online and (B) schematic illustration 
of the cerebral ganglion and superior tentacle. This figure (B) is reproduced from Ref. [7] with permission.
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small (5–8 μm) [23]. The TM and IM are neuropile layers. The TM receives input from the 
tentacle nerves [9]. The PC lobe spontaneously produces a periodic slow oscillation of LFP 
at about 1 Hz, which is usually measured by extracellular recording [26]. The LFP oscillation 
is well synchronized over the entire PC, but the phase of the oscillation is advanced at the 
distal region. This results in periodic propagating waves of neural activity from the distal 
to proximal regions, which has been clearly shown by fluorescent-imaging technique [6, 7, 
9–11, 13–16].

Patch-clamp recording from single neurons showed that the neurons in the PC lobe are cat-
egorized as either bursting (B) or nonbursting (NB) neurons [6, 7] (Figure 2). B neurons are 
characterized by periodic bursting activity, and NB neurons are silent or fire at a low fre-
quency. NB neurons are more numerous (about 90%) and have projection of neurites to the 
TM and IM [27]. NB neurons receive olfactory input from the tentacle nerves in the TM [28]. 
B neurons have extensive projection of neurites within the CM and inhibit NB neurons, while 
NB neurons excite B neurons. The spontaneous bursting activities of B neurons and inhibitory 
synaptic potentials in NB neurons are synchronized with the LFP oscillation.

Figure 2. (A) Schematic illustration of the PC and (B) structure of the neural network of the PC. B neuron: bursting 
neuron, NB neuron: nonbursting neuron; CM: cell mass, TM: terminal mass, IM: internal mass. These figures are 
reproduced from Ref. [14] with permission.
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The propagating waves of neural activity have also been found in mammalian cortex. 
However, the function and computational role are still unclear even in the land slug Limax. 
To elucidate it, fluorescent-imaging technique is expected to be a powerful technique as 
described in the subsequent section.

4. Fluorescent imaging of spatiotemporal neural activities involved in  
the olfactory processing of the land slug

As mentioned earlier, periodic waves of neural activity propagate from the distal to proximal 
regions in the PC lobe of the land slug Limax. Pioneer works of a group clearly showed this phe-
nomenon for the first time in the PC lobe of L. maximus by fluorescent voltage imaging using a 
voltage-sensitive dye [6, 7]. They used di-4-ANEPPS, a substituted aminonaphthylethenyl- 
pyridinium [29], as the fluorescent voltage-sensitive dye. The fluorescence was detected with either 
an array of photodiodes or a cooled charge-coupled device (CCD) camera. Figure 3 shows the exper-
imental apparatus that they used. Figure 4 shows the propagating waves of fluorescence change 
measured by the CCD camera. A band of depolarization, followed by a band of hyperpolarization, 
began at the distal tip and moved along the length of the PC lobe, resulting in a phase difference 
between the distal and proximal regions (Figure 4A and C ). The detailed shape of the optical signal 
as a function of time also varied between different regions (Figure 4B). Simultaneous recording of 
the optical signal and the LFP by extracellular recording showed that the oscillatory changes in the 
fluorescent intensity were synchronized to the LFP oscillation (Figure 5). Additionally, from simul-
taneous recording of the optical signal and the intracellular potential by whole-cell patch technique 
(Figure 6), the authors concluded that the major part of the optical signal can be interpreted as a 
superposition of the intracellular signals arising from the B and NB neurons.

They next examined the responses of spatiotemporal neural activity in the PC lobe to odor 
stimuli (Figure 7). The stimuli were applied to the epithelium of the superior tentacle. The 
phase difference of neural activity between the distal and proximal regions was not changed in 
response to the moist air (Figure 7A). However, in response to a component of natural potato 
odor (2-ethyl-3-methoxypyrazine; EMOP), a known appetitive stimulus to the naïve slugs, 
the phase difference was dramatically changed (Figure 7B–F). The stimulus caused a collapse 
of the phase difference, that is, an initial difference of Δt > 250 ms was reduced to Δt < 50 ms. 
Repeated stimulus also caused a collapse of the phase difference, although it recovered faster 
after cessation of the stimulus. The transient switch from the states with propagating waves to 
one with spatially uniform oscillations is hypothesized to allow nearest-neighbor interactions 
suppressed by the propagating wave activity [30]. This study suggested that olfactory infor-
mation is encoded in the spatiotemporal neural activities in the PC lobe.

Thereafter, other groups have also studied the spatiotemporal neural activities of the PC 
lobe using fluorescent voltage imaging. Kimura et al. examined the responses of the PC lobe 
of L. marginatus to aversively conditioned odors [10]. In this study, di-4-ANEPPS was also 
used as the voltage-sensitive dye. First, they performed aversive conditioning procedures 
to the slugs using two odors (carrot and cucumber, which strongly attract the naïve slugs) 
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as conditioned stimuli (CS) and quinidine sulfate solution, which induces a strong aversive 
effect, as an unconditioned stimulus (UCS). The odor stimuli were applied to the epithelium 
of the inferior tentacle. When the conditioning is completed, the slugs avoid the CS odor and 
exhibit eating behavior at a lower frequency [31]. In the PC of the naïve slugs, they observed 
the propagating waves of fluorescence change similar to those reported in the previous study 
[6, 7] (Figure 8). In the PC lobe of the slugs aversively conditioned by carrot odor, the instan-
taneous frequency of the oscillatory fluorescence change was decreased from about 4 s after 
the onset of conditioned carrot odor presentation (Figure 9a). The optical signals recorded in 
an area of the PC lobe (area 3 in the upper image of Figure 9) showed depolarization in the 
basal potential (bottom level of each cycle of the oscillation) immediately after the onset of 
the odor presentation (Figure 9d). In another area of the PC lobe (area 4 in the upper image 
of Figure 9), hyperpolarization in the basal potential occurred from about 5 s after the carrot 

Figure 3. Schematic illustration of the experimental apparatus used for the optical measurement. This figure is 
reproduced from Ref. [7] with permission.
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odor presentation (Figure 9e). On the other hand, the control cucumber odor did not signifi-
cantly induce those changes (Figures 9f–j). Figure 10 shows temporally average images of 
optical signals calculated in 10 different periods of two recordings shown in Figure 9 (periods 
a–j in the upper graphs of Figure 10). This result shows that depolarization occurred espe-
cially in the neurons located in a belt-shaped region of the middle of the PC lobe (red-colored 
region in image b in Figure 10) immediately after the onset of conditioned carrot odor pre-
sentation. The belt-shaped region corresponded to area 3 in the upper image of Figure 9, in 
which depolarization in the basal potential occurred in the time profile, while the early phase 
depolarization was not observed for the control odor cucumber. After the depolarization was 
diminished, hyperpolarization occurred in the neurons in a relatively wide area of the PC lobe 

Figure 4. Propagation waves of fluorescence change in the PC lobe Color online. (A) Lateral view of fluorescence changes 
(−ΔF/F) plotted as successive frames. The fluorescence images were acquired as 100 × 100 pixel images at a flame rate of 120 
ms. The scale bar shows 100 μm. (B) Fluorescence changes versus time for the distal (thick line) and proximal (thin line) 
regions in the lobe. Each signal is the average signal from each circled region in (A). The asterisk (*) corresponds to flames 
8 in (A). (C) Posterior view of fluorescence changes. The fluorescence images were acquired as 100 × 100 pixel images at 
a flame rate of 112 ms. The scale bar shows 100 μm. In (A) and (C), yellow/red indicate depolarization and blue/violet 
indicate hyperpolarization relative to the average voltage. These figures are reproduced from Ref. [6] with permission.
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(blue-colored region in images c and d in Figure 10). Similar results were obtained in the PC 
lobe of the slugs aversively conditioned by cucumber odor. From these results, the authors 
concluded that in the PC lobe, learned odors are represented as spatiotemporal activity pat-
terns, which is supported by activity-dependent dye uptake study [32].

Figure 5. Simultaneous recording of the optical signal and the LFP by extracellular recording from a mid-distal region 
in the PC lobe. The asterisk (*) shows a “double event” that simultaneously presents in both recordings. This figure is 
reproduced from Ref. [7].

Figure 6. Simultaneous recording of the optical signal and the intracellular potential by whole-cell patch technique. (A) 
Recording from the distal region in the PC lobe. Two pairs of arrows show “fast events” that are simultaneously present 
in both recordings. (B) Recordings from the middle region in the PC lobe. These figures are reproduced from Ref. [7].
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Watanabe et al. measured neural activities of other areas in the cerebral ganglion, metacere-
brum/mesocerebrum (MC) (Figure 9), together with the PC lobe by fluorescent voltage imag-
ing, and they analyzed the relationship between them using the correlation analysis [13]. In 
this study, di-4-ANEPPS was also used as the voltage-sensitive dye. Figure 11 shows the 
fluorescent optical recording of spontaneous activity of the cerebral ganglion of L. valentianus. 
The image field covered the proximal part of the PC and the entire ipsilateral MC region. In 
all preparations, they observed oscillatory neural activity in the PC. Additionally, they found 
clear oscillatory activity in the MC with the same frequency as the PC oscillation in some 
preparations, although the amplitude of the MC oscillation was smaller than that of the PC 
oscillation. Their phase relationship was variable. In some preparations, the two oscillations 
were antiphase, while in the other preparations the oscillations were inphase. This study indi-
cated that the oscillatory activity in the PC lobe, in which olfactory information is encoded as 
mentioned earlier, propagates to the MC that plays a role in motor command.

Figure 7. Fluorescent optical recordings of neural activity in the PC lobe in response to natural odor stimuli Color online. 
(A) Fluorescence changes (−ΔF/F) versus time during the exposure to moist air (bar mark). The changes are shown for 
the distal (blue line) and proximal (red line) regions indicated by the circles in (D). (B) Fluorescence changes (−ΔF/F) 
versus time during the first exposure to EMOP (bar mark). (C) Fluorescence changes (−ΔF/F) versus time during the 
sixth exposure to EMOP (bar mark). Each lower plot in (A)–(C) shows the time difference (Δt) between successive peaks 
in the optical signal for each period. (D–F) Images of the fluorescence changes corresponding to the data in (C). They 
were taken (D) prior, (E) during, and (F) after the odor stimulation, which correspond to the letters D–F in (C). The 
fluorescence images were acquired as 100 × 100 pixel images at a flame rate of 112 ms. The scale bar shows 100 μm. These 
figures are reproduced from Ref. [6] with permission.
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The spatiotemporal neural activities in the PC lobe were also measured by fluorescent calcium 
imaging using calcium-sensitive dyes. Inoue et al. used Oregon Green-1, rhod-2, or Ca Orange 
bonded with AM group as the calcium-sensitive dye, and compared the fluorescent calcium 
imaging using each of them with the florescent voltage imaging using di-4-ANEPPS [11]. In 
fluorescent calcium imaging, propagation waves of fluorescence change were also observed 
in the PC lobe of L marginatus (Figure 12). The PC lobe was well stained by the calcium-sen-
sitive dyes, even though AM group-bonded dyes were used. The calcium signals originated 
predominantly from the cell body layer, CM, while the voltage signals originated mainly 
from the neurophil layer, TM. The calcium-sensitive dyes gave 1–3% fluorescence change, 
which increased rapidly and decreased slowly, with a good signal-to-noise ratio (Figure 13). 
Among the calcium-sensitive dyes, rhod-2 gave the largest fluorescence  oscillation. On the 

Figure 8. Propagation waves of fluorescence change in the PC lobe (posterior view) Color online. The fluorescence images 
were acquired by a photodiode array as 128 × 128 pixel images at a flame rate of 38.4 ms. Fluorescence changes (ΔF/F) were 
plotted as successive frames. The ΔF/F value in each pixel is represented according to the color table. (a) Flames 1–70 with an 
interval of 115.4 ms. (b) Flames 45–56 with an interval of 38.4 ms. These figures are reproduced from Ref. [10] with permission.
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Figure 9. Olfactory responses in the fluorescence oscillation in the PC lobe. The preparation was isolated from a slug 
aversively conditioned by carrot odor. The optical signals were recorded from four regions (open squares 1–4 in the 
upper image) of the posterior surface. (a) Change in the oscillation frequency induced by conditioned carrot odor. (b–e) 
Fluorescence changes (ΔF/F) versus time during the exposure to carrot odor (bar mark). (f) Change in the oscillation 
frequency induced by control cucumber odor. (g–j) Fluorescence changes (ΔF/F) versus time during the exposure to 
cucumber odor (bar mark). (b) and (g), (c) and (h), (d) and (i), and (e) and (j) correspond to regions 1–4 in the upper image, 
respectively. MtC: metacerebrum, MsC: mesocerebrum. These figures are reproduced from Ref. [10] with permission.
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other hand, the voltage-sensitive dye gave 0.1–1% fluorescence change, which increased 
slowly and decreased rapidly (Figure 13). In this study, the authors concluded that the oscilla-
tory signals of the calcium-sensitive dyes arise from B neurons of the CM and the neural activ-
ity of the CM can be monitored with them because the oscillatory signals were synchronized 
with the LFP (Figure 13).

Fluorescent calcium imaging has been limited with respect to the selectivity of staining of 
the dyes. Bath application of the dyes stains both B neurons and NB neurons. Even when 
we intend to observe the activity of NB neurons, which is thought to be involved in odor 
coding [33], it is obscured by stronger calcium signals from B neurons that exhibit periodic 
bursting activity. To observe the activity of NB neurons, Watanabe et al. attempted selective 
fluorescent calcium imaging for the PC lobe of L. valentianus by retrograde staining of NB 
neurons with rhod-2 [14]. When the sheath was removed only from the surface of the IM and 
the PC lobe was immersed in the dye solution, the NB neurons were expected to be stained 

Figure 10. Spatiotemporal properties of olfactory responses in the PC lobe Color online. The upper two graphs show 
responses of the oscillation frequency to aversively conditioned carrot odor (left) and control cucumber odor (right). The 
lower images show temporally averaged ΔF/F images calculated from the optical recording shown in Figure 9. Successive 
images were averaged for 10 different periods (a–j in the upper figures, each of which includes three or four oscillatory 
cycles (•)). The images a–j corresponds to the periods a–j. These figures are reproduced from Ref. [10] with permission.
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retrogradely through neurites projected to the IM (Figure 14). After nonselective staining, in 
which the sheath was removed from the entire surface of the PC lobe, a strong spontaneous 
oscillation was observed, which presumably arose from calcium oscillations of B neurons 

Figure 11. Fluorescent optical recording of spontaneous activity in the cerebral ganglion Color online. (A–C) A 
preparation that showed an antiphase MC oscillation. (A) Fluorescent image of the cerebral ganglion (left hemisphere) 
observed from the anterior surface. The scale bar shows 200 μm. tn: superior tentacle nerve, cc: cerebral commissure; D: 
dorsal, V: ventral, L: left, R: right. The broken line around the PC indicates the border between the PC and the MC. (B) 
Correlation profile along the area indicated by the blue rectangle in (A), with reference to the PC region (white square). 
The horizontal axis corresponds to the position along the area, and the vertical axis is the time lag. Positive values of the 
lag indicate delays relative to the PC. Pseudocolor presentation (the table on the right of (E)) refers to the amplitude of 
correlation against the PC oscillation. (C) Fluorescence changes versus time in the PC and MC regions indicated by the 
red squares in (A). Decrease in fluorescence intensity (depolarization of the membrane potential) is plotted upward. As 
the dotted lines indicate, the two traces show an antiphase relationship. (D–F) A preparation that showed an inphase 
MC oscillation. (D) Fluorescent image of the cerebral ganglion (right hemisphere) observed from the anterior surface. 
The scale bar shows 200 μm. Abbreviations are same as those in (A). The broken line around the PC indicates the border 
between the PC and the MC. (E) Correlation profile along the area indicated by the blue rectangle in (D), with reference 
to the PC region (white square). (F) Fluorescence changes versus time in the PC and MC regions indicated by the red 
squares in (D). As the dotted lines indicate, the two traces show an inphase relationship although the amplitude of the 
MC oscillation is small. These figures are reproduced from Ref. [13] with permission.
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(Figure 15). On the other hand, the PC lobe showed a much smaller spontaneous oscillation 
after the selective staining, although a large number of cells were clearly stained (Figure 15). 
This result suggested that NB neurons are mostly silent in contrast to B neurons. However, 
NB neurons responded to electric stimulation of the superior tentacle nerve as shown in the 
inset of Figure 15D.

As described above, fluorescent-imaging technique is applicable for the measurement of the 
spatiotemporal neural activities involved in the olfactory processing of the land slug. Through 
the studies using it, especially, the function and computational roles of the propagation waves 
of neural activity in the PC lobe on odor discrimination and learning have been elucidated. 
Meanwhile, the experimental apparatus has also been improved. In the earlier reports of the 
fluorescent voltage imaging, consecutive images were acquired at a flame rate of about 100 ms  

Figure 12. Propagation waves of fluorescence change in the PC lobe (dorsal view) stained with (A) Oregon Green-
1, (B) rhod-2, or (C) di-4-ANEPPS Color online. The fluorescence images were acquired by a photodiode array as 
128 × 128 pixel images at a flame rate of 38.4 ms. In (A) and (B), yellow/red indicates high calcium concentration and 
blue/violet indicates low calcium concentration. In (C), yellow/red indicates depolarization, and blue/violet indicates 
hyperpolarization. The scale bar shows 200 μm. These figures are reproduced from Ref. [11] with permission.
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Figure 13. Phase relationship between the fluorescence oscillations of the calcium-sensitive dye (rhod-2) and the voltage-
sensitive dye (di-4-ANEPPS) in the PC lobe. (A) LFP measured simultaneously with the optical recordings of the PC 
lobe stained with rhod-2 (solid line) or di-4-ANEPPS (dotted line). (B) Fluorescence changes of rhod-2 (solid line) and 
di-4-ANEPPS (dotted line) versus time. The fluorescence intensities were obtained by averaging over 10 × 10 pixels at the 
medial region of the CM. These figures are reproduced from Ref. [11] with permission.

Figure 14. (A) Methods of staining. (a1–3) Selective staining of NB neurons. (a1) The sheath is removed only from the 
surface of the IM. (a2) The preparation is incubated in the rhod-2 solution. (a3) After staining, NB neurons but not B 
neurons are stained. (b1–3) Nonselective staining. (b1) The sheath is removed from the entire surface of the PC. (b2) The 
preparation is incubated in the rhod-2 solution. (b3) After staining, both B and NB neurons are stained. (B) Fluorescence 
image of a section of the PC lobe after staining. Cell bodies (bright spots) are stained in the CM. A neurite is also stained 
in the TM (arrow), through which the dye presumably diffused to stain the cell body. The scale bar shows 40 μm. These 
figures are reproduced from Ref. [14] with permission.
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for about 100 × 100 pixels in size [6, 7], while they can be acquired at a flame rate of about 10 ms 
for about 1000 × 1000 pixels in size in our recent apparatus as described in Section 5.

5. Our recent fluorescent-imaging apparatus and its application

We have also measured the spatiotemporal neural activities in the PC lobe of the land slug 
Limax by fluorescent voltage imaging [15, 16]. Figure 16 shows our recent apparatus. We also 
use di-4-ANEPPS as the voltage-sensitive dye. The recording chamber, in which the stained 
preparation is placed, is mounted on the stage of a microscope (E-FN1, Nikon, Japan). The dye 
is excited by LED of 530 nm with a half width of 25 nm (LEX2-G, Brain Vision, Japan) through an 
excitation filter (EX510-560). The emitted fluorescence of 705 nm is detected through a dichroic 

Figure 15. Comparison of selective and nonselective staining. Spontaneous activity was recorded from the surface of the 
CM in the PC lobe. (A and B) Nonselective staining. (A) Fluorescence image of the surface of the CM. (B) Time course of 
the averaged fluorescence from the square region (approximately 100 × 100 μm) in the center of (A). (C and D) Selective 
staining. (C) Fluorescence image of the surface of the CM. (D) Time course of the averaged fluorescence from the square 
region (approximately 100 × 100 μm) in the center of (C). The inset shows the time course of fluorescence in a cell in 
response to electric stimulus of the superior tentacle nerve (arrow). The scale bars in (A) and (C) show 100 μm. These 
figures are reproduced from Ref. [14] with permission.
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mirror (DM575) and a barrier filter (BA590). The fluorescence images (1024 × 1024 pixels) are 
acquired at a flame rate of 10 ms by sCMOS camera (Zyla, Andor, Ireland). The acquired image 
sequences were stored into a personal computer (Dell Precision T5600, Dell, USA).

Figure 17 shows the propagating waves of fluorescence change in the PC lobe of L. valentianus 
measured by our apparatus. The supplemental movie can be seen in the website (the URL 
is in the figure legend of Figure 17). Here, a 10× objective was used and the space resolution 
was about 0.6 μm/pixel. An aversive odor, isoamyl acetate, was applied to the epithelium of 

Figure 16. Schematic illustration of our recent fluorescent voltage-imaging apparatus Color online. The LFP can be 
simultaneously measured by extracellular recording. This figure is reproduced from Ref. [16] with permission.

Figure 17. Propagation waves of fluorescence change in the PC lobe (upper left fluorescence image) measured by our 
recent apparatus Color online. The fluorescence images were acquired by a sCMOS camera as 1024 × 1024 pixel images 
at a flame rate of 10 ms. The space resolution was about 0.6 μm/pixel. Fluorescence changes (ΔF/F) were plotted as 
successive frames. The ΔF/F values averaged over 16 × 16 pixels (yellow mesh in the upper left image) were represented 
according to the color table. The LFP was simultaneously measured by the glass electrode (blue figure in the upper left 
image). The odor (isoamyl acetate) was applied at 0.00 s, and the time before or after the odor stimulus is shown in each 
flame. See also the supplemental movie (http://saitolab-chaos.com/Papers/Malacology/Supplemental-movie.html; 1/4 
speed reproduction).
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Figure 18. (a) Fluorescence image of the PC lobe Color online. The red squares (1–4) show the ROIs for fluorescence 
change analysis and the blue figure shows the glass electrode for LFP measurement. (b) Preparation of the central 
nervous system with tentacles. The blue circle and the red arrow show the left and right PC lobes, respectively. (c) Time 
courses of the LFP (upper figure) and the fluorescence change in the ROIs (lower figure). (d) Time lag estimated from 
the peaks of fluorescence oscillations in the ROI1 and ROI4. The odor (isoamyl acetate) was applied at the time shown 
by gray arrows in (c) and (d). These figures are reproduced from Ref. [16] with permission.

Organismal and Molecular Malacology136



the superior tentacle. Figure 18 shows the fluorescence changes in four ROIs. The time lag 
between two peaks at the distal and proximal regions significantly decreased, that is, the 
propagation speed significantly increased when the odor was applied. In our experiments, 
this phenomenon occurred only for the aversive odors, not for the appetitive odors.

We also examined the involvement of nitric oxide (NO) in the odor-induced changes in wave 
propagation by our apparatus. NO, which is a gaseous neurotransmitter, has been reported 
to function specifically in the PC lobe. Gelperin et al. showed that the excitability of B neurons 
is modulated by NO [34] and suppression of NO synthesis blocks the LFP oscillation and 
wave propagation in the PC lobe [35]. In our study [36], the stimulation of another aversive 
odor, hexanol, to the epithelium of the superior tentacle increased NO concentration mea-
sured by an NO electrode applied to the PC lobe of L. valentianus. This was blocked by NO 
synthase inhibitor L-NAME (3.7 mM), although it did not block the LFP oscillation and wave 
propagation in the PC lobe at this concentration. Additionally, the LFP frequency and wave 
propagation speed were increased by the odor (hexanol) stimulation or electrical stimulation 
of the superior tentacle nerve, and these phenomena also disappeared by L-NAME, but not 
by its inactive enantiomer D-NAME (Figure 19). On the other hand, L-NAME did not block 
synaptic transmission from the superior tentacle nerve to NB neurons in the PC lobe. These 
results suggested that NO is released from NB neurons diffuses into the CM to depolarize B 
neurons, which modifies the network activity, presumably the main effect of suppressing NB 
neurons (Figure 20). Based on this study as well as previous studies, the authors speculated 
that the effects of NO released during olfactory perception underlie the mechanism of precise 
odor discrimination and learning in the PC lobe of the land slug.

Figure 19. Effects of NO on the spatiotemporal neural activities in the PC lobe Color online. (A) Schematic illustration 
of the experiment. (B) Normalized fluorescence changes in the ROIs in the distal (apical) and proximal (basal) regions. 
Before the odor (hexanol) stimulation, the peaks of fluorescence changes had a time lag between the distal and proximal 
regions (upper left). The lag decreased during the odor stimulation (upper right). In the saline containing L-NAME, the 
odor stimulation did not decrease the lag (lower). (C) Time courses of the lag in saline (left) and L-NAME (right). The 
dotted lines indicate the average of lag before the stimulus. (D) Summary of the responses of lag to the odor stimulation. 
Average and individual data are shown. L-NAME significantly reduced the decrease in the lag (*p < 0.05, N = 10), 
whereas D-NAME did not significantly change the response (NS, not significant; N = 8). These figures are reproduced 
from Ref. [36] with permission.
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6. Conclusions

Fluorescent voltage imaging is applicable for the measurement of the spatiotemporal neural 
activities involved in the olfactory processing of the land slug Limax. Fluorescent calcium 
imaging is also applicable for it, even though generally the AM group-bonded calcium-
sensitive dyes cannot be easily loaded into invertebrate neurons. Through the studies using 
the fluorescent-imaging technique, especially, the function and computational roles of the 
propagation waves of neural activity in the PC lobe on odor discrimination and learning have 
been elucidated. Meanwhile, the experimental apparatus has also been improved. By our 
recent apparatus, consecutive images can be acquired at a flame rate of about 10 ms for about 
1000 × 1000 pixels in size, and some new findings on the olfactory processing were obtained. 
Such an improvement of the experimental apparatus will enable us to obtain further infor-
mation not only on the olfactory processing of the land slug but also on various biological 
functions.

Figure 20. Schematic illustration of the pathways that transmit olfactory information to the PC lobe Color online. B and 
NB neurons have the cell bodies in the CM. The superior tentacle nerve projects in the TM and makes synapses on NB 
neurons. NB neurons produce spikes that propagate afferently and activate synapses on B neurons. At the same time, 
spikes also propagate efferently into the IM, where NO will be released. NO diffuses into the CM and depolarizes B 
neurons, which modifies the network activity, presumably by suppressing NB neurons. This figure is reproduced from 
Ref. [16] with permission.
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Abstract

Studying biochemical indicators in response to various environmental factors allows 
revealing the metabolic adaptive strategy of the organism’s tolerance and survival under 
a variety of environmental impacts. This review analyses both the authors’ own data and 
the available literature on the problem of biochemical adaptations of the lipid composi-
tion in marine bivalves, particularly blue mussels, Mytilus edulis L., to various environ-
mental impacts. Modifications in the composition of lipids and their fatty acids in blue 
mussels caused by short-term (under laboratory conditions) and chronic (field monitor-
ing) exposure to natural and human factors indicate that homeostasis is maintained in 
cell membranes and the organism’s energy requirements and facilitate the adaptation 
and tolerance of the mussels to environmental disturbances. The lipid and fatty acid com-
position indices in White Sea intertidal mussels which reflect their chronic exposure to a 
wide variety of environmental factors are discussed and compared to data on changes in 
the lipid composition of blue mussels exposed to some environmental factors (salinity, 
anoxia, metals) in aquarium experiments. The lipid profile plays an important role in 
the adaptation of blue mussels to new conditions in the habitat, and it can be used as a 
biochemical marker for indicating the organism’s physiological state.

Keywords: lipids, fatty acids, biochemical adaptation, environmental factors, Mytilus 
edulis

1. Introduction

Biochemical processes underlie the development of cell metabolic responses to environmental 
impacts and allow an organism to adapt and survive in a changing environment [1]. Metabolic 
modifications up to the level of physiological and morphological disorders are reflected in the 
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changes of various biochemical indicators, which allow determining the adaptive strategy of 
an organism’s tolerance and survival under both natural and human impacts. Lipid molecules, 
which are involved in all the essential physiological-biochemical processes [2], play a major role 
in the organism’s adaptive responses to various factors in the environment [1]. The primary 
response to stress is modification of the physical state of cell membranes (mainly fluidity), which 
triggers a change of their lipid and fatty acid composition [3, 4]. The main lipid components of 
biological membranes are phospholipids and cholesterol. The ratio of phospholipids and cho-
lesterol is considered as an indicator of membrane fluidity. Cholesterol is known to increase 
the order of the phospholipid fatty acid chains in membranes [5]. Membrane phospholipids in 
different molecular species and molecular shapes as well as their interaction with cholesterol 
and membrane proteins determine membrane fluidity and subsequently regulate the activity of 
membrane-bound enzymes and the functioning of ion channels, pumps and receptors [2, 6, 7].  
Besides their effects on membrane fluidity, membrane phospholipids are also a source of bioactive 
compounds and messengers [8]. In particular, eicosapentaenoic acid (EPA, 20:5n-3) and arachi-
donic acid (AA, 20:4n-6) are released from phosphatidylcholine (PC), phosphatidylethanolamine 
(PE) and phosphatidylinositol (PI) by phospholipase A2 and serve as precursors of short-lived 
hormone-like substances called eicosanoids (prostaglandins, thromboxanes, leukotrienes, etc.). 
The bioactive molecules have a wide range of physiological actions, including immune response, 
inflammatory response, neural function, reproduction and enhancement of an organism’s adap-
tation to environmental stress [2, 8]. PI is also a source of such messengers as diacylglycerols 
and inositol phosphates (namely, inositol trisphosphate and others). These messengers, as well 
as the phospholipid phosphatidylserine (PS), are involved in regulating the activity of protein 
kinase C, which controls many cell functions, such as differentiation, proliferation, metabolism 
and apoptosis [2, 8, 9]. Moreover, fatty acids are the most labile components of lipid molecules, 
quickly and accurately reflecting environmental impacts and activating an organism’s adaptive 
abilities. For example, a well-known biochemical response of poikilothermic organisms to low 
temperature is increased fatty acid unsaturation of both membrane and storage lipids [7, 10, 11].  
In addition to membrane lipids, an important role in the adaptive response of organisms to 
various environmental factors belongs to high-energy storage lipids, chiefly triacylglycerols 
and their fatty acids [12–15], which cover the energy costs needed for maintaining homeostasis 
under the new environmental conditions. Since long-chain polyunsaturated fatty acids, par-
ticularly such essential fatty acids as EPA and docosahexaenoic acid (DHA, 22:6n-3), cannot be 
de novo synthesized in marine mussels [16, 17], their incorporation and elimination in mem-
brane and storage lipids are strongly regulated [18, 19]. Thus, lipid and fatty acid composition 
as a key component of various metabolic pathways that are linked to processes important for 
survival and tolerance reflects the adaptive response of an organism to environmental effects. 
It is assumed that lipid composition may be used as a biochemical marker for indicating the 
organism’s physiological state in environmental assessments and biomonitoring.

The blue mussels, Mytilus edulis L., are used worldwide as marine sentinel organisms in bio-
monitoring programmes due to their longevity, sessile nature, global distribution and ability 
to bioaccumulate high concentrations of pollutants [20–22]. In the White Sea, M. edulis L. is the 
dominant species of coastal (intertidal) ecosystems. Numerous studies on White Sea mussels’ 
response to various environmental effects have identified adaptive mechanisms on molecular, 
biochemical, cellular, physiological and behavioural levels of biological organization [23–38].
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This paper summarizes the results of research on lipid composition effects in White Sea blue 
mussels, M. edulis L. (1758), in response to environmental factors such as temperature, salin-
ity, short-term anoxia, change of nutrition source, metals and oil pollution. Phenotype-specific 
features of the lipid composition in White Sea blue mussels from different habitat conditions 
(intertidal zone and aquaculture), as well as compensatory modifications of the lipid compo-
sition in intertidal mussels under chronic stress in the natural habitat and under short-term 
exposure to stress in laboratory experiments, are discussed.

2. Environmental factors

2.1. Temperature

Being a major environmental factor, influences all aspects of life of an organism, especially 
poikilotherms [1]. The literature offers quite detailed descriptions of the contribution of the 
lipid composition to thermal adaptations in bivalves [11, 39–43]. Often, the response involv-
ing the lipid composition depends on the duration of exposure to ambient temperatures. 
Moreover, organ-specific distribution of lipids in Bivalvia causes differences in lipid composi-
tion response to temperature effects, depending on the studied organ. Thus, gills of bivalves, 
which are the location of primary contact with the environment, contain high concentrations 
of membrane lipids, chiefly cholesterol [42]. It is well-known cholesterol is necessary for 
membrane stabilizing and maintaining the permeability of membranes [2, 5]. It was demon-
strated that when exposed to rapid (several hours) temperature fluctuations gills of bivalves 
experience modifications in cholesterol levels, whereas prolonged (several weeks) tempera-
ture impacts induce changes in the amount of phospholipids enriched in polyunsaturated 
fatty acids [41, 43]. Whereas the gill lipid composition response in White Sea mussels in the 
temperature experiment was the opposite: a significant rise of the cholesterol concentration 
in response to prolonged (14 days) impact of both low and high temperatures, while short-
term temperature stress (1 day) influenced the content of phospholipids and their fatty acids 
[36]. Since the synthesis of polyunsaturated fatty acids in bivalves is limited as well as an 
involvement of essential fatty acids in/from membrane lipids is strictly regulated [18, 19], 
presumably, the mussels’ adaptive strategy is to use a less energy-intensive mechanism for 
maintaining optimal membrane fluidity by redistributing polyunsaturated fatty acids among 
storage and membrane lipid fractions (in the absence of additional cholesterol synthesis) that 
bivalves employ to adapt to rapid temperature changes [35, 36]. The role of minor mem-
brane phospholipids (namely, phosphatidylserine and sphingomyelin) in the acclimation of 
mussels to elevated ambient temperature was also demonstrated in gills. They are believed 
to facilitate adaptive modifications of the fluidity and permeability of cell membranes in 
response to elevation of the ambient temperature [35, 36]. Let us remark that a similar effect 
involving these phospholipids was observed in gills of mussels acclimating to variable sea-
water salinity [44]. Elevated ambient temperature is known to produce a destabilizing effect 
on cell membranes in poikilotherms [3]. Apparently, seawater salinity variations, primarily 
reduction of salinity, cause an analogous response of the membrane physicochemical prop-
erties which, in turn, initiates compensatory modifications of the composition of membrane 
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lipids and their fatty acids similar to those observed in response to elevated temperature. 
Digestive glands in bivalves contain higher concentrations of triacylglycerols (TAGs) required 
for energy  metabolism  during their acclimation to new environmental conditions as well as 
for reproductive processes. In particular, it was shown that bivalves from thermally differ-
ent habitats differed in TAG metabolism in the digestive glands during overwintering. Blue 
mussels, M. edulis, adapted to harsh winters, accumulate TAGs enriched in 20:5n-3 fatty acids 
(EPA) in the digestive glands, while the oyster, Crassostrea virginica, which generally occurs in 
warmer habitats, on the contrary, did not reserve TAG before overwintering [42].

2.2. Salinity

Is one of the key abiotic factors in the marine environment. Marine and freshwater molluscs 
were shown to be alike in the content of total and neutral lipids, but the levels of individual 
fractions of phospholipids such as PC, PI, PS and PE, as well as PE plasmalogen form, were 
found to be dependent on the ambient salinity [45]. In gills of bivalves, salinity stress induces 
an increase in negatively charged phospholipids, chiefly PI and cardiolipin. This may suppos-
edly be one of the intracellular mechanisms to bind excessive cations lest they degrade the cell’s 
enzymatic systems [46]. Exposure of White Sea mussels to reduced seawater salinity (15 psu) in 
aquarium experiments (25 psu as a control) resulted in an increase in the concentration of phos-
pholipids, mainly PC and PS, in gills [44], alongside a reduction in the levels of cholesterol and 
storage lipids (triacylglycerols and cholesterol esters) in gills and digestive glands [34, 47]. The 
reduced levels of cholesterol and storage lipids indicate an adverse effect of low salinity on the 
physiological state of the mussels and their metabolism. We know that when salinity is drawn 
down from 25 psu (normal values of salinity in the White Sea) to 14 psu, the functional activity 
of M. edulis is suppressed [23, 48], and the mussels’ tolerance of low salinity is ensured by cellu-
lar volume regulation using organic and inorganic osmolytes [32, 49, 50]. Thus, the acclimation 
of molluscs to reduced salinity apparently implies that storage lipids are utilized not only as 
sources of metabolic energy but also as substrates for the synthesis of organic osmolytes [34]. 
Moreover, it was shown that the action of increased salinity (from 25 psu to 35 and 45 psu) 
leads to various responses of the lipid composition of White Sea mussels, M. edulis, depending 
on the studied organ. Although mantle edge and gills are sites for primary contact with exter-
nal environment, the effect of increased seawater  salinity on both intertidal and cultured mus-
sels caused organ-specific reactions in the cholesterol level: the level rose in the mantle edge 
[51] but declined in gills [44]. Apparently, the different cholesterol content in gills and mantle 
edge of the mussels reflects differences in membrane fluidity and ion permeability in response 
to increased salinity effect. Some authors have pointed out the lack of distinctions between 
marine and freshwater bivalves in the fatty acid composition [45, 52, 53], although some papers 
have reported elevated concentrations of C20 and C22 unsaturated fatty acids, predominantly 
20:5n-3, 22:5n-3 and 22:6n-3, in marine molluscs [54] as well as high level of monounsaturated 
fatty acids and arachidonic acid (20:4n-6) in freshwater molluscs [55]. Yet, the high variability of 
fatty acid content observed in both freshwater and marine mollusc species is primarily due to 
the factors of nutrition and ambient temperature [14, 15, 41–43, 45, 56–58]. Nonetheless, a lower 
level of n-6 polyunsaturated fatty acids was found in gills of marine bivalves acclimated to high 
salinity as compared to the individuals exposed to low salinity [46]. White Sea mussels accli-
mated to different  seawater salinities also manifested  considerable modifications of the lipid 
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fatty acid composition in gills and mantle edge. Thus, in gills of intertidal mussels, the level of 
n-6 polyunsaturated fatty acids (mainly owing to AA, 20:4n-6) increased in response to seawa-
ter salinity reduction (5 psu) and elevation (45 psu). At the same time, cultured mussels col-
lected from aquaculture substrates responded with a decrease in n-3 polyunsaturated fatty acid 
(PUFA) content and an increase in saturated fatty acid level in gills both to a reduction (to 5 and 
15 psu) and an elevation (to 35 and 45 psu) of seawater salinity. Remarkably, notwithstanding 
the considerably different lipid composition of gills in intertidal and aquaculture mussels, they 
both responded to critically low salinity (5 psu) with similar modifications of the lipid composi-
tion, indicative of non-specific defence reaction in bivalves—closure of shell valves, reduction 
of total metabolism and transition to anaerobic metabolic pathways [44]. Varied response of 
fatty acid composition to salinity effects was detected in the mantle edge of mussels from dif-
ferent tidal zones (intertidal and aquaculture) [51]. Thus, it was shown that the concentration 
of non-methylene-interrupted fatty acids (NMIFA) in mantle edge increased in the intertidal 
mussels exposed to 5, 35 and 45 psu (25 psu as a control), whereas in cultured mussels exposed 
to 5, 35 and 45 psu salinity, there was an increase in n-3 PUFA content. It is known that NMIFA 
can be synthesized in marine bivalve molluscs in the case of a lack of usual n-3 PUFA [53]. 
Probably, n-3 PUFA deficiency in intertidal mussels is the result of their utilization to generate 
energy required for mussel acclimation to different salinities, whereas additional synthesis of 
NMIFA is essential for maintaining the unsaturated state of membrane phospholipids as well 
as fluidity and permeability of membranes in mantle edge.

2.3. Short-term anoxia

Blue mussels, M. edulis, living in the marine coastal (intertidal) zone are facultative anaerobes 
tolerant of short-term anoxia during low tide [30, 59, 60]. The main sources of energy for bivalves 
in the anaerobic metabolism conditions are glycogen and proteins [1, 61], whereas lipids are uti-
lized to provide for gametogenesis [61]. The role of storage lipids (chiefly triacylglycerols) in the 
adaptive reactions of mussels under anoxic conditions was demonstrated in our studies [62, 63]. 
In White Sea blue mussels, we observed a rise in the levels of cholesterol and PC within total lip-
ids of soft tissues, which are known to have a stabilizing effect on membranes and thus reduce 
their permeability. It is known that anoxia may reduce the permeability of cell membranes, thus 
causing modifications in their lipid composition [64]. On the other hand, elevated concentra-
tions of polyunsaturated fatty acids (in particular, arachidonic acid) and non-methylene-inter-
rupted fatty acids within total lipids of soft tissues balance the stabilizing effect of membrane 
lipids and probably facilitate the functioning of membrane-bound proteins (enzymes, ion chan-
nels and receptors) [63]. Additional research is needed to determine organ-specific reaction of 
the lipid and fatty acid composition in blue mussels under short-term anoxia effect.

2.4. The nutrition factor

It is a known fact that lipid composition, especially the fatty acid profile of filter-feeding mus-
sels, like in any consumers, is a trophic marker of the composition of their food and includes 
the biochemical markers of all seston components, namely, phytoplankton, zooplankton and 
bacteria (detritus) [14, 15, 56, 58, 65–68]. The study of modifications in the composition of lipids 
and their fatty acids in gills and digestive glands of White Sea mussels, M. edulis, induced by 
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their acclimation to laboratory conditions where they were fed with artificial feed (“Coraliquid”, 
Sera) revealed organ-specific patterns in the assimilation and modification of lipids, primarily 
concerning their fatty acid profile [69]. It was shown that change of the food source caused 
alterations in the lipid and fatty acid composition, mainly in the digestive gland. Elevated con-
tent of high-energy lipids (triacylglycerols) enriched in saturated fatty acids (namely, myristic 
14:0 acid), as well as vaccenic 18:1n-7 acid in the feed, promoted the storage of these lipids 
in mussel gills and digestive gland. At the same time, the fact that phospholipids in the feed 
lacked essential fatty acids, EPA and DHA, which are known to be derived from phytoplank-
ton, told considerably on the fatty acid profile of triacylglycerols in the mussels [69].

Intertidal habitats are the most variable in terms of such abiotic environmental factors as tem-
perature, salinity, aerial exposure and concentrations of suspended nutritive material [70]. Life 
under such heavily variable environmental conditions reflects both on the mussels’ physiolog-
ical (including growth rate) and metabolic processes and on the size and age structure of mus-
sel beds (local populations), their abundance and biomass [27, 29, 30, 71].  Ecologo-biochemical 
monitoring during 2009–2014 years of two intertidal mussel beds located in different parts 
of the Gulf of Kandalaksha, White Sea, and differing in hydrological characteristics, includ-
ing seawater salinity, revealed the features of the lipid composition in gills and digestive 
glands which reflect the chronic impact of salinity drops [38]. Frequent salinity drops in one 
of the investigated sites (Site 1) are due not only to discharge from streams but also to human 
activities (namely, unregulated freshwater discharges from hydropower plant). The effect of 
reduced seawater salinity (approximately 9.7–14.0 psu) on mussels from Site 1 appears not 
only in the level of some phospholipids (in particular, phosphatidylserine, phosphatidyletha-
nolamine and phosphatidylcholine), and the ratio of n-3/n-6 polyunsaturated fatty acids in the 
molluscs’ gills and digestive gland, but also in some ecological characteristics of the mussel 
beds, i.e. its size-age structure, abundance and biomass [38]. The elevated content of the named 
phospholipids and the prevalence of n-3 polyunsaturated fatty acids over n-6 polyenes appar-
ently serve to keep membranes permeable to ions and maintain the functioning of membrane-
bound enzymes involved in cellular volume regulation in response to low seawater salinity. 
These data agree with the results of previous aquarium experiments on the effect of low sea-
water salinity on the lipid composition of intertidal and cultured mussels [44], which suggest 
that the mussels’ lipid and fatty acid composition is adapted to secure the survival of the mol-
luscs under low seawater salinity. The elevated ratio of n-3/n-6 polyunsaturated fatty acids in 
the mussels chronically exposed to salinity drops may also be a result of high metabolic rate 
of n-6 polyunsaturated fatty acids (chiefly AA, 20:4n-6). Arachidonic acid is a precursor for the 
synthesis of physiologically active hormone-like molecules, eicosanoids (such as prostaglan-
dins), which are known to build up bivalves’ resistance to stress, including various seawater 
salinities [8, 72–75]. One must mention that intertidal mussels living in a habitat with relatively 
stable salinity conditions (away from freshwater discharges, Site 2 where seawater salinity is 
20.1–22.5 psu) feature an elevated content of cholesterol and n-6 polyunsaturated acids within 
total lipids of both gills and digestive glands [38]. Our monitoring studies of the lipid and fatty 
acid composition in intertidal mussels from different habitats in the White Sea showed that 
the fatty acid composition of digestive glands, unlike their content in gills, reflects the adap-
tive features of the lipid metabolism in the mussels under chronic effect of a wide range of 
environmental factors [38].
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There is a lot of research on the study of the differences in physiological (energetic, growth rate, 
clearance rate, ingestion rate, absorption rate, respiration rate) and biochemical indices between 
mussels collected in intertidal (rocky shore) and subtidal (aquaculture) environments [13–15, 
76–78]. It is considered that these origin-related differences in physiological rates have to do 
with features of the energy distribution, namely, in intertidal mussels more energy is directed 
to the formation of a thicker shell, while in subtidal mussels the energy is spent on tissue growth 
[78]. Simultaneously, biochemical differences between these mussel groups are associated with 
various concentrations and quality of seston in the intertidal and subtidal zones [13, 14, 76]. In 
particular, frequent exposure to air (during low tide) has very high effect on the mussels’ energy 
reserves including triacylglycerols, saturated fatty acids and some polyunsaturated fatty acids, 
similarly to the effect of starvation [13, 14]. We have also studied origin-related lipid composi-
tion differences in gills of littoral (intertidal) and cultured (sublittoral) mussels after 2 weeks of 
acclimation to laboratory conditions [44, 79]. It was demonstrated that gills of intertidal mussels 
differ from those kept under the fairly stable conditions of aquaculture (cultured mussels) in 
that the former have a higher level of lipids that stabilize membrane structure (cholesterol and 
saturated fatty acids), as well as n-6 polyunsaturated fatty acids (chiefly AA, 20:4n-6), which 
arguably contribute to the establishment of suitable membrane permeability and regulate the 
activity of membrane-bound enzymes, ion channels and receptors. High level of AA in the 
whole body as well as in gills of intertidal mussels appears to be due to selective retention of the 
fatty acid required for eicosanoid synthesis [14, 15]. In addition, unlike for mussels collected in 
August (where mussels were on reproductive stage IIIc or stage 0, resting), increased content 
of the fatty acid in the whole body of the mussels collected in June (where mussels were on 
reproductive stage IIIb, spawning) is needed for reproductive processes [79]. Although no dif-
ferences were found in the sterol content in mussels originating from the two habitats (rocky 
shore and subtidal) [13], a significant excess in cholesterol level in the whole body and gills of 
intertidal mussels from the White Sea is probably due to the effect of severe fluctuations in tem-
peratures (up to subzero temperatures). These features of the lipid composition are assumed 
to be one of the biochemical adaptation mechanisms providing for the phenotypic plasticity 
and survival of blue mussels in a frequently changing coastal environment. On the other hand, 
high level of triacylglycerols as well as elevated concentrations of n-3 polyunsaturated fatty 
acids, primarily of phytoplanktonic origin, EPA and DHA, in mussels collected from artificial 
substrates evidences high food availability (phytoplankton) and relatively stable environmental 
conditions in aquaculture [44, 79]. These origin-related differences of blue mussel lipid compo-
sition reflect the important role of lipids in adaptation to a changing environment.

3. Pollution effect

Natural habitats of marine aquatic organisms may also be negatively affected by human 
impact. Seawater is contaminated by organic and inorganic chemical substances (such as 
metals, petroleum hydrocarbons, pesticides) from municipal and industrial discharges. Since 
pollutants of various nature get either directly or indirectly involved in lipid peroxidation 
reactions [80–82], it is obvious that a characteristic sign of their impact on cell membranes is the 
disruption of lipid bilayer packing, which in its turn triggers modifications in the composition 
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of membrane lipid components (cholesterol, phospholipids and their fatty acids) [83]. Thus, 
mussels from contaminated sites had an elevated level of triacylglycerols and an increased tri-
acylglycerol/phospholipid ratio, which implies a reduced rate of mobilization of triacylglycer-
ols into the phospholipid pool with serious consequences for the structure and function of cell 
membranes. There was also a substantial decrease in phospholipids, apparently in connection 
with membrane destruction [84–86]. Some papers have reported the modifications in lipid and 
fatty acid composition of hydrobionts, including marine mussels, in response to organic and 
inorganic pollutants’ effect [34, 37, 87–93]. Since the lipid metabolism plays an important role 
in living organism, it is believed that the lipid and fatty acid profile may be used to indicate 
the organism’s health under stress conditions of pollutant effect. Exposure of blue mussels 
from the White Sea to various concentrations of oil products in an aquarium experiment led to 
an increase in the level of phospholipids and a reduction of cholesterol concentration in gills 
and mantle, i.e. the gateway organs for external impacts [25, 34]. These modifications in mem-
brane lipids are believed to make cell membranes more permeable to oil products and create 
the conditions for their accumulation in these organs for further detoxification. A significant 
decrease in the level of membrane lipids—phospholipids (mainly at the expense of PC and 
PE) and cholesterol—simultaneously with an increase in triacylglycerols was observed in gills 
and digestive glands of mussels exposed to various concentrations of cadmium [37]. These 
modifications of the lipid profile reflect the destructive effect of cadmium on cell membranes 
realized through the activation of lipid peroxidation processes. It is worth noting that a signifi-
cant decrease of the cholesterol concentration under the impact of oil products, mainly their 
high concentrations, was observed in all the studied organs (gills, mantle, mantle edge and 
foot) of M. edulis [25, 34], as well as under the impact of cobalt on Mytilus galloprovincialis [94]. 
One of the presumed examples of the toxic effect of oil products, as well as some heavy metals 
on bivalves, is the inhibition of cholesterol synthesis, leading to high membrane permeability. 
At the same time, the effect from exposure to copper as an essential metal was the opposite 
(significant increase of cholesterol concentration), probably meant to stabilize the membranes 
under the metal’s oxidative action and to reduce their permeability. It was noted also that 
when exposed to cadmium and copper [37], as well as to relatively low concentrations of oil 
products [95], mussels demonstrated an elevated level of arachidonic acid. Apparently, AA 
involvement in the synthesis of eicosanoids ensures high resistance of the mussels to these 
xenobiotic impacts. On the other hand, when the concentrations of oil products were high, the 
level of this acid in the mussels decreased, probably due to inhibition of its biosynthesis, given 
the observed elevated concentrations of linoleic acid, its metabolic precursor [95]. The results 
of studies on the lipid composition of gills and digestive glands of intertidal blue mussels, 
M. edulis, collected from different sites in the Gulf of Kandalaksha, White Sea, prove that the 
composition of lipids and their fatty acids depends not only on the hydrological conditions in 
the habitat but also on the degree of human impact on it [38]. To wit, the fatty acid profile of 
the intertidal mussels living in habitats with high human impact is noted for the prevalence of 
oleic (18:1n-9) acid among total lipids of gills and digestive glands. A similar effect in the fatty 
acid composition of total lipids was observed in the mussels exposed to various doses of cop-
per in an aquarium experiment [37]. Elevated content of non-essential oleic acid in bivalves 
may be associated with its additional synthesis under the toxic effect of pollutants and have 
the goal of binding and detoxifying xenobiotic substances. Unsaturated fatty acids are known 
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to be capable of forming complexes with metal ions and thus to contribute to the accumulation 
and detoxification of these xenobiotic substances in mussels [96].

4. Conclusions

The lipid profile of White Sea blue mussels, M. edulis L., is modified in response to various 
environmental factors in order to protect cell membranes, maintain or recover their homeo-
stasis, replenish the cell’s energy and metabolic resources and thus to secure the mussels’ 
adaptation to the change in environmental conditions. Organ-specific distribution of lipids 
and fatty acids in White Sea blue mussels, as well as the dependence of the lipid and fatty acid 
composition response on the effect of various environmental factors on the studied organ, 
was detected. Modifications in the lipid composition predominantly in gills reflect the acute 
effect of environmental factors in aquarium experiment conditions, whereas changes in the 
lipid composition of digestive glands represent an adaptation of the lipid metabolism in 
response to chronic exposure to ambient factors (field monitoring). The composition of lipids 
and their fatty acids in intertidal mussels evidences their chronic exposure to abiotic envi-
ronmental factors and human impact and is in agreement with data on the modifications of 
the lipid profile in White Sea blue mussels subjected to such environmental factors (namely, 
salinity, short-term anoxia, heavy metal and oil pollution) in aquarium experiments. The data 
discussed above prove that the lipid profile plays an important role in the adaptation of blue 
mussels, M. edulis, to new conditions in the habitat. Assessment of the lipid composition in 
intertidal and cultured mussels helps disclose the metabolic strategy to ensure resistance and 
adaptation of the organisms to environmental impacts of different nature and can be used as 
a biochemical marker for indicating the organism’s physiological condition. This knowledge 
is necessary for environmental safety assessment under both natural and human impacts, as 
well as to predict an organism’s and population’s status in biomonitoring.
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Abstract

Deep‐sea environments are, in some cases, largely unexplored ecosystems, where life 
thrives driven by the geochemical features of each location. Among these environments, 
chemosynthesis‐based ecosystems, in the Mid Atlantic Ridge, have an exclusive combi‐
nation of high depth, high sulfur, and high methane concentrations. This is believed to 
modulate the biological composition of vent communities and influence the overall vent 
animal transcriptional activity of genes involved in adaptation processes to extreme envi‐
ronments. This opens, thus, the possibility of finding gene expression signatures specific 
to a given hydrothermal vent field. Regardless of the extreme physicochemical conditions 
that characterize deep‐sea hydrothermal vents, the animals dwelling around the vent 
sites exhibit high productivity and thus must cope with toxic nature of vent surrounding, 
seemingly deleterious to the animals, while developing surprisingly successful strategies 
to withstand adverse environmental conditions, including environmental microbes and 
mechanical stress whether ensuing from animal predation or venting activity. The deep‐
sea vent mussel Bathymodiolus azoricus has adapted well to deep‐sea extreme environ‐
ments and represents the dominating faunal community from hydrothermal vent sites in 
the Mid‐Atlantic Ridge, owing its successful adaptation and high biomasses to special‐
ized exploitation of methane and sulfide sources from venting activity. Its extraordinary 
capabilities of adapting and thriving in chemosynthesis‐based environments, largely 
devoid of photosynthetic primary production and characterized by rapid geochemical 
regime changes are due to symbiotic associations with chemosynthetic bacteria within 
its large gills. In an attempt to understand physiological reactions in animals normally 
set to endure extreme deep‐sea environments, our laboratory has undertaken, for the 
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last few years, a series of investigations, aimed at characterizing molecular indicators of 
adaptation processes of which components of the host defense system has received most 
attention. This study reviews recent advances on the characterization of molecules and 
genes participating in immune reactions, using in vivo and ex vivo models, to elucidate 
cellular and humoral defense mechanisms in vent mussels and the strategies they have 
adopted to survive under extreme environments.

Keywords: innate immunity, deep‐sea hydrothermal vents, chemosynthetic ecosystems, 
long‐term acclimatization, host‐symbionts interactions, endosymbionts, differential 
gene expression, transcriptomics, mollusc bivalve, hydrothermal vent mussel, 
Bathymodiolus azoricus

1. Introduction

Deep‐sea hydrothermal vents were discovered 40 years ago in the Galapagos Rift [1] reveal‐
ing for the first time, to the amazement of the scientific community, unusual life forms that 
have developed unique biochemical adaptations to high temperatures and toxic chemical 
nature of vent surrounding, otherwise harmful to life as we know it on the surface of the 
planet [2–5]. The animals dwelling around the vent sites exhibit high productivity and thus 
must cope with the seemingly deleterious physical and chemical conditions, while develop‐
ing surprisingly successful strategies to withstand adverse environmental conditions, includ‐
ing environmental microbes and mechanical stress whether due to animal predation or from 
deep‐sea volcanic eruptions [6–8].

At such depths and in the absence of light, life is thriving in chemosynthesis‐based ecosys‐
tems where most abundant marine invertebrates have developed mutualistic relationships 
with chemosynthetic bacteria. These symbiotic interactions are believed to play a crucial role 
in the survival of hydrothermal vent animals, driving their transcriptional activities, and their 
successful adaptation strategies to subsist under extreme environmental conditions. They 
essentially rely on the establishment of endosymbiosis relationships between vent animals 
and sulfur‐oxidizing (SOX) or methane‐oxidizing (MOX) bacteria [9–13].

Deep‐sea vent mussels of the Bathymodiolus genus are dominant members at hydrothermal 
vents and cold seep habitats. These mussels have the peculiarity of sheltering both endosymbi‐
otic sulfide‐oxidizing and methane‐oxidizing bacteria in their gills [9–13], supporting thus their 
endurance within this type of environment. Bathymodiolus azoricus is also the dominant species 
in deep‐sea hydrothermal vents in the Azores region and is well adapted to extreme conditions 
particularly to toxic concentrations of heavy metals, acidic pH, and absence of light [14–17].

In an attempt to understand physiological reactions of animals normally set to endure 
extreme conditions, in deep‐sea environments, our laboratory has undertaken, for the last 
6 years, a series of investigations aimed at characterizing molecular indicators of adaptation 
processes of which components of the immune and stress‐related systems have received most 
of our attention [18, 19]. Central to our studies is the long‐term maintenance of vent mussels 
to atmospheric pressure proven to be a useful model to study unique molecular relationships 
under which the regulation of gene transcription may be affected by aquaria conditions and 
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by the gradual disappearance of endosymbiont bacteria from gill epithelia [20]. Nonetheless, 
vent mussels subsist for months at atmospheric pressure in aquaria supplemented with plain 
sea water in or with artificial diet. This has allowed us to focus on developing experiments 
to investigate new physiological responses of animals sustaining experimental challenges 
involving immunological and stress‐related reactions and to provide new approaches to 
assess the effect of natural microorganisms and metal toxicity at vent environments [21, 22]. 
As a research model, the choice of the vent mussel B. azoricus is of great significance given its 
unique symbiosis with SOX and MOX bacteria. It has provided us with the means to under‐
standing the molecular mechanisms underlying immune reactions in animals normally set to 
endure extreme deep‐sea environments and the role of their symbiotic bacteria in controlling 
immune gene transcriptional activity.

In line with this, we have investigated main constituents of the vent mussel immune system 
and demonstrated how immune and stress genes could be modulated upon different experi‐
mental challenges in the absence of the characteristic high hydrostatic pressure found at deep‐
sea vent sites without methane and/or sulfide supplementation [21–23]. The proximity to the 
nearby hydrothermal vent fields, in the Azores region, has given us a geographical advan‐
tage for earning first insight into immediate physiological responses comprising both cellular 
and humoral responses of live mussels, freshly collected from the hydrothermal vents, which 
upon arrival, are acclimatized to our aquarium system, LabHorta [23–25]. The maintenance of 
live mussels in our laboratory is thus a key factor in gaining knowledge into the physiology 
of vent animals including the study of evolutionary conserved immune, inflammatory, and 
stress‐related factors commonly found in other marine bivalves [19, 26].

2. Innate immunity in Bathymodiolus azoricus

The interaction between microorganisms and host defense mechanisms is a decisive factor for 
the survival of marine bivalves. They rely on cell‐mediated and humoral reactions to over‐
come the pathogens that naturally occur in the marine environment [27]. Growing interest 
in deep‐sea vent biology has turned the vent mussel B. azoricus into a model organism cen‐
tered on research activities based on the premise that vent mussels clearly have need for an 
immune system to overcome microbial challenges in their natural surroundings. For this rea‐
son, our research strategies have been focused on the molecular characterization of molecules 
participating in immune reactions, using in vivo and ex vitro models, to elucidate cellular 
and humoral defense mechanisms in vent mussels and its survival strategies under extreme 
environments. As for other bivalves, the innate immune system of B. azoricus is based on cel‐
lular constituents and soluble hemolymph (blood) factors, which play a prominent role in 
protecting the animals against invading microorganisms. The circulating hemocytes or blood 
cells are mostly found in the hemolymph and extrapallial fluid. They are responsible for cell‐
mediated defense reactions such as phagocytosis and the activation of a variety of cytotoxic 
reactions including the release of lysozomal enzymes and antimicrobial peptides [28–30]. 
Moreover, the generation of highly reactive oxygen intermediates (ROIs) and nitric oxide 
also plays an important defense role against pathogens [30–33]. Besides their decisive role in 
protecting the host from microbial assaults, bivalve hemocytes have also been implicated in 
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other important physiological functions, including nutrient transport, digestion, wound heal‐
ing and shell regeneration and/or mineralization, and excretion [34]. In addition, the hemo‐
lymph serum contains humoral defense factors such as lectins and cytokine‐like molecules 
that are directly and indirectly involved in the killing of pathogens and in mediating cell‐cell 
interactions, respectively. Lectins are important mediators of cellular reactions and exhibit 
opsonin properties, which facilitate the phagocytosis [35–39]. The hemolymph also contains 
antibacterial factors and lysozomal components that ensure, along with hemocyte phagocytic 
and cytotoxic processes, the clearance of pathogenic bacteria [38, 39]. Using a combination 
of light microscopy and staining procedures, three major hemocyte types are discernible in 
the extrapallial fluid and hemolymph of B. azoricus. The most abundant type was identified 
as granulocyte readily recognizable by their cytoplasmic granules [19]. They appear fairly 
homogeneous in size and showing a characteristic crescent, or half‐moon shape morphol‐
ogy upon adherence to glass slides and before migratory movements. Granulocytes spread 
well onto the glass surface averaging 30–40 μm in length. In contrast, hyalinocytes presented 
smoother cytoplasm, i.e., a nongranular appearance due to a lower amount of cytoplasmic 
granules noticeable under phase contrast and differential interference contrast visualizations 
[19]. A third less common hemocyte type was also observed. They correspond to hemoblast‐
like cells and presented a spherical shape appearance with higher nucleus to cytoplasm ratio 
when compared to granulocytes and hyalinocytes [19]. In vitro phagocytic assays carried out 
with B. azoricus hemocytes revealed that 70% of the hemocytes containing more than two 
zymosan particles were granulocytes and to a lesser extent the percentage of phagocytic cells 
corresponding to hyalinocytes was 23%. In contrast, the percentage of hemoblasts containing 
ingested zymosan particles was 5–7%, the lowest revealed in our studies [19].

Along with hemocytes studies, we began to tackle signaling pathways putatively involved 
in the mediation of cellular responses in the presence of Vibrio spp. It was demonstrated that 
compounds of microbial origin could trigger detectable phosphorylation events in B. azoricus 
hemocyte extracts and likely involving the activation of different classes of mitogen‐activated 
protein kinases (MAPKs). When challenged with a marine bacterium, Vibrio parahaemolyticus 
or a nonmarine bacterium, Bacillus subtilis, to stimulate hemocytes, cellular proteins were dif‐
ferently phosphorylated as demonstrated in Western blotting experiments using the MAPK/
ERK, p38, and JNK rabbit polyclonal antibodies. Moreover, the differences seen in phosphor‐
ylation patterns could be attributed to inherent properties of the bacterial strain used, differ‐
ences in the mechanisms of binding to hemocytes, or differential activation of cell membrane 
receptors and signaling pathways, resulting in different patterns of protein phosphorylation. 
Western blotting analyses suggest that B. azoricus hemocytes display receptors with binding 
affinities toward microbial molecules or to live bacteria [19].

3. Ex vivo experiments with gill tissues: new insights into tissue immune 
specificity toward microorganisms

As mytilid species, the deep‐sea vent mussel B. azoricus exhibits large lamellated gills (ctenidia) 
arranged as numerous filament structures stacked together through ciliary junctions. Each 
filament is organized in two coalescent epithelial cell sheets overlaying a central lumen where 
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hemocytes can be found. The thinness of gill filaments allows for the visualization of live 
hemocytes through the epithelium, and to monitor hemocyte motility directly under light 
microscopy [19]. Bivalve mollusk gills assume thus a strategic importance at the interface 
between the external milieu and the internal body cavities of the animal where contact with 
microorganisms is inevitable during feeding processes inasmuch as host defense responses 
may incur from interactions with infective pathogens during normal filtration [36–39]. For 
this reason, a number of typical cellular and humoral immune reactions are likely to take 
place in gill tissues and observable as hemocyte proliferation and phagocytosis, the activation 
of immune signaling pathways, and the activation of genes involved in immune, antioxidant 
and antibacterial responses against invading bacterial pathogens or the presence of metal 
toxicants [36–39].

To further test the gill’s ability to mount immune reactions, a series of ex vivo experiments 
have been performed using gill tissues freshly dissected from vent mussels and subjected 
to short‐term incubations in tissue culture well‐plates and under different experimental set‐
tings. Different stimuli were carried out to demonstrate the expression of genes in gill tissues 
exposed to a mixture of endosymbionts previously obtained from gill extracts, and V. para-
haemolyticus, in comparison with sterile sea water incubations (Figure 1). Differential gene 
expression results indicated that exposure to methanotrophic and thiotrophic endosymbiont 
preparations led to general upregulation of genes involved in immune recognition reactions, 
without the addition of hemolymph, while gill incubations with endosymbiont extract and 
to which hemolymph serum (hemocyte free) was added led to an opposite effect, resulting 
in a lower expression of immune recognition genes. These results contrasted with incuba‐
tions performed with V. parahaemolyticus or with control sterile sea water. In this case, higher 
levels of gene expression were achieved when hemolymph was added to gill tissues incu‐
bated with V. parahaemolyticus or control sterile sea water (Figure 1). Ex vivo experiments 
as described bring evidence supporting a yet uncharacterized effect of hemolymph and its 
humoral constituents over endosymbionts, likely controlling immune gene expression of its 
host B. azoricus. This prompted the question of whether the host gill tissue would be able or 
not to recognize endosymbiont as self‐particles and to which extent the host immune system 
does not disturb the acquisition of endosymbionts by horizontal transfer during the host 
larval stages. Moreover, the permanence and survival of endosymbionts within gill tissue 
would require a fitted control over the host immune system, acting on the transcriptional reg‐
ulation of immune genes and at the level of pattern recognition receptors (PRRs) expressed 
by cells of the host innate immune system to detect microbial‐associated molecular patterns 
(MAMPs) present on the surface of microorganisms [40, 41]. This endosymbiont effect over 
the host immune system would likely require the presence of hemolymph and its humoral 
constituents, as demonstrated by the gill ex vivo experiments (Figures 1 and 2). Since the gill 
tissue does grow over the mussel life’s time we also probed different gill sections to deter‐
mine levels of immune gene expression along the anterior‐posterior axis, notably the “bud‐
ding zone” on the posterior end, considered as the youngest section of the gill and through 
which endosymbionts are believed to make their entry. It was found that vent mussel gene 
expressions were markedly lower than other gill tissue sections, suggesting a thigh mecha‐
nism of transcriptional regulation of host genes in the presence of endosymbiont bacteria in 
the gill budding zone.
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As filter feeders living most of their lives attached to a substrate, bivalves are exposed to 
constant biologically available pollutants over an extended period of time [42–44]. They have 
been studied as biological models to assess the impact of pollution in the environment and 
used as a biomonitoring “tool” due to their capacity of bioaccumulating high concentrations 
of trace metals, mostly in soft tissues such as gills and digestive gland [45–47]. The large sur‐
face of the gills and their involvement in gas exchange and feeding processes bring bivalves 
to constant and intimate contact with their environment where pathogens may also find their 
route of entry and encounter the bivalve first‐line immune defense reactions.

While marine bivalves living in sandy, rocky intertidal, and shallow subtidal  environments 
may rely on well‐established humoral and cellular immune reactions to counteract pathogenic 
microorganisms, a new level of molecular intricacy may be seen between  endosymbiont‐ bearing 

Figure 1. Ex vivo experiments performed with dissected gills. Gill fragments were incubated with V. parahaemolyticus and 
with an enriched preparation of endosymbionts freshly obtained from gill homogenates and gradient centrifugation. 
The effect of hemolymph humoral factors was tested by incubating gill fragments with and without hemolymph in 
the presence of V. parahaemolyticus and endosymbiont mixture. Results were compared to control incubations with 
plain sterile sea water. Gene expression was performed by qPCR targeting the immune recognition genes Aggrecan, 
C‐type lectin, C‐type lectin immune receptor, immune lectin receptor, lipopolysaccharide‐binding protein‐bactericidal/
permeability‐increasing protein, peptidoglycan recognition protein, and serine protease inhibitor‐2 [50]. Incubations 
performed with endosymbiont preparations distinctively induced immune recognition genes in the absence of 
hemocyte‐free hemolymph.
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bivalves living in anaerobic and sulfide‐rich environments and the pathogenic microorgan‐
isms they encounter. These natural molecular interactions would account for the role of 
endosymbionts in modulating the host immunity by controlling the transcriptional activ‐
ity of immune genes. Bivalve associations with chemoautotrophic endosymbionts are now 
well known and widely distributed across a range of different chemosynthetic environments, 
including deep‐sea hydrothermal vents (Bathymodiolus spp., Calyptogena sp.); gas seeps, mud 
volcanoes, and petroleum seeps (Bathymodiolus spp., Calyptogena sp.); whale and wood falls 
(Idas spp., Adipicola spp., Vesicomya sp., Axinodon sp.); and shallow water anoxic sediments 
mediated by sulfate reduction (Solemya spp., Codaki spp., Anodontia spp., Lucina spp.) [7].

Our recent results from ex vivo gill tissue experiment proven to be a valuable system for the 
study of tissue‐specific immune responses where the thin epithelial cell layers of gill filaments 
would make it possible to signal pathogen‐sensing directly through gill epithelia and affect‐
ing adjacent methanotrophic or thiotrophic endosymbionts which in turn would functionally 
prime host immune cells, the hemocytes, into altering their transcriptional activity (Figure 3). 
The endosymbiont immunomodulatory effect on the host immune system, as discussed in 
detail further below, is still under current investigations by our research team as the complex‐
ity of host‐endosymbiont interactions in the deep‐sea vent mussel B. azoricus remains to be 

Figure 2. Ex vivo experiments performed with dissected gills. As in Figure 1, gill fragments were incubated with distinct 
bacterial stimulants: an enriched methanotrophic bacterial preparation; an enriched thiotrophic bacterial preparation, a 
mixture of methanotrophic and thiotrophic bacterial preparations, Vibrio parahaemolyticus and Photobacteria bacterium. 
Results were compared to control incubations with plain sterile sea water. Gene expression was performed by qPCR 
targeting same immune recognition genes as in Figure 1. Separate methanotrophs and thiotrophs preparations induced 
higher levels of immune gene expressions when compared to a mixture of the two endosymbiont bacteria preparations. 
Incubations using Vibrio parahaemolyticus resulted in drastic downregulation of immune recognition genes.
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fully understood. This model is consistent with the hypothesis that innate immune receptors 
are required to promote long‐term colonization by microbiota. This emerging perspective chal‐
lenges current paradigms in immunology and suggests that PRRs may have evolved, in part, 
to mediate the bidirectional cross‐talk between microbial symbionts and their hosts [48, 49].

4. Posttranscriptomics studies in Bathymodiolus azoricus

In 2010 a high‐throughput sequencing and analysis of the gill tissue transcriptome from the 
deep‐sea hydrothermal vent mussel B. azoricus was reported by our group [50]. It represented 
the first tissue transcriptional analysis of a deep‐sea hydrothermal vent animal, using next 
generation sequencing technology, enabling the creation of a searchable catalog of genes 
that provided a direct method of identifying and retrieving vast numbers of novel coding 
sequences which could then be applied in gene expression profiling experiments, using quan‐
titative polymerase chain reaction (qPCR), from a nonconventional model organism [50]. It 
provided the most comprehensive sequence resource for identifying novel genes currently 
available for a deep‐sea vent organism, in particular, genes putatively involved in immune 
and inflammatory reactions in vent mussels. This first transcriptional analysis of gill tissues 
from the deep‐sea hydrothermal vent B. azoricus was organized as a searchable catalog of 

Normal immunological state: hemocyte 
PRRs are primed by endosymbiont
MAMPs to steady-state levels.

Pathogen in n: endosymbiont-
mediated responses inducing increased 
PRRs a ity in hemocytes.

Figure 3. Hypothetical model representing the host‐endosymbiont‐mediated immune responses against pathogens. In a 
normal immunological state, hemocytes PRRs are being sensitized by host‐endosymbiont interactions allowing the vent 
mussel immune system to remain active and tolerant to the presence of MOX and SOX bacteria. Upon interacting with 
extracellular pathogens, host‐symbiont interactions are altered and incur in higher endosymbiont genes transcriptional 
activity [74] and subsequently affecting host hemocytes by triggering its immune repertoire via PRRs activation.
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genes providing a direct method of identifying and retrieving vast numbers of novel coding 
sequences, which can be applied in gene expression profiling experiments. The assembled 
and annotated sequences were organized in a dedicated database, accessible through the 
website http://transcriptomics.biocant.pt/deepSeaVent [50].

With an unprecedented high number of gene sequences available from our transcriptomic 
data, we were able to tackle signaling pathways and compare gene expression profiles in a 
series of experiments aiming at better understanding innate immunity in animals physiologi‐
cally programmed to endure deep‐sea vent conditions. Responses to bacterial infections with 
different strains of Vibrio wound experiments, long‐term acclimatization in aquarium condi‐
tions and pressurization experiments with the hyperbaric chamber IPOCAMP [51] became 
the main focus of our research, setting thus the grounds for more in‐depth analyzes reveal‐
ing distinct gene expression profiles behind unique molecular relationships under which the 
regulation of gene transcription may be affected by biotic factors including microorganisms, 
the presence of endosymbiont bacteria and shell damage incurring in opportunistic infections 
or by abiotic factor as the hydrostatic pressure. The majority of the genes comprising four 
functional categories as described by Bettencourt et al. [50] and relating to immune recogni‐
tion, signaling transduction, transcription, and effector molecules mechanisms were analyzed 
by qPCR.

The long‐term aquarium maintenance of vent mussels to atmospheric pressure has long been 
central to our studies and proven to be a useful model to study unique molecular relation‐
ships under which the regulation of gene transcription may be affected by the gradual dis‐
appearance of endosymbiont bacteria from gill epithelia [20, 52]. Nonetheless, vent mussels 
from Menez Gwen hydrothermal vent site subsist for months at atmospheric pressure in 
aquarium conditions, in plain sea water or supplemented with methane and sulfide. This has 
allowed us to focus on developing experiments to investigate new physiological responses of 
vent mussels sustaining experimental challenges involving bacterial pathogens of the Vibrio 
genus, even in the absence of the characteristic high hydrostatic pressure found at deep‐sea 
vent sites and without methane and sulfide supplementation [21, 22].

Earlier results from experimental exposures to Vibrio splendidus, Vibrio alginolyticus, Vibro 
anguillarum, and Flavobacterium sp. pointed at the immune discriminatory capacity of B. 
azoricus to distinguish different Vibrio strains, and at significant differences of immune gene 
expression levels between 12 and 24 h exposure times. These studies concluded that the 
immune gene transcriptional activity was modulated at two levels, i.e., over the course 
of time and according to the bacterial strain tested, suggesting thus, a selective response 
toward Vibrio spp. when vent mussels were experimentally challenged during 24 h [53, 
54]. Additional experiments were carried out with Vibrio diabolicus aiming at the analysis 
of gene expression differences between distinct vent mussel populations from the hydro‐
thermal vent sites Menez Gwen (MG, 800 m depth) and Lucky Strike (LS, 1700 m depth) 
both located on the Mid‐Atlantic region, near the Azores islands. These comparative studies 
revealed unique immune  transcriptional specificities at the gill, digestive gland, and mantle 
tissues level providing further evidence supporting different usage of transcription factors 
at the promoter region of immune genes possibly linked to the hydrothermal vent environ‐
ment Furthermore, Menez Gwen (MG) and Lucky Strike (LS) B. azoricus showed significant 
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gene expression differences during V. diabolicus challenges over time demonstrating that 
immune genes are differentially expressed within the same mussel populations regardless 
of their hydrothermal vent origin suggesting thus site‐related tissue‐specific gene expres‐
sion patterns [55]. Moreover, these results also suggested different tissue tolerance to 
decompression and adaptation to atmospheric pressure not seen so far. Mantle tissues from 
LS mussels seemed unaffected by deep‐sea retrieval showing significantly higher levels of 
immune gene expressions as compared to MG mantle tissues. Thus, the decompression 
effect on the animal’s internal organs may be evaluated by ways of its ability to respond, at 
the immune transcriptional level, to V. diabolicus challenges. For that reason, mantle tissues 
from LS animals appear to be decompression‐resistant and immune competent toward bac‐
terial challenges. On the other hand, the digestive gland revealed the most increased gene 
expression levels in MG animals showing how the tissue microenvironment is relevant to 
in situ immune responses. Gill immune transcriptional activity in both MG and LS mussels 
was not as significantly different as for the other tissues tested which may be attributed to 
the presence of endosymbiont bacteria in gill epithelia acting as a driving factor likely to 
affect host‐gene expression and the overall physiological statuses of MG and LS vent mus‐
sels while interacting with V. diabolicus. Even though gill tissues have been the main focus 
of most of our previous investigations in the deep‐sea vent mussel B. azoricus, the digestive 
gland and mantle tissues hold the potential for highlighting specific immune responses 
in tissues other than gills and how they can modulate the outcome of the animal’s overall 
immune responses [55].

In addition to ex vivo experiments and Vibrio exposures to live vent mussels, we were able to 
carry out long‐term acclimatization experiments with vent mussels kept in aquaria and at 
atmospheric pressure. These experiments were devised to assess the effect of such prolonged 
aquarium conditions on immune and stress‐related reactions as mussels were gradually 
releasing their endosymbiont bacteria from gill bacteriocytes. These studies provided a basis 
for understanding the interactions between host‐immune and endosymbiont gene expressions 
during postcapture long‐term acclimatization in plain sea water and represented an ideal 
model for investigating B. azoricus immune genes transcriptional activity and symbiont bacte‐
ria prevalence, in view of changes in the availability of chemical‐based energy sources during 
acclimatization at atmospheric pressure. It also pointed out the relevance of gene expression 
studies while addressing the swift changes affecting metabolic adaptations and food intake 
fluctuations, whether induced by or as a result of the gradual loss of endosymbionts and 
subsequent presence of symbiont bacteria in the aquarium environment, altering thus the 
physiological homeostasis of B. azoricus [56]. These studies demonstrated that the transcrip‐
tional activity profiles for immune and bacterial endosymbiont genes followed a time‐depen‐
dent mRNA transcriptional pattern evidenced at 24 h, 1 week, and 3 weeks acclimatization. 
Furthermore, after 1 week acclimatization, vent mussels were under the influence of what 
appears to be a concomitant host‐immune and endosymbiont gene expression, possibly indi‐
cating a physiological transition point which induces higher levels of  transcriptional activity 
[56]. Under such circumstances, survival of vent mussels will require immune gene repertoire 
switching involving the differential expression (DE) of recognition, signaling, transcription, 
and effector genes tied to environmental parameters and to the symbiotic relationships in 
B. azoricus. Metabolic adaptations and food intake changes, whether induced as a result of 
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the gradual loss of endosymbionts and subsequent release in the aquarium environment, are 
likely to affect gene transcription activities and prevalence of symbionts in gill tissues [56–58].

The geographic proximity to the nearby hydrothermal vent fields, in the Azores region, gave 
our laboratory a positional advantage for earning first insight into immediate physiological 
responses comprising both cellular and humoral responses of freshly collected mussels from 
different hydrothermal vents, which upon arrival, are acclimatized to our aquarium system, 
LabHorta [23].The maintenance of live mussels from the shallower vent field, Menez Gwen, 
became thus a key factor in gaining knowledge into the physiology of vent animals including 
the study of evolutionary conserved immune, inflammatory and stress‐related factors com‐
monly found in other marine bivalves [18–22].

Taking advantage of the LabHorta facility, comparisons studies were made possible, with 
live vent mussels subjected to V. parahaemolyticus infection, wound injury, hyperbaric pres‐
surization, and 3 months acclimatization (Figure 4). These experiments allowed for the char‐
acterization of the differential activation of signaling pathways and the relative quantification 
of immune genes expressed during each type of stimulation. Differential gene expression 
results indicated that the four experimental conditions tested were distinctively inducing 
the immune genes of vent mussels to different levels of transcriptional activity of which the 
immune and signal transduction genes showed the highest expressions (Figure 5).

Of the four challenging conditions V. parahaemolyticus infections resulted in the highest num‐
ber of genes with higher level of expression during this comparison study based on qPCR 
and selected genes targeting immune recognition, signal transduction, transcription, and 
synthesis of effector molecules processes (Figure 5). Also, cross‐talk between signaling path‐
ways may occur in B. azoricus individuals subjected to Vibrio infections, wound responses, 
and hyperbaric stimulations, i.e., same immune or pro‐inflammatory signaling molecules 
may serve different signaling pathways whether they are conspicuously more expressed or 
not during such experiments. Cleary, the activation of signaling pathways involved in Vibrio 
infections was distinct from that of wound and hyperbaric reactions and thus conferring the 
animal model presented here with the physiological versatility to cope with deep‐sea hydro‐
thermal vent environments. These experiments were important to elucidate the molecular 
mechanisms under which, physiological responses to bacterial infections, would responses, 
hyperbaric stimulations and long‐term maintenance in aquaria conditions, may be involved 
in B. azoricus adaptation processes whether in deep‐sea vent environments or at atmospheric 
pressure. However, in‐depth analysis of different signaling genes and pathways involved in 
such experimental challenges remained fragmentary and elusive.

One the most common goals of RNA Sequencing (RNA‐Seq) profiling is to identify genes or 
molecular pathways that are differentially expressed (DE) between two or more biological 
conditions [59–63]. Changes in expression can then be associated with differences in phys‐
iological reactions, providing clues for further investigation into potential mechanisms of 
action [64, 65]. In order to gain additional insight into the different signaling genes involved 
in Vibrio infection, wound response, long‐term acclimatization, and hyperbaric repressur‐
ization, we sequenced the full transcriptome of gill tissues from each of these experimental 
challenges to which deep‐sea vent mussels were subjected and compared their differential 
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gene  expression levels with that of gene expression in animals immediately retrieved from 
the vent sites with the help of acoustically trigged cages that were recovered at the sea sur‐
face. Transcript sequences for the five cDNA libraries were obtained from the Illumina RNA‐
sequencing platform and de novo assembly of RNA‐Seq transcripts performed with Trinity 
[66, 67] followed by differential expression (DE) analyses using the edgeR package [68–70]. 
DE results were presented as Heatmaps clusters (transcriptional cluster report for edgeR DE 
analysis). The advantage of Heatmaps is that it can display the expression pattern of the genes 
across all the RNA samples. Visualization of the results is aided by clustering together genes 
that have correlated expression patterns [68].

Here we present examples of expression plots for some of the most DE genes across the five 
different experimental conditions referred to as “cage,” animals freshly collected with acousti‐
cally triggered cages, from the bottom of the deep‐sea vent floor; “3 months,” same animals as 
in “cage” acclimatized for 3 months in aquaria environment at 1 atm; “Vibrio,” same animals 
as in 3 months exposed to V. parahaemolyticus; “Wound,” same animals as in 3 months with 
shell injury caused by mechanical abrasion to expose the mantle; “IPOCAMP,” same animals 
as in 3 months subjected to 80 bar hydrostatic pressure for 72 h. The top‐scoring BLAST hit 
for each of the gene exemplified is shown on top of the respective expression plot (Figure 6).

Figure 4. Schematic representation of immune signaling activation. After initial events characterized by immune 
recognition and stress‐related reactions, signal transduction pathways are induced into transmitting a series of protein 
phosphorylation events, through the intracellular milieu, which ultimately result in the translocation of transcription 
factors into the nucleus that initiates the transcription of genes encoding immune effector molecules, here represented 
as lysozyme, metallothionein, and ferritin.
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Comparison of DE across the five experiment revealed interesting correlations as for “cage” 
and “3 months” mussels indicating that vent mussels endured well aquarium conditions 
for as long as 3 months, as demonstrated by similar levels of gene expression. Vibrio infec‐
tions and IPOCAMP pressurization also showed clustering patterns of gene expression 
which would seem to indicate that once mussels are acclimatized to atmospheric pressure, 
 repressurization stimulus is impacting vent mussels in similar ways as in V. parahaemolyticus 
challenges, suggesting thus the occurrence of stress‐related reactions in both types of stimula‐
tions. The expression pattern seen for wound injury was particularly distinct as compared to 
the other four experimental conditions. Wound injury seemed to affect drastically the vent 
mussel  transcriptional activity which some of its genes were severely downregulated prob‐
ably due to the damaging effect caused by the mechanical abrasion and direct exposure of the 

Figure 5. Comparative gene expression profiles from vent mussels subjected to 3 months acclimatization in aquaria at 
atmospheric pressure; Vibrio parahaemolyticus exposures; wound injury, and repressurization in the IPOCAMP chamber. 
Results are presented as relative expression folds calculated by qPCR and targeting immune genes from recognition, 
signaling transduction, transcription and effector functional gene categories as defined in Bettencourt et al. [50].
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Figure 6. Expression plots across the five experimental conditions, “3 months”; “IPOCAMP”; “cage”; “Vibrio,” and 
“Wound,” representing differential gene expression analyses using EdgeR. The top‐scoring BLAST hit for each of the 
genes exemplified is shown on top of the respective expression plot.
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mantle to the aquarium environment. Taken together these experiments proven to be insight‐
ful in demonstrating the contrasting behavioral expression of given important physiological 
transcripts such as the peptidoglycan recognition and LBP‐BPI proteins, both involved in 
innate immune responses, when vent mussels are met with distinct environment factors.

5. Host‐endosymbiont interactions: implications for host immunity and 
defense mechanisms against bacterial pathogens

The transcriptome sequencing of gill tissues from the mussel B. azoricus revealed a set of genes 
of bacterial origin, providing a functional insight into the microbial vent community [71]. The 
transcripts supported a metabolically active microbiome and a variety of bacterial mechanisms 
and pathways, among which the fixation of carbon, the use of nitrate as a terminal acceptor of 
electrons and oxidation of sulfur and methane. The bacterial genes ensued from this sequenc‐
ing work were deemed relevant to evaluate the influence of abiotic and biotic environmental 
conditions on B. azoricus transcriptional activity and also potentially useful to assess sym‐
biont density differences in vent animals originated from distinct hydrothermal vent sites, 
respectively, to their environmental settings [72]. Keeping in line with the assumption that 
geographically distinct vent mussels will adopt different physiological statuses in relation to 
their environmental conditions, we also surmised that the relative abundance of methano‐
trophic and sulfide oxidizing endosymbiotic bacteria would differ between the Menez Gwen 
and Lucky Strike mussels as previously reported by other researchers [12, 58, 73]. We hypoth‐
esized that geographically distinct B. azoricus individuals may be experimentally traced back 
to their original hydrothermal vent sites based on their bacterial transcriptional activity and 
bacterial gill densities at the time animals were retrieved from the shallower Menez Gwen and 
deeper Lucky Strike vent sites. A taxonomical structure of the vent mussel gill’s microbiome 
was also assessed to determine the bacterial community composition of gill tissue from MG 
and LS mussels to infer the symbiont densities differences between animals from both vent 
sites. Results from the ribosomal RNA amplicon sequencing of the V6 hypervariable regions, 
by massive parallel 454 pyrosequencing, indicated that the percentage of sequences obtained 
was from endosymbiont bacteria at nearly the same proportion between Menez Gwen and 
Lucky Strike samples. Moreover, comparative analyses based on BLAST searches in the RDP 
database, using the 16S rRNA OTU sequences, revealed that the thiotrophic endosymbiont 
represented 90% of all the sequences and methanotrophic endosymbiont almost 5% of the 
sequences from vent mussel samples originated from the distinct Menez Gwen and Lucky 
Strike hydrothermal vent fields [72].

While the majority of our experiments using live vent mussels were performed shortly after 
their retrieval from the Menez Gwen hydrothermal vent, long‐term studies with vent mussels 
acclimatized to atmospheric pressure conditions have hardly been addressed until recently. 
As above‐mentioned, long‐term acclimatization experiments in aquarium systems have 
allowed us to study the expression of bacterial symbionts genes, particularly methanotrophic 
and thiotrophic bacteria, over time of acclimatization while their mussel host is faced with 
drastic physiological challenges, metabolic adaptations, and food intake changes in an effort 
to adapt to an aquarium environment at atmospheric pressure and without supplementation 
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of methane and sulfur [56]. The physiological adaptation to aquarium environment is likely 
to be aggravated by the expelling of endosymbionts into the aquarium environment, progres‐
sively emptying the gill tissue of its autotrophic bacteria, essential for the host vent mussel 
nutritional sustenance. Long‐term aquarium acclimatization represents thus a model study to 
investigate the presence and maintenance of symbiotic associations between chemosynthetic 
bacteria and vent animals, which depend on controlled cell‐cell communication between host 
and endosymbionts and the role of the host immune system [56, 74].

Presumably, the loss of endosymbiont induces a dramatic change in host gene expression 
profiles especially if endosymbiont genes exert some transcriptional control over host gene 
expression. For this reason, acclimatization studies have been instrumental to further our 
understanding of B. azoricus immune system. These studies have provided insights into 
physiological principles underlying mechanisms of adaptation to aquarium conditions at sea 
level pressure while taking advantage of the remarkable capacity of vent mussels to survive 
well decompression once brought to surface [21, 22, 56]. Furthermore, these studies have 
allowed analyses using immune challenged mussels comparatively to acclimatized control 
mussels, maintained under aquarium conditions. In view of our previous experiments per‐
formed with live gill tissues and postcapture immune gene expression studies in B. azoricus 
acclimatized to atmospheric pressure, the presence of endosymbiont bacteria is now being 
under investigation as a driving factor under which host‐immune genes may transcription‐
ally be modulated and reciprocally endosymbiont genes may transcriptionally be modulated 
by the host [53–56]. Moreover, the impact of aquarium acclimatization on B. azoricus immune 
responses and its capacity to react to V. diabolicus challenges was recently evaluated dur‐
ing recurrent incubations with V. diabolicus during short periods of time, followed by clean 
sea water incubations allowing animals to depurate and subsequently be reexposed to the 
same load of V. diabolicus over a period of 3 weeks acclimatization experiment [74]. As pre‐
viously described, we found a time‐dependent immune gene response in B. azoricus tied to 
the endosymbiont presence inside the vent mussel gills. The vent mussel’s immune defense 
capabilities were affected by the gradual loss of symbiont bacteria suggesting a symbiont‐
mediated defense mechanism under which the transcriptional regulation of host immune 
genes is directly affected by symbiont density and/or activity. The host‐immune system‐
endosymbiont interactions were actively higher during the first week of acclimatization as 
a result of Vibrio exposures, demonstrating the ability of B. azoricus to increase the transcrip‐
tion of immune genes while endosymbiont gene expression also correlated with an increased 
symbiotic metabolism and prevalence. A synergistic response was proposed to counteract 
the presence and potential infection by V. diabolicus bacterium while modulating B. azoricus 
immune defenses‐endosymbiont interactions to an extant, which host‐immune and endosym‐
biont genes are mutually reliant during the first weeks of acclimatization [74]. The evidence 
presented  suggests successful V. diabolicus recognition prompting immune genes to increase 
their levels of transcriptional activity particularly for genes involved in the Toll‐like receptor 
signaling [75, 76] and apoptosis‐related pathways [77] during first day of acclimatization in 
aquarium environments. In agreement with this, B. azoricus is presented as a suitable model to 
study molecular interactions  involving host‐mediated immune recognition events and adap‐
tation mechanisms, to mitigate apoptosis harmful effects induced by Vibrio exposure against 
which, endosymbionts were prompted to increase their transcriptional activity, evocative of 
a possible protection role to the host [74]. This work brings to light other questions relating to 
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how the host‐immune system regulates the symbiont population within their gills and con‐
versely symbionts avoid being recognized and eliminated by the host. These topics are being 
further investigated in our group and focused on finding and characterizing the molecular 
mechanisms underlying the establishment (recognition and acquisition) and functioning of 
symbiosis between deep‐sea vent mussel B. azoricus and the methanotrophic and thiotrophic 
bacteria (gene expression, energy metabolism, regulation of symbiont population).

Interestingly, the study of intricate associations with chemosynthetic symbiont‐bacteria 
living in the gills of deep‐sea vent animals led us to the conception of a new pathogenesis 
model system based on an unconventional host‐symbiont model system. This new marine 
invertebrate model system, as for the ecotoxicological model Mytilus spp. [78] relies, instead, 
on its unique host‐immune‐symbiont bacteria interactions believed to play a crucial role in 
counteracting infectious pathogens. The establishment of invertebrate host pathogen systems 
may serve as suitable and useful models to study pathogenicity. The molecular mechanisms 
through which pathogens are able to colonize and overtake host’s immune system, particu‐
larly during the initial phase of infection when molecular recognition of MAMPs is occurring, 
as the pathogen defines its route of entry, are expected to reveal new molecular strategies 
that could help developing new therapies in aquaculture diseases. Using the deep‐sea vent 
mussel B. azoricus as an alternate invertebrate model system to study pathogenesis brings a 
new perspective into the search for new drug targets that could directly interfere with patho‐
gen recognition processes and/or with in situ inflammatory process where immune cells (i.e., 
hemocytes) and cytokine‐like molecules are being mobilized. Indeed, in such host‐endosym‐
biont model systems, the role of endosymbiont‐derived molecules could have an important 
influence in mediating pathogenesis and in counteracting the deleterious effect of pathogens 
on the host immune system. From an experimental approach, several genera of bacterial 
fish pathogens may be used in B. azoricus, as infectious agents, e.g., Vibrio, Flavobacterium, 
Pseudomonas, Aeromonas, Streptococcus. Host and endosymbiont gene expression profiles may 
be studied during infection experiments carried with a given bacteria and genes that are 
markedly upregulated or downregulated further analyzed and their cDNA sequences deter‐
mined by traditional sequencing methods.

Particular attention should be given to genes whose encoded proteins are participating in 
signal transduction pathways directly influencing the outcome of immune effector molecules, 
as antibacterial peptides; immune recognition lectins and antioxidant products such as super‐
oxide dismutase, ferritin, metalloproteinases, metallothioneins, and heat shock proteins [26]. 
Synergistic effects resulting from interactions between host immune and endosymbiont activ‐
ity, in counteracting infectious pathogens, may now be studied at the molecular level, for 
future therapies design, targeting key steps during pathogen infection processes, for instance, 
host recognition events; production of the anti‐inflammatory factor TNF‐alpha and cytokine‐
like growth factors; enhancement of antibacterial molecules synthesis.

6. Concluding remarks

In an attempt to understand physiological reactions of animals normally set to endure extreme 
conditions, in deep‐sea environments, our laboratory has undertaken, for the last 6 years, a 
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series of investigations aimed at characterizing molecular indicators of adaptation processes 
of which components of the immune and antioxidative stress response systems have received 
most of our attention. As a research goal, long‐term maintenance of vent mussels to atmo‐
spheric pressure was instrumental to further our understanding on molecular relationships 
under which the vent mussel‐endosymbiont interactions are affected by aquaria conditions 
and by the gradual disappearance of endosymbiont bacteria from gill epithelia. Hence, the 
maintenance of live mussels in our aquarium laboratory system has been a key factor in gain‐
ing knowledge into the physiology of vent animals including the study of evolutionary con‐
served immune, inflammatory, and stress‐related factors commonly found in other marine 
bivalves. In vivo and ex vivo experiments conducted with live mussels and their excised gill 
tissues as primary tissue cultures, allowed the specific host‐endosymbiont interactions to be 
revealed, and further characterized in the deep‐sea vent model B. azoricus, establishing dis‐
tinct genetic signatures for the expression of endosymbiont genes and host‐immune genes in 
relation to different environmental conditions. Increasing evidence now support the role of 
gills as a bone fide immune‐responsive tissue in B. azoricus, consistent with a suitable study 
model for exploring molecular interactions involving host‐endosymbiont‐mediated immune 
recognition events and adaptation mechanisms to deep‐sea hydrothermal vent environments. 
Such adaptation mechanisms are likely to be influenced by the microbial community com‐
position surrounding the mussel beds at hydrothermal vents and therefore it is important to 
continue metatranscriptomic and metagenomic studies [79] from the gill‐associated microbial 
diversity and surrounding hydrothermal vent sediments [80, 81] in view of the broader eco‐
logical organization and evolutionary importance of animal‐bacterial microbiomes in chemo‐
synthetic‐based ecosystems in the deep sea [82, 83].

In recent years, researchers have turned to the human microbiome for its functional role 
in human health [84] and both composition and alterations in the microbiome have been 
found associated with diabetes, inflammatory bowel disease, obesity, asthma, rheuma‐
toid arthritis, and susceptibility to infections [85]. Other microbiomes from nonmamma‐
lian and nonvertebrate species have also been characterized, for instance in insects where 
it was found to be highly dependent on the environment, species, and populations and 
affecting the fitness of species. These fitness effects may have important implications for 
the conservation and management of species and populations [82, 83]. Given the temporal 
instability of deep‐sea hydrothermal vents and their constant fluctuations of physical and 
chemical environmental conditions, vent animal‐microbiome associations have become 
critical for our understanding of invasion of nonnative species, responses to pathogens, 
and responses to chemicals and global climate change in the present and future [82] par‐
ticularly when deep‐sea mining activities are projected to have a major impact on deep‐sea 
vent ecosystems [86].
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Abstract

Mollusks are a diverse group of animals not only at the species level but also with respect 
to their habitat and behavior. Gastropods comprise 80% of the mollusks with approxi‐
mately 62,000 living species including snails. Over the period of time, snails have evolved 
into marine, freshwater and terrestrial forms with a transitional shift in their feeding 
habits. From prehistoric times, mollusks have established an intimate relationship with 
humans. These animals are used as food, medicine, offering to gods and are also respon‐
sible for economic losses in the form of agricultural pests. As most of these animals feed 
on plant biomass, their guts have evolved to digest such lignocellulosic biomass with 
extraordinary efficiency. The plant fiber digestion in their guts depends predominantly 
on the metabolic activities of the gastro‐intestinal microflora. Besides digestive functions, 
the seasonal dynamic and spatial distribution of bacterial gut community largely influ‐
ences cold hardiness and many other metabolic properties in snails. Here, we assessed an 
overview of the various bacterial populations dwelling in digestive tracts of snails. This 
chapter provides insights into the gut microbiome of various snails that can be exploited 
for various industrial applications such as biomass degradation, production of biofuel, 
paper, wine and laundry detergents.

Keywords: Mollusca, snails, gut microbiome, symbiont, bacteria, industrial uses

1. Introduction

The phylum Mollusca is one of the most diverse groups of animals on earth that comprises 
50,000 living species. Mollusks are soft‐bodied animals that inhabit almost every kind of habitat. 
These are dominantly free‐living metazoans that possess a calcareous exoskeleton to provide 
structural support for a muscular foot and enclose mantle cavity which is generally used for 
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feeding, respiration and sometimes locomotion [1]. It constitutes the second largest, and most 
variable, invertebrate phylum. The living species of the mollusks are divided into seven classes, 
that is aplacophora, polyplacophora, monoplacophora, gastropoda, cephalopoda, pelecypoda 
and scaphopoda [2]. Gastropods are the largest group of mollusks, comprising about 80% of 
the living mollusks with ca. 62,000 living species. The first gastropods originated during the 
late Cambrian period and over 500 million years ago. Since then, gastropods have radiated 
into marine, freshwater and terrestrial environments, changing their food preferences from 
herbivorous to carnivorous, endo‐parasitism or symbiont‐mediated chemoautotrophy [3].

The class gastropoda is the most speciose among animals to inhabit a variety of habitats such 
as oceans, rivers, etc. and are the ones that have inhabited the land among mollusks [4]. The 
aquatic forms have adapted to benthic forms while others remained pelagic. The life span 
ranges from months to decades [5, 6] and in some cases life is marked by varying periods 
of dormancy [7]. All gastropods are commonly called head‐foot or cephalopodium which 
is a typical character of all gastropods because the head and foot arise from the same region 
making it very difficult to differentiate where the head ends or the foot begins [8]. The head 
of gastropods typically has two or four sensory tentacles with eyes and a ventral large foot, 
which gives them their name (in Greek, gaster is stomach and poda is feet). The anterior divi‐
sion of the foot, that is, propodium, is used for crawling. The shell in the larval stage is called 
protoconch. Most gastropods have a shell that typically opens on the right‐hand side. Several 
species have operculum that is used to close the shell opening.

Most species of gastropoda include slugs and snails where the snails possess coiled shells on 
their body. The term snail is often used to describe marine and freshwater snails, along with 
terrestrial ones. More generally, the term is applied to land snails than to those from the sea or 
freshwater [9]. Snails generally thrive in habitats rich in calcium, limestone, marl and places 
with concrete and cement. They are hermaphrodite but reciprocal copulation is required to 
produce viable eggs. Eggs are laid 8 days after copulation producing about 400 to 1000 eggs 
per year [10]. Cool and moist soil is necessary for the egg hatching producing juvenile snails 
that eat their egg shells and remain burrowed for 2 weeks. The juveniles feed on tender shoots 
of plants while the adult can also digest detritus. Under unfavorable conditions, snails can 
bury themselves under soil and remain inactive from months to years [11].

The terrestrial snails like Achatina fulica, Achatina achatina and Archachatina marginata are 
large‐sized terrestrial mollusks that can grow up to 20 cm in length and 10 cm in diameter. 
In these snails, the brownish shell having dark stripes generally covers half of the body [12]. 
Among these, the shell of A. fulica is smaller that can grow up to 3–4 inches, while A. achatina 
has a larger shell size of 10–11 inches [9].

Snails are both ecologically as well as economically very important animals. In the modern era 
of technology, the utility of snails is largely neglected, particularly in developed countries. Since 
snails dwell in a variety of niches, they could harbor a militia of micro‐biota which could be 
exploited for various biotechnological purposes. This work provides insights into the microbiome 
of various snails. Furthermore, for the first time, we assessed the probable applications of snails 
in general and their gut micro‐biota in particular for various biotechnology‐based industries.
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2. Origin and distribution of snails

The families Lymnaeae and Planorbidae originated from the common ancestor approximately 
250 million years ago during the Permian period. Some fossils belonging to family Bulininae 
and Planorbinae of the upper cretaceous have been obtained from Africa and India [13, 14]. 
The first fossil record for the family Achatinidae was obtained from the Pleistocene in Africa 
[15, 16] but the family clearly evolved much earlier. In the 1950s, Mead described the earliest 
achatinids that originated in Cameroon and Gabon, northward of the river Zambezi in Africa, 
which later spread to both arid and the sub‐arid areas of the southern continent and other 
moist parts east of the great watershed [17, 18]. This indicated that temperate species were 
directly evolved from tropical ancestors. Nonetheless, little is known about the evolutionary 
history of the achatinids.

The habitats of terrestrial snails range from dense tropical forests in Africa to the fringing 
riparian forests of Savannah [19, 20]. The members of the family Achatinidae comprise more 
than 200 species in 13 genera that are native to Africa. Several species have attained pest 
nature within their native African range when the habitat was modified by human activities 
and cropping. Furthermore, due to the increased mobility of humans and globalization of 
trade and travel, several alien species have been accidentally or purposefully transported to 
areas outside of the African continent. In these new areas, Achatinidae have caused signifi‐
cant economic and ecological impacts [21]. Due to its invasive capacity, Achatina fulica has 
spread from East Africa to many regions around the globe including rainforests, tropics, 
subtropics, etc. Apart from anthropogenic activities [22], the higher adaptability of this snail 
to variety of habitats is often contributed by its gut micro‐biota that it selectively chooses 
from the favorable environments for successful dispersion [23]. However, terrestrial spe‐
cies have a great capacity of adaptation, survival and may contain an intriguing micro‐biota 
serving in the efficient degradation [24] of ingested lignocellulosic plant biomass into many 
useful products. Due to its fast distribution and voracious feeding, this species is now con‐
sidered as the most destructive terrestrial gastropod [12]. The A. fulica has been blamed as 
an intermediate vector of many worms and microorganisms, causing a variety of ailments 
[25]. The species was introduced to the USA in 1939, to India in 1947 near Kolkata and to 
Brazil in 1980s.

The widespread distribution of A. fulica is caused by a number of factors [26]. Sometimes, it 
has been deliberately introduced by humans as pet and in some cases as a source of food or 
for ornamental and medicinal purposes (Figure 1). It is also transported unintentionally with 
agricultural, horticultural and other commercial products or in containers in which they are 
shipped. They were also transported accidentally with military equipment in many countries 
[27]. The land snail, A. fulica, spreads extensively along rivers and streams, either on floating 
mats of vegetation or by surviving long enough in the water to float downstream.

The pulmonate snails are native to Africa but are currently found in Asia, the Pacific, 
Madagascar, Indonesia, Australia, the Caribbean Basin, the United States and South America 
(Colombia, Venezuela, Ecuador, Brazil and Argentina) [28, 29].
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3. Uses of snails

From prehistoric times, it is quite evident that mollusks have a precarious relationship with 
humans. Many snails are known to damage the wooden ships and poison scuba divers. 
Researchers have also found that snails actually harbor a secret that could help humans to stay 
healthy and pain free. Even some authors quoted that guts of mollusks contain a unique set 
of microorganisms that might save human lives. During evolution, snails have also coevolved 
with ancient bacteria that reside in their guts. In return, the bacteria also express some drug‐
like molecules that help the snail’s proper functioning and ward off diseases [30]. For example 
the Leuconostoc mesenteroides strain isolated from the gut of Cornu aspersum produced some bac‐
teriocins‐like substance that inhibited the growth of the pathogen Propionibacterium acnes [31].

3.1. Snails as food

The gastropods, particularly snails, have been used both as food as well as treatment for a 
variety of human diseases. The fossil remains of prehistoric shellfish found in caves indicate 
that snails have served as a delicacy for humans for thousands of years. The snails are easy to 
culture and majorly composed of muscles. Snails are a rich source of proteins containing high 
amounts of essential amino acids [32]. From the twentieth century, the food qualities of snails 

Figure 1. Different methods involved in the isolation and identification of microbes of the snail gut.
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were so appreciated that it was a highly sought‐after food. They are preferred as a food source 
in certain parts of Africa, Asia and South America. In recent decades, the snail’s consumption 
has increased throughout European countries, which consequently lead to their gradual dis‐
appearance from freely dwelling areas. This decrease in population contributed to predation 
of the species and introduction of pathogens that harmed the productivity of snails [33, 34]. 
The inedible parts of snails are also used in animal‐feed preparations as shown in Figure 1.

3.2. Medicinal uses

Hippocrates reportedly said that crushed snails can be used to relieve inflamed skin and pain. 
Two decades ago, slime of the Chilean snail was reported to quickly heal the skin lesions 
with no scars. This innovation later led to the production of “Elicina” which is snail slime‐
based fairness products. Recently in 2010, Missha, a USA‐based cosmetic company launched 
a branded fairness cream, “Aqua Cell Renew Snail Cream”, containing 70% slime. The com‐
pany also claimed that this cream reduces pigments, acne, scars and combats wrinkles [35]. 
Though snail slime contains unusual crystals of calcite, it may find some use in orthopedics 
also. This is because scientists at the Herriot‐Watt University stated that calcite may be used 
for the development of bone cement by using inorganic crystals in organic matrix [36].

3.3. Religious importance of snails

In southern Miami, snail invasion is very severe because they are linked to religious rituals. In 
Candomblé religion, coloration of the shell is considered very important for offerings to their 
gods, Orishas, and symbolizes the personality of an Orisha (e.g., red indicates fire and fury, 
white indicates tranquility and age while yellow is for prosperity and wealth). However, the 
color preference can vary between nations of different areas of the religion. For example, sac‐
rificial animals or their parts that are offered to Obatala (white Orisha) should be completely 
white such as the white blood of A. fulica [37].

3.4. Ecological importance

Some snails that climb the trees rasping on the surface of leaves can influence biosphere com‐
munity succession and nutrient cycling. Snails also provide some antimicrobial barriers to the 
plants by secreting the wax layer which contains antimicrobial compounds [38]. Mucus secreted 
by the gastropods has been shown to have selective antimicrobial properties as well [39, 40]. 
Moreover, some snails are also used for monitoring the environmental pollution. Such is the 
species of Arianta arbustorum, which can tolerate higher concentrations of the heavy metals, like 
cadmium, lead and copper, indicating elevated levels of metal pollution in their niches [41].

4. Impact of snails on agriculture

Many researchers have reviewed the impacts of invasive mollusks on agriculture [42, 43] bio‐
diversity and human health. However, the annual costs associated with damage to the envi‐
ronment and agriculture due to alien species in the USA have been recently estimated to be 
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US$120 billion. The combined costs associated with damage for the United States, the United 
Kingdom, Australia, South Africa, India and Brazil have been estimated as US$314 billion per 
year [43]. In the tropics, the loss caused by the snails is threefold. Primarily, there is loss of the 
agricultural products followed by the cost of labor and materials associated with the manage‐
ment of such pests. Lastly, there is opportunity losses related to the changes in agricultural 
practice such as cultivation of pest‐resistant species only.

Among mollusks, the giant African land snail, A. fulica tops the list of agricultural pests. A. 
fulica (Lissachatina fulica) is a herbivore, feeding primarily on vascular plants [21] and plant 
tissues containing high protein and calcium content [44, 45]. All Achatinidae species need cal‐
cium for the formation of shell and reproduction. Thus, environments rich in calcium carbon‐
ate, such as limestone landscapes having a pH of 7.0–8.0, and urban areas with abundant 
concrete are preferred [28].

The adult snail of A. fulica daily consumes large quantity of plant material approximately 10% 
of its weight [46]. The seedling stage of plants is most preferred and vulnerable. The extent 
of damage is based on the chemical composition of the plant and varies spatially as well as 
temporarily [47]. Many researchers have stated that infestations by snails to the nursery stage 
are so severe that demands change in cultivation practice. For example, in Malaysia, Guam 
and Indonesia, during the season of peak infestations of A. fulica, it is almost impossible to 
grow vegetables [27, 48, 49].

A. fulica is considered the most damaging land snail in the world as it can dwell on over 
500 different crop species. It is a non‐host specific pest of crops like peanuts, beans, peas, 
cucumbers and melons. If fruits and vegetables are not available, snails can feed on variety of 
ornamental plants, tree barks and even paint on houses [21]. The snail also allies with other 
soil invertebrates to decompose the leaf litter [50] and is the most destructive pest; it is ranked 
second among the 100 worst alien invasive species [51]. It affects tropical and subtropical 
areas, causing large damages to farms, commercial plantations and domestic gardens. It can 
also be found on trees, decaying materials and next to garbage deposits [17]. In urban areas, 
the deposition of solid waste by humans is primarily responsible for the proliferation of pests 
[12]. This species has attained pest status also due to its voracious feeding, competing for 
physical space with the native fauna resulting in disequilibrium of biodiversity [12]. Apart 
from being an agricultural nuisance, snails can thrive in cities, crawl up the walls of buildings 
and skid cars on highways [27].

5. Control strategies for snails

Snails are important both ecologically as well as economically due to a variety of factors. The 
prolific breeder A. fulica, soon after the introduction to a new habitat, reproduces at alarming 
rates making the control strategy very difficult. The control strategy of the pest is based on 
physical, chemical as well as biological methods. The physical control includes collection and 
destruction of snails and their eggs from the infested site or campaigns organized by local 
agencies voluntarily supported by health service officials, local people, students and teach‐
ers. After collection, snails are crushed and buried deep into the soil, covered with kaolin. 
Eradication of the species involves a huge amount of chemicals, hand collection and extensive 
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public awareness programs like posters, documentaries, etc. Metaldehyde is the principal 
component of molluscicides and is indiscriminately used for the control of the snail A. fulica, 
consequently causing loss of productivity of local crops. For example, in Sao Paulo, farmers 
unknowingly used the molluscicide “metaldehyde” in banana fields to target snails, which 
killed many species including bats, skunks, lizards and small rodents which were beneficial 
as natural control agents of agricultural pests [12]. The physical methods are very time‐con‐
suming and tedious while the chemicals have resistance problems, killing the non‐target flora 
and fauna. Therefore, biological control is the option that seems very fruitful and ecofriendly. 
But predatory snails (e.g., rosy wolf snail: Euglandina rosea) and flatworms have also failed 
to control some species such as A. fulica [52, 53]. As snails are ecologically and economically 
important due to the pest nature, the bacterial flora present in the gastrointestinal (GI) tract of 
snails may have an important role in digestion. These functionally specialized GI tract regions 
may be unique microenvironments and could harbor unusual bacterial communities.

6. Process of digestion in snails

In an ecosystem, the ability to procure enough food is pivotal for the survival of an organism. 
Feeding is necessary for the maintenance of metabolism, growth and reproductive success 
of animals. The process of digestion is characterized by a specific set of enzymes that often 
break the refractory food substances [54]. The alimentary tract of land snails is remarkably 
simple, possibly because of terrestrial life styles. The alimentary canal is usually divisible 
into buccal mass, esophagus, crop, stomach, intestine and rectum along with appendages like 
salivary and digestive glands (hepatopancreas) [55]. In A. fulica, like other gastropods, the 
food scraped by radula and ingested by the buccal mass is mixed with the secretions of the 
salivary gland and accumulates in the crop (ingluvius), a distensible muscular compartment. 
The crop and stomach are filled via two cannaliculi with the juice produced by the digestive 
glands. The medial part of the gut is surrounded by the digestive gland, which secretes more 
enzymes into the mid‐gut lumen and also absorbs nutrients. The epithelium of the digestive 
tube is ciliated along almost its entire length, allowing the food to mix with digestive juices 
and helping to transport the alimentary mass. The ciliated epithelia also allow the microbial 
flora to anchor on the digestive tube [56]. The gut of the giant African land snail, A. fulica, is 
large enough to act as a fermentation vessel where a number of metabolic reactions are medi‐
ated by the host symbionts. The unabsorbed part of the alimentary mass (bolus) is compacted 
and passed directly into the rectum. The snail’s digestion is primarily extracellular [55].

7. Role of the gut bacteria in snails

The gastrointestinal tracts of animals are modified as per their food requirement and physi‐
ological adaptations. All the herbivores that feed on lignocellulosic feed stock share two com‐
mon features, that is enlarged digestive tract and gut micro‐biota. Digestive tract is usually 
long enough having different regions such as esophagus, crop, rumen, caecum and rectal 
paunch while gut microbes provide the host with a unique set of necessary enzymes for the 
digestion of plant materials [57, 58]. The guts of herbivores that largely feed on lignocellulosic 
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rich plant materials act as natural bioreactors for the degradation of plant biomass making 
them efficient sources of industrially important bacteria [59]. In many herbivores and omni‐
vores, the digestion of the plant biomass is of immense importance for the energy capture 
[60]. Therefore, bacterial flora present in the GI tract of these animals may have an important 
role in digestion. These functionally specialized GI tract regions may be unique microenvi‐
ronments and could harbor unusual bacterial communities.

7.1. Abundance of bacterial symbionts in snails

During the past century, scientists have focused on microbes that secrete the cellulose hydro‐
lyzing enzymes. For instance, Seillière [61] pioneered the isolation of bacterial cellulases from 
the gut of the terrestrial gastropod H. pomatia. Similarly, Florkin and Lozet [62] studied the 
cellulases, whereas Jeuniaux [63] observed that chitinases from H. pomatia, of microbial origin, 
played a major role in the digestion of plant components in all phytophagous snails.

Charrier et al. [64] observed that density of bacteria in C. aspersum and H. pomatia was up to 
5.109 CFU g−1 fresh tissue in the distal intestine, while in proximal region it was from 10 to 1000 
fold lower than in the distal part. The H. pomatia was the least colonized by bacteria. The C. 
aspersum that fed on carboxymethyl cellulose (CMC) harbored approximately 107 g−1 bacteria 
and while those fed on native cellulose contained 106 g−1 [65]. In another study carried out in 
aerobic and anaerobic conditions by the same authors, it revealed that gram‐positive bacteria 
were in the range of 1.57 × 109 ± 0.10 × 109 CFUg−1 in the intestine. Although the score of gram‐
negative aerobic bacteria accounted for 5.77 × 108 ± 1.35 × 108 CFUg−1 in the intestine, but it 
comprised only 27% of the total bacterial load in H. aspersa [66]. However, Simkiss observed 
only 0.71 × 106 CFU g−1 body weight in H. aspersa [67]. In a similar report, researchers [68] 
noted less than 106 g−1 bacteria growing on sterile paper. In the intestine of Tegula funebralis, 
the number of culturable bacteria was 25 × 105 only [69].

Several strains growing on chitin have been isolated from different species of snails such as 
C. gillenii, B. agrestis, B. noackiae and E. malodoratus. The presence of chitinolytic bacteria in 
H. pomatia has been reported by Jeuniaux [63] where he observed the bacterial density in the 
range of 106 CFUg−1 of the tissue. By culture‐dependent method, Pawar with his coauthors 
[70] enumerated from 103 to 106 CFU from the whole GI tract of A. fulica. Koleva et al. [31], 
while studying the gut bacteria of C. aspersum, stated that bacterial diversity varies with the 
different stages of life cycle and accounted for maximum 1.6 × 109 CFU ml−1 gut extract dur‐
ing the active stage. Since more than 95% of the bacteria in any environment including guts 
of animals are un‐culturable, their composition and community structure cannot be studied 
completely by culture‐dependent approaches. As most of these studies were done using cul‐
ture‐dependent approaches, they might have not revealed much of bacterial composition and 
community structure in the GI tract of snails. More research is needed to study the bacterial 
diversity of snails by using advanced in‐silico and meta‐genomic approaches, harnessing the 
vast diversity of microbes in the snail guts. Very few studies have been carried out to analyze 
the bacterial populations in snails by using metagenomic methods. The complete details of 
the processes and protocols involved in the isolation and identification of the gut microbes are 
beyond the scope of this chapter, however, briefing the outline of most of these methodologies 
would be helpful. The brief outline of all these methodologies is given in Figure 2.
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8. Host‐symbiont interactions

Recent evidence for the presence of various kinds of bacteria in the snails suggested that a 
symbiotic relationship is developed between the host and the microbes during the course of 
evolution. Hitherto, a large number of eukaryotic symbionts have been isolated from snails 
in the families particularly, Achatinidae, Ampullariidae, Helicidae, Planorbidae, etc. as given 
below in Table 1 [71]. Further, identification of the isolated gut bacteria has been done in 
vetigastropods of the genus Haliotis and in several other pulmonates. Among pulmonates, 
representatives of the genera Biomphalaria, Bulinus, Helisoma [72], Helix, Cornu [64, 66] and 
Achatina [70, 73, 74] have also been studied.

The advanced techniques like meta‐genomics have proved that the gut bacteria perform many 
beneficial activities for the host. These resident bacteria help the host in processes such as 
digestion of complex molecules into simpler forms, generating energy, synthesis of cofactors, 
amino acids for basic metabolism as well as preventing the growth of pathogens. Some of the 
bacteria isolated from the snail caused the fermentation of sugars like glucose, lactose, manni‐
tol, rhamnose, arabinose, maltose, etc. showing the positive interaction of the snails with their 
gut flora [75]. Some authors [40] reported the presence of several bacterial OTUs  belonging 

Figure 2. Ecological, economic and industrial utility of snails.
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to oceanospirillales, enterobacteriaes, alteromonadales, along with α‐Proteobacteria and 
Rhizobiales in the fecal samples of Achatinella mustelina. Some snails thrive in toxic habitats 
like deep sea vents due to energy provided by the bacteria. The scaly foot snail, Chrysomallon 
squamiferum, discovered from the Kairei vent of Indian Ocean, flourishes by using a similar 
strategy, exploiting energy harnessed by the gut symbionts. That is why this snail can grow 
to up to 45 mm in size, when most of its close relatives did not grow beyond 15 mm in the 
absence of endosymbionts [76].

The physiology and diet of the host are the main components that determine the community 
structure of an organism. The gut microbiome of many animals including snails has been 
characterized recently [23, 70]. Animals are known to choose their gut microbes selectively/
functionally, and the microbial cells outnumber their hosts by many folds [77, 78]. Snails, 
like other invertebrates, eat soil to get the useful microbes that may augment in digestion. In 
turn, micro‐biota provides important implications to the host’s immune system [79] prevent‐
ing invasion by exogenous pathogenic microbes [80, 81]. This in other words indicates that 
changes in microbial flora of the snail could have a negative impact such as without which 
they may stop feeding and ultimately die [82].

Sr. No. Snail Habitat of snail Family Microbes 
studied

Methodology References

1 Achatina achatina Terrestrial Achatinidae Bacteria Biochemical [9]

2 Achatina fulica Terrestrial Achatinidae Bacteria, fungi, 
virus, protozoa

16Sr RNA/
metagenomics/ 
Microscopic

[23, 70, 73, 74, 
137]

3 Achatina mustelina Terrestrial Achatinidae Bacteria and 
fungi

Metagenomics [40]

4 Archachatina 
marginata

Terrestrial Achatinidae Bacteria and 
fungi

Biochemical [119, 138]

5 Batillus cornutus Marine Turbinidae Bacteria 16S rRNA [139]

6 Helix aspersa/Cornu 
aspersum

Terrestrial Helicidae Bacteria and 
yeast

16S rRNA/
Biochemical

[31, 67, 68, 
140, 141]

7 H. pomatia Terrestrial Helicidae Bacteria Metagenomics [131]

8 Indoplanorbis 
exustus

Freshwater Planorbidae Bacteria Biochemical [75]

9 Lymnaea stagnalis Freshwater Lymnaeidae Bacteria Biochemical [75]

10 Pomacea 
canaliculata

Freshwater Ampullariidae Bacteria 16S rRNA [71]

11 Pila globosa Freshwater Ampullariidae Bacteria 16S rRNA [142]

12 Pila ovata Freshwater Ampullariidae Bacteria Biochemical [115]

13 Tegula funebralis Marine Tegulidae Bacteria Biochemical [69]

14 Trochus niloticus Marine Tegulidae Bacteria Biochemical [143]

Table 1. Species of snails that have been used for isolation of microorganisms.
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8.1. Cellulose‐degrading bacteria

The plant biomass is comprised of three major components that is cellulose (50%), hemicellulose 
(30%) and lignin (20–30%). All herbivores do not possess the ability to digest plant polysaccha‐
rides and instead depend on their gut symbionts to derive the nutritionally important com‐
pounds from the ingested material [83–85]. Therefore, many researchers have extrapolated the 
gut microbiomes of many animals by using meta‐genomics approach. Such studies have revealed 
that the gut of herbivores is a home to a consortium of microbes that have evolved to efficiently 
degrade and ferment the plant cellulose ingested by the host [86, 87]. These organisms possess 
a complex enzyme system known as cellulosome, and the complete enzymatic system includes 
three different enzyme types, that is exo‐β‐1, 4‐glucanases (EC 3.2.1.91), endo‐β‐1, 4‐glucanases 
(EC3.2.1.4) and β‐1, 4‐glucosidase (EC 3.2.1.21) along with several cofactors [88]. Cellulases act by 
hydrolyzing the β‐1, 4 bonds in cellulose, releasing some small chains of oligosaccharides which 
are concurrently broken into monosaccharides by β‐glucosidases [89]. The hydrolysis of lignin 
occurs due to the concomitant action of a specific set of enzymes such as laccase, lignin peroxi‐
dase, etc. In lignin degradation, the ligninolytic enzymes primarily alter the structural conforma‐
tion of lignin by breaking several stable bonds resulting in production of free radicals [90]. From 
application point of view, bacteria are generally preferred over the fungi due to their higher 
growth rate allowing fast production of recombinant proteins [91]. Additionally, some glycoside 
hydrolases (GHs) of bacterial nature form multi‐enzyme complexes called cellulosome provide 
increased synergy, stability and catalytic efficiency [92], while others are multifunctional, har‐
boring both endoglucanase and xylanase activities [93]. A list of different groups of bacteria can 
be isolated from snails and thereby exploited for industrial applications. Therefore, enzymes of 
bacterial origin could offer specific biotechnological interests due to their less dependency on 
mediators. However, the lignocellulose‐hydrolyzing enzymes secreted by bacteria are inducible, 
extracellular and cell associated [90]. Recently, Chang and his team [94] isolated a Bacillus strain 
that has a repertoire to remove lignin from rice straw; this biomass can be subsequently treated 
with lactic acid bacteria (LAB) to improve the sugars yield. These sugars can be further utilized 
for the production of bioethanol, biogas and bio‐hydrogen by fermentations [70].

Some of the microbes such as bacteria Fibrobacter succinogenes, R. flavefaciens and R. albus 
[95] and some fungi are primarily responsible for degradation of plant cell walls. R. albus8 is 
anaerobic, fibrolytic and gram‐positive bacterium present in herbivores and can degrade both 
cellulose and hemicellulose [60, 96]. But R. flavefaciens and R. champanellensis are very efficient 
cellulose degraders due to their cellulosome secretion which is lacking in case of R. albus8 [97].

The symbiotic bacteria from the gut of gastropods are considered to participate in the diges‐
tion of carbohydrates, such as cellulose and hemicellulose comprising the major part of the 
plants (Table 2). Recently, we reported the presence of lignocellulolytic bacteria in the GI tract 
of A. fulica [73]. However, Koch et al. [71] reported that P. canaliculata can survive till 56 days 
on a cellulose‐rich diet and concluded the existence of bacterial endoglucanases that helps the 
snail to utilize cellulose polymer. Earlier studies [65, 68] showed that H. aspersa contains very 
few cellulose‐degrading bacteria though some authors [64] claimed the complete absence of 
these bacteria in the gut. Many authors have demonstrated the degradation of native cellu‐
lose, mannan and laminarin by the snails [98, 99], thereby a large set of bacteria producing 
hydrolytic enzymes may be involved. The cellulases of animal origin were first studied by 
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Sr. No. Snail species Bacteria NCBI accession  
no. (16S rRNA)

Gram stain References

1 Achatina fulica Klebsiella pneumoniae AB680060 −ve [23, 73, 74]

2 Sphingobacterium mizutaii NR042134 −ve

3 Sphingobacterium multivorum FJ459994 −ve

4 Microbacterium sp. AB646581 +ve

5 Uncultured Flavobacterium sp. DQ168834 −ve

6 Aeromonas punctata NR029252 −ve

7 Microbacterium sp. AB646581 +ve

8 Klebsiella variicola NR025635 −ve

9 Aeromonas caviae AB626132 −ve

10 Aeromonas caviae JF920485 −ve

11 Streptomyces kunmingensis NR043823 +ve

12 Cellulosimicrobium sp. AB188217 +ve

13 Cellulosimicrobium funkei JQ659848 +ve

14 Klebsiella sp. AB114637 −ve

15 Enterobacter sp. JQ396391 −ve

16 Stenotrophomonas sp. DQ242478 +ve

17 Cellulosimicrobium cellulans AB166888 +ve

18 Cellulosimicrobium sp. HM367604 +ve

19 Agromyces allii NR_04393 +ve

20 Nocardiopsis sp. HQ433551 +ve

21 Microbacterium binotii JQ659823 +ve

22 Bacillus subtilis +ve

23 Ochrobactrum sp. KJ669202 −ve

24 Achromobacter xylosoxidans KJ669206 −ve

25 Klebsiella sp. KJ669189 −ve

26 Enterobacter sp. KJ669197 −ve

27 Enterobacter cloacae KJ669195 −ve

28 Bacillus. sp. KR866144 +ve

29 Archachatina 
marginata

Bacillus subtilis NA +ve [119]

30 E. casseliflavus NA +ve

31 Streptococcus faecalis NA +ve

32 Staphylococcus aureus NA +ve

33 Pomacea Nostoc sp. NA −ve

canaliculata
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Biedermann and Moritz [100], in Helix spp., at the end of nineteenth century. Further, snails 
possess a micro‐biota specialized in a variety of functions, thus contributing to an extraor‐
dinary (up to 80%) efficiency to digest plant biomass [24]. The abundance of carbohydrate‐
secreting bacteria and the rate of enzyme activity in various parts of the herbivorous guts 
are inversely proportional to each other, therefore, bacteria have become complementary for 
digestion of food. However, Payne et al. [101] also reported that wherever the enzyme pro‐
duction is less or nil, the enzymes released by the gut microflora would be of much help for 
digestion. The bacterial glycoside hydrolase (GH) genes and carbohydrate‐binding modules 
(CBMs) are abundant in the digestive tract of animals [84, 102–106] which suggest the poten‐
tial role of microbial symbionts in the hydrolysis of plant material to help extract nutrients 
[107]. The metagenomic and in silico studies have proved that gut symbionts perform useful 
functions to the host such as production of amino acids, energy generation and act as a barrier 
against diseases [108]. Recent works by researchers [23, 72] using advanced microbiological 
techniques elucidated that snails contain a vast array of microbial diversity within their guts.

Sr. No. Snail species Bacteria NCBI accession  
no. (16S rRNA)

Gram stain References

34 Helix aspersa Pseudomonas sp. NA −ve [68, 133]

35 Xanthomonas sp. NA −ve

36 Acinobacter sp. NA −ve

37 Vibrio sp. NA −ve

38 Enterobacteriae sp. NA −ve

39 Bacillus sp. NA +ve

40 Staphylococcus sp. NA +ve

41 Micrococcus sp. NA +ve

42 Bulinus africanus, 
Biomphalaria 
pfeifferi, Helisoma 
duryi 

Chloroacidobacteria NA −ve [72]

43 Chryseobacterium NA −ve

44 Comamonadaceae NA −ve

45 Bacillus spp. NA +ve

46 Aeromonas spp. NA −ve

47 Verrucomicrobiae spp. NA −ve

48 Batillus conutus Bacillus sp. JMP A HM776393 +ve [139]

49 Bacillus sp. JMP B HM776394 +ve

50 Staphylococcus sp. JMP‐C HM776395 +ve

51 Pila globosa Klebsiella oxytoca KF017601 −ve [142]

NA: not available.

Table 2. Cellulose degrading bacteria isolated from the digestive tract of different snails.
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8.2. Lactic acid bacteria

The lactic acid bacteria (LAB) comprise a significant proportion of the gut‐bacterial communi‐
ties of many animals including pigs, fowls, rodents, chicken, horses, gastropods and insects. 
These bacteria are vital for the host as they behave as protagonists in maintaining the eco‐
logical equilibrium between the different species of microorganisms inhabiting these envi‐
ronments. This microbial community takes part in the fermentation of the food, providing 
energy to the host [64]. Koleva et al. [31] isolated 55 strains of LAB from the gut of C. asper‐
sum (Table 3). Based on 16S rRNA sequencing, Lactobacillus (18), Enterococcus (17), Lactococcus 

Sr. No. Snail Bacteria NCBI accession  
no. (16S rRNA)

Gram stain References

1 Helix pomatia Buttiauxella agrestis DQ223869 −ve [64]

2 Citrobacter gillenii DQ223882 −ve

3 Buttiauxella agrestis DQ223871 −ve

4 Lactococcus lactis DQ223875 +ve

5 Kluyvera intermedia DQ223868 −ve

6 Lactococcus sp. DQ223877 +ve

7 Obesumbacterium proteus DQ223874 −ve

8 Enterobacter amnigenus DQ223879 −ve

9 Enterococcus raffinosus DQ223885 +ve

10 Enterococcus malodoratus DQ223886 +ve

11 Cornu aspersum, Buttiauxella noackiae DQ223870 −ve [66]

12 Clostridium sp. DQ223883 +ve

13 Raoultella terrigena DQ223873 −ve

14 Enterobacter amnigenus DQ223878 −ve

15 Citrobacter gillenii DQ223881 −ve

16 Enterococcus casseliflavus DQ223887 +ve

17 Citrobacter sp. DQ223880 −ve

18 Helix aspersa Lactobacillus brevis NA +ve [31]

19 Lactobacillus plantarum NA +ve

20 Lactococcu lactis NA +ve

21 Weissella confusa NA +ve

22 Lactobacillus curvatus NA +ve

23 Enterococcus mundtii NA +ve

24 E. faecium NA +ve

NA: not available.

Table 3. List of lactic acid bacteria used by snails in fermentation of digested food.
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(12) and Leuconostoc (7) accounted for 33, 32, 21 and 13% of the bacterial diversity, respec‐
tively, including the strains belonging to genus Weissella. Among these genera, Enterococcus 
and Lactococcus exhibited the lactic acid activity, thereby indicating their role in the digestive 
physiology of the snail. However, the LAB are also reported to have a stimulatory response 
in a marine gastropod Nassarius obsoletus [109]. The epiphyte enterococci being the dominant 
lactic acid bacterium in the snail’s intestine is quite interesting. Lactococcus lactis is a nonpatho‐
genic bacterium that has been extensively used in the dairy industry for the manufacture of 
buttermilk, yogurt and cheese. These microbes are also routinely used in the fermentation 
process of wines, beer, bread and pickles.

Enterococcus, a LAB, inhabiting the gut of many herbivores, is considered as beneficial for 
the hosts because it forms a biofilm‐like structure on the gut epithelium which could pre‐
vent the host gut from colonization of pathogenic microbes [110]. The members of the genus 
Enterococcus also produce some bacteriocins. The synergistic effect of this biofilm formation 
and production of antimicrobial compound probably impedes the entrance and establish‐
ment of perilous pathogens in the snail gut [111, 112].

8.3. Proteolytic bacteria

Proteases are enzymes that perform proteolysis, that is, hydrolysis of peptide bonds between 
two amino acids of a polypeptide chain. Protease enzymes are ubiquitous [113] in nature. 
Some proteases determine the lifetime of functional molecules like hormones, antibodies, 
or other enzymes that are very important for physiological processes. In the present era of 
advanced technology, more research is being done on eco‐friendly products replacing the 
chemical processes by using enzymatic methods. Proteases have a high demand in industries 
like bread and meat industry, pharmaceuticals and agro‐waste disposal management [114]. 
They are widely used in the film industry for recovery of silver from X‐ray films, in the chemi‐
cal industry for peptide synthesis, in the feed and food industry for production of protein 
hydrolysates, by waste processing companies, in the field of textile processing for degum‐
ming of silk and processing of wool and in the manufacture of detergents, pharmaceuticals 
and leather [115].

Though produced by many microorganisms, that is fungi, yeast, actinomycetes and molds, 
the proteases of bacterial origin are considered as most significant [116] because bacte‐
ria can be manipulated genetically to generate new enzymes with desired properties for 
the specific applications [117]. The bacterial proteases constitute about two‐thirds of the 
industrially important enzymes and account for about 60% of the total worldwide sale in 
markets. Protease‐producing bacteria are also useful for the ecosystem as these microbes 
decompose the dead and decaying animal or plant matter that is primarily composed of 
proteins. They can create pollution‐free environment and are responsible for the recycling 
of nutrients.

Ariole and Ilega [115] isolated the proteolytic Pseudomonas aeruginosa from the gut of freshwa‐
ter snail, Pila ovata. They concluded that this bacterium augmented the snail in degradation 
of nutrients showing a maximum proteolytic activity of 372 U/ml at pH 9. The saprophagous 
nature of H. pomatia suggests that its gut can be a site for protein digestion [118]. Proteolytic 
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activity contributed by the bacteria was also reported by Koleva et al. [31] in the gut of C. 
aspersum during the actively feeding stage.

In the African snail, A. marginata, the five‐cellulase‐and‐protease‐positive bacteria, belong‐
ing to genus B. subtilis, S. aureus, S. casseliflavus and S. faecalis, have been studied [119]. Few 
researchers have reported the protein digestion augmented by the gut symbionts in case of 
gastropods [120–122], with a 32‐kDa protease present in gut lumen and midgut gland of P. 
canaliculata.

Snails are cheap, easy to rear and collect and contain copious microbes in their guts that can be 
exploited for various industrial purposes. The industrially important enzymes, like cellulases 
and proteases, can be isolated, extracted and purified from the gut microbes of snails thereby 
reducing the cost of imported materials. These enzymes are not only used in biofuel produc‐
tion but also harvested for other industries like pharmaceutical, waste disposal and detergent 
industries [119].

8.4. Chitinolytic bacteria

The omnivorous snails feed on insects that are a rich source of chitin, and in some cases, traces 
are often detected in gastropod feces. The body of phytophagous gastropods consists of 10% 
nitrogen, while food plants dined by snails contain only 4% of nitrogen. Chitin and its deriva‐
tives like chitosans could serve as a readily available nitrogen source for the gut bacteria and 
ultimately their host can take advantage of chitin‐derived products [123].

Functional studies described extensively the importance of bacterial gut flora for the 
snail’s digestion and nutrient supply [124]. Since the endogenous enzymatic activity in 
the intestine of the snail is very low, the snails may use their allochthonous and autoch‐
thonous bacteria for organic matter degradation [23, 99]. The digestive tract also harbors 
bacteria with special functions like metal chelation [67] and fermentation activity [64, 66], 
particularly on chitin and soluble cellulose, thereby providing nitrogen, lactate and acetate 
that are used as precursors as well as energy sources [70]. The DGGE fingerprinting tech‐
nique along with NMDS analysis have revealed that intestine of the land snail H. pomatia 
harbors a unique set of bacterial flora. These authors also stated that sequences related to 
Pseudomonadaceae and Enterobacteriaceae spp. dominated the intestinal and digestive 
gland of snail populations. However, Kiebre‐Toe et al. [125] and Charrier et al. [64] also 
reported the dominance of Pseudomonas sp., Pantoea sp. and Buttiauxella sp. in the intestine 
of Helix sp.

Lesel et al. [65] isolated the chitinolytic bacteria from the H. pomatia where chitinolytic bacteria 
were 10 times more abundant in the stomach and intestine than in the crop. In Redix peregra, 
the chitobiase activity was reduced when fed on antibiotic‐treated diet, which also resulted 
in the loss of bacteria. This dual reduction indicates the synthesis of chitobiase by the bacteria 
inhabiting the gut [54]. Same conclusion was recounted by the Jeuniaux [126] and Donachie 
et al. [127] for the pulmonate H. pomatia and krill (Megunyctiphunes norvegicu) by showing a 
reduction in the enzymatic activity of the gut after the treatment of antibiotics.
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8.5. Sulfate‐reducing bacteria

Snails are copper‐dependent animals as they use copper for the formation of the respira‐
tory pigment haemocyanin. They also contain pore cells that can recycle the copper within 
the body. The sulfate‐reducing bacteria increase the availability of copper to their snail hosts 
possibly by the effect of their metal‐chelating activities [67]. The sulfate‐reducing bacteria 
Desulvibrio sp. found in the crop of H. aspersa chelates the metals like Cu, Zn, Fe and Ni and 
make them ready for absorption. Similarly, some authors [128] concluded that digestive 
gland of the pulmonate H. aspersa acts as the store of Pb, Zn and Cd, which would represent a 
detoxification system. On the other hand, Simkiss [67] demonstrated the presence of sulfate‐
reducing bacteria in the crop of the snail C. aspersum.

Recently, Koch et al. [72] isolated the Pseudomonas, Enterobacter and Lactococcus bacterial spe‐
cies that were capable to degrade uric acid. However, in snails, uricase is found in several 
tissues, shuts down during estivation and does not participate in uric acid oxidation during 
arousal from this state [129]. However, tissue uricase along with bacterial uricase plays a role 
in nitrogen recycle of animals. In P. canaliculata, many bacteria not only help in digestion but 
also take part in recycling of uric acid like in arthropods.

9. Effect of gut physiology on the bacteria

The community structure of the microbes inhabiting the gut is predominantly altered by 
physiological states like hibernation and aestivation of the host [126, 130]. The physiological 
states like aestivation or hibernation are characterized by marked decrease in bacterial diver‐
sity due to expulsion of gut contents where some phylotypes are intentionally eliminated from 
the body. This gut clearance and other physico‐chemical modifications may be responsible for 
the restructuration of the bacterial community like absence of mollicutes and α‐proteobacteria 
in H. pomatia [131]. The snails also choose their gut biota as per physiological requirements. At 
the beginning of hibernation, certain groups are reduced and disappear while those that were 
meager during active stage may gain in space and become dominant. Further, during aesti‐
vation, the snails also lose large quantities of water, which may affect the viability of the gut 
bacteria and eventually their number and metabolism [31]. This could also be reason for the 
loss of allochthonous bacterial populations. During hibernation, there is a noticeable reduc‐
tion of water content of the body along with reduction of food and low temperatures, which 
induce the snail to select the psychotropic bacteria only. These studies indicate that the gut 
flora is altered by different life stages and related physiological processes of the snails [132].

Though the bacteria survive during different physiological states like starvation, aestivation 
and hibernation of the snails, there is always a reduction in their number [64, 68] and these 
bacteria can be considered as autochthonous members of the snail gut. During these stages, 
mucous ribbon acts as the main nutritive medium for the bacterial growth [133]. In C. asper‐
sum, amylolytic bacteria are adopted by vertical transmission [31] whereas proteolytic and cel‐
lulolytic bacteria were seen only during the adult stages of the animal. The higher cellulolytic 
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and proteolytic activity within the snail were predominately exhibited in active stage only 
indicating the transient nature of these bacteria, that is being ingested with the food from the 
environment thereby augmenting and improving digestion processes [65]. However, proteo‐
lytic bacteria were completely absent during hibernation, aestivation and in juvenile stages. 
The hibernation was marked with the decline of cellulolytic bacteria.

In H. pomatia, γ‐proteobacteria and α‐proteobacteria were the most abundant classes in all 
populations of snails. Only one phylotype of firmicutes has been reported during hibernation 
of snail populations. In non‐hibernating snails, firmicutes were found only in the proximal 
intestine and digestive gland. In active snails, firmicutes were observed in distal intestine, 
with Mollicute specimen established abundantly in all three gut regions. However, they were 
restricted to the distal intestine and digestive gland at the beginning of hibernation [131].

The changes in the pH of the gut have serious effects on the microbial community. During 
anaerobioses, these bacteria in turn change the pH of the gut through fermentative reac‐
tions [119] producing end products that affect the acid‐base balance of the digestive tract. 
But Churchill and Storey [134] postulated that in dormant snails, there is no accumulation of 
end‐products (lactate and succinate) in dormant snails.

Besides all these functions that are contributed by the bacteria to their hosts, they also influ‐
ence cold hardiness in their hosts. In snails such as H. pomatia and C. aspersum, the gut bacteria 
participate in ice‐nucleating activity thereby reducing the cold hardiness in these snails [131, 
135]. H. pomatia is known to decrease its supercooling point ca. by 3°, from –2 during its active 
state to –7°C in hibernation depending on the geographic location [136]. Lastly, enzymes 
secreted by the gut microbial community are very suitable for various biotechnological appli‐
cations within the food, pharmaceutical and chemical industries along with detoxification of 
many hazardous chemicals.

In conclusion, snails present a vast diversity among mollusks with inherent industrial impor‐
tance. Snails provide benefits not only as food for humans but are also routinely used in agri‐
culture for the control of many insect pests. Though there are pros and cons associated with 
mollusks, a key need is better knowledge of the basic biology of these useful animals, with 
rigorous documentation of their habitats for the possible conservation. Little is known about 
the composition of snail micro‐biota because a large number of species have been underesti‐
mated. Understanding the microbial ecology of snails may illustrate many useful processes 
like development of medicines from mucus or utilization of gut symbionts to challenge the 
emerging issues of environmental pollution and energy crisis. There is a dire need to explore 
more and more diversity of microbes that is encrypted in extreme environments like diges‐
tive tracts of snails. To accomplish this, many advanced techniques like high throughput next 
generation sequences (NGSs) along with other metagenomic techniques can be employed to 
unleash the role of these microbes in the host physiology.
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Abstract

The increasing load of environmental pollutants poses a serious threat over the globe. 
In this vulnerable situation, it is essential to have alternative sources of medicines, may 
be from invertebrates. Among invertebrates, although molluscs are known for their con‐
sumption as food and ethno‐medicinal use, the importance of these animals is still over‐
looked. Presently attention has been geared toward molluscs including Achatina fulica 
which are now considered as one of the most evolutionary successful animals. During 
the last few decades, researchers are trying to decipher their complex immune system to 
harvest valuable molecules to treat human diseases. In the present review, the existence 
of important immunological factors in Achatina is discussed addressing the coagulation 
system, innate immune molecules, bioactive proteins and lastly the enigmatic C‐reactive 
proteins.

Keywords: Achatina fulica, innate immunity, antibacterial activity

1. Introduction

Extensive research on invertebrate immune system for the last few decades, including mol‐
luscs, revealed that invertebrates contain peptides which are endowed with anti‐microbial 
activity [1]. These peptides can trigger specific anti‐bacterial reaction by producing differ‐
ent isoforms specific for each bacterial species. Among immunological molecules of inverte‐
brates, Toll‐like receptor 4 (TLR4) gained much attention, though its essentiality happens to 
be more pronounced in vertebrates [1]. Gastropod diversity is well documented, recording 
40,000–150,000 species with size variance of 1 mm to 1 m and indicating a strong immune 
system in gastropods [1–3].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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The giant African snail, Achatina fulica, is one of the large and most widely distributed land 
snails, considered as an agrihorticultural pest [4].Since Achatina develops rapidly and produces 
large numbers of offspring, it is now listed as one of the top 100 invasive species in the world 
[5]. Moreover, Achatina is a unique species and maintains three different life cycle stages in the 
same individual, surviving in the environment for millions of years. Apart from maintaining 
the critical life cycle stages, A. fulica has survived successfully, consequently, gaining the disre‐
pute as an agricultural pest in India. In addition, these snails are considered as bio‐indicators of 
ecosystem health. Although they do not possess immunoglobulins, they have evolved unique 
modalities to detect and respond to microbial surface antigens such as lipopolysaccharides 
(LPS), lipoteichoic acids, lipoproteins, peptidoglycans and (1→3) β‐d‐glucans [6].

Terrestrial snails are well known for accumulating heavy metals in their tissues and serve 
as a pertinent species for monitoring trace metals, agrochemicals, urban pollution and elec‐
tromagnetic exposures [7]. The effect of accumulated heavy metals in different molluscan 
tissues and possible use of such alterations as biomarkers of exposure to xenobiotics has been 
investigated in some detail [8, 9]. Although snails are considered as alleged pest they are used 
by humans for various purposes including vigorous consumption of mollusc meat in several 
countries around the globe, including tribal and urban populations of India and Bangladesh 
[10]. Another important aspect is the ethno‐medicinal use of several mollusc species high‐
lighted by several authors [11, 12]. Pharmacological application of different body parts of 
mollusc are used to treat several diseases which suggests its potential to act as a source of 
drug [12]. In the present chapter, various characters of Achatina will be described including 
their unique immune system that contributes toward the evolutionary success of A. fulica in 
the terrestrial ecosystem.

2. Molecules in the Innate Immune System of A. fulica

2.1. Coagulation system in A. fulica

Invertebrates are not able to synthesize immunoglobulins, rather they have developed a 
potential defense system against microbial surface antigens such as lipopolysaccharides 
(LPS)/endotoxins and glucans [13]. Among various kinds of innate immune mechanisms in 
invertebrates, two types of coagulation mechanisms are on record: (i) in crustaceans such as 
lobster, crayfish [14] and insects [15] clotting occurs through Ca‐dependent transglutamin‐
ase, (ii) serine protease zymogens dependent coagulation system is reported which is similar 
to mammalian system [13]. In Limulus polyphemus, commonly known as the horseshoe crab, 
endotoxins are sensed by amoebocytes. In invertebrates, amoebocytes are known to be associ‐
ated in both hemostasis and innate or nonadaptive immune responses against microbial infec‐
tions [16]. Amoebocytes behave like macrophages in mammals and can either bind pathogens 
directly or recognize and engulf pathogens that have been opsonized by serum proteins. This 
direct recognition plays a major role in host defense [17]. It has been proposed that activation 
of the innate immune system is initiated when pathogens bind to nonclonally distributed pat‐
tern recognition receptors on immune cells [18]. In Limulus, the ancient horse shoe crab, the 
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components, termed as Factor C [19, 20], Factor B [21] and pro‐clotting enzyme [22], undergo 
endotoxin‐mediated sequential limiting proteolysis/activation followed by irreversible con‐
version of clottable protein (coagulogen) into insoluble gel (coagulin) [23]. A similar pattern 
of coagulation system is also reported in A. fulica akin to endotoxin‐mediated coagulation 
system in the circulating amoebocytes. An endotoxin‐sensitive factor (ESF) available in the 
Achatina amoebocyte lysate (AAL) has been purified and characterized to be a serine protease 
type. These factors undergo a series of events such as aggregation and rapid degranulation 
leading to coagulation [24]. The aggregation mechanism causes bacterial sequestration, while 
degranulation results in secretion of serine protease zymogens [16]. Although the molecular 
basis of coagulation in A. fulica and further characterization of AAL remains to be determined, 
amoebocytes are considered as one of the primary immune cells in innate immune system in 
A. fulica.

3. Acharan sulfate, the new glycosaminoglycan from A. fulica

Acharan sulfate, a glycosaminoglycan isolated from A. fulica, has a major disaccharide repeat‐
ing unit of 2‐acetyl,2‐deoxy‐a‐d‐glucopyranose‐2‐sulfo‐a‐l‐idopyranosyluronic acid, which is 
structurally related to both heparin and heparin sulfate. Acharan sulfate is known to be a 
polydisperse, with an average molecular mass of 29 kDa that contain un‐sulfated iduronic 
acid. This glycosaminoglycan was found to be located in the body of this species and consid‐
ered to be the major constituent of the mucus and the structure and compartmental distribu‐
tion of acharan sulfate in the snail body [25]. Different populations of acharan sulfate having 
charge and/or molecular mass heterogeneities were isolated from Achatina whole body, 
mucus and the organic shell matrix. A minor glycosaminoglycan fraction was also purified 
which appeared to be susceptible to degradation by nitrous acid confirming the presence 
of N‐sulfated glycosaminoglycan molecules. Furthermore, application of histochemical tech‐
niques of metachromatic staining and histoautoradiography (following metabolic radiolabel‐
ing with [35S] sulfate) was evident that acharan sulfate is of wide distribution in the snail body.

4. Anti‐bacterial protein from mucus of A. fulica

Achacin is an antibacterial glycoprotein obtained from the mucus present on the body surface 
of A. fulica. Achacin is known not only to inhibit growth of both Gram‐positive and Gram‐
negative bacteria [26], but also appeared to attack the bacterial plasma membranes [27]. It is 
hypothesized that achacin is an active molecule although its role in controlling innate immu‐
nity warrants further research. However, the sequence of achacin has reported [28] its abil‐
ity to catalyze oxidative deamination producing ketoacids, hydrogen peroxide (H2O2) and 
ammonia (NH3). The antibacterial activity of achacin was found to be dependent on H2O2 
production which is produced by the oxidative deamination reaction. Interestingly, LAOs 
in vertebrates also have antibacterial activity [29] which effects are most likely due to H2O2 
formation. However, the concentration of achacin‐generated H2O2 in the culture medium was 
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not sufficient to inhibit bacterial growth [28]. Bacteria in their growth phase appeared to play 
an important role in the antibacterial activity of achacin. These data illustrate that when snails 
are infected by pathogens, achacin should bind to the plasma membranes of those that are 
proliferating. Achacin may attack pathogens during other growth phases too by increasing 
the local concentration of H2O2 so as not to harm neighboring host cells. Thus, LAOs, which 
are widely distributed in living organisms, appeared to be of import in both vertebrate and 
invertebrate host defenses.

5. Role of Snail Hemocytes in Innate Immunity

Circulating blood cells known as hemocytes represent the main cellular component of the 
molluscan immune system. Hemocytes are composed of a mixture of different subpopula‐
tions of cells, for example, flow cytometric analyses of hemocytes from the freshwater snails 
Biomphalaria glabrata [30] and Planorbarius corneus [31] confirmed two types of circulating cells 
with two distinct functions [31]. Large granular hemocytes of B. glabrata, characterized by 
the absence of the monoclonal antibody BGH1 surface marker [32], are highly phagocytic in 
nature, while the BGH1+ is nonphagocytic. Lymnaea stagnalis also possess two subtypes hav‐
ing specific surface epitopes such as the mature LS1 and nondifferentiated LS1+ hemocytes 
[29]. It is presumed that hemocyte subpopulations that differ both chemically and function‐
ally are regulated in their activities or behaviors through specific receptors and the signals 
conveyed by their interaction with appropriate ligands. It was further concluded [33] that 
there are five types of cells in the hemolymph of B glabrata and Biomphalaria straminea which 
contributes to the knowledge base for studies on hemocytes and their involvement in control‐
ling Schistosoma mansoni infection.

If attention is focused on the functional attributes of hemocytes, several reports in this direc‐
tion revealed diverse immunological functions such as phagocytosis [34], cytotoxicity [35], 
aggregation [36] and pathogen encapsulation [37, 38]. In addition to hemocytes, hemolymph, 
the humoral component of the molluscan immune system, is reported to exhibit the activities 
of superoxide dismutase [39], catalase [40] and acid [41] and alkaline phosphatases [42]. Total 
hemocyte count in mollusc has been considered as an important immune parameter [43]. 
Elevation of the total hemocyte count indicates augmentation of immunity of invertebrates 
[44]. Phagocytosis is an established strategy of immune defense in invertebrates including 
mollusc. It is considered as the major immunological activity evidenced in many molluscan 
species [45]. Major cytotoxic molecules such as superoxide anion and nitric oxide generated 
by the circulatory hemocytes of molluscs are functionally associated with the destruction of 
pathogens [46, 47]. Phenoloxidase is reported to be functionally associated with phagocy‐
tosis, self‐nonself discrimination, cytotoxicity and melanization response [48]. Superoxide 
dismutase and catalase play a significant antioxidation role in the cellular physiology of mol‐
luscs. In addition, glutathione‐S‐transferase is functionally associated with general detoxifica‐
tion response of xenobiotics and anti oxidation activity [49]. All these enzymes are involved 
in scavenging and deactivating the toxic oxidative radicals and protect the tissue from oxi‐
dative damage [46]. Acid and alkaline phosphatases are functionally involved in pathogen 

Organismal and Molecular Malacology222



destruction in phagolysosome which bear immunological significance [50]. Several reports 
also demonstrated a range of receptors which bind carbohydrates, extracellular matrix pro‐
teins, hormones, growth factors and cytokines resulting specific immunocyte signals not only 
in vertebrates but also in molluscs [37]. Thus, it can be surmised that signaling systems are 
evolutionary conserved functions of immunocytes in the animal kingdom.

Apart from the above‐mentioned defense mechanisms, snails also undergo starvation and 
aestivation under any stress condition. Though several reports are available on starvation and 
aestivation of snails, information on immune‐related parameter of Indian mollusc is scant. 
In Helix pomatia, antioxidant enzymes are stimulated during aestivation [51] and physiologi‐
cal correlation exists between antioxidant defense and metabolic depression [52]. Starvation 
is reported to compromise the immunological activity of a land snail, Helix aspersa [53]. As 
per these reports, several immunological parameters are shown to be influenced by nutri‐
tion; some of these parameters are hemocyte count, phenol oxidase activity and phagocytosis. 
One of the elegant reports [54] in this perspective showed modulation of the innate immune 
parameters during experimental aestivation and starvation in Parashorea globosa. The param‐
eters studied by this group included generation of cytotoxic molecules like superoxide anion, 
nitric oxide and phenoloxidase and the activities of superoxide dismutase, catalase, gluta‐
thione‐S‐transferase, acid phosphatase, alkaline phosphatase and total protein in hemocytes 
and hemolymph of P. globosa during activity, aestivation, arousal and starvation. This finding 
appears to be important in the field of comparative immunity and physiology for P. globosa 
which is considered as a commercially important mollusc in India.

5.1. C‐reactive protein (CRP), a multifunctional player in Achatina

C‐reactive protein (CRP) was first discovered in Oswald Avery’s laboratory at the Rockefeller 
Institute for Medical Research [55]. CRP has evolved conservatively, and homologous proteins 
with similar functional attributes have been found in many other species. The stable preser‐
vation of this protein during evolution implies some biological significance. Thus, CRP is an 
ancient molecule discovered in humans only about 82 years ago. It belongs to a protein family 
called pentraxin (from the Greek words “penta” five and “ragos,” berries) that constitutes a 
phylogenetically ancient family of proteins exhibiting a remarkable conservation of structure 
and binding reactivities. The presence of CRP has been reported from a wide range of differ‐
ent animals such as monkey, dog, goat, rabbit, rat, mice, domestic fowl, fish, shark and lump‐
sucker among vertebrates and horseshoe crab [56] and A. fulica [57] among the invertebrates. 
The finding that CRP is a major blood constituent of primitive animals, for example, horseshoe 
crab, L. polyphemus and dogfish argues strongly for an important role of this protein.

In A. fulica, induction of C‐reactive protein (CRP) synthesis was triggered by exogenous admin‐
istration of the steroid 4‐androstenedione (4 AD) [58].Further, it has been suggested that the 
hepatopancreas is the main site of CRP expression and the CRP gene in the hepatopancreas is 
acutely responsive to Gram‐negative bacterial infection [59]. Previously, a question had been 
raised on whether CRP is inducible in Limulus [60]. A search of the Limulus CRP promoter for 
the IL‐6 response element and the Drosophila heat shock element in the human CRP promoter 
[61] revealed an absence of these cis‐elements which led to the conclusion that Limulus CRP 
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expression is constitutive [60]. However in mammals, hepatic CRP is soluble in nature which 
is released into circulation [62] induced by proinflammatory cytokines. Recently, in an interest‐
ing study, the evolutionary significance of TNF, IFNγ and iNOS in immune response has been 
amply demonstrated in two Indian mollusc species [63]. Besides assessing different toxicologi‐
cal parameters, anti‐bacterial property of the innate immune molecule, namely C‐reactive pro‐
tein (CRP) isolated from A. fulica, was also determined. CRP is a prototypic acute phase reactant, 
which is a phylogenetically conserved protein expressed in invertebrates such as arthropods 
[56], molluscs [58] and also in all vertebrates [64]. In Limulus, an arthropod, CRP acts as a main 
front‐line innate immune molecule [59] which may be the key to a powerful defense mecha‐
nism of these animals against microbial infections that are potentially lethal in other organisms. 
Moreover, the presence of high level of endogenous CRP (2–4 mg/ml) in the hemolymph of A. 
fulica [58] might be the sole reason behind their effective survival in the environment.

Several authors reported that CRP can protect mice from infections caused by both Gram‐posi‐
tive Streptococcus pneumoniae [65] and Gram‐negative Neisseria elactamica [66] and Haemophilus 
influenzae [67] bacteria via direct binding with repetitive phosphorylcholine moieties on the lipo‐
teichoic acid or the lipopolysaccharide (LPS) of these pathogens, respectively. The level of CRP 
also increases dramatically during periods of immunological challenge and boosts the bacteri‐
cidal activities of monocytes and neutrophils by enhancing the release of reactive oxygen inter‐
mediates [68]. CRP also induces oxidative stress in vitro in endothelial cells, smooth muscle cells 
and monocyte‐macrophages [69, 70]. Although there are many reports on properties of CRP in 
a wide range of in vitro and in vivo model systems, clear understanding of the actual biological 
functions of this phylogenetically ancient and highly conserved molecule remains elusive.

It is also noted that bacterial cells are strongly dependent on metabolic cycles for their sur‐
vival and pathogenicity [71, 72]. Therefore, effect of Achatina CRP (ACRP) on these bacterial 
metabolic cycles comprising key metabolic enzymes such as phosphofructokinase 1(PFK1) in 
glycolysis, isocitrate dehydrogenase (ICDH) and isocitrate lyase (IL) in TCA cycle and fruc‐
tose‐1,6‐bis phosphatase (FBP1) in gluconeogenesis was also investigated. Various authors 
have reported the existence of eukaryote‐like programmed cell death and the involvement of 
caspase‐3‐like proteins in bacteria [73]. Based on this information, it was attempted to delin‐
eate the anti‐bacterial property of ACRP in terms of inhibition of salient metabolic enzymes 
which decrease bacterial infection accompanied by ROS generation and apoptosis‐like phe‐
notypes during bacterial cell death.

Several authors [74] reported potentiality of human CRP to inhibit superoxide (O2
−) genera‐

tion and delay apoptosis in neutrophils [64]. Recently, it has been reported that immune‐
potent CRP modulates antioxidant and anti‐inflammatory effects in LPS‐stimulated human 
macrophages [75]. The anti‐stress property of ACRP was tested in mice which are known to 
have a very low level of endogenous CRP (∼2 μg/mL) even after an inflammatory stimulus 
[76]. In order to prove this hypothesis, lead nitrate was administered intraperitoneally at an 
environmentally relevant dose in mice, and the induced oxidative stress was found to be 
removed when ACRP was administered prior to treating with Pb. Furthermore, in an in vitro 
study, both native CRP and its subunits were found to accomplish reversal of lead‐induced 
hepatotoxicity in A. fulica [77].
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In molluscs, several anti‐microbial peptide (AMP) genes are triggered during onset of a 
broad range of pathogenic infections. Furthermore, several categories of immune molecules 
are extracted from snails including glycosaminoglycans, peptides, proteins (glycoproteins) 
and enzymes which possess diverse biological activities [78, 79]. Interestingly, evolution‐
ary success of A. fulica can be associated, in part, with their relatively simple and effective 
innate immune system comprised of defense molecules present in their hemolymph such as 
hemocyanins, lectins, C‐reactive proteins and macroglobulins in addition to a large number 
of granular hemocytes or amoebocytes [78, 79].

It was earlier established that xenobiotics, like heavy metals, are successful in triggering the 
synthesis of CRP causing inflammatory condition, and in turn, CRP was found to be a very 
good scavenger in eliminating these heavy metals. In contrast to human and other higher 
level mammals, the normal fresh water teleost Channa punctatus has a high level of CRP [80]. 
The level of CRP was also found to be significantly high in the snail A. fulica [58] during 
rainy season which is nearer to the level of CRP in the horse‐shoe crab, Limulus. It was clearly 
documented by several authors that level of CRP significantly increases in serum during 
onset of infection or inflammation and thereby CRP acts as an inducible protein in mam‐
mals. However, in invertebrates, CRP is constitutively expressed, as for example, Achatina 
hemolymph contains a higher level of CRP which is about 2 mg/ml and showed strong cross 
reaction with Limulus CRP antiserum [58].

Snails accumulate heavy metals more in their tissue inducing numerous acute and sublethal 
effects [81]. Due to this sensitivity, they are considered as excellent bioindicators of heavy 
metal contamination [82]. The effect of accumulated heavy metals on different molluscan tis‐
sues and possible use of such alterations as biomarkers of exposure to xenobiotics has been 
investigated [8, 9]. Molluscs have shown considerable promise as biomonitors of metal pollu‐
tion [83], and an extensive literature has appeared concerning mechanisms of uptake, detoxi‐
fication and storage of heavy metals [84]. Few studies on several fresh water and marine 
species further substantiate the role of molluscs as bioaccumulators [85]. Further, ecological 
and ecophysiological studies suggest that molluscs react to environmental stress and pollu‐
tion by modifying their behavior [86]. It is reported that terrestrial snails might regulate some 
metals assimilated from food and xenobiotic exposure [7]. The kinetics of metal accumulation 
and detoxification are still a subject of discussion, and there is a lack of information regarding 
metal toxicity in snails [84, 87].

6. Conclusion

Presently immunological molecules in mollusc, especially A. fulica have gained much atten‐
tion because they fail to synthesize immunoglobulins but possess a strong innate immune sys‐
tem comprised of several molecules such as microbial surface antigens lipopolysaccharides 
(LPS)/endotoxins, glucans, acharan sulfate‐glycosaminoglycan, achacin‐mucus–derived anti‐
bacterial protein, hemocyte‐derived factors and C‐reactive protein. Among these proteins, 
CRP not only acts as apotent defence molecule but also engages in several vital  physiological 
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functions. Recently, elegant studies have clearly indicated the role of Achatina CRP in inhibit‐
ing growth of both Gram‐positive and Gram‐negative human pathogenic bacteria [88]. These 
investigations showed for the first time that CRP itself can trigger apoptotic like cell death in 
bacterial cells. Another important contribution from this group is that ACRP was found to 
cross species barrier and reduce metal toxicity in mammals (mice). However, more in depth 
study is warranted to exploit these molecules for the benefit of human beings.

Author details

Sandip Mukherjee, Shuvasree Sarkar, Chayan Munshi and Shelley Bhattacharya*

Address all correspondence to: shelleyb38@gmail.com

Environmental Toxicology Laboratory, Department of Zoology, Centre for Advance Studies, 
Visva Bharati University, Santiniketan, India

References

[1] Söderhäll K (2011). Invertebrate Immunity. In: Advances in Experimental Medicine and 
Biology, Spinger Science+ Business Media, LLC, Landes Bioscience, New York, USA.

[2] Marchalonis JJ (1977). Immunity in Evolution. Harvard University Press, Cambridge, MA.

[3] Ponder WF, Lindberg DR (2008). Molluscan Evolution and Phylogeny.In: Phylogeny 
and Evolution of the Mollusca. University of California Press, Berkley, 1‐469.

[4] Ghose KC (1964). The structures of the heart of Achatinafulica and Macrochlamysindica 
and pacemaker mechanism and refilling of the auricle in A. fulica, with a discussion on 
the same on the gastropods. Philipp J Sci, 93: 219‐228.

[5] Lowe S, Browne M, Boudjelas S, De Poorter M (2000). 100 of the World’s Worst Invasive 
Alien Species A selection from the Global Invasive Species Database. Published by The 
Invasive Species Specialist Group (ISSG) a Specialist Group of the Species Survival 
Commission (SSC) of the World Conservation Union (IUCN).

[6] Begum N, Matsumoto M, Tsuji S, Toyoshima K and Seya T (2000). The primary host 
defence system across humans, flies and plants. Curr Trends Immunol, 3: 59‐74.

[7] Berger B and Dallinger R (1989). Terrestrial snails as quantitative indicators of environ‐
mental metal pollution. Environ Monit Assess, 25: 65‐84.

[8] Triebskorn R, Henderson IF, Martin A and Kӧhler HR (1996). Slugs as target or non‐tar‐
get organisms for environmental chemical. In: Symposium Proceedings no. 66: Slug and 
Snail Pests in Agriculture. 65‐72.

Organismal and Molecular Malacology226



[9] Marigomez IA, Kortabitarte M and Dussart GBJ (1998). Tissue level biomarkers in senti‐
nel slugs as cost‐effective tools to assess metal pollution in soils. Arch Environ Contam 
Toxicol, 34: 167‐176.

[10] Baby RL, Hasan I, Kabir KA, Naser MN (2010). Nutrient analysis of some commercially 
important molluscs of Bangladesh. J Sci Res, 2: 390‐396.

[11] Prabhakar AK and Roy, SP (2009). Ethnomedicinal uses of some shellfishes by people of 
Kosi river basin in North Bihar, India. Ethno Med 3: 1‐4.

[12] Mahawar MM and Jaroli DP (2007). Traditional knowledge on zootherapeutic uses by 
the Saharia tribe of Rajasthan, India. J Ethnobiol Ethnomed, 3: 25.

[13] Muta T and Iwanaga S (1996). The role of hemolymph coagulation in innate immunity. 
Curr Opin Immunol, 8:41‐47.

[14] Kopack P, Hall M, Söderhäll K(1993). Characterization of a clotting protein, isolated from 
plasma of the freshwater crayfish Pacifastacusleniusculus. Eur J Biochem, 213: 591‐597.

[15] Bohn H and Barwig B (1984). Hemolymph clotting in the cockroach Leucophaeamaderae 
(Blattaria). Influence of ions and inhibitors; isolation of the plasma coagulogen. J Comp 
Physiol B, 154: 457‐467.

[16] Murer EH, Levin J, Holme R (1975). Isolation and studies of the granules of the amoebo‐
cytes of the Limulus polyphemus, the horseshoe crab. J Cell Physiol, 86: 533‐542.

[17] Pearson AM (1996). Scavenger receptor in innate immunity. Curr OpinImmunol, 8:20‐28.

[18] Mdzhitov R, Janeway CA Jr (1997). Innate immunity: impact on the adaptive immune 
response. Curr OpinImmunol, 9:4‐9.

[19] Ding LJ, Navas MAA III, Ho B (1993). Two forms of factor C from the amoebocytes of 
Carcinoscorpiusrotundicauda: purification and characterization. Biochem Biophys Acta, 
1202:149‐156.

[20] Nakamura T, Morita T, Iwanaga S (1986). Lipopolysaccharide‐sensitive serine protease 
zymogen (factor C) found in Limulus polyphemus. Eur J Biochem, 154: 511‐521.

[21] Nakamura T, Horiuchi T, Morita T, Iwanaga S (1986). Purification and properties of 
intracellular clotting factor, Factor B, from horseshoe crab (Tachypleustridentatus) hemo‐
cytes. J Biochem, 99: 847‐857.

[22] Nakamura T, Morita T, Iwanaga S (1985). Intracellular proclotting enzyme in Limulus 
(Tachypleustridentatus) hemocytes: its purification and properties. J Biochem, 7:1561‐1574.

[23] Nakamura S, Takagi T, Iwanaga S, Niwa M, Takahashi KA (1976). Clottable protein 
(coagulogen) of horseshoe crab hemocytes. J Biochem, 80:649‐652.

[24] Levin J, Bang FB (1964). The role of endotoxin in the extracellular coagulation of Limulus 
blood. Bull John Hopkins Hosp, 115: 265‐274.

The Uniqueness of Achatina fulica in its Evolutionary Success
http://dx.doi.org/10.5772/68134

227



[25] Vieira TC, Costa‐Filho A, Salgado NC, Allodi S, Valente AP, Nasciutti LE, Silva LC 
(2004). Acharan sulfate, the new glycosaminoglycan from Achatina fulica Bowdich 1822. 
Structural heterogeneity, metabolic labeling and localization in the body, mucus and the 
organic shell matrix. Eur J Biochem, 271:845‐854.

[26] Otsuka‐Fuchino H, Watanabe Y, Hirakawa C, Tamiya T, Matsumoto JJ, Tsuchiya T (1992). 
Bactericidal action of a glycoprotein from the body surface mucus of giant African snail. 
Comp Biochem Physiol, 101C: 607‐613.

[27] Otsuka‐Fuchino H, Watanabe Y, Hirakawa C, Takeda J, Tamiya T, Matsumoto JJ, Tsuchiya 
T (1993). Morphological aspects of achacin‐treated bacteria Comp Biochem Physiol, 104C: 
37‐42.

[28] Ehara T, Kitajima S, Kanzawa N, Tamiya T, Tsuchiya T (2002). Antimicrobial action of 
achacin is mediated by L‐amino acid oxidase activity. FEBS Lett, 531:509‐512

[29] Stiles BG, Sexton FW, Weinstein SA (1991). Antibacterial effects of different snake ven‐
oms: purification and characterization of antibacterial proteins from Pseudechisaustralis 
(Australian king brown or mulga snake) venom. Toxicon, 29:1129‐1141.

[30] Johnston LA and Yoshino TP (2001). Larval Schistosoma mansoni excretory‐secretory gly‐
coproteins (ESPs) bind to hemocytes of Biomphalariaglabrata (Gastropoda) via surface 
carbohydrate binding receptors. J Parasitol, 87:786‐793.

[31] FranceschiC, Cossarizza A, Monti D, Ottaviano E (1991). Cytotoxicty and immunocyte 
markers in cells from the freshwater Planorbariuscorneus (L.) (Gastropoda pulmonata) 
implication on the evolution of natural killer cells. Eur J Immunol, 21:489‐93.

[32] Dikkeboom R, Tijnagel JM, Van der Knaap WP (1985). Monoclonal antibody recognized 
hemocyte subpopulations in juvenile and adult Lymnaea stagnalis: Functional character‐
istics and lectin binding. Dev Comp Immunol, 12:17‐32.

[33] Cavalcanti MGS, Filho FC, Mendonça AMB, Duarte GR, Barbosa CCGS, De Castro 
CMMB, Alves LC, Brayner FA (2012). Morphological characterization of hemocytes 
from Biomphalariaglabrata and Biomphalariastraminea. Micron, 43:285‐291.

[34] Cheng TC (1977). Biochemical and ultrastructural evidence for the double role of phago‐
cytosis in molluscs: defence and nutrition. Comp Pathobiol, 3: 21‐30.

[35] AdemaCM, Van Der Knapp WPW, Sminia T (1991). Molluscan hemocyte mediated cyto‐
toxicity: the role of reacting oxygen intermediates. Rev Aquat Sci, 4: 201‐223.

[36] Chen JH and Bayne CJ (1995). Bivalve molluschemocyte behaviors: characterization 
of hemocyte aggregation and adhesion and their inhibition in the California mussel 
(Mytiluscalifurnianus). Biol Bull, 188: 255‐266.

[37] Humphries JE and Yoshino TP (2003). Cellular receptors and signal transduction in mol‐
luscanhemocytes: Connections with the innate immunesystem of vertebrates. Integr 
Comp Biol, 43:305‐312.

Organismal and Molecular Malacology228



[38] Koutsogiannaki S and Kaloyianni M (2010). Signaling molecules involved in immune 
responses in mussels. Invertebrate Surviv J, 7: 11‐21.

[39] MonariH, Serrazanetti GP, Foschi J, Matozzo V, Marin MG, Cattani O (2007). Effects of 
salinity on the clam Chamelea gallina haemocytes. Part II: superoxide dismutase response. 
Mar Biol, 151:1059‐1068.

[40] Liu D, Chen Z, Xu H (2008). Effects of leucine‐enkephalin on catalase activity and 
hydrogen peroxide levels in the haemolymph of the Pacific oyster (Crassostrea gigas). 
Molecules, 13: 864‐870.

[41] Cheng TC and Butler MS (1979). Experimentally induced elevations in acid phosphatase 
activity in hemolymph of Biomphalariaglabrata (Mollusca). J Invertebr Pathol, 34: 119‐124.

[42] Helal IB, El‐Mehlawy MH, Rizk ET, El‐Khodary GM (2003). Effect of euphorbia pep‐
lus plant extract and the antihelmenthicprazequantel on the defence system of 
Biomphalariaalexandria snail. Egyptian J Aquat Biol Fisheries, 7(4): 501‐527.

[43] MelloDF, ProencaLA, Barracco MA (2010). Comparative study of various immune 
parameters in three bivalve species during a natural bloom of Dinophysis acuminata in 
Santa Catarina Island, Brazil. Toxins, 2:1166‐1178.

[44] Kacsoh BZ and Schlenke TA (2012). High hemocyte load is associated with increased 
resistance against parasitoids in Drosophila suzukii, a relative of D. melanogaster. PLoS 
One, 7: e34721.

[45] Garcia‐Garcia E, Prado‐Alvarez M, Novoa B, Figueras A, Rosales C (2008). Immune 
responses of mussel hemocyte sub‐populations are differentially regulated by enzymes 
of the P13‐K, PKC and ERK Kinase families. Dev Comp Immunol, 32: 637‐653.

[46] Manduzio H, Rocher B, Durand F, Gatap, C, Leboulenger F (2005). The point about oxi‐
dative stress in molluscs. Invertebrate Surviv J, 2: 91‐104.

[47] Ray M, Bhunia NS, Bhunia AS, Ray S (2013). A comparative analyses of morphological 
variations, phagocytosis and generation of cytotoxic agents in flow cytometrically iso‐
lated hemocytes of Indian molluscs. Fish Shellfish Immunol, 34: 244‐253.

[48] Cerenius L and Söderhäll K, (2004). The prophenoloxidase‐activating system in inverte‐
brates. Immunol Rev, 198: 116‐126.

[49] ManduzioH, Monsinjon T, Galap C, Leboulenger F, Rocher B (2004). Seasonal variations 
in antioxidant defences in blue mussels Mytilus edulis collected from a polluted area: 
major contributions in gills of an inducible isoforme of Cu/Zn‐superoxide dismutase 
and of glutathione S‐transferase. Aquat Toxicol, 70: 83‐93.

[50] Murti R and Shukla GS (1984). Mercuric chloride intoxication in freshwater prawn: II. 
Effect on phosphatase activity. Ecotoxicol Environ Saf, 8: 581‐586.

[51] Nowakowska A, Swiderska‐Kolacz G, Rogalska J, Caputa M (2009). Antioxidants and 
oxidative stress in Helix pomatia snails during estivation. Comp Biochem Physiol, 150C: 
481‐486.

The Uniqueness of Achatina fulica in its Evolutionary Success
http://dx.doi.org/10.5772/68134

229



[52] Hermes‐Lima M, Storey JM, Storey KB (1998). Antioxidant defenses and metabolic 
depression. The hypothesis of preparation for oxidative stress in land snails. Comp 
Biochem Physiol, 120 B: 437‐448.

[53] AL‐Rawadeh A (2010). The role of starvation on selective immunological parameters in 
land snail Helix aspersa. Adv Environ Biol, 4: 265‐270.

[54] Bhunia AS, Mukherjee S, Bhunia NS, Ray M, Ray S (2016). Immunological resilience of 
a freshwater Indian mollusc during aestivation and starvation. Aquaculture Rep, 3:1‐11.

[55] Tillet WS and Francis T (1930). Serological reactions in pneumonae with a non protein 
somatic fraction of pneumococcus. J Exp Med, 52(4): 561‐571.

[56] Hokama Y and Nakamura RM (1987). C‐reactive protein: Current issues and future per‐
spectives. J Clin Lab Anal, 1:15‐27.

[57] Agrawal A, Mitra S, Ghosh N, Bhattacharya S (1990). C‐reactive protein (CRP) in haemo‐
lymph of a mollusc, Achatina fulica Bowdich. Indian J Exp Biol, 28: 788‐789.

[58] Bose R and Bhattacharya S (2000). C‐reactive protein in the haemolymph of Achatina 
fulica: Interrelationship with sex steroids and metallothionein. Comp Biochem Physiol 
A, 125: 485‐495.

[59] Ng PML, Jin Z, Tan SSH, Ho B, Ding JL (2004). The C‐reactive protein: a predominant 
LPS‐binding acute phase protein responsive to Pseudomonas infection. J Endotoxin Res, 
10(3): 1‐12.

[60] Liu TY, Minetti CA, Fortes‐Dias CL, Liu T, Lin L, Lin Y (1994). C‐reactive proteins, 
limunectin, lipopolysaccharide‐binding protein, and coagulin. Ann NY Acad Sci, 712: 
146‐154.

[61] Li SP, Liu TY, Goldman ND (1990). cis‐Acting elements responsible for interleukin‐6 
inducible C‐reactive protein gene expression. J Biol Chem, 265: 4136‐4142.

[62] Yap SH, Moshage HJ, Hazenberg BP, RoelofsHM, BijzetJ,LimburgPC,Aarden LA and‐
Van RijswijkMH (1991).Tumor necrosis factor (TNF) inhibits interleukin (IL)‐1 and/or 
IL‐6 stimulated synthesis of C‐reactive protein (CRP) and serum amyloid A (SAA) in 
primary cultures of human hepatocytes. Biochem Biophys Acta, 1091(3): 405‐408.

[63] Eklund CM (2009). Proinflammatory cytokines in CRP baseline regulation. Adv Clin 
Chem, 48: 111‐136.

[64] Khreiss T, Jozsef L, Hossain S, Chan JS, Potempa LA and Filep JG (2002). Loss of pen‐
tameric symmetry of C‐reactive protein is associated with delayed apoptosis of human 
neutrophils. J Biol Chem, 277: 40775‐40781.

[65] Volanakis JE and Kaplan MH (1971). Specificity of C‐reactive protein for choline phos‐
phate residues of pneumococcal C‐polysaccharide. Proc Soc Exp Biol Med, 136: 612‐614.

[66] Serino L and Virji M (2000). Phosphorylcholine decoration of lipopolysaccharide differ‐
entiates commensal Neisseriae from pathogenic strains: identification of licA‐type genes 
in commensal Neisseriae. Mol Microbiol, 35: 1550‐1559.

Organismal and Molecular Malacology230



[67] Weiser JN, Pan N, McGowan KL, Musher D, Martin A, Richards J (1998). 
Phosphorylcholine on the lipopolysaccharide of Haemophillus influenza contributes to 
persistence in the respiratory tract and sensitivity to serum killing mediated by C‐reac‐
tive protein. J Exp Med, 187: 631‐640.

[68] Zeller J and Sullivan B (1992). C‐reactive protein selectively enhances the intracellular 
generation of reactive oxygen products by IgG‐stimulated monocytes and neutrophils. 
J Leukoc Biol, 52: 449‐456.

[69] Venugopal SK, Devaraj S, Jialal I (2003). C‐reactive protein decreases prostacyclin release 
from human aortic endothelial cells. Circulation, 108: 1676‐1678.

[70] Ryu J, Lee CW, Shin JA, Park C S, Kim JJ, Park SJ, Han KH (2007). FcgammaRIIa medi‐
ates C‐reactive protein induced inflammatory responses of human vascular smooth 
muscle cells by activating NADPH oxidase 4. Cardiovasc Res, 75: 555‐565.

[71] Dougherty TJ and Miller PF (2006). Microbial genomics and drug discovery: exploring 
innovative routes of drug discovery in the postgenomic era. IDrugs, 9: 420‐422.

[72] Fang FC, Libby SJ, Castor ME, Fung AM (2005). Isocitratelyase (AceA) is required for 
Salmonella persistence but not for acute lethal infection in mice. Infect Immun, 73(4): 
2547‐2549.

[73] Rice KC and Bayles KW (2008). Molecular control of bacterial death and lysis. Microbiol 
Mol Biol Rev, 72: 85‐109.

[74] Ratnam S and Mookerjea S (1998). The regulation of superoxide generation and nitric 
oxide synthesis by C‐reactive protein. Immunology, 94: 560‐568.

[75] Franco‐Molina MA, Mendoza‐Gamboa E, Miranda‐Hernandez DF, Sierra‐Rivera CA, 
Zapata‐Benavides P, Vera‐García ME, Tamez‐guerra RS and Rodríguez‐Padilla C (2011). 
Anti‐inflammatory and antioxidant effects of immunopotent CRP in lipopolysaccharide 
(LPS)‐stimulated human macrophages. Afr J Microbiol Res, 5: 3726‐3736.

[76] Du Clos TW (2003). C‐reactive protein as a regulator of autoimmunity and inflamma‐
tion. Arthritis Rheumat, 48: 1475‐1477.

[77] Mukherjee S (2013). Functional properties of C‐reactive protein purified from 
Achatinafulica (Bowdich). PhD dissertation, Visva Bharati University, Santiniketan.

[78] Iwanaga S, Kawabata SI, Muta T (1998). New types of clotting factors and defense mol‐
ecules found in horseshoe crab hemolymph: their structure and functions. J Biochem, 
123: 1‐15.

[79] Iwanaga S and Kawabata S (1998). Evolution and phylogeny of defense molecules asso‐
ciated with innate immunity in horseshoe crab. Front Biosci, 3: 973‐984.

[80] Ghosh S and Bhattacharya S (1992). Elevation of C‐reactive protein in serum of Channa 
punctatus as an indicator of water pollution. Ind J ExpBiol, 30(8): 736‐737.

[81] Salanki J, Farkas A, Kamardina T, Rozsa KS (2003). Molluscs in biological monitoring of 
water quality. Toxicol Lett, 140‐141: 403‐410.

The Uniqueness of Achatina fulica in its Evolutionary Success
http://dx.doi.org/10.5772/68134

231



[82] Mostafa OM, Mossa AT, El Einin HM (2013). Heavy metal concentrations in the fresh‐
water snail Biomphalaria alexandrina uninfected or infected with cercariae of Schistosoma 
mansoni and/or Echinostomaliei in Egypt: the potential use of this snail as a bioindicator 
of pollution. J Helminthol, 28: 1‐6.

[83] Rainbow PS and Phillips DJH (1993). Cosmopolitan biomonitors of trace metals. Marine 
Poll Bull, 26: 593‐601.

[84] Simkiss K and Watkins B (1990). The influence of gut microorganisms on zinc uptake in 
Helix aspersa. Environ Pollut, 66: 263‐271.

[85] Abd Allah AT and Moustafa MA (2002). Accumulation of lead and cadmium in the 
marine prosobranch Neritasaxtilis: chemical analysis, light and electron microscopy. 
Environ Pollut, 116: 185‐191.

[86] Sibly RM and Calow PA (1989). Life‐cycle theory of responses to stress. Biol J Linn Soc, 
37: 101‐116.

[87] Laskowski R. and Hopkin SP (1996). Accumulation of Zn, Cu, Pb and Cd in the garden 
snail (Helix aspersa): implications for predators. Environ Pollut, 91: 289‐297.

[88] Mukherjee S, Barman S, Sarkar S, Mandal NC, Bhattacharya S (2014). Anti‐bacterial 
activity of Achatina CRP and its mechanism of action. Indian J Exp Biol, 52: 692‐704.

Organismal and Molecular Malacology232


	1
	2
	3
	4
	5
	6
	7
	8
	9
	10



