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Preface

Over the last few decades, the science of zoology has been witnessing a paradigm
shift in research on malacology, which is the study of molluscs. Scientists of diverse
disciplines are showing their research interest in molecular biology, cognition
physiology, paleoecology, and other areas of malacological science. Their works
provide us with a better understanding of the evolution, ethology, survival strategy,
and molecular physiology of Mollusca, the second-largest phylum on the planet.

In general, molluscs exhibit a marked variation in terms of body plan, adaptation,
ecology, and physiological organization.

This book is a compilation of high-impact research articles on the frontier areas of
molluscan biology, physiology, aquaculture, and paleoecology. The edited volume is
representative of the current trends in global malacological research. It also high-
lights the basic and applied significance of molluscs inhabiting diverse habitats.

Chapters discuss the role and implications of different species of molluscs on
nutrition, ecophysiology, farming, and paleoecology. As animals inhabiting ter-
restrial, freshwater, estuarine, and marine environments, molluscs have ecological,
economical, evolutionary, biotechnological, cell biological, and paleontological
significance. constitutes. They exhibit variation in morphology, body colour, food
preference, and physiology. This book focuses on the various aspects of malacologi-
cal research pursued in different parts of the world. Topics covered include effects
of dietary intake of shellfish in humans, beneficial effects of herbal compounds on
the cognitive ability of molluscs, seasonal variation of molluscs acting as intermedi-
ate hosts of human parasites, current understanding of freshwater pearl culture,
and the role of environmental parameters on the infectivity of freshwater snails and
their paleoecological aspects.

This book is a collection of informative articles written by scientists who are experts
in the field. It is a rich source of information for students and researchers working
in basic and applied malacology.

Sajal Ray

Aquatic Toxicology Laboratory,
Department of Zoology,
University of Calcutta,

West Bengal, India

Soumalya Mukherjee

Department of Zoology,

Brahmananda Keshab Chandra College,
West Bengal, India






Chapter1

The Effects of Shellfish

Consumption Frequency for
Human Health

Latife Ceyda Irkin

Abstract

Depending on the world population, the importance of water resources and the
consumption of aquatic organisms as a food source are increasing day by day. The
presence of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which
are involved in critically important biochemical and physiological processes in the
body, emphasizes the importance of seafood consumption. Shellfish are low in
calories but rich in protein and omega-3 fatty acids. They also contain high amounts
of many micronutrients, including iron, zinc, magnesium and B12. Consuming
shellfish regularly can boost immunity, aid weight loss, and support brain and heart
health. However, shellfish is one of the common food allergens, and some species
may contain contaminants and heavy metals. Aquatic products poisoning occurs
with the consumption of unhealthy seafood or fish containing toxins. Symptoms
cause severe and fatal poisoning in consumers, depending on the presence and
concentration of the toxin. To prevent food poisoning, information on the growing
conditions of the species should be provided and regularly inspected for toxins
(heavy metal poisoning and allergic reactions).

Keywords: Shellfish, health, diet, consumption

1. Introduction

Shellfish include shrimp, crayfish, crab, lobster, oysters, scallops, and
mussels. Shellfish have been prepared in different ways and consumed for many
years. Shellfish are animals that live in water and have a shell or shell-like exterior.
They can be divided into two groups as crustaceans and mollusks. Crustaceans
include shrimp, crayfish, crab, and lobster; oysters, scallops and mussels are
examples of mollusks. Most shellfish live in saltwater, but the name also refers to
species found in freshwater [1].

Shellfish are an important component of global seafood production. Shellfish
contain a variety of vitamins and minerals, especially digestible proteins, and
essential amino acids. It is among the foods that provide health benefits to
consumers [2]. Although shellfish are generally a safe food source for consump-
tion, they sometimes pose health risks due to their exposure to various habitats,
the filtering of water by organisms such as oysters and mussels, and unhealthy
agricultural practices.

1 IntechOpen
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Environmental hazards include factors that cause negative effects on living
things and even cause death, especially pathogenic organisms and biotoxins.
Appropriate preventive measures should be taken at the various stages of harvest,
processing, storage, distribution, and consumption. For this reason, control mea-
sures are very important to protect the nutritional value and health benefits of shell
products and consumer safety regarding the products [3, 4].

2. Some aquatic species with an economic aspect

Aquaculture can be obtained almost anywhere there is water. Especially in
regions where temperate climate is dominant, the diversity of these products is
increasing. While only fish and its derivatives are consumed in some places, less
preferred foods such as octopus and even plants grown in the sea are consumed in
some cuisines of the world.

Aquaculture means the products obtained from the species such as fish, mollusks,
crustaceans, mammals, reptiles, sponges, and aquatic plants produced naturally or
artificially in seas, inland waters and artificial pools, dams, ponds, fisheries, and
fishing facilities. Some of the economical shellfish species found in the seas are
explained below [5].

Gastropods; Sea snail (Rapana thomasiana, Gross 1861) (Figure1) [6].

Cephalopods; Octopus (Octopus vulgaris, Linnaeus 1758, Figure 2), The
European Squid (Loligo vulgaris, Lamarck 1798), The Common Cuttlefish (Sepia
officinalis, Linnaeus 1758) [7].

Bivalves; Mussel (Mytilus galloprovincialis), Oyster (Ostrea edulis), Akivades
(Tapes decussatus), Kidonia (Venus verrucosa), Sand mussel (Venus gallina) [8, 9].

Crustaceans; Shrimp (Penaeus keathurus), Insect (Palinurus vulgaris), Crayfish
(Astacus leptodactylus), Spiny crab (Maia squinada), Blue crab (Callinectes sapitus),
Lobster (Homarus gammarus) [10-13].

2.1 Miytilus galloprovincialis

The black mussel, whose scientific name is Mytilus galloprovincialis (Lamarck,
1819), is also known as the Mediterranean Mussel. The Black mussel is in the
Bivalvia (bivalves) class of the Mollusca (Figure 3).

Mussels are creatures consisting of bivalves, interlocked with each other with
a very strong musculature, triangular in front, ovoid in the back and bilateral

Figure 1.
Rapana thomasiana, Gross 1861 [6].
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Figure 2.
Octopus vulgaris, Linnaeus 1758 [7].

Figure 3.
Mytilus galloprovincialis, Lamarck, 1819 [8].

symmetry. The shell consists of anterior margin, posterior margin, ventral margin,
and dorsal margin. The leading margin is very brief and the shells interlock here.
The outside of the shell is in diverse trace of purple-black and brown, and the
inside is of pearl shine. There are growth lines on the shells that draw small ellipti-
cal circles starting from the junction of the shells. Although the common height of
this species is 5-8 cm, it can reach a maximum of 10-11 cm. The temperature and
salinity of the region have an important effect on the development of mussels, and
the most delicious period of mussel meat is from autumn to the beginning of spring.
Since bivalve mollusks feed by filtering water, they accumulate microbiological,
chemical, or natural toxins in polluted aquatic environments, therefore, they must
be given for consumption in a controlled manner. In aquatic environments with
increased pollution, aquaculture rather than hunting is the most reliable way to
enable controlled production [14-16].

Black mussel is a popular seafood that is consumed with admiration all over
the world, especially in European and Pacific countries. These creatures, which
live in the coastal regions of the marine ecosystem, can be obtained from nature
by hunting or they can be produced through culture. Mussels, which have as
valuable and quality protein as fish meat, can be consumed in various ways such
as stuffed mussels, pan and brine. Mussels, which have a short shelf life, should
be prepared, and consumed as soon as possible or stored by paying attention to
storage conditions [16].

2.2 Penaeus keathurus

Shrimp are ten-legged arthropods that live in fresh and salt water. Freshwater
shrimps are mostly common in tropical regions. Their size is varying cylindrical
body between 1 and 30 cm. Its body is covered with an armor made of calcium
carbonate. These creatures, whose bodies are jointed, swim backwards by waving
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their wide, fin-like tails. It has five pairs of legs and at least two of them have claws.
The antennae, which are two pairs, are very long and bifurcated. At least one of
these forks bends back, allowing the shrimp to retract into the crevices and signal
danger from behind. The most obvious reaction of the shrimp in the face of danger
is to try to protect itself with a sudden twist. Their body color can change to suit
their environment. There are large-clawed predators that feed on small fish, as
well as scavengers that feed on food particles in the sand. In some species, there are
brush-like bristles on their claws to easily collect food particles (Figure 4) [17].
Some types are less tasty than others and some types are not consumed. It is
farmed in countries such as America, Japan, Thailand, and Taiwan. Consumption in
the USA is higher than in other countries. Since shrimp species found in cold waters
grow slowly, their meat is more delicious. Depending on the species, their flesh can
be firm and transparent, pink, yellow, gray, brown and red. The flesh color, which
is transparent when cooked, takes a dull and pinkish color. One of the commer-
cially important species is the deep-water shrimp (Pandalus borealis). The other is
the large black shrimp (Penaeus monodon). Since shrimp species spoil easily after
hunting and melanosis (black spots) form on their meat, they should be cooled
immediately, and their heads should be cut off. The most expensive of the shrimp
species are the largest ones. If fresh shrimp are to be bought, their bodies should be
firm, not sticky, and soft, their bodies should not be separated from their shells and
their heads should not be surrounded by black spots. It can be stored fresh for about
2 days in the refrigerator and frozen for 1 month [18].

2.3 Loligo vulgaris

Squid, like other cephalopods, has a prominent head, bilaterally symmetrical
structure, mantle, and arms. The substance called melanin in it is the same pigment
that tans human skin. Its eyes are in the middle of its head and body. It has 8 arms
surrounding the mouth with a sharp, parrot-like beak, and two distinctly longer ten-
tacles. Most of the squid is formed by a thick muscle cover called the mantle, which
protects the internal organs and allows the squid to move through the water by
spraying strongly with water. It compresses the water in the mantle and sprays the
water quickly from the section also called siphon, allowing it to swim backwards.
Thanks to its funnel-shaped structure that creates a jet effect, squid can accelerate in
water more than 3 times the speed of Olympic swimmers (Figure 5) [19].

Figure 4.
Venus verrucosa, Linnaeus, 1758 [9].
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Figures.
Penaeus keathurus, Forskdl, 1775 [10].

Squid, which is the lowest calorie seafood product, contains protein, very little
fat, phosphorus, magnesium, and calcium. It also contains vitamins B2, B3 and B12.
To clean the squid, the internal organs must be removed by pulling from the tail.

By holding the tip of the squid, it is necessary to quickly pull and clean the outer
skin. After cleaning the outer skin and internal organs, the transparent bone in the
middle of the squid should also be removed and the squid should be washed well.
The cleaned squid is offered for sale in the form of rings and frozen. Fresh squid can
be stored in the refrigerator for 1-2 days. Frozen squid can be stored in the freezer
for 1-2 months [20].

2.4 Ostrea edulis

Ostrea edulis (Linnaeus, 1758) is a bivalve mollusk with very tasty meat and
cultivated. It consists of two circular shaped shells and these shells are connected
to each other by a structure called ligament. It lives in offshore sandy, pebbly, or
rocky areas in all our seas. It is not found in brackish waters. It feeds on plankton
and suspends organic matter. They are oysters evaluated as fresh. The peel is quite
light, thick, and oval. Yellowish-brown, right bark is flat, straight, and covered
with inconspicuous radial folds. The left shell is in the form of a convex cube and its
edges are serrated. The shell surface is irregularly indented. Its maximum length is
12 cm. It has a characteristic shellfish odor. There are no irritating odors (ammonia
smell, etc.) (Figure 6) [21].

The shells do not open with manual intervention, but they can be opened by cut-
ting the ligament with the help of a cutter. When it first reaches sexual maturity, the
gonad normally develops like a male and gives off sperm. After the gonad releases
the sperm, it passes into the female stage and produces eggs instead of sperm. This

Figure 6.
Callinectes sapidus, Rathbun, 1896 [11, 12].
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continues a regular basis throughout his life. The formation of pearls is completed
because of the combination of sand and similar materials in the seas, where many
kinds of creatures can live, by entering the oyster shells and combining with the
mother-of-pearl secretions. Fresh products can be stored in cold stores between 0°C
and + 4°C between pieces of ice. Frozen products that have been frozen at —40°C and
will wait for a long time should be stored at a temperature of —22°C to —18°C in the
center. The product should not be kept together with substances that emit a foreign
odor or that will pollute it. Meat texture should be fresh, firm, and unique, natural
color. It is served as fresh raw or cooked with various sauces. It is recommended to
boil it with its peel during cooking. It is offered for sale as cooked canned or smoked
oysters [22].

2.5 Astacus leptodactylus

Although the Eastern European crayfish (Astacus leptodactylus) was considered
an important commercial product (a luxury food item) in the world after the 1830s,
it was only used in World War II in Turkey. After the World War II, it became one of
the important export products among aquaculture products. While the total cray-
fish production was 500 tons in 1979, this value was 6500 tons in 1982, and after
1986, it gradually decreased due to the occurrence of crayfish plague (Aphanomyces
astaci), overfishing and environmental pollution. Today, total crayfish production
(1894 tons, 2002 data) is around 15% of the 1980s. About 600 crayfish species
are found naturally in other continents except Africa and Antarctica. In addition,
crayfish migrate from their original environment to other environments, inten-
sively, naturally (with migration or currents); They were transported by chance (by
ships’ ballast waters, channels, being used in traps for catching fish, escaping from
the environments where they were kept under control, being carried by predators or
people unknowingly) or consciously by people (keeping them as a hobby in aquari-
ums, production and aquaculture, control of aquatic plants). The most important
and common factor in the transportation of crayfish from one environment to
another is the desire of entrepreneurs to earn economic income from these creatures
(Figure 7) [23].

The trunk is divided into two parts, the thorax, and the abdomen. The chest is
covered with a hard and prominent shell. The skeleton-shell is outside. The shell is
immobile and hard except for the articular parts. The joints are soft and thin, and
their structure is also different. There are 4 pairs (8 pieces) of feet for walking in
the chest part. The abdomen consists of 6 segments. Freshwater crayfish are smaller

Figure 7.
Astacus leptodactylus, Eschscholtz, 1823 [13].
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and red in color. Those that live in salt water are also larger and lighter in color. They
are voracious and aggressive species. It is found in rivers, lakes, streams, and ponds.
In many countries, the consumption of crayfish with pleasure and the increase in
its economic value day by day has accelerated the production of this product under
cultural conditions. It is cultivated on farms in Europe, especially in South America.
There are 300 different types available. Some species are distinguished by the red
or white color of their claws. Their shells are red, brown, and purple in color. It

has lean and delicious pink, white flesh. Crayfish normally have a heavy, wobbly
gait. Walking is forward through the legs. However, their swimming is backwards.
Crayfish generally like flowing and abundant calcareous waters. It enables the
development of limestone crusts. They are rarely found in acidic waters. It can be
sold live, cooked, frozen, or canned. If cooked, those with firm skins and complete
claws should be chosen. It must be cleaned before cooking. It contains very little
meat. Live crayfish can be stored wrapped in a damp cloth for 12 hours in the refrig-
erator, 1-2 days in the refrigerator when cooked, and 1-2 months frozen [24].

3. The importance of nutrition with shellfish

Shellfish are rich in low-calorie lean protein, essential oils, and micronutrients.
Most of the fats found in shellfish are in the form of omega-3 fatty acids, which
have benefits for improving brain and heart health. Shellfish are rich in iron, zinc,
magnesium, and vitamin B12, all of which play important roles in our bodies. For
example, 85 g oysters have almost 100% of the daily value for zinc. Shellfish are
most nutritious when steamed. Fried shellfish may contain ingredients such as
additional calories, refined carbohydrates, added salt. With its impressive nutri-
tional content, shellfish has low calories. This makes them excellent foods to eat
while trying to lose weight. Protein-rich foods can help you lose or maintain weight
by preventing you from consuming calories. Due to its omega-3 fatty acid content,
it can lead to a greater feeling of satiety than fish and may help to lose weight faster
than other high-protein foods. A study of overweight adults found that those who
consumed more omega-3 fatty acids on a calorie-restricted diet felt significantly
fuller after meals than those who consumed less omega-3 on the same diet [25]. In
order to obtain the maximum benefit from shellfish as food, it is extremely impor-
tant that the environmental conditions in which the consumed products are sup-
plied are healthy, as well as the depuration of the products by the companies and the
storage conditions of the packaged products until the expiry date without breaking
the cold chain.

Shellfish have microelements that can improve the health of heart, including
omega-3 fatty acid and vitamin B12. Studies have shown that getting omega-3 fatty
acid from fish and shellfish is linked to a lower risk of heart disease. This is probably
because omega-3 have anti-inflammatory effects. In a study of 18,244 healthy men
in China, those who ate more than 200 grams of omega-3-rich shellfish per week
were 59% less likely to die from a heart attack than those who ate less than 50 gram
per week. Inadequate B12 intake has also been linked to high blood levels of homo-
cysteine, a protein that may increase your risk of heart disease. Therefore, foods
rich in vitamin B12 may protect against heart disease. Studies have identified insuf-
ficient B12 and omega-3 levels as risk factors for problems with brain development
in children and healthy brain function in adults. Some research also suggests that
vitamin B12 and omega-3 fatty acid may improve each other’ activities to improve
brain health. In a study of 168 adults with mild mental disorders it was found that
B vitamins slowed the progression of brain problems in those with lower levels of
omega-3 fatty acids compared to those with low levels. Shellfish contain zinc, which
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Type Calories Protein Fat
Shrimp 72 17 grams 0.43 grams
Crayfish 65 14 grams 0.81 grams
Crab 74 15 grams 0.92 grams
Lobster 64 14 grams 0.64 grams
Clams 73 12 grams 0.82 grams
Scallops 59 10 grams 0.42 grams
Oysters 69 8 grams 2 grams
Mussels 73 10 grams 1.9 grams
Table 1.

Nutrition facts of 85-gram of diffevent types of shellfish (https://fdc.nal.usda.gov/ndb/).

strengthens the immune system. This mineral is necessary to strengthen the cells
that make up the immune defense of our body. It also acts as an antioxidant, pro-
tecting against damage caused by inflammation. A study of 62 healthy adults over
the age of 90 showed that zinc deficiency reduced the activity of certain immune
cells. Shellfish are full of protein and healthy fats that can aid weight loss. It is also
rich in omega-3 fatty acids, vitamin B12 and zinc, which support a healthy brain,
heart, and immune system (Table 1) [26].

4. Negative effects of excessive consumption of shellfish

Although shellfish are highly nutritious, they have some disadvantages when
consumed excessively. Shellfish have the potential to accumulate heavy metals
such as mercury or cadmium from the environment. The accumulation of these
compounds in our bodies can lead to organ damage and other health problems.
One study showed that shellfish in some regions may contain cadmium at twice the
recommended daily dose. The Food and Drug Administration recommends that
adults eat 85-140 grams of low-mercury fish twice a week. If the number of shell-
fish we eat in a week is equal to or less than this, there is no danger in terms of heavy
metals. Consuming shellfish obtained from waters where polluting factors prevail
causes many food-borne diseases. Mollusks such as oysters and mussels accounted
for more than 45% of seafood-related foodborne illness cases in the United States
America (USA) from 1973 to 2006. Food poisoning from shellfish can be caused by
bacteria, viruses, or parasites in the environment. Pathogens thrive in raw shellfish
that are not properly refrigerated. Therefore, obtaining shellfish from clean waters,
storing, and cooking them properly is the most effective way to prevent foodborne
illness. Pregnant and nursing mothers, older adults, and people with compromised
immune systems should avoid raw or improperly prepared shellfish [27, 28].

Shellfish is one of the top eight food allergens in the USA. Shellfish allergy typi-
cally develops in adulthood but can also occur in childhood. Symptoms of an aller-
gic reaction to shellfish include vomiting and diarrhea, stomach pain and cramps,
swelling of the throat, tongue or lips, hives, shortness of breath. In some cases,
people with a shellfish allergy may experience a life-threatening anaphylactic shock
that requires immediate treatment. Shellfish can accumulate different levels of
heavy metals that can build up in your body and cause health problems. Diagnosing
allergies to shellfish can be difficult and complex. Symptoms can vary from person
to person, depending on metabolism, and may not always give the same reaction.
People with shellfish allergies may not need to eat only these products to develop
areaction. A reaction may also occur on contact with cooked shellfish. Allergic
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reactions to these creatures can also affect the skin, respiratory, digestive, and
circulatory systems. Although these allergies are not very common in adults, they
can occur at any age. In the case of this type of food allergy situation, it is important
to consult an allergist who can determine what tests need to be done after diagnosis,
decide whether it is an allergy, and advise patients on how to manage exposure and
symptoms [29].

Allergies to shellfish occur when the immune system opposes the proteins found
in these animals. When these proteins enter the body of individuals with allergies,
the immune system overreacts and tries hard to fight against the antigens it sees as
foreign. Some of these reactions occur due to the release of histamine, which causes
allergy symptoms. Therefore, antihistamines can give effective results in such an
allergic reaction. For people whose shellfish allergy is confirmed by further testing,
the only treatment is to avoid these creatures altogether. In the event of exposure
or a serious reaction, every second counts. Detecting the reaction early and admin-
istering epinephrine quickly can prevent worsening of the condition and possible
death [30, 31].

History is very important for diagnosis in patients with suspected Shellfish
allergy. The patient’s history is necessary both for determining the severity of
the disease and for planning diagnostic procedures. Therefore, before going to
the doctor, review your complaints in detail. In general, those with suspected
allergies,

* Skin prick tests,
* Determination of fish-specific IgE in serum,

* If necessary, loading tests are performed with foods that are thought to be
responsible. In recent years, component-based diagnosis method has also been
applied to make a more accurate diagnosis and obtain information about the
course [32].

5. Conclusion

Shellfish, which can be divided into crustaceans and mollusks, are full of lean
protein, healthy fats, and many beneficial microelements. They can aid weight
loss, boost immunity, and improve brain and heart health. However, shellfish may
contain heavy metals. May cause foodborne illness and allergic reactions. However,
shellfish are delicious foods that support a balanced diet. Shellfish are among
healthy foods when consumed in moderation.

Shellfish is one of allergens covered by the labeling of the FALCPA (Food
Allergen Labeling and Consumer Protection Act). This labeling must appear on
packaged food products containing shellfish sold in the USA. The presence of shell-
fish in the product should be indicated on the packaging. Shellfish is rarely hidden
in consumption. Shellfish may be found in fish stocks, flavoring, surimi and sushi.
Anyone with a food allergy should read ingredient labels and take precautions.
Doctors can point you to helpful resources that can help you plan your meals, such
as patient support groups and registered dietitians.
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Chapter2

Green Tea-Derived Catechins Have

Beneficial Effects on Cognition in
the Pond Snail

Yoshimasa Komatsuzaki, Ayaka Itoh and Minoru Saito

Abstract

Green tea has been used as a medicine in East Asia for thousands of years.
Plant-derived compounds called flavanols, which are included in green tea, may
have potentials to help maintain healthy brain function. In this chapter, we review
the effects of flavanols, e.g. epicatechin (EpiC), on cognitive ability in the pond
snail, Lymnaea stagnalis. In this decade, the Lukowiak’s group has tested the
effects of EpiC on cognition ability in Lymnaea. In a Lymnaea model system, they
showed that EpiC and EpiC-containing foods have a rapid and activity-dependent
effect enhancing the formation of long-term memory (LTM) following operant
conditioning of aerial respiratory behavior. In the last part of this chapter, we also
introduce our study for the effects of EpiC on LTM formation in another model
system in Lymnaea. This study showed that EpiC increases the persistence of LTM
formed by classical conditioning of feeding behavior, and suggested that EpiC alters
some electrophysiological properties of a neuron in the feeding system.

Keywords: Green tea-derived catechins, Epicatechin, Operant conditioning,
Classical conditioning, Learning and memory, Long-term memory, Lymnaea

1. Introduction

Green tea is one of the most popular beverages in the world. It is made from
C. sinensis leaves and include many kinds of phytochemicals. Compounds called
flavanols, which are included in green tea, are candidates for the active ingredient
that has been used as a medicine in East Asia for thousands of years. An extract,
called Sinecatechins, of green tea leaves is also used as botanical drug approved by
the FDA in USA [1]. Flavanols (catechins) belonging to the group of polyphenols
[2] are contained in green tea (mg/100 g): 26.05 (—)-epigallocatechin-3-gallate
(EGCG), 7.57 (—)-epicatechin-3-gallate (ECG), 16.02 (—)-epigallocatechin (EGC)
and 6.16 (—)-epicatechin (EpiC) [3]. Recently, it is reported that flavanols may
have potentials to help maintain healthy brain function in both vertebrates and
invertebrates [4-8].

Gastropod mollusks such as Aplysia, Limax, Hermissenda [9-14] and Lymnaea
[15-19] are excellent model animals for understanding the causal neuronal mecha-
nisms of learning and memory. In this decade, the Lukowiak’s group in University
of Calgary has tested the effects of EpiC on cognition in Lymnaea stagnalis. In a
Lymnaea model system, they showed that EpiC and EpiC-containing foods have a
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rapid and activity-dependent effect enhancing the formation of long-term memory
following operant conditioning of aerial respiratory behavior.

Lymnaea is an aquatic pulmonate snail and can breathe either with its lung or
skin. It approaches water surface and gets air into the lung through opening its
pneumostome (Figure 1A). The Lukowiak’s group employed a protocol of operant
conditioning of aerial respiration to investigate the cognitive function in Lymnaea.
In a hypoxic environment in which the frequency of aerial respiration in Lymnaea
increases, applying repeated tactile stimulus to pneumostome as a negative rein-
forcement (training session; TS) reduces the number of attempted pneumostome
openings in Lymnaea, and then the behavioral change persists for 3 hours or longer.

A single 30-min training session (0.5 h-TS) results in intermediate-term memory
(ITM) that persists for up to 3 hours, whereas two 30-min training sessions with a
1 hour rest interval (2 h-TS) results in long-term memory (LTM) that persists for
24 hours [21]. ITM depends on the translation of existing mRNA transcripts but
does not require mRNA transcription. LTM requires both the translation of mRNA
and the formation of new mRNA transcripts [22]. Thus, a2 h-TS could drive the
process of mRNA transcription in addition to translation of mRNA.

To drive aerial respiration in Lymnaea, a 3-neuron central pattern genera-
tor (CPG) was shown to be both necessary and sufficient (Figure 1B) [23, 24].
Subsequently, it was shown that one of the three CPG neurons, Right Pedal Dorsal 1
(RPeD1), is a necessary site for LTM formation, extinction and reconsolidation of the
memory [18, 22, 25]. It is also possible to utilize a semi-intact preparation where aerial
respiratory behavior and neuronal activity can be simultaneously studied [26, 27].

Lymnaea can be classically, as well as operantly, conditioned and LTM can be
formed by the following learning procedures [28, 29]. Conditioned taste aversion
(CTA), which is a classical conditioning, is based on pairing sucrose as a condi-
tioned stimulus (CS) with an aversive chemical unconditioned stimulus (UCS)
such as KCl, which inhibits feeding and evokes a withdrawal response. After ten
trials, the feeding response of trained snails to sucrose became significantly weaker
than that of control snails, and this associative memory lasted for more than

2 weeks [30].
P—— Inhibition
CPG P——Excitation

P Inhibition/Excitation

pneumostome

é}“lml Neurons @
C‘Im‘cri l Opener

| Pneumostome Muscle ]

Figure 1.

Pngeumostome in Lymnaea and the neural circuit including in aerial vespiratory behavior. (A) Lymnaea

with the opened pneumostome. (B) Schematic drawing of the central pattern generator (CPG) to drive aerial
respiration. Depolarization of Right Pedal Dorsal 1 (RPeD1) activates input3-interneuron (IP3I) via a
biphasic effect (inhibition followed by excitation). Subsequently, IP3I excites both RPeD1 and a group of motor
neurons (VI/] cells) involved in pneumostome opening. IP3I also inhibits visceral dovsal 4 interneuron (VD4),
which is involved in pneumostome closing. The combined inhibitory input from both RPeD1 and IP3I causes
burst firing of VDg4. These figures are reproduced from [20] with permission.
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Figure 2.

Neuronal circuit corresponding to the feeding behavior. Each neuron is indicated by an abbreviation

(see [31] ). Modulatory function is indicated by yellow and initiating function by ovange. Central pattern
generator (CPG) interneurons and motoneurons active during the three phases of the feeding rhythm are
indicated by green (P = protraction), blue (R = rasp) and red (S = swallow). Neurons labeled with two colors
have two functions. Dots indicate inhibitory chemical synapses, bars excitatory chemical synapses and resistor
symbols electrotonic (electrical) synapses. This figure is reproduced from [31] with permission.

Individual neurons in Lymnaea can be identified as the neuronal circuit cor-
responding to the feeding behavior (Figure 2). An identified spontaneously active
pair of neurons, the cerebral giant cells (CGCs), has been shown to both modulate
the neuronal network underling the feeding behavior and be necessary for LTM and
its retrieval following CTA training [31, 32]. The most significant CGC synaptic
connections are with the neuron 1 medial (N1M) cell, an interneuron in the CPG
that co-ordinates rhythmic feeding movements [33-36].

In the last part of this chapter, we introduce our study for the effects of EpiC on
LTM formation in the feeding system in Lymnaea.

2. Enhancing effects of epicatechin on memory formation by operant
conditioning of aerial respiratory behavior

To date, the most detailed information on effects of EpiC in Lymnaea has
been obtained from experiments using operant conditioning of aerial respiratory
behavior. In this paradigm, snails are subjected to a protocol that the pneumostome
receives a weak tactile stimulus whenever the snail attempts to open the pneumos-
tome in a hypoxic environment. The number of attempted pneumostome openings
is recorded for each snail for 30 minutes. To determine whether memory is formed
following the training session (TS), an identical procedure is performed 24 hours
later, which is called a memory test (MT). The number of attempted pneumostome
openings in the MT is compared with that in the TS, and long-term memory (LTM)
is evaluated if the number of attempted openings in the MT is significantly lower
than that in the TS [25, 37].

When snails were given a 0.5 h-TS, which do not usually form LTM lasting
24 hours or more, in the presence of 15 mg/L EpiC, the memory persisted until
24 hours after that training. Thus, EpiC can promote LTM formation by driving
the process of mRNA transcription in addition to mRNA translation. EpiC also
enhances LTM formation. When snails were operantly conditioned in EpiC-
containing pond water (15 mg/L) by a2 h-TS (TS1, TS2; Figure 3A), which typi-
cally results in memory lasting only 24 hours in pond water without EpiC (control
group, TS1 versus MT, n = 12, no significance; Figure 3B), they formed LTM lasting
atleast 72 hours (EpiC group, TS1 versus MT, n = 12, P < 0.01; Figure 3C) [4, 38].
Moreover, following a 2 h-TS in EpiC-containing pond water, snails were received
the MT in standard pond water (i.e. no EpiC) at 96 hours, 1 week and 2 weeks
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Figure 3.

Ep%mtechin (EpiC) enhances LTM formation and diminish the rate of extinction following operant
conditioning. (A) A timeline of the experiment is shown. (B-E) White and gray bars show snails trained
without EpiC or with EpiC, respectively. Snails were either operantly conditioned in pond water (B) or EpiC-
containing pond water (C). (D, E) In an observation (Obs) and extinction sessions (Ext1-3), the number

of pneumostome openings was calculated for each snail without tactile stimulation in hypoxic water for

30 minutes. (B, C) n = 12, ™P < 0.01 compaved with TS1. (D, E) n = 12, **P < 0.01 compared with Obs. These
figures are produced from [4] with permission.

after the 2 h-TS [38]. The snails maintained in a very long-term memory lasting for
2 weeks or longer. Memory formed in the presence of EpiC is resistant to forget-
ting, which is not dependent on EpiC being present in the MT. In addition, snails
received extinction sessions (Ext1-3). In extinction sessions, snails are allowed to
freely perform aerial respiration in the same hypoxic environment as TS, and the
learned association between the pneumostome opening and weak tactile stimulus
can be extinguished. Snails trained in the presence of EpiC were also more resistant
to extinction of memory (EpiC group, Obs (pre-training) versus Ext2, n = 12,

P < 0.01; Figure 3E), including blocking “the original memory” by overwriting
anewer memory [39, 40], than control snails (control group, Obs (pre-training)
versus Ext2, n = 12, no significance; Figure 3D) [4].

Exposure to EpiC does not alter locomotor activity and spontaneous aerial respi-
ratory behavior themselves in Lymnaea compared to naive snails [4]. Thus, studying
the effects of EpiC could exemplify specificities for drugs that directly interact with
neuronal signaling pathways for LTM formation and persistent.

In mice, EpiC improves retention of spatial memory by enhancing angiogenesis
[8]. Oral intake of EpiC via gavage increases the level of EpiC and its metabolites
in rat plasma and brain [41], and then EpiC could influence brain functions. In
Lymnaea, EpiC can easily absorb via skin into the body cavity, and subsequently
may contact to the CNS by an open circulatory system.

Additionally, it is reported that EpiC also has a rapid and activity-depend effect
on promoting LTM formation in Lymnaea [4, 5, 38]. Fernell et al. demonstrated that
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EpiC must be present during operant conditioning or applied with 1 hour imme-
diately after training in order for EpiC to cause LTM enhancement [42]. However,
EpiC exposure at 1 hour after training did not result in enhanced memory forma-
tion. Thus, One hour after training is important for LTM formation. It is widely
known that there is an important period for encoding and consolidation of the
memory following learning [43]. In Lymnaea, the consolidation period persists for
about 1 hour. LTM requires both regulation of gene activity and new protein syn-
thesis, whereas ITM requires only new protein synthesis. Previously, it was shown
in Lymnaea that applying a cold block (10 minutes in 4°C pond water) immediately
after training blocks only LTM formation, but not block ITM formation [44, 45].
Thus, these results suggest that EpiC could alter the gene activity for LTM.

A specific mechanism by which EpiC enhances memory formation has not been
clarified. However, there have been many studies in mammals suggesting various
ways in which dietary flavonoids may exert such beneficial effects on the CNS [8].
EpiC is known as antioxidant, protecting neurons from injury caused by oxidative
stress [46]. EpiC can be photo-inactivated by exposure to ultraviolet light (UV).
Exposed to the sun for 6 hours, EpiC changes the molecular conformation by break-
ing the cyclic ether through a radical mechanism [47]. But no significant change
was observed in the antioxidant activities of EpiC upon 6 h beta-UV radiation.
Following photo-inactivation of EpiC, memory enhancement did not occur. Photo-
inactivation of foods containing EpiC also blocked their ability to enhance LTM
[7]. Thus, enhancing effect of EpiC on memory formation in Lymnaea is less likely
to be caused by antioxidant properties of EpiC and may be directly due to affecting
the signaling pathway required for memory formation in neurons. This does not
mean that antioxidant properties do not act against oxidative damage and therefore
protective effect may contribute to retain memory over long-term.

As mentioned above, LTM formation is dependent on altered gene activity and
new protein synthesis [48]. It is well-known that the consolidation period following
learning plays an important role for LTM formation [20, 49], in which the learning
is encoded into memory. EpiC can cause an enhancement of memory formation
if snails experience EpiC during training or immediately after training. However,
EpiC exposure at 1 hour before training or 1 hour after training was not sufficient
to cause memory enhancement [42]. In Lymnaea, it is thought that the consolida-
tion period persists for about 1 hour. If the operant conditioning is performed in
the presence of environment stressors (exposure to predator kairomones or KCl),
it results in strengthening of memory formation. The effects via sensory input
from the osphradium (a sensory organ) are dependent on a serotonergic signaling
pathway [50]. However, the enhancing effects of EpiC do not require either the
input from the osphradium or serotonergic signaling pathway.

3. Signaling pathway involved in epicatechin effect

EpiC effects on LTM formation may be due to its ability to drive an increase in
intracellular kinase activity [51] in neurons such as RPeD1. It has also been shown
that activation of CREB is necessary for LTM formation in Lymnaea [52] and EpiC
increases CREB-regulated gene expression in neurons [53]. Further, there is increas-
ing evidence implying that EpiC can drive rapid signaling intracellular as it increases
phosphorylation of protein kinase B (Akt)/PI3K, PKC and Erk MAPK and induces
cellular survival/proliferation in human hepatoma cells [54]. This is important since
LTM following operant conditioning in Lymnaea requires activations of PKC and
MAPK [55]. In addition, EpiC appears to be able to directly alter DNA methylation
activity [56], which has been shown in Lymnaea to alter LTM formation [57]. EpiC
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has been shown in the mammalian brain to cross the blood brain barrier and directly
affect CNS function possibly by enhancing SHT function [58]. EpiC may also
activate NOS and stimulate NO production [53]. It is known in the Lymnaea model
system that SHT and NO are involved in LTM formation [50, 59]. It remains to be
elucidated whether EpiC brings about its enhancing effects on LTM formation via
these molecules. EpiC effects on cognitive enhancement in mammalian preparations
has been shown, but it is unclear whether the enhanced cognitive benefit is directly
due to altering neuronal activity or through effects on blood flow to the brain as a
result of increased angiogenesis [8].

It is reported that exposure to crayfish effluent (CE), which also enhances LTM
formation and significantly decreases RPeD1 excitability [60], works a serotonergic
pathway that can be blocked by mianserin, a serotonin receptor antagonist [50]. As
previously shown, however, mianserin does not affect the LTM formation enhance-
ment induced by EpiC [4]. In addition, once the osphradial nerve that connects the
osphradium (a sensory organ) to the CNS is severed, CE no longer enhances LTM
formation [50]. Thus, the osphradial nerve must be intact in order to cause enhance-
ment of LTM formation by exposing CE. Whereas, EpiC enhanced LTM formation
after severing the osphradial nerve [4]. Thus, it appears that EpiC acts via a different
mechanism and a different pathway from those caused by the perception of CE.

McComb and collaborators demonstrated the memory formation by using in
vitro semi-intact preparations [26]. After operant conditioning of intact snails,
semi-intact preparations were dissected so that changes in the respiratory behavior
(pneumostome openings) and underlying activity of the identified CPG neuron,
RPeD1, could be monitored simultaneously.

Our group can perform “in vitro” operant conditioning in semi-intact prepara-
tions from naive snails. In the training, we applied a gentle tactile stimulus to the
pneumostome area whenever the snail began to open it. Following the training, the
respiratory behavior decreased. After the training, naive snails exposed to EpiC
(15 mg/L) prior to recording exhibited significantly increased RPeD1 excitability
compared with non-exposed snails. This experiment can help to understand how
EpiC alters RPeD1 excitability to drive aerial respiratory behavior and leads to
enhanced LTM formation.

These results provide the basis of future studies in Lymnaea to elucidate how
EpiC enhances LTM formation of respiratory conditioning.

4. Effects of intaking of catechin-rich foods

Does exposure to food products containing EpiC during the training elicit
similar effects seen for exposure to pure EpiC? Lukowiak et al. demonstrated
interesting experiments whether foods containing substantial amounts of EpiC,
such as green tea, cocoa, apple peel and black tea, can enhance memory formation
in Lymnaea [7]. Exposed to pond water containing green tea or pure cocoa powder
in concentration comparable to human consumption level (approximately 1 g/day)
during training, the memory enhancement was comparable to that elicited by pure
EpiC experiments [7].

Interestingly, black tea does not only enhance LTM formation but suppresses
LTM formation in Lymnaea [61]. Black tea is made from the same plant as green-tea
through an oxidation process called “fermentation” and becomes stronger in flavor
than green tea. However, the content of EpiC in black tea (0.49 mg/100 g) reduces
compared with green tea (6.16 mg/100 g) [3]. Black tea substantially contains
more other flava-3-nols, thearubigins and theaflavins, than green tea [3, 62]. These
flava-3-nols are formed during the fermentation reaction in black tea. As far as we
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know, no studies have investigated direct effects of these flava-3-nols on memory
formation. However, it is reported that intake of theaflavins is associated with long-
term language and verbal memory in human [63]. In another study, theaflavins are
reported to improve memory impairment [64, 65]. Thus, thearubigins and theafla-
vins may be not candidate substances for blocking memory formation in black tea.

Another component of black tea, caffeine, can inhibit cognitive function. In
drosophila, caffeine reduces the performance for light aversive conditioning [66].
However, both green tea and black tea contain a same amount of caffeine. It is
possible that L-theanine included in green tea in comparatively large amounts is
thought to balance the effects of caffeine. The combination of these two substances
may be synergistic, as one study found that people who ingested L-theanine and
caffeine together had better attention than when either was used alone [67, 68].
Therefore, investigating catechin-rich foods is difficult to permit a full understand-
ing of the specific effect of these phytochemicals.

5. Rescue effect of epicatechin on stress-impaired memory

Green tea-derived catechins do not only enhance memory formation, but also
rescue impaired cognitive functions due to environmental stressors. Catechin-rich
foods have been considered to improve various aspects of cognitive functions in
rodents and humans, and some reports suggest that it has positive effects on mild
cognitive impairment [69-71]. EpiC administration improves spatial memory in
mice via an increase in cerebral angiogenesis or a direct effect on neural elements
[8]. In Lymnaea, there are some reports for the recovery effect of EpiC on impaired
function by environmental stressor [5, 38].

Most of freshwater mollusks including Lymnaea are dependent on calcium
intake directly from the environment through their skin [72] and exhibit reduced
shell growth in the environment containing less than 20 mg/L calcium [73, 74].

It is considered that this level of calcium acts as a stressor on the snail. Following

1 h exposure to a low calcium environment, Lymnaea was not able to form

LTM, although it still had an ability of ITM [75]. Following a2 h-TS in EpiC-
supplemented low-calcium pond water, snails persist a decrease of respiratory
behavior both 24 hours and 72 hours after the training [5]. In addition, memory
formation of the training in EpiC-suppelmented pondwater was not diminished by
the combination of a low- calcium pond water environment and 1 hour of crowd-
ing immediately prior to operant conditioning training, which blocks all forms of
memory (short-term, intermediate-term and long-term memory) in Lymnaea [38].
These results suggest that EpiC reverses an imposed memory deficit by exposure to
memory ‘unfriendly’ stress.

6. Enhancing effect of epicatechin on memory formation by classical
conditioning of feeding behavior

Lymnaea can be classically, as well as operantly, conditioned [28, 29].
Conditioned taste aversion (CTA) is a classical conditioning, which is based on
pairing sucrose as a conditioned stimulus (CS) with an aversive chemical uncondi-
tioned stimulus (UCS) such as KCl, which inhibits feeding and evokes a withdrawal
response. After this procedure, trained snails show a significantly weaker feeding
response to sucrose than controls. We here introduced the enhancing effect of EpiC
on LTM formed by CTA. In the previous study, we showed that EpiC increases the
persistence of LTM as mentioned below [76].
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CTA training procedure we performed is briefly as follows. Adult snails
randomly chosen were food deprived for 24 hours before being subjected to CTA
training. Snails were then immersed in an appetitive solution (10 mM sucrose)
for 15 s. Then, the sucrose solution was quickly replaced with distilled water, and
the feeding response (i.e. number of bites) was measured in distilled water for
5 minutes (pre-test). Ten minutes after the pre-test, CTA training was performed.
In CTA training, snails were immersed for 15 s in 10 mM sucrose, which were
immediately immersed for 15 s in 10 mM KCl solution (i.e. the UCS). The UCS
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Figure 4.

Change in feeding response after conditioned taste aversion (CTA) training. (A) Histogram showing the
decreasing rate of the feeding response at the 24 h post-test n = 48). The cumulant (the ratio of the cumulative
number of snails at each rate, from low to high, out of the total number, n = 48; black circles) is also shown
for reference. Snails that showed at least a 40% decrease in the number of bites were defined as good learners,
while poor learners were defined as snails whose post-test scoves decreased by less than 40%. (B) Feeding
responses in the pre- and post-tests for good learners trained without Epi (control, blue circles, n = 14) and
with Epi (green circles, n = 12). ****P < 0.0001, *P < 0.05. These figures are reproduced from [76] with
permission.
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.inhibits the feeding response. After the UCS was presented, snails were immersed
either in distilled water (control) or EpiC solution (15 mg/L) for 9.5 minutes. This
procedure was repeated 5 times. After CTA training, snails were kept in distilled
water for 24, 48 or 72 hours and then the post-test was performed, which was
exactly the same as the pre-test. By comparing the number of bites in the pre-
test with that in the 24 h post-test, we determined whether the snail was a ‘good’
learner or a ‘poor’ learner.

Figure 4A shows a histogram of the decreasing rate of the feeding response in
the 24 h post-test (i.e. 24 hours after training). The decreasing rate was measured
for 26 snails trained without EpiC and 22 snails trained with EpiC, and the data
from all snails (n = 48) are combined in the histogram. As shown in Figure 4A,
from their responses, the snails were roughly divided into two groups: ‘good’ and
‘poor’ learners. Good learners were defined as snails that showed at least a 40%
decrease in the number of bites in the 24 h post-test compared with that in the
pre-test. Thus, poor learners were defined as snails whose post-test scores decrease
by less than 40%. In this data, 32 of the 48 snails (i.e. 67%) were classified as good
learners.

For the good learners, we statistically analyzed on the data presented in
Figure 4B (control group, n = 14; EpiC group, n = 12). In both groups, snails
showed a significant decrease in the number of bites in the 24 h post-test (control
group, 37.3 + 3.5 to 8.8 + 1.6 bites per 5 min, P < 0.0001; EpiC group: 39.9 + 2.6 to
12.3 + 2.4 bites per 5 min, P < 0.0001). Thus, placing snails in the EpiC solution in
CTA training did not alter their 24 h memory performance.

We next compared the post-test scores between two groups (control group
versus EpiC group) at 24, 48 and 72 hours after CTA training. A statistical analyze
showed that there was a significant difference in the memory scores at 72 hours
between the two groups (control group versus EpiC group, P < 0.05) while there
was no significant difference in the 24 h and 48 h post-tests. Thus, we concluded
that exposing snails to EpiC solution resulted in significantly longer memory
persistence.

An identified spontaneously active pair of neurons, the cerebral giant cells
(CGCs), has been shown to both modulate the neuronal network underling the
feeding behavior and be necessary for LTM and its retrieval following CTA training
(Figure 4) [31, 32]. Therefore, a possible mechanism underlying the significant
effect of EpiC on LTM persistence is an alteration in CGC activity. Our data sup-
ported this possibility [76]. Additionally, our data suggested that a GABAergic
neuron may play a significant role in mediating CTA-LTM and the EpiC effect on
the CGC may involve a GABAergic neuron. For example, the GABA sensitivity of
a neuron (maybe the CGC itself) might be enhanced in good learners or in snails
exposed to EpiC.

7. Conclusion

Studies described in this chapter have provided valuable information on a
possibility of EpiC-rich foods contributing to cognition ability in Lymnaea. In
addition, animal models in Lymnaea contribute to new evidences for the generality
of mechanisms for the effects of EpiC on learning and memory formation, across
learning paradigms (e.g. classical or operant conditioning).

These studies suggest that EpiC has not only antioxidant properties but also
targets molecules (e.g. specific receptors) directly to affect the signaling pathway.
Then, the results may yield the basis of future studies to elucidate how EpiC
enhances LTM formation of classical and operant conditioning in Lymnaea.
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Chapter 3

Seasonal Variations of Densities
of Biomphalaria pfeifferi, the
Intermediate Host of Schistosoma
mansoni Parasite at the North of
Senegal
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Nicolas Jouanard, Gilles Riveau and Jason Robert Rohr

Abstract

Schistosomiasis is becoming more persistent because of the widespread
distribution of intermediate host snails in several regions of Africa, including Senegal.
The intermediate snail host of the human intestinal schistosome is Biomphalaria pfeifferi
and is permanently present in northern Senegal because of the presence of the abundant
freshwater habitat throughout the year. Here, we observed the seasonal variation in B.
pfeifferi abundance in the Saint-louis region at the North of Senegal in West Africa. We
performed snail and environmental parameter sampling across two different seasons
described for Senegal: a dry season that runs roughly from mid-October to mid-June and
arainy season that spans approximately from late June to early October. We also split the
dry season into two categories representing periods of time when water temperatures
were either decreasing (dryl) or increasing (dry2). We used regression analyses to model
snail density across the seasons and investigated which environmental variables influ-
enced snail abundance. Results suggested that snails were more abundant and peaked
during the rainy season, which lowest abundances during the dry season when tem-
peratures were declining. The above seasonal variations of snail density were positively
linked to the environmental drivers including periphyton (food resource for snails),
aquatic vegetation abundance, water temperature and dissolved oxygen and negatively
to both pH and water conductivity. Our findings may be useful for snail control efforts
by targeting specific periods and/or site conditions when snail abundances are greatest.

Keywords: schistosomiasis, intermediate hosts, snails, seasonal variation,
Biomphalaria pfeifferi, Schistosoma mansoni

1. Introduction

To completely understand many infectious disease systems, it will become
increasingly important to understand how seasonality affects multiple processes,
including (but not limited to): host behavior, reproduction, survival in the envi-
ronment [1]. Seasonal variations in temperature, rainfall and resource availability
are ubiquitous and can exert strong pressures on host population dynamics.
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Infectious diseases provide some of the best-studied examples of the role of
seasonality in shaping population fluctuations [1]. Predicting disease dynamics
requires an understanding of the traits of hosts across seasons.

Schistosomiasis remains a significant health burden in many areas of the world [2].
Intermediate hosts snails of human schistosomes release parasites that cause human
schistosomiasis, are strongly driven by environmental factors [3-5]. The transformation
of ecosystems in the river delta Senegal has created favorable biotopes to the develop-
ment of intermediate host snails of human schistosomes [3], and schistosomiasis rates
have increased from historic levels. Thus, limiting or controlling snail populations is an
important step in disease control. Yet, consideration of the relative influence of seasonal-
ity on the environmental factors that influence snail host populations remains needed.

In this study, we investigated how snail host abundance varies at water access sites
in North Senegal, West Africa, a location where human schistosomiasis prevalence
is among the highest globally. We conducted our study in Senegal River at four
sites used for water access in three villages. We performed biweekly monitoring of
Biomphalaria pfeifferi across two different seasons in Senegal: a dry season that runs
roughly from mid-October to mid-June and a rainy season spanning approximately
from late June to early October. Further, we sampled two periods of water tempera-
ture T (°C): Dry; (periods of decreasing temperature (294 > T (Dry;) > 15.4) and
Dry, (periods of increasing temperature (15.5 < T (Dry,) < 32.5)). We conducted a
total of 7 = 21 visits to survey density of hosts and the environmental parameters in
the field (as described below) for one year from October 2019 to October 2020.

2. Methods
2.1 Study sites
We sampled intermediate hosts biweekly at four water access points across three

villages in Senegal, West Africa: Kaban (KA: 16° 3.338 N - 16°24.133 O) Minguegne
(ME 1: 16°01.055’ N - 16°21.397’ O and ME2:16°01.090’ N - 16°21.369 O) and

&
N % Ndiawdoune gy
t vV L,, /‘
x>
>
N
2 Kaban £
- O
=

?; \\M‘\\

=

¥

3

2

s
|
Minguegn@_lMil‘lguegnez
N
&
& &
i & B <
R __J Sites study
Agricultural areas
Water stream
970 485 0 9270 M
Figure 1.

Location of the study sites along the Senegal River in West Africa.
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Ndiawdoune (NW: 16°4.075’ N - 16°23.635’ O). Kaban village is bordered by the
Senegal river, Minguegne is bordered to the Ngalam outlet Senegal River in the “Trois
marigots” zone and Ndiawdoune is bordered by the Lampsar River (Figure1).

2.2 Environmental factors driving host snail abundance

We recorded dissolved oxygen (DO), pH, water conductivity and water tem-
perature using a YSI Professional Plus handheld multiparameter meter. We also
recorded periphyton fluorescence using an Aquapen AP 100-C handheld flourom-
eter. Periphyton was collected from a study site during snail sampling (see below)
by wading into the water and cutting a stem of Typha spp. vegetation at the water
surface and again at a depth of 10 cm below the water. The 10 cm section of Typha
was taken to the lab and its surface scrubbed using a toothbrush. We then washed
all algae off the Typha and brush using deionized water into a 50 mL falcon tube
and filled all samples to a standardized volume of 50 mL. Chlorphyll a was then
quantified by filling a 1 mL cuvette and recording Ft values using the Aquapen. We
recorded the surface area of Typha that was sampled and used it to standardize the
periphyton flouresence values based on sampling area.

2.3 Snail sampling

We used the snail sampling method described in [6]. At each water access
point, we conducted 10 1-m sweeps with a 2.5-mm mesh aquatic dipnet at random
sampling points. Any aquatic plants in the dipnet were placed into a wash pale with
water, shaken vigorously to remove snails, and examined for any attached snails
before weighing the vegetation mass using a spring scale. We recorded the number
of Biomphalaria pfeiferii snails (Figure 2) captured per sweep.

2.4 Statistical analysis

We conducted our data analysis using R software version string R version 4.0.5
(2021-2103-31). We applied a forest plot in the Forest model package to a linear
model to assess the variation of snail’s density across the seasons. In forest plots, a
line of no effect (at 0) marks the point where there is no clear difference between
the variables. If the 95% confidence intervals (CIs) do not cross the line of no
effect, then the result is significant (p-value <0.05). To elucidate actions between

Figure 2.
Biomphalaria pfeifferi snail species of the current study. This is the only known intermediate host of
Schistosoma mansoni, the parasite of the intestinal schistosomiasis in Senegal.
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environmental parameters and hosts density, we applied Pearson’s correlation,
which gives a measure of the strength of a linear association between two variables.
We also determined the p-value or probability that we would have found the current
result if the correlation coefficient » were in fact zero (null hypothesis). If this prob-
ability is lower than the conventional 5% (p < 0.05) the correlation coefficient is
called statistically significant. We used linear model in ggplot2 package that utilizes
alm function to assess the significance of linear predictor-response relationships
between hosts and environmental drivers.

3. Results

3.1 Seasonal variations and environmental parameters driving the densities of
the snail’s hosts

We collected a total 895 Biomphalaria pfeifferi, including 83 in Dry1 (9.27%),
192 in Dry2 (21.45%), and 620 in rainy (69.28%) seasons (Table 1). A factor for
season in our forest plot analyses was a significant predictor of snail abundance
(Table 2, p-value = 0.003), with both greater mean of total density (IN) and maxi-
mum snail density per visit occurring in the rainy season (Table 1). In contrast, all
measures of snail abundance were lowest during Dry1 season, whereas a medium
density occurred in Dry2 season (Figure 3). Our forest plot analyses suggested that
snail abundance in the rainy season was significantly different from season Dry1,
whereas season Dry2 had lower but not significantly lower snail abundance com-
pared to the rainy season (Figure 2; p-value = 0.181).

During Dryl season, when snail abundance was lowest, no environmental
parameters had a significant association to Biomphalaria abundance (Table 1;

Mean Max
Dryl (N = 83) 3458 18.000
Seasons Dry2 (N =192) 9.6 33.0
Rainy (N = 620) 155 87.0
Total (N = 895) 10.65 87.0

Table 1.
Total, mean and maximum of the total and seasonal densities of Biomphalaria pfeifferi.

Variable N Estimate p

Seasons Dryl 24 | H Reference

Dry2 20 |——M—— |6.14(-2.92,1520) 0.181

Rainy 40 | | ——|12.04 (4.32,19.77) 0.003

Table 2.
Forest plot analyses of Biomphalaria pfeifferi abundance across seasons.
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Figure 3.
Plot showing the distribution of Biomphalaria pfeifferi across the seasons. The greatest density was collected
during the rainy season (with a peak >75) while the weakest was found during the Dry1 season.

Environmental parameters Density of Biomphalaria pfeifferi
Dryl Dry2 Rainy

Temperature (°C) 0.991 0.04* 0.549
Conductivity (pS/cm) 0.111 0.02* 0.08
DO (mg/1) 0.447 0.006** 0.04*
Periphyton 0.431 <0.001** 0.003**
Mass vegetation (g) 0.452 0.007** 0.05
pH 0.429 0.03* 0.388

*P < 0.05

**P<0.01

***P < 0.001

If P> 0.05, there is no significance (no asterisk).

Table 3.
Linear regressions between environmental factors and density of Biomphalaria pfeifferi for each season of snail
sampling.

Figure 3; p-value > 0.05). In contrast, several environmental factors were
significantly correlated to the snail host abundance in season Dry, (Table 3).
Conductivity and pH were negatively (r < 0) and significantly associated to hosts
abundance whereas other drivers are positively (r > 0) correlated in season Dry,.
The maximum water temperature (32.5° C) was obtained during rainy season.
Water temperature was positively related to snail abundance, exerted a significant
effect only in the season Dry, (Table 3 and Figure 3). There was no significant
effect of temperature on snail densities in the rainy season (p-value = 0.549). Only
the dissolved oxygen (p-value = 0.04) and periphyton (p-value = 0.003) were
significantly correlated to the density of hosts in the rainy season. Periphyton was a
significant positive predictor of snail abundances in both the Dry, and rainy seasons
(Figure 4).
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Figure 4.

Linear model assessing the significance of predictor-response relationships between environmental parameters
and Biomphalaria pfeifferi densities acvoss the seasons.

4. Discussion

4.1 Seasonal variations and environmental parameters driving the densities of
snail hosts

Ecosystem changes in the delta of the Senegal River has created favorable
biotopes to the development of intermediate host snails of human schistosomes,
which may have included particular the physicochemical conditions favorable
to their abundance [3]. Permanent freshwater is associated with aquatic floating
vegetation such as Ceratophyllum sp and Ludwigia sp that acts as beneficial snails
habitat in several areas in the Delta of Senegal River. The presence of the inter-
mediate host Biomphalaria pfeifferi was previously described in several studies in
the study area [3, 6-8]. In this area, Biomphalaria pfeifferi was the second most
abundant intermediate host of human schistosomiasis after Bulinus truncatus [3].
Our study highlights that B. pfeifferi abundance is lowest during a Dry; season
likely because of lower periphyton and water temperature than in the rainy
season. Lower water temperature during Dry; season can limit snail growth and
reproduction. For example, Biomphalaria glabrata, a neotropical species that is
another intermediate host for S. mansoni, generally avoids thermal extremes and

34



Seasonal Variations of Densities of Biomphalaria pfeifferi, the Intermediate Host...
DOI: http://dx.doi.org/10.5772/intechopen.g9217

prefers temperatures from 27° to 32° C [9]. The greater density of Biomphalaria
during periods of increasing temperature (19.9° to 32.5°C) during Dry, and Rainy
is increasing abundance of periphyton that acts as snail food, as well as periods
of higher dissolved oxygen, temperature and aquatic vegetation that acts as snail
habitat. In contrast, during this same period, negative environmental influ-
ences on snail abundance including pH and conductivity are declining. Aquatic
vegetation provides both habitat and food resources to snail hosts and is itself
positively associated to the snail abundance [6], while high conductivity and pH
impact negatively snails’ intermediate hosts of human schistosome [3]. Although
55.1% of total vegetation mass was collected in the rainy season, vegetation was
only a significant predictor of snails in the Dry2 season (10.9%). Biomphalaria
species prefer areas of clear water on sandy and gravel bottoms, with stagnant
water or with a very light current, with sometimes abundant aquatic vegetation
[9]. Snail abundance was most associated with oxygen during the Dry, season,
and Biomphalaria pfeifferi is known to be positively associated with dissolved
oxygen [3], whereas pH in the range 5.0 to 7.5 is likely a weaker determinant

of snails [9]. We suspect that snail density was not significantly correlated to
water temperature because of every high temperature (32.5° C) we found during
the rainy season. This driver could limit reproduction and other physiological
functions or be lethal to the snail survival. Biomphalaria pfeifferi does best under
warm stable conditions [10]. Thus, future studies should also consider non-linear
relationships in their analyses. We found that the month of August was the most
important for snail control because densities of host during the rainy season
were fueled by ideal environmental conditions in freshwater (i.e: resource food
availability that may increase host reproduction). During this period, rainwater
transports organic wastes, fertilizer and pesticides from agricultural areas to
adjacent waters. Such agrochemical runoff may affect the development aquatic
vegetation and periphyton and pesticide pollution is a major driver in increasing
the occurrence of host snails [11, 12]. Mesocosm studies support the assertion
that fertilizer, herbicide, and insecticide, individually and as mixtures may be
increasing the algae snails eat in the rainy season [13]. Moreover, such chemicals
can decrease the densities of snail predators. Our findings may be context depen-
dent to the Senegal River as seasonality may favor the dry season months in other
contexts [14].

5. Conclusion

Given the widespread distribution of Biomphalaria pfeifferi in the Senegal
River, understanding the seasonal variation and the principal drivers of snail
abundance is important for local snails control to prevent upcoming human risk
of Schistosoma mansoni infection. Our findings support that the rainy season
is significantly associated (p-value = 0.003) with the abundance of intermedi-
ate hosts because of highly favorable environmental conditions for periphyton
(snail food) and dissolved oxygen levels required by B. pfiefferi. Conditions
were less ideal in the Dry, season than the rainy season, and, thus, more envi-
ronmental parameters were significant for this period than in the rainy season.
In contrast, environmental conditions were so poor in the Dry; season that few
snails occurred and significant trends were absent. Our findings on the seasonal
fluctuations of snail hosts are useful for targeting a snail control program during
a time of year when it may be most effective to eliminate or reduce the vectors of
schistosomiasis.
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Chapter 4

Impacts of Environmental
Parameters on the Infectivity of
Freshwater Snail

Wolyu Korma Erkano

Abstract

The successful transmission of the infective stage of the parasite (miracidia)
depends on different factors. These free-living stages miracidia rely on their
own stored energy and are directly exposed to environmental factors including
disturbance resulting from pollution and human activities. There are different
environmental factors that affect the cercarial infection of the snail. These include
pH, temperature, salinity, dissolved oxygen, water hardness, habitat conditions,
presence of predators and competitors, etc. Each of these factors may increase or
decrease the freshwater snail’s infectivity. The more hydrogen ion concentration in
the aquatic habitat could have an effect on the maturation and physiology of the
parasitic stage (miracidia), leading to impaired survival and reduced infectivity. In
contrast, high temperature increases snail infectivity. While low dissolved oxygen
in the aquatic environment results in low snail infectivity. Regarding the presence of
predators can result in low snail infectivity by consuming the schistosome egg and
the snails themselves. Total hardness also had a negative impact on the prevalence
of snail infection. The hardness of the water results in the shell hardening of snails
subsequently leads to low infection of snail by miracidia.

Keywords: environmental factors, freshwater snails, snail infectivity

1. Introduction

Snails belong to phylum — Mollusca and class — Gastropoda, which accounts for
a large and highly diverse group of invertebrates. Many freshwater snails serve as an
intermediate host for different digenetic trematodes that cause schistosomiasis, fas-
cioliasis and other snail-borne diseases of humans and animals [1, 2]. Trematodes
are a group of flatworms and utilize parasitism as a way of life. The development of
larval digenean trematodes is a complex and multi-stage life cycle process that typi-
cally uses invertebrates as intermediate hosts and vertebrates as definitive hosts [3].

The eggs of the digenetic trematodes enter into the environment through feces
or urine of the definitive host. Upon reaching to freshwater bodies, the eggs will
hatch and release the first free-swimming larva of digenetic trematodes (miracidia)
infecting a freshwater snail host. The larval developmental stages, such as sporo-
cysts, rediae, and cercariae are completed in the freshwater snails. The infected
snails shed thousands of the second-stage free-swimming larva called cercaria into
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the water. Then the cercaria enters into mammalian hosts through direct penetra-
tion of skin during contact with water bodies contaminated with human excreta
containing parasite eggs. Adult parasites live in different sites of their definitive
hosts, like the digestive system, circulatory system, respiratory, urinary, and
reproductive systems [3-6]. The infection with digenetic trematodes cercaria gives
rise to a disease for mammalian hosts. Understanding the trematodes lifecycle and
transmission mechanism between freshwater vector snails and mammalian hosts is
important to the control and elimination of the diseases [4, 6].

The miracidium is the first free-swimming larvae in a digenetic trematode’s life
cycle and is a main component in the transmission from vertebrates to molluscan
hosts. However, different species of digenetic trematodes are known to have actively
infecting free-swimming miracidia that quickly swim through water bodies search-
ing out a suitable molluscan freshwater intermediate host [7].

Once the first free-swimming larvae hatch from the egg, different intrinsic
and extrinsic parameters affect whether a successful freshwater snail penetration
is achieved. Furthermore, eggs that take longer to embryonated may produce
free-swimming larvae miracidia that are more sensitive to these environmental
conditions [3].

The ability of free-swimming larvae miracidia to search its intermediate host
is the primary stage in initiating a successful infection. Modification of different
abiotic and biotic environmental conditions influences miracidia behavior [3, 8].

2. Environmental factors

Environmental condition change will lead to both direct (i.e.; physiological)
and indirect (i.e.; interspecific interactions) influences on parasite transmission,
some of which man increases disease while others will reduce infection [5]. In the
transmission of digeneans, eggs and the free-living larvae that hatch from eggs,
known as miracidia, play a crucial role. The eggs and miracidia are exposed to the
environment, whether it is the host or the watery external habitat. To establish
a suitable molluscan host, transmission stages must be able to detect a suitable
molluscan host and ensure larval survival and infectivity. Actively infecting
miracidia develop from eggs in the environment and swim actively to locate and
penetrate the molluscan host (e.g., Fasciolidae, Echinostomatidae, Philophthalmidae,
Schistosomatidae), whereas passively infecting miracidia hatch in the intestine of
a suitable mollusk host (e.g., Plagiorchiida, Hemiuroidea, Brachylaimoidea) [9].
Miracidia hatch quickly upon adequate stimuli if eggs are fully embryonated
(intrauterine development within adult parasite), or after a maturation period in
the external environment if eggs are not fully embryonated (intrauterine develop-
ment within adult parasite) [10].

The attachment to the freshwater snail surface and passage into tissue is thought
to be the two steps of miracidium penetration into the host. This procedure is aided
by the terebratorium, whose muscles aid penetration into the snail, and is likely
accomplished in tandem with the histolytic secretion of the miracidia glands. Once
located in the intermediate freshwater snail host, the miracidium has to be capable
to penetrate the tissue [10].

Variations in environmental factors or physiological status could potentially
account for some of the differences in infectivity in freshwater snail infectivity.
Water quality and composition were shown to have a significant impact on snail
infectivity [11]. Environmental factors both abiotic and biotic factors were the
major determinant factor for snail infectivity [12].
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The successful transmission of the infective stage of the parasite (miracidia)
depends on different factors. These free-living stages miracidia rely on their own
stored energy and are directly exposed to environmental factors including distur-
bance resulting from pollution and human activities. Among different environmen-
tal factors: temperature, pH, salinity, biological oxygen demand, dissolved oxygen,
rainfall, hardness of water, predators and competitors are the most important
determinants for snail infectivity [13].

2.1 Abiotic environmental factors
2.1.1 Temperature

Environmental factors frequently influence the outcomes of host-parasite
interactions and, as a result, disease dynamics [14, 15]. Particularly as ambient
temperature has a significant impact on these dynamics [16, 17]. Understanding
such effects is becoming increasingly relevant as a result of anthropogenic climate
change, as climate change leads to an increase in average air temperature and
more frequent occurrence of extreme weather events, such as summer heatwaves
[18, 19]. High temperatures are thought to affect host-parasite interactions by
lowering host resistance to infections as a result of a poor immunological func-
tion [20, 21]. This is because the immune system is commonly thought to be the
primary physiological barrier against parasites [22]. It can be difficult to predict
the effects of temperature on host—parasite interactions based just on the infor-
mation of host immune defense. This is because parasite infection methods, as
well as host traits other than immune function, can play a role in how interactions
turn out [23]. Temperature, for example, can have a direct impact on parasite
infective stages (e.g., survival I, movement), altering infection success [7, 24].
Furthermore, temperature influences the metabolism of ectothermic species and
may alter their physiological characteristics [25].

In the two experimental laboratory setup, freshwater snails kept at 25°C had
higher parasite infection success than snails kept at 15°C over the long term. In
the short-term treatment, maintaining a temperature of 25°C prior to parasite
contact resulted in fewer infections than maintaining a temperature of 15°C. The
experimental snails were assigned randomly in to one of the two temperature (15°C
and 25°C) [23]. The other study also shows when the average temperature was
30.5°C, the average relative humidity was 73 percent, rainfall was 145.7 mm, and
pan evaporation was 4.0 mm, the highest infection occurred. The infection of snails
and meteorological parameters (temperature, relative humidity, and rainfall) were
found to have a positive relationship [26].

At low and high temperatures, the rate of infectivity drop is the fastest. Elevated
temperatures had a deleterious impact on hatching success and infection rates, cor-
roborating our results of morphological degradation and motility patterns (Figure1).
Because the lower hatching and infection rates associated with higher temperatures
suggest that temperature has a direct impact on trematode biological integrity during
its “free-living” stages, and ultimately transmission success, independent of tempera-
ture-mediated snail susceptibility [27].

While higher temperatures were linked to higher infection rates, these findings
reflect the influence of temperature on ectothermic snails, including their feeding
behavior, rather than the long-term effects of temperature on parasite physiology.
Environmental conditions alter miracidia and their snail hosts, creating complexity
through nonlinear temperature-dependent processes and time-dependent meta-
bolic trade-offs that favor particular and restricted transmission windows. This
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Figure 1.

Proportion of motile miracidia over time and across temperatures [27].

experiment is done in randomly distributed snails in five replication per tempera-
ture treatment (Figure 2) [27].

Although comparative investigations of different species have so far been limited
to cercariae, trematodes in particular appear to have a complicated and variable
relationship with temperature [28, 29]. High snail infection was obtained in the
temperature ranges between 22.16°C to 24.66°C. Temperature is one of the most
important parameters for snail and trematode larval growth [30], hence these
temperature ranges are ideal for trematode larva infection in host snails [5].

With respect to different larval stages (sporocyst, redia, and cercaria) of the
trematode in freshwater snail host, direct involvement of metabolic energy usage
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Figure 2.
Proportion of snails infected over time and across temperatures [27].
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(i.e., oxygen consumption rate), as well as abiotic environmental parameters such
as temperature, pH, oxygen, and free carbon dioxide, is required [5].

Because of its impact on the parasite and its host, the effect of temperature on
vector-borne diseases such as schistosomiasis is well-known. Snail hosts’ ability to
survive and reproduce is temperature sensitive and varies between species [31]. The
temperature has an effect on parasite viability, as evidenced by the reduced infectiv-
ity of cercariae emerging from sporocysts in snails kept at temperatures of 23-25°C.
As the snail maintenance temperatures are dropped, the pre-patent period tends to
be lengthened [32].

Temperature is one of the most important environmental elements govern-
ing miracidia life span, and it can have a big impact on transmission viability.

It has a direct impact on activity, with larger amounts of movement occurring
when the temperature rises. Understanding the thermal biology of trematodes
is crucial for predicting parasite population dynamics in the face of climate
change. The effects of the climate on both hosts and parasites can alter the
extent and intensity of parasitism, with the temperature being a particularly
important role [7, 33].

2.1.2 Rainfall

The impact of rainfall patterns on the density of intermediate snail populations
and infection rates, stressing how the presence and seasonal vigor of breeding sites
and foci dictate the periodicity of schistosomiasis transmission in a specific area.
Snail infection rates were high until the dry season began when population density
began to fall. The initial captures following rains delivered adult snails that were
already infected, demonstrating that they may maintain S. mansoni infection during
aestivation and are capable of shedding cercariae and transmitting the disease as
long as weather conditions permit life in the breeding site [34].

According to the studies, there is no infected freshwater snails found between
November 2013 and March 2014 except December; but staring in April, infected
snails were found coinciding with the rainy season (Figure 3) [35].

2.1.3 Salinity and pH

High electrical conductivity and chloride in water bodies indicated that the
total dissolved salts in the water were high [36]. The vulnerability of miracidium
to salinity is of course strongly related to whether a parasite inhabits a freshwa-
ter habitat. The miracidium can withstand slight salt concentrations without
affecting their survival [13]. The freshwater that has high salinity may lead to a
reduction of miracidium infectivity, subsequently, it results in low infection in
snails [37].

Regarding the pH, it had a negative association with freshwater snail infection.
The more hydrogen ion concentration in the aquatic habitat could have an effect on
the maturation and physiology of the first free-swimming stage (miracidia), lead-
ing to impaired survival and reduced infectivity [5, 13].

The study shows freshwater snails and the parasites are well-adapted to high-
salinity and alkaline coastal habitats (Figures 4 and 5) [34]. The trematode life
cycle, including embryonic development, is influenced by environmental condi-
tions like pH. The impact of pH on trematode larvae hatchability in aquatic settings
is important. Environmental factors influence distinct stages of parasitic fluke life
cycles and, as a result, their epidemiology [38, 39].

Different researchers have found that the maximum hatching rate of mira-
cidia occurs at a neutral pH level [38]. Ata pH of 5-10, the hatchability of eggs is
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Relationship between snail infection and pH [34].

decreased. The proliferation of miracidia in trematode eggs was impacted by pH

variations. Subsequently, it minimizes the infection rate of intermediate snail hosts.

Several studies have demonstrated that higher and lower pH levels affect the time it

takes for trematodes to hatch and the number of sterile eggs they produce. [38, 39].
The influence of water pH on the toxicity of heavy metals can have an indirect

impact on the life cycle and multiplication of parasitic trematodes [40]. pH has

an impact on the life cycle of trematodes as well as their intermediate hosts, such

as snails, from an epidemiological perspective. Freshwater snail distribution is

influenced by water quality, notably pH [41]. The pH range of 7.2-7.5 is ideal for

snail activity and population propagation [42]. Snails living in freshwater may be
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Relationship between snail infection and salinity [34].

killed by low pH levels. This reduces freshwater snail abundance and subsequently
results in low snail infection. This is due to the high abundance of freshwater snails
that could promote cercaria transmission as the access distance for the miracidia is
reduced as a result more snails get infected, which could be because why the area
with lowest freshwater snails abundance had the lowest infection in snail [37]. The
alkaline pH of about eight is ideal for the multiplication of freshwater snails [41].

2.1.4 Dissolved oxygen and BODs

The BODS5 had a positive relationship with the freshwater snail infection.
These might be due to the presence of organic pollution which increases BOD5
and subsequently increases the infection of freshwater snails. Whereas dissolved
oxygen concentration had a negative relationship with snail infectivity. The low dis-
solved oxygen was an indication of the presence of organic pollution in the aquatic
environment [43]. This organic pollution is beneficial and expands the habitat of
freshwater snail hosts and subsequently, more snails might be present. And also, it
might have a trematode egg in the waste. With the high availability of freshwater
snail hosts and trematode eggs, the probability of a miracidium searching and
infecting a snail is higher. As a result, the cercarial infection in the freshwater snail
host could be increased [44].

2.1.5 Havrdness of water

Freshwater snails need calcium for shell hardening, egg production and are
unable to get it in the water with less than 2 mg/1 calcium. The ratio of calcium to
magnesium is significant for calcium uptake by the snails. The freshwater snail that
lives in the water with a low concentration of calcium was highly infected than in
high concentration calcium [45].
2.2 Biotic environmental factors

2.2.1 Predators

The prevalence of freshwater snail infection is also affected by biological factors.
The predators including Belostomatidae, Naucoridae, Nepidae, Gomphidae, and
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Gyrinidae were prey on the freshwater snail and consume trematode larva miracidia
[46, 47]. As aresult, the prevalence of freshwater snail infection with trematode
might be reduced. And also, the snail infectivity might be indirectly influenced

by competitors like Thiaridae, Physidae, and Lymnaeidae [46, 48]. This results in
an abundance of infected snails were decreased in the presence of predators and
competitors [49].

Furthermore, biotic factors such as toxins produced by hosts, non-hosts,
predators, or decoy organisms may act in concert with abiotic factors to expose
free-living endohelminth stages to a diverse range of hazards on their way to the
next host, further modulating transmission dynamics and infection patterns in a
host population [27, 50].

The functioning of aquatic relationships is influenced by predatory and
competitive forces. Predators often cause trophic cascades in which resource
dynamics and energy balances in the environment are affected [51]. Such trophic
cascades could be detected in Zambia [52] and Malawi [53] as a general reduction
in aquatic biodiversity due to strong fishing pressure. Overfishing has reduced
the predation pressure on snails, and fish mortality from metals, pesticides, and
other chemical pollutants has reduced the top-down regulation of trophic inter-
actions [32]. These all conditions reduce the abundance of snails in the aquatic
environment and subsequently results in low snail infection. This is due to the
high abundance of freshwater snails that could promote cercaria transmission as
the access distance for the miracidia is reduced as a result more snails get infected,
which could be because why the area with the lowest freshwater snails abundance
had a low infection in snail [37].

2.2.2 Competitors

The non-host snail had the most significant influence on miracidia, causing
them to enhance their host-finding behavior and penetration attempts. They
discovered that failed penetration attempts resulted in severe mage and tiredness,
making infecting the host snail more difficult. In addition, failed attempts caused
them to shed penetration glands, making infection more difficult. When the media
was infected with sew, the rate of miracidial infection in host snails decreased. This
could be because of the fact that the sew contained a harmful material discharged
by the none host snails, triggering a host snails regulatory response [3].

Snail introductions produce comparable outcomes, as they can infest wide
regions of new suitable habitat and establish dominance. These have both bad and
positive consequences since they cause economic damage and disruption to the
biodiversity of the area in question, as well as positive results as a result of their
competitive and predatory behaviors against hosts of dangerous parasites like
schistosomes [32, 54].

2.3 Habitat conditions

Some habitat conditions like silt, organic, chlorophyll-a, canopy cover, ripar-
ian vegetation and freshwater snail abundance have an association with snail
infectivity. These factors may be contributing to the development of the hotspot
include the vulnerability of snails to infection, probability of interaction with
viable trematode eggs, and suitability of snail habitat [55]. This study shows the
habitat with silt, organic, shadow, and muddy grass-grown highly favored by the
snails and the majority of infected snails were found in silt substrates, and greater
than 50% riparian vegetation. The high abundance of snails that could promote
cercaria transmission as the access distance for the miracidia is reduced as a result
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more snails get infected, which could be because of why the site with lowest snail
abundance had a low infection in snail [37].

3. Snail borne diseases

There are different intermediate host snail species in the world freshwater bod-
ies which cause snail borne parasitic diseases like schistosomiasis, paragonimiasis,
fascioliasis, fasciolopsiasis, angiostrongyliasis, clonorchiasis, and opisthorchiasis.
These diseases are the most important parasitic disease which remains crucial to
public health issues worldwide, mainly in developing countries. Millions of people
in 90 countries have suffered from snail borne disease, in which snails are inter-
mediate hosts and transmitting vectors. These diseases also resulting in extensive
socioeconomic burdens in many tropical and sub-tropical countries [1].

Specifically, human schistosomiasis is one of the most prevalent parasitic infec-
tions in the world and found in 52 countries. A report from WHO indicated that
219.9 million people worldwide are estimated to be affected by schistosomiasis, of
which it is estimated that at least 90.4% of those requiring treatment for schistoso-
miasis live in Africa. This disease caused a loss of 2.5 million disability-adjusted life
years (DALYs) [6]. It is the second most widespread parasitic disease after malaria
and killing an estimated 300,000 people each year in the African region alone and
163 million population need treatment in sub-Saharan Africa [56, 57].

Schistosomiasis is caused by six species of trematodes from the genus Schistosoma:
Schistosoma mansoni, S. haematobium, S. japonicum, S. intercalatum, S. guineensis and
S. mekongi. The predominant causes of disease are S. mansoni and S. haematobium in
tropical and subtropical regions, particularly in sub-Saharan Africa [6]. Schistosoma
mansoni and S. haematobium trematodes are transmitted by two primary snail spe-
cies of the genus Biomphalaria and Bulinus respectively, which are widely distributed
throughout African countries [58].

Environmental and endogenous variables influence the development of
Schistosoma mansoni’s life cycle in its intermediate host [58]. Mollusk infections
occur in freshwater bodies contaminated by schistosome-infected people’s feces.
The existence of the Biomphalaria mollusk, as well as lack of or inadequate sani-
tation, human cultural habits, and the parasite’ life cycle, all contribute to the
parasite’s persistence and, as a result, the disease’s geographic spread [59-61].

The complete spectrum of direct and indirect effects on host and parasite life
histories determines the impact of abiotic environmental factors on infectious
disease dynamics. Importantly, these effects will go beyond a simple shift in host
or parasite geographic distribution to involve a considerable modification in the
physiological and temporal interaction between host and parasites, thereby altering
disease dynamics in natural populations [62].

4. Conclusion

Environmental changes along the borders of water bodies aimed at diminishing
snail habitats are one method of snail control. In both snail and parasite interven-
tion during control operations, knowledge of the environmental factors in snail
infectivity in endemic areas is vital. It will be feasible to take efforts toward prevent-
ing and regulating the harmful impacts of parasitic trematode outbreaks by know-
ing the ecological drivers of their infection, growth and propagation. As a result,
it may cause overt harm to humans and livestock, as well as economic losses in the
future. In man-made systems, where the design phase includes proper technical
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activities, environmental change may be optimal. Control techniques must be
tailored to the ecology of the host snails as well as the social characteristics of the
affected group, and executed on an individual basis.
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Chapter 5

Recent Trends in Freshwater Pearl
Farming in India

Shailesh Saurabh, Sweta Pradhan and Sonal Suman

Abstract

Cultured pearls have an important place in international trade. The Vedas, the
Bible, and the Koran all mentioned pearls, and they are regarded as one of the
highest honours. Pearls are generated in nature when an irritant, such as a sand
grain or a parasite, is swept into the pearl molluscs and lodged within it, where it is
coated with micro-layers of nacre, a lustrous substance made up of 80-90 per cent
aragonite crystals of CaCO;. The ICAR-Central Institute of Freshwater Aquaculture
(CIFA), Kausalyaganga, Bhubaneswar, India, has created a base technology for
cultivating pearls in freshwater habitats, recognising the scope and value of fresh-
water pearl production. Indian pond mussel, Lamellidens marginalis is the major
species used in freshwater pearl aquaculture. In addition, ICAR-CIFA has pioneered
a novel feature of freshwater pearl farming. The Institute has also taken the lead
in disseminating freshwater pearl culture technology to the country’s fish farming
communities, entrepreneurs, researchers, and students to build a sustainable model
for the country’s socio-economic development. In this chapter, we will briefly cover
pearls and their types, their historical significance, the spread of pearl mussels
of freshwater origin in various countries, pearl biomineralisation, pear] farming
techniques, and factors affecting pearl quality, among other things.

Keywords: cultured pearl, Lamellidens marginalis, CIFA, mussels, farming

1. Introduction

The “Queen of Gems,” pearl, has a long history of cultural significance and great
commercial demand, making it one of the most profitable aquaculture ventures
in countries with extensive bivalve resources. Pear]l harvesting was once restricted
to wild aquatic resources, but with the innovation and standardisation of pearl
producing processes, it has become a profitable aquaculture practice. The stimula-
tion of a defence mechanism, where some kind of irritant prompts the bivalves
to exude the glossy nacre, which coats the irritant by progressively evolving into
layers to create the pearl, is the essential biology responsible for the production of
pearly gems [1]. The pearl production process and cultured pearls are driven by this
defence event, which is replicated in captivity. However, the ability to make the gem
is not found in all molluscan bivalves; rather, only those species with a nacreous
layer beneath their shell may make pearls [2].

Commercial pearl] production is currently taking place in a number of nations
throughout the world, including China, Japan, Australia, Indonesia, French
Polynesia, Cook Islands, Philippines, India, Sri Lanka, Bangladesh, Myanmar,
Thailand, Malaysia, and Mexico [3, 4]. China and Japan are the main producers of
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freshwater and marine pearls, respectively, whereas China is the world’s biggest
producer of pearls, including both marine and freshwater pearls, with 3540 tonnes
produced, accounting for 98% of global pearl production [2]. According to the
recent FAO (2020) data, freshwater pearl production is continuing to decline, both in
terms of volume and value [5], as seen in Figures 1 and 2. It’s difficult to answer the
question of what can be causing the drop in freshwater pearl output year after year.
However, a number of causes, including urbanisation, pollution, climate change,
longer pearl production cycles, habitat degradation, sedimentation, a scarcity of
qualified manpower, pesticide issues, and the lack of implantation kits, may be to
blame for the fall in freshwater pearl output. It is imperative that actions be taken
by fisheries departments, policymakers, planners, research organisations, financing
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Figure 1.

Global freshwater pearl production in terms of quantity (2009-2018; FAO 2020). X-axis: The annual year of
pearl production; Y axis: Freshwater pearl production in tonnes.
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Figure 2.
Total output value of freshwater pearl production (2009—2018; FAO 2020). X-axis: The annual year of pearl
production; Y-axis: Value of pearl production.
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agencies, export agencies, and others to increase freshwater production output,

which will aid in the long-term development of the pearl business. In the marine
sector, the pearls from the oyster species Pinctada maxima followed by Pinctada

margaritifera dominate the pearl industry [2].

ICAR-CIFA is instrumental in recognising the importance of freshwater pearl
culture in India and creating standardised culture technologies for pearl produc-
tion in freshwater systems. Collection of mussels, pre-operative care, preparation
and implantation of nucleus, post-operative care, culture, and harvest are the six
essential phases in the creation of cultured pearls. Of these processes, the precise
implantation of nucleus is the most crucial. In comparison to other aquaculture
species, pearl cultivation necessitates patience and skill.

2. What is a pearl?

A pearl is a gemstone that is generated by living organisms and is the only one
of its kind. Bivalves create pearls as a result of an immunological reaction caused
by a foreign particle introduced into their body. The gem is made up of 82-86% of
aragonite crystals of calcium carbonate and organic proteins, which form the pearl’s
matrix, where calcium crystallises [6, 7]. One of the most prevalent proteins identi-
fied in pearls is conchiolin. It resembles mother of pearl, the inner nacreous lustrous

layer of the shell.

3. Historical development of pearl farming

The English word pearl is derived from the Latin word pirula which means pear.
The name comes from the fact that pearls are frequently pear-shaped. Since the
dawn of time, people have been fascinated by pearls. Pearls were given the term
“mukta” in classical Sanskrit, which means “purity” or “escape,” alluding to the spirit
of the mollusc’ desire to escape and solidify as a pearl. Back in the days, procure-
ment of the pearls was done by collecting them from the wild. The creation of these
structures in the oyster has long been a source of speculation among ancient philoso-
phers and naturalists. The Rig Veda, the oldest of the Indian Vedas, mentions pearls.
Pearl presents are mentioned in Chinese literature dating back to 2200 B.C. Pearls
are mentioned in the Indian epics Ramayana and Mahabharata. In Hindu literature,
the fabled origin of pearls is linked to Krishna, the eighth avatar of Vishnu, the
most significant Hindu divinity. On Pandaia’s wedding day, Krishna retrieved pearls
from the depths of the sea to adorn her and Indian brides still wear pearls on their
wedding days today [8]. According to another narrative, the pearl was a prize for
Krishna’s victory over the monster Pankagna, and he used it to ornament his bride.

In ancient China, it was believed that pearls originated in the brain of the fabled
dragon. They were regularly delivered as tributes to emperors by foreign princes and
found sparkling in the centre of representations of Gods [8]. Throughout Hebrew lit-
erature, the Bible, and the Koran, pearls are mentioned in awe-inspiring terms. King
Vijaya, who invaded Sri Lanka in the 6th century B.C., is reported to have lavished
pearl offerings to his father-in-law, the Pandyan King of Madurai. Megasthenes, the
Greek Ambassador at Chandragupta Maurya’s court in the 3rd century B.C., and later
travellers like Marco Polo (1260-1300 A.D.) and others have left illustrious records
of India’s and Sri Lanka’s pearl fishery. The Persian Gulf, the Red Sea, and the Gulf
of Mannar’s pear]l bank have all been recognised as producing Oriental pearls. For at
least three thousand years, oyster pearl fishing has been documented in the Gulf of
Mannar [9]. Pearls reached its zenith in the Roman Empire [10].
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In the 12th century A.D., the Chinese found a feasible method for producing
pearly Buddha images from the cockscomb pearl mussel, Cristaria plicata. There
were attempts to make pearls by hand all over the world outside of China. In 1761,
Carl von Linnaeus, a Swedish biologist, claimed to have developed a method for
producing pearls artificially in freshwater mussels [10]. The Japanese solved the
mystery by creating blister pearls from the pearl oyster in 1893 and free spherical
pearls from the pearl oyster in 1907. Tokichi Nishikawa and TatsuheiMise brought
this perliculture technology to Japan after it was created by British biologist William
Saville-Kent in Australia. In 1916, Nishikawa acquired the patent and married
Mikimoto’s daughter. Later, in Japan, Kokichi Mikimoto, who is regarded as the
pioneer of modern pearl cultivation techniques in the nineteenth century, began
commercial pearl manufacturing [2], which paved a path towards the present day
culture technologies. To distinguish the Japanese pearls from the “natural pear]”
produced by wild oysters/mussels, the term “cultured pearl” was coined. Marine
pearl farming began in India in the early 1970s, while freshwater pearl culture began
in 1989. The marine pearl culture technique was introduced by the ICAR-Central
Marine Fisheries Research Institute, whereas the freshwater pearl culture technol-
ogy was developed by the ICAR-Central Institute of Freshwater Aquaculture.
Farmers have expressed a strong desire to participate in the program offered by the
ICAR research institute. From 2012 to 2020, more than 2000 entrepreneurs were
trained on various elements of freshwater pearl farming through a total of 21 train-
ing programmes. A large number of stakeholders have adopted this technology at
their backyard as a result of these. Furthermore, a user-friendly manual in various
Indian languages has been created to meet the needs of various kinds of aspirants
and to reach out to more farmers. Moreover, with the collaboration of ICAR-CIFA
scientists, DD Kissan Delhi Doordharsan National Channel, New Delhi produced
a documentary film on ‘Moti Ke Kheti}, which has been highly welcomed by many
sections of the Indian population. Later on, DD Kissan released a documentary
film on YouTube in order to make freshwater pearl technology accessible to a larger
number of people throughout the world.

4. Distribution of freshwater pearl mussels

As per the studies conducted world-wide, the first appearance of pearl produc-
ing molluscs precedes to 530 million years [11] with 10,000 species of bivalve
reported from across the planet [12]. China harbours more than 100 species
of freshwater mussel out of which 10 species belonging to the Unionidae and
Margaritiferidae family are being utilised for commercial production of pearls. Few
of them include Hyriopis cumingii, C. plicata, Lamprotula leai, Lamprotula rochech-
ouarti and Margaritiana dahurica. The freshwater pear] market of China is occupied
by the pearls obtained from H. cumingii followed by C. plicata as they offer the ease
of operation along with better quality pearls [2]. The freshwater pearl industry of
Japan is dominated by Hyriopis schlegelii and Margaritiana dahurica [2]. The species
H. schlegelii has strong ability to secrete nacre. Another freshwater mussel species
native to North America, Potamilus alatus, has the ability to produce high quality
black pearls [2]. Due to over-exploitation of European pearl mussel Margaritifera
margaritifera in search of pearl the species now comes under endangered category
and lots of projects are running to revive the natural population of this important
species. The distribution of different freshwater pearl mussel is compiled and
presented in Table 1.

India is a home to around 3270 molluscan species and 1100 out of them are
bivalves [62] The marine bivalves count reaches up to 625 species, 88 of which are
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Country/Place Species References
Bangladesh Lamellidens marginalis [13-15]
Lamellidens corvianus [14]
Lamellidens jenkinsianus
Lamellidens phenchooganjensis
Parreysia corrugata
Parreysia favidens
Parreysia daccaensis [16]
China Cristaria plicata [17]
Hyriopsis cumingii [18,19]
Lamprotula tortuosa [20]
Lamprotula leai [21]
Lamprotula rochechouarti [21]
Lanceolaria glayana [22]
Hyriopsis schlegelii [23]
Czech Republic Margaritifera margaritifera [24]
Europe Margaritifera auricularia [25]
Margaritifera margaritifera [26]
Finland Margaritifera margaritifera [27]
France Margaritifera margaritifera [28]
Germany Margaritifera margaritifera [29]
India Lamellidens marginalis [30]
Lamellidens corrianus
Parreysia corrugata
Indonesia Anodonta woodiana [31]
Ireland Margaritifera margaritifera [32]
Margaritifera durrovensis
Japan Hyriopsis schlegelii [33]
Margaritifera laevis [34]
Margaritifera togakushiensis
Cristaria plicata [35]
Margaritiana dahurica 2]
Malaysia Hyriopsis bialata [36]
Mexico Psoronaias crocodilurum [37]
Potamilus alata
Morocco Margaritifera marocana [38]
Nepal Lamellidens marginalis [39]
North America Quadrula sp. [40]
Norway Margaritifera maygaritifera [41]
Philippines Cristaria plicata [42]
Poland Margaritifera margaritifera [43]
Portugal Margaritifera margaritifera [44]
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Country/Place Species References
Russia Margaritifera margaritifera [45]
Margaritifera dahurica [46]
Margaritifera middendorfii
Margaritifera laevis
Cristaria plicata [47]
Scotland Margaritifera margaritifera [48]
South Korea Cristaria plicata [49]
Spain Margaritifera auricularia [50]
Sweden Margaritifera margaritifera [51]
Taiwan Anodonta woodiana [31]
Thailand Hyriopsis (Limnoscapha) myersiana [52, 53]
Hyriopsis desowitzi [52]
Chamberlainia hainesiana [52]
Hyriopsis bialatus (54]
Cristaria plicata [55]
Turkey Unio terminalis [56]
Potamida litoralis
Leguminaia wheatleyi
Anodonta pseudodopsis
USA Quadrula ebena [57, 58]
Quadrula undulate
Unio sp.
Pleurobema oesopus
Tritogonia verrucosa
Margaritifera margaritifera
Vietnam Sinohyriopsis cumingii [59, 60]
Cristaria bialata [61]
Sinanodonta elliptica
Sinanodonta woodiana
Lamprotula leai
Table 1.

Distribution of freshwater pearl mussels in different countries.

endemic [63]. As far as the freshwater mussel species are concerned, around 52
species have been reported from Indian waters including stagnant to slow flowing
water bodies [64]. Nevertheless, large scale production of pearls is being carried
with three species categorised under the Unionidae family i.e. L. marginalis, L. cor-
rianus and Parreysia corrugata [30, 65].

5. Biomineralisation of pearls

Biomineralisation is a common occurrence in a variety of species [66]. A pearl
is a well-known organo-mineral composite product of biomineralisation that is
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composed of more than 95% calcium carbonate (CaCOj;) and less than 5% organic
molecules [6, 67, 68]. The process by virtue of which the pearl develops in mussel/
oyster is otherwise termed as biomineralisation and the outer epithelium of the
mantle plays an important part in pearl biomineralisation. It is formed when an
external stimulus like a foreign body or a parasite is fortuitously trapped in the
bivalve followed by biomineralisation around the non-native particle via the deposi-
tion of pearl nacre in micro-layers. Nevertheless, this phenomenon is restricted to
those bivalve species whose interior surface of the shell carries the nacreous layer.
The peculiarity of pear] formation being restricted to certain species of bivalves can
also be supported by the fact that a prominent resemblance in the CaCO; and matrix
protein component lies between the pearl and nacreous layer of the organism’ shell.

Biomineralisation is attributed to a complex physiological process wherein
various matrix proteins and calcium metabolism regulatory proteins secreted
from the mantle epithelium act together to form the lustrous product that is
preceded by the formation of the pearl sac around the foreign particle by the pro-
liferation of the outer epithelium of the mantle [6, 7, 69-71]. The matrix proteins
contribute to the pearl formation process in forming a biomineral framework and
simultaneously regulating the nucleation as well as the growth of calcium carbon-
ate crystals [6, 7]. Microstructure analysis of pearls reveals that the crystallising
layers of the pearl include three polymorphs of CaCO; that include aragonite,
calcite and vaterite, which also govern the quality of pearls [6]. The mantle shell
of molluscan species consists of three layers, the outer periostracum, middle
prismatic and the inner nacreous layer [7, 72, 73]. The periostracum, a layer of
strongly cross-linked proteins that covers the shell’s external surface, is produced
by the mantle [74]. Secretions from the edge region of the mantle (mantle edge)
form the prismatic layer while the inner part of the mantle (mantle core) makes
up the nacreous layer or “mother-of-pearl”, which is the most widely studied
structural motif. Studies on the crystal structures of molluscan shells reveal that
the prismatic and nacreous layer consists of calcite and aragonite, respectively
[67, 73] and this polymorph formation is regimented by the differences in the
mantle epithelium’ secreted protein [7, 67]. The third polymorph, vaterite is an
unstable and rarely occurring form of CaCO; that has been exclusively reported in
freshwater pearl mussel species [6, 75, 76].

6. Classification of pearls

Pearls can be broadly classified into 3 different types (Figure 3). They are as
follows-

6.1 Natural pearls

These pearls form naturally in the environment when mussels ingest a foreign
particle without the need for human involvement. Natural pearls have a small core
or nucleus with thicker crystalline pearl nacre. It has an uneven shape and is quite
small. Due to the margins of the overlaying aragonite crystals, the surface of natural
pearl has a rough texture.

6.2 Cultured pearls
It’s similar to the natural pearls formed in mussels, except instead of an organism

accidentally absorbing a foreign particle, a nucleus and a mantle graft are surgi-
cally implanted into the mussel. It is possible to create pearls of desired size, shape,
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colour, and lustre using the culture method of obtaining natural pearls. They come
in a variety of shapes and sizes, including round, half-round, and designer pearls,
(Figure 4) depending on the nucleus utilised.

6.3 Artificial or imitation pearls

Artificial pearls are made by covering a hard, spherical core or base with pearl-
like materials to substitute natural or cultured pearls. From low-cost gleaming
paints to synthetic pearl essences derived from fish scales, the coating can indicate a
difference. Artificial pearls, unlike natural or cultured pearls, have a smooth surface
texture and leave a scratch on the surface when rubbed against a sharp object figure
depicts the 3 types of pearls and not artifical pearl, only.

Synthetic paint ———— Nacre deposit

Core bead Nucleus

Artificial pear Cultured pearl

Nacre deposit
Foreign body/
irritant

Natural pearl

Figure 3.
Graphics depicting distinct types of freshwater pearls.

Figure 4.
Production of designer pearl in L. marginalis.
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7. Freshwater pearl farming technology

Freshwater pearl farming procedures vary depending on the surgery performed
on the pearl mussel’s internal anatomy and the type of ideal pearl result. Cultured
pearl production involves six basic steps: mussel collection, pre-operative con-
ditioning, nucleus preparation and surgical insertion, post-operative care, pond
culture of implanted mussels, and harvest. To avoid graft and mantle rejection
and minimise the post-operative mortality rate, implantation can be done at any
time of year, with the exception of May-June (summer season). The different steps
involved in pearl farming are given below:

7.1 Collection of mussels

The study was conducted at ICAR-CIFA, Kausalyaganga farm, Bhubaneswar,
Odisha, India (Lat. 20° 11" 06”-20° 11’ 45”N; Long.85° 50'52”-85° 51'35”E). Mussels
are hand-picked and harvested by competent employees from culture pond, ideally
early in the morning. The mussels are harvested and stored in water for short distance
travels to avoid stress during transportation. While collecting mussels, the mussel size
requirement is the most significant consideration. It has been proven that pearl mus-
sels with a shell length of 8-12 cm and a weight of 35 g or more can produce pearls.

7.2 Pre-operative conditioning

Pre-operative conditioning allows appropriate relaxation of the adductor
muscles and keeps the animal’s metabolic rate low to get the best possible result
throughout the surgical implantation process. Prior to surgery, pearl mussels are
subjected to pre-operative conditioning for 24 to 48 hours after being collected
from cultured ponds. The mussel was stocked in 200 litre FRP tanks at 60 mussels
per tank during acclimation. The experimental tank was filled with filtered pond
water. Green water should be offered to them as a source of nutrients. During the
study, the following physico-chemical water quality parameters were measured: dis-
solved oxygen 5.6 to 6.5 mg 1"; pH 7.5 to 7.6; nitrites 0.020 to 0.030 mg 1"'; ammonia
0.05 to 0.08 mg 1" and temperature 27 to 29°C. Further, 5% mortality of the mussel
was also observed during this period.

7.3 Preparation and surgical implantation of nuclei

It is the most crucial stage in the pearl-growing process. The cultivated pearl
design that will be used as the end result will define the type of nucleus to be
developed. Some of the nuclei that can be made are designer, half-round, and
round nuclei. The nucleus can be prepared using one of two methods. The first step
involves mixing acrylic powder with its solvent in a 1:1 ratio to make slurry that is
utilised to prepare all of the nucleus forms. The second method, on the other hand,
comprises a time-consuming technique that involves bleaching, powdering, and
sieving dead mussel shells to get a finely crushed shell powder. The shell powder is
then mixed with araldite glue to make dough, which is then cast on moulds to make
designer and half-round nuclei, or rolled on the palm to make circular nuclei. Prior
to either the acrylic powder-solvent slurry or the shell powder-araldite dough to the
moulds, make sure they are lubricated to make it easier to remove the nuclei from
the moulds.

The ultimate pearl to be generated determines the method of implantation to
be used. There are three different kinds of implantation procedures. The list is as
follows:
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7.3.1 Mantle cavity implantation

This is the easiest way of the three, requiring the least amount of skill and exper-
tise. The nucleus is implanted into the cavity between the outer mantle layer and the
mussel shell’s inner surface in this procedure. The outer mantle layer serves as the
source of nacre secretion; hence mantle graft is not employed in this procedure.

7.3.2 Mantle tissue implantation

The nucleus, together with the mantle graft, is implanted into pockets formed in
the recipient mussel’s mantle tissue on the posterior side, in both the left and right
lobes (Figure 5).

7.3.3 Gonadal implantation

A small incision is made in the recipient mussel’s gonad and the nucleus together
with a single mantle graft or sandwiched between two pieces of graft are then put
into the incision. Along with the round nucleus, a live graft of 2 to 3 mm is intro-
duced from the pallial mantle ribbon. Sometimes, infections can occur in the mus-
sel after the graft and nucleus have been implanted; these infections can be treated
with broad-spectrum antibiotics, which also assist to restore the immunological
status of the operated mussel.

The success rate of pearl generation in the mantle cavity and mantle tis-
sue implantation methods is 60-70 percent, but it is 25-30 percent in gonadal
implantations.

7.4 Post-operative care

The implanted mussels’ recuperation necessitates post-operative care, which is
a key phase in the production of freshwater pearls. In this step, 7-10 days post the
implantation the mussels are monitored closely. The shell valves are given enough
care to guarantee that they can open and close freely for respiration. The use of
a broad-spectrum antibiotic in the water in post-operative care units at a rate of
1-2 ppm is favourable to the survival and wound healing of the implanted mussels.
Mussels in post-operative care are given green algae grown in the lab. During post-
operative care, there is a risk of rejection of the implanted nucleus and graft, which
can be reduced by lowering stress in the post-operative care tanks by maintaining
water level, feeding, and aeration. It is vital to keep in mind that proper post-opera-
tive care reduces the likelihood of abnormal pearls by preventing nucleus extrusion
soon after implantation.

Figure 5.
Implantation of live graft pieces into the mantle of mussel.
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7.5 Culture in ponds

To prevent post-operative mussel mortality and nucleus bead rejection, fresh-
water mussel implantation is done all year in India, except during the extreme hot
months (May to June). Pearl culture operations can be carried out in traditional carp
culture ponds (2.5 m deep) with a clay-soil basis and somewhat alkaline waters. Ponds
free from aquatic macrophytes and algal blooms, such as Microcystis and Euglena, are
perfect for pearl culture. Bamboo poles are used as rafts in the ponds to hang the pearl
mussels that have been implanted at a stocking density of 50,000/ha. The mussels are
hanged in 1.5 mesh sized nylon bags of 30 cm x 13 cm @ 2 mussels per bag.

Pond management is crucial during the culture stage, especially in terms of natural
food production and water quality control via liming or fertilisation, as it affects the
quality and quantity of pearl production. The addition of green water (Chlorella sp.,
Chlorococcum sp., and Scenedesmus sp.) to the pearl culture ponds at regular intervals as
direct mussel feed has been revealed to be the most effective technique for maintain-
ing the pearl yielding mussel standing crop. The “open culture method” can be used
to cultivate green algae in ferro-cement tanks (200 litres) positioned along pond
dykes. Cow dung (10,000 kg/ha/yr), urea (100 kg/ha/yr), and single super phosphate
(100 kg/ha/yr) are used to fertilise the water in the tanks in equal monthly instalments.
When the fertilisers degrade in 10 to 15 days and green water appears, the improved
water is placed into the pearl culture ponds. According to reports, freshwater mussels
feed on algae belonging to the Chlorophyceae (green algae), Bacillariophyceae (dia-
toms), and Cyanophyceae (blue green algae) families. Diatoms, green algae (Chlorella,
Chlovococcum, Scenedesmus, etc.) and blue-green algae (Spirulina) are the most usually
favoured algal species by the freshwater mussel L. marginalis. Mussels may ingest a
wide variety of particulate organic materials since they are mucoid filter feeders. A
routine health check-up of the cultured mussels should be done at biweekly intervals
because there is still a high risk of mortality of operated mussels due to internal inci-
sion, limited food availability, and parasitic infection. As a result, mussels in net bags
should be removed, inspected, and cleaned before being returned. Because the mus-
sels remain sedentary and static inside the enclosures, algal development can occur
as aresult of heavy nutrient loading, which should be avoided at all costs. The pond’s
physico-chemical parameters and water level are monitored during the culture period.
Temperatures between 25 and 30 degrees Celsius are optimal.

7.6 Harvest of pearls

Depending on the implantation method utilised, the size and quantity of nuclei
implanted, the health of the mussels, and the pond environment, pond culture of
operated mussels can take anywhere from a year to 18 months. Harvesting occurs at
the end of the culture period, where the mussels are checked and processed indi-
vidually in order to obtain the ultimate product, pearls. A biological system pro-
duces pearls through a natural process. Because pearls are created through a natural
process, they have a wide range of look and quality. After harvest, the pearls are
subjected to value addition through surface cleaning, bleaching and dyeing, or both
cleaning and bleaching, in order to maintain uniformity in colouring and quality,
which may improve their marketability.

8. Pearl quality, factors affecting and quality enhancement

The value of a pearl, like any other valuable gem, is decided by its quality, which
is decided by several qualities of the pearl such as shape, size, colour, lustre, and
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surface complexion [69, 77]. Given that a pearl is the result of a complex biologi-
cal phenomenon, diversity in pearls is unavoidable and is influenced by both the
genetic makeup of the individual and the impact of many environmental factors. It
can be deduced that genetics, environment, and genotype-by-environment interac-
tions influence the overall quality of pearls [78, 79]. Pearls are classified into three
varieties based on their appearance to the naked eye: nacreous pearls, prismatic
pearls, and organic pearls, with nacreous pearls being the most valuable [80].
Although controlling and regulating the quality of cultured pearls at the genetic
level is a time-consuming task that necessitates extensive research, changes in cul-
ture methods and environmental conditions can significantly improve pearl quality.
Pearl quality is also affected by other factors like the host and donor oysters [70], or
by exogenous physico-chemical and biological stressors [81]. Various factors that
can be regulated to enhance the pearl quality are listed below.

8.1 Host

Individual mussels selected for surgical nucleus implantation must be healthy
and of a suitable size.

8.2 Donor mussel and graft tissue preparation

The donor mussel used to get the graft tissue should have a well-developed and
healthy mantle and be of the desired size. The mantle graft should be carefully
selected, cleaned, cut, and trimmed, and the graft tissues should be kept in good
quality water with the proper level of chemicals while the surgical procedures are
being performed.

8.3 Implantation

The most important phase in the production of cultured pearls is nucleus
implantation. A successful implantation technique is defined, in addition to the
technician’s skills, by the identification of an appropriate location for nucleus and
graft insertion. More skill and patience are necessary to appropriately position and
orient the graft tissue in contact with the nucleus, as well as for several nucleus
implantations in a single individual.

8.4 Mussel convalescence

For the mussels to recover from the effects of narcotisation, they need regular
water changes or a gentle flow through. Furthermore, the mussels should be given
ample time to heal after the incision for nucleus implantation before being stocked
in culture ponds.

8.5 Tool maintenance

Before usage, surgical instruments should be sharp, rust-free, and thoroughly
sterilised.

8.6 Temperature
Temperature is known to influence the metabolic rate of every organism.

Although higher temperatures encourage mussel growth and nacre deposition, the
quality of the pearls produced suffers as a result.
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8.7 Quantity and quality of natural feed

The type and amount of plankton supplied to the mussels during the culture
stage is also a quality determining factor because quality and quantity of nacre
secretion of the organism depends on plankton composition.

8.8 Culture period

The mussels must be nurtured for the requisite period of time to develop the
proper thickness of nacre surrounding the nucleus, which contributes to the pearl’s
overall size, colour, and shine. The culture period might last anywhere from 12 to
18 months, depending on the type of nucleus used and implantation employed.

The raw pear] obtained from the implanted freshwater mussels are inapt be to
directly used as a jewel. The pearls are value added after harvesting in order to improve
quality and maintain consistency. They are subjected to a variety of procedures,
including cleaning, bleaching, dyeing, or both. For cleaning or bleaching, hydrogen
peroxide, ether solvents, water, and alcohol are used in varied amounts depending on
the need. Ultra sonication, for example, is a physical treatment process that removes
any clinging contaminants. Other chemicals, such as EDTA, sodium hypochlorite
(NaOCl), and calcium hypochlorite (bleaching powder), can help remove adherent
particles by chelating, oxidising, or bleaching them. Pearls have been demonstrated to
shine when treated with EDTA, NaOCl, chlorine, and hydrogen peroxide [82].

Studies have shown that the colour of cultured pearl can be enhanced using
radiation and chemical treatment. 48 h exposure to 5.423% 10> M rad of gamma
radiation, treatment in 1.2% eosin solution for 24 h, 20% iodine solution for 48 h
and 0.2% silver nitrate solution for 24 h result in distinct changes in the colour of
pearl from white to black, pink, yellow and metallic brown or black, respectively. It
was also observed that the coloration caused by gamma radiation and silver nitrate
was everlasting [82].

9. Identification of pearl

There are a few characteristics that can be used to establish the originality of a
pearl, and they are as follows:

9.11Irregularities

Minor irregularities in colour signify a pearl to be original in contrast to which
artificial pearls are large, symmetrical and perfectly matched in all possible way.

9.2 Examination of drill hole

You can detect if a pearl is natural or not by poking a small hole in it and looking
at it under a magnifying glass. The crystallisation layers of a real pearl can be seen
using a magnifying lens.

9.3 Tooth test

To identify between genuine and imitation pearls, gently rubbing the pearl
between the teeth is a frequent and fairly reliable test. A natural pearl’s surface hasa
gritty and sandy feel due to the unique architecture of the nacreous surface, but an
artificial pearl has a smooth texture and hence a smooth feel when rubbed on teeth.
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9.4 Lustre test

An artificial pearl’s lustre is limited to its surface, and scratching it against a
rough surface removes the shiny coating. A genuine pearl, on the other hand, is
formed by the subsequent deposition of nacre in layers, thus the lustrous nacre
layers run deep from the surface up to the nucleus, and scratching the pearl surface
is difficult due to the compactness of the calcium carbonate crystallisation.

9.5 Spectroscopy

Micro-infrared spectroscopy, Raman spectrometry, scanning electron micros-
copy and X-ray diffraction are all commonly employed to distinguish between
freshwater and saltwater cultured pearls [83].

10. Grading of pearls

Natural cultured pearls that are commercially accessible are graded according to
their quality [84], as shown below.

Grade Remarks

AAA Excellent lustre, no surface flaws, and good symmetry characterise the highest grade with
superb attributes

AA Good quality, good lustre, homogeneous coloration with a few surface defects

A Medium quality, good lustre, non-uniformity in colouration with some surface imperfections
and poor symmetry

B Good lustre with irregular surface and coloration, as well as a few surface flaws

NC No economic value, the shine is low, the nacre layer is weak, and serious flaws on the surface

11. Challenges in freshwater pearl culture

Despite the fact that pearl farming is a profitable business, there are a number of
challenges to overcome when cultivating the pearl. One of the most crucial aspects
is the mussel’s capacity to survive following implantation. Another challenge is
determining the right quality of the pearl after it has been obtained. In freshwater
mussels, standardisation of breeding technology needs an utmost priority, suc-
cessful breeding occurs in mussels; however mussel larvae survival is a serious
challenge. i.e., glochidia adhesion to the secondary host (fish) is problematic. The
mussel larval cycle requires a secondary host, such as a fish, to complete the life
cycle. The lack of competence in pearl culture technology is one of the primary
challenges. The sector’s development is further hampered by a lack of a proper
extension network to propagate existing culture technology.

12. Prospects of freshwater pearl culture in India

Farmers in developing countries like India have a limited grasp of modern aqua
farming procedures, including pearl farming, which should be followed in their
respective fields. Through research, teaching, and training, many people are work-
ing hard to transfer this critical technology of pearl farming to the needy. Many
farmers, entrepreneurs, and women who are interested in this subject have already
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received training in recent years. Freshwater pearl farms have been developed in
various states across the country, including Odisha, Maharashtra, Gujarat, West
Bengal, Bihar, Uttar Pradesh, Chhattisgarh, Kerala, and a few more that are still in
the early phases of development with the technical support of ICAR-CIFA. Larger
round pearls and designer pearls in various designs such as goddess Laxmi, Holy
Cross, Ganesha, and other beautiful shapes are currently in high demand in India.
Time has come to educate more people about pearl farming, as this aquaculture
technology is expected to generate a lot of employment and money. To produce
excellent pearls in a shorter period, new developments in freshwater pearl farming
should be introduced into farmer’s fields in the future.

13. Conclusion

The ICAR-Central Institute of Freshwater Aquaculture has made significant
progress in areas such as the identification of newer biocompatible nuclei, surgi-
cal implantation technique, mussel pre and post-operative care, graft and nucleus
rejection minimization, pond culture of implanted mussels, and pearl value
addition. Efforts are also being made to develop low-cost technologies for farmers
through the use of basic, readily available equipment in pearl cultivation. Glochidial
larvae culture iz vivo and in vitro has also been the bailiwick of recent research.
The technology of freshwater pearl culture is also being disseminated with a focus
on farmers, investors, state government officials, researchers, and students across
the country to enhance technical skills and popularise freshwater pearl culture
technology to new heights. However, the limited availability of skilled personnel for
precise implantation and a lack of effective marketing networks are the two most
significant barriers to successful pearl farming adoption. Commercialization of this
skilled technology necessitates a well-thought-out strategy at the regional and farm
levels, as well as entrepreneurial development and participation. To summarise,
freshwater pearl farming has a large economic, social, and environmental impact.
In the future, this pearl-growing method is expected to become one among the
most well-known components of India’s freshwater aquaculture.
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Chapter 6

Quaternary Marine Mollusk
Associations of the Last
Interglacials in North Patagonia
(Argentina): Paleoecology and
Paleoclimates

M.P. Charo

Abstract

Deposits of different Quaternary marine transgressions are largely exposed in
the Argentine north Patagonian littoral (39°15'S-41°02'S), south of the Buenos Aires
and north of Rio Negro provinces. The malacological associations of 84 sites were
studied. Among them, 31 belong to Pleistocene deposits of the interglacials > MIS 9,
MIS 7, MIS 5e, 29 to Holocene deposits of the interglacial MIS 1, and 24 sites of mod-
ern beaches. These sites yielded 7385 fossils among valves and shells, of 78 species
(42 bivalves and 36 gastropods), including 11 micromolluskan species. The record
of the bivalves Crassostrea rhizophorae in the south of the Buenos Aires Province,
and Anomalocardia brasiliana (both currently inhabiting lower latitudes), and very
likely the gastropod Tegula atra (inhabiting today the Pacific Ocean) in the north of
Rio Negro Province, suggests that interglacials MIS 7, MIS 5e and MIS 1 were warmer
than today. However, the associations determined for the studied interglacials have
not changed in their composition, but in abundance of species, except for the lati-
tudinal shifts of the three mentioned species, and the presence of cold to temperate
water taxa since the MIS 1 in the ecotonal area of the north of Rio Negro Province.
Changes in the associations of northern Patagonia during the Quaternary derived
from global changes (sea surface temperature, salinity, etc.), and the existence of
habitat heterogeneity in each of the areas, that enabled the co-existence of different
bivalve and gastropod species of the local benthic marine malacofauna.

Keywords: quaternary, mollusks, paleoenvironments, paleoecology, north Patagonia

1. Introduction
1.1 Quaternary in the world

The Quaternary is characterized worldwide by important climate oscillations,
with extremes represented by glacial and interglacial periods resulting from
temperature variations that caused marked changes in sea level (e.g., [1]). In coastal
areas, transgressive-regressive events have generated a sequence of erosion forms
(coastal terraces and paleocliffs) and beach deposits that, for different reasons, have
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been protected from degradation processes and are therefore an important testi-
mony of climate changes that have occurred in most recent geologic time [2].

1.2 Glacial and interglacial cycles

In 1941, Milankovitch developed a planetary theory that attributes Quaternary
glacial and interglacial cycles to modifications of orbital parameters such as eccen-
tricity (100 Ka), obliquity (41Ka), and precession of the equinoxes (19 Ka).

Since the beginning of the Pleistocene, climatic oscillations would have followed
periodic cycles of about 40 Ky that seem to conform the variation cycle of the earth
axis. The amplitude of the cycles tended to increase 1.5 My ago, and from 600 Ka
the glacial cycles have occurred at intervals of between 80 and 120 Ky (e.g., [3, 4]).
This duration of the recent cycles is similar to the period of variation of the eccen-
tricity of the earth orbit, of 100 Ky.

1.3 Marine isotopic stages (MIS)

The different glacial and interglacial events occurred during the Quaternary were
differentiated through the marine isotope stages (MIS). These MIS represent alternate
cold and warm periods established on the basis of 8180 of benthic foraminifers, obtained
from cores of the sea bottom [5]. Emialiani [6] divided the last million years in successive
isotopic stages on the basis of the §180/8160 relationship. Each isotopic stage represents a
glacial period (designated with an odd number) or interglacial (designated with an even
number), and reveal the advance and retreat of the ice during the last glaciations.

1.3.1 Interglacials in the world

Globally, the MIS 11 encompasses from 424 to 374 ka. It was a long warm period
that reached a global mean sea level of 6 to 13 m above the present one between 410
and 400 ka [2]. Some authors (e.g., [7-9]) consider the MIS 11 as an analogous of the
Holocene both in climatic conditions and orbital forcing. According to Ashton etal. [10]
the climatic conditions in marine isotopic and ice sheet records include at least two large
warm episodes with an intermediate cooling phase. The warm conditions of this inter-
glacial were reflected in different marine and terrestrial communities (e.g., [9, 11, 12]).

MIS 9 encompasses from ca. 330 up to 310 ka and sea level was 3 + 3 m
below the present one [13]. In the Northern Hemisphere, at Henderson Island
(24°22’S/128°20°W), the highest sea level recorded in MIS 9 is between 334 + 4 and
324 + 3 ka in agreement with the maximum sun insulation of 333 ka [14]. In the
western Mediterranean (Spain) the sea surface temperature (SST) and the salinity
recorded in this interglacial were similar to those of MIS 7 and MIS 5e [15], whereas
other authors (e.g., [16]) suggested that according to paleontological evidence, this
interglacial was warmer than MIS 7 and the Holocene, and similar to MIS 5e.

MIS 7 encompasses from ca. 245 up to 190 ka [17] with three temperature maxi-
mums [18]. Isotopic data of some deep sea cores suggest that the sea level would not
have reached the level of the present cero [19, 20], although other authors suggest
values around —18 m [17]. SST of this interglacial was higher than the present one
[21-23]. In the European coasts, the marine deposits of MIS 7 record the appear-
ance of the “Senegalese” marine fauna from the African coast, confirming this
stage as warm in the Northern Hemisphere (e.g., [24-26]). Similar conditions are
observed in the Southern Hemisphere: the SST of the southern Argentine Patagonia
(42°-43°S) is proposed to be similar or slightly warmer than today on the basis of
the record of warm water mollusks (e.g., [27, 28]).

MIS 5 in the substage e, is one of the most studied episodes, and best represented
worldwide. It encompasses from ca. 130 + 2 to 119 + 2 ka [29] and the SST was
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approximately 2°C higher than the present one (e.g., [30, 31]). Comparing with other
interglacials, MIS 5e has the best records of SST [18]. Evidence of warm water benthic
mollusks, and changes in their geographic distribution was found in MIS 5e (e.g., [5, 26,
27,32-48]).

MIS 1 encompasses the last 11.7 ka [49], when the last glaciation is considered
to be ended [50]. There is an increase of the SST and humidity worldwide (e.g., [4,
51-56]) with some records in the Southern Hemisphere (e.g., [37, 49, 50, 57-59]).
This phenomenon is reflected worldwide in the biotic communities with changes in
composition, abundance, diversity and distribution (e.g., [60-62]).

In the Argentine Patagonian region, the stages MIS 11 to MIS 1 are represented, as
well as ingressions older then MIS 11, but with poor records and fossil content [32].

2. Area of study
2.1 Quaternary marine deposits from the northern argentine Patagonia

Along the Argentine coast, broad extensions of the littoral of the Buenos Aires
Province (BAP) and north Patagonia were affected by accumulation and erosion
processes produced by sea level oscillations during Quaternary transgressions (e.g.,
(63, 64]).

Northern Patagonia has been divided into two regions according to their prov-
ince. The first groups three areas of the south of the BAP (A-C) and record the
presence of the interglacials > MIS 9, MIS 5e and MIS 1 [5, 65, 66], and the other
one belongs to region D, and records the presence of the interglacials > MIS 9, MIS
7, MIS 5e, and MIS 1 (Figure1).

Inregion A, from Peninsula Verde to Otero Island, the transgressive deposits have
been assigned to the Sangamon (? Late Pleistocene), which are represented in the area of
the Colorado River delta by paleocliffs associated with coast lines up to 10 m height [67].
These marine deposits are assigned to the oldest interglacials because of their geomor-
phological, altimetric and cementation similarity [68]. Among them, there are scarce,
thin, and isolated deposits on the continent which are assigned to > MIS 9 [68, 69].

Figure 1.
(A) Map of study, and (B) four areas in the northern Patagonia in Argentina.
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The terminal area of the delta is formed by the marine deposits of the MIS 1 ingression,
which are beach ridges or intertidal environments [68].

In region B, which extends from the Otero Island to near the Jabali Island, Weiler
[70] correlated the Pleistocene and Holocene marine deposits of the central area
with three transgressive events of the Late Pleistocene and Holocene, and related
them to environments of barriers and coastal lagoons of the transgression of the
Sangamon interglacial (with a minimum age of 43 Ka), the interstadial transgres-
sion of the middle Wisconsin (38.5 to 25 Ka), and the postglacial transgression of
the MIS 1 (middle Holocene, between 5 and 5.2 Ka). More recently, Schnack et
al. [71] related the oldest deposits of the area described by Weiler [43] with the
Interglacial MIS 5e, considering the radiocarbon datings as minimum ages.

In region C, from the Jabali Island up to Villa 7 de Marzo, Fucks et al. [68] rein-
terpreted the stratigraphic sequences, assigning a minimum of four transgressive
cycles. Beach ridges, as well as beach strand plains and tidal plains, with maximum
altitudes of 6 m a.s.l. and very clear morphologies are present from the coast to the
present day continent, particularly in Isla Jabali. Above them, at altitudes of 8 to
10 m a.s.l. that increase gradually to over 30 m a.s.l., clear ridges could be probably
related to MIS 5e. These could have been originated in two > 9 transgressive events.

In region D, north of San Matias Gulf from near the El Céndor beach up to Las
Grutas beach, there are records of the interglacials MIS 7, MIS 5e and MIS 1 plus
a fourth one, 60 m height, that probably corresponds to an interglacial > MIS 9.
According to Fucks et al. [72] the deposits of interglacials MIS 7 and MIS 5e corre-
spond to Baliza San Matias and San Antonio formations, respectively, and those of
Holocene age have no designation.

The main geomorphological features are littoral ridges formed by high energy
conditions, although, deposits corresponding to intertidal environments, coastal
lagoons, spit sand cliffs forms have been described mainly for the Holocene trans-
gressive event as well (e.g.,[5, 68, 72-75]).

All these deposits contain marine mollusks, particularly gastropods and bivalves
(Figure 2) (Table1) [5, 35-37, 65, 82].

Figure 2.

(A) Profile of Holocene deposit with Tagelus plebeius in life position (region a, MIS 1); (B) Holocene littoral
ridge in canal Villalonga (region B, MIS 1); (C) Pleistocene outcrops near Cardenal Caglievo locality (vegion
C, MIS 9) and (D) Holocene cliff near San Antonio Este Harbor (vegion D, MIS 1).
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3. Materials and methods
3.1 Methodology for marine mollusks associated with littoral deposits

A total of 84 localities were studied in two areas, 31 Pleistocene, 29 Holocene, and
24 modern ones. In these localities 7385 valves and shells of mollusks were collected.
Each coastal deposit to be studied is identified on topographic maps. At each level of
the site, a volumetric sample of 1 dm’. In contrast, at modern beach sites the sample is
taken in a quadrant 1 m x 1 m along transects perpendicular to the coast line.

Each fraction of biogenic content recovered from the sieves (2.80, 1.40 and
0.080 mm) was identified, measured with digital caliper, and labeled. Species were
identified through catalogs and specific literature.

Valves and shells found in the marine deposits are considered as assemblages
representing the accumulation of non-contemporary individuals in a single set, and
occurs because the time of generation of these individuals is faster than the burial
rates. In this context, it has to be taken into account the changes produced during
the transition of the animal remains from the biosphere to the lithospere, which is
studied through a discipline called taphonomy (etymologically derived from the
Greek taphos, tomb, and nom, law). Taphonomy was defined by Efremov [83] as the
science that studies the laws of burial, and accepted that taphonomic processes lead
to the loss of information and are the cause of gaps in the fossil record. Currently
this concept has been reversed since numerous studies (e.g., [84-87]) support the
idea that the faunal associations of both current and fossil valves provide relevant
information on living communities, or paleocommunities, being able in both cases
to reconstruct the environments or paleoenvironments from the analysis of the
faunal associations and thus interpret environmental and climatic changes.

The studied mollusks form transported faunal associations, which, according to
different authors, preserve compositional fidelity concerning taxonomy and relative
abundance of the communities that inhabited each environment within the considered
period, and represent the accumulations of non-contemporary individuals as a whole.

4. Results
4.1 Marine malacology of northern Patagonia

The four areas identified in northern Patagonian according to their geomorphol-
ogy (A-D), in which 84 sites were studied, yielded 78 species (42 bivalves and 36
gastropods). Eleven of them are micromollusks: Heleobia australis, Olivella tehuel-
cha, Parvanachis isabellei, Turbonilla argentina, Turbonilla paralaminata, Chrysallida
multituberculata (gastropods) and Nucula nucleus, Ennucula grayi, Carditamera
plata, Corbula patagonica, and Corbula lyoni (bivalves) (Tables 2 and 3).

4.2 Malacological analysis

Seventy species were identified in areas A-C (37 bivalves and 33 gastropods),
and 45 species in region D (19 bivalves and 24 gastropods), with a similarity of
51.3% in bivalve species and 48.5% in gastropods.

In areas A-C, all the studied sites assigned to the interglacial > MIS 9, are
paleobeaches and littoral ridges; i.e., high energy environments in which the marine
fauna is euryhaline (salinity > 30-35 gr/I) and of sandy substrate. Warm water
species prevailed in bivalve associations (50-67%) compared to the other intergla-
cials recorded in the area. However, no bivalve or gastropod of warm lineage that
constitutes itself a paleoindicator was found.
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Bivalves Salinity Life Depth Substrate Trophic Distribution
habit (m) type area

Nucula (N.) nucleus [88] E I 0-200 S D 23°S-53.5°S

Ennucula grayi (d’Orbigny, E I 5-1850 S D 22.93°5-55.5°S

1846)"

Adrana electa [89] E I 20-75 S D 22.93°5-39°S’

Glycymeris (G.) longior E I 10-75 S St 10°S-42°S

[90]

Mytilus edulis platensis P-E Ep 0-50 H St 68°N-55.5°S

(d’Orbigny, 1846)"

Brachidontes (B.) P-E Ep 0-25 H St 34°5-42°S

rodriguezii (d’Orbigny,

1846)!

Aulacomya atra [91] E Ep 0-30 H St 34°S-55.5°S

Aequipecten tehuelchus E Ep 10-120 M St 21°S-42.58°S

(d’Orbigny, 1842)"

Atrina seminuda [92] P-E Ce 0-3 H St 35°N-35°S’

Plicatula gibbosa [93] E Ce 0-120 H St 35.3°N-34°S

Ostreola equestris [94] P-E Ce 0-80 H C 37°N-42°S

Ostrea puelchana P-E Ce 0-70 H C 22°5-42°S

(d’Orbigny, 1841)"

Crassostrea rhizophovae P-E Ce 0-50 H C 21.4°S-35°S

[95]

Crassostrea gigas [96] E Ce 0-40 H St Cosmopolitan

Diplodonta (D.) patagonica E I 36-102 S Sf 21°S-42.58°S

(d’Orbigny, 1842)"

Diplodonta (F.) E I 25-77 S Sf 21°S-42°S

vilardeboana (d’Orbigny,

1846)"

Carditamera plata [97] E I 17-70 S Sf 23°5-39°S’

Trachycardium muricatum E I 0-11 S St 35°N-42°S

[88]

Mactra guidoi [98] P-E I 0-25 S Sf 34°S-42°S

Mactra isabelleana P-E I 0-25 S St 23°S-42°S

(d’Orbigny, 1846)"

Raeta (R.) plicatella [99] P-E I 0-11 S St 39°N-41°S

Mesodesma mactroides E I 0-20 S St 23°S-41°S

[100]

Solen tehuelchus [101] E I 10-18 S St 23°5-39°S’

Macoma (R) uruguayensis E I 18-70 S D 29°5-39°S"

[102]

Angulus gibber [97] E I 13-55 S D 23°5-43°S

Abra (A.) aequalis [94]} E I 0-50 s D 35°N-23°S’

Tagelus (T.) plebeius [103] P I 0-10 S St 42°N-54°S

Tivela isabelleana E I 0-55 S St 21°S-42°S

(d’Orbigny, 1846)"

Anomalocardia brasiliana P-E I 0.3-5 S St 18°N-39°S’

[104]

Pitar (P rostratus E I 10-100 S Sf 22°S-38.7°S

(Philippi, 1844)"

Amiantis E I 0-20 S Sf 19°5-43°S

purpurata(Dillwyn, 1817)"

Retrotapes exalbidus [105] E I 50-70 S Sf 34°S-55.5°S
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Bivalves Salinity Life Depth Substrate Trophic Distribution
habit (m) type area

Ameghinomya antiqua E I 5-50 S St 34°S-54°S

[106]

Panopea abbreviata E I 25-75 S St 23°5-48°S

(Valenciennes, 1839)*

Corbula (C.) patagonica E I 15-90 S Sf 23°S-43°S

(d’Orbigny, 1846)"

Corbula (C.) lyoni [107] E I 11-67 S St 19°S-43°S

Cyrtopleura (S.) lanceolata E I 10-27 S St 6°5-42°S

(d’Orbigny, 1846)"

Barnea lamellosa E I 15-150 R St 34°5-43°S

(d’Orbigny, 1846)"

Lyonsia (L.) alvarezii E I 50-86 S Sf 38.3°S-41°S

(d’Orbigny, 1846)"

Periploma ovatum E I ? S St 35°S-40.5°S

(d’Orbigny, 1846)"

Thracia similis [108] E I 50-86 S St 22°5-42.58°S

Ep, epifaunal; I, infaunal; Ce, cemented; H, havd; S, soft; C, carnivorous; D, detritivorous; He, herbivore; Sf,
suspension feeder; O, oligohaline (3-8%o); M, mesohaline (8-18%o); B, polyhaline (18-30%o); E, euhaline
(>30-35%o).

“Taxa found in the studied area.

"The references of species are found on MolluscanBase eds(2021).

Table 2.
Ecological requeriments and distribution of bivalves.

Interglacial MIS 5e is represented in all the studied sites mostly by littoral ridges
in which most associations are euryhaline, of sandy substrate and subordinate
rocky substrate. Most species are epifaunal except in region A, prevailing filter
feeders and carnivores. The proportion of warm water species in this interglacial is
lower than in the previous one (44-50%) being outstanding the record of the warm
lineage bivalve Crassostrea rhizophorae, excellent paleoindicator. In region D, this
proportion is only 27% of the bivalves.

Interglacial MIS 1 was recorded in the whole study area, with two types
of deposits in areas A-C: littoral ridges (high energy environments) and tidal
plains (low energy environments). In the first ones, the malacofaunal associa-
tions are mostly euryhaline, of sandy substrates. In the second ones instead, the
associations vary in salinity from oligohaline to mesohaline-polyhaline (salinity
between 3 and 30 gr/l), of fine sand substrate, mostly epifaunal and filter feed-
ers prevailing infaunal and carnivores in region A. This latter would be related to
the modern geomorphological features of low energy environments (wide tidal
plains, tidal channels and non-functional fluvial courses), that resulted in the
formation of islands which can be seen in all the southern coast of the Buenos
Aires Province. This interglacial MIS 1 is recognized in area D in littoral ridges,
being the malacofaunal associations mostly euryhaline, of sandy substrate with
rocky subordinate. In the associations of MIS 1 there is 45 to 50% of warm water
species in areas A-C, unlike areas D in which this proportion is only 18% of the
total bivalves.

In modern beaches of the south of BAP, but not in the northern sector of Bahia
Anegada there are sandy beaches together with mud-sandy ones, and malacofaunal
associations correspond to marine parameters of high energy, euryhaline of sandy
substrate with scattered rocky substrate, mainly in area C. Instead, the modern
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Gastropods Salinity Life Depth (m)  Substrate  Trophic Distribution
habit type area

Nacella (P) magallanica E Ep 0-200 H He 38.5°S-55.5°S

[104]

Diodora (D.) patagonica E Ep 0-15 H He 11°N-45°S

(d’Orbigny, 1841)"

Fissurella radiosa radiosa E Ep 0 H He 48°5-55°S

(Lesson, 1831)*

Lucapinella henseli [109] E Ep 0-55 H He 23°S—-

Calliostoma carcellesi E Ep 0-60 S He 40.37°S-41.67°S

(Clench and Aguacho,

1940)"

Calliostoma coppingeri E Ep 13-86 S He 30°S-44.21°S

[110]

Tegula (A.) patagonica E Ep 0-57 H He 23°S-54°S

(d’Orbigny, 1835)"

Tegula atra E Ep 0-9 H He 38°5-55°S

(Lesson, 1830)*

Bostrycapulus odites [111] E Ep 0-46 H St 25°S-45.8°S

Crepidula argentina [112] E Ep 30-50 H St 38°S-41.03°S

Crepidula dilatata [113] E Ep 0-66 H St 35°5-55.8°S

Notocochlis isabelleana E I 0-113 S C 22.4°S-42.58°S

(d’Orbigny, 1840)"

Heleobia australis O, M Ep 0-60 M He 24°S-41°S

(d’Orbigny, 1835)*

Epitonium (E.) E Ep 0-101 M He 23.37°5-44.27°S

georgettinum (Kiener,

1838)*

Epitenium striatellum E Ep 30 M He 23°S5-41°S

(Nyst, 1871)"

Trophon patagonicus E Ep 0-50 H C 32°5-40°S

(d’Orbigny, 1839)"

Trophon geversianus [114] E Ep 0-58 H C 36.42°5-54.98°S

Urosalpinx cala [107] E Ep 28-28 H C 32°5-41°S

Zidona dufresnei [115] E Ep 10-90 S C 23°S-42°S

Adelomelon (P.) brasiliana E Ep 0-250 S C 23°S-52°S

[116]

Adelomelon beckii [117] E Ep 40-75 S C 20° S-52°S

Odontocymbiola E Ep 10-200 M C 35°5-55.2°S

magallanica [104]

Marginela martini (Petit, E Ep 10-80 S C 22.93°S-42°S

1853)"

Olivella (O.) tehuelcha E Ep 15-57 S C 23.69°S-43°S

[118]

Olivancillaria urceus E Ep 5-50 S C 19°5-42°S

(Réding, 1798)"

Olivancillaria carcellesi E Ep 0-22 S C 23°5-42.5°S

[119]

Olivancillaria uretai [119] E Ep 0-30 S C 23°S-40.6°S

Buccinanops monilifer E Ep 0-50 S C 35°N-42°S

[120]
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Gastropods Salinity Life Depth (m)  Substrate  Trophic Distribution
habit type area

Buccinanops cochlidium E Ep 5-66 S C 23°S-42.58°S

[105]

Buccinanops globulosus E Ep 0-6 S C 35°5-46°S

[120]

Buccinanops uruguayensis E Ep 15-45 S C 24°5-42°S

[107]

Parvanachis isabellei E Ep 10-65 S C 30°S-54°S

(d’Orbigny, 1839)"

Costoanachis sertulariarum E Ec 0-20 S C 35°N-54°S

(d’Orbigny, 1839)!

Turbonilla argentina [121] E Ec 18-57 S C 35°5-41°S

Turbonilla pavalaminata E Ec 30-65 S C 39°5-41°S

[122]

Chrysallida E Ec 30-65 S C 40°S-46°S

multituberculata [122]

Siphonaria lessoni [123] E Ep 0 H He 32°5-55.22°S

Ep, epifaunal; I, infaunal; Ce, cemented; Ec, ectoparasite; H, hard; S, soft; M, mixed; C, carnivorous; D,
detritivorous; He, herbivore; Sf, suspension feeder; O, oligohaline (3-8%o); M, mesohaline (8-18%o); B, polyhaline
(18-30%o); E, euhaline (>30-35%o).

"The references of species are found on MolluscanBase eds(2021).

Table 3.
Ecological requeriments and distribution of gastropods.

beaches of area D are larger often exceeding hundreds of meters wide. There are

two types of beaches regarding the granulometry: a low intertidal sector of fine to
medium sand with high distal sectors of gravels, organogenic in composition, and a
low intertidal sector and high distal one of fine-medium sand. Both are associated
with high energy environments where the malacological associations are mostly
euryhaline, of sandy substrate, with less proportion of fauna of scattered rocky
substrate. There is one exception, the modern beach of Villa 7 de Marzo which has a
particular feature, fine sand substrate with abundance of two bivalves Plicatula gib-
bosa and Ostrea puelchana, and the gastropod Crepidula, which could be due to the
influence of the Negro River. This is also observed in the southern area of this river,
in E1 Condor Beach, which has a similar environment and the same mollusks. The
modern malacofaunal associations bear 33 to 50% of warm water species in regions
A-C, and 31% in area D.

In area D, all the analyzed sites of MIS 7 correspond to paleobeaches. They are
currently represented by coastal platforms, of high energy, with mostly euryhaline
malacofaunal associations of sandy substrate and subordinated rocky substrate.
Respect to the indicators of sea water temperature, these associations are formed
only by 20% of warm water bivalves, although it is recorded the gastropod Tegula
atra, probably indicator of warm water.

In MIS 5e there is a slightly higher proportion of associations of warm waters
(27%) with respect to the previous interglacial, being conspicuous the presence of
Anomalocardia brasiliana and Tegula atra, the first one an excellent paleoindicator,
and quite probably also the second one.

In MIS 1 the associations of warm water are in lesser proportion than those of
MIS 5e (18%), being outstanding the record of Mesodesma mactroides. The bivalves
Aulacomya atra, Retrotapes exalbidus, Ameghinomya antique and the gastropods
Fisurella radiosa vadiosa and Crepidula dilatata are recorded in the beaches of Rio
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Negro Province. These species have not been described in the modern marine
malacofauna of areas A-C (Figures 3-6).

4.3 Warm water bivalves and gastropods

4.3.1 Interglacials > MIS 9 and MIS 7

These two interglacials recorded in area D were not recorded in the northeast

of BAP. In areas A-C, a total of nine species of mollusks were recorded in the
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Paleoecological features of region D in interglacial MIS 7.

Interglacial > MIS 9, and among them, there is 50-67% of warm water species
of bivalves, being this the oldest record of marine mollusks for the BAP. In
MIS 7 analyzed in area D, a total of 11 species was recorded with 20% of warm
water bivalves. Most recorded species in both interglacials still inhabit the
modern coasts of Argentina, except for the gastropod Tegula atra, absent since
the MIS 1.

Both interglacials (>MIS 9 and MIS 7) revealed the presence of warm
water mollusks which are not recorded in the marine deposits of the northeast
of BAP where these deposits have not been preserved [124]. The record of
these interglacials in the BAP is a novelty in the analysis of gastropods and
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bivalves. Whereas Aguirre et al. [27, 28] reported that in the coasts of southern
Patagonia, in areas such as Bahia Vera-Camarones (44.2° to 45°S) and Bahia
Bustamente-Caleta Olivia (44.9°-45.3°S, Chubut Province, Argentina), the
environmental conditions (substrate, depth, and energy conditions) during the
late Pleistocene (MIS 7 and MIS 5e) suggest SST similar to those of the modern
littoral and even slightly higher than present, recording faunas of warm to
temperate waters.

4.3.2 Interglacial MIS 5e

In the marine deposits of this interglacial in area D, 44 molluskan species (25
bivalves and 19 gastropods) were recorded. These deposits are represented by
littoral ridges and tidal plains along the south of the BAP coast, and by littoral
ridges along area D, with scarce content of calcium carbonate, favoring the record
of mollusks. In area C the associations of MIS 5e and MIS 1 have respectively 34
and 33 species. This similarity was also found in area D, in which 22 species were
recognized for MIS 5e and 23 for MIS 1. Unlike area D, the mollusks of MIS 5e
of the northeast of the BAP are characterized by less abundance and diversity
of species related to those of the Holocene MIS 1 [32]. This could be due to a less
representation of the Interglacial MIS 5e, and because most valves and shells of
Pleistocene deposits are dissolved and/or crystallized, preventing the species
identification.

Between 50 and 44% of warm water species of bivalves recorded in the
Interglacial MIS 5e of area D, are represented in areas A-C, whereas this relation-
ship is only 27% of the species from area D. Warm water mollusks were recog-
nized in the study area, among the most prominent species of this interglacial,
in areas A-C, is the bivalve Crassostrea rhizophorae (Figure 7A). This is a warm
lineage species that inhabits currently the Caribbean, Venezuela, Surinam, and
Brazil up to Uruguay, but is not recorded in the present Argentine coast. However,
it is recorded as fossil in the northeast and south of the BAP in the MIS Se (e.g.,
[33,125]).

Another warm lineage species found in area D, is the bivalve Anomalocardia
brasiliana, recorded in the area north of the Negro River (Figure 7B). This is the
most austral record of the species in the Argentine coast. This species is distributed
currently from the French Antilles (18°N) up to the coasts of Brazil (33°S), being
an infaunal surface species able to support wide salinity ranges (e.g., [126, 127]).

Figure7.

The warm species of Pleistocene. (A) Crassostrea rhizophorae (Guilding) (MLP: 34.012, MIS 5e, region
B), (B) Anomalocardia brasiliana (Gmelin) (CEGH-UNC: 25.609. MIS se, region D) and (C) Tegula atra
(lesson) (CEGH-UNC: 25.615, MIS se, region D).
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As fossil, it was found in Uruguay, both in the MIS 5e of the Nueva Palmira Formation
[43] and in the Holocene of the Villa Soriano Formation [128]. In Argentina, this
species is reported for marine deposits within the Pampiano Formation of Lomas de
Zamora (34°46'S, northeast of BAP; [129]), as well as in the localities of Magdalena,
Punta Piedras (BAP) and south of Entre Rios Province [124]. This species was found
in the Pleistocene deposits of Bahia Blanca (south of BAP) together with Crassostrea
rhizophorae [33].

Tegula atva is distributed in intertidal and subtidal shallow rocky substrates,
up to 6 m depth (Figure 7C) [130]. It is among the most abundant species of
the Pleistocene of area D, and is well preserved in deposits of MIS 7 and MIS
5e [5] but it is not recorded in deposits of MIS 1. Whereas in the Pacific coast,
Tegula atva is recorded in the late Pleistocene and Holocene deposits of the
northern and southern coast of Peru (e.g., [131, 132]). In Chile, it is recorded
in late Pleistocene deposits of Caleta Coloso (23°45’S/70°28'W), north and
south of Antofagasta (23°37’ S) [45], as well as in archeological sites such as
the late Pleistocene-middle Holocene of Quebrada de Lazareto (south of Chile)
[133], middle and late Holocene of the IV Region, Los Vilos (e.g., [134]) and
Holocene deposits of the Magellan Straight [135]. Tegula atra is currently dis-
tributed in the Pacific coasts from Pacasmayo (7°24’S, Peru) up to the Magellan
Straight (53°S) [136], but there is no evidence of living specimens in the south
Atlantic coasts.

4.3.3 Interglacial MIS 1

A total of 58 species (31 bivalves and 27 gastropods) was recorded in the
marine malacofauna of the Interglacial MIS 1 of northern Patagonia (areas A-D),
which differs from the northeast of BAP where Aguirre [89] reported a total of 62
species (25 bivalves and 37 gastropods). Concerning the molluscan composition,
in the northeast of BAP, gastropods are more abundant than bivalves both in num-
ber of species and of individuals. As a comparison, among the regions studied,
area A recorded 51 species (29 bivalves and 22 gastropods), and area B 49 species
(25 bivalves and 24 gastropods), being in both regions, bivalves more numerous
than gastropods. Whereas in area C, 34 species (17 bivalves and 17 gastropods)
were recorded, unlike area D where 42 species (20 bivalves and 22 gastropods)
were recorded, being in this latter the number of gastropods slightly higher than
bivalves.

The marine deposits of MIS 1 in areas A-C are formed by tidal plains and littoral
ridges. Tidal plains yielded mainly Tagelus plebeius among bivalves and Heleobia
australis among gastropods. These species support variable salinity, being recorded
in oligohaline-mesohaline—polyhaline associations (salinity between 3 and 30 gr/1),
typical of low energy environments, most of them with low diversity indexes. In
the littoral ridges, the diversity indexes are mostly higher than those of tidal plains.
They yielded among bivalves Pitar rostratus, Amiantis purpurata, Ostreola equestris,
and among gastropods Buccinanops cochlidium and Heleobia australis, typical of high
energy environments.

The marine deposits and their malacofauna in the northeast and south (areas
A-C) of the BAP are similar in the two types of deposits of the Interglacial MIS 1.
The tidal plains are represented in regions A-C and are related to the development
of the Colorado River and Bahia Anegada. The most common species are Heleobia
australis, Tagelus plebeius (in life position) and Corbula patagonica, being similar
to the marine malacofauna of the northeast of the BAP of the Canal 18 Member of
the Las Escobas Formation (Holocene, MIS 1) and the estuarine facies of the Mar
Chiquita Formation (Figure 8).
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Figure 8.
Warm water vs. cold water during the quaternary in all regions (A-D).

5. Final comments

In the last 400.000 years there were variations in the molluskan paleocom-
munities of north Patagonia (southern BAP and north of Rio Negro Province). The
marine malacofauna of this area is composed by two associations, the first one is
formed by Holocene sites with abundance of Heleobia australis and Corbula pata-
gonica, and the other, mainly by Pleistocene sites and modern beaches with Amiantis
purpurata as the most abundant, together with Buccinanops globulosus, Bostrycapulus
odites and Tegula patagonica. The record of Crassostrea rhizophorae, Anomalocardia
brasiliana and Tegula atra, in north Patagonia suggests that the interglacials MIS 7,
MIS 5e and MIS 1 were slightly warmer than today. These latter species, except for
Tegula atra live today in lower latitudes. However, the associations determined for
the analyzed interglacials did not change concerning the faunal composition as a
whole, and, except for the latitudinal changes of the three species mentioned above,
and the record of temperate to cold water associations since the Interglacial MIS 1
in north Rio Negro Province (ecotone), the composition remained similar, showing
only changes in abundance of species.
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