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Preface

Aquaculture, in recent years, has gained importance from the point of view of food produc-
tion. Nowadays, it is a dynamic, profitable and constantly developing field that covers a
wide variety of production systems, carried out on a great diversity of organisms. It also
faces important challenges related to the characteristics of the aquatic environment and the
use of its resources, but also presents unique opportunities to consolidate as an efficient way
to supply increasing quantities of protein and other high quality nutrients to a human popu-
lation in constant growth.

This book is made up of three sections. Following the “Introduction”, the second section on
"Sustainable Aquaculture" offers information related to integrated activity of rice cultivation
and aquaculture practices that bases studies on the production of grains (carbohydrates) and
animal protein without affecting the quality and quantity of grain yield in the plots, and
hence resulting in extra profits for the producers, with these activities being more popular in
Asian countries than in Western countries. In addition, the participation of aquaculture in
the restoration of the fishery numbers of an important species is evaluated, as is the Ameri-
can oyster Crassostrea virginica. The third section "Homeopathy and Probiotics” presents an
alternative medical system proposed in the XVIII, which uses highly diluted and agitated
substances derived from plants, minerals or animals, which have proven their effectiveness
in human medicine, agronomy, veterinary, and are currently new in the area of marine
aquaculture. In addition, we present a study focused on the growth performance and nu-
trient utilization of the freshwater shrimp Macrobrachium vollenhovenii fed diets supplement-
ed with Lactobacillus acidophilus. This book can be used by students, professors and
researchers in the area biological sciences.

Dr. Genaro Diarte-Plata and Dr. Ruth Escamilla-Montes

Instituto Politécnico Nacional

Centro Interdisciplinario de Investigacion para el Desarrollo Integral Regional
Sinaloa, México
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Introductory Chapter: Importance of Plant and
Invertebrates in Aquaculture

Ruth Escamilla-Montes and Genaro Diarte-Plata
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.81762

1. Introduction

Aquaculture is an economic activity that presents a rhythm of global production with a
sustained growth of 10-11% per year during the last years, with expectations of equating
production by extractive fishing in 2025 [1]. It currently contributes about 50% of the world
fish supply, and is considered to be one of the main economic activities of this century. In
2010, world aquaculture production was around 59.9 million tons; where freshwater fish
dominated production (56.4%), followed by the cultivation of invertebrates such as mollusks
(23.6%) and crustaceans (9.6%) [2].

It is an activity that encompasses very varied practices, and a wide range of species, sys-
tems and production techniques. Aquaculture can be defined as the production of aquatic
organisms with techniques aimed at making their performance more efficient. It is worth
mentioning that more than half of the total amount of food of aquatic origin consumed
today by the world population, as well as products destined for non-food uses, comes from
aquaculture farms where fish, crustaceans, micro algae, mollusks and other invertebrates
are raised [1, 4, 5]. Particularly, invertebrates make up 95% of the animals that inhabit our
planet. Due to its great biodiversity, it has not been possible to study in its entirety. There
are species of mollusks, crustaceans and echinoderms that are consumed by man and there-
fore are the object of artisanal or massive fishing, which can lead to problems of popula-
tion reductions, local extinctions or loss of genetic diversity [3], thus Aquaculture is a good
alternative to solve this problem.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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2. Sections of the book

The capture and cultivation of aquatic organisms in paddy fields has a long history and tradi-
tion, especially in Asia, where the availability of rice and fish has been linked to prosperity and
food security. Rice-based ecosystems provide habitats for a wide variety of aquatic organisms
used extensively by the local population. They also allow the improvement and breeding of
aquatic organisms. A wide variety of aquatic species such as carp, tilapia, catfish and breams
are being raised in the rice fields. Prices and market preferences can provide decisive oppor-
tunities for farmers to further diversify the use of species, especially eels, loaches and various
crustaceans, to sell and market higher value biological products [7]. The problems associated
with the breeding of aquatic organisms in paddies do not differ from those related to the
development of aquaculture in general. These include the availability and access to seeds,
feed and capital, as well as natural risks related to water control, diseases and predation [8].

Molluscs are currently the group of cultivable marine organisms that offers better prospects
in terms of production and economic profitability, their production costs are not high and are
a valuable source of food. To perform its cultivation requires detailed knowledge of the basic
biology of the species, supply sources of seed, growth parameters and mortality in culture,
and the effect of environmental conditions as well as their spatial and temporal variability.
The cultivation of bivalve mollusks represents an economically viable alternative due to the
possibility of large-scale operation, in addition, this activity can be environmentally sustain-
able by helping to reduce fishing effort in coastal areas [6].

The constant increase in world population necessarily implies a challenge in terms of food
production in large volumes and with high nutritional quality. To achieve the economically
profitable production of healthy animals with a limited environmental impact, it is neces-
sary to improve growth rates and feeding and reproduction efficiency, decreasing the losses
caused by diseases, by improving the immune response, diagnostic techniques and prophy-
lactic measures [6, 9]. In an intensive aquatic production system, control of the disease plays
a key role, where an intimate relationship between the host and bacteria is present [10, 11].
There is currently a widespread concern that antibacterial agents in aquaculture will lead to
the emergence of antibiotics resistant bacteria [12]. Probiotics and the use of homeopathy,
which act mainly on the innate response of cultured organisms, constitute a viable, promising
and economic strategy to make aquaculture process more sustainable, since it reduces the
indiscriminate use of antibiotics and chemotherapeutic product.

In case of treatment with probiotic, it has been carried out successfully in mollusks [13], fish
[14, 15] and crustacean species [11, 16, 17]. Wherein the probiotics used in aquaculture studies
include Gram-positive and Gram-negative bacteria, bacteriophages, yeasts and unicellular
algae [18], and the beneficial effects include growth and feeding efficiencies in culture sys-
tems [19].

Homeopathy in the aquaculture of freshwater and marine species is a potential alternative for
the world aquaculture industry, because their medicines are free of relevant adverse reactions
and do not bio-accumulate toxic substances in the harvested product. The studies realized,
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although scarce, suggest that homeopathy can be applied with prophylactic and therapeutic
criteria. Among its mechanisms of probable action stands out the stimulation of the innate
and acquired immune system, and consequently the increase in the resistance of the treated
organism, against the pathogens that normally proliferate proportionally to the level of inten-
sification of the culture. Higher survival, growth and reduction of stress levels have been
reported, as well as notable changes in other parameters observed, such as less inclusion of
lipids in the liver, greater hypertrophy of the muscle fiber, production of mucin-producing
cells that are related to the inhibition to the entrance of parasites, and changes in blood param-
eters. These are indicators of improvement in health and nutrition of the organism cultivated,
and if all this can be achieved by applying “ultra-diluted” doses, production costs are reduced
and harmful effects are mitigated to the environment making aquaculture homeopathy an
eco-sustainable alternative [20].
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Pamuru Ramachandra Reddy and Battina Kishori

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78062

Abstract

The burning problems like scarcity of food for ever-growing human population in the
present world are addressed by adapting various methods for production of protein, car-
bohydrate, oils and other food materials. One of the methods to produce high amount of
food is integrated farming including rice-aquaculture farming, which produces protein
and carbohydrate as major components besides others. Rice-aquaculture farming pro-
duces grain (carbohydrate) and animal protein without affecting the quality and quantity
of rice yield on the same piece of land and renders additional financial gain besides main
crop (rice) like conventional monoculture. The aquatic species grown in the integrated
culture are mainly distinct types of fishes, selected crustaceans and other selected spe-
cies. Profitable rice-aquaculture integrated farming is popular in Asian countries than in
Western countries. However, the integrated rice-aquaculture farming has its own limita-
tions. The type of methods, culture species, influencing factors, and pros and cons of
rice-aquaculture integrated farming are discussed in the present chapter.

Keywords: integrated farming, rice, aquaculture, fishes, crustaceans

1. Introduction

Ever-growing human population occupies the available land area in the world by encroach-
ment. This is happening due to drastic increase in population dynamics worldwide. According
to US Census Bureau world population estimate, the world’s population in 1901 was 1.6
billion; it was 3 billion by 1960, 5 billion by 1987, 6 billion by 1999 and 6.8 billion by 2009
and became approximately 7.9 billion by 2018. Based on the statistics, it is known that one
billion population is getting added to the current population by every 9-12 years. Currently,
the second highest populated country in the world is India. Based on the recent statistics,
India’s present population has reached 1.2 billion. Though China is occupying the first place

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINEN
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in highest population in the world, it is expected that India may become the highest populated
country by 2050 as per World Population Data Sheet of 2009.

The size of the population depends on its number and the ratio of available bearable resources. The
population size also is contingent on the way resources are used and disseminated between the
populations. To meet the demands of forever growing human population, major agricultural
fertile lands are getting converted into residential areas. The total available land area in India
occupies 2.4% of total land area of the world. Added fertile land area exists in India than any
other country except the USA and Canada, which are holding more water area [1]. Because
of the availability of more arable land and water, India became an agriculture-based country.
From ancient days, major Indian populations live in villages and revolve mostly around agri-
culture and allied activities. It is well exemplified with the statistics of Indian population since
1947; it is tripled due to improvised and sub-standard conditions in India [2]. However, due
to enormous increase in population along with increased poverty, modernization and more
effectively globalization and medication, majority of the adjacent villages of small towns and
all most all large and moderate villages located around cities were urbanized. Urbanization
caused drastic conversion of arable agricultural land into modern housing.

The food scarcity is the predominant factor that influences the growth and economy of the
overpopulated country. Supplementation of nutritious food to the forever growing human
population in a nation like India or overall worldwide is at most target of governments or
World United Nations. Though the agricultural land area is getting reduced due to overpopu-
lation in the world, it is the focus to produce sufficient or more amount of nutritious food to
meet the demands of population. The conventional methods of agriculture may not produce
or increase the food productivity. Alternative methods are in focus to produce high amount
of food by using available agricultural land.

Since ancient days the traditional cultivation methods were contributed for the food and
living safety throughout the world. But at the present day, farming is completely linked to
high yield by usage of many varieties of pesticides. This type of farming certainly pollutes
the environment and drags the farmer into debits due to high investment on crops in the
case of crop failures, which ultimately cause suicides of the farmers and their families in
developing countries like India. One of the reasons for this is majority of the farmers are
focusing only on one crop at time where there is a high degree of uncertainty. Besides this,
the usage of excess amounts of pesticides and fertilizers causes imbalance in ecosystem and
alters the natural environment, which ultimately influences the flora and fauna of that area,
including soil microbiota [3], which may cause drastic change in the livelihood and may also
be one of the responsible factors causing severe change in natural cycle and seasons such as
reduced rainfall, increase in the temperatures and short or prolonged yearly seasons besides
health hazards in the consumers. To overcome the above circumstances, integration of vari-
ous agricultural enterprises, viz., cropping, animal husbandry, fishery, forestry, etc. has great
potentiality in the agricultural economy. The usage of expertise of conventional methods in
combination of modern methods is well explained in many studies [4-6].

The conventional methods of agriculture are completely successful and are developed by farm-
ers for different environments which maintain rich biological diversity [4-6]. According to
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Csavas [7] the livestock integrated system was started in between fourteenth and seventeenth
centuries by growers. The motivation overdue in integrated rice-aquaculture farming (RAF) is
to diminish unused matter from several subsystems on the farm. The unused products gener-
ated during farming of subsystems were secondhand as contributions to other subsystems to
progress the yield and minimize the cost of productivities for the several subsystems [8].

In this series, many methods were coming into picture to produce quality food. Best examples
are the terrace farming, zero-acreage farming [9], mixed cropping, mixed farming, integrated
farming, etc., which are in practice. The integrated rice-fish co-culture is not a new method of
producing food; for centuries, it has been in practice and is designated as globally important
agricultural heritage system [10]. Due to the importance of RAF, US Agency for International
Development (USAID Mekong ARCC, 2016) encourages farmers in the Asian countries to
continue the integrated farming with a refined form [11]. Due to its importance in many Asian
countries including India, the present chapter deals with various aspects of integrated RAF.

2. Integrated rice-aquaculture farming (RAF)

Integrated culture is not new and exists naturally. The natural ecosystem itself is a big exam-
ple for integrated culturing where a number of flora and fauna living together in the same
area of land. Coming to the natural integrated system in the rice fields, besides fish species
coming from outside through water, crabs grow by making burrows within the field. The best
well-known natural example for integrated rice and aquatic species (ASp) is rice and fresh-
water crab culture. The freshwater crab Oziotelphusa (Oziotelphusa) senex senex enormously
grow naturally in rice fields in India. Since its natural occurrence in the rice fields, this crab
is popularly named as ‘Indian rice field crab’. This crab is a good source of protein and is
available throughout the year with no cost. The name “poor man’s protein’ is also popular for
this freshwater rice field crab since most farmers (poor villagers) consume it [12, 13]. Though
the farmers do not focus on naturally occurring integrated rice systems like crab within the
rice fields for commercial purpose, they understand the importance of more than one culture
within the same field. One more thing that the farmers focused on is commercially important
species and benefit out of its yield along with the main crop.

The culturing of ASp in the rice fields is originated from the farmers, who were experienced
with fish along with prawns, crabs and other invertebrates grown naturally (ASp moves from
ponds to rice fields through irrigated water) in the rice fields without adding any ASp seed in
the irrigated field. The observation takes the farmers to culture ASp in the rice fields initially
without any selection of the ASp. Later farmers are motivated to grow selected ASp with rice
by following conventional methods based on the conditions of the local environment. In the
ancient days, the farmers tasted the yield of integrated rice-ASp culture. In the beginning, it
was called as rice + fish culture [14, 15]; later, it became rice-aquaculture. The uncontrolled
entry of outside ASp into the integrated culture field and leaving the cultured ASp to outside
the field are problems even today, but capture system of rice-ASp culture was introduced to
overcome this problem [16]. In this system, cultured ASp purely depends on the naturally
available feed in the field. But in general, farmers supplement feed for growing organism

13
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from outside. However, continuum in the transition from pure capture culture to a capture-
based production system is gradual and is described by Halwart [17].

Integrated rice and aquatic species culture have lot of scopes and achievements of high pro-
ductivity in terms of carbohydrate and protein with proper management methods and con-
trolling systems. The selection of culture species plays a crucial role in productivity, besides
environmental conditions and proper management at the time of culturing. However, the
farmers are in practice to cultivate the integrated rice and aquaculture in many areas of Asian
countries and some of the African countries.

2.1. Site selection

Certain criteria should be followed while selecting the site (land) for integrated rice-aquacul-
ture. The selected area (place) should have an optimum rainfall of 80 cm in a year; the lands
with uniform contour and high water retaining capacity of land are considered for site selec-
tion. The site selection for rice cum aquaculture farming is low lying area where water flows
easily and is available at any time in needs. The fertile soil rich in organic manure and with
high water holding capacity is used for rice fields. In general, soils with medium texture and
loam with silty clay are most preferable for RAF [18].

2.1.1. Rice field selection

The topography and contours of the land will make the difference in preparation of rice field.
There are three types of rice fields identified such as:

a. Perimeter-type field: the field in this type prepared with a moderate elevation and ground
sloping on all sides into perimeter trenches which facilitates easy drainage. The middle of
the land is the growing area for rice (Figure 1).

b. Central pond-type field: the pond is prepared in the middle of the rice field. This is the
easiest way to produce trench for integrated aquaculture and rice production (Figure 2).

c. Lateral trench-type field: trenches were prepared on one or both sides of rice slopes (Figure 3).

Besides these three types, there are many types of trenches prepared for integrated rice-
aquaculture. Different other types of trenches in the rice field are presented in Figure 4. The
ideal ratio for making an integrated RAF is explained well, for example if a 1 hectare of land
of integrated system is about 125 m x 125 m. In this, 0.67 hectares is the area to be used for rice,
i.e. 102.5 m x 102.5 m, whereas 7.5 m x 440 m for four sides of the field which is equal to 0.21
hectares were used for aquaculture (fish, crustacean and other aquatic animal culture). About
0.12 hectares of area, i.e. 3.75 m x 485 m, will be used as embankment area. The other area of
about 0.04 hectares is used for planting fruits.

2.2. Rice and aquaculture

RAF had been in practice since years due to the constant profits of integrated culture.
However, the generally practised rice-aquaculture is categorized into three major types [19],
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Figure 1. Perimeter-type rice field used for rice-aquaculture integrated farming.
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Figure 2. Rice field with central pond system for rice-aquaculture farming.

namely, (1) synchronous/combined/simultaneous farming, (2) sequential/rice-aquaculture
rotation/alternate farming and (3) relay farming.

2.2.1. Synchronous/combined/simultaneous farming

In this type, the rice and aquatic culture species are grown simultaneously in the same field.
Both the rice and cultured species are harvested at the same time. The synchronous rice-aquatic
farming method has its own importance since it produces aquaculture protein with no addi-
tional cost; the cultured aquatic species secretes ammonia for rice growth besides destroying the
weeds, tillering, enrichment of minerals (digging activity) and utilization of unused aquatic feed
by the crop plant. Due to this the rice yield increases 5-15% than the conventional methods [19].
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Figure 3. Lateral trench-type rice-aquaculture integrated farming.

This method of integrated culture is an old one and is familiar in the Asian countries. Usually
in this type, 5 days after transplantation or after proper rooting of rice seedlings, the aquatic
culture species seed is released into the trenches/pond (also called as stocking) [19]. The
stocking time after transplantation of rice seedlings varies from aquatic cultural species to
species. For example, stocking in the case of fry is after 10 days of transplantation, whereas
for fingerlings after 3 weeks. The stocking procedure differs with the type of aquatic spe-
cies growing (fingerlings or fish or prawn or crab or mollusk or any other aquatic species).
In simultaneous farming, the rice selected is usually local variety harvested not less than
5 months by using organic manures like stocked cow/buffalo dong or green manure fertil-
izers without synthetic fertilizers. Moreover, the number of crops produced every year is
two in this case. However, the combined rice-aquaculture farming has its own disadvan-
tages such as high activity by predators of aquatic species (piscivore birds) due to less depth
in trenches/ponds and restricted usage of herbicides and pesticides which causes harmful
effects to growing aquatic species lowers rice yield; there may be 20-60% loss in aquatic
species yield due to abrupt change in dissolved oxygen and temperature and limited space
availability. Since having drawbacks in simultaneous rice-aquaculture farming, it was modi-
fied and established as alternative farming.

2.2.2. Sequential/rice-aquaculture rotation/alternate farming

Rice-aquaculture rotation is a simple method of farming where aquatic species were grown
after harvesting of rice in the flooded fields without removing the rice stubbles. The water
levels were shallow in the case of rice, whereas for aquatic species, water depth is raised. In
this method more than one ASp were raised [19]. The depth for growing aquatic species in
the field is raised well before the transplantation of rice seedlings with a moderate height of
external dyke. However, the pesticides used for rice production degrades during interval
between harvesting of rice and stocking of aquatic species. The rice stubbles in the water at
the bottom of the field facilitate the growth of decomposing microbes which served as food
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Figure 4. Different types of trenches in usage for rice-aquaculture integrated farming. (A) Diagonal trench, (B) crossed
trench, (C) Y-shaped trench, (D) peripheral and one central longitudinal trench, (E) two equidistant transverses with
peripheral trench and (F) latticed trenches.

for aquatic cultural species. The decomposition of stubbles enriches the water and soil with
natural fertilizer utilized by the next cycle of rice where it helps to produce high yield.

The only limitation in alternate farming is about 20-60% loss of ASp due to piscivorous birds
like herons and cormorants. Besides this, sequential rice-aquaculture farming has many
advantages such as (i) no limitation for depth of water neither in rice cultivation nor in aquatic
species culture, (ii) maintenance of adequate water levels provides sufficient dissolved oxygen
and water temperature, (iii) rice stubble decomposition facilitates microbial food for aquatic
species and fertilizer for the next cycle of rice for improved production, (iv) useful for mono-
and polyculture of aquatic species and (v) reduced attack of insect pest on rice fields due to
interruption in their life cycle in rotation farming.

2.2.3. Relay farming

The name ‘relay’ itself indicates it is a prolonged farming. The relay farming is a compli-
cated system compared to synchronous and alternative rice-aquaculture farming and is a

17
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combination of these two methods [19]. In this farming rice and aquatic species were started
like synchronous farming, but the aquatic species are not harvested while rice species are
harvested. It means that relay farming requires longer period for aquaculture. During rice
harvesting the growing aquatic species were transferred to special ditches/ponds which are
connected to channels/pools of the rice field and then restocking them in the rice field after
filling up of water for further growth. It means this method requires additional rearing facility
for transferring fish at the time of rice harvesting. Relay farming provides high amount of
aquatic protein with high yield of rice crop with short duration. The drawback in this method
is more investment and labor. The carp and prawn species are the most commonly used to
produce protein in relay farming.

2.3. Suitable aquatic species

Worldwide integrated farming of aqua with irrigation is becoming popular to produce more
yield and makes the farmers economically strong. It is well practised in the rainfed areas
mainly in countries producing rice. The 86% of rainfed areas in Thailand produce rice [20] as
is the case with Lao PDR [21] and Cambodia [22, 23]. Various types of aquaculture in the rice
fields are in practice. The major aquatic species that come under finfish and shellfish are the
cultural species used for integration with rice fields. Among finfish and shellfish, the two types
of cultures brackish and freshwater species have importance to grow in RAF. But the selection
of this species purely depends on the variety of rice growing. It is very particular that only
certain rice species are productive in brackish water. The rice varieties of holding salinity toler-
ance and floating-stem (long-stemmed) were preferred for brackish water RAF. The brackish
water effect is tidal on rice species holding salt tolerance and long-stem, since these species
have the capacity to withstand even in salt water. Besides rice variety the selection of fish or
crustacean cultured also play a role in RAF. The freshwater prawns like Macrobrachium species
and brackish water prawns like Penaeus monodon and other species grow well in the rice fields.
Most species of fin fish can grow well in rice fields. However, the farmers have to be careful
about the selection of aquatic culture species and the variety of rice for integrated culturing.

Studies were focused on the stability of rice field ecosystem with rice monoculture and rice-
aquaculture [10, 24]. A survey by Xie et al. [10], with farmers cultivating rice with or without
integrated aquafarming, revealed no difference in the yield of rice between the two farming
for a period of 6 years. However, the temporal variation in the yield of rice is influenced by
many factors such as year-round and year-to-year changes in climate, pest incidences, rice
variety cultivation and the amount of pesticide used until harvesting [25, 26]. The usage of
large amount of pesticides is responsible for temporal stability of rice yield in the case of rice
monocultures, whereas rice yield stability is partly on the presence of aquatic species in rice-
aquaculture farming [10], since fish-aquatic cultural species act as biocontrol agent [27]. In the
modern agriculture, the stability of rice yield is maintained through the extensive usage of
pesticides and fertilizers [28, 29]. In contrast, the stable yield of rice is highly maintained by
exploiting synergies between species to minimize usage of chemicals and is suggesting to the
modern agriculture that rice monocultures need to be improved with addition of species for
facilitating positive interactions between species and components. The interactions between
various components of RAF are presented in Figure 5.
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The type of method for integrated culture mostly depends on local conditions of the cultur-
ing area. The climatic and other local conditions, cultured aquatic species and rice varieties,
method of culturing, fertilizers used and supplementary feed are the principle factors that
influence the quality and quantity of yield [30, 31]. The culture method selection depends on
the source of aquatic species (ASp) and its interaction with the growing rice which was well
described by Coche [31] seven decades ago.

Putrefied feed

as manure Culture species waste

Animals and its waste as food

Excess food, green waste and weeds

— External feed

Figure 5. Interaction of different components in integrated rice-aquaculture systems.

The integrated rice-aquaculture is a mixed farming, where various rice varieties are grown
along with selected aquatic cultural species depending on the local biological and physical
factors. However, the selection of one aquatic species or more influences the yield of aqua-
culture protein. Because of this, the selection of aquatic species plays the most important role
for the profit to the farmer and helps to improve the economy of the country. The simple eco-
nomic benefit of shrimp/prawn, crab and fish with rice cultivation is well defined [32]. Besides
profit rice-aquaculture generates the highest employability in rice-prawn culture, followed by
rice-crab, rice-shrimp, rice-carp and rice-tilapia.

2.3.1. Suitable crustacean types

There are a number of crustacean species that grow in the rice fields as an integrated culture.
The best example to explain this is the freshwater rice field crab that grows naturally in the
rice fields of India. Besides crabs, there are other crustacean species like prawns, shrimps,
lobsters and crayfishes that can also be grown in the integrated system along with rice with
proper management [33], which is in practice in the coastal areas. Since the most profitable
crustacean protein in today’s world market is from shrimps or prawns, the production of
these species is more profitable to the farmers especially the Indian and Asian conditions.

19
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2.3.1.1. Shrimp/prawn production

Shrimps are grown in brackish water, whereas prawns grow in freshwater. The shrimp pro-
duction is done with the fields of holding salty water located in west coast and deltaic areas
of eastern India where the salt-resistant rice varieties are grown. Due to limited availability of
salt water, only one crop (integrated rice-shrimp farming) is grown mostly in the months of
July to September every year. The channels are arranged to control the water supply into the
field or pond during harvesting of rice, and the shrimp is protected in the ponds/trenches. At
this stage, rice field consists of substantial number of shrimp larvae having less water. The
shrimp harvesting in this case is usually done after 3 months of rice harvest. To clearly say
the method followed to culture rice and shrimp is through alternative system (semi-intensive
monoculture) with few modifications and balanced diet supplied during the culture. The aver-
age production rate of shrimp per hectare in this method is 1440 kg. Penaeus monodon is the
most common species grown in this type of culturing. Penaeus merguiensis, Penaeus indicus and
Metapenaeus ensis are alternative species to grow in this type of system.

The most popular species of freshwater prawn grown in the integrated rice-prawn culture is
Macrobrachium rosenbergii (M. rosenbergii). The monoculture of M. rosenbergii in the rice fields
is in practice in North Kuttanad, where almost 248 hectares are cultivated integrated rice-
prawn culture in a year [34]. Like rice-shrimp farming, the alternative system of culturing
is adapted for rice-prawn culture (semi-intensive monoculture). The productivity of prawn
monoculture with rice is around 700 kg/hectare. On the other hand, the polyculture of prawn
(M. rosenbergii) along with fish (Catla catla, Labeo rohita and Ctenopharyngodon idella) in the rice
fields is also in practice, where the productivity of prawn is 285 kg/hectare, which has almost
two times less production of monoculture of prawn in the integrated system. The yield of
Penaeus monodon with mixed cultures in the rice fields is about 2135 kg/hectare [35].

2.3.1.2. Crab production

More than two decades ago, the role of indigenous technology in the production of rice-crab
culture is well described [36]. The crabs Oziotelphusa senex senex or Parathelphusa hydrodro-
mus are commonly called as ‘freshwater rice field crabs’ since their occurrence is naturally
in the rice fields. Besides this Eriocheir sinensis (Chinese mitten crab) and Scylla serrata (mud
crab) are the major crab species used for rice-crab integrated farming. Mitten crab is a famous
cultural species of China, whereas the mud crab is the most economic crab identified and
grows throughout the world. Both these species grow in saline water and are cultured along
with salt-resistant rice species in the case of integrated culture. Scylla serrata is popular in
Asian continent. This crab culture is picking up in the Indian states such as Kerala, Tamil
Nadu, Karnataka, Andhra Pradesh, West Bengal, Maharashtra, Odisha, Gujarat and Union
territories. However, the crab culture is influenced by many factors, including environmental,
biological, physical as well as socio-economic factors [37, 38].

Crabs depend on naturally available food in the rice fields. Anyhow, supplementation of
external feed is needed during fast-growing periods. The management of rice-crab culture
is much easier than other RAFs. But the only management aspect that needs to be addressed
is regulation of pesticide usage. Since the usage of pesticides is unavoidable for rice yield, it
can be managed by selecting less toxic pesticides with a method of spray on rice stems and
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specific time of spray at which crabs stay in burrows. Proper water management prevents
the crab from escaping from rice fields. The average crab protein produced in rice-crab sys-
tem is approximately 600 kg/hectare. The systematic management of crab culture changes
the farmers socioeconomic status than the shrimp/prawn culture alone [39, 40] in addition,
these crabs are more eco-friendly and grow easily in polyculture with other species [41, 42].
The only limitation in crab culture is limited availability of wild seed and is overcome by
establishing crab hatchery industry to protect natural broodstock for continuous supply
of seed [43]. The sequential or synchronous farming is the adaptable system for rice-crab
culture, which depends on type of crab species growing.

2.3.1.3. Crayfish production

Similar to crabs, crayfishes are the strongest crustaceans that tolerate unfavorable condi-
tions than other species. The most common species used in rice-crayfish integrated system
are Procambarus clarkii and Cherax quadricarinatus. The rice-crayfish culture is common in
Southern United States (Procambarus clarkii) and in Australia (Cherax quadricarinatus). The
adult crayfish is used as broodstock to get seed in the ponds. The broodstock is released into
field after 1 week of rice seedling implantation. On the other hand, the crayfish seed is also
obtained from hatcheries. Besides this the seed also obtained from the rice-crayfish integrated
system after harvesting, where the adult crayfish produce juveniles which are used as seed for
immediate culture. Unlike other crustaceans rice-crayfish culture is also done with sequential
farming. In this system before 2 weeks of harvesting the rice, the water is drained to facilitate
crayfish to make burrows [44]. Watering the field after harvesting leads to growth of ratoon
crop (occurrence of regrowth from rice stubbles) and facilitates the growth of insects, zoo-
plankton, worms and molluscs, which promotes the direct growth of flushed out crayfish
from the burrows [45]. The optimum weight for harvesting crayfish is about 15-60 g. The
average yield of crayfish in this system is about 1960 kg/hectare [46].

Many other aquatic species can be integrated with rice culture. The typical integration of
aquaculture with rice system followed in Asian countries is presented in Figure 6.

2.4. Rice-aquaculture farming with livestock

The profit of rice-aquaculture integrated culture created a scope for betterment of social-eco-
nomic status of farmers. Using this as a concept, the farmers tried to integrate other livestock
with RAF. There are many systems evolved in this way and mentioned in Table 1. However,
the livestock rearing with RAF is in primitive stage and has its own limitations.

2.5. Management of rice-aquaculture farming

Individually the rice and aquaculture systems are separate entities but are mostly holding
common requirements. Because of commonality in system management, the integrated RAF
is prospective and profitable. However this integrated system has conflict in requirements
and their management from one system to other. The modified interventions are required to
overcome these problems at each and every aspect and step of system management. Besides
selection of species (both rice and aquatic species) explained earlier, integrated system
requires many other factors to manage and is explained hereunder.
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Figure 6. Integrated subsystems of traditional rice-aquaculture in Asia.

S. Livestock integrated with rice- Product produced Reference

no. aquaculture system from livestock

1. Duck Eggs and meat Syamsiah et al. [47]

2. Golden apple snails Meat Halwart [28]; FAO [48]

3. Cows and buffalos Milk and meat Otubusin [49]

4. Pigs Meat Prein [50]

5. Sheep and goat Milk and meat Otubusin [49]

6 Poultry Egg and chicken Otubusin [49], Oladosu et al. [51], Momoh and
Norman [52]

Table 1. The livestock integrated systems with rice and/or aquaculture in Asian countries.

2.5.1. Water management

Water plays an important role in any agricultural system. Continuous water supply is badly
needed for RAF. The source of water (river, pond, well or bore) is the first parameter one
should think of before establishing the integrated system. Uninterrupted water supply
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required for rice up to its maximum tolerated levels (15-20 cm) is recommended [53, 54] and
is good for maximum yield of rice. For the aquatic species, the depth of water in the ponds/
trenches should be 65-70 cm and is sufficient to manage cooler and hotter areas for the better
growth of aquatic species. Most of the times, crustaceans grow at the bottom whereas fish at
the middle and top layers of the water.

2.5.2. Fertilizers and chemicals

Organic and inorganic chemicals and fertilizers are essentially required for the growth of both
rice and aquatic species. Besides nourishment of rice, external supplementation of reason-
able amount of nutrients raised the levels of phyto- and zooplankton, which serve as food
for aquatic cultural species. Aquatic species in the rice field enrich the soil fertility, which
ultimately reduces the external supplementation of fertilizer and reduces the production cost
[55]. This proves that RAF requires less usage of fertilizers than rice alone [56]. Alternatively
yield of rice increases by the supplementation of nitrogen fertilizers at the time of land prepa-
ration instead of applying at the time of farming [57]. Addition of ammonia during farming
causes damage to ASp as it acts as toxicant in the water, whereas no change has been seen
with phosphorus fertilizer application in soil and water [56].

Organic fertilizers benefit for the growth of both rice and ASp. Moreover, the additional sup-
plementation of animal manure helps for the better growth of aquatic species at the time of land
preparation [58], and in this way, any toxic effects of these manure to the aquatic species are
avoided [57]. Nevertheless, integrated rice-aquatic culture farming is good for poor and unfer-
tilized soils where the aquatic culture species play the greatest role in making them fertile [24].

Besides fertilizers and nutrients, the control of pest and fungal diseases of rice is another task
for production of higher yield of rice which usage is not at all good for the growth of ASp.
In addition to reduced yield, the uncontrolled usage of pesticides and fertilizers declines the
biodiversity. Prolonged misuse of pesticides and fertilizers over the years has also halted the
development of inland fisheries and aquaculture [59-62].

In an attempt to reduce pesticide use, important changes have taken place in strategic
approaches to plant protection. Integrated pest management (IPM) methods have brought
ecological principles and social scientific perspectives into traditional crop management.
These ecology-based pest control methods have resulted in markedly improved rice farming
systems, which are not only higher yielding but also more sustainable [63-66]. In addition to
this, increased adoption of rice-fish farming, with fish as a natural control agent of pest organ-
isms, provides a promising alternative for further developing ecological sound management
strategies of the rice field environment [61, 67-69].

2.5.3. Nutrition and supplemental feeding of aquatic cultural species

The rice ecosystem is rich with natural flora and fauna. Naturally the rice ecosystem itself is
a rich nutrient supplement for aquatic cultural species. The phytoplanktons and bacteria are
the first developers in the rice field and later weeds (macrophyton, benthos and detritus), and
zooplankton will develop. All these are directly consumed by the aquatic species. Usually,
farmers enrich the natural nutrients of aquatic species by supplementation of fertilizers. An
alternative to have natural supplementation in RAF is by raising a fern azolla. Azolla is the
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best natural feed for fish, but not for crustaceans. Anyhow, this naturally occurring food is
not sufficient for growing aquatic culture species. The consumption and utilization of natural
field nutrients vary from aquatic culture species to species [24]. So, the external supplementa-
tion of nutrients is a must for attaining higher yield of aquatic protein.

The composition of external feed supplemented for crustaceans/other aquatic species is a mix
of 40% of animal waste (fish, snail, clam and viscera tRAFh), 25% of plant waste (rice or wheat
bran, vegetables, pumpkin, leguminous cakes and sweet potatoes) and 35% of terrestrial
gRAFs and/or duck weeds. These materials are made as powder and used for making food
pellets. But various types of external feed are in practice in many countries [70-73].

2.5.4. Temperature and dissolved oxygen

The fluctuations in the temperature and dissolved oxygen do not have much influence on
the yield of rice, but it matters for the production of aquatic protein. In summer, the water
temperature for ASp is regulated by rice plant shading during summer [26, 74]. Anyhow
the low/moderate temperatures are best suited for good yield of ASp. To maintain adequate
temperatures for the better growth of fish, prawn, carb, crayfish, snails and other ASp, high
amount of water needs to be maintained continuously in the ponds/trenches/refuges. The
only way to maintain temperature in the rice-ASp system is by controlled water system.

The dissolved oxygen is an important factor that affects the survival and growth of ASp, and in
extreme conditions, it may lead to death. Unsystematic management of ponds/trenches leads to
pollution [75], resulting in reduced dissolved oxygen. Basically the reduced dissolved oxygen
changes the physiochemical properties of water, thereby pond/trench ultimately shows effect
on growing fish. Most of the times, dissolved oxygen is reduced due to overloading of nutri-
ents in the ponds/trenches and also causes increase in cyanobacterial bloom, which depletes
dissolved oxygen and shows poisonous effects on ASp [76]. The increase in photosynthesis in
rice due to increased aeration is recorded with the fish movement in the rice field [77, 78].

2.5.5. Predators and other factors

The birds are the predators for the ASp in rice-ASp system. Small birds may not cause damage
to the system, but the larger ones reduce the ASp production to 20-60%. Aquavorous birds
should be controlled by placing certain bird terrorizing signs or holdings in and around the
rice-ASp system or making sounds to create panic and foreboding in them.

2.6. Pros and corns
a. Benefits of rice-aquaculture farming:
1. Usage of available land effectively.

Provides employment for village labors than rice alone.

One-time investment is good enough for making trenches/ponds/refuges.

L

Not needing of weeding in rice and feeding for Asp ultimately reduces the cost of labor.
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5. Aquatic excreta and the waste generated during culturing provide organic fertilization
which improves the rice yield up to 15%.

6. Reduced usage of external fertilizers, pesticides and fungicides ultimately provides
pollution-free environment, thereby protecting the nature.

7. The additional production of quality aquatic protein for nourishing people suffering
from protein malnutrition.

8. The ASp movement and foraging in the rice field increase the dissolved oxygen, thereby
increasing photosynthesis and rice production.

9. Rice and aquatic protein produced are hassle-free and organic, which may reduce the
occurrence of several diseases caused by polluted environment and food.

10. The external quench may provide place for growing organic onion, sweet potato, bean,
ladies finger, tomato, variety of green leaves and other vegetables, which provide addi-
tional income to the farmer.

11. The wastelands or land not under usage for cultivation becomes fertile.

12. The wastage of nutrients supplemented for the rice are prevented, since the microalgae,
the competitors for nutrients with rice in the field, are controlled by ASp which they
swallow as food.

13. The reduction of rice yield up to 50% by the aquatic weeds is controlled by ASp.
14. The ASp fed on insects controls the pest effect on rice and increased yield.

15. Theseed of ASp is produced during integrated system and is used for the next cycle of culture.
b. Limitations/disadvantages of rice-aquaculture farming:

1. Rice-aquaculture system is restricted only to the areas where surplus water is available.

2. Greater amount of water supply to RAF may increase the water scarcity for human
usage and difficulties in getting potable water in the future.

3. Labor required more than rice culture alone.

4. Only specified rice species tolerant of deep water/saline water and low temperatures can
adopt this system.

5. Some aquatic species uproot or eat the rice seedlings.

6. The area of rice field is reduced due to ponds/trenches/refuges constructed for ASp.

7. Additional amount of fertilizers and feeding costs more than rice culture alone.

8. The pesticides and herbicides are restricted to use and may reduce the production of rice.

9. Abnormal change in the temperature, low dissolved oxygen, inadequate place and
occurrence of birds catching the ASp lead to 20-60% loss in ASp production.

25
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10. Controlling water supply and floods is difficult. Floods may lead to loss of ASp.

11. Most of the cases, only local ASp can be adapted to this system, but not the demand-
based ASp culture.

12. Usually the irrigated water that comes from other lands may contain pesticides/herbi-
cides which may drop the production capacity of this system.

13. ASp culture is confined only to the rice growing seasons.
Due to several disadvantages of rice-ASp culture, it has gradually been discarded, and farm-
ers are going for rotational culture. Whatever so, the advantages of this system are more
prominent and make the farmers to stand socio-economically especially in developing coun-

tries. The governments need to initiate to publicize the importance of rice-ASp integrated
farming and its impact on the poverty, society and ultimately country.

3. Conclusion

Rice is a main carbohydrate ingredient in the regular diet of approximately 3.5 billion people
worldwide, and developing countries are producing more than 90% of the rice in the world
[26]. It is suggested that combination of traditional/conventional agriculture and familiar meth-
ods such as biotechnology and other modern technologies [79, 80] available may provide high
yield by minimizing the usage of pesticides and fertilizers, within the available land area, water
and nutrients. Adaptation of new methodologies into traditional RAF may provide chance to
meet the global demand for food besides protecting the environment by reducing the pollution.
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Abstract

Coastal areas are home to a wealth of economic and natural resources and are the most
developed areas in the nation with fast increase in human population. Over 50% of the
nation’s population resides in 17% of the contiguous U.S. coastal areas. It is critical that
consideration be given to the impact humans have on these coastal ecosystems and to
the methods which are currently being utilized to enhance and restore these coastal
habitats. In this chapter, we compare the status of the Eastern oyster, Crassostrea virgi-
nica, in two east coast estuaries: the Delaware Inland Bays, Delaware and Apalachicola
Bay, Florida. Many ecological services, which are provided by oysters, such as their
filtration, benthic and pelagic coupling, and habitat forming characteristics, have been
extensively studied and discussed. Many regional economies in the United States of
which the harvest of Eastern oysters was a major component, struggled with the col-
lapsed fishery due to habitat limitation, water quality, sedimentation, parasitic diseases
and other land use impacts. In response to these issues, oyster aquaculture has grown
and is now a major part of the working waterfront where traditional wild oyster popu-
lations used to thrive. Research focusing on the ecological effects of oysters farm-raised
with commercial aquaculture equipment is becoming more prolific as the industry
moves away from a wild harvest fishery to a cultivated product. The oyster fishery
may be recouped if the demand for oysters is supplied with oysters from aquaculture
operations. OQur primary goal in this chapter is to increase awareness about the potential
benefits and some of the challenges facing the increased presence of aquaculture in
these estuary systems.

Keywords: Eastern oyster, restoration, enhancement, population dynamics, oyster
aquaculture, estuary health
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1. Introduction

Coastal areas are home to a wealth of economic and natural resources and are the most devel-
oped areas in the nation with continuous increase in human population. Over 50% of the
nation’s population resides in 17% of the U.S. coastal areas. In light of these numbers, it is
critical that consideration be given to the impact humans have on these coastal ecosystems
and to the methods which are currently being utilized to enhance and restore these coastal
habitats. There are various ways people use coastal areas for their needs. Shellfish aquaculture
is one of the many activities people conduct.

In this chapter, we compare and contrast the health and status of the Eastern oyster, Crassostrea
virginica, in two east coast estuaries: the Delaware Inland Bays, Delaware and Apalachicola Bay,
Florida. Many ecological services which are provided by oysters, such as their filtration, benthic
and pelagic coupling, and habitat forming characteristics, have been extensively studied and dis-
cussed. Oysters increase water clarity and quality by filtering sediments and algae, and removing
nutrients such as nitrogen and phosphorous. The Eastern oyster was once a fixture of the local
economies on the east coast however, combined effects from over harvesting, habitat destruction,
and diseases such as Dermo and MSX have caused oyster populations to decline dramatically.
Along with this decline in oyster populations, coastal lagoons in east coasts of the United States
have been experiencing rapid development within the coastal watershed increasing eutrophica-
tion events. The once abundant oysters filtered algae and sediments, removed phosphorus and
nitrogen, and played a vital role in the ecosystem that could help to counteract the increasing
pressure on the watersheds. Many regional economies in the United States of which the harvest
of Eastern oysters was a major component, struggled with the collapsed fishery.

In response to these issues, oyster aquaculture has grown and is now a major part of the working
waterfront where traditional wild oyster populations used to thrive. In recent years, farm-raised
oysters have become a more sustainable operation than commercial fishing. Oyster aquaculture
has benefits beyond supporting human economies and diets. Oyster aquaculture can provide
many of the same ecological services as oyster reefs, which are a valuable component of estuaries
worldwide, serving as a unique habitat for many ecologically and economically important spe-
cies. Research focusing on the ecological effects of oysters raised with commercial aquaculture
equipment is becoming more prolific as the industry moves away from a wild harvest fishery to
a cultivated product. However, there is a critical need to better understand the dynamics of local
waters to enhance potential fisheries for both estuaries. The oyster fishery may be recouped if
the demand for oysters is supplied with oysters from aquaculture operations. Our primary goal
in this chapter is to increase awareness about the potential benefits and some of the challenges
facing the increased presence of aquaculture in these estuary systems.

2. Temperate estuary “Delaware Inland Bays” characteristics and
challenges

Delaware’s ‘Inland Bays’ (DIB), similar to many of the coastal lagoons in the Mid-Atlantic
region of the United States (U.S.), have been experiencing the impacts of chronic eutrophication
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and sediment erosion resulting from several decades of poor land use practices including
housing development, agriculture and sustained nutrient input from within the surrounding
watershed [1]. The cumulative impacts of these effluents from anthropogenic activities has
degraded water quality and reduced the diversity and abundance of various species of aquatic
life including fishes, invertebrates and submerged aquatic vegetation [2]. As a keystone species
in estuarine bays, oysters provide important ecological services in these systems by filtering
suspended particulates from the water column, increasing water clarity, and removing nutri-
ents from eutrophic waters [3, 4]. Oyster reefs also serve as a valuable component of estuarine
ecosystems, offering unique habitats for many ecologically, economically, and recreationally
important species [2]. The bay degradation has led to the dramatic decline of the local oyster
Crassostrea virginica populations since the late 1800s [4-7].

In response to the plummeting populations, ‘oyster gardening’ programs have taken root
throughout the estuarine ecosystems of the Mid-Atlantic, including Delaware Inland Bays
(see Figure 1a), in an effort to restore the native oysters for their ecological and commercial
contribution to the health and viability of coastal estuaries. Many community-based estuary
programs have involved volunteers to help rear larval oysters into healthy adults for reef
restoration and it is no different in Delaware Inland Bays [5, 9, 10]. Volunteers living in the
local communities surrounding the watershed in the Delaware Inland Bays place floating
baskets of oysters at the ends of their docks to allow the filter-feeders a safe haven to grow
from small, young spat into thriving adult oysters (see pictures in Figure 1b). Community
members throughout southern Delaware are being given the unique opportunity to observe
first hand many of the important ecological services provided by oysters and learn about the
local watersheds.

With a shoreline of approximately 418 km, no part of Delaware more than 13 km from tidal
waters, with Delaware Inland Bay consisting of three shallow coastal Bays: Rehoboth, Indian
River, and Little Assawoman Bays. The combined surface water area of the three bays covers
83 square km with an average depth of 1.2 m. The Delaware Inland Bays (DIB) supports a
small commercial hard clam and blue crab fishery along with weakfish, spot, bluefish, and
Atlantic menhaden representing the majority of the commercial finfish catch in the Delaware
Inland Bays and a variety of other commercially and environmentally important aquatic
species [64].

Associated problems in those bays are similar to other Mid-Atlantic estuaries including eutro-
phication, high turbidity, sedimentation, periodic hypoxic/anoxic conditions, annual fish
kills, low species diversity, and physical disturbances due to anthropogenic activities espe-
cially in the man-made canal systems. According to Delaware Inland Bays Estuary Program
Report [11] and Chaillou et al. [1], approximately 80% of freshwater flow is from groundwater
and the sandy, permeable soils of the watershed have led to widespread contamination of
groundwater by nitrates in Delaware Inland Bays. Flushing rates may vary widely among the
three bay areas, being as low as 1-7 days for Little Assawoman while those for Rehoboth and
Indian River Bays may be as high as 80 and 100 days, respectively.

Delaware Center for the Inland Bays Report [12] stated agriculture as the largest use of land
(32%) followed by developed/developing lands (22%), forested lands (17%) and wetlands and
waters (16% and 12%) with significant loss of forest lands recorded in the watershed between
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Figure 1. a. Delaware’s Inland Bays showing oyster gardening locations, rip-rap planting locations, and known wild
oyster locations [8]. Map by Frank Marenghi. b. Various oyster gears and oysters in rip-rap pictures indicating some
natural recruitment is happening in Delaware Inland Bays. Pictures by Frank Marenghi and Brian Reckenbeil.

1992 and 2007 (see Figure 2a). Figure 2b shows the changes in the land use from 2007 to 2012,
we can see improvement in the land use pattern for wetland lost. According to Delaware Inland
Bays Estuary Program Report [11], the 200 hectares of dead-end canals within this system
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have been described as “unflushable.” Martin et al. [15] reported that many of these canals are
anoxic/hypoxic and subsequently lack higher trophic levels. Table 1 describes the relative con-
tribution of total nitrogen and phosphorus sources in the Inland Bays watershed and this out-
come has not changed since the first time it was assessed in 1993 with nitrogen levels exceeding
the targeted goal for all three bays in the Inland Bays. Agriculture is also listed as the leading
contributor for the overall nitrogen and phosphorus sources in the Delaware Inland Bays [11].

Figure 3a shows the high nitrogen imputes, 6 times the healthy limit in Indian River due to
fertilizer applications for agriculture and lawns in residential areas, animal waste and manure,
and human wastewater [14, 16]. Eutrophication and degraded water quality impacts species
present in this ecosystem [14]. Figure 3a displays the early nitrogen loadings in the Delaware
Inland Bays from non-point source pollution [14]. This eventually causes regime shift from
rich benthic flora and fauna to increase planktonic and microbial organisms [17]. Figure 3b
shows the phosphorus loadings with no clear trends, according to Walch et al. [14], this may
be credited to improved nutrient management on farms and the conversion of cropland to
development with storm water controls.

Previous research suggested that [8, 18-24], Delaware’s Inland Bays are in urgent need of
the ecological services offered by oysters. Because these bays are very shallow (1 to 2.4 meter
depth) and are poorly flushed by tidal movement, they are especially sensitive to environ-
mental changes. Increases in pollutants, changes in salinity due to increase frequency of
precipitation or drought events, climate change related fluctuation in water temperature, epi-
sodic hypoxic and anoxic conditions, as well as harmful algal blooms can all have detrimental
effects on native oyster population. Proper site selection for oyster and reef restoration is
essential and inclusive of other environmental limitation and issues. Over 50% of the avail-
able land in Delaware is used for agriculture with a long history of agricultural production of
poultry, corn, soybeans, and other crops (see Table 2).
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Figure 2. a. Changes in land use of the Inland Bays watershed from 1992 to 2007 [13]. b. Changes in land use of the Inland
Bays watershed from 2007 to 2012 [14].
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Indian River Bay Rehoboth Bay Little Assawoman Bay
Nutrient Nitrogen Phosphorus Nitrogen Phosphorus Nitrogen Phosphorus
sources
Agriculture 44.6% 39.4% 33.0% 17.0% 54.7% 52.6%
Boating <0.1% <0.1% <0.1% <0.1% <0.1% <0.1%
Forest 11.0% 19.2% 7.4% 9.4% 6.7% 19.5%
Point sources 12.5% 15.0% 27.3% 56.9% 0.0% 0.0%
Rainfall 6.2% 8.6% 8.8% 6.9% 12.8% 11.5%
Septic tanks 16.0% 9.3% 11.2% 3.8% 14.6% 5.6%
Urban 9.8% 8.6% 11.7% 5.9% 11.2% 10.8%

Table 1. Relative contributions of nitrogen and phosphorus sources in the Inland Bays (Courtesy of [11]).

These adverse environmental impacts have detrimental effects on overall habitat quality and
put tremendous pressure on local aquatic habitats. As Delaware’s coastal landscape continues
to develop in a low-density and sprawling manner, the health of valuable natural resources,
many of which sustain local economies, is increasingly at risk. Managing the demands for
protecting critical habitat areas and managing water resources are complex and continuous
challenges in Delaware [26].
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Figure 3. a. Yearly nitrogen loadings in the Delaware Inland Bays from non-point source pollution [14]. b. Yearly
phosphorus loadings in the Delaware Inland Bays from non-point source pollution [14].
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According to U.S. Environmental Protection Agency [16], two areas of concerns have been
identified as critical issues for DIB: eutrophication and habitat loss primarily due to urban-
ization, agricultural activities, and low flushing rates. Specifically, primary sources of nutri-
ents include, a point and non-point sources in watershed, septic systems, animal wastes and
fertilizers from agricultural lands. Excess nutrients, nitrogen and phosphorus deteriorated
the bay aquatic life were managed using Total Maximum Daily Loads (TMDLs) for nitrogen
and phosphorus for the Indian River and its Bay and Rehoboth Bay in 1998 and the Little
Assawoman Bay in 2004. According to Delaware Center for the Inland Bays Report [27] “to
meet the load reductions required by the TMDLs, water quality goals include the elimination
of all point sources if nutrient loading to the water bodies, along with a 40% reduction in

Farms, Acreages, and Inventories

Farms' Acres
Corn for grain 843 183,000
Corn for silage 73 7,000
Wheat 240 80,000
Barley 127 35,000
Soybeans B17 170,000
Vegetables 233 42,200
Total Fresh Marker Vegetables 187 11.400
Cabbage [ 490
Cantaloupes 42 300
Cucumbers 47 170
Potatoes 19 1.600
Pumpkins 36 800
Snap Beans 45 Q70
Strawberries 101 100
Sweet Corn 49 3.300
Tomatoes 82 300
Watermelons B& 2,700
Other Vegetables 7 670
Total Vegetables for Processing a8s 30,800
Green Lima Bean 33 13,000
Sweeat Corn 3as 6,700
Green Peas 27 3,900
Other Vegetables 20 7.200
Inventory
Broilers 778 51,092.,495"
Cattle & Calves 399 18,000
Hogs & Pigs 77 5,000
Sheep & Lambs 56 Q03"
Equine? 2,000 13,000
Goats 232 3,5307
Bee Colonies 48 546

12007, Census of Agriculture
12004, DE Equine Industry Survey

Table 2. Delaware farms, their acreages, and types of farming practices [25].
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nonpoint phosphorus loading in the Indian River Bay, Rehoboth Bay and Little Assawoman
Bay, 65% reduction in the upper Indian River Watershed, a 40% reduction of nonpoint nitro-
gen loading in the Indian River Bay, Rehoboth Bay and Little Assawoman Bay, and an 85%
reduction in the upper Indian River Watershed.”

Figure 4 provides promising results in regards to reductions in point source pollution with
five-fold decrease in total nitrogen and phosphorus concentrations from 1990 to 2009 was
recorded in Rehoboth and Inland River Bays. However, relative concentrations of nitrogen
and phosphorus from agriculture increased up to 57% from its previous levels of 45% and
39% for nitrogen and phosphorus, respectively [13].

Anthropogenic activities not only degrade water quality but they also contribute to the reduc-
tion in biodiversity and abundance of coastal bay species [2]. Eutrophication, high turbidity,
sedimentation, periodic hypoxic/anoxic conditions, annual fish kills, low species diversity,
and physical disturbances due to anthropogenic activities all contribute to reduction in biodi-
versity and abundance [2, 27, 28]. Figure 5 provides a description of land use in the Delaware
Inland Bays Watershed from 1992 to 2007. Significant increases are apparent in developed
areas and areas marked for development. In opposition, declines were observed in areas that
were upland forests or small agricultural areas [13].

To enhance habitat quality, for the past 15 years oyster gardening program initiated and pub-
lic engagement has been the major part of the program effort to have the coastal citizens to
be stewards of those bays and contribute to restoration efforts in the Delaware Inland Bays.
Those oysters are further stored in the bays as adults with the hope that they will thrive in
the natural setting. The resulting larger, healthier oysters are used for restoration work in
the area such as artificial reef creation and rip-rap planting, and contribute spat to enhance
wild populations. Although there is a general consensus among scholars that the current
rates of resource depletions and environmental degradation cannot be sustained over a long
period of time, these floating gardens are important in their abilities to offer essential habitat

Loads of Nutrients from Point Sources Discharging to Rehoboth
and Indian River Bay over Time
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Figure 4. Nutrient loads reduction of point sources discharges in Rehoboth and Indian River Bay from 1990 to 2009 ([13];
www.inlandbays.org).
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Figure 5. Changes in land use in the Inland Bays watershed [13].

revitalization. According to Kellogg et al. [29], oyster reefs reduce eutrophication by enhanc-
ing denitrification rates and assimilating nutrients into macrofauna.

Shellfish aquaculture has become a new hope for the coastal community in Delaware, with
the approval of new regulations allowing commercial shellfish aquaculture practices. The
past 10 years leading up to these regulations, Delaware Inland Bays have been home to
a small community-based oyster mitigation program, which biennially distributes oyster
spat on shell to volunteer citizen growers. The use of cost-effective culture techniques
to culture oysters for restoration has developed into an integral part of the ecological
restoration efforts.

Oyster gardening program was established to educate the public on the long-term stew-
ardship and enhancement of the Inland Bays watershed as a collaborative effort with the
leadership of the Center for the Inland Bays. The community oyster gardeners throughout
the Inland Bays watershed support the program by caring for oysters held in floating cages
‘Taylor floats’ tied to their docks. Taylor floats are rectangular vinyl-coated 16 gauge, 25 mm
wire mesh cages with a ring of PVC piping attached to the top to serve as the floatation gear
(see Figure 1b). Each floating cage contains two square wire mesh baskets (46 x 46 x 23 cm) in
which the oysters are placed [24].

Spat on shell were provided during the initial 3 years of oyster gardening program and later
a remote setting process was implemented to supply the oyster gardening volunteers spats
on shells. Remote-setting of oyster (Crassostrea virginica) larvae from the Northeast-Haskins
resistant strain (NEH) line is performed biennially in Delaware to supply small-scale oyster
enhancement efforts. Oyster larvae are raised in the flow through tank from the pediveliger
stage through metamorphosis and settled on cleaned disarticulated oyster shells (cultch).
Shell bags containing 5-10 mm spat have been distributed to oyster gardeners throughout
the Inland Bays. In the floating cages, gardeners are able to keep the spat clean and protected,
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greatly minimizing the negative impacts of predators. Since 2009, simple alterations in choices
of shell containment gear were made to try to increase settling efficiency rate and spat set.
Shell containment gears included common diamond plastic mesh bags, wire baskets, and
plastic aquaculture trays. Setting efficiency was estimated and for small-scale growers, the
stacked aquaculture trays had the highest set efficiency and proved advantageous for several
reasons, including: reduced handling time, uniform shell distribution within tanks, and easy-
to-clean detritus between shell layers [84]. With improved growth and survivorship due to
increased water flow, greater access to particulate foods, and much reduced risk of burial by
sediments [9, 10], the resulting larger, healthier oysters have the potential to contribute spat for
the enhancement of wild populations and are ‘planted’ in areas of the bays for local restoration
work. Determining the remote set process success is often neglected, yet gathering this critical
information will inform managers of the approximate number of spat distributed in small-
scale programs and commercial scale aquaculture operation alike.

The creation of artificial reefs in designated areas is often used for oyster restoration, but the
Delaware program started using riprap planting. Riprap is an irregular, large loose stones
used to hinder the eroding effects of wave action. When oysters are planted in riprap, they
are nestled in stable crevices between the rocks, mimicking the relatively secure, three-dimen-
sional structure of naturally occurring oyster reefs that are integral to the oysters’” survival
[24]. Considering how limited oyster population in the Delaware Inland Bays, any effort to
restore this keystone species in rip-rap crevices far closer than not making any effort and
aquaculture is a step closer to a solution.

Although oyster aquaculture may be impacted by excess nutrients, it can also be a solution
to mitigate this problem. According to Rose et al. [30], nitrogen removal by farmed shellfish
was a more favorable solution per acre than BMPs for agricultural and storm-water run-
off. Although new regulation allows oyster aquaculture in strategically identified areas in
Delaware Inland Bays, Delaware is currently the only state on the Northeast Atlantic seaboard
without commercial shellfish aquaculture. Legislation is developing policy and protocols for
implementation, as the push for legalized aquaculture grows. Neighboring states have shown
the economic and cultural benefits of functioning industry. Three Inland Bays in Southern
Delaware, due to protection from open waters and ease of access for workers, offer promising
future locations for bottom leases. Oysters are functionally extinct within the Bays and with
the rapid development of the local watershed, the ecological services oysters contribute are
more important than ever. Oyster aquaculture can help restore depleted wild populations
of oysters while filtering the water, providing structural habitat, and creating a new sources
of jobs. There is a unique opportunity to study directly how aquaculture facilitates restora-
tion considering the impacts and benefits community driven oyster gardening program has
provided since 2003. Delaware Department of Natural Resources and Environmental Control
(DNREC), Delaware Division of Fish and Wildlife provides proposed shellfish regulations,
proposed shellfish aquaculture development areas, legal notices and updates on regulations
related information in their website at http://www.dnrec.delaware.gov/fw/fisheries/pages/
shellfishaquaculture.aspx.

Figure 6 shows the shellfish growing areas in Delaware Inland Bays while Figure 7 shows
proposed shellfish aquaculture development areas in the Inland Bays.
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Figure 6. Delaware Inland Bays. Shellfish growing waters ([31]; http://www.dnrec.delaware.gov/swc/wa/Pages/Shellfish-
Growing-Waters.aspx).

3. Subtropical estuary “Apalachicola Bay” characteristics and
challenges

Apalachicola Bay is a subtropical, barrier island estuary located along the northeast Gulf of
Mexico in northwest Florida. The bay, a National Estuarine Research Reserve (ANERR), is
a river-dominated system [33, 34] with a highly variable salinity regime. Its main source of
freshwater, the Apalachicola River, the largest river in Florida with the highest riverine dis-
charge rate [35, 36] is formed at the confluence of the Chattahoochee and Flint rivers, both with
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Proposed Shellfish Aquaculture Development Areas (SADA)
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Figure 7. Proposed shellfish aquaculture development areas in the Inland Bays. ([32]; http://www.dnrec.delaware.gov/
fw/fisheries/pages/shellfishaquaculture.aspx).

headwaters in Georgia. The Apalachicola-Chattahoochee-Flint (ACF) tri-river system drains
19,600 mi® of uplands and floodplains in Alabama, Georgia and Florida. The bay’s hydrology
consists of winter/spring flooding and summer/fall drought. The spring floods are essential to
the health of the bay, which relies on Apalachicola River for freshwater and for the abundant
nutrients — nitrogen, phosphorus and organic carbon — the delivers to the productive bay.

Species diversity is high in Apalachicola Bay, which has one of the most diverse ecosystems
in the southeastern United States. Seafood production is a major industry in Franklin County,
where the bay is located and where shellfish harvesting, especially of the Eastern oyster,
Crassostrea virginica, contributed significantly to the local economy. The bay’s oyster bars
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produced 90% of the oysters harvested in the state of Florida, and 10% of the nation’s oysters
and are known for their high quality and excellent taste. The industry generated $10-$14
million in revenue annually, and in Franklin County, oysters made up nearly one-third the
value of commercial marine landings. Figure 8 shows the interpreted surficial geology with
the locations of oysters in Apalachicola Bay, Florida.

The river/bay ecosystems are in highly pristine areas and have not been adversely impacted
by coastal development. The major stressor on the system, both the tidal and non-tidal reaches
of the river, has been low river stage due mainly to three factors: dam installation, channel
widening, and drought and natural fluctuations [36]. Over the recent past freshwater inflow
to Apalachicola Bay has been critically diminished by the cumulative impacts of the aforemen-
tioned stressors, weather-related events and a decades-long water rights battle between Florida,
Alabama, and Georgia (i.e. ‘Tri-State River War’). Normal late-autumn drought conditions for
the ACF watershed were exacerbated by two La Nifia climate events in 2002 and 2007, during
which time the southeast United States experienced warmer and drier than normal conditions.
Drought-stricken Georgia increased its usage of the Apalachicola River’s headwaters to support
water demands from Atlanta’s growing population and for crop irrigation. This resulted in a 17%
reduction in water flow to the Apalachicola Bay. Other years experiencing unusually low river
flow into the bay include 2000, 2008, 2011 and 2012 (the lowest on record); data show that the six
lowest river flow years occurred between the years 2000-2012 [38]. The salinity in Apalachicola
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Figure 8. Apalachicola Bay. Surficial geology shows the interpreted surficial geology with the locations of oyster bars
superimposed on the sun-illuminated bathymetry ([37], U.S. Geological Survey Open File Report 2006-1381; https://
cmgds.marine.usgs.gov/publications/of2006-1381/html/maps.htm).
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Bay was exceptionally high in 2012 [39]. In January 2018, the Supreme Court of the United States
heard arguments concerning the Alabama-Georgia-Florida water war. A ruling has not been
issued at this time. Florida is seeking a water-sharing pact such that Georgia’s usage of the ACF
headwaters does not create adverse downstream effects for Apalachicola Bay fisheries.

In addition to decreased freshwater inflow, climate change models predict a north Florida sea
level rise of up to 15 inches by the end of the century. Scientists speculate that this vertical rise
may push the shoreline 70-250 feet inland in low-lying coastal areas (see Figure 8). According
to a one report, this would submerge 61% of salt marshes and three quarters of the tidal fresh
water marshes [40].

In August 2013, NOAA declared the Apalachicola Bay oyster fishery a disaster, caused by
a long and excessive drought during the 2012-2013 season. Due to those events, Florida
west coast oyster landings dropped 60% and revenue declined 44% [85]. The Deepwater
Horizon Oil Spill did not impact Apalachicola Bay oysters significantly. Oysters tested by
the University of Florida [39] were below instrumental detection for oil spill contaminants,
polycyclic aromatic hydrocarbons (PAHs). According to research in the same report, a high
percentage of bay oyster shells are parasitized by boring clams, sponges, polychaete worms
or other organisms. In addition to a decrease in shellfish growth and productivity, shell defor-
mity also detracts from shell integrity and may therefore affect the economic value of product.
Dermo disease is present in Apalachicola Bay oysters, but apparently, its severity is less than
in other bays along the East Coast, such as the Chesapeake Bay [41]. The UFL researchers
report that more than 90% of tested oysters are positive for the parasite.

In an attempt to save a struggling industry, Florida’s leaders have approved oyster and clam
aquaculture leases in Wakulla County and in Franklin County (see picture in Figure 9). In
April 2018, Florida’s governor and his cabinet are looking to approve expanding current

=,

#* 1 Apaldchicola g8y

Gulf of Mexico

Figure 9. Apalachicola Bay relies on freshwater input from the Apalachicola River to maintain ecosystem health and to
support a productive shellfish fishery. Map from State of Florida, updated by Stacy Smith.
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Figure 10. A state worker showing FAMU students oysters in tongs in Apalachicola Bay. Picture by Stacy Smith.

aquaculture lease in Alligator Harbor, (21 new leases) Franklin, County, and Ochlockonee
Bay (72 new leases), between Wakulla and Franklin counties. Each lease is 1.5 acres (The
Apalachicola and Carrabelle Times 2018). Picture shows oysters in tongs in Apalachicola Bay
and sediment (see Figure 10).

4. Where shared challenges meet shared solutions?

As stated by Rossi-Snook et al. [24] “an integral aspect of oyster gardening programs that
cannot go unmentioned is the development of a sense of environmental stewardship among
community members. In these programs, professional scientists and volunteers are working
together to conserve both an ecosystem and a culture; by reintegrating oysters back into the
bays, natural recruitment and proliferation is possible, eventually allowing for the safe and
ecologically-sound harvest of oysters and other ecologically important macrofauna to rede-
velop within the community.”

Ecosystem engineers, as described in many environmental books and articles, are organisms
that can dramatically change the environment and essentially create ecosystems. Jones et al.
[42] discussed differences between allogenic and autogenic ecosystem engineers. He stated
oysters fall in to both categories: allogenic because they “change the environment by trans-
forming living or non-living materials from one physical state to another, via mechanical or
other means,” and autogenic because they “change the environment via their own physical
structures (i.e. living and dead tissue) as they grow and become larger, their tissues create
habitat for other organisms to live in.”

Although, Crassostrea virginica can tolerate a wide range of salinity, temperature, turbidity,
and oxygen levels, Kennedy [6] discussed how water depth and salinity affect oyster popula-
tions and their associated fauna. Oysters generally occur in areas with the annual temperature
range between -2 to 36°C except for the oysters in Gulf of Mexico which can survive intertidal
temperatures between 44 and 49.5°C for over 3 hours. Larger established populations are
found at salinities ranging from 5 to 40 ppt. Nevertheless, adult oysters have the ability to
survive even in fresh water for short time durations [6]. When oysters are located in areas of
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an estuary with less salinity, they have slower growth rates. This is primarily due to a lack
of food availability. In addition, because “drills, starfish, and boring sponges cannot stand
the reduced salinities that prevail” in areas farther up in estuaries, oysters are able to have a
higher rate of survivorship in these zones ([43], cited by [44]).

The Eastern oyster (Crassostrea virginica) serves as an essential connection between pelagic
and benthic food webs. Oysters consistently remove suspended organic and inorganic par-
ticles >3 um in diameter with much effectiveness [45]. Since it only takes up around 70% of the
filtered organic material, this leaves dense, mucus-bound biodeposits, also known as pseu-
dofeces which are ejected. These biodeposits can serve as a valuable food source for benthic
organisms. Oyster reefs also prompt phytoplankton productivity in natural, non-eutrophic
systems by vigorously filtering suspended materials, lowering turbidity that may restrict light
penetration and oyster growth [45]. Increased water clearness will in turn promote growth
of benthic algae and diatoms that are a substantial food source for sessile and mobile benthic
herbivores that in turn are eaten by many carnivorous fish [3]. However, the function of oys-
ters mineralizing organic carbon and converting nitrogen and phosphorus into forms usable
by primary producers may be more critical than serve as the primary consumer in the salt
marsh [46]. Oysters can enhance the reduction of ammonium to nitrites and nitrates through
their biodeposition by taking N from the water column and depositing it into sediments.
Microbes can then reduce the nitrogen to N, gas, which sublimates into the atmosphere. This
is especially relevant in anthropogenically enriched environments [3, 46].

As [58] discussed oyster reefs have been considered as an essential fish habitat (EFH) for the
last few decades. Many fish rely on oyster reefs for feeding, reproduction, and protection from
predation. Within the same brief period during mid-summer, peak recruitment for all oyster
reef residents occurs. This associates managing harvest and restoration efforts. Disruption of
oysters by the addition of shell or dredging the reef during the spring through early autumn
breeding season could negatively affect reproduction of many fish by burying nests, breaking
apart articulated shells or scaring off males guarding their eggs [47].

Many economically important species may utilize oyster reefs for valuable juvenile nurs-
ery habitat Posey et al. [48]. Nursery habitat function of reefs may be expanded by locating
restored reefs in shallow (<2 m deep) waters where large fish predators are less abundant.
Important refuge habitats in estuaries are shallow water reefs. These reefs can also provide
alternative foraging habitats for fish and crabs that are may be displaced by anoxic or hypoxic
conditions as in the Chesapeake Bay, the Delaware Coastal Bays, the Gulf of Mexico and
elsewhere [49].

Other nearby habitats can be influenced by oysters as well, like those of a salt marsh. This
influence is achieved by protecting the salt marsh from the influences of wave energy.
Shoreline retreat was significantly lower in a Louisiana study at sites with a constructed
intertidal reef only 0.7 m tall in low energy areas. Low and high energy sites both showed
positive oyster growth and recruitment (4.9 spat per shell) and showed potential to help
stabilize sediment, reducing erosion, as well as providing salt marsh habitat in addition to
a habitat of its own [50]. Because oyster reefs in salt marshes trap sediments as they grow,
they can eventually become colonized by Spartina spp. and other grasses. Subsurface or
fossil oyster reefs have been discovered extending from an existing reef into the marsh [46].
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Indeed, bivalves can affect a shift in the phytoplankton community. Many authors have sug-
gested that bivalves exert a “top-down” control of phytoplankton dynamics [51-54]. Some
have stated in certain instances there exists a synergistic feedback. Oysters considerably
advance the timing of nutrient recycling rates, allowing indulgence consumption and fast
growth of some algal species [55, 56]. Through continuous filtering activities of the oysters,
the phytoplankton community is shifted from older lag phase cells to younger cells in a
logarithmic growth phase. Reduced competition causes the phytoplankton community to
shift to faster growing algal species that are able to take advantage of the increased light
and nutrients [57].

Crassostrea virginica are bivalve suspension-feeder organisms that are native to the Delaware
Inland Bays and Apalachicola Bay areas. Bivalve suspension feeders have been shown to
serve an important biogeochemical role in coastal ecosystems because N and P from the
water column are transferred to the sediments in their biodeposits [3]. This means that
the filtration of the oysters can be shown to remove nitrogen from an aquatic ecosystem.
Although the benefits of physical oyster structure may be significant, the benefits from oys-
ters’ ecological function are under-appreciated [58]. Although many studies have been done
to focus on various effects of oyster ecology on lower trophic levels, resident species, and
water quality, very few studies have yet conclusively demonstrated net benefits to higher
trophic levels.

One of few studies showed where oysters enrich the surrounding benthos with their biode-
posits and dissolved nutrients increases meio- and macrofauna species assemblage in their
study [46]. Also observed by Bahr and Lanier [46], many oyster reef residents feed upon
these lower trophic levels and find aid in the unique niches created by the oysters. Polychaete
were collected from the sediments under the oyster gears, 1 meter away from the gears and
5 meters away from the gear in the Delaware Inland Bays. Polychaete survey results during
the warmer months indicate the highest abundance of polychaetes were found at the Little
Assawoman site and the lowest abundance of polychaetes in Rehoboth Bay. The results of the
benthic community assessment indicate that there was no significant impact to Polychaete
abundance or species richness from the oysters and aquaculture gear. Little Assawoman Bay
had higher abundance and species richness than other two bays [59]. Benthic community
assessments are often used to evaluate the health of an ecosystem. A healthy benthic commu-
nity in the mid-Atlantic is characterized by high biodiversity of benthic flora and macrofauna
[17]. Benthic communities are made up of a several different types of organisms including
many invertebrate species [86]. Benthic organisms play important roles in ecosystems because
they are a fundamental part of the food web. They act both as a food source for larger organ-
isms and as decomposers, helping bacteria break down organic matter [86].

Improved water quality and continuity of a healthy food chain, benthic/pelagic coupling,
and planktonic stability by oysters have provided valuable benefits to estuaries [60]. Posey
et al. [48] examined whether resident and transient species are in fact attracted to the physical
structures of the oysters for feeding or if they receive the majority of their foods elsewhere and
actually utilize these habitats created by oysters for other needs.

In addition to their impacts as a filter feeder to clarify water, harvested oysters left unhar-
vested would remove excess nutrients from the bay incorporated within the oysters shell

49



50 Aquaculture - Plants and Invertebrates

and tissue [3]. Floating aquaculture gear would increase species diversity in the Delaware
Inland Bays by providing refuge and foraging areas for transient species moving throughout
the Delaware Inland Bays [21, 24, 61]. The years of research efforts conducted by the primary
author and her research team found [62, 63], unlike some finfish farming, rearing shellfish
in high densities in shallow water can have positive effects on the environment and may
promote biodiversity. In the Delaware studies conducted around the submerged aquaculture
equipment, 17 species showing significantly greater abundance and richness than in adjacent
low-profile oyster shell reefs in 2006. Fourteen species around the equipment vs. the eutro-
phied, turbid, soft-bottom lagoon (including 3 species that require oyster shells for spawning
substrate) in 2007. About 49 species of fish and invertebrates along with 8 species of mac-
roalgae greatly contributing to the diversity of the native ecological community in 2008. In
Virginia, 45 species of macrofauna were recorded inhabiting one commercial oyster farm that
used floating equipment. In a study in Rhode Island, species richness was significantly greater
in submerged aquaculture equipment than in a nearby seagrass bed or an unvegetated sand
flat, especially for fishes and invertebrates in their early life stages, demonstrating the equip-
ment may benefit some species more than others. These studies are critical to understanding
the complex ecological interactions that occur and will allow farmers, managers, and regula-
tors to fully appreciate the consequences of their actions. Figure 11 shows the aquaculture
gears used for the oyster gardening program and previous studies.

The potential effect of utilizing shellfish aquaculture for community-based restoration and
environmental conservation is promising. Figure 12 shows 2011 shellfish harvesting status of
the Delaware Inland Bays [64]. Suitable locations for spat recruitment and oyster growth can
be used to advance natural oyster settings. Number of oyster gardeners currently involved in
the Delaware Inland Bays (DIB) oyster restoration efforts is about 200 community volunteers
using their docks. Working with this number, and that fact that each oyster filters approxi-
mately 190 liters of water per day, the oysters currently involved in the program filter about
7,570,825 liters of water per day in the Delaware Inland Bays. Although this may seem to be
an impressive amount, it is not when observing the actual volume of the Delaware Inland
Bays. The Delaware Inland Bays have a surface area of 83 square kilometers, with an average
depth of 1.2 meters [15]. This is a total volume of 101 billion liters. In order to filter the volume
of water in the Delaware Inland Bays once daily, at least 534 million more oysters need to
be cultivated and allowed to live without harvest. There are currently about 40,000 oysters.
Once the critical amount of at least 534 million oysters is established, only then will there be
at a point where there will be excess for actual harvesting. Only just beginning to touch the
tip of the proverbial iceberg in Delaware with the restoration project, many more efforts are
required.

Habitat restoration and major pollution reductions are needed to restore water quality and
achieve a healthy estuary once again. Unfortunately, areas close to the shoreline and most
tributaries have unhealthy oxygen levels with severe condition in some areas although most
open water areas have good dissolved oxygen for healthy aquatic lives. One of the major
causes for poor water quality condition for low dissolved oxygen is due by the excess nutrient
leading major habitat loss and degradation issues for variety of finfish, shellfish and other
aquatic species including invertebrates [64].
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Figure 11. Aquaculture gears used during the oyster gardening program. Pictures by Frank Marenghi and Patrick Erbland.

According to Delaware Center for the Inland Bays Report [64], the Delaware Inland Bays
are a premier east coast fishing destination, but important state fishes like the weakfish and
blue crab population are declining. While the Inland Bays Oyster Gardening Program and
student research projects confirm oysters can grow successfully in all three bays, wild oysters
are very limited.

Fulford et al. [65] shares findings suggest that the ecological benefit of restoring bivalve
populations are somewhat variable. A comparative model analysis of restoration plans in
specific systems can be highly beneficial to maximizing the benefit-to-cost ratio of restora-
tion efforts intended to reduce the negative effects of cultural eutrophication. It should also
be noted that we should be cautious of generalizations about the effect of suspension-feed-
ing benthos on phytoplankton without due consideration of estuarine size, circulation pat-
terns, and morphology, as well as any other factors that may regulate community filtering
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Figure 12. 2011 shellfish harvesting status of the Delaware Inland Bays (Delaware Center for the Inland Bays 2013).

rates [66]. Keeping these thoughts in mind for future research potential, let us conclude
with a short synopsis of how well oyster gardening is working in the DIB, and what steps
need to be taken nest to maximize enhancement and restorations of both temperate and
subtropical estuaries.

For the past 15 years, oyster gardening has been part of the restoration of the Delaware
Inland Bays. Volunteers living in the local communities surrounding the DIB place floating
baskets of oysters at the ends of their docks, allowing them protection from predation in
order to grow from small, young spat into thriving adult oysters. Oyster aquaculture has a
potential to generate income for coastal communities [67]. The volunteers who participate
in the monitoring of water quality and oyster aquaculture have learned many things while
becoming trained in aquaculture. They have realized an increase awareness to protect our
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water and its biota. They have also gained an appreciation for the Eastern oyster species,
Crassostrea virginica, and the efforts of its restoration. Oyster culture has a potential to lessen
pressure on natural overexploited populations and to generate income for coastal communi-
ties [67]. There are various social and economic benefits of oyster gardening in their local
habitats in relation to watershed improvements discussed by Ozbay and Cannon [68]. The
implications of these gardeners’ actions are exponential in their ability to offer essential habi-
tat revitalization.

Environmental factors determine the productivity of the Apalachicola Bay oyster community:
factors which encourage oyster growth include bottom substrate, nutrients from Apalachicola
River and food availability. Those which are detrimental to oyster productivity include pre-
dation, disease, and sedimentation [69, 70]. Approximately, 10% of the bay’s aquatic area is
covered by oyster bars. Apalachicola Bay supplies the Florida seafood industry with 90% of its
oysters. Local oyster harvesters and seafood suppliers rely on oysters for their livelihoods. The
oyster industry brings $10-$14 million in revenue annually to Franklin County, FL; therefore,
oyster productivity is linked to both ecosystem health and to financial solvency of the local
economy.

Approximately 17% of the bay’s total area is occupied by fresh, brackish and salt water tidal
marshes and only 7% of its area is occupied by seagrass, with the majority of these seagrass
beds confined to high salinity and low turbidity regions of the bay [71]. The riverine discharge
and associated seasonal flood-related flux of inorganic and organic nutrients into the bay from
the Apalachicola River and its associated marsh systems is essential to the present ecosystem
dynamics of the estuary [33, 72]. The bay also supports highly productive shellfish and finfish
fisheries all of which are either directly or indirectly dependent upon the hydrologic condi-
tions of the bay. For example, when the salinity of this estuary increases, oyster mortality rates
increase due to predation by Gulf of Mexico gastropod mollusks and other predators, which
require higher salinities [71, 73, 74]. Input of freshwater in river-dominated systems reduces
predation pressure from marine species during high flow periods.

A study by Chanton and Lewis [72] compared ecosystem biogeochemical dynamics in
Apalachicola Bay during periods of low river flow (summer-autumn) versus high flow (win-
ter-spring). They demonstrated that floodplain detritus does not drive estuarine production
in Apalachicola Bay but rather the highest estuarine productivity in Apalachicola Bay coin-
cides with low flow period during the summer [72, 75-77]. The bay’s primary productivity
during these low flow periods, however, is driven by autochthonously produced dissolved
nutrients coming from upstream [72] and/or possibly from marsh outwelling. Chanton and
Lewis [72] also found that although consumers primarily utilize autochthonously produced
substrates during periods of high river flow, the influx of terrestrial floodplain detritus does
augment productivity in the bay. They concluded that reduced river flow would have a
detrimental effect on overall estuarine production, especially during seasonal and extended
droughts. The trophic status of the bay is therefore intricately linked to Apalachicola River’s
hydrologic regime, which impacts the bay.

As stated earlier, Deepwater Horizon Oil Spill has not significantly impacted Apalachicola
Bay oysters. Compared to other areas along the Gulf Coast, the water quality in Apalachicola
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Bay has remained relatively unaffected, with the exception of tar balls washing ashore and
some oil sheens. To enhance oyster landings after the spill, the state of Florida opened a
7-day-per-week oyster harvest at both the summer and winter harvesting grounds dur-
ing June-August 2010; however, preliminary commercial landings reports suggest that
Franklin County’s 2010 oyster harvest was the lowest in 5 years, although landings from
2007 and 2009 were the highest in 20 years. Furthermore, the annual 2010 landings rate
(pounds/trip) was the lowest since 1991 (Figure 13). This drop in oyster production and
the over-tapping of the winter oyster beds translated into lost revenue, which reverber-
ated throughout the Florida seafood and restaurant. The oyster fishery has not rebounded
since 2011 and prices have increased (Figure 13). University of Florida researchers devel-
oped a population model to determine whether harvest of sub-legal oysters contributed to
the crash in the Apalachicola Bay fishery while they found an increase in natural mortality
[39, 78].

Since natural oyster populations have been unable to keep up with demand let alone sus-
tainable historic stocks, aquaculture has become an essential part of restoration and stock
enhancement efforts. According to the California Aquaculture Association [79], the top U.S.
marine aquaculture species was oysters. In 2015, U.S. shellfish farmers produced 15,876 metric
tons of oysters at $173 million market value [80]. According to Stewart [81], the farmed oyster
production grew by 806% between 2006 and 2012 in Chesapeake Bay. Rheault (Executive
Director of East Coast Shellfish Association) in Stewart’s report stated that the east coast shell-
fish production for oysters has doubled in 5 years at a steady rate of 12% per year. With $2 a
pop on U.S. restaurant menus, associated demand for oysters are making oyster farming vital
player in the United States.
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Figure 13. Oysters catch per unit effort and average price per pound of oysters (Data from Florida Fish and Wildlife
Conservation Commission http://myfwc.com/, Figure by Smith (unpublished)).
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5. Conclusion

Here we discussed two different estuary systems with differences in ecosystem management
goals and plans with different ecosystem indicators (TSS and turbidity in Delaware Inland
Bays versus salinity in Apalachicola Bay), however both estuaries have few common issues
mainly due to increase population and population driven activities (see Table 3). These issues
include frequent eutrophication events, increase pollutants via storm water runoff, agri-
cultural or residential areas, overfishing and habitat alterations. Both estuary systems have
some indicators different from each other such as coral reefs and essential fish habitat for
Apalachicola Bay versus essential fish habitat or areas that will be open to shellfish harvesting
for the Delaware Inland Bays. Major alterations and changes to those fragile ecosystems are
mainly due to anthropogenic activities and management goals for both estuaries should be to
minimize further changes and mitigate areas already altered.

Although decision and management strategies will be different, each estuary system or
watershed, depending on the critical areas of concerns and related activities, solution is
dependent upon how we plan our next action. Are we setting our goal for too short term or

Criteria Delaware Inland Bays, DE Apalachicola Bay, FL

Characteristics * Three low flushing interconnected bodies of * River-dominated estuary
water (Indian River Bay, Little Assawoman Bay, and lagoon in Florida.
and Rehoboth Bay).

*  Watershed - 540 km? in
e Watershed - 811 km? in Delaware Alabama, Georgia and

* Average water depth of 1.2 meters Florida

* Average water depth of 2

¢ Frequent alteration to waterways?
meters

® DPristine system?

Opyster Population Status ~ ®  Very limited oyster population * Natural oyster population

® Restoration and mitigation are necessary dwindling, not rebounding

Aquaculture Status * Aquaculture permits have been issued and * Natural oyster population is
approval obtained declining
¢ However, implementation is very slow * Aquaculture is becoming
popular
Challenges ¢ Frequent eutrophication * Reduced freshwater input
due to drought and upriver

¢ Increased pollutants from agricultural and

. . usage
residential runoff

+ Overfishing ¢ Estuary salinity increase

¢ Habitat alterations * Increased predation

® Most common issues are
decrease in oyster popula-
tion, approval of oyster

¢ Human interference of habitat aquaculture

* Increase land uses due to human population and
related activities

* Very low natural oyster population and recruit-
ment and approval and implementation of
aquaculture
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Criteria Delaware Inland Bays, DE Apalachicola Bay, FL
Management Practices * Short-term management practices primarily on ¢ Long-term management
nutrient reduction plan focusing on limiting
* Many users of the watershed requiring frequent harvesting
accommodations
* Frequent conflict resolution delaying implementation
plans
Opportunities * Good oyster growth and survival at designated * Increased oyster culture

oyster aquaculture sites are expected. e Potential for mussel

* Potential for clam aquaculture aquaculture

Table 3. Comparison of two estuaries with differences in water quality, anthropogenic impacts, and management goals.

are we having a comprehensive plan? Either it is re-introduced to the area in the case of the
Delaware Inland Bays or naturally occurring in Apalachicola Bay, oysters provide ecosystem
services long proven and sustainability of these ecosystems lies on the comprehensive and
integrated ecosystem planning and assessment. Although integrated ecosystem assessment
plan is not available for the Delaware Inland Bays with promising nutrient reduction and
waterway improvement initiatives with leadership of the Center for Inland Bays, there are
few applied for Apalachicola Bay that provides foundation for assessing the merging needs
of the area from the ecosystem health perspectives?

Whether aquaculture is used for revitalizing habitat or restoring native species or human con-
sumption, there are big variation the way each operate. Growing demand for fresh seafood has
prompted a long-term viable and sustainable aquaculture industry worldwide. With wild cap-
ture fisheries exceeding the maximum sustainable harvest capacity, aquaculture has become a
bridge in closing the gap between rising demand and seafood sources. By 2011, farmed seafood
accounts over 50% of overall production in the global marketplace [82]. As stated clearly by
Shumway et al. [83] “Shellfish are one of the best candidates for ecologically sustainable aqua-
culture. Farming of shellfish not only provides a high quality, high value, sustainable harvest
from the ocean, it also provides jobs and social and economic development, all while providing
tangible benefits to the marine environment. A productive shellfish farm means a healthy and
equally productive surrounding environment let’s give the lowly molluscs their due!”

Restoring oyster population requires further elevation aquaculture has and will enhance the
ecosystem health of both watershed discussed in this chapter. Either, we cease wild harvest-
ing or we provide the push to enhance the population and in case of oysters, we are hopeful
“aquaculture” will provide both environmental and economical stability in those bays.
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Abstract

Homoeopathy is an alternative medical system proposed by Samuel Hahnemann in the
eighteenth century. It uses highly diluted and agitated substances that derived from plants,
minerals or animals, which have shown to be effective in human medicine, agronomy, vet-
erinary, and as a novelty, in marine aquaculture. Aquacultural homoeopathy has developed
rapidly in recent years, partially motivated by the misuse of powerful drugs (hormones,
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antibiotics, disinfectants) that when solving a problem generate undesirable side effects.
In the last 10 years, scientific articles have been published on its application in freshwater
fish native to Brazil, obtaining beneficial effects on growth, survival, hepatosomatic index,
development of muscle fibres and lipid content in muscle. At Centro de Investigaciones
Bioldgicas del Noroeste (CIBNOR, Mexico: www.cibnor.mx), we have studied the effects of
homoeopathy to improve the culture of economically important marine species of molluscs,
fish and shrimp. In this chapter, we show a selection of different research with preliminary
or advanced results, related to the use of homoeopathy and its impact on zootechnic, bio-
chemical, genomic and transcriptomic parameters in marine molluscs, fish and crustaceans.
The results obtained suggest that homoeopathy is an eco-friendly alternative applicable in
aquaculture industry to improve various productive and health aspects.

Keywords: homeopathic medicine, marine molluscs, crustaceans and fish, growth,
survival and biomass production, physiology and reproduction, genomic, metagenomic
and transcriptomic response

1. Introduction

Aquaculture has become a dynamic industry in constant development with the fastest growth
food production sector of animal origin, even at a higher rate than human population, which
could provide half of the fish consumption worldwide. However, its great development has
turned out into great problems and challenges, based mainly on hyper-intensive production
systems where the common denominator is high cultivation densities that generally cause
physiological stress. Acute or chronic stress acts in a synergistic way to other environmental
factors, negatively impacting productive parameters or increasing sensitivity to diseases pro-
duced by opportunistic pathogens as bacteria and viruses. Altogether finally translates into
great economic losses to producers. Among the solutions for these problems is the use of expen-
sive immunostimulant substances, so producers have opted to use and misuse antibiotics and/
or prophylactics to treat stress and its consequences. Antibiotics promote the resistance of target
organisms and leave residues in the environment and in tissues, which has become a public
health problem in some countries [1, 2]. For this reason, alternatives have been sought such as
the use of probiotics [3], phytobiotics [4], and recently homoeopathy that has been investigating
as a novel alternative to improve various productive aspects in the culture of aquatic organ-
isms [5]. Homoeopathy is a branch of universal medicine based on the Law of Similars also
expressed as “principle of like” (Similia Similibus Curentur = Like cures Like), and it is applied
in ultra-diluted and succussed minimal doses. It is assumed that a substance that is applied in
high doses (massively) generates a pathological symptomatology, so if it is applied in minimum
doses (obtained by serial dilution and agitation), it can in turn cure it [6]. Homoeopathy derives
from a Hippocratic medical concept proposed by the German physician Samuel Hahneman
(1755-1843), who developed decimal (D; 1: 9), centesimal (C; 1: 99) millesimal (M; 1: 999) dilu-
tions and other medicines, which are actually known as homoeopathic “dilutions” or “dyna-
misations.” This process consists of serial dilution of mineral, plant and animal concentrate
materials in water-ethanol vehicle, and vigorous agitation or “succussion” [7]. The starting point
to obtain a certain dynamisation is a concentrate or Mother Tincture (MT), which is an alcoholic
extract prepared from plants, animals, minerals, and even nanoparticulate metals [7]. In spite
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of its high dilution, it is possible to detect nanoparticles of the “ponderable active principle”
(MT) in the dynamisations, even in high centesimal dilutions despite the fact that according
to Avogadro’s theory, they should not have a single molecule of MT [8]. Therefore, re-naming
homoeopathy as “Adaptative Network Nanomedicine” has been recently proposed [9].

Homoeopathy has the peculiarity of stimulating the self-recovery of dynamic homeostasis
when it has been lost due to exogenous and/or endogenous factors. Therefore, it does not
focus on “the disease” but on the manifestations and intrinsic defence mechanisms of the
“patient.” It offers “signals” of systemic action to the treated individual to promote its self-
regulation to recover homeostasis, and as it uses ultra-diluted minimal doses, it does not leave
residues in the organism or in the environment. As a counterpart, the other medicine known
as “allopathy” derives from a galenic concept based on the “principle of opposites” and the
application of massive doses of various chemotherapeutic agents officially classified as anti-
microbial, anti-viral, anti-inflammatory, anti-spasmodic, anti-histaminic, anti-fever and other
“anti” drugs. Homoeopathic medicines can be administered to any living being, including
terrestrial and aquatic plants, wild animals in captivity and breeding, as well as freshwater
and marine species of commercial interest [7]. It has been widely used in human, animal
and plant medicine because it induces specific responses and increases immunity, favouring
resistance to pathogens under stressing situations, promoting a better post-infection recovery
and improving internal dynamic homeostasis [5, 6, 10].

In Mexico, homoeopathy is recognised as a therapy of alternative medicine, and its practice
was authorised by presidential decree in July 31, 1895; today its study and practice is offi-
cially recognised in the general health law (2015), and only health professionals can prescribe
homoeopathic medicines, which must have an official code. This is the way homoeopathic
medicines are differentiated from products like herbs for infusion and herbal remedies. In
countries such as Brazil, there are homoeopathic medicines exclusively for veterinary use,
for marine and freshwater fishes, registered with the Ministry of Agriculture. Important and
promising results have been reported in freshwater organisms, mainly Nile Tilapia Oreochromis
niloticus and Pacu Piaractus mesopotamicus [11-13]. Taking into account these antecedents, this
chapter compiles not only the experimental results obtained in marine organisms, such as
molluscs, fish and crustaceans when treated with commercial homoeopathic medicines for
human use and approved by Federal Health Law and Health Ministry of México but also
other ones that have been designed and developed at Centro de Investigaciones Biologicas del
Noroeste (CIBNOR) in La Paz, Baja California Sur, Mexico.

For the purposes of this chapter, commercial drugs for human use have been utilised in the
form of liquid hydro-alcoholic dynamisations (Similia® Laboratories, Mexico), injectable
aqueous dynamisation (Rubiopharma® Mexico) or sugar impregnated with homoeopathic
complexes (Arenales Homoeopathy®, Brazil). They were considered “stock dynamisations,”
from which the respective “work dynamisations” were obtained through a serial process of
dilution-succussion decimal or centesimal. Other non-commercial medicines were designed
and developed at CIBNOR, from bacterial products (nosodes). This chapter deals with unitary
or complex laboratory treatments used and registered with the Mexican Ministry of Health,
such as Similia® and Rubiopharma® and a Cuban drug of Labiofam® which will be described
as follows: Passiflora incarnata, Valeriana officinalis, Ignatia amara and Zincum valerianicum of
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Similia® (PaV); Cyme-Heel, Gal-Heel, Hepa-Heel, Mucs-Heel and Chol-Heel of Rubiopharma®
(INM); Endecto (END) and Infecgoes (INF) of Arenales Homoeopathy®; Phosphoric acid (PhA),
Phosphoric acid (AcF), Silicea terra (SiT), Sodium methasilicate (MsS), Scorpion toxin Vidatox®
(ViT); Calcium sulphuricum (CaS); Hepar sulphuris (HeS), Ferrum phosphoricum (FeP); Zincum
phosphoricum (ZiP); Magnesium phosphoricum (MaP), Mercurius solubilis (MeS). Also, other
nosode-type homoeopathic medicines from Vibrio compounds (ViP, ViA) were applied. These
and other nosode type HOM-products have been designed by CIBNOR that is processing
the respective trademark and industrial property titles (Office for industrial protection and
technology transfer; OTT-CEPAT/CIBNOR; www.cibor.gob.mx). Ethanol (ET) and no-HOM
nor ethanol (NT) were used as control treatments. Homoeopathic medicines (HOM) were
sprinkled on balanced food or inert sugar pills or added directly to culture seawater.

2. Effects of homoeopathy in marine species

2.1. Mollusc
2.1.1. Catarina scallop (Argopecten ventricosus)

The production of mollusc bivalves around the world is still challenged every year by the
propagation and emergence of new diseases. Scallops are especially susceptible to epizootic
pathogenic bacteria in the hatchery, mainly those related to Vibrio spp. and Aeromonas spp.
[14]. Four experiments described below were performed with A. ventricosus.

Trial 1. To assess the effects of homoeopathic treatments (HOM treatments) in the immune
system of Catarina scallop A. ventricosus, an experimental design was applied at CIBNOR
during nursery management with five homoeopathic treatments and three controls, four rep-
licates each. Juveniles were placed in recirculating upwelling nursery units (40 1), each one
with four PVC upwelling cylinders for 21 days. Continuous aeration and a microalgal food
mix 1:1 (Isochrysis galbana - Chetoceros calcitrans; 150,000 cel ml™) were provided. The follow-
ing HOM treatments and controls were applied: ViP (T1), ViA (T2), PhA Metasilicate (T3),
PhA-SiT (T4), ViT (T5), dynamised ET (T6), diluted ET (T7) and NT nor ethanol added (T8).

At the end of the assay, mainly nosodes (ViP, ViA) formulated from pathogenic bacterial com-
pounds, stimulated a significant (p < 0.05) growth rate and increased haemocyte count which
were counted using three images at 100X from scallops tissue were processed by Image Pro
Plus 6.0 to count the number of haemocytes in a tissue area (0.21 mm?). Haemocytes count was
1-3 times higher than controls (Table 1). These results suggested immune system enhance-
ment by the action of HOM treatments because it is known they stimulate enzymatic activity
of superoxide dismutase (SOD) and catalase (CAT) related with antioxidant responses of the
organisms during oxidative stress [15]. The proliferation of haemocytes is related to activa-
tion of immune response because they are the primary cells responsible to protect organisms
against infections [16]. Antioxidant activity increases have also been linked to improving
survival when organisms are challenged against stressful conditions [16-18]. These findings
make it clear that HOM treatments can activate a quantifiable biological response on the
immune and antioxidant system in juvenile scallop A. ventricosus.
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Haemocyte count Growth rate (um day™)

Initial 19+£0.38

T1 44+0.54 117 +£1.32

T2 41+0.57 108 +£0.97

K] 34+0.75, 53+631,

T4 24+040, 94+138,

T5 31+0.32, 36+5.83,

T6 21+0.87, 14040,

T7 2:+1.13,, 34+0.06

T8 16 £0.60 , 20+0.14,

Numbers show mean + standard error. Identical lowercase letters denote lack of significant differences between
treatments at p <0.05.

Table 1. Haemocyte count and growth rate in Argopecten ventricosus spat treated with homoeopathic medicines for 21 days.

Trial 2. To compare between homoeopathy and antibiotic efficiency in A. ventricosus juveniles,
an experimental design was performed by triplicate (6 treatments and 18 replicates, 120 seeds
each replicate) at CIBNOR for 21 days. Juveniles (4.14 + 0.06 mm; 13.33 + 0.03) received PaV-
Pha (T1), PaV-5it (T2) as HOM treatments, ampicillin AMP (T3) as antibiotic treatment, and
ethanol ET (T4) and NT (T5) as control treatment. Liquid treatments were applied (100 ul 1™
for homoeopathy and 10 ppm for antibiotic) after seawater exchange every 48 h and before
feeding scallops. Evaluations were performed for growth in height (mm), total wet weight of
the shell (mg), biochemical flesh composition (mg g™) and SOD activity. Thirty juveniles were
taken at random from each replica at 7, 14 and 21 days to measure size and total wet weight
and to determine absolute growth in height and weight (mm, mg) for each treatment.

Juveniles grew significantly more in size with HOM T1 (6.22 + 0.11 mm; 0.05 mm d') and T2
(6.99 £0.09 mm; 0.08 mm d ™ compared with NM (T5) (5+0.02 mm; 0.02 mm d"). A significant
increase in total wet weight was recorded with HOM T2 (41.16 £ 0.35mg; 1.3 mg d™') compared
to NT group T5 (24.33 + 0.10 mg; 0.5 mg d™). Survival was 100% in all treatments and their
replicates (Figure 1).

Larval growth of A semirichsus Larval groawth of A svrilrivosis
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Figure 1. Growth in size (um day™) (left) and weight (mg day™) (right) of juvenile Catarina scallop Argopecten ventricosus
treated with homoeopathic medicines.
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Trial 3. As a continuation of Trial 2, once the previous experiment (21 days) was completed, a
pathogen challenge was performed at CIBNOR with those treated juvenile scallops. About 30
juveniles were randomly selected from each previous treatment (in duplicate) and challenged
with a pathogenic strain of Vibrio alginolyticus (CAIM57: www.ciad.mx). An initial single dose
(1 x 10" CFU ml™) was provided as based on the mean lethal dose (LD, ) determined by the
Probit method and based on the dose-response model described by Finney [19]. To obtain
greater clarity in the results, in addition to the groups previously treated PaV-PhA (T1), PaV-
SiT (T2), antibiotic AMP (T3) and ET (T4), two new groups that did not receive any previous
treatment were included. First, a new group was infected with CAIM57 and defined as posi-
tive control (CTRL +), and another new group was not infected and defined as negative control
(CTRL -). Survival (%) of juveniles was evaluated at 0, 24, 48, 72 and 120 h after infection, and
the activity of SOD before infection at 48, 72 and 96 h post-infection was determined. For each
treatment, soft tissues (100 mg) from six juveniles were weighted and 500 ul phosphate buffer
(pH 7.5) were added. The tissues were homogenised and centrifuged at 9327 x g for 10 min
at 4°C, recovering the supernatant and storing it at —20°C until further analysis. SOD activ-
ity was determined with a commercial kit (SOD Assay Kit #19160, Sigma-Aldrich). Results
were expressed as an indirect measure of SOD activity as a per cent of the water-soluble
tetrazolium salt formazan complex inhibition. During the challenge, no water changes were
made. All juvenile scallops not treated but challenged (CTRL +) died at 72 h while untreated
and unchallenged scallops attained the highest survival (95%). The HOM-treated scallops
also survived the challenge; T1 scallops attained 85 versus 40% survival in those treated with
antibiotic (T3). Finally, the SOD activity increased significantly with respect to the other treat-
ments and controls in the juveniles of the HOM T1 (81%), 72 h post-infection.

Trial 4. To assess the effects of HOM treatments on the microbial communities of the gastro-
intestinal tract (GIT) of juvenile A. ventricosus an experimental design was applied at CIBNOR
during nursery management with five homoeopathic treatments and three controls, four
replicates each. Juveniles were placed in recirculating upwelling nursery units (40 1) each one
with four PVC upwelling cylinders for 21 days; the following HOM treatments and controls
were applied: ViP-ViA/a (T1), ViP-ViA/b (T2), AcF-MsS (T3) PhA-SiT (T4), ViT (T5), ET (T6),
and NT (T7). At the end of the experiment, eight scallops were randomly taken from each
replica and washed, removed fouling organisms of external sides of shell and sprayed with
ethanol and dried. Immediately one of the shells was removed and soft tissues dissected to
isolate the gastrointestinal tract (GIT) of each scallop, which were fixed in RN Alater® (Thermo
Fisher Scientific, Waltham, MA, USA) and preserved at —20°C. The technique of massive DNA
sequencing was applied, which is widely used in the study of microbial communities asso-
ciated with biological systems. The bacterial 16S rDNA was extracted according to Garcia-
Bernal ef al. [3], amplified for sequencing in the Illumina MiSeq Platform (Illumina, San Diego,
CA, USA) in a certified Genomic Services Laboratory (www .langebio.cinvestav.mx; Irapuato,
Guanajuato, México). Afterward, a bioinformatic and statistical analysis of the generated
database was carried out. Initially, significant differences were detected (p < 0.05) in growth
rate of shell length (um d™) (p < 0.05), with the best results (140 pm d™) in the HOM T2. The
groups that received T3 and T5 showed a significantly higher survival rate (p < 0.05) than the
other groups. Moreover, the dominant phylum was Proteobacteria, followed by Actinobacteria,
Firmicutes, and Bacteroidetes. The prevalent genera in GIT were Microbacterium, Bacillus,
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Symbiobacterium and Burkholderia. In general terms, phyla Proteobacteria and Actinobacteria
play an essential role in immunity and nutrition of invertebrates, and both were dominant in
juvenile scallop A. ventricosus in all groups treated with HOM.

2.1.2. Horse-mussel (Modiolus capax)

The Horse mussel Modiolus capax is a native species from the Gulf of California with aquacul-
ture potential, but scientific knowledge must be generated to achieve a sustainable production
[20]. A study was developed at CIBNOR to assess the effect of HOM treatments on gonadal,
physiological and transcriptomic maturation in M. capax. Microalga and wheat meal were
used as food for broodstock mussels. The experiment was designed in triplicate (482 adult
mussels; 60 days) and applied to evaluate three HOM treatments: SiT-CaS-HeS (T1), PhA-FeP-
ZiP (T2), ViP-ViA-ViT (T3), ethanol as positive control (T4), and NT as negative control (T5). A
sequential sampling in time (days) was made (t, t,, and t ). The histological analyses showed
that mussels treated with T1 and T3 attained (t,)) the best results (p < 0.05) in total weight
increase, gonadal maturation of 100% females (Figure 2 left), highest frequency of vitellogenic
and postvitellogenic oocytes and highest oocyte quality according to the total area, theoretical
diameter and % of ovoplasm. Also, mussels treated with T3 attained the best reproductive
condition of the females (gonadal coverage area, ovarian maturity index, gonadal develop-
ment index and reproductive potential); however, those receiving T2, increased oogonia
proliferation and bioenergetic quality of the oocytes (amount of lipids and neutral carbohy-
drates). Histochemical and biochemical analyses revealed that HOM treatments (T1, T2 and
T3) contributed to increase the overall energy reserves (lipids, carbohydrates and proteins)
in the ovary, digestive gland and adductor muscle. Lépez-Carvallo et al. [20] using wheat
enriched di-algal diet, barely reaching gonad to maturity ~ 25% of the M. capax broodstock.
Thus, we considered that better results in reproductive condition and oocyte quality of the
species were attained with HOM treatments with respect to control.

On the other hand, a de novo transcriptome characterisation of the ovarian tissue treated with
homoeopathy was performed using RNAseq. I silico analysis of differential gene expression
revealed that mussels treated with T3 showed the highest number of differentially expressed
transcripts (Figure 2 right), and some of them were related to genes that encoded oestrogen
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Figure 2. Frequency of ovarian developmental stages (left) determined by histology and number of genes (right)
with significant differential expression (p < 0.01) in the ovary transcriptome of broodstock mussels (Modiolus capax)
conditioned with homoeopathy for gonad maturation. Stage SO undifferentiated; stage SI Previtellogenesis; stage SII
Vitellogenesis; stage SIII Posvitellogenic; stage SIV partial spawning; stage SV post spawning; n = 482 mussels. Over-
expressed genes = black bars; under-expressed genes = Grey bars.
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receptors ER and ERR2- like (p < 0.01). Estradiol levels have been reported to have a direct
influence on gonadic development and oocyte quality in marine bivalves [21] that allowed
explaining the high reproductive condition found in the mussels that received T3.

This work has provided a de novo transcriptome characterisation for M. capax for the first time
and together with the evaluation of physiological variables, it constitutes the first research
about the beneficial effect of homoeopathy in gonadal maturation of the species, which has a
clear technological applicability during broodstock gonadic conditioning for seed spawning
and production of the species. It will likely be applicable to other bivalve molluscs with com-
mercial interest.

2.1.3. American oyster (Crassostrea virginica)

The American oyster Crassostrea virginica is an important fishery and aquaculture resource
in the Atlantic coast in the Caribbean and in the Gulf of Mexico. A commercial oyster labora-
tory is already operating in Centro Ostricola Tecnoldgico de Tabasco (COTET), Mexico, and
homoeopathic medicines were assessed to improve the species culture. HOM treatments were
assessed in larval culture and settlement and early nursery of on-cultch and cultch-less seed.
Also, a transcriptomic focus study was developed in adult broodstock oyster. The results
obtained in six experiments conducted with C. virginica are detailed below.

Trial 1. A study was conducted at CIBNOR to analyse the transcriptomic response to five HOM
treatments in broodstock oyster C. virginica to understand the response mechanisms that are acti-
vated by these treatments, thus helping to characterise its mode of action. Adult oysters (120 g;
10-12 cm) from a homogeneous population were conditioned in 80-1 plastic boxes provided with
continuous microalgal food at COTET for 45 days. An experimental design (3 replicates/treat-
ment; 25 oyster/replicate) was applied with four HOM treatments: ViP-ViA (T1), PhA-SiT (T2),
END (T3), INF (T4) and two controls ET (T5) and NT (T6). As treatment vehicle, fully impreg-
nated inert homoeopathic pills were provided one daily per oyster. Routine techniques of the
oyster hatchery COTET were applied for conditioning broodstock oyster, and during the trial
period, two samplings (S, and S,) were performed for histological analyses at CIBNOR. As a
general rule, at the end of the conditioning assay, all conditioned groups were capable of sexu-
ally maturing and spawning in greater or lesser percentage, but specific details were observed
that allowed to distinguish effects associated to different treatments and controls. Female oysters
treated with HOM T1 attained the highest frequency of gonad in vitellogesis (48%) and postvi-
tellogenesis (30.2%) stages at first sampling (T1-S,) and 16.7% in the second sampling (T1-S,). In
T2-5, oysters, the highest frequency (31.6%) showed at resting (undifferentiated) stage and 30.8%
post-spawning stage. In ET control T5-S,, 38.5% of the female oysters were at resting stage and
30.8% at post-spawning stage. Oysters of NT control group T6-S, recorded the highest frequency
(37.5%) in postvitellogenic stage, 31.3% in partial spawning stage and 25% in post-spawning
stage. In the veterinary HOM T3-S, oysters showed the highest frequency in partial spawning
stage (71.4%), and in T4-S,, the highest frequency (57.1%) was recorded in post-spawning stage.
It is important to highlight that even when T1, T2, T3 and T6 promoted maturation and spawn-
ing of the male oysters, there were differences between them related to gamete quality since the
presence of atretic oocytes was seen in some samples of T5 and T6 control treatments. The vet-
erinary HOM T4 seemed to have promoted damage to gametes because abundant degenerative
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oocytes were observed. To evaluate the quality of the oocytes matured under different treat-
ments, the Sudan Black histochemical technique was used staining the lipid components of the
cells. The triglyceride lipid index (TLI) was calculated as described by Rodriguez-Jaramillo et al.
[22], and significant differences were found in oocytes from different treatments and sampling
times. Lipid content (TLI) was significantly higher (p < 0.0001) in oysters receiving HOM T2 in
a short conditioning time (S,). The rest of the treatments and replicates recorded significantly
lower TLI values, including Veterinary HOM T3 and T4. A difference between HOM treatments
lies in the fact that some of them seem to trigger a constant production of new generations of
oocytes, which may be useful to hatchery purposes because it could be associated to the pos-
sibility of several partial spawning events that could derive into several larval batches and more
opportunities for seed production.

Trial 2. A study was conducted at CIBNOR to analyse the transcriptomic response to five HOM
treatments in broodstock oyster C. virginica in order to understand the response mechanisms
that are activated by these nanomedicines, thus, helping to characterise their mode-of-action.
About 25 groups of 25 adult oysters (120 g; 10 + 12 cm), each from a homogeneous population,
were conditioned in 80-1 plastic boxes provided with continuous microalgal food at COTET
for 45 days. An experimental design with seven different treatments, each one with three
replicates, was developed to determine the transcriptomic effect of an Actinomycetes strain
(1 x 10° CFU ml™ = RL8) and four homoeopathic drug complexes, alone and in combination:
RLS (T1), ViP-ViA (T2) PhA-SiT (T3), ViP-ViA + RL8 (T4), PhA-SiT+RL8 (T5) and two control
groups: ethanol as a positive control (T6) and NT negative control (T7). Five oysters of each
homoeopathic and control treatments were initially (t,) collected and dissected. The rest of the
oysters were collected and dissected at the end of the experiment (t ;). Several tissues, including
mantle, gills, gonad, muscle and digestive gland (DG), were separately placed on snap-frozen
tubes in RNA later® (Thermo Fisher Scientific, Waltham, MA, U.S.A.) and stored at -80°C. The
rest of tissue portion were fixed in Davidson solution for histological examination. DG tissues
fixed in RNA later® (Thermo Fisher Scientific, Waltham, MA, U.S.A.) from five individuals of
each experimental group were subjected to RNA extraction, for the transcriptomic analysis,
using Illumina Hiseq 2000 platform (Illumina, San Diego, CA, U.S.A.). The comparison of the
transcriptome data with the KEGG database indicated that the treatments influenced associ-
ated metabolic pathways in gonadal development and maturation including “Developmental
process involved in reproduction”, “Meiotic cell cycle process”, “Steroid metabolic process”,
“Response to oestrogen “and” Regulation of reproductive process “. These pathways were
assigned to the KEGG categories of “Developmental process involved in reproduction” which
was among the most important category, indicating the significance of signal transduction
systems and endocrine regulation of gonad development and function in C. virginica.

The transcriptome of T2 and T3 had 998 and 881 genes with a significantly increased level
of expression, respectively, compared to the control (p < 0.05). In T4 and T5, there were 748
and 789 genes with an increased level of expression, respectively, compared to a separate
control (p < 0.05). No genes were significantly differentially expressed under T1 compared to
a separate T2, T3, T4, T5 and controls (p < 0.05). Genes with increased expression following T2
and T3 were associated with biological processes, including metabolic pathways, ribosomal
biogenesis, and transport of nitrogen compounds and anions. Following T4 and T5, genes
with increased expression were involved in metabolism processes related with response to
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stress, maintaining protein expression. Genes with increased expression following T1 were
associated with protein kinase A (PKA) signalling that regulates stress responses and mito-
chondrion degradation. The transcriptomic results obtained allowed us to determine that
homoeopathic treatments expressed transcripts associated with complex biological processes,
such as reproduction, stress response, cell growth and metabolism of the C. virginica oyster.

Trial 3. An experimental design was applied at COTET for oyster larval culture assessment
including HOM treatments: SiT (T1), ViT (T2), FeP (I3), MaP (T4) and NT (T5) as a control treat-
ment. The experimental larviculture was performed in 20-1 plastic buckets three replicates per
treatment with filtered seawater, gentle and continuous aeration and the microalga I. galbana
and C. calcitrans (1:1) as food. Three-day old veliger larvae from a mass production fibreglass
tank (25 t) were placed in buckets at initial density of 2 larvae ml™. Liquid HOM treatments were
added daily to culture water (0.01%). The larviculture test finalised when the first pedivéliger
larva with a retractable foot was detected but without reaching the final stage of eyed and fully
developed pediveliger. Analyses were based on initial and three sequential biometrical data from
30 larvae for each treatment replicate. The HOM larval groups showed better development, sur-
vival and setting efficiency in comparison with untreated groups. As seen in Figure 3, C. virginica
larvae that received T1 (162 +3.08 um), T2 (162 +£2.84 pm) and T4 (162 + 3.13 um) reached the larg-
est sizes but T5 (145 + 2.97 um) reached the lowest sizes, while those larvae receiving T2 reached
the highest setting efficiency (83 + 7.98%) and the highest seed survival (36.5 + 4.9%).

Trial 4. To assess larval settlement, mature eyed pediveliger larvae were obtained by selective
screening of the same bulk culture tank; then, they were placed in 20-1 buckets at a seeding
density of 0.25 larvae ml™. The same HOM treatments: SiT (T1), ViT (T2), FeP (T3), MaP (T4)
and NT (T5) were applied at COTET during the on-cultch setting process. Seawater change,
aeration and microalgae were provided as food, and 50 clean oyster shells/buckets were
placed as a natural settlement (cultch) substrate. Liquid homoeopathic treatments were added
daily to the culture water (0.02% v/v). The results achieved are shown in Figure 3.

Trial 5. A pilot experimental design in triplicate was applied at COTET for larval culture:
MaP-FeP (T1), SiT-ViT (T2) and NT (T3) as control. Four-day old larvae were placed in nine-
conical fibreglass tanks (750 1) at initial density of 5.33 larvae ml™ and the microalgae . galbana
and C. calcitrans (1:1) was provided as food. Larval growth and harvest of pediveliger larval
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Figure 3. Larval growth (left), larval setting efficiency (Centre) and seed survival in 20-1 plastic buckets (right) of
American oyster Crassostrea virginica, treated with homoeopathic drugs in COTET oyster hatchery.
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biomass was evaluated. Temperature and salinity were maintained in the range of 27 + 3°C
and 22 + 7 psu. Liquid HOM treatments were added daily to culture water (0.01%). Based on
biometrical data of 30 larvae for each replicate every 48 h, the best results in larval growth
were obtained with HOM T1, followed by control (T3) and finally by T2 (Figure 4). The high-
est yield in biomass of mature pedivéliger larva (9.29 g) was obtained with HOM T2, followed
by control T3 (7.42 g) and the lowest production (7.04 g) was obtained with T1 (Figure 4).
Differential results obtained in this study were attributable to better survival of larvae because
homoeopathy favours nutrition and assimilation of nutrients, increases stress resistance
because of high culture density and strengthens the immune system and resistance to attack
by pathogens [5, 23]. A better survival associated to small sized larvae has been observed
in other species treated with homoeopathy, such as Panopea globosa and Crassostrea sikamen
(Mazén-Suastegui et al., unpublished).

Trial 6. An experimental design was applied at COTET for cultch-less spat culture with two
homoeopathic treatments and one control (four replicates each) in recirculating upwelling
nursery units (40 1) each one allocating four upwellers of PVC pipe 4" and airlift devices. As
HOM treatments, MaP-FeP (T1) SiT-ViT (T2) and NT control (T3) were assessed. Initial seed
density was set on 4750 spat/upweller and I. galbana and C. calcitrans (1:1) was used as food.
The total harvest of seed per treatments and replicates (volume) were measured weekly with
a graduated cylinder. Temperature and salinity were maintained in the range of 27 + 3°C and
24 + 3 psu. Liquid dynamisation treatments were added daily to culture water (0.02%). Based
on initial and weekly biometrical data of 30 spat for each replicate, the best growth results
were obtained in the control T3, followed by HOM T2 and finally T1 (Figure 5). In contrast,
the best results in oyster seed biomass were attained with HOM T1 (268 ml) and T2 (242 ml)
and the lowest production (236 ml) with control T3 (Figure 5).

Opyster seed receiving HOM treatments grew less in regard to individual size, but an overall
greater volume of marketable juveniles was harvested, which means that survival was greater
in HOM treatments. From a commercial hatchery perspective, it is more important to produce
live seed biomass even if small sized than dead ones. In real production and profitability
terms, the hatchery could produce and sell more seeds if homoeopathic drugs, such as those
evaluated in this study were routinely applied. The results in larval settlement and juvenile
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Figure 4. Growth in size (um) of veliger larvae (left) and harvest of pediveliger larvae (right) of American oyster
Crassostrea virginica treated with HOM in 750-1 conical fibreglass tanks in COTET hatchery.
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Figure 5. Growth rate in shell length (um day™) (left) and volumetric biomass of harvested seed (right) of American
oyster Crassostrea virginica seed, receiving HOM treatments in recirculating upwelling nursery units (40 1) at COTET
hatchery.

nursery confirmed a great potential for aquacultural homoeopathy to strengthen the state-of-
the-art technology in oyster seed production and increase actual productivity and economic
profitability of the commercial production of the species in the hatchery.

2.1.4. Kumamoto oyster (Crassostrea sikamea)

Kumamoto oyster Crassostrea. sikamea is a highly valuable mollusc species and cultivated in
several countries, so it is important to generate new knowledge for its culture and alterna-
tive treatments for its management in the laboratory. Four experiments with C. sikamea were
performed as described below.

Trial 1. An experimental design was applied at CIBNOR for conditioning broodstock with two
replicates (25 oysters each) in eight plastic boxes (60 1), in which the following treatments were
tested: ViP-ViA (T1) and PhA-SiT (T2) as HOM treatments, and ET (T3) and NT (T4). As treat-
ment vehicle, fully impregnated inert homoeopathic pills were used, one-a-day per oyster.

Oysters were dissected (30 at t, and 15 from each replicate at t,,) and soft tissues histologi-
cally processed by haematoxylin and eosin staining to determine gonadic (GI) and digestive
gland (DG) indexes, reproductive stages and theoretical diameter in oocytes (DT) according
to Rodriguez-Jaramillo et al. [22] and Barber and Blake [24]. Moreover, significant differences
were observed (p <0.05) in Gl in broodstock oysters with respect to the initial value (39%), and
the best results were observed in oysters treated with T2 and T3 (63 and 67%). The highest DI
was recorded at the beginning of the experiment (60%) and the lowest (p < 0.05) for T2 and T3
(36 and 32%), which suggested a greater energy storage in the gonad for oocyte maturation
[24] (Figure 6). A high frequency of organisms in post-spawning and gonadic development
stage (38 and 52%) was observed at t,. At t,, the oysters of T2 and T3 showed the highest
percentage of full sexual maturity (50%) while the greatest number (35 and 40%) of organisms
in gonadic development stage was observed in T3 and T4 (Figure 6).

Relative to the final DT (35 um), which was 28 um at t, no significant differences were recorded
between HOM-treated and control oysters. However, maturity and undifferentiated stages
were simultaneously observed in T3 oysters. Since C. sikamea matures and partially spawns
several times during the same reproductive season, this result suggested a positive effect by
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Figure 6. Gonadic index (GI) and digestive index (DI) (left) and gonad development (tight) in broodstock oyster
Crassostrea sikamea conditioned in the laboratory for 42 days. Different letters show significant differences between
treatments (p <0.05). Stage 0: Undifferentiated; stage I: Previtellogenesis; stage II: Vitellogenesis; stage I1I: Posvitellogenic;
stage IV: Partial spawning; stage V: Post spawning.

the activation of a new oocyte production cycle associated to HOM T2 (PhA-SiT). In bivalve
molluscs, an expenditure of digestive gland reserves is associated to gonad development and
maturation of gametes [24], and T2 was associated to a greater number of sexually mature
oysters with higher GI and lower ID values. It could be applicable to gonadic conditioning for
sexual maturation of broodstock oyster at the hatchery.

Trial 2. Once the broodstock assay finished, a subsequent second bioassay was developed
to evaluate larval performance in two different larval cohorts from HOM-treated spawners
(T1, T2, T3, T4; three replicates each) and NT spawners (T5, T6, T7, T§; three replicates each).
The greatest growth in length was recorded in T5 and T6 (217 and 212 um) and the lowest in
T3 and T4 (197 and 190 um). A similar growth pattern was observed in height: the greatest
in T5-T8 and the lowest in T1-T4. In general, larvae from untreated broodstock grew more.
Nevertheless, as a counterpart, the general mean survival of larvae from HOM-treated spawn-
ers (T1-T4) was 32.3% higher than those from NT broodstock, and it could be very important
to improve hatchery seed production. Those differences in larval survival suggested a favour-
able effect of HOM treatments in oocyte quality and then a potential effect in the progeny.

Trial 3. A 35-day experimental design in triplicate (six treatments and 18 replicates, 120 seed
each replicate) was applied at CIBNOR to compare efficiency of antibiotics against homoeopa-
thy in juvenile C. sikamea. Juveniles (6.13 + 0.16 mm) were placed in 2-1 plastic containers with
filtered (1 pm) and UV-sterilised seawater (23 + 1°C; 38 psu), continuous aeration and microalgal
food. Juvenile oysters received PaV-Pha (T1), PaV-Sit (T2), Pav-MeS (T3) as HOM treatments,
ampicillin AMP (T4) as antibiotic treatment, and ethanol ET (T5) and NT (T6) as control treat-
ments. Liquid treatments were applied 100 ul I"! for homoeopathy and 10 ppm for antibiotic
after exchange of seawater every 48 h and before feeding oysters. Evaluations were performed
on growth in height (mm), and total wet weight of the shell (mg), biochemical flesh composition
(mg g™) and SOD activity. The biochemical composition was determined by triplicate sampling
at the beginning and end of the trial. Samples were stored at -80°C and then lyophilized, re-
hydrated in 3 ml cold saline solution (35%) and homogenised to obtain crude extracts. Crude
extracts were processed at CIBNOR laboratory applying traditional and certified techniques,
which are described by Lopez-Carvallo et al. [20] and Mazdén-Suastegui et al. [23]. For SOD anal-
yses, after deep cleaning of shell, soft tissues were dissected and fixed individually in RN Alater®
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(Thermo Fisher Scientific, Waltham, MA, USA) at a 1:5 ratio (100 mg tissue: 500 pl RNA-Later®)
and then preserve it at -20°C. SOD analyses activity was determined with a commercial kit
(SOD Assay Kit #19160, Sigma-Aldrich). Results were expressed as an indirect measure of
SOD activity as a per cent of the water soluble tetrazolium salt formazan complex inhibition.
The juveniles grew significantly more with HOM T1 (9.27 + 0.18 mm, 0.073 mm day™) and T3
(9.36 £ 0.18 mm, 0.076 mm day™) compared with NT (T6) (8.02 + 0.23 mm; 0.053 mm day), but
of all treatments, the ET T5 group was the best (10.17 + 0.31 mm; 0.105 mm day™). A signifi-
cant increase in total wet weight was recorded with HOM T2 (107.33 + 6.9 mg, 2.0 mg day™)
compared to NT group T6 (76.11 + 2.8 mg, 1.1 mg day™) (Figure 7). Survival was 100% in all
treatments and their replicates. Moreover, the biochemical composition of the juveniles showed
significant differences in carbohydrates and lipids but not in proteins. The highest amount of
lipids was obtained with HOM T2 (96.32 +1.18 mg g™') and that of carbohydrates in antibiotic T4
(27.48 £2.27 mg g') compared with the NT (T6) (6.96 + 1.47 mg g™). At the end of this trial, SOD
activity was higher in HOM T1 (92%) than control T6 (88%) and antibiotic T4 (84%).

Trial 4. Once the previous experiment was completed, a pathogen challenge was made with
treated seeds. About 30 juveniles were randomly selected from each previous treatment (in dupli-
cate) and challenged at CIBNOR with a pathogenic strain of V. alginolyticus (CAIM57: www.ciad.
mXx). An initial single dose (1 x 10° CFU ml™) was given as based on the mean lethal dose (LD,
determined by the Probit method based on the dose-response model described by Finney [19].

To obtain greater clarity in the results, in addition to the groups treated with homoeopathy,
antibiotic and ethanol, two new groups were included, which did not receive any previous
treatment; one of which was infected with the pathogen (CTRL +) and another one that
was not infected with the pathogen (CTRL -). Survival (%) of juveniles was evaluated at
0, 24, 48, 72 and 120 h after infection and the SOD activity (using a commercial kit; SOD
Assay Kit #19160, Sigma-Aldrich) of before infection and at 2, 24, 48 and 72 post-infection
was determined. After being infected with the pathogen, all the juveniles survived and
no significant differences were observed between treatments and controls with respect to
SOD activity. Up to date, that result has no coherent explanation yet; unless the species is
highly resistant, the pathogenic strain has not got sufficient virulence or a wrong (lower)
dose was applied because 1 x 10’ CFU ml™ was applied to juvenile scallop A. ventricosus by
Mazén-Suastegui [23].
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Figure 7. Growth in size (mm day™) (left) and total wet weight (mg day™) (right) in juveniles of the oyster Kumamoto
Crasssostrea sikamea treated with homoeopathic medicines.
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2.1.5. Geoduck clam (Panopea globosa)

The geoduck clam Panopea globosa is an important marine resource distributed on both coasts of
the peninsula of Baja California, Mexico. Its cultivation is still in experimental stage and totally
depending on juveniles produced in the laboratory. As with other bivalves, there are limita-
tions in their production due to mortalities of larvae and seeds, associated with the presence of
pathogens. This problem has led to the search for new eco-friendly alternatives such as aqua-
culture homoeopathy, which has a positive effect on nutrition, health and immune response of
bivalve molluscs, shrimp and marine fish [5, 23]. Our study evaluated the effect of various HOM
treatments on growth, survival and microbiota of the gastrointestinal tract (GIT) of the species.
Juvenile (spat) P. globosa with an average length of 1.98 + 0.1 cm were produced in the laboratory
and provided by the company Acuacultura Robles, a commercial mollusc hatchery located in La
Paz, B.C.S. Mexico. Clams with an average length of 1.98 + 0.1 cm were produced and provided
by the company Acuacultura Robles, acclimatised at CIBNOR and then cultured (21 days) in
nursery units previously described for A. ventricosus. About 24 upwelling units were used, each
one with 52 clams and 13 clams per upweller cylinder; the following HOM treatments and
controls were applied: ViP-ViA/a (T1), ViP-ViA/b (T2), AcF-MsS (T3) PhA-SiT (T4), ViT (T5),
ET (T6) and NT (T7). Samples were taken at the beginning (t ) and end of the experiment (t,) by
randomly selecting eight clams per replica, accounting for a total number of 216. After exter-
nal deep cleaning, soft tissues were dissected to isolate GIT of each clam to fix individually in
RNAlater® (Thermo Fisher Scientific, Waltham, MA, USA) at a 1:5 ratio (100 mg tissue: 500 pl
RNA-Later®) and then preserve it at ~20°C. The bacterial 165 rDNA was extracted according to
Garcia-Bernal ef al. [3] and amplified using Illumina MiSeq Platform (Illumina, San Diego, CA)
in a certified Genomic Services Laboratory (www.langebio.cinvestav.mx; Irapuato, Guanajuato,
México). Afterward, a bioinformatic and statistical analysis of the generated database was car-
ried out. Taking as reference the microbial diversity in the GIT of P. globosa juveniles, the best
results were obtained with HOM T1, a nosode product developed at CIBNOR. T1 favoured
dominant abundance of the Proteobacteria phylum and some of its classes as y-Proteobacteria.
In that sense, similarities were observed with the microbiota of other marine species, and that
part of the microbiota found in P. globosa is associated with stimulation of the immune system.
Overall, the results indicated that the HOM treatments modified the abundance of the microbial
communities of the species, mainly in the phylotypes related to nutritional processes. On the
other hand, significant differences were recorded with respect to growth in weight and length
(p <0.0001) between the clams that received HOM treatment and the control groups. The high-
est growth in weight was recorded in T3, T4 and T5. The difference in growth in length was
smaller but equally superior to these HOM treatments. Significant differences (p = 0.019) in
survival were also observed. The highest value (95%) was recorded in clams with HOM T3
followed by the NT control group T7 (93%) without homoeopathy or ethanol. In contrast, the
lowest survival (76%) was observed in T2 and also in the ET control group Té.

2.1.6. Octopus (Octopus bimaculoides)

An experimental design in triplicate (10 juveniles/replicate) was developed in 60-1 fibreglass
units at CIBNOR laboratory to assess growth and survival in juvenile octopus during a 28-day
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period. This assay was intended to study and compare the effects of fresh crab Callinectes beli-
cosus and squid Dosidicus gigas meat, as raw or thermically processed food (35°C and 60°C).
Also, a HOM treatment was added to culture water, as a digestive system enhancer to Octopus
bimaculoides. Two processed food treatments (35°C and 60°C), two HOM treatments (HOM-
35 and HOM-60), and a positive control treatment (unprocessed raw food) were assessed.
As HOM treatment, PhA-SiT was added directly to culture water alternating each medicine
every day from Monday to Saturday. Food was provided ad libitum once a day. Wet weight
(day 0 and 17) and survival percentage (day 17) were recorded for all 15 groups (Table 2). As
expected for a positive control with a traditionally used raw food, the highest survival was
attained in juvenile octopus fed on raw meat (97%) but also with HOM-35 (93%) and HOM-60
(86%) the lowest survival was seen in octopuses fed processed food 60°C without giving them
HOM treatments (Table 2).

Knowledge concerning octopus culture is recent and scarce even when completing the life
cycle successfully in captivity which is possible with some species [25]. One of the main
obstacles to achieve production level is the lack of an industrialised food to be physiologi-
cally and economically viable since to date the only efficient food is fresh flesh or live preys
[26]. In meal production, raw material goes through aggressive thermal processes that induce
protein denaturalisation, carbonylation, hydrophobicity and aggregation [27]. Octopus diges-
tive enzymes are sensitive to these effects; therefore, they cannot hydrolyse their substrates,
reducing food digestibility and octopus growth [28, 29].

Heat treatment to raw crab and squid meat to obtain meal ingredients to formulate a bal-
anced diet is not traditionally preferred because this process denaturalises proteins, reduces
digestibility and assimilation [28], and lipids can oxidise [30]. Experimental results suggested
an enhancement of enzymatic function in O. bimaculoides promoted by HOM (PhA-SiT) treat-
ment dissolved into culture water when food was not processed. HOM treatment seemed to
have increased the digestive capability in juvenile octopus and the assimilability of processed
food (35°C), but the loss of quality in crab and squid meals in 60°C food could not be compen-
sated by the HOM treatment.

2.2. Crustaceans
2.2.1. White shrimp (Litopenaus vannamei)

The White shrimp L. vannamei is a species with rapid growth, high survival and price in the
market, which makes this crustacean one of the most important resources at worldwide level.

Item. HOM-60°C 60°C HOM-35°C 35°C No HOM
W Day 1 (g) 0.11£0.05 0.10+0.03 0.10 £ 0.04 0.12£0.04 0.12£0.04
W Day 28 (g) 0.11£0.06 0.11+£0.06 0.15+0.06 0.20 £0.06 0.20 £ 0.07
Survival (%) 28 46 87 54 93

Data are presented as Mean value + SD. W = Wet weight.

Table 2. Octopus bimaculoides juvenile growth and survival during food and HOM treatment assessment.
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Nonetheless, the production of this important resource has been hindered by recurrent epizo-
otic outbreaks and sudden mortalities caused by pathogen microorganisms. To face the chal-
lenge, several chemical and antibiotic products have usually been applied whose prophylactic
application was initially an effective strategy. However, they have caused the development
of resistant bacteria making it necessary to reduce their application. These problems have
led the shrimp industry to explore and develop new and more strategies, as effective as or
better than antibiotics, eco-friendly and with long-term sustainability. Previous studies have
indicated that homoeopathic medicines stimulated the immune system and caused specific
organic responses [31, 32]. Therefore, we evaluated the effect of homoeopathic medicines in
growth and survival of L vannamei postlarvae under controlled laboratory conditions (Trial
1); the survival and antioxidant response through superoxide dismutase (SOD) activity in
juveniles when challenged (1 x 10° CFU ml™) with a pathogenic strain of V. parahaemolyticus
(CAIM-170) at CIBNOR, in a biosecurity laboratory (Trial 2); during the production of post-
larvae in a commercial hatchery, focusing on dynamics of the bacterial populations (Trial 3);
zootechnical (growth) results and gene expression (Trial 4); and growing-out to marketable
size in a commercial farm (Trial 5).

Trial 1. To evaluate growth and survival of postlarvae, an experimental design was applied
at CIBNOR with three HOM treatments: ViP-ViA (T1), PhA-SiT (T2), ViP-ViA + PhA-SiT (T3)
and ET (T4) as control. HOM treatments were applied for 30 days, spraying liquid dynamisa-
tions in commercial pelleted food, administered ad-libitum. In general, the best results were
obtained in T3 (T1 + T2), showing a clear synergy between T1 and T2 (Table 3).

Trial 2. To assess survival and SOD activity in juveniles, an experimental design with four
HOM treatments: INM (T1), PaV (T2), INM-PaV (T3), ViT (T4) and NT (T5) was applied at
CIBNOR. HOM treatments were applied to juveniles 7 days prior to challenge and 5 days
during challenge. Liquid dynamisations were sprayed in commercial pelleted food, which
was supplied ad-libitum, 7 days prior to and during challenge. At 70 h after the start of the
challenge, SOD was determined in shrimp tissue. At the end of the challenge (120 h post-
infection), the shrimp treated with T2, T3 and T4, exhibited significantly higher average sur-
vival (p <0.05) than the control group T5. Juveniles treated with T3 and T4 showed the highest

Parameter Treatments

T1 T2 T3 T4
LI (cm) 464094 Db 4.61+094a 3.92+093a 459+0.70 a
WI (g) 2.82+0.60 a 2.92+0.65b 315+£0.74 b 2.62+0.53 a
DWI (g day™) 0.018 +0.007 ab 0.02 +0.009 ab 0.052 £ 0.018 ¢ 0.016 £0.007 a
GR 0.094+0.020 a 0.097 £0.021 b 0.105 £ 0.024 ¢ 0.087 £0.017 a
S (%) 99.30 97.33 99.33 98.00

Different letters in the same column, indicate significant difference (p < 0.05). Length increase (LI), weight increase (WI),
daily weight increase (DWI), growth rate (GR), survival (S).

Table 3. Growth and survival of Litopenaeus vannamei postlarvae treated with homoeopathic treatments during an
experimental assay at CIBNOR laboratory.
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survival with 64.43 and 56%, respectively, while all those treated with T1 and T5 died. These
results suggested that the greatest survival of HOM-treated shrimp could have been related
to a stimulation of their immune system, and consequently, to a greater resistance to acute
infectious diseases associated with the genus Vibrio [32]. Regarding SOD activity, at 70 h after
the start of the challenge, the groups treated with T1 and T2 did not show significant differ-
ences (34.48 + 1.87 and 16.32 + 1.22, respectively) in relation to the control group (41.63 + 2.59)
while T3 and T4 with a SOD activity of (86.43 + 1.02 and 83.47 + 5.54, respectively) exhibited
significantly higher values than the control group (p < 0.05) (41.63 +2.59) (Figure 8).

Treatment T3 contained PaV used in human medicine as a tranquilliser to reduce stress and
improve sleep, in addition to Heel-Mix (Rubiopharma® Mexico) that contains medicines used
for the treatment of enzymatic disorders, infectious diseases and stimulation of the body
defences in human beings, whereas T4 is a homoeopathic medicine whose active principle is the
venom of the scorpion Rhopalurus junceus which is an endemic species of Cuba. These results
suggested a potential applicability of the homoeopathic medicines studied as prophylactic
treatments to reduce stress and to improve shrimp immune response, which could help reduce
the incidence of epizootic diseases and massive mortalities that have been a great problem for
the industry due to economic losses associated with V. parahaemolithycus in shrimp culture.

Trial 3. A third experiment consisted of the evaluation of HOM treatments during the com-
mercial production of L. vannamei postlarvae in the facilities of the commercial hatchery
Aquacultura Mahr in square concrete tanks with a capacity of 20 t. An experimental design
was applied with four tanks with three HOM treatments: MaP-CaP-Fep-Zip-PhA (T1) Hes-
Sit-Cap-Pha (T1), INM-PaV-ViT-PhA (T3), and NT as the control group (T4). Liquid homoeo-
pathic dynamisations were added to commercially pulverised food given periodically for a
24-h period (day-night). Shrimp farming has been affected by viral and bacterial diseases
principally those associated to a highly virulent strain of V. parahaemolyticus; this problem
is of primary interest concern [33], so this assay was intended to determine the population
dynamics of the bacterial populations mainly Vibrio spp. Bacteriological examination of iso-
lated vibrio species depend mainly on using TCBS agar as a selective media to differentiate

SOD activity in challenged juveniles
a a
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SOD (% of inhibition)
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Figure 8.S0OD activity in HOM-treated juvenile shrimp Litopenaeus vannamei treated with homoeopathy and then
challenged with Vibrio parahaemolithycus.
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between sucrose and non-sucrose fermented colonies; V. alginolyticus is sucrose fermenter and
shows yellow-coloured colonies while V. parahaemolyticus and V. vulnificus are non-sucrose
fermenters and have green colonies [34]. Although no statistical significant (p > 0.05) differ-
ences were found in HOM-treated and non-treated PLs, positive effects were apparently
attained with HOM treatments (Figure 9). Research must continue not only with controlled
and multi-replicate experimental designs in the laboratory but also efforts should continue in
commercial hatcheries even if obvious difficulties exist because production is at most the first
priority and not necessarily compatible with a strict and traditional scientific research.

Trial 4. A fourth assessment was made also at Aquacultura Mahr hatchery. An experimental
design was applied in six concrete tanks (20 t) with five HOM treatments: BaC-INM, Sit-INM
(T2), HeS-INM (T3), PhA-INM (T4), PaV-INM (T5), and two NT control groups (T6 and T7).
Liquid homoeopathic dynamisations were provided with pulverised food as vehicle. Growth in
weight of the shrimp postlarvae was exponential with a correlation coefficient (r?) > 0.95. The best
treatment was T5 (PaV-INM). The NT control group had the lowest growth rate and the lowest
survival (20.2%), while in the HOM-treated groups, it was 25.6 + 5.38% (21-34.1%) (Figure 10,
Left). At the end of the production cycle, gene expression analyses were made at CIBNOR to
compare HOM-treated with non-treated postlarvae. The results of gene expression related to
the activities of the aminopeptidase (AMP), amylase (AMY), chymotrypsin (CHY) and trypsin
(TRY) enzymes showed clear and statistically significant differences (p <0.05; 1 =30) between the
HOM-treated and NT postlarvae (Figure 10, Right). These results confirmed a positive impact
of the use of homoeopathic medicines in the commercial production of L. vannamei postlarvae.

Trial 5. A fourth experiment consisted of the evaluation of HOM treatments during the
mass cultivation of L. vannamei from postlarvae to adult size in commercial facilities of
the company BCS Camardn, a commercial shrimp farm. The evaluation was performed in
six earthen ponds of 10 ha each, initially seeded at a density of 8 PL m™. An experimental
design was applied with six earthen ponds 10 ha, four ponds with HOM treatment and two
NT ponds without homoeopathy: PhA-SiT (T1), PaV-ViT (T2), and NT as negative control
group (T3). Liquid homoeopathic dynamisations were sprayed in commercially balanced
food and applied in the culture ponds, each treatment component on alternate days for
130 days. Three samplings were made: after seeding and 7 days for acclimatisation (t,); after
52 days (t,,) and after 130 days post seeding (t,,)). Growth parameters and biomass produc-
tion as body weight (BW), total length (TL) and weight gain average (WGA) were deter-
mined. As physiological health indicators, the hepatopancreatic coverage index (HCI) was
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Figure 9. Straight regression showing the increasing trends in the bacterial count of Vibrio spp. in culture seawater and
macerate of Litopenaeus vannamei postlarvae. Petri dish with TCBS culture medium, which was previously inoculated,
showing the presence of sucrose positive (yellow) and sucrose negative (green) colonies of the genus Vibrio.
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Figure 10. Growth in weight (left) and gene expression (right) in Litopenaeus vannamei postlarvae or adult treated and
with homoeopathic medicines in a commercial shrimp hatchery (Acuacultura Mahr). Aminopeptidase (AMP), amylase
(AMY), chymotrypsin (CHY), trypsin (TRY).

evaluated as a morpho-histological index variable [HCI (%) = hepatopancreatic coverage
area/cephalothorax coverage area x 100]. From an initial time characterised by no significant
differences in BW and TL after 130 days of culture both HOM (T1 and T2) produced the best
growth results in BW, TL and WGA compared to NT ponds (Table 4).

The shrimp treated with PaV-VIT after 52 days of treatment (T1) achieved the highest HCI
(32.32 £ 0.61%) and differed from PhA - SIT and un-treated control ponds. (28.34 + 0.87%;
26.58 +0.64%, respectively). At the end of the experiment (130 days), both homoeopathic treat-
ments showed better HCI; in relation to the negative control group (PhA - SIT =33.87 + 1.02%;
PaV - VIT =33.31 £ 0.77% control T3 = 26.54 + 0.56%) as shown in Figure 11.

The positive effect of the HOM treatments evaluated in growth and morpho-histological
index of L. vannamei could be attributable to smaller micelle and higher activity in water with

Growth variables Experimental groups (Two 10 h ponds each)
T1 T3 T2

BW T, (7 days) 2.47 +0.06 * 2.43+0.06* 2.52+0.07*
BW T, (52 days) 16.79+0.22* 16.02+0.19* 18.83 £0.21°
BW T, (130 days) 20.08+0.18* 18.59 £0.17 " 23.90+0.29 ©
TL T, (7 days) 7.13+0.05° 7.08+0.05° 7.06 +0.06
TL T, (52 days) 13.89+0.05 13.71+0.06 14.31£0.06°
TL T, (130 days) 15.02+£0.05° 14.66 £ 0.05° 15.81 +0.06 ©
WGA T, (52 days) 14.37 +0.27 *® 13,59 +0.05 ° 15,72 +0.78 ®
WGA T, (130 days) 17.58 +0.26 * 16,41 £0.14 " 21,08 +0.64 ©

Body weight (BW), Total length (TL), weight gain average (WGA). Values within the same row with different letters
represent significant differences (p <0.05).

Table 4. Growth of Litopenaeus vanamei treated with homoeopathy while cultured in semi-intensive system in a
commercial shrimp farm (BCS Camaré6n Farm; six earthen ponds, 10 ha).
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Figure 11. Hepatopancreatic coverage index (HCI %) of adult shrimp in a commercial shrimp farm (earth ponds 10 h)
treated with homoeopathic medicines.

nanoparticle content [35]. The presence of nanoparticles has been demonstrated in highly
homoeopathic ultra-diluted medicines [8]. On the other hand, the same homoeopathic medi-
cines used in shrimp ponds, (PaV, PhA, SIT and ViT) outperformed antibiotics in juvenile scal-
lop A. ventricosus [23] These results enhanced the evidences that aquacultural homoeopathy has
applicability in shrimp commercial culture to improve the productivity of the shrimp industry.

3. Conclusion

One of the most promising and novel fields that strengthen the immune system in marine
organisms is the use of immunostimulants that are natural compounds modulating the
immune system and increasing resistance of the host against disease mainly those caused
by bacteria [18]. Regarding immunostimulants, homoeopathy has been proposed as a
novel alternative in aquaculture practices to improve health and strengthen the organism’s
immune response [5, 23]. The production of marine mollusc, shrimp and fish around the
world still challenged every year by the propagation and emergence of new diseases, mainly
those related to viruses and bacteria such as Vibrio spp. and Aeromonas spp., which are treated
with conventional methods as antibiotics [2, 14]. The findings in our research suggested that
homoeopathic medicines have a great potential to increase health and performance in marine
mollusc including bivalves and octopus, shrimp and marine fish.

Findings in the scallop A. ventricosus support the fact that homoeopathic medicines do not
act directly over the disease-cause per-se, killing the bacteria or removing the stressing agent
but enhancing the capacity of the HOM-treated organisms to resist the infection or overpass
stressful conditions. Some results in molluscs have shown a greater effect of homoeopathic
medicines on survival than on growth of larvae and seeds. However, it is necessary to con-
sider that greater survival implies maintaining a higher density in larval culture and that
not only larvae of larger size are able to settle and become marketable seeds with a good
performance in the field. From a commercial point of view, it is more important to attain big-
ger biomass of successfully setting larvae even if small sized because independently of their
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size, all larvae are capable and competent for setting process and seed sales. This work has
also contributed to the knowledge of octopus for aquaculture purposes since this organism is
an important fishery in Mexico with precocious development and high growth rates. For this
and all other species, homoeopathic medicines are not intended as food additives; on the con-
trary, they contribute to acquire a better internal homeostasis, and as a consequence, a better
digestive enzyme function and nutrition, and an enhanced immune system, despite of lacking
differences in growth parameters. Regarding fish culture, this industry is increasing with time
in Mexico but especially marine fish, which represents a great opportunity to improve fish
culture by using homoeopathy; as it was demonstrated in this work, it participates at diverse
developmental stages, enhancing fish health and growth performance.

To date, overall results are positive and suggest that homoeopathy is a natural, viable and
eco-friendly treatment to reduce the use of disinfectants and chemotherapeutics, including
antibiotics, in mollusc, shrimp and marine fish industries, to reduce stress, improve nutrition
and immune response, to increase their resistance to any of the various pathogenic strains
of bacteria and viruses that have come to hatcheries and farms and will continue to reach
them worldwide. Future experiments are being planned at CIBNOR to elucidate the role that
homoeopathic medications could play in these organisms.
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Abstract

The use of antibiotics as disease control agents has become contentious due to rise in
drug-resistant bacteria such as Psuedomonas aeruginosa and Aeromonas hydrophilla. Studies
have shown antibacterial potentials of some probiotics such as Lactobacillus acidophillus
as promising alternative. Therefore, effects of diets fortified with Lactobacillus acidophillus
on gut ecology and health status of African River prawn, Macrobranchium vollenhovenii
were investigated. Prawns fed diets fortified with Lactobacillus acidophillus were chal-
lenged with Psuedomonas aeruginosa (1 x 107 cfu/mL) and Aeromonas hydrophilla (5 x 10°
cfu/mL) using bath method for 14 days. Total viable and total enterobacteriaceae counts
were determined on plate count agar and McConkey agar, respectively. Haemolymph
(mL), total haemocyte count (cells/mL), catalase (mg/g protein), superoxide dismutase
(mg/g protein, respiratory burst activity (umoles) and survival rate (%) were evaluated
using standard procedures. Data were analysed using descriptive statistics and ANOVA
at p = 0.05. Results revealed that Marobranchium vollenhovenii-fed supplemented diets
had reduced bacteria load, gut flora dominated by beneficial bacteria, enhanced immune
system and protection against Aeromonas hydrophila at 10° cfu/mL inclusion level and
could be used as immunodulation against Aeromonas infection.

Keywords: gut microbiota, innate immune response, infection, bacteria

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIEN



94  Agquaculture - Plants and Invertebrates

1. Introduction

Prawn such as Macrobrachium vollenhobenii is an important source animal protein that pro-
vides good quality protein and essential minerals and vitamins. It is also regarded as safest
animal source of protein which comes from either wild or culture system. The current decline
in the status fish from wild has been attributed to overfishing, illegal and irresponsible fish-
ing, habitat destruction and pollution, among other factors. More so, the increase in popula-
tion and change in the consumption pattern of fish has create huge gap between the demand
and supply of fish [1]. One of the ways to bridge this gap is through aquaculture. The act of
aquaculture means rearing of aquatic organisms, which entails any form of intervention to
improve the production quantity and quality, management, disease prevention and control.
Over the years, aquaculture has become the fastest growing sector in the world [2].

Worldwide total crusteceans was 6,915,100 tonnes representing about 7% of total aquaculture
production [2]. This achievement was attributed to transformation of farming techniques
from simple methods to an improved and intensive aquaculture which promotes high seed
quantities, adequate knowledge of stocking density, supply of required fish feeds. However,
in spite of the success recorded in the prawn farms in recent times, the performance are far
from it demand. The poor performance has been associated with many constraints, such as,
modern knowledge in the science of fish farming, government policy, fish feed industry, mar-
keting, distribution, and diseases. One of the major barriers to prawn farming are diseases
and their management.

Disease is an establishment of pathogens in prawn tissues which cause disorderliness in physi-
ological function of the fish that result in physical, biological and economical losses. Diseases arise
as a result of complex interaction among the fish, pathogen and culture environment [3, 4]. Fish
has inbuilt immune systems and defence mechanisms which protect them from being infected
with pathogens. But practice of intensive farming system has the possibility of exposing prawn
to infections. However, bacteria have been reported to be responsible for about 70-80% of disease
infection in fish [5]. Some important bacteria in prawn farming are Pseudomonas aeruginosa and
Aeromonas hydrophila. Pseudomonas aeruginosa and Aeromonas hydrophila are gram-negative bacte-
ria in the families of Pseudomonadaceae and Aeromonadaceae respectively. They are ubiquitous,
facultative anaerobe, rod-shaped and sugar fermented organism. Studies have reported that
Pseudomonas aeruginosa and Aeromonas hydrophila infection in fish has resulted into haemorrhagic,
speticemia, furunculosis and high mortality among others [1].

The problems of increase antibiotic resistance bacteria, residual effect and environmental
unfriendly experienced in the use of antibiotics could ameliorate by probiotics application.
Therefore, current studies have moved toward search for alternative such as probiotics.
Probiotics are life microbial feed supplements that improve health host by modify the gas-
trointestinal tract of the fish. Fish, being a hydrophilic animal rely solely on the environment
(water) which filtering through the body and gill as fish performs it physiological function
would benefit from use of probiotics. Probiotics enhance the nutrient utilisation, modulate
gut flora, inhibit the growth of pathogenic bacteria and improve growth and immune system
of the fish as reported in the previous studies [6, 7]. Several probiotics have been used in
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aquaculture but probiotics from lactic acid bacteria (LAB) and Bacillus species are often used
[7, 8].

Lactobacillus acidophilus is bacteria belonging to the genus Bacillus. It probiotics benefit as
member of LAB group to improve non-specific immune response and disease resistance in
in Macrobrachium vollenhovenii has not been fully elucidated hence the need for this study.
Therefore, this study investigated the effect of diets fortified with Lactobacillus acidophilus on
gut microbiota and innate immune response of Macrobrachium vollenhovenii Infected with
Pseudomonas aeruginosa and Aeromonas hydrophila.

2. Materials and methods

2.1. Preparation of experimental diets

Feed ingredients were purchased from a reliable store Melbourne, Australia. Lactobacillus aci-
dophilus ATCC 4356 was obtained from a laboratory and prepared into 0, 10", 10% 10° 10* and
10° cfu/mL (Table 1). Soya bean was further prepared by toasting in a hot plate for 15 min at
100°C. Ingredients were ground in hammer mill and mixed together to formulate 43% crude
protein (Table 1) calculated according to Pearson Square Method [9]. The mixed ingredients
were pelleted through pelleting machine. The feeds were packed in polythene bags and stored
in a cool dry place at room temperature until use with labels on them. The crude proteins of
the ingredients were: fish meal (72%); toasted soybean (46.2%) and white maize (9.3%) [10].
The feeds were reproduced after 21 days to avoid nutrients depletion.

2.2. Experimental design and procedure

Macrobrachium vollenhenvonii juveniles (mean weight = 18.02 + 0.11 g; n = 360; 180 prawns
for each pathogen) were obtained from a reputable farm in Melbourne, Australia and accli-
matised for 2 weeks in glass aquaria tanks before the experiment. Prawns were weighed
and distributed into 18 glass aquaria tanks (35 x 30 x 20 cm®) in a completely randomised
design with three replicates. Each tank contained 20 prawns. The tanks were constantly con-
nected to aerator (Model: AP-60) with air blowers. The prawns that were fed experimental
diets were further subjected to Pseudomonas aeruginosa and Aeromonas hydrophila infection for
2 weeks to examine their innate immune performances and survival. The diets were fed to the
Macrobrachium vollenhovenii to satiation throughout the experimentation. Measurements of
the weight changes were measured using sensitive scale (Model: M1207).

2.3. Evaluation of gut microbiota

Three prawns were collected from each experimental unit before and after the trial for gut
microbiota evaluation. Each prawn was deactivated in freezer at —20°C for 10 min and ster-
ilised using formalin (50 ppm). The guts were aseptically collected and weighed into sterile
universal bottles containing peptone water (0.1%) to release the available bacteria for a period
of 2 h. 1 mL was taken from each sample bottle and diluted 10-folds and subsequently serially
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Ingredients (%) Lactobacillus acidophilus inclusion levels cfu/mL

Groundnut cake 25.00 25.00 25.00 25.00 25.00 25.00
Soya meal 24.00 24.00 24.00 24.00 24.00 24.00
Fish meal 22.15 22.15 22.15 22.15 22.15 22.15
DCP 1.00 1.00 1.00 1.00 1.00 1.00
Salt 1.00 1.00 1.00 1.00 1.00 1.00
Flour 0.89 0.89 0.89 0.89 0.89 0.89
Vegetable oil 0.50 0.50 0.50 0.50 0.50 0.50
Maize 24.96 24.96 24.96 24.96 24.96 24.96
Premix* 0.50 0.50 0.50 0.50 0.50 0.50
LA 0 10 10° 10° 10 10°
TOTAL 100.00 100.00 100.00 100.00 100.00 100.00

Proximate composition

Moisture 9.16 9.16 9.16 9.16 9.16 9.16
Crude protein 40.00 40.04 40.10 40.11 40.12 40.12
Ether extract 9.63 9.63 9.54 9.63 9.66 9.65
Total ash 8.27 8.27 8.27 8.27 8.27 8.27
Carbohydrates 20.17 20.13 20.16 20.06 20.02 20.03
Crude fibre 12.77 12.77 12.77 12.77 12.77 12.77

Note: DCP = Dicalcium phosphate; LA = Lactobacillus acidophilus.*Premixes = HI-MIX®AQUA (Fish) each 1 kg
contains; vitamin A, 4000,000 International Unit (IU); vitamin D3, 8,00,000 IU; vitamin E, 40, 000 IU; vitamin K3,
1600 mg; vitamin B1, 4000 mg; vitamin B2, 3000 mg; vitamin B6, 3800 mg; vitamin B12, 3 mcg; Nicotinic acid 18,000 mg;
Pantothenic acid, 8000 mg; Folic acid, 800 mg; Biotin, 100 mcg; Choline chloride 120,000 mg; Iron, 8000 mg; Copper,
800 mg; Manganese, 6000 mg; Zinc, 20,000 mg; Iodine, 400 mg; Selenium, 40 mg; Vitamin C C(coated), 60,000 mg;
Inositol, 10,000 mg; Colbat, 150 mg; Lysine, 10,000 mg; Methionine, 10,000 mg; Antioxidant, 25,000 mg.

Table 1. Ingredients and chemical composition (%; on dry matter basis) of experimental diets containing graded levels
of Lactobacillus acidophilus.

diluted with dilution factor of 10™. 2 mL was taken from each diluted sample and dispensed
into two Petri dishes (1 mL to each). The first dish received plate count agar (PCA, LAB M,
LAB149) for total viable count (TVC), while the second Petri dish received MacConkey agar
(LAB M, LAB002) for total enterobactereceae count (TEB) using the pure plate count method
[11-12]. Each dilution was overlaid, respectively, with PCA and MacConkey that have been
cooled to 50°C. At this temperature, agar is still in liquid form [12].

The dishes were then gently swirled to mix the bacteria with the liquid agar. The mixtures
were allowed to harden. When the mixture was hardened, the individual cells were fixed
in place and incubated (Newlife Laboratory Incubator NL-9052-1) for 24 h at 37°C to allow
distinguished colonies to form. The colonies formed were counted using Wincom Colony
Counter (16 W, 220 V + 10%, 50 Hz). The experiments were replicated three times. The TVC
and TEB were expressed in Log, CFU/g [12].



Gut Microbiota and Innate Immune Response of Macrobrachium vollenhovenii Infected...
http://dx.doi.org/10.5772/intechopen.78010

2.4. Bacterial challenge

To evaluate prawn resistance to disease infection, a challenge test using the pathogenic bac-
teria, Pseudomonas aeruginosa and Aeromonas hydrophila was performed following 84 days
feeding trial. Prior to the challenge test, a preliminary experiment was performed to deter-
mine the LD, (lethal dose) of the pathogenic bacteria. For the challenge test, 10 prawn were
selected from each replicate tank and transferred into another tank filled with dechlorinated
freshwater. Pseudomonas aeruginosa was grown nutrient agar broth and Aeromonas hydrophila
on PBS broth for 24 h at 35°C in an incubator in Microbiology Laboratory. Bacterial cells
were then centrifuged at 3000x g for 30 min to form pellets. The pellets were re-suspended
in 1 mL of 0.1% peptone water and after which 100 mL of the suspension were diluted at
4:10 with water from experimental tank. The prawn were exposed to bacterial solution of
both Pseudomonas aeruginosa (1 x 10”7 CFU/mL) and Aeromonas hydrophila (5 x 10° CFU/mL)
for 30 min and returned into experimental set up [13, 14]. The fish were fasted for 24 before
infection and feeding with experimental diets resumed 12 h later. All prawn groups were kept
under observation for 14 days to record any abnormal clinical signs and the daily mortality.

2.5. Determination of innate immune response parameters

Three prawns were randomly selected from each experimental unit. The haemolymph was
collected from the ventral part of the haemocoel of the second abdominal segment with the
aid of a sterilised syringe and a 21-gauge disposable hypodermic needle containing 1 mL of
Alserver’s solution and was transferred into anticoagulant bottle (EDTA). The plasma was
prepared by centrifuged the haemolymph at 300x g for 10 min at 4°C. The haemocytes were
suspended and adjusted to a concentration of 5 x 10° cells/mL in an ice-cold.

The innate immune parameters were measured using the diagnostic reagent kits (Randox®
Laboratories, Crumlin, County Antrim, UK). Superoxide dismutase (SOD) activity was mea-
sured spectrophotochemically by the ferricytochrome ¢ method using xanthine/xanthine oxi-
dase as the source of superoxide radicals. The reaction mixture consisted of 50 mM potassium
phosphate buffer (pH 7.8), 0.1 mM EDTA, 0.1 mM xanthine, 0.013 mM cytochrome C and
0.024 IU/mL xanthine oxidase. One activity unit was defined as the amount of enzyme neces-
sary to produce a 50% inhibition of the ferricytochrome C reduction rate measured at 550 nm.
Catalase (CAT) activity was determined by measuring the decrease of H,O, concentration at
240 nm according to [15]. The reaction mixture contained 50 mm potassium phosphate buffer
(pH 7.0) and 10.6 mM H,O, freshly prepared.

The respiratory burst activity was measured using diagnostic reagent kits (Randox, London,
UK) as described by [16]. Respiratory burst activity was quantified by the nitroblue tetrazo-
lium (NBT) assay which measures the quantity of intracellular oxidative free radicals; accord-
ing to [17], with some modification. Briefly, 100 mL of the haemocytes were added to each
well of a 96 well microtitre plate (Nalge-Nunc, Hereford, UK). The plate was incubated at
25°C, for 2 h to allow attachment of cells. Unattached cells were washed off three times using
fresh L-15 medium. L-15 medium was then supplemented with NBT (1 mg/mL) and phorbol
12-myristate 13-acetate (PMA, SigmaeAldrich; 1 mg/mL) dissolved in dimethyl sulphoxide
(DMSO, Sigma), and 100 mL added to each well of the microtitre plate and incubated for 1 h at
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room temperature. After incubation, the supernatant removed from the plate and NBT reduc-
tion fixed with 100% methanol for 10 min. The plate was then washed with 70% methanol,
and left to air dry. A mixture of 120 mL of 2 M potassium hydroxide and 140 mL DMSO was
added to dissolve the resulting formazan blue crystals. The NBT reduction was measured
using the microplate reader (Optica, Mikura Ltd., UK) at 630 nm, and respiratory burst activ-
ity was expressed as NBT reduction.

Total haemocyte count (THC) was performed in a haemocytomter using microscope. The
phenolosidase activity (PO) was evaluated by measuring the formation of dopachrome
L-dihydrophenylclamine (L-DOPA) at 490 nm with the aid of spectrophotometer. While
reactive oxygen intermediates (ROI) were used to measure H,O, by horseadish peroxidase
(dependent oxidation of phenol red) while chemiluminescence was used to measure the
light emission from reactive oxygen intermediates [18]. Lysozyme activity of fish sera was
determined by using lysoplate technique [19]. In brief, 0.60 mg/mL Micrococcus luteus was
cast in 1% agarose gel (Difco, USA) with 50 mM phosphate buffer (pH 6.2). Wells (6 mm)
were created nutrient agar plates and were filled 25 pL of serum samples and incubated for
20 h at 25°C. Lysozyme activity was calculated from a standard curve prepared with lyso-
zyme from chicken egg white. The respiratory burst activity was measured using diagnostic
reagent kits (Randox, London, UK) as described by Chiu et al. (2007). Relative protection
level (RPL) was estimated as RPL = [(1-%mortality in treatment)/% mortality in control) x
100] [20].

2.6. Statistical analysis

The results were presented as mean + SE of three replicates. Prior to statistical analysis, all data
were tested for normality of distribution using the Kolmogorov-Smirnov test. The homogene-
ity of variances among different treatments was tested using Bartlett’s test. Then, data were
subjected to one-way ANOVA to evaluate effects of Lactobacillus acidophilus supplementation.
Differences between means were tested at the 5% probability level using Duncan test. The opti-
mum Lactobacillus acidophilus level was determined using polynomial regression analysis. All
the statistical analyses were done using SPSS program version 20 (SPSS, Richmond, VA, USA).

3. Results

The effects of Lactobacillus acidophilus as a supplement on gut microbiota of Macrobranchium
vollenhovenii are presented in Table 2. The total viable bacteria count (TVC) was significantly
decreased in the gut samples of prawn fed with feed supplemented diets (p < 0.05). Similarly,
total enterobactereceae (TEB) was reduced significantly in fish fed fortified diets. The highest
TVC and TEB were recorded in fish fed control diet.

Table 3 depicts microbiota composition of Macrobranchium vollenhevenii fed diets fortified
with Lactobacillus acidophilus. The results indicated the species composition of the prawn var-
ied significantly with respect to levels of inclusion of Lactobacillus acidophilus. The dominated
species were Pseudomonas aeruginosa, Aeromonas hydrophila, Bacillus and Staphylococcus species.
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Lactobacillus acidophilus inclusion levels (cfu/mL) Parameters (log, cfu/mL)
™vVC TEB’

Control 6.32 +0.03* 6.12 +0.02
10! 6.21 £0.04 5.96+£0.11
10 6.18 £0.20 5.72£0.38
10° 6.01+0.16 5.62+0.12
10 5.91+0.09 543 +0.13°
10° 5.81+£0.45 5.40 £0.90°

Means (Log,, cgu/mL) with different superscripts are significantly different (p < 0.05), while, absence of letters means no
significantly different (P > 0.05). TVC = Total viable bacteria count; TEB = Total enterobacterceae.

Table 2. Gut microbiota of Macrobranchium vollenhovenii fed diets fortified with Lactobacillus acidophilus.

Parameters Lactobacillus acidophilus inclusion levels (cfu/mL)

1 fu/mL)

(og,cfumb) ol 10" 10° 10° 10* 10°
Pseudonomas 6.02+0.09 5.92 +0.06 5.63+0.26 5.57 +0.28a 5.32+0.04a 5.15+0.32a
aeruginosa
Aeromonas 6.06 +0.29a 5.49 +0.03a 5.38 +0.07 520+0.22 490+0.19 4.85+0.04
hydrophila

Bacillus species 4.98 +0.07a 6.08 +0.58 6.14 +£0.02 6.15+0.03 6.17 +0.41 6.26 +0.21
Staphylococcus 6.24+0.03 6.22+0.91 6.20+0.15 6.19+0.33 6.18 +0.21 6.18 +0.05
species

Means (Log,, cgu/mL) with different superscripts are significantly different (p < 0.05), while, absence of letters means no
significantly different (P > 0.05).

Table 3. Gut microbiota composition of Macrobranchium vollenhovenii fed diets fortified with lactobacillus acidophilus.

Pseudomonasa aeruginosa and Aeromonas hydrophila were reduced significantly (p < 0.05) while
Bacillus species was greatly increased. However, there was no significantly difference in the
load of Staphylococcus species. The highest Pseudomonas aeruginosa, Aeromonas hydrophila and
Staphylococcus species were recorded in prawn fed control diet while the least was observed
in prawn fed diet fortified with 10° cfu/mL Lactobacilus acidophilus. However, the highest
Bacillus species was obtained in prawn fed diet supplemented with 10° cfu/mL Lactobacilus
acidophilus.

Effects of Lactobacillus acidophilus based diets on innate immune responses of Macrobranchium
vollenhovenii was presented in Table 4. The immune response of the prawn was stimulated by
Lactobacillus acidophilus supplementation. The SOD, CAT, RBA, THC, PO, ROI and lysozyme
activity were significantly different (p <0.05) among the treatments. Highest SOD, CAT, RBA,
THC, PO, ROI and lysozyme activity were recorded in prawn fed 10° cfu/mL diet; meanwhile,
the lowest values were obtained in the control group.
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Parameters Lactobacillus acidophilus inclusion levels (cfu/mL)

(og,efu/mb) o trol 10" 102 10° 10¢ 10°

SOD (mg/g 0.41+0.01a 2.45 +0.02ab 3.62+0.05b 6.33+0.15 6.57 +0.55 6.82+0.22
protein)

CAT mg/g 1.51+0.02a 2.04 +0.04a 2.74 £ 0.01 3.06£0.20 3.47 £0.21 3.85+0.04
protein)

RBA 1654 +2.17a 163.1 £3.13a 172.8+1.11b  188.0+2.15b 215.4+2.46 243.7 +2.85
THC 12.06 +0.26a 13.11+0.05 13.53 +0.18 14.02+0.17 14.65+0.78 14.82+0.16
PO (U/mL) 3.24 +0.43a 3.51+0.07 4.07+0.16 4.33+0.09 4.89+0.31 521+0.34
ROI 527 +0.21a 6.02+0.15 6.31+0.34 6.38 +0.21 6.54+0.23 6.79+0.29
Lysozyme 8.13 +0.62a 11.20 +0.38a 13.05+0.03 13.46 +0.78 13.78 +0.19 14.02+0.18
activity

Means with different superscripts are significantly different (p < 0.05), while, absence of letters means no significantly
different (P > 0.05).

Table 4. Innate immune response parameters of Macrobranchium vollenhovenii fed diets fortified with Lactobacillus
acidophilus.

In addition, the exposure of prawn fed fortified diets to Pseudomonas aeruginosa infection was
presented in Table 5. The result indicated that there was significant difference (p < 0.05) in
survival rate and relative protection of prawn fed fortified diets. Highest survival rate and
relative protection were recorded in group fed 10° cfu/mL Lactobacilus acidophilus inclusion
level and least were recorded in control group.

Table 6 reveals the resistant of Macrobranchium vollenhovenii to Aeromonas hydrophila infection.
Survival and relative protection of prawn to Aeromonas hydrophila were significantly different
(p < 0.05). Prawn fed 10° cfu/mL Lactobacilus acidophilus inclusion level had highest survival
and relative protection rates while the prawn treated control diet had the lowest survival and
relative protection rates.

Lactobacillus acidophilus inclusion levels (cfu/mL)  Parameters (log, cfu/mL)

Initial stock Survival (%) Relative protection
Control 30 23.3+0.03a 0.00 £ 0.00a
10 30 40.0 £0.13b 21.74£0.15b
10? 30 73.3+0.23¢ 65.22 +0.16¢
10° 30 86.7+0.71 82.61+0.37
10 30 93.3+0.11 91.30+0.21
10° 30 96.7 +0.42 95.65 +0.02

Means with different superscripts are significantly different (p < 0.05), while, absence of letters means no significantly
different (P > 0.05).

Table 5. Resistant of Macrobranchium vollenhovenii fed diets fortified with Lactobacillus acidophilus to Pseudomonas
aeruginosa infection.
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Lactobacillus acidophilus inclusion levels (cfu/mL) Parameters (log, cfu/mL)
Initial stock  Survival (%) Relative protection

Control 30 10.0£0.01a 0.00 + 0.00a

10 30 30.0+0.01b 22.22 +0.03b

10° 30 36.7 +0.15b 29.63 £0.11b

10° 30 83.3+0.21 81.48 £0.16

10* 30 90.0+0.13 88.89 +0.80

10° 30 93.3 £0.04 92.59 £0.51

Means with different superscripts are significantly different (p < 0.05), while, absence of letters means no significantly
different (P > 0.05).

Table 6. Resistant of Macrobranchium vollenhovenii fed diets fortified with Lactobacillus acidophilus to Aeromonas hydrophila
infection.

4, Discussion

The result of the gut flora revealed that there were reductions in the bacteria load of the
prawn fed fortified diets. The decrease in the in observed could be attributed to the activi-
ties of Lactobacillus acidophilus as probiotics which modulate the gut pH to its favour and
outcompete the pathogenic organisms. According to International Commission on the
Microbiological Specification of Foods [21] the acceptable level of bacterial load in fish
tissue should be lower than 5.70 Log, cfu/g. In this study, the TVC and TEB of prawn fed
fortified diets were within the recommended values except the control and fish fed 10' cfu/
mL of Lactobacillus acidophilus. The reduction in the load of bacteria especially TEB signifies
that the probiotics improve the gut of the prawn by outcompete the pathogenic bacteria.
The gut flora comprises Pseudomonas aeruginosa, Aeromonas hydrophila, Bacillus species and
Staphylococcus species. Fish fed Lactobacillus acidophilus based diets had higher gut flora
dominated by Bacillus species that the fish fed control diet and reduction of pathogenic
organisms were observed. The findings of this study are in agreement with the work of
[22] who reported that probiotics enhanced the population of beneficial bacteria and sup-
pressed the growth of pathogenic bacteria.

Gut flora have continuous and dynamic effect on the host’s gut and systemic immune
systems. The bacteria are key in promoting the early development of the gut’s muco-
sal immune system both in terms of its physical components and function. The bacteria
stimulate the lymphoid tissue associated with the gut mucosa to produce antibodies to
pathogens [23]. The immune system recognises and fights harmful bacteria, but leaves the
helpful species alone, tolerance developed in juveniles [24]. Recent findings have shown
that gut bacteria play a role in the expression of toll-like receptors (TLRs) in the intestines,
molecules that help the host repair damage due to injury. The TLRs are one of the two
classes of pattern-recognition receptors (PRR) that provide the intestine the ability to
discriminate between the pathogenic and commensal bacteria [25]. These PRRs identify
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the pathogens that have crossed the mucosal barriers and trigger a set of responses that
take action against the pathogen [26].

Also, [27] claims that different species of gut flora could influence the development of key
cells of the immune system, by increasing or decreasing the level of tolerance against foreign
entities. Once the host immune system is developed, it regulates the bacterial composition
in the gut. One of the regulation mechanisms—immune exclusion—is mediated through the
neutralisation of secreted immunoglobulin A (IgA) [28].

Harmful bacteria species, such as Pseudomonas aeruginosa and Aeromonas hydrophila, are unable
to grow excessively due to competition from helpful gut flora species adhering to the mucosal
lining of the intestine; thus, fish without/with low gut flora are infected very easily [28]. The
barrier effect protects hosts from both invading species and species normally present in the
gut at low numbers, whose growth is usually inhibited by the gut flora [29]. Helpful bacteria
prevent the growth of pathogenic species by competing for nutrients and attachment sites to
the epithelium of the colon. Also, symbiotic bacteria are more at home in this ecological niche
and are thus more successful in the competition. Probiotics also produce bacteriocins, which
are proteinaceous toxins that inhibit growth of similar bacterial strains, substances that kill
harmful microbes and the levels of which can be regulated by enzymes produced by the host.
Also, the process of fermentation produces lactic acid and different fatty acids, which lowers
the pH in the colon, preventing the proliferation of harmful species of bacteria and facilitating
that of helpful species [30].

Immune responses of the prawn fed fortified diets were higher than the control. There higher
SOD, CATRBA, THC, PO, ROl and lysozyme activity in prawn fed the Lactobacillus acidophilus-
based diets than in those fed control diet. Similar observations were made by [22, 31]
in fish fed probiotics diets. The SOD, CAT RBA, THC, PO, ROI and lysozyme activity have
important roles in the innate immune defence system. For instance, it was reported that
lysozyme activity plays a significant role in innate humoral immune factors that control
intrusiveness of pathogens by destroying the cell walls of the bacteria [1]. The SOD cataly-
ses the dismutation of the superoxide anions to molecular oxygen and hydrogen peroxide,
which further catalyses to water and oxygen. The SOD and CAT play an important role as
cellular antioxidants against reactive oxygen species. In this study, prawn fed fortified diets
had increased values of SOD, CAT, RBA and lysozyme activity, which could be answerable
for the increased concentration of hydrogen peroxide in the oxidation process. The chemicals
are released from immune cells and enzymes, as they come in contact with pathogens cumu-
lating into improved immunity.

The investigation into the resistance level of Macrobranchium vollenhovenii fed diets fortified
with Lactobacillus acidophilus revealed that the prawn were protected that the group fed con-
trol diet. In this study, prawns were significantly protected against Pseudomonas aeruginosa
and Aeropmonas hydrophila infection with relative protection up to 96%. Similarly, [32-33, 7]
reported that there was significant increase in the survival rate of fish fed Lactobacillus aci-
dophilus fortified diets. The protection of prawn against the pathogens could be attributed
to the gut serves as an entry point through feeding and thus inhibit the growth and survival
of the pathogens.
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5. Conclusion

Macrobranhium vollenhovenii fed diets supplemented with Lactobacillus acidophilus had reduced
total enterobactericeae in the gut, enhanced innate immune response parameters and sug-
gest it usage as immunomodulation and protective agent against Pseudomonas aeruginosa and
Aeromonas hydrophila infection.
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